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Preface

Chemistry without catalysis is like a bell without sound,
or a warrior without blade.

Alwin Mittasch

In the twenty-first century, human beings face the exhaustion of fossil energy

feedstock. The amount of high quality and easily accessible feedstocks is decreas-

ing, hence the use of heavy and dirty feedstocks must perforce be explored.

Poisoned crudes need to be treated in order to remove contaminants such as

Nitrogen- and Sulfur-containing molecules and metals. Thus it is imperative to

consider alternative sources of energy – such as biomass – for chemicals and for

transportation fuels. To underline its importance let me refer to President Bush:

President Bush launches the Hydrogen Fuel Initiative. “Tonight I am proposing

$1.2 billion in research funding so that America can lead the world in developing

clean, hydrogen-powered automobiles. With a new national commitment, our

scientists and engineers will overcome obstacles to taking these cars from labora-

tory to showroom so that the first car driven by a child born today could be powered

by hydrogen, and pollution-free.”

Alternative feedstocks, such as biomass and renewables, are being investigated

in biorefineries for the production of biofuels and (bio)chemicals. These feedstocks

contain many oxygen-containing molecules, hence they are more or less polar.

This poses special problems for the development of catalytic technology to treat

such new feedstocks.

Very pure and simple natural feedstocks, such as methane and light alkanes, can

also be used as the basis for production of fuels and chemicals. The fundamental

problems here are the selective activation of the C–H bond without the formation of

excessive amounts of CO2, hydrogenation of CO2, or its conversion into other

useful materials.

Looking through the possible technologies, it becomes clear that catalysis is the

key technology to help solve the problems associated with the use of alternative

feedstocks. Traditional catalysts are extremely efficient for pure, apolar oil

v
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feedstocks. Heavy and dirty feedstocks require catalysts for removal and decompo-

sition of poisonous molecules and for removal of heavy metals. Can these processes

be combined in one catalyst? This “ideal” catalyst fixes the heavy metals in such a

way that they serve as catalytic sites for decomposition and removal of the poisonous

molecules. In addition, the catalyst contains the acid sites necessary for cracking and

isomerization of long-chain hydrocarbons.

In the case of biomass and renewables, poisoning of the catalyst surface by polar

molecules must be avoided. The “ideal” catalyst takes oxygen atoms out of the

polar molecules and stores them in its structure in such a way that the catalyst

becomes ready to do its job, the conversion of biomass into fuels and basic

chemicals.

For methane conversion, catalytic research boils down to “selectivity”: selective

activation of the C–H bond while avoiding complete burning of methane into

carbon dioxide and water.

The ideal catalysts, as described above, do not exist, except for the enzymes that

activate methane by insertion of an oxygen atom in the C–H bond. We must rely on

1. The design and construction of improved catalyst materials, which are designed

by either combinatorial methods or rational catalyst design, based on theory and

advanced characterization methods

2. The intelligent combination of different types of catalysts, making use of the

respective strengths of these catalytic materials; all combinations should be

allowed: enzyme plus heterogeneous catalyst, homogeneous plus heterogeneous

catalyst; and so on;. In this respect, photocatalysis also comes into the picture;

and

3. Alternative reaction media in which catalytic and separation technologies are

combined. Examples include catalysis in ionic liquids, supercritical conditions.

In this way, nonreactive aggregates of molecules can be disentangled into

monomolecular entities, which are more susceptible to catalytic attack.

Finally, irrespective of the catalytic process developed, questions will be raised

about the sustainability of the catalyst, its impact on the environment, and its impact

on climate. The economic, environmental, and social impacts of a process must be

evaluated before production can start. Scientists must take these considerations into

account in multidisciplinary studies.

Readers of this book will learn about the importance of catalysis in these

processes. Introductory chapters discuss catalysis and catalytic processes to handle

the broad variety of alternative feedstocks (biomass, methane, very heavy crude,

and bitumen) that one can use for the production of transportation fuels and

chemicals. The start of the discussion is knowledge of the performance of the

catalysts currently on the market and the performance of catalysts in development.

Further chapters explore the effect of impurities and poisons in these alternative

feedstocks on the performance of existing catalyst materials and propose new

challenges for improving these materials. In addition, several routes are designed

to approach the “ideal” multifunctional catalyst or the “most appropriate”

combination of “ideal” catalytic materials to handle these new feedstocks.

vi Preface
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The role of new tools of investigation, in situ spectroscopic observation of catalysts

in action, and theory in this process of catalyst development is highlighted. Finally,

the socioeconomic implications in using these alternative feedstocks are briefly

covered.

Budapest, Hungary László Guczi

Szeged, Hungary András Erdőhelyi

Preface vii
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Chapter 1

Introduction and General Overview

Gabriele Centi, Paola Lanzafame, and Siglinda Perathoner

Abstract Catalysis plays a key role to address the challenge of sustainable energy

and alternative methods to produce energy with respect to using fossil fuels. This

field of research and development has given a new impetus to research on catalysis

in areas such as producing biofuels, development of advanced electrodes for a

number of applications (from new-generation photovoltaic cells to fuel cells),

production of renewable H2 and in a longer-term perspective solar fuels. However,

the discussion on the technical aspects on the development of catalysts in these

areas should be complemented with considerations on the general economic and

social context and related constrains which determine the choice of the research

priorities. This introductory chapter was mainly focused on these aspects.

1.1 Introduction and Role of Catalysis

Energy lies at the heart of societal development and, not surprising, a correlation

between energy consumption and gross domestic product (GDP) per capita exists

[1]. However, market deviations are present from this relationship, due to different

climate situations, type of production activities, and especially different styles of

life and attitudes/politics in energy saving, as can be noted in Fig. 1.1 (filled

symbols) which reports the relationship observed in different countries between

GDP and energy use (in kilogram of oil equivalent) per capita. The reported data

G. Centi (*) • P. Lanzafame • S. Perathoner

Department of Industrial Chemistry and Engineering of Materials and CASPE
(INSTM Laboratory of Catalysis for Sustainable Production and Energy),
University of Messina, Messina, Italy
e-mail: centi@unime.it

L. Guczi and A. Erdőhelyi (eds.), Catalysis for Alternative Energy Generation,
DOI 10.1007/978-1-4614-0344-9_1,# Springer Science+Business Media New York 2012
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refer to the year 2006, being the last year for which systematic data are available

from the World Bank and OECD (Organization for Economic Cooperation and

Development) National Accounts data files. However, no major changes in the

trend have been observed in last years.

A better relationship could be observed between energy use per capita and

research activities, using as parameter for the latter the number of researchers

involved in R&D (research and development) activities per million of persons

(Fig. 1.1, open symbols). However, the relationship is inverse of that expected,

i.e., that of an increased research effort should correspond to a lowering in the

intensity of energy use per capita, because the development in science and technol-

ogy should allow to introduce new energy-saving processes, devices, and solutions.

Therefore, there is a stimulus to invest in R&D in energy-intensive countries

due to the increasing cost of energy, but translating the innovation to a decreased

intensity of energy use per capita is a slower process. It is thus necessary to

accelerate and make more effective the mechanisms by which research innovation

becomes a driver for energy-saving politics. In a future sustainable energy scenario,

energy use and its impact on the sustainable development of society should thus

become the indicators of the sociopolitical context and of the degree in S&T

development.
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million persons). Source: World Bank and OECD (Organization for Economic Cooperation and

Development) National Accounts data files (http://data.worldbank.org)
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In the last few years, the societal pressure has accelerated this transition, and the

energy issue is becoming a major pushing element for R&D activities. In fact,

the fifth oil price shock created intensive responses throughout the society on the

shortage in availability and supply of fossil fuels on which the actual society is

based. By coping with the increasing sensitivity on global issues (climate changes

and environment protection), it was becoming evident in most of the countries that

the present energy supply system needs some fundamental changes [2]. The finite

resources of fossil fuels and the high awareness for the climate changes have

sensitized the society and hence also the scientific community on the need to

push more effort on the development of alternative energy sources.

Catalysis, particularly heterogeneous catalysis, has been over the last century at

the center of S&T development to reply to the energy challenges created from the

evolving society [3, 4]. Without catalytic processes, it is not possible to produce

liquid fuels such as gasoline, diesel, and jet kerosene in the amount and quality

necessary for societal mobility, neither to eliminate the pollutants associated to the

production and use of these energy vectors, i.e., to allow a sustainable development.

Nevertheless, the analysis of the relationship in different countries between num-

bers of publications containing the term catalysis (normalized to the number of

R&D researchers) and energy use per capita (Fig. 1.2) indicates that there is no

apparent clear relationship between research efforts in catalysis and intensity of
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energy use per capita in that country. The interpretation of this observation is that

still limited effort, and only in the few last years, has been dedicated to push

research in catalysis toward the development of alternative (non-fossil fuel based)

energy sources and vectors.

1.2 Future Sustainable Energy Scenario

The energy fluxes from primary energy sources to utilizations are summarized in

Fig. 1.3, which refers to the specific situation for USA in 2009, but can be

considered a typical situation in developed countries.

Fossil fuels are currently the primary energy source, with non-fossil fuel sources

(including nuclear energy) accounting only 17% of the total energy use. Transport,

industrial uses, and residential + commercial utilizations account about one-third

each of the energy use. Electricity generation uses about 40% of the primary energy

sources. Of the primary energy, only about 42% is used for energy services, while

the remaining is waste (rejected) energy typically in the form of low temperature

streams. In electricity generation, only about 32% of the input energy is effectively

transformed to electrical energy. Similarly, in transport only, about 25% of the

input energy is used for services. In industrial, commercial, and residential uses, the

fraction of energy services is instead better, about 80%.

Figure 1.3 thus clearly evidences that a primary effort necessary toward a

sustainable energy and a reduction of greenhouse gases (GHGs) emissions is to
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reduce the amount of waste energy. Catalysis plays multiple roles toward this

objective:

• Allows improving the efficiency of chemical and energy processes, thus reduc-

ing their energy intensity.

• It is an enabling factor for many industrial productions of new materials which

allow energy saving in their application, for example, foams for improved

thermal isolation, new materials to reduce car consumption—lighter materials

substituting steel, nanostructured paints to increase the vehicle aerodynamic,

tires with reduced friction, etc.

• Many of the advances in the control of the nanostructure and reactivity of

catalysts are often at the basis of the latest developments in closely related

materials for energy applications, for example, electrodes for fuel cells, new-

generation photovoltaic cells, Li-ion batteries and supercapacitors, new

materials to recover electrical energy from waste low-temperature streams,

etc. [5–9].

Improved materials are critical for energy saving, to enable more energy-efficient

processes and more efficient transportation. Next-generation clean and energy-

efficient technologies will emerge from new materials made available by emerging

nanoscience and nanotechnologies. The development in nanotechnology over the

last years allowed passing from the lab scale to the commercial application, and it

is thus expect a boost in new materials with properties optimized to sustainable

energy technology requirements [10, 11]. Nevertheless, a limit in actual R&D is

that a greater emphasis is still given to the synthesis of novel (nano) materials with

respect to the understanding of the relationship between their (nano) characteristics

and functional behavior [9]. In this sense, catalysis, which core activity is the

understanding of the catalyst surface reactivity, should have a leading role in

R&D on nanomaterials. However, it is necessary to give more emphasis on the

investigation and understanding of fundamental aspects regarding the nanoarch-

itecture of catalysts and their catalytic performances [12].

In general terms, catalysis and chemical science and technology play multiple

key roles in sustainable energy scenarios [2] and particularly in the development of

processes and materials for the following areas: (1) energy conversion reactions,

(2) energy storage and transport, and (3) energy use efficiency. According to aims

of this book, we focus discussion here on an alternative energy generation, i.e., only

on the first of the above three areas. However, the other two mentioned areas are

equally relevant and components to enable a sustainable energy future.

Another useful graph regarding energy future is reported in Fig. 1.4 which shows

the estimations made from the International Energy Agency (IEA, http://www.iea.

org) for the world CO2 emissions up to year 2030 in the case of a reference scenario

(business as usual) or in the case of limiting CO2 stratospheric concentration to

450 ppm [13]. The latter value corresponds to the estimated CO2 stratospheric

concentration necessary to limit the mean world temperature increase to 2�C, as

agreed in the last United Nations Climate Change Conference in Copenhagen

(December 2009). Figure 1.4 reports also the estimation of the different

1 Introduction and General Overview 5
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contributions necessary to meet this 450 ppm target. On the right of Fig. 1.4, the

estimated contributions of the different primary energy sources in year 2030

(with respect to year 2007) according to reference and 450 ppm scenarios are

also reported.

As previously commented, the major contribution in reducing CO2 emissions

should derive from energy saving (energy efficiency) both in end use and in power

plants. However, the 450 ppm target cannot be reached in this IEA scenario without

the substantial contribution of renewables (including biofuels), nuclear energy, and

carbon capture and sequestration (CCS). We may note that probably, the expansion

of the use of nuclear energy is overestimated, but this indicates that the effort in

using renewable energy sources should be increased. The contribution of CCS is

expected to be relevant after year 2020–2025, but there is an intensified effort to

introduce earlier this technology, even if concerns regarding both the safe storage

and the transport of CO2 to long distance (most of the CO2 emitting sites are far

from the storage sites) exist [14, 15]. Assuming valid IEA outlooks, the amount of

CO2 captured by CCS will increase from 102 to 1,410 Mt from year 2020 to 2030.

This means that very large amounts of CO2 will become soon available at zero or

even negative value. The possibility of recycling CO2 to chemicals or fuels,

particularly the latter, is thus of increasing interest [16, 17].

However, even in the 450 ppm scenario, the contribution of fossil fuels will

remain dominant (about 70% of energy) and nearly unchanged with respect to the

actual situation in terms of total energy consumption, with the use of oil and gas

slightly increasing in percentage. Therefore, the use of renewable energies should

compensate the increase in the energy consumption due to an increased fraction of

world population accessing to a higher energy consumption per capita as a conse-

quence of the increased GDP per capita in various countries (particularly in Asia).
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Fig. 1.4 (Left graph) World CO2 emissions up to year 2030 in the case of a reference scenario
(business as usual) or in the case of limiting CO2 stratospheric concentration to 450 ppm. (Right
graph) Estimated contributions of the different primary energy sources in year 2030 (with respect

to year 2007) according to reference and 450 ppm scenarios. Source: adapted from International
Energy Agency [13]
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The forecasts in a critical area such as that of energy have some obvious limits, but

the point indicated from Fig. 1.4 is that still for long time fossil fuels and related

energy infrastructure will be the dominating factor in energy scenario. Therefore, in

discussing alternative energy generation and the role of catalysis, it is necessary to

consider in depth these aspects, because they determine the choice between some

alternatives, as discussed later in a more detail.

1.3 Energy Vectors

Another general concept to remark regarding energy is presented in Table 1.1

which overviews the possible energy carriers for different renewable energy

resources. While all of them can produce electricity and nearly all of them heat,

liquid fuels can be produced essentially only from biomass. A question mark was

put on the possibility to produce liquid fuels from solar energy. As discussed later,

the use of solar energy to convert CO2 to liquid fuel is a growing area of research

but still at the initial stage of development [18–20].

In order to understand the meaning of this table for a future energy scenario, it is

necessary to briefly introduce the concept of energy vector. Actual society is largely

based on the use of liquid hydrocarbons derived mainly from the refining of oil as

indicated in Fig. 1.3, because energy needs to be distributed and stored. About 43%

of the world energy final consumption is associated to oil and derived liquid fuels

(gasoline, diesel, jet fuels, gasoil, etc.) [21], while only about 17% is accounted by

electrical energy. The latter to be used requires to be connected to the grid, because

the actual density of energy storage in batteries is still too low for many energy-

intensive applications (see later). In transport, the clear tendency is toward hybrid

vehicles more than full electrical ones, except for niche applications. In the future, it

will be still necessary to carry onboard energy in a form with sufficiently high

energy density and which can be easy refilled. In heavy vehicles (trucks, buses, etc.)

or in airplanes, the problem is even more severe. The alternative possibility is to

change the engine system by using fuel cells combined with H2 as energy carrier.

This option attracted large interest few years ago but appears less likely today due

to many problems: storage of H2 onboard, large cost of investment in changing to

Table 1.1 Possible energy carrier for different renewable energy resources

Energy carrier

Resource Electricity Heat Mechanical energy Liquid fuel

Biomass • • •

Geothermal • •

Hydro • • •

Ocean (tidal, wave, thermal) • • •

Solar • • ?

Wind • •
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new engines and new energy distribution models, cost of fuel cell production and

limited lifetime, etc. [22]. For the transport sector, it is thus not forecasted a fast

transition to energy vectors alternative to the liquid fuels actually used.

In the industrial and residential sectors, which account approximately one-third of

each of the world energy demand, fossil fuels will also continue to play a dominant

role in the future. Storage of energywill be also in these cases a critical aspect, aswell

as the need of power generation plants able to have a fast response to change in energy

demand (sometimes by a factor up to ten). Nuclear energy does not allow a fast

change in power output besides other issues, differently from power plants based on

fossil fuels. Storage of electrical energy is based currently mainly on the conversion

to and back to mechanical energy (water pumped to a higher storage reservoir using

the excess base-load capacity; during peak hours, this water can be used for hydro-

electric generation), but the efficiency of the storage is limited (<40%).

In conclusion, liquid fuels derived from fossil resources show a competitive

advantage in terms of an easier storage and transport. Of the various possible

sources of renewable energy (solar, wind, tides, hydro, etc.), only biomass can be

converted to liquid fuels, while almost all the others produce electrical energy

(Table 1.1). Heat and mechanical energy are instead energy vectors for only local

uses. Biomass, however, is quite complex, and producing liquid fuels in a sustain-

able and economic way is still a challenge, even considering the fast developments

in this area [23–26]. As indicated in Fig. 1.4, the forecast contribution of biofuels to

future sustainable energy scenarios will be limited, due to the high costs.

Therefore, the further development of a sustainable energy scenario requires

finding efficient solutions to store and transporting renewable energy. Being the

conversion of electrical to chemical energy still the preferable option, the issue is

thus the development of the optimal energy vectors to store and transport renewable

energy. This is the base concept of developing solar fuels [18–20, 27, 28]. Solar

energy will be the future dominating renewable energy. If the irradiance on only 1%

of the Earth’s surface could be converted into electric energy with 10% efficiency,

it would provide a resource base of 105 TW, for example, ten times the estimated

world energy increase by year 2050. By contrast, the estimated amount of energy

extractable by wind is about 2–4 TW, by tides about 2–3 TW, by biomass 5–7 TW,

and by geothermal energy 3–6 TW [29]. Suitable energy vectors must fulfill a

number of requirements:

1. Have both a high energy density by volume and by weight

2. Be easy to store without need of high pressure at room temperature

3. Be of low toxicity and safe in handling, and show limited risks in their

distributed (non-technical) use

4. Show a good integration in the actual energy infrastructure without need of new

dedicated equipments

5. Have a low impact on the environment in both their production and use

H2 could be an ideal energy vector [22, 30, 31] by limiting the analysis to the last

aspect. Many authors have proposed H2 as the future energy vector, because it is the

ideal clean fuel and may be potentially produced from renewable sources [18, 28–30].
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“Hydrogen economy” is a popular term to indicate the future for a low- or no-carbon

energy future [32, 33], notwithstanding some objections [34]. In fact, the energy

density of H2, even considering future possible developments in storage materials,

will be still a main issue for practical large-scale use. Figure 1.5 further strengths this

concept by reporting the energy density in a series of liquid fuels (from fossil or

renewable sources), H2 (gas, liquid, compressed or in storagematerials), and electrical

energy (in conventional or new-generation Li batteries) [35].

Current energy vectors based on liquid fuels are fulfilling all the requirements

for suitable energy vectors, except the point (v), particularly regarding the

emissions of GHGs, because the available catalytic technologies can effectively

minimize the emissions of pollutants produced during the combustion. For a future

sustainable energy scenario, it may be thus preferable to find an efficient solution to

recycle the CO2 produced during the combustion to form back fuels using renew-

able energy instead to develop new energy vectors and a new energy infrastructure.

Producing solar fuels via recycling CO2 is thus a carbon-neutral approach to store

and transport solar energy (and of other renewable or non-carbon-based energy

sources) which can be well integrated into the current energy infrastructure.

We will further discuss this aspect later.

Fig. 1.5 Energy density per weight versus per volume in a series of liquid and gaseous fuels (from
fossil sources, or renewables such as ethanol and DMF), H2 (liquid, gas, compressed at 700 bar, and
stored in advanced nanomaterial) and electrical energy (Li batteries, conventional and advanced).
NG natural gas, DMF dimethylfuran, LPG liquefied petroleum gas. Source: adapted from [35]
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1.4 Biomass Conversion

Previous discussion has pointed out that biofuels are the preferable option on a

short–medium term to produce liquid fuels which will still remain a dominating

energy carrier for the next two decades, particularly in the transport sector. Various

chapters in this book discuss the catalysts and catalytic technologies for biofuel

conversion. In addition, several recent reviews have discussed in detail the topic

[23–26, 36–38]. The attention is thus focused here on the discussion of the general

context and constrains to be considered in evaluating the different possible options

and alternatives, aspect not usually discussed but relevant for a correct definition of

the research priorities in this area [39].

The transport sector accounts for about one-third of the world energy consump-

tion, which is actually about 500 EJ (around 12,000 MToe) (Fig. 1.4). Although

there is the need to decrease the specific energy consumption of the transport sector

and thus the CO2 emissions per kilometer as previously commented, the forecasts

(Fig. 1.4) indicate that the introduction of more energy-efficient devices in the

transport sector will not compensate the faster expansion in the use of liquid fuels

due to the increased number of circulating vehicles in emerging countries (Asia and

Latin America). Therefore, the reduction of the carbon footprint of transport for the

next two decades will depend mainly on the introduction of fuels deriving from

renewable resources such as biomass.

Notwithstanding the fast growing research in this area (it is currently a major

research area for catalysis), most of the estimations indicate that the cost of biofuels

in the next two decades will be still higher with respect to the cost of fossil fuels,

apart from few special cases (mainly bioethanol from sugarcane in Brazil). There-

fore, biofuel market will heavily depend in developed countries on the presence of

economic subsidies (direct or indirect), putting a number of constrains in evaluating

the different possible options and routes in biomass transformation [39].

However, there are several sociopolitical reasons which motivate the production

of biofuels and the continuation of subsidies for their production:

– Moving to a low-carbon footprint society: Biofuels reduce the carbon footprint

of mobility which requires liquid fuels to be integrated into the actual infrastruc-

ture (distribution, compatibility with actual fuels and engines, etc.) The alterna-

tive is to produce fuels from natural gas or coal (GTL and CTL processes) but

which are also more expensive than fuels from oil. The life-cycle assessment

(LCA) indicates that the effective contribution of biofuels to the reduction of

CO2 emissions is close to neutral and sometimes negative (depending on the

boundary limits of LCA method, if aspects such as land use change effects and

soil N2O emissions are accounted, etc.) [40], and besides, it considerably

depends on the type of raw materials and biofuel [38]. On the average, however,

the use of biofuels leads to a reduction of carbon footprint of mobility with

respect to fossil fuels.

– Increasing energy security: Reduction of dependence on fossil fuels is a main

general value for the energy economy and geopolitical strategies. The possibility
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of using biomass wastes is a further relevant incentive for the double benefit of

reducing their environmental impact and an efficient valorization of unused

resources.

– Social and employment impact and promotion of rural areas: The benefits for

local agriculture and land preservation, with the creation of energy districts

where biomass is used more efficiently through integration between the produc-

tion of food, energy, and raw materials for chemical industry, are significant

opportunities for creating and maintaining employment and improving rural

quality of life.

Various aspects derive from above comments, but remarking that the following

considerations are valid in general terms and can be different by case-to-case. The

market for biofuels will depend on the future on subsidies, and thus, the growth will

depend on the direct or indirect public financial support (subsidies). Often, it is

considered that biofuel market will grow constantly, being an economic option, but

if instead it will be true that the biofuel sector will be not economic in the absence of

external financial support, it should be considered a short–medium-term solution

(for about the next 20 years) and with limited market expansion, not going beyond

about 10–15% of the market share of fuels for the transport sector (this accounts for

about one-third of the global energy consumption). This is well consistent with the

forecasts reported in Fig. 1.4. Many researchers and policymakers now agree that

the contribution of biofuels in future energy scenarios will be limited and that the

strategies and technologies to produce biofuels should be reconsidered from this

perspective. Some of the possible options, such as thermochemical routes, require

very large investments and long-term amortization costs. In an uncertain biofuel

scenario as that outlined above, which will still depend on subsidies, large invest-

ment costs are a negative factor, also in terms of sustainability, because they will

considerably limit the rate of introduction of new technologies [41].

In addition, the growing idea of agro-energy districts, as a pushing factor for

rural development, also goes in the direction of competitive technologies on

small–medium size, which are flexible in handling a variety of local raw materials

(e.g., biomass waste, energy crops, and wood residues), but can be distributed over

the territory and limit the (energy) cost of transporting biomass. For a modern

society, it is very important to create the conditions for a true competition to avoid

monopolization of the market, which will increase the costs. It is thus important for

biofuels to incentivize the conditions and solutions favoring a large number of

investors. In order words, solutions should be promoted (between the many possi-

ble) which can be efficient on a small–medium scale and which do not require very

large investments.

The field of biofuels, due to the many relevant socioeconomic implications,

cannot be thus evaluated with the conventional techno-economic parameters, and

the societal implications and return in terms of sustainability and competitiveness

have to be included. This is the perspective to use in discussing the second-

generation biofuels and the role of catalysis/catalytic technologies.
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We have not discussed here the ecoimpact of biofuels in order to focus the

discussion. However, it is necessary to briefly mention that various environmental

impact categories, such as abiotic depletion, ozone layer depletion, human toxicity

and aquatic ecotoxicity, acidification, and eutrophication, have to be considered

(e.g., through LCA analysis) in the comparison of the different paths to biofuels.

The use of biofuels has a negative impact on acidification and eutrophication with

respect to fossil fuels. Acidification is due to biomass production (related to

fertilizers) and biomass combustion for heat and power production to sustain the

higher energy demand. Eutrophication is mostly given by fertilization. Emissions

induced by fertilizer application also influence other environmental categories, like

terrestrial and freshwater ecotoxicity, human toxicity, and others. Therefore, the

ecosocial dimension (in terms of sustainability and impact on the ecosystem) is also

an important component for the selection of the optimal strategies for bioenergy

and bioeconomy development and next-generation biofuels. However, very few

studies have tried to combine the technical aspects to these other aspects [38]. Due

to the very specific characteristics of biofuel area, these components cannot be

considered separately and both concur in determining the sustainable paths for a

future energy scenario.

There are other relevant aspects to consider in evaluating how to utilize the

biomass in a sustainable perspective. Integration into the existing energy infrastruc-

ture is an important aspect, not only economic. In fact, the introduction of biofuels

requiring major changes in the distribution system or engines implies large

investments which prevent or considerably limit the possibility to be successful,

given the actual economic situation and large uncertainty in the future market for

biofuels. Being the introduction of biofuels, a critical element toward a sustainable

mobility, to invest in R&D in areas having limited possibilities of success (from a

more global view and not limiting to technical considerations), implies a negative

impact on sustainability.

There are many other aspects necessary to take into account to evaluate the

preferable paths in biomass conversion and type of biofuel components:

– Commercial characteristics and compatibility with actual fuels: There are many

important parameters to consider for commercial use, from specific properties

(viscosity, flash and pour point, water and sediment content, carbon residue and

ash, distillation temperature range, specific gravity, heating value,

carbon–hydrogen, and carbon–oxygen content) to fuel properties (octane or

cetane number, boiling and solidification point, lubrication properties, smoke

properties, etc.). Several of the proposed biofuels do not meet all these

requirements.

– Energy density and CO2 emissions per kilometer: Hydrocarbons have a higher

energy density than oxygenated compounds, and thus using flex fuel, the kilo-

meter per liter of fuel decreases of about 30% (for E85), thus going in the

opposite direction of reducing CO2 emissions per kilometer. From this perspec-

tive, diesel engines allow a reduction up to 30% in CO2 emissions per kilometer

with respect to gasoline, and this is one of the motivations why in Europe >60%
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of new light vehicles is based on diesel engines. However, still limited research

is present on second-generation biodiesel.

– Integration with chemical production: Producing biofuels from platform

molecules which may be converted to either chemicals (e.g., monomers for

polymer) or biofuels gives to biorefinery the flexibility to fast adapt to a

changing market. One of the elements of success of bioethanol in Brazil was

the possibility to switch the production from bioethanol to sugar, following

better the market and minimizing the risks.

– C-efficiency: A higher C-efficiency indicates lower CO2 emissions in the process

of production of biofuels, and thus includes direct CO2 emissions in the process

(e.g., during fermentation two ethanol molecules and two CO2 molecules are

formed from a glucose unit) and indirect CO2 emissions, due to the need of H2 in

some production steps (H2 could be produced either from biomass or from fossil

fuels) and energy input in the biofuel production process.

An interesting result regarding the last aspect is presented in Table 1.2 [42],

based on a very recent study made by US Environmental Protection Agency (EPA)

of the life-cycle GHG emissions from increased renewable fuels use. Life-cycle

GHG emissions are the aggregate quantity of GHGs related to the full fuel cycle,

including all stages of fuel and feedstock production and distribution, from feed-

stock generation and extraction through distribution and delivery and use of the

finished fuel. The life-cycle GHG emissions of the renewable fuel are compared to

the life-cycle GHG emissions for gasoline or diesel.

Biofuel-induced land use change can produce significant near-term GHG

emissions, which can be paid back over subsequent years. Therefore, the time

horizons over which emissions are analyzed (near-term vs. longer-term emissions)

are critical factors. EPA study analyzed two options: a 30- and a 100-year time

period for assessing future GHG emissions impacts.

Table 1.2 Life-cycle GHG emission reduction for different time horizons. Adapted from [42]

Fuel pathway 30 years (%) 100 years (%)

Corn ethanol

– Natural gas dry mill +5 �16

– Optimized natural gas dry milla �18 �39

– Coal dry mill +34 +13

– Biomass dry mill �18 �39

– Biomass dry mill with combined heat and power �26 �47

Sugarcane ethanol �26 �44

Switchgrass ethanol �124 �128

Corn stover ethanol �116 �115

Soy-based biodiesel +4 �22

Waste grease biodiesel �80 �80
aPlants produce wet distillers grain coproduct and include the following technologies: combined
heat and power (CHP), fractionation, membrane separation, and raw starch hydrolysis
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Table 1.2 evidences some interesting aspects. The first point is that on a

short–medium time horizon (30 years), the use of first-generation biofuels (corn

ethanol and soy-based biodiesel) leads to an increase (plus value) or very moderate

decrease (depending on technology) in GHG emissions. Only on a longer time

horizon all fuel pathways (except coal dry mill) lead to decreased GHG emissions.

The use of second-generation bioethanol processes (switchgrass or corn stover

ethanol) or the use of waste raw materials (waste grease biodiesel) leads instead to

a more relevant effect on GHG emissions, which do not depend on the time horizon.

In a similar study promoted from the European Commission [43], but using a

different assessment methodology and evaluating the global impact of the use of

biofuels, it was also found that on the average, about 30 years are necessary after

land use change before that biofuels can lead to a saving in CO2 emissions. These

results are based on the model developed by EU Joint Research Centre, but different

results were found using different literature models, although these models have a

more limited approach. The understanding of the real impact on GHG emissions of

the use of biofuels is thus still a matter of question, but several concerns are raised

on the effective benefits. It is thus necessary to consider biofuels as a transitional

solution and select the preferable pathways accordingly.

Optimal integration with the fuels currently produced from fossil resources is

thus a critical factor. From this perspective, biomass-based hydrocarbon fuels are

essentially the same (also energetically, differently from the case of bioethanol) as

those currently derived from petroleum, and thus, it will be not necessary to modify

existing infrastructure (e.g., pipelines, engines), and hydrocarbon biorefining pro-

cesses can be tied into the fuel production systems of existing petroleum refineries

[37]. Hydrocarbons produced from biomass are immiscible in water. They could be

easier recovered from aqueous biomass processes and with less energy-intensive

separation processes with respect to more polar molecules such as oxygenated

products. On the other hand, the production of hydrocarbons requires an extensive

use of H2 [externally produced or produced in situ through aqueous phase reforming

(APR) processes]. Therefore, C-efficiency is low. The possibility of integration

with chemical production is not efficient, because after defunctionalization by

oxygen removal a functionalization by oxygen insertion could be then necessary.

From this perspective, it would be thus better to select a pathway of transformation

(e.g., producing platform molecules such as furfurals from selective deconstruction

of the cellulosic components of lignocellulose raw materials) which can be easily

tuned toward the production of fuels and chemicals [39]. It is thus evident that the

preferable route has been not yet identified and that it is necessary to consider all the

aspects of this complex problematic.

Catalysis has a pivotal role in this complex chemistry. We could note, however,

that several of the catalytic reactions involved in producing biofuels involve in one

or more steps hydrogenation or related reactions (hydrogenolysis, H-transfer, etc.).

Not surprising, most of the catalysts used in biomass conversion are based on noble

metals, but this could be a limit for the expansion of the sector, due to the shortage

of noble metals. It is thus an R&D priority to develop novel active and stable

catalysts for these reactions not containing noble metals.
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Figure 1.6 reports a schematic overview of the different pathways to produce

liquid fuels from biomass [44]. Sugar and starch are used to produce bioethanol by

fermentation and saccharification (in the case of starch). Various vegetable oils

could be used to prepare biodiesel by catalytic transesterification or “green diesel”

by hydrotreating (UOP/Eni Ecofining™ process, Neste Oil NExBTL Renewable

Diesel and Petrobras H-Bio process). The same processes can be adapted to upgrade

algal bio-oils.

Lignocellulosic feedstocks can be converted by three main routes: (1) thermo-

chemical, (2) biochemical, and (3) chemo-catalytic. The thermochemical approach

consists in the pyrolytic treatment processes of biomass to produce solid, liquid, or

gaseous products that can be subsequently upgraded to fuels (synthetic biofuels).

Depending on the reaction conditions, different types of pyrolysis and/or gasifica-

tion are used. These primary treatment methods produce intermediates that should

be first purified, often in multiple steps, and then further upgraded to fuels through

catalytic treatments, for example, hydroprocessing, cracking, steam reforming,

methanation, Fischer–Tropsch (FT), etc.

Biochemical routes are the most used currently, but reaction rates are lower

with respect to catalytic routes, thus with the need to operate with larger volumes

and more diluted solutions. Using novel catalytic processes would thus reduce

fixed costs, produce lower volumes of wastes, reduce energy intensity of the

process, and simplify separation. The amount of water needed for processing

hydrocarbon fuels from biomass can be greatly reduced, compared with the dilute

sugar solutions to which enzymes are constrained. This is because heterogeneous
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Fig. 1.6 Main routes to biofuels. Source: adapted from [44]
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catalysts work well in concentrated water solutions or alternative solvents (e.g.,

ionic liquids) Furthermore, heterogeneous catalysts allow continuous operations

reducing costs of separation with respect to biocatalysts. The elimination of energy-

intensive distillation, the higher reaction rates, and the much smaller process

footprints can also lead to lower biofuel costs than those of currently available

biological pathways for producing cellulosic ethanol. In other words, the increase

of sustainability of biofuel productions means to develop improved processes using

solid catalysts.

In the chemical or chemo-catalytic approach, the cellulosic biomass undergoes

catalytic hydrolysis, using acids either in aqueous solution (commercial method,

e.g., using diluted sulfuric acid) or heterogeneous phase using solid catalysts or

ionic liquids. Chemo-catalytic routes are then necessary for the conversion of the

intermediate platform molecules to synthetic fuels, bio-H2, or chemicals. Various

chapters in this book will discuss in detail these aspects and the role of catalysis in

these reactions.

Being sometimes a disagreement about the classification of the various

generations of biofuels, it is useful to make some final comments regarding these

aspects. According to IEA Bioenergy Task 39 (2009):

– **First-generation biofuels are those which are on the market in considerable

amounts today. Typical first-generation biofuels are sugarcane ethanol, starch-

based or “corn” ethanol, biodiesel, and pure plant oil (PPO). The feedstock for

producing first-generation biofuels either consists of sugar, starch, and oil-bearing

crops or animal fats that inmost cases can also be used as food and feed or consists

of food residues.

– Second-generation biofuels are those produced from cellulose, hemicellulose, or

lignin. The technologies are mainly in a pilot or demonstration stage and in few

cases at a semicommercial scale (bioethanol from some lignocellulosic sources)

and will be commercial within the next 10 years. Second-generation biofuel can

either be blended with petroleum-based fuels combusted in existing internal

combustion engines and distributed through existing infrastructure or is dedi-

cated for the use in slightly adapted vehicles with internal combustion engines

(e.g., vehicles for DME). Examples of second-generation biofuels are cellulosic

ethanol and Fischer–Tropsch fuels.

– Third- or fourth-generation biofuels refer to the approaches under investigation

with a time horizon above 10 years for the application. A distinction sometimes

used (but not always accepted) refers to the use of carbon neutral or negative

crops (or other biomass) (Table 1.3). Algal oil is often considered third-generation

biofuels.

Table 1.3 Summary of biofuel generations

First generation Second generation Third generation Fourth generation

Biofuels produced
from food crop

Biofuels produced
from non-food crop

Genetically modified
carbon-neutral crop

Genetically modified
carbon-negative
crops

16 G. Centi et al.

www.TechnicalBooksPdf.com



The first-generation biofuels include:

– Bioalcohols: These are alcohols produced by the use of enzymes and

microorganisms through the process of fermentation of starches and sugar.

Ethanol is the most common type of bioalcohol, whereas butanol and propanol

are some of the lesser known ones. Already on a large scale are bioethanol from

sugarcane (Brazil) and from corn (USA).

– Biodiesel by transesterification of vegetable oils: With methanol using homoge-

neous catalysts such as sodium hydroxide, mainly used in Europe and in

countries such as Argentina or Malaysia exporting diesel to Europe. The use

of heterogeneous catalysts instead of homogeneous is still quite limited and can

be considered as advanced first-generation biofuels.

– Vegetable oil: Vegetable oil can even be used in most of the old diesel engines

but only in warm atmosphere. In most of the countries, vegetable oil is mainly

used for the production of biodiesel (see above).

Biodiesel can be produced by a different process from vegetable oils (and animal

fats as well) by hydroprocessing (UOP/Eni Ecofining™ process, Neste Oil NExBTL

Renewable Diesel and Petrobras H-Bio process). These are often considered second

generation, but they are already a semicommercial stage (particularly the Neste Oil)

and use sources such as vegetable oil in competition with food. The limit in using

more extensively these processes is mainly related to the cost of vegetable oil and

H2 (usually not deriving from biosources). They should be thus more properly

considered as advanced first-generation biofuels.

Another question regards biogas, produced after the anaerobic digestion of the

organic materials. Biogas can also be produced with the biodegradation of waste

materials which are fed into anaerobic digesters yielding the biogas. This is also a

conventional technique largely used worldwide, and can be considered as advanced

first-generation biofuels, even though several consider bio-SNG (substitute natural

gas) as second-generation biofuels, because it uses waste biomass.

Finally, the processes of combined process of gasification, combustion, and

pyrolysis of biomass to produce syngas (CO/H2 mixtures) and the conversion of

the syngas to oxygenated (biomethanol or bio-DME [CH3OCH3]) or hydrocarbons

via Fischer–Tropsch are usually considered second-generation biofuels (see below)

but are essentially based on known and available technologies. Also these processes

could be considered probably as advanced first-generation biofuels, even though

they are based on raw materials typical for second-generation biofuels.

According to a UN report on biofuels, “second-generation fuels are made from

ligno-cellulosic biomass feedstock using advanced technical processes.” Lignocel-

lulosic sources include “woody” and “carbonous” materials that do not compete

with food production, such as leaves, tree bark, straw, or woodchips. Waste

biomass, deriving from agro-food production and part of the solid municipal

waste, is also a valuable source. Second-generation biofuels are considered:

– Cellulosic bioethanol, by advanced pretreatment, enzymatic hydrolysis and

fermentation technologies.
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– Hydrocarbonsoradditives for diesel, gasolineand jet fuelbycatalytic transformation

of lignocellulosic sources. Heterogeneous or a combination of heterogeneous and

biocatalytic transformation are used in these processes.

– Synthetic biofuels via thermochemical routes, in the various possible alternative:

(1) biomass to liquids (BTL) via gasification and synthesis, (2) Fischer–Tropsch

(FT) diesel synthetic diesel, (3) biomethanol, (4) heavier alcohols (butanol and

mixed), and (5) dimethyl ether (DME). Note the comment above.

– Substitute natural gas (SNG) via gasification and synthesis, i.e., an alternative

process to bio-SNG via anaerobic fermentation.

– Biohydrogen, via gasification (through syngas and consecutive WGS) or by

catalytic synthesis (catalytic transformation in liquid phase—APR—or gas

phase conversion of byproducts of biomass conversion, such as glycerol). Several

concerns regard the economicity and GHG impact of producing H2 with this

approach. More advanced routes for bio-H2, such as biological processes, using

concentrated solar energy, and through semiconductors (water splitting or

photoelectrolysis), should be instead considered third or fourth generation

because they have an estimated time of application higher than 10–15 years.

In the longer term, many envisage biofuels being made from materials that are

not even dependent on arable land, such as algal materials growing in water.

Biofuels from algae or microalgae, however, are typically considered to be com-

mercial after more than 10 years and are considered for this reason third generation.

The use of solar energy (concentrated solar panels) to convert biomass to fuels is

also considered third-generation processes. The method for the catalytic decon-

struction and defunctionalization of lignin to selectively produce chemicals and

fuels also belong to this category.

Fourth-generation biofuels are those at a very early stage of development and

thus with a long-term (>15–20 years) perspective of application. Some fourth-

generation technology pathways include solar to fuel and genetic manipulation of

organisms to produce directly hydrocarbons or alcohols. Examples are the produc-

tion of isobutanol and other long-chain alcohols using non-natural metabolic

engineering approach (e.g., UCLA/Mitsubishi Chem.) or the direct production of

isobutene (Global Bioenergies) also creating an artificial metabolic pathway.

1.5 Nanostructured Electrodes

The need to improve the sustainability and efficiencyof theproduction, storage, anduse

of energy has greatly pushed the research interest on the development of new improved

electrode with advanced nanoarchitecture [3–9]. There are several key technological

areas of the energy sector,which require a better design of the electrode nanostructure to

overcome current limits and/or move to new levels of their performances:

– Reversible chemical to electrical energy conversion: Low- and high-temperature

fuel cells and advanced electrolysis
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– Solar to electrical or chemical energy conversion: Third-generation photovoltaic

cells (thin films and Gr€atzel type), water photoelectrolysis, photoelectrochemical

solar cells, and PEC devices for the conversion of CO2 to fuels

– Thermal to electrical energy conversion: Thermoelectric devices

– Electrical energy storage: Advanced Li batteries and supercapacitors

In all these electrodes, the common problem is how to control/optimize the mass

and charge transport (i.e., electronic and ionic mobility), the electron-transfer

kinetics in multiphase boundaries, and the modifications on these processes that

occur upon application of a potential between the electrodes. Many aspects have to

be simultaneously optimized in these devices. The electrodes of polymer electrolyte

membrane (PEM) fuel cells may be cited as an example. The following aspects

have to be optimized at the same time:

– The three-phase contact between the proton-conducting medium, the electron-

transporting carbon substrate, and the gas phase

– The rate of transport of protons, electrons and reactants (H2 at the anode and O2

at the cathode), and products (H2O at the cathode)

– The surface processes at the electrocatalytic sites (i.e., Pt-based nanoparticles) as

well as their changes which occur upon charging the nanoparticles during

electrochemical operations (application of a voltage or current between the

electrodes)

In batteries, it is also necessary to coordinate mass transport, charge transport

(electronic and ionic mobility), and electron-transfer kinetics in order to store or

release energy. A poor charge-carrier mobility and electron-transfer to adsorbates

limit the efficiency of energy conversion in TiO2-based materials for water

photoelectrolysis, because not only the rate of charge recombination increases but

also that of surface quenching effects. Therefore, optimization of the performances

requires the ability to control a complex reaction environment, where many kinetic

aspects simultaneously concur in determining the performances. The parallel with

catalytic reactions is well evident, and not surprising, there are very common

aspects in the design of advanced electrodes and catalysts [9].

All these aspects are thus closely related to those encountered in the design of

nanostructured catalysts, and the boundary between electrocatalysis and electro-

chemical effects in these materials is often ill-defined. For these reasons, there is an

increasing R&D interest of catalysis on these devices and materials. Various

chapters in this book will discuss in details these aspects.

Many of the controlling aspects are size dependent, and thus, the area of devices

for energy conversion and storage has naturally dedicated large attention to prepare

nanostructured electrodes. These materials for energy harvesting, conversion, and

storage show an improvement of the performances with respect to micrometric-

sized materials not only due to the increased surface-to-volume ratio but also due to

“true size effects” related to a change in material properties when going to

nanometric size.
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Not only the nanodimension would be relevant, but critical is also the nanoarch-

itecture of these materials. There is a design problem related to the optimal

compromise between nanosize, nanoarchitecture, robustness and stability, and

performances per unit weight or volume, as well as to produce the electrode with

cost-effective and scalable methods. The concept of hierarchical organized

materials is a useful approach to reach the above objectives with the development

of a multilevel 3D organization based on a host macrostructure, which allows

the right tridimensional organization necessary for a fast mass transport, for exam-

ple. On this host macrostructure, a secondary guest micro- and/or nanoscale sub-

structure is built in order to take advantage of the properties of nanometer-sized

building blocks and micron-sized assemblies. However, often, the studies on

hierarchical-organized catalysts and electrodes are focusing attention on the

micro- and mesoscale only, while many properties depend on the nanoscale orga-

nization and structure. This is the area on which it is necessary to focus future

research attention.

Many advanced methods could be used to prepare tailored hierarchical

organized structures for electrodes. Ordered metal nanostructures with hierarchical

porosity can be prepared using colloidal crystals (or artificial opals), i.e., an ordered

array of silica or polymer microspheres, as template on which the metal particles

are deposited. The removal of the template leads to an ordered metal nanostructure.

The synthesis of replica mesostructures by nanocasting could be considered an

extension of the concept of template synthesis. Nanocasting [45] by using highly

ordered mesoporous silica as a template has brought forward incredible possibilities

in preparation of novel mesostructured materials with controlled nanostructures,

which use is fast extending in the field of catalysis and advanced electrodes.

The nanocasting method can be used for preparation of a variety of mesostructured

and mesoporous materials, including mesostructured metal and semiconductor

nanowires.

The use of self-assembling methods is also of growing interest. The approach is

based on the synthesis of small-size particle units using the various available

physicochemical methods, such as colloidal, solgel, and micelle methods as well

as other wet or gas phase procedures. These nanounits may be then organized in 2D

and 3D superstructures by self- or directed-assembling, seeded or field-induced

growth, epitaxial growth, or other nanostructuring procedures. An interesting area

in fast development is also that of assisting the self-assembling (in particular, to

avoid a fractal-type growth) by an electrical field. An example of these electro-

chemical methods is the anodic oxidation. The electrical field created at the

interface between the electrode and electrolyte is a powerful factor for orientation

of nanostructure growth, as shown for titania (TiO2) electrodes [46–48].

There are several other methods to prepare nanotailored materials for energy

applications. The above discussion has given a glimpse of the possibilities. This is a

very fast emerging R&D area with high relevance to produce new sustainable

solutions for energy. Further aspects will be presented in the following chapters.
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1.6 Going to Solar Fuels

Previous sections have already clarified that in a long-term perspective, solar

energy should become a major source of renewable energy but also that the problem

exists to convert solar to chemical energy in order to facilitate storage and transport

of energy. Producing renewable electrical energy using photovoltaic (PV) cells is

attractive, and valuable options are in fast expansion, but this is only part of the

energy problem. Current methods to store electrical energy are not very efficient,

and in general, a critical issue is still the storage of electrical energy, notwithstand-

ing the R&D progresses in nanomaterials for these applications. Therefore, the

conversion of solar to chemical energy is a necessary integration to current solar

options for storing and transporting solar energy.

PV cells (or other renewable electrical energy sources or even nuclear energy)

may be integrated with water electrolyzers to produce H2 to be used then in PEM

fuel cells to produce back electrical energy [49]. By matching the voltage and

maximum power output of the PV device to the operating voltage of PEM

electrolyzers, it is possible to reach efficiencies to 10–12%, with respect to 2–6%

obtained by simple coupling of the two devices [50]. H2 produced in this way has

still a cost higher than H2 from fossil fuels, for example, by methane steam

reforming.

The DoE Hydrogen Program objective for distributed production of hydrogen

from water electrolysis is $3.70/gge (gallons of gasoline equivalent) by 2012.

Current best processes for water electrolysis have an efficiency of 50–80%, so

that 1 kg of hydrogen requires 50–80 kWh of electricity. Recent cost estimates [51]

reported that on-site natural gas reformation could lead to a range of $8–$10/kg and

on-site electrolysis could lead to $10–$13/kg hydrogen cost, i.e., not achieving the

$4/gge cost target (for H2 one gge is 0.997 kg). The cost is highly depending on the

cost of electrical energy. Considering that actual cost of production of electrical

energy by PV cells (or other renewable energy sources) is about 2–4 times higher

than the average electrical energy production cost (the cost varies considerably

during peak hours), it is possible to derive that H2 production cost by PV-PEM

combination is about 6–8 times higher than that from fossil fuels, but this value

would considerably depend on a number of factors, such as production capacity,

efficiency of PV cell and solar irradiation, and fossil fuel cost.

There are other ways to produce renewable H2 by (1) biological methods (using

cyanobacteria or green algae), (2) photothermal water dissociation (assisted by

redox metal oxides), and (3) photocatalysis/photoelectrolysis and/or photoelectro-

catalytic approaches [18, 19]. It could be also produced by photoreforming of waste

organic aqueous streams or by APR, as discussed in a more detail in the following

chapters. Although it is difficult to make precise cost estimations in these cases,

being data still too limited, in general, all these methods are more expensive in

producing H2 than the PV-PEM combination. In addition, in modern electrolyzers,

H2 is produced under pressure, while essentially at atmospheric pressure in the

other cases. There is thus an additional cost of compressing H2.
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A limit in the approach of using H2 to store renewable energy, and thus generally

of the “hydrogen economy” approach, is the issue of efficient H2 storage. Being

hydrogen a gas, the density per volume is low. It is thus necessary either to liquefy

H2 (however, this requires very low temperatures, about �250�C at one atmo-

sphere) or to use extremely high pressures. An intense research has been made on

H2-storage materials (metal hydrides, amine borane complexes, MOF, and other

nanostructured materials) [22, 52, 53], but the prospects to reach the necessary

densities appear now remote. Therefore, the use of alternative energy vectors to H2

is now of increasing interest. However, if the renewable hydrogen is used directly

for further chemical syntheses (e.g., converting CO2 to methanol as discussed later),

the issue of storage of H2 is not critical.

Therefore, exists the interesting opportunity of addressing the issue of GHG by

converting back CO2 to liquid fuels which can be easy stored/transported and well

integrate into the existing energy infrastructure, and use these C-based energy

vectors as a convenient and sustainable way to store and distribute solar energy,

i.e., develop new solar fuel solutions [35].

Different routes in converting CO2 back to fuels are possible [16]. The most

investigated area is the hydrogenation of CO2 to form oxygenates and/or

hydrocarbons. Methanol synthesis from CO2 and H2 has been investigated up to

pilot-plant stage with promising results. The alternative possibility is the production

of DME, a clean-burning fuel that is a potential diesel substitute. Ethanol formation,

either directly or via methanol homologation, or the conversion of CO2 to formic

acid is also a potentially interesting route. Methanol, ethanol, and formic acid may

be used as feedstock in fuel cells, providing a route to store energy from CO2 and

then produce electricity. Alcohols are in principle preferable over hydrocarbons

because their synthesis requires less hydrogen per unit of product, but their energy

density is lower with respect to (liquid) hydrocarbons.

While the stage of development of solar fuels is definitively less advanced

with respect to solar to electrical energy conversion, the latter is only part of the

future sustainable energy scenario. There is thus the urgent need to invest in R&D

on solar fuels.

1.7 Perspectives

This introductory chapter has discusses some of the technical, economic, and social

aspects of alternative energy generation and the related problems of energy and

climate. The conclusions can be summarized as follows:

1. Still for a long time, fossil fuels and related energy infrastructure will be the

dominating factor of energy scenario. The amount of effective resources of fossil

fuels is still uncertain, depending on many factors, but many experts indicate that

the reserves are enough to guarantee a smooth transition, i.e., fossil fuels will be

still the dominating energy for the next 30–50 years. This does not imply that it is
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not necessary to accelerate the transition to renewable energy, due to GHG

emissions, geopolitical motivations, energy security, etc.

The key concept relevant for catalysis is that it is necessary to develop

technical solutions which smoothly integrate into this scenario and thus mini-

mize the investment necessary for energy infrastructure. This has many

consequences in terms of choice of the catalytic technologies.

2. To decrease the CO2 stratospheric concentration to acceptable level (450 ppm),

the increasing energy efficiency has the dominant role. The use of nuclear and

renewable energy, CCS technology, has also significance. Limiting CO2

emissions in a world where there is a very fast growing fraction of the population

accessing to a massive use of energy (the standard in “developed” countries,

Fig. 1.1) requires an effort which we are still underestimating.

It is thus necessary to have a double strategy, on a short- and medium-long

term. On short terms, the key words are energy saving (thus improving energy

efficiency) and store or reuse CO2, together with increasing the share of non-

fossil fuel-based energy (nuclear and biomass). The investments required and

many other constrains (including social acceptance) suggest that these energy

sources will have a share not higher than 20–25% in the next two decades

(Fig. 1.4). Also, this aspect has consequences on catalysis because on a short

term the effort should be in applying knowledge on (catalytic) nanomaterials to

develop:

• Energy-efficient processes (large-scale processes such as steam reforming

and olefin production) have a poor energy efficiency—only about 60% of the

energy is incorporated in the final product, and in general, attention is given to

aspects such as atom economy instead that to energy economy.

• Energy-saving materials (putting at the core of research aspects such as

intrinsic energy content of the materials, i.e., including the energy for its

production, disposal, reuse, etc.) or the capacity of the materials to save energy

(lighter materials for mobility, e.g., producing better carbon nanotubes for

nanocomposite, and high-performance nanofoams for thermal insulation).

At the same time, there is the need to integrate “conventional” fossil fuel

reserves with less conventional or unused reserves (strained natural gas, coal,

oil shale, sand, etc.). It is necessary also to create a novel chemistry to

transform and upgrade these resources.

3. The biofuels are not expected to have a market share of fuels for the transport

sector more than 10–15%, but nevertheless, they have a relevant environmental,

energy security, and rural employment impact. Transforming biomass is com-

plex and costly, and without subsidies in a world which will still have enough

fossil fuel resources for the next 20–30 years (forecasts indicate a stabilization of

oil barrel to less than 120$), they will be not competitive. It is thus predicted that

they will not grow more than about 10–15%, although different opinions exist on

this question. However, after the much more optimistic forecasts of some year

ago, there is a general revision of the estimations. In order to favor the market

penetration of biofuels, which present advantages in terms of GHG impact with
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respect to fossil fuels even if less relevant as often considered, it is necessary to

realize pathways of transformation which:

• Minimize as much as possible the number of steps and the environmental

impact (here the role of catalysis as enabler to reduce the steps of the

transformation but the necessity to realize also solutions which make possible

the simultaneous reaction-separation, e.g., by joining catalysis and membrane

technologies)

• Make possible flexible operations on a variety of biomass sources available

on a regional basis

• Enable the integration of the production of fuels and chemicals through

common platform molecules and flexible technologies

• Develop the concept of small-scale specialized (few products) biorefineries

which require low investment and well integrate on regional agro-districts

4. On the longer-term perspective (>15–20 years), the solar energy will become

the major source of renewable energy. There is a need to invest in R&D on solar

fuels, for example, to convert CO2 back to liquid fuel using solar H2. Solar is

definitively the end target to enable a renewable energy but requires developing

effective methodologies to “store and transport” solar energy, by converting

solar to chemical energy. Solar fuels (based on CO2 and water) are indicated as

the target for long-term research in catalysis. However, to reach these goals, it is

necessary to intensify from now R&D activities in this field, particularly foster-

ing the basic research in this field. Catalysis is a key element to reach this

objective.

5. Catalysis and nanotechnology should be a priority area of research on the field of

alternative energy generation. Catalysis is the first and more effective (also in

economic terms) example of nanotechnologies, and there is the need to extend

the wide range of available knowledge on contiguous areas such as that of

electrodes to develop improved technologies for energy storage and conversion.

Energy is a complex and pervasive problem that no one has the crystal ball to

make exact predictions, and thus, the points summarized above remain in part

personal opinions about the possible near and far future of the different technical

approaches and their economic and social impacts. The reader can also draw their

own conclusions, based on data and ideas presented.

It is also evident that on some critical aspect, such as the role of biofuels on the

future of energy, there are some different ideas. The life-cycle GHG emission

reduction of biofuels is good relative to that of gasoline and diesel (Table 1.2) but

much less than that supposed by many “policymakers” when some of the directives

and subsidies were decided. However, these will be revised due to this progress in

understanding and also external pushing factors such as the economic crisis.

For this reason, looking on Fig. 1.4, the total positive impact of the biofuel use

seems to be very small on the CO2 balance of the stratosphere. This conclusion is in

apparent conflict with EU directives, but the estimation from the IEA (from which

Fig. 1.4 derives) considers the evolving panorama on a global scale. It should be
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remarked that these data do not indicate that it is not worth to convert biomass to

biofuel. They indicate the need to consider the problem from a different perspective

(as discussed above) and in particular the need to consider the integrated conversion

of biomass to chemicals and biofuels. It should be also mentioned that novel high-

efficient combustors for biomass offer a better energy efficiency to produce heat +

electrical energy than converting biomass to biofuels and use these to produce heat

and electrical energy. The biofuels are necessary for mobile applications but which

account only about one-third of the total energy.

Another remark may be that the employment and security impacts of producing

biofuel from biomass seem to disappear if solar fuel gains a higher share in the

future as forecasted here. There are different time scales for development, and also,

solar fuel offer equal, if not greater, opportunities for employment and energy

security. It is not surprising that large investment in research on solar is made by

countries, which have the higher fossil fuel resources such as the Kingdom of Saudi

Arabia, or from oil companies. They have identified the need to prepare the

transition already from now and not in a remote future.

Finally, a last comment deserves the question about the future direct use of

hydrogen as engine fuel. We are skeptical about this possibility, but also, a number

of car companies and many energy independent evaluators are moving to similar

opinion. The problem is the need to avoid large-scale investments to change the

energy infrastructure and the many issues in H2 storage and transport. There is an

increasing perception that it will be not possible to reach the necessary targets, and

for this reason, US DoE have drastically reduced the research fund on this activity

in 2010. The technologies which better integrate with the actual infrastructure are

thus with the higher probability of success. This is the reason why we believe in the

use of (renewable) hydrogen to convert back CO2 to liquid fuel, i.e., renewable H2

as intermediate to produce liquid fuels but which integrate into actual infrastruc-

ture. Therefore, the target is not to produce chemicals such as formic acid but

alcohols such as methanol or longer carbon-chain hydrocarbons or oxygenated. The

energy for this operation has to be clearly deriving from non-fossil fuel resources,

solar energy first, but in part and on a short-term perspective also nuclear energy.

Are we proposing a “green” nuclear energy? No, but on a practical basis it

should be considered that nuclear energy exists and that for a number of

motivations the share of nuclear energy (in the energy pool) is expected to increase

in the future, as indicated in Fig. 1.4. There is the opportunity to improve the energy

efficiency of the nuclear reactors by producing fuels from CO2 and water, using

some of the waste heat. This is another opportunity and challenge for catalysis.

1.8 Conclusions

Catalysis research areas and priorities have changed significantly over the last

decade, due to the evolved macroeconomic and societal scenario. At the beginning

of the twentieth century, catalysis was a core technology in refinery and chemical
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industrial production with over 90% of the processes using catalysts. Nevertheless,

several company managers considered catalysis a mature area of development.

The fifth energy crisis has accelerated to sociopolitical evolution putting the energy

issue, and the question of renewable energy and alternative energy generation, at

the heart of social and business strategies. This has given new impetus to the

research on catalysis, being it one of the pillars to implement these strategies,

from producing biofuels to the development of advanced electrodes for a number

of applications (from new-generation photovoltaic cells to fuel cells), production of

renewable H2, and in a longer-term perspective solar fuels. As a consequence,

research in catalysis worldwide has significantly changed in the last decades, and

this book provides a comprehensive panorama of the new trends, opportunities,

and research needs.

However, due to this evolving context, it is not possible to limit discussion to the

technical aspects, but it is necessary to consider the general economic and social

context and related constrains which also determine the choice of the research

priorities, as evidenced in particular for the base of biomass conversion. For this

reason, this introductory chapter was focused mainly on these aspects, leaving more

specific aspects regarding the catalysts to the following chapters.

A general comment is necessary, however. The last decade was characterized

from the exponential research activity on nanotechnologies and the development of

novel materials/catalysts with advanced nanoarchitecture. The effort was mainly

on the synthesis of these materials, with more limited attempts to correlate

the properties of the nanostructure with the functional behavior (particularly, the

catalytic activity). The challenge of sustainable energy requires to put more effort

on these aspects. This should be a priority area for research on catalysis in the field

of alternative energy generation.
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Chapter 2

Catalytic Production of Liquid Hydrocarbon
Transportation Fuels

Juan Carlos Serrano-Ruiz and James A. Dumesic

Abstract Lignocellulosic biomass resources are abundant worldwide and have the

potential to displace petroleum in the production of liquid fuels for the transporta-

tion sector of our society. Bioethanol, the dominant biofuel used today, suffers

from low energy density and high solubility in water, properties that are undesir-

able for transportation fuels. The production, from lignocellulosic sources, of

liquid hydrocarbon fuels that are chemically similar to those currently used in

the transportation sector is a promising alternative to overcome the limitations of

bioethanol. The transformation of highly functionalized biomass into oxygen-free

liquid fuels can be carried out by gasification, pyrolysis, and aqueous-phase

processing, as outlined in this chapter, with particular emphasis on the catalytic

aspects of these processes.
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Ppm Parts per million

Syngas Synthesis gas

WGS Water–gas shift

2.1 Introduction

Fossil fuels (i.e., coal, natural gas, and petroleum) currently represent the primary

source of energy for our modern society. According to the most recent statistics

available, in 2008 these nonrenewable resources supplied about 85% of the total

energy consumed in the USA [1] and almost 80% of the energy produced in the

European Union [2]. This lower use of fossil fuels in the European Union is

compensated by more extensive use of nuclear energy, since renewable energy

accounted for the same fraction (8%) in both industrialized regions. The energy

produced by fossil fuels is unevenly distributed among the different sectors (i.e.,

residential, commercial, industrial, transportation, and electrical power) of society.

Thus, while coal supplies more than 50% of the energy for electricity production and

natural gas prevails in the residential and commercial sectors, petroleum accounts

for essentially all (96%) of the transportation energy [3]. On the other hand,

renewable sources supply less than 10% of the energy to any single sector, with the

transportation being the sector with the lowest contribution in this respect (2%). This

contribution is expected to increase rapidly within the next few years. Thus, according

to projections by the International Energy Agency, the world biofuel production will

increase from 1.9 million of barrels per day (mbd) in 2010 to 5.9 mbd by 2030, which

represents 6.3% of the world conventional fuel production [4].

The energy consumption data outlined above indicate that fossil fuels dominate

the current global energy system. However, there are several important issues

inherently associated with the usage of these nonrenewable resources. The first

concern is related with availability. Fossil fuel reserves are finite and the current

consumption rate increases yearly to meet the growing demand of industrialized

countries and rapid development of emerging economies. In this respect, the US

Energy Information Administration projects a 35% increase in the world energy

consumption over the next 20 years [4], and recent analyses of proven reserves

versus consumption rates indicate that oil, natural gas, and coal will be depleted

within the next 40, 60, and 120 years, respectively [5]. The second important issue

is environmental. The consumption of fossil fuels leads to net emissions of CO2 into

the atmosphere, contributing to global warming and the climatic issues [6]. Recent

studies show that the burning of fossil fuels for energy production is responsible

for 70% of the global warming problem [7]. The third important issue is derived

from the geographical distribution of fossil fuel reserves. It is estimated that 60%

of world proven oil reserves and 41% of natural gas supplies are situated in

Middle-East countries, whereas USA, Russia, and China monopolize the 60% of

the world recoverable coal reserves [4]. This uneven distribution of reserves can

lead to political, economic, and security issues worldwide.
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To address the above important concerns, governments, through aggressive

directives [8, 9], are stimulating society to use renewable sources of energy (e.g.,

solar, wind, hydroelectric, geothermal, and biomass) to progressively displace oil,

coal, and natural gas from the energy production system. Unlike fossil fuels,

renewable resources are abundant and well distributed around the world. Addition-

ally, they allow the development of zero-carbon or carbon-neutral technologies,

thus contributing to mitigation of global warming effects.

In the same way that fossil fuels have different contributions to the various

energy sectors of society, renewable technologies will also be implemented selec-

tively in society. Recent studies indicate that solar, wind, geothermal, and hydro-

electric power will be used to generate heat and electricity in stationary power

applications, allowing the eventual substitution of coal and natural gas [10, 11]. On

the other hand, biomass has been proposed as the only sustainable source of organic

carbon currently available on earth [12] and thus, this resource is best suited as a

potential substitute for petroleum for the production of fuels and chemicals [13, 14].

The petrochemical industry currently consumes a large fraction of the crude oil to

generate liquid hydrocarbon fuels, whereas a minor fraction is used for chemicals

production. Consequently, for biomass to effectively replace petroleum, new

technologies for the production of liquid fuels from this resource, the so-called

biofuels, are necessary. Unlike petroleum-based fuels, biofuels are conceptually

carbon neutral, since CO2 produced during fuel combustion is consumed by

subsequent biomass regrowth [15]. However, CO2 evolved during production and

transportation of the biofuel must also be taken into consideration. Additionally, the

large-scale production of biofuels can strengthen economies by reducing the

dependence on the strong fluctuations in the price of the oil [16] and by creating

new well-paid jobs in different sectors such as agricultural, forest management, and

oil industries [7].

The liquid biofuels used most widely today for transport are ethanol and

biodiesel. Ethanol is the predominant biomass-derived fuel at the present time,

accounting for 90% of the total biofuel usage [17]. It is produced by anaerobic

fermentation of corn and sugar cane-derived sugars, and only two countries (USA

and Brazil) are responsible for 90% of the world production. The fermentation

process produces a dilute aqueous solution of ethanol and thus, an expensive

energy-consuming distillation step is necessary to completely remove water from

the mixture. For ethanol to be used as a fuel in current spark ignition engines, only

low-concentration (5–15%) blends with gasoline (i.e., E5–E15) are tolerated, and

additional engine upgrades are required for ethanol-rich mixtures (E85). Utilization

of edible biomass for its production, high miscibility with water, and the lower

energy density compared to gasoline are also important limitations for the imple-

mentation of ethanol as a transportation fuel.

Biodiesel is a mixture of long-chain alkyl esters, typically derived from vegeta-

ble oils. It is produced by chemically combining the oil with an alcohol (such as

methanol) in the presence of a basic catalyst, in a process known as transesteri-

fication. Glycerol, in the form of concentrated aqueous solutions, is the primary

coproduct of biodiesel production and, as described below (Sect. 2.2.3), important
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catalytic routes for the upgrading of this waste stream have already been developed.

Similar to ethanol, biodiesel usage is currently limited to low-concentration blends

with conventional diesel fuel (B5, B20), since pure biodiesel (B100) can cause

rubber and other components in the engine or fuel lines to fail [17]. Additionally,

the need for fossil fuel-derived methanol has led to research for utilization of

renewable bioethanol as an esterification agent.

The transportation sector of society requires fuels that burn cleanly and have

high energy densities for efficient storage at ambient conditions. These criteria are

best fulfilled by petroleum-derived liquid hydrocarbon fuels, and infrastructure for

the use of these fuels (e.g., engines, fueling stations, distribution networks, petro-

chemical processes) is already developed for these molecules. The effective and

rapid implementation of ethanol and biodiesel has benefitted from this infrastruc-

ture, because these biofuels fit, although with several limitations, into the current

hydrocarbon-based transportation system. The main limitations of ethanol and

biodiesel alkyl esters as transportation fuels (e.g., need for low-concentration

blends, lower energy density, miscibility with water in the case of ethanol) are,

ultimately, derived from the different chemical composition of these molecules

compared to hydrocarbon fuels. Thus, instead of using biomass to produce

oxygenated fuels with new compositions, an attractive alternative to overcome

these limitations would be to utilize biomass to generate liquid fuels chemically

similar to those being used today, which are derived from oil [18]. When compared

with ethanol, the production of hydrocarbon fuels from biomass has many impor-

tant advantages, as outlined below:

(a) Compatibility with existing energy infrastructure. Renewable hydrocarbon

fuels would be essentially the same as those currently obtained from petroleum,

except that they are made from biomass. Therefore, it would not be necessary to

modify existing infrastructure for their implementation in the transportation

sector. Additionally, the processes for the production of hydrocarbon

biofuels could be coupled with the fuel production systems of existing and

well-developed petroleum refineries.

(b) High-heating value. The heating value (i.e., the heat released when a known

quantity of fuel is burned under specific conditions) is an important quality of a

fuel that finally determines the gas mileage of the vehicle. The oxygen content

of the fuel negatively affects this parameter. For example, ethanol has only 66%

of the heating value of gasoline and thus, cars running on ethanol-rich mixtures

like E85 get a 30% lower gas mileage [19]. Biomass-based hydrocarbon fuels,

in contrast, offer equivalent energy content and gas mileage performance to

fuels derived from petroleum.

(c) Hydrophobicity. Fuels that do not absorb water are highly desirable. The

addition of oxygenates to regular gasoline, however, increases the water

solubility of the mixture. In the case of ethanol/gasoline blends, water contami-

nation can trigger a phase separation of both components which is an important

concern especially in cooler climates. The hydrophobic character of biomass-

derived hydrocarbons eliminates this problem since these molecules are

32 J.C. Serrano-Ruiz and J.A. Dumesic

www.TechnicalBooksPdf.com



immiscible in water. Additionally, the ability of hydrocarbons to spontaneously

separate from water is also beneficial in that it eliminates the need for an

expensive energy-consuming distillation step required in the ethanol purifica-

tion process.

(d) Smaller reactors. The low energy density of biomass compared to fossil fuels is

an intrinsic constraint of this resource. Thus, to process it into energy and fuels,

a large amount of biomass will be required, leading to high cost (and probably

use of fossil fuels) for transporting it from the biomass source to the processing

location [20, 21]. Unlike ethanol, biomass-based hydrocarbon fuels can be

produced at high temperatures and using concentrated water solutions [13],

which allows for faster conversion reactions and smaller reactors. Thus, instead

of having large central processing locations such as those required for ethanol

production, these small units could be placed close to the biomass source,

thereby avoiding transport of biomass over long distances. It has been

suggested that this small-scale, geographically localized distribution of the

biofuels industry would additionally benefit rural economies and reduce the

vulnerability of infrastructure [15].

One of the main concerns when producing biofuels at large scale is the utiliza-

tion of edible biomass as feedstocks (e.g., sugars, starches, and vegetable oils).

Important moral and ethical questions arise because this practice creates a compe-

tition with food for land use. These issues have driven researchers around the world

to develop technologies to process nonedible biomass (lignocellulosic biomass),

thereby permitting sustainable production of a new generation of fuels (so-called

second generation of fuels) without affecting food supplies. In this respect, ligno-

cellulosic biomass is abundant [22] and can be grown faster and at lower price than

food crops [23]. Lignocellulosic biomass consists of three major components

(Fig. 2.1): cellulose, hemicellulose, and lignin [24, 25]. Cellulose is a linear

polymer of glucose, connected linearly by b-1,4-glycoside linkages, that typically

comprises about 40–50% of a given lignocellulosic source. As shown in Fig. 2.1,

this arrangement allows a high degree of hydrogen bonding between different

cellulose chains that confers this material with high stability and resistance to

chemical attack [26], high crystallinity, and low surface area. Unlike cellulose,

hemicellulose is amorphous and possesses a heterogeneous composition, since it is

formed by polymers of five different C5 and C6 sugars. It surrounds the cellulose

fibers and typically accounts for 20–30% of the total mass of a lignocellulose

source. Lignin is a complex three-dimensional polymer of propyl–phenol groups

bound together by ether and carbon–carbon bonds. It provides structural rigidity by

holding the fibers of polysaccharides together. It is typically found in woody

biomass and usually comprises 15–25% of lignocellulose depending on the source.

Two aspects currently limit the implementation of lignocellulose as a feedstock

for transportation fuels: recalcitrance and complexity. The structure of lignocellu-

lose, with lignin offering an extra protection to cellulose and hemicellulose, is

naturally designed to provide stability and resistance to external attack. In contrast,

edible biomass such as starch consists of glucose polymers with a linkages that

2 Catalytic Production of Liquid Hydrocarbon Transportation Fuels 33

www.TechnicalBooksPdf.com



make the polymer highly amorphous and, consequently, more readily deconstructed

into monomers [27]. This chemical structure of edible biomass allows simple and

economic processing to take place. For example, while corn-derived ethanol can be

generated at 0.6–0.8 $/liter of gasoline equivalent (lge), recent economic studies

indicate that the use of lignocellulose for ethanol production would increase the

cost to the level of 1.0$/lge [28]. Accordingly, research is being conducted world-

wide on how to decrease recalcitrance of lignocellulosic biomass [29–31] in order

to develop cost-competitive technologies for the generation of liquid fuels from

nonedible sources. This latter aspect has been identified by experts as the key

bottleneck for the large-scale implementation of lignocellulose-derived biofuel

industry [32].

The structural and chemical complexity of lignocellulosic biomass suggests that

a combination of different processes may be utilized to maximize yields. The most

promising methodology used today for biomass processing resembles that used for

oil in petroleum refineries, and involves the conversion of lignocellulosic

feedstocks into simpler fractions that are subsequently converted into a variety of

useful products. These transformations would be carried out in a facility, denoted as

a biorefinery, that integrates biomass conversion processes and equipment to

produce fuels, power, and chemicals from this resource [33–35]. Current

technologies for conversion of lignocellulosic biomass into liquid hydrocarbon

fuels involve three major primary routes: gasification, pyrolysis, and hydrolysis

(Fig. 2.2), and they are described in separate sections of this chapter. The first

technology (Sect. 2.2.1) allows biomass transformation into synthesis gas (syngas),
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Fig. 2.1 Structure of lignocellulosic biomass and their components. Adapted from [47]

34 J.C. Serrano-Ruiz and J.A. Dumesic

www.TechnicalBooksPdf.com



a valuable mixture of CO and H2 which serves as a precursor of liquid hydrocarbon

fuels. The second path (Sect. 2.2.2) converts solid biomass into a liquid fraction

known as bio-oil, which can be further upgraded to gasoline and diesel components.

Finally, the third route involves the hydrolysis of biomass to produce sugars and

valuable intermediates that, as described in Sect. 2.2.3, can be catalytically

processed in the aqueous phase to the full range of liquid hydrocarbon fuels

including gasoline, diesel, and jet fuels.

2.2 Catalytic Routes for the Production of Liquid Hydrocarbon
Transportation Fuels from Lignocellulosic Biomass

Solid biomass is converted by gasification and pyrolysis approaches to gas and

liquid fractions, respectively, which are subsequently upgraded to the final fuel

products. Gasification and pyrolysis are pure thermochemical routes, that is, bio-

mass decomposition is carried out by increasing temperature and/or pressure under

controlled atmosphere in the absence of catalysts, which are used downstream for

syngas and bio-oil upgrading processes. Aqueous-phase processing of biomass

derivatives, in contrast, involves a series of catalytic reactions to selectively convert

water-soluble sugars (or molecules derived from these sugars) into liquid hydrocar-

bon fuels. A previous lignocellulose pretreatment (to break the lignin protection)

and hydrolysis (to depolymerize cellulose and hemicellulose fractions) steps are

necessary to generate the aqueous feeds used in this approach.

Fig. 2.2 Schematic representation of the different routes for the conversion of lignocellulosic
biomass into liquid hydrocarbon transportation fuels
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2.2.1 Biomass to Liquids

The biomass to liquids (BTL) route refers, similar to coal to liquids (CTL) or gas to

liquids (GTL) technologies, to biomass conversion into liquid hydrocarbon fuels by

the integration of two different processes: biomass gasification to syngas (H2/CO)

and subsequent Fischer–Tropsch synthesis (FTS) to hydrocarbon fuels. Individu-

ally, both technologies are relatively well developed. Biomass gasification

resembles coal gasification, and FTS is an industrial process first developed in the

early 1900s and is used extensively in countries like South Africa to produce liquid

hydrocarbon fuels. The challenges of BTL arise when efficient integration of both

technologies is required. Thus, the utilization of biomass for the production of

syngas in substitution of classical feeds such as coal or natural gas introduces new

difficulties that are outlined in this section.

Gasification is defined as a thermal degradation in the presence of an externally

supplied oxygen-containing agent (e.g., air, steam, oxygen). By controlling the

reaction atmosphere, biomass can be partially combusted to produce a high-heating

value gaseous stream composed of CO, H2, CO2, CH4, and N2 (producer gas), or to

generate mixtures enriched in CO and H2 (syngas) [36]. While producer gas is

generated with air as the oxidizing agent and is typically combusted to produce

electricity and heat, syngas streams are produced when pure oxygen is used as the

oxidizing agent and these streams are preferred as chemical feedstocks for fuels and

chemicals. This latter route is the focus of this section.

Gasification of biomass to syngas is favored at high temperatures (e.g.,

1,100–1,300 K) because the decomposition of carbohydrates to CO and H2 is an

endothermic reaction [37]. However, at such harsh conditions the control over the

gas composition from the gasifier is difficult and depends on diverse factors such as

biomass source and particle size, gasification conditions, and gasifier design. As

indicated above, co-feeding oxygen below the stoichiometric regime allows

mixtures enriched in CO and H2 to be achieved by favoring partial oxidation

reactions [24]. Biomass particle size is also an important factor affecting both

gasification rate and gas stream composition. In order to maximize the amount of

syngas in the outlet, the particle size of feedstocks should be small enough (lower

than 1-mm diameter) for complete and efficient gasification to occur [38]. Regard-

ing the gasifier type, the patent literature contains a large variety of designs

depending on bed configurations (fixed or fluidized), feeding approaches (updraft,

downdraft, or direct entrained), working pressure (atmospheric or pressurized), and

heat supply (direct or indirect) [39]. Research indicates that direct air-blown

gasifiers operated at atmospheric pressure are not suitable for BTL applications

since the gas stream is obtained highly diluted in inert nitrogen. In contrast, direct

entrained gasifiers allow processing at high pressures (10–60 bars), high

temperatures (1,500–1,800 K), and short residence times, conditions that favor

syngas production [40].

The main issue when biomass gasification is integrated with FTS is the gas

cleaning between reactors. The gaseous stream obtained from the gasifier contains,
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apart from CO and H2, a number of contaminants that need to be removed before

reaching the Fischer–Tropsch unit, which is highly sensitive to impurities. Tars

(high molecular weight hydrocarbons produced by incomplete gasification of

biomass) represent the main issue in any gasification technology [39]. They con-

dense in the gasifier or in downstream processing equipment, causing blockages of

pipelines and troublesome operations. The amount of tar can be reduced by proper

choice of gasification conditions and reactor design [41], or by adding solid

catalysts based on Pt, Ru, and Ni in the gasifier to assist in the gasification of

heavy hydrocarbons [42–45]. Lignocellulosic biomass typically contains a variety

of minor components such as proteins rich in sulfur and inorganic materials based

on phosphorous, potassium, and halogens. Thus, the gas stream produced from

biomass gasification carries alkali, HCl, NH3, and volatile sulfur compounds that

can corrode turbines used for electricity generation or, in the case of BTL technol-

ogy, can poison the catalysts used in the Fischer–Tropsch downstream unit. Fur-

thermore, the gasification stream, especially when small particle size is used as a

feedstock, contains fine particles that can cause blockages and can clog filters.

For the reasons outlined above, BTL technologies must include a gas condition-

ing unit between the gasifier and the Fischer–Tropsch reactor. Sufficient gas

cleaning has been noted as a key point for the development of effective BTL

processes [46]. Because the cleaning includes a number of different contaminants

(tars, particles, chemicals, etc.) which have to be removed to the ppm level [21], this

unit typically comprises multiple steps and advanced technologies [47] that con-

tribute significantly to the complexity and cost of the BTL plant. Another require-

ment in the gas composition for the Fischer–Tropsch units is related to the CO/H2

molar ratio. Fischer–Tropsch processes to hydrocarbon fuels usually require syngas

with a H2/CO ratio close to 2 [48, 49], and, due to the high oxygen content of

biomass, typical streams delivered from this resource contain a H2/CO ratio of

about 0.5 [50]. This ratio can be adjusted via water–gas shift (WGS) reactions,

where CO reacts with steam to produce CO2 and H2:

COþ H2O ! CO2 þ H2 (2.1)

This adjustment can be carried out in an additional WGS reactor between the

gasifier and the Fischer–Tropsch unit or, alternatively, can be achieved without

additional reactors by co-feeding extra water along with the biomass in the gasifier.

This latter alternative, however, negatively affects the thermal efficiency of the

gasification process.

After the syngas has been cleaned and “shifted,” it is introduced into the FTS

reactor, the last unit of the BTL process. FTS is a well-known industrial process to

produce alkanes (CnHn) from syngas using Co-, Fe-, or Ru-based catalysts [49]:

COþ 2H2 ! ð1=nÞCnHn þ H2O (2.2)

The WGS reaction also takes place over Fischer–Tropsch catalysts (especially

those based on Fe) allowing the eventual adjustment of the H2/CO ratio in the same
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synthesis bed. One of the main limitations of Fischer–Tropsch technologies is the

lack of selectivity in the final alkane product, with broad distributions that can range

from C1 to C50. The Anderson–Schulz–Flory (ASF) polymerization model, which

governs the alkane chain growth probability, indicates that neither gasoline nor

diesel fuels can be produced selectively without generating a large amount of

undesired products [47]. In order to overcome this limitation, indirect routes

involving the initial production on heavy hydrocarbons (waxes) and subsequent

controlled hydrocracking of these heavy compounds to gasoline and diesel [51],

and utilization of active materials for cracking and isomerization such as ZSM-5 as

supports of Co and Fe catalysts to produce gasoline components [52] are currently

used for selective FTS reactions.

Current BTL activities are at research, development, and demonstration stages.

One small demonstration plant in the Netherlands to produce diesel fuel from

woody biomass [53], and a more recent plant to produce 15,000 tons per year of

liquid fuels from multiple lignocellulosic feedstocks in Germany [54] are the most

promising BTL projects at the present time. A challenge for the commercialization

of BTL technology is the cost of producing the fuel, negatively affected by the

complexity of the process. Thus, this route is only economical on the large scale,

requiring the use of large centralized facilities with the corresponding expense of

transporting the low energy density biomass. The coproduction, along with hydro-

carbon fuels, of higher value chemicals like methanol [55] and hydrogen [56, 57]

from biomass-derived syngas is an alternative to improve the economics of the BTL

process.

2.2.2 Biomass Pyrolysis Integrated with Upgrading Processes

When biomass is treated under inert atmosphere at temperatures ranging

648–800 K it forms gaseous products which condense, forming a dark viscous

liquid commonly known as bio-oil. This liquid consists of a complex mixture of

more than 400 highly oxygenated compounds, including acids, alcohols, aldehydes,

esters, ketones, aromatic compounds, polymeric carbohydrates, and lignin

fragments [58, 59]. The control over the final composition of the bio-oil is difficult,

since it is affected by a large number of factors such as feedstock type (wood,

agricultural wastes, forest wastes), reaction conditions (temperature, pressure,

residence time of vapors), reactor design, alkali content of feedstock, particle

size, and storage conditions [60]. In a typical pyrolysis process, bio-oil contains

about 25 wt% water (contributed by the water in the initial biomass feedstock and

from the conversion process) and 10 wt% of suspended char which is separated for

subsequent utilization of the bio-liquid.

Similar to gasification, a key advantage of pyrolysis is that it allows conversion

of all the organic matter in lignocellulosic biomass, including the highly resistant

lignin portion. Furthermore, a large fraction of biomass energy (up to 70%) is

retained in the bio-oil [47] allowing strategies to concentrate the energy of biomass
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in a liquid that can be more easily handled and transported. Unlike BTL, pyrolysis is

simple and only requires one single reactor, which favors cost-effective conversions

on small scale, allowing the use of small portable pyrolysis units easily distributed

close to the biomass source [15]. Thus, several small facilities (10–100 tons of

biomass per day) are currently in commercial operation in the USA, Canada, and

the Netherlands [61]. Bio-oils are currently used as boiler fuels for stationary power

and heat production, as well as for chemical production.

There are important barriers for the utilization of bio-oils as transportation fuels.

As indicated above, pyrolysis oils are complex mixtures of oxygenated compounds,

which confer this liquid with low energy density (typically 50% of conventional

hydrocarbon fuels), low volatility, and low stability, characteristics that are unde-

sirable for transportation liquid fuels. Additionally, their high acidity (pH � 2.5),

viscosity, and water content could cause storage and engine issues. Therefore, bio-

oils must be pretreated if they are to be used as transportation fuels. Thus, the main

routes for upgrading bio-oils are described in the next sections.

2.2.2.1 Hydrodeoxygenation

The pyrolysis process does not involve deep chemical transformations in the

feedstock and, consequently, the composition of the organic liquid resembles

that of biomass rather than hydrocarbon fuels. Therefore, in the same way as

petroleum feedstocks are refined to adjust their composition to that of conven-

tional fuels, bio-oils must be chemically transformed to provide these liquids with

characteristics of hydrocarbon fuels such as high energy density, volatility, and

thermal stability. These changes can be accomplished through more extensive

removal of oxygen, in contrast with removal of sulfur and nitrogen during refining

of petroleum. One of the possibilities to reduce the oxygen content in bio-oils

involves the utilization of hydrogen at elevated pressures and moderate

temperatures in a process called hydrodeoxygenation [62, 63]. The hydrogenation

of bio-oil components is typically carried out over sulfided CoMo- and

NiMo-based catalysts, which are widely used for sulfur and nitrogen removal in

the petrochemical industry. Precious metals like Pt and Ru have also been used for

this purpose, although their high cost and low tolerance to sulfur impurities

typically present in bio-oils are serious limitations for their commercial imple-

mentation. As a result of hydroprocessing, the oxygenated compounds in bio-oils

are completely reduced and oxygen is removed in the form of water, which

appears in the reactor as a separate phase. The resulting organic layer possesses

hydrocarbon-like properties such as low viscosity, high stability, and high heating

value required for fuel applications.

The hydrodeoxygenation of bio-oils has a number of drawbacks that must be

addressed to make the process economically feasible. First, hydrodeoxygenation

requires the consumption of high amounts of hydrogen, which is typically produced

from fossil fuels. This limitation could be overcome by developing strategies to

produce hydrogen from lignocellulosic biomass. In this approach, a fraction of the
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biomass would be utilized to produce renewable hydrogen, which would be

subsequently used for bio-oil deoxygenation. Several technologies for production

of hydrogen are currently available and could be utilized for hydrodeoxygenation,

including gasification-WGS routes (described in the previous section), steam

reforming of water-soluble fractions of bio-oils [64], and aqueous-phase reforming

(APR) of biomass-derived sugars [65, 66]. The second important issue of

hydrodeoxygenation is derived from the complex composition of the bio-liquid,

which includes a large number of compounds (e.g., acids, ketones, aldehydes,

alcohols, aromatics) with very different reactivities toward hydrogenation. One of

the challenges of this process is, thus, the control over the extent of hydrogenation.

The objective is selectively remove oxygen versus hydrogenation of aromatic

compounds (derived from lignin and useful as a gasoline components) to avoid

unnecessary hydrogen consumption. Finally, the use of high hydrogen pressures

(typically above 100 bars) for complete deoxygenation of bio-oils negatively

affects the economics of the process by increasing the operational costs.

2.2.2.2 Zeolite Upgrading

An alternative route to achieve deoxygenation of bio-oils without using hydrogen is

based on the catalytic cracking approach used in petroleum refining, and it involves

the processing of the bio-liquid over acidic zeolites at atmospheric pressure and

moderate temperatures [67–69]. As a result of this treatment, the oxygenates in

bio-oil are converted, with modest yields, into a mixture of aromatic and aliphatic

hydrocarbons, while oxygen is eliminated in the form of CO, CO2, and water

through a complicated set of reactions including dehydration, cracking, and aroma-

tization. The distribution of aromatic and aliphatic hydrocarbons obtained is a

function of the acidity and porous structure of the catalysts employed. Thus,

while H-ZSM5 maximizes the aromatic to aliphatic ratio, amorphous

silica–alumina achieves mostly aliphatic hydrocarbons. When compared with

hydrodeoxygenation, zeolite upgrading offers significant processing and economic

advantages, since no hydrogen is required and the reaction can be carried out at

atmospheric pressure and moderate temperatures (623–773 K). Importantly, these

temperatures are similar to those used in the production of bio-oil, which allows the

integration of pyrolysis and zeolite upgrading in a single reactor [70]. The useful-

ness of zeolite upgrading is limited by two important aspects: the poor hydrocarbon

yield and deactivation issues. The low hydrocarbon yield is caused by the large

fraction of the organic carbon present in the bio-liquid (40–60 wt%) that is lost to

the gas phase (in the form of light olefins, CO, and CO2) and is deposited over the

zeolite as coke. This coke deposition produces deactivation of the catalyst, although

the initial activity can be recovered by burning off the carbonaceous material.

Additionally, irreversible deactivation is observed, because zeolite structures

undergo de-alumination at the water contents typically found in bio-oils and

produced in situ through dehydration reactions.
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2.2.2.3 Ketonization of Bio-oils

The main challenge associated with bio-oil upgrading is to achieve efficient deox-

ygenation while minimizing the consumption of hydrogen. In particular, the use of

hydrogen during bio-oil upgrading allows clean processing without excessive coke

formation, but, at the same time, its high cost increases the expense of the process.

On the other hand, bio-oils typically contain a significant quantity (up to 30 wt%) of

carboxylic acids [71], which provides these liquids with high acidity and corrosive-

ness. Furthermore, the high reactivity of acids leads to instability of the bio-oil.

These undesired properties, along with the high amount of hydrogen consumed by

carboxylic acids during hydrodeoxygenation to hydrocarbons, suggest that it would

be desirable to develop techniques for effective removal of acidity from bio-oils. In

this respect, an interesting route to process the acidic fraction of bio-oils without

utilizing hydrogen involves catalytic ketonic decarboxylation or ketonization [72].

By means of this reaction, two molecules of carboxylic acids are condensed into a

larger ketone (2n�1 carbon atoms) with the release of stoichiometric amounts of

CO2 and water:

2CH3ðCH2ÞnCOOH ! CH3ðCH2ÞnCO(CH2ÞnCH3 þ CO2 þ H2O (2.3)

This reaction is typically catalyzed by inorganic oxides such as CeO2, TiO2,

Al2O3, and ZrO2 at moderate temperatures (573–773 K) and atmospheric pressure

[73, 74]. Ketonization could find application for catalytic upgrading of bio-oils for

several reasons. First, carboxylic acids present in the bio-oil can be selectively

removed [75] (without affecting the rest of compounds) and transformed into a

more hydrophobic, larger ketone at temperatures and pressures typically used in

pyrolysis. Second, this transformation takes place with the simultaneous reduction

of the oxygen content of the acid (in the form of water and CO2) and without using

hydrogen. Consequently, a pretreatment of the bio-oil over a ketonization bed could

serve to reduce acidity and oxygen content, thereby reducing hydrogen consump-

tion and leaving bio-oil more amenable for subsequent hydrodeoxygenation

processing. Third, ketonization can be also applied to other compounds typically

present in bio-oils like esters [76, 77], which are formed by reaction between acids

and alcohols [78]. Finally, unlike zeolite upgrading, this reaction can be efficiently

performed in the presence of moderate amounts of water [79], as typically found in

bio-oils.

2.2.3 Aqueous-Phase Processing of Biomass Derivatives

As outlined earlier in this chapter, lignocellulosic biomass is composed of three

units: cellulose, hemicellulose, and lignin. The first two units are polymers of C5

and C6 sugars which can be deconstructed by enzymatic or acid hydrolysis to yield
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aqueous solutions of carbohydrates. However, to allow efficient depolymerization

of cellulose and hemicellulose, the lignin protection must be previously broken or

weakened. Several approaches, including chemical and physical treatments, have

been developed for this purpose [29], and the effects of these pretreatments on the

morphology and structure of biomass have been recently studied [31].

The aqueous solution of carbohydrates obtained after hydrolysis can then serve

as a feedstock for the production of fuels like ethanol or, alternatively, can be used

to produce a set of useful chemical derivatives through chemical and biological

routes [80]. As outlined in this section, sugars, as well as some important chemicals

derived from them, can also be catalytically processed in the aqueous phase to

produce liquid alkanes chemically similar to those currently used in the transportation

sector. Unlike the other two major routes for the conversion of lignocellulosic

biomass to hydrocarbon fuels (i.e., gasification and pyrolysis), the aqueous-phase

processing of biomass-derived compounds is carried out at mild temperatures, which

potentially allows for better control of the catalytic chemistry and, with it, the

possibility of achieving specific and well-defined liquid hydrocarbon fuels from

biomass with high yields. However, the biomass must be previously treated to

prepare the aqueous feeds for subsequent catalytic processing and, lignin fraction,

once separated, cannot be utilized in this route. These factors represent disadvantages

with respect to gasification and pyrolysis, which are designed to operate with raw

biomass feedstocks including cellulose, hemicellulose, and lignin components.

Unlike petroleum feedstocks, biomass derivatives contain a high level of func-

tionality (e.g., –OH, –C¼O and –COOH groups). This chemical composition

clearly determines the catalytic strategies used to upgrade these biomass-derived

molecules into liquid hydrocarbon fuels. On one hand, the high oxygen content of

these biomolecules has two important consequences: these molecules possess high

chemical reactivity (with a natural tendency to decompose with temperature) and, in

view of their high solubility in water, they will be typically be obtained from

biomass in the form of aqueous solutions. These characteristics suggest that aque-

ous-phase processing at mild temperatures could be an effective approach for the

catalytic treatment of these resources. Unfortunately, the chemical composition of

the biomass derivatives, which is quite different from that of the targeted compounds

(e.g., liquid alkanes), necessitates deep chemical transformations that typically

require multiple processing steps. Consequently, various types of reactions are

required, including dehydration, isomerization, C–C coupling, reforming, hydrogen-

ation, and hydrogenolysis. Some of these reactions are especially useful to achieve

the requisite deoxygenation of the biomass derivative (e.g., dehydration,

hydrogenation, and hydrogenolysis) whereas other reactions (e.g., those of C–C

coupling) allow adjustments in the molecular weight of the final hydrocarbon fuel.

Some of the most relevant biomass-derived molecules are discussed in the next

subsections. They have been selected in view of their potential to produce liquid

hydrocarbon fuels by means of aqueous-phase catalytic processing. Glycerol

(Sect. 2.2.3.1) was selected because, as indicated in the Introduction, it is a waste

stream of the important and growing biodiesel industry which, in addition, can be

produced by bacterial fermentation of sugars [81]. Hydroxymethylfurfural (HMF)
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is an important product of the dehydration of glucose and fructose, and it has been

extensively studied as important intermediate for production of polymers [80],

solvents [82], and fuel additives [83]. As outlined in Sect. 2.2.3.2, HMF can also

serve as a platform molecule for the production of liquid hydrocarbon fuels suitable

for diesel and jet fuel applications. Instead of using sugars to produce secondary

products like glycerol and HMF, these molecules can be used directly as feeds for

the production of liquid hydrocarbon fuels through a two-step cascade catalytic

approach involving reforming and C–C coupling reactions. This important route,

which allows flexible production of hydrocarbon fuels with different compositions

for gasoline, diesel, and jet fuel, is the focus of Sect. 2.2.3.3. Deoxygenation of

biomass to hydrocarbon fuels is a complicated process that should ideally be carried

out with minimal utilization of external hydrogen to make the bio-process econom-

ically feasible and cost competitive with current petroleum-based technologies

[84]. Thus, the development of catalytic routes for the production of hydrocarbon

fuels from biomass without (or with minimal) hydrogen consumption is highly

desirable, and recent advances in this respect are described in Sect. 2.2.3.4.

2.2.3.1 Glycerol Conversion Integrated with Fischer–Tropsch Synthesis

Glycerol (1,2,3-propanetriol) is a high boiling point (563 K), water-soluble hygro-

scopic compound. Glycerol contains three hydroxyl groups which are responsible

for its physical properties and, additionally, provide this molecule with high

versatility and high chemical reactivity. Thus, oxidation [85], dehydration [86,

87], reduction [88], hydrogenolysis [89, 90], acetalization [91], and etherification

[92] reactions can be performed over this molecule to produce valuable chemicals.

Since the development of the biodiesel industry, the upgrading of glycerol into

useful products has caught the attention of researchers around the world [88]. The

reason for this interest is that significant amounts of glycerol (e.g., 100 kg of glycerol

per ton of biodiesel [93]), in the form of concentrated aqueous solutions, are

produced daily in biodiesel facilities and will be available in the market. Addition-

ally, glycerol can also be obtained as a by-product of the conversion of lignocellu-

lose into ethanol, which is expected to be an important industry in the near future

[94]. Even though glycerol currently has a large number of applications in varied

fields such as cosmetics, pharmaceuticals, foods, and drinks, the overproduction of

biodiesel-derived glycerol exceeds the current demand of this compound for chemi-

cal production and, thus, new technologies for the large-scale usage of this feedstock

will be required. The current production of glycerol has currently reached a plateau

due to competition with food production, although the expected growth of biodiesel

production levels both in Europe and in the USwill stimulate researchers to find new

applications for crude glycerol. One of the possibilities for large-scale consumption

of glycerol would be to utilize glycerol as fuel for the transportation sector. Unfor-

tunately, unlike ethanol, glycerol cannot be directly added to conventional fuels due

to its low solubility in hydrocarbons. Additionally, the high viscosity and instability

(at high temperatures) of this compound strongly discourage its use as an additive in
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combustion engines. Therefore, glycerol must be chemically transformed (e.g.,

deoxygenated) to adjust its properties to those of liquid hydrocarbon fuels. In this

respect, a promising route for glycerol conversion involves the production of syngas

through APR processes [95]:

C3O3H8 ! 3COþ 4H2 (2.4)

This reaction is typically carried out over platinum catalysts due to the ability of

this metal to achieve C–C breaking reactions (leading to CO, H2, and CO2) versus

C–O breaking reactions (leading to light hydrocarbons) [65, 96]. To selectively

produce syngas, WGS processes [reaction (2.1)] must be avoided, for example, by

using inert materials (e.g., carbon) as a catalyst support instead of using oxide

supports that can activate water [95]. A combination of chemical inertness (which

prevents acid-catalyzed polymerization reactions from occurring) and hydro-

phobicity (which provides stability under water environments) are probably respon-

sible for the good stability of carbon catalysts in the aqueous-phase processing of

glycerol to syngas.

The glycerol-derived syngas can subsequently be used for the production of

liquid hydrocarbon fuels and/or chemicals by means of Fischer–Tropsch and

methanol syntheses, respectively. This new route would represent an interesting

alternative for BTL (Sect. 2.2.1) that would overcome many of the limitations of

this complex technology in the production of liquid alkanes from renewable

resources, as outlined below:

(a) In contrast to the high temperatures required for biomass gasification

(1,100–1,300 K), glycerol reforming is typically carried out under relatively

mild temperatures (498–620 K). These temperatures are within the range

employed for FTS [reaction (2.2)] and, consequently, efficient combination of

both processes is possible in a single reactor [97].

(b) Concentrated aqueous solutions of glycerol (as produced in biodiesel facilities)

can be reformed in a single reactor and, thus, there is no need for large biomass

gasifiers and oxygen-production plants required for BTL.Additionally, the syngas

obtained is undiluted and free of impurities, which decreases the capital costs

associated with the expensive gas-cleaning unit (Sect. 2.2.1). Consequently, this

route allows cost-competitive operations at small scale which is, as outlined in

Sect. 2.2.2, advantageous for the processing of distributed biomass resources.

(c) FTS processes suffer from low thermal efficiency [98]. The coupling of the

endothermic glycerol processing to syngas with the exothermic FTS

processing, as shown in reaction (2.5) for the case of octane, result in an

energy-efficient route for the production of liquid hydrocarbon transportation

fuels from a renewable resource.

C3O3H8 !
7

25
C8H18 þ

19

25
CO2 þ

37

25
H2O (2.5)
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2.2.3.2 Dehydration of Sugars: HMF and Furfural Platforms
to Hydrocarbon Fuels

Biomass-derived sugars, obtained from cellulose, hemicellulose, or starches, can be

dehydrated to form furan compounds such as furfural and HMF. These molecules

have a large number of applications as chemical intermediates in the production of

industrial solvents, polymers, and fuel additives. While industrial production of

furfural, based on acid-catalyzed dehydration of C5 sugars, is well developed [99],

HMF generation on large scales is currently limited by the lack of cost-effective

technologies, and two main challenges remain in this respect. The first challenge

deals with the development of processes for effective production of HMF directly

from glucose. In particular, current technologies require a glucose isomerization

step to fructose, because dehydration of fructose to HMF takes place with better

selectivity and higher rates [100, 101]. The second important issue is related to the

control over unwanted side reactions involving the reactant, intermediates, and the

final HMF product. In this latter case, the use of biphasic reactors has shown

promising results, where fructose is dehydrated to HMF in the aqueous phase and

the HMF is subsequently extracted by an organic solvent to avoid further degrada-

tion reactions [102].
Apart from the applications noted above, furfural and HMF form the building

blocks for the production of liquid hydrocarbon transportation fuels from biomass-

derived carbohydrates by means of a cascade process involving dehydration,

hydrogenation, and aldol-condensation reactions [103, 104] (Fig. 2.3). The multi-

step process starts with acid hydrolysis of polysaccharides such as cellulose,

hemicellulose, and starch to produce monosaccharides such as glucose, fructose,

and xylose. These sugars can be further dehydrated in the same acid environment to

form carbonyl-containing furan compounds such as furfural and HMF. In a

subsequent step, these furfural compounds can be converted into larger molecules

through aldol-condensation reactions with carbonyl-containing molecules such as

acetone. Condensation reactions are typically carried out at low temperatures in

polar solvents like water, and are catalyzed by basic solids such as Mg–Al oxides or

homogenous base catalysts such as NaOH. The aldol adducts formed contain a

higher number of carbon atoms and unsaturated C¼C bonds and, consequently,

these compounds display low solubility in water and precipitate out of the aqueous

phase. Alternatively, the aldol condensation can be carried out in a biphasic reactor

where furfural compounds (previously extracted in an organic solvent such as THF)

are contacted with an aqueous phase containing NaOH [104]. This process

represents an improvement, since the aldol adducts are extracted in situ into the

organic phase. Interestingly, the aldol adducts can undergo a second condensation

with initial furfural compounds thereby allowing the production of larger molecules

(Fig. 2.3). The third step of the process involves the hydrogenation of the C¼C and

C¼O bonds of the aldol adducts in the presence of a metal (typically Pd), thereby

increasing the solubility and making large water-soluble organic compounds.

Interestingly, aldol condensation and subsequent hydrogenation steps can be

carried out in a single reactor by using a bifunctional (metal and basic sites) and
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water-stable Pd/MgO–ZrO2 catalyst [105]. In the last step, hydrogenated aldol

adducts are converted into liquid alkanes through aqueous-phase dehydration/

hydrogenation (APD/H) reactions [106]. This process achieves oxygen removal

from the water-soluble adduct by means of continuous cycles of dehydration

and hydrogenation reactions over a bifunctional catalyst (Pt–SiO2–Al2O3)

containing metal and acid sites. This last step is carried out in a four-phase reactor

containing an aqueous solution of adducts, a hydrogen gas inlet stream, a

hexadecane sweep stream, and the solid catalyst [103]. As oxygen is removed

from the hydrogenated adducts in the form of water, they become more hydropho-

bic and the hexadecane sweep stream assists the removal of these species from

the catalysts surface avoiding overreaction to coke. A recent improvement in the

ADP/H step allowed elimination of the hexadecane sweep stream by using water-

stable bifunctional Pt/NbPO4 catalysts [104], in which the niobium-based support

presents superior dehydration activity and stability properties under water

environments [107]. As a result of this improvement, the final products, liquid

hydrocarbon fuels with targeted molecular weights (C9–C15 for HMF and

C8–C13 for furfural), are obtained in the form of a pure organic stream that

spontaneously separates from water and retains about 60% of the carbon of the

initial sugar feed.

Fig. 2.3 Reaction pathways for the conversion of biomass-derived glucose into liquid alkanes via

HMF. Adapted from [103]
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2.2.3.3 Reforming/Reduction of Sugars Over Pt–Re Catalysts

Biomass-derived carbohydrates (obtained from cellulose and hemicellulose) are

typically C5 or C6 molecules with a high oxygen content (C:O stoichiometry of

1:1). This chemical composition contrasts with that of transportation fuels, which

are larger (e.g., C5–C12 for gasoline, C9–C16 for jet fuel, and C10–C20 for diesel

applications) and do not contain oxygen. Consequently, the production of liquid

hydrocarbon fuels from biomass-derived carbohydrates must involve reactions for

oxygen removal (e.g., C–O hydrogenolysis, dehydration, hydrogenation) combined

with C–C bond formation steps (e.g., aldol condensation, ketonization, oligomeri-

zation) to increase molecular weight. To ensure economic feasibility of the process,

this deep chemical transformation should ideally be carried out (a) with minimum

use of hydrogen from an external source and (b) with a limited number of reactors

and purification/separation steps. Several approaches have been proposed to

address these points. First, hydrogen necessary for deoxygenation processes can

be provided by a fraction of the same sugar feedstock, utilizing APR reactions to

produce hydrogen in situ [65], as indicated in the following equation for the case of

glucose:

C6O6H12 þ 6H2O ! 6CO2 þ 12H2 (2.6)

Second, multifunctional catalysts, able to carry out different reactions in the

same reactor, can be used to reduce the complexity of biomass upgrading processes

[108].

Recently, a new technology that combines both approaches (e.g., in situ genera-

tion of hydrogen and use of multifunctional catalysts) has been used to transform

aqueous solutions of sugars and sugar alcohols into liquid hydrocarbon fuels by

means of a simple two-step process [75] (Fig. 2.4). In the first step, sugars and

polyols are partially deoxygenated over a Pt–Re/C catalyst at temperatures near

500 K to yield a mixture of monofunctional hydrocarbons in the C4–C6 range

(including acids, alcohols, ketones, and heterocycles) which are stored in an organic

phase that spontaneously separates from water. The Pt–Re/C catalyst achieves

partial deoxygenation of the sugar feedstock (up to 80% of the oxygen in the initial

sugar is removed) by the proper control of the rates for C–C cleavage (leading to

CO2 and H2) and C–O cleavage (leading to alkanes). The cleavage of C–O is

accomplished by reaction with hydrogen (e.g., hydrogenolysis) and is promoted

by Re [109, 110]. As oxygen is progressively removed from the intermediates in the

form of water, their interaction with the surface of the catalyst becomes weaker,

facilitating desorption and resulting in the formation of acids, alcohols, ketones, and

heterocycles (Fig. 2.4). Interestingly, this process represents an improvement over

pyrolysis (Sect. 2.2.2) since, unlike bio-oils, the monofunctional stream contains a

well-defined mixture of hydrophobic compounds in an organic phase completely

free of water.

The monofunctional compounds are not completely deoxygenated and they

thus contain functionalities that can be used for subsequent upgrading processes.
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This strategy of partial removal of oxygen from the feed and subsequent upgrading

of intermediates leads to better control of reactivity, and important biomass

derivatives such as lactic acid and levulinic acid have been upgraded to fuels and

chemicals by using this approach [84]. The organic stream of monofunctional

compounds can be converted, through C–C coupling reactions, into targeted liquid

hydrocarbon fuels of different classes (Fig. 2.4). Each type of monofunctional

compound in the organic stream (e.g., alcohols, ketones, acids) can be upgraded

to different hydrocarbons through different C–C coupling reactions (e.g., oligomer-

ization, aldol condensation, and ketonization). For example, the hydrophobic

stream derived from the sugar, previously enriched in alcohol by hydrogenation

of the ketones, can be converted to aromatic compounds (gasoline components) at

atmospheric pressure over an acidic H-ZSM5. Ketones can undergo aldol conden-

sation over a bifunctional Cu/Mg10Al7Ox (where the mixed oxide achieves aldol

condensation and Cu hydrogenates the unsaturated aldol adduct) to yield larger

compounds with low level of branching, as those required for diesel applications

[111]. Finally, as noted in Sect. 2.2.2.3, ketonization can be used to upgrade the

acidic fraction of the hydrophobic stream to larger ketones. This reaction acquires

special importance when the organic stream is rich in carboxylic acids, as is the case

when the feed is glucose [75].

Fig. 2.4 Schematic representation of the reforming/reduction of sugars and polyols over Pt–Re/C

to generate intermediate hydrophobic monofunctionals. The intermediates can be upgraded to
liquid hydrocarbon fuels by means of C–C coupling reactions. Adapted from [75]
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2.2.3.4 Levulinic Acid and g-Valerolactone Platforms to Hydrocarbon Fuels

Levulinic acid (4-oxopentanoic acid) is an important biomass-derived acid that

can be obtained in high yields via acid hydrolysis of cellulosic wastes, such as

paper mill sludge, urban waste paper, and agricultural residues [112]. Additionally,

levulinic acid is considered to be one of the 12 most promising biomass derivatives

in view of its potential to serve as a building block for the development of biorefinery

processes [80]. Levulinic acid contains two functional groups (C¼O and COOH)

which gives this molecule a variety of synthetic transformations [113] to generate

value-added chemicals such as methyltetrahydrofuran (MTHF) (a gasoline additive)

and d-aminolevulinic acid (DALA) (a biodegradable pesticide) [114].

Recently, our group has developed a catalytic route to upgrade concentrated

aqueous solutions of levulinic acid into liquid hydrocarbon fuels (gasoline and

diesel) [115]. The catalytic approach involves dehydration/hydrogenation (to

reduce the oxygen content of the molecule) and ketonization (to increase the

molecular weight) reactions (Fig. 2.5). Interestingly, the use of a bifunctional

(metal and acid sites) Pd/Nb2O5 catalyst allows these reactions to be carried out

with a minimum number of reactors and separation steps. Levulinic acid is first

hydrogenated at low temperatures (e.g., 423 K) to form g-valerolactone (GVL) over

a Ru/C catalyst. This hydrogenation step is requisite to prevent the catalytic route

from passing through high concentrations of angelica lactone, a known coke

Fig. 2.5 Catalytic routes for the production of liquid hydrocarbon fuels from biomass-derived

levulinic acid. Adapted from [84]
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precursor [116] which is produced by dehydration at higher temperatures (e.g.,

573–623 K). Aqueous GVL is subsequently transformed into hydrophobic

pentanoic acid with high yields over Pd/Nb2O5 by means of ring opening (on

acid sites) and hydrogenation reactions at moderate temperatures and pressures.

Remarkably, when the space velocity is sufficiently low, pentanoic acid is upgraded

to 5-nonanone over the same Pd/Nb2O5 bed with a 70% carbon yield, allowing the

direct production of 5-nonanone from GVL in a single reactor [115]. 5-nonanone,

which is obtained in an organic layer that spontaneously separates from water,

serves as a platform molecule for the production of liquid hydrocarbon fuels for

the transportation sector (Fig. 2.5). For example, the organic C9-ketone stream can

be processed (through hydrogenation/dehydration cycles) over a bifunctional

metal–acid catalyst such as Pt/Nb2O5 [104] into linear n-nonane, with excellent

cetane number and lubricity to be used as a diesel blender agent. Alternatively,

5-nonanol, obtained by the hydrogenation of the C9-ketone, can be dehydrated and

isomerized in a single step over an USY zeolite catalyst to produce a mixture of

branched C9 alkenes with the appropriate molecular weight and structure for use in

gasoline after hydrogenation to the corresponding alkanes.

GVL is an interesting biomass derivative that has been proposed to be a potential

gasoline additive [117] as well as a precursor of polymers [118] and fine chemicals

[119]. It is typically produced by catalytic hydrogenation of levulinic acid. This

reduction is normally carried out at low temperatures to avoid GVL over reduction

to MTHF. However, what makes GVL a very interesting biomass feedstock is the

potential to produce it without using any external source of hydrogen. In particular,

as a result of the dehydration of C6 sugars, levulinic acid is produced along with

stoichiometric amounts of formic acid, which can be converted to CO2 and H2 at the

same temperatures used for levulinic acid reduction to GVL. Consequently, formic

acid can be utilized as a renewable source of hydrogen for levulinic acid reduction

to GVL [120].

Recently, a new catalytic route has taken advantage of this important character-

istic of GVL to develop a process that converts aqueous solutions of GVL into

liquid hydrocarbon fuels without the need of an external source of hydrogen [121].

In this process, the GVL feed undergoes decarboxylation at elevated pressures (e.g.,

36 bar) over a silica/alumina catalysts, producing a gas stream composed of butene

isomers and CO2. This gaseous stream is then passed over an acidic catalyst

(H-ZSM5, Amberlyst) that achieves oligomerization of butenes yielding alkenes

with molecular weights suitable for gasoline and jet fuel applications. Prior to

oligomerization, liquid water must be removed from the gas stream in a separator

to achieve effective oligomerization of butene in the second reactor. This technol-

ogy presents important economic and environmental advantages: (a) no external

hydrogen is required in the process, (b) precious metal catalysts are not required,

and (c) a gas stream of pure CO2 is produced at the elevated pressures, thereby

permitting effective utilization of sequestration or capture technologies to mitigate

greenhouse gas emissions.
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2.3 Conclusions

Our society is highly dependent on fossil fuels, which are nonrenewable and

contribute to global warming. The production of liquid hydrocarbon transportation

fuels from nonedible lignocellulosic biomass is an interesting alternative that can

mitigate these issues and overcome many of the limitations of ethanol and biodiesel

as biofuels. Recalcitrance and complexity are the two main barriers for the large-

scale utilization of lignocellulose as a source of liquid hydrocarbon fuels. Several

routes exist for achieving the deep chemical transformations required to convert

biomass into liquid hydrocarbon fuels (e.g., BTL, pyrolysis integrated with

upgrading processing, and aqueous-phase processing of biomass derivatives), and

all of these routes involve the judicious use of heterogeneous catalysts to control the

specifications of the final fuel.
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Chapter 3

Utilization of Biogas as a Renewable
Carbon Source: Dry Reforming of Methane

Christina Papadopoulou, Haris Matralis, and Xenophon Verykios

Abstract Environmental concerns and sustainability issues demand the production

of energy carriers from renewable resources using, if possible, technologies and

infrastructure developed for fossil fuels. Biogas, a product of waste biomass anaer-

obic digestion, is a promising raw material for this purpose. As it consists mainly of

CH4 and CO2, the most suitable process for its utilization is the dry reforming of

methane (DRM) to synthesis gas and then to liquid energy carriers via the

Fischer–Tropsch technology. This chapter reviews the chemistry of DRM and the

catalytic systems developed for this process, with emphasis on the most important

issue, namely, catalyst deactivation due to accumulation of carbonaceous deposits.

3.1 Introduction

Considerable alterations regarding global energy and material resources are occur-

ring over recent decades. Energy demand is rapidly increasing worldwide, espe-

cially due to growing economies, primarily in Asia. The volatility of oil and natural

gas prices illustrates the necessity of diversity, sustainability, and security in energy

supply. On the other hand, global environmental protection has become a signifi-

cant vector. Energy production is still based mainly on combustion processes using

fossil fuels, a fact which is unlikely to change in the near future (see Fig. 3.1) [1, 2].
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For this reason, CO2 emissions are expected to increase. Furthermore, deforestation

and changes in land usage aggravate the problem of the greenhouse phenomenon,

causing global warming and unpredictability of weather patterns. Restrictions

concerning gas emissions urgently demand the development of clean technologies

with minimum environmental impact.

Electricity production from renewable sources (wind, solar, geothermal, hydro)

is gaining ground in many EU countries. However, the overall progress is hindered

mainly due to impediments in the transport sector and, as it can be observed

in Fig. 3.1, it is uncertain whether the goal of 20% share of energy from renewable

sources could be achieved by 2030 [1, 3, 4]. The problem in security of supply and

cost efficiency of easily transportable energy carriers coming from renewables is

most acute, influencing the market for transport fuel. Furthermore, the conversion of

land use for the production of biofuels is discouraged. Thus, it is necessary to provide

criteria ensuring that biofuels and bioliquids can qualify as alternatives only when

it can be guaranteed that they do not originate in biodiverse or protected areas [3].

Biomass can be converted to energy or energy carriers following different

routes, depending on the source and the type of biomass feedstock, the conversion

process, the infrastructure, the form in which the energy is required, the economic

aspects, and the environmental requirements. The main processes can be

categorized as thermochemical conversion (combustion, gasification, pyrolysis,

liquefaction), biochemical conversion (anaerobic digestion, fermentation),

and extraction methods [5–8]. Biomass combustion technologies from classic

firewood to modern systems are widely deployed, especially in Northern Europe,

but produce energy in the form of electricity or heat to be used at the point

of production, while waste incineration presents much higher capital costs and

lower efficiency [5, 6]. Thus, combustion processes cannot contribute to the

production of liquid energy carriers. Pyrolysis, fermentation, and extraction

(transesterification) produce liquid fuels suitable for use in internal combustion

engines, whereas biomass gasification processes produce a combustible gas

mixture (consisting of H2, CO, CO2, CH4, and traces of other hydrocarbons) that

can be either burnt directly or used as fuel for gas engines and turbines or

as feedstock (syngas) in the production of liquid fuels and methanol [5–8]. How-

ever, the above processes are faced with various limitations such as high costs

Fig. 3.1 Estimated contribution of various energy resources in total primary energy, expressed as

% (based on data obtained from [1])
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and critical operational demands (gasification), thermal stability of the product

(pyrolysis), and, most importantly, the feedstock quality required (pyrolysis, fer-

mentation, extraction) [5, 6]. Anaerobic digestion is a commercially proven tech-

nology and is widely used for treating high-moisture-content organic wastes, i.e.,

80–90% moisture [6]. The digester’s feedstock can be any biodegradable raw

material, originating from sewage sludge, municipal solid wastes, animal manures,

agro-industrial wastes, energy crops, and by-products from biofuels’ production

[9–16]. The main product of digestion is biogas. The flexibility regarding the raw

material used is the major advantage of the process. In principle, biomass

derivatives can be considered as quasi-carbon neutral as carbon dioxide added in

the atmosphere by the utilization of its products has previously been consumed by

plants through photosynthesis. However, there are some reservations lately whether

biomass fuels are always carbon neutral as in some cases biofuels can be far more

carbon positive than fossil fuels mainly due to extensive land use change

and deforestation [17]. This does not apply for anaerobic digestion as digester’s

feedstock is often sewage and wastes and the exploitation of biogas is truly

carbon neutral (Fig. 3.2) [10, 12, 18]. In addition, residues can be used as fertilizers

[10, 12]. Therefore, in most cases, the use of this technology is not only of negative

cost regarding the feedstock, but it results also in a considerable reduction of

disposable wastes, having thus both financial and environmental benefits. There-

fore, it is an important process for waste exploitation and valorization.

Summarizing, it can be concluded that among the biomass conversion processes,

thermal gasification and anaerobic digestion produce gas mixtures that can be used

as carbon source for the synthesis of liquid energy carriers. However, the latter has

substantial advantages regarding the feedstock, final products, and total costs. Thus,

biogas is being acknowledged to be a very promising renewable carbon resource.

Fig. 3.2 The biogas cycle
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3.2 Biogas, a Renewable Carbon Source

3.2.1 Production and Current Use

Biogas refers to a mixture primarily comprised of methane and carbon dioxide,

produced from the anaerobic decomposition of organic materials [19].

Technologies related to its exploitation are considered among the most efficient

for waste upgrading to valuable fertilizer and renewable energy, meeting many EU

criteria [9–13].

Biogas is produced via the anaerobic fermentation or digestion of organic matter

due to microbiological action of bacteria. As already mentioned, the digester’s

feedstock can be any biodegradable raw material, originating from sewage sludge,

municipal solid wastes, animal manures, agro-industrial wastes, energy crops, and

by-products from biofuels’ production [9–16]. Regarding energy crops, competi-

tion with food production can be limited, choosing plants with maximum gas yields

that can grow in poor soils inappropriate for other crops [3].

Currently, biogas originating from manure and agricultural waste processing has

found use in farms for heating and electricity production in block-type thermal

power plants (Figs. 3.2 and 3.3). However, recovery of biogas energy content is not

always satisfactory through these methods ([19] and references therein).

The utilization of biogas mixtures as feed for high-temperature fuel cells with

Fig. 3.3 Biogas for energy production
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internal or external reforming has also been proposed [11, 20, 21]. Alternatively, a

more attractive way of biogas valorization could be its utilization as a renewable

carbon source for the production of liquid energy carriers (Fig. 3.3). The develop-

ment of viable processes for this purpose will contribute to the implementation

of the EU environmental and energy-related policies in the transport sector.

Another aspect regarding biogas utilization is its high content in carbon dioxide.

CO2 removal and disposal is a major issue in industry ([22] and references therein).

A process that could not only successfully operate in the presence of CO2

but convert it to a desired product would present important economic and environ-

mental advantages. The catalytic conversion of carbon dioxide into liquid fuels has

also been designated by the US Department of Energy as one of the priority

research directions [23]. From this point of view, the CO2 reforming of methane,

known as dry reforming of methane (DRM), seems to be the most suitable process

for biogas full exploitation. Furthermore, this process may be the only way for the

cost-effective use of landfill gas, which, having low methane content, is often not

collected but is being emitted into the atmosphere, creating environmental and

health hazards [14]. Nevertheless, in order for a process to be marketable, every

parameter must be considered regarding feedstock availability, supply efficiency,

and diversity in biogas composition.

3.2.2 Biogas Composition and Impurities

The chemical composition and physical properties of “raw” biogas are strongly

related to the type of feedstock, the technical design of the digester–fermenter, and

operating conditions [11, 16, 19, 24]. More specifically, important parameters are

the composition of the organic material, water content, density of feedstock,

temperature of the anaerobic digestion, and feeding rate of the digester [25].

Composition can differ from site to site as well as over time at a single site as

variation between different batches or lots of the same substrate result in products

with different characteristics [11, 12, 14, 15, 24, 26]. Biogas compositions reported

in the literature are listed in Table 3.1. As it can be seen, the nature of the substrate

is affecting methane content and impurities to a considerable extent. The two major

components are always methane and carbon dioxide, but their ratio varies signifi-

cantly. Thus, the CH4 content in biogas derived from sewage is approximately 70%,

that originating from waste of food industry can be as high as 85%, while CH4

content of landfill gas can be as low as 30% [26]. The higher methane content the

better for biogas use as fuel. On the other hand, a methane/carbon dioxide ratio near

to unity is required for biogas to be used in dry reforming reaction. This can be

regulated by partial combustion of biogas that could also offer heat for the endo-

thermic DRM.

Hydrogen sulfide is the impurity that can cause the most important nuisance in

biogas applications as it is a malodorous, corrosive, and toxic gas. Landfill gas and

biogas produced from treatment of manure have considerably higher levels of
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sulfur [19, 24]. Higher hydrocarbons, aromatics (benzene, toluene, xylenes),

chloro/fluorocarbons, organic sulfur components such as mercaptans, oxygenated

compounds, chlorine, fluorine, and sulfur dioxide can also be present, especially in

landfill-derived biogas [14, 19, 24]. Ammonia is formed during the degradation of

proteins, and its content in raw biogas depends upon the substrate composition and

the pH in the digester. Organic silicon compounds (siloxanes) which are used in

deodorants and shampoos are present in landfill and sewage digester gases at ppm

levels [15, 27].

3.2.3 Biogas Pretreatment

Various processing techniques can be used to remove impurities and to upgrade

biogas to suitable quality, depending on its initial properties and the intended

application (Fig. 3.3) [15, 27]. For example, for biogas to be used directly as a

fuel (biomethane), moisture and CO2 removal is necessary in order to be enriched in

methane and upgraded to natural gas-like quality, having comparable energy

content [24, 26]. Moreover, landfill gas may be more treatment demanding because

of the low methane content and the presence of trace compounds and nitrogen [14].

The presence of CO2, water, and oxygen in the biogas to be used as feed for dry

reforming processes is not a problem as the CO2 is one of the reactants and the other

two are benign for the reaction. Furthermore, high carbon dioxide content is

beneficial for the reaction, as it will be discussed later. Thus, raw biogas

pretreatment is simpler, and this is one of the major advantages of the dry reforming

process. The main problem originates in the presence of hydrogen sulfide, which

has to be removed from the feed so as to prevent corrosion and mechanical wear of

process equipment and catalyst deactivation. Most of other contaminants, such as

siloxanes, are below the specifications of the natural gas grid, or not detectable,

while they can be removed during removal of hydrogen sulfide [13, 19, 27].

Particulates which are present in the biogas are separated by mechanical filters [27].

H2S is the impurity present in higher concentrations and, besides being malodor-

ous and toxic, it is particularly poisonous to metal catalysts used for CH4 conver-

sion. The exposure of a metallic nickel surface to gas streams containing 1 ppm H2S

results in the formation of surface NixSy phases, inhibiting the adsorption of

reactant molecules [28]. Many approaches have been suggested for the removal

of hydrogen sulfide, which include biological, absorptive, chemical, adsorptive, and

catalytic treatments [19, 27–29]. Available processes can be classified in two

categories: methods that can be applied in the digester for basic desulfurization

and those which treat the raw biogas produced, aiming for fine desulfurization.

Biological processes, often used in the digester, are based on hydrogen sulfide-

consuming microorganisms (species Thiobacillus and Sulfolobus occurring natu-

rally in the fermentation mass) which oxidize H2S to sulfur in the presence of

oxygen. Sulfur can be further oxidized to sulfate [19, 27]. Oxygen is provided by

injection of air (8–12 vol.% of the biogas flow volume). The method is technically
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easy to perform particularly in small biogas plants. A critical aspect of this process is

the precise control of air injection to a suitable dosage: Low oxygen concentration

may lead to partial and incomplete desulfurization, while high air injection may

impose safety issues (formation of explosive mixtures) and results to very high

levels of oxygen and nitrogen in the biogas. The latter may be a problem for the other

uses of biogas but not if it is meant to be used as a dry reforming feed.

The effectiveness of the process also depends on the temperature, reaction time,

the specific surface, and the available contact surface (as microorganisms are

immobilized), as well as the place and quantity of the injected air. Desulfurization

rates of up to 99% can be achieved with this process. In the digester, sulfur can also

be removed by the precipitation of a sulfide salt with low solubility, such as FeS. Iron

salts (chlorides or sulfates) are added to the substrate as a premixed salt solution.

Biological desulfurization can also be performed as an external process in

especially dedicated reactors and bioscrubber and biofilter equipment in order to

achieve higher desulfurization levels in larger biogas plants [28–30]. Bioscrubbers

already used in wastewater treatment are suitable for the cleaning of biogas,

involving a two-stage process, firstly absorption of H2S by a liquid followed by

biological oxidation of H2S in the liquid [29]. Biofiltration is also effective for the

removal of H2S, volatile organic compounds, and NH3 present in biogases [29, 31].

Anaerobic biofiltration of H2S can provide the same advantages of aerobic

biofiltration including the use of low-cost materials, the exclusion of aeration

costs, as well as the elimination of safety risks associated with operation in an

oxygen-rich environment [29].

The most convenient fine desulfurization can be performed using technologies

applied in the natural gas industry for gas conditioning on a large scale and also

proposed for the upgrading of biomass and coal-gasification gas [28, 30, 32–40]. The

reactive adsorption technology can be applied for the removal of the H2S from

biogas produced in landfills or anaerobic digesters [41]. The main step is an

irreversible chemical reaction between the solid (a metal oxide, MOx) and gas phase:

MOx þ xH2S! MSx þ xH2O:

The efficiency of the process is a function of a number of variables including

the nature and properties of the adsorbent, the biogas flow rate and the contact time,

the geometry of the adsorption columns and the linear velocity of the flow, the

concentration of the contaminant (H2S), and humidity in the biogas. Rates of

the external diffusion and internal diffusion are often relatively low [41]. Iron

oxide supported on materials with high specific surface areas is often used, forming

iron sulfide. In the regeneration, iron sulfide is oxidized with air, and iron oxide or

hydroxide is recovered. Activated carbon can be used to catalytically convert

hydrogen sulfide to elementary sulfur and water [42, 43]. The carbon can

be impregnated with potassium iodide (KI) or sulfuric acid to increase the

reaction rate. Using a 2% potassium iodide-impregnated activated carbon, 100%

H2S removal efficiency could be achieved from a feed with an average inlet H2S

concentration of about 2,400 ppm [43]. The use of natural and synthetic zeolites has

also been explored [44].
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The average sulfur content in the biogas is of the order of 100 ppm, but

concentrations as high as 2,000–3,000 ppm have also been measured (Table 3.1

and corresponding references). The requirement for engine and fuel cell applications

is ca. 1 ppm, and this can be achieved by catalytic methods [28, 42]. On the other

hand, for dry reforming applications, the selective poisoning of Ni-based catalysts

by adding H2S in the feed (a few ppm) can retard carbon accumulation, according to

the “ensemble size control” strategy as in the SPARG process [28, 45].

3.3 Thermodynamic Considerations
for the Dry Reforming of Methane

Among the various methane reforming reactions, steam reforming (SRM) is the

principal industrial process for the production of synthesis gas or hydrogen from

natural gas. Already developed in industrial scale just before World War II, SRM

has many applications, especially in hydrogen-demanding processes such as

hydrotreatment of petroleum fractions and ammonia synthesis. Recently, reforming

reactions and synthesis gas technology attract attention as alternative pathways

for production of clean synthetic fuels to replace petroleum for conventional

engines [22, 46].

In reforming reactions, methane reacts with either steam [SRM (3.1)] or carbon

dioxide [DRM (3.2)] or oxygen [partial oxidation of methane (POM) (3.3)] to form

hydrogen and carbon monoxide as per the stoichiometries below:

CH4 þ H2O! COþ 3H2 DH0
298 ¼ þ206 kJ=mol SRM: (3.1)

CH4 þ CO2
! 2COþ 2H2 DH0

298 ¼ þ247 kJ=mol DRM: (3.2)

CH4 þ
1

2
O2
! COþ 2H2 DH0

298 ¼ �38 kJ=mol POM: (3.3)

From these reactions, DRM seems more suitable for the exploitation of biogas

since no CO2 separation processes are needed and, at the same time, both carbon

atoms are incorporated in the final product, increasing yield and decreasing waste.

Biogas, generally, has a higher methane content compared to carbon dioxide

(Table 3.1). On the other hand, a slightly higher CO2 concentration would have a

positive effect on the catalysts’ stability (see next paragraphs and Sect. 3.6). The

near unity CO2/CH4 ratio, necessary for DRM, can be regulated by combusting an

adequate quantity of biogas and introducing flue gas into the feed. This would also

offer heat, required by this highly endothermic reaction.

Since no steam is used, it can be applied in areas where water is not readily

available, while simpler installation is required, reducing both equipment and opera-

tional costs, as compared to steam reforming [47]. The reaction is characterized
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by the high thermodynamic conversion of CH4 which can be achieved using appro-

priate reaction conditions (Fig. 3.4). Furthermore, as DRM has a large heat of

reaction and is reversible, it has potential thermochemical heat-pipe applications

for the recovery, storage, and transmission of energy from solar and other renewable

sources in chemical energy storage and transmission systems (CETS) [48–50].

Compared to POM, it is easier to achieve higher selectivity to syngas, while it

presents lower safety risks.

It is often said that another advantage of DRM is the H2/CO ratios of the

synthesis gas produced, considered more suitable for the Fischer–Tropsch (FT)

synthesis than the hydrogen-rich gas obtained from SRM [22, 46, 51]. Stoichiomet-

ric DRM H2/CO ratio is unity but, due to the reverse water–gas shift (RWGS)

reaction, this ratio is often slightly lower. In FT synthesis, selectivity for the

production of liquid fuels depends, among other factors, also on H2/CO ratio

[52]. H2/CO ratio higher than 2, as that obtained by SRM, favors the formation of

light hydrocarbons, e.g., methane and ethane. For the synthesis of alkenes and

alcohols, a ratio equal to 2 is used irrespective of chain length, but for alkanes,

lower ratios are required so as not to limit carbon chain growth. For cobalt-based FT

catalysts, which have little or noWGS activity, and typical FT synthesis conditions,

ratios between 2.05 and 2.15 are chosen. If an iron-based catalyst, presenting high

WGS activity, is used, the H2/CO ratio approximates 1.65 at low temperatures

(500 K), while at high temperatures, high conversions can be achieved, provided

that the Ribblett ratio H2/(2CO + 3CO2) is about 1.05 [52]. Thus, the required

properties of the syngas vary with the synthesis in question [51]. For large-scale FT

units, autothermal reforming, a heat-balanced combination of exothermic POM and

Fig. 3.4 Calculated equilibrium conversions, CO yield, and H2/CO ratio for stoichiometric

carbon dioxide reforming of methane (at 1 atm) as a function of temperature [46]
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endothermic SRM in a single reactor, is considered as the most cost-effective

solution [53–55]. Adjustment of the amounts of air, methane, and steam provides

the energy necessary to compensate the endothermic term of the SRM reaction

while fulfilling the requirements for the H2/CO ratio. Following the same concept,

DRM could also be combined with SRM or even with both SRM and POM as in the

tri-reforming process proposed by Song and his coworkers [56–59].

Negative aspects include the fact that the DRM reaction is highly endothermic

and thus energy intensive, demanding enhanced installation and operational costs.

At the high reaction temperatures required, catalysts suffer from sintering. How-

ever, the major problem encountered in this process is deactivation due to formation

of carbonaceous deposits which lead to the decline of activity and reactor blockage

[22, 46, 47, 49, 55, 60].

In parallel to themainDRMreaction (3.2), the following reactions also take place:

CH4
! Cþ 2H2 DH0

298 ¼ þ75 kJ=mol methane decomposition: (3.4)

CO2 þ H2
! COþ H2O DH0

298 ¼ þ41 kJ=mol

reverse water� gas� shift:
(3.5)

2CO! Cþ CO2 DH0
298 ¼ �171 kJ=mol Boudouard reaction: (3.6)

Cþ H2O! COþ H2 DH0
298 ¼ þ131 kJ=mol carbon gasification: (3.7)

The main reaction (3.2) is favored at high temperatures and low pressures,

conditions which also favor methane decomposition [(3.4) and Fig. 3.5] [61].

Minimum operating temperatures for DRM and methane decomposition, calculated

using the standard free energy, are 918 K and 830 K, respectively [62, 63].

The Boudouard reaction is exothermic and will not proceed at temperatures higher

than 974 K, while the RWGS (3.5) is hindered above 1,090 K [61–63]. Methane

decomposition (3.4) and CO disproportionation [Boudouard reaction (3.6)] are

responsible for the formation of carbon. In the temperature range of 830–973 K,

where DRM reaction is not favored (Fig. 3.5), both methane decomposition and

Boudouard reaction contribute to carbon formation [63]. For a given CO2/CH4

ratio, the temperature limit, below which carbon is deposited, decreases as the

pressure decreases, while at constant pressure, the temperature limit increases as the

CO2/CH4 ratio decreases [62–64]. For a reforming feed ratio CO2/CH4 of 1:1,

carbon deposition is thermodynamically possible at temperatures up to 1,143 K at

1 atm and up to 1,303 K at 10 atm [63]. Using excess CO2 in the feed may avoid

carbon formation at lower temperatures, while in the case of stoichiometric feeds,

temperatures as high as 1,000 K can suppress carbon formation when there is a

thermodynamic potential [47]. Besides the negative effect on carbon formation, as

pressure increases, the conversion of CO2 and the yield of CO and H2O also

increase while CH4 conversion and H2 yield decrease [62]. These results indicate

that the RWGS reaction is favored at higher pressures. This reaction is normally
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pressure independent. Gadalla and Bower [62] gave the following explanation:

An increase in pressure results in a corresponding increase in the limiting equilib-

rium temperature and consequently to the corresponding equilibrium constant,

KRWGS. Thus, a dependency between the pressure and the RWGS results. Never-

theless, it is advantageous for industrial processes to operate at high pressures and

lower temperatures with CO2/CH4 ratios near unity in order to minimize the reactor

size and energy use [22, 47]. Therefore, the development of active reforming

catalysts exhibiting improved resistance to the formation of carbon is a prerequisite

for an effective process. Consequently, there is significant investment in research

efforts regarding this issue.

3.4 Reaction Mechanism

As illustrated in Fig. 3.5, the DRM equilibrium constant increases dramatically at

temperatures higher than 973 K, allowing almost complete conversions above this

limit [61, 63]. Thus, above this temperature, there are no thermodynamic

restrictions to achieve high CH4 and CO2 conversions, provided that a suitable

catalyst is applied [49]. A suitable catalyst for the DRM reaction is one which

presents both high activity and stability under reaction conditions. In addition to the

target reaction, the other endothermic reaction, also enhanced at temperatures

higher than 900 K, is the CH4 decomposition (3.4) which results in the formation

Fig. 3.5 Equilibrium

constants of reactions

occurring during the dry

reforming of methane, as a

function of temperature

Reprinted with permission

from reference [61].

Copyright (2007) by Elsevier
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of carbonaceous deposits. Therefore, a basic criterion for the choice of catalyst is its

capacity to kinetically hinder carbon formation. For this purpose, it is essential to

consider the mechanism of the target and the side reactions on various catalytic

systems. The main reaction steps are presented in Table 3.2 and discussed in the

following paragraphs. Although there are some slightly different suggestions, most

researches agree with the main reaction steps in this scheme.

3.4.1 Methane Adsorption and Activation

The first step in the reaction sequence is the adsorption of methane. At low

temperatures, the adsorption is precursor-mediated, while at higher temperatures,

it is direct [47]. It has been suggested that CH4 adsorbs reversibly on the surface of

transition metals [Table 3.2 (3.8)], arriving at equilibrium. This conclusion is

Table 3.2 Elementary DRM reaction steps generally accepted to occur on the catalysts’ surface

Methane adsorption and dissociation

CH4 þ S1! S1 � CH4 K1 Equilibrium (3.8)

S1 � CH4 þ ð4� xÞS1 ! S1 � CHx þ ð4� xÞS1 � H k1 RDS (3.9)

S1 � CH4 þ S1 ! S1 � CH3 þ S1 � H ka1 (3.9a)

S1 � CH3 þ S1 ! S1 � CH2 þ S1 � H kb1 (3.9b)

S1 � CH2 þ S1 ! S1 � CHþ S1 � H kc1 (3.9c)

S1 � CHþ S1 ! S1 � Cþ S1 � H kd1 (3.9d)

2S1 � H! H2 þ 2S1 K2 (3.10)

Carbon dioxide adsorption and dissociation

CO2 þ S2! S2 � CO2 K3 (3.11)

S2 � CO2 þ S2 ��O
2�! S2 � CO3

2� K4 (3.12a)

S2 � CO2 þ S1 � H! S2 � COþ S1 � OH K5 (3.12b)

S2 � CO2 þ S2! S2 � COþ S2 � O K05 (3.12c)

Formation of surface hydroxyls and water

S2 � Oþ S1 � H! S2 � OHþ S1 K6 (3.13a)

S1 � OHþ S1 � H! H2Oþ 2S1 K07 (3.13b)

CHx oxidation, CO and H2 formation and desorption

S1 � CHx þ S1 � OH! S1 � CHxOþ S1 � H K8 (3.14a)

S1 � CHx þ S1 � ODS1 � CHxOþ S1 K08 (3.14b)

S1 � CHxO! S1 � COþ x=2H2 k9 RDS (3.14c)

S1 � CHx þ CO2
! S1 � COþ COþ x=2Hx K10 (3.14d)

S1 � CHx þ S1 � OHþ xS1! S1 � COþ ðxþ 1ÞS1 � H k09 RDS (3.14e)

S1 � Cþ S1 � OH! S1 � COþ S1 � H K11 (3.15)

S1 � CO! S1 þ CO K12 (3.16)

2S1 � H! H2 þ 2S1 K13 (3.17)

K and k stand for thermodynamic (equilibrium) and kinetic constants, respectively. S1 and S2
denote active sites on the metal andmetal–support interface, respectively. Alternative or successive

paths are indicated with the same number and a letter. In CHx, x can take values between 1 and 3
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derived from results of steady-state isotopic tracing kinetic analysis (SSITKA)

which detected methane on the surface of Ni/La2O3, Pd/ZrO2, Pd/ZrO2–La2O3,

and Pd/g-Al2O3 catalysts under reaction conditions [65, 66]. However,

Nandini et al. [67] considered that methane adsorbs and decomposes irreversibly

on a Ni–K/CeO2–Al2O3 catalyst [67]. This conclusion is based on the fact that

hydrogen addition to the feed does not influence the rate of methane consumption,

being both irreversible and not at thermodynamic equilibrium. Therefore, whether

the adsorption of methane is irreversible or not may depend on the catalytic system.

There is general agreement that one of the slow reaction steps in the reaction

sequence is the cracking of methane on the metal surface [Table 3.2 (3.9)], as the

dissociation energy of the CH3–H(g) bond is high (439.3 kJ/mol) [68]. However,

the total dissociation energy of the bond CHx–H depends on the hosting surface and

the entire catalytic system which may be controlling the surface metal work

function. Consequently, lower CHx–H bond dissociation energies are required in

catalyzed decomposition. Nevertheless, for many catalytic systems, methane

decomposition is considered as the rate-determining step (RDS) [22, 47, 49, 55].

The path which methane dissociation follows has been the subject of several

studies. CH4 possesses four filled bonding MOs and four empty antibonding MOs.

It is suggested that in order to dissociate, CH4 must be substantially distorted from

its tetrahedral shape to form a trigonal pyramidal structure [22, 47]. This is the

result of electron interactions between the adsorbed methane molecule and the

metal which dominate the dissociative CH4 adsorption ([47] and references

therein). An early study on unsupported Pt clusters shed light on the nature of

these interactions, explaining the distinct cluster size dependence of methane

activation [69]. In order to understand the observed dependence of methane chemi-

sorption on the size of platinum clusters, Trevor et al. [69] took into account two

issues: (1) electronic effects relating reactivities with ionization potentials (IPs) or

availability of an occupied or unoccupied molecular orbital with a particular

symmetry and (2) the geometric structure of the metal, i.e., the availability of a

type of active site or degree of coordination that acts as the kinetic driving force

[69]. They suggested that the reactivity for the dissociative chemisorption does not

depend only on the ability of the highest occupied orbital of the metal to contribute

electron density to any of the lowest unoccupied antibonding molecular orbitals

(LUMO) of the adsorbed molecule but also on the electron donation from HOMO

(highest occupied molecular orbital) of the reactant to low-lying unoccupied or

partially occupied orbitals of the metal cluster, within the constraints of symmetry

restrictions. This weakens the C–H bond, thus stimulating its dissociation. As the

size of the Pt cluster increases, the cluster ionization potential decreases and activity

decreases. Trevor et al. [69] concluded that very small platinum clusters have high

ionization potentials, which makes them good charge acceptors.

The effect of metal cluster size and the structure sensitivity of CH4 dissociation

were also observed on Ni surfaces [55, 70]. Kuijpers et al. [70] noticed that the

decomposition of methane preferentially proceeds on small nickel crystallites [70].

Bradford and Vannice ([47] and references therein) have reviewed theoretical

studies on the formation of CHx species (1 � x � 3) on various metals, showing
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that each CHx species is preferentially located at a site which completed its

tetravalency; thus, CH3 can adsorb on top of a metal atom, CH2 presents bridged

adsorption, while CH and C require the concomitant occupation of higher coordi-

nation sites and are adsorbed on hollow sites with three of four nearest neighboring

sites. This hypothesis, however, does not take into account neither the metal work

function and its alteration brought about by adsorbed CHx species nor the presence

of other adsorbed species in the vicinity [68]. Bengaard et al. [71] performed

density functional theory (DFT) calculations for the steam reforming of methane

over a Ni(111) surface and over a stepped Ni(211) surface. They have concluded

that for the activation of methane, step sites are more reactive than close-packed

surfaces. According to Bengaard et al. [71], the reaction channel associated with

steps has a lower activation barrier than that associated with terraces. Furthermore,

atomic carbon presents much higher stability on steps than on terrace sites. Thus,

the availability of step sites is essential both for a large turnover rate and for

graphite formation. The latter explains the structure sensitivity in the formation of

surface carbon because of the large ensemble of metal atoms needed. Norskov and

coworkers [72] have continued the work of Bengaard et al. [71], and they have

studied the dissociation of methane on Ni(111) theoretically and experimentally.

Their results have verified that the activation of the first C–H bond in methane over

the top of a surface Ni atom on Ni(111) has an energy barrier of 105 kJ/mol while

on Ni(211); the activation follows a similar reaction path but with a barrier of only

88 kJ/mol. This result has been attributed to the stronger binding of CH3 at the step

edge, the latter exhibiting higher activity than terraces. Recently, Haroun et al. [73],

employing periodic DFT calculations and studying the adsorption of CH4 on a

perfect and on a defective Ni(111) face, showed that the interaction of methane with

a perfect surface is very weak and largely of physical origin, while chemical

interactions become sizeable when CH4 is adsorbed on top of a Ni adatom,

considered as surface defect. The structure sensitivity of CH4 activation was also

reported for Ru-based catalysts [74]. On the contrary, Yamaguchi and Iglesia [66],

performing isotopic tracing and kinetic isotope analysis, showed that the C–H bond

activation rate constants did not vary with Pd dispersion in spite of a monotonic

increase in the fraction of exposed surface Pd atoms at corners and edges with

increasing Pd dispersion. They concluded that low-index surfaces prevail on large

Pd clusters, exhibiting much higher reactivity than on other metals because of

stronger binding of C(ads) on Pd, making contributions from edge and corner

sites even less likely than on the other metals.

Attempts have also been made to define the number of hydrogen atoms in CHx

species adsorbed on transition metal surfaces. Such species have been detected

using both steady-state and transient isotopic tracing experiments, the latter being

more representative of phenomena on working metal surfaces ([47, 55] and

references therein). Bradford and Vannice [47] consider that, under DRM

conditions, the dissociation of CH4 yields a distribution of CHx species with x

depending on the metal and the support. Osaki et al. [75, 76] reported x values as

high as 2.7 for Ni/MgO, 2.5 for Ni/ZnO, 2.4 for Ni/Al2O3, 1.9 for Ni/TiO2, and 1.0

for Ni/SiO2, while for Co/Al2O3, x is only 0.75, as shown in Table 3.3. According to
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their studies, the degree of methane decomposition depends on the transition metal

and the nature of the support. As can be seen in Table 3.3, for the same transition

metal, x values are higher for more basic supports. As a coarse measure of

acidity–basicity of metal oxides, their isoelectric points are used (Table 3.3) as

given by Pinna [77]. In other words, the extent of methane cracking is enhanced

with the increase of acidity of the support. On the other hand, as the activation of the

C–H bond cleavage requires electron donation from the metal surface, the elec-

tronic environment of Ni must be important. Different B.E. of Ni2p½ (Table 3.3)

and metal–support interactions (MSIs) have been reported for nickel supported on

various oxides [78]. Then again, the ability of different Ni-based materials to

activate the C–H bond cleavage correlates well with their catalytic activity in

DRM, following the order Ni/TiO2 > Ni/SiO2 > Ni/MgO [50].

Trevor et al. [69], studying unsupported Pt clusters, observed that the metal

cluster single-carbon-containing species (PtC) are the primary products and that as

the cluster size increases, the products go from PtC to Pt11CH2. They predicted that

very large Pt particles or surfaces would probably produce –CH3 adsorbed species as

has been reported for Ni(111) surfaces [69].Moreover, the electronic effects induced

by the support are also influenced by the size of the metallic particles; being

negligible for large particles (>10 nm), they may become significant when the

nickel is highly dispersed, as is the case of Ni/TiO2, or diffused in the support’s

lattice to form a solid solution, as it is the case for Ni/MgO [50]. Kuijpers et al. [70],

using a low-field magnetic method, noticed that carbon–hydrogen complexes CH,

CH2, or CH3 are covering the Ni surface, being chemisorbed without affecting

ferromagnetism. Tsipouriari and Verykios [79], studying a Ni/La2O3 catalyst, report

that the active carbon-containing species which exist on the catalyst surface under

reaction conditions consist exclusively of carbon, and not of CHx species with x > 0.

Topalidis et al. [80] report that the value of x is in the range 0 � x � 4 and depends

on the metal substrate and the temperature, most often taking values around zero.

Yamaguchi and Iglesia [66], based on isotopic tracing kinetic measurements,

indicated that the chemisorbed carbon, C(ads), and unoccupied Pd atoms are the

most abundant surface intermediates. In general, there are no conclusive results

relating the degree of methane dissociation on a catalyst surface to its reactivity.

Table 3.3 Degree of methane cracking on various catalytic systems; the acidity of the

corresponding support, expressed as its isoelectric point; and the binding energies of Ni2p1/2
measured for Ni supported on various oxides

Catalyst x value for CHx
a Supports’ IEPSb B.E. of Ni2p1/2 (eV)

c

Ni/MgO 2.7 12.1–12.7 856.7 � 0.1

Ni/ZnO 2.5 8.7–9.7

Ni/Al2O3 2.4 7.0–9.0

Ni/TiO2 1.9 ~6 854.5 � 0.1

Ni/SiO2 1.0 1.0–2.0 856.3 � 0.1

Co/Al2O3 0.75 7.0–9.0
a[75, 76]
b[77]
c[78]
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3.4.2 Carbon Dioxide Adsorption and Activation

Like methane, the dissociation and reduction of CO2 are also reported to be

structure sensitive, promoted at defect sites such as corner atoms [47]. Ab initio

valence–bond calculations and spectroscopic data indicate that CO2 can adsorb

dissociatively on various metal surfaces (Pt, Pd, Rh, Re, Ni, Fe, Cu, Ag, Al, Mg)

involving electron transfer [81, 82]. The adsorption can occur through three differ-

ent coordination geometries: (1) pure carbon coordination, (2) pure oxygen coordi-

nation, and (3) mixed carbon–oxygen coordination, the last two being more

favorable (Fig. 3.6) [81]. Electron transfer to the CO2 moiety is accompanied by

an elongation of the C–O bond with respect to the free molecule. Intermolecular

interaction between the formed CO2
� anion and surrounding neutral CO2

molecules via “solvation” is also considered. According to Freund and Messmer

[81], three reaction channels can be followed: (1) dissociation into CO and O�,

more likely to occur on transition metal surfaces; (2) oxidation to CO3
� and CO3

2�,

more likely on noble metals; and (3) disproportionation reaction of CO2
� with a

gaseous CO2molecule to form CO3
� and CO. Solymosi [82], reviewing the relative

literature, reports that the characteristics of the adsorption, activation, dissociation,

and reactions of CO2 depend on the metal. A negatively charged anionic CO2
�

precursor is formed, which, depending on the nature of the metal, may dissociate

into CO and O or transform into CO3 and CO adsorbed species, very similar to the

conclusions of Freund and Messmer [81]. The adsorption of CO2 is dissociative on

Fe, Ni, Re, Al, and Mg surfaces. The presence of surface adatoms dramatically

influences the adsorption and reactivity of CO2. The presence of preadsorbed

oxygen (adatoms) promotes the bonding of CO2 on metals in the form of different

carbonates and leads to its stabilization [82]. Alkali adatoms increase the binding

energy of adsorbed CO2, promoting the formation of surface CO2
� radical and the

formation of CO3 and O species [82]. The promoting effect of alkali metals has

been also reported by Freund and Roberts [83]. Alkali metals (such as cesium and

Fig. 3.6 Schematic representation of the three coordination geometries of adsorbed CO2: (a) pure
carbon coordination, (b) pure oxygen coordination, (c) mixed carbon–oxygen coordination. CO2

coordination modes and indicated structural parameters from Reprinted with permission from

reference [81]. Copyright (1986) by Elsevier
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potassium) and specific surface structure play an essential role on the efficiency of

the electron transfer from the surface to CO2 to form CO2
d�. In the presence of

alkali metal promoters, high chemical reactivity is observed for both transition and

sp metals, the reaction pathway followed depending on the alkali metal coverage

[83]. Oxidized multilayers of cesium provide specific oxygen states which are

highly reactive to both CO and CO2, forming CO2
d� and carbonate, respectively.

Furthermore, Freund and Roberts [83] report that the coadsorption of CO2 with

other molecules, e.g., ammonia or methyl iodide, can provide low energy pathways

to products where again the formation of CO2
d� anionic species is crucial to the

mechanism. However, one must remember that spectroscopic studies were

performed under conditions far from those applied in the DRM.

Erdőhelyi et al. [84], studying supported palladium catalysts, concluded that on

Pd, the dissociative adsorption of carbon dioxide takes place in the temperature

range of 473–673 K to give adsorbed carbon monoxide of different coordinations.

In the presence of methane, the dissociation of CO2 is promoted, although there are

no indications for the formation of any surface complexes between the two

reactants. The enhanced dissociation of CO2 was attributed to the presence of

surface hydrogen species originating from the decomposition of methane and the

consecutive formation of carbonyl–hydride species [84]. The effect of the support

for the dissociation of CO2 to CO is crucial, the activity for the dissociation at 773 K

decreasing in the order Pd/TiO2 > Pd/A12O3 > Pd/SiO2 > Pd/MgO [84]. As the

DRM activity of the catalysts, based on turnover frequencies, follows the same

order, Erdőhelyi et al. [84] suggested that it must be related to the efficiency of the

catalyst to dissociate CO2, considering the activation of carbon dioxide an impor-

tant step in the DRM reaction. The high activity of Pd/TiO2 was associated with the

extended electronic interaction between Pd and n-type TiO2, resulting in an

increase of the back donation of electrons from the palladium to lower antibonding

MO of the CO2 and facilitating its dissociation. Enhanced carbon dioxide decom-

position results in higher surface concentration of reactive oxygen species. As the

latter are required for the oxidation of CHx species [Table 3.2 (3.14)], their increase

leads to the enhancement of the DRM rate. On the other hand, Erdőhelyi et al. [84]

do not exclude the importance of the support: more oxygen vacancies are present on

the titania surface, promoting the adsorption and the dissociation of carbon dioxide.

CO2 is known to adsorb on the metal oxides usually serving as supports for DRM

catalysts. CO2 is probably the most popular molecule for probing surface basicity as

it is a small molecule and has merits in probing both O2� and OH� basic sites [85].

Spectroscopic data show that a variety of surface species can be formed, involving

both anions and cations, forming mixtures of bidentate, bridged, and multidentate

carbonate structures [85]. Recently, there is a renewed interest in studying the

chemical behavior of this refractory molecule. Burghaus [86] confirmed the corre-

lation of CO2 adsorption kinetics with the structural features of surfaces of various

metals (Cu, Cr), metal oxides (ZnO, TiO2, CaO), as well as on so-called model

catalysts (Cu-on-ZnO, Zn-on-Cu) and nanocatalysts. CO2 binding energies on

metal oxides are typically larger than those on metal surfaces, further increasing

on oxygen vacancies as compared to adsorption on pristine sites of the oxides [86].
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Moreover, adsorbate-assisted adsorption is weakened by defects and strong surface

corrugation, suggesting a dynamic effect rather than the influence of lateral

interactions. According to Burghaus [86], CO2 adsorption on CaO occurs via the

C atom adsorbed on O sites of CaO involving lattice oxygen, in contrast to metal

surfaces where carbonates form (in most cases thermally activated) in oxygen–CO

or oxygen–CO2 coadsorption phases. Surface carbonates (CO3ads) formed on CaO

powders are very stable, and desorption-carbonate decomposition temperatures as

high as 1,100 K have been observed. An interesting outcome of this study is the

prediction that CaO could be unexpectedly reactive to decompose alkanes as well

as carbonates, having higher activity compared with MgO. This is related to more

delocalized electron distribution of surface oxygen that leads to a more efficient

overlap with the orbitals of adsorbing molecules [86].

Pan et al. [87] have performed DFT slab calculations to study CO2 adsorption

and activation over alumina-supported 3d transition metal dimers, M2/g-Al2O3

(M ¼ Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu). Their conclusions are in accordance

with many experimental results reported in the literature. CO2 is suggested to

adsorb on M2/g-Al2O3, forming a negatively charged and, in a bent configuration

species, indicating partial activation of CO2. They suggested that both the metal

dimer and the g-Al2O3 support contribute to the activation of adsorbed CO2 by

electron donation to the adsorbed molecule, distorting CO2 from its linear configu-

ration in the gas phase. The most favorable adsorption sites, either on the dry or the

partially hydroxylated support, are expected to be found at the interface between the

metal dimer and the support [87]. As a consequence, highly dispersed metal phase

(small metal particles) is expected to exhibit good activity as the metal–support

interface is maximized. Another important result of this study, especially for DRM,

is that hydroxylation of the support surface reduces the amount of charge trans-

ferred to CO2 for the same metal dimer and weakens the CO2 chemisorption bonds

as compared to the corresponding dry M2/g-Al2O3 [87]. On the contrary, Cheng

et al. [88] suggest that the formation of hydroxyl species, formed by hydrogen

spillover onto the support, promotes the dissociative adsorption of CO2 through the

formation of surface formates (Al–COOH + O*).

Differences in carbon dioxide adsorption behavior related to the metal oxide

used as support have been reported for various catalytic systems. Bradford and

Vannice [50] have studied the chemisorption of carbon dioxide on the Ni/TiO2

catalyst and estimated the heat of adsorption to be of the order of 1 kcal/mol,

indicative of weak adsorption. On a Ru/SiO2, both CH4 and CO2 are activated on

the metallic phase, while a bifunctional mechanism is proposed for Ru/Al2O3 [74].

Although Ru is able to activate and dissociate CO2, in the presence of a support

such as alumina, a bifunctional mechanism takes place: while methane adsorbs on

ruthenium, an alternative and more effective path for CO2 activation is followed,

comprising the formation of HCO2
� on the alumina surface and its decomposition

to CO and hydroxyl groups on the support. The latter diffuse toward the metal

particles where oxidation of the carbonaceous adspecies located on the metallic

surface takes place [74]. Topalidis et al. [80], based on their kinetic studies,

concluded that CH4 and CO2 adsorption occur on distinct and discreet active sites
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of a 0.5%Pt/SrTiO3 catalyst; namely, methane is weakly bound on the metallic

phase, while CO2 is strongly adsorbed on the oxidic phase of the catalyst.

An important category of oxide materials which are used as catalyst components

for the DRM are the oxides of rare earths, particularly ceria and lanthana. There are

good reasons for that, one of them being the high activity of these materials for the

adsorption and activation of CO2 [55, 65, 89–91]. De Leitenburg et al. [89] aimed to

elucidate the interaction of CO2with ceria-supported noble metals and its activation,

using temperature-programmed techniques and transient kinetic studies. According

to their results, the mechanism of interaction betweenM/CeO2 (M ¼ Rh, Ru, Pt, Pd,

Ir) and CO2 is strongly influenced by the reduction temperature, regardless of the

metal employed. By increasing the reduction temperature from 473 to 773 K, a

progressive reduction of bulk CeO2 takes place, which is not promoted by the

presence of the metal. CO2 adsorption and activation takes place on a surface Ce3+

site with the formation of CO, while Ce3+ is oxidized to Ce4+. Oxygen vacancies act

as “additional driving force” for the reduction of CO2 to CO [89]. Tsipouriari and

Verykios [65], investigating the DRM reaction pathways over Ni/La2O3 and Ni/

Al2O3 catalysts by isotopic tracing techniques, proposed that adsorption and disso-

ciation of CO2molecule is faster over Ni/La2O3 than over Ni/Al2O3. Over Ni/La2O3,

the CO2 molecule interacts with the carrier to form La2O2CO3 species which

decompose to produce CO and oxygen species important for the DRM reaction

mechanism [(3.14a) or (3.14b)]. The much higher affinity of Ni/La2O3 catalyst for

CO2 chemisorption could be attributed to the higher basicity of lanthana as com-

pared to that of alumina [77]. Stagg-Williams et al. [90] consider that, on Pt/ZrO2

catalysts promoted with La and Ce oxides, CO2 adsorbs on the support and when the

adsorption sites are near the metal particle, it dissociates to form CO and O. The

dissociative adsorption of carbon dioxide on the support of Ce-promoted Pt/ZrO2

catalysts is also considered significant by Ozkara-Aydinoglu et al. [91].

Concluding, it seems that the nature of active sites depends on the nature of the

metal and metal oxide components of the catalytic system and the preparation and

thermal treatment procedures followed. For many catalytic systems, the adsorption

of CO2 is a fast step and arrives at thermodynamic equilibrium (see Table 3.2),

while there are studies which suggest a Rideal–Eley mechanism with carbon

dioxide reacting from the gas phase [46, 92]. However, in most cases, kinetic

studies of DRM consider a Langmuir–Hinshelwood reaction mechanism.

The dissociative CO2 adsorption is important for catalytic activity and stability,

and many research efforts are focused on the development of catalytic materials for

the enhancement of the adsorption and activation of carbon dioxide.

3.4.3 Surface Reactions

Limited work has been done on the mechanism of dry reforming in comparison to

steam reforming, and most studies support mechanisms based on steam reforming

[46]. Wei and Iglesia [93], conducting a kinetic study on supported Rh catalysts,

concluded that the resulting first-order rate constants were identical for H2O and
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CO2 reforming and for CH4 decomposition. Primary elementary steps of the DRM

reaction are the adsorption and decomposition of CH4 on active sites on the metallic

surface, forming hydrogen and methyl-like adsorbed species, and the dissociative

adsorption of CO2 on the metal oxide surface, preferably on the metal-support

interface, forming CO and adsorbed oxygen species (Table 3.2, Fig. 3.7a).

Once methane and carbon dioxide are adsorbed, many surface reactions occur,

leading to desired or undesired products (Table 3.2). Most of the reaction steps

are fast and arrive at equilibrium, e.g., desorption of CO from the support and

of hydrogen from the metallic surface (Fig. 3.7b). Kinetic investigations of DRM

have shown that the WGS reaction is near equilibrium over a wide range of

temperatures, a fact which leads to the H2/CO ratios to be a function of feed

conversion [47]. The quasiequilibrium of the WGS reaction implies that the surface

reaction steps related to the reaction are fast [Table 3.2 (3.11–3.13)]. Most kinetic

models predict hydrogen spillover from the metal surface to the support where

hydrogen reacts with oxygen species forming hydroxyl groups [Table 3.2 (3.13a)

and Fig. 3.7c], while oxygen spillover from the support to the metal also occurs

(Fig. 3.7d). However, at temperatures higher than 1,073 K, the presence of hydroxyl

groups on the support is not likely [90]. Oxygen migrating on the metal surface

reacts with hydrogen-depleted S1–CHx species (0 � x � 3), forming either

S1–CHxO species or S1–CO species [(3.14) and Fig. 3.7d]. It has been suggested

that H2O, produced on the support and migrating to the metal–support interfacial

region, participates in the formation of S1–CHxO [88]. Some researchers consider

Fig. 3.7 Reaction steps for the dry reforming of methane. (a) Adsorption and dissociation of CH4

and CO2 on the metal and the metal–support interface, respectively. (b) CO and H2 desorption are

fast steps. (c) Surface hydroxyls are formed from hydrogen and oxygen spillover. (d) Surface
oxygen species or hydroxyls oxidize the hydrogen-depleted surface methyl-like species (S1–CHx),

forming S1–CHxO species and finally CO and H2
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the formation of S1–CHxO as an intermediate surface species (3.14a and 3.14b),

while others propose the direct formation of S1–CO (3.14e). Bradford and

Vannice [94] suggested that CHxO species are formed during CH4 adsorption on

reduced TiO2-supported transition metals (Ni, Pd, Pt, Rh, Cu) at 423 K and

considered that these species are intermediate products of the reaction [50, 95].

Osaki and Mori [96] performed a kinetic study on K-promoted Ni/Al2O3 catalysts.

According to them, the RDS must be ascribed to the dissociation of CHxOads to

CO and x/2H2. Cheng et al. [88] suggest the formation of surface formates

(Al–COOH + O*). Portugal et al. [97] consider that formate-type intermediate

CHxO species may form on Rh/NaY zeolites during DRM reaction. Gheno et al.

[98] interpret their results, suggesting that the improved performance of the

Ti-containing catalysts is due to the acceleration of CHxO decomposition, consid-

ered as precursor for CO formation, on metal-support interface. Nandini et al. [67],

performing a kinetic study of DRM to synthesis gas over Ni–K/CeO2–Al2O3

catalyst, consider CH4 and CHxO decomposition as the RDSs. Bitter et al. [99]

suggested the generation of formates on the support, close to the metal–support

boundary, following the mechanism: methane decomposes on the metal to CHx

(average value of x ¼ 2) and H2, while CO2 forms carbonates; carbon on the

metal reduces carbonate to formate which decomposes rapidly to CO and a surface

hydroxyl group. Many other studies, although not supporting this intermediate

step with their results, consider that the formation of CHxO is probable, while

others suggest the direct formation of S1–CO [93, 100–102]. Depending on the

reaction temperature and the catalytic system, CHxO species may be short-lived

intermediates. However, one cannot exclude their formation on the catalyst surface.

In CHx, x may take values between 0 and 3. It is difficult to accept that for x � 2

all hydrogen atoms are simultaneously eliminated to form S1–CO. The fact

that there is no general consensus regarding the dry reforming mechanism is

reasonable as it is expected to depend on many factors such as the catalyst’s

composition (nature and acidity of the support and presence of promoters) and

the reaction conditions (mainly the temperature). Furthermore, the DRIFTS method

does not offer a clear picture as the maximum temperature of sample chambers

usually cannot exceed 873 K and the reaction mechanism is probably different at

higher temperatures.

The formation and/or the decomposition of S1–CHxO species to CO and H2 are

considered as RDSs [49, 65, 79]. What seems to be crucial is the relative rate of

oxidation of S1–CHx species as compared to its dissociation: Higher rates of

oxidation [Table 3.2 (3.14)] means x > 0 in S1–CHxO species, while higher

S1–CHx decomposition rate (3.9) leads to the complete decomposition of the

S1–CHx species, forming surface carbon (S1–C). If the rate of oxidation of S1–C

is not fast enough, carbonaceous species start to form and accumulate, leading to

catalyst deactivation. The deactivation of the catalyst due to coking is an important

issue for the DRM.
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3.4.4 Deactivation Due to Coking

Deactivation of catalysts operating under DRM conditions may occur via different

mechanisms such as accumulation of carbonaceous deposits, sintering of the

metallic phase, and poisoning caused by impurities contained in the feed (most

commonly H2S). As in many hydrocarbon reforming processes, the most important

deactivation factor is the formation of carbon-rich deposits, known as carbon or

coke. The latter term represents various carbonaceous species, differing in nature

and structure and described as on-surface carbon, graphene islands, graphene,

filamentary or whisker type, encapsulating, pyrolytic, amorphous, carbide-like

bulk carbon, laminar or polymeric carbon, while the terms ordered and disordered

carbon have also been used [46, 103–107]. It is obvious that there is no common

agreement for the description of the carbonaceous formations, and more than one

expression can often be applied as the classification depends on reactivity/stability,

crystallography, and shape/form factors. In general, amorphous and graphitic

carbon islands are initially formed, while carbon accumulation results either in

the encapsulation of the metallic phase or in the growth of filamentous, whisker-

type carbon. The formation of bulk metal carbides is unlikely, but surface carbides

can be formed [46, 108]. The terms Ca or carbidic carbon which can be

hydrogenated at temperatures below 323 K, Cb or amorphous carbon which is

hydrogenated between 373 and 573 K, and Cg or graphitic carbon hydrogenated

at temperatures >673 K are also used to denote carbon types removed at different

temperatures under TPH (or TPO) conditions [109, 110]. The nature, structure, and

rate of formation depend on various parameters such as catalyst characteristics

(nature of the metal and the support, composition, texture, and structure), feed

composition, and reaction conditions [105].

In general, carbonaceous deposits form via complicated chemistry, following a

sequence of elementary steps. The mechanism is believed to include coke forma-

tion and coke gasification reactions proceeding through several different routes.

In the end, the net accumulation of coke depends on the differences of the rates of

the deposition–removal reactions. In DRM, carbon originates from methane

decomposition [Table 3.2 (3.9d)], carbon monoxide disproportionation (Boudouard

reaction), and carbon condensation reactions, and there is no thermodynamic

hindrance for any of these reactions. CH4 decomposition is dominating at

temperatures higher than 973 K and the Boudouard reaction at temperatures

lower than 873 K [22, 46, 61, 111]. Both reactions proceed on the metal surface,

and the extent of the contribution of each on carbon accumulation depends on

operating conditions and catalyst composition. York et al. [46] assert that at

temperatures higher than 1,050 K, the amount of carbon due to the Boudouard

reaction is expected to be very low as compared to that originating from methane

decomposition or the POM. Nevertheless, this is not a point of common agreement

as there is evidence that the contribution of the Boudouard reaction (3.6) is not

negligible [112].
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Nickel catalysts are prone to carbon formation which results in fast deactivation.

As already described, methane is known to adsorb dissociatively on the surface of

nickel nanoclusters, releasing hydrogen and forming S1–CHx surface species. If

reactive oxygen and/or hydroxyl surface species are available to react with the

hydrogen-depleted species, then S1–CHxO or S1–CO species are rapidly formed

(3.14), eventually producing CO and H2 [(3.16 and 3.17) and Fig. 3.7d]. In the

opposite case, S1–CHx undergoes further decomposition to produce carbon atoms

and/or groups of atoms (Fig. 3.8a). As carbon has a high solubility in the nickel

lattice, carbon atoms can either remain on the surface or diffuse in the subsurface

toward carbon growth centers, such as grain boundaries (Fig. 3.8b) [103, 106].

Figueiredo and Trimm [113], calculating the concentration of carbon in the nickel

phase to be the carbon content of Ni3C, assumed that coke accumulation probably

proceeds through the formation of carbides as intermediates. These carbides

decompose to give free carbon which can migrate through the nickel lattice.

Following an induction period, these carbonaceous species are incorporated into

the graphene layer which forms at the nickel–support boundaries. Depending on the

carbon growth mechanism and the catalytic system, the graphene layer may encap-

sulate the particles or detach the nickel particles from the support and grow

filamentous carbon (whiskers), nanofiber, and/or nanotubes of carbon with nickel

particles at their top edge (Fig. 3.8c) [103]. In many Ni-based systems, the forma-

tion of filamentous carbon predominates [22, 114–117]. In that case, as the nickel

surface is still accessible to the reactants, the catalyst remains operational for some

time, but carbon continues to accumulate, finally leading to drop of the activity,

increase of the pressure, and reactor’s blockage [46, 106, 114, 118]. Helveg et al.

[119] used in situ HRTEM to monitor the carbon nanofiber growth derived by

catalytic decomposition of methane. The HRTEM images revealed that graphitic

nanofibers grow with a Ni nanocluster at the front end and the graphene layers are

aligned into multiwalled carbon nanofiber structures (Fig. 3.9). The nucleation and

growth of the graphene layers forming nanofibers proceed by reshaping or

restructuring the monoatomic step edges at the nickel nanocrystal surface, and

carbon nanofibers have usually similar size to the nickel cluster: The smaller Ni

particles tend to obtain an elongated shape, forming partial multiwalled carbon

nanotubes, whereas larger Ni particles tend to obtain pear shape and whisker-type

carbon nanofibers are formed with graphene layers inclined with respect to the fiber

axis [119].

It has been proposed that the carbon formation mechanism is facilitated by the

comparable activation energies of diffusion of carbon through the nickel lattice

(33 kcal/mol) and of carbon filament growth (30 kcal/mol) [106, 120, 121]. Xu and

Saeys [104, 122] report that the diffusion to the octahedral sites of the Ni bulk is

thermodynamically preferred by 50–120 kJ/mol, while the corresponding activation

energy is rather low (70 kJ/mol). Furthermore, carbon chemisorption at the octahe-

dral sites of the first subsurface layer is suggested to be preferred over on-surface

chemisorption [104]. A concentration gradient established between the gas–metal

and metal–graphene interfaces was believed to act as the driving force for carbon

transport in a direction perpendicular to the Ni surface through the bulk nanocluster
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Fig. 3.8 Schematic representationof carbondiffusion in the nickel lattice, the formation of filamentous

carbon, and the various approaches for the inhibition of carbon accumulation. (a) Active oxygen species
or hydroxyls not available fast enough, S1–CHx surface species undergo further decomposition, forming

carbon atoms and/or carbon group of atoms. (b) These carbon atoms and/or carbon group of atoms can

either remain on the surface, covering active sites, or diffuse in the subsurface of the metal lattice to

carbon growth centers at the grain boundaries or the surface steps. (c) At carbon nucleation centers, the
carbon atoms and/or carbon group of atoms can be incorporated into the graphene layer progressively,

forming encapsulating or filamentous graphitic carbon. (d) In catalysts with well-dispersed metallic

phase, CH4 adsorption-activation centers on the metallic particles are closer to CO2 adsorption-activa-

tion centers on the support, and S1–CHx can be easily oxidized by oxygen/hydroxyl surface species.

(e) In catalysts withwell-dispersedmetallic phase, smallmetal crystallites are fast saturatedwith carbon

before graphitic carbon reaches the critical size to form graphene layer. (f) Supports (MgO) or support

components–additives (CaO) enhancing the adsorption of CO2, forming active oxygen species/

hydroxyls in excess. (g) Supports (CeO2–ZrO2) or support’s components, providing surface active

oxygen species (S2–O) through a Mars–van Krevelen-type mechanism. (h) Additives that can “block”
carbon growth centers in the metal lattice or the surface steps, preventing carbon diffusion
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during steady-state growth of graphite whiskers [123]. Although the calculated

lattice constant of graphene closely matched the lattice constant of the Ni(111)

surface, the interaction between graphene and the Ni(111) surface is very weak and

even slightly repulsive. Bartholomew [124] concluded that carbon formation from

methane decomposition is more difficult on Ni(111) than on Ni(100) or Ni(110).

Abild-Pedersen et al. [103] and Helveg et al. [119] studied the carbon formation

mechanism for various methane reactions, combining ab initio DFT calculations

and experimental results. DFT calculations of methane decomposition showed that

diffusion inside the bulk Ni cluster is highly unlikely and that carbon diffusion

could occur along the surface in the subsurface layer [103]. Abild et al. [103]

demonstrated that nickel step-edge sites act as the preferential growth centers for

graphene layers on the nickel surface (Fig. 3.9).

The carbon formation mechanism described above gives a plausible explanation

for the higher carbon formation resistance of noble metal catalysts. As the calculated

equilibrium constants for methane decomposition are smaller for noble metals than

for nickel, the concentration of intermediate surface carbon species will be lower. In

the presence of oxygen species, these intermediate carbon species will produce CO

before carbonaceous deposits start to form. Furthermore, the dissolution of carbon

into these noble metals lattices proceeds to a smaller extent [125].

Fig. 3.9 (a) High-resolution
transmission electron

microscopy image of carbon

nanofiber growth (left),

obtained in situ during the

catalytic decomposition of

methane on Ni nanoclusters

supported on MgAl2O4 and

showing the interface between

the nickel nanoparticle and the

carbon whisker and (right) the

schematic presentation of the

graphene–nickel interface

specifying the growth of a

graphene layer between

monoatomicNi step sites at the

nickel surface. (b) Illustration
of the growth mechanism for

carbon nanofibers suggested

based on in situ HRTEM

observations and DFT

calculations . Reprinted with

permission from reference

[130]. Copyright (2006) by the

American Physical Society
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There is a debate regarding the effect of metal particle size on the formation of

filamentous carbon. Although small metallic particles comprise more steps and

defects, it has been observed that filamentous carbon formation is less on smaller

crystallites. There is a good explanation for this observation, taking into account the

carbon formation mechanism. According to Trimm [106], carbon diffusion in the

nickel lattice proceeds until the nickel particle is saturated with carbon and then it

stops. It is expected that the saturation with carbon occurs much faster in small

nickel particles. Bengaard et al. [71] have shown that the small carbon clusters must

be unstable. There is a certain critical graphene cluster size of about 80 atoms of

carbon above which graphene island is stabilized. Since the critical nucleus is quite

large, the process is slow. If the facets or step edges of nickel particles are too small,

carbon nucleation cannot proceed and graphite formation is suppressed [71].

This explains why graphitic carbon (encapsulating or filamentous) is not formed

on small metal particles. The difficult point is to identify the critical size for nickel

particles. According to Lercher et al. [126], the critical Ni particle diameter is 2 nm,

below which the carbon formation rate is slowed dramatically. However, most

experimental results conclude that the critical size must be higher, about 7–10 nm

[127–134].

Many research efforts aim in decreasing carbon formation onNi-based catalysts by:

1. Improving the dispersion of the nickel phase, employing suitable preparation

methods, or using metal oxides, as supports or modifiers, which favor the

formation of small Ni0 particles (Fig. 3.8e)

2. Increasing the availability of surface oxygen species by using metal oxides, as

supports or modifiers, which can enhance the adsorption and dissociation of CO2

(Fig. 3.8f, g)

3. Blocking nickel step-edge sites that act as the preferential carbon growth centers

using sulfur, as in the industrial SPARG process, or other poisons (Sn, B, Au)

(Fig. 3.8h)

The results of many of these studies are discussed in the following paragraphs.

3.5 Catalyst Studies

The most important parameters which influence activity, selectivity, and stability

seem to be (1) the nature and particles size of the supported metal; (2) the nature,

texture, and structure of the support; and (3) reaction conditions. Thus, considerable

research efforts focus on shedding light on the importance and the control of these

parameters via proper selection of metallic component and support, catalyst prepa-

ration method, and addition of promoters–modifiers, so as to retain high activity

while suppressing carbon formation.

84 C. Papadopoulou et al.

www.TechnicalBooksPdf.com



3.5.1 Noble Metal Catalysts

As already mentioned above, catalysts based on noble metals (Rh, Ru, Pt, Pd, Ir) are

generally very active for DRM, without significant coke formation, due to small

equilibrium constants for methane decomposition and low dissolution of carbon

into their lattices [55, 135–142]. Activity and resistance to carbon deposition

largely depend on the metal but also on the nature of the support [55, 66, 95, 97,

100, 101, 135–140, 143–153]. Rostrup-Nielsen and Hansen [135], in a comparative

study of various transition metals supported on MgO-stabilized Al2O3, found the

following activity order: Ru > Rh, Ni > Ir > Pt > Pd under atmospheric pressure

and at 773 and 923 K, while the order for carbon formation was Ni > Pd �Ir >
Pt > Ru, Rh, being negligible for the last two. Ruthenium-based catalysts emerge

as ideal candidates for DRM as their high activity is accompanied with low carbon

formation rate. However, the availability of Ru is too low to permit a major impact

on the total reforming catalyst market [135]. Rhodium catalysts, although exhibited

activity comparable to that of nickel catalysts, showed carbon deposition rates

similar to those of Ru [135].

In another study, aiming to elucidate the role of the transition metal and that of

the support over a wide range of temperatures (673–1,023 K), Ferreira-Aparicio

et al. [136] studied the transition metals Co, Ni, Ru, Rh, Ir, and Pt supported on

either silica or g-alumina. The activity at 723 K, expressed as turnover frequency,

followed the order Rh > Ni > Ir > Pt, Ru > Co for the alumina-supported

catalysts and Ni > Ru > Rh, Ir for the silica-supported series (Fig. 3.10) [136].

Higher performance is not directly related to the number of surface metallic sites;

e.g., Ir/SiO2 and Rh/SiO2 catalysts possess higher metal dispersion than Al2O3-

based catalysts, while their catalytic activities are significantly lower. It can be

inferred that the support exerts a significant influence not only on the turnover

frequency of a given metal (Fig. 3.10) but also on the reaction mechanism and on

catalysts’ stability under reaction conditions. The results of this study showed that

selectivity toward syngas does not seem to be greatly affected by the nature of

either metal or support. As a general rule, hydrogen selectivity increases with

temperature while that of carbon monoxide remains practically constant. The rate

of carbon generation and its migration toward the support are factors affecting

activity and stability of a given catalyst [136]. Thus, catalytic stability seems to

depend on the nature of the carrier on which the metal is dispersed and on the

interaction between the metallic phase and the support. MSIs control the sintering

process, and as they are weaker for silica-supported metals, sintering is affecting

these catalysts more [136]. In accordance to the results of Rostrup-Nielsen and

Hansen [135], the study of Ferreira-Aparicio et al. [136] also showed that Rh/Al2O3

catalyst exhibits high turnover frequency and excellent stability, while nickel- and

cobalt-based catalysts are resistant to deactivation. An interesting finding of this

study is the absence of whisker-type carbon (filamentous) on Pt/Al2O3, Ru/Al2O3,

and Ru/SiO2, as TEM micrographs revealed. Thus, the structure of carbon deposits,

in particular for the Ru/SiO2 sample, comes out to be amorphous together with

some carbon layers encapsulating the metal particles [136].
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Since supported Rh catalysts appear to exhibit the best performance, considerable

research efforts have been dedicated toward understanding the reactionmechanism as

well as the factors which influence their activity and stability. Wang and Ruckenstein

[138] investigated the physicochemical characteristics and catalytic behavior of

reduced Rh catalysts supported on two kinds of oxides: reducible (CeO2, Nb2O5,

Ta2O5, TiO2, ZrO2) and irreducible (g-Al2O3, La2O3, MgO, SiO2, Y2O3). According

to this study, the reducible oxides seemed unsuitable for the dry reforming reaction at

atmospheric pressure and 1,073 Kmainly due to low activity. However, recent studies

have revealed improved catalytic performance of CeO2- and ZrO2-based Ni and Pt

catalysts (see relevant paragraphs). Among the irreducible oxides, g-Al2O3, La2O3,

and MgO are active and stable, with the activity increasing in the sequence La2O3 <
MgO < g-Al2O3 [138]. Verykios and coworkers [139–142] have studied Rh catalysts

supported on metal oxides and binary supports, performing also mechanistic studies

[102, 151–153]. Their results show that the specific activity of Rh catalysts strongly

depends on the carrier employed to disperse the metal, decreasing in the order YSZ

(yttria-stabilized-zirconia) > Al2O3 > TiO2 > SiO2 > La2O3 > MgO, while deac-

tivation is higher over Rh supported on TiO2 andMgO.Metal particle size was proven

to be important for the initial intrinsic activity as well as the rate of deactivation, both

decreasing with increasing Rh particle size. However, the degree of these

dependencieswas found to be affected by the nature of the carrier, suggesting different

MSIs. Factors contributing to catalyst deactivation have been shown to be carbon

deposition, metal sintering, and poisoning of surface Rh sites by species originating

from the carrier [139, 140].Mechanistic studies performed by steady-state tracing and

transient techniques at 923 K and 1 atm pressure indicate that the origin of carbon

formed on Rh/Al2O3 catalyst is mainly the disproportionation of CO, while the

contribution of CH4 is small at this reaction temperature [141, 142]. The relative

Fig. 3.10 Methane conversion for transition metal catalysts supported on either silica or alumina

[reacting mixture: CH4:CO2:He (10:10:80); total flow rate: 100 ml/min]: (a) at 723 K, TOS

45 min; (b) at 1,023 K, TOS 5 min Reprinted with permission from reference [136]. Copyright

(1998) by Elsevier
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quantities of the different carbon species and total amount of carbon formed on this

catalyst under reaction conditions of 823–1,023 K and 1 atm depend on temperature

and time on stream [141, 142].

The effect of the support and the activation procedure on Rh catalysts (1–3 wt%

Rh), supported on various supports, such as NaY zeolite, g-Al2O3, Nb2O5, and

TiO2, were studied by Portugal et al. [97]. TOF for CO formation and the dispersion

of metal particles are strongly affected by the type of the support, in accordance

with previous studies of Wang and Ruckenstein [138] and Verykios and

coresearchers [139–142]. The order followed for the metal dispersion is Rh/NaY

� Rh/Al2O3 � Rh/Nb2O5 > Rh/TiO2, while some zeolite-supported samples

have better dispersions, depending on the activation procedure. The pre-treat-

ment-activation procedure was investigated only for the Rh/NaY zeolites where

the highest dispersion was observed for samples previously calcined and then

activated in H2. Catalysts activated directly in H2 or steam or submitted directly

to the reaction conditions showed large metal particles. A correlation between the

specific activity in CO2 reforming and the dispersion of metal particles of Rh/NaY

zeolites was revealed. Portugal et al. [97] concluded that the activity of oxide-

supported Rh catalysts is mainly determined by the participation of the RWGS

reaction. Rh catalysts supported on oxides exhibited significantly higher turnover

frequencies due to a higher degree of participation of the RWGS reaction.

The thermal stability and the relative catalyst resistance to coking of oxide-

supported catalysts followed the same order as that observed for the metal disper-

sion, Rh/Al2O3 > Rh/Nb2O5 > Rh/TiO2. The coking resistance was attributed to

the support ability to stabilize CHx decomposition and carbon monoxide dissocia-

tion. On the other hand, catalysts supported on Na+-neutralized zeolites exhibited

remarkable thermal stability regarding metal dispersion and zeolite structure,

suggesting that zeolite-supported Rh catalysts can be stable DRM catalysts.

The effects of Rh loading and reaction temperature were studied by Wang and

Au [143] on silica-supported catalysts. The increase in rhodium loading up to

0.05% caused an increase in the CO yield, while further increase in Rh content

had almost no effect. An important increase of CH4 conversion is observed for

temperatures higher than 973 K, exceeding than that of CO2 at 1,073 K. Based

on the results that rhodium oxide has higher ability for methane oxidation than

metallic rhodium, Wang and Au [143] proposed the following mechanism:

The dissociation of CO2 could lead to CO or surface carbon, together with surface

oxygen. At 1,073 K, a small amount of rhodium oxide could be temporally formed,

and thus, besides the dominant methane reforming reaction over metallic rhodium

sites, some methane would be oxidized to COx (x ¼ l or 2) by the rhodium oxide,

which is then simultaneously reduced to metallic rhodium. Thus, CO and H2

formation can proceed through two possible pathways for methane dissociation:

direct dissociation and oxygen-assisted dissociation, the contribution of the latter

increasing with temperature. This mechanism explains the higher CH4 conversion

as compared to that of CO2 at 1,073 K. Wang and Au [143] also suggested

that surface hydroxyls might be the main pathway for surface carbon removal

[Table 3.2 (3.15)].
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Recently, two kinetic studies were performed over Rh/Al2O3 catalysts [100,

101]. Maestri et al. [100], using a thermodynamically consistent microkinetic

model, showed that for both steam and dry reforming on Rh/Al2O3 catalysts,

methane dissociation is the RDS, regardless of the coreactant (either CO2 or

H2O). Methane conversion proceeds via pyrolysis and carbon oxidation by

OH(ads) (CH4 ! S1–C ! S1–CO), and the role of the coreactant is to provide the

main oxidizer, OH(ads). In line with isotopic kinetic experiments reported by Wei

and Iglesia [102] for nickel catalysts, methane activation is predicted to be the RDS,

and all steps involving coreactant turn out to be quasiequilibrated [first-order

dependence on CH4 concentration and independent of the coreactant (H2O or

CO2)]. An unexpected finding of this study is that for intermediate and high

temperatures, the S1–CH4, S1–CH2, and S1–CH dissociation steps quickly reached

quasiequilibrium, whereas S1–CH3 decomposition [Table 3.2 (3.9b)] was far from

equilibrium, due to the high activation energy of the reverse reaction. Conse-

quently, Maestri et al. [100] considered this step to be the RDS. As the RDS is

independent of oxidizer, the coreactant is not expected to play any kinetically

relevant role in the rate of the reaction [100]. It is worth noting that, based on the

above model, OH(ads) is considered as the main oxidizer and not O(ads), which is

different from most qualitative mechanisms reported in the literature [93, 141, 154].

Moreover, it was also confirmed that under typical experimental conditions, SRM

and DRM always occur with the WGS reaction close to equilibrium. Donazzi et al.

[101] agree with the importance of the presence of surface hydroxyls, suggesting

that DRM is actually a combination of SRM and RWGS reactions, i.e., that surface

hydroxyls are the effective coreactants of adsorbed CHx species. However, Donazzi

et al. [101] consider that the RWGS is dependent on CO2 concentration, and,

consequently, the kinetics of methane conversion is a function of the kinetics of

both reactions. On the other hand, since under most conditions the RWGS is

equilibrated, the CO2 kinetic dependence becomes prominent only in specific

cases, defined by the combination of high space velocity and low CO2

concentrations. A kinetic study was also performed using a Rh/La2O3 catalyst

[144]. The results are comparable to those obtained by Verykios and his coworkers

on Ni/La2O3 catalysts [49, 65, 79]. In the reduced catalyst, a mixture of La2O3 and

La2O2CO3 (oxycarbonates) on which reduced rhodium particles are well dispersed

was detected by XPS, while the only surface species detected on the used catalyst

were lanthanum oxycarbonate and mainly Rh0. Munera et al. [144] concluded that

the slow steps are both the decomposition of methane [Table 3.2 (3.9)] and the

reaction of the carbon species formed with the lanthanum oxycarbonates present in

the working catalyst, exactly like the mechanism occurring on the Ni/La2O3

catalysts [49]. This slow reaction occurs most likely at the metal/support interface

and provides a rationale for the stability of Rh/La2O3 catalyst [144].

Another recent study, which focused on the viability of a process based on Rh/g-

Al2O3 monolithic catalyst, revealed that equilibrium conversions of CH4 and CO2

can be achieved both under dry reforming and under autothermal conditions [145].

No deactivation was observed under DRM condition when using a stoichiometric

feed, but some deactivation was seen after long-term exposure to 1.4:1 ratios of

CH4:CO2 without O2. After regeneration in air, catalytic activity was restored.
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Other noble metal-based catalysts have also been studied, aiming to elucidate the

importance of the support, the presence of additives on the activity, and the stability

of catalysts as well as the reaction and carbon formation mechanism [95, 146–153].

The reader should turn to the specific literature for more details.

3.5.2 Ni-Based Catalysts

Ni-based catalysts are very active for reforming reactions. Furthermore, Ni is

abundant in nature, has lower price compared to noble metals, and is more suitable

for a cost-effective commercial DRM process. Unfortunately, nickel catalysts are

more prone to carbon formation. During the last decade, these catalysts have been

the subject of intensive investigations to obtain insight into the catalytic phenomena

occurring on these materials in relation with their physicochemical properties.

For the above reasons, catalytic systems on Ni-based materials are extensively

discussed, focusing on the effect of catalyst composition (oxides used as supports

or additives, second metal, metal loading), preparation method, and thermal treat-

ment procedures.

3.5.2.1 The Nature, Texture, and Structure of the Support

Considering all the catalytic phenomena occurring during the DRM reaction, it is

easy to understand the vital role of the supporting material, which, especially in the

case of nickel catalysts, is far beyond the classical view of a carrier which provides

high surface area and mechanical and thermal stability to the catalyst. As the

adsorptive dissociation of methane, occurring on the metal surface, is one of the

rate-limiting steps, the support must obviously offer maximum metal dispersion,

ensuring, in addition, stability under reaction conditions and avoidance of sintering.

Moreover, metal dispersion has a dramatic effect on carbon deposition as the

ensembles necessary for carbon formation are larger than those needed for CH4

reforming [55]. Furthermore, the support must provide the active sites for the

adsorption and dissociation of CO2 in the framework of the bifunctional mechanism

described earlier. Surface acidity–basicity is also a major factor influencing activity

and carbon formation. Increased Lewis basicity of the support leads to increased

adsorption of CO2 which produces surface species which react with carbon to form

CO [55, 60].

The role of MSIs on the performance and the stability of a nickel catalyst is

crucial [50]. MSI, in addition to stabilizing the metallic nickel phase against

sintering, can also increase the electron density in the metal crystallites [78]. As a

consequence, the electron donation ability of Ni0 to antibonding LUMO of methane

increases and so does the ability to activate C–H bond cleavage as in the case of

TiO2-supported catalysts [50]. The support-induced electronic effects are significant

for the smaller nickel crystallites, becoming negligible for large (ca. 10–40 nm)

metallic particles.
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Bradford and Vannice [50], in a comparative study of Ni-based catalysts,

supported on MgO, TiO2, SiO2, and activated carbon, tried to shed light on the

role of the support on activity and carbon deposition. They concluded that the

physicochemical and catalytic properties of the catalyst cannot be linearly related to

the alteration of only one parameter, brought about by the metal oxide used. For

example, the catalytic behavior of Ni/TiO2 is a combination of various phenomena

originating from strong metal–support interactions (SMSIs). Its high activity is

attributed to the increased electron density in the Ni crystallites, while its improved

coking resistance is believed to be due to the low carbon monoxide binding energy

and the high barrier for carbon monoxide dissociation. Furthermore, TEM results

implicate the miscibility of nickel and TiOx phases during reduction and/or reac-

tion, implying that large ensembles of nickel atoms are either removed by reacting

with TiOx species or are covered by mobile TiOx species. Thus, the high carbon

deposition resistance of Ni/TiO2 can be explained in terms of electronic as well as

geometric effects [50].

3.5.2.2 Alumina

Alumina is one of the most common supports as it is inexpensive and has great

mechanical and thermal stability while high dispersion of the nickel phase can be

achieved [88]. Ni/Al2O3 is considered as the state-of-the-art catalyst, and many

articles have been devoted to the elucidation of the reaction mechanism and the

effective suppression of carbon formation on this catalytic system. Its

acidity–basicity depends on the preparation method and the impurities it contains.

Its CO2 adsorption capacity is moderate.

Crystallographic forms, preparation procedure, and nickel loading have a signifi-

cant effect on catalytic performance. High-surface area aluminas with low Ni

loadings (e.g., 5–10 wt% Ni) give satisfactory results, provided that good

Ni dispersion is achieved by the preparation and the thermal treatment procedure

[88, 118, 131]. The latter is an important procedure, determining the degree of

reduction, the formation of NiAl2O4, and thus the catalytic behavior and stability

of these catalysts [88, 131, 155]. Reduction of the Ni/Al2O3 catalyst is a prerequisite

for an active catalyst. Unreduced catalysts are less active than reduced ones, the

former improving under reaction conditions at 1,173 K [88]. Cheng et al. [88]

observed that the degree of nickel reduction had almost no effect on the reforming

activity (especially at high temperatures ~1,173K) and concluded that the RDSmust

be the CO2 dissociation occurring on the support and not themethane dissociation on

Ni0 or the reaction steps occurring at the metal–support interfacial region. On the

other hand, Juan-Juan et al. [131] concluded that the pretreatment procedure is not

essential for the activity of a Ni/Al2O3 catalyst, evaluated at 773 and 973 K, but

affects noticeably the amount of deposited coke. They suggested that calcination

pretreatment could be avoided since the lowest carbon deposition is observed for the

Ni/Al2O3 catalyst which is not calcined but directly reduced at 973 K [131].

Regarding the formation of nickel aluminate, Sahli et al. [155] claimed that the
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catalysts consisting of a solid solution of Al2O3 and NiAl2O4without any detectable

NiO exhibited high activity in the temperature range 773–1,073 K, forming signifi-

cantly less carbon than the catalyst initially containing NiO.

Conventional preparation methods give Ni particles usually larger than 10 nm,

having the tendency to sinter upon reduction and/or under reaction conditions and

to form filamentous carbon. In addition, at high temperatures, nickel aluminate can

be formed, a phase difficult to reduce and consequently inactive for the decompo-

sition of methane. Thus, alternative preparation methods as well as catalysts’

pretreatments have been proposed, e.g., the use of plasma techniques [156, 157].

The plasma treatment of the Ni/Al2O3 catalyst followed by calcination resulted in

smaller Ni particles with a narrower size distribution, smoothened Ni particle

surface (provoking moderate reduction of methane decomposition rate and thus a

better balance of carbon formation–gasification rates), and enhanced Ni–alumina

interactions, leading to high catalytic activity and excellent resistance to the

formation of carbon [156, 157]. Nevertheless, the most common path followed

for the improvement of Ni/Al2O3 catalysts is the introduction of one or more

textural or chemical promoters, targeting the increase of Ni dispersion, the promo-

tion of surface reactions which consume surface carbon clusters, and the blockage

of carbon growth centers. Selected cases such as the use of alkaline or rare earths

and/or bimetallic catalysts will be discussed in following paragraphs.

3.5.2.3 Silica

The lack of SMSI in the Ni/SiO2 catalysts results in deactivation due to nickel

sintering and extensive coking ([50, 55] and references therein). Energetically,

silica-supported nickel catalysts are susceptible to carbon formation due to a

combination of higher carbon monoxide binding energy and a lower barrier for

carbon monoxide dissociation [50]. Pan et al. [158], aiming to enhance the

interactions between Ni particles and silica and improve Ni dispersion, applied

glow discharge plasma for the decomposition of nickel nitrate on the SiO2 support.

The plasma-treated catalyst exhibited comparable activity to that of the Ni/SiO2

catalyst prepared by the conventional incipient wetness method. Yet the resistance

to coke deposition of the Ni/SiO2 catalyst is significantly improved by plasma

treatment, and this was explained by the smaller size of Ni particles and the more

homogeneous dispersion of Ni after the plasma treatment, as revealed by CO

chemisorption and TEM studies [158]. Following another methodology, the influ-

ence of the addition of different amounts of Gd2O3 on a Ni/SiO2 catalyst was

studied [159]. Gd2O3 had a dual effect on the catalyst: (1) higher dispersion of Ni

attributed to strong interaction among Ni, Gd2O3, and SiO2 and (2) Gd2O3-modified

Ni/SiO2 catalysts possessed higher ability for CO2 adsorption and activation,

forming surface carbonate species. All modified catalysts exhibited higher activity

and stability, the best being that having Gd/Ni atomic ratio of 0.45 [159].
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3.5.2.4 MgO and Hydrotalcite-Type Materials

MgO possesses two important advantages for practical applications as it is inex-

pensive and has high thermal stability. Furthermore, it is a unique carrier for nickel

catalysts, having multiple beneficial effects. Mg2+ and Ni2+ ions have similar

crystal ionic radius, 0.65–0.72 Å, respectively, while MgO has the same crystal

structure as NiO. Thus, nickel ions can diffuse in magnesia lattice, creating

NiO–MgO solid solutions with strong interactions between the two phases [55,

60]. As a result, NiO is well dispersed and can only be partially reduced, forming

very small nickel crystallites on the surface of the solid solution (Fig. 3.8d, e),

which in some cases cannot be detected even by HRTEM [55, 60]. Therefore, metal

sintering and carbon deposition are hindered. In addition, magnesia is an alkaline

earth oxide of high surface basicity and thus high affinity to adsorb CO2,

contributing further to the suppression of carbon deposition (Fig. 3.8f). Tomishige

et al. [160] suggested that there are two paths for the activation of CO2 on

Ni1�xMgxO solid solutions: (1) adsorption and activation of CO2 on the support

at the interface between metal and support and (2) activation of CO2 on nickel metal

surface. In the case of Ni1�xMgxO solid solutions, CO2 dissociation at the

metal–support interface is considered as more effective in providing oxygen species

which can react with intermediates such as CHx adsorbed on Ni, surface Ni carbide,

and bulk Ni carbide, strengthening the resistance to carbon formation [160].

However, the first attempts to prepare NiO–MgO catalysts for DRM resulted in

low activity and selectivity, low stability, and high coking rate ([50, 55] and

references therein). Since then, NiO–MgO catalysts have been the subject of

many studies, revealing that active and relatively stable catalysts can be based on

this solid solution, provided that they are suitably prepared [161]. Apparently, there

is a complex interconnection of various parameters (surface area, defect concentra-

tion, basicity, and nickel dispersion) that can have varying impacts on DRM

performance of Ni/MgO catalysts. More specifically, depending on composition

(Ni/Mg ratio), the properties of the MgO used, the preparation method, and thermal

treatment, different NixMg1�xO solid solutions and catalysts can be obtained that

can have very diverse textural, structural, and catalytic properties.

Impregnation of MgO with an aqueous Ni2+ solution seems the most appropriate

preparation method, while coprecipitation is unsuitable [50, 55, 60, 162–166]. The

textural and crystallographic properties of MgO, i.e., surface area, pore size distri-

bution, and lattice parameters, may affect notably the performance of the final Ni/

MgO catalyst: Smaller nickel particles leading to higher catalytic activity and

carbon formation resistance were formed on MgO supports with more porous

structure into which metal ions could easily diffuse during impregnation [163,

167]. NiO loading in Ni/MgO also regulates metallic particle size [168]. Ni content

in the range of 5–15 wt% has been found to be effective for DRM, whereas at higher

loadings, Ni particles become large and behave like bulk materials. Thermal

treatment procedures are decisive for the extent of nickel diffusion in the magnesia

lattice and the formation of solid solution and, consequently, the effectiveness and

the stability of the catalyst [60, 164, 166].
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In summary, the most important factors affecting the properties of the catalyst is

the formation of solid solution and the MSIs it induces which regulate the Ni0

dispersion, the metal-support interface, and the reducibility of the nickel phase.

However, it seems that too SMSI can result in inactive catalysts as in the case of

those prepared by coprecipitation [163].

Another important category of nickel–magnesia catalysts are composites

derived from hydrotalcite (HT)-type precursors, in which the active phase is

homogeneously distributed in a matrix. HT compounds have the general formula

[M2+
1�xM

3+
x(OH)2]

x+(An�
x/n)	mH2O, where M2+ and M3+ are metal cations, e.g.,

Mg2+ and Al3+, A is an anion, n ¼ charge of the anion, 1�x > x, and m is the

number of interlayer water molecules. HTs present a unique layered structure very

similar to that of brucite, Mg(OH)2 [169–171]. In brucite structure, each magne-

sium cation is octahedrally surrounded by hydroxyls, the structure having no net

charge. In HT compounds, some of the Mg2+ ions are replaced by Al3+ ions,

resulting in partially substituted Mg(OH)6 octahedra forming positively charged

layers, where the excess charge is balanced by anions (e.g., carbonate ions) located

in the interlamellar space together with water molecules [171]. The Mg/Al molar

ratio and the interlayer anions can widely vary, while monovalent and tetravalent

cations have also been used, in addition to divalent and trivalent cations indicated

by the chemical formula. The size and orientation of the interlayer anions determine

interlayer spacing [170]. The flexibility in the nature and in the relative proportions

of cations and interlayer anions permits tailoring of the physicochemical

characteristics of the HT compounds. The final catalysts can have the desired

basic and/or redox properties, while the dispersion of the cations in the

hydroxylated layers is retained after thermal treatment [171]. Having these

advantages, HT-derived materials found many applications and appear ideal as

stable catalysts for DRM, STR, POM, or ATM [153, 170, 172–179]. The method

followed for the preparation of the layered hydroxides is usually the

coprecipitation, although other techniques as the urea method, the reverse

microemulsion, or the reconstruction of the HT structure have also been tested

[169, 171, 173–175, 178–180]. These preparation methods which embed Ni

particles into the support and the MSI exerted could hinder the formation of carbon

nanotubes and/or encapsulating layers around the particles [176]. For Ni-based

DRM catalysts derived from HT precursor, the main advantage is connected to

nickel dispersion. The random distribution of Ni ions in the layered structure

hinders the aggregation of nickel phase upon reduction, facilitates the formation

of smaller nickel crystal size, and increases the resistance to coking as compared to

the conventional catalysts [46].

3.5.2.5 Rare Earths

As the oxidation of S1–CHx species is one of the slow steps in the DRM reaction,

considered as rate determining and controlling the formation of carbonaceous

deposits, the availability of surface oxygen species or hydroxyl species is critical
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for a satisfactory catalytic performance. Materials such as rare earth oxides, which

can enhance the availability of O(ads) and OH(ads) species, are expected to contribute

significantly to the efficiency of a DRM catalyst.

Ceria is known for its high oxygen storage/transport capacity (OSC), i.e., its

ability to release oxygen under oxygen-poor environments and quickly reoxidize

under oxygen-rich environments. In redox reactions which utilize oxygen, ceria is

expected to play a key role as it can supply oxygen originating from its lattice and

replace it through the dissociation of carbon dioxide on its surface, in other words a

Mars–van Krevelen mechanism (Fig. 3.8g) [94, 181, 182]. Under dry reforming

conditions, the catalytic behavior of ceria is the outcome of a complicated series of

surface reactions. Ceria can be reduced by H2 and CO, the latter being an even

better reducing agent than H2 [183]. CO2 adsorption and activation takes place on

Ce3+ surface sites with formation of CO and simultaneous oxidation of Ce3+ to

Ce4+, while bulk oxygen vacancies act as “additional driving force” for the reduc-

tion of CO2 to CO [89]. In addition, ceria can chemisorb large amounts of H2 and

CO, the uptake being also dependent on its physicochemical properties as well as

thermal treatment conditions ([183, 184] and references therein). In general, the

redox properties of CeO2 are very sensitive to the textural, structural, and morpho-

logical properties of the catalytic system, brought about by the preparation method,

the presence of metals or metal oxide additives, the pretreatment, etc. [89, 94,

181–187]. The extent of ceria reduction is expected to affect its reactivity; CO2

adsorption and activation depends on the electron donor ability of the surface;

consequently, the more reduced is ceria, the higher its electron donor ability ([94]

and references therein). Unfortunately, the OSC of pure ceria declines under high

temperatures and reductive conditions.

In addition to its promotional effect on CO2 dissociative adsorption, ceria can

also improve the dispersion and stabilization of small metal particles. It is one of the

oxides known to exert strong interactions on the supported metallic phase, resulting

in significant alterations of the physicochemical, chemisorptive, and catalytic

properties of both the oxide and the metal ([183] and references therein). Thus,

the high thermal stability of dispersed metal as well as the formation of Ce–M

alloys under reductive atmosphere are considered to be due to SMSI effects. These

SMSIs are often expressed by remarkable changes in the reducibility of the oxide

and its catalytic properties [185]. Gonzalez-DelaCruz et al. [185] observed that

nickel particles in a Ni/CeO2 catalyst undergo unexpected modifications in their

size and morphology under DRM conditions. The catalyst, prepared by a combus-

tion method and reduced in hydrogen at 1,023 K, was studied using X-ray absorp-

tion spectroscopy (XAS). Nickel particles were flattened and strongly stabilized on

the partially reduced ceria surface. Gonzalez-DelaCruz et al. [185] suggested that

these morphology changes reflect a kind of SMSI and could account for the higher

stability observed for the dry reforming reaction. As Bernal et al. [186] have shown,

the chemical and structural changes occurring on M/CeO2 and related lanthanide

systems upon reductive treatment at elevated temperatures (Tredn � 973 K) resem-

ble those observed on M/TiO2 catalysts at lower temperatures (Tredn � 773 K).

The M–Ce alloying could be definitely established only if very high reduction
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temperatures are applied, while for the ceria-supported Rh catalysts, alloying

effects have never been reported to occur. Metal deactivation occurring at moderate

reduction temperatures (Tredn � 773 K) may be attributed to electronic

perturbations, associated with the interaction between the metal microcrystals and

the reduced ceria support. Moreover, HREM has also proved the occurrence of

metal decoration effects in CeO2-catalytic systems upon reduction at temperatures

higher than 973 K (Fig. 3.11a).

Although bulk CeO2 does not seem to be a suitable support for nickel as MSIs

reduce catalytic activity, a major part of the recent literature on DRM is devoted to

the development of improved ceria-containing binary and ternary supports [55, 181,

182, 188–195]. One of the most studied catalytic systems is ceria–zirconia. Zr4+

stabilizes ceria, forming solid solutions over all Ce/Zr atomic ratios having cubic

face-centered fluorite structures in ceria-rich samples. Ce1�xZrxO2 phases exhibit

improved textural features, thermal resistance, catalytic activity at lower

temperatures, and, most importantly, oxygen storage/transport properties [182,

188, 191–195]. Recent studies of Ce1�xZrxO2 (111) surfaces, combining first

principles DFT calculations and experimental data, confirmed that Zr4+ doping

induces severe distortion of the atomic structures of reduced and unreduced ceria

surface [196, 197]. As a result, formation of oxygen vacancy around the Zr4+ dopant

is facilitated, while oxygen mobility and the OSC are improved. As the availability

of surface oxygen species is vital for the DRM reaction, ceria–zirconia binary

oxides have been applied as catalyst components [182, 191–195]. Several studies

have shown that binary oxides have improved catalytic properties as compared to

catalysts supported on either pure CeO2 or pure ZrO2, although results vary

considerably with the preparation method, the Ce/Zr ratio, the nickel content and

dispersion, the presence of other elements, and the reaction conditions. Nickel is

well dispersed on these supports, metallic nickel crystallites being smaller than

Fig. 3.11 HREM representative images of rare earth oxide overlayer decorating metal particles in

reduced catalysts: (a) a 2.5% Rh/CeO2 catalyst reduced at 1,173 K and (b) a 10% Rh/La2O3

catalyst reduced at 773 K Reprinted with permission from reference [186]. Copyright (2003) by

Elsevier
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10–15 nm, and for loadings�5%, their size could not be calculated [182, 192–195].

However, there is no general agreement whether nickel is incorporated into

ceria–zirconia fluorite structure. Chen et al. [195], studying Ni–Ce0.75Zr0.25O2

catalysts (2.1–4.8 wt% Ni) prepared by various methods, calculated smaller lattice

parameters for the catalysts prepared by coprecipitation than for the corresponding

supports. They attributed this decrease to the incorporation of the smaller nickel

ions (0.72 Å) into the ceria–zirconia solid solution. Koubaissy et al. [198] suggested

that some metal atoms could be incorporated in the fluorite lattice of the NiyCe2�x�y
Zrx (3–5 wt% Ni) catalysts, the degree of incorporation decreasing with the increase

of ceria content. Kambolis et al. [182] observed a decrease of the fluorite lattice

parameter only in the case of Ni/ceria catalyst that could be attributed to the

presence of nickel ions in the lattice of ceria, while this is not obvious for their

zirconia-containing Ni/CexZr1�x catalysts. On the other hand, Kuznetsova and

Sadykov [197] state that the unit cell parameter of the fluorite structure increases

with the increase of the cation radius introduced while upon the introduction of

zirconium and the unit cell parameter decreases because the zirconium ion has a

smaller radius than cerium. However, lower valence ions (such as copper, manga-

nese, aluminum) in CeO2 lattice, although generating pure anionic vacancies,

do not change the unit cell parameter of CeO2 fluorite structure even at very

high concentrations, in contrast to what is observed for the Zr4+ ions [197].

The Ni/Ce1�xZrxO2 catalysts are more reducible than the corresponding supports,

i.e., nickel species promote the reducibility of the solid solution, indicative of

important MSIs [182, 193]. Although catalysts supported on Ce1�xZrxO2 binary

oxides were more active for dry reforming than those supported on pure ceria or

zirconia, there is no general agreement on the optimum Ce/Zr ratio regarding

catalytic performance and carbon formation resistance, and this is an example of

the importance of the preparation procedure and the reaction conditions [182, 192,

193, 195]. Furthermore, carbon formation may not be the only cause of the activity

loss as phase transition and support sintering can also occur [192].

Proof of the participation of the ceria lattice oxygen in the DRM reaction

sequence (Fig. 3.8g) has been provided by Otsuka et al. [199] and Wang et al.

[200]. Otsuka et al. [199] explored the activity of a series of Ce1�xZrxO2 solid

solutions for the gas–solid reaction with CH4, in the absence of gaseous oxidant and

supported metal. The materials were pretreated in O2 at 1,073 K for 1 h, while the

reaction took place at 973 K using a feed of CH4 diluted with Ar. Ce1�xZrxO2

composite oxides as well as CeO2 produced H2 and CO as the main products for

about 40 min. Higher H2 and CO production was achieved by the incorporation of

ZrO2 into CeO2, forming Ce1�xZrxO2 composite oxides up to a Zr content of 20%

[199]. On the contrary, doping ceria with yttria decreases the activity in DRM of Ni-

supported catalysts, while more carbon is deposited [200]. EPR and XPS results

provide evidence that this negative effect on catalytic activity and carbon formation

resistance is due to the inhibition of oxygen mobility in the yttria-doped ceria, the

inhibition increasing with yttria loading [200]. These results are additional evidence

of the important contribution of the ceria lattice oxygen in the reaction. On the other

hand, Akpan et al. [92], performing kinetic, experimental, modeling, and simulation
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studies over a new Ni/CeO2–ZrO2 catalyst, suggest an Eley–Rideal (ER) mecha-

nism, assuming the dissociative adsorption of methane as the RDS. These results

are rather surprising for a catalytic system containing Ce1�xZrxO2 solid solution, as

the adsorption and activation of carbon dioxide should be enhanced.

Lanthana has also been used as main support for DRM catalysts [49, 65, 74, 79,

139, 140, 144]. The results of these studies have shown that no matter which is the

active metal, Ni or Rh, lanthanum oxycarbonate (La2O2CO3), formed by the

interaction of La2O3 with CO2, plays a vital role in the reaction mechanism. In

both systems, there are two RDSs: the decomposition of methane and the reaction

of the carbon species left on the surface with the oxycarbonates present on the

working catalyst [49]:

S1 � CH4 ! S1 � C + 2H2 RDS:

S1 � C + La2O2CO3 ! La2O3 þ 2COþ S1 RDS:

Lanthana can also adsorb and react with CO when heated in CO at 670 K,

resulting in carbonate formation, desorbing CO2 under TPD conditions [201]. Still,

the catalytic properties of lanthana are strongly dependent on the structure of the

oxide and the thermal treatment, as lanthana annealed at 1,700 K is less active than

that heated at 1,100 K. Changes of the redox properties of lanthana and deactivation

are considered as the result of structural changes in the oxide upon heating, causing

the crystallization of amorphous species, increasing the crystallite size of lanthana,

or changing the types of the exposed crystal facets of the oxide [201]. Putna et al.

[201] concluded that the reducibility of the cluster depends on its size, deactivation

occurring by increasing crystallite size, or removing the active surface facets from

lanthana. Verykios and coresearchers [49, 65, 79, 139, 140] suggest that the very

good stability of the Ni/La2O3 catalyst is also due to the increased metal support

interphase as the Ni particles are partially covered (decorated) by La2O2CO3

species and catalytic activity occurs at the Ni–La2O2CO3 interface. Tsipouriari

and Verykios [65], investigating the DRM reaction pathways over Ni/La2O3 and

Ni/Al2O3 catalysts by isotopic tracing techniques, consider the CO2 adsorption as

important. Adsorption and dissociation of CO2 molecules is faster over the Ni/

La2O3 catalyst than over Ni/Al2O3. During dry reforming of CH4 over Ni/La2O3,

the CO2 molecule interacts with the carrier to form the La2O2CO3 species which

decompose to produce CO and oxygen species important for the DRM reaction

mechanism [(3.14a) or (3.14b)]. The much higher affinity of Ni/La2O3 catalyst for

CO2 chemisorption could be attributed to the higher basicity of lanthana as com-

pared to that of alumina. These observations are supported by the work of Bernal

et al. [186] who have shown that the basicity of the metal catalysts supported on

lanthanide sesquioxide (Ln2O3) is the key parameter which influences their

properties rather than their reducibility. During the impregnation step, dissolution

of the support can take place as the aqueous solution containing the metal precursor

is usually acidic, especially in the case of noble metals [186]. For 4f-sesquioxide

supports, textural changes associated with the dissolution occur, resulting in

3 Utilization of Biogas as a Renewable Carbon Source. . . 97

www.TechnicalBooksPdf.com



profound chemical modifications of the support, which is converted into a complex

mixture of hydrated and carbonated phases. After drying, simultaneous reprecipitation

of both metal and La ions results in material in which metal atoms are so finely

embedded into the support matrix that metal nanoparticles are not visible in the

HREM images of catalysts reduced at low temperature [186]. At higher reduction

temperatures (773–973 K), metal species segregate forming observable metal

particles, while the thermal decomposition of the support phases (lanthanum hydrox-

ide and hydroxycarbonate) results in the formation of La2O3. In the final catalyst, well-

dispersed nanosized metal particles covered by patches of lanthana can be detected

(Fig. 3.11b). The degree of the support decomposition and the growth of metallic

particles increased with the increase of reduction temperature. Bernal et al. [186]

believe that the chemisorption and catalytic properties of the catalysts supported on

lanthanide sesquioxides must be primarily related to the nanostructure of the catalysts

(controlled during the preparation procedure) and the intrinsic basic character of this

family of oxides and not to their reduction under very mild conditions [186]. On the

other hand, a comparative study of Ni and Rh metal catalysts supported on SiO2 and

La2O3 showed that lanthana-supported catalysts were less active at relatively low

temperature (<873 K) and form more carbon than silica-supported ones [202]. This

behavior was explained as follows: Lanthana activates the CO2 dissociation, supply-

ing CO to the metal. At low reaction temperatures, i.e., <873 K, the Boudouard

reaction is the main cause of carbon formation and thus, it is enhanced in the presence

of lanthana. Furthermore, lanthana has a positive effect when the metal has low

methanation activity, but fast C deposition and deactivation occurs with metals like

Ni with high activity for methanation [202].

3.5.2.6 Other Supports

Recently, certain other materials have been studied as supports for Ni catalysts,

such as zeolites, mesoporous materials (MCM-41, SBA-15, SBA-16, etc.), and SiC.

[203–208]. The suggestion of the use of zeolites as promising supports for DRM is

based on their well-defined structure (allowing for a high dispersion of active

metal), high surface area, high thermal stability, and high affinity for CO2,

properties expected to enhance both catalytic activity and stability [205]. The

type of zeolite (ZSM5, HY, USY, A, X, etc.) and the use of modifiers (Mg, Mn,

K, Ca, La) permit to regulate activity, carbon resistance, and stable catalytic

performance [203–205, 208].

Luengnaruemitchai and Kaengsilalai [205] compared nickel catalysts supported

on various zeolites. Conversions at 973 K, at atmospheric pressure, and at a CH4/

CO2 ratio equal to 1 followed the order Ni/zeolite Y > Ni/zeolite X > Ni/ZSM-

5 > Ni/zeolite A. Deactivation rates followed the order Ni/zeolite Y < Ni/zeolite

X < Ni/ZSM-5 < Ni/zeolite A. However, the amount of carbon deposited on Ni/

zeolite Y indicates that the cause of deactivation of the other catalysts must not be

solely due to carbon formation. Best catalytic activity was obtained for 7 wt% Ni

loading for every zeolite support, producing, however, larger amounts of coke [205].
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The influence of various promoters on zeolite-supported catalysts was also

explored [203, 204]. Doping of the ZSM-5 zeolite-supported Ni catalyst with La

species had a positive effect with respect to activity and selectivity toward CO and

H2 formation and also demonstrated superior coke resistance [203]. The improve-

ment in the catalytic properties of the composite material was attributed to the

selective adsorption of CO2 on sites adjacent to Ni, to form La2O2CO3 species,

which then react with the surface carbon species to form CO. The influence of

various promoters (Mg, Mn, K, Ca) on zeolite-supported catalysts was also

explored by Jeong et al. [204] on Ni/HY catalysts. Most promoters (except K)

improved nickel dispersion as the calculated Ni particles size was much smaller on

modified catalysts, the smallest being detected on Ni–Mg/HY. This catalyst gave

the highest CH4 conversion. The resistance to deactivation of Ni–Mg/HY catalyst is

believed to be related not only to the highly dispersed nickel species, which did not

sinter under DRM conditions, but also to carbonate species formed on magnesium

oxide [204].

SiC seems a promising support for highly endothermic and exothermic

reactions, due to its low specific weight, high mechanical strength, and, especially,

its high thermal conductivity [206]. A Ni/SiC foammonolithic catalyst proved to be

active and stable. However, the SSA (4.4 m2g�1 for 7 wt% Ni/SiC) is very low and

the metal loading relatively high, while no estimation of the quantity of carbon

formed is reported. Thus, further investigations are required before concluding on

the practical use of these materials.

3.5.2.7 Additives

An additive (metal oxide or element), in order to be used as a modifier, must fulfill

at least one of the following requirements: (1) improve the dispersion of the

metallic phase forming nanosized metal particles (Fig. 3.8e); (2) enhance the

adsorption and activation of CO2 (Fig. 3.8f); (3) readily provide active surface

oxygen species, being reoxidized by the dissociative adsorption of CO2 through a

Mars–van Krevelen-type mechanism (Fig. 3.8g); and (4) “block” carbon growth

centers in the metal lattice or the surface steps, preventing carbon diffusion

(Fig. 3.8h). Metal oxides that showed enhanced activity but poor stability or have

low surface area have been examined as promoters—constituents of a multicompo-

nent catalytic system, usually meeting more than one of the above requirements.

Again, the nature of the metal oxides used, the catalyst composition, and the

preparation and pretreatment methods are very diverse, and results vary to a great

extent while the literature is so vast that we will only attempt to present the outlines

and some examples of materials not discussed previously. For more details, the

interested reader is referred to the relevant literature.

As already mentioned, strong Lewis basicity of the DRM catalyst is expected to

attenuate or even suppress carbon deposition, promoting CO2 chemisorption.

Besides MgO which is commonly used as a support or catalyst component

(hydrotalcite precursors), other alkaline earth oxides have also been investigated,
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most frequently CaO [134, 162, 204, 209–229]. CaO as a support gives a poor

outcome. Zhang and Verykios [210] showed that a Ni(17 wt%)/CaO catalyst

exhibited decreased Ni dispersion and lower DRM rate compared to an equally

loaded Ni/g-Al2O3 catalyst. The poor catalytic performance of NiO/CaO for DRM

has also been reported by Ruckenstein and Hu [162] who studied nickel catalysts

supported on alkaline earth metal oxides (MgO, CaO, SrO, and BaO). The NiO/

MgO catalyst gave the best results. In contrast, the NiO/CaO and NiO/SrO samples

exhibited lower reforming activity and selectivity and very low stability, while the

NiO/BaO sample was practically inactive.

Aiming to take advantage of the basic character of CaO, this material has been

extensively studied as additive. Zhang and Verykios [210] reported that modifying

a Ni/g-Al2O3 catalyst with CaO slightly increased reaction rate and improved

stability. They suggested that the increased reaction rate may be related to the

enhancement of the reducibility of the nickel phase due to the retardation of the

formation of stable (and difficult to reduce) nickel aluminate. In situ FTIR and O2-

TPSR showed three types of carbonaceous species (designated as Ca, Cb, and Cg)

formed on both the unpromoted and the CaO-promoted catalysts [210]. Although

the quantity of the active carbonaceous species responsible for the formation of

synthesis gas (Ca) was approximately the same on both catalysts, the amounts of the

inactive species (Cb and Cg) were significantly larger on the Ca-promoted catalyst.

However, they could be removed at lower temperatures. The authors [210]

suggested that the increase of the carbon formation rate could be due to either the

larger Ni crystallites on the promoted catalyst, which favorably accommodate more

carbon in the form of Ni carbide and/or graphitic carbon, or to the increased amount

of the formate species which are strongly bound on the promoted catalyst.

An increase of carbon deposition on CaO-modified Ni/A12O3 catalysts was also

observed by Tang et al. [212] and Wang and Lu [219].

In a comparative study, Wang and Lu [219] investigated the effect of various

promoters, namely, an alkali metal oxide (Na2O), alkaline earth metal oxides

(MgO, CaO), and rare earth metal oxides (La2O3, CeO2), on the catalytic perfor-

mance of 5 wt% Ni/g-Al2O3. The behavior of the promoted Ni/g-Al2O3 catalysts

was found to depend on the nature of the promoter. The decrease of the activity of

Na2O- or MgO-promoted catalysts was attributed to the decrease of the specific

surface area and the blockage of Ni active sites. In contrast, CaO, La2O3, and CeO2

were well dispersed and exhibited practically the same initial activity as the

unpromoted Ni/g-Al2O3. Modification by CaO caused an important increase of

carbon deposition, in accordance with the results of Zhang and Verykios [210] and

Tang et al. [212], while modification by the other promoters suppressed carbon

deposition. Wang and Lu [219] deduced that the process of carbon deposition on a

Ca-promoted catalyst must be different than that occurring on the other promoted

catalysts. As CaO was the only promoter to increase Ni dispersion (MgO, La2O3, or

CeO2 had no effect, while Na2O deteriorated it), they attributed the increased coke

deposition on the Ni–CaO/g-Al2O3 catalyst to the enhancement of the CH4 decom-

position brought about by the smaller size of nickel particles. On the other hand,

CaO (as well as La2O3 and CeO2) enhances the reactivity of carbon species formed
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on the surface toward CO production, Ca-promoted sample exhibiting better stabil-

ity despite of the higher amount of coke formed compared to the undoped Ni/g-

Al2O3 catalyst, in accordance with the suggestions of Zhang and Verykios [210].

In contrast to these studies, which demonstrated that modification of nickel

catalysts by CaO does not influence, in a significant way, dry reforming activity,

others concluded that calcium may have an important effect (either positive or

negative) on activity. Cheng et al. [215] reported that a Ni(10 wt%)/CaO

(5 wt%)�g-Al2O3 catalyst, prepared by impregnating the CaO-modified support

with nickel, was markedly more active than the corresponding unpromoted catalyst

in the temperature range of 923–1,123 K. The enhancement of catalytic activity was

even more pronounced when the alumina support was modified by 5 wt% MgO

instead of CaO. They suggested that the promoting action of alkaline earth oxides

(CaO or MgO) could be associated to the weakening of the interactions between

nickel and support, leading to the formation of more easily reducible supported

NiOx species. This weakening of interactions is caused by the competition of Ni(II)

and Ca(II) (or Mg(II)) to interact with alumina when these ions coexist on its

surface. On the other hand, Horiuchi et al. [216] investigated the effect of

modifying Ni/g-Al2O3 catalyst with basic metal oxides (Na2O, K2O, CaO, and

MgO). They reported that, although CO2 reforming was suppressed by all these

oxides, carbon deposition was markedly decreased during both DRM and CH4

decomposition. The hindrance of the CO2 reforming rate was most pronounced in

the case of K2O, closely followed by CaO, while Na2O had not a significant effect.

According to the authors, this is probably due to the enrichment of the electron

density of the Ni metal caused by the presence of these modifiers. The enrichment

of the electron density inhibits the adsorption of methane on the Ni active sites, thus

decreasing the activity of the catalyst for CH4 decomposition [216].

The discrepancies, regarding the effect of CaO on reforming activity and carbon

deposition, are most probably due mainly to the differences in composition and

method of synthesis of the catalysts used in these studies.

There is a general agreement that the influence of Ca is strongly dependent on

the Ca content of the catalyst, investigated in a number of studies [213, 220–222,

228]. When in low content, Ca may reduce carbon deposition and, in general,

increases activity, whereas higher Ca loadings increase the amount of coke and may

leave the activity unaffected or even deteriorate it. Goula et al. [213] reported that a

CaO/Al2O3 ¼ 1/2 molar ratio gave a slightly more active catalyst but accumulated

significantly lower amounts of carbon than the one with CaO/Al2O3 ¼ 12/7, the

difference being attributed to the influence of the mixed support composition on the

morphology and particle size distribution of the nickel metal. Quincoces et al. [220]

investigated a series of Ni(15 wt%)/CaO–g-Al2O3 catalysts, with CaO content

ranging from 0 up to 5 wt%, and reported that, for this composition region, the

addition of CaO had not any significant impact on the DRM activity. However, CaO

content influences the stability of the catalysts: In low loading (up to 3 wt%), CaO

reduces the amount of carbon formed on the surface of the used catalyst, while for

higher loading of CaO, higher coke deposits were formed on the modified sample

than on the unpromoted Ni/g-Al2O3 catalyst. The authors suggested that the
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decreased coke formation on the low-loaded CaO-promoted samples may be

attributed to the increase of basicity which, by favoring the CO2 adsorption,

promotes the inverse Boudouard reaction. Dias and Assaf [222] observed an

increased reforming activity of Ni(8 wt%)–CaO/g-Al2O3 catalysts with low Ca

loading (up to 3.6 wt% Ca) attributed to the favoring of CO2 adsorption on the

surface, while the decline of the activity of the higher Ca content (5.5 and 7.4 wt%

Ca) may be due to the increase of the nickel electron density provoked by the

presence of calcium in such high loadings, in accordance with the work of Horiuchi

et al. [216]. Moreover, these authors reported that the order of deposition of Ni

and Ca in their successively impregnated samples had only minor influence on

catalytic activity.

Among the various parameters affecting the outcome of the presence of CaO in

the DRM behavior of nickel catalysts is the nature of the support. Hou et al. [221]

compared the performance of three Ca-modified nickel catalysts supported on SiO2,

g-Al2O3, or a-Al2O3, prepared by coimpregnation and having a molar ratio of

Ca/Ni ¼ 0.04. Calcium provoked a decrease in the reforming activity of SiO2

and g-Al2O3 catalysts, while coke formation rate was decreased for SiO2 but

increased for g-Al2O3. In contrast, small amounts of Ca increased the reforming

activity of Ni/a-Al2O3 accompanied by a slight variation in the coke formation rate.

The beneficial effect of CaO in Ni(8 wt%)–CaO/a-Al2O3 catalysts was presumed to

be due to the improved dispersion of Ni, the strengthening of interaction between Ni

and Al2O3, and the prevention of Ni0 sintering. According to Hou et al. [221],

Ca/Ni ¼ 0.2 is a critical point, above which an excess amount of Ca would cover

the surface of a-Al2O3 hindering the interaction of Ni with the support while

increasing the decomposition of CH4, this being the main reason for the deactiva-

tion of the samples modified with high Ca contents. In line with the above, Roh and

Jun [228] also observed an improvement in catalytic behavior with low loading of

CaO (molar ratio of Ca/Al ¼ 0.04) in y-Al2O3-supported nickel catalysts, while

similarly small molar ratios (0.05–0.06) were also needed for the highest DRM

activity when, instead of calcium, La or Mg was used as the promoter. The

beneficial effect of these additives is attributed to the strong interaction between

Ni and CaO, the stabilization of CaO on Al2O3, and the prevention of carbon

formation by the strong basicity of CaO.

Quincoces et al. [218] reported that modification of Ni/SiO2 catalysts with CaO

deteriorated the textural properties and reduced the dispersion of the active phase.

The increase of the Ca content increases both dry reforming activity and carbon

formation. Ping et al. [225] investigated the effect of promoting Ni/SiO2 by alkali

metals (K or Cs) or alkaline earth metals (Mg, Ca, Sr, or Ba) on the DRM

performance. According to these authors, Mg- and Ca-promoted Ni/SiO2 catalysts

exhibited excellent coke resistance with only minor loss of activity relative to the

unmodified Ni/SiO2 sample. Although K- and Cs-promoted catalysts could

decrease carbon deposition, their reforming activity was also heavily decreased.

Finally, modification by Ba or Sr led to poor coking resistance.

Yamazaki et al. [209] reported that smaller amounts of carbon were formed on

Ni/MgO–CaO than on the unmodified Ni/MgO. This was attributed to the higher
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basicity induced by CaO, which, by enhancing the adsorption of CO2, promotes the

reverse Boudouard reaction and, thus, lowers the amounts of accumulated carbon.

Ni(13 wt%)/HY catalysts promoted by Mg, Mn, or Ca exhibited improved catalytic

performance without experiencing severe deactivation [204]. The optimum perfor-

mance was observed for the Mg-promoted sample, while promotion by K provoked

a severe deactivation due to the formation of large amounts of coke. Mesoporous

Ni–CaO–ZrO2 nanocomposites exhibited excellent activity and coking resistance

for the DRM reaction [134]. Liu et al. [134] reported that low Ni content resulted in

high metal dispersion and good catalytic performance, while the basicity of the

matrices provoked by CaO improved the chemisorption of CO2 and promoted the

gasification of deposited coke on the catalyst. Adding CaO to the ZrO2 support of

nickel catalysts increased the activity of Ni(5 wt%)/CaO–ZrO2 catalysts with CaO

content up to 8 mol% and sharply decreased it for higher CaO loading [229].

Bellido et al. [229] observed a similar trend for the variation of the oxygen ionic

conductivity of the supports with the CaO content and suggested that DRM activity

may be influenced by the electrical conductivity of the CaO–ZrO2 supports, mainly

through the step of CO2 activation by oxygen vacancies.

In several cases, the enhancement of DRM catalytic performance has been

attempted by simultaneously modifying nickel catalysts with more than one pro-

moter. Chang et al. [214] showed that the modification by alkaline promoters (Ca

and K) of a Ni(5.3 wt%)/ZSM-5 catalyst markedly inhibited coke deposition during

DRM. This superior coke resistance was attributed to the favorable adsorption of

CO2 adjacent to Ni sites to form carbonate species (mainly on Ca) and to the

dissociative adsorption of CO2 on the Ni surface.

Hou et al. [223] and Yashima [224] reported that a copromoted KCaNi/a-Al2O3

catalyst exhibited high activity, stability, and excellent coke resistance. According to

these authors, copromotion byK and Ca strengthened the interaction betweenNi and

a-Al2O3, promoting the formation of a unique NiAl2O4 phase; increased the disper-

sion of Ni; and retarded its sintering during DRM. According to Chang et al. [226],

the simultaneous alteration of the support and Ni surface of Ni/ZrO2 catalysts with

a Ce modifier and a Ca promoter led to a high-performance catalyst. The observed

high stability was mainly attributed to the synergistic effect of the Ca promoter

and the Ce modifier for coke resistance and high-temperature catalyst aging.

Rare earths generally exhibit good dispersion of the active phase, but the

catalytic performance and stability of catalysts supported on their oxides are usually

not satisfactory. Thus, efforts have been exerted to develop stable catalysts using

rare earth oxides as a promoter, usually on g-Al2O3-supported catalysts [189, 230].

Wang and Lu [189] showed that CeO2 has a different effect as a support or

promoter. They compared the catalytic performance of Ni catalysts supported on

g-Al2O3, CeO2, and CeO2–Al2O3. Ni/CeO2 had the lowest surface area and the

lowest activity, consequently the lowest carbon deposition rate of all catalysts

studied. SMSIs which induced coverage of active sites, combined with thermal

sintering, were considered the reasons of the poor performance. However, even at

low loadings of 1–5 wt% CeO2, CeO2 had a positive effect on catalytic activity,

stability, and carbon suppression when used as a promoter in Ni/g-Al2O3 catalysts.
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Ceria in Ni/CeO2–Al2O3 catalysts inhibited the formation of NiAl2O4, increased the

dispersion of NiO, and prevented the formation of large metal ensembles, thus

reducing carbon deposition. The oxidative properties of CeO2 also contribute to

higher resistance toward carbon accumulation [189].

Nandini et al. [230] studied the effect of K–, CeO2–, and Mn– addition on Ni/

Al2O3 catalysts. The stability and lower amount of coking on Ni–K/CeO2–Al2O3

and Ni–K/MnO–Al2O3 catalysts were attributed to the improved Ni dispersion due

to CeO2 or MnO and to partial coverage of the surface of nickel by patches of

promoters, increasing CO2 adsorption and the formation of surface-reactive car-

bonate species [230]. Unfortunately, no characterization data were provided to

support these assumptions.

As discussed earlier, the mechanism of carbon formation implies that

coordinatively unsaturated sites, such as step-edge sites, are more active for the

DRM reaction but also for carbon diffusion into nickel lattice toward carbon growth

centers [71, 72, 103, 119]. Furthermore, carbon presents much higher stability on

steps than on terrace sites. Consequently, another approach for the suppression of

carbonaceous deposits is the selective blocking of these sites (Fig. 3.8h). Although

this affects to some extent the activity of the catalysts, it may effectively retard

carbon deposition. In the industrial SPARG process, the partial passivation of

nickel catalysts with sulfur is aiming to the kinetic resistance to carbon formation

[45, 46, 63]. Gold is also believed to block highly reactive Ni edge and kink sites,

forming a surface alloy (Au is immiscible in bulk Ni) that is active for steam

reforming but more resistant toward carbon formation than the pure Ni catalyst

[231, 232]. A recent study on DRM over 8 wt% NiMgAl2O4modified with 0.5 wt%

Au showed that addition of gold improves the catalytic activity while carbon

nanotubes, observed on the unpromoted used catalyst, are not detected on the

bimetallic catalyst [233]. However, the XRD results revealed that Au also prevents

agglomeration of Ni particles; the latter, after the first reaction-regeneration cycle,

surprisingly become undetectable in the Au-promoted catalyst, while their average

Ni0 particle is about 35 nm on the unpromoted catalyst. Thus, carbon suppression

may also be due to the smaller nickel particles. Another structural promoter, aiming

to improve the performance of the catalysts in various reactions, is boron. It was

suggested that boron can affect the activity through the increase of the Ni phase

dispersion and electron interactions between Ni and B [110]. Xu and Sayes [104,

122], based on ab initio DFT calculations, suggested that boron atoms preferentially

adsorb on the octahedral sites of the first subsurface layer of the nickel lattice,

blocking effectively carbon diffusion into the bulk. Furthermore, boron is also

expected to provoke a decrease of the on-surface carbon binding energy [104].

Xu and Sayes [104] suggested that carbon atoms/groups of atoms remain on the

surface, available for reaction. Consequently, the nucleation rate of graphene

islands decreases and the coking resistance of boron-promoted Ni catalysts is

expected to improve. Fouskas et al. [132] studied the influence of boron addition

on the dry reforming activity and the carbon formation resistance of Ni/g-Al2O3

catalysts, prepared by coimpregnation, in order to maximize the mutual contact of

the two phases. Catalytic activity slightly decreased, as predicted by Xu and Sayes
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[104], while the amount of carbon formed was remarkably suppressed. As in the

case of gold catalysts studied by Guczi et al. [233], XRD and TEM results showed

that nickel particles in the B-modified catalyst are smaller than those on

unpromoted Ni/g-Al2O3 or on the catalyst with high boron content [132]. Best

results are obtained for B/(B + Ni) ratio equal to 0.5.

3.5.3 Bimetallic Catalysts

The addition of a second metal aims to improve the stability by affecting various

properties of the catalysts. Inui et al. [234] were among the first to report on the

beneficial effects of small amounts of precious metals such as Ru, Pt, Pd, Ir, and Rh

on Ni catalysts. A marked enhancement in the rate of CO2 reforming of methane

was observed by the addition of a small amount of Rh to Ni–Ce2O3–Pt supported on

alumina wash-coated ceramic fiber. Inui et al. [234] suggested that these metals

function as “a porthole for hydrogen spillover” toward the main components of the

catalyst and keep the catalyst surface a reductive one.

Chen et al. [235] observed that Ni0.03Mg0.97O solid solution, prepared by

coprecipitation method and reduced at high temperatures, although having an

excellent anticoking performance at 1,123 K, exhibited poor activity and stability

at low reaction temperatures such as at 773 K. This was thought to be due to the

oxidation of Ni species by CO2 and/or H2O, which could be prevented by hydrogen

spillover. The addition of small amounts of noble metals [atomic ratio of M/(Ni +

Mg) between 0.007 and 0.032%, M ¼ Pt, Pd, or Rh] improved significantly both

catalytic activity (two times higher) and stability at 773 K. Chen et al. [235]

concluded that the synergistic effect is due to the formation of Pt–Ni alloy particles

which favor catalyst reducibility and accelerate the dissociation of CH4. As a result,

the RDS is changed from dissociation of CH4 to dissociation of CO2 or to the

oxidation of surface hydrocarbon species with adsorbed oxygen.

The presence of small amount of noble metal was proven to be beneficial also for

a Ni catalyst prepared from a hydrotalcite doped with Rh [236]. The reversible loss

of activity of Ni/MgAl at 773 Kwas accredited to the oxidation of metallic Ni, while

the enhanced stability of NiRh/MgAl was accredited to H2 spillover from Rh in the

NiRh alloy, hindering the oxidation of Ni. The results of Nagaoka et al. [236] also

show that addition of Rh results in the formation of relatively small NiRh particles

and higher fraction of metals exposed, in accordance with the results of Inui et al.

[234] and Chen et al. [235]. The nickel and rhodium bimetallic system was also

studied in catalysts supported on MCM-41 like mesoporous materials [237]. It was

observed that the influence of Rh depends on the catalyst’s preparation method:

Rh incorporation into the Ni–MCM-41 in one step (together with nickel nitrate,

sodium silicate, and a surfactant) improved both activity and stability of the catalyst,

whereas Rh incorporation by impregnation of the Ni–MCM-41 caused instabilities

due to coke formation at long reaction times. Another interesting finding of the

work of Arbag et al. [237] is that Rh addition caused a decrease of the contribution

of the RWGS reaction in CO2 consumption, resulting in higher hydrogen yield.
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Pt was also tested as a second metallic component of Ni-based catalysts [238].

Monometallic (Ni and Pt) and bimetallic (PtNi) nanostructured catalysts were

prepared by the reverse microemulsion (ME) method and were supported on a

nanofibrous alumina either in one step or by wetness impregnation of the support.

The addition of Pt and the preparation of the catalysts by the ME method promoted

the formation of NiO instead of NiAl2O4 and facilitated its reduction to Ni0 during

catalyst pretreatment [238]. As in the case of Rh, introduction of small amount of Pt

results in a decrease of the Ni0 particle size, as compared to the corresponding

monometallic catalyst. The decrease of Ni particle size in the presence of Pt was

attributed to a dilution effect causing Ni redispersion and decreasing the mobility of

the Ni metal particles. The enhanced catalyst stability and selectivity toward H2 and

CO of the bimetallic catalysts are suggested to be the results of Pt–Ni interaction

between metallic centers [238].

Cobalt seems also to be a good promoter [61, 116, 133]. Zhang et al. [61]

explored the effectiveness of other bimetallic catalysts, preparing

Ni–Me–Al–Mg–O (Me ¼ Co, Fe, Cu, Mn) composite materials by coprecipitation.

The initial activity followed the order Ni–Co > Ni–Mn > Ni–Fe > Ni–Cu,

whereas the activity decay followed the same order as the carbon formation rate:

Ni–Fe > Ni–Mn > Ni–Cu > Ni–Co. In a 2,000-h stability test, the Ni–Co catalyst

was found to be very stable with very low carbon formation [61]. The reduction of

Ni and Co content from 6.1 and 9.3 to 3.6 and 4.9 mol% (metal base), respectively,

gave an impressive result: No decrease in activity was observed, whereas TG and

DTG profiles showed almost complete elimination of carbon deposition. Zhang

et al. [61, 133] performed comparative studies with Ni and Co monometallic

catalysts and Ni–Co bimetallic catalyst and concluded that the superior perfor-

mance of Ni–Co catalysts comes from the synergetic effect, high metal dispersion,

SMSI, and formation of different types of stable solid solutions. San-Jose-Alonso

et al. [116] tried to define the synergistic effects of Ni and Co in alumina-supported

monometallic and bimetallic Ni–Co catalysts. They observed that monometallic Co

and Co-rich catalysts are the most active, the activity decreasing with the decrease

of cobalt and the increase of nickel content. The amount of carbon formed follows

almost the same order, but deactivation follows the inverse order, i.e., catalysts

accumulating large quantities of carbon are the most stable (monometallic Co and

Co-rich catalyst), whereas monometallic Ni is the least stable of all, although the

amount of carbon formed on its surface is very low. It is obvious that carbon

accumulation is not the main reason for the deactivation of Ni. In contrast to

other studies on bimetallic catalysts, San-Jose-Alonso et al. [116] observed no

beneficial effect of the second metal on the Ni phase dispersion, while no synergy

was observed on either catalytic activity or suppression of carbon formation.

The effect of copper on the stability of a Cu/Ni/SiO2 catalyst was investigated by

Chen et al. [239]. Although the effect of copper is not fully explained by the

ensemble effect of the Cu on Ni metal, it has been concluded that copper may

stabilize the structure of the active sites for methane dissociation on the Ni surface,

preventing the deactivation of the Ni catalyst caused by sintering or by loss of

nickel crystallites. Furthermore, the catalytic activity is “finely tuned” so that the
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CH4 dissociation and coke removal by CO2 are balanced and carbon formation is

inhibited. The stability of the Cu/Ni catalysts depends on the reaction temperature

and Cu/Ni ratio. Additives such as Sn, Ca, and Ge may have different effects [240].

Sn alloyed with transition metals decreased the activity but was very effective for

the inhibition of carbon deposition from methane decomposition. Ge, although did

not affect the activity, promoted drastically carbon formation. Catalytic activity

was slightly increased by the addition of Ca, while the influence on carbon deposi-

tion was found to depend on Ca loading [240].

3.5.4 Perovskites

Since methane dissociation and carbon formation steps are structure sensitive,

materials originating from hydrotalcites, fluorite, olivine, dolomite, or perovskite

precursors, which present well-defined structures via “solid phase crystallization,”

could offer advantages for DRM catalysts [56, 80, 241–255]. Perovskites have the

general formula ABO3 and perovskite-type structure formula A2BO4, in which

cation A (larger size, a rare earth and/or alkaline earth) provides thermal stability

and cation B (smaller size, a transition metal) is related with the catalytic redox

properties of the material. Partial substitution of either A and/or B cations by other

cations permits the preparation of a vast family of materials (general formula

A1�xA
0
xB1�xB

0
xO3) with varying characteristics. Several perovskite-type oxides

containing lanthanides in the A sites exhibit high oxygen mobility, whereas transi-

tion metals in the B site show mixed electronic/ionic conductivity [244, 247, 256].

It is worth noting that the perovskite structure can stabilize transition metals in

oxidation states which are usually very reactive and unstable [244]. These properties

as well as the flexibility in the choice and the stoichiometry of A- and B-site cations

offer the potential to obtain materials with tailor-made properties regarding catalytic

performance and structural stability. However, there is an important drawback in

that the final catalysts are characterized by very low surface areas.

La in A site and Ni in B site are the main and the most common elements in these

type of materials [251, 252, 256]. Various preparation and treatment methods have

been performed as well as partial or total replacement of La (by Ce, Ca, Sr, Sm, Nd)

and/or Ni (by Ru, Co, Mg) in order to ensure narrow distribution of small metal

crystallites, higher oxygen mobility in the metal oxide, and strong Lewis basicity

[56, 241, 244, 247, 248, 250–255]. The reductive pretreatment is an important step

for the activation of the catalyst and the formation of well-dispersed small nickel

particles and La2O3 [243, 251, 252]. The presence of the latter is vital for the activity

and the coking resistance of the final catalyst as the reaction mechanism proposed

assumes a step of carbon dioxide adsorption on La2O3 to form La2O2CO3, in line

with the results of Verykios and coresearchers [49, 65, 79, 243, 251, 257, 258].

Substitution of the A site metal ion (La) with a larger lanthanide cation (Ce, Pr),

even to a small degree, leads to increased catalytic activity and stability as carbon

formation is suppressed, due to the enhancement of the RWGS reaction, which is
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favored on a Ce-enriched surface [248, 253]. Partial substitution of La with Sr

increases catalytic activity as well as carbon formation [243, 255, 259, 260]. Small

amounts of Sr increase carbon deposition in the form of filaments on the catalyst

surface, but higher amounts of Sr suppress coking and increase the CO2 conversion

and the CO production [255]. The advantageous influence of strontium is attributed

to the increased basicity of the catalyst surface. Pichas et al. [255], performing a

kinetic study, assumed a Langmuir–Hinshelwood reaction mechanism with the

reactants adsorbed on distinct active sites of the solids and concluded that the

activation energy of CO2 is much lower in comparison to that of CH4. Lanthanum

substitution by calcium increases the basicity of the catalysts and further inhibits

coke formation [259].

The partial replacement of Ni by Co does not seem to be beneficial, probably

because Co-substituted perovskites are more difficult to reduce while the Co–Ni

alloy decreases the ability of C–H bond cleavage, as computational studies predict

[252, 254, 257]. In another study of catalysts derived from La–Sr–Ni–Co–O

perovskite-type solid solutions, the degree of Ni substitution by Co was found to

affect carbon formation, exhibiting a minimum for the La0.8Sr0.2Ni0.7Co0.3O3

material, while CO/H2 ratio decreases with increasing cobalt content due to sec-

ondary reactions of carbon formation and water–gas shift [260]. Partial substitution

of nickel with iron in LaNixFe(1�x)O3 perovskites (0 � x � 1) gave interesting

results [261]. The catalysts are active for the DRM, but the starting mixed structures

are destroyed under reaction conditions. However, for x � 0.5, the catalysts can be

regenerated by recalcination, presenting a structure close to the initial. For nickel-

rich mixed catalysts, it was not possible to get the mixed perovskite structure back

after recalcination. Instead, the formation of two separate perovskite phases

LaNiO3 and LaFeO3 was observed [261, 262]. For 0.3 � x � 0.8, Ni–Fe alloys

are formed, with Ni/Fe ratios depending on x. Provendier et al. [261] suggested that

the addition of iron into the perovskite structure and the alloy formed permits

limiting the mobility of the active nickel and preventing surface poisoning by

carbon through a dilution effect on Ni particles. Small amounts of Mg improve

the activity and decrease the amount of coke produced during the reaction [254].

The catalysts derived from LaNi1�xRuxO3 perovskites had initially very low activ-

ity, but after 2 h under reaction conditions, their activity became comparable to that

of the catalyst coming from LaNiO3, indicating that active sites were developed

during reaction but not during the reductive pretreatment [244]. It seems that the

partial replacement of Ni by Ru in the perovskite structure renders metal reduction

more difficult due to higher strength of Ru–O–La bond as compared to the Ni–O–La

one. Nickel substitution by ruthenium results in carbon suppression [244]. Low

carbon formation was also observed by Goldwasser et al. [258] in Ru-substituted Ni

catalyst, but the effect of Ru on DRM activity is more important.

Incorporation of Ni-based perovskite-type oxides LaNiO3, La0.8Ca0.2NiO3, and

La0.8Ca0.2Ni0.6Co0.4O3 in the SBA-15 mesoporous silica-host gives rise to well-

dispersed nanometallic (Ni–Co) particles inside the mesoporous SBA-15 silica-host

by decomposition and further reduction of the built-in perovskite [263]. The resulting

catalytic materials exhibited an increase in the conversion of CH4 and CO2 and in the
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H2/CO ratio compared to the corresponding unsupported perovskite, whereas there is

a dilution effect exerted by the mesoporous material minimizing the heat diffusion

problems related to this highly endothermic reaction. Unfortunately, the study does

not provide any data regarding the amount of carbon formed [263].

3.6 Reaction Conditions

Studies comparing catalytic performance at various temperatures have shown that

the increase of the reaction temperature retards the formation/accumulation of

carbon. This observation has been attributed to the enhancement of carbon gasifi-

cation reactions (3.7) as a result of the presence of more water on the catalyst

surface. The increase of the amount of water or hydroxyls at higher temperatures is

due to the RWGS (3.5), promoted at high temperatures (Fig. 3.7). On the other

hand, high temperatures restrain the Boudouard reaction as it is exothermic and will

not proceed at temperatures higher than 974 K [63].

As DRM reaction is thermodynamically favored at low pressures, almost all of

the above-mentioned studies are performed at 1 atm. There are not many studies of

the reaction at higher pressures or studying the effect of pressure [240]. Tomishige

et al. [240] investigated the activity and carbon deposition behavior of NixMg1�xO

catalysts at 1.0 and 2.0 MPa. At total pressure 1.0 MPa (~10 atm) and reaction

temperature 1,123 K, methane conversion and H2/CO obtained were near the

thermodynamically predicted. At 2.0 MPa, methane conversions are lower, as

expected. What is very interesting is the observation of Tomishige et al. [240]

that the aggregation of Ni metal particles proceeding during the catalytic reaction

was not caused by the heat treatment and hydrogen reduction, but it was caused by

the atmosphere of pressurized reforming of methane with carbon dioxide. As

carbon formation is related to nickel particles, the suppression of Ni aggregation

is important for catalysts’ stability. Low-surface area NixMg1�xO catalysts

exhibited a lower carbon formation rate than other NiO–MgO solid solution and

MgO-supported Pt catalysts [240]. Nagaoka et al. [264] studied Ru catalysts

supported on various supports (SiO2, Al2O3, MgO, and TiO2) under 2.0 and

0.1 MPa and 1,023 K. Coking is higher in high pressure as thermodynamically

predicted. The key step of the reaction changes with reaction pressure, pointing out

that catalytic activity under atmospheric pressure does not always predict the

catalytic behavior under high pressure [264]. Shamsi and Johnson [265] arrived at

similar conclusions studying CO2 reforming of 13CH4 over Ni-, Pt-, and Rh-

supported catalysts at 1,073 K and at pressures of 1 and 14 bar. The carbon

formation reaction path is different for the reactions conducted at low pressure

compared to those performed at higher pressure over noble metal catalysts. At low

pressure, the amounts of carbon formed on these catalysts were insignificant and

came predominantly from 12CO2. At high pressure, both methane and carbon

dioxide equally contributed to carbon deposition, the total amount of which was

higher regardless of catalyst type or composition. However, at 14 bar and on the
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Ni-supported catalysts, the deposited carbon comes from both methane and CO2,

depending on reactant partial pressure. Corthals et al. [266], conducting a high-

throughput screening of various catalytic systems at 1,023 K and 7 bar, showed that

promoter effects, reported at atmospheric pressure, not always hold at elevated

pressure. Ni and MgAl2O4 seem the active element and support, respectively, with

the highest potential for the dry reforming reaction at elevated pressure, whereas

La2O3, Y2O3, ZrO2, MnO, and BaO were defined as promising promoters.

Regarding methane/carbon dioxide ratio, DRM requires a ratio near unity.

In general, methane concentration in biogas is higher than that of carbon dioxide

(Table 3.1). If used as produced, there will not be enough oxygen to generate

synthesis gas. In that case, either methane conversions will be low and recycling

will be needed and/or methane will decompose on the metallic surface, forming a

lot of carbon. However, there are studies focused on developing catalysts able to

perform under methane-rich feed [233, 267]. Guczi et al. [233] studied the reaction

in the temperature range 773–1,073 K, over 8.8 wt% Ni/MgAl2O4 catalyst

pretreated in helium using a reaction mixture of 29.6 vol.% CO2 and 70.4 vol.%

CH4. Carbon dioxide conversion being less than 20% at 773 K is complete at

1,073 K. After TPO up to 823 K and calcination in 10 vol.% O2/He up to 973 K, the

initial activity could be achieved at 1,073 K, indicating the complete carbon

removal. At CO2/CH4 feed ratio equal to 1, an almost equimolar amount of H2

and CO is generally produced. As the CO2 content increases, the yield of

H2 decreases because of the RWGS reaction ([63] and references therein). On the

other hand, using excess CO2 has a beneficial effect on the resistance of the

catalysts toward carbon accumulation, as more oxygen/hydroxyl surface species

are generated, the CHx species are more readily oxidized and the carbon formation

rate is delayed. Taking the above under consideration, it is reasonable that in most

studies a stoichiometric CO2/CH4 ratio is used.

From the practical point of view, low temperatures, pressures higher that 1 atm,

and CO2/CH4 feed ratios near unity are required [22, 47]. As these conditions are

also favorable for carbon accumulation, the solution may be found in the develop-

ment of advanced catalytic material.

3.7 Concluding Remarks

Biogas, a biomass derivative consisting primarily of methane and carbon dioxide, is

a potential carbon source for gas-to-liquid processes aiming to replace fossil fuels.

Produced from the anaerobic digestion of any biodegradable raw material, biogas is

renewable, easily available, carbon neutral, and of negative cost. The most appro-

priate process for its conversion to transportable energy carriers comprises two

steps: Biogas is converted to synthesis gas which in turn is used for alcohol or

hydrocarbon production.

DRM appears to be the most suitable process for the first step, as it presents

several advantages: (1) No CO2 separation process is needed but, instead, CO2 is

incorporated in the final product, increasing yield and decreasing waste; (2) steam is
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not required and, thus, DRM can be applied in areas where water is not available,

reducing both equipment and operational costs; (3) high thermodynamic conversion

of CH4 is achievable by a suitable catalyst; (4) being highly endothermic and

reversible, DRM can be applied in CETS; (5) it is selective and more safe compared

to POM; and (6) the H2/CO ratio of the produced synthesis gas is more suitable for

the Fischer–Tropsch synthesis. However, the process is energy demanding, favored

at high temperatures (>973 K), while catalysts may suffer from sintering and the

formation of carbonaceous deposits. The latter constitutes the most important

challenge of the process.

In the DRM reaction sequence, the dissociative adsorption of methane on the

metal surface, forming hydrogen and methyl-like adsorbed species (S1–CHx), is one

(if not the only) of the RDSs. Involving electron transfer, it proceeds preferentially

on small metal crystallites and on step sites. Although CO2 can occur on metals,

CO2 binding energies on metal oxides are larger, further increasing on oxygen

vacancies. The most favorable CO2 adsorption sites seem to be located at the

interface between the metal and the support. Whether a bifunctional mechanism

will take place, i.e., adsorption of methane on the metal and of carbon dioxide on

the support, depends on the metal–metal oxide catalytic system. The reaction

mechanism involves the oxidation of CHx formed by the decomposition of methane

with oxygen and/or hydroxyl groups formed by the carbon dioxide dissociation.

What seems to be crucial for carbon formation is the relative rate of the oxidation of

the S1–CHx surface species (depending on the availability of surface oxygen/

hydroxyls) compared to the complete dissociation of these species to surface

carbon. If S1–CHx surface species oxidation is not fast enough, surface carbon

will form. As carbon has a high solubility in the metal lattice, particularly in nickel,

and carbon atoms can diffuse into the subsurface toward carbon growth centers

where graphene layers are formed. Depending on the carbon growth mechanism

and the catalytic system, the graphene layer may encapsulate the metal particles or

detach them from the support and grow filamentous carbon with nickel particles at

their top edge. Nickel step-edge sites act as preferential carbon formation centers.

Nevertheless, the formation of filamentous carbon is limited on small metallic

particles, although they comprise more steps and defects. This has been attributed

to the saturation of the small nickel particle with carbon before the graphene cluster

is stabilized by obtaining a critical size. Other possible explanations are that the step

edges of small nickel particles are too small for carbon nucleation to proceed or that

metal–support interface is large and oxidizing agents from the support surface can

easily reach S1–CHx.

Since methane and carbon dioxide dissociative adsorption as well as carbon

formation steps have been proven to be structure sensitive, geometric and electronic

characteristics of the catalytic materials exert a decisive influence on their activity

and stability. The composition, texture, and structure of the support; the nature,

dispersion, and loading of the supported metal; the MSIs; the presence of a second

metal or an additive (modifier–promoter); the preparation method; and thermal

pretreatment procedures, as well as the reaction conditions, are important factors

affecting physicochemical and catalytic properties.
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Catalysts based on noble metals are more resistant to coking due to small

equilibrium constants for methane decomposition and low dissolution of carbon

into their lattices. Activity and reaction mechanism depend on the metal but also on

the nature of the support, while catalytic stability regarding metal sintering and

carbon formation is determined by MSIs.

Ni-based catalysts, although more prone to carbon formation, are more suitable

for a cost-effective commercial DRM process. Consequently, they have been the

subject of intensive investigations. The nature of the support, its acid–base

properties, and MSIs are crucial parameters in the case of nickel catalysts,

maximizing metal dispersion, ensuring stability and avoidance of sintering under

reaction conditions, as well as providing active sites for the dissociative adsorption

of CO2 in the metal–support interphase. Moreover, SMSIs can also increase the

electron density in the metal crystallites and, thus, the ability to activate C–H bond

cleavage. Ni/Al2O3 is considered as the state of the art. Besides Al2O3, a number of

other supports for Ni-based catalysts gave most promising results regarding the

suppression of carbonaceous deposits and catalytic stability. Among these, the most

extensively studied and promising include MgO, Ce1�xZrxO2 solid solutions,

and La2O3, as well as relevant structured materials such as hydrotalcites, fluorites,

and perovskites. Crystallographic forms, preparation and activation procedures, and

nickel loading have a significant effect on catalytic performance. Improvement of

Ni-based catalysts is attempted by the introduction of one or more textural

or chemical promoters, targeting the increase of Ni dispersion; the promotion

of surface reactions, which consume surface carbon clusters; and the blockage of

carbon growth centers. Examples of promoters include CaO or MgO (to increase

basicity and Ni dispersion) and CeO2 (to increase activity, Ni dispersion, and

stability and suppress carbon formation). The addition of a second metal (Ru, Pt,

Pd, Rh, Co) improves the stability of Ni catalysts, increasing hydrogen spillover and

catalysts’ reducibility, hindering Ni0 oxidation and sintering, and, most impor-

tantly, forming smaller metal particles. Other elements (S, Sn, Au, or B) have

been used for the selective blocking of carbon growth centers.

During the last 15 years, many systematic studies based on thorough catalytic

testing and physicochemical characterization using classical and more sophisticated

in situ experimental techniques, often in combination with DFT calculations or

kinetic studies, have attempted to shed light on parameters which control DRM

reaction and the carbon formation mechanisms. Nevertheless, challenges for the

complete elucidation of fundamental catalytic phenomena and the development of

viable commercial processes still remain.
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Lopez CA, Torrecilla-Soria J, Domı́nguez A (2010) Purification and upgrading of biogas by

pressure swing adsorption on synthetic and natural zeolites. Microporous Mesoporous Mater

134:100–107. doi:10.1016/j.micromeso.2010.05.014

45. Rostrup-Nielsen JR (1984) Sulfur-passivated nickel catalysts for carbon-free steam

reforming of methane. J Catal 85:31–43. doi:10.1016/0021-9517(84)90107-6

46. York APE, Xiao T, Creen MLH, Claridge JB (2007) Methane oxyforming for synthesis gas

production. Catal Rev 49:511–560. doi:10.1080/0161494070158

47. Bradford MCJ, Vannice MA (1999) CO2 reforming of CH4. Catal Rev Sci Eng 41:1–42.

doi:10.1081/CR-100101948

48. McCrary JH, McCrary GE, Chubb TA, Nemecek JJ, Simmons DE (1982) An experimental

study of the CO2–CH4 reforming-methanation cycle as a mechanism for converting and

transporting solar energy. Sol Energy 29:141–151. doi:10.1016/0038-092X(82)90176-1

49. Verykios XE (2003) Catalytic dry reforming of natural gas for the production of chemicals

and hydrogen. Int J Hydrogen Energy 28:1045–1063. doi:10.1016/S0360-3199(02)00215-X

50. Bradford MCJ, Vannice MA (1996) Catalytic reforming of methane with carbon dioxide over

nickel catalysts. I. Catalyst characterization and activity. Appl Catal A Gen 142:73–96.

doi:10.1016/0926-860X(96)00065-8

51. Rostrup-Nielsen JR (2000) New aspects of syngas production and use. Catal Today

63:159–164. doi:10.1016/S0920-5861(00)00455-7

52. Dry ME (2004) Fischer-Tropsch technology. Stud Surf Sci Catal 152:196–257. doi:10.1016/

S0167-2991(04)80460-9

53. Rostrup-Nielsen JR (1994) Catalysis and large-scale conversion of natural gas. Catal Today

21:257–267. doi:10.1016/0920-5861(94)80147-9

54. Rostrup-Nielsen JR (2002) Syngas in perspective. Catal Today 71:243–247. doi:10.1016/

S0920-5861(01)00454-0

55. Hu YH, Ruckenstein E (2004) Catalytic conversion of methane to synthesis gas by partial

oxidation and CO2 reforming. Adv Catal 48:297–345. doi:10.1016/S0360-0564(04)48004-3

56. Pereniguez R, Gonzalez-DelaCruz VM, Holgado HP, Caballero A (2010) Synthesis and

characterization of a LaNiO3 perovskite as precursor for methane reforming reactions

catalysts. Appl Catal B Environ 93:346–353. doi:10.1016/j.apcatb.2009.09.040

57. Song C (2001) Tri-reforming: a new process for reducing CO2 emissions. Chem Innovat

31:21–26

58. Song C, Pan W (2004) Tri-reforming of methane: a novel concept for catalytic production of

industrially useful synthesis gas with desired H2/CO ratios. Catal Today 98:463–484.

doi:10.1016/j.cattod.2004.09.054

59. Halmann M, Steinfeld A (2009) Hydrogen production and CO2 fixation by flue-gas treatment

using methane tri-reforming or coke/coal gasification combined with lime carbonation. Int J

Hydrogen Energy 34:8061–8066. doi:10.1016/j.ijhydene.2009.08.031

3 Utilization of Biogas as a Renewable Carbon Source. . . 115

www.TechnicalBooksPdf.com

http://dx.doi.org/10.1089/1092875041358557
http://dx.doi.org/10.1016/j.fuproc.2005.01.025
http://dx.doi.org/10.1016/j.biombioe.2005.03.001
http://dx.doi.org/10.1016/j.biombioe.2005.03.001
http://dx.doi.org/10.1016/j.renene.2009.02.023
http://dx.doi.org/10.1016/j.renene.2009.02.023
http://dx.doi.org/10.1016/j.apenergy.2008.07.007
http://dx.doi.org/10.1016/j.micromeso.2010.05.014
http://dx.doi.org/10.1016/0021-9517(84)90107-6
http://dx.doi.org/10.1080/0161494070158
http://dx.doi.org/10.1081/CR-100101948
http://dx.doi.org/10.1016/0038-092X(82)90176-1
http://dx.doi.org/10.1016/S0360-3199(02)00215-X
http://dx.doi.org/10.1016/0926-860X(96)00065-8
http://dx.doi.org/10.1016/S0920-5861(00)00455-7
http://dx.doi.org/10.1016/S0167-2991(04)80460-9
http://dx.doi.org/10.1016/S0167-2991(04)80460-9
http://dx.doi.org/10.1016/0920-5861(94)80147-9
http://dx.doi.org/10.1016/S0920-5861(01)00454-0
http://dx.doi.org/10.1016/S0920-5861(01)00454-0
http://dx.doi.org/10.1016/S0360-0564(04)48004-3
http://dx.doi.org/10.1016/j.apcatb.2009.09.040
http://dx.doi.org/10.1016/j.cattod.2004.09.054
http://dx.doi.org/10.1016/j.ijhydene.2009.08.031


60. Hu YH, Ruckenstein E (2002) Binary MgO based solid solution catalysts for methane

conversion to syngas. Catal Rev Sci Eng 44:423–453. doi:10.1081/CR-120005742

61. Zhang J, Wang H, Dalai AK (2007) Development of stable bimetallic catalysts for carbon

dioxide reforming of methane. J Catal 249:300–310. doi:10.1016/j.jcat.2007.05.004

62. Gadalla AM, Bower B (1988) The role of catalyst support on the activity of nickel reforming

methane with CO2. Chem Eng Sci 43:3049–3062. doi:10.1016/0009-2509(88)80058-7

63. Wang S, Lu G, Millar GJ (1996) Carbon dioxide reforming of methane to produce synthesis

gas over metal-supported catalysts: state of the art. Energy Fuel 10:896–904. doi:10.1021/

ef950227t

64. Li Y, Wang Y, Zhang X, Mi Z (2008) Thermodynamic analysis of autothermal steam and

CO2 reforming of methane. Int J Hydrogen Energy 33:2507–2514. doi:10.1016/j.

ijhydene.2008.02.051

65. Tsipouriari VA, Verykios XE (1999) Carbon and oxygen reaction pathways of CO2

reforming of methane over Ni/La2O3 and Ni/Al2O3 catalysts studied by isotopic tracing

techniques. J Catal 187:85–94. doi:10.1006/jcat.1999.2565

66. Yamaguchi A, Iglesia E (2010) Catalytic activation and reforming of methane on supported

palladium clusters. J Catal 274:52–63. doi:10.1016/j.jcat.2010.06.001

67. Nandini A, Pant KK, Dhingra SC (2006) Kinetic study of the catalytic carbon dioxide

reforming of methane to synthesis gas over Ni-K/CeO2-Al2O3 catalyst. Appl Catal A Gen

308:119–127. doi:10.1016/j.apcata.2006.04.014

68. Enger BC, Lodeng R, Holmen A (2008) A review of catalytic partial oxidation of methane to

synthesis gas with emphasis on reaction mechanisms over transition metal catalysts. Appl

Catal A Gen 346:1–27. doi:10.1016/j.apcata.2008.05.018

69. Trevor DJ, Cox DM, Kaldor A (1990) Methane activation on unsupported platinum clusters. J

Am Chem Soc 112:3742–3749. doi:10.1021/ja00166a005

70. Kuijpers EDM, Breedijk AK, Van der Wal WJJ, Geus JW (1983) Chemisorption of methane

on Ni/Sio2. Catalysts and reactivity of the chemisorption products toward hydrogen. J Catal

81:429–439. doi:10.1016/0021-9517(83)90181-1

71. Bengaard HS, Nørskov JK, Sehested J, Clausen BS, Nielsen LP, Molenbroek AM, Rostrup-

Nielsen JR (2002) Steam reforming and graphite formation on Ni catalysts. J Catal

209:365–384. doi:10.1006/jcat.2002.3579

72. Abild-Pedersen F, Lytken O, Engbaek J, Nielsen G, Chorkendorff I, Norskov JK (2005)

Methane activation on Ni(111): effects of poisons and step defects. Surf Sci 590:127–137.

doi:10.1016/j.susc.2005.05.057

73. Haroun MF, Moussound PS, Legare P (2008) Theoretical study of methane adsorption on

perfect and defective Ni(1 1 1) surfaces. Catal Today 138:77–83. doi:10.1016/j.

cattod.2008.04.040

74. Ferreira-Aparicio P, Rodr{guez-Ramos I, Anderson JA, Guerrero-Ruiz A (2000) Mechanistic

aspects of the dry reforming of methane over ruthenium catalysts. Appl Catal A Gen

202:183–196. doi:10.1016/S0926-860X(00)00525-1

75. Osaki T, Masuda H, Mori T (1994) Intermediate hydrocarbon species for the CO2–CH4

reaction on supported Ni catalysts. Catal Lett 29:33–37. doi:10.1007/BF00814249

76. Osaki T, Masuda H, Horiuchi T, Mori T (1995) Highly hydrogen-deficient hydrocarbon

species for the CO2-reforming of CH4 on Co/A12O3 catalyst. Catal Lett 34:59–63.

doi:10.1007/BF00808322

77. Pinna F (1998) Supported metal catalysts preparation. Catal Today 41:129–137. doi:10.1016/

S0920-5861(98)00043-1

78. Imelik B, Vedrine JC (eds) (1994) Catalyst characterization, physical techniques for solid

materials. Springer, New York

79. Tsipouriari VA, Verykios XE (2001) Kinetic study of the catalytic reforming of methane with

carbon dioxide to synthesis gas over Ni/La2O3 catalyst. Catal Today 64:83–90. doi:10.1016/

S0920-5861(00)00511-3

116 C. Papadopoulou et al.

www.TechnicalBooksPdf.com

http://dx.doi.org/10.1081/CR-120005742
http://dx.doi.org/10.1016/j.jcat.2007.05.004
http://dx.doi.org/10.1016/0009-2509(88)80058-7
http://dx.doi.org/10.1021/ef950227t
http://dx.doi.org/10.1021/ef950227t
http://dx.doi.org/10.1016/j.ijhydene.2008.02.051
http://dx.doi.org/10.1016/j.ijhydene.2008.02.051
http://dx.doi.org/10.1006/jcat.1999.2565
http://dx.doi.org/10.1016/j.jcat.2010.06.001
http://dx.doi.org/10.1016/j.apcata.2006.04.014
http://dx.doi.org/10.1016/j.apcata.2008.05.018
http://dx.doi.org/10.1021/ja00166a005
http://dx.doi.org/10.1016/0021-9517(83)90181-1
http://dx.doi.org/10.1006/jcat.2002.3579
http://dx.doi.org/10.1016/j.susc.2005.05.057
http://dx.doi.org/10.1016/j.cattod.2008.04.040
http://dx.doi.org/10.1016/j.cattod.2008.04.040
http://dx.doi.org/10.1016/S0926-860X(00)00525-1
http://dx.doi.org/10.1007/BF00814249
http://dx.doi.org/10.1007/BF00808322
http://dx.doi.org/10.1016/S0920-5861(98)00043-1
http://dx.doi.org/10.1016/S0920-5861(98)00043-1
http://dx.doi.org/10.1016/S0920-5861(00)00511-3
http://dx.doi.org/10.1016/S0920-5861(00)00511-3


80. Topalidis A, Petrakis DE, Ladavos A, Loukatzikou L, Pomonis PJ (2007) A kinetic study of

methane and carbon dioxide interconversion over 0.5%Pt/SrTiO3 catalysts. Catal Today

127:238–245. doi:10.1016/j.cattod.2007.04.01

81. Freund HJ, Messmer RP (1986) On the bonding and reactivity of CO2 on metal surfaces. Surf

Sci 172:1–30. doi:10.1016/0039-6028(86)90580-7

82. Solymosi F (1991) The bonding, structure and reactions of CO2 adsorbed on clean and

promoted metal surfaces. J Mol Catal 65:337–358. doi:10.1016/0304-5102(91)85070-I

83. Freund HJ, Roberts MW (1996) Surface chemistry of carbon dioxide. Surf Sci Rep

25:225–273. doi:10.1016/S0167-5729(96)00007-6
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Chapter 4

Reforming of Ethanol

András Erdőhelyi

4.1 Introduction

The use of hydrogen for fuel cell application represents one of the most environ-

mental friendly processes for the production of electric energy for automotives in

the near future.

Currently, the steam reforming of methane is the most frequently used and

nowadays the most economical way to obtain hydrogen. However, the use of fossil

fuels as primary hydrogen sources enhances the CO2 emission.

The increasing cost of natural gas, its environmental impact, and greenhouse gas

effect as well as the need for securing energy supplies are accelerating the transition

to bio-based energy carriers.

The production of hydrogen efficiently and economically from renewable

source, however, remains a challenge for the academic research and for the

industrial development. Finding alternatives to natural gas or other fossil fuels

has been the subject of many.

Seven common fuels are compared [1] for their utilities as hydrogen sources.

The study concluded that the combination of steam reforming and partial oxidation

of methanol is theoretically the most qualified in terms of energy input and possible

by-products. However, the toxicity and the current infrastructure for the production

of methanol make it an unlikely candidate for commercial use, because the raw

materials of methanol synthesis are mainly fossil fuels nowadays.

Ethanol is much less hazardous and can be produced renewably from biomass,

thus making it an attractive source for hydrogen formation. Ethanol production can
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be considered environmentally sustainable, because the CO2 formed during the

ethanol reforming is the same depleted by the plants and drawn from the environ-

ment via photosynthesis.

The first argument against bioethanol is that the use of it has a negative energy

balance. Recently, it was shown [2] that 1 L of bioethanol obtained from a

conventional large-scale corn plant requires for its production 19.16 MJ L�1

amount of energy. The energy content of ethanol is 21.2 MJ L�1, and taking into

account that of the distillation residue, which could be used in animal nutrition

(4.16 MJ L�1) the net energy excess of the whole process is 6.2 MJ L�1 ethanol.

Although the use of biomass-derived materials, especially ethanol, as fuel is

disputed now, because ethanol is made mainly from sugarcane or different starch-

containing material such as potato, corn, cereal, which are also used in food produc-

tion. In the public perception this has led to an emotional resistance against biofuel.

It is well understood by the members of the society that ethanol can be also made

from cellulosic materials such as wood, grass, and wastes [3]. The technology for

ethanol production from cellulosic materials is different from that for production

from food crops.

Intensive research on the utilization of lignocellulosic biomass as feedstock has

been conducted in the recent years. Any further increase in ethanol production will

necessarily involve the use of feedstock rather than corn grain due to limited

supplies. Feedstocks are typically grouped under the heading “biomass” and

include agricultural residues, wood, municipal solid waste, and dedicated energy

crops [4, 5]. Biomass is seen as an interesting energy source for several reasons, the

main one being the contribution provided by bioenergy to sustainable development

[6]. Resources are often available locally, and conversion into secondary energy

carriers is feasible without high capital investments [7].

Hydrogen production from ethanol steam reforming would not only be environ-

mentally friendly but would also open a new opportunity for the utilization of

renewable resources. In our days ethanol is used as fuel additive but the efficiency

of fuel cells operating with hydrogen is much higher than that of heat engines.

So it would be most impressive that we could generate energy by H2/O2 fuel cell

and the hydrogen would be produced from a renewable source such as ethanol.

In the last 10 years the steam reforming of ethanol was investigated in detail, and

the results are summarized in different reviews [8–11]. The numbers of papers

dealing with this field does not allow summarizing all results obtained, so we

review only the most important observations.

4.2 The Thermodynamics of Ethanol Reforming

H2 can be produced from ethanol in three main ways. The steam-reforming reaction

is strongly endothermic and produces theoretically only H2 and CO2.

C2H5OHþ 3H2O ! 2CO2þ6H2 DH ¼ 174 kJmol�1; (4.1)

(all data refer to 298 K)
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Partial oxidation

C2H5OHþ 1:5O2 ! 2CO2 þ 3H2 DH ¼ 510 kJmol�1: (4.2)

Oxidative steam reforming

C2H5OHþ 2H2Oþ 0:5O2 ! 2CO2 þ 5H2 DH ¼ 61:6 kJmol�1 (4.3)

In the oxidative steam reforming of ethanol the ratio of the endothermic and

exothermic reactions could result in an energetically neutral system when the

oxygen-to-ethanol ratio is 0.61.

During the ethanol reforming other undesirable reactions could also occur,

which have to be taken into account either in the thermodynamic or in the kinetic

considerations.

The dehydrogenation of ethanol could produce acetaldehyde (4.4), the dehydra-

tion of it to ethylene (4.5) or diethyl ether (4.6), and the ethanol decomposition is

also possible.

C2H5OH ! CH3CHOþ H2 ðDH ¼ 68 kJmol�1Þ; (4.4)

C2H5OH ! C2H4 þ H2O ðDH ¼ 45 kJmol�1Þ; (4.5)

2C2H5OH ! C2H5 � O� C2H5 þ H2O, (4.6)

2C2H5OH ! CO2 þ 3CH4 ðDH ¼ �74 kJmol�1Þ; (4.7)

C2H5OH ! COþ CH4 þ H2 ðDH ¼ 49 kJmol�1Þ: (4.8)

In the ethanol + water reaction not only CO2 but also CO can form [12].

C2H5OHþ H2O ! 2COþ 4H2 ðDH ¼ 256 kJmol�1Þ; (4.9)

and the products could react with ethanol or with each other

C2H5OHþ H2 ! 2CH4 þ H2O ðDH ¼ 157 kJmol�1Þ; (4.10)

2CO Ð CO2 þ C ðDH ¼ �171 kJmol�1Þ; (4.11)

CO2 þ 4H2 Ð CH4 þ 2H2O ðDH ¼ �165 kJmol�1Þ; (4.12)

COþ 3H2 Ð CH4 þ H2O ðDH ¼ 206 kJmol�1Þ; (4.13)

CO2 þ CH4 Ð 2COþ 2H2 ðDH ¼ 247 kJmol�1Þ; (4.14)
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COþ H2O Ð CO2 þ H2 ðDH ¼ 41 kJmol�1Þ: (4.15)

The ethanol reforming (4.1) is endothermic and results in the increase of the

number of moles. Increasing the temperature (Fig. 4.1) [13] and decreasing the

pressure (Fig. 4.2) [14] is in favor of this reaction.

The thermodynamically predicted equilibrium conversion of ethanol in steam-

reforming reaction is always 100%. Figure 4.1 shows the changes of the equilibrium

product distributionwith changing steam-reforming temperature.At low temperatures

mostly methane and carbon dioxide occur, besides that a small amount of hydrogen

and almost no carbon monoxide. When the steam-reforming temperature is raised the

methane content decreases whereas the hydrogen content increases concurrently.

Reasonable hydrogen concentrations can be achieved using steam-reforming

temperatures of 823 K. At higher temperatures T > 773 K the carbon monoxide

content is strongly increasing, which can be attributed to the thermodynamics of the

reverse water–gas shift reaction (4.15). Increasing the steam-to-ethanol ratio moves

the aforementioned temperature points to slightly moderate temperatures [13].

Fishtik et al. [15], Vasudeva et al. [16], and Rossi et al. [17] thermodynamically

analyzed the ethanol steam reforming with the following products taken into consid-

eration: CO2, H2, CO, CH4, and CH3CHO. The Gibbs free energy minimization

methodwas employed. The equilibriumproduct distribution shows that the hydrogen

Fig. 4.1 Reformate product composition in mole fraction on dry basis for steam reforming of

ethanol at steam-to-ethanol ratio 3 and 6 at atmospheric pressure [13]
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yield increased and that of CO2 and CH4 decreased as a function of temperature.

Unfortunately, at higher temperature the CO production also increased.

The impact of the total pressure on the thermodynamic equilibrium was also

investigated [14]. It appears, as shown in Fig. 4.2, that an increase in the total

pressure leads to the decrease in the hydrogen and carbon monoxide yields while

the equilibrium composition in methane increases widely. Below 500 K the steam

reforming of ethanol does not occur by reason of DGo > 0 [18]. On the other hand it

is easy to carry out the decomposition of ethanol at the same temperature because

the value of DGo is sufficiently negative.

Vasudeva et al. [16] calculated the effect of water content on the equilibrium

composition of the products of ethanol reforming at different temperatures. It was

found that the conversion of ethanol was nearly complete (between 800 and 1,200 K

with water/ethanol ratio 0:1–20:1) and only traces of acetaldehyde and ethylene

were in the equilibrium mixture, mainly hydrogen, CO, and CO2 were formed.

Garcia and Laborde found [19] that in the ethanol reforming, higher temperature

and higher water–ethanol ratio are needed to obtain the best hydrogen production

than in the methanol–water reaction. According to the calculation of the thermody-

namic equilibrium they suggested to work at a temperature higher than 650 K, and

to use in the feed a high water–ethanol ratio (10) to maximize the H2 production,

minimize the formation of CO and CH4, and avoid the carbon deposition.

Ioannides reported [20] that the most important parameter that affects

the efficiency in hydrogen production is the water/ethanol ratio of the feed.

Using higher ratio than the stoichiometry results in reduced efficiency in

hydrogen production because of increased enthalpy needed for water evaporation.
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Fig. 4.2 Evolution of the equilibrium composition in H2 (crosses), CO2 (diamond), CO (asterisk),

CH4 (triangle), and H2O (square) as a function of the total pressure in the ethanol steam reforming

reaction at 973 K, the water/ethanol ratio was 4 [14]
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However, he found that the H2 yield is nearly 100% at 1,000 K when the water to

ethanol ratio is 5. The same results were obtained on the basis of their theoretical

calculation by Freni et al. [21], they also suggested that a high water-to-ethanol

ratio in the feed reduced the yield of CO and CH4.

Mas et al. [22] concluded that ethanol is completely converted to ethylene and/or

acetaldehyde. Taking into account the equilibrium constant values of formation and

transformation reactions of ethylene and acetaldehyde, where both compounds are

intermediates in this system. They concluded that while high temperature and high

water–ethanol ratio favor H2 production, low temperature and high water–ethanol

ratio are suitable to minimize CO formation.

The carbon formation on different supported metal catalysts often results in

activity decay. For example, the coke deposition on Ni/Al2O3 catalyst is the main

cause of deactivation during ethanol steam reforming. The routes for carbon

formation include Boudouard reaction (4.11), methane decomposition (4.16),

polymerization of ethylene which could be produced on the acidic sites of the

support [23, 24]. Thermodynamic analysis of it was done by minimization of Gibbs

free energy as a function of temperature at various H2O/C2H5OH ratios [25]. It was

found that the graphitic carbon formation is unfavorable at higher H2O/C2H5OH

ratios and is maximized around 773–873 K. This behavior suggests that the

endothermic reaction of CH4 decomposition prevails at that temperature:

CH4 Ð Cþ 2H2 DH ¼ 74 kJmol�1: (4.16)

The carbon gasification and Boudouard reaction (4.11) maybe also important

routes for carbon deposition or removal depending on the conditions applied

Cþ H2O Ð COþ H2 DH ¼ 131 kJmol�1: (4.17)

It can be observed that for H2O/C2H5OH ratios above 3, the graphitic carbon

deposition is practically zero above 600 K.

In a recent paper [26], not only graphitic but amorphous carbon and multiwall

carbon nanotube formation was also taken into account in the considerations.

In equilibrium, carbon deposits are formed when the steam/ethanol ratio is

below 4. In this zone, temperature defines which carbon type is formed; below

673 K the presence of graphite dominates, while above 673 K multiwall carbon

nanotube formation prevails. No amorphous carbon was obtained in equilibrium.

4.3 Comparison of the Activity of Different Catalysts
in the Steam Reforming of Ethanol

The most important reaction pathways of ethanol steam reforming are summarized

above, but the secondary reactions of the products are mentioned only briefly. It can

be seen that the products and the hydrogen formation varies significantly with

different pathways. However, each catalyst could induce different reactions and
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therefore the selection of the suitable catalyst plays a vital role in ethanol steam

reforming for hydrogen formation. An active and selective catalyst should maxi-

mize hydrogen or other product formation and inhibit the coke formation as well as

the production of other undesirable compounds such as CO.

Supported metals are well known for their high catalytic activity and have been

studied extensively in terms of ethanol steam reforming reactions.

Alumina-supported catalysts are very active at low temperatures in the dehydra-

tion of ethanol to ethylene but the formation of it decreased as the temperature

increased, for example, on Rh/Al2O3 it disappeared above 923 K. Above this

temperature ethanol is converted into H2, CO, CO2, and CH4. The activity order

of metals for hydrogen formation is Rh > Pd > Ni ¼ Pt [27]. When ceria/zirconia

was the support, ethylene formation was not observed and the order of activity at

higher temperature was Pt � Rh > Pd. Acetaldehyde formation was not detected

either on alumina- or on ceria/zirconia-supported samples.

Auprêtre et al. [28] studied the effect of both the metal and the support in the

steam reforming of bioethanol. They found that the hydrogen yield on alumina-

supported metal catalysts decreased in the following order at 973 K: 9.7% Ni > 1%

Rh > 0.5% Pd > 1% Pt > 9.1% Cu ¼ 9.8% Zn > 0.67% Ru ¼ 8.7% Fe. They

concluded that the high activity of metals in the ethanol steam reforming and their

poor efficiency in the water–gas shift reaction would give active and selective

catalysts for ethanol reforming. In these works only the conversion or the hydrogen

yield was compared, but both results depend on the number of surface metal atoms

of the catalysts.

Liguras et al. [29] also found that among the low-loaded catalysts, Rh was

significantly more active and selective toward hydrogen formation than Ru, Pt,

and Pd, which show a similar behavior. The catalytic performance of Rh and,

particularly, Ru was greatly improved by the increase of metal loading. It was

shown that the catalytic activity and selectivity of highly loaded Ru catalysts were

comparable to those of Rh. It was found that under certain reaction conditions the

5% Ru/Al2O3 catalyst is able to convert ethanol with selectivities toward hydrogen

above 95%, the only by-product being methane [29]. Rh/MgO showed the best

performance in the steam reforming of ethanol at 923 K in terms of activity and

stability among the MgO-supported Pd, Rh, Ni, and Co catalysts, but it was not so

selective toward hydrogen production [30]. Ni, Co, and Pd catalysts are affected by

deactivation mainly due to metal sintering. Ni/MgO catalyst displays the best

performance in hydrogen selectivity. Kinetic measurements revealed large

differences in metal specific activities: Rh sites were 2.3, 3.7, and 5.8 times more

active than Pd, Co, and Ni sites, respectively [30].

On alumina-supported noble metals mainly ethylene was formed under steady-

state conditions, while on CeO2-supported samples a significant amount of acetal-

dehyde was also detected at 723 K [31]. It was found that the selectivity of

hydrogen formation decreased but that of ethylene increased in time while the

conversion was stable on alumina-supported noble metals. The hydrogen selectivity

was the highest on Ru/Al2O3, about 70%, and decreased in the order of Rh > Ir >
Pd > Pt while the ethanol conversion was higher than 90% in all cases.
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The activity order of alumina-supported noblemetals was different thanmentioned

above in the temperature range of 573–723 K [32]. It has been found that the

catalytic performance decreased in the Pt > Pd > Rh > Ru order, with Pt habiting

high activity and selectivity toward hydrogen production as well as long-term

stability. It was shown that the reaction occurs in a bifunctional manner with the

participation of both the dispersed metallic phase and the support. The catalytic

performance depends strongly on the nature of the dispersed metallic phase.

On CeO2-supported noble metals the conversion considerably decreased in

time at 723 K. The highest hydrogen selectivity was found on Rh/CeO2, but it

was not stable, it also decreased in time and that of acetaldehyde and ethylene

increased [31].

The efficiency of the ceria-supported Co, Ir, and Ni was also studied in the

ethanol steam reforming in the temperature range of 573–973 K. At low tempera-

ture, ethanol dehydrogenation to acetaldehyde and the decomposition to methane

and carbon monoxide were the primary reactions [33]. At higher temperature where

all the ethanol and other intermediate compounds like acetaldehyde were

completely converted into hydrogen, carbon oxides and methane were the main

products. The H2 selectivity above 723 K was higher than 65% in all cases. It was

found that above 723 K the ethanol converted completely. It seems that it

contradicts to the above-mentioned results [31], but in these cases the space

velocity was lower (6,000 mL g�1h�1) than in the previous ones. The long stability

test revealed that Ir/CeO2 showed rather stable catalytic performance for 300 h

time-on-stream without any deactivation [33].

The ethanol reforming was studied on zirconia-supported Ni, Co, and Cu

catalysts by Benito et al. [34]. The results show that Ni- and Co-supported zirconia

exhibits high catalytic activity and stability. At 973 K, 100% ethanol conversion

was achieved on these samples and the selectivity to hydrogen was close to 70%.

On the other hand, on Cu/ZrO2 ethanol dehydrogenation, i.e., acetaldehyde forma-

tion, occurred [34].

Similar behavior was observed on ZnO-supported Ni and Cu catalysts, but in the

authors’ interpretation these samples did not exhibit good catalytic performance in

the ethanol steam reforming for hydrogen production [35]. On Ni/ZnO sample the

total conversion was achieved at 623 K, probably ethanol decomposition occurred,

while on Cu/ZnO the conversion was only about 82% at 723 K. The yield of

hydrogen production improved over ZnO-supported, Na-promoted Ni–Co sample

with respect to Co catalyst at low temperatures due to an increase of catalytic

activity. No similar improvement was observed over a similar Co–Cu sample [35].

Rh- and Co-based catalyst performance was compared for steam reforming of

ethanol under conditions suitable for industrial hydrogen production [36]. It was

shown that Co/ZnO was much more selective to CO2 and H2 than Rh at 15 bar

pressure. On Rh the CH4 selectivity approaches the thermodynamic equilibrium.

This observation was explained with different pathways that occurred on Co and

Rh. In the previous case, the CH4 is a secondary product formed through the

methanation of CO and CO2. In contrast, CH4 was produced by direct decomposi-

tion on Rh [36].
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Recently, papers appeared in which a combinatorial approach was used in the

preparation of catalysts for ethanol steam reforming [37]. A number of catalysts

based on Al2O3-loaded Ce–Zr mixed oxides doped with La, Pr, Sm, and different

metal components Cu, Cu–Ni, Cu–Ni–Cr, Ru, Pt were used in the reaction.

The results of the screening test show that the activity of the catalysts in terms of

syngas yields decrease in the order: RuCVS0.2 > Cu–NiCZS0.2 > Cu–NiCZ >
Cu–Ni–CrCZP0.1 (where the abbreviations are the following: C means CeO2; Z,

ZrO2; S, Sm; and P, Pr). Some correlations of the catalytic performance with the

surface/lattice oxygen mobility and reactivity change due to the dopant nature and

content were observed [37].

4.4 Reforming of Ethanol on Supported Noble Metal Catalysts

4.4.1 Supported Rh Catalysts

Noble metals such as Ru, Rh, Pd, Pt, Ir are well known for their high catalytic

activity and have been studied extensively in terms of ethanol steam-reforming

reactions. Earlier, it was shown that supported Ru and Rh exhibited the best

performance in this reaction [27–31].

The ethanol steam reforming on Rh/Al2O3 was carried out at a programmed

temperature from 323 to 923 K [38]. The reaction starts with the initial dehydroge-

nation and/or dehydration of ethanol followed by the rapid conversion of products

into methane, carbon monoxide, and carbon dioxide. The acidic support assists the

dehydration of alcohol while the other reactions are catalyzed by the metal,

although to different extent. For this reason with the increase of Rh content, there

is a progressive increase in the amount of C1 products (CH4, CO, CO2) while the C2

products (C2H4, CH3CHO) disappear gradually from the outlet gas stream.

The acetaldehyde is formed during an intermediate stage, but rapidly decomposes

to CH4 and CO at higher temperatures [38]. Cavallaro et al. found [39] that high

temperature and relatively low space velocity are required to optimize the hydrogen

production by steam reforming of bioethanol (water/ethanol ratio ¼ 8.4) on 5%

Rh/Al2O3. However, deactivation of the catalyst could be caused by the sintering of

the metal and coke formation. It was found that the addition of a small amount

of oxygen (0.4 vol%) in the fed gas resulted in a drastic decrease of the catalyst

deactivation, but promoted the metal sintering [39].

Diagne et al. observed [40] that at 673–773 K, Rh supported on ZrO2, CeO2, and

on CeO2–ZrO2 mixed oxide show high activity and selectivity toward hydrogen

production (between 5 and 5.7 mol of H2 per mol of ethanol inlet). The best

catalysts were not necessarily the most basic samples but that which can bind

CO2 mildly. The results clearly show that the ethanol reforming on these catalysts

does not appear to be sensitive to Rh dispersion.
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On Rh/ZrO2, the product distribution of the ethanol reforming depends on the

acidic character of the support [41]. When the ethanol adsorption was strong—the

relative strong Lewis acidic sites are responsible for it—the number of C2

oxygenates were accumulated on the catalyst surface. When the ethanol adsorption

was weak and the C–C bond breakage was the dominating reaction, CO, carbonates,

and CHx species accumulation was observed. Therefore, it was believed that in

order to promote the adsorption of ethanol molecules and reduce the formation of

C2 oxygenates during the reaction, the catalyst should be enhanced both with Lewis

acidity and with C–C bond breakage function. It was also found that in these cases,

the Rh particle size and distribution as well as the surface area of the catalysts were

not important factors in determining the catalytic performance [41]. This finding is

in harmony with the earlier results [40].

The hydrogen formation was found to decrease in time on 1% Rh/Al2O3 at 723 K

while the ethylene production increased [31]. At the beginning of the reaction the

hydrogen selectivity was about 75% but after 2 h it was only 58%. The hydrogen

selectivity increased and that of ethylene decreased as a function of temperature on

1% Rh/Al2O3 [27], and at 923 K it was higher than 70% [27, 29].

It was found [42] that at low temperature the support plays an important role in the

ethanol steam reforming. Ethanol dehydration, the ethylene formation is favorable

over either acidic or basic oxide such as g-Al2O3- andMgAl2O4-supported Rh while

ethanol dehydrogenation is occurred mainly over neutral supports. On zirconia-

promoted ceria supports the reaction pathway favors an acetaldehyde intermediate.

On 2% Rh/Ce0.8Zr0.2O2 catalyst the hydrogen yield exceeding thermodynamic

equilibrium can be achieved. The authors did not exclude a strong interaction

between Rh and support, and the enhanced oxygen transfer efficiency plays an

important role during ethanol steam reforming. Similar results were obtained

when a series of Rh catalysts on various supports (Al2O3, MgAl2O4, ZrO2, and

ZrO2–CeO2) have been applied to H2 production from the ethanol steam-reforming

reaction [43]. In terms of ethanol conversion at low temperatures (below 723 K)

with 1 wt% Rh catalysts, the activity decreases in the order: Rh/ZrO2–CeO2 >
Rh/Al2O3 > Rh/MgAl2O4 > Rh/ZrO2. The Rh/ZrO2–CeO2 catalyst exhibits the

highest CO2 selectivity up to 823 K, which is due to the highest water–gas shift

activity at low temperatures. Among the catalysts evaluated in this study, the 2 wt%

Rh/ZrO2–CeO2 catalyst exhibited the highest H2 yield at 723 K, which is possibly

due to the high oxygen storage capacity of ZrO2–CeO2 resulting in efficient transfer

of mobile oxygen species from the H2O molecule to the reaction intermediate.

Aupretre and his coworker [12] studied the reaction on MgxNi1�xAl2O4-

supported Rh at 973 K (H2O/ethanol ratio ¼ 4). It was stated that acidic and basic

properties of the catalysts are crucial parameters inasmuch as they control the

primary selectivity for ethylene or acetaldehyde. To avoid the ethylene formation

which leads to a significant carbon deposit all acidic sites should be neutralized.

CeO2 and ceria containing mixed oxides have also been widely used as support

for Rh in the ethanol steam reforming. At 723 K a significant activity loss was

measured on 1% Rh/CeO2, the hydrogen formation was found to decrease with

time, while that of acetaldehyde changed oppositely [31]. The effect of CeO2
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morphology on hydrogen selectivity was also studied in the ethanol steam

reforming [44]. Three catalysts using CeO2 nanorods, nanocubes, and irregular

particles were prepared on alumina surface. The results indicated that all catalysts

suffered a small deactivation during 24 h on stream at 1,073 K. The hydrogen

selectivity when the support was the nanorods varied insignificantly, but in the

presence of nanocubes the efficiency of the catalyst altered significantly. These

results indicate clearly that CeO2 nanoparticles with a specifically exposed surface

affect the overall catalytic activity under working conditions. Why the catalyst with

cubic CeO2 showed the least activity after 24 h of reaction is unclear.

To improve the performances of the catalyst in the steam reforming of ethanol,

ceria-containing supports with enhanced OH surface mobility were used as support

[28]. Although at 873 K 1% Rh/Al2O3 showed the highest hydrogen selectivity

while 1% Rh/CeO2–ZrO2 exhibited the highest yield in hydrogen. In descending

order the following sequences was established for the yield: 1% Rh/Ce0.63Zr0.37O2

> 1% Rh/12% CeO2–Al2O3 > 1% Rh/CeO2. These results were explained with a

bifunctional mechanism; the activity of the catalyst in the steam reforming of

ethanol increases as the OH groups mobility at the catalyst surface increases.

The CeO2–ZrO2 ratio was systematically varied to evaluate the effect of

CeO2/ZrO2 ratio on ethanol steam reforming [45]. From the results it is clear that

the Rh/CeO0.8ZrO0.2O2 catalyst exhibits the highest hydrogen yield at 723 K.

The ratio of H2 formed/ethanol converted was 4.3 and the space velocity was

133,000 cm3/gcatalysth. At a lower temperature of 623 K this catalyst lost its activity;

on the surface carbonaceous deposit was formed. To suppress the ethylene forma-

tion potassium (0.5%) was added to the Rh/CeO0.8ZrO0.2O2 catalyst which has a

beneficial effect on the catalyst stability, while 5% K reduce the activity.

Diagne et al. [46] also studied the ethanol reforming on a series of

Rh/CeO2–ZrO2 catalysts. His XPS results indicate that the presence of Rh has

resulted in partial reduction not only of CeO2 but also ZrO2. It was found that at

the temperature range of 673–773 K all catalysts showed complete conversion of

ethanol (H2O/ethanol ¼ 8) with high selectivity toward hydrogen formation,

approaching the theoretical value (6 mol H2 per mol of ethanol inlet). The effect

of the support was mainly noticed on the CO2/CO ratio.

Idriss and his coworkers studied the reaction over bimetallic CeO2 catalysts (Rh

and Pd or Pt) for the production of hydrogen [47–49]. They concluded that the

reaction occurs at interface between Ce and metal ions. The presence of Rh atom is

crucial for the reforming of ethanol since they initiate the terminal

carbon–hydrogen bond dissociation, and thus favoring the formation of the possible

oxametallacycle intermediate needed for further interaction with the surface and

dissociation of the carbon–carbon bond. The high activity of the bimetallic catalysts

is linked to the presence of the two metals with two different properties. Rh for

breaking the carbon–carbon bond and Pd for the water–gas shift reaction and

hydrogen recombination reaction.
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4.4.2 Supported Pt Catalysts

The supported Pt catalysts belong to the most active and selective catalysts in the

ethanol steam reforming according to different comparative studies, so the effi-

ciency of it and the effect of the support on the Pt were investigated in detail.

The reaction was studied on 1% Pt/Al2O3 at 723 K (H2O/ethanol ratio was 3) and it

was found that while the selectivity of hydrogen decreased in time, the formation of

ethylene increased parallel to it but the ethanol conversion was higher than 95%

[50]. This trend was attenuated by increasing water concentration, metal loading,

and reaction temperature. At 923 K the hydrogen selectivity was about 80%. It was

assumed that this behavior of Pt/Al2O3 in the ethanol + water reaction can be

attributed to the formation of surface acetate groups which was detected during

the reaction by means of DRIFT [51] and these species hindered the reaction on the

metal, although these species were located rather on the support. When the catalyst

was doped with potassium the decrease in the hydrogen selectivity was lower, the

ethylene formation was strongly diminished but in these cases significant amount of

methane was formed. It was proved that the K had a destabilizing effect onto the

surface acetate groups and thus improved the steam-reforming activity of 1%

Pt/Al2O3 [51]. The drastic changes of the hydrogen and ethylene selectivities on

Pt/Al2O3 were also found by Sanchez-Sanchez et al. [52]. When bimetallic

PtNi/Al2O3 was used, higher activity toward hydrogen and C1 products formation

was obtained than on the monometallic counterparts. The improvement in the

catalytic performance was associated with higher activity in the gasification of

methyl groups formed in the decomposition of acetate species [52].

Using Al2O3–ZrO2 mixed oxide as support the decay in the selectivity of H2 and

CO2 caused by the surface acetate species on Pt/Al2O3 decreased, while the zirconia

destabilized the surface acetate groups. The highest turnover rate and yield was

found on Pt/Al2O3–ZrO2 (1:3) [53]. Breen et al. found that Pt/Al2O3 showed very

poor activity in hydrogen formation; in these cases mainly ethylene was formed

[27]. When CeO2–ZrO2was the support a small amount of methane and no ethylene

were detected above 823 K. These results also show that the alumina support can

play an important role by the dehydration of ethanol to ethylene even at low

temperature. Contrary with it, much higher hydrogen selectivity was found on

Pt/Al2O3 above 700 K and the C2H4 selectivity was below 5%. It has to be noted

that the g-Al2O3 used in these experiments as support has only negligible catalytic

effect under the same experimental conditions [29].

Navarro et al. [54] studied the oxidative steam reforming of ethanol on Pt/Al2O3

modified by Ce and La. The presence of Ce was beneficial for hydrogen production.

The presence of La, however, did not promote conversion.

4.4.3 Supported Pd, Ru, and Ir Catalysts

Goula et al. [55] studied the steam reforming of ethanol over commercial Pd/Al2O3

and reported 95% selectivity to hydrogen at 923 K. Ethanol conversion was 100%
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even at lower temperatures (573–623 K), and the H2/CO molar ratio was maximal

at about 723 K. The amount of coke formed was negligible even at stoichiometric

water to ethanol ratios [56]. Frusteri et al. [30], however, observed that the Pd/MgO

catalyst drastically deactivated during the reaction at 923 K due to the metal

sintering. Coke formation on Pd/MgO occurred at a higher rate than on MgO-

supported Rh, Ni, or Co catalysts.

Liguras et al. [29] studied Ru-catalyzed steam reforming of ethanol in the

temperature range of 873–1,123 K. The catalytic performance significantly

improved with increasing metal loading; the 5% Ru/Al2O3 sample showed almost

100% selectivity toward hydrogen around 1,070 K. Vaidya and Rodrigues [57]

performed detailed kinetic investigation in the steam reforming of ethanol on

Ru/Al2O3 catalyst in the temperature range of 873–973 K (see later). They found

that the higher the extent of ethanol conversion, the higher is the relative yield

of hydrogen. The investigation of the effect of space time on the hydrogen yield at

973 K shows that when the space time increased from 0.68 to 2.04 g h mol�1, the

hydrogen yield increased from 0.27 to 0.41 mol/mol.

Alumina-supported monometallic Ru and bimetallic Ru–Pt nanoparticles

derived from different organometallic cluster precursors (such as [HRu3(CO)11]
�,

Ru3(CO)12, and [Ru5PtC(CO)15]
2�) were found to be highly efficient ethanol

steam-reforming catalysts [58, 59]. The high catalytic efficiency of the cluster-

derived catalysts is attributed to the very small size of the metallic nanoparticles.

Although all three types of catalysts exhibit similar activity and selectivity, it

appears that the presence of Pt might help promote water–gas shift reaction at

low temperatures, while ethanol C–C bond cleavage also appears to be facilitated

over the bimetallic cluster-derived catalysts.

Ir supported on Al2O3 or on CeO2 was not the best catalyst among the noble

metals [31], but Ir/CeO2 showed rather stable catalytic performance for 300 h time-

on-stream without any deactivation [33]. The strong interaction between Ir and

CeO2 effectively prevented the sintering of highly dispersed Ir particles and

facilitated coke gasification through the high oxygen storage capacity of ceria

[33]. Similar results were found by Cai et al. [60]; the Ir/CeO2 has a stable activity

at 823–923 K with no apparent deactivation. Structural analysis of the used

catalysts indicates that the 2–6 nm Ir particles remained highly dispersed on the

enlarged ceria particles.

4.5 Reforming of Ethanol on Supported Transition Metal
Catalysts

Besides noble metal-based systems the reforming of ethanol occurs with high

hydrogen selectivity over supported Ni and Co catalysts, and the reaction has also

been studied extensively on these samples.
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4.5.1 Supported Ni Catalysts

The steam reforming of ethanol was investigated over La2O3, Al2O3, YSZ, and

MgO-supported Ni catalysts [61]. The hydrogen selectivity at 1,023 K was higher

than 80% in all cases. The Ni/La2O3 was the most selective toward H2 and this

sample was very stable for almost 100 h on stream. The enhanced stability of this

catalyst may be due to scavenging of coke deposition on the Ni surface by

lanthanum oxycarbonate species which exist on top of Ni particles under reaction

conditions [61].

The conversion and H2 yield increased on Ni/Al2O3 catalysts produced from Ni

(II)–Al(III) lamellar double hydroxide (LDH) precursor, when temperature or

contact time increased [62, 63]. When the ethanol conversion approached 100%

the hydrogen yield approximates. It means that the products were only H2, CO,

CO2, and traces of CH4. It was found that the ethanol conversion has maxima as a

function of water concentration either at 989 or 923 K. This means that both water

and ethanol are competitively adsorbed on the same type of active site.

Contrary with it significant deactivation was observed on Ni/a–Al2O3 at

1,173 K, since huge amount of carbon deposit was observed [64]. Similar results

were found on Ni/g-Al2O3 [65], this catalyst presents high activity and selectivity

toward hydrogen production at elevated temperature, but as temperature is reduced

a significant amount of ethylene appeared in the gas phase. This results in rapid

carbon accumulation on the catalyst and in loss of its reforming activity. Impreg-

nation of Al2O3 with La2O3 significantly reduced the rate of carbon formation [65].

The modification of alumina-supported Ni catalyst with Ce, Mg, Zr, and La

affect the acidity of the catalyst, structure, and morphology of Ni particles and

influenced their reforming activity [66]. The higher efficiency of Mg-modified

catalyst was explained in terms of the lower acidity and better dispersion, while

for Ce- and Zr-promoted catalysts the improvement in intrinsic activity was

ascribed to the enhancement of water adsorption/dissociation on the Ni–Ce and

Ni–Zr interfaces. On the other hand, the lower activity of La-added catalyst was

explained in terms of the dilution effect caused by the presence of lanthanum on Ni

surface [66]. It was found that the Ce and La additives prevent formation of carbon

filaments on Ni surfaces, which is responsible for the changes in product

selectivities observed in other cases.

In spite of this observation, Ni supported on La2O3 exhibited the highest activity

and selectivity toward hydrogen and, most important, long-term stability for steam

reforming of ethanol comparing the efficiency of La2O3, Al2O3, YSZ, and MgO-

supported Ni catalysts [61, 65, 67]. The enhanced stability of these catalysts as

mentioned above may be due to scavenging of coke deposition on the Ni surface by

lanthanum oxycarbonate species, which exist on top of the Ni particles under

reaction condition.

Comparing the activity of Ni/La2O3, Ni/Y2O3, and Ni/Al2O3 [68], it was found

that the catalytic activity and selectivity of hydrogen formation decreased in the

above-mentioned order which is consistent with the order of the activation energy

and crystal grain size of the catalysts. The ethanol conversion at 523 K was 80.7%
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and the hydrogen selectivity was 49.5% but at 593 K these values were 99.5 and

48.5%, respectively, on Ni/La2O3 catalyst. Other authors found that on Ni/La2O3

catalyst formed from LaNiO3 perovskite-type oxide, the initial ethanol conversion

at 700 K with H2O/ethanol ratio of 2 was around 100% but significantly decreased

after 6 h. When the H2O/ethanol ratio was higher the ethanol conversion remained

stable, but the deactivation begins later. Catalyst deactivation occurs from the

deposition of carbon on the surface. Lower reaction temperature and lower

H2O/ethanol ratios favor the deposition of filamentous carbon. Addition of O2 to

the feed significantly improved catalyst stability, less carbon formation occurred.

Similar observation was found in the case of Ni–Cu/SiO2 catalyst, the introduction

of higher amount of O2 during the oxidative steam reforming of ethanol increased

the stability of the catalyst [69].

Hydrogen production in the steam reforming of ethanol over MgAl2O4-

supported catalysts has been investigated applying combinatorial and high-through-

put approaches [70]. It has been revealed that practically no noble metal is required

to achieve high hydrogen yield. At 773 K, a four component catalyst containing Ni,

Co, Ce, and Mo has resulted in 4.4 mol hydrogen per mol of ethanol. Its advantage

is the strong suppression of the formation of carbonaceous deposit. In this system

Ni is considered as the active metal, while Co, Ce, and Mo are promoters.

4.5.2 Supported Co Catalysts

Cobalt is another non-noble metal catalyst which is active and selective for hydro-

gen formation in the ethanol reforming while Co could break the C–C bond [71].

Earlier, Co-based catalysts were deemed as appropriate systems for steam

reforming of ethanol. The reaction occurred to a large degree over ZnO-, La2O3-,

Sm2O3-, and CeO2-supported Co catalysts; CO-free hydrogen was produced [72].

Depending on the support different cobalt-based phases were identified: metallic

Co particles, Co2C, CoO, and when La2O3 was the support, La2CoO4. The extent

and the nature of carbon deposition depended on the catalyst and on the tempera-

ture. The ZnO-supported sample showed the best catalytic performance. Only a bit

less than 100% ethanol conversion at 723 K and selectivity up to 73.8% for H2 and

24.2% for CO2 was obtained [72]. Llorca et al. [73] proposed ZnO-supported Co

catalysts for steam reforming of ethanol. The use of Co(CO)8 as precursor produced

a highly stable catalyst that enabled the production of CO-free H2 at low

temperatures (623 K). They concluded that the method of catalyst preparation

affected its performance and structural characteristics. It was stated that acetalde-

hyde is the primary product of the reaction and the cobalt catalyzes the reforming of

acetaldehyde via the C–C bond scission of bidentate acetate species. Acetone is also

produced on Co/ZnO probably on the surface of the support [71]. The sodium

addition to the Co–ZnO-based catalyst has a positive effect on the steam reforming

of ethanol [74]. Under total conversion in the 623–723 K temperature range the

hydrogen production increased by about 5–8%.
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Haga et al. found that the supports vastly influenced the properties of Co

catalysts [18]. The formation of H2 decreased in the order: Co/Al2O3 > Co/ZrO2

> Co/MgO > Co/SiO2 > Co/C. The Co/Al2O3 catalyst exhibited the highest

selectivity to H2 (67% at 673 K) by suppressing methanation of CO and decompo-

sition of ethanol. Cavallaro et al. [75] found that Co/MgO is more resistant to coke

formation than Co/Al2O3 at 923 K. Batista et al. [76] studied the reaction on the

same catalysts and found that after reduction of the samples at 673 K CoOx species

remained on the surface. The average conversion was higher than 70% at 673 K.

The metal loading influenced ethanol conversion and product distribution. CO

produced in the ethanol reformation can react with water or H2 on Co sites. Both

reactions show high conversion on Co/Al2O3 and on Co/SiO2, but Co/Al2O3 has

higher efficiency in CO removal [76].

The auto-thermal reforming of ethanol was studied on iron-promoted Co/Al2O3

[77]. In this process, oxygen was also introduced in the feed and thus included in the

endothermic steam-reforming process as well as the exothermic oxidation process

can be a self-sustaining heat process controlled through the oxygen ratio in the feed.

The iron-promoted Co-based catalysts show higher activity and better stability than

the unpromoted samples [77]. The better performance was attributed to the effect of

iron which results in more Co metal on the surface and which remains stable during

the oxidative atmosphere of auto-thermal reforming. The authors suppose that iron

promotes the ethanol dehydrogenation too. The hydrogen yield remains around

3.13 mol H2/mol ethanol at 873 K and stays stable in a 30 h test.

Various supported Co catalysts were characterized by in situ magnetic

measurements under ethanol steam-reforming reaction [78]. The catalyst that

performed well in the reaction presented metallic cobalt particles and oxidized

cobalt species. An easy exchange between small metallic cobalt particles and

oxidized Co species was found in the reaction. In contrast to this study Batista

et al. [76] suggested that only Co0 sites are active for the steam reforming of

ethanol. The metallic cobalt sites were also found to correlate with the catalytic

activity. The reaction and H2 chemisorption showed that ZrO2-supported catalyst

has the best dispersion and best catalytic activity. Over the 10%-Co/ZrO2 catalyst,

using a H2O:ethanol:inert molar ratio of 10:1:75 and a GHSV ¼ 5,000 h�1, 100%

ethanol conversion and a yield of 5.5 mol H2/mol ethanol were obtained at 823 K

and atmospheric pressure [79].

The hydrogen selectivity and product distribution were found to be dependent on

the preparation method and the nature of the support used [80]. On Co/SiO2

prepared by sol–gel method and Co/Al2O3 made by impregnation the maximum

hydrogen selectivity at 753 K was ca. 62 and 67%, respectively. With sol–gel silica-

based catalysts methane formation was drastically decreased while acetaldehyde

production was increased.

Sahoo et al. found that 15%-Co/Al2O3 prepared by wet impregnation has the best

efficiency for ethanol steam reforming, the 10- and 20%-Co/Al2O3 samples

deactivated rapidly [81]. The H2 concentration was maximum at 773 K when the

water/ethanol ratio was 3 and the contact time was 17 kg cat/(mol/s). Above 773 K,

the ethanol decomposition reaction is favored, which decreases the hydrogen

selectivity and increases the CO and CH4 evolution [81].
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Profeti et al. on noble metal-promoted Co/Al2O3 studied the ethanol reforming

[82]. The results showed that the promoting effect of noble metals included a

marked decrease of reduction temperature of both Co3O4 and cobalt surface species

interacting with support due to the hydrogen spillover. Better catalytic performance

for ethanol steam reforming at 673 K was obtained for CoRu/Al2O3 catalyst, which

presented the highest H2 selectivity (69% instead of 56%) and the reasonably low

CO formation (5% instead of 8%) [82].

The effect of the nature of the cobalt precursor used in the catalysts synthesis

was also investigated [73, 83, 84]. It was concluded that any parameter that would

give a higher Co dispersion is likely to improve the catalytic performance [74, 84].

Although it was stated that the product composition depends on the starting material

of the Co the differences in the results are not higher than 10%, though in the crystal

size there are triple differences. The highest CO2 selectivity (94.6%) was obtained

at 723 K on Co/CeO2 when the catalyst was prepared from cobalt acetyl acetonate

[83]. The authors supposed that the organic ligand bound to the cobalt species

might facilitate its dispersion on the surface of the CeO2 support, resulting in the

improved activity.

The effect of the preparation method on the catalytic effect of the CeO2-

supported Co catalysts was recently reported [85, 86]. The Co/CeO2 prepared in

ethanol medium showed significant improvement in catalytic performance (higher

H2 yield, higher stability, and fewer side reactions) compared to the ones prepared

in aqueous media. Characterization results showed the presence of oxygenated

carbon species possibly metal-coordinated acetate on the surface. These species

are likely to play a role in the improved performance. Although the nature of this

role is not clear, possibilities include a segregation effect that prevents sintering, a

site-blocking effect that suppresses the side reactions or an “imprinting effect” that

makes it easier for the acetate intermediates to form on the surface.

In the physical properties of Co/ZrO2–CeO2 samples there were no significant

differences when the samples were prepared either by impregnation or by co-

precipitation. The impregnated samples show the highest catalytic activity for

hydrogen production [86]. The authors supposed that the different preparation

conditions resulted in differences in the metal-support interaction which influenced

the reduction behavior of Co/ZrO2–CeO2 catalysts; a stronger interaction

suppresses the reduction of cobalt species. They supposed that under the ethanol

steam-reforming conditions at 723 K, the interaction between this partially reduced

cobalt and ZrO2–CeO2 species over the impregnated sample leads to the formation

of unidentified active sites [86].

The effect of the oxygen mobility of the support on the steam reforming of

ethanol was investigated on ZrO2- and CeO2-supported cobalt catalysts [87].

On 10%-Co/ZrO2 sample at 723 K significant deactivation was observed through

the deposition of carbon on the surface mostly in the form of carbon fibers.

The addition of ceria appears to improve the catalyst stability due to its high oxygen

storage capacity and high oxygen mobility allowing gasification and/or oxidation of

deposited carbon as soon as it forms [87]. The insertion of ZrO2 into CeO2 structure

has been found to enhance the redox properties and the thermal stability of CeO2.
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Vargas et al. [88] examined fluorite type Ce–Zr–Co as a catalyst for ethanol

steam reforming. They found that after in situ controlled partial reduction of the

catalysts at 713 K a part of the Co was reduced into nanoparticles of Co0, which

were active and selective for reactions at 713 K while with the further increase in

reaction temperature (813 K) catalysts underwent a deeper reduction, leading to

deactivation.

The insertion of a small amount of noble metal Rh in this ceria–zirconia fluorite

structure doped with cobalt does not improve the hydrogen production but increases

30 times the lifetime of the catalyst [89]. It was found that the deactivation process

of the catalyst is related not only to the carbon deposit but also to carbonate species

which can form in acetaldehyde reaction sequence. The beneficial effect of Rh

could be ascribed to its ability to avoid carbonate formation by preventing the

blocking of active oxygen vacancies of the mixed oxide support.

4.6 Reforming of Ethanol on Supported
Cu-Containing Catalysts

The first papers which reported on the decomposition and reforming of ethanol over

different supported copper catalysts were published 20 years ago. In the ethanol

decomposition at 493 K at 50% conversion mainly dehydration occurred and

acetaldehyde was formed. The selectivity of it was between 77.9% on Cu/SiO2

and 54.1% on Cu/Al2O3. Beyond that Cu/ZrO2 and Cu/ZnO were highly selective

for ethyl acetate formation; C4 species and diethyl ether were produced over

Cu/Al2O3 [90].

In the steam reforming of ethanol over copper-based catalysts at 523 K and at

80% conversion, acetic acid formed (S% of CH3COOH on Cu/ZnO was 38%)

together with the products of dehydrogenation and ethyl acetate [90].

Cavallaro and Freni [91] studied the ethanol reforming on CuO/ZnO/Al2O3

mixed oxide catalyst, showing that the main products, CO, CO2, and H2 formed

above 623 K. Furthermore, CuO/ZnO/Al2O3 and NiO/CuO/SiO2 catalysts did not

produce appreciable quantities of coke and/or unexpected oxygenated by-products

even with H2O/ethanol ratios lower than 3 [91].

The Cu/Nb2O5 catalyst presents as high conversion as Ni/Al2O3 catalyst for the

steam reforming of ethanol [92]; however, the formation of hydrogen at the same

level occurs at much lower temperature, 473 K. It is important that there is little

formation of CO on the Cu/Nb2O5 compared to the Ni/Al2O3, which can be

attributed to the strong interaction between the metal and the support. Similar

behavior was observed by Alonso et al. [93] on this catalyst. Promotion with Pd

or Ru improved the catalytic performance for hydrogen formation and the resis-

tance to deactivation.

Cu/ZnO was a relatively poor catalyst in the ethanol reforming [35]. Below

723 K ethanol conversion was less than 20% and mainly the dehydrogenation of
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ethanol occurred, and acetaldehyde was formed. No significant improvement was

observed over bimetallic Cu–Co or Cu–Ni catalysts.

Ethyl acetate and acetic acid formation was observed on different supported Cu

catalysts. The selectivities to ethyl acetate and acetic acid markedly depended upon

the support used [90]. The highest selectivities for which acetaldehyde formation

(77.9%) was found on Cu/SiO2 and that of ethyl acetate (28.1%) was on Cu/ZnO at

493 K. Acetaldehyde was formed by the dehydrogenation of ethanol which

transformed to either ethyl acetate or acetic acid through steps in which a nucleo-

philic addition of ethanol (or ethoxy species) or water (or hydroxide group) to

acetaldehyde occurred.

The steam reforming of ethanol on Cu/CeO2 produces at 533 K mainly acetal-

dehyde and hydrogen but at higher temperature, 653 K, acetone was the main

product [94]. The formation of hydrogen accompanied by the production of acetone

was considered to proceed through the following consecutive reactions: dehydro-

genation of ethanol to acetaldehyde, aldol condensation of acetaldehyde and the

reaction of the aldol with the lattice oxygen of the support to form a surface

intermediate followed by its dehydrogenation and decarboxylation. Ceria played

an important role in this reaction as an oxygen supplier. Since the aldol condensa-

tion is promoted by bases the Cu/CeO2 catalyst was promoted with MgO. Larger

amounts of acetone and hydrogen were produced at lower temperature compared

with the un-promoted sample [94].

Copper is frequently used as catalyst in the steam reforming of ethanol in

bimetallic systems while this metal is active in the reforming of methane and CO

which could be produced in one of the first steps of ethanol conversion.

The Ni–Cu system was studied in detail in this reaction. Unsupported Ni–Cu [95]

was used as catalyst in the ethanol steam reforming while the acidic and/or basic

character of the support could influence the reaction. It was found that this sample

was active and stable for the steam reforming of ethanol even at a stoichiometric feed

composition. Ethanol and the reaction intermediates were entirely reformed into

hydrogen and C1 products at 673 K; CH4 steam reforming and reverse water–gas

shift became the major reactions at higher temperature. The Ni–Cu catalyst

exhibited stable performance at 923 K without apparent deactivation. Condensed

carbon was deposited on the Ni–Cu surface probably through the decomposition of

methane formed during ethanol steam reforming.

Ni–Cu catalysts were prepared as supported on single oxide [35, 96], on oxide

mixtures [97, 98], or on samples which are promoted with different other materials

[99, 100].

Neither copper nor nickel alone supported on ZnO appears as appropriate catalysts

for the steam reforming of ethanol under the desired low temperature (below 723 K)

for hydrogen production. Over the copper sample dehydrogenation of ethanol into

acetaldehyde occurs, but the reforming reaction does not further progress significantly

into H2 and CO. On the other hand, over the nickel sample the decomposition reaction

of ethanol to CH4 and COx is favored [35]. The yield of H2 production is improved

over ZnO-supported, Na-promoted Co–Ni sample with respect to Co catalyst at low

temperature due to an increase of catalytic activity. No significant improvement was

observed over a similar Co–Cu sample [35]. The reforming and the oxidative
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reforming of ethanol were studied on silica-supported Ni–Cu catalysts [69, 96, 101].

This sample shows high activity and selectivity toward H2 production in contrast to

Ni/SiO2 catalyst that deactivates rapidly due to coke deposition [69]. It was stated that

generally the hydrogen selectivity increases with increasing reaction temperature, and

decreases with decreasing the ratio of H2O/ethanol in the feed. Introduction of oxygen

favors the production of hydrogen, while limits the formation of methane and carbon

deposition [96].

The effect of Mg and Ca incorporation into CuNi/SBA-15 for hydrogen produc-

tion by ethanol steam reforming was also studied [102]. The Ca or Mg additives

strengthened the interaction between the support and the Cu–Ni phase and reduced

the metallic particle size. Both promoting effects of Mg and Ca lead to a better

catalytic behavior of CuNi/SBA-15 catalyst. In the ethanol steam reforming at

873 K all the catalysts reached the complete ethanol conversion, but on the

promoted sample the hydrogen selectivity was higher, about 80%, and lower

CH4, and acetaldehyde selectivity and lower coke deposition were observed [102].

The effect of additives on the Cu–Ni/Al2O3 catalyst was also studied [99, 100,

103, 104]. The gasification of ethanol was investigated on K-promoted Cu–Ni/

Al2O3. The catalytic behavior of the samples strongly depends on the conditions of

the thermal treatments. Thus, the increase of the calcination temperatures of the

precursors produces a strong interaction between nickel and aluminum, decreasing

the nickel reducibility and selectivity to C1 compounds [104]. Cu–Ni–K/g-Al2O3

catalysts are suitable for the ethanol reforming since these samples are able to

produce acceptable amounts of hydrogen working at atmospheric pressure and at

573 K [103]. Increasing the nickel content enhances ethanol gasification increasing

the gas yield and reducing acetaldehyde and acetic acid production [103].

Ni–Cu-based bimetallic catalyst supported on Al2O3–MyOz (M ¼ Si, La, Mg, or

Zn) were prepared to study the effect of the composite support on the catalytic

performance in the steam reforming of ethanol [100]. The catalysts supported on

Al2O3–MgO and Al2O3–ZnO have much higher H2 selectivity than on Al2O3–SiO2.

For 30% Ni–5% Cu/Al2O3–MgO catalyst the H2 selectivity was 73.3% at 723 K

and increased to 94% at 973 K. On 30% Ni–5% Cu/Al2O3–ZnO catalyst the H2

selectivity was 63.6% at 723 K and increased to 95.2% at 873 K [100].

A series of CuNiZnAl multicomponent mixed oxide catalysts with various Cu/Ni

ratio were used in the oxidative steam reforming of ethanol [98]. Dehydrogenation

of ethanol to acetaldehyde is favored by Cu-rich catalyst. Introduction of Ni leads to

C–C bond rupture and production of CO, CO2, and CH4. H2 yield varied between 2.6

and 3 mol/mol of ethanol converted (50–55%) for all catalysts at 573 K.

Ethanol steam reforming was studied over a mixed oxide CuCoZnAl with

potassium additives [105]. The preparation method led to the formation of spinel

matrix mainly ZnAl2O4 with high dispersion of oxidized species of Cu and Co.

At 873 K the H2 yield was 5.2 mol H2 per mol ethanol fed and the activity was

stable. Although the extent of sintering of metal particles of Cu and Co was high at

this temperature, the sintering does not contribute in an important way to the

deactivation phenomenon.
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4.7 The Effect of Oxides and Carbides
on the Conversion of Ethanol

The nature of the support strongly influenced the activity, the product distribution,

and the stability of the catalysts during the ethanol reforming.

In spite of their lower activity related to supported metal catalysts, metal oxides

are also able to catalyze the ethanol decomposition and the ethanol reforming

depending on the reaction conditions used. We think it is important to discuss the

effect of the support separately, because it is very difficult to distinguish the

efficiency of it from the effect of the metal in the case of supported metal catalysts.

It is well known for a long time that ethanol is dehydrogenated on alumina

surface producing ethylene and diethyl ether [23]. Llorca et al. report [106] the

behavior of several oxides with wide range of redox and acid–base properties in the

steam reforming of ethanol in the temperature range of 573–723 K and 5,000 h�1

space velocity. The temperature required for total conversion was lower for V2O5

and Al2O3 (623 K) than for the other oxides, and even at 723 K a conversion of

<10% were obtained on MgO and SiO2 and it was about 20% over La2O3 and

CeO2. In the case of TiO2 and Sm2O3 significant deactivation was observed.

Negligible steam reforming of ethanol occurred over MgO and Al2O3. In the

previous case, ethanol dehydrogenation and acetaldehyde formation and in the

latter case dehydration and ethylene formation occurred. The product distribution

for the other oxides indicates that the steam reforming of ethanol took place but in

some cases dehydration and dehydrogenation also occurred. On ZnO [106] and on

CeO2 [94] in the decomposition of ethanol after different successive reactions such

as dehydrogenation, aldol condensation, decarboxylation, significant amount of

acetone was also formed. In contrast to it, over CeO2 at 1,173 K the main products

in the steam reforming of ethanol were H2 (with the selectivity of 67.5%), CH4, CO,

and CO2 [64]. Pure ZrO2 [41] resulted in higher hydrogen production yield com-

pared to the ZrO2 decorated with CeO2, Al2O3, La2O3, or Li2O at 573 K, but above

723 K all samples exhibited similar activity.

Nb2O5 presented good initial activity for hydrogen production at 573 K but fast

deactivation was observed; mainly the dehydrogenation of ethanol occurred [93].

Tungsten oxides–carbides supported on alumina was also studied in ethanol

steam reforming. The aim of this work was preparing new and inexpensive

supported catalysts [91], but unfortunately the reaction rate was one order of

magnitude less at 903–973 K than on CuO/ZnO/Al2O3.

In spite of this, Mo2C [107] and supported Mo2C [108, 109] are effective

catalysts for hydrogen production in the decomposition of ethanol; the extent of

the reaction approached 100% even at 623–673 K on Mo2C deposited on silica.

Besides H2 several C-containing compounds were produced, which caused the low

yield of hydrogen. Mo2C prepared on carbon nanotube or on carbon (Norit),

however, dramatically altered the product distribution. The formation of H2 came

into prominence; about 40% of H2 content of ethanol decomposed at 523–723 K has

been converted into gaseous H2. Adding water to ethanol further enhanced the

hydrogen production [108, 109].
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4.8 Kinetic Study of Ethanol Reforming

Kinetic studies of ethanol reforming demonstrated that not only Langmuir–Hin-

shelwood model but also the Eley–Rideal-like model distributed to the reaction rate

depends on the catalysts, the temperature, and the ethanol water ratio.

Works related to ethanol steam reforming kinetics are scarce. Some kinetic

studies have been published in which power law, the Eley–Rideal-like model, and

the Langmuir–Hinshelwood model kinetic expressions are reported [57, 68, 81,

110]. Vaidya and Rodrigues [57] studied the ethanol steam reforming over a Ru/g-

Al2O3 catalyst in the temperature range of 873–973 K. Their results showed that

the reaction order with respect to ethanol was one. The rate expression was based on

the assumption that the decomposition of an activated complex formed during the

reaction into intermediate products was the rate-determining step.

Morgenstern and Fornango [111] also studied the reaction at low temperatures

(523–573 K) using a copper–nickel catalyst with a Raney-type structure. They

suggested that the kinetics fitted to a two-step model in which ethanol was

dehydrogenated to acetaldehyde in a first-order reaction followed by the

decarbonylation of acetaldehyde, which was also first order.

Sun et al. [68] studied the ethanol steam reforming in 523–623 K temperature

range using three nano-sized nickel catalysts: Ni/Y2O3, Ni/La2O3, and Ni/Al2O3.

The authors found that the Ni/La2O3 catalysts exhibited relatively high activity.

They proposed a first-order reaction with respect to ethanol and estimated activa-

tion energy values for the three catalysts used.

Akande et al. studied the reforming of crude ethanol on 15% Ni/Al2O3 [110,

112] in the temperature range of 569–793 K. A kinetic model was set up [110] for

hydrogen production. This was an Eley–Rideal-type rate model based on the

assumption of dissociative adsorption of ethanol on active sites as the rate-deter-

mining step. The model was of the form

rA ¼
2:08� 103 e4;430=RTNA

� �

1þ 3:83� 107NAð Þ2
;

where rA is the rate of ethanol conversion and NA is the molar flow rate of ethanol.

The kinetics model agreed well with the empirical power low rate model [110].

Mas et al. [62] proposed two kinetic models using Langmuir–Hinshelwood

approach for ethanol reforming on Ni-based catalysts. The first was a general

model including four reactions, two of them corresponding to ethanol steam

reforming and the other two to methane steam reforming. When high temperatures

and/or high water ethanol ratio were used the system could be reduced to two

ethanol steam reforming reactions.

On Ni–Al LDH catalyst the ethanol order was found to be lower than one

(0.75–0.8). His results revealed the existence of competition between ethanol,

water, and methane to be adsorbed on the same type of active sites [63].
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Ciambelli et al. studied the reaction on Pt/CeO2 catalyst [113]. It was found

that the ethanol conversion is almost constant for a particle size ranging from

50 to about 400 mm, indicating that the reaction rate is not limited by internal

diffusion resistance in this range. An empirical power function rate equation has

been proposed and apparent reaction orders of 0.5 and 0 have been calculated for

ethanol steam reforming.

Sahoo et al. [81] carried out a kinetic study of ethanol steam reforming using

Co/Al2O3 catalysts. A mechanistic kinetic model using the Langmuir–Hinshelwood

approach was developed considering surface reaction mechanisms for ethanol

steam reforming, water–gas shift, and ethanol decomposition reactions. These

authors claim that the formation of acetaldehyde from ethoxy is the rate-determin-

ing step for reforming reaction. Their kinetic model is able to describe the steam

reforming of ethanol process adequately for a wide range of experimental data.

Akpan et al. [114] proposed mechanistic kinetic models based on the Langmuir–

Hinshelwood and Eley–Rideal approaches using a Ni-based commercial catalyst.

Working with crude ethanol and at temperatures between 673 and 863 K, they used

the overall reaction (4.1) for the development of kinetic models. It must be noted

that these authors, using a Ni-based catalyst and reaction temperatures up to 863 K,

do not report the presence of methane and carbon monoxide in the effluent stream.

Ciambelli et al. [113] proposed an empirical power function rate equation and

the apparent reaction orders of 0.5 and 0 have been calculated for ethanol and water,

respectively. On RhPt wash coated monolith catalyst the order of water was found

to be also 0 but that of ethanol was 1.2 [115].

In the mathematical model of G€orke et al. [116] for ethanol steam reforming on

Rh/CeO2, the rate-determining steps were CO2 desorption, dissociative ethanol

adsorption, and reaction of adsorbed methane with steam from the gas phase.

Benito et al. [117] proposed similar important reaction steps for ethanol steam

reforming as mentioned above—the ethanol dehydrogenation, acetaldehyde

decomposition, the reforming of methane, and the water–gas shift reaction—

without judging about the rate-determining step.

Table 4.1 Activation energies of the ethanol reforming on different catalysts

Catalyst Temperature range (K) Ea (kJ/mol) References

Ru/g-Al2O3 873–973 96 [57]

Cu–Ni Raney type 523–573 149 [111]

Ni-based commercial catalyst 673–863 59.7 [114]

Ni–Al LDH 823–923 144 [63]

Ni/Al2O3 823–923 112.9 [62]

Rh/Pt on ceramic 85 [115]

Co/Al2O3 673–973 82.7 [81]

Pt/CeO2 573–723 18 [113]

Ni/Al2O3 16.88 [68]

Ni/Y2O3 7.04 [68]

Ni/La2O3 1.87 [68]
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The activation energy of the steam reforming of ethanol was found in a wide

range on different catalysts. Some data are collected in Table 4.1. The high

discrepancy and some low values of activation energy could be explained by

surface diffusion of reactants and/or products. Mariňo et al. [99] observed the

presence of diffusion resistances even at the temperature as low as 573 K and

using catalyst particles in the size range 125–177 mm.

4.9 Interaction of Ethanol with the Catalysts
and with the Support

4.9.1 Infrared Spectra of Adsorbed Ethanol

It is generally accepted that ethanol adsorbs molecularly at 100 K on Pt surface;

however, there are discrepancies between the published studies regarding the extent

of ethanol decomposition. Panja et al. [118] found that the entire ethanol monolayer

desorbs reversibly. In contrast to this observation, Sexton and coworkers estimated

that about 10% of the monolayer decomposed to H2 and CO [119] and Rajumon

et al. [120] stated that a significant amount of surface carbon was detected following

ethanol adsorption on Pt(111) at room temperature. Lee et al. [121] reported that

ethanol multilayer desorbs above 150 K, while ~60% of the monolayer desorbs

intact above 200 K in competition with decomposition pathways. Reaction initially

proceeds via progressive dehydrogenation to form a metastable acetyl intermediate,

which in turn undergoes decarbonylation above 250 K to give chemisorbed CO and

methyl groups. A significant fraction of the latter is hydrogenated above 270 K,

desorbing as CH4, with the remainder further decomposing to liberate H2 and

surface CHx moieties.

The initial step in alcohol activation on Pd(111) [122], Ni(111) [123], is alkoxide

formation via O–H bond cleavage. In the chemisorbed ethoxy species methylene

(CH2) C–H bond scission occurs as the second step in ethanol decomposition,

which is followed by the C–C bond breaking and the CO formation. On Rh(111)

[124] surfaces, predominantly the carbon–carbon bond dissociates during ethanol

adsorption at room temperature and the carbon–oxygen bond is preserved leading

to adsorbed CO but not to adsorbed atomic O. In addition to CO, also significant

amounts of methylidyne and ethylidyne species are formed on Rh(111), the latter

presumably via a reforming reaction. No significant amounts of atomic C formed on

Rh(111) indicating incomplete dehydrogenation. The ethoxy species formed on Cu

(100) was stable to approximately 370 K but decomposed at higher temperature to

yield gaseous products and a clean surface [125].

Ethanol has been found to adsorb on various metal oxide surfaces by the

dissociation of the OH bond, with the proton going to surface lattice oxygen and

the ethoxide species bonded to the surface cation. The formation of adsorbed

surface ethoxy species was first reported by Greenler [126] who adsorbed ethanol

on aluminum oxide at 308 K. For example, adsorbed ethoxy species have been
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detected upon the adsorption of ethanol on various oxide surfaces including MgO

[127], TiO2 [128], CeO2 [129, 130], Al2O3 [131], ZnO [71], ZrO2 [53, 87], Nb2O5

[92], and La2O3 [65, 132]. On Mo2C it was also found that the primary step of

ethanol activation is the ethoxy formation [133].

After the adsorption of ethanol at room temperature the bands of molecularly

adsorbed ethanol and ethoxy were detected on alumina and alumina-supported

noble metals [31, 50]. The bands observed during ethanol adsorption on different

supports and on different catalysts and their possible assignments have been

collected in Table 4.2. Other bands not involved in Table 4.2 originate from the

products of surface reaction(s) and they will be discussed later. The negative

spectral features at 3,718 and 3,677 cm�1 and the broad absorptions centered at

3,405 cm�1 (not shown) are from the adsorption of molecular ethanol through the

formation of hydrogen bridge bonding with the OH groups of the support. In the

spectral range of 2,200–1,800 cm�1, bands of adsorbed CO were detected even at

300 K on alumina-supported noble metals (Fig. 4.3) [31].

The bands observed at 300 K in the C–H stretching region (3,100–2,600 cm�1)

monotonously lost their intensities with the increase of the temperature up to 573 K.

Above this temperature the intensities of these bands dramatically decreased. On

the spectra of Al2O3 and other alumina-supported noble metal samples similar

characteristics could be observed in the 1,800–900 cm�1 range. On supported

metals, however, at and above 373 K new bands appeared at 1,575 and

1,474–1,468 cm�1 attributed to surface acetate species [134], which were the

only stable bands at 673 K (Fig. 4.3). A band due to d(OH) in molecularly adsorbed

ethanol (1,277 cm�1) could be observed up to 473 K on the surfaces. Spectral

features due to H-bridge bonding of molecular ethanol (not shown) were detected

up to 573 K on Al2O3 [135] and up to 623 K on 1% Ir/Al2O3.

From the comparison of the corresponding spectra in Fig. 4.3a, b it turned out

that the presence of water led to the appearance of the bands at 1,574 and

1,458 cm�1 even at 300 K. In the presence of water, on the other hand, the band

at 1,074 cm�1 could be observed even after the treatment at 673 K.

In order to distinguish the bands of adsorbed ethanol molecules and ethoxide(s)

formed in the dissociation of ethanol, the method proposed by Hussein et al. [136]

was followed: they attributed the band at 1,380 cm�1 (d[CH3] in ethanol) and

1,270 cm�1 (d[OH] in ethanol) to ethanol molecularly adsorbed on TiO2 surface.

They suggested that the 1,270 cm�1 band is from strongly held C2H5OH probably

coordinatively bonded to Lewis acid sites [128, 135].

The negative features and the broad absorptions above 3,400 cm�1 on the spectra

of alumina-supported noble metal catalysts show that a part of the ethanol

molecules was absorbed by hydrogen bridge bonding to the surface OH groups of

the catalyst.

It has also been proposed [135] that bands below 1,200 cm�1 could be assigned

to ethoxides (C2H5O(a)
�). The band around 1,120 cm�1 was attributed to ethoxide

coordinated to a single surface cation of the support (monodentate ethoxide) and the

band around 1,070 cm�1 to an ethoxide bridge bonded (bidentate) to adjacent

surface cations of the supporting oxide [35, 135, 137].
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At 373 K (in ethanol decomposition) and already at 300 K in the presence of

water other surface reactions occurred, the result of which is the appearance of

stable bands at 1,575 and 1,474–1,458 cm�1. These bands are tentatively assigned

to surface acetate species. After ethanol adsorption on Pt/TiO2 Rachmadi and

Vannice [134] found bands at 1,550 and 1,442 cm�1 assigned to na(COO) and

ns(COO) vibrations in the surface acetate species.

Similar results were obtained on different supported metals. The main

differences were the appearance temperature and the structure of the acetate

species. On CeO2 and on Pd/CeO2 [129], the bands at 1,572 and 1,424 cm�1

characteristic of the nas(OCO) and ns(OCO) vibration of acetate were detected.

Ethoxy species adsorbed on Co/ZrO2 [87] disappeared with increasing temperature

due to oxidation with the lattice oxygen from the support. Surface acetate formed

subsequently at 1,552 cm�1 (nas[OCO]), 1,441 cm
�1 (ns[OCO]), and 1,346 cm

�1 as

an intermediate then dissociated into CO2, but these peaks were observed even at

773 K. It has to be noted that in the CO region there were no peaks during the entire

run on Co/ZrO2.

DRIFTS results obtained on Cu/Nb2O5 are in accordance with TPD analysis and

the formation of acetate at room temperature suggests the reactivity of the surface

and its oxidative dehydrogenation capacity [92]. The peaks detected at 1,080 and

1,047 cm�1 are from ethoxy species adsorbed on the surface in bidentate form

[138]. Bands at 1,140, 1,378, and 1,260 cm�1 indicate the presence of acetate

species (COC) adsorbed on the oxygen of the niobia lattice, which remain very

stable with the temperature. A small band at 1,762 cm�1 indicates acetaldehyde in

the gas phase (d C¼O), but disappears after flushing with He. The results show that

Fig. 4.3 IR spectra registered at 300 K on 1% Ir/Al2O3 after heating the adsorbed C2H5OH layer

to different temperatures under constant evacuation (a) and in 1.33 h Pa water (b): 1—300, 2—

373, 3—423, 4—473, 5—523, 6—573, 7—623, 8—673, 9—723, and 10—773 K [31]
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ethanol adsorbs as ethoxide and is oxidized to acetate species at room temperature,

probably due to the redox property of niobia. The band intensities decrease with

increasing temperature. The ethoxide species are decomposed at about 473 K. It is

in accordance with the formation of CO, CO2, and H2 during TPD of ethanol, also

attributed to these ethoxide species. The TPD results confirm the decomposition of

ethanol at 443 K and above 618 K, which is attributed to the oxidative dehydroge-

nation of adsorbed ethanol, and is in accordance with DRIFTS results, showing the

formation of acetaldehyde at 1,700 cm�1. Yee et al. [130] suggested that these

acetaldehyde species may decompose into CH4 and CO or into carbonates, which

are then oxidized with the formation of CO2.

The effect of water on the formation and stability of surface species in ethanol

adsorption was studied on TiO2 and on Rh/TiO2. It was found that water enhanced

the stability of strongly held C2H5OH while the stability of monodentate ethoxy

was less due to water. Acetaldehyde formation both on the surface and in the gas

phase was experienced on Rh/TiO2 (both in the presence and absence of water) and

on TiO2 in the presence of water [128].

On CeO2-supported catalysts after the adsorption of ethanol [31, 129, 135, 139,

140] at room temperature, absorption bands were found which can be attributed to

ethoxy species and molecularly adsorbed ethanol. However, bands characteristic of

acetate species were also found at different temperatures. Silva et al. [139] reported

that the acetate bands were detectable already at 373 K, but Yee et al. [129]

observed these species only at higher temperature (523 K). Song et al. [83] found

that the Co/CeO2 catalyst oxidized the surface ethoxy group into acetate even at

room temperature with residue �2-type adsorbed acetaldehyde species present

(1,713, 1,261, and 1,024 cm�1) [71]. The appearance of carbonates is due to the

further oxidation of acetate and the formation of carbon dioxide as a decomposition

product of acetate is observed during temperature increase [83]. On CeZrO2 mixed

oxide the ethoxy and acetate species formed at room temperature. The ethoxy

adsorb over Ce cations in bidentate and monodentate mode. It was stated [141]

that these species are associated not only to the Ce3+ as was suggested earlier [142],

because the reduction degree of ceria was low at temperatures below 700 K.

On increasing the temperature the intensity of the ethoxy groups decreased and

that of acetate increased. At temperatures higher than 573 K the intensities of

acetate bands significantly decreased and carbonate bands are formed. Over Pt/

CeZrO2 catalyst at room temperature the same infrared bands were observed as

mentioned before. In this case, the formation of acetate was described not by the

oxidation of acetyl species but by surface O as in the case of the clean oxide;

another route was suggested from ethoxy to acetate involving OH groups, while in

the Pt/CeZrO2 the ceria on the surface of the catalyst reduced to Ce3+ [141].

The band intensities of acetate species as a function of temperature exhibited a

maximum of around 573 K on alumina-supported noble metals; this value proved to

be independent on the metals [31] but the bands were detectable up to 700–800 K.

The disappearance temperature of surface acetate bands depended on the metal; it

was 50 K lower value on Ru/Al2O3 than on Pt/Al2O3 [31]. The stability of surface

acetate is influenced by the additives of the support, too. On potassium-doped
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Pt/Al2O3 it was found that the acetate species disappeared from the surface above

673 K while the same occurred only at higher temperatures (above 723 K) on the

potassium-free sample [51].

Ethanol adsorbed on LaNiO3 catalyst at room temperature produced absorption

bands characteristic of molecularly bonded ethanol (1,245 cm�1) and acetyl species

(1,636 cm�1) [132]. Ethoxy and acetate species were not detected, although the

BET surface of the sample was only 3.8 m2/g. On increasing the temperature the

acetate bands appeared on the spectra above 373 K.

In addition to the bands assigned to ethanol, ethoxy, and acetate species the

spectra of supported metal catalysts also exhibited bands attributed to adsorbed CO

in different forms. The formation of this species could be explained by the decom-

position of ethanol, acetaldehyde, or the ethoxy species. The CO remained adsorbed

on the metal, while hydrogen and methane were detected in the gas phase [50].

4.9.2 Temperature-Programmed Desorption of Ethanol

The surface interaction of ethanol or ethanol + water mixture was often studied by

temperature-programmed desorption. Ethanol TPD is conducted under conditions

not necessarily close to those of reforming reactions, but it brings essential infor-

mation needed for the study of ethanol reaction. After adsorption of ethanol on

Al2O3 mainly C2H4 desorbed in TPD experiments, but small amounts of CH3CHO,

CO2, and CH4were also detected. C2H4 appeared in a narrow peak (Tmax ¼ 565 K).

CO2 and acetaldehyde desorbed in a lower and broader temperature range, at

420–570 K, where the ethanol desorption was also detected [135].

In the case of alumina-supported noble metals two desorption steps were

observed. In the first stage (350–550 K), CO2, H2, traces of ethylene, acetaldehyde,

methane, and ethanol were found. Small amounts of diethyl ether, benzene,

crotonaldehyde, and ethyl acetate were also detected on Ru/Al2O3 and Ir/Al2O3

samples. At higher temperatures, above 650K, onlymethane and CO2 (Tmax ¼ 750K)

were found. These results were attributed to the formation and decomposition of

surface acetate species [135], which was clearly demonstrated by IR spectroscopy

[31, 135]. The high temperature desorption peak maxima for CO2 and CH4 forma-

tion, both in the absence and in the presence of water, shifted to higher temperature

on all catalysts in the order of Rh/Al2O3 < Pd/Al2O3 < Ru/Al2O3 < Ir/Al2O3 <
Pt/Al2O3 [26]. Interestingly, the addition of water to the carrier gas did not influence

the feature of TPD experiments on noble metal/Al2O3 catalysts. Similar results

were obtained by Basagiannis et al. [32] on Al2O3 and on Pt/Al2O3, but in the latter

case the TPD curves were more complex. They suggested that three processes seem

to compete in the temperature range of 470–570 K, namely the decomposition of

adsorbed ethanol toward CO, H2, and CH4, and ethanol dehydrogenation and

dehydration to ethylene and acetaldehyde. The appearance of the high temperature

CO2, CO, and H2 desorption was attributed to the water–gas shift reaction and to the

dry reforming of methane.
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The TPD spectrum of ethanol adsorbed on Co/Al2O3 catalyst also shows two

desorption stage and the high temperature peak shifted to higher temperature as the

crystal size decreased [84].

On the TPD spectrum obtained after ethanol adsorption on La2O3 very weak

signals were observed. Ethanol, acetaldehyde, ethylene, CO, and H2 evolved in the

low temperature range. Above 770 K CO2 seems to be the main desorbing species.

CO2 originates probably from the decomposition of carbonates formed during the

adsorption, decomposition of ethanol, or from other products bonded to the surface.

Addition of Ni to La2O3 results in an entirely different TPD spectrum [65]. Nickel

leads to the fast decomposition of adsorbed ethanol as witnessed by the appearance

of H2, CH4, and CO peaks below 373 K. At higher temperature, up to 573 K, mainly

H2 was formed probably from the dehydrogenation of adsorbed ethanol, and above

this temperature the decomposition product of acetaldehyde was detected. Contrary

to it on the TPD spectra of ethanol adsorbed on NiLaO3, the high temperature

desorption stage was attributed to the decomposition of surface acetate and carbon-

ate species [132].

From the surface of 1% Pt/ZrO2 only molecular ethanol desorbed in traces at low

temperatures and after that CO2 and CH4 were detected above 600 K. The maxi-

mum temperature of the desorption peaks for both CO2 and CH4 was the same,

675 K. de Lima et al. [143] found CO2 and CH4 desorption in the same temperature

range after ethanol adsorption, but at high temperatures they observed CO and H2

evolution too.

Significant differences between TPD profiles taken on Co/ZnO and ZnO are

evidenced at higher temperatures [71]. Co/ZnO exhibited a second maximum at ca.

563 K for the evolution of CO2, methane, acetaldehyde, and dimethyl ketone. The

comparison of IR spectra after TPD experiments at 473 and 673 K for this catalyst

showed the almost total disappearance of bands due to acetate species. Thus, it can

be proposed that the products evolved come from surface bidentate acetate species,

which easily decompose over Co/ZnO by C–C scission. The presence of surface

–OH may favor this pathway, giving the final products CO2, CH4, and H2. H2 did

not show a maximum at this temperature, probably due to its consumption in the

hydrogenation of acetate species to give acetaldehyde under the TPD experimental

conditions. On the other hand, dimethyl ketone and CO2 may be formed from the

coupling of two acetate species.

In contrast with the behavior of Co/ZnO, the TPD experiment corresponding to

ZnO did not show a second maximum for the evolution of different products at ca.

573 K, and the IR spectrum indicated a less diminution of the intensity of bands due

to surface acetate species over ZnO when the sample was heated from 473 to 673 K.

Over ZnO the decomposition of surface acetate species via C–C scission was not

favored, and probably only some of these species evolved to dimethyl ketone and

CO2 via an aldolization reaction.

de Lima et al. [140] found that the TPD profile of adsorbed ethanol on Co/CeO2

shows that at low temperatures (392 K) H2 and CH4 formation took place but CO

and ethanol formation was not detected. On the contrary, Song et al. [83] detected

only ethanol and water up to 400 K. At higher temperature, about 560–580 K,
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de Lima et al. [140] found significant amounts of H2, ethylene, and acetaldehyde

formation, but Song et al. [83] detected CH4, CO, and CO2 nearly in the same

temperature range. These results clearly show that the surface character basically

influenced the product distribution of desorption. Both papers explain the high

temperature peak with the decomposition of surface species formed in the ethanol

adsorption.

The TPD of ethanol adsorbed on ceria-supported different noble metals

(Pt/CeO2 [113, 130, 143–145], Ir/CeO2 [60], Pd/CeO2 [129], Rh/CeO2 [146],

Rh–Pt/CeO2 [48, 49], Rh–Pd/CeO2 [47]) was studied in detail.

On the TPD curves of Pt/CeO2 at low temperature de Lima et al. [143–145]

detected mainly H2, CH4, and ethanol desorption, which were attributed to the

decomposition of ethoxy groups. At higher temperatures, above 550 K, CO and

CH4 were produced indicating the decomposition of acetaldehyde and/or acetate.

Yee et al. [130] first detected ethanol and acetaldehyde desorption, but above

600 K CO2, CH4, CO, CH3CHO, and benzene formation was observed. It was

supposed that benzene formed from the reaction of crotonaldehyde and acetalde-

hyde giving 2,4 hexadienol, and after the C–H bond scission of methyl groups, and

after intramolecular cyclization followed by H2 elimination benzene may form.

Crotonaldehyde could be produced by the b-aldolization of acetaldehyde on the

surface of CeO2 [95].

Two different temperature domains of desorption were observed on Rh/CeO2

[146]. Unreacted ethanol and acetaldehyde were desorbed at a peak temperature of

about 460 K. Similar to the TPD of ethanol from Pd/CeO2 [129] and Pt/CeO2 [130],

the higher temperature domain was dominated by desorptions of CO2, CO, and

CH4. Two main differences were noticed, however, over Rh/CeO2: (1) no evidence

of benzene formation was observed and (2) significant amount of CH4 desorption at

450 K was clearly seen. The latter point indicates that Rh/CeO2 is more active

toward carbon–carbon bond dissociation than Pd/CeO2 or Pt/CeO2.

Using bimetallic catalyst for ethanol adsorption [47–49] the product distribution

of TPD was very simple in contrast to that observed on monometallic catalysts

[129, 130, 146]. This is indicative of the high activity of the bimetallic catalysts for

ethanol decomposition. This high activity is due to a combined (synergetic) effect

of Rh with Pd or Pt. The main observation was that when the catalyst contains Rh

mainly CH4, CO2, CO, and a small amount of acetaldehyde were formed, but on

Pt–Pd/CeO2 acetaldehyde was the main product. This difference was explained by

the assumption that the Pt and Pd catalyze the oxidative dehydrogenation of ethanol

or ethoxy, while Rh favors the removal of the terminal hydrogen of the CH3 group

of ethoxy and this results in an oxametallacycle intermediate [49]. This assumption

is supported by a DFT calculation which indicated that the decomposition of

ethanol has a low energy path via oxametallacycle intermediate at the interface

between Rh and Ce ions: Rh–CH2–CH2–O–Ce [147].

On CeO2 and on CeO2-supported metal catalysts ethylene formation was not

detected [129], while the addition of ZrO2 to ceria increased the C2H4 formation;

the CeO2 favors the dehydrogenation of ethanol to acetaldehyde instead of the

dehydration route to ethylene [44, 141, 148].
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4.10 Mechanism of Ethanol Reforming

4.10.1 The Process of Ethanol Reforming

The possible reactions which could occur in the ethanol steam reforming are

summarized in Chap. 2. Not only the reactions of ethanol but most of the side

reactions are also enumerated. The mechanism of the reaction means more than the

totality of the possible processes it also helps understand, for example, the

differences in the product distribution, the reasons of the change in the activity

and selectivity on different catalysts. In view of the reaction mechanism the catalyst

composition could be changed leading to better catalytic performance.

The mechanism of ethanol reforming has been systematically studied by both

energy calculations to examine ethanol decomposition and by electronic structure

analysis to investigate the redox capability of Co, Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au

with the same crystal structure and surface orientation [149]. The computed results

show that the dissociation barriers for the (111) surface of Co, Ni, Rh, and Ir are

lower than those on the same surface of Cu, Ag, and Au. The initial C–H bond

dissociation, forming the doubly adsorbed *C(H2)C(H2)O(H)* and *C(H2)C(H2)

O*, with a lower barrier than those in the initial C–C and C–O bond dissociations is

considered as the most feasible decomposition route. Electronic structure analysis

showed that Rh(111) and Ir(111) surfaces with higher density of state (DOS)

distributions around the Fermi level can efficiently accept/donate electrons from/

to the reacting ethanol and its fragments, showing better redox capability. There-

fore, the excellent efficiency of Rh- and Ir-based catalysts, as observed in the

reforming experiment, can be attributed to both the lower decomposition barrier

and the higher DOS distribution around the Fermi level based on the first-principles

calculation [149].

On supported metal catalysts, it is generally accepted that the first step of the

ethanol conversion is the ethoxy formation and the dehydrogenation of these species

CH3CH2OH ! CH3CH2OðaÞ þ HðaÞ; (4.18)

CH3CH2OðaÞ ! CH3CHOðaÞ þ HðaÞ: (4.19)

Rh has a unique effect on the decomposition pathway of ethoxy species.

It abstracts H from the CH3 group making a stable oxametallacycle intermediate

[40, 138, 147].

CH3CH2OðaÞ!ðaÞCH2CH2OðaÞ þ HðaÞ: (4.20)
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The following step may be the decomposition of this species

að ÞCH2CH2OðaÞ ! CH4ðgÞ þ COðgÞ: (4.21)

CH4 and CO could react further with water [69].

Contrary to the general assumption that the first step of the reaction is the ethoxy

formation, Zhong et al. [41] suggested that while ethanol adsorbed molecularly on

the Lewis acidic sites [127, 135] the further reaction of it depends on the type and

the strength of the acidic sites

CH3CH2OH ! CH3CH2OHðaÞ ! C2H4; (4.22)

CH3CH2OH ! CH3CH2OHðaÞ ! C2H4O;CH3CO;CH3COO
�: (4.23)

These processes take place on the proper Lewis acidic sites but ethylene (4.22)

formed on the Bronsted acidic sites. Ethanol adsorbed on very weak Lewis acidic

sites decomposed to CO, CO2, and to carbonates [41].

There is a different suggestion as regards to the further reaction of CH3CHO(a)

species. Several research groups stated that this surface compound decomposes to

methane and CO, others supposed that this species oxidized further to surface

acetate and there is an idea that both reaction could occur on the surface.

For example, Guarido et al. [92] proposed the following reaction pattern for the

ethanol reforming on Cu/Nb2O5 in which both reaction routes are supposed:

CH3CH2OH(g)

CH3CH2OH(ad)

CH3COO(ad)

CO(g)+CH4(g) CH4+CO3

CH3CHO(ad)+1/2H2 CH4+CO

CO2(g)+O-2

CH3CH2O(ad)
Nb2O5

(H-)

(H-)

(-H)

(-O)2-(ad)

(+O)(s)

Cu/Nb2 O5

Cu

In the mechanism proposed by Frusteri et al. [30] investigating the performance

of MgO-supported metal catalysts the decomposition of the acetaldehyde is the key

step of the reaction. It was suggested that the ethanol is first dehydrated to ethylene

or dehydrogenated to acetaldehyde which subsequently decomposes to CH4 and

CO. These could react with water producing CO, CO2, and H2.
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Kinetic evaluation and TPD experiments suggest a similar surface reaction

mechanism involving the following steps [113]:

1. Ethanol dissociative adsorption on the catalyst surface form acetaldehyde

intermediate.

2. Decarbonylation of it to produce mainly H2, CH4, and CO2.

3. Water–gas shift reaction of CO adsorbed on metal sites to produce H2 and CO2.

Contrary to these theories the infrared spectra of adsorbed ethanol at higher

temperature clearly show that mainly surface acetate, carbonates, and adsorbed CO

are on the surface of the catalysts. DRIFT measurements revealed that surface

acetate and adsorbed CO were detected during the catalytic reaction at 723 K on

different supported Pt catalysts [31, 52, 135]. The intensities of the acetate bands

increased linearly in the first hour of the reaction and then achieved a nearly steady-

state value but that of CO decreased continuously (Fig. 4.4). The absorption

characteristic of ethoxy species during the ethanol reforming at 723 K was com-

mensurable with the noise. In the C–H stretching region bands characteristic of CHx

groups and of gaseous methane were also detected. These results mean that

the formation rate of the acetate species is higher than their decomposition or

further reaction.

Resini et al. [150] suggested that on Ni–Zn–Al catalyst the acetaldehyde formed

on the surface as described above oxidized further with the surface oxygen to

acetate

CH3CHOðaÞ þ 2O2� ! CH3COO
�
ðaÞþ

�OHðaÞ þ 2e�: (4.24)

and finally acetate species may give rise to acetic acid desorption or to

decomposition

CH3COO
�
ðaÞþ

�OHðaÞ ! CH4 þ CO2 þ O2�; (4.25)

CH3COO
�
ðaÞþ

�OHðaÞ þ 2e� ! CH4 þ COþ 2O2�: (4.26)

CH4 and CO could react further with water to produce CO2 and hydrogen.
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Most of the above described mechanisms of ethanol steam reforming assumed that

both the metal and the support play an essential role in the behavior of the catalysts.

In the steam reforming of acetic acid on Pt/ZrO2 a bifunctional mechanism was

established where both Pt and ZrO2 participate in the reaction. On Pt the bond

breaking of acetic acid proceeds to form H2, CO, CH4, and CO2. In situ IR data

demonstrate that H2O can be activated on ZrO2 to create supplementary surface

hydroxyl groups which react to gasify the species adsorbed on Pt, or CH4 in a

secondary reaction [151].

Similar conception was presented for the explanation of the efficiency of

Pt/ZrO2 in the water–gas shift reaction [152]. It was suggested that the reaction

mechanism involves a redox mechanism. It means that the water is activated at an

oxygen vacancy on the surface of zirconia adjacent to a Pt particle, followed by the

transfer of O(ads) to Pt where it could react with CO.

Pt/Al2O3–ZrO2 [153] was found to be an effective catalyst for the steam

reforming of CH4 which was related to its coking resistance that has been attributed

to Pt–Zrn+ interaction at the metal-support interface. The interfacial sites on

Pt–ZrOy were active for CO and CO2 adsorption with a decrease in the Pt–CO
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bond strength inhibiting C–O bond breaking and consequently producing less

carbon formation on the catalyst surface. Moreover zirconia is a well-known

oxygen supplier and its oxygen mobility is fast which helps keep the metal surface

free of carbon [151].

Taking into account the results found in the methane [153] and acetic acid

reforming [151], in the water–gas shift reaction [152] on Pt/ZrO2 we can suppose

that the acetate groups formed in the ethanol reforming decompose at the

metal–support interface and the products react with the OH groups activated on

the partially reduced zirconia sites.

4.10.2 Deactivation of the Catalysts

Because several supported catalytic systems have high activity in ethanol conver-

sion and have high selectivity for hydrogen formation, an interesting and important

topic of research is the stability of the catalyst and the recognition of the changes of

the catalytic activity and stability. Lot of papers reported that the selectivity and

activity changed during the ethanol steam reforming especially at lower tempera-

ture, below 750 K.

The main processes of the catalytic deactivation are carbon or carbonaceous

deposit formation and/or the changes in the oxidation state of the metal or that of

support oxide.

There are some works which presented XPS results of the catalysts before and

after the catalytic reaction and did not found any significant changes in the oxida-

tion state of the components of the catalysts. This means that the changes in the

activity or selectivity are caused by the formation of different carbon and carbona-

ceous deposits.

The deactivation of hydrogen formation in the ethanol steam reforming mainly

on different supported Pt catalysts was attributed to the accumulation of acetate-like

species on the support [31, 135]. Because of their relative high stability at 723 K

these acetate species might block the migration of the ethoxy intermediate from the

support to the metal particles where they can decompose and react with the surface

OH groups. This theory was supported by the experimental results; namely when

the stability of surface acetate was lower [53] or it was reduced by additives [51] the

hydrogen selectivity increased in the reaction. On the other hand, Platon et al. [154]

suggested that the intermediates like ethylene and acetone were the species respon-

sible for the strong deactivation of the catalyst observed at low reforming

temperatures (523 K).

It was found that the K additives stabilized the Ni/MgO catalyst but the mecha-

nism of it was explained in another way. Frusteri and coworkers supposed that K

suppresses the metal sintering and does not influence the coke formation [155].

When the Ni/Al2O3 was promoted with La and silver, La showed a positive effect

while Ag did not concern the coke formation [156]. The effect of La was explained

by Fatsikostas et al. [61] who supposed that under reaction conditions La2O3
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species are formed, which decorate the Ni particles reacting with CO2 to form

La2O3CO3. This lanthanum oxycarbonate reacts with the surface carbon to form

CO and regenerates the La2O3.

Strong selectivity decay was also observed on Pt/Al2O3 [52] and stable acetate

species were detected on the surface during the catalytic reaction. In spite of these

observations it was supposed that the active sites responsible for the acetaldehyde

decomposition are deactivated in the first minutes of the ethanol reforming by

carbon deposits. A second reaction pathway was also supposed consisting of the

decomposition of acetate intermediates formed over the surface of alumina which

becomes the main reaction route operating in the steam reforming of ethanol. The

species related with the formation of coke on the catalysts are probably methyl

groups from C–C breaking reactions and ethylene formed by dehydration of ethanol

on alumina [52].

The morphology of the carbon species formed during the reaction depends not

only on the reaction conditions but also on the nature of both the support and the

active metal and also on their chemical–physical interaction.

Cavallaro and coworkers [39] attribute the coke formation to the polymerization

process of CHx species formed during the reaction. The addition of a small amount

of oxygen into the feed significantly decreased the catalyst deactivation but pro-

moted the metal sintering.

Carbon deposition is considered to be the main cause for deactivation of the Rh-

and Co-based catalysts. Catalyst support with high oxygen mobility and oxygen

storage capacity helps minimize the carbon deposit [45, 87, 154].

Coke can destroy the catalyst structure and occupy catalyst surface resulting in

the decay of the catalytic activity. Coke formation is faster on acidic support; on this

surface the ethanol dehydration, i.e., ethylene formation occurs, which could

polymerize or decompose. This effect could be reduced by using basic oxide as

support or by adding alkali metal additives to the acidic support.

To avoid the coke formation and to improve catalytic stability recently double

reactor was proposed. In this system ethanol passes through the first layer (Cu

catalyst) at 573–673 K to perform dehydrogenation to acetaldehyde and hydrogen,

followed by acetaldehyde steam reforming or decomposition on Ni sample [11].

The conversion of ethanol on the first layer at low temperature prevents ethylene

and so the coke formation.

4.11 Conclusion

In this chapter the catalytic steam reforming of ethanol for hydrogen production is

discoursed. Focus is given not only to the catalyst development but also to the

surface interaction and to the mechanism of the reaction. From the comprehensive

literature surveys it can be seen that the supported metals, among others, Rh, Ni, Co

exhibited the best performance in ethanol conversion and hydrogen selectivity.

The reaction pathway is complex and a number of undesirable side reactions could
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also occur thereby affecting the selectivity of H2. The results clearly show that the

support has an essential role in the hydrogen formation; there are some explanations

which suppose a bifunctional mechanism—in order to maximize hydrogen produc-

tion suitable supports are required. For industrial use stable catalysts are necessary,

but one of the big challenges of ethanol steam reforming is to decrease carbon or

carbonaceous deposit formation on the catalyst, which can cause the catalyst

deactivation. The use of suitable supports such as MgO, ZnO, CeO2, ZrO2, or

mixed oxides can influence not only the catalytic effect of metal but also can inhibit

carbon deposition to some extent. The results and the conclusions which one

could be finding in the literature are not always unambiguous indicating that the

mechanism of the reaction is much more complicated as it would be supposed in

the first minute.
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Al2O3-ZrO2 catalyst. Appl Catal A: Gen 383:33–42
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www.TechnicalBooksPdf.com



60. Cai W, Wang F, Zhan E, Van Veen AC, Mirodatos C, Shen W (2008) Hydrogen production

from ethanol over Ir/CeO2 catalysts: a comparative study of steam reforming, partial oxida-

tion and oxidative steam reforming. J Catal 257:96–107

61. Fatsikostas AN, Kondarides DI, Verykios XE (2002) Production of hydrogen for fuel cells by

reformation of biomass-derived ethanol. Catal Today 75:145–155

62. Mas V, Bergamini ML, Baronetti G, Amadeo N, Laborde M (2008) A kinetic study of ethanol

steam reforming using a nickel based catalyst. Top Catal 51:39–48
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Chapter 5

Methanol Steam Reforming

Malte Behrens and Marc Armbr€uster

5.1 Introduction

The currently increasing interest in catalytic reactions of methanol, CH3OH, is—in

addition to its customary role as an important base chemical and feedstock for

value-added molecules—due to its potential as a chemical storage molecule for

hydrogen. Methanol is industrially produced from natural gas- or coal-derived

syngas, but can in principle also be synthesized from CO2 by hydrogenation [1].

It is suggested by Olah et al. [2] as a “CO2-neutral” combustion fuel in the context

of the so-called methanol economy or can be used in direct methanol fuel cells

(DMFC) for generation of electric power. Methanol might thus play a key role in

the transition toward a future energy scenario, which has to be more and more

independent from fossil sources [3].

The main advantage of using methanol for chemical instead of physical storage

of hydrogen is related to its decentralized use of hydrogen, e.g., in the transportation

sector. Methanol is a very attractive onboard hydrogen source for polymer electro-

lyte membrane fuel cells (PEMFC) in mobile applications like automobiles, as it

circumvents the problems of physical storage and distribution of hydrogen such as

the necessity of pressurized or cryogenic containers. Methanol is liquid at ambient

conditions and can be safely distributed using pipelines and conventional filling

station infrastructure. It has a high H:C ratio of 4:1 and no C–C bond that has to

be broken.

M. Behrens (*)

Department of Inorganic Chemistry, Fritz-Haber-Institut der Max-Planck-Gesellschaft,

Faradayweg 4-6, Berlin 14195, Germany

e-mail: behrens@fhi-berlin.mpg.de

M. Armbr€uster

Max-Planck-Institut f€ur Chemische Physik fester Stoffe, N€othnitzer Strasse 40,

Dresden 01187, Germany

e-mail: research@armbruester.net
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There are several catalytic reactions available for liberating hydrogen from

methanol:

Methanol decomposition (MD):

CH3OH ! CO þ 2H2 DH0 ¼ 90 kJ/mol (5.1)

Methanol steam reforming (MSR):

CH3OH þ H2O ! CO2 þ 3H2 DH0 ¼ 49 kJ/mol (5.2)

Partial oxidation of methanol (POM):

CH3OH þ 0:5O2 ! CO2 þ 2H2 DH0 ¼ �155 kJ=mol (5.3)

Furthermore, the water–gas shift (WGS) and reverse WGS (rWGS) reactions

have to be considered:

COþ H2O Ð CO2 þ H2 DH0¼� 41 kJ/mol: (5.4)

Among these reactions, MSR seems to be the most attractive as it generates the

highest hydrogen concentration in the product stream, runs at relatively low

temperatures of 500–600 K, and does not directly produce CO, which acts as a

poison for the downstream PEMFC anode catalyst. MSR was first described in 1921

by J.A. Christiansen [4] and research on its application for hydrogen production has

a long history [5]. The recently renewed interest was triggered by the development

of fuel cell technology requiring clean and preferably renewable hydrogen. A

number of general overview articles and reviews are available addressing the role

of MSR in this context [5–11]. MSR is an endothermic reaction and requires

external heating. It is sometimes used in combination with exothermic POM

(autothermal reforming or oxidative steam reforming) [12, 13] or combustion of

methanol [8] in order to generate the necessary heat. However, the endothermicity

of MSR is much weaker compared to steam reforming of other hydrocarbons or

higher alcohols [8] and reformer units can be relatively small enabling the onboard

combination with PEMFCs. Several prototype vehicles that run on hydrogen fuel

cell technology have already been developed by different companies. A comparison

between methanol and other molecules as reactants for onboard hydrogen produc-

tion can be found in the comprehensive review by Palo et al. and in the references

therein [11].

This chapter will focus mainly on the challenges of catalyst development for

MSR. The requirements for a good MSR catalyst to be used for onboard hydrogen

production in combination with PEMFCs are the following:

• The catalyst should be highly selective to CO2 and minimize the CO content in

the hydrogen-rich product gas stream, which acts as a poison for PEMFC

anodes.
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• It should be active at low temperatures to be efficient and to disfavor the rWGS

reaction as a source of CO.

• Its components should be abundant and of low cost and its preparation should be

facile and scalable.

• It should be stable at extended time on stream, i.e., resistant to coke formation,

stable against sintering, and tolerant toward catalyst poisons.

• In particular, it should be stable toward abrupt changes of the conditions of

reforming, i.e., work reliably in transient situations like on–off operations as

well as in steady state to produce sufficient amounts of hydrogen on demand.

The detrimental role of CO in the effluent for the downstream PEMFC is to be

emphasized. CO chemisorbs irreversibly on the typically Pt-based fuel cell

catalysts and causes irreversible site blocking. Its concentration has to be below

ca. 20 ppm in order to prevent poisoning, which is usually not achieved in the

reformer outlet gas. Thus, in technical applications, a gas purification step has to be

introduced between reformer and fuel cell. The CO concentration in the gas stream

can lowered by means of preferential oxidation (PROX) or using Pd membranes,

which in both cases complicates the setup and generates costs [14]. Generally, a low

selectivity to CO—in addition to high activity and stability—is, thus, a major and

particular requirement for a successful MSR catalyst.

This chapter is divided into two parts treating different families of catalytic

materials active in the MSR reaction. The first part covers the widely studied Cu-

based catalysts, while the second part focuses on the role of intermetallic

compounds in MSR. Some catalytic data from the literature for the MSR reaction

over selected catalysts treated in this chapter are compiled in Table 5.1.

5.2 Cu-Based Catalysts for Methanol Steam Reforming

Cu-based catalysts are widely used in C1 chemistry. This is mostly due to the

commercial interest in the most common industrial methanol synthesis catalyst, a

complex Cu/ZnO/Al2O3 bulk catalyst, which is also active in MSR and fulfills

many of the requirements mentioned above, such as high activity at low tempera-

ture, relatively low CO levels, and feasible and scalable—though complex—prep-

aration at moderate costs. Commercial ternary Cu/ZnO/Al2O3 catalysts or the

unpromoted binary Cu/ZnO model system was thus employed in many studies of

MSR and this material will be discussed in detail below. While preparation and

composition of the industrial catalyst Cu/ZnO/Al2O3 can be regarded as already

highly optimized for application under methanol synthesis conditions,

modifications of the Cu/ZnO/X system turned out to improve the properties of

Cu-based catalysts for use in MSR. In particular, choosing another second oxide

phase X, employing new catalyst precursors like layered double hydroxides

(LDHs), or even changing to ZnO-free samples and using zirconia or ceria
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for preparation of Cu-based catalysts was reported to lead to interesting MSR

performance. The state of the active Cu surface under reaction conditions and the

nature of the active sites are still debated in literature and will be discussed below.

Several studies are available addressing the mechanism and kinetics of the MSR

reaction over Cu-based catalysts [31–37]. There seems to be agreement nowadays

that CO2 is a direct product of the MSR reaction and not of a sequence of MD and

WGS reactions. The main source of CO is the rWGS reaction taking place as a

secondary reaction after MSR. Frank et al. [37] presented a comprehensive

microkinetic analysis of the MSR reaction based on the work of Peppley et al.

[33]. They investigated several Cu-based catalysts with various oxide components

showing considerably different activities. Similar activation energies support the

idea that the surface chemistry is independent of the oxide material (with the

exception of Cu/Cr2O3/Fe2O3, which behaved differently). Dehydrogenation of

methoxy groups is the rate-limiting step and by means of DRIFTS experiments,

methoxy and formate species were found to be the dominating species at the

surface. Two distinct kinds of active sites were considered, SA for the adsorption

and desorption of oxygenates and SB for hydrogen (Fig. 5.1), and two reaction

pathways of the methoxy intermediate are discussed via dioxomethylene, the

intermediate of the reverse methanol synthesis reaction, or methyl formate. On

the basis of the kinetic data it was not possible to decide which route was

dominant.
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Fig. 5.1 Catalysis cycle for MSR over Cu-based catalysts based on the work in references

[31–33], including two different kinds of reactive sites SA and SB. Reprinted from [37] with

permission from Elsevier
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5.2.1 General Aspects of Cu/ZnO-Based Catalysts

Commercial Cu/ZnO/Al2O3 methanol synthesis catalysts are often mistaken as

supported systems, but neither ZnO nor Al2O3 represents a classical extended

oxidic support. This is obvious, when considering the typical composition of

modern Cu/ZnO/(Al2O3) catalysts, which is characterized by a molar Cu:Zn ratio

close to 70:30, while the amount of Al2O3 typically is significantly lower than that

of ZnO. This Cu-rich composition manifests itself in a peculiar microstructure of

the industrial Cu/ZnO/Al2O3 catalyst (Fig. 5.2) [38], which is composed of spheri-

cal Cu nanoparticles of a size <10 nm and often even smaller ZnO nanoparticles

arranged in an alternating fashion. Thus, porous aggregates are formed (Fig. 5.2d)

in which the oxide particles act as spacers between Cu particles (Fig. 5.2e). The

presence of interparticle pores as seen in the HRTEM image allows some access to

the “inner surface” of larger Cu/ZnO aggregates. This unique microstructure,

represented in Fig. 5.2b, can be described as an intermediate stage between a

supported catalyst, schematically drawn in Fig. 5.2a, and a bulk metallic sponge

or skeletal Raney-type catalyst, represented in Fig. 5.2c.

It is this unique microstructure that enables a reasonably high dispersion of Cu

and exposure of many Cu–ZnO interfaces at a high total Cu content. The specific

Cu surface area (SACu) of methanol catalysts can be determined by reactive N2O

titration [39], which causes surface oxidation of the Cu particles and allows

estimation of SACu from the amount of evolved N2, as N2O is decomposed at the

Fig. 5.2 Schemes of different catalyst microstructures (a–c) and transmission electron

micrographs of a Cu/ZnO/(Al2O3) catalyst (d and e). In the high-resolution image (f) planar

defects of the Cu-nanoparticles like twin boundaries (black arrow) and stacking faults (white

arrow) can be seen
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metallic Cu surface, or from the H2 consumption upon re-reduction. Assuming the

formation of an oxygen monolayer, a surface stoichiometry corresponding to Cu2O

and an abundance of 1.47 � 1019 copper atoms/m2, SACu can be calculated in

m2 g�1. This method has to be applied carefully, as for instance very high

temperatures may cause a significant extent of bulk oxidation, which leads to an

overestimation of SACu [40, 41]. Also, the reaction of oxygen vacancies of the oxide

components with N2O or modified reactivity of a defective Cu surface toward N2O

may be a source of error. SACu of the state-of-the-art methanol synthesis catalyst

measured by this method amounts to 25–35m2 g�1. If reliable data of the average Cu

particle size are available, e.g., by sufficient TEM observations [38], the degree of

oxide coverage of the Cu particles, i.e., the average ratio of interface to surface area,

can be calculated. For industrial Cu/ZnO/Al2O3 catalysts, this value is around 35%

[42]. The high MSR activity of this type of Cu/ZnO/(Al2O3) catalysts at relatively

low temperatures can most likely be explained with the large SACu due to this

favorable microstructure and to the proper balance of Cu dispersion and loading.

Clearly, one role of ZnO is to act as spacer and stabilizer avoiding direct contact

of the Cu particles and prevent them from sintering [43]. In addition to this

geometrical function, a so-called Cu–ZnO synergy is described in literature for

the methanol synthesis reaction [44]. The nature of this synergy is debated and

several models have been proposed. Strong metal–support interactions (SMSI)

between Cu and ZnO were observed at highly reducing conditions [45] and it was

suggested that partially reduced ZnOx migrates onto the surface of the Cu particles

under methanol synthesis conditions [46]. On a supported Cu/ZnO model catalyst,

reversible wetting/de-wetting was observed as the reduction potential of the gas

phase was varied [47], which was not detected on Cu/SiO2. While the role of surface

decoration or morphology change for high-performance catalysts under industrial

methanol synthesis conditions is still unclear, a correlation of the concentration of

planar defects in the Cu particles with the catalytic activity in methanol synthesis

was observed in a series of industrial Cu/ZnO/Al2O3 catalysts by Kasatkin et al.

[38]. Planar defects like stacking faults and twin boundaries can also be observed by

HRTEM and are marked with arrows in Fig. 5.2f. The origin of strain and defects is

thought to be the interface of the Cu particles with the ZnO phase.

It is generally agreed that the role of ZnO in Cu-based methanol synthesis

catalysts exceeds the function of a mere physical stabilizer and ZnO is a crucial

component in high-performance methanol synthesis catalysts. In light of the fact

that highly active Cu-based MSR catalysts can also be prepared in the absence of

ZnO (e.g., as Cu/ZrO2, see below), this type of Cu–ZnO synergy does not seem to

be a critical factor in case of MSR compared to methanol synthesis or it is not as

strictly limited to ZnO.

On the other hand, there are many similarities between methanol synthesis and

MSR [34]. This is often accounted for by the concept of microscopic reversibility,

as MSR formally is the reverse reaction of methanol synthesis. It has to be

considered, however, that the different reactant gas mixtures used for MSR and

methanol synthesis will affect the surface state of the catalyst, which consequently

will be different under highly reducing methanol synthesis conditions compared to

the much less reducing MSR feed. Thus, unlike forward and backward reactions at
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equilibrium, methanol synthesis and MSR probably take place over practically

different catalytic surfaces. This general limit of the application of the concept of

microscopic reversibility has been pointed out by Spencer for WGS and rWGS [48]

and is valid accordingly also for methanol synthesis and MSR [49]. One may

conclude that an optimized methanol synthesis catalyst, for which the fine-tuning

of preparation and operation conditions is far more advanced, will also be active in

MSR due to its generally large SACu and represents a powerful reference system,

but will not necessarily represents the optimal catalyst for this reaction [49].

Finding Cu/ZnO/X systems with a composition and microstructure optimized for

the MSR reaction is thus the major current challenge in the development of a MSR

catalyst for energy applications.

5.2.2 Drawbacks of Cu/ZnO-Based Catalysts

The unique microstructure of modern Cu/ZnO/(Al2O3) methanol synthesis catalysts

described above is responsible for many advantages of Cu-based catalysts and their

application in MSR, such as high SACu. However, a major drawback of Cu-based

catalysts is their lack of long-term stability.

A loss of 30–40% of the initial MSR activity was observed by Frank et al. [37]

for the selection of Cu-based catalysts in combination with different oxide

components (Fig 5.3d). Deactivation proceeds faster during the first 100 h on

stream and tends to level off afterwards. Deactivation of Cu/ZnO/Al2O3 catalysts

in MSR has been reviewed by Twigg and Spencer [49]. A major aspect is the loss of

SACu due to Cu particle sintering. The melting point of elemental Cu is relatively

low at TM ¼ 1,336 K resulting in low Tamann and H€uttig temperatures of 0.5 TM
and 0.3 TM, respectively. The former refers to the approximated onset temperature

of atom mobility leading to thermal sintering, while the latter is estimated to be the

onset temperature of defect annealing. Compared to other metals, Cu is generally

quite sensitive to sintering [50] and, as a rule of thumb, Cu-based catalysts should

not be operated above ca. 600 K after activation. For the same reason, the

pretreatment conditions of the catalysts have to be selected with care. Especially

the exothermic reduction step during catalyst activation is crucial, as the heat of

reduction may cause high local temperatures, thermal sintering, and a loss of SACu.

In spent Cu-rich commercial methanol synthesis catalysts, intermediate stages of

sintering by coalescence can be identified by HRTEM (Fig. 5.3a, b) [51]. Interest-

ingly, the formation of fivefold cyclic twins originating from the contact area of two

Cu particles is observed in these images. The evolution of the Cu particle size

distributions (Fig. 5.3c), determined by the evaluation of TEM micrographs of

several thousand Cu particles, shows a clear widening and shift of the particle size

distribution to larger particle diameters.

Rapid deactivation may not only be caused by external heat input during reaction

alone but also considering the operating atmosphere of the catalyst. In methanol

synthesis, which is operated at a similar temperature like MSR, modern Cu/ZnO/
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Al2O3 catalysts can deliver stable performance over years on stream. The same

catalyst may tend to deactivate more rapidly under MSR conditions suggesting a

critical role of the gas-phase composition, most probably of water in the feed, on the

sintering behavior. L€offler et al. [52] investigated the stability of several commer-

cial WGS catalysts in the MSR reaction and fitted their data using a sintering model.

Cu/ZnO/Al2O3 formulations were found to be the most active compared to other

catalyst compositions, but were also most prone to deactivation by sintering.
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Fig. 5.3 HRTEM images of Cu/ZnO/Al2O3 catalyst used in methanol synthesis (a and b);
evolution of the particle size distribution during reaction (c); and loss in methanol conversion
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In their analysis of catalyst deactivation of a commercial Cu/ZnO/Al2O3 catalyst

during MSR, Thurgood et al. [53] revealed that in addition to the loss of surface

area, also the site concentration at the catalyst’s surface declined with time on

stream.

The sensitivity of a given Cu/ZnO/X catalyst toward sintering under MSR

conditions is determined by three main aspects: composition (Cu:Zn ratio), nature

of promoting oxide X, and catalyst microstructure. Obviously, a high Cu:Zn ratio

will lower the distance between neighboring Cu particles and favor the formation of

direct contacts leading to sintering by particle coalescence. Lowering the Cu

loading increases the stabilizer-to-metal ratio, and is thus expected to contribute

to the stabilization of Cu particles. It is, however, usually not desired to significantly

decrease the amount of active metal in a Cu/ZnO catalyst. In particular, it is noted

that for preparation of the porous Cu–ZnO arrangement (Fig. 5.2) the Cu:Zn ratio is

a crucial parameter, which has a clear optimum depending on the solid-state

chemistry of the hydroxycarbonate precursor phase and cannot be varied freely

without sacrificing SACu and, thus, activity (see below).

It seems much more promising to try to stabilize a Cu/ZnO catalyst at a given

(optimized) Cu:Zn ratio by adding a second oxidic species X and thus modify the

Cu–ZnO interactions. In case of the methanol synthesis catalyst, these interactions

seem to be significantly strengthened by the addition of small amounts of Al2O3

[49]. Ternary Cu/ZnO/Al2O3 catalysts are significantly more stable toward thermal

sintering and consequently show a considerably longer lifetime in methanol syn-

thesis than binary Cu/ZnO systems. In MSR also the hydrothermal stability of the

oxide phase and its contact to the Cu particles has to be considered. Looking at

Fig. 5.2e it becomes apparent that not only thermal sintering induced by mobility of

Cu but also segregation or recrystallization of the ZnO component (e.g., induced by

steam) will have the same detrimental effect on the porous Cu/ZnO arrangement

and cause a loss of SACu. Other ZnO/X combinations than ZnO/Al2O3, especially

ZnO/ZrO2 (see below) are promising candidates for the preparation of improved

Cu-based MSR catalysts.

The third important consideration concerns the microstructure of the catalyst and

is closely related to the Cu:Zn ratio and to the stabilizing interactions between Cu

metal and the oxide. Modern Cu/ZnO/Al2O3 catalysts exhibit a unique and appar-

ently fragile microstructure. The nanoscaled arrangement of metallic Cu and oxidic

spacer particles seen in Fig. 5.2 is metastable and an irreversible gradual breakdown

of the porous aggregates can be expected if the sample is submitted to thermal stress

as the system lowers its free surface energy. Highly active Cu/ZnO/Al2O3 is

pyrophoric and may even deactivate upon contact with air as the heat of oxidation

of the highly reactive Cu nanoparticles is sufficient to cause sintering. A micro-

structure exhibiting larger and more stable Cu–ZnO interfaces may thus be desir-

able in order to stabilize the Cu particles. It is noted that the catalyst’s

microstructure heavily depends on its preparation history [17]. For example, at a

given industrially relevant composition (Cu:Zn:Al ¼ 60:25:15) the interface-to-

surface ratio can be significantly increased to 50% for a Cu/ZnO/Al2O3 catalyst if

the precursor preparation is modified by going from a batch process including
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precipitate aging to a continuous process suppressing the aging period [42]. In this

example, the Cu particles have a similar size like in a conventional Cu/ZnO/Al2O3

catalyst, but are more deeply embedded into an amorphous oxide matrix and

modified Cu–oxide interactions can be expected (Fig. 5.4). Generally, a low value

of the interface-to-surface ratio of the Cu particles enables a large SACu, while a

larger value leads to a stronger embedment and different wetting behavior which

may increase the stability of the catalyst toward thermal sintering. An intermediate

value may represent a kind of compromise between both effects.

Other sources of catalyst deactivation are catalyst poisons like sulfur or chlorine

[49]. These contaminations do typically not originate from the methanol feed, but

may be present in steam or air used for MSR or oxidative MSR. Sulfur acts as a site-

blocking poison for Cu and chlorine promotes sintering by formation of low-

melting and mobile Cu and Zn chlorides. Agarwal et al. [54] reported coke

formation as another source of deactivation of Cu/ZnO/Al2O3 catalysts in MSR.

The other major problem of Cu-based MSR catalysts is the formation of still too

much CO during MSR, typically in the low % range. Agrell et al. [55] reported that

the problem of CO formation over Cu/ZnO/Al2O3 catalysts can be attenuated by

increasing the steam-to-methanol ratio or by the addition of oxygen or air (oxida-

tive MSR). CO is formed at high methanol conversions most likely by the rWGS

reaction consecutively to MSR as a secondary product. Decreasing the contact time

Fig. 5.4 Scheme and TEM micrographs of the microstructure of differently prepared Cu/ZnO/

Al2O3 catalyst with the same composition and similar Cu particle sizes; adapted from [42]
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leads to lower CO selectivity. Lowering the reaction temperature is also helpful as it

disfavors the rWGS equilibrium. Thus, probably the best way to make a Cu-based

MSR catalyst less selective to CO would be to make it more active at lower

temperatures.

5.2.3 Preparation of Cu/ZnO-Based Catalysts

The most studied member of the Cu/ZnO catalysts family for C1 chemistry is the

commercial methanol synthesis catalyst, which can be seen as a reference system

for Cu-based MSR catalysts (see above). It is prepared by co-precipitation, which is

by far the most important method for synthesis of Cu/ZnO-based catalysts.

The industrially applied preparation of the low-temperature methanol synthesis

catalyst was introduced by ICI company in 1966 and comprises co-precipitation and

aging of a mixed Cu,Zn,(Al) hydroxycarbonate precursor material, thermal decom-

position yielding an intimate mixture of the oxides, and finally activation of the

catalyst by reduction of the Cu component [56]. The synthesis parameters have been

studied in many academic and industrial groups and a high degree of optimization

could be achieved over the last decades by mostly empirical fine-tuning of the

conditions. The delicate nanoparticulate and porous microstructure of the industrial

methanol synthesis catalyst (see above) can only be obtained if the optimized

parameters are strictly obeyed during synthesis. Especially the synthesis conditions

during the early co-precipitation and aging steps turned out to be crucial for the

catalytic properties of the resulting methanol synthesis catalyst. This phenomenon,

sometimes termed the “chemical memory” of the Cu/ZnO system [57], indicates the

critical role of the preparation history of this catalyst system [17, 58, 59]. As was

already mentioned above and is apparent from Fig. 5.2, the microstructural arrange-

ment of Cu and ZnO in the final catalyst is metastable and tends to lower its free

energy by sintering and segregation into macroscopic crystallites. Considering that

the desired composite product is thus only kinetically stabilized and does not

represent a deep minimum in the free energy landscape, it is not surprising that the

precursor, i.e., the starting point of the path through the energy landscape during

preparation, is of decisive importance for the exact position of our end point at which

we wish to kinetically trap the system to obtain the arrangement like that seen in

Fig. 5.2. Baltes et al. [58] elaborated a quantitative basis of the chemical memory in a

systematic study and reported dramatic difference in SACu of Cu/ZnO/Al2O3

catalysts of the same composition as pH or temperature of the co-precipitation

step was varied. If self-made Cu/ZnO catalysts are employed as reference systems

for MSR studies, it is thus very important to carefully prepare the catalyst as it is

much easier to synthesize a poor Cu/ZnO catalyst than a good one, which could act

as a conclusive reference for comparison with novel materials.

Preferred Cu:Zn ratios for ternary Cu,Zn,Al and binary Cu,Zn catalysts are near

70:30 [60] or 2:1 [61]. It was reported that the best catalysts can be obtained by

constant pH co-precipitation with Na2CO3 solution at pH 6 or 7 and at elevated
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temperatures around 333–343 K [58, 62]. Aging of the initial precipitate is crucial

[61, 63, 64] and takes from around 30 min to several hours. Calcination is typically

performed at relatively mild temperatures around 600–700 K. No doubt, this

multistep preparation of Cu/ZnO catalysts is complex, but some progress in under-

standing the chemical memory has been made recently and helps to rationalize the

benefit of exactly this setting of parameters.

It is clear that the target microstructure shown in Fig. 5.2 requires a homoge-

neous and maximized intermixing of the Cu and Zn species in order to stabilize the

alternating arrangement of small Cu and ZnO nanoparticles. Thus, the main goal of

the preparation is to carry over and maintain the perfectly homogeneous cation

distribution in the mixed solution to a maximum extent via the precipitate to the

final catalyst. The first step in this process is the solidification of the dissolved Cu

and Zn cations by precipitation by elevation of pH. Precipitation titration is an

elegant way to study the cation hydrolysis of Cu2+ and Zn2+ under conditions

relevant for catalyst preparation [65]. Such experimental results are shown in

Fig. 5.5a–c.

It can be seen in Fig. 5.5a that the hydrolysis of the pure Cu2+ solution is

characterized by an underlying neutralization of the acidic starting solution with

the basic precipitating agent. The S-shaped neutralization curve is interrupted by a

precipitation plateau near pH 3, where Cu2+ forms a precipitate. If we now look at
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the Zn2+ solution (Fig. 5.5b), a qualitatively similar picture emerges, but with the

important difference that the Zn-precipitate is formed at pH 5 instead for pH 3. Such

differences in hydrolysis behavior are of course not uncommon and are the basis for

the traditional wet chemical ion separation techniques used for qualitative cation

analysis. What is important, however, is that the precipitation titration curve of the

binary system (Fig. 5.5c) is directly composed of those of the single systems. This

fact indicates that there is no formation of a mixed binary precipitate under these

conditions, but that Cu2+ is first completely precipitated at pH 3, which can be also

seen from the vanishing of the blue color from the mother solution at pH 4, while

Zn2+ is precipitated “on top” later at pH 5. Clearly, such increasing pH processes

cannot yield a well-intermixed precipitate. The solution to this problem is the

application of the constant pH co-precipitation technique [67, 68], meaning that

the acidic metal solution and the precipitating agent are dosed simultaneously in a

way that the average pH in the reaction vessel is maintained more or less constant.

Using this mode of precipitation, it is possible to precipitate Cu and Zn very close in

space and time as the curves shown in Fig. 5.5 are passed through not for the whole

batch at once, but for every single droplet that hits the receiver solution. Thus, the

cation distribution in the precipitate obtained by constant pH co-precipitation is

much more homogeneous [65].

Also, the suitable pH for the precursor preparation can be deduced from the

titration curves shown in Fig. 5.5. It should not be lower than 5 to guarantee

complete precipitation of Zn2+ (and Al3+), which otherwise would remain at least

partially in solution. On the other hand, the pH should stay below 9, because in a

very basic solution de-mixing of the Cu,Zn precipitate by oxolation of basic copper

precipitates into stable tenorite, CuO, occurs [65]. This oxolation can be seen as a

dip in the titration curves at high pH. Indeed, CuZn(Al) precursors are typically co-

precipitated at neutral or even slightly acidic pH [58, 61, 62]. It is noted that the

position of the precipitation plateaus are also a function of temperature [65]. An

increase in the temperature of co-precipitation leads to a shift of the titration curves

to lower pH values confirming that the proper selection of pH and temperature is

crucial to guarantee the rapid and complete solidification of all components. Thus,

pH 6–7 can only be regarded as optimal within a certain temperature window of

333–343 K [58, 65].

The initial Cu,Zn precipitate obtained by constant pH co-precipitation undergoes

important changes during stirring in the mother liquor. This aging process is

associated with crystallization, a change in color from blue to bluish green, and a

change in particle size and morphology (Fig. 5.6d) [66]. Aging critically affects the

microstructural as well as the catalytic properties of the resulting Cu/ZnO catalyst

[69]. These changes occur rather steplike than gradually and are accompanied by a

transient minimum in pH. The phase composition of the aging product is mostly

determined by theCu:Zn ratio [59, 71], but also by themode of precipitation [71], and

the speed of addition of the precipitating agent [72]. Typical phases obtained when

going from Cu-rich to Zn-rich compositions are malachite Cu2(OH)2CO3, zincian

malachite (Cu,Zn)2(OH)2CO3 (sometimes called rosasite, see [73]), aurichalcite

(Cu,Zn)5(OH)6(CO3)2, hydrozincite Zn5(OH)6(CO3)2, and mixtures thereof.
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In ternary Cu,Zn,Al systems, small amounts of LDHs may also be observed. This

precursor phase is covered in detail in the next section. Due to the homogeneity

ranges of the mixed phases, a comprehensive characterization of the precursor is

difficult. Zincian malachite was suggested to be the relevant precursor phase for

industrial catalysts [61], which is also confirmed by the industrially applied Cu-rich

composition near Cu:Zn ¼ 70:30, falling into the regime in which zincianmalachite

is the main product.

This view could be recently confirmed by a positive correlation of the Zn content

in zincian malachite and the SACu of the resulting catalyst [66]. The Zn fraction can

be estimated from the angular position of the characteristic (201) XRD peak of the

zincian malachite phase near 32� in 2y using Cu Ka radiation [71]. This particular

lattice plane distance contracts as Zn2+ is incorporated into zincian malachite and

the corresponding peak is shifted to higher angles. This is due to the average

lowering of Jahn–Teller distortions of the MO6 building units in zincian malachite,

whose elongated axes are aligned nearly perpendicular to this orientation. It is thus

possible to measure the Zn content of this phase by conventional XRD despite the

similar ionic radii and scattering factors of Cu and Zn. It is noted that due to the

anisotropic contraction of the monoclinic unit cell the other strong XRD peaks at

lower angles, which are often employed for phase identification, are only hardly

affected by Cu,Zn substitution and do not give much diagnostic insight [73]. The

decrease in the (201) lattice plane distance upon incorporation of Zn into malachite

was measured for catalyst precursor phases obtained after aging of precipitates with

different nominal Cu:Zn ratio (Fig. 5.6) [66]. It can be seen that, under the

conditions applied in this study, the limit of Zn incorporation is found near 28%,
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i.e., at a composition close to (Cu0.72Zn0.28)2(OH)2CO3. For higher nominal Zn

content no further shift of the (201) reflection and crystallization of the Zn-richer

aurichalcite phase as a side product were observed. The largest SACu is observed for

catalysts prepared from precursors near this critical composition (Fig. 5.6). This

result strongly suggests that the desired porous microstructure of Cu/ZnO catalysts

(Fig. 5.2) is formed from highly substituted zincian malachite precursors, and that

the applied Cu:Zn ratio near 70:30 is beneficial, because it lies near the

incorporation limit of Zn in the malachite phase.

This insight results in a simple geometrical model for the preparation of indus-

trial Cu/ZnO catalysts comprising subsequent meso- and nanostructuring of the

material (Fig. 5.7) [66]. In a first microstructure-directing step (meso-structuring)

the homogeneous Cu,Zn precipitate obtained by constant-pH co-precipitation

crystallizes in the form of thin needles of zincian malachite. Thin and interwoven

needles are desired, because the porosity of the final catalyst is already

predetermined at this step. In the second step, the individual needles are

decomposed into CuO and ZnO and pseudomorphs of the precursor needles can

be still observed after mild calcinations [58]. Because both phases are only poorly

miscible, a de-mixing cannot be avoided at this stage and nanoparticles of the

oxides, CuO and ZnO, are formed. The effectiveness of this nanostructuring step

depends critically on the Zn content of the precursor. The closer we approach a 1:1

ratio of Cu2+ and Zn2+ in the zincian malachite phase, the smaller the newly formed

oxide particles will be and the higher is the dispersion of the Cu phase [66]. A 1:1

ratio of Cu and Zn in synthetic zincian malachite, however, seems to be inaccessible

by conventional co-precipitation and aging and due to solid-state chemical

Fig. 5.7 Model for the chemical memory of Cu/ZnO/(Al2O3) catalyst preparation comprising two

microstructure-directing steps
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constrains the limit is near 70:30 [73]. If we leave aside the synergetic effects of Cu

and ZnO at this moment, the general benefit of using Zn2+ for the preparation of

highly dispersed Cu-based catalysts is a geometric effect due to the chemical

similarity of Cu2+ and Zn2+ concerning cation charge and size in aqueous solutions

and in the precursor state. This similarity enables a common solid-state chemistry

of Cu and Zn in one mixed precursor phase, may it be produced by co-precipitation

or impregnation. Thus, highly intermixed precursors can be prepared easily in the

Cu–Zn system, leading to highly dispersed Cu and ZnO particles upon

decomposition.

This model of Cu/ZnO preparation can explain the “chemical memory” of the

industrial system, because the important material properties of the final catalyst like

porosity and dispersion are already predetermined by the properties of the precursor

phase, like needle thickness and degree of Zn incorporation. It is also clear from this

model that the synthesis conditions for industrial methanol synthesis catalysts were

optimized in an unintended manner in order to improve the Zn incorporation into

the zincian malachite precursor phase. This of course means that preparation of Cu/

ZnO catalyst from other precursor phases requires a new and adjusted set of

preparation conditions. The 70:30 ratio represents the optimal compromise between

loading and dispersion of Cu only for catalysts prepared from zincian malachite

precursors and each other precursor or preparation method requires an own optimi-

zation of the Cu:Zn ratio (and all other synthesis parameters). Catalysts of Cu:Zn

ratio lower than 70:30 are often used for MSR. This usually leads to formation of

the aurichalcite precursor phase instead of zincian malachite during co-precipita-

tion of the precursor [57, 70, 74]. Aurichalcite crystallizes in form of platelets rather

than needles [63] and yields a Cu/ZnO catalyst of different microstructure. SACu

usually is lower [60, 66], but the embedment and Cu–ZnO interactions may be more

favorable for MSR. In contrast to zincian malachite, for aurichalcite, which usually

does not require an extended aging period to crystallize, a homogeneous co-

precipitation method using urea decomposition has been reported to lead to highly

active Cu/ZnO MSR catalysts [75, 76]. Promoting oxides—Al2O3 in case of the

industrial catalyst—usually have a higher charge than Cu2+ or Zn2+ and in case of

M3+ ions LDHs are very interesting in the formation of Cu/ZnO/Al2O3 catalysts

from a single precursor phase. Also, for academic purposes, it is generally desirable

to prepare a Cu/ZnO-based catalyst from single-phase hydroxycarbonate precursor

to obtain a homogenous microstructure, which enables drawing reliable conclusions

regarding the intrinsic activity of differently prepared Cu/ZnO materials.

It is noted that Cu/ZnO/(Al2O3) catalysts active in MSR can also be prepared

from other precursors than hydroxycarbonates, like mixed oxalates [77], or follow-

ing other recipes than co-precipitation, like reactive grinding [78] or CVD [79]. All

these approaches will lead to different Cu/ZnO/(Al2O3) catalytic materials, which

have to prove their performance in comparison with the high-SACu industrial

reference catalysts. It is crucial to combine such comparative catalytic studies

with comprehensive material characterization to establish structure–performance

relationships and to learn about possible routes to further optimize the Cu/ZnO/

(Al2O3) system for application in MSR.
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5.2.4 Ternary Cu/ZnO/X Catalysts (X ¼ Al2O3, ZrO2)

In contrast to the widely studied and debated role of ZnO, which can be separated

into a geometric (spacer function) and an electronic (synergetic Cu–ZnO

interactions) contribution (see above), only very little is known about the origin

of the beneficial role of Al2O3. Its presence leads to an improved thermal stability

and higher intrinsic activity in methanol synthesis [49, 80] and Al2O3 can be

regarded as a structural promoter. As a porous oxide, alumina also provides a

high surface area, but as mentioned earlier, cannot be seen as a classical support

in commercial Cu/ZnO/Al2O3 catalysts. Many other oxides have been tested to find

Cu/ZnO/X systems with improved catalytic properties, e.g., by combinatorial

approaches [81]. In the field of MSR catalysts, Breen and Ross [82] compared a

number of Cu/ZnO/X materials (X ¼ Al2O3, ZrO2, La2O3, Y2O3) of different

composition and prepared by different precipitation sequences. They concluded

that ZrO2 is superior to Al2O3 as an oxide component in Cu/ZnO-based MSR

catalysts. In addition to these Cu/ZnO/ZrO2 catalysts, also Cu/ZnO/Al2O3

composites prepared from LDH precursors will be discussed in this section, since

their microstructure and composition is markedly different from the commercial

low-Al2O3-promoted Cu/ZnO system described above. It is noted that oxides other

than Al2O3 or ZrO2, for instance, SiO2 [83], or also carbon [84, 85] were used to

prepare active Cu/ZnO MSR catalysts.

LDHs or hydrotalcite-like compounds are hydroxycarbonate precursors, which

can be derived from the naturally occurring Mg–Al salt hydrotalcite,

Mg1�xAlx(OH)2ðCO3Þ2=x � mH2O ð0:25< x< 0:40Þ. Mg and Al form layers of

edge-sharing (Mg,Al)(OH)6 octahedra. The H atoms point to the interlayer space,

where the carbonate anions are also located. Carbonate ions (or other anions) are

needed in the structure to compensate for the extra positive charge introduced by

the trivalent Al3+ ions. LDHs are well-established precursor compounds for syn-

thesis of various catalysts [86, 87]. They are especially interesting due to their

ability to isomorphously substitute Mg2+ as well as Al3+ by other bi- or trivalent

cations, in particular those from the first row of transition metals. Thus, they are

highly attractive precursors for Cu/ZnO/Al2O3 catalysts as they can provide a

perfect atomic distribution of all metal species in one single-phase precursor

compound and should yield structurally uniform catalysts of high Cu dispersion

and enhanced interaction between Cu metal and the Zn,Al oxide phase.

Several studies have shown that Cu,Zn,Al LDH precursors or precursor mixtures

containing the LDH phase can indeed be decomposed into highly active MSR

catalysts [18, 88, 89]. LDHs are typically and most easily prepared by co-precipita-

tion, similar to the zincianmalachite precursor of themethanol synthesis catalyst (see

above). Preparation of phase-pure Cu,Zn,Al LDHs requires a modified metal com-

position with an increase in Al and a decrease in Cu content. The former is necessary

to provide enough trivalent cations, which should exceed around one-fourth the

total metal cations. Thus Al cannot be regarded as a structural promoter phase any

more, but rather is an integral component of the oxide phase in the final catalyst.
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The latter is to suppress formation of Cu-rich malachite-like phases (desired in case

of the industrial methanol synthesis catalyst), which is favored by Cu2+ due to the

tendency of the d9 system to crystallize in Jahn–Teller distorted 4 + 2 coordination

rather than in themore regular LDH environment. Usually, no extended aging period

is needed to crystallize LDH phases from the precipitate.

Cu-rich phase-pure LDH precursors (up to 49 at.% Cu) can be prepared by such

a modified direct co-precipitation and yield Cu/ZnAl2O4-type catalysts [90]. These

catalysts exhibit a different microstructure from that of the industrial Cu/ZnO/

Al2O3 catalyst shown in Fig. 5.2. Despite a smaller average Cu particle size

observed in the ex-LDH material, which is a result of the lower total Cu content

and the perfect cation distribution in the precursor, the accessible SACu is consider-

ably lower, around 5 m2 g�1. This is a result of the much stronger embedment of the

small metal particles in the ZnAl2O4 matrix. After calcination at 603 K and

reduction, the interface-to-surface ratio was determined to be 89% compared to

ca. 35% for the industrial system. The major challenge in the preparation of such

ex-LDH Cu/ZnAl2O4 catalyst can thus be seen to optimize the “nuts-in-chocolate”-

like morphology by adjusting the Cu particle size, the degree of embedment and the

precursor platelet thickness in order to find the proper compromise between Cu

metal–oxide interactions and Cu dispersion. Tang et al. [88] reported a surprisingly

high accessible SACu of 39 m2 g�1 for a LDH-derived Cu/ZnO/Al2O3 catalyst

(Cu:Zn:Al ¼ 37:15:48) after calcination of the precursor at an elevated temperature

of 873 K associated with the crystallization of spinel-type oxides and the complete

decomposition of all carbonate on the sample. A microemulsion approach for the

precipitation of the precursor to “nano-cast” the platelet morphology of the LDH

phase has also been shown to be promising in this direction as it increases SACu

from 8 to 14 m2 g�1 compared to a conventionally co-precipitated ex-LDH

Cu/ZnAl2O4 catalyst (Cu:Zn:Al ¼ 50:17:33) [91]. The MSR activity was improved,

but did not scale linearly with SACu and was still lower compared to a commercial

Cu/ZnO/Al2O3 catalyst of the type described above.

Highly active ex-LDH Cu/ZnO/Al2O3 catalysts have been reported by Turco

et al. [16, 92, 93] The authors applied a homogenous precipitation method of the

chloride-containing LDH followed by anion exchange with carbonate and

investigated the structural and catalytic properties of the resulting catalysts. Calci-

nation at 723 K leads to the formation of CuO, ZnO, amorphous Al2O3, and

probably also Cu and Zn aluminates. Cu contents were between 5 and 45% of all

metal ions and SACu of up to 17.5 m
2 g�1 could be achieved. The highest activity in

oxidative MSR was observed for the composition Cu:Zn:Al ¼ 18:33:49. This

sample showed a conversion to CO near the detection limit of 0.01%, which did

not increase significantly with temperature between 473 and 673 K.

Velu at al. [18, 94] have prepared Cu,Zn,Al-LDH precursors by co-precipitation

and calcined at 723 K to obtain Cu/ZnO/Al2O3 catalysts. Among these, the sample

of the molar composition Cu:Zn:Al ¼ 33:43:24 showed the highest Cu dispersion.

The high activity in oxidative MSR was stable over 25 h on stream. The authors also

used ZrO2 as a replacement for Al2O3 and as an additive to the Cu/ZnO/Al2O3

system. These Cu/ZnO/ZrO2 and Cu/ZnO/Al2O3/ZrO2 catalysts were prepared
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from aurichalcite andmixed aurichalcite/LDHprecursors, respectively. The samples

containing ZrO2 were more effective in oxidative MSR than the ZrO2-free samples.

Copper–zirconia interactions, in particular Cu–O–Zr bonding, were found in these

materials [95, 96]. Cu was easier to reduce in the presence of ZrO2 suggesting an

effect of the promoter oxide on the redox chemistry of Cu. A Cu–ZrO2 synergetic

effect was proposed to be responsible for the better catalytic performance of the

ZrO2-containing samples probably by adjusting the Cu0/Cu+ ratio under working

conditions (see below). Such an effect of the presence of ZrO2 on the ratio of Cu0/

Cuoxidized at the catalyst surfacewas previously suggested byBreen andRoss on basis

of modified redox chemistry of Cu detected by temperature-programmed reduction

(TPR) [82]. Interestingly, a decreased reducibility of Cuwas observed for their ZrO2-

containing catalysts and ascribed to the presence of the promoter. The authors

observed in their study that Cu/ZnO/ZrO2 catalysts were more active than Cu/ZnO/

Al2O3 and the material could be further improved by addition of alumina and yttria.

The interactions between Cu metal and zirconia are discussed in more detail below

for ZnO-free Cu/ZrO2 catalysts.

Agrell et al. [15] prepared and characterized several Cu/ZnO catalysts without

and with the addition of Al2O3 and/or ZrO2 by co-precipitation and used them in

MSR. Among these samples, the ZrO2-containing systems showed the highest Cu

dispersions and best MSR performances. The Cu/ZnO/ZrO2/Al2O3 catalyst also

showed a high stability in POM activity upon redox cycling compared to the binary

Cu/ZnO sample, suggesting again an influence of ZrO2 on the redox properties of

Cu.

Matsumura and Ishibe [97] used Cu/ZnO/ZrO2 for high-temperature MSR at

673 K and compared it to binary Cu/ZnO and Cu/ZrO2 (all 30 wt% CuO after

calcination). They observed an increased BET surface area and smaller particles in

their Cu/ZnO/ZrO2 sample compared to binary Cu/ZnO. The catalytic activity was

more stable than that of a commercial Cu/ZnO/Al2O3 catalyst. Interestingly, deac-

tivation was found to be accompanied by the growth of the oxide particles rather

than by Cu sintering.

An activity-promoting role of ZrO2 was also reported by Jones and Hagelin-

Weaver in a series of Cu/ZnO/X catalysts (X ¼ ZrO2, CeO2, Al2O3) prepared by

impregnation [98]. The best sample was a Cu/ZnO/ZrO2/Al2O3 catalyst, which was

most active and showed the least CO selectivity. This catalyst was prepared by co-

impregnation of Cu and Zn onto a mixture of zirconia and alumina nanoparticles

and the good catalytic properties were related to the presence of the monoclinic

polymorph of ZrO2.

5.2.5 ZnO-Free Cu-Based Catalysts

Among the ZnO-free Cu-based catalysts, those comprising ZrO2 and CeO2 are the

most studied systems and will be in the focus of this section. Combinations of Cu

with chromia [99–101] or manganese oxide [99] promoters or Cu on silica supports
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[102] have also been used in MSR. Depending on the Cu content and the method of

preparation—co-precipitation, sol–gel chemistry, or impregnation—these catalysts

can be either obtained in the form of truly supported or bulk catalysts similar to the

industrial Cu/ZnO/Al2O3 system. Also, skeletal Cu catalysts are known to be active

in MSR, which can be prepared from Cu-containing alloys by selective leaching.

These materials are prepared employing intermetallic compounds as precursor

phases and are discussed in more detail in the second part of this chapter.

In the last few years there has been a growing interest in ZnO-free Cu/ZrO2 as

catalyst for the MSR reaction. Already in the 1980s, higher conversions of metha-

nol were reported for Cu/ZrO2 in comparison with Cu/SiO2 prepared by impregna-

tion methods [103, 104]. Cu/ZrO2 catalysts prepared by precipitation showed

turnover frequencies comparable to a Cu/ZnO catalyst [82]. The lower total activity

for the Cu/ZrO2 catalysts was ascribed to lower SACu in these catalysts. Ritzkopf

et al. [20] successfully applied a microemulsion technique using the water droplets

of a water-in-oil system to confine the reaction space for co-precipitation. They

obtained intimately mixed CuO/ZrO2 particles with 4–16 wt% Cu and a particle

size of less than 10 nm. At high temperatures, this catalyst showed activity levels

identical to a commercial catalyst, but the level of produced CO was substantially

reduced. At 573 K and ca. 90% conversion, the CO concentration in the effluent was

only ca. one-fifth compared to the Cu/ZnO reference. In contrast to the commercial

catalyst, oxidized Cu species were detected by X-ray photoelectron spectroscopy

(XPS) on the surface of the Cu/ZrO2 catalyst after reaction, supporting the

stabilizing role of ZrO2 on oxidized Cu species, which was also observed for

ZrO2-promoted Cu/ZnO/(Al2O3) catalysts (see above). Such oxidized Cu+ species

are discussed to play an important role in the MSR reaction (see below).

Purnama et al. [19] reported about a Cu/ZrO2 catalyst prepared by a templating

procedure (8.5 wt% Cu), which showed higher activity as a function of WCu/F and

better stability during MSR as well as a lower production of CO compared to a

commercial Cu/ZnO/Al2O3 sample. This sample showed a complex activation

behavior if oxygen pulses were added to the feed after certain periods of time on

stream. Szizybalski et al. [105] prepared a Cu/ZrO2 catalyst with 8.9 mol% Cu after

calcination by a precipitation method and investigated this phenomenon more

closely. The calcined catalyst contained small and disordered CuO particles rather

than Cu2+ incorporated into the zirconia lattice. Again, a decreased reducibility was

observed. By means of in situ Cu K-edge X-ray absorption spectroscopy, a signifi-

cant amount of residual oxygen was detected in the Cu phase after reduction at

523 K, which could only be removed by treating the catalyst with hydrogen at

673 K. If oxygen was added to the feed during MSR, an increase in this residual

oxygen concentration was detected after re-reduction in the feed, which was

accompanied by an increase in MSR activity. Thus, a correlation of the amount

of oxygen remaining in the copper particles and the catalytic activity was proposed

leading to the conclusion that there must be a different metal–support interaction of

Cu/ZrO2 compared to Cu/ZnO catalysts, where such correlation was not observed.

Similar to the Cu/ZnO system, a high Cu loading of 80 wt% was reported to

yield the most active material if co-precipitation and nitrate solutions were used for
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preparation of Cu/ZrO2 catalysts [106]. Yao et al. [107] prepared Cu/ZrO2 catalysts

with this composition by four different methods and showed that the catalysts

prepared by co-precipitation revealed a higher conversion compared with the

ones prepared by impregnation. The best results were obtained by an oxalate gel

co-precipitation method and for a calcination temperature of 823 K [108]. In this

catalyst, a thin layer of monoclinic ZrO2 was detected on a bulk of tetragonal ZrO2.

With increasing calcination temperature the amount of monoclinic ZrO2 increased

accompanied by decreasing conversions.

Wu et al. [109] have studied the effect of ZnO and ZrO2 on the catalytic

properties of Cu in MSR by comparing pure Cu with inverse ZnO/Cu and ZrO2/

Cu model systems. Both oxides were found to enhance the activity of Cu and to

stabilize the Cu particles against aggregation and sintering. Moreover, the presence

of the oxides resulted in a stabilization of Cu+ species at the surface of the catalyst.

The authors concluded that ZrO2 is the superior promoter oxide for the Cu-based

MSR catalyst.

Also, CeO2 turned out to be a promising oxide component for Cu-based MSR

catalysts. Cu/CeO2 catalysts were prepared by Liu et al. [21, 110, 111] using a co-

precipitation method and calcination at 723 K. By this treatment, up to 20% Cu2+

could be incorporated into the ceria lattice. After reduction a Cu/CeO2 catalyst was

obtained (3.9 wt% Cu), which was more active than Cu/ZnO and Cu/Zn/Al2O3

catalysts of the same low Cu loading. After deactivation the initial activity could be

regenerated by recalcination and reduction. The high activity was ascribed to strong

Cu–oxide interactions and related to the high oxygen mobility of the ceria support.

Also mixed CeO2/ZrO2 [112] or Zr- [113] or Gd-doped [114] ceria was used as

support for Cu-based MSR catalysts.

The increasing Cu–oxide interactions when going from Cu/ZnO over Cu/ZrO2 to

Cu/CeO2 are also reflected in a more and more enhanced substitution chemistry in

the oxide phase at higher temperatures. While Zn2+ and Cu2+ show a common solid-

state chemistry only on the stage of the precipitated catalyst precursor, e.g., in the

form of a joint cationic lattice of hydroxycarbonate phases (see above), significant

isomorphous substitution of Cu2+ in ZnO is, despite the match of cationic charge

and similar ionic radii, hardly observed. The reason for this low degree of solid-

state solubility is most likely the tetrahedral coordination environment of Zn2+ sites

in ZnO, which is unfavorable for Cu2+, which prefers a Jahn–Teller-distorted

octahedral 4 + 2 coordination. Incorporation of M2+ cations, like Ca2+, in the

zirconia lattice on the other hand is well known and can stabilize the higher

symmetric polymorphs of ZrO2. It was also reported that Cu2+ can substitute Zr4+

and has an effect on the zirconia phase composition [115], but this effect may not

play a role in the preparation of Cu-based MSR catalysts, where calcination

temperatures are usually low and Cu was observed to be present rather in the

form of highly dispersed CuO [105]. In case of CeO2, however, clear evidence

for the formation of a Ce1�xCuxO2 solid solution during catalyst preparation

applying a calcination temperature of 723 K was presented by Liu et al. [21, 110,

111]. Both materials, ZrO2 and CeO2, are known to easily form sub-stoichiometric

metal-to-oxygen ratios and the charge mismatch upon incorporation of Cu2+ can be
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compensated by formation of oxygen vacancies. Although highly substituted bulk

phases are not likely to form under MSR conditions or even in oxidative MSR

atmosphere and thus themselves are probably not relevant for catalysis, these

considerations still show that differences in the solid-state reactivity of Cu with

different oxides exist. Under oxidative conditions the systems tend to form mixed

oxides by beginning oxidation of the Cu metal, while under reducing conditions the

systems tend to form an alloy by beginning reduction of the oxide. The connection

of the redox chemistry of the Cu phase and its interaction with the oxide component

was observed by many researchers. From the substitution chemistry of the bulk

oxide phases, it is understandable that ZrO2 and CeO2 have a stabilizing effect on

oxidized Cu leading to a higher reduction temperature, while this effect is not

observed for ZnO [116].

Strengthened interactions between Cu metal and the oxide are probably impor-

tant for the stability of the catalysts as they hinder mobility of the Cu particles and

thus decrease the tendency for thermal sintering. Furthermore, these interactions

may be important for the accessibility of higher Cu oxidation states at given

conditions, or more generally for the ease of oxygen incorporation into the Cu

lattice (see below). Another practical aspect is that the re-dispersion of the Cu phase

by oxidative regeneration will work much better for those systems which can form

mixed oxides like Cu/CeO2 (stronger interactions) compared to those which cannot

easily form mixed phases like Cu/ZnO.

In an optimized Cu-based catalyst for MSR, the beneficial effect of redox-

promoting oxides on the Cu phase should be combined with the proven structure-

promoting effects of the less redox active ZnO/Al2O3 components.

5.2.6 The Active Form of Cu Under MSR Conditions

The question to what is the active site of Cu-based catalysts in MSR is still open and

debated in literature. Similar to the methanol synthesis reaction either metallic Cu0

sites, oxidized Cu+ sites dispersed on the oxide component or at the Cu–oxide

interface, or a combination of both kinds of sites are discussed to contribute to the

active ensembles at the Cu surface. Furthermore, the oxidic surface of the refractory

component may take part in the catalytic reaction as well as providing adsorption

sites for the oxygenate-bonded species [117], while hydrogen is probably adsorbed

at the metallic Cu surface.

Clearly, SACu is among the most important factors determining the activity of a

Cu-based catalyst in MSR, indicating the importance of proper balance of Cu

dispersion and loading, and thus of catalyst preparation. Sufficient SACu is a

prerequisite for a high-performance Cu-based MSR catalyst, but the metallic

SACu measured by N2O decomposition does not scale linearly with activity in all

cases, and turnover frequencies—which were calculated using SACu as a count of

active sites—vary even for the same sample after different pretreatments [118].

Thus, other factors intrinsic to the Cu phase and not detectable by the N2O titration

5 Methanol Steam Reforming 199

www.TechnicalBooksPdf.com



method also contribute to the MSR activity. There are two major views discussed in

literature relating these intrinsic factors either to the variable oxidation state of Cu,

in particular to the in situ adjustment of the Cu0/Cu+ ratio at the catalyst’s surface,

or to the defect structure and varying amount of disorder in metallic Cu depending

on the microstructure and preparation history of the catalyst. As we will see, these

views are not necessarily contradicting each other.

Changes in the oxidation state of Cu are to be considered in particular in

oxidative MSR due to the presence of gas-phase oxygen. It has been tried to answer

the question of the oxidation state of Cu under (oxidative) MSR conditions by post-

reaction characterization as well as by in situ investigations with sometimes

different results depending on the feed gas compositions, the catalyst material

studied, and the characterization method used. Near-surface sensitive techniques

like X-ray photoelectron spectroscopy (XPS) are well suited to investigate the

oxidation state of the near surface of a Cu-based MSR catalyst, although the

discrimination of Cu+ and Cu0 may be challenging on the basis of the core level

spectra. It is noted that contact with air has to be strictly avoided to obtain reliable

results as highly dispersed Cu particles are prone to oxidation in air. Another

drawback is that with laboratory XPS only ex situ investigations are possible and

potential changes of the catalyst upon cooling and evacuation have to be taken into

account. X-ray diffraction and X-ray absorption spectroscopy are also widely used

to characterize the Cu phase in MSR catalysts. With these methods in situ

investigations are possible, but they lack surface sensitivity. Another general aspect

to be considered when reporting Cu0/Cuoxidized ratios is the homogeneity of the

catalyst studied. If different Cu species are present in the catalyst, e.g., larger Cu

particles as well as highly dispersed Cu clusters, additional characterization infor-

mation is needed to identify the effect of the individual Cu species on the results.

Agrell et al. [15] studied the near-surface region of a Cu/ZnO/ZrO2/Al2O3

catalyst by XPS after simulating oxidative MSR reaction conditions in the

pretreatment chamber. They reported the presence of metallic Cu0 after reduction

and formation of oxidized Cu+ species after exposure to an O2/MeOH atmosphere

(1:2). In contrast, Goodby and Pemberton [119], who used pure MSR atmosphere

without oxygen and a commercial Cu/ZnO/Al2O3 catalyst, found still about 7% Cu+

at the surface after reduction in hydrogen, but the catalyst was fully reduced after

using it in MSR. Raimondi et al. [120] used a similar method and found that the

oxidation state of Cu in a commercial Cu/ZnO/Al2O3 catalyst is a function of

feed gas composition. At a slightly sub-stoichiometric O2:MeOH ratio Cu+ was

predominant only at temperatures below 510 K. At higher temperatures, Cu

was reduced by MeOH to its metallic state. H2 was produced only when Cu+ or

Cu0 was detected, while Cu2+ formed at higher O2 partial pressures was inactive

and led to MeOH combustion. Using a sub-monolayer Cu on thin-oriented

ZnO films as model catalyst, the same group showed that aggregation of the

Cu islands is promoted by the presence of O2 if Cu was in the metallic state at

a O2:MeOH ratio below 0.25 at 550 K. At higher O2 concentrations, Cu is

oxidized and the aggregation is less pronounced suggesting an effect of the

oxidation state of Cu on the Cu–ZnO interactions [121]. Reitz at al. [122]
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used bulk-sensitive in situ X-ray absorption spectroscopy to study the oxidation

state of Cu under different conditions in the presence of methanol, steam, and

oxygen. They observed MSR-inactive Cu2+ at low O2 conversions and found H2

production only if metallic Cu was detected. Cu+ was detected as an intermediate

during the reduction of Cu2+ to Cu0.

It is not a surprise that the oxidation state of Cu is a function of the oxidation

power of the gas feed, especially of the O2 concentration if oxidative MSR is

used. Knop-Gericke et al. [123] have shown the importance and complexity of

the dynamic near-surface Cu–O chemistry by high-pressure in situ XPS for the

MeOH oxidation reaction on Cu foil. With increasing O2:MeOH ratio the in situ

formed Cu surface could vary from metal via sub-oxide to Cu(I)-oxide like

species. The most active and selective state (to formaldehyde) observed in this

study was a disordered Cu0 surface modified in situ by subsurface oxygen of a

composition near Cu~10O stressing that the pure Cu0 metal and bulk Cu2O phases

are not sufficient to fully describe the surface chemistry of the Cu–O system. It is

noted that the active surface phase was only observed in situ and did not form

under UHV conditions.

It is not only the gas-phase composition that determines the oxidation state of

Cu under MSR conditions, but the catalyst formulation that also plays a signifi-

cant role. It was already mentioned above that the presence of ZrO2 generally

decreases the reducibility of CuO and can stabilize Cu+ compared to ZrO2-free

systems at given MSR conditions. Such Cu+ centers are often discussed to be the

active sites of (oxidative) MSR in the context of a redox mechanism

corresponding to the reverse of a reaction proposed for methanol synthesis by

Klier [124], where Cu+ centers incorporated into a ZnO matrix are suggested as

active sites. The Busca group identified Cu+ sites at the surface of LDH-derived

Cu/ZnO/Al2O3 catalysts using IR spectroscopic methods and discussed their role

in oxidative MSR [89, 125–127].

The second explanation for a varying intrinsic activity is the different amount of

disorder in the metallic Cu phase. This disorder can manifest itself in the form of

detectable lattice strain, e.g., by line profile analysis of XRD peaks [17], 63Cu-NMR

lines [64], or as an increased disorder parameter (Debye–Waller factor) derived

from extended X-ray absorption fine structure (EXAFS) spectroscopy [118].

Strained copper has been shown theoretically [128] and experimentally [129] to

have different adsorptive properties compared to unstrained surfaces. Strain, i.e.,

local variation in the lattice parameter, is known to shift the center of the d-band and

alter the interactions of metal surface and absorbate [130]. Alternatively, a modifi-

cation of the electronic structure of Cu was also discussed to take place at the

interface between Cu metal and the semiconducting oxide forming a Schottky

junction [131].

G€unter at al. [118] used in situ XRD and EXAFS and found a correlation

between the disorder in the Cu phase and the activity of a series of differently

prepared Cu/ZnO catalysts in MSR. In addition, the selectivity toward CO2 was

affected. Kniep et al. [64] could show that the Cu phase in Cu/ZnO catalysts

prepared under otherwise identical conditions was more strained and more active
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in MSR if the precipitate was aged. Also, the introduction of a microwave heating

step [132] or reactive grinding [78] of the calcined CuO/ZnO material was used to

prepare strained and disordered, and thus, intrinsically more active Cu particles in

the final MSR catalyst. A certain increase in disorder seems to be also achievable by

post-preparation treatment as could be shown by in situ investigations (Fig. 5.8)

[118]. Addition of oxygen to the MSR feed led to a transient breakdown of MSR

activity ascribed to the formation of CuO. After switching off the oxygen stream,

the catalyst was re-reduced to Cu0 in the MSR feed and exhibited a higher

conversion of methanol as well as a lower selectivity to CO, which was ascribed

to an increase in structural disorder. Bulk Cu2O was observed only as an interme-

diate during reduction. The origin of structural disorder in highly active Cu/ZnO

catalysts is thought to be the interface of the Cu0 clusters with the ZnO particles.

Thus, enhancement of this interface contact may be beneficial for the activity of the

catalyst, if not much of SACu is sacrificed.

Accordingly, the short addition of oxygen to a Cu/ZrO2 MSR catalyst under

working conditions was also shown to have an activating effect on the Cu phase,

which is even more pronounced and stable compared to Cu/ZnO [19, 105]. In this

case, no significant lattice strain of Cu could be detected, but incorporation of

oxygen in metallic Cu was observed (see above). Considering similar effects on
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the catalytic properties of Cu in these particular experiments but apparently

different structural origins in Cu/ZnO and Cu/ZrO2, and taking into account

the work addressing the oxidation state of Cu, a general view on Cu in MSR

emerges. The catalytic activity of Cu in MSR seems to be related to a nonequi-

librium form of metallic Cu. The deviation of the catalytically active surface

from its ordered equilibrium form can be triggered by redox chemistry as

well as by a beneficial microstructural arrangement of the composite catalyst.

The former relates to a distortion of the Cu lattice by oxygen dissolution and is a

dynamic effect, which adjusts itself in situ. This effect can be measured by bulk

methods as residual oxygen content in the Cu0 phase and may well influence the

Cu0/Cu+ ratio measured ex situ with surface-sensitive techniques. The extent of

this distortion is a function of the gas-phase composition and the metal–oxide

interactions. Oxygen incorporation is favored by increasing the oxidation power

of the feed, e.g., by oxygen addition, and facilitated by strong (or synergetic)

interactions of Cu and the oxide component like in Cu/ZrO2. However, oxidation

of Cu to a bulk oxide form (Cu2O) by a too strongly oxidizing atmosphere as well

as formation of a mixed oxide phase (e.g., inactive CuAl2O4) by too

strong interactions of Cu with the oxide have to be avoided.

Deviation from equilibrium Cu due to static defects and lattice strain, on the other

hand, can be introduced in the Cu particles by proper catalyst preparation aiming at

kinetically trapping a distorted and defect-rich state of Cu. In a microstructure with

small particles, many Cu0–oxide interfaces like in the commercial Cu/ZnO/(Al2O3)

catalyst beneficially affect the Cu phase. In addition to the beneficial role of Zn2+ on

Cu dispersion (see above), the interface of Cumetal and ZnO seems to be well suited

to pin this favorable defect structure of Cu0.

5.3 Intermetallic Compounds in Methanol Steam Reforming

Besides the Cu-based systems, different other systems, mainly based on palladium

or platinum, have been explored as catalysts for the steam reforming of methanol.

The driving force was to detect materials with higher stability against sintering and

higher selectivity, i.e., lower CO partial pressures in the product [133].

Interestingly, the formation of intermetallic compounds is frequently observed

in these metal–oxide supported systems and is very often connected with a signifi-

cant increase in selectivity to CO2 [27]. An “intermetallic compound” is composed

of two or more metallic elements and possesses a crystal structure which is different

from the constituting elements and at least partly ordered [134, 135]. “Compound”

implies that it is single phase, which is not in contradiction to the often broad

homogeneity ranges of intermetallic compounds. In contrast, the more familiar term

“alloy” corresponds to a mixture of metals, intermetallic compounds, and/or

nonmetals, and can consist of more than one phase.

Figure 5.9 demonstrates the huge consequences of an ordered intermetallic

compound on the electronic structure of the catalytically active species. Opposed

are the electronic densities of state (DOS) of Pd metal, Ag metal, and the
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Fig. 5.9 Density of states of element Pd (a), Ag (b), and the intermetallic compound ZnPd (c).
Ag–Pd alloy formation leads to d-band filling intermediate between elemental Pd and Ag. In

contrast, huge differences are revealed at the Fermi energy as well as in the width of the Pd d-bands

upon formation of the intermetallic compound ZnPd (c)
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intermetallic compound ZnPd (often called PdZn but see [136]). By alloy formation

of, e.g., Ag–Pd, the total electron concentration per atom increases with increasing

Ag content, but the crystal structure does not change (Cu type of crystal structure,

space group Fm�3m). As a consequence, the DOS remains very similar (so-called

rigid-band approach) to that of elemental Pd but the d-bands are further populated

until they reach the population of pure silver (Fig. 5.9b). On the other hand, the

intermetallic compound ZnPd crystallizes in the ordered CuAu type of crystal

structure (space group P4/mmm). The crystal structure is a direct consequence of

the covalent chemical bonding within the intermetallic compound upon formation

[136]. Interestingly, covalent interactions are quite common in intermetallic

compounds, leading to a strong alteration of the electronic structure as seen in

Fig. 5.9c. They are also displayed by the physical properties of the compounds

[137–139]. Since a significant number of valence electrons are localized in the

covalent bonds, the electrical conductivity is significantly reduced upon compound

formation. An example is the well-investigated y-phase, the intermetallic com-

pound CuAl2 [139] in the system Al–Cu shown in Fig. 5.10.

Both elements crystallize in the Cu-type of structure (cubic close packed). Alloy

formation takes place on theAl- aswell as theCu-rich side.Up to 20 at.% ofAl can be

dissolved in Cu without changing the crystal structure. Between the two alloys, a

number of intermetallic compounds with different structures are formed. In CuAl2
the three-bonded Al atoms build covalent and interpenetrating 63 nets. The Cu atoms

are located in tetragonal antiprismatic cavities and interconnect the 63 nets by 3-

center bonds. This bonding situation dramatically influences the physical properties.

In contrast to Cu and Al, CuAl2 is no longer ductile, but brittle as glass—a property

often observed for covalently bonded intermetallic compounds. Localization of the
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electrons in the covalent bonds reduces the number of charge carriers and thus the

electric resistivity is significantly increased to 7.6 mO cm [140] at 295K compared to

r295 K, Cu ¼ 1.55mO cm andr295 K, Al ¼ 2.73mO cm. The strongly altered electronic

and crystal structures determine the adsorption and the catalytic properties. Thus, it is

necessary to keep the above-mentioned differences between an intermetallic com-

pound and an alloy in mind when looking at bimetallic catalysts.

Staying with palladium, the direct consequences on the catalytic behavior

upon compound formation can be demonstrated. While palladium possesses only

a CO2 selectivity of 0.9% in MSR, formation of the intermetallic compound

ZnPd leads to 98% CO2 selectivity [141]. In the following, the different roles

played by intermetallic compounds in the steam reforming of methanol are

discussed. Starting with the deliberate decomposition of intermetallic

compounds to synthesize highly active catalysts and via the observation of

intermetallic compounds formed during time on stream, this section ends with

the use of well-defined intermetallic systems to systematically develop an under-

standing of the underlying principles of the steam reforming of methanol. The

following sections do not aim at a complete review of the existing literature, but

at revealing the different ideas concerning intermetallic compounds and the

steam reforming of methanol present in literature.

5.3.1 Catalysts Derived by Decomposition of Intermetallic

Compounds

Applying intermetallic compounds in MSR is still a young scientific subject. The

first appearance was in 1994 when Miyao et al. [142] used Al–Cu, Cu–Zn, and

Al–Cu–Zn alloys, which contained intermetallic compounds such as CuAl2, CuZn,

and Cu5Zn8 as precursors to synthesize highly active Cu-based Raney-type

catalysts. During leaching with aqueous NaOH, the intermetallic compounds are

decomposed and the observed catalytic properties cannot be correlated to the

crystal and/or electronic structure of the starting materials. Typically, the leaching

results in supported Cu particles with high surface area and thus higher activities

than conventional Cu-based systems.

Also, single-phase intermetallic compounds like the well-investigated CuAl2
[139] and even quasicrystalline phases, i.e., ordered but non-periodic intermetallic

compounds, have been used as precursors for Raney-type catalysts (Fig. 5.11).

The group of Tsai leached powders of the quasicrystalline icosahedral

i-Al–Cu–Fe phase, crystalline Al–Cu–Fe intermetallic compounds, and CuAl2
with NaOH or Na2CO3 [22, 143–145]. This leads to a preferential dissolution of

aluminum from the surface of the particles, leaving the intermetallic core

untouched. The surface after leaching consists of transition metal particles which

are dispersed on an aluminum hydroxide layer. As in the case of the above-

mentioned materials, the H2 production rate increased to 235 L/kg, but the presence

of iron also leads to a higher stability of the Cu particles against sintering.
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Interestingly, leaching of the quasicrystalline phase resulted in higher activity and

stability compared to the crystalline intermetallic precursors—a phenomenon not

understood as yet. Ma et al. modified the leaching solution for CuAl2 with Na2CrO4

and discovered that this increases the activity by a factor of 2 [23]. Using XPS, they

could show that the modification led to Cr2O3 promotion, which acts beneficial on

the structural and catalytic properties. The presence of Cr2O3 results in higher BET

surface areas due to higher porosity and smaller Cu particles. It was observed that

Cr2O3 also increases the activity by itself, resulting in a higher activity compared to

commercial copper chromite catalysts.

Another direction explored to generate highly specific SACu is to oxidize inter-

metallic compounds or alloys prior to their use as catalysts. This approach is similar

to the preparation of methanol synthesis catalysts which was developed in the 1970s

by Wallace and Lambert [146, 147]. Here the oxidation of Cu–RE (RE, rare earth

element) intermetallic compounds like CeCu2 or NdCu5 in the CO/H2 feed leads to

finely dispersed Cu particles which are supported on the rare earth oxides (Fig. 5.12).

Activation of Ni3Al in the MSR feed leads to decomposition of the intermetallic

compound to small Ni particles supported on oxidized/hydrolyzed aluminum [24].

While at a steam:carbon ratio of 1 both elements are oxidized, elemental Ni is

preserved at a steam:carbon ratio of 0.1. The observed catalytic properties of the

Ni3Al-derived catalysts correspond to Ni-based catalysts and show CO2
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selectivities of only 10% since the main reaction—even under steam reforming

conditions—is the decomposition of methanol.

To obtain highly specific transition metal surface areas, Takahashi et al. oxidized

amorphous Cu–Zr alloys with small contents of Au, Pd, Pt, or Rh for 17 h in air at

570–587 K [25, 148]. By subsequent reduction at 573 K in hydrogen, the desired

supported transition metal catalysts were obtained. The most active catalysts were

obtained from alloys with Pt and Rh contents around 1%, while for Au the activity

increased with increasing Au content. The selectivity toward CO2 of these catalysts

was around 100% and it was concluded that the main role of Pt, Rh, and Au is to

increase the copper dispersion. The behavior of the Pd-modified Cu–Zr alloys

differs significantly from the other alloys. While the activity is again increased,

the selectivity to CO2 is only around 60%. This can be attributed to the presence of

elemental Pd which is an active catalyst for the decomposition of methanol to CO.

Besides being decomposed, intermetallic compounds are important in other

ways in the steam reforming of methanol: On the one hand, they are often observed

after the use of oxide-supported catalysts, which triggered research on their forma-

tion. On the other hand, unsupported intermetallic compounds are under investiga-

tion to reveal their part in the steam reforming of methanol. Research on these two

topics is compiled below.
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5.3.2 Supported Intermetallic Compounds

As seen above, intermetallic compounds can be changed by the reactive atmosphere

applied—and conventional supported (monometallic) catalysts can be very

dynamic systems. This is, for example, expressed by deactivation due to sintering

of the supported metal or the deposition of carbonaceous species.

Especially under reducing conditions (e.g., in the last step of the preparation)

two other effects can be present. One is the so-called strong metal–support

interaction (SMSI), which can be defined by three characteristics [149]: (1)

when reduced at low temperature, the catalyst shows a conventional chemical

behavior, (2) high-temperature reduction strongly alters the chemisorption

properties (SMSI state), and (3) the phenomenon is reversible by oxidation and

mild reduction bringing the catalyst to state (1). While in the first publication by

Tauster the involvement of intermetallic compounds was suggested [150], the

SMSI is today assigned to a covering of the metallic particles by a mobile and

partly reduced support [151–153], a view that was also taken by Tauster in later

publications [154]. The other phenomenon is the formation of intermetallic

compounds by partial reduction of the (oxidic) support and subsequent reaction

with the supported metal, for which we propose the term “reductive metal–support

interaction” (RMSI). The formation of the intermetallic compounds has to be

differentiated from the SMSI, since it is usually not reversible unless the catalysts

are treated under very strong oxidizing conditions.

Instead of being formed before the reaction, intermetallic compounds can also

be formed under reaction conditions by RMSI. Commonly, this process is not

complete unless very high reduction temperatures are applied, where the neces-

sary temperature depends on the combination of metal and support. Figure 5.13

displays an example of the problem. Using only XRD, it is hard to identify the

species present after reduction at low temperatures. The observed diffraction

patterns could be due to partially reduced PdO, solid solutions of oxygen or

hydrogen in Pd, or intermetallic compounds. If the process is not complete,

different potentially catalytically active species can be present and the resulting

complex systems (different metallic species, support, numerous interfaces) hin-

der the determination of the catalytic properties of each of the components.

While the RMSI is usually only observed in catalytic systems involving an easily

reducible support (e.g., ZnO, Ge2O3, In2O3)—unless very high temperatures are

applied [155, 156]—the SMSI is not restricted to these systems and is also

observed for ZrO2 and Al2O3 [154].

Research for alternative MSR catalysts providing higher stability than the Cu-

based systems led to the investigation of Pd- and Pt-based catalysts. In the first

publication by Iwasa et al. Pd and Pt on different supports were evaluated [157].

Normally, elemental Pd selectively catalyzes the decomposition of methanol to CO,

even in the presence of water, resulting in high CO contents in the product [32].

Surprisingly, Iwasa et al. observed that in the case of Pd/ZnO the CO2 selectivity

improved drastically from 0 to 97% with prior reduction of the catalyst.
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By comparison of Pd/ZnO with Pd/SiO2 and Pd/ZrO2 they could show that by

RMSI the intermetallic compound ZnPd is formed on Pd/ZnO (Fig. 5.13),

modifying strongly the catalytic selectivity of the Pd/ZnO catalyst [141]. On the

other hand, no intermetallic compound was formed on Pd/SiO2 or Pd/ZrO2 at

comparable temperatures, resulting in low selectivities of 0.9 and 35% toward

CO2, respectively.

In addition to XRD, the compound formation was also detected by X-ray

photoelectron spectroscopy. The Pd3d5/2 signal for elemental palladium is observed

at 335.1 eV. The reductive treatment of Pd/ZnO at 673 K with hydrogen leads to a

shift of 0.6 eV of the Pd3d5/2 signal to higher binding energy.

The beneficial formation of ZnPd led to an increase in the conversion and

selectivity from 33 to 62%, respectively, for Pd/ZnO catalysts reduced at 493 K

to 58 and 98%, respectively, after reductive treatment at 673 K. For comparison, the

conversion over Pd/SiO2 was 10% with a selectivity of 0.9% and Pd/ZrO2 showed a

conversion of 87% and a selectivity of 20%. It was suggested that the reason for the

selectivity increase is the different reaction pathways for the decomposition of

formaldehyde species on Pd and ZnPd. While they are selectively decomposed to

CO and H2 on elemental Pd, the intermetallic compound ZnPd leads to an effective
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attack by water and subsequent decomposition to CO2 and H2 similar to the reaction

path suggested for Cu-based catalysts (Fig. 5.1).

These initial studies were followed by many others, making ZnPd/ZnO the best-

investigated intermetallic system for the steam reforming of methanol. Special

interest lies on how the intermetallic particles are formed and how the catalytic

properties depend on the particle size and morphology. The formation of the

intermetallic compound has been investigated by two approaches so far. Wang

et al. studied 15.9% Pd/ZnO prepared by co-precipitation by TPR, desorption,

electric conductivity, and XRD [158, 159]. The strong interaction between metallic

palladium and the support leads to hydrogen spillover during reduction. This

enables the reduction of the ZnO in the vicinity of the Pd particles and the formation

of the intermetallic compound ZnPd at temperatures above 523 K. The suggested

reduction process follows the sequence Pd/ZnO ! ZnPdO1�x/ZnO ! ZnPd/ZnO.

For this catalyst, the best catalytic performance (41% conversion, 94% selectivity,

hydrogen yield 0.65 mol g�1 h�1 at 523 K and a WHSV of 17.2 h�1) was obtained

after reduction at 573 K for 1 h in pure hydrogen, which resulted in a crystallite size

of 5–14 nm.

A different approach was followed by Penner et al. [160], who synthesized well-

defined thin film model systems by embedding epitaxially grown Pd particles in an

amorphous ZnO matrix which is mechanically stabilized by SiO2. The advantage of

this approach is the possibility to perform in-depth TEM characterization of these

materials. The formation of well-ordered ZnPd was observed at temperatures as low

as 473 K and it was stable up to 873 K, where it partially decomposed into Pd-rich

silicides. The epitaxial growth of the Pd particles causes their alike crystallographic

orientation. This enabled the observation that the ZnPd intermetallic compound is

formed by a topochemical reaction [161] starting at the surface of the Pd particles.

Comparison of a similar Pd/SiO2 thin film model revealed amorphisation of the Pd

particles by reduction, most likely due to hydride formation. This clearly does not

happen in the presence of ZnO as otherwise the crystallographic orientation

between the particles would be lost. Most likely, hydrogen is activated on the Pd

surface or a crystalline a-Pd-hydride with low hydrogen content is formed. A low

concentration of activated hydrogen is reasonable because the hydrogen is used up

by the reduction of the ZnO in the vicinity of the Pd particles immediately. Thus,

the most likely reaction sequence is Pd/ZnO ! “PdHx”/ZnO ! ZnPd/ZnO, where

“PdHx” represents a crystalline Pd-hydride or activated hydrogen on the surface.

Clarifying the intermediate in this reaction needs further investigation.

The influence of the ZnPd particle size (2–34 nmmean diameter) on the catalytic

performance was studied by Dagle et al. and Karim et al. [162, 163]. They found

that the intermetallic compound ZnPd is already formed at the relatively mild

reduction temperature of 523 K. At these low temperatures, ZnPd and Pd coexist

on the support. By varying the reduction temperature, the Pd/ZnPd ratio was

changed, but no monotonic correlation between ZnPd content and the CO2 selec-

tivity was observed. Instead, small particles showed CO2 selectivities of only 62%

compared to 99% for the larger ones and highly selective catalysts could be

obtained by elimination of the small and unselective particles of the intermetallic
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compound. The loss in selectivity can be explained with a strong activity increase

of small ZnPd particles in the rWGS reaction, thus, the production of CO by

converting CO2 and H2 [164, 165]. Interestingly, large ZnPd particles (diameter

of 34 nm) show the same catalytic activity as small particles with 9 nm diameter.

This might indicate that not only the intermetallic compound ZnPd but also the ZnO

support plays important roles during catalysis, e.g., by forming the catalytically

active interface together.

The influence of ZnO on the catalytic properties has been studied in more detail

by using catalytic systems consisting of Pd and Zn being present on an inert support

like carbon or alumina. Suwa et al. compared the deactivation behavior of

ZnPd–ZnO/C and ZnPd/ZnO catalysts [166]. After 50 h time on stream, both

catalysts showed deactivation from 70 to 60% and 70 to 40%, respectively. XRD

analysis revealed the presence of Zn4CO3(OH)6�H2O on the ZnPd/ZnO catalyst.

It was concluded that the deactivation mechanism is due to Zn4CO3(OH)6�H2O

covering the intermetallic surface. The stronger deactivation of ZnPd/ZnO com-

pared to ZnPd–ZnO/C was explained by the higher amount on ZnO present on the

former.

Another system on which the influence of ZnO has been studied is Pd–ZnO/

Al2O3 [29]. A series of catalysts with different Pd loading and Pd:Zn molar ratios

was prepared, characterized, and tested. The highest selectivity (98.6%) and activ-

ity (80% conversion at 523 K) was revealed at a loading of 8.9% Pd with a Pd:Zn

ratio of 0.38. Doubling the ratio led to a six times higher CO content, whereas with

half the ratio the CO content reached 1.7%. By XRD, ZnO was observed at low Pd:

Zn ratios, while at high Pd:Zn ratios elemental Pd was observed. This clearly shows

that an ideal Pd:Zn ratio exists. If enough Zn is not present, not all the Pd can be

converted to ZnPd, thus catalytically decomposing the methanol to CO and H2.

Too high Zn contents on the other hand result in the formation of too much ZnO,

which leads to lower selectivities and deactivation.

Pd/ZnO was also used in the oxidative steam reforming of methanol. Liu et al.,

who were the first to investigate this reaction/catalyst combination [167, 168],

studied in a series of publications the effect of the Pd loading [169], the deactivation

[170], and the influence of the presence of third metals [171]. In contrast to the

steam reforming of methanol, the activity and selectivity increased with Pd loading,

most probably due to the use of ZnO as support, thus not restricting the Pd:Zn ratio.

Testing the catalysts over 25 h resulted in a deactivation behavior superior to Cu-

based catalysts, but with increasing amounts of CO (up to 18%) produced with time

on stream (Fig. 5.14).

ByXPS investigations, it could be shown that the increasingCOcontent is due to a

surface oxidation of the intermetallic compound ZnPd resulting in elemental palla-

dium being present on the support, which leads to the decomposition of methanol.

Modifying the Pd/ZnO co-precipitated catalysts with transition metals resulted in

higher CO contents except in the cases of small amounts of Cr, Fe, or Cu, which

increased the selectivity slightly. The promotional effect was assigned to the WGS

activity of these transition metals. The intrinsically lower selectivity of unpromoted

Pd/ZnO/Al2O3 was also observed for hydrotalcite derived catalysts, which showed
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CO2 selectivities of 74–89% [172]. Thus, it seems that using ZnPd in oxidative steam

reforming is not a promising route to highly selective catalysts due to the decompo-

sition of the selective intermetallic compound. In addition to methanol (oxidative)

steam reforming, ZnPd has also been applied as catalyst for the POM [173–175],

which is not in the focus of this chapter.

In summary, the catalytic system Pd/ZnO is quite complex. The different

catalytic activities of ZnO, elemental Pd, ZnPd, and the resulting interfaces pose

a hurdle for a knowledge-based development and the empirical database is not

sufficient yet to draw final conclusions about the ongoing processes and the

involved species. Large differences exist between different ZnPd/ZnO catalysts in

the steam reforming of methanol (Table 5.1). These might be explained by different

Pd:Zn ratios and varying ZnO contents as well as by particle size effects at two

stages. First, the catalytic properties change with particle size as shown above.

Second, the formation of Pd-hydrides depends on the particle size [176–178] and if

the formation of ZnPd is proceeding via a palladium hydride, size dependence

during formation is expected. As a consequence, each system and every preparation

route involving ZnPd has its own ideal zinc content and reduction conditions which

need to be explored and established.

Leaving the system Pd/ZnO and with it the intermetallic compound ZnPd, a

number of other systems involving intermetallic compounds have been investigated

for the steam reforming of methanol, albeit not yet in such depth as the aforemen-

tioned Pd/ZnO. Iwasa et al. were the first to explore other transition metals

supported on ZnO [27]. Amongst Ni, Co, and Pt, only the latter formed an

intermetallic compound (PtZn) during reduction. Compared to Pt/SiO2 the CO2

selectivity was enhanced from 25.6 to 95.6%. On the other hand, the Ni- and Co-

80

60

40

G
as

 y
ie

ld
&

 C
O

 s
el

ec
tiv

ity
/ %

20

0
0 5 10 15

Time on stream/hr
20 25

Fig. 5.14 Activity (solid symbols) and CO selectivity (open symbols) of Pd/ZnO (circles) and a

commercial Cu/ZnO catalyst (triangles). Reprinted from [170], Copyright 2006, with permission

from Elsevier

5 Methanol Steam Reforming 213

www.TechnicalBooksPdf.com



based systems showed selectivities of 4.7 and 8.9%, respectively. Testing Pt–Zn/C,

Ito et al. also observed a selectivity increase after the formation of the intermetallic

compound PtZn by reduction in H2 at 873 K [179]. The resulting selectivity

increase from 48% for Pt/C to 83% for PtZn/C was not as high as for PtZn/ZnO,

probably indicating an uncompleted transformation of Pt.

In the next step, Iwasa et al. changed the support for the Pd- and Pt-based

systems to Ga2O3 and In2O3 [26, 28, 180]. After reduction, the intermetallic

compounds Pd5Ga2, PdGa5, Pd0.52In0.48 (or PdIn), Pt5Ga3, Pt10.6Ga5.4 (or Pt5Ga3),

and PtIn2 were formed as observed by TPD, XRD, XPS, and AES. Using Ga2O3 as

support resulted in a mixture of intermetallic compounds in contrast to ZnO- or

In2O3-supported catalysts. As in the case of Pd/ZnO, the formation of the interme-

tallic compounds led to a large increase in the observed CO2 selectivities. While the

noncompound-forming systems Pd/SiO2 and Pt/SiO2 showed selectivities of 0 and

18.8%, respectively, the Ga–Pd and Ga–Pt intermetallic compounds raised the

selectivity to 94.6 and 75.5%, respectively. In the case of the In2O3-supported

catalysts, selectivities reached 95.5% for In–Pd intermetallic compounds and

even 98.3% for In–Pt intermetallic compounds. Especially the latter nearly reaches

that of ZnPd/ZnO catalysts, which possess a selectivity of 99.2% under the same

conditions. PdIn/Al2O3 catalysts were applied in a microstructured reactor [26].

According to this study, PdIn/Al2O3 seems to be a more dynamic system than ZnPd/

ZnO. By undergoing a self-optimization by reduction in the feed and reaching a

highly selective steady state, a pre-reduction is superfluous. To address the question

why these intermetallic compounds behave so differently, the decomposition of

formaldehyde, which is often claimed as intermediate in the steam reforming of

methanol, was studied on elemental Pd and Pt catalysts as well as on the interme-

tallic compound catalysts. Here, a marked difference was observed: while the

elements decomposed formaldehyde to CO, the intermetallic compounds selec-

tively produced CO2 [141, 180]. This difference, as well as the different

selectivities in the steam reforming of methanol, was assigned to the distinguished

adsorption of the aldehyde in the Z1(O) structure on Cu, and the Z2(C,O) structure

on Pd, Pt, and Ni. It was proposed that the very different catalytic properties of

ZnPd and metallic Pd are due to the different structures of the HCHO intermediates

on the metals. However, this view is not corroborated by theoretical calculations,

which propose very similar adsorption geometries for the HCHO intermediate on

Cu and Pd (Z1) but Z2 for ZnPd [181]. The support portfolio was enlarged by GeO2

(both the tetragonal and the hexagonal modification) and SnO2 [182]. Pd supported

on these supports forms under reducing conditions Pd2Ge at 473–673 K and a

mixture of Pd2Sn and Pd2Sn3 at 573 K, respectively. In both cases, decomposition

of methanol is the prevailing reaction, resulting in very low CO2 selectivities in the

steam reforming of methanol.

The formation of the Pd-based intermetallic compounds by reaction of the noble

metal and the support was investigated—as in the case of ZnPd—in detail by thin

film models by the group of Kl€otzer very recently. For these XRD, TEM, and SEAD

studies, small Pd particles were epitaxially grown on NaCl and this time covered

with amorphous Ga2O3, In2O3, GeO2, or SnO2 [182, 183]. To mimic the conditions
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of the synthesis of the catalysts used above, the Pd/Ga2O3 particles were first

oxidized to PdO before being reduced at different temperatures in H2. Reducing

the particles at 523 K resulted first in Pd particles, which subsequently were

transformed to the intermetallic compound Pd5Ga2 (Fig. 5.15).

The transformation is not complete even when the reduction temperature is raised

to 773 K. The remaining Pd is most probably located in the core of the particles, thus

not taking part in the catalysis directly. Above 673 K pronounced sintering of the

particles was observed in contrast to ZnPd/ZnO. The study was complemented by

investigating an impregnated Pd/b-Ga2O3 powder catalyst. In contrast to the thin

film studies, the formation of the intermetallic compound Pd2Ga [184] was observed

here by XRD at reduction temperatures above 573 K. As in the thin films, elemental

Pd is still present, even if the reduction is carried out at 773 K. Above 923 K, the

Pd2Ga is transformed to the intermetallic compound PdGa by further reduction of

the support. In difference to the work of Iwasa, the intermetallic compound PdGa5
was neither observed on the thin film nor on the powder catalyst after reduction.

In the case of the In2O3-supported catalyst, a thin film sample and a Pd/In2O3

powder catalyst were also used to investigate the compound formation [185].

Two main differences to the former investigated systems occur in the Pd/In2O3

thin film samples: (1) the deposited In2O3 is partly crystalline and not fully

amorphous and (2) already during the deposition the formation of the interme-

tallic compound PdIn is observed. Reducing the thin film samples in H2 at 373 K

resulted in higher PdIn contents and at 573 K the In2O3 film is fully crystallized.

From the TEM investigation of the PdIn particles, it was concluded, that the

topochemical reaction growth follows the scheme PdIn[001]kPd[001] and

PdIn[011]kPd[011]. At 573 K all the Pd is transformed to PdIn and the orientation

of the particles is lost due to the stability limit of the In2O3 in hydrogen atmosphere.

Fig. 5.15 TEM image of Pd/Ga2O3 thin film catalyst after reduction in 1 bar H2 (a). The
corresponding SAED pattern is shown in (b). Reprinted from [183], Copyright 2009, with

permission from Elsevier
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Reduction of the powder catalyst resulted in the complete transformation of Pd to

PdIn at 573 K. As in the case of Ga2O3, higher temperatures lead to the formation

of the main group metal-richer intermetallic compounds Pd2In3 (673 K) and PdIn3
(773 K).

Pd particles in a GeO2matrix are converted to Pd2Ge at 473–573 K [182]. This

transformation does not depend on the use of the GeO2 modifications if the

particles are conventionally supported and furthermore, the only intermetallic

compound observed on the amorphous thin films is Pd2Ge. In contrast, the

intermetallic compounds observed for Pd on SnO2 depend on whether a thin

film sample with amorphous SnO2 or a conventionally supported system is

reduced at 573 K. In the first case, Pd2Sn and Pd3Sn2 are observed, while in the

thin films the reduction yields Pd2Sn and PdSn. Kamiuchi et al. investigated the

interaction between the Pd particles and the SnO2 support [186]. After reduction

at 673 K only the intermetallic compound Pd3Sn2 is formed and the particles are

intruding into the support as revealed by subsequent TEM studies. During the

short time of air exposure, core–shell structures are formed by oxidation of the

intermetallic tin on the surface. The core consists of the intermetallic compound

Pd3Sn2 and the shell is an amorphous Sn-oxide corresponding to a SMSI state

(see above). In contrast to the report by the group of Kl€otzer, Pd2Sn was only

observed after reoxidation of the sample in air at 673 K in the non-SMSI state.

Despite the thorough investigation of the formation processes of the intermetal-

lic compounds, it is a disadvantage of all aforementioned systems that the interme-

tallic compound is at least mixed with the support and in most cases also with the

corresponding noble metal in the elemental state. Sometimes even more than one

intermetallic compound is present, bringing the complexity to an even higher level.

In such systems, the number of possible catalytically active species hinders the

assignment of the observed catalytic properties to a specific species and thus a

knowledge-based development. The underlying processes might be complicated

and most probably involve the support or the metal/support interfaces (at least in the

case of ZnPd/ZnO, where this is indicated by the data available), but only reducing

the complexity will allow to understand the role of the intermetallic compound.

This approach can be followed either by theoretical calculations or by experiment

and the progress achieved so far is summarized in the next section.

5.3.3 Unsupported Intermetallic Compounds

As seen in the large number of observations above, intermetallic compounds might

play a pivotal role as catalysts for the steam reforming of methanol. However, the

systems discussed so far do not allow an unambiguous correlation of the crystal and

electronic structures of the intermetallic compounds and the observed catalytic

properties for two reasons: (1) the intermetallic compounds are not the only species

present, and the support, e.g., ZnO, might also influence the catalytic properties; (2)

the stability of the compounds needs to be proven under reaction conditions. While
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the impact of the first point is quite obvious, the second one can be exemplified by

the subsurface carbon phase formation of palladium during the gas-phase

hydrogenation of alkynes [187–189]. Here, the alkyne is decomposed on the surface

and part of the carbon forms a metastable subsurface Pd–C phase. The electronic

structure of the material is changed significantly, which can be detected, e.g., by

XPS as a shift of the binding energy of the Pd3d5/2 signal of 0.6 eV. As soon as the

hydrocarbon supply is stopped, the subsurface Pd–C decomposes by segregation of

the carbon to the surface. Before and after the reaction, only elemental palladium is

observed (with carbon deposits after reaction), while the catalytically active phase

actually is palladium modified by the subsurface carbon. Changes like this need to

be detected and studied to allow valid correlations. Modifications by hydrocarbons

might not play a major role in the steam reforming of methanol. But some

intermetallic compounds are known to readily form hydrides in hydrogen-

containing atmospheres. As in the case of carbon-modified palladium, this leads

to a strong alteration of the electronic and sometimes the crystal structure as has, e.

g., been studied in the case of LaNi5 [190]. Besides hydride formation, decomposi-

tion of the intermetallic compounds can also occur as seen in the first section,

demonstrating the need to prove the stability of the intermetallic compound in

question under reaction conditions before correlating the electronic and crystal

structure to the observed catalytic properties.

These requirements, i.e., to simplify the systems and prove their stability, can, e.

g., be fulfilled by performing experiments and quantum theoretical calculations on

unsupported single-phase intermetallic compounds. Experimentally, this allows to

detect changes to the materials much easier, and, by proving the stability of the bulk

and the surface, the resulting catalytic properties can be assigned directly to the

intermetallic compound and thus to its crystal and electronic structure. Quantum

chemical calculations can provide information about the surface, like adsorption

properties and possible reaction pathways. In addition, bulk quantum chemical

calculations of the electron localizability function allow studying the chemical

bonding in real space [191–193]. These calculations give valuable insight and

help to understand the stability under reaction conditions.

To investigate the intrinsic catalytic properties and stabilities experimentally,

three different kinds of materials can be used. The first is the unsupported interme-

tallic compound, usually prepared by metallurgical synthesis or in nanoparticulate

form. Large single crystals represent the second class of materials and so-called

surface alloys the third. While the first is best suited in crushed form for reactor

studies, the other two represent materials for surface science studies. Using unsup-

ported intermetallic compounds as powders in a reactor and as single crystals in

UHV studies allows to bridge the experimental “materials gap.” Ideally, the usually

brittle single crystals can be comminuted after being studied in UHV and then be

used for reactor studies. In addition, unsupported intermetallic compounds also

allow closing the gap between quantum chemical calculations and

experimental studies.

Nevertheless, there are material restrictions that one has to bear in mind. Surface

alloys can be synthesized under UHV conditions by depositing, e.g., Zn on a Pd
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single crystal and allow the Zn to react with the first few Pd layers. Complications

arise, because the substrate and the surface alloy are usually electronic conducting

materials and the electronic structures influence each other. The surface alloy—

even if it has the same crystal structure as the corresponding bulk phase—thus

possesses a modified electronic structure, which might result in altered adsorption

and catalytic properties. Similar considerations are true for intermetallic

compounds in nanoparticulate form. Here, size-confinement effects can alter the

electronic structure compared to the bulk. Since the influence is not known unless

one compares bulk and nanoparticulate samples, nanoparticulate intermetallic

compounds are not suitable to determine the intrinsic catalytic properties.

As could be shown in the case of Ga-Pd intermetallic compounds in the semi-

hydrogenation of acetylene [134, 194–196], it is important to perform the experi-

mental studies on well-characterized and single-phase materials, which can be

obtained best by metallurgical synthesis routes. In contrast to alloys, intermetallic

compounds are often brittle and allow easy comminution after synthesis, e.g., by

grinding or milling. Changes of the materials by these treatments need to be

investigated in order to find the best-suited route to generate higher active surface,

while keeping the intrinsic structure.

The most-studied intermetallic compound with respect to MSR is ZnPd. These

studies include the homogeneity range, chemical bonding and catalytic tests of

the unsupported compound, and extensive surface quantum chemical calculations.

The range of existence of the tetragonal intermetallic compound ZnPd (CuAu

type of structure, space group P4/mmm, a ¼ 2.8931(1) Å and c ¼ 3.3426(2) Å,

c/a ¼ 1.16) reaches from Zn37.1(4)Pd62.9(4) to Zn50.9(1)Pd49.1(1) at 1,173 K [136].

In contrast to the published binary phase diagram, the existence of the cubic high-

temperature structure could not be confirmed experimentally in this reinvestigation.

Quantum chemical tight-binding linear-muffin-tin-orbital (TB-LMTO) and full-

potential local-orbital (FPLO) calculations corroborated the experimental results

and revealed a charge transfer from Zn to Pd of 0.4 e�. Chemical bonding analysis

by the electron localization indicator (ELI) revealed Pd–Pd interactions in the (001)

plane as the driving force for the tetragonal distortion of ZnPd. The electronic DOS

around the Fermi energy of ZnPd is very similar to the DOS of elemental copper

and led to the suggestion that both should possess similar catalytic performance

(Fig. 5.16) [30, 197, 198].

Further quantum chemical calculations show [199] that segregation is unlikely

in accordance with the chemical bonding situation as described above. Out of the

low-indexed surfaces, the (111) and (100) surface are calculated to be the most

stable ones [197]. To elucidate the reaction mechanism, the group of R€osch

performed surface quantum chemical calculations on ZnPd (111), (100), and

stepped (221) surfaces with Pd (221)Pd and Zn (221)Zn steps. Assuming the decom-

position of methoxide (CH3O) as being the rate-limiting step in the steam reforming

of methanol over Pd/ZnO, density functional calculations of the C–O and C–H bond

breaking were performed. On all surfaces, the activation barrier of the C–H bond

breaking is much lower than breaking the C–O bond, suggesting the first step in

the decomposition is the abstraction of an H atom. Nevertheless, calculations on
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defect-free ZnPd (111) and (100) surfaces revealed rather high activation barriers of

93 and 90 kJ mol�1 for the H-abstraction, respectively [200, 201]. In contrast, the

activation energy is lowered to around 50 kJ mol�1 in the case of the ZnPd (221)Pd

surface [202]. The reason for the lower activation energy is twofold: (1) the reactant

CH3O binds weaker to two Pd atoms of the step and (2) the resulting product CH2O

is bound stronger. For the abstraction of the H atom, two possible mechanisms have

been identified. The first proceeds by tilting of the O-bound CH3O toward the

terrace followed byH-abstraction and possesses an activation energy of 49 kJmol�1.

In the second case, the C–O bond of the molecule is tilted toward the Pd-terminated

step in the transition state and the H atom is placed in an edge-bridge site, resulting

in an activation barrier of 53 kJ mol�1. Due to the large differences in activation

energy of flat and stepped surfaces, it was concluded that the reaction is catalyzed

by steps or other defects on the surface. A factor not considered in the calculations
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Fig. 5.16 Electronic density of states for elemental Cu and Pd as well as for the intermetallic

compounds ZnPd, PtZn, NiZn, and PdCd. The dotted line represents the Fermi energy, while the

two broken lines indicate the width of the Cu d states. Reprinted from [30], Copyright 2004, with

permission from the Physical Society of Japan
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so far is the presence of ZnO, which would result in a very complex system. Taking

ZnO into account would be highly interesting, since the presence of ZnO could have

an influence on the catalytic properties according to the experimental studies on

supported systems.

The earliest work on Pd–Zn surface alloys in UHV was performed on Pd–Zn/

Ru(001) and Pd/Zn(0001) [203, 204]. CO TDS on Pd–Zn/Ru(001) showed that

already very small amounts of Zn decrease the CO desorption energy dramatically.

The full complexity of the Pd–Zn surface alloy(s) has been investigated and is still

under investigation by several groups applying a broad range of methods using Zn/

Pd(111) as common model system.

Deposition of Zn on Pd(111) below 300 K leads to elemental Zn multilayers,

diffusion into the subsurface layers of Pd(111) starts at temperatures above 300 K.

Temperatures of 400–500 K lead to a metastable buckled surface alloy of several

layers with a p(2�1) LEED pattern (surface alloy 1—SA1) [198, 205, 206]. Impact-

collision ion scattering spectroscopy (ICISS) shows that the Zn atoms are sticking

out of the surface with a 1:1 composition [198, 205, 207]. At temperatures above

550 K, the Zn of the subsurface layers starts to diffuse into the bulk Pd, but the

depletion is only slightly affecting the topmost layer [207]. At 623 K the diffusion

of the Zn in subsurface layers has further progressed and a subsurface Zn-diluted

“monolayer” Pd–Zn surface alloy is obtained, which exhibits hardly any corruga-

tion (SA2) [206–208]. The changes in the electronic structure by going from SA1 to

SA2 are remarkable and result in a shift of the binding energy of the Pd3d5/2 XPS

signal of 335.3–335.6 eV and 335.9 eV for the 1 ML SA2 and a 3 ML SA1,

respectively (Fig. 5.17).

If the deposition is performed at 300 K, ZnPd bilayer islands with a Pd:Zn ratio

of 1:1 are formed, which are shown to be more stable than monolayer islands by

DFT calculations [208, 209]. In contrast to SA1 and SA2, a p(2�2) LEED pattern is

reported if the layer is annealed at 520 K [210]. STM investigations revealed that

after deposition at 300 K, three energetically identical p(2�1) domains are formed

(SA3) explaining the p(2�2) LEED pattern [208, 211]. As in the case of the

multilayer alloy SA1, the surface of the bilayer islands of SA3 is not flat but

buckled with the Zn atoms sticking out [205, 208]. If the whole surface is covered,

additionally deposited Zn forms multilayers on top of SA3, which acts as a

diffusion barrier at ambient temperature [208]. In difference to SA1, heating the

Zn-covered sample to more than 600 K leads to partial Zn desorption and partial

bulk diffusion of the additional Zn, before at 750 K the Zn of the SA3 starts to

desorb [208]. As in the case of SA2, the buckling of the surface changes to Pd

sticking out, as soon as the islands are reduced to one layer in thickness [208]. If the

Zn deposition is carried out at 550 K, the p(2�1) LEED pattern characteristic for

SA1 and SA2 is observed directly [198, 212]. This indicates that at this temperature

the ordered domains are much larger than after deposition at 300 K [212]. More

complex surface structures have been observed after deposition of >3 ML Zn at

750 K. This procedure leads to a well-ordered ZnPd surface alloy with a (6�4√3/3)

rectangular LEED pattern (SA4) corresponding to an eightfold superstructure

compared to the bulk structure [210].
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The fcc structure of elemental Pd and the CuAu type of structure of ZnPd are

closely related. Replacing Pd with Zn in an ordered manner would result in a c/a

ratio of bulk ZnPd of 1.41. The experimentally determined ratio of 1.16 is signifi-

cantly smaller caused by the covalent bonding [134]. A bulk-terminated (101)

surface of ZnPd—corresponding to the Pd(111) surface—would result in a pseudo

p(2x1) LEED pattern with a0 ¼ 5.2833 Å and b0 ¼ 2.6416 Å instead of the ideal

values of a ¼ 5.4872 Å and b ¼ 2.7436 Å. Additionally, g0 would be 66.4� instead

of the ideal 60.0� and the surface would be flat. However, no such deviations have

been reported for the SA1 to SA4 yet. Since a comparison to the surface of bulk

ZnPd is not possible yet, due to the challenges of growing such a crystal (> 1,673 K

are needed [213], which makes Zn very corrosive), the questions whether the

underlying Pd(111) structure is causing a regular arrangement and the buckling,

e.g., by modifying the electronic structure, is yet to be settled. The availability of a
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large ZnPd single crystal would also enable to settle the question how representa-

tive the results obtained for Zn/Pd(111) are for other intermetallic surfaces, which

are definitively present in supported ZnPd/ZnO catalysts and in polycrystalline

unsupported material.

What becomes clear by CO desorption measurements is the strong alteration of

the chemical properties of the surface by Zn deposition and surface alloy formation.

The desorption-maximum temperature is decreased by 220 K for SA1 and SA4

compared to a clean Pd(111) surface [212, 213]. HREELS showed that the decrease

in desorption goes hand in hand with a change of CO being adsorbed in threefold

hollow and bridged sites to adsorption on-top for the surface alloy [212]. This has

direct influences for the steam reforming of methanol, since not only is the

adsorption of CO altered but the activity of methanol dehydrogenation is strongly

decreased [211]. The dehydrogenation activity starts to decrease at as low Zn

contents as 0.03 ML and is nearly absent at coverages above 0.5 ML [211]. This

behavior has been assigned to the changes of the preferred adsorption sites for the

intermediates CH3O and CH2O [211]. The former adsorbs on threefold hollow sites

involving one or two Zn atoms, while the latter adsorbs in a bridging mode on a

Pd–Zn dimer in such a way that the C atom is bonded to the Pd and the O is bonded

to the Zn atom.

Even more striking is the different catalytic behavior of SA1 and SA2 in the

steam reforming of methanol, which has recently been investigated [206]. With the

electronic structure, also the catalytic properties in the steam reforming of methanol

change dramatically (Fig. 5.17). While the thin surface alloy SA2 shows only very

low selectivity toward CO2 in the steam reforming of methanol, the multilayer

surface alloy SA1 shows the expected high CO2 selectivity. A thickness of SA1 of

as little as five layers is sufficient to induce these strong changes of the catalytic

properties. However, until the real structure of the working supported or bulk

intermetallic catalyst is revealed, UHV studies on the clean surface–alloy material

are helpful for comparison to, e.g., Pd, but the catalytically active supported or bulk

material might be much more complex.

Experimental catalytic studies on the bulk intermetallic compound ZnPd are

very limited. Iwasa et al. synthesized Pd–Zn samples by heat treatment of physical

mixtures of Pd and Zn at 220–673 K [214]. The resulting materials were

investigated by XRD, which revealed the presence of Pd, Zn, ZnPd, and/or

Zn6.1Pd3.9 in the samples. Accordingly, the observed catalytic properties, e.g., the

very low CO2 selectivity of only 87.5%, cannot be assigned to the intermetallic

compound ZnPd. Metallurgic single-phase samples of ZnPd, PtZn, PdCd, and NiZn

were investigated by Tsai et al. [30]. The selection of the compounds was based on

two considerations: (1) they are all isostructural and (2) possess electronic

structures which differ from ZnPd in the order PdCd < PtZn < NiZn. Fulfilling

these criteria, the compounds allow investigating the electronic influence on the

catalytic properties, since the geometric parameters are very similar by going from

one compound to the other. The observed selectivities correspond to the

expectations from the similarity of the electronic structures. At 553 K ZnPd and

PdCd show selectivities close to 100%, PtZn possesses a CO2 selectivity of 45%
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and NiZn only 10%. From these results, a strong influence of the electronic

structure could be derived, provided the compound is stable in situ.

The in situ stability of the unsupported intermetallic compounds NiZn, PtZn, and

ZnPd has been investigated recently by our group applying high-pressure X-ray

photoelectron spectroscopy in reactive atmosphere. When the intermetallic com-

pound ZnPd is heated in vacuum to 573 K and a 1:1 M ratio MeOH:H2O mixture is

introduced subsequently, no changes occur in the Zn3d signal, as seen in the

valence band spectra shown in Fig. 5.18.

On the other hand, heating ZnPd in MeOH/H2O atmosphere from RT to 573 K

leads to the development of a shoulder at 11 eV in the Zn3d signal, proving the

formation of an oxidized Zn species on the surface (Fig. 5.18). For PtZn, very

similar results are obtained. Interestingly, the intermetallic compound ZnPd with-

out the oxidized Zn species on the surface is catalytically less active in reactor tests

by a factor of more than 35 compared to the intermetallic compound heated in

reactive atmosphere. These results show for the first time unambiguously that ZnPd

is not the only component of the active sites and that the oxidized Zn species plays a

crucial role. On the other hand, too much ZnO is detrimental to the catalytic

performance as proven by studies on supported catalysts.

The intermetallic compound NiZn undergoes severe surface changes under

reaction conditions. The untreated surface in UHV consists of intermetallic Ni

and Zn, as well as oxidized Zn species as detected in the Zn3d region. As soon as

the reactive gases are introduced into the XPS chamber (0.2 mbar methanol/H2O,

1:1 M ratio, 573 K), the surface of the compound changes dramatically (Fig. 5.19).

Fig. 5.18 XPS valence band spectra of ZnPd: UHV conditions at ambient temperature (dotted

line), in situ after heating to 573 K in UHV and subsequent switching to reactive atmosphere

(0.2 mbar methanol/H2O at a 1:1 ratio, dashed line), and in situ after heating to 573 K in reactive

atmosphere (full line). Photon energy is set to 237 eV for all spectra
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The intermetallic Zn on the surface is completely oxidized accompanied by a

complete loss of the Ni core-level signals in the most surface-sensitive

measurements. Thus, the methanol/H2O mixture leads to segregation to and com-

plete oxidation of the intermetallic Zn on the surface, forming a nonmetallic and Ni-

free surface layer on the surface of the compound. In the case of the intermetallic

compound NiZn, the observed catalytic properties cannot be attributed to the

compound itself, but to the generated decomposition products.

The results of these investigations show that the intermetallic surface of these

three compounds is altered under reaction conditions. It would also have been very

hard to detect the changes on a supported catalyst due to the presence of large

amounts of ZnO, disguising the newly formed oxidized Zn species. The

investigations demonstrate the advantage of using unsupported intermetallic

compounds to study the role they (or their decomposition products) play in MSR.

These results also show that when investigating unsupported intermetallic

compounds as catalysts, attention has to be paid to two issues: (a) analysis is

simpler on single-phase samples and (b) the in situ stability should be confirmed.

Otherwise the identification of the intrinsic catalytic properties is hindered.
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Chapter 6

Biodiesel Production Using Homogeneous
and Heterogeneous Catalysts: A Review

Ajay K. Dalai, Titipong Issariyakul, and Chinmoy Baroi

Abstract Biodiesel, which is an alternative renewable fuel, is defined as mono

alkyl ester of long-chain fatty acids and has properties comparable to those of fossil-

based diesel. Biodiesel can be produced from vegetable oils or animal fats. The most

common method used to produce biodiesel is a reversible chemical reaction called

transesterification. This reaction takes place either in the presence of catalysts at

lower temperature and pressure or in the absence of catalysts at higher temperature

and pressure in supercritical state. Catalyzed transesterification reaction is preferred

in biodiesel production because of the moderate reaction conditions. Homogeneous

base catalysis can be used in transesterification when fresh vegetable oil is used as a

feedstock due to its low cost, high catalytic activity, and feasibility to operate at low

temperatures. Homogeneous acid catalysis is a better choice when the feedstock

contains higher amounts of free fatty acids (FFAs). Heterogeneous base and acid

catalysis are preferred due to their easy separation from biodiesel, hence reducing

number of product purification steps. However, heterogeneous catalysis is still under

development and has a promising future in biodiesel industries. In this chapter,

various acid- and base-catalyzed esterification and transesterification reactions are

discussed, and recent trend in catalyst development is highlighted. It is

recommended that a proper selection of catalyst is made in a transesterification

reaction, depending largely on the type of feedstock.

6.1 Introduction

Increasing concerns on the depletion of conventional fossil-based fuels have caused

a search for an alternative renewable fuel. Initially, vegetable oils, having colorific

value comparable to that of fossil-based fuel, were used as fuel to operate diesel
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engine [1]. However, the use of neat vegetable oil for fueling diesel engine was

questioned by early researchers. Triglyceride, the main component in vegetable oil,

consists of glycerol backbone and fatty acid chains. It was proposed that the glycerol

backbone has no calorific value and is likely to cause extra coke formation and

therefore should be eliminated prior to its use in diesel engine [2]. In later years, it was

reported that problems associated with using vegetable oil for fueling diesel engine

were cold weather operating, plugging, and gumming and carbon deposits due to its

high viscosity [3]. The most common method to reduce its viscosity is a chemical

reaction called transesterification, inwhich the glycerol backbone part in triglyceride

molecule is removed. The product fuel is known nowadays as “biodiesel.”

Biodiesel is defined as mono alkyl ester of long-chain fatty acids. It has

properties comparable to those of fossil-based diesel fuel and can be produced

from vegetable oil or animal fats, thus is renewable. It can be used in diesel engine

at all proportions (it can be blended with fossil-based diesel fuel or used as pure

biodiesel) with no requirement for engine modification. The use of biodiesel also

helps to reduce exhaust emissions such as particulate matters, total hydrocarbon

(THC), CO, and aromatic and poly aromatic compounds [4].

6.2 Various Oils Available for Biodiesel Production

The vegetable oils used as lipid feedstock for biodiesel production highly depend on

regional climate that is rapeseed oil in European countries and Canada, soybean oil

in United States, and palm oil in tropical countries. Coconut oil is another lipid

feedstock used for synthesis of biodiesel in coastal areas in tropical countries.

Potential nonedible oils used as lipid feedstock in India include Jatropha oil

(Jatropha curcas) and karanja oil (Pongamia pinnata) [5]. Table 6.1 summarizes

oilseed price and availability. Soybean oil dominates the world oilseed production,

while rapeseed production is second only to soybean oil. The oil content in soybean

and rapeseed seeds is 21 and 35, respectively. Despite the lesser availability, palm

oil is an interesting source of biodiesel feedstock due to its lower price and

Table 6.1 World oilseed production, average oil price, and oil content of various oilseeds

Plant

Oil content

(%)

Oilseed productiona

(million metric tons)

Average oil pricea

(USD/metric ton)

Yield (kg/

hector/year) References

Rapeseed 35 46.72 852b 600–1,000 [6–8]

Soybean 21 235.77 684 300–450 [6, 7, 9]

Sunflower

seed

44–51 30.15 n/a 280–700 [6, 7, 10]

Palm 40 10.27 655 2,500–4,000 [6–8]

Copra 65–68 5.28 n/a n/a [7, 11]

Coconut 63 n/a 812 600–1,500 [6–8]
aData in 2006/2007
bCanola oil
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relatively high oil content (40%). This oil also gives highest oil yield per hector per

year as compared to other oils (see Table 6.1).

Themajor difference between various vegetable oils is type of fatty acids attached

in the triglyceride molecule. Fatty acid compositions of various vegetable oils are

shown in Table 6.2. Fatty acid composition is of utmost importance as it determines

fuel properties of biodiesel derived from corresponding vegetable oils [23]. Fatty

acid composition also determines degree of saturation/unsaturation and molecular

weight of vegetable oils. The degree of saturation/unsaturation andmolecular weight

of vegetable oils can be calculated by iodine value and saponification value, respec-

tively. The higher iodine and saponification values indicate the higher degree of

unsaturation and lower molecular weight of the corresponding vegetable oils.

6.3 Biodiesel Quality

Fatty acid methyl ester or other esters of fatty acids can be used as diesel fuel or

diesel fuel additive. The properties of diesel fuel blends do not change significantly

at low biodiesel percentages. However, an addition of more than 30% biodiesel may

affect the fuel properties of the blends [24]. Therefore, the properties of biodiesel

after production are of great importance and needed to be controlled. The required

properties are listed in Table 6.3. The heating value of biodiesel is approximately

10% less than that of fossil-based diesel fuel [25]. The viscosity of the fuel after

transesterification should be reduced below 6 cSt. Water and sediments can cause

fuel degradation and should not be present more than 500 ppm. Acid value reflects

the percentage of free fatty acid (FFA) contained in the fuel. Acid value of biodiesel

should be less than 0.5 mg KOH/g sample. Incomplete transesterification results in

the high amounts of triglyceride, diglyceride, and monoglyceride, which lead to

high values of total glycerin and boiling point distribution as acylglycerol boils at

higher temperature compared to esters. It is reported that low-temperature

properties and oxidation stability of biodiesel are inferior to fossil-based diesel

fuel, and modification is required in order to improve these properties [26, 27].

Various types of antioxidant can be used to increase stability of biodiesel [28–31].

Biodiesel blends have improved lubricating properties as compared to fossil-based

diesel fuel. It was reported that at 1% biodiesel addition, the lubricity of fuel was

improved by 20% [32]. In general, the final biodiesel product should maintain fuel

properties satisfying the specifications presented in Table 6.3.

6.4 Biodiesel Production via Transesterification
and Esterification

Transesterification is a reaction in which triglyceride (TG) is reacted with alcohol

(usually methanol) to form the corresponding alkyl ester (biodiesel) of FA mixtures

that is found in the triglyceride feedstock. This reaction is commonly used to reduce
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the viscosity of TG. Transesterification occurs in a series of consecutive, reversible

reactions in which TG is reacted with alcohol to form DG, MG, and GL, respec-

tively, as shown in Fig. 6.1. Stoichiometrically, each mole of TG requires 3 mol of

alcohol to yield 3 mol of alkyl ester as shown in Fig. 6.2. Since the reaction is

Table 6.3 Specification of fossil-based diesel and biodiesel

Fuel properties Fossil-based diesel Biodiesel

Specification ASTM D975 ASTM D6751

Composition C10–C21 HC C12–C22 FAME

Calcium and magnesium (ppm) – 5 max

Sodium and potassium (ppm) – 5 max

Sulfated ash (% mass) – 0.02 max

Sulfur (ppm) 500 max 15/500 max

Phosphorous (% mass) – 0.001 max

Water and sediment 0.05 max (vol.%) 500 max (ppm)

Methanol (% mass) – 0.02 max

Flash point (�C) 52 min 130 min

Cetane (�C) 40 min –

Cetane index 40 min

Kinematic viscosity, 40�C (cSt) 1.9–4.1 1.9–6.0

Acid number (mg KOH/g) – 0.5 max

Free glycerin (% mass) – 0.02 max

Total glycerin (% mass) – 0.24 max

Distillation T90 (90%) (�C) 282–338 360 max

Oxidation stability (h) – 3 min

HFRR, 60�C (mm) 520 max –

2HC O CO R3

2HC

HC

2HC

O

O

O

CO

CO

CO

R1

R2

R3

2HC

HC

2HC

OH

O

O

CO

CO

2HC OH

R2 +

R3

2HC O CO R3

+ CH3OH

CH3OH

CH3OH

2HC

HC

2HC

OH

2HC OH

O

O

CO

CO

R2  +
O
C R1

HC OH

HC OH +

2HC
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2HC

OH

OH

OH

+

TRIGLYCERIDE METHANOL DGIYLECIRED

MONOGLYCERIDE

GLYCEROL

METHANOL
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METHYL ESTER
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MONOGLYCERIDE
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O
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O
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+

Fig. 6.1 Scheme for stepwise transesterification reaction
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reversible, an excess alcohol is usually required to shift the reaction equilibrium to

the product side. The catalyst used in this reaction should possess either acid or base

property. The mechanisms of both base- and acid-catalyzed reactions are discussed

in Sects. 4.1 and 4.2, respectively.

6.4.1 Homogeneous Base Catalysis

In transesterification, a catalyst with base property catalyzes the reaction consider-

ably faster than that of acid property [33, 34]. However, it is crucial for base-

catalyzed transesterification that all reacting lipid and alcohol as well as catalyst

must be substantially anhydrous [3]. Water, if present, could promote saponification

to form soap. In addition, it can hydrolyze ester to form FFA. Subsequently, the

FFA will irreversibly neutralize base catalyst and ultimately form alkaline salt. The

mechanism for base-catalyzed transesterification is shown in Fig. 6.3. The first step

is the attack of alkoxide ion (methoxide ion in the case of methanol as reacting

alcohol) to carbonyl carbon of the triglyceride molecule to form a tetrahedral

intermediate. In the second step, the tetrahedral intermediate reacts with alcohol

to regenerate alkoxide ion. The last step involves the rearrangement of the tetrahe-

dral intermediate to form alkyl ester and diglyceride. A small amount of water

generated during transesterification may cause soap formation and subsequently

lower ester yield. Examples of esterification and transesterification of various

feedstocks using various homogeneous catalysts are given in Table 6.4.

The alcohols used in transesterification are those of primary and secondary

monohydric aliphatic alcohols having 1–8 carbon atoms [3]. The reactivity of

alcohol depends greatly on the type of alcohol as shown in Table 6.5. Since

methanol is the most economical source of alcohol and has highest relative reactiv-

ity, it is commonly used as reacting alcohol in transesterification. However, it was

found that the solubility of triglyceride in methanol is low; therefore, the mass

transfer could make an adverse impact on the overall rate of methanolysis. The

solubility of oil in methanol can be improved by an addition of ethers as a cosolvent

such as tetrahydrofuran (THF) or methyl tertiary-butyl ether (MTBE) [60–62].

Alternatively, a mixture of methanol and ethanol can be used to increase the

solubility of oil in alcohol due to the higher solubility of oil in ethanol. In this

case, both methyl ester and ethyl ester are formed [25, 40]. The optimum alcohol to

CH2 − OCOR1

CH − OCOR2 3CH3OH

Methanol

Catalyst
R

1
COOCH3

R
2
COOCH3

R
3
COOCH3

CHOH

CH2OH

CH2OH

Triglyceride Glycerol Methyl esters

CH2 − OCOR3

++

Fig. 6.2 Scheme for transesterification of triglyceride with methanol
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oil molar ratio used in transesterification depends on type of lipid, alcohol, and

catalyst. In general, at least 100% excess alcohol (6:1 alcohol to oil molar ratio) is

used in order to shift the reaction to the product side. However, if too much

methanol is added, the oil concentration will be too low which adversely affects

the reaction rate. In addition, the glycerol either does not separate or move into the

methanol-rich upper phase [60].

Temperature is another important parameter in transesterification reaction.

Transesterification consists of the initial mass transfer-controlled region and kinet-

ically controlled region [63, 64]. In the first region, triglyceride molecule moves

into alcohol phase and collides with methoxide ion in order for the reaction to take

place. When the higher temperature is used, the kinetic energy of TG molecule and

methoxide ion are higher, hence, TG molecule and methoxide ion move faster,

which leads to an increase in the rate of collision. In the kinetically controlled

region, the higher temperature would favor the reaction due to endothermic nature

Pre-step

Step. 1.

Step. 2.

Step. 3.

OH

or NaOR
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O

C OR ROH
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+
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Fig. 6.3 Mechanism for base-catalyzed transesterification
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of transesterification [65]. However, when operated at atmospheric pressure, the

reaction temperature should not exceed the boiling point of the alcohol, i.e., 64.7�C

for methanol and 78.4�C for ethanol.

Many studies have shown that a longer reaction time results in higher ester yield

[32, 33, 63, 64, 66, 67]. However, base-catalyzed transesterification occurs rapidly,

and the reaction usually required less than 1 h to complete. In some cases, it is

essential to terminate the reaction as soon as the free and bound glycerides meet the

biodiesel specifications (see Table 6.3). If the reaction is prolonged, water produced

during the reaction could hydrolyze ester to FFA. It is shown in a study that the acid

value increases with reaction time when NaOH was used as a catalyst for

methanolysis of soybean oil [68].

The most common homogeneous catalysts include KOH, NaOH, KOCH3, and

NaOCH3. Alkaline metal alkoxides are believed to be a better catalyst as compared

to those of hydroxides because they do not generate water during the reaction [33].

When water is generated, it can promote hydrolysis to form FFA, thus increasing

acid value. Mahajan et al. [68] showed that when NaOCH3 was used, the acid value

of the reaction product was significantly lower than that when NaOH was used.

However, due to their toxicity, higher price, and disposal problems, alkaline metal

alkoxides are not commonly used in a large-scale production. When alkaline metal

alkoxides and hydroxides are used as catalysts, the active catalytic species are the

same, i.e., methoxide ion (CH3O
�); therefore, it is concluded that these catalysts are

equally effective for transesterification [26].

6.4.2 Homogeneous Acid Catalysis

When dealing with triglycerides that have relatively higher FFA content, alkaline

catalysts are not suitable as they form soap with these acids. Therefore, acid catalyst

is more suitable [3]. Acids used in this reaction can be sulfuric, phosphoric,

hydrochloric, or organic sulfonic acids [69]. In addition to transesterification

reaction, esterification takes place in which FFA reacts with methanol to form

methyl ester (see Fig. 6.4). Unlike transesterification, 1 mol of FFA requires 1 mol

of alcohol to form 1 mol of ester. It is noteworthy that the reverse reaction is

hydrolysis, in which water reacts with ester to form FFA. One has to be aware of

this reaction when synthesizing biodiesel in a system containing water. The mech-

anism of acid-catalyzed transesterification is shown in Fig. 6.5. The first step is

protonation of carbonyl group in glyceride molecule which leads to the carbocation.

Then the attack of alcohol produces tetrahedral intermediate. The elimination of

Table 6.5 Relative

reactivity of alkyl

group in the alcoholysis

of acetates [59]

Alkyl group Relative reactivity

Methyl 1.00

Ethyl 0.81

n-Propyl 0.79

n-Butyl 0.80

n-Heptyl 0.90
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glycerol backbone from this intermediate regenerates the catalyst and forms an

ester. Compared to base catalysis, acid-catalyzed reactions require higher alcohol to

oil molar ratio, reaction temperature, and reaction time. If the reaction is operated at

the temperature above the boiling point of the reacting alcohol, an elevated pressure

is required in order to keep alcohol in liquid phase.

Although acid catalyst can handle feedstock with higher FFA content, it is crucial

to keep water content below 0.5 wt% [70]. In this study, the addition of 5% water

reduced ester yield from 95% (without water) to 5.6%. Water, if present, can

surround proton (H+) and form water-rich methanol proton complexes. These

water-rich methanol proton complexes are less hydrophobic than methanol-only

proton complexes, making the catalytic species (H+) more difficult to approach

triglyceride molecule which is hydrophobic. Therefore, the catalyst is deactivated

when a significant amount of water is present in the feedstock [71]. In addition, it was

found that the effects of water is more critical in acid-catalyzed transesterification

than in base-catalyzed transesterification [72] and has more impacts on transester-

ification than esterification [71]. Due to the presence of carboxylic functional group

in FFA, FFA is less hydrophobic than triglyceride molecule, rendering the polar

water-rich methanol proton complexes easier to approach FFA than triglyceride.

6.4.3 Heterogeneous Base Catalysis

6.4.3.1 Alkaline Earth Metal Oxide Catalysts

Alkaline earth metal oxides have gained attraction to many researchers for

transesterification to biodiesel production because of their less solubility and less

RCOOH CH
3
OH RCOOCH

3 H
2
Ocarailyst

Merthl ester waterMethanolFree fatty acid
+ +

Fig. 6.4 Scheme for esterification of free fatty acid with methanol
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corrosiveness compared to other base catalysts. These catalysts are synthesized

either as single metal oxides or mixed metal oxides.

It is believed that the basic sites are generated by the presence of M2+–O2� ion

pairs in different coordination environments. The basic strength of group II metal

oxides follows the order: MgO<CaO< SrO<BaO. The catalytic activity of

these oxides in transesterification to biodiesel production also agrees with the

same order, but their catalytic activity is less, compared to those of homogeneous

base catalysts [73, 74]. BaO is not suitable for transesterification reaction to

produce biodiesel because it dissolves in methanol and forms some noxious

species. SrO is highly catalytically active and insoluble in water, but it reacts

strongly with CO2 and water in the air to form nonreactive SrCO3 and Sr(OH)2,

and regeneration of SrO requires high temperature [73]. Ca-based bases are

attractive as they are inexpensive and the least toxic, and they exhibit low

methanol solubility tendency [75]. The problem of CaO is its low catalytic activity

below the supercritical-state temperature of methanol (240�C) and methanol to oil

molar ratio of 40:1, and 97–99% ester yield can be obtained above these

conditions [76]. However, the rate of CaO catalysis can be accelerated in the

presence of water because methoxide ions, which are the catalytic agents for

transesterification reactions, are increased, but too much water (more than 2.8%

by weight of oil) in the reaction medium cause Ca soap formation [77]. CaO has a

drawback of undesired Ca(OCH3)2 formation on the CaO surface by reacting with

triglycerides. Another drawback is its chemisorption tendency of H2O and CO2 on

its active surface, which requires high temperature (700�C) to remove the poison-

ous species because of the chemisorption [76].

The purpose of synthesizing mixed metal oxides is to overcome the limitations

of single metal oxide catalysts. It was demonstrated that mixed metal oxides (i.e.,

Mg–La oxide) have higher catalytic activity in transesterification for biodiesel

production compared to that of single metal oxides (i.e., Ca, Ba, Mg oxides)

because of superbasicity of the mixed oxides. This mixed metal oxide shows

tolerable activities in the presence of water and FFAs, and 100% ester yield can

be obtained within 2.2 h using room temperature, 20:1 methanol to oil molar ratio,

and 5 wt% catalyst loading [78]. In a study of different metal oxides (A–B–O)

where A ¼ alkaline earth metal (Ca, Ba, Mg), alkaline metal, or rare earth metal

(La) and B is the transition metal (Ti, Mn, Fe, Zr, Ce), it was found that Ca-based

catalysts such as CaMnO3, Ca2Fe2O3, CaZrO3, and CaCeO3 have the highest base

strength and catalytic activity in transesterification reactions, especially that more

than 80% ester yield can be obtained using CaZrO3 and CaCeO3within 10 h at 60
�C

with 6:1 methanol to oil molar ratio and the catalyst is reusable up to 5–7 times [79].

In another study, when CaO was loaded on different oxide supports (i.e., MgO,

SiO2, Al2O3), CaO/MgO was found to show the highest catalytic activity due to

increased basicity. Highest 92% oil conversion was achieved within 3 h at 64.5�C

with 6:1 methanol to oil molar ratio [80].
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6.4.3.2 Supported Alkali Metal/Metal Salt Catalysts

Alkali (alkaline earth) metal is the most common source of superbasicity. Na, K, Li,

Ba, and Mg are frequently used in the metallic form or as various salts such as

halide, carbonate, hydroxide, and nitrate. The catalytic activity of the catalysts

depends on the surface basicity rather than on the other properties such as surface

area and pore volume. Supported halides (i.e., KF/Al2O3, KI/Al2O3) have higher

catalytic activity in transesterification reaction compared to other supported salts

(i.e., K2CO3/Al2O3, KNO3/Al2O3). The catalytic activity of nitrates, hydroxides,

and carbonates depends on the metal (i.e., K+) loading on the support (i.e., Al2O3)

by impregnation. The support for alkali or alkaline earth metal species can be CaO,

BaO, MgO, and ZnO. In every case, it was found that supported alkali metals

supported on alkali earth oxides are partially dissolved into the liquid phase, and the

catalyst becomes homogeneous. It was also found that in rare cases, alkali earth

oxide supports (i.e., BaO) leach into the ester phase more than the impregnated

metal species [76]. D’Cruz et al. also found similar results when Li, Na, and K

metals were loaded on CaO, MgO, BaO, and K2CO3 loaded on alumina. In their

study, BaO-supported metals showed higher catalytic activity compared to other

alkaline earth oxide-supported metals in transesterification reaction, but severe

leaching of Ba was found in the reaction mixture, and K2CO3/Al2O3 was found to

be a promising heterogeneous base catalyst [74].

6.4.3.3 Hydrotalcite

Hydrotalcite or layered double hydroxide is a naturally found anionic clay material,

whose general formula is [Mx
z+M0

y
3+(OH)2(x+y)]

b+ [(An�)b/n]�nH2O. M is a mono-

valent (alkali metal) or divalent (alkaline earth metal) ion, M0 is a trivalent metal ion

(usually Al3+), and An� is an anion (usually CO3
2�) neutralizing compound elec-

tronically. The Mg–Al hydrotalcite is a well-studied catalyst for transesterification

for its higher catalytic activity. Li–Al hydrotalcite has stronger Bronsted basicity

compared to Mg–Al, but the catalytic activity of Li–Al hydrotalcite in transester-

ification reaction has not been extensively studied yet [76]. The general composi-

tion of Mg–Al hydrotalcite is [Mg(1�x)Alx(OH)2]
x+[(CO3)x/n

2�] over the range of

x ¼ 0.25–0.55. Variations in the x content changes the basic properties [81]. For

biodiesel synthesis, the Mg/Al molar ratio of hydrotalcites is usually set from 2 to 4.

This Mg–Al hydrotalcite is attractive because of its negligible leaching tendency,

high catalytic activity in the presence of water and FFA, and also activity up to

210�C. In a study, 99% conversion of triglycerides was obtained within 3 h at

200�C and a methanol to oil molar ratio of 6:1 with 1 wt% catalyst loading in the

presence of 45 wt% water and 9.5 wt% FFA [82].
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6.4.3.4 Zeolite

The acid–base properties of zeolites are controlled by the kind and quantities of

ion-exchanged cations and by the Si/Al ratio in the main zeolite framework. The two

general approaches taken to control the basicity are ion exchange with alkali metal

ions and the impregnation of basic components on the inner surface of zeolite pores.

Among these two approaches, the later one was found to create strong basic sites [76].

In case of alkali ion-exchanged zeolites, the basicity increases with the increasing

electropositive nature of the exchanged cation. Among the zeolite family, the zeolites

faujasite NaX and titanosilicate structure-10 (ETS-10) have been studied for

transesterification for biodiesel production. The basicity of these zeolites was

increased by ion exchange with higher electropositive metals such as K and Cs

[81]. It was observed that ion exchange with K is more effective than with Cs, in

terms of the basicity and transesterification activity [76]. In a study using partially Cs-

exchanged NaX zeolite (34% Cs substituted), 70% conversion was achieved in 22 h

using a methanol to oil molar ratio of 275:1 and catalyst loading of 10 wt% [83]. In

another study, ester yield of 85% was obtained within 8 h at 65�C with a methanol to

oil molar ratio of 8:1 using KOH/NaX, but severe leaching of KOH was found [84].

6.4.3.5 Organic Base Catalyst

Guanidine [C(NH)(NH2)2] is an organic compound which shows strong basicity.

The basicity of alkylguanidine is comparable to that of NaOH, and it is a well-

studied and effective base catalyst for transesterification for biodiesel production

[76]. In a study, it was found that a commercial alkylguanidine, triazabicyclodecene

(1,5,7-triazabicyclo[4.4.0]dec-5-ene or TBD), is a very effective catalyst in

transesterification reaction, producing 90 ester yield within 1 h at 70�C with a

23:1 methanol to oil molar ratio [85]. The advantage of this organic base is that it

forms a soluble complex with the FFA and does not form soap or emulsions.

Several attempts have been taken to heterogenize the alkylguanidine on different

supports, but severe leaching was found in all the cases [76]; thus, there is a

necessity of further research on this. Anion-exchange polymer resins are of interest

to many researchers for transesterification reactions because of their basicity,

porosity, cheap price, and availability. In a study, it was found that Diaion®

PA306s is an effective catalyst for transesterification to produce biodiesel. In the

study, 80% ester yield was obtained within 1 h at 50�C with an ethanol to oil molar

ratio of 20:1 and catalyst loading of 40%, and the catalysis was found to be free of

saponification [86]. In another study, organic quaternary ammonium functionality

(QN+OH)-based anionic resin A26 (from Rohm and Haas) catalytic activity was

compared to that of QN+OH/SiO2 for transesterification reaction. From that study,

both the catalysts showed similar catalytic activity (60% conversion of the oil

within 4 h at 60�C with a methanol to oil molar ratio of 6:1 and catalyst loading

of 1.6 wt%), but anionic resin A26 showed negligible leaching tendency compared

to that of QN+OH/SiO2 [87].
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6.4.4 Heterogeneous Acid Catalysis

6.4.4.1 Sulfated Metal Oxides

Sulfated metal oxides show both Bronsted and Lewis acid sites, and their acidity is

considered to be superacidity. Among different sulfated metal oxides, sulfated

zirconia (SZ) shows superior catalytic activity due to its high acid strength.

Schucharardt et al. [85] proposed a novel method of SZ preparation with improved

catalytic activity, whereas conventional sulfated zirconia (SZ) shows lower activity

in transesterification reaction and deactivation after the first run. In their study,

98.6% ester yield was obtained within 1 h at 120�C with a methanol to oil molar

ratio of 20:1 and a catalyst loading of 5 wt%, whereas conventional SZ showed no

activity, but the catalyst had poor reusability characteristics. The reason for these

poor reusability characteristics is sulfur leaching as H2SO4 and HSO4
� [81]. For

this, Yadav and Murkute [88] proposed a novel method of SZ preparation with

improved sulfate loading and resistance to leaching. Sulfated tin oxide

(SO4
2�/SnO2) shows better catalytic activity in esterification reaction compared

to that of sulfated zirconia (SZ) due to its superior acidity, but this catalyst has not

been experimented yet for transesterification reaction because of inadequacies in

preparation method [81]. Another superacidic sulfated metal oxide used in

transesterification reaction was sulfated titania. It was found to be less active than

sulfated zirconia but silica-supported sulfated titania was found to show better

catalytic activity and stability compared to that of conventional sulfated zirconia.

In the study, 90% ester yield was obtained within 6 h at 200�C with a methanol to oil

molar ratio of 9:1 and catalyst loading of 3 wt% in the presence of 50% FFA [89].

6.4.4.2 Mixed Metal Oxides

Nonsulfated superacid material (i.e., tungstated zirconia) has attracted much atten-

tion because of the leaching and stability of sulfated zirconia. In a study, it was

found that tungstated zirconia has lower catalytic activity compared to that of

sulfated zirconia in transesterification reaction, but it has an advantage of easy

regeneration, indicating that the catalytic deactivation in tungstated zirconia is

because of coverage of the acid sites rather than leaching of the catalytic species

[90]. Furuta et al. [91] found that doping of Al into the tungstated zirconia increases

the catalytic activity much higher than tungstated zirconia in both transesteri-

fication and esterification reactions for biodiesel production. Amphoteric metal

oxides are of interests to many researchers because of their adjusting acid–base

properties. In a study, it was found that PbO and PbO2 show high catalytic activity

in transesterification reactions (89% ester yield within 2 h at 150�C with 7:1

methanol to oil molar ratio, 2 wt% catalyst loading), but they have a higher leaching

tendency [92]. In this respect, ZnO-based catalysts are a point of interest. Zn–Al

oxide developed by French Institute of Petroleum (IFP), shows higher catalytic
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activity in transesterification reaction (91% biodiesel yield within 160 min, 250�C,

50 bar pressure), but the catalyst requires moisture-free feedstock. The composition

of this mixed oxide is ZnAl2O4�xZnO�yAl2O3 (with x and y being in the range of

0–2) [73]. Zn–La mixed oxide is another attractive catalyst, which are composed of

ZnO, La2CO3, and LaOOH. In series of studies, it was found that Zn3La1 (3:1 M

ratio of zinc to lanthanum) has longer catalyst life (~17 recycling) and higher FFA

(up to 30.5%) and water (up to 5%) tolerability. This catalyst is able to produce

ester yield of ~96% in the presence of 30.5% FFA, 5% water within 150 min at

200�C, 36:1 methanol to oil molar ratio, and a catalyst loading of 2.3% based on the

weight of the oil [93].

6.4.4.3 Heteropolyacids

Another important group of strongly acidic heterogeneous catalysts used in

biodiesel production through transesterification and esterification of triglycerides

is supported heteropolyacids and unsupported or supported heteropolyacid metal

salts. Though sulfated metal oxides are more acidic than heteropolyacids, but the

concern of sulfur leaching by sulfated metal oxides attracts the use of

heteropolyacid-based solid catalysts to many researchers. Efforts made using

supported/unsupported HPA and their salts especially as a catalyst for biodiesel

production through transesterification reactions are summarized in a tabular form in

Table 6.6. This table shows the comparative catalytic activity of different HPA and

their salts.

6.4.4.4 Organically Functionalized Acid Catalyst

The purpose of synthesis and use of organically functionalized acid catalysts for

biodiesel production is to overcome the shortcomings of other acid catalysts, such

as leaching of active species, thermal stability, and low surface area. The activity of

this class of catalysts is due to the presence of sulfonic acid sites, which can be

considered as the heterogeneous counterpart of sulfuric acid. Sulfuric acid has

excellent catalytic activity in the acid-catalyzed transesterification reaction, for

this attempts have been made on its heterogenization to overcome the traditional

drawbacks of homogeneous catalytic systems, such as equipment corrosion and

difficult separation from the products. The carriers for sulfonic acid can be inor-

ganic metal oxides such as zirconia oxide, tin oxide, mesostructured silica, and

carbon materials such as multiwall carbon nanotubes and asphalt. Among these,

sulfonic acid supported on asphalt showed promising catalytic activity and reus-

ability (89.9% conversion within 3 h at 260�C using a methanol to oil molar ratio of

18.2 and catalyst loading of 0.2 wt%) [103, 104]. Attempts have also been taken

with the sulfonic acid ionic-exchange resins, such as poly(DVB) resin sulfonated

with H2SO4, Amberlyst-35(Rohm and Haas), Amberlyst-15 (Rohm and Haas), and

Nafion SAC-13 for biodiesel production through transesterification reactions [73].
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Table 6.6 Review on biodiesel production using HPA or supported HPA

Feedstock

Name of the catalyst

and reactor used Results and remarks References

Canola oil

containing up

to 20% FFA

H3PW12O40 (TPA) supported

on hydrous zirconia (HZ),

silica, alumina, and

activated carbon

10% TPA/HZ, at 200�C, 9:1

methanol to oil molar ratio,

600 rpm, 3 w/w% catalyst

loading could give

maximum ester yield of 90%

when the reaction was

allowed to run for 10 h. The

catalysts were recycled with

negligible loss of activity

[94]

500-cc Parr reactor 10% TPA/HZ surface area

(S.A): 146 m2/g, pore

diameter (P.D.): 2.18 nm

Eruca sativa

Gars. Oils

(ESG oil)

with FFA

3.65%

Cs2.5H.5PW12O40 A 99% ester conversion was

obtained using a catalyst of

1.85 � 10�3 g/g of oil, 5.3:1

methanol to oil molar ratio,

55�C reaction temperature

when the reaction was

allowed to run for 45 min in

the presence of a THF as a

cosolvent. Catalyst structural

properties were not analyzed

[95]

250-mL round reactor

Rapeseed oil H3PW12O40, Cs2HPW12O40,

H3PW12O40/SiO2

A 27% maximum conversion

was obtained when 0.6 g

unsupported H3PW12O40

was used at a reaction

temperature of 80�C stirring

at 500 rpm, 6:1 ethanol to oil

molar ratio for 3 h. Severer

leaching was observed from

the H3PW12O40/SiO2

[96]

50-cm3 Pyrex reactor

Tripalmitin H3PW12O40/Ta2O5 Highest yield was achieved

when 2% w/w H3PW12O40/

Ta2O5-10.8, 90:1 methanol

to tripalmitin, 65�C reaction

temperature was used for

6 h for simultaneous

esterification and

transesterification

[97]

25-mL round bottom glass

flask

Karanja,

Jatropha,

soybean,

sunflower,

and palm oil

H3PW12O40/K-10,

H3PMo12O40/K-10, sodium

tungstate hydrate/K-10

Highest conversion was

achieved when 20% w/w

H3PW12O40/K-10, 5% w/w

based on sunflower oil,

170 rpm, 15:1 methanol to

sunflower oil ratio was used

at a 170�C for 6 h

[98]

100-cm3 Parr reactor

(continued)
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These ion-exchange resins suffer from low thermal stability. Thus, in order to

achieve high triglyceride conversion, high methanol to molar ratio (50:1 to 300:1)

and high catalyst loading of 25–50% based on the oil are required [73, 105].

Recently, a novel approach has been developed by Hara et al. [106], where

sulfonation of incompletely carbonized carbohydrates such as starch, cellulose,

D-glucose, and sucrose occurred. The incomplete carbonization of the

carbohydrates leads to a rigid carbon material consisting of small polycyclic

Table 6.6 (continued)

Feedstock

Name of the catalyst

and reactor used Results and remarks References

Triolein H4PNbW11O40/WO3—Nb2O5,

H4SiW12O40,

H4SiMo12O40, H3PW12O40,

Cs2.5H.5PW12O40,

H4PNbW11O40

A highest ester yield of 87% was

obtained when 0.2 g

H3PW12O40, 50:1 ethanol to

triolein molar ratio, 100�C

was used for 8 h

[99]

Batch reaction—autoclave and

continuous-flow fixed-bed

reactor

E. sativa Gars.

oils (ESG oil)

with FFA

3.65%

Cs2.5H0.5PW12O40 Maximum 98.1% conversion

was achieved in 12 h using

65�C reaction temperature,

6:1 methanol to oil molar

ratio, and 0.4 mmol of

catalyst

[100]

500-mL round reactor

Soybean oil with

20% myristic

acid

Ta2O5/SiO2—[H3PW12O40/R]

(R ¼ Me or Ph),

H3PW12O40/Ta2O5-10.8,

SiO2—[H3PW12O40(9.6)/

Me(3)]

The R (methyl or phenyl) group

in the catalyst made the

catalyst surface

hydrophobic. Ta2O5/SiO2—

[H3PW12O40(10.0)/Me(3)],

(10 represents wt% loading,

3 is the molar ratio of Ta to

Me/Ph group)—was

obtained to be the most

effective catalyst for

simultaneous esterification

and transesterification when

2 wt% catalyst, 65�C

reaction temperature, 90:1

methanol to oil molar ratio

were used for 24 h

[101]

25-mL round bottom glass

flask

Used cooking oil

with 8% FFA

TPA(H3PW12O40)/Nb2O5,

with TPA loading of

5–30% on Nb2O5

25 wt% TPA/Nb2O5 was the

most promising one. Highest

92% ester yield was obtained

at 200�C, 18:1 alcohol/oil

molar ratio, and 3 wt%

catalyst loading. The catalyst

was recycled and reused

with negligible loss in

activity

[102]
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aromatic carbon sheets in a 3D sp3-bonded structure. Sulfonation of such carbon

material has been demonstrated to afford a highly stable and physically robust solid

with a high density of active sulfonic sites. Among other uses, such carbohydrate-

derived acid catalysts have been successfully applied to biodiesel production. Using

this type of catalyst, highest ester yield of 92% was obtained within 8 h using a

reaction temperature of 80�C, 20:1 methanol to oil molar ratio, 10 wt% catalyst

loading, and the feedstock containing ~28% FFA. An alternative approach of

synthesis of sulfonic acid-based heterogeneous catalysts is the incorporation of

organosulfonic groups over mesostructured silicas such as SBA-15. These materials

have large uniform pores, high thermal stability due to its silica support, and the

possibility to control their hydrophobicity and concentration of acid sites through

organic functionalization. In a study, in the presence of 5.6 wt% FFA, ester yield of

98.4% was obtained within 2 h at 180�C, 10:1 methanol to oil molar ratio, and a

catalyst loading of 6 wt% [105]. Supported organic metal salts also have heteroge-

neous acid catalysts property. In a study, Jacobson et al. [107] synthesized silica-

supported zinc stearate and zinc acetate. Between these catalysts, silica-supported

zinc stearates were able to produce ~98% ester yield, using a reaction temperature

of 200�C, 18:1 methanol to oil molar ratio, and 3 wt% catalyst loading. These

catalysts were reusable and had no leaching tendency.

6.5 Reaction Kinetics

Dossin et al. [108] proposed a type of Langmuir–Hinshelwood model for heteroge-

neous base-catalyzed transesterification reaction, which is based on a three-step

“Eley–Rideal” type of mechanism. According to their proposed model, the rate-

determining step is the adsorption of alcohol on the catalyst-free basic sites. As it is

appropriate in the nonideal systems to use activities instead of the concentrations in

the rate expression if the rate-determining step is an adsorption or desorption step,

but according to Dossin et al. [108], it was observed that the effect of using

concentrations instead of activities in the rate expressions was found to be small

at all conditions considered and hence can be neglected, and a high initial reaction

rate can be achieved by using smaller catalyst particle size, whereas temperature

has only a minor effect. In another study by Veljkovic et al. [109], it was observed

that the initial TG mass transfer limitation is due to the low active surface area of

the base catalysts which are occupied by the adsorbed methanol. According to their

study, that limitation disappears as the reaction progresses and the use of higher

concentration of the catalysts and the overall transesterification reaction is the

pseudo-first order [109]. Similar results were obtained by Li et al. [110], who

proposed a model based on the overall transesterification reaction. In their study,

internal diffusion was neglected by obtaining similar results using different particle

sizes. According to their study, the overall reaction is irreversible and first order,

and the model is applicable only for the initial stage of the reaction [110]. Singh and

Fernando [92] studied different heterogeneous base-catalyzed transesterification
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reaction, where they considered only the overall transesterification reaction. In their

study, external and internal diffusion were believed to be eliminated, but the

reasons are not discussed. The overall reaction order was varied from 1 to 3

depending on the catalysts [92].

Kulkarni et al. have explained the reaction mechanism of simultaneous

transesterification and esterification [40]. Srilatha et al. analyzed reaction kinetics

using used cooking oil with 8% FFA and 25 wt% TPA/Nb2O5 at 200�C, 18:1

alcohol/oil molar ratio, and 3 wt% catalyst loading. The overall reaction is a

pseudo-first-order reaction with an activation energy of 34.4 kJ/mol, which is

consistent with the reported values [102]. Lopez et al. [111] analyzed acidic

Nafion® SAC-13 resin-catalyzed transesterification kinetics for biodiesel produc-

tion. In their study, external and internal diffusion was avoided by adjusting the

stirring speed and the catalyst particle size. They considered the first step of the

transesterification reaction (Triglyceride to Diglycerides) instead of the overall

reaction for their kinetic study. According to their findings, solid acid catalyst

(Bronsted acidity) follows similar mechanistic pathway to that of homogeneous

acid catalysts. The mechanism consists of protonation of the TG (by adsorbing on

the catalyst surface—which acted as a single reaction site), followed by the surface

reaction between the TG and the bulk liquid-phase alcohol (which is the rate-limiting

step) and then a product desorption step. In their proposed mechanism, a deviation

from the classical Eley–Rideal bimolecular mechanistic expression was observed

due to the competitive adsorption of alcohol on the resin acid sites [111]. In that

study, other possible reaction pathways for biodiesel production (i.e., hydrolysis

followed by esterification) were neglected, and the overall reaction was second order

with respect to the reactant concentrations. In another study, it was found by Lopez

et al. [112] that triglyceride can react by two routes: hydrolysis followed by esterifi-

cation and transesterification in the presence of solid acid catalysts. According to

their study, the presence of FFAs in TG increases the reaction rate of transester-

ification because of the parallel faster hydrolysis followed by the esterification

reaction rate. However, the esterification reaction rate of FFA in the TG mixture is

slow compared to that of pure FFA. They found that the esterification reaction rate is

almost 20 times faster than that of transesterification reaction [111].

6.6 Conclusions

When high-quality oil containing exceptionally low FFA and water is used to

produce biodiesel, homogeneous base catalyst is preferred due to their high activity

toward transesterification. However, most low-quality oils such as used cooking oil

contain a significant amount of FFA, which could lead to saponification reactions

and causes soap formation in base-catalyzed transesterification. In these low-

quality oils where FFA percent is high, homogeneous acid catalysts are preferred.

When acid catalyst is used, saponification can be avoided. Recently, heterogeneous

catalysts have gained tremendous interests due to simplicity in purification process.
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Unlike in homogeneous catalysts, an elimination of heterogeneous catalysts from

biodiesel is simple and does not produce waste water. However, it is clear that the

active species of almost all heterogeneous base catalysts leaches out into the

reaction medium, lowers the selectivity of transesterification reaction, and produces

soap if there is any FFA present in the feedstock. The solid base catalysts also lose

its reusability. Comparatively, solid acid catalysts can catalyze esterification

reaction to produce a similar type of ester from FFAs using alcohol along with

transesterification reaction to produce biodiesel. Active species of many of the solid

acid catalysts also leach out into the reaction medium, which affects only the

reusability of the catalysts, but does not affect the selectivity. The reaction kinetics

and mechanism of heterogeneous base- and acid-catalyzed reactions reveal that the

first step in the base-catalyzed reaction is adsorption of alcohol (methanol) onto the

catalyst active sites, whereas in case of acid-catalyzed reaction, the first step is

adsorption of oil or triglycerides onto the catalyst active sites. In case of acid-

catalyzed reaction, it is difficult to initiate the first step of the reaction because most

of the supports and active sites are hydrophilic. Thus, the authors recommend

further research on solid acid-catalyzed simultaneous esterification and transester-

ification reactions for biodiesel production and the development of a relationship

between the catalyst type and vegetable oil used for biodiesel synthesis.
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Chapter 7

Heterogeneous Catalysts for Converting
Renewable Feedstocks to Fuels and Chemicals

Karen Wilson, Adam F. Lee, and Jean-Philippe Dacquin

Abstract The combination of dwindling oil reserves and growing concerns over

carbon dioxide emissions and associated climate change is driving the urgent

development of routes to utilise renewable feedstocks as sustainable sources of

fuel and chemicals. Catalysis has a rich history of facilitating energy-efficient

selective molecular transformations and contributes to 90% of chemical

manufacturing processes and to more than 20% of all industrial products. In a

post-petroleum era, catalysis will be central to overcoming the engineering and

scientific barriers to economically feasible routes to biofuels and chemicals. This

chapter will highlight some of the recent developments in heterogeneous catalytic

technology for the synthesis of fuels and chemicals from renewable resources,

derived from plant and aquatic oil sources as well as lignocellulosic feedstocks.

Particular attention will be paid to the challenges faced when developing new

catalysts and importance of considering the design of pore architectures and effect

of tuning surface polarity to improve catalyst compatibility with highly polar

bio-based substrates.

7.1 Introduction

The application of heterogeneous catalysis and use of renewable feedstocks in

chemical synthesis are core themes behind the principles of Green Chemistry [1].

Worldwide concern over dwindling fossil fuel reserves and impact of CO2

emissions on climate change means there is an urgent need to reduce our depen-

dence on oil-based sources of fuels and chemicals. Oil is the most important source

of energy worldwide, accounting for some 35% of primary energy consumption and

the majority of the chemical feedstocks; the quest for sustainable resources to meet
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demands of a constantly rising global population is one of the main challenges for

mankind this century [2]. To be truly viable, such alternative feedstocks must be

sustainable, that is, “have the ability to meet twenty-first century energy needs

without compromising those of future generations.” While a number of sustainable

technologies (e.g. wind, solar, hydroelectric and nuclear power) are currently

receiving heavy investment for stationary energy sources [3], the most easily

implemented and low-cost solutions for transportation needs are those based upon

biomass-derived fuels [4]. Biomass also offers the only non-oil-based route to

organic molecules for the manufacture of bulk, fine and speciality chemicals

necessary to secure the future needs of society.

The choice of biomass is important for ensuring the sustainability of a renewable

resource-based economy. Despite initial promise, first-generation bio-based fuels

and chemicals derived from edible plant materials caused much anguish over

competition between land use for fuel crops versus traditional agricultural cultiva-

tion. Of equal concern are deforestation practices underway, notably in Indonesia,

wherein vast tracts of rainforest and peat land are being cleared to support palm oil

plantations [5]. To be sustainable, so-called second generation bio-based fuels and

chemicals should use biomass sourced from non-edible components of crops, such

as stems, leaves and husks or cellulose from agricultural or forestry waste. Alterna-

tive non-food crops, such as switchgrass or Jatropha curcas, which require minimal

cultivation can also be used. In addition, there is growing interest in using oil from

aquatic biomass which can annually yield 80–180 times the volume of oil per

hectare than that obtained from plants [6]. Second-generation biofuels are currently

at a pre-commercial phase, and if they are to meet targets for implementation by

2015–2020, significant technical hurdles to the chemical transformation of biomass

need to be overcome. Catalysis has a rich history of facilitating energy-efficient

selective molecular transformations and contributes to 90% of chemical

manufacturing processes and to more than 20% of all industrial products. In a

post-petroleum era, catalysis will be central to overcoming the engineering and

scientific barriers to economically feasible routes to bio-fuels and chemicals.

7.2 Sources of Biomass

Lignocellulosic biomass sourced from waste agricultural or forestry materials is

considered a viable option for the production of fuels and chemicals by biochemical

fermentation routes. Lignocellulose is a biopolymer comprised of polysaccharides,

cellulose and hemicellulose, which are built up from C6 and C5 sugars, glucose,

xylose and amylose, and lignin which is a polyphenolic compound (Scheme 7.1).

However, cross-linking between the cellulose and hemicellulosic components with

lignin via ester and ether linkages makes lignocellulose resistant towards hydroly-

sis, and thus, its simple chemical conversion is challenging. Processing of lignocel-

lulose biomass first requires acid hydrolysis to separate the polysaccharides from

lignin, which can subsequently be converted into monosaccharides for use in

264 K. Wilson et al.

www.TechnicalBooksPdf.com



fermentation. Thus, while the conversion of sugars such as glucose to chemical

feedstocks by fermentation routes seems an attractive prospect, extensive

preprocessing of the raw material is required [7].

Oleochemical feedstocks are obtained from triglycerides (TAGs) and free fatty

acids (FFAs) found within plant oil seeds, animal fats and algae. Plant oils are

conventionally obtained from seeds by pressing, or solvent extraction. Algal oil

harvesting and extraction requires a combination of sedimentation, centrifugation,

filtration, ultrafiltration, sometimes with an additional flocculation step to separate

algae fromwater, followed by a drying and then solvent extraction step to remove the

oil [6]. Cultivation of algal sources using wastewater and CO2 from fuel gas cloud is

proposed as a means to improve the energy efficiency of algal oil production [8].

O
H

H

H

H

H

H
O

H

O
CH

2

H

H

H

OH

OH

H
H

O

O
H

H

OH

OH

H

H

O
O

H

H

H

OH

OH

H
H

O

O

H
H

H

OH

OH

H

H

O

H

OO

OH

H

OH

OH

H
H

O

OH

H
H

H

H

H

H

OH

OH
H

OH

O

H

H

O

H

H

H

OH

OH

H
H

O

O
H

H
H

OH

OH

H

H

O
O

OH

H
H

O

OH

H

OH

H

H

H

OO

OMe COOH

H

H

H
OH

H

H

OO

R1

O

R3 O

O R2

O

Triglycerides

OH

O
Free Fatty Acids

OH

OH

Glycerol

OH

OH

OH

O

OH

OH

O

OH

OMe

OMe

OH

O

HOOC

OMe

OMe

OH

OH

O

SH

OMe

OMe

O

OH

OH

OMe

OH

OMe

HOOC

Carbohydrates

Cellulose 

Hemicellulose

Lignin

Oleochemicals

Triglycerides

Free Fatty Acids
Glycerol

OH

CH
2
OH

CH
2
OH CH

2
OH

CH
2
OH

OH

OH

Scheme 7.1 Sources of biomass

7 Heterogeneous Catalysts for Converting Renewable Feedstocks to Fuels. . . 265

www.TechnicalBooksPdf.com



Table 7.1 shows a summary of the oil contents for various plant and algal oil

sources from which it can be seen that algae offers significant increases in oil yield.

However, there are a wide range of algal sources, and the optimum productivity will

depend on both oil content and growth rate. While the Botryococcus braunii strain

of algae has one of the highest oil contents, it is quite slow growing and it is

proposed that the Chlorella family would be a better source for biodiesel

applications [6]. The percentage of TAG or FFA, length of alkyl chain and degree

of unsaturation are all found to vary depending on the oil source [16]. The choice of

appropriate oils for fuel application is critical as alkyl chain length and degree of

unsaturation affect pour and cloud points as well as stability of the final fuel [17].

There are a number of detailed reviews concerned with the conversion of biomass

into chemicals [18, 19]; this chapter will highlight some of the recent developments

in heterogeneous catalytic technology for the synthesis of fuels and chemicals from

renewable resources derived from oil and lignocellulose feedstocks.

7.3 Oleochemical Feedstocks

7.3.1 Conversion of Plant and Aquatic Oils

and Animal Fats to Fuels

7.3.1.1 Overview

Biodiesel spearheads the choice of renewable transportation fuels and is a biodegrad-

able, non-toxic fuel synthesised from animal fats or plant oils extracted from cereal or

non-food crops or aquatic biomass. From an application perspective, it is important to

consider the oil composition when selecting a biomass source for producing fuels.

Fatty acid properties such as chain length and degree of unsaturation can affect cloud

points and miscibility with petroleum diesel [20] as well as overall fuel stability

Table 7.1 Oil contents of various plant and algae oil sources (adapted from [6])

Oil source

Seed oil content

(% in dry biomass) [6]

Oil yield

(L oil/ha year) [6]

FFA

content/wt%

Soybean 18 636 2 [9]

Jatropha 28 741 14–14.9 [10, 11]

Rapeseed 41 974 2 [12]

Sunflower 40 1,070 0.3 [13]

Palm 36 5,366 2.3–6.6 [11, 14]

Microalgae (low oil content,

e.g. Pavlova salina)

30 58,700 2 [15]

Microalgae (medium oil content,

e.g. Chlorella sp.)

50 97,800 2

Microalgae (high oil content,

e.g. Botryococcus braunii)

70 136,900 2
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towards oxidation during storage. Furthermore, incomplete combustion of trace

amounts of longer chain FAMEs can result in long-term residue accumulation within

engines. The combination of non-food oil seed crops, and a heterogeneously catalysed

continuous esterification/transesterification process, could dramatically improve both

the environmental impact and energy efficiency of biodiesel manufacture and dramat-

ically improve public perception and the future development of biodiesel [21]. This

section will give an overview of recent developments in inorganic solid acid and base

catalysis for biodiesel synthesis.

TAGs and FFA contained within oil sources can be converted to biodiesel by

either a single step acid catalysed process in which TAGs and FFA are respectively

transesterified or esterified with methanol to FAME, or in a two step process

involving an acid catalysed pretreatment to esterify FFA, followed by a basic

catalysed transesterification of the purified TAGs to biodiesel [22]. FFAs in plant

oils and animal fats are problematic for conventional biodiesel manufacturing

routes [23, 24]. The negative influence of high FFA feedstocks on base-catalysed

TAG transesterification is well known [16, 25, 26], with saponification resulting in

viscous gels which hamper esterification and increase product separation costs.

Consequently, there are tight specifications on feedstock compositions for transester-

ification, requiring FFA contents below < 0.5% [17]. Moreover, anhydrous alcohols

(and catalysts) are required in order to avoid hydrolysis of the desired alkyl esters into

FFAs and associated soap formation. Such traditional biodiesel synthesis involving

soluble bases such as KOMe, NaOMe for the transesterification step, may also

employ an acid-catalysed pre-esterification step to remove any FFAs (Scheme 7.2),

before the oil is contacted with the soluble base catalyst.

While acid-catalysed transesterification is slower, requiring higher reaction

temperatures than those typical for base catalysts, a single-step acid-catalysed

route may be more economical for oils containing high levels of FFA such as

those obtained from animal fats or waste oils. Unfortunately, these homogeneous

acid and base catalysts can corrode reactors (and engine manifolds if carried

through to the fuel), and their removal from the resulting biofuel is particularly

problematic and energy intensive, requiring aqueous quench and neutralisation

steps, which themselves result in stable emulsions and soap formation [27–30].

Furthermore, the glycerine by-product, which is of significant potential value to the
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pharmaceutical and cosmetic industries, is contained in a dilute aqueous phase that is

heavily contaminated by inorganic salts. There is a tangible value for this glycerol as

a number of derivatives used in the fine chemicals sector have a glycerol backbone,

and its selective conversion to mono- or diglycerides is desirable for use in the

cosmetics industry. However, its purification from current biodiesel processes is

not economically viable. Development of a heterogeneous biodiesel process will

make major improvements to the efficiency of fuel production by eliminating the

need for quenching steps, allowing continuous operation while also improving the

quality of the glycerol by-product, thus adding value overall to the process.

7.3.1.2 Solid Base Catalysts for Biodiesel Synthesis

Biodiesel synthesis using a solid base catalyst would facilitate separation of both

catalyst (via a continuous flow, packed bed arrangement) and glycerol by-product

from the final reaction mixture, thereby reducing production costs and enabling

catalyst reuse. A variety of solid base catalysts are known, including alkali or

alkaline earth oxides, supported alkali metals, basic zeolites and clay minerals

(such as hydrotalcites) and supported organic bases [31]. The origin of basicity in

alkaline earth oxides has been previously reviewed and is generally believed to

arise from the presence of M2+–O2� ion pairs in different coordination

environments [32], with the base strength of group two oxides and hydroxides

increasing in the order Mg < Ca < Sr < Ba [33]. The strongest base site occurs at

low coordination sites that exist at defects, corners, edges or on high Miller index

surfaces as indicated in Scheme 7.3.

Such classic heterogeneous base catalysts have been extensively tested for TAG

transesterification [35], and there are a number of reports of the application of CaO

in the transesterification of rapeseed or sunflower oil by methanol [36–38]. The

morphologies of such alkaline earth oxide catalysts and their corresponding

basicities are very sensitive to their preparative route [32]. Since the active surface

sites of fresh CaO catalysts are unavoidably poisoned by exposure to atmospheric

Scheme 7.3 Origin of base sites in alkaline earth oxides: (a) Generation of cationic defect sites.

(b) Surface Mg2+–O2� ratio varies with crystallographic termination leading to increasing base

strength across the series (100) < (110) < (111) [34]. Reproduced by permission of the Royal

Society of Chemistry
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H2O and CO2, a thermal activation treatment is often required to remove surface

Ca(OH)2 and CaCO3. Consequently, reported activities for CaO-catalysed

transesterification are highly variable, with turnover frequencies (TOFs) for sun-

flower oil transesterification reported to range from 2.5 to 45 g(oil)h
�1g(cat)

�1,

depending on sample pre-treatment and microcrystallinity [38]. CaO is generally

found to be more active than MgO for rapeseed oil transesterification, with respec-

tive TOF of 1.66 g(oil)h
�1 g(cat)

�1 versus 0.14 g(oil)h
�1 g(cat)

�1 observed at 65�C

[39]. However, care must be taken with such comparisons, as there is concern in the

literature [40, 41] over partial leaching of Ca2+ from CaO under reaction conditions

and associated homogeneous catalytic contributions, which could limit its utility in

biodiesel production. Alkali-doped CaO and MgO have also been investigated for

transesterification [42, 43]. These exhibit enhanced basicity which is generally

associated with the formation of O� centres when M2+ is replaced by M+, resulting

in charge imbalance and associated defect generation. In the case of Li-doped CaO,

the optimum activity occurs for dopant levels sufficient to create a saturated Li+

monolayer; however, care must be taken during catalyst synthesis to ensure that

leaching of promoters does not occur [44].

Mixed CaO:MgO oxides prepared via thermal decomposition of natural dolo-

mite have also shown promising activity and stability in the transesterification of a

range of C4–C18 TAGs under mild conditions [45]. Dolomitic rock comprises

alternating layers of Mg(CO3)–Ca(CO3) and is structurally very similar to calcite

(CaCO3). Calcination at 900�C transforms the mineral into a material comprising

MgO nanocrystallites dispersed over larger (> 60 nm) CaO particles, Scheme 7.4.

This calcined material exhibits very high activity, with a TOF of 2.9 g(oil)h
�1 g(cat)

�1

towards the transesterification of olive oil at only 60�C.

Literature suggests that such mixed MgO:CaO systems also show improved

resistance to deactivation by CO2 compared to CaO alone [46]. While the origin of

this synergy requires further investigation, it may go some way to explaining why

calcined dolomite exhibits a higher activity in plant oil transesterification than the

separate CaO or MgO components. The genesis of highly dispersed MgO nanocrys-

tallites on the surface of CaO may also contribute to the performance of calcined

Mg2+

Ca2+

CO3
2-

Dolomite

CaO

MgO

60 nm

 20nm
CO2

900 °C

Scheme 7.4 Thermal decomposition of dolomite to MgO/CaO [34]. Reproduced by permission of

the Royal Society of Chemistry
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dolomite since recent reports reveal that the activity of MgO in TAG transesteri-

fication also shows a strong size dependency; nanocrystalline MgO significantly

outperforms commercial microcrystalline forms [47, 48]. It is likely that this depen-

dence reflects the correspondence between particle size and preferential surface

termination. As prepared nanocrystalline, MgO is comprised of 3-nm (100)

crystallites, which on calcination sinter to form larger crystallites (� 7 nm) favouring

(111) and (110) facets [48]. Such restructuring exposes higher surface densities of

polarisable, electron-donating O2� centres and creates bulk and surface defects,

postulated as superbasic sites in solid base catalysts. In contrast, conventional com-

mercial MgO samples are comprised of larger ~ 50-nm particles which are dominated

by less basic (100) oriented facets. This study highlights the importance of correlating

the surface structure and basicity of solid base materials with their catalytic activity;

the absence of systematic materials characterisation has to date hampered catalyst

optimisation and thus the implementation of new heterogeneous processes.

Amongst solid base catalysts, hydrotalcites have received considerable attention

in recent years because of their high activity and robustness in the presence of

water and FFA [49, 50]. Hydrotalcites of general formulae [M2+
(1�x)M

3+
x(OH)2]

x+

(Ax/n)
n�
�yH2O are another interesting class of solid base whose acid/basic

properties can be easily controlled by varying their composition. The structure of

hydrotalcites is based upon layered double hydroxides with brucite-like [Mg(OH)2]

hydroxide layers containing octahedrally coordinated M2+ and M3+ cations; An� is

the counter anion which resides in the interlayer space to balance the residual

positive charge of the hydroxide layers which results from isomorphous substitu-

tion of M2+ by M3+ (Scheme 7.5). TAG transesterification has been reported in the

literature over hydrotalcites using both poor and high-quality oil feeds; [51] in

particular, Mg–Al–CO3 hydrotalcite offers high transesterification rates in refined

and acidic cottonseed oil and in a high water content animal fat feed. For acidified

cottonseed oil (9.5 wt% FFA) and animal fat oil (45 wt% water), 99% TAG

conversion was achieved within 3 h at 200�C in the presence of methanol (6:1

mole ratio of alcohol: TAG).

There remains some debate over the optimumMg:Al ratio, which is an important

factor when preparing hydrotalcites by precipitation from Na or K hydroxide/

carbonate solutions. Complete removal of trace alkali residue from the hydrotalcite

Mg2+ Al3+

Interlayer

spacing

OH

OH

Scheme 7.5 Layered structure of hydrotalcite and “sand rose” structure observed by SEM
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surface is very difficult, resulting in uncontrolled and unquantifiable homogeneous

activity from leached Na or K. We recently reported on structure-reactivity

correlations within thermally activated Mg–Al hydrotalcites [52] synthesised via

an alkali-free precipitation route. [Mg(1�x)Alx(OH)2]
x+ (CO3)

2�
x/n materials were

prepared with compositions spanning x ¼ 0.25–0.55. Transesterification activity

increased with Mg content in these Mg–Al hydrotalcites, which in turn tracked the

intra-layer electron density and associated surface basicity. Davis et al. [53]

investigated the influence of water on the activity and stability of activated

Mg–Al hydrotalcites (Mg/Al molar ratio of 4) for the same chemistry. Br€onsted

base sites were active in the presence of water, but significant hydration was found

to result in rapid catalyst deactivation, presumably through ester hydrolysis to

butyric acid that subsequently irreversible neutralisation of surface base sites.

While solid base catalysts are very effective for transesterification, unfortu-

nately, they cannot esterify any FFA in the oil to FAME and require pre-treatment

by a solid acid to ensure that fuel compositions meet legislated standards.

7.3.1.3 Solid Acid Catalysts for Biodiesel Synthesis

Both transesterification and esterification reactions can be acid catalysed; however,

despite the wide range of solid acids commercially available, the corresponding

direct transesterification of oils into biodiesel by solid acid catalysts has not been

extensively explored. This in part reflects the lower activities for acid-catalysed

transesterification compared with base-catalysed routes [54] which in turn

necessitates higher reaction temperatures to achieve acceptable reaction rates.

While their activities are generally low, solid acids have the advantage that they

are less sensitive to contaminants than their basic analogues and are able to function

well with unrefined feedstocks containing 3–6 wt% FFAs [30]. In contrast to solid

bases which require pre-treatments to remove FFA, solid acids are able to esterify

FFAs impurities through FAME (see Scheme 7.2) while simultaneously

transesterifying the major TAG oil components, all without risk of soap formation.

Vicente et al. [55] compared different types of acid–base catalysts (both homo-

geneous (NaOH) and heterogeneous (Amberlyst A26, A27)) for FAME synthesis

from sunflower oil at 60�C. Unfortunately, under these conditions, the heteroge-

neous acid catalysts were almost inactive by comparison with NaOH. However,

Lopez et al. [56] showed that various solid acid catalysts performed favourably

relative to H2SO4 in the transesterification of a model C2 TAG, triacetin. In the

latter case, solid acids (inc. Amberlyst-15, sulphated zirconia, Nafion NR 50 and

tungstated zirconia) showed reasonable activities at 60�C, indicating that they could

act as alternatives to homogeneous acid catalysts without corrosion or saponifica-

tion problems. The authors also highlighted the importance of internal mass transfer

limitations, which impaired the performance of microporous heterogeneous

catalysts such as ETS-10 (H) and zeolite H-beta.

Several studies have focused on sulphated zirconia in biodiesel synthesis, due to

its strong (super) acidity and regeneration capacity [57–59]. Suwannakarn et al.
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studied the activity and stability of a commercial sulphated zirconia catalyst for

tricaprylin transesterification at high temperature and pressure (120�C, 6.8 atm).

While SO4/ZrO2 is very active towards tricaprylin, with 84% conversion observed

in only 2 h, subsequent re-cycle tests suggest catalyst deactivation occurs due to

sulphate loss into solution. Wider use of commercial SO4/ZrO2 catalysts may also

be limited due to the large energy input (high temperature and pressure) required for

both the transesterification reaction and catalyst reactivation.

Low-temperature transesterification requires robust solid acid catalyst with

strong acidity. Heteropoly acids are an interesting class of well-defined superacids

(materials with pKH+ > 12) [60], possessing flexible structures and tuneable

(super) acidity. However, in their native form, heteropoly acids are unsuitable for

biodiesel applications due to their high solubility in polar media [61], and although

heteropoly acid dispersion onto high area supports can enhance the number of

available acid sites [62–64], this cannot overcome the solubility issue. Ion-

exchanged Keggin-type phospho- and silicotungstic acids [65] can however cir-

cumvent this problem, as the Cs+- and NH4
+-doped variants are found to be

insoluble in water [66]. Cs salts of the general formulae CsxH(3�x)PW12O40 and

CsyH(4�y)SiW12O40 also have the added benefit of dramatically boosted surface

areas relative to their fully protonated forms (Scheme 7.6), enabling transesteri-

fication at ~ 60�C [67, 68].

Materials with Cs contents of x ¼ 2.1–2.4 or y ¼ 2.8–3.4 are efficient in both

esterification and transesterification reactions. This optimal composition was

rationalised in terms of a corresponding maximum in the density of accessible

surface acid sites. In the case of CsyH(4�y)SiW12O40, wherein C4 and C8 TAG

transesterification were compared [68], the absolute reaction rates were faster for

the shorter chain TAG, which may evidence either worse miscibility, or slower

in-pore diffusion of the longer chain TAG in MeOH, in accordance with previous

observations of C8 transesterification by solid base catalysts [45]. Furthermore, the

TOF for the optimum Cs-doped catalyst was greater than that of highly soluble

‘crystalline 

water’ 

Cs+

b

c

Acidic/soluble

Surface area

Acid sites

Neutral/insoluble

Cs content

PW12O40
3- 

Keggin - 

Cs+

Cs3PW12O40

PW12O40
3

H3PW12O40

H5O2+ 

Scheme 7.6 Cs-exchanged H3PW12O40 generates CsxH(3�x)PW12O40 which is insoluble in polar

media. Complete exchange yields neutral Cs3PW12O40 [34]. Reproduced by permission of the

Royal Society of Chemistry
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H4SiW12O40, which operates homogeneously. This latter observation may reflect

reports that CsxSiW12O40 salts are more hydrophobic than the parent H4SiW12O40.

Ester activation of the more lipophilic C8 TAG (the first step in acid-catalysed

transesterification) will thus be favoured over the more hydrophobic CsxSiW12O40

catalyst. Reactant/product polarity and associated mass transport to and from the

active acid centres thus play an important role in controlling reactivity, even under

homogeneous conditions, and molecular modelling may lead to a better understand-

ing of such phenomena.

The use of solid acid catalysts for oil pre-treatment via FFA esterification would

be desirable to avoid costly neutralisation/separation steps and reduce the overall

number of processing steps in biodiesel synthesis [69]. Cs-doped [68] heteropoly

acids are also very effective catalysts for palmitic acid esterification with methanol.

Structure-activity relations were recently mapped for Cs-doped H4SiW12O40

catalysts in palmitic acid esterification [68] which show a high activity for methyl

palmitate production, associated with H+ site accessibility within the stable

mesopores. While the application of immobilised heteropoly acids has been

reported for esterification [70], care must also be taken to avoid leaching of

H3PW12O40 which is very soluble in polar media.

A number of factors need to be considered when developing a solid acid for

esterification including water tolerance [21], pore size and dimensionality of the

channel system [30]. Mesoporous silicas from the MCM and SBA families have

also been examined for FFA esterification. The intrinsically weak acidity of these

materials has been enhanced via grafted sulphonic acid groups or surface coatings

of SO4/ZrO2 to create stable and more active catalysts [71–74]. The synthesis of

phenyl and propyl sulphonic acid SBA-15 catalysts, which are found to exhibit

comparable activities to Nafion and Amberlyst acidic resins in palmitic acid

esterification with methanol [72], is illustrated in Scheme 7.7. Phenyl sulphonic

acid-functionalised catalysts were more active than the corresponding propyl

systems, correlating with their respective acid strengths.

Further catalyst development and activity enhancement should prove possible

through utilising tailored porous solids as high area supports to enhance TAG and

FFA diffusion to the active acid/basic groups [75, 76]. Since the discovery of the

M41S class of mesoporous materials by Mobil, there has been an explosion of

interest in the preparation of such templated porous solids, the synthesis of which

has been extensively reviewed [77–80]. In the case of silicates, the most widely

investigated mesoporous inorganic supports, network morphology and stability

reflect the templating conditions (ionic or neutral surfactant), silica precursor [e.g.

fumed silica, tetraethyl orthosilicate (TEOS), Ludox or sodium silicate] and

whether hydrothermal synthesis or co-solvents are employed. A general preparative

route is shown in Scheme 7.8a in which a surfactant micellar array is used to direct

the crystallisation of the SiO2 framework. Subsequent calcination, to burn out the

organic template, yields materials with well-defined meso-structured pores of

2–10 nm and surface areas up to 1,000 m2 g�1. Macropores can also be introduced

if an additional physical template, such as polystyrene microspheres, is added

during templating of the mesopore network [81].
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Hierarchical macroporous–mesoporous sulphonic acid SBA-15 silicas have

been synthesised via such dual-templating routes, employing liquid crystalline

surfactants and polystyrene beads [82]. These materials offer high-surface areas

and well-defined, interconnecting macro- and mesopore networks with respective

narrow size 10 distributions around 300 nm and 3–5 nm. The enhanced mass

transport properties of these new bimodal solid acid architectures were found to

enhance both transesterification and esterification reactions, when compared to pure

mesoporous analogues.

7.3.1.4 Hydrotreating of Plant Oils to Fuels

While transesterification routes to biodiesel are energetically efficient, the final fuel

retains the general structure of the TAG hydrocarbon chain. Resulting fuel quality

is thus highly dependent on oil source, with higher chain length (> C18) molecules

detrimental to engine performance. Refinement of renewable oils directly to trans-

portation fuels by hydrotreating is a desirable alternative approach to yield

high-grade fuels via processes that can use existing infrastructure from current

petroleum-refining processes, thereby reducing capital costs [83]. While petroleum

companies have a great understanding of crude fossil oil refining, the different

physical properties of renewable oils present a new challenge for catalyst design

and urgently require new classes of catalyst compatible with these viscous, bulky

substrates. A combination of low sulphur content and a host of different impurities

including sterols, phospholipids and a range of inorganics (e.g. Ca, Fe) [84] within
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bio-oils necessitate development of a new family of catalysts that are either tolerant

to these elements, or can selectively remove them from the feed. Hydrotreating thus

utilises all the TAG for fuel [85] offering more flexibility in hydrocarbon chain

length and fuel quality, while also being able to utilise existing infrastructure at

petroleum refineries [86].

Hydrotreatment of TAGs proceeds by two reaction pathways (Scheme 7.9) [87]:

hydrodeoxygenation (HDO) to yield n-alkanes, H2O and propane or hydrodecar-

boxylation (HDC) which yields hydrocarbons with one carbon atom less than in the

original fatty acid, with CO, CO2 and propane formed as by-products. Initial

investigations have focused on the use of conventional hydrotreating catalyst such

as sulphided NiMo/Al2O3 catalysts used for hydrodesulphurisation [83, 88, 89].

Si(OEt)4 Calcine

Polystyrene
Calcine

Micellararraya

b

TemplatedSiO2 MesoporousSiO2

Templatedmacro-mesoporousSiO2 Macro-mesoporousSiO2

1 µµ m

128 nm

Scheme 7.8 (a) Liquid crystal templating route to form mesoporous silica and combined

physical templating method using polystyrene microspheres to introduce a macropore network;

(b) SEM of macroporous–mesoporous SBA-15 showing macropore network and TEM showing

interconnecting mesopores
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However, S loss from the catalyst is problematic, and generally, such catalysts are not

optimised for deoxygenation processes. Many of the new catalysts investigated are

based around Pd, Pt and Ru systems and are similar to those discussed in Sect. 3.3 for

hydrotreating of bio-oil from lignocellulose. For example, Pt–Re supported on a range

of zeolite supports including USY and HZSM-5 [90] has been used to hydrotreat

vegetable and Jatropha oil to form C15�C18 alkanes, with Pt/USY found to offer the

highest conversions of vegetable oil. Only ZSM-5-supported catalysts were

investigated for Jatropha oil treatment, with Re found to promote hydrotreating of

both Pt and Pd/ZSM-5 systems. Pd�Re/H-ZSM-5 was found to exhibit higher

selectivity to C18 and C17 hydrocarbons than Pt/ZSM-5, indicating that C�C bond

cleavage does not occur readily over Pd-based catalysts, and thus, HDO of the

carboxyl group is favoured. In contrast, Ru-based catalysts exhibit high activity for

C�C bond cleavage leading to a higher selectivity to methane and shorter chain C15

and C16 hydrocarbons. Comparison of 20 wt% Ni/C, 5 wt% Pd/C and 1 wt% Pt/C

catalysts in the deoxygenation of tristearin, triolein and soybean oil has also beenmade

[91]. Ni catalysts were found to give near quantitative conversion of the TAG with

high yields of linear C5 to C17 alkanes and alkenes obtained. Unsaturated fatty acid

chains were found to be more sensitive towards cracking, yielding lighter

hydrocarbons. In contrast, carbon-supported Pd or Pt catalysts showed lower activity

for both TAG deoxygenation and cracking of the fatty acid chains.

7.3.2 Non-fuel Applications of Oleochemicals

7.3.2.1 Overview

TAGs and FFA from plant oils and animal fats contain a high degree of functional-

ity making them ideal candidates for synthesising a wide range of chemical

intermediates used in the production of surfactants, lubricants and personal care

items. The reduced toxicity and higher biodegradability of saturated and polyunsat-

urated fatty acids also make them highly desirable alternatives to mineral oil

lubricants. As with biodiesel, the use of soluble acid or base catalysts in the reaction

of TAGs is problematic as it leads to low purity products. Pharmaceutical grade
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products are often prepared by thermal hydrolysis >210�C in the absence of

catalysts; thus, the development of heterogeneous catalysts for non-fuel

applications of plant oils and animal fats is also of great interest. This section will

discuss the application of heterogeneous catalysts in transforming TAGs, FFA and

glycerol into intermediates for fine and speciality chemicals.

7.3.2.2 Triglyceride and Fatty Acid Transformations

Current routes to obtain fatty acids for these applications involve the use of

superheated steam to hydrolyse the ester bond in TAGs obtained from vegetable

oils and/or animal fats (Scheme 7.10). The technology required to generate and

handle supercritical and near critical water not only involves high capital and

operating costs, but can also result in degradation of polyunsaturated fats,

necessitating further purification by distillation [92].

A continuous, heterogeneously catalysed process to generate FFAs would thus

be highly desirable. Fatty acids are readily obtained by hydrogenolysis of TAGs

using basic or acid catalysts, including ZnO, CaO, MgO, sulphonated resins and

heteropoly acids [93]. H3PW12O40-impregnated ion-exchange resins were found to

be most active [94] when compared to acid resins, Cs2.5H0.5PW12O40 and

aluminosilicates. However, care should be taken when considering these catalysts

given the high solubility of heteropoly acids in polar media and the fact that no

leaching studies were reported. Tungstated zirconia (WZ) and a Nafion/silica

composite (SAC-13) [95] have also been employed for the hydrolysis of tricaprylin

and are found to operate at 110�150�C.WZ is initially found to be more active than

SAC-13; however, both catalysts attain the same limiting TAG conversion of

~16–20% after 2-h reaction. Catalyst deactivation was attributed mainly to the

adsorption and accumulation of organic species on the catalyst surface leading to

catalytic site blockage. While WZ could be reactivated by calcination, however,

this is not an option for SAC-13 due to poor thermal stability of the polymer

component. Kinetic modelling of the hydrolysis reaction on WZ revealed it
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proceeded via an Eley–Rideal single-site mechanism, with adsorbed TAG reacting

with bulk-phase water [96].

Hydrogenation of unsaturated fatty acids and esters to the corresponding

alcohols also finds application in the synthesis of surfactants and plasticisers and

requires selective hydrogenation of COOH while retaining the C¼C functionality

(Scheme 7.10). A range of supported Ru, Pd and Rh catalysts have been employed

for the hydrogenation of unsaturated fatty acids. Addition of Sn is found to enhance

the selectivity of both Ru/Al2O3- [97] and Rh/Al2O3-catalysed [98] hydrogenation

of fatty esters, methyl oleate, methyl laurate and methyl palmitate into the

corresponding unsaturated alcohol. In both cases, the major side reaction involves

formation of a heavy ester by-product via transesterification of the original ester

with the alcohol and is found to occur in the absence of catalyst at the high

temperatures (>200�C) employed. Catalysts prepared on low-surface area supports

(e.g. a-Al2O3) were found to exhibit higher selectivity towards the alcohol [98],

which reflects poor in-pore diffusion and increased side reactions in more micro-

porous supports such as g-Al2O3. The selective hydrogenation of methyl oleate to

the corresponding unsaturated alcohol was achieved with Ru–Sn–B/Al2O3 [99], in

which an optimum yield of alcohol was obtained for Sn:Ru ratios of 4:1. The

reaction pathway is reported to be complex, involving a number of side reactions

including hydrogenation of methyl oleate into oleyl alcohol, transesterification

between methyl oleate and oleyl alcohol and hydrogenation of the resulting

heavy ester back into oleyl alcohol. At low Sn content, formation of the saturated

ester (methyl stearate) results from non-selective reduction of the C¼C bond. The

authors suggest incorporation of SnOx inhibits C¼C hydrogenation by favouring

adsorption of the ester at Sn sites via the C¼O group, thus orienting the molecule to

increase selective hydrogenation to the alcohol.

Acetalisation of glucose with fatty alcohols is another important use of oleo

feedstocks and is a desirable method to generate alkyl glucoside building blocks for

the preparation of biodegradable non-ionic surfactants, which have a low degree of

skin and oral toxicity. Typical reactions can give a complex mixture of products

containing glucofuranoside or glucopyranoside rings and various amounts of

oligomers (Scheme 7.11).

Acetalisation of glucose with butanol has been investigated as a model reaction

over zeolites [100] and MCM-41 [101]. Zeolite crystal size is found to have a major

effect on the activity, with diffusional effects limiting reaction rates over crystallite

sizes larger than 0.35 mm. Activity, selectivity and tendency towards deactivation

can however be controlled with the Si/Al ratio and surface hydrophobicity. The use

of mesoporous MCM-41 solid acids is found to increase catalyst activity; however,

development of larger pore acid catalysts would have significant additional benefits

by reducing side reactions through increased in pore diffusion.

Fatty acids may also contain varying degrees of unsaturation, giving added

functionality for conversion to, for example, epoxides or diols. The epoxidation

of FAME from sunflower oil using tert-butyl hydroperoxide (TBHP) can be

effectively catalysed using Ti-MCM-41 and Ti-silicates [102, 103]. Mesoporous

niobium organosilicas have also been reported to effectively epoxidise methyl
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oleate with H2O2 [104] (Scheme 7.12). Epoxidation of the C¼C bond present in the

fatty acid chains of TAGs present in soybean oil has also been reported using H2O2,

acetic acid and acid-exchange resins [105].

7.3.2.3 Glycerol Utilisation

Glycerol is formed in vast quantities as a by-product of the biodiesel process.

Current biodiesel processes generate dilute aqueous solutions of glycerol which

are heavily contaminated with inorganic salts, so purification for its use in food,

pharmaceutical or cosmetic applications is not cost effective. However, with a

heterogeneously catalysed biodiesel process, the resulting glycerol will be of higher

purity [16] and should be considered as a plentiful chemical feedstock. Glycerol can

undergo a range of reactions including oxidation, esterification, etherification,

oligomerisation and hydrogenolysis to yield to a range of valuable chemicals

[106–110] shown in Scheme 7.13. The conversion of glycerol is however challeng-

ing as it is highly viscous and hydrophilic, resulting in diffusion and miscibility

problems. Furthermore, all three hydroxyl groups have similar pKa (~13.5) making

selective catalytic transformation particularly demanding.

Oxidation alone can yield a wide range of products including dihydroxyacetone,

hydroxypyruvic acid, glyceric acid and tartronic acid (2-hydroxypropanedioic

acid). C2 carboxylic acids, glycolic acid and oxalic acid can also form; thus,

catalysts for the selective oxidation of glycerol are highly sought after [111].

Supported Pd, Pt and Au and corresponding bimetallic variants, which are capable

of using molecular oxygen, are attracting much attention. The pH of the reaction is

found to be critical for controlling selectivity towards reaction at the primary or

secondary –OH position. Dihydroxyacetone [112] and hydroxypyruvic acid [113]

are found to form under acidic conditions when using Pt and Pd catalysts, while

under more basic conditions, glyceric acid is favoured [114]. Pd/C catalysts are also

found to be promoted by Bi, with the rate of glucose oxidation found to increase by

a factor of 20 compared to Pd/C alone [115, 116].
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Comparison of 2.5 wt%Au–2.5%Pd/TiO2 and 2.5%Au–2.5%Pd/C catalysts

revealed that TiO2-supported catalysts were more active for glycerol oxidation

[109]. At low conversions, the TiO2-supported system is more selective than the

carbon-supported catalyst for glyceric acid formation. However, as the reaction

proceeds, selectivity to tartronic acid increases at the expense of glyceric acid,

indicating a consecutive over-oxidation reaction occurs. In contrast, the carbon-

supported catalyst appears to maintain a steady selectivity towards glyceric

acid, indicating it is less prone to subsequent oxidation.

Glycerol dimerisation has been investigated over alkali earth oxide solid base

catalysts [117], with glycerol conversion found to correlate with increased catalyst

basicity in the order MgO < CaO < SrO < BaO. High (>90%) selectivity to di-

and trimers is observed over CaO, SrO, and BaO, with no significant acrolein

formation observed. Lewis acidity was also found to affect catalytic activity,

suggesting Lewis acid sites at the Mn+ centre play an important role in the catalytic

cycle as illustrated in Scheme 7.14. Colloidal CaO particles of about 50–100 nm

were found to form during the reaction which are highly active for etherification.

Acid-catalysed transformations of glycerol can also be used for its dehydration

to acrolein, as well as for etherification and esterification reactions with short chain

alcohols, alkenes or carboxylic acids to generate esters and ethers for utilisation as

fuel additives [118]. Silica-supported sulphonic catalysts were found to be

promising catalysts for esterifying glycerol with acetic acid [119], which were

found to form di- and triacylglycerols with comparable activity to H2SO4,

Amberlyst 15 and Nafion–silica composite SAC-13 solid acids. Mono- or

diglycerides formed during esterification of glycerol with fatty acids are also of

interest for cosmetic applications and have been synthesised using a range of solid

acid catalysts including H-beta, H-USY, sulphonic acid silicas [71, 120, 121] and

ion-exchange resins [122].
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The synthesis of monoglycerides can also be achieved by the base-catalysed

transesterification of fatty acid methyl esters and glycerol. Transesterification of

glycerol with methyl stearate [123] has been investigated over MgO, CeO2, La2O3

and ZnO. While the order of activity was found to follow La2O3 > MgO > >

ZnO > CeO2, which is accord with the trend in basicity, selectivity to the mono-

glyceride was independent of the catalyst type and only dependent on conversion.

Typical selectivities at 80% conversion were similar to that obtained from a

homogenous basic catalyst, with 40% monoester, 50% diester and 10% triester

produced. These observations were attributed to catalysts being essentially non-

porous and thus unable to impart any “shape selectivity” on the reaction pathway. If

however porous catalysts are used, namely, Mg-doped MCM, then increased

selectivity to the monoglyceride could be achieved, with transesterification of

glycerol with methyl dodecanoate found to yield glycerol monolaurate with a

selectivity and yield of ~80% [124]. Selectivity to the monoglyceride was found

to depend on catalyst pore size and hydrocarbon chain length of the methyl ester.

Hydrotalcites can likewise be used to produce monoglycerides from reaction of

oleic acid methyl ester with glycerol [125]. In this instance, rehydrated hydrotalcite

catalysts containing Br€onsted basic sites are more active and selective towards

monoglyceride formation than the corresponding calcined Lewis basic variant.

Reaction of isobutene or isobutanol with glycerol over sulphonic acid resins and

zeolites [126–128] can be used to produce glycerol ethers. Isobutanol was however

found to be a problematic reagent to due to water formed during reaction

deactivating the solid acid catalyst. While early studies reported highest

conversions of glycerol over H-b zeolite, pore-size constraints limited the forma-

tion of tri-tertiary-butyl glycerol (TTBG). Macroreticular resins such as Amberlyst

35 were found to be very effective catalysts for etherification with isobutylene. The

large pore diameters of these resins were found to facilitate 100% conversion of

glycerol, with 92% selectivity to di- and tri-ethers. Reaction selectivity was found

to be highly sensitive to reaction temperature, with formation of undesirable

isobutylene dimers (which would require separating from the fuel additive),

observed to increase with temperature [129]. Mesoporous sulphonic acid silicas

are found to be superior to sulphonic acid resins [130] in the etherification of

glycerol with isobutylene. Arene sulphonic acid-modified SBA-15 silica
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(Ar-SO3H-SBA-15) was found to give the highest production of di- and tri-tert-

butyl glycerol, with 92% selectivity to these two products observed, with no

undesirable oligomerisation products detected.

Etherification of glycerol with longer chain alkenes can be used to generate

intermediates for the pharmaceutical industry, agrochemicals or synthesise

surfactants [106, 131]. Etherification of glycerol with 1-octene 1-dodecene and

1-hexadecene has been investigated over Amberlyst resins and various zeolites

including H-Y, H-Beta and ZSM-5 [132]. Hydrophilicity and pore structure were

the critical parameters identified as controlling catalyst performance, with H-b

observed to be the most selective zeolite, which could also be successfully be

recycled. Etherification of glycerol with alkyl alcohols, olefins and dibenzyl ethers

has also been reported using a range of sulphonated carbons, resins and sulphonic

acid silicas [133]. Conventional syntheses of mono-alkyl-glyceryl ethers use toxic

reagents such as epichlorohydrin, 3-chloro-1,2-propanediol or glycidol; thus, the

use of solid acids offer a desirable more benign synthetic route.

The selective hydrogenolysis of glycerol in the presence of metallic catalysts and

hydrogen can be used to synthesise 1,2-propanediol (1,2-PDO), 1,3-propanediol

(1,3-PDO) or ethylene glycol (EG) (Scheme 7.15). Typical reactions have employed

a range of metal catalysts including Raney Ni, Pd, Ru, Rh, Cr, Au and Ir [107] which

operate at 453–513 K and hydrogen pressures of around 6–10 MPa. Ni, Pt, Cu and

Cu–Cr catalysts are all selective for the conversion of glycerol to propylene glycol.

In contrast, Ru and Pd exhibit competitive hydrogenolysis of C–C and C–O bonds

leading to formation of shorter chain alcohols and gases. Ru/C catalysts are found to

be structure sensitive for glycerol hydrogenolysis, with activity found to increase

with Ru crystallite size [134], which was attributed to the tendency for small

particles become heavily oxidised. Selectivity towards C–O or C–C bond cleavage

is however found to be independent of particle size. Copper-based catalysts are poor

for C–C cleavage while being efficient catalyst for C–O bond hydrogenation and

dehydrogenation, so generally show highest selectivity towards propanediol forma-

tion. Both Raney Cu and Cu/C catalysts [135] are however found to deactivate, due

to a combination of sintering, oxidation and loss of Cu(I)OH. A detailed study of

Cu/MgO catalysts found them to be efficient for hydrogenolysis of glycerol to

1,2-PDO [136], with catalyst activity increasing with decreased Cu particle size.
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Co-precipitated samples with 15 wt%Cu, having particle sizes ~4 nm, were found to

exhibit highest activity and selectivity. Addition of Cr is found to promote Cu

hydrogenolysis catalysts, with enhanced yields of propanediol (>73%) observed

at lowH2 pressures [137]. Themechanism of promotion was proposed to involve the

formation of CuCr2O4 spinel species containing tetrahedral Cu2+ sites which helps

stabilise highly dispersed Cu clusters [138].

The reaction pathway for glycerol hydrogenolysis is pH dependent with acid or

base conditions directing dehydration or reduction pathways of the hydroxyl group

respectively (Scheme 7.15). This is illustrated by studies of the effect of support

(g-Al2O3, SiO2, ZrO2) and Ru precursor used to synthesise Ru-based catalysts.

These studies indicate hydrogenolysis activity correlates with acid strength of the

support which decreases from Ru(Cl3)/g-Al2O3 > Ru(NO3)/ZrO2 > Ru(NO3)/

g-Al2O3 > Ru(Cl3)/SiO2 > Ru(NO3)/SiO2. While Ru(Cl3)/g-Al2O3 was most

active for glycerol conversion, selectivity to 1,2-PDO was poor due to sequential

hydrogenolysis to 1-propanol [139]. Selectivity to 1,2-PDO was found to follow

the order Ru(NO3)/SiO2 (65%) > Ru(NO3)/ZrO2 (62.4%) > Ru(Cl3)/SiO2

(54.6%) > Ru(NO3)/g-Al2O3 (52%) > Ru(Cl3)/g-Al2O3 (39.4%). The use of

chloride precursors was believed to have a detrimental effect on the selectivity of

final Ru catalysts due to retention of Cl� ions by the support.

The effect of acidity on hydrogenolysis reactions has also been investigated

through use of Ru/C in conjunction with an acidic Amberlyst resin [140] to allow

tandem dehydration + hydrogenation (i.e. hydrogenolysis) of glycerol under mild

reaction conditions (393 K, 8.0 MPa). While promising results were obtained, the

undesired formation of cracking products was rather high over Ru/C, with the

dehydration of glycerol to 1-hydroxyacetone being catalysed by the acid catalysts.

Care must be taken however with this approach as the resins were found to

decompose under the hydrolysis reaction conditions. When coupling a range of

inorganic solid acid co-catalysts with Ru/C, the rate of hydrogenolysis was found to

follow the order Nb2O5 > H3PW12O40/ZrO2 > Cs2HPW12O40 > Cs2HPW12O40/

ZrO2 [141]. Ru-doped (5 wt%) Cs2.5H0.5[PW12O40] also functions as an effective

bifunctional catalyst for glycerol hydrogenolysis to 1,2-PDO, offering 96% selec-

tivity to 1,2-PDO at 21% glycerol conversion [142].

The activity of Ru/C, Pt/C, Au/C and bimetallic PtRu/C and AuRu/C [143] has

been compared for glycerol hydrogenolysis under neutral conditions. Ru/C is found

to be more active than both Pt/C and Au/C, the latter being completely inactive for

the hydrogenolysis of glycerol. Metal-catalysed C–C cleavage was found to be

favoured over Ru leading to ethylene glycol formation, whereas over Pt [144]

propanediol production was predominant. Although monometallic Pt and Ru

exhibit different activities and selectivities in hydrogenolysis, the bimetallic PtRu

catalyst showed a similar activity to Ru/C. Thus, it was proposed that the presence

of Pt provided sites for dissociative adsorption of H2, while C–C cleavage occurred

over Ru sites. In the presence of base, lactate and propylene glycol formation was

favoured; however, the overall product selectivity for the bimetallic catalysts were

quantitatively similar to those for Ru/C alone, indicating no apparent benefit of

using bimetallic systems in this instance. However, subsequent studies revealed that
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the method used to prepare bimetallic catalysts is critical to ensure phase separation

does not occur. Ru–Cu bimetallic catalysts prepared via an ionic liquid-assisted

route have been shown to exhibit superior performance to conventionally prepared

materials [145], with a 3:1 Ru:Cu catalyst found to give 100% glycerol conversion

and 85% yield of 1,2-PDO. The presence of the ionic liquid is proposed to inhibit

nanoparticle sintering during reaction, while conventional Ru–Cu particle clusters

are found to increase in size to 50 nm after reaction and the IL-stabilised particles

remain unchanged at 5–8 nm.

Sulphonic acid silicas have been utilised for the acetalisation of glycerol with

acetone to yield 2,2-dimethyl-1,3-dioxolane-4-methanol, which can be used as a

fuel additive. Arene sulphonic acid-functionalised silica exhibits comparable activ-

ity to Amberlyst-15, with reaction using both technical (91.6 wt%) and crude

(85.8 wt%) glycerol found to result in 84 and 81% conversion, respectively. For

refined and technical glycerol, the catalysts could be reused, without any regenera-

tion treatment, up to three times while maintaining the initial high activity. The high

sodium content in crude glycerol however deactivates the sulphonic acid sites by

cation exchange; this is, however, readily reversed by simple acidification of the

catalyst after reaction [146].

Glycerol carbonate has potential as a new precursor for incorporation into

polymeric materials such as polycarbonates and polyurethanes [147]. While direct

addition of CO2 would be desirable, most approaches use a reagent, such as urea, or

an organic carbonate as a carbonating agent (Scheme 7.16). The reaction of

ethylene carbonate and glycerol using supercritical CO2 coupled with resin

catalysts and zeolites [148] reveals that basic resins give the best conversions of

glycerol. Detailed investigation of a range of solid bases [149] (CaO, MgO, CaO/

Al2O3, Al–Mg and Al–Li hydrotalcites) reveals that when using ethylene glycol

carbonate as the carbonating reagent, strong bases and low temperature are required

in order to achieve highest selectivity to glycerol carbonate. CaO/Al2O3 was found

to offer high glycerol conversions with 98% selectivity to glycerol carbonate while

operating at low (0.5 wt%) catalyst loadings. More recently, the application of

uncalcined Mg–Al hydrotalcite catalyst [150] revealed glycerol carbonate could be

synthesised from glycerol and dimethyl carbonate to give 98% glycerol carbonate

yield under solvent-free conditions.

The use of basic ZnO or MgO catalysts has also been employed to synthesise

glycerol carbonate from urea as the CO2 source [151]. A number of issues need to

be addressed for this system, however, including the recovery of NH3 and stability

of the catalyst, with common single component bases often found to dissolve under

reaction conditions. g-Zirconium phosphate has also been reported as an effective

heterogeneous catalyst for glycerol carbonate formation using urea, with 80% of

conversion of glycerol under mild reaction conditions and low catalyst loadings of

~0.6–1.5 wt% [152]. Similarly, it has recently been discovered that bifunctional

acid–base catalysts such as Zn–Al-mixed oxides are also stable catalysts for

glycerol carbonate formation. A mechanism is proposed in which Lewis acid

sites activate the carbonyl of urea, while the conjugated base site activates the

hydroxyl group of the glycerol [149].
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Direct conversion of glycerol and CO2 to glycerol carbonate has so far only been

reported using homogeneous tin catalysts [153, 154] such as n-Bu2Sn(OMe)2,

n-Bu2SnO or Sn(OMe)2, with the most active catalysts for glycerol conversion

found to be n-Bu2Sn(OCH3)2. The use of Sn-exchanged mesoporous inorganic

[155, 156] or polymeric materials [157, 158] would seem a logical progression to

improve product separation in this system.

7.4 Cellulosic and Lignocellulosic Feedstocks

7.4.1 Thermo and Biochemical Conversion of Lignocellulose

There are a number of ways to utilise lignocellulosic biomass for fuels and

chemicals synthesis, ranging from sugar fermentation to ethanol, gasification to

syngas (CO/H2) and liquefaction or pyrolysis to form bio-oil (Scheme 7.17).

In the biochemical route, sugars extracted from raw lignocellulosic material by

acid hydrolysis are fermented through to platform chemicals and ethanol. In the

thermochemical route, raw material is either pyrolysed or gasified through bio-oil

[159] or syngas, respectively, which can be further transformed into fuels. Pyrolysis

involves heating the biomass feedstock in the absence of air, to convert ~50–90% of

the biomass energy into a liquid form. Fast pyrolysis favours liquids, whereas slow

pyrolysis tends to produce more solid material which can be used as a solid fuel

[160]. Syngas formed from gasification can be used in well-established catalytic

processes such as Fischer–Tropsch and methanol synthesis routes to convert CO/H2

mixes to fuels and methanol. While this initial gasification/pyrolysis step is ener-

getically costly, less initial biomass processing is required, so with efficient heat

recovery modules, these routes are attractive for their compatibility with existing

industrial processes.
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Scheme 7.16 Routes to synthesise glycerol carbonate from ethylene glycol carbonate, CO2 or
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While bio-oil is a promising renewable energy source, it cannot be used directly

as a fuel due to its high oxygen content, acidity and instability [161]. Bio oil is

comprised of a aqueous, acidic (containing 15–30 wt% H2O, pH 2.5) highly

oxygenated complex mixture of aldehydes, alcohols, aromatics, esters, sugars and

phenolic compounds [162–164] (Scheme 7.18) which require converting to alkanes

before being used as a fuel.

The composition of bio-oil is dependent on the source of biomass with the

presence of inorganic impurities affecting the pyrolysis product distribution. Pyrol-

ysis of pure cellulose tends to produce levoglucosan in high yields (~60%), via an

intermolecular condensation of two adjacent glucose units; however,

glycolaldehyde is found as the major product if K, Li or Na is added during the

pyrolysis step [165]. Refinement of bio-oils directly to transportation fuels by

hydrotreating is a particularly desirable approach which could yield high-grade

fuels via processes akin to those used in current petroleum refining. The high energy

density and liquid nature of these oils make them desirable feedstocks for use in

existing infrastructure thereby reducing capital costs [83, 85]. Bio-oils have lower

sulphur and higher oxygen contents than conventional petroleum feeds; thus,

current sulphided hydrotreating catalysts used for refining fossil fuels may not be

suitable, and new catalyst technology for bio-oil refining is required.

The use of enzymes in the biochemical route allows more selective conversion

of biomass via fermentation. Recent reports have identified several building block

chemicals that can be produced via biological or chemical conversion of biomass.

Examples of these include ethanol (C2), glycerol (C3), fumaric acid (C4), xylitol

(C5), and sorbitol (C6), which are all highly oxygenated [typically Cx(H2O)y] and

thus very different to traditional hydrocarbon sources from petrochemical sources.

The use of biomass-derived chemicals represents an area with extensive R&D
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Sugars
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Ethanol & 

Chemicals
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Syn-gas
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Fuels & Chemicals
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Scheme 7.17 Biochemical

and thermochemical routes
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potential for the development of a renewable feedstock-based technology platform.

However, the presence of high percentages of pentoses from hemicelluloses in

extracted biomass feeds can prove problematic for the biochemical route, as unlike

hexoses, such as glucose, pentoses are difficult to ferment. Another difficulty/

challenge for use of chemicals obtained via fermentation is that they also produced

as dilute aqueous mixtures. It is not energetically efficient to distil these feeds, so

catalysts compatible with aqueous media are required for the subsequent conver-

sion of these impure feedstocks. The technology required for handling biomass-

derived building blocks will thus be very different and requires reverse chemical

transformations, whereby these highly functional molecules are “deoxygenated” to

reach the target molecule rather than being “oxygenated” as would be the case

starting from crude oil resources. Scheme 7.19 illustrates a possible scenario of

adipic acid synthesis, where current petrochemical routes follow the selective

oxidation of cyclohexane, whereas a biomass route starting from glucose would

require selective reduction. To facilitate a transition from a society reliant on

petrochemical-derived products, new classes of catalyst are urgently required

which are compatible with these hydrophilic, bulky substrates. Improvements and

innovations in catalyst and processes design are thus required for the production of

high-value chemicals from these biomass-derived building blocks.
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7.4.2 Platform Chemicals

The US DoE identified 12 Platform Chemicals that can be produced from sugars via

chemical or biochemical transformation of lignocellulosic biomass (Scheme 7.20)

[166]. When generated from fermentation processes, these molecules are often

present at low concentrations (typically<10%) in aqueous solutions in the presence

of other polar molecules. Purification of such fermentation broths is particularly

difficult and not energetically feasible; thus, an ability to directly transform the

aqueous solution is desirable [167]. As outlined above, there is a need to therefore

develop catalysts, capable of performing organic chemistry in water, that are

resistant to impurities present in the fermentation broth [168] while selectively

transforming these platform molecules to a wide range of useful chemical

feedstocks [169].
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Scheme 7.19 Routes to adipic acid from biomass or petroleum feedstocks
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Such catalysts will need to be hydrophilic, stable over a wide pH range and

resistant towards leaching under reaction conditions [170]. The porosity of the

catalyst is also important to enable diffusion of bulky, viscous reactants to

the active sites; support materials such as those described earlier in Scheme 7.8

may be promising materials to generate catalysts for converting platform

chemicals. The use of organic–inorganic hybrid catalysts may also be interesting

as these allow the hydrophobicity of the catalyst to be tuned: by changing the

hydrophobicity, it is possible to tune the adsorption properties of polar molecules

[171]. Mesoporous carbons [172] may also prove suitable for use with biomass

conversion, as carbon supports tend to be highly resistant to acidic and chelating

media. To transform the functional groups on platform chemicals, catalysts capable

of performing dehydration, hydrogenolysis (already discussed in the context of

glycerol utilisation) and hydrogenation will be required. Suitable catalysts will thus

contain acid sites or even be bifunctional having acid sites for dehydration and

metallic sites to initiate hydrogenation catalysis. Corma et al. have produced an

extensive review of current proposed methods for transforming platform molecules

into chemicals [18], many of which employ conventional homogeneous reagents or

commercial catalysts. There is thus enormous scope for research and development

into designing improved heterogeneously catalysed processes that are tailored for

use with biomass-derived feedstocks.

A number of reports have described pathways to obtain important chemical

intermediates from platform molecules [169]. Succinic acid is proposed to be a

valuable platform chemical, from which a range of chemical intermediates can be

derived, as illustrated in Scheme 7.21 for acid-catalysed esterification, or metal-

catalysed reductions. Carbon-based solid acid catalysts have proven effective

materials for the esterification of succinic acid with ethanol [173, 174]. New

biopolymers produced from polyesters, polyamides and polyesteramides which

can all be derived from succinic acid are also promising new materials [175].

The purity of crude biorefinery feeds often presents a major challenge for

catalyst development, with the fermentation broth typically produced as a salty

medium which would contain diammonium succinate rather than pure succinic

acid. This however can be exploited for the production of 2-pyrrolidone or

N-methylpyrrolidone by hydrogenation of diammonium succinate [175, 176]

using catalysts such as Pd/ZrO2/C and 2.5%Rh–2.5%Re on C, with reaction in

the presence of methanol found to favour N-methylpyrrolidone formation.

HO
OH

O

O

OR
OR

O

O

HO
OH O OO

O
O O

OR
OH

O

O

1,4 Butanediol

Dialkylbutylester

H2
Tetrahydrofuran γ-Butyrolactone

Succinic acid

Succinic anhydrideMonoalkylbutylester

H+/ROH

Scheme 7.21 Selected acid-catalysed or hydrogenation products of succinic acid

7 Heterogeneous Catalysts for Converting Renewable Feedstocks to Fuels. . . 289

www.TechnicalBooksPdf.com



Another popular platform molecule is 5-hydroxymethylfurfural (HMF) which is

produced by the dehydration of hexoses. HMF has potential as an important bio-

based commodity chemical for the synthesis of a variety of useful acids, aldehydes,

alcohols and amines, as well as the promising fuel 2,5-dimethylfuran (DMF). There

are only a few reports of sucrose dehydration over solid acids including acidic

resins [177] and HY-zeolite [178], aluminium-pillared montmorillonite, MCM-20

and MCM-41 [179]. Overall HMF yields are found to be enhanced over

mesoporous catalysts with pore diameters of 1–3 nm. In contrast, zeolites were

found to produce lower DMF yields, which were attributed to significant coke

formation and deactivation during reaction. Porosity was also observed to have a

significant effect on HMF and levulinic acid yields obtained from sucrose dehydra-

tion over acid-exchange resins [177]. Larger pore materials were found to favour

HMF, with slow diffusion of HMF out of smaller pores suggested to favour

subsequent reaction and higher selectivity to levulinic acid. The kinetics of acid-

catalysed dehydration of HMF to generate levulinic and formic acid has largely

been investigated using mineral acids; however, there are a few reports examining

the use of solid catalysts such as polymer resins and zeolites [180]. Application of

solid acids in the dehydration of xylose to the analogous cyclic compound, furfural,

is also restricted to a few examples where heteropoly acids [181] and MCM

sulphonic acid [182] have been employed.

Levulinic acid is another valuable precursor to a range of chemical intermediates

(Scheme 7.22) which can be generated by a combination of acid-catalysed dehy-

dration, esterification or metal-catalysed reduction processes [183].

While there are a number of studies investigating reduction, there is surprisingly

little work concerning the esterification of platform molecules using solid acid

catalysts. To date, levulinic acid esterification is mostly performed using H2SO4

[184], and only a few studies exist which employ solid acids such as SO4/TiO2 and

acid resins [18]. Clearly, there much scope for the development of new catalytic

systems for the conversion of bio-refinery feedstocks to chemicals. However,

efforts must focus on developing water-tolerant catalysts for the direct reaction of

aqueous feeds, with a focus also on the development of tailored pore materials

capable of operating in continuous flow conditions.
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7.4.3 Chemicals from Lignin

Lignin is another product from biomass-based processes which still contains a lot of

useful functionality. Unfortunately, lignin is harder to convert than cellulose, and at

the moment is mainly used to produce process heat by combustion. The main building

blocks of lignin are p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol which

are polymerised to form the complex structure shown earlier in Scheme 7.1.

However, lignin does have the potential to be a chemical feedstock via gasifica-

tion to producing syngas (CO/H2),which can be transformed intomethanol, dimethyl

ether, olefins and mixed alcohols (ethanol and higher value alcohol chemicals).

Alternatively, there are a number of hydrocracking [185], hydrogenation [186,

187] or oxidation [188] methods that can be used to convert lignin into aromatic

hydrocarbon species such as phenol guaiacol, syringol or vanillin. During thermal

degradation, phenol derivatives are formed by the elimination of carbonyl groups in

the side chain alkyl linkers of lignin. Addition of a range of inorganic catalysts

includingNaOH, K2CO3 and Na2CO3 or Zn(II), Cu (II)Mn (III), Co (III) and Fe (III)

salts as well as Rh complexes can alter the resulting product distributions [189].

Scheme 7.23 shows a summary of routes that can be used to convert lignin to

chemical precursors. Because of the complexity of the feedstocks obtained from

lignin processing, most catalyst development and optimisation has focused on using

model compounds, the details of which have recently been comprehensively

reviewed [190].

The application of heterogeneous catalysts in lignin utilisation has generally

focused on cracking, hydrogenolysis and oxidative routes. Lignin can undergo

direct oxidative decomposition to aldehydes, and while most investigations focus

on homogeneous catalysts, there are a few heterogeneous examples using Pd/Al2O3
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Scheme 7.23 Summary of routes to convert lignin to chemical precursors
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[188] or perovskite-type oxide catalyst LaFe1�xCuxO3 (x ¼ 0, 0.1, 0.2) [191]

catalysts which operate under 2–20 bar O2 pressure to yield vanillin,

syringaldehyde and p-hydroxybenzaldehyde as the main products.

Hydrogenolysis reactions have generally been investigated by following the

conversion of phenol, o-cresol, anisole and guaiacol model compounds to aromatics

or alkanes via simultaneous hydrodeoxygenation and ring hydrogenation. The

position of substituents on the ring is critical, with ortho-substituted molecules

found to be least reactive, which is attributed to steric hindrance [192]. Catalysts for

HDO are however frequently focussed on materials used for hydrodesulphurisation

such as sulphided CoMo and NiMo catalysts [193]. As remarked in Sect. 7.3.1.4,

these may not be most appropriate catalysts due to the different compositions of

fossil and biomass-derived feedstocks; thus, non-sulphided catalysts would be

preferable [194]. Alternative catalytic systems are however also being investigated

including Ni–W/SiO2–Al2O3 [185] and Ni–Cu on CeO2 and ZrO2 [195], Ru/C

[196] and Pd/C [197]. Hydrocracking catalysts are generally bifunctional materials

comprising a solid acid component and a metal for the hydrogenation reaction

[184]; typical materials include H ZSM-5 [198–200] and Pt/Al2O3/SiO2 [201]. The

mechanism of operation for these bifunctional catalysts is dealt with extensively in

the context of refining bio-oils for fuels [87] and will be considered in more detail in

the next section.

7.4.4 Bio-Oil Utilisation

The conversion of biomass-derived oxygenates to H2 and alkanes involves a multi-

step reaction consisting of hydrogenation, hydrolysis, and dehydration. The ideal

heterogeneous catalyst for a single-step aqueous-phase catalytic reforming process

should employ bifunctional catalysts based on platinum group metal nanoparticles

which are immobilised on an acidic support to promote hydrogenolysis and dehy-

dration of the oxygenate, respectively [202]. Bio-oil conversion to alkanes has also

been reported [203], using a commercial 5 wt% Pd/C catalyst in combination with

the mineral acid H3PO4 to facilitate “one-pot” HDO. Production of alkanes by

aqueous-phase reforming of sorbitol has been reported over SiO2–Al2O3-supported

Pt or Pd [204] catalysts. Sorbitol is first dehydrated by the acidic aluminosilicate

support and then hydrogenated on the supported Pt crystallites. H2 can be either

co-fed with the sorbitol or produced in situ by aqueous-phase reforming of sorbitol

or ethylene glycol to CO2 and H2 using Sn-promoted Raney Ni or Pt/Al2O3 catalysts

[205, 206]. Sn-promoted Raney Ni gives higher H2 selectivities by suppressing CH4

formation under reaction conditions. Future advances in the development of new

types of solid-acid and metal alloys catalysts are required to lead to further bio-oil

reforming process improvements. Studies of reforming of model bio-oils

(containing 5% methanol, 12% acetaldehyde, 14% acetic acid, 4% glyoxal, 8%

acetol, 8% glucose, 17% guaiacol, 4% furfural, 8% vanillin and 20 wt% de-ionised

water) using supported Pt catalysts reveal that the choice of support is important,
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with the degree of deoxygenation found to be most effective over Al2O3 >

SiO2–Al2O3 > TiO2 > CeZrO2 > ZrO2 > CeO2 [207]. Again, model compounds

[161] are often studied to gain mechanistic insight into catalyst operation and

deactivation, examples of which are shown in Scheme 7.24.

7.5 Future Challenges

This review highlights the significant progress made in recent years towards

developing heterogeneous catalysts for converting renewable feedstocks to

chemicals and fuels. The development of commercial heterogeneously catalysed

processes requires a better understanding of how each reactant interacts with the

active catalyst phase, particularly when dealing with bulky polar molecules such as

those found in biorefinery feeds.

While traditional biodiesel synthesis via transesterification is a cheap and

effective route to synthesise fuel, there are concerns over long-term biodiesel use

and associated engine wear due to the build up of less volatile components in high-

performance diesel vehicles [17]. However, longer chain (~C18) FAMEs should be

easier to implement in heavy duty diesel engines. Genetic modification, though

controversial, may also assist by enabling plant biologists to engineer new higher

yielding seed crops [208] that are also rich in the optimum TAG chain length and

degree of saturation and matched to the catalyst of choice and desired fuel
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properties. Crucially, widespread uptake and development of next-generation

biodiesel fuels requires progressive government policies and incentive schemes to

place biodiesel on a comparative footing with cheaper fossil-based fuels [209].

Plant oil viscosity and poor miscibility with light alcohols continues to hamper the

use of new heterogeneous catalysts for continuous biodiesel production from both

materials and engineering perspectives.

The initial acid hydrolysis/extraction step in preparation of sugars from ligno-

cellulose is one of the most wasteful steps in the process. The stability of cellulose

presents major problems, and finding an environmentally friendly and energetically

efficient means to break up the biopolymer is a current challenge. In contrast to oils,

conventional heterogeneous catalysts cannot be employed alone as this would

involve working with a solid–solid mixture. Recent reports have however reported

the use of ball milling as an effective means to [210] induce “mechanocatalysis”

between cellulose and clay-based catalysts with layered structures. Alternative

approaches are also building on the exciting discovery that ionic liquids can

dissolve cellulose and when coupled with acidic reagents also generate selected

platform chemicals [211, 212]. Recently, this approach has been coupled with solid

catalysts [213, 214]; the combined ease of separation of a solid catalyst with the

dissolving power of the ionic liquid offers exciting prospects for cleaner conversion

of cellulose to chemicals.

Bio-oil obtained from pyrolysis of biomass is a complex liquid that is only

partially soluble in either water or hydrocarbon solvents [85]. In order to overcome

problems of working with such mixtures, materials with tunable hydrophobicity or

even use of micellar catalyst systems should be considered. This has recently been

exploited by the group of Resasco [215] in which a phase transfer system based

upon Pd nanoparticles immobilised on carbon nanotube/silica composite support is

employed. These materials are able to catalyse the transformation of both hydro-

philic and hydrophobic substrates to fuels at the oil:water interface, without the

need for multiple separation steps or addition of surfactants.

Development of new catalysts and overall process optimisation requires collab-

oration between catalytic chemists, chemical engineers and experts in molecular

simulation to take advantage of innovative reactor designs; the future of renewable

feedstock utilisation requires a concerted effort from chemists and engineers to

develop catalysts and reactors in tandem. Current political concerns over the “food

versus fuel” debate also requires urgent development of non-edible oil feedstocks

as well as necessary technical advances in order to ensure that biofuels remains a

key player in the renewable energy sector for the twenty-first century.
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Chapter 8

Catalytic Combustion of Methane

Naoto Kamiuchi and Koichi Eguchi

Abstract The combustion of methane has been investigated for production of heat

and for removal of unburnt fuel. Achievement of complete methane oxidation at

lower temperatures has been desired in every application. In this chapter, studies for

methane combustion over catalyst are summarized from a perspective of catalyst

materials. The development of catalysts with high activity at low temperatures and

long-term durability under reaction conditions is required. Therefore, this chapter

deals with the studies on low-temperature catalytic combustion of methane, while

the hexaaluminate-related compounds for high-temperature combustion are

described. In the case of low-temperature combustion, a large number of previous

researches are classified into four kinds of catalysts: Pd, Pt, CeO2–ZrO2 mixed

oxide, and perovskite-type oxide. The catalytic activities, durabilities, reaction

mechanism, and degradation phenomena, the influence of support material, the

effect of addition of other components, and so on are discussed.

8.1 Introduction

Catalytic combustion of hydrocarbons has been extensively investigated so far for

the various applications to environmental protection and thermal energy production

because of the clean exhaust, low pollutant emission, and high efficiency, as

compared with conventional flame-combustion systems [1]. Although the operating

condition of a combustor strongly depends on the catalyst activity and the air/fuel

ratio, even a lean-fuel mixture can be stably burned over a wide range of

temperatures. For applications to low-temperature combustion, e.g., in direct drying
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of foods and polymers, the required heat can be supplied by the combustion of very

lean mixtures over a highly active catalyst. Low-temperature catalytic combustion

can also be applied for the cleaning of car exhaust, removing volatile organic

compounds (VOCs), flameless heaters, household appliances, and other systems

utilizing heat-radiation applications operated below 1,000�C.

Some precious metal catalysts have been known to be active for ignition

reactions. Platinum has been known as the most active catalyst component for

various fuels including hydrocarbons and VOCs [2, 3]. On the other hand, methane

is sometimes contained in the exhaust as this molecule is most difficult to achieve

complete combustion. Palladium has been known to be the most active component

for the combustion of methane. The activities of supported Pd catalysts are higher

than Pt-based catalysts unlike other fuels. Modification of the catalytic activity of

precious metal catalysts in combination with oxide supports has been discussed

based on morphological and chemical effects, such as the dispersion and surface

reconstruction of metal particles, and chemisorbed oxygen on active sites.

The nature of the interaction between oxide and a precious metal and the resultant

activation of surface has been the subject of extensive studies.

Mixed metal oxide catalysts are attractive because of their low cost and abundant

resources. Catalytic activity and combustion characteristics are dependent on the

components, concentration of metal species, and crystal structure. Some mixed

oxideswith specific crystal structures, such as perovskite, spinel, and hexaaluminate,

are active for oxidation of hydrocarbons. One of the advantages for series of the

mixed oxides is the possibility to control the oxidation activity by appropriate

selection of components and compositions without a change in the crystal structure.

The activity and chemical and morphological stability should be comparable to

precious metal catalysts to be used for practical application. In this chapter, various

catalysts for combustion of methane have been investigated.

8.2 Catalytic Combustion

Catalytic combustion is the oxidation reaction of organic compounds such as

hydrocarbons by using solid catalysts [reaction (8.1)].

ClHmOn þ lþ
1

4m
�

1

2n

� �

O2 ! lCO2 þ
1

2mH2O
: (8.1)

Although ignition of flame initiates homogeneous combustion, flame and radical

formation is unnecessary for the surface catalytic reaction. Therefore, the combus-

tion reaction proceeds at lower temperatures because of its small activation energy

than conventional flame combustion. Stable combustion on the catalyst surface is

effectively achieved even for lean-fuel gases. Consequently, emission of toxic

substances under incomplete combustion is inhibited. Because of these advantages,
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catalytic combustion has been applied in many fields as a clean and efficient

method. Although the catalytic oxidation is often employed for production of

useful chemicals, the partial oxidation of organic compounds is not dealt with in

this chapter.

Catalytic combustion is generally classified into three categories according to

the temperature zones of the combustion systems. Low-temperature combustion is

operated below 300�C, the intermediate temperature combustion from 300 to

800�C, and the high-temperature combustion over 800�C. The low-temperature

catalytic combustion has been applied to oil heaters, gas sensors, abatement of

harmful compounds such as VOCs [4–11], and so on. The catalytic combustion at

intermediate temperatures has been utilized for the purification of automobile

exhaust emissions [12], the energy recovery systems in industrial plants, the

catalytic heaters, etc. Meanwhile, the practical applications of high-temperature

combustion are represented by the gas turbine and boiler [13]. Catalytic combustion

has two attractive features in its practical use. They are the high combustion

efficiency and the reduction of thermal NOx emission. In the conventional flame

combustion, thermal NOx and prompt NOx are produced via radical chain reaction

operated in the middle- and high-temperature regions and the rich-fuel region,

respectively. However, the catalytic combustion proceeds without formation of

NOx due to the low operation temperature and absence of radical species. Thus,

the NOx emission is extremely low in comparison with the flame combustion.

In every application of catalytic combustion, a low light-off temperature is

requested for effective utilization of catalysts. The preheating of catalysts is

minimized by using active catalysts with low light-off temperature. Therefore,

the design of catalyst is significant to the practical application.

In the case of methane combustion over Pd catalyst, the reaction mechanism was

proposed as shown in Fig. 8.1 [14]. At first, the methane molecule chemisorbed

onto the surface of the catalyst dissociates into methyl or methylene radicals by the

removal of hydrogen atoms. In one process, CO2 and H2O are directly produced due

to the reaction of radicals and adsorbed oxygen. In another process, chemisorbed

formaldehyde is produced by the reaction of radicals and oxygen. The adsorbed

formaldehyde decomposes into adsorbed CO and hydrogen, and subsequently CO

and hydrogen react with adsorbed oxygen. Consequently, the adsorbed formalde-

hyde changes into CO2 and H2O.

CH3
or

CH2

HCHO(g)

-H +O +O

direct oxidation 

CH4(g) CO(g) H2(g)

CO2(g)+H2O(g) CO(a)+2H(a)

decomp

HCHO(a)CH4(a)

(a)

(a)

Fig. 8.1 Proposed mechanism for methane oxidation. Adsorbed (a) and gas phase (g) [14]
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8.3 Precious Metal Catalysts

8.3.1 Palladium Catalysts

The supported precious metal catalysts generally exhibit high catalytic activities for

the oxidation reaction of hydrocarbon. Among them, the catalysts composed of

platinum and palladium with high d-electron density are well known as most active

species. Platinum catalysts are generally most active for the oxidation of various

fuels such as saturated hydrocarbons. For complete methane oxidation, however,

the activity of palladium catalysts is superior to that of platinum catalysts. There-

fore, Pd catalysts for methane combustion have been investigated by many

researchers so far. In many reports, alumina has been chosen as the support material

because of its high surface area, relatively high thermal stability, and low cost.

Farrauto et al. evaluated the catalytic activities of PdO/Al2O3 for methane

oxidation [15]. The typical result of methane conversion test is shown in Fig. 8.2.

The conversion was recorded in heating and cooling courses. During heating

course, the oxidation of methane started around 300�C, and the complete oxidation

was achieved at ca. 700�C. After the temperature of furnace was increased up to

1,000�C, the sample was cooled at a rate of 20�C/min as shown by the dashed line.

The peak of conversion appeared at ca. 600�C. This significant hysteresis indicates

that at least two distinct species with different activities are operative depending on

the temperature range. Groppi et al. investigated the O2 concentration profile of

PdO/La-doped Al2O3 by temperature-programmed decomposition–temperature-

programmed oxidation (TPD–TPO) experiments, and the obtained profile was

compared with the catalytic activity [16]. From these experiments, a PdO $ Pd0

transition plays the decisive role in the catalytic activity. In other words, the activity

hysteresis should be related with the property of palladium species, i.e., the PdO

species are more active and dominated in the reaction at 300–400�C, whereas the

decomposition to metallic palladium provides less active surface above ca. 800�C.

The mechanism of methane combustion is not thoroughly understood, whereas

many researchers have tried to reveal the reaction process of methane oxidation. In

the case of reduced Pd/Al2O3 catalyst, Firth and Holland proposed the mechanism

of methane oxidation between adsorbed oxygen and adsorbed methane at the top

surface of catalyst below 310�C [17]. On the other hand, it was suggested that the

adsorbed oxygen reacts with methane on the layer of adsorbed oxygen, because the

oxygen coverage reaches maximum above 310�C. Seimanides et al. suggested the

mechanism of methane oxidation followed the well-known Eley–Rideal model by

the experimental support of solid electrolyte potentiometry (SEP) [18]. The contro-

versial mechanisms are partly because of the difference in the surface properties

and the oxidation state of palladium under investigation. However, the Mars and

van Krevelen mechanism (redox mechanism) is widely accepted [19–21]. In this

model, the PdO is reduced by the adsorbed methane, followed by the reoxidation of

the reduced Pd with gaseous oxygen. This model well explains the previous

discussion that transformation of PdO $ Pd0 is confirmed by the 18O isotope
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labeling [22]. Furthermore, Fujimoto et al. proposed the significant contribution of

oxygen vacancies [23, 24]. The methane oxidation over Pd catalyst proceeds at the

coexisting sites for adsorbed oxygen and adsorbed methane on oxygen vacancies.

However, more investigation about the reaction process should be continued

because the mechanism is still unclear in most of the catalysts.

The transition of PdO $ Pd0 was verified by several instrumental observations.

Datye et al. studied the microstructural changes of 5 wt% Pd/y-Al2O3 catalyst

during the transition of oxidation states by transmission electron microscopy

(TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS)

[25]. In the TEM image of the catalyst after methane oxidation at 1,133 K, the

coexisting phases of Pd metal and PdO were observed. Furthermore, the surface of

polycrystalline particles was roughened for the sample heat-treated in air. After a

series of experiments, they proposed mechanisms about the morphological changes

during a transformation of PdO $ Pd0. The most possible mechanism for the

microstructural changes is the partial oxidation of Pd particles without significant

volume change of the particles and redispersion of PdO particles.

As mentioned above, the palladium catalysts supported on Al2O3 generally

exhibit high activities for methane combustion. However, the degradation of

catalytic activities is induced by several factors such as sintering and poisoning.

Sintering proceeds in both precious metal and metal oxide supports at high

temperatures. This process is usually irreversible, as the lowered surface energy

will not be recovered. Therefore, the choice of support material and preparation

methods [26] are important as well as the precious metal species in order to prepare

the catalyst with high dispersion and thermal stability. From this viewpoint,

hexaaluminate-related compounds with high thermal stabilities and high catalytic

activities have been proposed as a heat-resistant support.
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The adsorption of sulfur, which is the impurity of natural gas, or reaction

products (water, CO, and CO2) may also lead to deactivation of catalysts as a result

of the modification of electronic state and structural properties of surface by the

adsorbed species. The poisoning effect on the activity of the Pd/Al2O3 catalyst in

methane combustion was investigated with and without the supply of H2S in the

reaction gas [27]. The ignition temperature of methane was raised from 500 to

600�C in the presence of H2S. The sulfur species inhibit the adsorption and

dissociation of methane and oxygen, and the reaction between adsorbed species is

limited. Venezia et al. also investigated the sulfur poisoning effect for Pd and PdAu

catalysts supported on mesoporous silica (HMS) [28] and Pd/TiO2-doped SiO2

catalyst [29]. The Pd/HMS catalyst was highly tolerant to SO2 in addition to its

high activity in methane oxidation. Moreover, the degraded activity of Pd/HMS by

a SO2 treatment at 350�C was recovered by the subsequent cycle of methane

oxidation reaction. From the XPS measurements for PdAu/HMS catalyst, it was

ascertained that the surface of palladium was reduced during methane oxidation in

the presence of SO2. In the case of Pd on TiO2-doped SiO2, the high SO2 tolerance

was achieved for the Pd catalyst supported on the silica modified by a small amount

of titania (5–10 wt%). It was suggested that the Si–O–Ti linkages were responsible

for the improvement of catalytic activity. In addition, the superior SO2 tolerance

resulted from the interaction between TiO2 and the sulfur molecule and the easy

desorption of SOx from silica with a high surface area. As mentioned above, the

support material is significant for the catalytic activity and sulfur tolerance.

The catalytic properties of bimetallic systems have been investigated so far.

Narui et al. reported that the catalytic activities of Pd–Pt/a-Al2O3 at 350
�C were

significantly gained as compared with Pd/a-Al2O3 (Fig. 8.3) [30]. The catalytic

60

70

80

90

100

PdO-Pt/Al2O3

PdO/Al2O3

M
e

th
a

n
e

 c
o

n
v
e

rs
io

n
 /

 %

Time-on-stream / h

60

70

80

90

100

0 1 2 3 4 5 6 7

Fig. 8.3 Time-on-stream

activity of PdO/a-Al2O3 and

PdO–Pt/a-Al2O3 catalysts in

the methane combustion at

623 K (reaction conditions:

0.5% CH4 in air, space

velocity: 18,000 h�1) [30]

310 N. Kamiuchi and K. Eguchi

www.TechnicalBooksPdf.com



activities were enhanced from 90 to 98% by the addition of platinum, which also

accompanied the high thermal durability of Pd–Pt/a-Al2O3. This result

was attributed to the high dispersion of Pd and Pt particles and the inhibition of

sintering at 350�C because of the interaction between two precious metal

components. Recently, Persson et al. also studied the catalytic oxidation of methane

over Pd/g-Al2O3 and Pd–Pt/g-Al2O3 [31]. In their experiments, the activity over

Pd–Pt/g-Al2O3 was higher than that of Pd/g-Al2O3. From the TEM observation

for Pd/g-Al2O3, it was revealed that the palladium particles composed of small

PdO and Pd became more oxidized with a larger particle size under an oxidative

atmosphere. In the case of Pd–Pt/g-Al2O3, two kinds of particles with PdO and

alloy between Pd and Pt were observed. The composition of Pd/Pt in alloy

decreased during methane oxidation. The Pd particles excluded from alloy were

oxidized and became small PdO particles. As a result, Pd–Pt/g-Al2O3 catalyst

exhibited higher activity and thermal durability.

The deactivation of palladium catalysts could be sometimes avoided by appro-

priate selection of support such as modified metal oxides. Among several promoters

investigated (ZrO2, La2O3, CeO2, and SiO2), Euzen et al. found that ceria and

lantana added to alumina especially improved its catalytic activity and durability

(Fig. 8.4) [32]. It was suggested that the role of CeO2 is to gain the sintering

resistance of PdO or to stabilize the active oxidation state of PdO.

The properties of support material are of great significance in order to achieve

high activities and durability, as well as the state of palladium particles. Thus, the

metal oxides except Al2O3 have been also used as the support. The catalytic

activities of Pd catalyst supported on various metal oxides were evaluated for the

methane oxidation by Widjaja et al. [33, 34]. As can be seen in Fig. 8.5, Pd/SnO2
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and Pd/ZrO2 catalysts exhibited higher activities than Pd/Al2O3, even though their

surface areas were extremely lower than that of Pd/Al2O3. Furthermore, the activity

of Pd/SnO2 in the heating and cooling courses agreed with each other, whereas

significant hysteresis was observed in Pd/Al2O3 as mentioned. It is considered that

the reaction products of H2O and CO2 have little influence on the activity of Pd/

SnO2. In addition, it is noted that palladium oxide was observed as a surface layer

which uniformly covered SnO2 particles from TEM observation, and the eggshell

structure originated from strong metal–support interaction results in the large active

surface of palladium.

The catalytic activities over unsupported Pd catalysts have been also examined

by some researchers. For instance, palladium cation-exchanged zeolites (ZSM-5,

mordenite, and ferrierite) were studied by Li et al. [35]. As a result, Pd-zeolites

exhibited much higher activities than PdO/Al2O3. Methane oxidation over

Pd–ZSM-5 was started at ca. 200�C, even though the ignition temperature of

conventional PdO/Al2O3 catalyst was around 250�C. It was concluded that the

high activities of Pd-zeolite were related to the high dispersion of palladium in

atomic scale and abundant lattice oxygen.

8.3.2 Supported Pt Catalysts

The platinum catalysts have been investigated for combustion of methane similar to

the palladium catalysts. Platinum catalysts generally demonstrate high catalytic

activities for the oxidation of paraffins with carbon number of 3 or higher, whereas
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palladium catalysts are more active for the oxidation of methane, CO, and olefins.

In addition, the oxidation states of two precious metals are also different. The active

platinum phase for complete oxidation of methane is the metallic Pt (0). On the

other hand, the active phase of palladium is the oxidized state of PdO. The catalytic

activities for methane oxidation over Pt-based catalysts are generally inferior to

those over Pd-based catalysts. However, some exceptional examples of higher

activities of Pt catalysts than Pd catalysts for methane combustion have been

reported. Burch et al. carried out the methane combustion under lean and rich

conditions over Pt/Al2O3 and Pd/Al2O3 [36]. Under the oxygen-rich condition (O2:

CH4 ¼ 5:1), the 4% Pt/Al2O3 catalyst gave only 1.2% conversion at 300�C com-

pared to 23% for the 4% Pd/Al2O3 (Table 8.1). The conversion over Pt/Al2O3 was

35% at 450�C, whereas methane was completely oxidized at this temperature over

Pd/Al2O3. Meanwhile, Pt/Al2O3 showed higher activity above 350�C under the

fuel-rich condition (O2:CH4 ¼ 1:1). They assumed that the light-off over Pt/Al2O3

under the fuel-rich condition is ascribed to the local heating or the concentration

unbalance of methane and oxygen adsorbed at the surface of the catalyst. Under the

oxygen-rich condition, on the other hand, the adsorbed oxygen inhibits the adsorp-

tion of methane.

Garetto et al. studied the difference of the catalytic activities of Pt/Al2O3 for

complete oxidation of cyclopentane and methane [37]. The ignition temperature of

methane was significantly higher than that of cyclopentane as shown in Fig. 8.6.

As just described, Pt catalysts are usually more active for the oxidation of higher

alkanes and alkenes. Therefore, many experiments have been conducted so as to

prepare platinum catalysts with higher activities for methane oxidation. Corro et al.

studied the effect of Sn addition to Pt/Al2O3 catalyst, sulfation, and the presence of

C3H8 gas [38, 39]. The catalysts of 1% Pt/g-Al2O3 and 1% Pt–2% Sn/g-Al2O3 were

prepared by the impregnation method. Then, a part of the catalysts was presulfated

for 10 h at 500�C in a gaseous mixture composed of 50-ppm SO2, 5% O2. Figure 8.7

shows the methane conversion over 1% Pt/g-Al2O3 and 1% Pt–2% Sn/g-Al2O3

[39]. From the results of combustion test, the ignition temperature could be reduced

either by the addition of Sn or by sulfation. This promoted reaction by the Sn

Table 8.1 Comparison

of methane conversions

over 4% Pt/Al2O3

and 4% Pd/Al2O3

catalysts at different

temperatures [36]

Temperature/�C

O2/CH4 5:1 O2/CH4 1:1

Pt Pd Pt Pd

300 1.2 23.0 0.6 9.1

325 2.2 40.6 1.2 18.2

350 4.2 – 4.0 33.0

375 6.6 82.5 59.0 50.7

400 14.0 94.5 67.9 59.2

425 22.0 98.5 78.8 68.1

450 35.3 100 88.1 77.6

475 49.2 – 94.6 86.2

500 65.8 – 97.9 91.1

525 81.6 – 99.0 93.1

550 93.8 – 99.4 94.5
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addition and sulfation is attributed to the inhibition of Pt particles from sintering.

It is also noteworthy that the ignition temperature for methane oxidation was

lowered in the presence of C3H8. The propane combustion, initiating at a lower

temperature, provides local heat to activate Pt sites for adsorption of methane.

It was reported that several support materials such as SiO2 and SnO2 also played

an important role in enhancing the catalytic properties [40–42]. Niwa et al.

investigated the catalytic activities of methane oxidation over Pt/Al2O3,

Pt/SiO2–Al2O3, and Pt/SiO2 [40]. It was revealed that Pt/SiO2–Al2O3 exhibited

the highest activities among them. They confirmed that the dispersion of Pt particles

on support strongly affected the catalytic activities. Roth et al. [42] reported higher

activity of Pt/SnO2 catalyst despite the lower surface area than Pt/Al2O3.

As in the case of Pd catalysts, it is commonly known that the chloride or sulfur

deactivates the catalytic activities of Pt-based catalysts. For example, Marceau et al.

studied the influence of residual chloride ions in Pt/Al2O3 catalysts by using the

platinum precursor of H2PtCl and Pt(NH3)4(OH)2 [43]. It was found that chloride

ion deteriorated the activities of total methane oxidation over Pt/Al2O3.

The inhibitory effect was gradually weakened as chloride ions were eliminated

with an elapse of time on stream.

8.4 CeO2–ZrO2-Based Catalysts

Supported precious metal catalysts are well known for their high catalytic activities

in methane combustion. Palladium and platinum catalysts especially exhibit high

activities as mentioned above. However, most precious metal catalysts are

deactivated under the severe operating conditions. Furthermore, precious metals

have the problem of their cost and resource. From this perspective, the development

of the catalysts consisting of other materials has been desired. Generally, transition

metal oxides are inexpensive as compared with precious metals, and the number of

combination of transition metals is possible for the design of active catalysts.

The catalysts consisting of transition metal oxides exhibit higher activities for the

oxidation of hydrocarbons, though the activities were generally inferior to those of

precious metal catalysts. Therefore, the transition metal oxide catalysts have been

widely investigated so far. Among them, cerium, zirconium, and cobalt are the

promising components for combustion catalysts. Pengpanich et al. investigated

the activities of CeO2–ZrO2 mixed oxide catalysts as well as the dependence on

the Ce/Zr ratio [44]. Figure 8.8 shows the methane conversion profile over

Ce1�xZrxO2 mixed oxide catalysts calcined at 500�C. It is noteworthy that the

Ce1�xZrxO2 mixed oxide catalysts were more active than either pure CeO2 or

ZrO2. The activity of Ce0.75Zr0.25O2 was highest in this binary oxide system despite

its lower surface area than that of Ce0.5Zr0.5O2 and Ce0.25Zr0.75O2. It was found

from CO-TPR profiles that Ce0.75Zr0.25O2 was most reducible at low temperatures

in relation with its high catalytic activities in the CeO2–ZrO2 catalysts.
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The CeO2–ZrO2 mixed oxides prepared from coprecipitation method were

investigated by Bozo et al. [45]. Their conclusion was that the Ce0.67Zr0.33O2 had

a superior thermal stability from the comparison of TPR profiles of a series of

Ce1�xZrxO2 before and after aging at 1,000�C in O2 + H2O. In addition,

Ce0.67Zr0.33O2 which contained a small amount of zirconium showed the highest

activity [46].

The CeO2–ZrO2 catalysts containing an additional active component such as Pt

[45, 46], Pd [46–48], Mn [45, 49], Cu [49, 50], and Co [51, 52] have been also

reported. Subsequently, Bozo et al. compared the catalytic activities of Pt or MnOx

supported on Ce0.67Zr0.33O2 for methane combustion with those of Pt/Al2O3 or

MnOx/Al2O3 catalyst. The initial temperature of combustion over Pt/Ce0.67Zr0.33O2,

being ca. 200�C, was much lower than the temperature over Pt/Al2O3 catalyst

(ca. 450�C). On the other hand, MnOx/Ce0.67Zr0.33O2 was slightly more active than

MnOx/Al2O3. The promoting effect of Ce0.67Zr0.33O2, however, disappeared after

aging treatment at 1,000�C, accompanied with the dramatic decrease in the BET

surface area of Pt/Ce0.67Zr0.33O2 and MnOx/Ce0.67Zr0.33O2. In the case of Pt/

Ce0.67Zr0.33O2 and Pd/Ce0.67Zr0.33O2 [46], the degraded activities under methane

combustion for 10 h were recovered by the in situ reduction treatment in H2, whereas

the activity was not restored by in situ oxidation treatment.

Terribile et al. analyzed the catalytic activities and the influence of dopants in

Mn- or Cu-doped CeO2–ZrO2 catalysts [49]. It was found that a small amount of
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MnOx and CuO dissolved into the lattice of CeO2–ZrO2 catalysts, and then the

redox behavior of catalyst was strongly affected. Thereby, the catalytic activity and

stability were promoted by the addition of MnOx and CuO.

The cobalt containing catalysts are also very active components for CO and

methane oxidation [53, 54]. Therefore, Liotta et al. prepared Co3O4/CeO2 and

Co3O4/CeO2–ZrO2 composite catalysts by coprecipitation method, and conducted

methane combustion tests [51, 52]. The catalytic activities of CeO2 and CeO2–ZrO2

were drastically improved by the presence of 30 wt% Co3O4 species. Moreover, the

activity of 30 wt% Co3O4/CeO2 was not deteriorated even after calcination at

750�C for 7 h. From a series of experiments, it was indicated that the reducibility

of the Co3O4 species or the oxygen mobility in the catalysts strongly affected the

methane combustion activity. Furthermore, it was concluded that CeO2 and

CeO2–ZrO2 were effective in dispersing the active Co3O4 phase and stabilizing it

against decomposition into the less active CoO phase.

8.5 Perovskite Catalysts

The catalytic combustion of methane over perovskite-type catalysts has been

investigated extensively by many researchers, because of its several advantages.

Among the variety of mixed oxides with ABO3-type perovskite structure, appropri-

ate components for A and B sites and compositions can be selected to achieve high

thermal stability and high activity. Activities of some perovskite-type oxides are

comparable to those of platinum-based catalysts [55–58]. Among them, oxide

systems based on LaCoO3, LaFeO3, and LaMnO3 are active and thermally stable

as to be the candidates for combustion catalysts at high temperatures [59].

Arai et al. reported the catalytic combustion of CH4 over various perovskite-type

oxides (LaMO3, M ¼ Co, Mn, Fe, Cu, Ni, Cr) [60]. The catalytic activities, surface

area, and apparent activation energies of those perovskite-type oxides and 1 wt%

Pt/Al2O3 catalyst are summarized in Table 8.2. Combustion of methane was

promoted and the apparent activation energy was lowered by the presence of

metal and oxide catalysts, as compared with non-catalytic thermal reaction.

The activities of LaCoO3, LaMnO3, and LaFeO3 catalysts were quite close to that

of Pt/Al2O3 catalyst, whereas Pt/Al2O3 catalyst exhibited highest activities due to

its larger surface area.

The cation sites in the perovskite lattice (ABO3) can be easily substituted by

foreign cations for A and/or B sites, and the substitution sometimes brings about

promotion of the catalytic activity of perovskite-type oxides. The partial substitu-

tion of A and/or B sites often gives rise to vacancy formation, lattice distortion,

valence shift, etc., and thereby affects the catalytic activity.

Partial substitution of A-site in perovskite-type oxide has been demonstrated by

many researchers so far [60–66]. The perovskite-type oxides of La1�xAxMnO3

(A ¼ Sr, Eu, and Ce) were investigated by Marchetti et al. [62]. The temperature

of complete oxidation of methane over all catalysts was ca. 500–600�C (Fig. 8.9),
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and the high catalytic activities were not deteriorated for 100 h on stream. From the

O2 TPD measurements, it was found that two kinds of oxygen species desorbing in

different temperature regions were active in these catalysts. They were an adsorbed

oxygen species and a lattice oxygen species. The former reacts at lower

temperatures, and the latter becomes active at higher temperatures. Thereby, the

order of activities of La0.6Sr0.4MnO3, La0.9Eu0.1MnO3, and La0.9Ce0.1MnO3 in

the low-temperature region was different from the order in the high-temperature

region.

Voorhoeve et al. proposed that the oxidation over perovskite-type oxides is

classified into suprafacial and intrafacial reactions [67]. The reaction between

adsorbed species on the surface proceeds at relatively low temperatures for the

suprafacial reaction, whereas the intrafacial reaction is a high-temperature process

Table 8.2 Methane oxidation activity of perovskite-type oxides, ABO3, and Pt/alumina catalysts

[60]

Catalyst Surface area (m2/g) T50%(
�C) Ea (kcal/mol)

LaCoO3 3.0 525 22.1

LaMnO3 4.0 579 21.8

LaFeO3 3.1 571 18.2

LaCuO3 0.6 672 23.8

LaNiO3 4.8 702 19.4

LaCrO3 1.9 780 28.8

1 wt% Pt/Al2O3 146.5 518 27.6

Thermal data 834 61.5
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in which the reaction rate is correlated with the thermodynamic stability of lattice

oxygen bonded to transition metal ions.

The partial substitution of the B-site has also influenced the methane combustion

activity [68–70]. For example, LaCr1�xMgxO3 (x ¼ 0–0.5) by the citrate method

[69] shows that catalytic activities were promoted by Mg doping. This promoting

effect of the Cr/Mg substitution was ascribed to the co-formation of perovskite and

MgO crystals. The presence of MgO should result in the high dispersion of

perovskite.

Although the perovskite phase is thermodynamically stable for most of the

systems, the thermal stability of catalysts, especially sintering resistance at elevated

temperatures, is required as well as high activity for methane oxidation for practical

applications. The support materials have been studied so as to suppress the sintering

at high temperatures [71, 72]. Marti et al. investigated the effect of spinel support

(MAl2O4, M ¼ Mg, Ni, and Co) for the activities over La0.8Sr0.2MnO3+x (LSM)

[71]. The overall activities of the three kinds of catalysts (LSM/MgAl2O4, LSM/

NiAl2O4, and LSM/CoAl2O4) are compared with the activity of unsupported LSM,

as shown in Fig. 8.10. The activity of LSM/MgAl2O4 was higher than that of

unsupported LSM, whereas LSM/NiAl2O4 and LSM/CoAl2O4 were not so active.

It was revealed that the amount of active oxygen species increased in the order LSM/

CoAl2O4 < LSM/NiAl2O4 < LSM/MgAl2O4. This result of TPD measurements

indicated that the LSM/MgAl2O4 catalyst was most active due to its large amount

of oxygen species available for catalytic oxidation.

Cimino et al. also studied the effect of metal oxide supports. The perovskite of

LaMnO3 was supported on La-stabilized g-Al2O3 and MgO by the deposition

precipitation (DP) method. Although these two catalysts treated at 800�C exhibited
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high catalytic activities for methane combustion, the catalytic activity of LaMnO3/

La/Al2O3 treated at 1,100�C was dramatically degraded. On the other hand,

LaMnO3/MgO catalysts were thermally stable as far as the dispersion state of

LaMnO3 was concerned.

The sensitivity to sulfur poisoning of perovskite oxides (La1�xCexMn1�yCoyO3)

was investigated by Alifanti et al. [73]. Although all perovskite-type catalysts were

deactivated under the combustion test in the presence of 20-ppm SO2, the catalysts

substituted by a small amount of cerium (La0.9Ce0.1CoO3, La0.8Ce0.2CoO3,

La0.8Ce0.2MnO3) were less sensitive to the poisoning process. They concluded by

XPS measurements that the deactivation was caused by the formation of sulfate

species such as La2(SO4)3 at the surface of catalysts.

Recently, the effects of preparation methods of perovskite catalysts have been

investigated for methane combustion. For example, the urea decomposition method

[74, 75], ultrasonic spray combustion method [76], spray pyrolysis [77], and micro-

wave irradiation method [78] have been reported. Gao et al. compared the catalytic

activities of La0.9Sr0.1CoO3�d catalysts prepared by urea decomposition method,

citrate method, precipitation method with aqueous ammonia as precipitant, and

precipitation method with ammonium carbonate solution [74]. The activities of

methane combustion were in order of La0.9Sr0.1CoO3�d prepared by urea decompo-

sition method > citrate method > precipitation with ammonia > precipitation

with carbonate. The surface molar ratios of lattice oxygen/cobalt ion (3�d) in

catalysts prepared by urea decomposition and citrate methods were 3.4 and 4.0,

respectively, whereas the ratios of the other two catalysts prepared by precipitation

with ammonia and carbonate were smaller than the nominal ratio of 3.Moreover, the

BET surface area of the catalyst prepared by urea decomposition was larger than that

of the catalyst by citrate method. Therefore, the high activity of the catalyst prepared

by urea decomposition method was attributed to the appropriate surface structure

which allowed the release and regeneration of surface active oxygen species.

8.6 Hexaaluminate-Related Compounds

The hexaaluminate-related compounds are also attractive catalysts for methane

combustion especially at high temperatures around or above 1,000�C, since the

precious metal components in supported catalysts volatilize as PdO or PtO2 at ca.

1,000�C. The hexaaluminate compounds are represented by the general formula

MOx�6Al2O3, where the component of M is usually the metal with large ion

diameter such as an alkaline, alkaline-earth, or rare-earth metal. The crystal struc-

ture of hexaaluminate compound is illustrated as b-alumina or magnetoplumbite-

type structures (Fig. 8.11) [79], and the hexaaluminate compounds with two kinds

of structure are ideally represented as MAl11O17 and MAl12O19. However, most

hexaaluminate compounds are described as MAl12O19�x, because they have some

defects to satisfy the electroneutrality.
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The unsubstituted hexaaluminate compounds are extremely thermally stabile,

but the catalytic activities for methane combustion are insufficient for practical use.

Therefore, substituted hexaaluminate compounds such as Ba–Mn–Al–O [80, 81],

Ba–Fe–(Mn)–Al–O [81], Sr–La–Mn–Al–O [82], and Sr–(Ce, Pr, Nd, Sm,

Gd)–Mn–Al–O [79] have been investigated in which transition metal species

serve as active components. Figure 8.12 shows the methane combustion profile

over Sr0.8La0.2MnAl11O19 (SLMA), BaMnAl11O19 (BMA), Sr0.8La0.2Al12O19

(SLA), and a-Al2O3 [82]. The enhancement of catalytic activities by the substitu-

tion was clearly observed. The surface area of SLMA, BMA, SLA, and a-Al2O3

were 17.5, 14.9, 25.8, and 3.1 m2 g�1, respectively. This relatively high surface area

after heat treatment at 1,200�C should be closely related to the catalytic activities.

In addition, since Mn is known as redox-active species for CH4 combustion, SLA

and a-Al2O3 will be inactive in comparison with SLMA and BMA.

The hexaaluminate-related compounds are also used as support materials

[83–85]. Jang et al. compared the activities of 2% Pd/LaMnAl11O19�a and

LaMnAl11O19�a [83]. The light-off over Pd-supported LaMnAl11O19�a started at

an extremely low temperature of 360�C, while the thermal stability was still

insufficient for practical use.

The hexaaluminate compounds are generally synthesized by the hydrolysis of

metal alkoxide, sol–gel methods, coprecipitation methods, and solid-state reaction

of powders. Zarur and Ying prepared nanocrystalline barium hexaaluminate (BHA)

by reverse microemulsion synthesis [86, 87]. Figure 8.13 shows the catalytic

activities for methane oxidation over three kinds of preparation methods, conven-

tional BHA, nanocrystalline BHA by the reverse microemulsion synthesis, and

Fig. 8.11 Crystal structure of magnetoplumbite and b-alumina [79]
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25 wt% CeO2 deposited nanocrystalline BHA particles. The nanocrystalline BHA

exhibited much higher activities in comparison to BHA prepared by the sol–gel

method. Moreover, it was confirmed that the addition of CeO2 resulted in the further

activation of BHA. The high activities should be ascribable to the high surface area

(40–60 m2 g�1) even after calcination at 1,300�C.
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Fig. 8.13 Catalytic methane

combustion experiments.

Catalytic methane oxidation

activity: (a) sol–gel-derived

conventional BHA, (b)

reverse microemulsion-

derived BHA nanoparticles,

(c) reverse microemulsion-

derived CeO2–BHA

nanocomposite. The reactant

stream consisted of 1 vol.%

CH4 in air; space velocity:

60,000 h�1 [86]
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Wang et al. proposed supercritical drying (SCD) method as the preparation

method of LaMnxAl12�xO19 [88]. After the mixture of NH4OH and metal nitrate

solutions, the SCD method is used to extract water in the hydrogel. In the case of

SCD method, the homogeneous LaMnxAl12�xO19 aerogel with high pore volumes

and pore diameters was prepared, unlike in conventional oven drying (CD) method.

Therefore, LaMnxAl12�xO19 catalyst with small crystal size and high surface area

was prepared and exhibited the high activities for methane combustion. The effect

of preparation methods may be ascribable to the textural modification and homo-

geneous phase formation which are especially strongly affected in the case of

hexaaluminate compounds.

8.7 Conclusions

Methane combustion over various catalysts based on Pd, Pt, CeO2–ZrO2, perov-

skite-type metal oxides, and hexaaluminate compounds is summarized in this

chapter. In particular, Pd catalysts have been generally known as most active for

methane oxidation. However, other catalyst systems demonstrated unique activity

and characteristics for this reaction by modification with additives and other factors.

The catalytic properties of activities and catalyst lifetime are strongly affected by

many factors such as components of catalyst, support material, preparation method,

reaction temperature, and atmosphere. Therefore, the precise optimization of the

conditions is significant in order to put catalysts into practical use. The degradation

and regeneration of combustion catalysts have not been thoroughly understood,

though the researches for regeneration in addition to the development of catalysts

with higher durability should be increasingly important.
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Chapter 9

The Status of Catalysts in PEMFC Technology

M. Aulice Scibioh and B. Viswanathan

Abstract Polymer electrolyte membrane fuel cells (PEMFCs), which convert the

chemical energy stored in the fuel hydrogen directly and efficiently into electrical

energy and water, have the potential to eliminate our fossil energy dependency and

emissions, when the hydrogen is derived from renewable energy sources such as

solar, wind, biomass, among other possibilities. PEMFCs are being developed as

electrical power sources for vehicular, stationary, and portable power applications.

In spite of tremendous R&D efforts in the advancements of PEMFC technology, the

commercialization is still a long way to go due to the prohibitively high cost of

platinum-based catalysts used in the electrodes. However, attempts were made to

reduce the quantity of platinum-based catalyst and to extract the maximum activity

from a given quantity of platinum in various ways including the development of

supported system, employing binary or ternary Pt-based or non-Pt alloy systems,

and finding alternate catalysts of various kinds with no platinum in them. In this

chapter, we set to examine various logistics and underpinning science in PEMFC

catalyst development in one frame analysis, and further, we propose future

directions to push the frontiers ahead in order to realize PEMFC commercialization

in aspects of both anode and in cathode catalysts of PEMFC.
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9.1 Introduction

Energy is a prime propellant for growth and modernization, power and prestige,

progress and prosperity. Hence, the quality of life is dependent on the access to

a bountiful supply of cheap energy. For a sustainable future, energy should be

derived from nonfossil materials: ideally, it should be reliable, safe, flexible for use,

affordable, and limitless. Hydrogen exhibits unique potentialities for an ideal

fuel which would produce electricity and drinking water when it combines with

oxygen with zero emissions, and it is the simplest and most abundant element

of the universe. Interest in hydrogen is rising due to significant advancements in

fuel cells as power sources. Proton exchange membrane fuel cell, also known

as polymer electrolyte membrane fuel cell (PEMFC), employs hydrogen as fuel

in the anode, and it is considered as the most attractive power sources for a

wide spectrum of applications ranging from stationary, vehicular, and portable

electronic equipments due to its high efficiency, low-temperature operations,

rapid start-up, and environmentally benign technology for energy conversion

avoiding the Carnot limitations associated with combustion engines. Initially, the

PEMFC technology was developed for military and spacecraft applications at

General Electric, USA in 1960s. However, it was abandoned in 1970s, mainly

due to high cost. The period 1980s and 1990s witnessed renewed interests of several

companies, notably by Ballard Power Systems, Canada, for portable electronics and

vehicular applications. In the present days, PEMFC is extensively demonstrated for

wide applications. In spite of several of its attractive features, the commercializa-

tion of PEMFC is hampered by prohibitively high cost. Till date, only platinum and

platinum-based catalysts have been employed to drive the electrochemical

reactions in PEMFCs. Platinum accounts for a large portion of the cost of the

PEMFC unit due to its high price and limited availability in the planet. The catalyst

accounts for 55% of the total cost, while 7% belongs to the membrane, 10% to

bipolar plates, and 10% to gas diffusion layers. Present proton exchange membrane

fuel cell prototypes employ catalysts selected almost five decades ago.

Hence, developing high-performance, cost-effective, and durable electrocatalysts

is the utmost priority of PEMFC research and development. This chapter would

examine and place on record the contribution of 50 years catalyst research to the

present status of PEMFC development. Various aspects of catalyst development

and the underpinning science would be addressed, assessed, and evaluated.

The progress and advancement made in search of innovative catalyst materials

are systematically summarized, and the problems and successes are analyzed.

Directions and novel approaches for furthering the advancement in this technology

are suggested.
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9.2 Working Principle of PEMFC

A fuel cell generates electrical power by converting chemical energy of a fuel into

electrical energy through an electrochemical reaction. PEMFC typically uses

hydrogen as a fuel at the anode and the oxidant oxygen, which usually comes

from air is supplied to the cathode. When hydrogen gas is fed into the system, at the

catalyst surface of the membrane, it splits in to protons and electrons. The protons

pass through the membrane to react with oxygen (oxide ion) in the cathode, forming

water. The electrons which cannot pass through the membrane flow through the

external circuit, producing electricity. The working principle of a PEMFC is shown

in Fig. 9.1 [1]. Individual fuel cells can be combined to form a fuel cell stack.

The number of cells in the fuel cell stack thus determines the total voltage; the

surface area of each cell determines the total current.

Hydrogen fuel is channeled through field flow
plates to the anode on one side of the fuel cell,
while oxygen from the air is channeled to the
cathode on the other side of the cell.

Hydrogen
Flow Field

At the anode, a
platinum catalyst
causes the
hydrogen to split
into positive
hydrogen ions
(protons) and
negatively charged
electrons.

Hydrogen
Gas

Unused
Hydrogen

Gas

Air
(oxygen)

Backing
layers

Anode

PEM

Cathode

At the cathode, the electrons
and positively charged
hydrogen ions combine with
oxygen to form water, which
flows out of the cell.

Water

Oxygen
Flow Field

The Polymer Electrolyte
membrane (PEM) allows
only the positively
charged ions to cathode.
through it to  cathode.
The negatively charged
electrons must travel
along an extemal circurit
to the cathode, creating
an electrical current. 

2

1

4

3

Fig. 9.1 Schematics of a PEMFC [reproduced from with permission http://www.fueleconomy.

gov/feg/fcv_pem.shtml]
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The typical cell reactions are as follows.

At the anode:

H2 ! 2Hþ
þ 2e� Eo

¼ 0:00V versusNHE (9.1)

At the cathode:

1

2
O2 þ 2Hþ

þ 2e� ! 2H2O Eo
¼ 1:23V versusNHE (9.2)

Overall reaction:

H2 þ
1

2
O2 ! 2H2O Eo

¼ 1:23VversusNHE (9.3)

9.3 Operational Aspects of PEMFC

Under reversible conditions, the electromotive force of the cell (EMF, Eºcell) can be

defined as the difference between the standard potentials of the anode and cathode

(Eºanode, Eºcathode). In hydrogen/oxygen polymer electrolyte fuel cell operating at

standard conditions, the reversible cell EMF is 1.23 V. The standard free energy

change (DGº) of the overall reaction of the fuel cell is given as

DGo
¼ �nFEo

cell (9.4)

where n is the number of electrons transferred and F is the Faraday’s constant,

96,745 C/equiv. Since, n, F, and Eºcell are positive integers, the total free energy

change of the overall reaction is negative, indicating the spontaneity of the reaction.

This is the underpinning thermodynamics in the fuel cell operation. In an ideal,

reversible fuel cell, the cell voltage is independent of the current drawn. But, in

practice, the reversible cell voltage is not realized even under open-circuit

conditions, when no current is drawn from the system. This is due to various

irreversibilities which arise during the functioning of a fuel cell. The difference

between the actual cell voltage at a given current density and the reversible cell

voltage of the reaction is termed as over voltage (when referring to a single

electrode, it is termed as overpotential of the electrode).

The origin of various loses arise during the operation of a PEMFC can be seen in

a polarization curve, a plot of cell potential against current density under a set of

constant operating conditions. An ideal polarization curve for a single hydrogen/air

fuel cell has three major regions, which are shown in Fig. 9.2 [2, 3]. At low current

densities, considered as the region of activation polarization, the cell potential

drops sharply, and majority of these losses are due to the sluggish kinetics of
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oxygen-reduction reaction (ORR). Regarding the anode reaction in PEMFC, the

overpotential for the hydrogen oxidation reaction (HOR) is negligibly small when

pure hydrogen is used as a fuel gas. At the intermediate current densities, known as

the region of ohmic polarization, the voltage loss caused by ohmic resistance

becomes significant and originates mainly from the resistance to the flow of ions

in the electrolyte and resistance to the flow of electrons through the electrode [4].

In this region, the cell potential decreases nearly linearly with the current densities,

while the activation overpotential attains relatively a constant value. At high-

current densities, the region of concentration polarization, the cell performance

drops drastically, due to the dominant mass transport effects arising from transport

limitations of the reactant gas through the porous structures of the gas diffusion

layers and electrocatalyst layers. One can also see in Fig. 9.2 the difference between

the theoretical cell potential (1.23 V) and thermoneutral voltage (1.4 V) showing

the energy loss under reversible conditions [5]. The thermoneutral cell voltage

is the voltage at which no exchange of heat with the surrounding occurs. A cell

operated at thermoneutral cell voltage remains at the temperature of the surround-

ings by consumption or production of (electrical) energy not used for electrochemi-

cal reaction. Yet another prominent loss which is not well discussed in the literature

arises from mixed potentials at the electrodes arising from the unavoidable parasitic

reactions which tend to lower the equilibrium electrode potential. The main

cause of mixed potential is due to the crossover of fuel through the electrolyte

from anode to cathode compartments and vice versa. This is a primary source of

losses at open-circuit conditions.
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Fig. 9.2 Schematic of an ideal polarization curve with the corresponding regions and

overpotentials. (Reproduced with permission from [2])
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9.4 Challenges in Key Components of Membrane
Electrode Assembly in PEMFC

Membrane electrode assembly is considered as the heart of the fuel cell. In spite of

remarkable advancement in technological developments in the past decades, the

reliable and durable performance and commercialization of PEMFC are still facing

challenges posed by its key components of membrane electrode assembly [6].

The major material challenges are listed below.

• High cost of Nafion (perfluorosulfonic acid) membrane and platinum-based

catalysts

• Hydrogen and oxygen crossover through the membrane leading to mixed

potentials and the consequent performance decay

• Physical instability of Nafion at high-temperature operations

• Chemical instability of Nafion membrane by peroxide and superoxide

intermediates formed during the fuel cell reactions

• Sluggish ORR at the cathode

• Dissolution and growth of electrocatalyst particulates during prolonged

operations

• Ready poisoning of the anode Pt catalyst due to impurities that may be present in

the hydrogen gas and other contaminants in the components

• Inaccessibility of catalyst particles which are deposited in the micropores of

carbon support by the reactants

• Corrosion and instability of carbon supports

These critical issues are the major concerns and objectives of material

developments in PEMFC technology. Among various challenges, the contribution

of catalyst scientist in the development of appropriate catalysts and supported

materials for the advancement of PEMFC technology are discussed and

documented below.

9.5 Challenges in PEMFC Electrocatalysis

In a PEMFC, Pt and Pt alloys are considered as the best electrocatalysts, to date, for

both hydrogen oxidation and ORRs. Apart from the high cost and scarcity of

platinum, in this section, we discuss the challenges posed by inherent nature

of the electrochemical reactions at the electrodes of the PEMFC. The overpotential

for the HOR is considerably lower than that for the ORR. For instance, in a PEMFC

operating at current densities of 1 A cm�2, the overpotential at the hydrogen

electrode is around 200 mV, while at the oxygen electrode, it is around 400 mV.

Mainly, one half of the overpotential at the oxygen electrode is due to its loss at

open-circuit potential. The deviation of the practical cell potential of the PEMFC

from the reversible value is due to the extremely low exchange current density (io)
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for oxygen reduction (about 10�9 A cm�2, very low compared to that for the

electrooxidation of hydrogen, 10�3 A cm�2) on smooth platinum electrodes. Due

to such a low io value, competing anodic reactions (oxide formation, oxidation of

organic impurities) are responsible for setting up a mixed potential of about 1.0 V

for the oxygen electrode at open circuit. Oxygen reduction is considerably more

complex than hydrogen oxidation due to (1) the strong O–O bond and the formation

of highly stable Pt–O or Pt–OH species, (2) it being a four-electron transfer

reaction, and (3) the possible formation of a partially oxidized species (H2O2).

Being a four-electron transfer reaction, there are at least four intermediate

steps proposed:

O2 þ Hþ
þMþ e� ! MHO2 (9.5)

MHO2 þ e� ! MOþ H2O (9.6)

MOþ Hþ
þ e� ! MOH (9.7)

MOHþ Hþ
þ e� ! Mþ H2O (9.8)

Even after over five decades of research, still no conclusive mechanism has been

arrived at for the intermediate and the rate-determining steps for this reaction on

different types of electrocatalysts. This is unlike the case of the two-electron

transfer HOR, where there is definitive evidence for the reaction pathway:

H2 þ 2M ! 2MH (9.9)

2MH ! 2Mþ 2Hþ
þ 2e� (9.10)

In HOR, the first step (9.9) is rate determining on platinum.

Regarding anode reaction in PEMFC, the overpotential for the HOR at the Pt

anode is significantly small when pure hydrogen is used as the fuel. But the major

problem with the Pt electrocatalysis for hydrogen electrode is its low tolerance to

CO in H2 from reformed fuels. According to the US Department of Energy (DOE),

an increase of the cell potential to about 0.75–0.8 V is necessary for PEMFCs to

compete with compression-ignition direct-injection (CIDI) engines in order to meet

the goal of an efficiency of 45% for fuel consumption in the partnership for a new

generation vehicle (PNGV) program. The improvement can only be possible by

decreasing the oxygen overpotential by 50–100 mV. Investigations have

demonstrated that such an improvement is possible by using intermetallic

electrocatalysts of platinum with a transition metal. One of the challenges in acid

fuel cell research is to find non-platinum electrocatalysts for the fuel cell reaction.

Platinum and/or platinum alloys are still the best electrocatalysts and are used in the

state-of-the-art fuel cells.
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9.6 Materials Choices for PEMFC Electrodes:
R&D Approaches in Catalysis

This section is not merely aiming at summarizing the works in the field of PEMFC

electrocatalysis, but to critically evaluate some of the vital issues in the develop-

ment of PEMFC in terms of formulation, design, and fabrication of anode and

cathode catalyst materials and support systems. We would emphasize the areas

where improvements would be highly desired:

• The activities of both anodes and cathodes must be improved by identifying

suitable catalysts.

• In order to reduce the usage of precious metals and thus the cost, the current

loadings of noble metals are to be reduced by extracting best possible perfor-

mance from a given amount of the catalyst.

• Identification of suitable support materials are needed with improved metal-

support interactions.

Generally, the PEMFC catalysts can be classified into three groups based on the

active component: Pt-based catalyst, where Pt is used as unsupported or supported

on high surface area materials such as carbon, polymer, or other supports; Pt-

modified with other noble and non-noble metal combinations; and Pt-free non-

noble metal catalysts and organometallic complexes. Table 9.1 lists the commonly

used catalysts as well as their advantages and limitations.

9.6.1 Anodes for PEMFC

9.6.1.1 CO Poisoning of Pt Catalyst

Pure hydrogen is an ideal fuel for the HOR in order to realize an optimal perfor-

mance in PEMFC at low-temperature operations (70–80�C). However, the H2

produced from steam reforming or partial oxidation routes has an adverse influence

on the kinetics of anodic oxidation of H2 because it contains CO which poisons the

Pt anode catalyst even at a 10 ppm level, decreasing the cell performance. The CO

poisoning of Pt has been ascribed to the preferential adsorption of CO on Pt sites, as

Table 9.1 General classification of three types of catalysts for PEMFC

Catalyst type Advantage Limitation

Pt-based catalysts Excellent characteristics of high activities

for fuel cell reactions

High cost and relatively low

stabilities

Modified Pt-based

catalyst

Low cost and high durability under

optimized conditions

Uncertainty for long-term

applications

Pt-free non-noble

catalysts

Low-cost and extensive resources Relatively low activities
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the Pt–CO bond strength is greater than that of the Pt–H, so that CO inhibits the

dissociative absorption of H2 on Pt and its subsequent oxidation. The mechanism by

which a platinum catalyst surface is poisoned by CO is well established. As given

below in (9.11)–(9.13), the CO competes with the adsorption of hydrogen on active

sites of Pt at normal operating potentials of anode [7]. In the year 2002, there was an

interesting report by Papageorgopoulos and de Bruijn [8] on quantitative results of

CO poisoning for a 1% CO/hydrogen mixture showing that 98% of active sites are

blocked by CO at 25�C.

H2 þ 2Pt ! 2
H

Pt

� �

(9.11)

2
H

Pt

� �

! 2Hþ
þ 2e� þ 2Pt (9.12)

COþ Pt !
CO

Pt
(9.13)

The adsorbed CO on a catalytic site can be removed by increasing the anode

potential to about 0.7 V versus RHE. At this potential, the CO reacts with the

hydroxyl species which are adsorbed on the platinum surface to form CO2 as shown

in the following: (9.14) and (9.15). But, this approach leads to a serious loss of

efficiency and thus is not practical [7].

H2Oþ Pt $
OH

Pt
þ Hþ

þ e� (9.14)

CO

Pt
þ
OH

Pt
! 2Ptþ CO2 þ Hþ

þ e� (9.15)

9.6.1.2 Strategies to Decrease CO Poisoning

Generally, four methods are presently being adopted to decrease the CO poisoning

of Pt anode catalyst. These include bleeding of O2 or oxygen-evolving compounds

into the H2 fuel, operating the cell at elevated temperatures, employing reformers

with advanced designs, and using Pt alloys which are CO tolerant for H2 oxidation.

The first approach, oxygen bleeding, was originally proposed in the 1990s, which

involved the injection of 0.4–2% O2 into the CO-contaminated H2 stream to oxidize

the CO adsorbed on the catalyst. In this method, however, the utilization of the fuel

will certainly be decreased, and safety issues must also be considered [9–12].

A related technique is the oxidative removal of CO by nascent O2 from H2O2,

which is introduced in the humidification system.
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The second approach involves the operation of fuel cells at temperatures above

150�C which would diminish CO adsorption on Pt catalysts versus adsorption of

hydrogen and, therefore, its adverse influence on the performance of the Pt anode;

this concept has indeed been demonstrated in phosphoric acid fuel cells. However,

implementation in PEM fuel cells requires development of membranes that are

stable in the temperature range of 120–200�C. The third approach involves the

advanced reformer designing. Most of the reformers, including auxiliary processors

which are currently employed, are capable of producing the CO content to an extent

of 50 ppm or less after a warm-up period up to 2 h. To actualize the oxidant

bleeding effect by modifying the reformer, several researchers have considered the

possibility of new designing of reformer in which auxiliary processors for cleanup

steps, such as shift converters and a selective oxidizer, can be fitted [13–15]. These

approaches would obviously increase the complexity of the overall system and

hence the cost of the fuel cell system. In spite of these additional stages, it is still

difficult to maintain low CO levels during start-up and transient operations without

the addition of an air bleed into the fuel stream [16–19].

Employing CO-tolerant electrocatalysts would be an appealing approach in

terms of system efficiency since it causes less associated problems with decreased

parasitic power losses of the overall fuel cell system. Most efforts have been

directed to developing CO-tolerant Pt alloys or composites based on the concept

of so-called bifunctional catalysis that provide some sites at which CO can be

oxidized along with others where H2 dissociative chemisorption can take place.

There are several reports which employ a second element with Pt, such as Ru, Sn,

Co, Cr, Fe, Ni, Pd, Os, Mo, and Mn, in the form of an alloy, composite or co-

deposit, yielding significant improvement in the CO-tolerance capacities compared

to pure Pt systems [20–26]. Several investigations were carried out employing

ternary catalyst systems, mainly based on a Pt–Ru alloy, and their performances

have been compared with that of Pt/C and PtRu/C systems. Specifically, Pt–Ru

alloy systems with several transition metal elements such as Ni, Pd, Co, Rh, Ir, Mn,

Cr, W, Zr, and Nb have been studied [22–24, 26, 27]. However, there are still

unsettled issues over the preparation methods and the enhancement of electrochem-

ical performances. The primary focus of these investigations is toward realizing

high activity for the HOR in the presence of CO. Mechanistic and kinetic studies

related to the HOR on these Pt alloy catalysts are, however, few.

9.6.1.3 Pt-Based CO-Tolerant Anodes

In the initial stages of catalyst development, pure Pt was used as the anode fuel cell

catalyst. In spite of its best activity for HOR, platinum is unfortunately readily

susceptible to CO. An ideal catalyst for the anode would be fully tolerant to CO

poisoning, while maintaining its activity for the oxidation of hydrogen.

Among these various Pt-based binary systems, the most commonly used catalyst

is the PtRu supported on carbon. This material is known to enhance CO tolerance,

which can be ascribed to electronic modification of Pt in Pt–Ru alloys that
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decreases the CO binding energy on Pt as in (9.13) and also binds OH strongly on

the Ru active sites in the Pt–Ru alloys [28]. Within this system, the performance of

PEMFCs has been improved for fuel streams containing CO [29, 30]. However, it

has to be noted as from the studies of Acres et al. [31] that a PEMFCwith a Pt–Ru/C

performs less active than pure Pt catalyst when pure hydrogen is employed as a fuel.

Investigations by Iorio et al. reveal that the Pt–Ru anode catalyst leads to a

substantial loss in the cell potential as can be seen from data presented in Table 9.2

[31]. The results reveal that when Pt–Ru is used as anode catalyst, the potential of

the cell is 250 mV less compared with the cell with pure Pt. In the presence of

100 ppm CO, there is a further loss of about 200 mV with 30% voltage efficiency

compared with the use of pure hydrogen as the fuel.

While the researches are underway to suppress the adsorption and formation of

surface-bound CO, there are ways to decrease the surface CO through alloying Pt

with Ru and other transition metals such as Sn which can be stable in acid media

[33, 34]. However, till date, the Pt–Ru alloys are still commonly employed as the

best and most stable anode electrocatalyst for the oxidation of H2/CO in PEMFCs.

In Pt–Ru, the enhanced tolerance could be ascribed to a decrease in CO binding

energy on platinum due to electronic effects and to the oxidation of chemisorbed

CO being catalyzed at low potentials by the activation of H2O [28, 35]. The latter is

due to the facile formation of the oxygen-containing species, in the form of

adsorbed hydroxyl species (OHads), on oxophilic ruthenium. The water-induced

oxide formation has been found with metals of the early transition series, and a high

water dissociation capability has been predicted for these metals [36]. A decade

ago, Ticianelli et al. found a two- to threefold enhancement of CO tolerance in a

PEM fuel cell with carbon-supported alloy nanocrystalline Pt–Mo (4:1)/C, as

compared to Pt–Ru/C anode catalyst [37, 38]. The increased CO tolerance was

attributed to the ability of Pt–Mo to promote the CO oxidation reaction at very low

electrode potentials. This behavior was explained based on oxygen transfer from

Mo oxyhydroxide species with only the OH species of the oxyhydroxide states,

mainly MoO(OH)2 being reactive with adsorbed CO [39, 40]. This is considered as

the reactive moiety, and due to its size, it has the potential for reducing the

availability of adjacent Pt sites for molecular hydrogen dissociation. A Pt–Mo

catalyst with an atomic ratio of 4:1 was shown to give the best performance.

Furthermore, molybdenum hydrogen bronze HyMoOx could be formed by the

“spillover” of hydrogen from Pt sites to Mo, suggesting a plausible enhanced

catalytic activity toward CO [41].

Table 9.2 Oxidation potentials of CO at Pt and Pt/Ru surfaces [32]

Anode catalyst Fuel Fuel cell voltage �v (%) D�v (%)

Pt Hydrogen 0.682 55.4 –

Pt 100 ppm CO 0.231 18.8 �66.1

Pt–Ru 100 ppm CO 0.482 39.2 �29.2
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9.6.1.4 Pt Metal-Based CO-Tolerant Unsupported Systems

A series of binary Pt alloy electrocatalyst with non-precious metals of various

compositions has been tested for the electrocatalytic activity for hydrogen oxida-

tion in the presence of trace amounts of CO (100 ppm). Igarashi et al. [42] examined

various compositions of PtFe, PtNi, PtCo, PtMo, PtMn, PtSn, PtAg, PtZn, PtCr,

PtCu, PtGe, PtNb, PtPd, PtIn, PtSb, PtW, PtAu, PtPb, and PtBi prepared through

Ar-sputtering Pt, and the second metal targets simultaneously onto a Pyrex glass

substrate to study the electrocatalytic activity. It has been found that regardless of

the composition, the PtFe, PtNi, PtCo, and PtMo exhibited CO tolerance in a

fashion similar to that of the PtRu alloy. The mechanism of CO tolerance was

explained by “detoxification mechanism” in which the surface of all non-precious

metal alloys is composed of a thin Pt layer with an electronic structure different

from that of pure Pt, indicating an increased 5d vacancy of Pt in the layers of the

CO-tolerant alloys. The CO coverage mainly with multiple bonding was decreased

due to decreased electron donation from the Pt 5d band to the 2p* orbital of CO.

With these CO-tolerant Pt alloys, the equilibrium CO coverage was suppressed to

values less than 0.6. Markovic and Ross [43] compared the polarization curves for

the oxidation of H2 containing 0.1% CO on Pt and Ir electrodes, and their alloys in

sulfuric acid solution at 60�C and observed that the Ir electrode is more active than

the Pt electrode. Since the heat of adsorption of OHads is higher on Ir than on Pt, it is

plausible that some COads may be displaced by OHads from the Ir surface even at

very low potentials. This, in turn, will increase the rate of oxidation of COads, so the

transition from an inactive, i.e., poisoned, surface to an active surface during the

electrooxidation of H2/CO mixture on Ir is observed at a lower potential than on Pt.

Although under potentiodynamic conditions at low potentials Ir has a better ability

to oxidize COads than Pt, a continuous supply of CO can easily deactivate Ir

electrode. The catalytic activities of Ir and Pt were notably increased by alloying

these metals with Ru, Sn, Re, or Mo, with the order of activities, at low

overpotential increasing in the sequence Pt–Sn, Ir–Sn < Pt–Ru � Pt–Mo [44].

The surface composition of these alloys is different from the average composition

of the bulk. These differences arise due to the phenomenon of segregation of these

systems. The term surface segregation in bimetallic systems refers to the enrich-

ment of one component of the mixture in the surface region relative to the

bulk composition.

It appears that the process with the platinum-based bimetallic systems seems to

be the bifunctional mechanism of action. The alloying metal serves to nucleate

OHads species at lower potentials from water than on a pure Pt electrode, leading to

the oxidative removal of COads on Pt sites nearby, freeing Pt sites for the HOR.

Based on this reaction mechanism, two classes of CO-tolerant catalysts can

be distinguished: (1) the first class has a pseudo-bifunctional mechanism of action,

as in the case of Pt–Ru and Pt–Re, where CO is adsorbed on both the Pt and Ru(Re)

sites, thereby second metal does not serve exclusively to nucleate OHads; (2) the

second class has a pure bifunctional mechanism of action, as in the case of the
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Pt–Sn and Pt–Mo systems at low overpotentials, where CO is exclusively adsorbed

on the platinum sites, and oxygen-containing species are attached to the second

element. A detailed discussion of the mechanism can be found in Refs. [39, 45–47].

9.6.1.5 CO-Tolerant Pt-Based Ternary Catalysts

There are efforts to improve the catalytic behavior of the Pt–Ru binary system by

incorporating a third metal in order to achieve facile oxide formation

characteristics. The inclusion of Wwas found to be beneficial [48, 49], while partial

substitution of Ru in Pt–Ru by Cr, Zr, or Nb resulted in a decrease in activity for H2

oxidation in the presence of 10 or 100 ppm CO [50]. The results of various

investigations in the past two decades on electrochemical tests of HOR in the

presence of trace amounts of CO carried out by employing various ternary catalysts

are summarized in Table 9.3.

Table 9.3 CO-tolerant ternary catalysts examined for H2/CO oxidation

Ternary catalyst

Electrochemical

test conditions Major finding References

Pt–Ru–WO3/C 0.5 M H2SO4,

H2/100 ppm

CO, 80�C

No effect of WO3 addition to

Pt–Ru at 220 mA/cm2 over a

test period of 6 h

[31]

Pt–Ru–M/C (M ¼ Sn, Mo,

W) 1:1:1

PEM full cell,

H2/150 ppm

CO, 75�C

Pt–Ru–W shows highest activity

at current densities lower than

220 mA/cm2; Pt–Ru–Sn

shows highest activity at

current densities higher than

200–300 mA/cm2

[48]

Pt–Ru–M/C (M ¼ Nb, Mo)

9:9:2

PEM full cell,

H2/CO

Mo addition improves the cell

performance; Nb addition

promotes CO poisoning and

hence decreases cell

performance

[51]

Pt–Ru–Ag/C 1:1:1,

Pt–Ru–Au/C 1:1:1,

Pt–Ru–Rh/C 1:1:0.4,

Pt–Ru–W2C/C 1:1:0.4

PEM full cell,

H2/104 ppm

CO, 80�C

Pt–Ru–W2C shows higher CO

tolerance than Pt–Ru. Others

exhibit lower CO tolerance

than Pt–Ru

[52]

Pt–Ru–Au/C 1:1:1,

Pt–Ru–Os/C 1:1:1,

Pt–Ru–SnOx/C 1:1:1,

Pt–Ru–WOx/C 1:1:1

PEM full cell,

H2/1% CO

Pt–Ru–Os and Pt–Ru similar

activity for CO tolerance;

Pt–Ru–WO2 more active than

Pt–Ru; Pt–Ru–SnOx shows

lowest onset potential for CO

oxidation

[53]

Pt–Ru–Ir/C, Pt–Ru–Ni/C PEM full cell Both catalysts show higher CO

tolerance than Pt–Ru

[54, 55]
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9.6.1.6 Pt-Free CO-Tolerant Catalyst

Analysis of the literature reveals that in the last few decades, there have been

extensive studies on the improvement in activity and stability of non-platinum

cathode catalysts, whereas the studies on the replacement of platinum or platinum

alloys from anode side of PEMFC are limited. The possibility of employing

transition metal carbides as catalysts for HOR was explored at the end of 1960s

by Bohm and Pohl [56], showing that WC/C can be used in fuel cell operated with

pure hydrogen and CO-rich hydrogen. Later, several research groups investigated

tungsten-based materials for HOR and found that these catalysts showed significant

activity and high tolerance for CO and H2S [57–61], hence making WC system as a

more preferable anode catalyst for PEMFC compared with Pt, which is easily

deactivated even by the presence of trace amounts of CO and sulfur compounds.

In 2002, Mclntyre et al. [62] prepared WC and WMC (M ¼ Co, Ni) by various

chemical methods and tested these catalysts for hydrogen oxidation in the presence

of CO. WC showed a small and reversible reduction in the rate and magnitude of

rise in hydrogen oxidation current when 1% CO was added to the hydrogen fuel.

The effect of CO on WC is attributed to the very weak surface adsorption,

temporarily blocking the most active sites for hydrogen oxidation.

In 2008, Izhar and Nagai [63] prepared and evaluated cobalt molybdenum

(Co–Mo) carbides using a single fuel cell and three-electrode cell and found high

activities for the anodic electrooxidation of hydrogen over the Co–Mo catalysts

carburized at 873 and 923 K. The Co–Mo catalyst carburized at 873 K had the

highest activity and achieved 10.9% of the performance of a commercial Pt/C

catalyst in a full cell. The low performance of the carbide catalysts was attributed

to two factors: the intrinsic activity and low surface area of the carbide materials.

Though these materials exhibit activities lower than that of Pt/C catalysts, the results

exhibit a positive step in the development of low-cost Pt-free catalysts. Later, the

same group [64, 65] investigated CoWC and MoWC supported on high surface area

carbon and obtained 14 and 11% activity compared to that of 20 wt% Pt/C.

Tasik et al. [66] employed Co electrodeposited on a carbon paper as anode for

PEMFC single cell and found satisfactory performance levels though the activity is

lesser than that of pure Pt anode catalyst. Li et al. [67] recently achieved an exciting

result of high cell performance with a loading of 40% Ir–10% V/C, exhibiting a

power density of 1,008 mW cm�2 at 0.6 V, 70�C, which is 50% higher performance

than that obtained with Pt/C anode catalyst.

9.6.2 Cathode Catalysts for PEMFC: Materials and Challenges

The main focus of this section is on the electroreduction of oxygen in the acid

environment, a crucial component in the PEMFC system. The reason that the

present day PEMFCs do not exhibit its theoretical thermodynamic efficiencies is
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attributed to the sluggishness of ORR. This can be understood with the following

equation showing a direct relationship between the cell overpotential and fuel cell

electrical efficiency, z.

z ¼ 1�
�a þ �b
DEo

(9.16)

where �a and �b are the overpotentials at the anode and cathode, respectively, and

DEº is the total cell potential (mass transfer of the oxygen is not included). Since the

early 1960s, scientists recognized that the slow kinetics of the ORR in an acid

solution presents a major challenge for the PEMFC development. The difficulty in

oxygen reduction stems from the strong O¼O bond (498 kJ/mol), making the

activation of this bond typically kinetically slow. The elucidation of the mechanism

associated with ORR has been the subject of both an experimental and theoretical

components for several decades, mainly they center around platinum. ORR process

includes several individual reactions, as given in Scheme 9.1 [68].

Two different processes are operative simultaneously, and each of them contains

a few discrete steps. First, the “direct” pathway (k1), a concerted four-electron

transfer, reducing oxygen to water. Second, “series” mechanism showing a series of

one- or two-electron transfers forming peroxo species. Incomplete reduction of

oxygen to hydrogen peroxide not only leads to lower energy conversion efficiency,

but this species further produces harmful free radical species. Hence, a desired

feature of ORR catalyst is that it should reduce oxygen to water through the four

electron route. Even in the present days, there is still no clear consensus regarding

the primary steps of the ORR on platinum or indeed on any other metal surface. One

particular approach in elucidating ORR kinetics on metal surface has been through

the “d-band model” proposed by Norskov et al. [69] and later used as the basis for

new catalyst development by several groups. This model involves the coupling of

adsorbate states with metal d states on the electrode. By examining the strength of

coupling between O, O2, or OH species on different metals, the well-known

“volcano plots” relating this strength to reactivity can be developed [70]. These

plots are the manifestations of the well-known principles of Sabatier in heteroge-

neous catalysis [71]. Figure 9.3 shows one of these plots showing that among pure

metals, platinum has the highest reactivity. The strength of coupling between O or

O6

k4

k6 k5

H2O6(ads) H2O

H2O2

k3(+2e-)

k1 (+4e)

k2 (+2e)

k-2 (-2e
-
)

O6(ads)

diff

Scheme 9.1 Canonical mechanism for ORR in acid medium showing both direct and indirect

pathways. (Reproduced from [68] with permission)
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OH and the surface of the metal can be altered by alloying. An extension of this

model is the multiparameter correlation proposed by Norskov for the formulation

and design of alloy systems for selection of catalysts for fuel cell applications.

9.6.2.1 ORR Catalyzed by Platinum

Metallic platinum has been the oxygen-reduction catalyst of choice since the

development of the PEMFC by General Electric Company in the early 1960s, and

it still remains as the benchmark catalyst against which the newly developed ORR

catalysts are evaluated. Current state-of-the-art PEMFC cathodes employ Pt

loadings of 0.4 mgPt/cm
2 and exhibit mass activities of 0.16 A/mgPt at 0.9 VRHE.

A reduction of the Pt loading of 0.16 mgPt/cm
2 corresponding to a target mass

activity of 0.45 A/mgPt at 0.9 VRHE is desired for large-scale applications [72].

These catalysts are generally of 40 wt% Pt/C with Pt diameters of 3–4 nm with

active Pt surface areas of 90 m2/g. Catalysts with less than 3-nm platinum particulates

and increased active surface areas do not exhibit increased mass activities over

the state-of-the-art commercial Pt/C catalysts. This is due to the size effect of Pt

particles in ORR, showing best activities in optimum Pt size; because when the Pt

size becomes too small, the adsorption strength of OHads increases, blocking the

active sites. Currently, the carbon-supported Pt catalysts are prepared mostly via

impregnation route. Such catalysts typically do not have the uniformity in size and

shape in comparison to those made by colloidal synthesis. Control over the struc-

tural parameters of Pt nanoparticles is essential in order to harvest excellent

properties demonstrated on selective crystal surfaces. Hence, yet another route to

reduce the Pt loading is to prepare Pt nanoparticles with designer morphologies [73]

Fig. 9.3 Trends in oxygen-reduction activity plotted as a function of the oxygen binding energy.

(Reproduced with permission from [75])
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and the references cited therein. While some of the structures such as polyhedral,

nanowires, and branched structures exhibit higher specific activities than 40% Pt/C,

these improvements are more than compensated for by the reduced surface areas of

these materials, resulting in no net gain in mass activities [74]. Given these

understandings, it is not likely that the target mass activities can be accomplished

with pure Pt catalyst.

In addition, there are several limitations to employ Pt catalysts for ORR, beside

the issue of its high cost. The main reasons are the following: at first, Pt-catalyzed

ORR is not a complete four-electron reaction. Therefore, it is necessary to find an

effective catalyst that can promote the direct four-electron reduction of oxygen to

give water in order to improve the efficiency of the PEMFC. Secondly, Pt catalysts

are very sensitive to the contaminants in the feed system. These contaminations

occur through the impurities in the feed stream such as CO, H2S, NH3, organic

sulfur–carbon and carbon–hydrogen compounds in H2 stream and NOx and SOx

species in the airstream. These impurities can easily poison the Pt catalyst, leading

to degradation in performance. Further, the platinum catalysts gradually degrade

upon potential cycling via sintering, dissolution, and corrosion of the carbon

support, resulting in lack of durability for reliable applications.

9.6.2.2 ORR Catalyzed by Pt Alloys

In 1990s, investigators who worked on phosphoric acid fuel cells (PAFCs) reported

higher ORR activity and stability with several binary and ternary platinum alloy

catalysts than pure platinum catalyst. Diverse explanations were invoked in

explaining the enhanced activities of those alloy catalysts including structural and

electronic factors as documented in [72]. The reviews [73, 75] have addressed the

growth mechanism and structure of Pt alloy particles. In PAFCs, the gradual

leaching of the base metal is not a matter of concern; but in PEMFCs, the leached

cations poison the ionomer membrane, displacing the protonic sites and catalyze

the degradation of the membrane [72]. There are at least three possible causes for

the leaching of the base metal catalysts in PEMFCs: firstly, excess base metal

deposited onto carbon support during preparation; secondly, incomplete alloying of

the base metal to Pt due to a low alloying temperature employed during the

formation of the alloy; even a well-alloyed base metal may leach out during

PEMFC operations, leaving a platinum-enriched surface or skin since thermody-

namically base metals are unstable under PEMFC operating conditions in acid

electrolytes. The preleaching of PtxCo1�x alloys with acid can be carried out to

prevent further leaching and the consequent contamination of the membrane elec-

trode assembly. Activity as high as 0.28 A/mgPt at 0.9 VRHE reported using

commercial materials is regarded as benchmark for alloy catalysts.

The results of various investigations in the past two decades on electrochemical

tests of ORR by employing various binary and ternary platinum alloy catalysts are

presented in Table 9.4. In the second half of this table, emphasis was placed on

the most recent and promising advancements utilizing various strategies to control
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Table 9.4 Binary and ternary platinum catalysts for ORR in PEMFC

Pt alloy catalyst

Electrochemical

test conditions Major findings References

Carbon-supported Pt3Cr,

Pt3Co, Pt3Ni

PEMFC life test Negligible losses in the

performance over

400–1,200 h. High stability

of Pt and alloying

components

[76]

Pt with Ni, Co, and Fe Anodic potential of

1.1 V in dilute

acid

From XPS, most of Ni, Co,

and Fe easily disappeared

from Pt alloy surface

layers by dissolution; XRD

indicates no difference

before and after

experiments. Inference:

loss of base metal occurs

only within few

monolayers of alloy

surface. Modification of

electronic structure of the

Pt layer with respect to

bulk alloys results in

enhanced ORR

[77]

Pt/C, Pt3Ni/C Accelerated

durability test

Pt3Ni alloy shows better

resistance to sintering than

pure Pt catalyst

[78]

Pt–Fe alloy on C Accelerated

durability test

Sintering effect of Pt is

suppressed

[79]

Pt–Co alloy on C Accelerated

durability test

Sintering effect of Pt is

suppressed

[80]

Pt–M (M ¼ Fe, Co, and Ni) Accelerated

durability test

For 1:1 Pt and non-noble metal

ratio, highest metal loss

was observed; for 3:1 Pt

and non-noble metal ratio,

lowest metal loss was

observed; electron

microprobe cross-section

analysis: Co dissolution

found on membrane

[81]

Pt–Co, 2.5:1 atomic ratio on C Dynamic fuel cell

with continuous

water fluxing in

the cathode

13.9 mol% Co dissolved in

first 400 cycles; 6% after

800 cycles. Overall

performance loss with

PtCo/C was less than Pt/C

after 2,400 cycles.

Performance loss in Pt/C

after 1,200 cycles—due to

loss of active surface area

of Pt; In PtCo/C case, Co

dissolution is the cause

[82]

Pt–Co on C PEMFC durability

test 1,000 h

Performance offset 15–25 mV

was between Pt/C and

[72]

(continued)
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Table 9.4 (continued)

Pt alloy catalyst

Electrochemical

test conditions Major findings References

Pt–Co/C was maintained

throughout 1,000 h. Pt

alloys starts life with larger

size and does not sinter as

rapidly as Pt/C

Pt1�xMx/C (M ¼ Fe, Ni) Simulated PEMFC

operating

conditions

Transition metals are removed

from all compositions

during acid treatment, and

the amount of metal

removed increases with x,

acid strength, and

temperature

[83]

Pt/C, Pt–Co/C, PtIrCo/C PEMFC full cell Alloys showed better activity

and remarkable stability

over Pt/C. The loss of real

surface area after 1,800

cycles at 120�C was 45%

for Pt/C, 18% for PtCo/C,

and 8% for PtIrCo/C

[84]

Pt–M, 1:1 M ¼ Fe, Mn, Ni,

Cr, Ti

PEMFC full cell The Cr and Ni showed no

apparent leaching while

Fe, Mn, and Ni showed

leaching of base metal into

MEA but no performance

loss over 200 cycles

[85, 86]

Pt–M, M ¼ Fe, Mn, Ni, Cu PEMFC full cell No significant loss for

2 continuous days of

operation

[87]

Pt–Ni/C Polarization at

0.80 V for 1 h in

HClO4

Stability of alloy catalyst is

good; No Pt surface

enrichments

[88]

Pt–Ni, Pt–Co on C Thin film RRDE in

0.1 M HClO4 at

25, 60�C

Pt–Co 3:1, 1:1 and Pt–Ni 3:1

are stable, while Pt–Ni 1:1

changed sustainability

[89]

Pt3Cr Hydrogen-air

PEMFC

Pt was less stable than Pt3Cr

under high-current density

and high-humidity

conditions

[90]

Most recent promising advancements to control morphology of the nanoparticles—Pt skins,

nanoparticles decorated with smaller particles or dendritic structures

Pd nanocrystals of 9 nm as

seeds for the formation of

dendritic Pt nanoparticles

Hydrogen-air

PEMFC

Pt mass activities as high as

0.43 A/mgPt at 0.9 VRHE

[91]

3 nm Pt particles grown on

5 nm Pd particles

Hydrogen-air

PEMFC

12% decay after 30,000

potential cycles compared

to a 39% decay with Pt/C

[92]

Deposits of small Au clusters

on Pt/C

Hydrogen-air

PEMFC

Dramatic improvement in

durability without

[93]

(continued)
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the morphology of the nanocatalyst particulates and the formation of heterogeneous

structures like platinum skin, nanoparticles decorated with smaller particles, and

dendritic structures. This part would demonstrate to the reader the contribution of

catalyst development and designing in the recent years, accomplishing impressive

performance improvement in PEMFCs, enhancing the activity and stability of

conventional Pt/C catalysts and Pt alloys that are commonly employed.

From the various observations of the investigations given in Table 9.4, one can

find both high and low stability of platinum-based alloys in acid medium in the

literature. There are some investigations which showed the high stability of the

catalysts even after 1,000 h of life test in PEMFCs [72, 76]. In certain cases as in

[88], poor stability of materials was found in short durations with measurements in

half cells. It should be noted that the half-cell results can lead to different results

compared to full-cell tests. In addition, parameters such as temperature, pressure,

pH, and acid type can also affect the behavior of the alloy catalysts.

According to certain reports [85, 86, 89], the stability of non-noble metals in acid

environment depends on the kind of metal. Pt–Cr and Pt–Co are considered as more

stable ones than Pt–V, Pt–Ni, and Pt–Fe. But, the stability of these catalysts depends

Table 9.4 (continued)

Pt alloy catalyst

Electrochemical

test conditions Major findings References

significant decrease in

initial activity

Pt3M, M ¼ Ni, Co, Fe, V, Ti

annealed to form Pt skin on

the alloy surface

Hydrogen-air

PEMFC

Pt3Ni(111) surface is

approximately tenfold

more active than Pt(111),

90-fold more active than Pt

nanoparticles on a mass

activity basis, and has the

highest ORR activity of

any alloy reported to date

[94, 95]

Pt skin formation on another

metal by electrochemical

underpotential deposition

of Cu, followed by

displacement of Cu with Pt

Hydrogen-air

PEMFC

ORR mass activity 20 times

higher than that of

platinum particles

[96–101]

C supported nanoparticles

with non-noble metal core

and noble metal shells

Hydrogen-air

PEMFC

Pt monolayer on C supported

Co@Pd with 3–4-nm core-

shell nanoparticles show

total noble metal mass

activity of 0.4 A/mgPt at

0.9 VRHE which is very

close to the target for

traction applications

[101]

Pt alloy nanoparticles with Pt-

enriched surface layers by

electrochemical dealloying

Pt20Cu20Co60

Hydrogen-air

PEMFC

0.5 A/mgPt at 0.9 VRHE

exceeding the activity

benchmark for practical

applications

[102]
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on the degree of alloying and, to a lesser extent, on the size of the metal particle and

not on the type of metal. In general, Cr and Co exhibit higher degree of alloying with

Pt than V, Ni, and Fe. This could explain the higher stability of Pt–Cr and Pt–Co than

Pt–V, Pt–Ni, and Pt–Fe. The various studies show that most part of M dissolved

came from non-alloyed M. Another interesting finding is that the alloy particles

showed better resistance to sintering than pure platinum particles [78–80]. The

presence of the non-precious metal particles appears to hinder the mobility of

platinum on carbon. The major findings of various investigations on ORR studies

employing Pt–M catalysts and the stability and activity issues are shown in

Scheme 9.2.

It can be stated that the dissolution of base metal affects the characteristics of the

catalyst in two different ways. The non-precious metal dissolution may lead to

increase in ORR activity by surface roughening, and this phenomenon leads to

increased platinum surface area and/or by modification of the electronic structure

of the Pt skin originating from the loss of base metal. On the other hand, the non-

noble metal dissolution leads to a decrease in ORR activity due to disruption of

beneficial structure.

9.6.2.3 ORR Catalyzed by Non-noble Metals

In the effort to reduce the cost and improve the reliability of platinum-based fuel

cell catalysts, a non-Pt catalysis approach greatly attracted the investigators. ORR

on metal surfaces such as Cu (001), Cu (111), and Ni (100) has been examined by

different investigators [103–105]. Oxygen molecules were adsorbed and migrated

on Cu (001) surface as revealed by a STM study. The hydrogenation of adsorbed O

on Cu (111) surface was studied with TDS and Auger spectroscopy, revealing that

the formation of gaseous water is following two consecutive steps of formation of

OHads followed by hydrogenation to H2Oad. In Ni (100) surface, fast formation and

desorption of water molecules were observed.

Other than puremetals, metal oxides and alloys have also been investigated. ORR

activity was found on anodically formed TiO2 on Ti surface [106]. From rotating

disk experiments, it has been found that the ORR on TiO2 proceeds through a two-

electron process in acidic solutions and four-electron process in basic solutions.

Pt-M stability 

M Dissolution Small loss inM [78, 82, 90-92, 94] 

Positive Effect Nil Effect Negative Effect

Roughening, Electronic effect [88]  M into membrane, Decreased ORR activity 

Scheme 9.2 Pt–M stability in acid environment and consequences
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Polyoxometallates are a huge class of transition metal–oxygen cluster

compounds that have unique properties such as stability, easy synthetic route, and

commercial availability. Vanadium oxide was examined for its ORR activity [107]

and exhibited one order of magnitude more current as cathode catalyst than anode

catalyst in PEMFCs. Tungsten carbide has been a good HOR catalyst and tested for

ORR reaction also. But it is not stable enough under ORR conditions, and hence,

tantalum was added to enhance its cathodic activity. The corrosion resistance of

WC was notably increased by the addition of Ta, and the electrocatalytic activity of

ORR withWC + Ta was observed at 0.8 V, which is 0.35 Vmore positive than with

pure WC catalyst [108]. Another study employed the perovskite-type oxide, lan-

thanum manganite for ORR in basic media [109].

Ruthenium-based bimetallic electrocatalysts with non-noble metals such as Ti,

Cr, Fe, Co, and Pb on carbon support were prepared using chelation process [110]

and examined for ORR activity. Rotating ring-disk electrode measurements showed

that RuFeNx/C exhibits the activity and selectivity toward four-electron reduction

of oxygen to water comparable to conventional Pt/C catalysts. The MEA prepared

with RuFeNx/C for PEMFC exhibited the maximum power density of 0.18 Wcm�2

and no performance degradation for continuous 150 h of operation.

9.6.2.4 ORR Catalyzed by Transition Metal Chalcogenides

Since, Vante and Tributsch [111] proposed semiconducting Chevrel phase Ru–Mo

chalcogenides (sulfides, selenides), a spurt of research activities employing various

transition metal chalcogenides is investigated for ORR in acid media and, in some

cases, reported their PEMFC full-cell activities. The attractive behavior of

chalcogenides is their high stability in an acid environment, especially when in

combination with other transition metals. Further, delocalization of electrons in a

metal cluster can lead to high electron conductivity and attenuate relaxation of the

electronic states. The availability of reservoir of charges for multielectron charge

transfer is essential for enhanced catalytic activity. A summary of the results of

ORR studies, employing chalcogenides in half cell using liquid electrolyte and

PEMFC studies carried out by various investigators is given in Table 9.5. Mostly

Ru-based chalcogenides [111–117] were employed, and there is a recent report

using Pd chalcogenide [118] for ORR. A very few investigations were found on

non-noble metal chalcogenide tested for ORR in acid medium [119, 120].

9.6.2.5 ORR Catalyzed by Transition Metal Complexes

A variety of carbon-supported transition metal macrocyclic complexes such as N4-,

N2O2-, N2S2-, O4- and S4-systems all showed certain extent of catalytic activity for

oxygen reduction. Especially the N4-macrocycles such as phthalocyanines,

porphyrins, Schiff bases, and related derivatives and the metal, M, usually Fe,

Co, and Ni ([68, 121, 122] and the references cited therein) showed significant
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ORR activities in acid medium. The molecular structure of some of the extensively

studied macrocyclic ligands such as tetramethoxyphenylporphyrin (TMPP),

tetraphenylporphyrin (TPP), and phthalocyanine (Pc) for ORR is shown in

Fig. 9.4. Beck [123] predicted that the mechanism of ORR on N4-chelates of

transition metal mainly associated with a modified redox catalysis. In ORR, the

first step was the adsorption of oxygen on the catalyst metal center to form an

oxygen-catalyst adduct, followed by an electron transfer from a metal center to

bound O2 and the regeneration of the reduced N4-chelates.

The central metal ion in the macrocycle seems to play a key role in the

oxygen-reduction mechanism. Depending on the nature of the metal, the ORR

could take place via four-electron reduction to water (Fe complexes), two-elec-

tron reduction to H2O2 (Co complex). For N4 chelates, phthalocyanines, the

influence of metal ion showed the ORR activities in the following order [124]:

Fe > Co > Ni > Cu ~ Mn. The sequence of activity was explained by molecular

orbital theory based on oxygen adsorption [125]. Though Fe complexes of

phthalocyanine (Pc) and porphyrin (PP) can promote four-electron reduction

pathway, they are not stable. Cobalt complexes exhibit higher stability than

those of Fe; they can only catalyze two-electron reduction of oxygen. The

electrochemical stability sequence of metal macrocyclic complexes toward ORR

is Co > Fe > Mn [126].

CH3O
N

N

NN

HN
HN

NH NH

OCH3

OCH3

OCH3

(TMPP) (TPP)

(Pc)

N

N

N

N

N

N

NH

HN

Fig. 9.4 Molecular structures of metal tetramethoxyphenylporphyrin (TMPP), tetraphenyl-

porphyrin (TPP), and phthalocyanine (Pc)
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For the N4-macrocycle such as porphyrin metal complexes, the formation of

H2O2 is believed to be responsible for the deterioration of electrode performance

over time. Heat treatment of such complexes is found to overcome these

shortcomings. van Veen et al. [127] proposed four models to explain the heat-

treatment effect: (1) improving the dispersion of the supported chelate, (2)

catalyzing the formation of a special type of carbon, (3) generating theM–N species,

and (4) promoting a reaction between chelate and adjacent carbon in such a way as to

modify the electronic structure of the central metal ion with retentions of its N4

coordination environment. In order to combine the advantages of four-electron

reduction of Fe complexes with the higher electrochemical stabilities of Co

complexes, Chu and Jiang [128] studied the effect of the heat-treated mixture of

two transition metalloporphyrins (V/Fe, Co/Fe, Ni/Fe, and Cu/Fe) for ORR and

compared with that of heat-treated single transition metalloporphyrin. They found

that the heat-treated binary Fe and Co tertaphenylporphyrins could give higher ORR

current compared with their single constituents when employed individually.

The electrocatalytic activities are determined from rotating ring-disk electrode in

half-cell reactions for selected Co and Fe-N/Cwhich are synthesized at the best heat-

treatment temperature, and metal loading of catalysts are listed in Table 9.6 [122].

PEMFC full-cell tests were also investigated using CoPPY, CoTMPP [129],

FeTMPP [145], FeAc/NH3 [148], and CoPc [153], in the presence of either air or

oxygen in the cathodes. It has to be mentioned that the Ep, Eonset, and Eocp values for

ORR at the benchmark Pt/C were reported to be 0.71 V [134], 1.0 V [131], and

0.99 V (vs. NHE) [129], respectively. By comparing the listed parameters in

Table 9.6 and information from PEMFC full-cell studies, two important inferences

can be derived. Firstly, the electrocatalytic activities of these catalysts toward the

ORR are not too far from those of Pt-based catalysts, as many of the catalysts

exhibited very close values of Ep, Eonset, and Eocp. Secondly, the turnover rates of

these non-noble metal catalysts are low compared to Pt/C catalyst.

9.6.3 Supports for PEMFC Catalysts

9.6.3.1 Carbon Supports

The PEMFC catalyst research and development involves the development of

suitable support materials. Support plays an important role in enhancing the cata-

lytic activity and stability through its appropriate morphology, metal-support

interactions, and through synergetic effects in certain materials. Carbon in its

various forms is extensively employed as a support material in fuel cell electrodes.

The attractive characteristics of carbon are:

• High surface area (ranging from 60 to 1,750 m2/g)

• Good electrical conductivity and stability in wide potential window

• Adequate dimensional and mechanical stability
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• Lightweight

• Porosity which helps in dispersion, activity enhancement, and stability of metal

catalyst by preventing agglomeration

• Rich surface chemistry and versatile for functional group modifications

• Facile mass transport due to its hydrophobic characteristics

The most commonly used carbon supports in fuel cell electrodes together with

their characteristics are given in Table 9.7.

The effect of carbon black characteristics on the dispersion of supported metals

and on their electrocatalytic activity is well studied in literature. In case of metal

Table 9.6 ORR activity of some Co and Fe macrocycles in half-cell reactions

Catalyst/C Test conditions Activity/NHE Ea
p=mV

� �

References

CoTMPP 0.5 M H2SO4 850a [129]

FeTMPP 1.0 M H2SO4 890a [130]

CoTPP/FeTPP 0.5 M H2SO4 900b [131]

FePhen/NH3 0.5 M H2SO4 500 [132]

FeTMPP 0.5 M H2SO4 – [133]

FePAN 0.5 M H2SO4 600 [134]

CoPAN 0.5 M H2SO4 550 [135]

FeAc/AN 0.5 M H2SO4 555 [136]

CoTMPP 0.5 M H2SO4 660 [137]

FeTTP H2SO4 pH 0.5 – [138]

CoTTP H2SO4 pH 0.5 – [138]

FeCl2/AN H2SO4 pH 0.5 504 [139]

FeCl3/AN H2SO4 pH 0.5 594 [139]

Fe(OH)2/AN H2SO4 pH 0.5 494 [139]

Fe(OH)2/AN H2SO4 pH 0.5 594 [139]

Fe(OH)2/TCNQ H2SO4 pH 0.5 624 [140]

Fe(OH)2/H2Pc H2SO4 pH 0.5 644 [141]

Fe(OH)2/AN H2SO4 pH 0.5 429 [142]

FeTPP H2SO4 pH 0.5 684 [142]

FeAc/NH3 H2SO4 pH 0.5 694 [143]

FeAc/NH3 1.17 M H2SO4 694 [144, 145]

FeTMPP 0.5 M H2SO4 659 [144, 145]

FeTMPPCl 0.5 M H2SO4 711 [146]

FeAc/NH3 0.5 M H2SO4 719 [147]

FeAc/NH3 0.5 M H2SO4 744 [148]

FeAc/NH3 0.5 M H2SO4 687 [149]

CoAc 0.5 M H2SO4 544 [150]

CoTMPP 0.5 M H2SO4 544 [151]

FeSO4/NH3 H2SO4 pH 1.0 684 [151]

CoTMPP 0.5 M pH 3.0 phosphate buffer 599 [152]

Ac acetate, PAN polyacrylonitrile, PPY 2-phenyl pyridinato, TMPPCl tetramethoxyphenyl por-

phyrin chloride, TCNQ tetracyanoquinodimethane, Eocp open-circuit potential, Eonset onset poten-

tial, Ea
p potential at which cathodic peak height of oxygen reduction is maximum

aEocp/mV
bEonset/mV
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deposition on carbon support by impregnation methods, the specific surface area of

the carbon appears to have little effect on Pt dispersion [153]. Uchida et al. [154]

evaluated the effect of specific surface area of different carbons on Pt particle size

in Pt/C prepared by colloidal method. The Pt particle size decreased with increasing

specific surface area of the carbon as shown in Fig. 9.5. McBreen et al. [155]

Table 9.7 Carbon supports for fuel cell electrodes

Carbon support Maker Surface area (m2/g) Particle size (nm)

Carbon black

Vulcan XC-72R Cabot 254 30

BLACK PEARLS® 2000 Cabot 1,475 15

Ketjenblack, 300J Akzo Noble 829 30–40

Acetylene black Cabot 70 –

Exp. Sample AB Denki Kagaku Kogyo 835 30

Shavinigan AB Gulf Oil 70–90 40–50

Denka black AB Denki Kagaku Kogyo 58 40

3950 FB Mitsubishi Kasei 1,500 16

Printex XE-2 Evonik 950 –

SRC – – –

Condutex 975 FB Columbian 250 24

Active carbon

NORIT SX ULTRA Norit 1,076 5–400

P33 – 15.5 –

RB carbon – –
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Fig. 9.5 Dependence of Pt particle diameter on specific surface area of carbon blacks [160].

(Reproduced with permission)
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examined the Pt deposited by colloidal method on five-carbon supports such as

Vulcan XC-72R, Regal 600R, Monarch 1300, CSX98, and Mogul L. Vulcan XC-

72R and Regal 600R exhibited higher Pt dispersion than that on other carbons.

The high dispersion on Vulcan XC-72R was attributed to the high internal porosity,

which that on Regal 600R was ascribed to the surface property of the carbon,

resulting in strong metal-support interaction.

In order to enhance their electrochemical active surface area, the catalyst

particles supported on high surface area carbon materials are widely used in

PEMFCs. The physical and chemical properties of carbon support greatly influence

the electrochemical properties of the fuel cell catalyst. The carbon materials with

high surface area and good crystallinity facilitate electron transfer in addition to

high dispersion of catalyst particles. In this direction, novel nonconventional carbon

materials are architectured with desired physicochemical properties in numerous

morphologies, and the examples include ordered mesoporous carbons, carbon

aerogels, carbon nanotubes, carbon nanofibers, carbon nanohorns, and carbon

nanocoils. The challenge before the scientists is to develop carbon supports with

appropriate pore sizes, high surface area, good electrical conductivity, and chemical

stability in harsh fuel cell environments to achieve reliable durability through

simple, energy efficient ways. Among carbon materials, carbon nanotubes appear

to be promising material with desirable characteristics such as high crystallinity,

stability, high electrical conductivity for their employment in fuel cell electrodes.

As seen from literature, several researchers reported ([156] and the reference cited

therein) that when used as anode and/or cathode materials, Pt and Pt–M catalysts

supported on carbon nanotubes exhibited higher catalytic activity and stability than

that observed with the same catalysts supported on conventional carbon blacks.

The higher activity of catalyst particles supported on CNT compared to carbon

black can be attributed to several factors:

• The hollow cavity and graphitic layer interspaces offer facile access to reactant

gases than conventional supports. For instance, the extensively employed Vul-

can XC-72 R has randomly distributed pores of different sizes, hindering the

facile mass transport of reactants and products, where as the tubular morphology

of the CNTs makes the diffusion of reactant easier.

• The morphology of the CNTs can give rise to edge sites on which Pt particles can

deposit, and these sites may be more active than the sites in planar carbon black.

• The crystalline nature of CNTs makes them as good conductive substrates.

• The chemical differences between CNTs and carbon black induce flat deposition

of Pt on CNTs. This configuration of Pt crystallite results in decrease of the

hydrogen adsorption energy as inferred from temperature-programmed decom-

position (TPD) studies. This might arise from lowering of d-band center induced

by the reduction of Pt lattice constant and/or charge transfer from anchoring sites

of Pt. Such changes in electronic property may be responsible for the enhanced

electrochemical activity of Pt on CNT [157].

The specific characteristics of various new forms of carbon and conventional

carbons along with the characteristics of supported catalysts are listed in Table 9.8.
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9.6.3.2 Alternate Support Materials

Ceramic materials such as titanium, tin, ruthenium and tungsten metal oxides, and

carbides ([158] and the references cited therein) are explored as alternate support

materials for low-temperature fuel cell applications in order to overcome two major

limitations posed by carbon materials: the corrosion of carbon at cathodic potentials

and Pt dissolution during long-term operations. Zhang et al. [159] employed Pt/C

Table 9.8 Specific characteristics of different carbon materials and properties of supported

catalysts [150]

Carbon material

Surface

area

(m2/g) Porosity

Electronic

conductivity

(S cm�1)

Supported catalyst

properties References

Vulcan XC-72R 254 Microporous 4.0 Good metal

dispersion, low

gas flow

([156] and

reference

cited

therein)Ordered

mesoporous

carbon

400–

1,800

Mesoporous 0.3 �

10�2
�1.4

High metal

dispersion, high

gas flow, low

metal

accessibility

Carbon gels 400–900 Mesoporous >1 High metal

dispersion, high

gas flow, high

metal

accessibility

CNT (SWCNT) 400–900 Microporous 10–104

depending

on

alignment

Good metal

dispersion, high

gas flow

CNT

(MWCNT)

200–400 Mesoporous 0.3–3

function-

alized

Low metal

accessibility,

high metal

stability

Carbon

nanohorn,

carbon

nanocoil

150 Micro/

mesoporous

3–200 High metal

dispersion, high

gas flow

Activated

carbon

nanofiber

>1,000 Microporous 13 High metal

dispersion, low

gas flow, high

metal stability

Carbon

nanofiber

10–300 Mesoporous 102–104 High metal

dispersion, high

gas flow, high

metal stability

Boron-doped

diamond

2 – 1.5 Low metal

dispersion, low

metal stability
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and Pt/WxCy catalysts prepared by using Vulcan XC-72 R and tungsten carbide

supports, respectively, as both anode and cathode materials in PEMFC single cell to

compare their performance degradation. It has been found that before stability test,

the PEMFC with Pt/C performed better than that with Pt/WxCy. After stability test,

in contrast, Pt/WxCy catalyst showed a better performance than with Pt/C,

indicating high oxidation resistance of Pt/WxCy catalyst. The initial electrochemical

surface area of Pt/C and Pt/WxCy was 16.1 and 10.2 m2/g, respectively. This

difference has been ascribed to higher surface area of carbon than that of calcined

tungsten carbide. It is desirable to find ways to synthesize high surface area tungsten

carbide materials for fuel cell applications. Chhina et al. [160, 161] compared the

stability of Pt supported on commercial WC (BET ¼ 1.6 m2/g) with that of

homemade Pt supported on Vulcan XC-72 R and commercial Pt/C. In both

works, the stability of Pt/WC was higher than that of Pt/C.

Several conducting polymers such as polyaniline, polypyrrole, polythiophene, and

their derivatives ([162] and the references cited therein) exhibit greater advantages as

fuel cell catalyst supports due to their high surface areas, suitable porosities, high

electronic and protonic conducting properties, mechanical properties, and the simple

and rapid ways of preparing them. Themain interest in conducting polymers is due to

the three-dimensional availability of catalyst metal deposits, whereas the conven-

tional carbon supports employed in fuel cell systems at the present days inhibit the

accessibility of the catalyst particles due their complicated pore morphologies.

9.7 Perspectives

The challenge of the research and technological development of fuel cells especially

that of the PEMFCs centered on the catalytic materials for both the anode and

cathode. A major impediment for commercialization of PEMFC is the cost and

scarcity of platinum because the PEMFC employ platinum in both anodes and

cathodes in order to attain satisfactory performance. Durability is another issue

because Pt catalysts are easily poisoned by the impurities and intermediates in the

fuel cell reactions. The first question is, have we learnt enough to reduce the quantity

of required Pt in the electrodes and what does catalysis do to this? The second

question is, havewe learned tomove away from the Pt catalysts whichwere proposed

50 years ago and in fact from day one of the genealogy of hydrogen-air fuel cell? The

third question is, are the electrocatalytic materials possess appropriate durability?

We would like to answer these questions pictorially through Figs. 9.6 and 9.7.

Yes, we see the light, but not too far away! High power densities and efficiencies

are being realized, due to the dispersion of nanosized, tailor-made metal structures,

on high surface area alternative support materials. The loading of platinum or

platinum alloy metals applied as gas diffusion electrodes is significantly reduced

to a relatively few milligrams per geometric area compared to the efforts done

during the past decades. We also start detaching ourselves from complete reliability

on platinum by searching for Pt-free, cost-effective nonmetals with abundance of
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supply and sustainability. Nature is a good teacher! We started taking our lessons

from it by opting for materials which are structural and functional mimics of

macrocyclic complexes, in ORR. Indeed, in spite of their little lower activities for

ORR, the transition metal complexes appear to be promising ones, due to their
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Fig. 9.6 Relationship between metal prices and relative abundance of the chemical elements in

Earth’s upper continental crust based on the abundance of Si with 106 atoms. The corresponding

metal price data on September 02, 2005 are from http://www.metalprices.com [163]

Fig. 9.7 Number of publications regarding chalcogenides, macrocycles, and platinum for oxygen-

reduction reaction each decade from 1961 to 2007 [163]
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stability and their efficiencies involving reactions with multielectron transfers.

New synthetic approaches are to be developed for designing the catalysts with

molecular level assembling. To realize the full potentiality of the PEMFC technol-

ogy, the fuel hydrogen needs to be derived by energy economic pathways.

In an earlier communication [164], the challenges that are ahead of the adapta-

tion of fuel cell technology for large-scale commercialization and utilization have

been outlined both from the academic as well as technological points of view. It has

been pointed that the successful advancement of fuel cell technology will require a

sustained, long-term commitment to fundamental research, commercial develop-

ment, and incremental market entry. Depending on the sector of the market like

portable communications and stationary and transportation applications, the num-

ber and magnitude of the challenges to be addressed change and various estimates

are available on these [165].
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Chapter 10

Catalysis for Direct Methanol Fuel Cells

C. Bock, B. MacDougall, and C.-L. Sun

Abstract Thedirectmethanol fuel cell (DMFC) is aparticular caseof a low-temperature

proton exchangemembrane (PEM) fuel cell (FC).ADMFCutilizesCH3OHas anode

fuel and O2 as cathode fuel. Depending on the application, a DMFC is typically

operated in the range of 40–80�C. DMFCs are very attractive due to the high energy

density of CH3OH, thus making them lightweight devices. In fact, DMFCs can have

15 times the energy density of a Li-ion battery. Other advantages are that DMFCs can

be refueled on the fly within seconds, and CH3OH is an inexpensive and readily

available fuel. Furthermore, CH3OH is a liquid, thus facilitating its distribution, and

it can be taken on airplanes in designated cartridges. The impact of the eventual

successful commercialization ofDMFCs is estimated to be large and expands into the

microelectronics industry. However, significant obstacles need to be overcome

before DMFCs can be truly considered to be a viable technology. Some of these

challenges are related to the anode catalyst such as lowering the cost of the catalyst

used by lowering the amount of the noble metal component, as well as extending the

lifetime of both the anode and cathode catalysts.

A number of reviews describing the technical aspects of DMFCs as an entire

device are available (Scott et al. J Power Sources 79:43–59, 1999; Lamm and

M€uller System design for transport applications. In: Vielstich et al. (ed) Handbook

of fuel cells fundamentals technology and applications, Wiley, New York, 2003;

Narayanan et al. DMFC system design for portable applications. In: Vielstich et al.

(ed) Handbook of fuel cells fundamentals technology and applications, Wiley, New

York, 2003; Gottesfeld Design concepts and durability challenges for mini fuel
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cells. In: Vielstich et al. (ed) Handbook of fuel cells fundamentals technology and

applications, Wiley, New York, 2009). Therefore, these aspects are not covered in

this chapter, which instead focuses on the catalysis aspects of the electrochemical

CH3OH oxidation reaction. However, cross-references to proton electrolyte fuel

cells (PEMFCs) and related reactions are given where appropriate.

10.1 Brief History of the Development and Applications
of Fuel Cells

The discovery of fuel cells (FCs) dates back to the late 1830s. In 1839, the work of

Christian Friedrich Schoenbein was published that reported an experiment describing

the so-called fuel cell effect [5]. He filled tubes immersed in dilute sulfuric acid with

H2 and O2 gases and using Pt foil electrodes reported the H2/O2 voltage difference and

the fact that a current is measured. Schoenbein’s work focused on the fundamentals of

the electrochemical reactions. However, he did suggest that the combination of the H2

and O2 reactions could potentially be useful to generate electricity. His work was

published just 1 month before Sir Walter Grove’s report entitled the “On Voltaic

Series and the Combination of Gases by Platinum” [6]. Sir Walter Grove continued

this work and was the first to demonstrate actual working devices in the 1840s [7]. The

first studies of these “low”-temperature FC devices utilized bulk metal Pt foils as

electrodes. It was quickly recognized that the use of these smooth and low-surface area

electrodes did not provide sufficiently high interfacial areas for the reactions, and

hence, the devices did neither produce high currents nor high power densities.

Therefore, Grove explored the use of platinized Pt, i.e., higher-surface area catalyst

electrodes. This resulted in distinct improvements; however, the pores of the

electrodes were filled with electrolyte, thus limiting the access of the reactant gases

to the catalyst sites. It was eventually recognized that the optimization of the so-called

triple zone, which consists of the gas, liquid, and solid phase, is needed for FC

optimization. Experiments were conducted using a hydrophobic phase to improve

“triple zone” characteristics [8]. Furthermore, dispersed Pt catalysts and porous

electrodes were used to achieve higher catalyst surface areas [8, 9]. The now wide-

spread use of nanosized Pt catalysts that are deposited onto high-surface area supports,

i.e., Pt/C catalysts, followed some years later [10].

The utilization of other anode fuels than H2 attracted attention shortly after

Schoenbein’s and Walter Grove’s reports. Up to now, fuels capable of supplying

hydrogen like ammonia, various alcohols, and hydrocarbons have been explored.

Alkaline as well as acidic electrolyte media have been considered, although the latter

appears more attractive as it offers fewer disadvantages. The many decades of

research on FCs has led to the conclusion that proton electrolyte fuel cells (PEMFCs)

are potentially suitable for transportation and stationary applications. PEMFCs run on

H2 and O2 as anode and cathode fuels, respectively, and use a proton-conductive

polymer as anode and cathode separator. These systems are typically in the larger

than 10 kW range. The direct methanol fuel cell (DMFC) has been recognized as an
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interesting system for a long period of time. However, it is now recognized that

DMFCs are more suitable for the lower power generation range (�10 kW) [11]. Also

the use of DMFCs with batteries, e.g., for scooter applications, appears attractive as

the combined operation of a DMFC and a battery significantly (7–10 times) increases

the operation range of the system. DMFCs are also of interest for electronic devices

such as cell phones. Again, DMFCs are attractive for this type of application due to

their high charge density. In a DMFC, the CH3OH serves as the hydrogen source and

is directly fed into the anode compartment and converted into electricity. Direct feed

of the CH3OH fuel saves on weight and system design, as an external reformer for

CH3OH to H2 is not needed. It should be noted that the electrochemical CH3OH

oxidation reaction is much more sluggish than the very rapid H2 electrooxidation

reaction. This requires that larger amounts of the expensive Pt-based catalysts are

used for DMFCs than for PEMFCs (provided that the latter are operated with neat

H2). The slower CH3OH than H2 oxidation kinetics results in lower currents, and

hence, lower power outputs of a DMFC vs. a PEMFC. Based on these facts, it is

generally recognized that DMFCs are not suitable for high power applications such

as, e.g., needed in the automotive industry. Nevertheless, DMFCs are of high

technological interest due to many attractive properties CH3OH offers as a fuel.

These are, for example, the high power storage density of CH3OH, the fact that

CH3OH is a liquid, it is readily available, and a DMFC can be refueled on the fly.

Despite the fact that the working principles of FCs are now relatively well known,

many challenges still need to be overcome to make PEMFCs and DMFCs economi-

cally viable. However, this type of FCs offer many positive aspects as power

generating devices such as their high power densities, ease of use in remote areas,

and extended range of operation.

In this chapter, the aspects of electrocatalysis of the CH3OH oxidation reaction

for DMFCs are discussed. Many research and review articles have been published

covering various aspects of FCs. This chapter focuses on the electrocatalysis of the

CH3OH oxidation reaction and related reactions. It expands into the topic of high-

surface area and three-dimensional electrode processes.

10.2 Introduction: Direct Methanol Fuel Cells

10.2.1 Basics of DMFCs: Choice of Media and Fuels

In a DMFC, CH3OH is oxidized to CO2 and O2 is reduced. Either air or pure O2 can

be used as source of fuel for the O2 reduction reaction (ORR). This is shown in the

reaction scheme in (10.1–10.3). It should be noted that (10.1–10.3) show an overall

reaction scheme and not a detailed mechanism, which will be discussed later. The

oxidation of CH3OH takes place at the anode (10.1), while the reduction of O2 takes

place at the cathode (10.2):
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CH3OH þ H2O ¼ CO2 þ 6Hþ þ 6e�: (10.1)

3O2 þ 6Hþ þ 6e� ¼ 3H2O: (10.2)

Net:

CH3OH þ 3O2 ¼ CO2 þ 3H2O: (10.3)

The details of the CH3OH oxidation, as well the ORR, have attracted a lot of

attention over many decades of research. Improvements made in regard to catalyst

utilization in the electrode structure of an actual cell, as well as improvements in the

activities of both the anode and the cathode catalysts, will enhance the performance

of a DMFC. However, it should be noted that for the case of a DMFC, where

CH3OH rather than neat H2 is used as fuel, major improvements on the anode side

are needed. Of course, other improvements in the system such as better ORR

catalysts and electrodes, better water management, and lower CH3OH crossover

will also improve the performance of a DMFC. However, it is essential to improve

the anode catalysts in terms of catalytic activity and to improve their stability, i.e.,

protect them against dissolution during operation of a device. For practical DMFC

applications, an acidic environment is generally preferred in order to achieve the

complete oxidation of CH3OH to CO2 (see Sect. 11.5.1.1). Furthermore, system

problems that result from carbonate formation in alkaline media are avoided using

acidic environments, and more stable anode–cathode separators (membranes) are

available for acid-based FCs. Therefore, the reactions discussed in this chapter are

in general for acid-based systems, unless otherwise noted. It is, however, notewor-

thy that alkaline FC systems, which utilize, e.g., NH3, ethanol, ethylene glycol, or

methanol as anode fuel, have attracted a lot of attention. Also, alkaline systems may

be of interest for, e.g., power generation in space, where the formation of carbonate

is not an issue. They are also appealing based on the fact that both the anode and

cathode reactions are more rapid in alkaline than in acidic environments. This

allows for the reduction, or even avoids (in the case of the ORR), the use of

expensive noble metal catalysts. It is very important to note that the use of Pt-

based catalysts is essential for acidic “low” temperature FC applications in order to

achieve the required high power output. Furthermore, if carbon-based anode fuels

are used, it is essential to ensure the complete oxidation of the fuel to CO2.

Complete oxidation to CO2 avoids not only catalyst coking problems but also the

production of other undesired and frequently toxic side products [12, 13].

Figure 10.1 shows a schematic explaining the principles of a DMFC. These basic

principles apply to FCs in general. The main difference between a DMFC and a

PEMFC is that H2 rather than CH3OH is used as anode fuel for the latter. The

schematic in Fig. 10.1 shows the heart of an FC that consists of the anode, the

cathode, and the proton-conductive membrane. The latter is also the anode and

cathode separator and must be electronically nonconductive in order to not short the

two electrodes. Protons are formed at the anode as shown in (10.1) and are

transported to the cathode, where they react to form H2O, with the O2� formed

by reducing O2, as summarized in (10.2). This closes the electrical circuit and
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fulfills the conditions of electroneutrality. The transport of the protons across the

membrane from the anode to the cathode can take place by the usual means of

counterion transport, which is induced by concentration gradients, i.e., diffusion as

well as ohmic migration (the latter being dominating in an FC [14, 15]). Further-

more, the protons are hydrated, and water is dragged from the anode to the cathode,

which is not depicted in the schematic in Fig. 10.1.

It is clear that the membrane must be a proton conductor. Furthermore, the anode

and cathode catalyst layers are generally relatively thick, in the several-mm range,

and a proton-conductive phase is also needed in the catalyst layers. Another FC

schematic demonstrating the more detailed making of the membrane electrode

assembly (MEA) and electrode structures is shown in Fig. 10.2. Much research

has been devoted to the development of proton-conductive, low-CH3OH crossover,

inexpensive, and stable membranes that also show low crossover to CH3OH [16].

Crossover of CH3OH from the anode to the cathode is not desired as CH3OH anode

fuel is lost, and the CH3OH fuel is oxidized at the cathode, which results in a lower

cathode potential, and hence lower DMFC performance. The membrane must be

“compatible” with the catalyst layer, to the extent that one must be able to form a

stable MEA by hot pressing in a straightforward manner and to also not swell

during operation. The latter could lead to cracking of the catalyst layer and result in

subsequent delamination between the catalyst layer and membrane. Most com-

monly Nafion is used as a membrane as well as H+ conductor in the catalyst layers.

Nafion suffers the disadvantage of high CH3OH crossover when used as membrane,

while the high CH3OH permeability turns out to be an advantage in the anode

catalyst layer. Access of the CH3OH fuel to the catalyst sites is not hindered by the

presence of Nafion in the anode catalyst layer, as a thin layer of Nafion allows for

the permeation of CH3OH. Despite the crossover issues, Nafion is currently still the

membrane of choice for DMFCs. It seems that issues such as the manufacturing of

the MEAs and their stability during operation present somewhat of a challenge if

non-Nafion membranes are used. It should also be noted that crossover of CH3OH is

Fig. 10.1 Schematic

demonstrating the principles

of a DMFC
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not always considered as negative. Based on DMFC field studies, it was suggested

that the problem of CH3OH crossover is academic and that it can be counteracted by

oversizing the FC [11]. Furthermore, the following three beneficial factors were

listed as a benefit in operating DMFC systems [11]. Crossover of CH3OH is

suggested to be a way to deal with water management problems in dry conditions.

It is beneficial during start-up conditions, as the CH3OH electrooxidation is exo-

thermic and apparently the heat release is the most efficient way to increase the

stack temperature. Furthermore, methanol diffusion within the MEA results in a

distribution of antifreeze substances that are probably used in a real system to allow

for the use of DMFCs in lower temperature environments.

Figure 10.2 shows the assembly of a single cell of an FC. A practical device

consists of an FC stack, i.e., of several of these single units connected together.

10.2.2 Introduction to Reaction Rates and the Nature

of the Catalysts for Low-Temperature DMFCs

The oxidation rate of methanol increases with increasing temperature according to

the Arrhenius relationship, as follows:

k ¼ A� expð�Ea=RTÞ: (10.4)

Catalyst loaded carbon particle (100-200 nm)

Catalyst particle (c.a. 2 nm)

Catalyst layer

carbon + catalyst

+ ion exchange binder

(10-20 um thick)

Ion exchange

membrane

(c.a. 200 um thick)

Bipolar plate

with flow field

Fuel feed

channel

e-

Catalyst layer

carbon + catalyst

+ ion exchange binder

(10-20 um thick)

Bipolar plate

with flow field

Oxygen feed

channel

e-

Width of 1 cell about 1000-2000 um

CH3OH + H2O  =>  CO2 + 6 H+ + 6 e’ 1.5 O2 + 6 H+ + 6 e’  =>  3 H2O

PtRu Pt

Fig. 10.2 Schematic showing the making of the heart of a fuel cell and the membrane electrode

assembly (MEA)
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In (10.4), k is a rate coefficient, A a constant, Ea the activation energy

(kJ mole�1), R the universal gas constant (8.314 � 10�3 kJ mol�1 K�1), and T

the temperature (in Kelvin). Equation (10.4) suggests that the reaction rate

increases, and accordingly, the performance of a DMFC increases when the cell

is operated at higher Ts. As a rule of thumb, the reaction rate of a simple reaction

doubles with a temperature increase of 10�C. The electrochemical CH3OH oxida-

tion reaction is a multistep reaction involving adsorption and diffusion of reactant

and intermediates on the catalyst surface. Therefore, a simple relationship like

doubling of the CH3OH reaction rate per 10�C raise in temperature is not observed.

Nevertheless, an increase in the CH3OH reaction rate with temperature is observed

[17, 18]. For example, a change from 60 to 80�C results in a ca. 2 times increase in

the CH3OH oxidation current in a DMFC at an anode potential of 0.5 V vs. the

reversible hydrogen electrode (RHE) [17]. Obviously, this is less than two times

increase predicted per 10�C increase.

It should be noted that the typical operating range for DMFCs is between 40 and

80�C, and liquid feed of CH3OH vs. vapor feed seems to be preferable [18, 19].

Higher DMFC performances can be achieved at higher temperatures and using

vapor feed [1]. However, the vaporization process consumes energy and adds

complication to the system. It is also essential to separate unused CH3OH fuel

from the gaseous CO2 product if vapor feed CH3OH is used. For such “low”-

temperature FC applications, catalysts containing Pt metal are needed. Pt is unique

and has the capability of abstracting the H-atoms from the carbon of the –CH3

group of CH3OH. This results in the formation of a –CO-type species adsorbed

(–COads) on the catalyst surface. This species can further be oxidized to CO2 with

the assistance of an oxygen atom donated from H2O. The identification of the

intermediate species and the products of the CH3OH electrooxidation reaction has

been the subject of numerous studies [20–32]. The exact details of the CH3OH

oxidation reaction are still the subject of much discussion. However, it can be said

that the general mechanism of the CH3OH electrooxidation reaction has now been

accepted. The general mechanism applies to both Pt-only and bimetallic Pt-based

catalysts, although the exact pathways and product yields frequently depend on the

catalyst. The yields and reaction products of the CH3OH oxidation reaction may

depend not only on the crystal and chemical structure of the electrodes but also on

the roughness factor of the Pt-based electrodes. Studies for Pt-only electrodes have

already been carried out decades ago and have shown that the yield for the CO2

production is much higher for anode catalysts of increased surface roughness than

for smooth Pt electrodes [33]. The established views about the influence of the

electrode roughness and structure on the CH3OH oxidation reaction are discussed in

separate Sects. 10.4.1.2 and 10.5.4.1 These parameters appear to be of relevance for

the CH3OH oxidation reaction pathway on Pt-only electrodes.

Due to the high cost of Pt and other possible noble metal components of the

catalysts such as ruthenium, the Pt-based catalysts are typically dispersed onto

high-surface area supports [34–39]. To date, high-surface area carbons are typically

used as they are electronically conductive and also offer the advantage of being

inexpensive. It should, however, be noted that there are several issues using carbon
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as a support, such as its stability to corrosion. This, of course, is a very pronounced

issue for the cathode, as the cathode in an FC experiences positive polarizations and

an oxidative environment, namely the presence of O2. Nevertheless, carbon corro-

sion can also be an issue for the anode. It is known that parts of the anode can

experience fuel starving conditions. Fuel starving conditions can drive parts of the

anode to evolve O2, which then also results in very positive local anode potentials

that can favor the corrosion of carbon and its oxidation to, e.g., CO2 [40]. This is

demonstrated in the schematic shown in Fig. 10.3. Therefore, non-carbon-based

catalyst support materials have been sought for many years [37, 41]. However,

nanosized catalysts on high-surface area carbon blacks are still the most commonly

used catalysts. Over the past decades, significant efforts have also been devoted to

develop improved catalyst structures such as Pt alloys (see [42–58] for examples).

This is done with the goal to establish better catalytic activities. In the case of

DMFC anodes, so-called bimetallic Pt-based catalysts are utilized. The usefulness

of bimetallic Pt-based catalysts dates back to the 1960s when reports of adding

another metal to Pt, most effectively Ru, showed that the onset potential of the

CH3OH oxidation reaction can be substantially lowered. The so-called bimetallic

Pt-based catalysts are needed to achieve a lower anode overpotential (�an). This, in
turn, results in a higher cell voltage (Ecell) and hence also a higher power (P) output

[see (10.8) and (10.9) in Sect. 10.3.1]. The bimetallic mechanism is viewed to

involve the formation of active –OHads species on the admetal at lower anode

potentials (Eanode) than observed for Pt-only catalysts. The –OHads species are

formed through the electrochemical discharge reaction of H2O, as further discussed

in this chapter. This allows for the oxidation of CH3OH at lower Eanode values,

hence resulting in a higher cell voltage (Ecell) and higher P values. Other effects

such as electronic (also called ligand) and so-called third body effects can also

influence the electrochemical CH3OH and CO oxidation reaction. Some reports

suggest the electronic effect to be very strong, namely in the range of half of an

electron volt [59]. However, it should be noted that a lot of the studies suggesting

beneficial electronic effects are based on theoretical calculations utilizing model

CO2

O2
Pt+Ru

Crystals

Carbon

Substrate
Degradation of carbon

Loss of Pt/Ru

2H2O

2H2O

4H+

4e-

4e-

4H+

Fig. 10.3 Schematic demonstrating the oxidation of carbon to CO2 possibly taking place under

fuel starving conditions in the anode layer of a DMFC. Reprinted from [40] with permission from

Elsevier
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catalyst systems. The bimetallic effect has been clearly accepted to be capable of

lowering the onset potential of both the electrooxidation reactions of CH3OH and

COads of up to 0.3 V compared to Pt-only catalysts.

10.3 Thermodynamics

10.3.1 Equilibrium (Eo
) and Cell (Ecell) Potentials

The standard potential (Eo) of the CH3OH oxidation reaction, summarized in

(10.1), is 0.01 V vs. RHE. The Eo value for the ORR (10.2) is 1.23 V. Therefore,

the maximal Ecell value of a DMFC is 1.22 V, as the Ecell value is the difference

between the potential of the cathode and the anode, as follows:

Ecell ¼ Ecathode � Eanode: (10.5)

The theoretical value of 1.22 V for a DMFC is only slightly lower than

the maximal Ecell value of 1.23 V that is theoretically achievable for a PEMFC.

The Eo value for the H2 to 2H
+ oxidation reaction is 0 V vs. RHE. Furthermore, the

Eo values for the CH3OH oxidation reaction and the ORR reveal that the voltage of

the anode is less positive than the voltage of the cathode, thus driving the electro-

chemical conversion reactions of CH3OH and O2 due to the favored free energy

values. In real FC applications, effects such as current–resistance (IR) drops,

overpotentials at the anode (�an) and cathode (�cat), and methanol crossover from

the anode to the cathode lower the Ecell value. Some of these effects are seen under

load, i.e., when power is thrown from the FC, while others are already observed

when the cell is at equilibrium, i.e., under zero load and when no net current is

measured. The schematic shown in Fig. 10.4 demonstrates how the Ecell value

changes when current is drawn from the system. At zero load, i.e., when no current

OCP
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Fig. 10.4 Schematic

demonstrating the makeup of

the Ecell value as a function of

the current density (J) drawn

from the FC
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flows, the maximal Ecell value of a particular FC is measured. Under these

conditions, the cell is at its open-circuit potential. As stated above, the maximal

Ecell value of a DMFC is 1.22 V. However, Ecell values of less than 1.22 V are

typically measured at open-circuit potential for a practical FC. This is due to a

number of factors such as crossover of CH3OH from the anode to the cathode,

which results in depolarization of the cathode, i.e., a lower Ecathode value. The lower

Ecathode value results from a mixed potential at the cathode. In the case of CH3OH

crossover, parts of the three-dimensional cathode respond to the presence of

CH3OH, i.e., act as “anode,” while other parts respond to O2. Furthermore, the

state-of-the art cathode catalysts used for low-temperature FC applications are

Pt-based catalysts. An Eo value of 1.23 V for the cathode can only be achieved

for oxide-free Pt catalysts, i.e., metallic Pt. In the presence of H2O and O2,

hydroxides and oxides are formed on the Pt surface at positive potentials. The

formation and reduction of PtOH and PtO are demonstrated in Fig. 10.5 that shows

a so-called cyclic voltammogram (CV) of a bulk polycrystalline Pt foil in 0.5M

H2SO4. The potential (E) is recorded vs. a RHE, and the current (y-axis) is recorded

by changing the potential of the Pt electrode at a constant rate, e.g., at 100 mV s�1.

The latter is called the sweep rate. The electrochemical characteristics of Pt are well

documented in the literature [21, 59]. At low potentials, between ~0 and ~0.3 V vs.

RHE, the so-called butterfly peaks are observed. They are characteristic for the

adsorption and desorption of atomic H (Hads/des) on Pt metal. During the positive

potential scan, an increase in current is observed indicating the formation of Pt oxide.
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Fig. 10.5 Cyclic voltammogram (CV) of a polycrystalline Pt foil recorded in 0.5M H2SO4.

The CV demonstrates the typically electrochemistry of polycrystalline Pt. The y-axis is the current

(I) in mA and the x-axis the potential (V) vs. a reversible hydrogen electrode (RHE)
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Pt oxide formation takes place in several steps [60]. First, a monolayer of Pt–OHads

is formed, followed by the formation of a monolayer of PtO according to (10.6)

and (10.7):

Ptþ H2O ! Pt� OHads þ Hþ þ e�; (10.6)

Pt� OHads þ H2O ! PtOþ Hþ þ e�: (10.7)

(At potentials more positive than needed for the formation of a PtO monolayer

[at 1.335 V vs. RHE in 0.5M H2SO4], multilayer Pt oxide formation takes place.)

The formation of Pt–OHads and PtO are surface processes. Therefore, they are

independent of the sweep rate, i.e., the same CV characteristics and charge for

Pt–OHads and PtO formation are obtained for the different sweep rates

(<100 mV s�1). During the negative potential scan, the Pt oxides are reduced, as

indicated in Fig. 10.5. The Pt oxide reduction process is strongly dependent on the

amount of Pt oxides formed during the positive scan, i.e., it is influenced by the

upper potential limit used in the CV scan. For the conditions used in Fig. 10.5, Pt

oxide reduction is initiated and completed at ca. 1.1 and 0.4 V, respectively. From

the CV shown in Fig. 10.5, it is clear that at 1.23 V, the surface of the Pt electrode is

covered with oxide, thus blocking access of the O2 fuel to the catalyst sites. The

incapability of the O2 to adsorb onto the oxide covered Pt catalyst surface results in

lower Ecathode values than 1.23 V at open-circuit conditions of FCs. Therefore, the

theoretical Ecell values of 1.22 and 1.23 V for a DMFC and a PEMFC, respectively,

are not achieved for a real system. Complete reduction of the Pt oxides is not

needed for the ORR to take place. However, a smaller active Pt(0) area is available

for a Pt electrode that is partially covered with oxide, thus reducing the turnover rate

for O2. Both high Ecell and current (I) values are desirable as the value of P

generated by an FC is the product of Ecell and I, i.e.:

P ¼ Ecell � I: (10.8)

Or, in terms of the power density (P*) and J, the current density:

P� ¼ Ecell � J: (10.9)

However, as shown in Fig. 10.4, the Ecell value decreases as current is drawn

from the system. The change in the E values can be divided into three regions. They

are the region dominated by (1) activation polarization, (2) cell impedance, and (3)

mass transport control. As shown in (10.5), the Ecell value is the difference between

the values of Ecathode and Eanode. Both the Eanode and Ecathode values change in a

similar fashion when current is drawn from the system, i.e., they are governed by

the same three influences, namely activation polarization, cell impedance, and mass

transport control. Practical Ecell, Eanode, and Ecathode vs. current density (J) curves

for an FC show a pronounced change in the E values at low J’s, as demonstrated in

Fig. 10.4. The changes in this region are dominated by the current–potential (I–V)
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relationship of electrochemical reactions that are under activation control. In the

activation-controlled region, the Ecell value is equal to the difference between the E
o

values of the cathode and the anode, which are corrected for losses in the

corresponding activation overpotential (�act). Changes in the activation-controlled

region are due to slowness of the electrochemical reactions taking place at the

electrode/reactant interface. These loses take place in an exponential manner, as

described by the Butler–Volmer equation (10.10) for the faradaic reaction taking

place at a particular electrode:

I ¼ AJo exp
1� að ÞnF

RT
E� Eeq

� �

� ��

� exp �
anF

RT
E� Eeq

� �

� ��

: (10.10)

In (10.10), A is the electrode surface area, Jo the exchange current density, Eeq

the equilibrium potential, and a is the symmetry factor. All other symbols have their

usual meaning. Furthermore, E � Eeq equals �act. There are two limiting cases to

the Butler–Volmer equation, namely the low field case for the case of �act values
<~25 mV. For the low field case, changes in the �act value are small, and hence, the

exponential terms in (10.10) can be approximated by a linear relationship, thus

simplifying (10.10) to:

I

A
¼ Jo

nF

RT
E� Eeq

� �

¼ Jo
nF

RT
�act: (10.11)

The second case is the high field case that applies to �act values >30–100 mV.

For this case, the electrode is sufficiently polarized that the kinetics of the forward

reaction are much faster than the kinetics of the backward reaction. For example,

for the case of the CH3OH oxidation reaction, only the oxidation reaction of

CH3OH needs to be considered, and the reverse reaction, the “reduction” of

“CH3OH oxidation products,” can be ignored. Similarly, for the case of the cathode

only, the reduction reaction of O2 needs to be considered, and the oxidation reaction

of, e.g., O2� or H2O2, can be neglected for the high field case. Equation (10.10) can

be simplified, as shown in (10.12), for the case of the anode:

Eanode � Eeq ¼ �a ¼ aþ b logðIÞ: (10.12)

The simplified form shown in (10.12) is written in the form of the well-known

Tafel equation. The symbols a and b are constants that are specific for a particular

reaction and a particular temperature. Also, the symbol �a, which stands for the

overpotential of the anode, is used specifying that (10.12) describes the E–I

relationship of the anode.

In the second region, observed at intermediate J’s, ohmic loses also contribute to the

decrease in the Ecell value. The ohmic loss or IR drop is the product of I and the

resistanceR of the cell. In this region, theEcell value follows the following relationship:

Ecell ¼ �act � R� I: (10.13)
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In (10.13), I represents the total current flowing through the cell, and �act
describes the losses due to activation control at the anode and the cathode. Different

methods are used to obtain the R value of a particular cell. Often the current interrupt

method is used. However, it has been shown [61, 62] that this method yields higher

R values than othermethods such as AC resistance, high-frequency resistance, or AC

impedance spectroscopy. The R value obtained from the high-frequency resistance

and AC impedance measurements should be the same. Furthermore, both these

methods involve the application of a small AC perturbation of several frequencies.

Therefore, they are preferable to the one data point measurements of the current

interrupt method and the single AC frequency applied in the AC resistance method.

Typical R values are in the 0.1–0.15-Ω cm2 range [61, 62].

Figure 10.4 shows that at higher J’s, which correspond to faster electron transfer

rates and faster fuel consumption, a rapid drop in the Ecell value is observed. This drop

is related to a limiting current (Ilim) or a limiting current density (Jlim). This effect

results from limited mass transport processes taking place in the FC structure, for

example, associated with limited access of fuel or proton transport to or within the

catalyst layer. In this region, concentration gradients build up in the FC. The loss in

potential introduced by mass transport limitations (�lim) is defined as follows:

�lim ¼
RT

nF
ln

Ilim

Ilim � I

� 	

: (10.14)

In (10.14), Ilim is the limiting current arising from the concentration gradient.

The value of Ilim is defined by the rate the reactant that can be transported to the

catalyst surface, i.e., by Fick’s law. Examination of Fig. 10.4 also demonstrates that

Ilim is the maximal current that can be drawn from a particular FC.

10.3.1.1 Examples of DMFC Performance Values and Catalyst Loadings

Improvements in the performance of DMFCs have been made over the last years.

In a proof-of-concept study carried out in 2002, it was shown that DMFCs can be

operated over 2,000 h with only a small loss in performance [18]. The amount of

catalyst needed was also discussed in this study. Pt–Ru/C and Pt/C catalysts were

used at the anode and at the cathode, respectively, and a Nafion 117 membrane was

used. A 5 cm2 DMFC was operated at 80�C on 1M CH3OH at the anode and air at

the cathode. A total amount of 3 mg Pt per cm2 FC area was used, and a maximal

power density (Pmax) of ca. 110 mW cm�2 was achieved. This was a proof-of-

concept study to show that a DMFC can indeed run for 2,000 h. To date, typically

lower anode and cathode catalyst loadings per cm2 FC area are used, and the

catalysts are supported on high-surface area carbons. For example, a study reported

by a research laboratory in Juelich utilized Pt–Ru/C as anode catalyst and Pt/C as

cathode catalyst. The total metal loadings are 2 + 2 mg per cm2 FC area. Operation

of a single cell of 18 cm2 area at 80�C and ambient pressure, air at the cathode and

10 Catalysis for Direct Methanol Fuel Cells 381

www.TechnicalBooksPdf.com



1M CH3OH at the anode, was shown to yield an initial maximal power Pmax of

85 mW cm�2. A 30% decrease in the Pmax value was observed after 5,000 h of

operation of the single cell [63].

10.3.2 The Driving Force of an FC: The DG and DE Value

The net reaction of a DMFC is discussed above. As shown in (10.3), it is:

CH3OH þ 3O2 ¼ CO2 þ 3H2O: (10.3)

The anode and cathode reactions of an FC are driven by the negative difference

in free energy (DG) of the reactions, i.e.:

DG ¼ DGo þ RT lnK: (10.15)

In (10.15), DGo is the free energy at standard conditions, K is the equilibrium

constant of the overall reaction, and all other symbols have their usual meaning. For

a DMFC:

K ¼
pCO2

CH3OH½ � pO2½ �3
: (10.16)

DGo can be expressed in terms of the difference in the standard electrode

potential (DEo), namely:

DGo ¼ nFDEo: (10.17)

Inserting (10.17) into (10.15) then results in the following relationship:

DG ¼ nFDEo þ RT lnK: (10.18)

Furthermore, at equilibrium, when DG is 0 (10.18) can be reorganized and DEo

can be expressed as:

DEo ¼ �
RT

nF
lnK: (10.19)

As previously stated, at equilibrium, DEo ¼ Eo
cathode � Eo

anode, i.e., E
o
O2=H2O�

Eo
CH3OH=CO2, thus DEo ¼ 1.23 � 0.01 V ¼ 1.22 V ffi 1.2 V. This is the Ecell

value at zero load, hence reflecting the theoretical open-circuit potential value. As

discussed in Sect. 10.3.1 above, DEo values significantly lower than 1.2 V are

observed for DMFCs due to problems such as CH3OH crossover and the presence

of oxides on the Pt catalyst surface. This behavior is also observed for PEMFCs.
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An advantage of a DMFC operated using liquid anode fuels is the fact that the

transition between gaseous and liquid products and reactants is not needed. In the

case of the PEMFCs operated on H2, the anode gas H2 is oxidized to protons that

will be hydrated, i.e., H3O
+. The protons are transported across the membrane to the

cathode, where they form H2O with the O2
� ions generated by the electrochemical

reduction reaction of O2. Hence, in the case of PEMFCs run on H2 and O2, two

gaseous products are converted to a liquid. This involves changes of products of

higher entropy state (1 mol H2 + ½ mol O2) to an eventually liquid product (1 mol

of H2O).

10.4 Mechanism and Rate of the CH3OH and of the COads

Electrooxidation Reaction on Pt-Only Electrodes

As stated previously, PEMFCs and DMFCs require Pt-based catalyst. For the case

of a PEMFC run on neat H2, the Pt loadings of the anode catalyst layer are very low

(typically less than 0.1 mg Pt per cm2 FC area). Therefore, the amount of Pt used at

the anode of a PEMFC operated on neat H2 is not a significant issue. For the case of

FCs that utilize CH3OH or H2 feed containing CO impurities, much higher loadings

of the Pt catalysts are needed in the anode catalyst layer. The loadings in the latter

two cases are in the several mg Pt per cm2 FC area range. Many studies have been

carried out to understand the kinetics and mechanism of the CH3OH oxidation

reaction for Pt-only electrodes, which will be discussed below. Studies are also

carried out that report the development of non-Pt-containing catalysts for the

CH3OH electrooxidation reaction. Frequently, only the CH3OH oxidation current

is measured in these studies, i.e., the nature of the reaction products and whether the

CH3OH is completely oxidized to CO2 is not always established. In some cases,

non-Pt metal anode catalysts are promoted on the basis that they are less expensive,

even though the CH3OH oxidation currents can be much lower than observed for

state-of-the art Pt-based catalysts. Such a view is not valid, as the requirement of

complete oxidation of CH3OH to CO2 needs to be fulfilled for a DMFC anode

catalyst. In order for the CH3OH to CO2 reaction to take place, an H-atom

adsorption and abstraction mechanism from the methyl (–CH3) group of CH3OH

needs to take place, as discussed below.

10.4.1 General Mechanism for Low-Surface Area

Pt Electrodes in Acidic Solutions

The electrooxidation of CH3OHhas been studied extensively since the 1960s [20–32].

The electrooxidation reaction of CH3OH to CO2 is a 6-e� reaction and involves

the need for an external oxygen species. This oxygen species is donated from H2O.
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The CH3OH electrooxidation reaction is a multistep reaction. The actual reaction

yields and the distribution of the reaction products depend on several factors as for

example, on the concentration of CH3OH and the reaction temperature [26]. Many

studies have been carried out using bulk Pt metal electrodes such as polycrystalline

Pt and Pt single crystal electrodes. The overall oxidation mechanism for “smooth”

Pt-based electrodes has been established many years ago. (The term “smooth” used

here refers to an electrode with a low roughness factor, i.e., to an electrode of similar

electrochemical and geometrical surface area.) It is well known that even bulk metal

electrodes are not completely smooth and have edge and kink sites that can indeed be

important for electrocatalysis. However, discussion about the detailed mechanism of

the CH3OH electrooxidation reaction on Pt bulk metal electrodes is still ongoing.

In particular, details about the reaction products and current efficiencies of theCH3OH

to CO2 electrooxidation reaction are being discussed. Studies are somewhat compli-

cated by the fact that accurate reaction kinetic measurements require a significant

generation of reaction products and thus a reasonably highmagnitude of the current. It

follows that for practical reasons, such measurements on smooth and hence low-

surface area Pt electrodes are often carried out at relatively positive potentials typically

higher than 0.5 V vs. RHE. It needs to be noted that these conditions do not reflect the

target value of Eanode for DMFC operating conditions, which is more negative than

0.5 V vs. RHE. The oxidation of CH3OH, a single carbon and H-rich molecule,

involves multiple steps. In acidic solutions, the first steps involve the adsorption

of CH3OH onto the Pt surface, followed by the abstraction of the H-atoms from the

C atom, as, e.g., shown in (10.20–10.22):

Pt3 þ H3COH ! Pt2 � H2COH þ Ptþ Hþ þ e�: (10.20)

Pt2 � H2COH ! Pt� HCOH þ Ptþ Hþ þ e�: (10.21)

Pt� HCOH ! Pt� COH þ Hþ þ e�: (10.22)

There has been much debate about the exact nature and orientation of the

intermediate of the reaction shown in (10.22). In early studies, it has been suggested

that the final H-abstraction steps results in an aldehyde (–COH) species, as indeed

shown in (10.22). Various radiochemical and electrochemical methods have been

used to study the adsorption and formation of intermediate species from numerous

organic molecules [28–32]. It is now generally accepted that a Pt–COads-type

species is formed. The Pt–COads species is also referred to as a poisoning interme-

diate formed during the CH3OH oxidation reaction. It is important to note that these

conclusions are based on the detection of Pt–COads by in situ electrochemical

infrared spectroscopy (in situ IR) measurements [29, 30, 32]. These measurements

are useful to study the nature of adsorbed surface species as a function of the

electrode potential. However, the collection of an IR spectrum requires a relative

“long” time scale of several seconds. Species that are shorter lived are not detected

by this method. Therefore, it is not known whether the Pt–COads species detected by
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in situ IR is formed rapidly or by a slower transformation reaction of an initially

formed –COH species, as, e.g., illustrated in (10.23):

Pt� COH ! Pt� COads þ Hþ þ e�: (10.23)

Indeed, NMR studies have added support to the transformation reaction and the

view that the –COads species is formed at a longer (several seconds) time scale [64].

The complete oxidation of CH3OH to CO2 requires an external O-atom. The latter

is donated by the oxidative adsorption reaction of H2O onto the Pt surface forming

an –OHads species, shown in (10.24). The latter can then oxidize the Pt–COads-type

species completely to CO2, thus freeing up Pt catalyst sites, as shown in (10.25):

Ptþ H2O ! Pt� OHads þ Hþ þ e�: (10.24)

Pt� OHads þ Pt� COads ! 2Ptþ CO2 þ Hþ þ e�: (10.25)

According to this reaction mechanism, three Pt sites are needed for the adsorp-

tion of the CH3OH molecule [see (10.20)] and an additional Pt molecule is needed

for the formation of –OHads from H2O (10.24). According to (10.25), the catalyst

sites active for the CH3OH adsorption reaction should preferably be in close contact

with the catalyst sites that are active for the –OHads reaction. The –COads molecules

can diffuse across the catalyst surface to an active –OHads site. However, this is not

desirable as the surface diffusion process can take time, thus resulting in a slower

overall oxidation rate (see also Sect. 7.3.1). The surface diffusion process and

oxidation of –COads formed through the formation of the adsorption of gaseous

CO at low potentials have been studied extensively. For example, diffusion rate

constants for –COads in the range of 10
�14 cm s�1 have been estimated [65]. It needs

to be noted that the –COads surface diffusion rates are dependent on factors such as

the potential of the working electrode and the catalyst particle size.

It is noteworthy that DMFC anode catalysts are frequently characterized using

the electrooxidation reaction of –COads [66, 67]. Therefore, the characteristics of

the –COads electrooxidation reaction are also discussed in this chapter. The –COads

is formed by bubbling CO gas through the electrolyte solution, in which the catalyst

electrode is immersed. The potential of the catalyst-working electrode is typically

controlled at a value at which close to a monolayer of –COads can be formed onto a

metallic catalyst surface. Useful information can be extracted about the catalyst

surface, even though the –COads formed from gaseous CO and the poisoning

intermediate (–COads type) species formed during the CH3OH oxidation reaction

are viewed to be different. The bonding of the –COads onto Pt electrode surfaces has

been the subject of some discussions. There are many studies on in situ IR

spectroscopy [29, 30, 32, 68, 69]. However, in situ IR measurements most fre-

quently suggest that the –COads is linearly bonded onto the Pt electrode for both

COads formed through the adsorption of CO from “CO gas” dissolved in the

electrolyte solution and formed during the CH3OH oxidation reaction [68]. The

wave number of the –COads peak yields a measurement of the bonding strength of
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the COads with the electrode surface. Typically, a shift in the COads peak position is

observed with changes in the electrode potential. Some of the observed shift in

wave number position can be assigned to changes in the potential of the working

electrode (i.e., changes in the external static field around the working electrode)

rather than solely by a change in bonding strength. These changes are associated

with a phenomenon known as the Stark effect.

10.4.1.1 Comments to the CH3OH Electrooxidation Mechanism
in Alkaline and “Dry” Media

Equations 10.20–10.25 describe the CH3OH electrooxidation reaction in acidic

media, but studies in alkaline media are also frequently carried out. The use of an

alkaline media has advantages and a number of disadvantages. The latter are

substantial, thus making alkaline DMFCs devices not practical for most

applications. The advantages of the alkaline media are that both the ORR and the

oxidation reaction of methanol are enhanced compared to the electrochemical

reaction rates observed in acids. In the case of the ORR, Pt catalysts are not needed,

and much less expensive catalysts can be used. The oxidation rate enhancement of

CH3OH in alkaline solutions arises from the fact that strictly speaking CH3OH is an

acid, i.e.:

CH3OH þ H2O $ CH3O
� þ H3O

þ: (10.26)

The pKa of CH3OH is 15, and hence, in an alkaline environment, a fraction of the

CH3OH is present in the deprotonated, i.e., the CH3O
�, form. For example, for

0.01M NaOH solution, 0.1% of the CH3OH molecules are present as CH3O
�

anions. The pathways of the oxidation reactions of CH3OH and CH3O
� are

different. The oxidation of the deprotonated CH3O
� species is also more rapid.

The oxidation of CH3O
� does not proceed via the abstraction of H-atoms from the

–CH3 group. The CH3O
� anion adsorbs through its oxygen group at the Pt catalyst

surface. The throwback of the oxidation via this mechanism is that CO2 is not the

final oxidation product, but dimerization or coupling products can be formed. This

can take place through the formation of CH3O* radicals and a Kolbe-type reaction,

i.e., by a radical reaction mechanism of two nearby radical molecules. The coupling

products can be, e.g., methanaldimethylacetal [H2C(OCH3)2] and methylformate

[HCOOCH3]. Furthermore, even a 6-e� oxidation reaction of CH3OH does not

result in the formation of CO2 in alkaline media but rather in the formation of

carbonate, CO3
2�. Formation of CO3

2� is not desirable as it forms solid products,

which can block the pathways for the fuel and products in the FC. It should be noted

that other organic species that have been explored as potential anode fuels such as

ethanol and ethylene glycol are also acids. Therefore, the same issues apply to them

in alkaline solutions as for CH3OH.
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The exact oxidation mechanism, and product distribution, of course depends on

the oxidation conditions, namely potential range, electrode, and CH3OH to water

ratio [12, 13, 26]. In fact, the CH3OH to water ratio can be very important for the

CH3OH oxidation reaction [12]. In the absence of water, i.e., in “dry” media, the

CH3OH oxidation reaction takes place via the methanolic O–H splitting, i.e.:

CH3OH ! CH3Oð Þads þ Hads: (10.27)

This is similar to the initial CH3OH oxidation pathway taking place in alkaline

solutions. Due to the complicating issues arising in alkaline solutions, this chapter

focuses on CH3OH oxidation reactions in acidic media, generally of a CH3OH to

water ratio of at least 1 to 1. However, it needs to be emphasized that the final

product generation needs to be identified when new fuels, different media, new

catalyst formulations, or any other new experimental conditions are explored. The

complete oxidation reaction, e.g., the 6-e� reaction of CH3OH to CO2, is essential

for practical fuel cell applications as well as for safety reasons.

10.4.1.2 Reaction Rates on Clean and Single Crystal Surfaces:
Kink, Edge, and Terrace Sites

Both the CH3OH and COads oxidation reactions depend on the surface of the

catalyst. Therefore, considerable efforts have been devoted to gain insight into the

fundamentals of these reactions using very clean and well-defined Pt surfaces

[70–72]. In summary, the results have shown that the dehydrogenation reaction of

CH3OH results in the formation of a –COads type species. It is often referred to as

poisoning intermediate species to emphasize that it is a –COads-type species,

which may be different from COads formed by bubbling CO gas through an

electrolyte solution, as discussed in Sect. 10.4.1 [70]. Previous studies clearly

established that the structure of the Pt surface influences the CH3OH dissociation

reaction and the bonding and further oxidation of the –COads-type species. Sun

et al. carried out an extensive study for the formation and oxidation of the

poisoning intermediate –COads-type species [70]. They utilized a large number

of Pt single crystals, namely low index planes [Pt(100), Pt(111), and Pt(110)] and

stepped surfaces [Pt(310), Pt(511), Pt(610), Pt(211), Pt(311), Pt(332), Pt(320), Pt

(210)]. Polycrystalline Pt was also studied. Based on their results, it was

concluded that the CH3OH oxidation reaction is facilitated on stepped surface

sites as compared to terrace sites. They also proposed that the poisoning interme-

diate species formed from the dissociation reaction of CH3OH is similar to the

poisoning species formed from HCOOH. Herrero et al. [73] carried out a detailed

study of the CH3OH oxidation reaction for low index plane Pt surfaces, i.e., Pt

(111), Pt(100), and Pt(110). They carried out CV, chronoamperometric, and Tafel

plot studies for the CH3OH oxidation reaction on all three surfaces. The CH3OH

oxidation reaction was clearly observed to be dependent on the surface structure
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and also reported to be influenced by the anion of the electrolyte solution. The CV

results reveal that the onset potential for the CH3OH oxidation reaction can be up

to 0.2 V lower for the Pt(111) surface than for the Pt(110) surface. The CH3OH

onset potential was the highest for the Pt(100) electrode. The CH3OH onset

oxidation potentials were also different in the different electrolyte solutions.

Nevertheless, the influence of the surface structure was sufficiently substantial

that the onset potential values can be grouped as follows: Pt(111) < Pt(110) < Pt

(100). Furthermore, the H3PO4 solution appeared to show the lowest onset

potential in general. However, it needs to be stated that an Ag/AgCl electrode

was used as the reference. The Ag/AgCl electrode is a pH-independent electrode,

and hence, differences in the electrolyte solution pH values are not accounted for.

Furthermore, the onset potential for the CH3OH oxidation reaction is the lowest

for the Pt(111) surface. However, the CH3OH oxidation currents are the lowest for

the Pt(111) electrode. The Pt(110) surface yields the highest CH3OH current. The

authors calculated a turnover number of 163 molecules per Pt site s�1 from

chronoamperometric data at 0.2 V vs. Ag/AgCl for the Pt(110) electrode, which

is a high turnover number for Pt-only electrodes.

The turnover rates for the Pt(111) surface are the lowest for the three electrodes.

The fact that a low overpotential is observed for this electrode indicates that the

initial dissociative adsorption reaction of CH3OH onto the Pt(111) surface is fast.

However, further oxidation to CO2 is slow, indicating that further oxidation of the

poisoning intermediate species to CO2 is difficult on the Pt(111) surface. Indeed, in

situ IR studies show the formation of COads on the three electrode surfaces and

suggest a COads to CO2 oxidation rate as follows: Pt(110) > (100) 	 (111) [75].

Therefore, the adsorption and dehydrogenation reaction of CH3OH is fast (takes

place at low potentials) on the Pt(111) surface, but the Pt–OHads formation and

complete oxidation of –COads to CO2 [see (10.25)] require positive electrode

potentials. Based on these results, it is clear that the utilization of pure single crystal

Pt(111) catalysts for the CH3OH oxidation reaction is not an advantage. Further-

more, it should be noted that the use of low Miller index Pt surfaces is limited to

model studies rather than to real applications. It is well known that the structure of

single crystal surfaces are altered under real FC applications that can involve very

large changes in electrode potentials, which can be equivalent to potential cycling

conditions.

As mentioned above, the anion of the electrolyte solution can influence the

CH3OH oxidation reaction. However, it should be noted that HClO4 and H2SO4

are considered good electrolytes. H2SO4 appears to be preferred for the CH3OH

oxidation reaction, as it is considered closer to the Nafion environment in the FC.

Electrolytes like HCl should be avoided as Cl� is much more strongly adsorbing

and also has the propensity to react with intermediate species formed during the

CH3OH oxidation reaction. Anion adsorption effects are of high relevance for the

ORR. The ORR electrode operates at more positive potentials than the CH3OH

anode, and hence, anion adsorption can be very pronounced for the ORR cathode.

Anion effects cannot be ignored when kinetics of the ORR are studied.
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In summary, it can be said that the studies carried out using single crystal Pt

electrodes show that the adsorption and dehydrogenation reaction of CH3OH

strongly depends on the Pt surface structure. The activity of kink, edge, and defect

sites is much higher than compared to the low activity of terrace sites [70, 73]. The

number of kink vs. terrace sites can be important in the case of nanosized Pt

catalysts. Kinoshita calculated the dependence of the number of Pt surface atoms

located at edge and terrace sites on the Pt particle size for cubo-octahedral shapes

[74]. The latter is the theoretically thermodynamically stable form of Pt particles.

The calculations showed that the dependence of the number and ratio of these sites

on the Pt particle size is strong. This could explain the observed dependence of

reaction rates on the size of Pt particles of less than 5 nm. It needs to be noted that

different explanations have also been offered to explain particle size effects.

Furthermore, it is possible that Pt nanoparticles undergo shape changes as a result

of the electrochemical test conditions. Furthermore, the actual shape of the as-

prepared Pt nanoparticles depends on their preparation method; the resulting

particles may or may not be cubo-octahedral.

10.5 Promotion of the CH3OH and COads Electrooxidation
Reaction: The Addition of Reaction Promoters to Pt

10.5.1 The Bifunctional Mechanism of the CH3OH and COads

Electrooxidation Reaction

As discussed above, the complete oxidation of CH3OH to CO2 requires the assis-

tance of an external oxygen species. This can be an –OHads species formed from the

anodic discharge reaction of water, as shown in (10.24) and (10.25) for the example

of Pt–OHads formation on Pt. However, the water activation reaction on Pt takes

place at relatively positive potentials. For smooth polycrystalline Pt electrodes, the

Pt–OHads formation reaction is clearly observed at Eanode values more positive than

0.72 V vs. RHE, as seen in the CV in Fig. 10.5. Consequently, the complete

oxidation reactions of CH3OH and –COads to CO2 on Pt-only catalysts take place

at very positive potentials. As early as the 1960s, Frumkin et al. recognized that

Pt–Ru catalysts display a catalytic benefit for the CH3OH oxidation reaction over

Pt-only catalysts [24]. The Pt–Ru catalysts [which are now typically referred to as

bimetallic catalysts] allow for the complete oxidation of CH3OH and –COads to

CO2 at lower potentials. In fact, a lowering of the CH3OH oxidation potential of up

to 0.3 V can be observed for Pt–Ru over Pt-only catalysts [66, 75]. The catalytic

benefit of PtxRuy catalysts is shown in Fig. 10.6. Figure 10.6 shows CVs recorded in

0.5M CH3OH + 0.5M H2SO4 solutions. The PtxRuy alloy is seen to show the lowest

onset potential for the CH3OH oxidation reaction. The catalytic benefit of the

bimetallic systems is assigned to a so-called bifunctional mechanism, which is
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related to the fact that Ru adsorbs water at low potentials. This is summarized in the

reaction scheme shown in the following equations [45]:

Ptþ CH3OH ¼ Pt� CH3OHð Þads: (10.28)

Pt� CH3OHð Þads ¼ Pt� COð Þads þ 4Hþ þ 4e�: (10.29)

M þ H2O ! M � OH þ Hþ þ 1e�: (10.30)

Pt� COð Þads þM � OH ! PtþM þ CO2 þ Hþ þ 1e�: (10.31)

It should be noted that (10.28–10.31) are meant as a schematic to demonstrate

the basics of the overall CH3OH oxidation reaction rather than suggesting a detailed

reaction mechanism. Equations 10.30 and 10.31 are similar to (10.23) and (10.24)

above. However, in (10.30) and (10.31), M rather than just Pt is used. M stands for

the admetal that acts as the site to form active –OHads. For the case of Ru metal

electrodes, it is known that the formation of surface oxides, e.g., Ru–OHads, already

takes place in the 0–0.2-V range vs. RHE [76]. Many admetals and even metal

oxide species have been explored as potential bifunctional catalysts for the oxida-

tion reaction of CH3OH and –COads. However, the best catalysts for the electro-

chemical CH3OH oxidation reaction are still based on Pt–Ru. In the case of the

electrochemical oxidation reactions of solution CO and COads from gaseous CO,

systems like Pt–MoOx and Pt–Sn have also shown considerable catalytic benefits.

Fig. 10.6 CVs recorded at 10 mV s�1 in 0.5M CH3OH + 0.5M H2SO4 solutions for various

catalyst powder electrodes, as indicated in the figure. The current scales are normalized for the Pt

and Ru surface areas. Reprinted from [47] with permission of the Electrochemical Society, Inc.
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However, the electrochemical stabilities of the adcomponents of the latter two

systems are problematic. According to their Pourbaix diagrams, both Sn and Mo

dissolve at low potentials and in acidic solutions. The stability of Ru is also an issue

(see Sect. 10.5.1.3), although to a lower extend than for adcomponents like Sn and

Mo. It is clear from (10.17) that the admetal M, that provides an adsorption site for

the formation of active –OHads groups, needs to be in close proximity with the

Pt–COads in order to have a catalyst system that has a fast recombination reaction,

(10.31), and hence fast CO2 formation reaction. Therefore, a catalyst surface that

consists of homogenously distributed Pt to Ru sites on the atomic scale appears to be

preferable. Pt and Ru are known to form disordered alloys of fcc structure up to large

(>60 at.%) Ru contents [77]. Therefore, a random distribution of the Pt and Ru

atoms on the atomic scale is achieved in the bulk of PtxRuy alloys. However, a

random distribution of Pt and Ru atoms on the atomic scale on the surface of even

PtxRuy alloys is likely not the case. In fact, according to theoretical studies, Pt

surface segregation takes place for most PtxMy combinations except for PtxAuy
alloys [78]. This has been supported by experimental evidence [47, 79, 80]. The

actual makeup of the catalyst and the catalyst surface depends on the preparation

method. For example, annealing in an O2 atm at temperatures as low as 100�C results

in the binding of the O-atoms with Ru, thus bringing Ru to the surface in the form of

Ru oxides [79]. Furthermore, if chemical reduction methods are used to make the

catalysts, differences in the rate of reduction of the corresponding precursor salts

influence the actual make of the final catalyst. The reduction of Pt is typically faster

than the reduction of metal salts that are less noble. If this is the case, a catalyst made

of a Pt-enriched core and a surface enriched with the adcomponent results. The

general view has become accepted that practical Pt–Ru systems consist of Ru oxide

islands formed on the surface of Pt or PtxRuy alloys [81].

Many reports discuss the turnover rates for the CH3OH oxidation reaction for Ru

or Ru oxide islands formed on Pt metal electrodes [81–84]. Other studies discuss

the CH3OH turnover rates for PtxRuy alloys [43–45, 47, 85]. However, to the best of

our knowledge, there is not a single study that allows for a comparison between the

CH3OH oxidation rates of PtxRuy alloys and Ru oxide islands formed on Pt bulk

electrodes. It needs to be noted that often different experimental conditions are used

in the individual studies, thus complicating the comparison of the data. Small

differences in the potential of the working electrode, the temperature, the electro-

lyte, and the CH3OH concentration, as well as the sampling time, can have a

significant influence on the resulting CH3OH turnover rate.

10.5.1.1 The Active Form of Ru and Its Influence on the CH3OH
Turnover Number

There has been some discussion as to what form of Ru is the most active in

bimetallic Pt–Ru catalysts. Some studies propose that Ru oxides (preferably a

hydrous form) are much more active for the CH3OH oxidation catalysts rather

than PtxRuy alloys [86]. Other studies favor the view that Ru in its reduced form
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[Ru(0)] provides the most active catalyst sites for formation of active –OHads [81,

87, 88]. The chemistry and electrochemistry of Ru are complex. For example, the

surface oxidation of Ru metal takes place over a wide potential range. Surface

oxidation is initiated at potentials as low as 0 V vs. RHE [76]. RuOH and

RuO species (possibly hydrous) are already formed at very low potentials. The

electrochemistry of these species is reversible, i.e., they are reduced in the cathodic

scan. Further oxidation to Ru(+III) and Ru(+IV) species takes place at more

positive potentials.

Long et al. [86] strongly proposed to avoid bimetallic PtxRuy alloys for the

CH3OH electrooxidation reaction. They proposed an effective CH3OH oxidation

catalyst to consist of separate Pt and Ru oxide phases. They reported that a mixed

phase Pt metal and hydrous Ru oxide (RuOxHy) catalyst has orders of magnitudes

higher activity than a PtxRuy alloy catalyst. They reported differences in mass-

normalized CH3OH exchange current densities (Jo,mass) of 250 times for the mixed

phase Pt and RuOxHy catalysts vs. their so-called Pt
0Ru0 equivalent catalyst powder.

They used a commercial Pt–Ru black catalyst powder for their study. The powder

was used as-received and referred to as mixed phase Pt and RuOxHy powder. The as-

received powder was also subjected to heat treatments in different atmospheres, thus

achieving the reduced forms of the Ru oxide, i.e., their so-called Pt0Ru0 powder

among other catalyst powders. The CH3OH oxidation activities were extracted from

Tafel plots. Five to six points were obtained for each catalyst studied, over a

potential range of 100–125 mV. The Jo,mass values were then estimated from this

data by extrapolating to theEo value of the CH3OHoxidation reaction. This involved

the extrapolation from five to six experimental data measured in the 0.3 and 0.4 V vs.

RHE range down to close to 0 V vs. the RHE. Examination of their data suggests

very similar Tafel slope values for all powders except for the as-received powder

that shows a higher Tafel slope. An explanation for the difference in the Tafel slope

value for the one powder, namely the as-received powder, is not offered. Further-

more, error calculations for the Jo,mass values estimated by extrapolation from a few

data points over a fairly narrow potential range are not reported. The Pt0Ru0 powder

used and made in their study shows the poorest performance. This powder is made

by reducing the as-received mixed phase Pt metal and RuOxHy catalyst powder in a

H2 atm at 100�C. These conditions are known to be sufficient to reduce the hydrous

Ru oxide to Ru0; however, it is questionable whether indeed a PtxRuy alloy is formed

from a mixed phase powder at 100�C. Therefore, their study does not seem to

provide sufficient evidence to conclude that PtxRuy alloys should be avoided as

DMFC anode catalysts.

In another study, a range of unsupported Pt–Ru powders were made and

characterized [88]. PtxRuy alloy powders were made by rapid reduction of Pt and

Ru precursor salts at low temperatures. RuO2 was also deposited onto preformed

unsupported Pt powders. Part of the latter powder, the RuO2, was reduced to Ru(0) in

a H2 atm at 100�C. The CH3OHoxidation rates were then obtained for these powders

over a wide potential range of 0.2–0.7 V vs. RHE. The CH3OH oxidation currents

were normalized for the electroactive Pt area of the corresponding electrodes; hence,

true electrocatalytic currents were obtained. COads stripping voltammetry and COads
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stripping transients at constant potentials were studied to obtain information about

the site distribution of Pt and active Ru sites. Information about the nucleation and

ease of formation of active –OHads on the Ru sites were also obtained from the

transients. The results of this study suggest that the distribution of Pt and Ru sites on

the Pt–Ru catalysts surface strongly influences the CH3OH oxidation rate. Highest

CH3OH oxidation activities were found for the catalyst powders with the best

distribution of Pt to Ru surface sites, namely PtxRuy alloys.

It is noteworthy that the stability of the Pt–Ru catalyst also needs to be considered

for the selection of a DMFC anode catalyst. Recent studies indicate a lower

susceptibility of PtxRuy alloy powders for the dissolution of Ru at open-circuit

potential as compared to Pt–Ru catalysts that contain a separate Ru/Ru oxide

phase (Sect. 10.5.1.3).

10.5.1.2 The Optimal Ratio of Pt to Ru

Equations 10.14–10.17 suggest that the distribution of the Pt to Ru sites on the

catalyst surface plays a major role for the CH3OH and –COads oxidation reaction.

According to the reaction scheme, specific assemblies of catalyst sites consisting of

an optimized number of neighboring Pt to Ru sites are expected to yield the best

catalyst performance. For the case of the –COads oxidation reaction, the view is that

one CO molecule adsorbs on one Pt site. A Ru site, that provides the active form of

–OHads, is then needed for the oxidation of the –COads molecule to CO2. Therefore,

an atomically homogenously distributed surface composition of Pt to Ru of 1 to 1 is

believed to give the best activity for the oxidation reaction of –COads. In fact,

PtxRuy alloys of x ¼ y (1:1 Pt:Ru atomic ratio) are typically used for CO oxidation

catalysts [43]. For the case of the CH3OH electrooxidation reaction, the adsorptive

dehydrogenation reaction of CH3OH is believed to require three Pt sites and one Ru

site active for the formation of –OHads [26]. Based on this, an optimal Pt to Ru

atomic site ratio of 3 to 1 has been proposed and supported by experimental data

[43, 47]. In earlier studies, it has been proposed that the optimal Pt to Ru ratio

changes from 3 to 1 to a 1 to 1 Pt:Ru ratio when the temperature is increased from

25 to 60�C [43]. The proposed change in the optimal Pt to Ru ratio with temperature

was rationalized to be due to an activation of surface Ru at the elevated T’s, namely

that Ru is also able to adsorb CH3OH at, e.g., 60�C. However, closer inspection of

the reported experimental data suggests that the optimal Pt to Ru ratio for the

CH3OH oxidation reaction is independent of the reaction temperature [43, 44, 47,

83] and that the optimal Pt to Ru ratio is 3 to 1 for both 25 and 60�C [47]. However,

it should be noted that the optimal 3 to 1 Pt:Ru ratio is proposed for PtxRuy alloys.

It is possible that a different apparent optimal Pt to Ru atomic ratio may be

determined for non-PtxRuy alloy catalysts. It should also be noted that the above

studies of the optimal Pt to Ru ratio were carried out for bulk metal type catalysts

and unsupported Pt–Ru catalyst powders. Therefore, the catalysts are relatively

large consisting of a much larger bulk to surface atom ratio. For the case of

nanosized catalysts, studies that yield a conclusive answer about the optimal Pt to

10 Catalysis for Direct Methanol Fuel Cells 393

www.TechnicalBooksPdf.com



Ru surface ratio are not available. This is due to the fact that the synthesis and

characterization of nanosized Pt–Ru systems of defined composition are more

complicated. The detailed characterization of nanosized bimetallic catalyst

particles that are less than 5 nm in size is not trivial. Furthermore, it is more

challenging to control the PtxRuy alloy content and form nanoparticles of small

(<5 nm) and narrow size distribution than bulk PtxRuy alloys. Also, for the case of

catalyst nanoparticles, large stabilizers that subsequently block access of the fuel to

the catalyst site need to be avoided.

It needs to be noted that the optimal Pt to Ru ratio of 3 to 1 has been determined

for bulk PtxRuy alloys and for the anode potential range of interest to practical

DMFC operating conditions, which is between 0.3 and 0.5 V vs. RHE [47].

Within this anode potential range, the formation reaction of –OHads, (10.30), is

the rate-determining step [45], while at more positive potentials, the rate-deter-

mining step becomes the adsorption reaction of CH3OH (10.28). Activation

enthalpy values for the CH3OH oxidation reaction of ~30 kJ mol�1 have been

reported for an electrode potential of 0.68 V vs. RHE [43]. This is lower than the

Ecat value of ~60 kJ mol�1 reported for less positive potentials of<0.5 V vs. RHE

[47]. This difference may be related to a change in the rate-determining step of the

CH3OH oxidation reaction.

10.5.1.3 Stability of Pt–Ru Anode Catalysts

Recent studies have shown that the dissolution of Ru from the anode catalyst can have

a significant detrimental influence on the performance of a DMFC [89–91]. After

operation of DMFC single cells or stacks, significant amounts of Ru have been found

in the cathode compartment [89]. This suggests that dissolved Ru species are

transported across the Nafion membrane from the anode to the cathode. Furthermore,

the performance of the cathode has been measured to be lower for Ru-contaminated

cathodes [90]. It is further known that electrochemical Ru dissolution takes place

under fuel starving conditions. Fuel starving conditions can occur locally in the anode

compartment, thus driving parts of the anode into the evolution of O2. Dissolution of

Ru can also take place at open-circuit potentials. However, in this case, Ru dissolution

takes place from separate Ru oxide phases, while PtxRuy alloys are not susceptible to

Ru dissolution at open-circuit potentials [91]. There are many unanswered questions

about the dissolution of Ru from Pt–Ru catalysts. For example, the exact nature of the

Ru species that is dissolved and transported across the membrane anode is not known.

It is to expect that a chargedRu-complex species is formed, although some studies also

speculate about the possible formation of Ru oxide nanoparticles. Studies carried out

for Ru metal electrodes in acidic solutions (typically 0.5M H2SO4) have shown that

electrochemical dissolution of Ru(+III) and Ru(+IV) species takes place at potentials

more positive than 0.6 V vs. RHE. An estimate of the amount of Ru lost from a Ru

metal electrode as a function of the potential is shown in Fig. 10.7 [92]. The results

are obtained from electrochemical quartz crystal microbalance measurements.
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It is seen that the electrochemical dissolution ofRu follows an exponential relationship

with the potential. Ru dissolution reaches a significant level at potentialsmore positive

than 0.7 V vs. the standard hydrogen electrode (SHE).

Based on the Ru dissolution studies carried out to date, it can be concluded that

PtxRuy alloys show little susceptibility toward Ru dissolution at open-circuit poten-

tial. Furthermore, fuel starving conditions in the anode compartment result in

electrochemical dissolution of Ru, which is accompanied by irreversible detrimen-

tal effects on the performance of a DMFC. As a rule of thumb, catalysts containing

separate Ru components and potential excursions within the anode more positive

than 0.7 V vs. SHE should be avoided in order to minimize the dissolution of Ru.

10.5.2 The Third Body (Ensemble) Effect: Suppressing

the Formation of Poisoning Surface Species

Mechanisms other than the bifunctional effect have also been shown to result in

catalytic benefits for electrooxidation reactions such as the CH3OH oxidation

reaction. Such an effect is the so-called third body effect [93–95]. This effect,

which has already been reported several decades ago, seems to have been exten-

sively studied for the electrooxidation of HCOOH. In the case of CH3OH, the

catalytic effect of the third body is much smaller than observed for the bifunctional

mechanism of the Pt–Ru systems and is hence less pursued for the CH3OH oxida-

tion reaction. The third body effect involves the adsorption of a foreign metal

(or oxide) on the Pt electrode surface, such as the metal or oxides of Pb, Sb, or

Bi. The presence of the third body can change the adsorption reaction of the organic

Fig. 10.7 Amount of Ru dissolved from a Ru metal electrode as a function of the potential

measured vs. the standard hydrogen electrode (SHE). The amounts of Ru dissolved are estimated

from electrochemical quartz crystal microbalance measurements. Reprinted from [92] with the

permission of the Electrochemical Society, Inc.

10 Catalysis for Direct Methanol Fuel Cells 395

www.TechnicalBooksPdf.com



molecule, thus hindering the formation of a surface species that is difficult to

completely oxidize to CO2 [93]. As stated previously, the stability of the third

body for many metal and metal oxides can be poor at the potential range of interest

for DMFC operation in acidic conditions. Furthermore, the toxicity of the metal and

metal oxides needs to be considered.

10.5.3 Electronic (Ligand) Effect

The so-called electronic (sometimes also referred to as the ligand) effect has also

attracted a lot of attention for the electrooxidation reaction of CH3OH and –COads

[59, 96, 97]. In fact, this mechanism appears to have attracted more attention than

the bifunctional mechanism by some research groups over the past few years [97].

Electronic effects have been discussed as an essential element for the ORR reaction

for many years. A lot of the interest in the electronic effect for CH3OH and –COads

oxidation catalysis appears to stem from reports that are based on theoretical work

[96]. The reports by the groups of Koper and Norskov are probably the best known

studies for the theoretical exploration of electrocatalysts for –COads and CH3OH

oxidation reaction carried out in recent years [59, 96]. The surfaces of various

Pt–Ru catalysts and the resulting impact of the catalyst “structure” on the

electrooxidation reaction of CO were modeled. Different models of catalyst

surfaces such as perfect monolayers of Pt on Ru (0001), as well as catalyst surfaces

consisting of perfect PtxRuy alloys, were studied for the oxidation reaction of CO

and the adsorption reaction of –OH. The catalysts were viewed as bulk materials.

Their surfaces are considered flat showing no curvature. The calculations suggest

that a catalyst surface made of a perfect monolayer of Pt formed on Ru (0001)

changes the binding energies of –COads more favorably in the 0.5-eV range as

compared to Pt [59]. Based on these results, many attempts have been made to

construct practical catalysts consisting of a monolayer of Pt on bulk metal Ru.

However, the catalyst surfaces used in the theoretical study are model surfaces. It

has now been generally accepted that neither a catalyst consisting of a perfect

monolayer of Pt on Ru nor, vice versa, a perfect monolayer of Ru on Pt can be

formed. Similarly, the surface of a practical PtxRuy alloy catalyst is not made of a

perfect alloy but rather consists of clusters of either Ru or Pt depending on the

catalyst preparation method, as discussed in Sect. 10.5.1 Therefore, it needs to be

noted that the practical and theoretical catalyst systems show fundamental

differences that can influence the resulting electrocatalytic effects. The lack of

the practical ability of forming such “perfectly” structured catalyst surfaces on the

monolayer or atomic level is consistent with the fact that Pt tends to surface

segregate with most elements, and three-dimensional clusters rather than single

layers are formed. The only exception appears to be the Pt–Au system, where the

formation of a monolayer structure and surface alloy formation appears to be

possible [78].
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It should also be noted that electronic effects of the substrate are most pro-

nounced in the first monolayer for any system. The influence of the substrate decays

exponentially, i.e., rapidly in the following layers. This and the fact that Pt and Ru

strongly surface segregate make it questionable if practical Pt–Ru systems that

show substantial catalytic benefits due to electronic alterations induced by the

underlying substrate can be made in reality.

10.5.4 Three-Dimensional and High-Surface Area

Electrode Structures

10.5.4.1 Product Distribution and CO2 Yields for Smooth
vs. High-Surface Area and Porous Electrodes

Much of the above discussion and reactionmechanism studies apply to smooth or thin

layer catalyst systems. The actual real surface area of such electrodes is small, and

overall reaction rates are relatively low. The anode catalyst layer in a real DMFC

system consists of thick, several tenths of micrometers, electrodes that are porous and

provide a high interfacial area between the reactant and the catalyst sites. The reaction

mechanism, product distribution, and yield for CO2 production of the CH3OH oxida-

tion reaction can be different for smooth vs. high-surface area electrodes. This has

been shown by, e.g., Ota et al. [33] for the case of platinized Pt electrodes and is of

course also highlighted by studies using Pt(hkl) electrodes. The effects are due to the

fact that the adsorption of CH3OH, CO, and H2O is influenced by edge and kink sites

of the Pt catalysts. As shown byOta et al., the yield for CO2 production for the CH3OH

oxidation reaction on high-surface area Pt electrodes may not be a 100% during the

initial period of electrolysis. Depending on the temperature, the potential and the

CH3OH concentration products like HCOOH and HCOH can be formed. Ota et al.

further showed that after a couple of tenths of minutes of electrolysis, the current

efficiency for the CO2 production approaches 100%. It is noteworthy that this influ-

ence of the surface roughness on the initial product distribution of the CH3OH

oxidation reaction is very pronounced for Pt catalysts. It is not observed to the same

extend for Pt–Ru catalysts (provided that a sufficient amount of water is present in the

study) and is hence not further discussed in this chapter.

CH3OH oxidation activities have also been studied as a function of the Pt

particle size for catalysts supported on high-surface area carbons. A dependence

of the CH3OH oxidation current on the Pt particle size is observed for mass and

specific activities [98]. (The mass activity is the current measured per mass of Pt,

while the specific activity is the current normalized per Pt surface area. The latter

represents a true measurement of the catalytic activity.) The observed increase in

mass activity with decreasing Pt particle size is expected. The CH3OH oxidation

reaction takes place at the catalyst surface, and a decrease in Pt particle size results

in a larger number of Pt surface vs. the inactive Pt atoms located in the bulk.

10 Catalysis for Direct Methanol Fuel Cells 397

www.TechnicalBooksPdf.com



The specific activity shows a maximum in the 4–5-nm range for the CH3OH

oxidation reaction on supported Pt nanoparticles [98]. This could be due to changes

in the ratio of surface vs. edge atoms on the Pt nanoparticles (see Sect. 10.4.1.2).

For the case of Pt–Ru catalysts, experimental data show an influence of the particle

size on the mass activity of the CH3OH oxidation reaction, while an influence on

the specific activity appears not to be observed.

10.5.4.2 Proposed Use of Ru Oxides as Proton-Conductive Phase
in the Electrode Structure

There are a number of studies that explore the fact that Ru oxides are proton

conductors. In the catalyst layer of a PEMFC and a DMFC, the conduction of protons

is a crucial parameter. In fact, it has been reported that for anode catalyst layers

exceeding 10-mm thickness, the conduction of protons is likely the performance-

limiting factor [99, 100]. The exact limiting thickness, of course, depends on the

operating conditions of the DMFC, as well as the exact composition of the anode layer

and its preparationmethod. In order to improve the proton conductivity and to possibly

also allow better catalyst utilization, anode catalyst layers have been prepared by

depositing Pt-based catalysts onto layers of Ru oxides. Such catalyst layers have a

potential advantage over anode catalyst layers made using carbon-supported catalysts

formed in combination with, e.g., Nafion as proton conductor, as likely thinner

electrode layers can be made if the low-density carbon components are eliminated.

Both the proton conductivity and the surface area of the Ru oxide are a function of the

preparation method. Treatment and/or the involvement of higher temperatures results

in the dehydration of the Ru oxide, which is accompanied by a loss in proton

conductivity. Furthermore, the use of a single Ru oxide phase in large quantities in

the anode catalyst layer raises the question of the stability ofRu (Sect. 10.5.1.3). To the

best of our knowledge, the stability of the Ru oxide in these types of catalyst layers has

only been referred to in one study [100]. The stability of so-called RuO2 nanosheets

used for support of Pt particles was studied by potential cycling experiments [100].

Completion of 1,000 potential cycles between 0.05 and 1.2 V vs. RHE resulted in a

decay of 30% of the initial CH3OHmass activity for the Pt catalyst supported onRuO2

nanosheets. This was, in fact, taken as being a “positive” for the RuO2 nanosheets

since the corresponding decay observed for a Pt/C catalyst is ~86%, i.e., considerably

smaller. Based on the studies presented up to date, it appears premature to draw

conclusions if such catalyst layers are indeed better than catalysts made using an

organic ionomer (typically Nafion) as proton conductor.

10.5.4.3 Notes on the Preparation of Electrode Catalyst Layers

The actual preparation of catalyst layers for PEMFCs and DMFCs is somewhat

of a black art. Many different methods exist. Most of them involve the formation

of an ink made of at least the supported or unsupported catalyst, the ionomer
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(Nafion), and a solvent. The effectiveness of a catalyst layer strongly depends on

the preparation method, its porosity, and actual composition. For example, an

excessive amount of Nafion can block reactant access, while an insufficient amount

of Nafion can result in a low proton conductivity of the layer. It appears that

improvements can be made in regard to the design, the preparation, and the

characterization of the actual catalyst layers for DMFCs.

10.5.5 Summary Pt-Based Catalysts

The work carried out to date on catalysts for the electrooxidation reaction of

CH3OH suggests that Pt–Ru catalysts are still the most active. PtxRuy alloy catalysts

appear to be the best performing for the CH3OH electrooxidation reaction. Further-

more, recent studies also suggest that PtxRuy alloys have a better stability than

catalysts that also contain a single Ru phase [91]. The better performance of the

Pt–Ru catalysts is viewed as being linked to the facilitation of Ru to form an active

–OHads species, i.e., to a so-called bifunctional mechanism. Some studies have also

promoted Pt-based catalysts that contain a metal oxide phase such as MoOx, WOx,

or HxWOy [101–103]. The addition of MoOx has shown some promise in the case of

the electrooxidation reaction of CO and –COads [102]. However, the potential range

of an anode containing MoOx is limited due to stability issues of MoOx. The

originally reported enhanced effects of the addition of HxWOy and WOx to Pt and

PtRu catalyst can probably be assigned to a beneficial influence on the catalyst size

(i.e., resulting in a higher number of noble metal catalyst sites on the surface vs. the

bulk), rather than a true catalytic effect [104]. Studies have been carried out

preparing ternary and even quaternary Pt-based catalysts [45]. The addition of

third and fourth metal or metal oxide components, of course, likely increases the

challenges in the synthesis of a catalyst of a specific makeup (e.g., uniform

distribution of all components) as well as the characterization of the catalyst. Full

characterization of newly made or modified catalysts is essential in order to

understand whether observed differences in CH3OH oxidation currents are indeed

due to a real catalytic effect. Information at the atomic level for the bulk and the

surface of the catalysts should be obtained. Gathering reliable information about the

latter is work intensive and challenging. Therefore, combinatorial methods have not

yet provided any real breakthroughs in the area of catalyst development for CH3OH

electrooxidation reaction catalysts.

There are a number of challenges that remain to be solved for CH3OH

electrooxidation catalysts. These are full characterization and characterization

tools for nanosized bimetallic catalysts, controlled synthesis methods for nanosized

PtxRuy alloy catalysts, and the stability of the Pt–Ru catalysts. The preparation,

construction, and characterization of the catalyst layers for actual DMFC devices

also need more work.
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10.6 “Pure” Electrochemical Methods for the Evaluation
of Catalysts

In the last sections of this chapter, “pure” electrochemical methods are described

that are useful for evaluating catalyst characteristics on a laboratory scale. Methods

that allow one to distinguish whether true or mass activities of the CH3OH oxida-

tion catalysts are measured are discussed. The method involves basic electrochemi-

cal equipment typically available in research laboratories concerned with

electrocatalytic studies.

10.6.1 Distinguishing Real Catalytic vs. Mass Activities

Measurements of true catalytic activities require the knowledge of the electroactive

surface area of the particular catalyst electrode studied and the determination of the

onset potential of the CH3OH electrooxidation reaction.

10.6.1.1 Catalyst Surface Area Measurements

The evaluation of practical catalysts requires some care in order to evaluate if the

newly prepared catalysts are indeed showing better catalytic activities or if possible

observed differences between tested catalysts are due to differences in purely

physical properties, e.g., due to differences in mass activity. The true catalytic

activity measures the turnover rate or CH3OH oxidation current per cm2 of real

catalyst surface area. Therefore, in order to estimate true catalytic activities, the

electroactive catalyst surface area needs to be known. For the case of Pt-only

catalysts, the Hads/des reaction can be used to calculate the catalyst surface area,

i.e., the charge observed for the Hads/des (QHads/des) is calculated from the

corresponding CV; see, e.g., Fig. 10.4. For bimetallic catalysts, the Hads/des region

is often distorted by the presence of the admetal or admetal oxide. For example, Ru

metal also adsorbs H in the same potential region as observed for Pt. However,

unlike Pt, theHads/des charge is not proportional to the Ru surface area. Furthermore,

the Ru or a portion of the Ru may not be present in the metallic state, but rather

covered with an oxide even in the Hads/des region. Therefore, the use of the Hads/des

region for the estimation of practical catalysts like Pt–Ru is typically not suitable.

The electrochemical oxidation reaction of –COads has also been applied to study Pt

and Pt-based catalyst surfaces. It is considered as a useful in situ probe to gain

information about a catalyst surface [67]. It has been shown to be potentially useful

to yield information about the catalyst surface area in combination with the electro-

chemical oxidation reaction of (COOH)2 [105]. The latter needs to be carried out as

an activation-controlled electrochemical oxidation reaction and has been applied to

unsupported, i.e., bulk powder type Pt–Ru and Pt–Ru oxide catalysts [105].
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However, the application of the (COOH)2 oxidation method to nanosized catalysts

has never been probed. The (COOH)2 oxidation method has been applied to Pt–Ru

powder catalysts. The adsorption and oxidation of (COOH)2 takes place on Pt metal

surfaces. Its oxidation to CO2 does not follow a bifunctional mechanism, as the

donation of an additional O-atom is not needed to form CO2. Therefore, the activa-

tion-controlled (COOH)2 oxidation current is proportional to the Pt surface area.

Another useful method is the underpotential deposition of Cu [106]. Cu undergoes

underpotential deposition onto Pt and Ru metal surfaces and can subsequently be

stripped from the surface. It has been shown that one Cu atom is deposited per Pt(0)

and Ru(0) atom. However, this Cu underpotential deposition method requires the

knowledge of the fraction of surface Ru present as Ru(0) vs. the Ru oxide form in the

underpotential region of Cu.

10.6.1.2 The Onset Potential of the CH3OH Oxidation Reaction

The onset potential of the CH3OH oxidation reaction is a key parameter describing a

catalyst. An estimate of the onset potential can be obtained from, e.g., CV studies.

A positive potential scan should be used for the evaluation. The actual

characteristics of the negative scan are strongly influenced by the positive potential

limit used. For a polycrystalline bulk Pt electrode, Pt oxide formation starts at

potentials more positive than 0.7 V vs. RHE. The Pt oxides hinder the CH3OH

adsorption reaction (10.28). This results in a hysteresis between the positive and

negative potential scan. The onset potential for the CH3OH oxidation reaction is

determined by extrapolation of the CH3OH oxidation current in the positive scan to

zero currents. A lower onset potential for the CH3OH oxidation reaction reflects a

true electrocatalytic benefit, while an increase in the CH3OH oxidation current at a

particular potential, and for the samemass of catalyst, may simply be due to changes

in catalyst surface area. State-of-the art Pt–Ru catalysts show a significant decrease

in the CH3OH oxidation overpotential of ca. 0.3 V as compared to Pt catalysts.

Some studies examine the hysteresis between the positive and negative potential

scan in the CVs recorded in CH3OH solutions in an attempt to gain further inside

into a catalyst surface. It should be noted that the hysteresis is strongly dependent

on the degree of oxidation of the catalyst surface. The latter is very susceptible to

the positive potential limit used. Even small changes in the positive potential limit

typically exhibit an influence on the hysteresis, thus making the interpretation of the

data very complex.

10.6.2 Determining the Rate-Determining Step and Tafel Plots

Knowledge of the rate-determining step of the CH3OH electrooxidation reaction is

also of importance. Depending on the potential range of the anode, the rate-

determining step can change. The rate-determining step is determined by studying
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the CH3OH oxidation current of a particular catalyst electrode at different CH3OH

concentration. If the current is independent of the CH3OH concentration, then the

–OHads formation reaction, (10.30), is the rate-determining step. If the current is

dependent on the CH3OH concentration, then the adsorption reaction of CH3OH is

rate determining (10.28). In the anode potential range of interest for practical

DMFC applications, which is more negative than 0.5 V vs. RHE, typically a zero

order in the CH3OH electrooxidation reaction is observed [45]. This suggests that

the formation reaction of –OHads rather than the CH3OH adsorption reaction is the

rate-determining step in this potential range.

Tafel slope measurements are also very important for electrocatalytic studies.

The measurements should be carried out over a wide potential range and collecting

as many data points as possible. More than one Tafel slope can be obtained

depending on the catalyst system. The value of the Tafel slope also yields informa-

tion about the rate-determining step of the reaction of interest. For example, a Tafel

slope of 120 mV dec�1 suggests that an initial 1-e� transfer reaction is the rate-

determining step in the CH3OH oxidation reaction, i.e., [73]:

CH3OH�!
rds

CH2OHð Þads þ Hþ þ e�: (10.32)

A Tafel slope value can be less than 120 mV dec�1. However, a true Tafel slope

value cannot be larger than 120mVdec�1. Nevertheless, values>120mVdec�1 can

be observed, which could reflect the formation of surface oxides and/or a resistive

effect. A change in the Tafel slope value indicates a change in the rate-determining

step. Generally, a low Tafel slope value is preferred for a catalyst. A higher Tafel

slope indicates that for the same incremental increase in current, the anode potential

is shifted to more positive values. This is equivalent to a loss in P, see (10.8).

10.6.3 Current Transients Collected at a Constant Potential

10.6.3.1 COads Stripping Transients

COads stripping transients recorded at constant potential can yield very valuable

information about a catalyst surface. Also, the information gathered from such

transients is reflective of a particular state of an electrode, as the transients are

collected at a constant potential. This is unlike the case of CV studies, during which

the surface of an electrode is altered. This method has only been applied in a few

studies [107–110]. Prior to the recording of the transient, the CO is adsorbed onto

the catalyst surface by bubbling CO gas through the electrolyte solution, while the

electrode potential is held at a low value, e.g., 0.1 V vs. RHE. This process is

essentially the same as carried out prior to the recording of COads stripping

voltammograms. The procedure for the latter is well described in the literature.

After removal of the solution CO, the potential is stepped to a value of interest, and

the current is recorded as a function of time. Initially, a large positive current is
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observed, which reflects the double layer charging current. This current decays

rapidly. Afterward, the current resulting from the –COads oxidation reaction to CO2

is observed. A typical COads stripping transient is shown in Fig. 10.8. The time, ti,

needed to observe the increase in the COads stripping current reflects the time

needed to initiate the recombination reaction between –COads and –OHads sites, i.e.:

X � COads þM � OHads ! X þMþ CO2 þ Hþ þ e�: (10.33)

In (10.33), X stands for the site at which CO is adsorbed. X can be either a Pt or Ru

metal site, and M stands for the catalyst site that allows for the formation of –OHads.

Depending on theworking electrode potential,M is either Ru or Pt. If a potential lower

than 0.5 V vs. RHE is used, Pt can be ruled out as a source of active –OHads sites. After

ti, the current increases reaching a maximum at the time to. During the period between

ti and to, –COads molecules close to an active –OHads site are oxidized. It is also

possible that additional –OHads sites are formed during this period. After to, a decay in

current is observed. After to, –COads molecules near an active –OHads site have been

oxidized, and the recombination reaction (10.33) is limited by the rate, the remaining

–COads molecules can be transported across the catalyst surface to an active –OHads

site. It is well known that COads can be transported across the Pt-based catalyst surface

involving free catalyst surface sites, X*, as follows:

X � COads þ X� $ X þ X� � COads: (10.34)

Fig. 10.8 Example of a COads stripping time transient recorded at a constant potential for a

Pt-based catalyst
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It is likely that only Pt catalyst surface sites act as X*. CO does not adsorb on

oxide covered Ru, and a free Ru(0) site is likely to act as an –OHads site. The time

between to and the total time needed to approach a zero current, hence, reflects a

measurement of the separation distance between the remaining –COads molecules

and the active –OHads sites. If the surface diffusion coefficient of –COads (DCOads) is

known, this time can be used to estimate the separation distance from the furthest

X–COads site to an active –OHads site, as described in [110]. However, not many

methods are available for accurate measurements of DCOads, and the numbers are

often estimates.

The charge,Qo, passed between ti and to reflects the number of –COads and active

–OHads sites that are in close vicinity. The percentage of Qo over the total COads

charge of the electrode studied (% Qo) divided by to (% Qo/to) reflects a measure-

ment of the quality of a particular catalyst. A larger % Qo value indicates a higher

the number of –COads and–OHads sites that are in close vicinity. A good catalyst

yields a large % Qo value obtained during a short period of to. It follows that a

catalyst that shows a large % Qo/to value is a good COads oxidation catalyst. This

type of analysis has been applied to various Pt–Ru powder catalysts [110].

10.6.3.2 CH3OH Oxidation Transients

CH3OH oxidation activities for particular catalysts are typically extracted from

current–time transients recorded at a constant potential. As discussed above, the

CH3OH oxidation currents need to be normalized for the electroactive catalyst

surface area in order to extract true catalytic activities. It is essential to describe the

details of the experiment, as to the potential of the working electrode prior to the

recording of the transient, and of course the potential used to record the transient,

the CH3OH concentration and electrolyte solution, and at what time in the transient

the CH3OH oxidation current is recorded. The latter is important, as a CH3OH

oxidation transient does not reach an actual steady-state value. It reaches a so-called

pseudo-steady state value after a few minutes. However, the actual CH3OH oxida-

tion current value decreases at a slow rate over time. This is believed to be due to a

slow poisoning of the catalyst surface.

Presumably, a similar analysis of current–time transients as carried out for the

COads stripping reaction (Sect. 10.6.3.1) could be carried out for the stripping

reaction of adsorbed CH3OH (CH3OHads). The CH3OH is adsorbed from CH3OH

containing electrolyte solutions at low potentials, where the subsequent oxidation

reaction of CH3OHads is slow. The CH3OH electrolyte solution can then be replaced

by flushing with a CH3OH free electrolyte solution, while the potential of the

working electrode is maintained at the low potential, prior to stepping the potential

to more positive values to record the CH3OHads stripping transients. This type of

study may be somewhat complicated by the fact that less than a monolayer of

CH3OHads is formed on this catalyst surface. The surface fraction of CH3OHads on

bulk Pt metal electrodes has been studied decades ago [26]. The CH3OH was

adsorbed as described above. However, instead of stepping the potential positive

404 C. Bock et al.

www.TechnicalBooksPdf.com



to oxidize the CH3OHads, the potential was scanned negative into the Hads region,

and subsequently in a positive direction across the Hdes region of the Pt electrode.

The CH3OHads suppresses the Hads reaction. Therefore, the difference in the

QHads/des values between a CV scan carried out with and without CH3OHads yields

a measurement of the fraction of the surface covered with CH3OHads.

10.6.4 AC Impedance Spectroscopy

AC impedance spectroscopy has been applied in several studies to either investigate

the CH3OH electrooxidation reaction in electrolyte solutions or in a catalyst layer of

an MEA [111, 112]. AC impedance is a very useful technique as it allows for the

extraction of a large number of parameters. In the case of the CH3OH

electrooxidation reaction, the charge transfer resistance for the CH3OH

electrooxidation reaction, Rct, has been extracted. The impedance spectra recorded

for the CH3OH electrooxidation reaction also shows an inductance at low

frequencies. The inductance (L) has been explained as reflecting the poisoning of

the catalyst surface by CH3OH, e.g., –COads formation. The –COads is then oxidized

at a longer time scale, i.e., at lower frequencies seen in the current lagging the

potential, i.e., the inductance. It appears that a very similar equivalent circuit (EQC)

describes the AC impedance spectra for the electrooxidation reaction of CH3OH in

electrolyte solutions and in anode catalyst layers of DMFCs. Figure 10.9 shows the

EQC describing the CH3OH oxidation reaction in the anode layer of a DMFC [112].

Rm is the membrane resistance, which is the solution resistance when the CH3OH

oxidation reaction is studied in electrolyte solutions. The origin of R1 and the

constant phase element (CPE1) have been debated. However, they are specific to

AC spectra of a CH3OH anode measured in a DMFC. Cdl is the double layer

capacitance and Rme and L1 arise from the –COads surface poisoning species seen

at lower frequencies in the AC spectra [111].
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Fig. 10.9 Equivalent circuit (EQC) for the CH3OH oxidation reaction in the anode layer of a

DMFC

10 Catalysis for Direct Methanol Fuel Cells 405

www.TechnicalBooksPdf.com



Glossary

A Surface area [cm2]

AC Alternating current

a Symmetry factor

Cdl Double layer capacitance [F]

CPE Constant phase element

CV Cyclic voltammogram

DCOads Surface diffusion coefficient of –COads [cm
2 s�1]

DMFC Direct methanol fuel cell

Eo Standard potential [V]

Ea Activation energy [kJ mole�1]

Eanode Anode potential [V]

Ecathode Cathode potential [V]

Ecell Cell potential [V]

Eeq Equilibrium potential [V]

EQC Equivalent circuit

FC Fuel cell

F Faraday’s constant [A s mole�
�1]

DG Gibb’s free energy [J mol�1]

DGo Gibb’s free energy at standard conditions [J mol�1]

Hads/des H adsorption and desorption

I Current [A]

Ilim Limiting current [A]

IR IR [Current–resistance, i.e., voltage] drop or Infrared spectroscopy

J Current density [A cm�2]

Jlim Limiting current density [A cm�2]

Jo Exchange current density [A cm�2]

Jo,mass Exchange current density per catalyst mass limiting current density

[A mgPt
�1]

K Equilibrium constant

L Inductance [H]

MEA Membrane electrode assembly

�act Activation overpotential [V]

�an Anode activation overpotential [V]

�cat Cathode activation overpotential [V]

�lim Potential losses introduced by mass transport limitations [V]

ORR O2 reduction reaction

P Power [W]

P* Power density [W cm�2]

Pmax Maximal power density [W cm�2]

PEM Proton exchange membrane

PEMFC Proton electrolyte fuel cell

p Partial Pressure
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pKa Negative logarithms of the acid–base constant

R Gas constant [kJ mol�1 K�1] or Resistance [ohm]

rds Rate-determining step

QHads/des Charge for the Hads/des reaction [C]

Qo Charge passed between ti and to in a –COads stripping transient [C]

% Qo Indication of the number of –COads and –OHads sites in close

vicinity [%]

% Qo/to Measurement of the quality of a particular catalyst [% s�1]

T Temperature [�C or K]

ti Initiation time for –COads and –OHads recombination reaction [s]

to Time needed to reach maximal current in –COads stripping

transient [s]

Rct Charge transfer resistance [R]

RHE Reversible hydrogen electrode

Rm Resistance of membrane [R]

Rme Resistance related to poisoning of the catalyst surface [R]

SHE Standard hydrogen electrode
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Chapter 11

Some Colloidal Routes to Synthesize Metal
Nanoparticle-Based Catalysts

Szilvia Papp, László Kőr€osi, Rita Patakfalvi, and Imre Dékány

Abstract Inorganic colloids and especially metal nanoparticles (NPs) have been in

the focus of interest for a long time. Their valuable characteristics due to their small

size, such as their unique electron structure and extremely large specific surface

area, open the way for their practical utilization. By virtue of their high activity and

selectivity, they have become widely known as novel type catalysts. Various

methods are developed for their preparation, from which colloidal chemical routes

became more and more widespread. In this study, some colloidal methods for

preparation of metal (Pd, Rh, Au, Ag) NPs and NP-based catalysts are presented.

The effects of various polymer molecules, clay lamellae, and reducing agents on the

kinetic of NPs formation were investigated. The formation of NPs was followed by

transmission electron microscopy (TEM), UV–Vis spectroscopy, isothermal titra-

tion calorimetry (ITC), and dynamic light scattering (DLS). NPs were also prepared

on clay mineral surface. Interlamellar space of clay minerals is capable of

stabilizing colloid particles. Influence of the NPs into the original lamellar

structures was examined by X-ray diffraction and small-angle X-ray scattering.

The surface oxidation state of the particles sitting on the support in the metal-

containing catalysts was determined by XPS.
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11.1 Introduction

Scientists have recognized that the physical properties and the chemical reactivity

of nanosize particles (NPs) in the various reactions differ from those of macro-

scopic material. The preparation and characterization of noble metal NPs with

outstanding practical importance have moved into the focus of cutting-edge

research. A variety of catalytic reactions have been carried out successfully with

metal NPs. They are effective catalysts due to their large surface area and a unique

combination of reactivity, stability, and selectivity. Their preparation processes are

very different depending on the application of catalyst composites. The main

expectation from each process is to produce uniform NPs with desired size and

shape. Through the careful control of reaction conditions such as time, temperature,

and the concentration of reagents and stabilizers, these requirements can be

achieved.

Various methods are available for their preparation. It is essential that aggrega-

tion be prevented in the course of preparation; in this way, the synthesis of NPs

becomes possible. The most widely used techniques make use of the physical

limitations of the preparation environment, like in reactions staged inside inverse

micelles [1, 2], porous solid materials [3], gels [4], polymers [5], or dendrimers [6].

John Bradley classified reactions that have so far been utilized for the preparation of

metal NPs into four groups corresponding to four types of methods [7]. Due to its

simplicity, the currently most preferred preparation method is liquid-phase reduc-

tion of metal salts. The reducing agent employed is mainly hydrogen gas [8, 9],

hydrazine [10, 11], or sodium borohydride [12, 13], but citrate [14, 15],

hypophosphorous acid [16], and oxidizable solvents such as alcohols [17, 18]

have also been successfully used in synthetic reactions.

In order to be able to control the NPs size and geometry, it is necessary to be

acquainted with the mechanism of NPs formation, which is therefore studied by an

ever-increasing number of research groups [19–30]. NPs formation can be moni-

tored by a number of different experimental methods. NPs have a characteristic

absorption maximum in the visible wavelength range; the simplest method for

monitoring their formation is UV–Vis spectroscopy. The Mie theory and its devel-

oped versions even allow calculation the size of NPs [31].

According to a mechanism proposed by Watzky and Finke at the end of the

1990s, slow continuous nucleation followed by fast autocatalytic surface growth

results in nearly monodisperse size distribution [23]. It has been experimentally

proven that stronger reducing agents promote the formation of nuclei with smaller

diameters, which then continue to grow [24]. Growth may proceed in two different

ways. According to one conception, nuclei formed in the first stage join together,

whereas another theory proposes that already solidified particles are further

enlarged by collisions with freshly reduced metal ions. The notion accepted in

the special literature is that the final size is determined by the relative rates of

nucleation and growth. Henglein monitored the stepwise growth of silver clusters

by spectroscopic methods [25]. According to his results, growth follows an
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autocatalytic reaction pathway that includes adsorption of metal ions and their

subsequent reduction on the surface of the zerovalent metal cluster. Caia et al.

[26] studied the formation of silver NPs stabilized by hexanethiol as revealed by

their UV–Vis absorbance spectra. The characteristic absorption peak of silver was

first shifted toward lower wavelengths and later, as the reaction progressed, toward

higher wavelengths. It was deduced from these observations that in the first part of the

reaction, large particles were formed, which later fell apart to give rise to smaller

ones, and later those in turn also started to grow. The reaction could be described by a

first-order rate equation. Hoogsteen and Fokkink prepared polymer-stabilized Pd

hydrosols, using hypophosphorous acid (H3PO2) as reductant [16]. The presence of

polyvinyl alcohol (PVA), a compound weakly adsorbing to the surface of palladium

had no effect on the kinetics of NPs formation, and particle size was not controllable

either. However, polyvinyl pyrrolidone (PVP), a polymer strongly binding to metal

surfaces did affect the kinetics of NPs formation and particle size: in its presence,

smaller particles were formed. Poly-2-vinyl pyrrolidone (P2VP) affects the process of

sol formation not only by its high affinity to metal surfaces, but also, by virtue of its

cationic character, through complex formation with the precursor salt PdCl4
2�. These

authors also established that particle size decreases with increasing the concentrations

of the stabilizing polymer and the reducing agent. Ayyappan et al. later made similar

observations on other metal sols [27]. Busser et al. studied the strength of the

coordination between rhodium ions and various polymers [28]. They found that

precursor ions cannot be reduced when the interaction is too strong, whereas a

weak coordination leads to the formation of large particles. It was observed in the

course of photochemical preparation of silver NPs stabilized by PVP [29] that higher

PVP concentrations bring about a faster photochemical reaction: Ag NPs interact

with excited C¼O* groups, which reduce Ag+ ions to metallic silver. Esumi et al.

investigated the effect of the precursor molecules on the NPs formation [30]. They

found that the size distribution of NPs generated by reduction of Pd(OAc)2was nearly

monodisperse (2–4 nm), whereas slow reduction of Pd(AcAc)2 resulted with a

relatively wide size distribution.

Block copolymers are widely utilized for the synthesis of metal NPs [32–37]. In

selective solvents, amphiphilic diblock copolymers are known to form colloid-sized

aggregates or micelles, within which NPs can be synthesized. The size and geome-

try of the micelles can be controlled through variation of the copolymer composi-

tion and block length. A prerequisite for the successful synthesis of metal NPs is

that the metal salt should be insoluble in the solvent and enter into interaction

(usually of coordination type) with the polymer block forming the micelle core. NP

size can be controlled through selection of the block copolymer used, the strength of

the reducing agent, and the concentration of the precursor. Antonietti et al. reported

that for the slowly reacting triethylsilane (TES), a single NP is usually formed in

each micelle, whereas rapid reduction (with NaBH4, superhydrides) leads to the

formation of many small NPs per micelle [33]; the former situation was termed

cherry morphology, and the latter, raspberry morphology. Spatz et al. stated that

slow reduction allows the exchange of polymers during the collision of micelles,

leading to an uneven distribution of the NP [34].
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Liveri et al. performed calorimetric measurements for thermodynamic studies on

the formation of NPs [38–41]. They used microemulsions for the preparation of

NPs because they could synthesize NPs of controlled size within the aqueous

droplets of w/o microemulsions. For example, they studied the formation of micel-

lar microphases in Aerosol OT reverse microemulsions [38] and synthesized

palladium NPs in water/AOT/n-heptane microemulsions [39]. They established

that the energetic state of Pd NPs in microemulsions is entirely different from

that in the aqueous phase. According to their experiments, the heat of formation is a

function of particle size and the enthalpy of formation is dependent on the diameter

of the microemulsion droplet. They also determined that the duration of nucleation

is a few seconds; NPs growth, however, takes place on a time scale of minutes.

Enthalpies of formation are exothermic, i.e., the formation of NPs; in other words,

the reduction of Pd2+ ions is an exothermic process. The extent of exothermicity

increases with the crystal size of the NPs. The highest heat of formation was

measured in pure water (ca. �400 to �500 kJ/mol).

There is nowadays an ever-increasing need for metal catalysts on solid supports.

Many different physical methods (pulse laser evaporation, electron beam lithogra-

phy) and chemical procedures are available for the preparation of supported

catalysts. These are mainly prepared by the impregnation technique, preferred

due to its simplicity. In the course of the procedure, the metallic precursor is first

impregnated on the support and later reduced. The impregnation technique, how-

ever, does not allow control of the size, morphology, and surface distribution of

NPs. Preparation of NPs by colloidal chemical methods is becoming more and more

widespread. One of the most practical of these is the preparation of metal sols and

their deposition on supports. At the first stage of the procedure, a stabilized

suspension of metal NPs is produced by reduction, the NPs are next bound to a

support, and, finally, the product is washed. B€onnemann et al. synthesized

supported bimetal Pd–Pt catalyst by adsorption of metal organosol stabilized by

quaternary ammonium salts on activated carbon [42]. Pd–organoclay was prepared

by the cation-exchange reaction between sodium montmorillonite and tetradecyl-

trimethylammonium-stabilized palladium hydrosol [43]. Reetz et al. applied elec-

trochemically obtained colloids on charcoal, silica, and alumina supports using two

different methods [44, 45]. He added the support to the reaction medium either in

the course of NPs formation or after the completion of the electrochemical reaction.

He established by transmission electron microscopy (TEM) of the support-bound

particles that neither their structure nor their size was altered during adsorption in

either case. Wang et al. bound PVP- and PVA-stabilized Pd, Pt, and Rh NPs to silica

surfaces [46, 47]. They interpret binding as joint adsorption of the polymer and the

metal NPs. Polymer adsorption is due to hydrogen bonding with the hydroxyl

groups of silica.

The so-called solid–liquid interface nanoreactor technique [also known as

“controlled colloidal synthesis” (CCS)] enables in situ formation and stabilization

of metal NPs on the surface of the support [48–51]. The procedure consists of

adsorbing the precursor ions of the nanocrystalline material in the interfacial

adsorption layer of solid particles (i.e., about 1-nm-thick lamellae) dispersed in
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liquid phase, and the synthesis is carried out at the solid–liquid interface by

introducing the reducing agent. Layer silicate minerals with large internal surfaces,

readily swelling in aqueous media, lend themselves well to the preparation of

particles with diameters of a few nanometers not only on their surfaces but—

under suitable conditions—also within their interlamellar space. The NPs can be

grown attached to the surface, in well controllable number and size between the

silicate layers. Király et al. synthesized Pd NPs (2–14 nm) in situ in organophilized

montmorillonite (HDAM) in an ethanol–toluene binary mixture [50]. After the

establishment of the adsorption equilibrium, 1% Pd(OAc)2 toluene solution was

added to the system. At the appropriate ethanol/toluene ratio, ethanol is preferen-

tially adsorbed in the interlamellar space (acting as a nanophase reactor) and

reduces Pd2+ ions transported there by diffusion. A similar procedure was used

for the preparation of Pd subcolloids measuring 4–10 nm in diameter on pillared

clay minerals [51].

In the work described here, we studied the formation of noble metal NPs in

homogeneous phase and on the surface of supports. Our aim was to study the effects

of metal ion and reducing agent concentrations and of the presence of polymers on

the ratio of the rates of nucleation and nucleus growth by spectrophotometrically

monitoring the formation of polymer-stabilized sols in aqueous media. In addition,

we also investigated the kinetics of heterogeneous nucleation in optically transpar-

ent hectorite suspensions. The applied synthesis methods for metal NPs are

presented in Fig. 11.1.

II. Heterogeneous nucleation and growing

I. Homogeneous nucleation and growing

Reduction of metal precursors 

solved in 

aqueous polymer solutions 

Adsorption of polymers and  

surface and in situ reduction 

metal precursors on the support   

Adsorption of polymer protected 

metal nanoparticles 

on the support surface

+I./a.

Adsorption of metal precursors 

and reduction 

on the support surface

II./b.

II./a.

I./b.
Loading of block-copolymer

 micelle with metal precursors 

and reduction inside the micelle

Synthesis of metal nanoparticles

Fig. 11.1 Applied synthesis methods for metal NPs preparation
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11.2 Metal NPs Formation in Polymer Solution

11.2.1 Kinetic Analysis of the Formation of Palladium NPs

by Homogeneous Nucleation in Polymer Solution

Polymer-stabilized particles with a diameter of a few nanometers were grown in

aqueous medium. Our aim was to study the effect of polymer and metal ion

concentrations on the ratio of the rates of nucleation and particle growth. Palladium

ions were reduced with hydrazine, and the NPs formation was followed by UV–Vis

spectroscopy. Two different polymers were used to stabilize the Pd nanoparticles:

[poly(N-vinyl-2-pyrrolidone) (PVP, Mw ¼ 4 � 104)] and [poly(sodium

4-styrenesulfonate) (PSSNa, Mw ¼ 7 � 104)]. Hydrazine solution was injected

to the appropriate mixture of polymer and PdCl2 (acidic) solution under constant

stirring [52]. Changes in the spectrum was recorded by the diode array detector

every 1–2 s for 10 min.

Since there is no peak characteristic of palladium NPs, their formation can be

monitored by following the decrease in precursor ion concentration or the increase

in absorbance at higher wavelengths. The increase in absorbance indicates an

increase in the number and size of the NPs formed. Because of the noise at the

maximum, we chose the latter method. Accordingly, we characterized NPs forma-

tion by the increase in absorbance values measured at l ¼ 600 nm. Kinetic curves

do not allow differentiation of nucleation and nucleus growth. We characterized the

rate of the process as a whole by the slope of the initial section of the absorbance

versus time function, which we term apparent kinetic constant (k*). The calculated

kinetic parameters are presented in Table 11.1.

The reduction of palladium ions is completed instantaneously in the absence of

polymer, and later, the spectrum shows hardly any change. Absorbance at

wavelengths above 250 nm is significantly increased, indicating the formation of

aggregated palladium NPs. The apparent kinetic constant of NPs formation is

k* ¼ 0,098 s�1. TEM images show 6–20-nm aggregates consisting of individual

NPs with an average diameter of 2.1 nm.

When using PVP as stabilizer, the spectrum displayed in Fig. 11.2 is obtained.

Figure 11.3 shows that the initial rate is much lower than that of reduction without

stabilizer. Absorbance does not increase after 40 s (A ¼ 0.104) and stays below the

value measured without stabilizer (A ¼ 0.137). Average particle diameter calcu-

lated from TEM analysis is 3.8 nm (Fig. 11.4). This means that the PVP molecule is

capable of strongly binding to the metal surface and inhibits growth by collision.

Table 11.1 Composition of polymer-stabilized Pd sols, kinetic parameters, and particle diameter

Stabilizer and concentration

(g/100 cm3) c0
Pd2þ

(mmol/dm3) Polymer/Pd ratio k* (s�1) t1/2 (s)

– – 0.075 – 0.098 7.07

PVP 0.5 0.075 4.67 � 104 0.0065 106.64

PSSNa 0.5 0.075 2.52 � 104 0.0028 247.55
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Fig. 11.2 Formation of PdNPs stabilized with PVP followed up byUV–Vis spectroscopy (see [52])

Fig. 11.3 Absorbance (l ¼ 600 nm) versus time curves of Pd NPs stabilized by PVP and PSSNa

(cstabilizer ¼ 0.5 g/100 cm3 and cPd2þ ¼ 0:038mmol/dm3) (see [52])
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The effect of the negatively charged PSS� molecules on the kinetics of NPs

formation was also assessed. The initial spectrum was similar to that obtained

with PVP, but reduction was much slower. The value of the apparent rate constant

was considerably lower (k* ¼ 0.0065 ! 0.0028 s�1). The rise of the spectrum at

higher wavelengths was less pronounced, i.e., fewer and smaller NPs were formed.

The role of polymers (PVP and PSSNa) was studied in homogeneous nucleation

experiments. The polymers studied are capable of stabilizing the nascent metal

particles. PSSNa is more effective than PVP in decreasing the rate of reduction.

11.2.2 Kinetic Analysis of the Homogeneous

Nucleation of Silver NPs

The formation of Ag nanoparticles synthesized by homogeneous nucleation,

stabilized by polymer (PVP), was monitored by UV–Vis spectrophotometry and

TEM. Our aim was to differentiate between the two main phases of particle

formation, i.e., nucleation and growth and to characterize their rates with the help

of appropriate kinetic equations.

Hydroquinone is one of the relatively milder reductants used for the reduction of

silver ions. At appropriately selected hydroquinone concentrations, the rate of NPs

formation and thereby the size of the generated NPs can be controlled. We used Na

citrate and PVP to slow the reaction and to act as stabilizer.

From the moment of adding hydroquinone to the reaction mixture of AgNO3, Na

citrate, and polymer solution, the absorption spectra were recorded [53, 54]. Absorp-

tion spectra of an Ag sol containing 0.07 g/100 cm3 PVP recorded every minute for

20min are shown in Fig. 11.5. The initial phase of the reaction is very fast; after about

20 min, particle formation slows down. The wavelength of the maximum of the

absorption band of silver (l ¼ 420 nm) is not altered in the course of the reaction.

It can also be observed that the spectra of Ag sols prepared in PVP solutions are

less symmetrical (Fig. 11.6). The spectrum of the sol prepared in 0.5 g/100 cm3

PVP displays a shoulder in the higher wavelength range, indicating the presence of

larger, aggregated particles. Polymer molecules join individual particles into larger

aggregates.

For a kinetic characterization of NPs formation, absorbances measured at 420 nm

were plotted against time at several polymer concentrations (Fig. 11.7). The course

of the functions reveals that a slow induction process takes place first and later

the process is accelerated. In the case of PVP, the process can be considered as

complete in about 25 min for each sol. We assume that the first, relatively slow stage

corresponds to nucleation, which does not bring about any considerable increase in

absorbance. After 5–8 min, the faster process already involves nucleus growth. This

assumption is also in accordance with the effect of polymer concentration. It is clear

that, due to kinetic and steric inhibition by polymer chains present in the solution,

polymer addition slows down both the formation and the growth of NPs.
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Average particle sizes determined from electron micrographs are listed in

Table 11.2. In the absence of polymer, aggregated particles with an average

diameter of 9.3 nm are observed (Fig. 11.8). The sol is quite polydisperse. In the

presence of polymer stabilizer, the average particle size decreases and the distribu-

tion is less polydisperse. The size of Ag NPs decreases with increasing polymer
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concentrations, although aggregated particles are also observed. This aggregation

could already be predicted from the absorption spectra (Fig. 11.6).

The sigmoid course of the kinetic curves in Fig. 11.7, starting with a slow

induction period, sharply rising, and finally reaching saturation, indicates an auto-

catalytic reaction [55]. If, in our case, the process is indeed autocatalytic, it follows

that the function quantitatively describing the progress of reduction, ln[a/(1�a)]

(where a ¼ At/A1 and At and A1 are maximum absorbances at t and 1, respec-

tively), changes in a linear fashion in time [55]. The functions ln[a/(1�a)] versus

t are presented in Fig. 11.9. Thus, the formation of Ag NPs is indeed autocatalytic

up to a certain conversion ratio.

The apparent rate constant of the autocatalytic process (ka) was determined from

the slopes of the ln[a/(1�a)] versus t functions (ka) (Table 11.2). The value of the

rate constant is the highest in the case of the sol without polymer (15.2 � 10�3 s�1),

as already shown by the absorbance versus time function. The values of ka for

PVP-containing sols are lower than that for the polymer-free sol. Increasing

polymer concentration results in a decrease in the rate constant

(8.3 � 10�3 s�1 ! 6.2 � 10�3 s�1).
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Table 11.2 Average particle size and apparent rate constants of Ag NPs formation at different

polymer concentrations (ka, k1, k2)

PVP

concentration

(%) dTEM (nm)

ka � 103

(s�1)

k1 � 104

(s�1)

k2
(M�1 s�1)

(k2/k1) �
10�4 (M�1)

0 9.3 � 3.9 15.2 2.19 96.99 44

0.07 3.5 � 1.5 8.3 2.22 50.37 23

0.19 2.9 � 0.7 8.8 1.74 55.64 32

0.3 2.7 � 0.8 7.1 1.6 45.86 29

0.5 5.0 � 2.1 6.2 0.45 41.35 91.8
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In the case of sols, the size, the size distribution, and the structure of the particles

formed depend on the relative rates of nucleation and growth. Although the

calculations above yield information on the kinetics of particle formation, the two

main phases could not be differentiated. Watzky and Finke [23] prepared Ir

nanoclusters by H2 reduction. The kinetic curve of the reaction was also sigmoid,

i.e., an autocatalytic process took place. The authors proposed two important

pseudo-first-rate steps for the interpretation of their result:

A!
k1
B,

corresponding to a slow, continuous nucleation. This is followed by rapid, autocat-

alytic surface growth:

A + B!
k2
2B:

A kinetic equation including the two rate constants (k1, k2) and the

concentrations of A, A0, and B can be formulated for the description of the entire

process [54]. Derivation and linearization of the rate equation yields the following

relationship:

fðtÞ ¼ ln
A½ �0 � A½ �

A½ �

� �

¼ ln
k1

k2 A½ �

� �

þ k2 A½ �0t:

Thus, representation of fðtÞ ¼ ln
A½ �

0
� A½ �
A½ �

� �

as a function of time allows

calculation of the apparent rate constants from the intersection and the slope.

In our case, the nucleation process was nAg ! Agn and growth was Ag + Agn
! Agn+1. The apparent rate constants (k1 and k2, respectively) are listed in

Table 11.2 [54].

The rate of nucleation was decreased by PVP. The value of the rate constant k2 is

the highest in the absence of polymer; in other words, growth was inhibited by the

presence of polymer. The ratio of the two rate constants allows estimation of particle

size and size distribution. When growth rate was considerably higher than nucleation

rate, the size distribution of the particles will probably be polydisperse.

In order to demonstrate that nucleation and growth can indeed be differentiated

on the basis of absorption spectra, the reaction was frozen at certain time points and

particle size was determined by TEM. In order to verify that the process monitored

by spectrophotometry was indeed nucleation and nucleus growth, we plotted the

kinetic curve of the formation of a sol containing 0.5 g/100 cm3 PVP and average

particle sizes on the same diagram (Fig. 11.10). At first glance, the result is

surprising: the increase in particle size corresponds to the increase in absorbance.

Based on the kinetic functions, it was established that reduction is an autocata-

lytic process: a slow, continuous nucleation is followed by rapid, autocatalytic

particle growth. The presence of polymer hindered the nucleation and decreased

the rate of growth. Slower nucleation and faster growth indicated larger particle size

and polydisperse size distribution.
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11.2.3 Nucleation and Growth of Silver NPs Monitored

by Titration Microcalorimetry

The nucleation and the growth of Ag NPs were followed by titration microcalorim-

eter. Silver ions were reduced with hydroquinone in aqueous media, and the NPs

were stabilized by Na citrate. We examined how changes in the concentrations of

the Ag+ precursor ions and the reducing agent affect the enthalpy of formation.

In our experiments, the reducing agent hydroquinone was added to AgNO3

solutions of various concentrations in order to observe whether the formation of

Ag NPs was an energetically favored process. Figure 11.11a shows the

enthalpogram of 4 mM AgNO3 solution during the addition of 10 � 50 ml of

reducing agent ([Ag+]/[hydroquinone] ¼ 14). When the reducing agent was

added gradually, in hourly portions under constant stirring, increasingly larger

endothermic heat effects were observed. The enthalpogram of mixing was recorded

by titration experiment of Na citrate and hydroquinone (Fig. 11.11b).

When AgNO3 solution of a higher concentration (e.g., 10 mM) was titrated in the

calorimeter with 40 mM hydroquinone ([Ag+]/[hydroquinone] ¼ 0.875), exother-

mic heat effects were obtained already at the initial stages of the experiment

(Fig. 11.12).

The total enthalpy changes measured by calorimetry were fulfilled in the fol-

lowing way:

DHtotal ¼ DHnucl þ DHmix;

where DHnucl is the enthalpy of particle formation (nucleation) and DHmix is the

enthalpy of mixing in the reduction (titration) process. When the values of DHmix

are known from separate measurements, the value of DHnucl ¼ DHtotal�DHmix can

be calculated in every reduction step. After adding these enthalpy values, the
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integral enthalpy SDHnucl ¼ f (Vhq) functions showing the change in enthalpy due

to the addition of hydroquinone can be drawn up (Fig. 11.15). It is clearly seen that

if a maximum of 0.5 cm3 of 1 mM hydroquinone is added to 10 mM Na-citrate

solution, the enthalpy of mixing (DHmix) brings about a maximally endothermic

change in enthalpy, �110 mJ, in the calorimeter. When samples with increasing

AgNO3 concentrations were reduced, the integral enthalpy of reduction increased

with the addition of hydroquinone; however, the magnitude of the endothermic

effects decreased. When 10 mM AgNO3 solution was reduced ([Ag+]/[hydroqui-

none] ¼ 35), the values of the net integral enthalpy of reduction already fell into

the exothermic range, indicating that at higher hydroquinone concentrations, the

process of reduction produced an exothermic heat effect. When the data measured

were normalized to the amount of silver ions presented in the solution, the resulting

curve showed the molar enthalpy of reduction of silver as a function of the

concentration of the reducing agent (Fig. 11.13b).

As shown in Fig. 11.14, this ratio (whose value varies in the range of 1–35) as a

function of Ag+ precursor concentration had a minimum with increasing Ag+

precursor concentration and reached into the exothermic range. At precursor/reduc-

ing agent ratio ¼ 28–35, aggregates of large Ag NPs (particle diameter 15–20 nm)

were already formed.

Based on the experimental evidence above, the formation of NPs as monitored

by calorimetry can be divided into three stages. In stage 1, silver ions were turned
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into metallic silver clusters by the effect of the reducing agent, a process that can be

considered as nucleation (Fig. 11.15a). The nucleation was associated with the

dehydration of silver ions and the enthalpy change of which was endothermic. This

heat effect was insignificant; however, the enthalpy requirement of dehydration,

451.9 kJ/mol [56], also had to be taken into consideration. When the concentration

of precursor ions was further increased, nucleation was followed by particle growth

and heat effects detectable by calorimetry were shifted to the endothermic direction

(Fig. 11.5b). This was also demonstrated by the UV–Vis absorption spectra

recorded at various concentrations. When the Ag/hydroquinone ratio was further

increased, the particles began to aggregate in spite of the fact that in every case, the

stabilizer Na citrate was present in the solution (Fig. 11.5c, l ¼ 465 nm). Coagula-

tion of Ag NPs leading to the appearance of larger aggregates causes heat release;

the process was exothermic, which means that this effect again overcompensated

the endothermic effect associated with the dehydration of the large amount of Ag+

ions present (10 mM). The processes of nucleation, growth, and aggregation

brought about by the addition of the reducing agent hydroquinone can be observed

within a given experimental sequence. TEM pictures show that nucleation

dominated after the addition of up to 2 � 50 ml hydroquinone and the average

particle diameter was d ¼ 2.6 nm. Next, the addition of 6 � 50 ml hydroquinone

initiated particle growth, and d ¼ 4.1 nm. After the addition of 8 � 50 ml reducing

agent, the particles were aggregated, and d ¼ 7.8 nm.

From microcalorimetrical experiment, it was established that nucleation is an

exothermic process and heat effects are basically determined by the ratio of silver

ions to hydroquinone. The process of nanoparticle formation was divided to three

phases: the nucleation phase is exothermic, the growth phase is endothermic, and

further addition of the reducing agent results in the aggregation of silver

nanoparticles, which produces a second exothermic heat effect.

11.2.4 Formation of Gold NPs in Diblock Copolymer Micelles

with Various Reducing Agents

In selective solvents, amphiphilic diblock copolymers can form micelles, within

which NPs can be synthesized. Au NPs were prepared by the reduction of HAuCl4
acid incorporated into the polar core of poly(styrene)-block-poly(2-vinylpyridine)

(PS-b-P2VP) copolymer micelles dissolved in toluene. The formation of Au NPs

was controlled by using three reducing agents with different strengths: hydrazine

(HA), triethylsilane (TES), and potassium triethylborohydride (PTB). The forma-

tion of Au NPs was followed by TEM, UV–Vis spectroscopy, isothermal titration

calorimetry (ITC), and dynamic light scattering (DLS) [57].

The stock solution of the block copolymer micelles loaded with tetrachloroauric

acid (gold ion-loaded micellar solution: GILMS) was prepared as described by

M€ossmer et al. [37]. A 0.5 wt% solution of PS(350)-b-P2VP(50) block copolymer
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in dry toluene (unloaded micellar solution: ULMS) was mixed with 0.5 equivalent

of HAuCl4·3H2O per pyridine unit. This transparent yellow solution was diluted

with a fivefold volume of toluene and reduced with HA, PTB, or TES. The

reductants were dissolved in THF and used in a 30-fold excess with respect to

the Au3+.

Figure 11.16 present an AFM image of PS-b-P2VP micelles assembled on a

silicon surface. The image confirms that a monomicellar layer was formed on the

surface of the support, and some of the micelles appear to be arranged in a quasi-

hexagonal pattern. The height profile was determined along the horizontal line

crossing several micelles, seen in panel b. Cross-sectional analysis indicated a

micelle diameter of 20–30 nm.

The reduction of Au3+ and the formation of NPs can be conveniently monitored

by UV–Vis spectroscopy. The spectra continuously recorded during the reaction are

presented in Fig. 11.17a–c. The originally yellow GILMS at once turned dark red

on the addition of HA, indicating that nucleation commenced immediately. This is

clearly visible in the spectrum series in Fig. 11.17a. The absorption maximum

characteristic of the surface plasmon resonance of Au NPs appeared at 552 nm, and

its intensity increased continuously. Figure 11.17d illustrates the changes in absor-

bance read at lmax. The initially rapid reaction decelerated continuously, but hardly
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Fig. 11.16 (a) AFM image (1 mm � 1 mm) and (b) the cross-sectional analysis of a monomicellar

film cast from GILMS onto a P-doped Si wafer (see [57])
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changed after 60 s. Reduction with TES exhibited different kinetics. The absorption

peak characteristic of the NPs (at 530 nm) appeared only ~1 min after the addition

of the reducing agent. The optical density first increased slowly, then at 120 s

started to rise sharply, and finally slowed down continuously until the reaction

stopped. The sigmoid curve is shown in Fig. 11.17d. The spectra recorded during

the reaction driven by PTB are shown in Fig. 11.17c. The resulting sol was

brownish red. The characteristic absorption peak of the Au NPs was at 488 nm,

pointing to a smaller NP size than after reduction with HA (this was supported by

TEM measurements).

The size of the Au NPs formed was determined on the basis of TEM images [57].

Samples were withdrawn from the sols under preparation after 0.5 and 60 min

following the addition of the reducing agent. Most often, there was one NP per

micelle, but empty micelles also appeared in the images. Reduction with HA

Fig. 11.17 The evolution of UV–Vis absorption spectra of Au NPs during reduction by (a) HA,
(b) TES, (c) PTB, and (d) and the evolution of the absorption at lmax determined from spectra

under reduction process by (circle) HA, (square) TES, and (filled square) PTB (see [57])
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yielded Au NPs with an average diameter of 8 nm. In the case TES, the number of

NPs had increased several fold during 60 min. This accords with UV–Vis results,

which revealed that reduction with TES accelerates after an induction period. The

average NP size increased from 2.2 nm to only 2.6 nm in 1 h. The original micellar

structure underwent a significant rearrangement under reduction with PTB. The

original micelles have been replaced by large droplets, and NPs are floating free in

the reaction medium, or located on the interfaces of the droplets. The structure of

the sol is altered in time; many smaller droplets/micelles are to be seen. This was

confirmed by the DLS measurements. The majority of the NPs were situated within

the smaller droplets/micelles, or are attached to the edges of the larger droplets/

vesicles. The smallest NPs were formed on reduction with PTB: the average size

changed from 1.1 to 1.7 nm in 1 h.

The microcalorimetric measurements clearly demonstrated that chemical

reactions take place in the course of reduction with TES and PTB that cannot be

distinguished from the formation of the Au NPs by reference measurements. It is

possible to calculate the enthalpies of formation of Au NPs in the case of reduction

with HA. Thus, the change in enthalpy of particle formation can be calculated by

means of the expression: DHf ¼ DHtot � DHmix, where DHtot is the total enthalpy

change measured in the reduction process and DHmix is the enthalpy of mixing

measured in the reference experiment. When the data are normalized to the amount

of Au3+ present in the solution, the molar enthalpy of the reduction of Au3+ is

obtained. Plots of the molar enthalpy plotted against the molar ratio of HA and Au3+

are shown in Fig. 11.18. The heat of formation of Au NPs in the case of reduction

with HA is DHf ¼ �195 kJ mol�1.

NPs formation was investigated in block copolymer micelles using various

reducing agents. It was found that the strength of the reducing agent determined

both the size and the rate of formation of the Au NPs. The reduction of Au3+ was

rapid with HA and PTB. TES proved to be a mild reducing agent for the synthesis of

Au NPs. TEM and DLS measurements demonstrated that the original micellar
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structure rearranged during the reduction with PTB. ITC measurements revealed

that other chemical reactions besides Au NPs formation also occurred in the course

of the reduction process.

11.3 Metal NPs Formation in Layered Silicate

11.3.1 Kinetics of Particle Formation by Heterogeneous

Nucleation in Mg-Silicate Suspensions

The kinetics of NPs formation was also studied on solid surface. For studies on

heterogeneous nucleation, polymer molecules were replaced with a Mg-silicate

variety that forms an optically transparent suspension (hectorite, Optigel SH) as

stabilizer [52].

In part of the experiments, the concentration of Pd2+ ions was kept constant

(c0
Pd2þ

¼ 0:075mmol/dm3 and hectorite concentration was varied in the range of

0.5–0.001 g/100 cm3). When PdCl2 solution was added to the hectorite suspension,

the pH measured was 5.8. Hectorite slows down reduction (Figs. 11.19a and 11.20)

most probably because structure formation by the lamellae obstructs free flow of the

reducing agent by increasing viscosity. We provided experimental proof that

increasing the concentration of the suspension results in an increase in viscosity

(results not shown). Thus, reduction may have become diffusion-inhibited due to

the presence of hectorite lamellae. In addition to increased viscosity, another factor

greatly contributing to deceleration is the fact that the majority of Pd2+ species are

adsorbed on the surface. Adsorption of Pd2+ ions on hectorite was tested in a

separate experiment. All the ions were bound to the surface in the concentration

range studied, which means that nucleation takes place on the surface. The reaction

rate increases with decreasing hectorite concentration, the apparent rate constants

Fig. 11.19 Absorbance (l ¼ 600 nm) versus time curves of Pd NPs stabilized by hectorite (a) at
constant Pd2+ ion and varying hectorite concentrations and (b) at constant hectorite and varying

Pd2+ ion concentrations (see [52])
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determined are listed in Table 11.3, and the A versus t functions are summarized in

Fig. 11.19a. The apparent rate constant (k*) is considerably increased (0.0013 s�1

! 0.022 s�1) due to the 500-fold dilution.

We studied the rate-determining role of precursor ions in a hectorite suspension

with constant concentration of 0.02 g/100 cm3 (Fig. 11.19b). The concentration of

the PdCl2 solution was varied between 0.019 and 0.075 mmol/dm3. The initial slope

of the A versus t functions decreased with decreasing concentration, indicating

deceleration of reduction. Half-life increases considerably (67.95 s�1 ! 247.5 s�1)

(see Table 11.3, Fig. 11.20).

We attempted to determine, by TEM, the size of the particles formed in the

course of the experiments. Due to the shielding effect of hectorite, only the image of

the sample with the lowest hectorite concentration could be evaluated. The image of

the hectorite/palladium composite displayed partially aggregated particles.
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Fig. 11.20 Rate constants at different hectorite and precursor concentration (see [52])

Table 11.3 Composition of dispersions, kinetic parameters, and particle diameters

Hectorite

concentration

(g/100 cm3) c0
Pd2þ

(mmol/dm3) Pd content (wt%) k* (s�1) t1/2 (s)

0.5 0.075 0.16 0.0013 533

0.1 0.075 0.79 0.0059 117

0.02 0.075 3.84 0.0102 68

0.02 0.056 2.89 0.0075 92

0.02 0.038 1.98 0.0048 144

0.02 0.019 1.00 0.0028 247

0.001 0.075 44.40 0.022 32
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11.3.2 Preparation and Structural Studies on NPs/Clay

Mineral Composites

NPs/support composites were prepared by heterogeneous nucleation on the surface

or within the interlamellar space of layer silicate adsorbents; in this case, the layer

silicate itself acts as stabilizer (i.e., as an inorganic stabilizer and, at the same time,

as support matrix) for NPs. In view of the excellent stabilizing effect of polymers,

we tried to make use of the joint stabilizing effect of the polymer/layer silicate

complex in the syntheses. We assumed that combination of the two methods might

result in the formation of outstandingly stable precious metal/polymer/layer silicate

composites. In the case of heterogeneous nucleation, the interactions to be

characterized are those between polymer and support, between polymer and pre-

cursor, and between polymer, support, and precursor. Adsorption of precursor ions

on the silicate lamellae of the support (kaolinite, montmorillonite) has an influence

on particle size. However, the effect of the polymer adsorbed on the surface of

the support also has to be considered, as these may be adsorbed not only in the

interlamellar space (montmorillonite) but also on the edges, in accordance with

the electrostatic interactions operating between polymer and silicate. Thus, anionic,

cationic, and neutral polymers may play different roles on layer silicates with

negative surface charge.

11.3.2.1 Synthesis of Rh NPs on the Surface of Montmorillonite
and Kaolinite Lamellae

Rhodium nanoparticles were prepared on the lamellae of montmorillonite and

kaolinite by heterogeneous nucleation. Rhodium chloride solution was added to

the aqueous dispersion of clay mineral and reduced with sodium borohydride.

Collective effect of solid support and macromolecules on the stabilization of

generated NPs was also investigated. In these experiments, macromolecules were

adsorbed on the support previous to reduction process. Nonionic PVP was added to

the dispersion at Rh/PVP monomer ratios of 1:1, 1:5, and 1:20. Cationic PDDACl

[poly(diallyldimethylammonium chloride)] of three and PSSN of two different

molecular masses were used only at Rh/polymer monomer ratio 1:1 [58]. The

particle size was determined by TEM. The structure of composites was studied

by X-ray diffraction and small-angle X-ray scattering.

Interlamellar incorporation of NPs was confirmed by X-ray diffraction. By the

evidence of XRD pictures, basal spacing in air-dry montmorillonite is dL ¼ 1.48

nm, due to the presence of adsorption water between the lamellae. With PVP as

stabilizing agent, another new peak appears at about dL ¼ 2.5 nm as the monomer/

Rh ratio is increased; at a ratio of 20:1, the original reflection of montmorillonite

disappears and the structure is completely altered (Fig. 11.21). At high PVP content

(21.5 wt%), as well as in the presence of the anionic PSSN, part of the NPs was not

adsorbed on the surface of the support. Part of the large amount of PVP added could
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not bind to the support or intercalate; thus, this excess polymer stabilized the newly

formed NPs in the bulk phase. In the case of PSSN, Rh NPs are practically not

bound to the surface of the montmorillonite, due to repulsion by negative charges.

No intercalation is observed on the X-ray diffractograms of these samples, and the

size of Rh NPs is not affected by the presence of the support. In PVP/montmoril-

lonite/rhodium composites, the particle size increases with increasing metal con-

tent. It may be a consequence of polymer/support interactions. A fraction of the

polymer chains is adsorbed on the surface before the addition of Rh3+ ions;

therefore, the polymer molecules remaining in the bulk phase can stabilize the

NPs—which will attach to the surface of the support as soon as they are formed—

only at a low Rh/monomer ratio. This is why a reaction medium containing

montmorillonite and a relatively low amount of strongly adsorbing polymer

(PVP, PDDA) will yield NPs of higher average size than would homogeneous

nucleation. In this case, heterogeneous nucleation is no longer the case.

Rh NPs were also grown on kaolinite, using similar techniques. The adsorption

nanoreactor preparation technique is successfully applicable also on kaolinite.

A large specific surface area is essential for NPs growth and can be created by

delamination of kaolinite lamellae. There are several compounds suitable for this

purpose mentioned in the special literature; of these, we chose dimethyl sulfoxide

(DMSO). Since the lamellar packages of kaolinite are split to elementary lamellae

by intercalation of DMSO, the interlamellar space is rendered suitable for the

growth of metal NPs [58].

X-ray diffraction measurements revealed that basal spacing increased from 0.72

to 1.12 nm during the intercalation process (Fig. 11.22). The reflection of

delaminated kaolinite disappears in aqueous medium, and the lamellae are partially

rearranged to their original position, an interlamellar distance of 0.72 nm.
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Fig. 11.21 XRD patterns of

PVP-protected Rh/

montmorillonite at different

polymer content showing Rh

NPs intercalated in the

interlamellar space (see [58])
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We studied polymer incorporation between the disaggregated kaolinite lamellae.

Since the specific surface area and the ion exchange capacity of kaolinite are low

(14 m2/g and 6–8 meq/g, respectively), this may only mean the incorporation of a

small percentage of the molecular chains. Polymers are adsorbed not only on the

external surfaces of the support but also on the internal surfaces lining the

interlamellar space, pushing part of the lamellae apart to a distance of ~3.7 nm.

In Rh/polymer/kaolinite composites, a new peak appears at dL ~ 2.7 nm

(Fig. 11.23). In the case of the cationic PDDA, molecular mass was varied. The

effect of increasing chain length on structure was similar to that of increasing PVP

concentration. PSSN, an anionic polymer, is not capable of binding to the nega-

tively charged surface of kaolinite.

The particle size analysis (TEM) shows that smaller Rh NPs are presented on

kaolinite lamellae than on montmorillonite. Depending on the stabilization method

employed and the concentration of the precursor Rh3+ ions, average particle size

falls in the range of 1–3 nm on montmorillonite and 1–2 nm on kaolinite

(Figs. 11.24 and 11.25).

These results indicate that NPs can be stabilized with the lamellae of clay

minerals. This simple colloidal method is suitable for preparation of supported

metal NPs. The particles size is controllable easily by precursor concentration.

However, the size of extremely small NPs—prepared with hard reducing agent—is

not changed significantly by the polymer added.

Changes in the structural properties of clay minerals and the presence of NPs or

polymer chains on the support may also be detected by SAXS experiments [58].

Measurements were started with support samples without NPs and polymers deter-

mined. SAXS parameters calculated from the log I ¼ f (log h) representations and

I � h3 ¼ f (h3) (so-called Porod representations) are given in Table 11.4. The log

Fig. 11.22 XRD patterns of

kaolinite (a), DMSO-treated

kaolinite (b), and DMSO-

treated kaolinite after

washing by ethanol and water

(c) (see [58])
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(I)–log(h) scattering functions of montmorillonite and kaolinite demonstrates well

the difference between the two types of clay mineral (Fig. 11.26). The scattering

intensity (I) and the slope of the curve are smaller for montmorillonite than for

kaolinite. The surface fractal dimensions (Ds) calculated from the slope of the curve

are the following: Ds (kaolinite) ¼ 2.42 and Ds (montmorillonite) ¼ 2.91. In the

case of a smooth surface, the value of the surface fractal dimension is Ds ¼ 2.0.

Fig. 11.24 TEM image and particle-size distribution of PVP-protected Rh/montmorillonite

(2 wt% Rh) (see [58])

Fig. 11.23 XRD patterns of PVP-protected Rh/kaolinite at different polymer content (see [58])
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Thus, in our case, the surface of kaolinite is not smooth, but will be uneven and the

surface of montmorillonite is much rougher. These values are further enhanced by

introduction of PVP and Rh NPs. The intensity of X-ray scattering is enhanced by the

higher electron density ofmetal NPs located on the surface; therefore, intensity is seen

to increase with increasing metal content (Fig. 11.26). Differences between the

samples are also confirmed by the Porod representation (Fig. 11.27). The intersections

yield the values of the tail-end constants Kp determinated by linear extrapolation for

each sample. The value of Kp, proportionate to the magnitude of the interfaces of the

individual phases, tends to increasewith increasing the quantity of RhNPs in samples.
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Fig. 11.25 TEM image and particle-size distribution of Rh/kaolinite (0.5 wt% Rh) (see [58])
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Fig. 11.26 Log–Log plot of SAXS curves of Rh/montmorillonite (a) and Rh/kaolinite samples

(b) (see [58])
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When Rh NPs are intercalated into the kaolinite lamellae, the Kp is increased signifi-

cantly. Its value is Kp ¼ 58.6 Cps/ nm3 for kaolinite, and it increases to 178.7 and

230.3 Cps/ nm3 in the sample containing 0.5 and 1.0 wt% rhodium. In the case of Rh/

montmorillonite samples, it may be also observed increasing of the Porod constant.

The specific surface area (Sp) calculated from the Kp/M1 is larger for montmorillonite

(Sp ¼ 73.4 m2/g) (it has rough surface), and its value increases if we incorporate

polymer (Sp ¼ 93.3 m2/g) or metal NPs (Sp ¼ 102.5 m2/g) in the interlamellar space

of the clays. At identical metal content, scattering intensity is increased more in the

case of montmorillonite. The value of the correlation length lc, calculated from Kp,

does not change significantly in montmorillonite samples and hardly changes in

kaolinite, showing the effects of disaggregation in these samples (Table 11.4).

SAXS experiments are also suitable for the detection of polymer chains and Rh NPs

on the surface of supports. Changes in structural parameters characterize the internal

structural changes resulting from the intercalation of Rh NPs.

11.3.2.2 Synthesis of Palladium NPs on Montmorillonite
and Kaolinite Lamellae

Palladium nanoparticles have been generated in the interlamellar space of montmo-

rillonite and kaolinite by different methods in aqueous media. The in situ preparation

method was based on the preferential sorption of precursor ions in the ethanol-rich

interlamellar space of montmorillonite in ethanol—water binary liquid mixture and

the subsequent reduction of Pd2+ ions at 65�C [49, 59]. Reduction was also performed

with NaBH4 replacing ethanol. Palladium particle size was controlled via the metal

content. Theoretical and experimentally determined (ICP) Pd contents, the structural

parameters of the composites, and particle sizes are listed in Table 11.5.

Additional effect of polymer molecules on particle size was also investigated.

Compositions of the metal/polymer/montmorillonite composites are presented in

Fig. 11.27 The Porod plot of the SAXS curves of Rh/montmorillonite (a) and Rh/kaolinite

samples (b) [58]
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Table 11.5. Palladium contents in the samples determined by ICP decrease with

increasing polymer concentration. In these cases, stabilized metal NPs of brownish-

black colorwere visually observed to be retained in the supernatant after centrifugation.

X-ray diffractograms also yield information on polymer adsorption and on the

incorporation of NPs formed in the course of reduction. A new reflection appearing

at larger angles (dL ¼ 3.24–5.68 nm) seems to confirm the interlamellar presence

of NPs. Size distribution functions constructed from the data of TEM images

suggest that the composites also contain larger NPs (5–10 nm). These NPs probably

grew on the external surfaces (Fig. 11.28a). Particle size is seen to increase with

metal content. The addition of stabilizing polymer led to the formation of smaller

NPs; increasing the amount of polymer added resulted in a further decrease in size.

Reduction by NaBH4 led to the formation of smaller NPs than did reduction by

ethanol (dave. ¼ 4.1 and 5.8 nm, respectively). Polymer addition further decreased

particle size also in the case of reduction by NaBH4 (dave. ¼ 2.8 and 4.1 nm in the

presence and absence PVP, respectively). It was established that the size of Pd NPs

on montmorillonite can be successfully decreased by adding polymer to the support

in the course of synthesis, prior to reduction of palladium ions.

The samples were analyzed in the angle range of 2Y ¼ 38–42� for the presence

of metallic palladium. When using CuKa radiation, the (111) reflection character-

istic of palladium appears at 40.15� (see Fig. 11.29). Due to the decrease in particle

size, the lattice constant is altered, as a consequence of which the location of the

reflection is also shifted. Particle sizes calculated from the broadening of the half

width of the reflection by the Scherrer equation (10–22 nm) exceed those determined

by electron microscopy. The reason for this is that XRD analyzes the entire sample

that may contain large crystallites, but fails to observe smaller, amorphous NPs.

Pd NPs were prepared on kaolinite at different metal content and at different metal/

polymer monomer ratios. The adsorbed Pd2+ ions were reduced by hydrazine and

NaBH4. Reductant was applied in a fourfold excess. The metal contents of the products

were 0.95 and 1.9 wt%. The compositions and structural parameters of the samples are

shown in Table 11.5. A new reflection appears in the diffractograms at small 2y angles

(dL ~ 3.6 nm) in the case of PVP/kaolinite composites. Formation of Pd clusters in

PVP/kaolinite system caused a shift of reflection from dL ¼ 3.6 to 4.4 nm (Fig. 11.30).

Kaolinite samples containing palladium were prepared without PVP stabiliza-

tion. The Pd/kaolinite samples prepared in the aqueous system yielded compara-

tively large palladium clusters of polydisperse size distribution covering densely

the lamellae. The particle size and polydispersity increased by increasing palladium

content. The incorporation of the NPs increases basal spacing according to the XRD

patterns. In the case of composites containing larger NPs, the (001) reflection of

kaolinite is shifted to smaller angles on the diffractograms (Table 11.6).

The size distribution of NPs formed can be determined on the basis of TEM

images (Fig. 11.31). TEM image of sample PVPPdK1 displays spherical NPs

measuring 2–6 nm, situated separately on the lamellae, with no sign of aggregation

(Fig. 11.31a). When PVP content is increased (Fig. 11.31b), strings of metal NPs

are seen to cling to the edges of the lamellae of the support, whereas particle

diameter is not modified significantly. This allows one to conclude that the part
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Fig. 11.29 Pd(111) reflection of PVP/Pd/montmorillonite samples with different Pd content

(see [49])
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of polymer chains, which could not get adsorbed on kaolinite, remained in the bulk

phase and stabilized the NPs forming in the course of reduction. These “large” units

could only attach to the external surface of the lamellae. When palladium content is

increased at constant polymer content, larger NPs are formed (0.95 wt% ! 2.8 nm;

1.9 wt% ! 5.8 nm). When palladium content is raised to 2 wt% without polymer

stabilization and the slower reduction method (hydrazine) is applied, crystalline

NPs of diversified morphology measuring as large as 20–30 nm are formed.

Comparison of the syntheses of palladium and rhodium particles shows that,

under identical conditions, RhCl3 gives rise to smaller particles than does PdCl2.

11.3.2.3 The Role of Macromolecules in Surface Fixation of Pd NPs

The role of NPs in polymer adsorption on solid support was also investigated.

The adsorption isotherm of PVP and PVP-stabilized Pd NPs were determined on Na

montmorillonite. The clay mineral was dispersed in polymer solutions of various

concentrations, and the suspensions were stirred at room temperature for 2 days,

Table 11.6 Structural parameters of Pd/kaolinite samples

Sample code Reductant Pd content (wt%) PVP content (wt%) dTEM (nm) dL(nm)

PdK1 Hydrazine 0.95 – 7.2 3.64

PdK2 Hydrazine 1.9 – 14.3 4.13

PVPPdK1 Hydrazine 0.95 3.8 2.8 5.33

PVPPdK2 Hydrazine 1.9 3.8 5.8 –

PVPPdK3 Hydrazine 0.95 28.0 2.6 4.36

PdK3 NaBH4 0.95 – 6.0 5.95

PdK4 NaBH4 1.9 – 8.1 6.87

Fig. 11.30 XRD patterns of

(a) PVPK and (b) PVPPdK3
samples
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until adsorption equilibrium was reached. The suspensions were centrifuged and the

carbon content of the polymer solution (supernatant) was determined in a TC appara-

tus. The amount of bound polymer was calculated as the difference of the initial (c0)

and postadsorption (ce) concentrations. Montmorillonite concentration in the

suspensions was 1 g/100 cm3 in all cases. The amount of adsorbed polymer was

calculated by the relationship nspol ¼ V0ðc0 � ceÞ=m, where V
0 is the volume of the
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Fig. 11.31 TEM micrograph and particle-size distribution of (a) PVPPdK1, dave. ¼ 2.8 nm;

(b) PVPPdK3, dave. ¼ 2.6 nm; (c) PdK1, dave. ¼ 7.2 nm; and (d) PdK2, dave. ¼ 14.3 nm (see [59])
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polymer solution andm is themass ofmontmorillonite. Amounts of adsorbedmaterial

were determined in the concentration range of 0.025–2.5 g/100 cm3. As shown in

Fig. 11.32a, molecular coils of PVP are easily adsorbed on montmorillonite lamellae.

We examined how the adsorption isotherms of macromolecules used as stabilizers

changewhen polymer chains linked toNPs—rather than free polymermolecules—are

bound to the surface. In these experiments, polymer solutions uniformly contained

0.02 mM Pd and the average diameter of Pd NPs was 1.5–2 nm. Larger amounts of

PVP were observed to bind per unit surface (Fig. 11.32b), possibly due to reduced

expansion of the polymer chains stabilizing the NPs.

Incorporation of particles into the interlamellar space was monitored by X-ray

diffraction. Figure 11.33 shows that the intensity of the (001) montmorillonite

reflection appearing at 14.2 nm is reduced, the peak is gradually flattened, whereas

the intensity of the new peak appearing at 3.91 nm simultaneously increases,

indicating intercalation of the polymer-coated Pd� particle. The ratios of the

intensities of the two peaks (Id ¼ 1.42 nm:Id ¼ 3.91 nm) at Pd contents of 0.5, 1,

2, and 4 wt% are 2.3, 1.3, 0.8, and 0.3, respectively, a data series that can be

considered as a measure of the structural transformation taking place.

These experiments show that Pd NPs promoted the adsorption of PVP molecules

on montmorillonite. It was found that the polymer-protected palladium particles not

only adhere to the external surfaces but are also capable of incorporation between

the lamellae of the clay mineral.

11.3.2.4 Synthesis Ag NPs on the Surface of Disaggregated
Kaolinite Lamellae

Ag NPs were synthesized on kaolinite previously delaminated with DMSO [60, 61].

The effects of photoreduction and NaBH4 reduction on particle size were com-

pared. The kaolinite was dispersed in aqueous AgNO3 solution, and the adsorbed

Ag+ ions were reduced on the surface of kaolinite lamellae with NaBH4 or UV light

irradiation. Silver ions were added to the disaggregated kaolinite samples at ratios

of 1, 2, 5, and 10 wt% Ag/kaolinite. The photoreduction was achieved as follows:

dispersion was poured into a quartz beaker and irradiated with a Xe lamp for 1 h,

from a distance of 10 cm under constant stirring. After reduction, the suspension

was centrifuged, washed, and dried as described above (Fig. 11.34).

After reduction of adsorbed metal ions, a new Bragg reflection is observed at

2y ¼ 2.05�, defining dL ¼ 4.42 nm for the photoreduced 1 wt% Ag/kaolinite

samples and dL ¼ 4.28 nm for the sample reduced by NaBH4. These increased

basal spacing prove that, in the course of ion exchange, Ag+ ions are bound not only

on the edges and the external surface of kaolinite but also within the interlayer

space. Comparison of the X-ray diffractograms of samples with the same silver

content but reduced by different methods reveals significant differences [60, 61].

The intercalation reflection of the photoreduced samples is more intensive and

appears at larger 2y�. The reason is that larger Ag NPs was formed during the

photoreduction, than in the case of reduction by NaBH4. The size distribution of the
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Fig. 11.32 Adsorption isotherms of (a) PVP (b) PVP-protected Pd NPs in aqueous solution on Na
montmorillonite (see [59])

Fig. 11.33 (a) XRD patterns of polymer-protected Pd/montmorillonite showing Pd NPs

intercalated in the interlamellar space, at different Pd contents and (b) schematic representation

of intercalated montmorillonite (see [59])
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Ag NPs was determined by TEM (Fig. 11.35, Table 11.7). As the metal content is

increased, the average size of the NPs prepared by all methods increased. Particle

size of the sample containing 2 wt% Ag–kaolinite (photoreduction) was dTEM
¼ 8.7 nm; at 10 wt% Ag/kaolinite, dTEM ¼ 14.8 nm. As shown by electron

micrographs, NPs spacing was denser in the NaBH4 reduced samples because all

Ag+ ions present were rapidly reduced by NaBH4 added in excess, a process

favoring nucleation. In the photoreduction experiment, reduction is slower, which

favors NPs growth. A similar result was obtained when the Ag (111) (2y ¼ 38.3�)

Bragg reflections of the various samples were compared (Fig. 11.36). In the case of

samples reduced with NaBH4, reflection intensities increased and half-widths

decreased with increasing silver content because the size and crystallinity of the

Ag NPs increased. The particle size as calculated by the Scherrer equation varied

within dSch ¼ 12.7–24.0 nm. In the photoreduced samples, however, there was no

significant variation between samples with different silver contents: the average

particle size calculated from half the width was dSch ¼ 10.1–11.3 nm.

Comparing the two reduction methods, it was established that in the case of

photoreduction, larger Ag NPs were formed.

11.3.3 Analysis of Pd, Rh, and Ag NPs by X-Ray

Photoelectron Spectroscopy

X-ray photoelectron spectra (XPS) studies were aimed at the assessment of the

surface oxidation state of the NPs. Figure 11.39 displays the spectra of Pd/mont-

morillonite (2 wt%) and Pd/kaolinite (1.9 wt%) samples, resolved to the lines of the

Pd� and Pd4+ oxidation states. Input parameters are the binding energies of Pd3d3/

2 peaks, the difference of the binding energies of the Pd3d3/2 and Pd3d5/2 peaks,

Fig. 11.34 XRDpatterns of 1 and 5wt%Ag/kaolinite prepared by photochemical reduction (see [60])
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and the ratio of the intensities of the two peaks. Half-widths were identical for each

peak in the different samples (Figs. 11.37).

In addition to the peaks at 335.0 and 340.6 eV corresponding to the binding

energies attributable to the doublets of 3d3/2 and Pd3d5/2 of palladium in zero

oxidation state, peaks also appear at 337.7 and 342.7 eV. These peaks are

Table 11.7 Structural parameters of Ag/kaolinite samples

Sample code Reductant Ag content (wt%) dXRD (nm) dTEM (nm) dL (nm)

AgK1 NaBH4 0.5 10.7 5.6 4.58

AgK2 NaBH4 1.0 12.7 7.1 4.28

AgK3 NaBH4 1.5 13 7.6 4.24

AgK4 NaBH4 2.0 13.1 8.3 4.39

AgK5 NaBH4 5.0 24.0 10.5 4.95

AgK6 Photoreduction 1.0 10.1 8.3 4.42

AgK7 Photoreduction 2.0 10.2 8.7 5.64

AgK7 Photoreduction 5.0 11.3 11.2 5.24

AgK7 Photoreduction 10.0 10.1 14.8 3.69
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Fig. 11.35 TEM image and particle-size distribution of 2 wt% Ag/kaolinite prepared by (a) pho-
tochemical and (b) NaBH4 reduction (see [60])
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characteristic of the Pd4+ oxidation state. In addition to metal atoms in zero

oxidation state, all Pd-containing samples studied contain ions in the Pd4+ oxidation

state. This means that there is no PdO on the surface, but Pd� and PdO2 are present.

These results indicate that either only part of the metal ions added to the support

Fig. 11.36 Ag(111) reflection of NaBH4-reduced Ag/kaolinite samples (see [61])
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was reduced in the course of synthesis or all were reduced, but some were converted

to metal oxide by reacting with oxygen on the surface. It cannot be excluded from

possible reasons that the presence of forms in higher oxidation states is due to a

metal-support interaction on the surface.
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The valence of the Rh NPs on the support surface was examined by XPS

analysis. Rh3d XP spectra of the Rh/montmorillonite (2 wt%) and Rh/kaolinite

(2 wt%) composites are displayed on Fig. 11.40. The broad peaks of Rh3d suggest

more than one type of rhodium. Both spectra show the characteristic 3d doublet plus

an Mg auger line in the case of Rh/montmorillonite sample (at 306.1 eV). The

spectra were deconvoluted into two states: Rh� and Rh3+. The input parameters

were the approximate binding energies of the Rh3d5/2 peaks, the energy difference

between the Rh3d3/2 and Rh3d5/2 peaks (4.8 eV), and the intensity ratio of the two

peaks (2:3). An additional condition was that the full widths of half maximums

should be equal for all peaks (Fig. 11.38).

The binding energies of the doublet for Rh3d5/2 and Rh3d3/2 (306.6 and

311.4 eV) are characteristic of Rh�. Moreover, the peaks at 308.8 and 313.6 eV

are observed. These peaks at higher binding energy may be accounted for oxidized

state of the rhodium. Since the peak areas are proportional with the number of the

given type of atoms at or near the surface, the deconvolution may help determine

the Rh�/Rh3+ ratio. Thus, in the case of montmorillonite-supported Rh, this

ratio was around 2. This value was ca. 1.8 for the kaolinite-supported sample.

So—taking into account the precision of this method—we can say that the Rh�/Rh3

+ ratio was the same in both cases. These results indicate that Rh3+ was reduced to

Rh� and that the surface of Rh NPs was partially oxidized in air to Rh2O3. The

reason might be that ultrafine Rh NPs are very active, which is a common feature

for nanometer-sized metal particles, and the Rh3+-ions were not fully reduced by

sodium borohydride at the preparation of NPs with the various reduction processes.

The possibility that the presence of Rh3+ on the surface is a consequence of the

metal-support interaction cannot be excluded either.
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Ag3d XPS of the samples with different silver contents are presented in

Fig. 11.39. Binding energies of Ag3d5/2 peaks were in the range of

367.7–367.9 eV, whereas those of Ag3d3/2 peaks in the range of 373.75–373.9 eV.

The location of the peak is characteristic of metallic silver and is independent of

silver concentration. Full widths at half maximum (FWHM) ranged from 1.81 to

1 83 eV, except for sample that contains 5 wt% of Ag that displayed a value of

1.68 eV. Binding energies and values of FWHM were within the limits of experi-

mental error.

Since peak areas are directly proportional with the number of atoms present, the

areas allow estimation of the silver content of the samples. The magnitude of the

Ag3d peak as a function of theoretical silver content is shown in Fig. 11.40. It is

clearly seen that the function is linear up to 2 wt%Ag+ content and then bends toward

the x axis, indicating that the actual silver content is lower than the value expected on

the basis of the amount of Ag+ added. This is in accordance with the spectrophoto-

metric results, i.e., above a certain concentration, no more Ag+ ions can be adsorbed

on the surface of kaolinite; therefore, NPs are also formed in the liquid phase.
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Chapter 12

Synthesis, Structure, and Photocatalytic
Activity of Titanium Dioxide and Some
of Its Surface-Modified Derivatives

László Kőr€osi, Szilvia Papp, and Imre Dékány

Abstract Titania-based heterogeneous photocatalysis has been extensively studied

at both solid–liquid and solid–gas interfaces. Numerous efforts have been directed

to improving the photocatalytic activity of TiO2 in both the UV and the visible

wavelength ranges. To enhance the photoactivity, a number of techniques for the

doping of TiO2 with various elements have been developed. This chapter presents a

brief discussion of three promising materials: phosphate-, nitrogen-, and silver-

modified TiO2. Phosphate- and silver-modified TiO2 exhibited very high

photocatalytic activity under UV irradiation, while the nitrogen-doped TiO2 had

visible light activity. The modified TiO2 derivates were prepared by simple chemi-

cal methods and studied by various surface and structural investigation techniques.

The effects of the dopant concentration on the structure and photocatalytic activity

are discussed.

12.1 Introduction

The accumulation in surface waters and in the atmosphere of environmentally

harmful compounds that are not readily biodegradable has prompted the develop-

ment of efficient water and air purification technologies. Heterogeneous photo-

catalysis is a well-known environmentally friendly process for the degradation or
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transformation of volatile organic compounds (VOCs). As regards practical applica-

bility, the ideal photocatalyst would be chemically stable, easy to prepare and use,

cheap to produce, safe for humans and the environment, and an efficiently catalyst.

Among various metal oxides (TiO2, ZnO,WO3, SnO2, etc.), TiO2meets nearly all of

these requirements. Both TiO2 polymorphs, anatase and rutile, are extensively used

as photocatalysts. In most reactions, anatase exhibits higher photocatalytic activity

[1, 2] probably due to its slightly higher Fermi level and its higher surface density of

OH groups [3, 4]. Attempts have been made to improve the photoactivity of TiO2 in

both the visible and theUV ranges. Doping and the surfacemodification of TiO2with

this aim, using a variety of elements, has become an intensively studied research area.

The application of nonmetals for this purpose is relatively recent but has already

yielded many noteworthy results.

TiO2 can utilize only a small region of the solar spectrum due to its wide bandgap

energy. Consequently, improvement of the response to visible light (i.e.,photosensi-

tization) is one of the most important aspects of heterogeneous photocatalysis.

Doping of TiO2 with various metals or metal ions (Pt, Ag, Au, Cr, Fe, Cu, etc.)

has been widely used as a technique to extend light absorption to the visible region

[5–10]. The surface modification or doping of TiO2 is usually carried out bymethods

such as impregnation, photodeposition, or a sol–gel technique. The effect of the

doping agent on the photodegradation efficiency is not evident. The positive effect of

metal deposits has been explained by improved interfacial charge-transfer processes

[11]. However, somemetals on the TiO2 surface have no effect, or the doping results

in a detrimental effect on the photocatalytic degradation of the organic compound

[12, 13]. This miscellaneous behavior may frequently be explained by the difference

in nature of the studied VOCs. TiO2–clay mineral nanocomposites, as efficient

photocatalysts, can be prepared either doped or nondoped TiO2 and layer silicates

[14–17]. The large specific surface area of the applied layer silicate favors the

adsorption of organic compounds [18, 19]. The combination of adsorption and

heterogeneous photocatalysis may be an efficient and economical means of

accumulating, removing, and oxidizing organic contaminants, and its application

is in accordance with the growing environmental demands [14, 20, 21].

Doping with nonmetal anions is preferred to metal ion doping, because anions

tend to form fewer recombination centers on the surface of TiO2. Several studies

have been devoted to anionic modifications of TiO2, and halide ions have received

special attention. Minero and coworkers investigated the effects of fluoride ions on

the photocatalytic degradation of phenol in aqueous TiO2 suspension [22, 23]. They

found that the rate of degradation of phenol increased as a function of the fluoride

concentration. Luo et al. [24] studied the efficiency of Br� and Cl� co-doped TiO2

in water splitting and found higher photocatalytic activity than with commercial

Degussa P25 TiO2. Sulfated TiO2 also exhibits enhanced photoactivity for several

substrates, such as hexane, methanol, benzene, and trichloroethylene [25–27].

The phosphate modification of TiO2 has been the subject of a considerably smaller

number of studies, and the results proved highly diverse from a photocatalytic

aspect probably in consequence of differences in preparation techniques and in

phosphate contents. Colón et al. [28] used different oxoacids (HNO3, H2SO4, and

H3PO4) to modify TiO2. They reported that the photoactivity decreased strongly
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after H3PO4 treatment. The poor photocatalytic behavior is determined by the

appearance of pyrophosphate-like species on the surface. In contrast, Yu et al.

[29] found that the photocatalytic activity of phosphate-modified TiO2 was higher.

The effect was explained by the increased bandgap energy, the large surface area,

and the existence of Ti ions in tetrahedral coordination. Visible light-driven

photocatalysis can be achieved by applying nitrogen-doped TiO2 (N–TiO2)

[30–32]. The N-doping of TiO2 was found to result in a significant bandgap

narrowing. Nakamura et al. reported that the increased visible light absorption of

N–TiO2 is due to an N-induced mid-gap level, which was generated slightly above

the O 2p valence band [33]. Ihara et al. [34] concluded that oxygen-deficient sites

generated on the grain boundaries in the N–TiO2 polycrystalline structure are also

important for the visible light activity. N–TiO2 photocatalysts can be prepared by

either physical (e.g., magnetron sputtering [35]) or chemical (e.g., sol–gel [36])

methods. Chemical methods make use of organic N-sources such as amines [37] or

urea [38], while others use inorganic sources such as NH3 [39, 40].

Photocatalytic oxidation of organic pollutants in the gas phase is a subject of

considerable interest. Alkanes, alcohols, aldehydes, ketones, aromatics, and

halogenated hydrocarbons have been efficiently degraded at solid–gas interfaces

[41]. The photooxidation of ethanol is well known from the literature [42, 43].

Nimlos et al. [44] proposed the reaction pathway ethanol ! acetaldehyde ! acetic

acid ! formaldehyde ! formic acid ! CO2, in which acetaldehyde is the main

gas-phase intermediate. The first complete kinetic model for the photocatalyzed

oxidation of ethanol and acetaldehyde was published by Sauer and Ollis [45].

In this chapter, we briefly discuss the structural and photocatalytic properties of

various TiO2 derivatives, such as (1) phosphate-, (2) nitrogen-, and (3) silver-

modified TiO2. These derivatives were prepared by using different chemical surface

treatment methods. The procedures used for the structural characterization of the

samples included X-ray powder diffraction and nitrogen adsorption measurements.

To determine the optical properties and bandgap energies of the modified TiO2

samples, diffuse reflectance UV–Vis spectroscopy measurements were made.

The surface features and compositions were studied by diffuse reflectance infrared

and X-ray photoelectron spectroscopy. The photocatalytic activities of pure and

modified TiO2 samples were compared at both solid–liquid and solid–gas interfaces.

We examined the processes of photodegradation of phenol and thiodiglycol (TDG)

in the liquid phase and of ethanol in the gas phase. We report here on the effects of

surface-bound species on the rates of photooxidation of these organic compounds.

12.2 Experimental Details

12.2.1 Materials and Methods

Phosphate-modified TiO2 samples with varying phosphate contents were prepared

by a sol–gel method [46]. Titanium(IV) isopropoxide was hydrolyzed with water,

and the amorphous TiO2�nH2O obtained was treated with H3PO4 solution, at P/Ti
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molar ratios of 0.01, 0.05, 0.10, 0.2, and 0.3. These molar ratios are included in the

designation of the samples (e.g., P–TiO2/0.10). The dried powders were calcined at

various temperatures in the range 100–900�C.

N-doped TiO2 samples were prepared by a simple precipitation method [47].

Titanium isopropoxide was added dropwise to urea solution under vigorous stirring

at N/Ti molar ratios of 1, 3, and 5. The precipitates obtained were filtered off and

dried at 30�C. The dried powders were calcined at 400�C for 4 h in air. These

samples are denoted N–TiO2/1.0, N–TiO2/3.0, and N–TiO2/5.0, respectively.

H2SO4-treated N-doped TiO2 samples (denoted N–TiO2-sulf) were prepared by

an impregnation method. The N–TiO2 samples were dispersed in 0.5 M H2SO4

solutions, and the acidic dispersions were stirred for 1 h and then filtered. The solid

fractions were dried at 30�C.

Silver-modified TiO2 samples were prepared from a Degussa P25 TiO2 disper-

sion and AgNO3 by a photodeposition method [11]. The TiO2 aqueous dispersions

containing the desired amount of AgNO3 were irradiated by a UV-light source (Xe-

lamp, 300 W) for 1 h. The dispersions obtained were centrifuged and dried at 60�C.

The calculated Ag contents of the samples were 0.1, 0.5, and 1.0 w/w%. These

samples are denoted Ag–TiO2/0.1 wt%, Ag–TiO2/0.5 wt%, and Ag–TiO2/1.0 wt%,

respectively.

The Ti and P contents of the samples were determined by all-argon sequential

(Jobin-Yvon 24, France) inductively coupled plasma-atomic emission spectrometry

(ICP-AES). The intensities of the (P I) and (Ti II) spectral lines were measured at

213.62 and 337.28 nm, respectively.

X-ray diffraction (XRD) patterns were collected on a Philips PW 1,830 powder

diffractometer, using CuKa radiation (l ¼ 0.1542 nm).

Porosity and surface area were studied on a Gemini 2375 (Micromeritics)

instrument by recording N2-sorption isotherms at �196�C. Before the adsorption

measurements, the samples were evacuated (10�5 torr) at 120�C overnight. Specific

surface areas were calculated by using the Brunauer–Emmett–Teller equation.

Transmission electron microscopy (TEM) images were obtained with a Philips

CM-10 electron microscope at an accelerating voltage of 100 kV. Scanning electron

microscopy (SEM) was performed with a Hitachi S-4700 FE-SEM instrument.

Diffuse reflectance UV–Vis spectra were recorded on CHEM 2000 UV–Vis

(Ocean Optics Inc.) spectrophotometer equipped with an integrated sphere.

XP spectra were taken with a SPECS instrument equipped with a PHOIBOS 150

MCD 9 hemispherical electron energy analyzer operated in the FAT mode.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

measurements were made with a Bio-Rad Digilab Division FTS-65A/896 spec-

trometer, with 256 scans per sample, at a resolution of 4 cm�1.

Photocatalytic test reactions in the gas phase were performed at 25 � 0.1�C in a

cylindrical photoreactor (Fig. 12.1a, b) with a volume of ~700 ml. The scheme of

the experimental setup can be seen in Fig. 12.2. The photoreactor consisted of two

concentrically positioned tubes. The inner tube was made from quartz and the outer

one from Pyrex glass. A 15-W low-pressure mercury lamp (GCL307T5L/CELL

LightTech, Hungary) with a characteristic emission wavelength of 254 nm was
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Fig. 12.2 Schematic outline of the experimental setup [46]

Fig. 12.1 Schematic drawingof (a) the cylindricalKL700photoreactor [46] and (b) its cross-sectional
view [11]
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placed at the center, as shown in Fig. 12.1b. The TiO2 samples were sprayed onto

the outer side of the inner quartz tube using 30% (w/v) aqueous dispersion. The

surface area of the TiO2 film was 175.8 cm2. Sampling from the gas phase was

performed at selected time intervals, and the composition was analyzed in a gas

chromatograph (Shimadzu GC-14B) equipped with a thermal conductivity (TCD)

and a flame ionization detector (FID).

Photocatalytic experiments at the solid–liquid interface were carried out in a

400-ml batch reactor thermostated at 25�C. For sample irradiation, a 150-W

immersion-type high-pressure mercury lamp (Heraeus TQ 150) was used,

surrounded by a glass filter in order to filter out the high-energy photons (l < 310

nm). The concentration of phenol was determined by HPLC, with a UV–Vis

detector at 210 nm. Phenol and its intermediates were separated on a C-18 column

[LiChrospher 100 RP-18 (5 mm)], using a mixture of acetonitrile:water (20:80) as

eluent at a flow rate of 1 ml min�1.

12.3 Results and Discussion

12.3.1 Phosphate-Modified TiO2

12.3.1.1 Composition and Structure of Phosphate-Modified TiO2

Phosphate-modified titanium dioxide (P–TiO2) can be prepared by the treatment

of TiO2�nH2O with H3PO4. The sol–gel synthesis method applied was divided

into two main steps: (1) In the course of the reaction of titanium(IV) isopropoxide

and water, amorphous TiO2�nH2O was formed by hydrolysis of the precursor and

subsequent condensation of the product. (2) TiO2�nH2O reacted with H3PO4, and

phosphate species were chemisorbed on the surface of the oxide nanoparticles.

The DRIFT spectra of TiO2 and P–TiO2 samples are compared in Fig. 12.3. After

the treatment of TiO2 with H3PO4, a new absorption peak appeared in the range

980–1,200 cm�1. This broad band is associated with the characteristic stretching

vibrations of phosphate groups, and its intensity was proportional to phosphate

content. The peak at 1,630 cm�1 can be assigned to the bending mode of water. The

broad band at ~3,400 cm�1 is assigned to the O–H stretching mode. The intensities

of these bands also increased with the phosphate content. The DRIFT spectra

revealed that, in the course of H3PO4 treatment of the TiO2 suspension, phosphate

species are bonded to the surface of the TiO2 in amounts proportional to the H3PO4

concentration applied [48]. The protonated surface hydroxyl groups (–OH2
+) of

TiO2 can react with HPO4
2� [49]. Connor and McQuillan [50] studied the adsorp-

tion of orthophosphate on the surface of TiO2 from aqueous solution by in situ

internal reflectance spectroscopy and reported the strong binding of the bidentate

form of phosphate to the surface.
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High-resolution XP spectra were taken from the Ti 2p, O 1s, P 2p, and C 1s

regions. The carbon was present as surface adventitious carbon and served as a

binding energy reference. The spectra obtained are shown in Fig. 12.4. The bottom

Ti 2p3/2 and O 1s spectra are those of Degussa P25. It can be seen from the figure

that the Ti 2p3/2 spectra are symmetric in each case. The Ti 2p3/2 peak for Degussa

Fig. 12.3 DRIFT spectra of pure TiO2 and different P–TiO2 samples [52]

Fig. 12.4 High-resolution XP spectra of the Ti 2p, O 1s, and P 2p regions on (a) Degussa P25, (b)

P–TiO2/0.01, (c) P–TiO2/0.05, (d) P–TiO2/0.10, (e) P–TiO2/0.20, and (f) P–TiO2/0.3 [46]
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P25 is at 458.7 eV and corresponds to the value generally reported in the literature

for Ti4+ in TiO2. As the P concentration was increased, the peak position of the Ti

2p3/2 spectral envelope shifted slightly from 458.9 to 459.3 eV, and at the same

time, the full width at half maximum (FWHM) increased from 1.29 to 1.51 eV at the

highest P content. These results can be explained by the formation of Ti–O–P bonds

upon the addition of phosphate to the system. The O 1s spectra showed obvious

asymmetry for each phosphated sample studied. In Degussa P25, the O 1s binding

energy was measured to be 530.0 eV, characteristic of lattice oxygen in TiO2. The

small shoulder on the high binding energy side of the peak is caused by the surface

and near-surface OH groups of TiO2. In response to phosphate addition, the

maximum of the envelope shifted from 530.2 to 530.6 eV with increase of the P

content. The nature and the extent of this positive shift were quite similar to those

observed in the Ti 2p3/2 spectra, and these features were more pronounced at the

two highest atomic ratios P:Ti. The individual components were determined by

deconvoluting the spectra. A reasonably good fit was achieved by decomposing the

envelope into four synthetic peaks with the constraint that FWHM should be the

same for them. The result of the decomposition is displayed in Fig. 12.5. It was

assumed that the four components increasing in energy can be assigned to oxygen

participating in Ti�O�Ti, Ti�O�P, H�O�P, and H�O�C bonds. The formation

of H�O�C may be attributed to different types of carbon–oxygen bonds related to

the adventitious carbon content of the sample. Its concentration of ~5% was practi-

cally independent of the sample composition. The area of the peak at ~530 eV

decreased with increasing ratio P:Ti and attained a value of zero for the two most

Fig. 12.5 Relative content of O in various P–TiO2 samples in different chemical environments:

(Ti�O�Ti), (Ti�O�P), (H�O�P), and (H�O�C) [46]
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P-rich samples. At the same time, the intensities of the peaks associated with the

Ti�O�P and H�O�P bonds increased from ~7 to 60% and from 9 to 39%,

respectively. The detected P 2p did not exhibit asymmetry, and the peak position

was practically independent of the P concentration. The P 2p binding energy,

134.0 eV (�0.1), is characteristic of P in the phosphate ion. We did not detect a

peak at ~128 eV, which rules out the existence of Ti�P on the sample surface.

The atomic ratios P:Ti were determined by XPS from the peak areas, taking into

account the sensitivity factors for the atomic orbitals, and also by ICP-AES.

The results are listed in Table 12.1 and are plotted in Fig. 12.6. It is immediately

clear from both the table and the figure that higher values for the atomic ratio P:Ti

Table 12.1 Chemical compositions of P–TiO2 samples calcined at 700�C [46]

Sample ID P (at%) Ti (at%) O (at%) (P:Ti)XPS
a atomic ratio (P:Ti)ICP

b atomic ratio

P–TiO2/0.01 1.9 29.0 69.2 0.065 0.012

P–TiO2/0.05 4.2 24.0 71.8 0.176 0.055

P–TiO2/0.10 6.3 22.8 71.0 0.275 0.106

P–TiO2/0.20 8.2 22.0 69.8 0.373 0.205

P–TiO2/0.30 10.2 19.0 70.7 0.537 0.308
aDetermined by XPS measurements
bDetermined by ICP-AES measurements

Fig. 12.6 Atomic ratio P:Ti (based on XPS and ICP-AES) of P–TiO2 as a function of the

calculated atomic ratio P:Ti. The samples were calcined at 700�C [46]
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were observed with the surface-sensitive XPS than with ICP-AES, which detects

signals from the bulk phase as well. This means that the P was accumulated on the

surface of the TiO2 particles [46].

Angle-resolved XP spectra were taken from the sample P–TiO2/0.05. The

takeoff angle of the photoelectrons with respect to the surface normal was varied

by tilting the sample holder around the horizontal axis of the manipulator. No

change was observed either in the position or in the shape of the P 2p spectra. This

result again suggests that the P-rich near-surface layer is thicker than the escape

depth of P 2p electrons from the sample. XP measurements support the idea that

added phosphate is incorporated into the TiO2, forming titanium phosphate species

in the surface and near-surface regions. The thickness of this layer is possibly more

than the escape depth of P 2p photoelectrons [46].

The N2-sorption isotherms of the samples clearly demonstrated that the porosity

of the P–TiO2 samples also depends on their phosphate content. At atomic ratios of

P:Ti ¼ 0.01–0.10, a hysteresis loop indicative of a mesoporous structure was seen.

The most characteristic pore diameters determined by BJH evaluation were 3.3, 4.9,

and 3.1 nm for P–TiO2/0.05, P–TiO2/0.10, and P–TiO2/0.20, respectively. The

specific surface area as a function of the phosphate content passed through a

maximum (Fig. 12.7); it increased with increasing P content up to P:Ti ¼ 0.10

(105 m2 g�1) and decreased at higher P contents. The specific surface area of

P–TiO2/0.30 was as low as 2.7 m2 g�1.

Since the anatase content has a significant effect on the photocatalytic activity of

TiO2, we examined the effect of phosphate modification on the crystallization of

amorphous TiO2. The XRD patterns of P–TiO2 samples with various phosphate

contents calcined at 700�C are shown in Fig. 12.8. The measurements clearly

demonstrated that the intensity and the FWHM of the (101) anatase peak decreased

with increasing phosphate content. The former indicates a decrease in anatase

Fig. 12.7 Effect of phosphate modification on the specific surface area of TiO2 [46]
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content, and the latter a reduction in crystallite size. The rutile content of P–TiO2/

0.01 was only 4 w/w%, whereas at atomic ratios P:Ti > 0.10 rutile formation was

not observed at all. The average crystallite diameter was determined from the

FWHM of the (101) peak by using the Scherrer equation. Changes in anatase

content and average crystallite diameters as a function of atomic ratio P:Ti are

presented in Fig. 12.9. As the phosphate content was increased, the anatase content

Fig. 12.8 XRD patterns of different P–TiO2 samples calcined at 700�C [46]

Fig. 12.9 Anatase content and its crystallite size in P–TiO2 samples (based on XRD

measurements) [46]
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decreased from 86 to 54 w/w% in a nearly linear fashion. Consequently, the

presence of phosphate inhibits the crystallization of TiO2; thus, 10–46 w/w% of

the samples (depending on phosphate content) comprises a mixture of amorphous

TiO2 and amorphous titanium phosphate. Figure 12.9 also demonstrates that the

growth of anatase crystallites was inhibited in the P–TiO2 samples. The average

crystallite size of anatase at an atomic ratio P:Ti ¼ 0.01 was 24 nm, whereas at

higher phosphate contents the size was only 8–12 nm. When samples with rela-

tively high phosphate contents (P:Ti > 0.05) were calcined at 900�C, crystalline

titanium phosphate was identified (JCPDS: 38-1468). Our X-ray studies indicated

that, in the course of calcination, the presence of titanium phosphate species

significantly affected both the formation of the anatase and rutile phases and the

crystallite size.

Bandgap energies (Eg) determined from the absorption edge are presented in

Fig. 12.10. It can be seen that Eg for P–TiO2 exceeded that for pure TiO2 at each

calcination temperature. The higher bandgap energy of P–TiO2 is partly accounted

for by the change in the structure of the TiO2 surface (chemisorbed phosphate) and

partly by the smaller anatase crystallite size [51]. The bandgap energy decreased

with increasing calcination temperature for both the pure TiO2 and P–TiO2; how-

ever, this was less significant in the case of the P–TiO2 samples. The red shift

observed in the course of calcination may be due in part to increasing anatase

crystallite size and in part to the anatase–rutile phase transformation (between 500

and 700�C) [52].

Fig. 12.10 Bandgap energy of TiO2 and P–TiO2/0.05 as a function of calcination temperature [52]
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12.3.1.2 Photocatalytic Activity of Phosphate-Modified TiO2

The photocatalytic activities of P–TiO2 samples were tested in the photooxidation of

ethanol at the solid–gas interface. The reactions were carried out both in the absence

and in the presence of water vapor. The reference photocatalyst was the well-known

Degussa P25 TiO2. Photooxidation experiments were also performed without cata-

lyst, resulting in a negligible decrease in ethanol concentration (below 2%) during

the 1-h irradiation applied. When the experiment was carried out in the absence of

TiO2 films, there was no detectable formation of carbon dioxide. After the addition

of ethanol or ethanol/water, the systemwas left to stand for 30min for equilibrium to

set in. This time period (negative range) is separated from the irradiation period by a

vertical line in the kinetic curves of ethanol degradation.

Comparison of the kinetic curves of ethanol degradation under dry (Fig. 12.11)

and humid initial conditions (RHi ¼ 74%) (Fig. 12.12) reveals significant

differences. The rate of ethanol degradation depends both on the phosphate content

of TiO2 on the one hand and on RHi. Under both dry and humid initial conditions,

the dependence of the reaction rate on the phosphate content of the samples

displayed a maximum; the highest photoactivity was detected at atomic ratios P:

Ti ¼ 0.05 and 0.10 (regarded as optimal phosphate content). In the case of P–TiO2

samples, the rate of ethanol photooxidation was higher in the presence than in the

absence of water vapor. In contrast, on Degussa P25 TiO2, the initial rate of ethanol

photooxidation was lower in the presence of water, although the entire quantity of

ethanol was transformed in 30 min under both sets of reaction conditions [46].

Fig. 12.11 Photodegradation of ethanol on Degussa P25 TiO2 and various P–TiO2 samples under

dry initial conditions [46]
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The kinetic curves of carbon dioxide formation (Fig. 12.13a, b) support the

notion that the rate of total mineralization is strongly dependent on the phosphate

content of the samples and on RHi. The curves clearly show that carbon dioxide

formation was very slow for the samples with higher phosphate contents (P–TiO2/

0.20 and P–TiO2/0.30) under dry initial conditions. Slow carbon dioxide formation

was observed even under humid conditions on P–TiO2/0.20, although the entire

quantity of ethanol was transformed. As a consequence of this partial oxidation, the

intermediates (mainly acetaldehyde) were accumulated in the course of irradiation.

The effect of RHi was studied by using P–TiO2/0.05 sample. Figures 12.14 and

12.15 illustrate how the reaction rates increased when the amount of water was

gradually increased at the onset of the reaction. It should be stressed, however, that

Fig. 12.12 Photodegradation of ethanol on Degussa P25 TiO2 and various P–TiO2 samples at

74% initial relative humidity [46]

Fig. 12.13 Formation of CO2 on bare (Degussa P25) and P–TiO2 samples as a function of

irradiation time at an initial relative humidity of (a) 0% and (b) 74% [46]
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the RHi given refers only to the initial conditions, since the total photooxidation of

ethanol is accompanied by the formation of water. The water formed increases the

rate of ethanol photodegradation, as indicated by the breakpoints in the kinetic

curves presented in Fig. 12.14. Breakpoints tended to appear at increasingly earlier

Fig. 12.14 Kinetic curves of ethanol degradation on P–TiO2/0.05 at different initial relative

humidities (0–74%) [46]

Fig. 12.15 Kinetic curves of CO2 formation on P–TiO2/0.05 at different initial relative

humidities: (a) 0%, (b) 12%, (c) 25%, (d) 37%, (e) 49%, (f) 62%, and (g) 74% [46]
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times with increasing RHi, i.e., at about 17, 11, and 5 min at RHi ¼ 0, 25, and 49%,

respectively. After these initial periods, the reaction was accelerated due to the

formation of additional water. This was confirmed by the kinetic curves of carbon

dioxide formation, whose low-rate induction period became increasingly shorter as

the RHi was gradually increased (Fig. 12.15).

The structural parameters of the P–TiO2 samples, the amounts of ethanol adsorbed

prior to the lamp being switched on, initial rates of ethanol consumption (kEtOH) and of

carbon dioxide formation (kCO2) are listed in Tables 12.2 and 12.3. The amounts of

ethanol adsorbed were proportional to the BET surface area of the P–TiO2 samples.

Since the BET surface of P–TiO2 displayed amaximum as a function of the ratio P:Ti,

it was the samples with medium phosphate contents (P–TiO2/0.05 and P–TiO2/0.10)

that adsorbed the largest amounts of ethanol under both dry and humid conditions.

Furthermore, the P–TiO2 samples adsorbed more ethanol in the presence than in the

absence of water vapor. Conversely, the amount of ethanol adsorbed on Degussa P25

TiO2was less in the presence of water vapor than under dry conditions, due to the role

of water as a competitor for surface sites [53].

Table 12.2 Specific surface areas (aBET
s) and crystalline phase compositions of various P–TiO2

samples calcined at 700�C [46]

Sample ID asBET
a (m2 g�1) Anatase/rutile (wt%)

Degussa P25 51 87/13

P–TiO2/0.01 10 86/4

P–TiO2/0.05 75 82/2

P–TiO2/0.10 105 75/–

P–TiO2/0.20 43 66/–

P–TiO2/0.30 3 54/–
aCalculated by using the Brunauer–Emmett–Teller equation

Table 12.3 Comparison of adsorption and photocatalytic properties of P25 TiO2 and various

P–TiO2 samples [46]

Sample

ID

RHi

(%)

mEtOH
s

(mg g�1)

k(EtOH)
(mg m�3s�1)

k(CO2)
(mg m�3s�1)

w(CO2)

(mg m�2)

Degussa

P25

0 18 21.5 1.7 410

74 11 17.8 3.6 612

P–TiO2/

0.01

0 4 11.8 1.3 181

74 7 7.6 2.6 288

P–TiO2/

0.05

0 28 15.9 1.6 655

74 49 51.1 12.4 1,433

P–TiO2/

0.10

0 34 17.9 1.3 585

74 48 44.1 7.0 1,325

P–TiO2/

0.20

0 13 5.4 0.8 46

74 26 9.0 0.8 77

P–TiO2/

0.30

0 3 1.5 – 23

74 10 3.5 0.4 35

RHi: initial relative humidity

mEtOH
s: the amount of ethanol adsorbed on 1 g of catalyst

k(EtOH) and k(CO2): initial rate of ethanol photodegradation and CO2 formation, respectively

w(CO2): amount of CO2 formed on UV-irradiated surface unit after 30 min
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The initial rates of photooxidation of ethanol and of the formation of carbon

dioxide as functions of phosphate content exhibited maxima. The highest initial

rates (k) were observed for P–TiO2/0.05 and P–TiO2/0.10. The rate of photooxida-

tion on P–TiO2 was increased by adsorbed water; the presence of water also

promoted ethanol adsorption on the surface of the photocatalyst. The data in

Tables 12.2 and 12.3 demonstrate that the phosphate content regulates not only

the specific surface area of the samples and the amount of ethanol adsorbed but also

the anatase content responsible for the photoactivity. Since samples with high

phosphate contents contained lower percentages of the anatase phase, the reaction

rate decreased. The effect of the anatase content is well illustrated by the compari-

son of the photocatalytic activities of P–TiO2/0.01 and P–TiO2/0.20. The specific

surface area of P–TiO2/0.20 is about four times larger than that of P–TiO2/0.01, yet

the reaction proceeded faster on P–TiO2/0.01, whose surface area is smaller, but

whose anatase content is higher by 20%. The last column in Tables 12.3 and 12.4

reports the amounts of carbon dioxide produced per surface unit of TiO2 samples

irradiated for 30 min (w). Although, under dry initial conditions, the highest initial

reaction rates were measured on Degussa P25 TiO2, the value of w was highest on

P–TiO2/0.05. The reason for this is that water is produced in the course of photo-

oxidation, which increases the adsorption of ethanol on the P–TiO2 catalyst surface,

thereby increasing the rate of photooxidation.

The amount of ethanol (mEtOH
s) adsorbed on P–TiO2/0.05 and its photoactivity

at different relative air humidities are to be seen in Table 12.4. The initial rate of

ethanol photooxidation (kEtOH) was proportional to the amount of ethanol adsorbed.

Both the amount of adsorbed ethanol and the rate of its photooxidation increased at

RHi > ~50%. Thus, the increase in reaction rate observed at higher RHi (>50%)

may be caused by the larger amount of ethanol adsorbed. The initial rate of carbon

dioxide formation (k(CO2)) also increased significantly at RHi > ~50%. The initial

rate of CO2 formation at RHi ¼ 74% was about eight times higher than that

measured under dry conditions.

Table 12.4 Effects of initial relative humidity (RHi) on ethanol adsorption and photocatalytic

activity of P–TiO2/0.05 [46]

RH (%) mEtOH
s mg g�1 k(EtOH) mg m�3s�1 k(CO2) mg m�3s�1 w(CO2) mg m�2

0 28 15.9 1.6 655

12 28 16.0 1.6 754

25 28 15.9 1.9 944

37 28 16.1 2.2 1,067

49 30 22.8 3.3 1,240

62 35 45.4 11.9 1,327

74 49 51.1 12.4 1,433

mEtOH
s: the amount of ethanol adsorbed on 1 g of catalyst

k(EtOH) and k(CO2): initial rate of ethanol photodegradation and CO2 formation, respectively

w(CO2): amount of CO2 formed on UV-irradiated surface unit after 30 min
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In summary, it can be concluded that phosphate modification significantly

affects both the structural and photocatalytic properties of titanium dioxide.

The surface-bound phosphate affects the formation of photoactive anatase and

helps to preserve the high specific surface area of the samples. On the other hand,

the phosphate modification of the TiO2 surface may promote the photooxidation of

ethanol by enhancing charge separation. The rate of photooxidation of ethanol is

highest on P–TiO2 catalysts with highest specific surface area and anatase content.

These criteria are satisfied in the composition range P:Ti ¼ 0.05–0.10. Moreover,

RHi > 50% significantly increased the amount of ethanol adsorbed on P–TiO2

catalysts. In the presence of water vapor, both the conversion of acetaldehyde, the

main intermediate of the reaction, and the rate of complete mineralization increased

significantly.

12.3.2 N-Doped TiO2

12.3.2.1 Structure and Surface Composition of N-Doped TiO2

X-ray diffractograms of calcined N–TiO2 samples are presented in Fig. 12.16a.

Each diffraction peak indexed (denoted by A) corresponds to the anatase phase, and

rutile could not be detected. The peak with very low intensity at 30.8� corresponds

to the (121) reflection of the brookite phase (denoted by B). Brookite was identified

(JCPDS No. 29-1360) only for the nondoped and the N–TiO2/5.0 sample. In spite of

the high N contents of the N–TiO2 samples, no compounds TixNy could be detected.

Comparison of the XRD patterns of N–TiO2 and N–TiO2-sulf (Fig. 12.16a, b)

revealed that the crystalline phase and the crystallite size did not change signifi-

cantly in response to sulfuric acid treatment. The average crystallite size was

calculated from the anatase (101) reflection by using the Scherrer equation.

Fig. 12.16 XRD patterns of various (a) N–TiO2 and (b) N–TiO2-sulf samples [47]
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The average crystallite size of the N–TiO2 samples (9.7 nm) is slightly lower than

that of the N–TiO2-sulf samples (11 nm). The lowest crystallite size, 8.5 nm, was

observed for nondoped TiO2 [47].

The high-resolution XP spectra contained only one peak, with maximum at

~400 eV, for all three untreated samples. According to literature data, this signal

can be attributed to the N–N bond of adsorbed g-N2. The recorded spectra and their

deconvolutions are presented in Fig. 12.17a. The N 1s binding energy changed only

slightly with the composition: It was 399.95, 400.1, and 400.3 eV for the N–TiO2/

1.0, N–TiO2/3.0, and N–TiO2/5.0, respectively. Sulfuric acid treatment of the

samples led to the appearance of another component on the higher binding energy

side of the N 1s spectrum envelope. The binding energy of this component was

402.1–402.4 eV for all compositions. Since the error in the energy measurement

was at least � 0.1 eV, these values are virtually identical. The origin of this feature

Fig. 12.17 High-resolution XP spectra of (a) N 1s, (b) Ti 2p3/2, (c) O 1s, and (d) S 2p regions on

N–TiO2 and N–TiO2-sulf [47]
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is still debated in the literature. Asahi et al. [54] concluded that it is due to N2

weakly physisorbed on the surface. Fang and coworkers [55] modified this idea

somewhat, postulating that both the 400 and 402 eV peaks are due to g-N2

molecularly chemisorbed on the surface. On the other hand, Qiu [56] stated that

the peaks arising from g-N2 appear at 400 and 405 eV. Another explanation was

given by Sathish et al. [57], who ascribed the feature between 401 and 402 eV to

some kind of oxidized nitrogen, possibly NO or NO2. Most authors agree that the

appearance of N 1s features (including those with binding energy below 400 eV)

depends strongly on the nature of the starting materials and the methods by which

the N-doped TiO2 was produced.

Ti 2p, O 1s, and S 2p high-resolution spectra were also investigated. The Ti 2p3/2
binding energy was 458.7 eV, which corresponds to Ti4+. After treatment with

H2SO4, the Ti 2p3/2 binding energy was shifted upward since adsorbed sulfate

species form bidentate bridged structures and these could strongly abstract electrons

from the neighboring Ti4+ [58]. Figure 12.17b presents the Ti 2p3/2 spectra of the two

series (i.e., N–TiO2 and N–TiO2-sulf); a strong shift from 458.7 to 459.6 eV (i.e., Ti

2p3/2) can be observed upon acid treatment, indicating a strong interaction between

SO4
2� and Ti4+. The O 1s spectra could be deconvoluted into several components

(Fig. 12.17c). The most intense peak, located at ~530 eV, corresponds to the lattice

oxygen in TiO2. A slight increase in this binding energy was observed after H2SO4

treatment. Two further components could be identified in the O 1s spectra. The more

intense peak with binding energy 531–532 eV can be attributed to O�H and

Ti�O�N bonds, while that at 532.5–533.5 eV may be due to different C�O

bonds originating from adventitious carbon. The S 2p3/2 peak maximumwas located

at 168.9–169.4 eV, and that of S 2p1/2 at 170 eV (Fig. 12.17d), corresponding to the

binding energy generally reported for SO4
2�.

With increasing ratio N:Ti, the color of the N-doped samples changed from pale-

yellow to vivid-yellow. The diffuse reflectance UV–Vis spectra of nondoped and

N-doped TiO2 samples are compared in Fig. 12.18. It can be seen that the light

absorption edge of nondoped TiO2 is at ~410 nm, while the N-doped TiO2 samples

have a broad absorption band in the wavelength range 400–500 nm. Consequently,

N–TiO2 samples can absorb a higher fraction of photons from the visible region.

12.3.2.2 Photocatalytic Properties of N-Doped TiO2

The photocatalytic activity of N–TiO2 samples in the degradation of phenol was

studied by using a UV (p ¼ 150 W, l ¼ 240–580 nm) and a visible (p ¼ 15 W,

l ¼ 400–630 nm) light source [47]. The degradation curves are shown in

Fig. 12.19. It can be seen that the rate of photodegradation was highest on

nontreated N–TiO2 samples. The phenol conversion in the aqueous suspension

increased with increasing N-content of N–TiO2 (Fig. 12.20). Since H2SO4 treat-

ment decreased the specific surface area of the samples, lower reaction rates were

observed on each N–TiO2-sulf. The reaction rate was also lower on the acid-treated

nondoped TiO2 (TiO2-sulf) than on the nontreated one. In spite of the decreased
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Fig. 12.19 Phenol degradation curves under UV-rich illumination using different N-doped TiO2

catalysts [47]

Fig. 12.18 Diffuse reflectance UV–Vis spectra of (a) nondoped TiO2, (b) N–TiO2/1.0, and

(c) N–TiO2/5.0 [47]
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surface area and changing pore characteristics, the acid-treated catalysts exhibited

considerable photocatalytic activity. Taking into account the specific surface areas

of the catalysts, the specific amounts of phenol degraded can be calculated

(Table 12.5). These normalized data indicated that the amount of phenol degraded

was highest on the use of N–TiO2-sulf catalysts. The adsorbed SO4
2� species can

increase the surface acidity due to the formation of Br€onsted acid centers. From the

results of the surface acidity measurements, it was found that nontreated N–TiO2

samples had a surface acidity of ~0.05–0.06 mmol g�1, while acid-treated ones

demonstrated at least one order of magnitude higher surface acidity (i.e.,

0.5–0.9 mmol g�1). Colón and coworkers [59] also found that the specific activity

of sulfated TiO2 was significantly higher than those of similarly prepared

nonsulfated TiO2 or pure Degussa P25.

12.3.3 Ag-Modified TiO2

12.3.3.1 Surface Composition and Optical Properties of Ag-Modified TiO2

Figure 12.21 shows the Ti 2p, O 1s, and Ag 3d regions of the high-resolution XP

spectra of pure and Ag-modified TiO2. After Ag modification of TiO2, the binding

energy of the Ti 2p doublet (Ti 2p3/2, 2p1/2) was unchanged; its shape was symmet-

rical both before and after the photodeposition of Ag, indicating a single

chemical state in a chemical environment of the Ti–O–Ti type. The position of

the Ti 2p3/2 components at 458.7 eV corresponded to Ti4+. The O 1s spectra were

asymmetric; they exhibited a low-intensity shoulder on the high binding energy

Fig. 12.20 Degraded phenol content after irradiation for 2 h with a UV-rich lamp. The molar ratio

N:Ti was calculated from the amounts of the precursors [47]
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side. The positions of the higher-energy but lower-intensity oxygen components

obtained by deconvoluting the spectra were at 532.2 eV and 531.6 eV, whereas the

maximum of the main component was at 530.0 eV. The peak at 532.2 eV is

assignable to C�O bonds and that at 531.6 eV can be attributed to OH groups on

the surface of TiO2. The presence of bonds of the C¼O or C�O�C type is probably

due to the adventitious carbon. The spectrum of the Ag 3d region of the

Fig. 12.21 High-resolution XP spectra of the Ti 2p, O 1s, and Ag 3d regions on P25 TiO2 and

Ag–TiO2/1.0 wt% [11]

Table 12.5 Photocatalytic efficiency data on phenol degradation using various N–TiO2 and

N–TiO2-sulf samples [47]

Sample ID

Residual phenol contenta (%)

Specific amount of phenol degradedb

(mmol m�2)

UV (p ¼ 150 W,

l ¼ 240–580 nm)

Vis (p ¼ 15 W,

l ¼ 400–630 nm)

UV (p ¼ 150 W,

l ¼ 240–580 nm)

Vis (p ¼ 15 W,

l ¼ 400–630 nm)

N–TiO2/1.0 23.6 83.3 3.19 0.75

N–TiO2/3.0 18.3 85.1 3.42 0.67

N–TiO2/5.0 12.6 76.1 3.29 1.01

N–TiO2-sulf/1.0 58.3 82.9 2.95 1.29

N–TiO2-sulf/3.0 49.9 81.6 4.73 1.72

N–TiO2-sulf/5.0 48.1 74.3 3.77 1.86

TiO2 50.6 85.7 1.87 0.53

TiO2-sulf 54.5 88.5 2.05 0.55

Without catalyst 92.9 96.3 – –
aNonspecified data after an irradiation time of 2 h
bAmount of phenol degraded per specific surface area of catalysts after an irradiation time of 2 h
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Ag-modified sample was also symmetrical; the 3d5/2 component was situated at

367.8 eV, indicating the presence of silver oxides. The Ag content of the Ag–TiO2/

1.0 wt% sample determined by XPS was 0.238 at.%, a value reasonably close to the

calculated Ag content (0.249 at.%). The silver oxide was presumably formed on the

TiO2 surface in the course of the oxidation of photoreduced Ag. Our XRD

measurements indicated, the presumed silver oxide on the surface of TiO2 was

amorphous, which may be explained by the fact that, in the course of synthesis, the

samples were dried at 60�C rather than calcined.

The diffuse reflectance UV–Vis spectra of pure and Ag–TiO2 samples are

compared in Fig. 12.22. It can be seen that the Ag–TiO2 samples furnished a

broad absorption band in the visible range, with maximum of 455 nm. The position

of the absorption edge characteristic of pure TiO2 was 400 � 3 nm, independently

of the Ag content of the samples.

12.3.3.2 Photocatalytic Activity of Ag–TiO2 at the Solid–Gas Interface

The photocatalytic activity of TiO2 samples with or without Ag loading in the

photodegradation of ethanol was tested at the solid–gas interface, under dry initial

conditions [11]. The ethanol concentration is depicted as a function of adsorption

time (the negative range of the diagram) and irradiation time (the positive range of

the diagram) in Fig. 12.23. The amounts of ethanol adsorbed by pure and Ag-

modified TiO2 samples in 30 min are compared in Table 12.6. The amount of

ethanol adsorbed increased only slightly with increasing Ag content of the samples,

whereas the rate of photooxidation was significantly increased, starting at Ag

contents of 0.5 and 1.0 wt%. The rate of ethanol conversion on Ag–TiO2/1.0 wt%

Fig. 12.22 Diffuse reflectance UV–Vis spectra of (a) unmodified P25 TiO2 (b) Ag–TiO2/0.1 wt%,

(c) Ag–TiO2/0.5 wt%, and (d) Ag–TiO2/1.0 wt% [11]
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was three times as high as on bare Degussa P25 TiO2. The kinetic curves clearly

demonstrate that the entire amount of ethanol was degraded within 15 min on the

Ag–TiO2/0.5 wt% and Ag–TiO2/1.0 wt% samples, whereas 100% ethanol conver-

sion was observed on the bare TiO2 and Ag–TiO2/0.10 wt% only after 50 min.

The changes in acetaldehyde concentration with time are presented in Fig. 12.24.

These kinetic curves have maxima, which shifted toward shorter reaction times

with increasing Ag content. In other words, both the formation and the subsequent

conversion of acetaldehyde were considerably faster on samples with increasing Ag

contents than on bare TiO2. In the initial phase of photooxidation, a major propor-

tion (60–90%) of the ethanol was converted to acetaldehyde, indicating that total

mineralization was not significant at this stage. Additional intermediates such as

formaldehyde, acetic acid, and formic acid were also observed. Water, carbon

dioxide, and methane too were identified as final products of the photoreaction.

Kinetic curves of methane formation are presented in Fig. 12.25. For the Ag–TiO2

Fig. 12.23 Photodegradation of ethanol on P25 TiO2 and Ag–TiO2 under dry initial conditions

[11]

Table 12.6 Amount of ethanol adsorbed and photocatalytic efficiency of bare P25 TiO2 and

Ag-modified TiO2 [11]

Sample ID

Adsorbed ethanol

(mg g�1)

Conversion of ethanol

after 5 min (%)

Total mineralization

after 60 min (%)

Degussa P25

TiO2

18 24 38

Ag–TiO2/

0.1 wt%

20 24 57

Ag–TiO2/

0.5 wt%

24 67 77

Ag–TiO2/

1.0 wt%

26 77 94
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samples with higher photoactivity (0.5 and 1.0 wt% Ag loading), these curves were

of the saturation type: After 20–25 min, the concentration of methane did not

change. This time corresponds to the duration of the total conversion of acetalde-

hyde, after which no significant additional methane formation occurred. For

samples with lower activities, such as pure TiO2 and Ag–TiO2/0.1 wt%, where

acetaldehyde was present throughout the entire reaction time, methane formation

was continuous. The kinetic curves of CO2 formation on Ag–TiO2/0.5 wt% and

Fig. 12.24 Changes in acetaldehyde concentration as a function of irradiation time, using P25

TiO2 and Ag–TiO2 [11]

Fig. 12.25 Formation of CH4 as a function of irradiation time, using P25 TiO2 and Ag–TiO2 [11]
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Ag–TiO2/1.0 wt% were also of the saturation type (Fig. 12.26). The total minerali-

zation of ethanol on Ag–TiO2/1.0 wt% after 60 min was 94%, whereas on bare

TiO2, it was only 38% (Table 12.6).

Photooxidation experiments on the solid–gas interface revealed that Ag modifi-

cation of TiO2 significantly increased the rates of photooxidation of both ethanol and

the intermediates formed in the course of the reaction. The samples with 0.5 and 1 wt

% Ag content displayed a significant improvement as compared with bare TiO2.

12.3.3.3 Photocatalytic Activity of Ag–TiO2 at the Solid–Liquid Interface

The photooxidation of TDG in aqueous suspensions containing 0.1 w/v% catalysts

was studied at 25�C. The concentrations of TDG and of the intermediates formed

were monitored by UV–Vis spectroscopy. Figure 12.27a shows spectra recorded at

various time points of the photooxidation of TDG on unmodified Degussa P25

TiO2. In the course of photooxidation, the maximum in the absorption spectrum

(l ¼ 204 nm) shifted toward shorter wavelengths. At an irradiation time of 30 min,

a new absorption band appeared in the range 225–300 nm, which also indicates the

formation of various intermediates. The intensity of this band decreased after

30 min, i.e., the concentration of the intermediates as a function of the irradiation

time exhibited a maximum. When bare P25 TiO2 was used, the absorbance of the

organic compounds (at the wavelength of maximum absorption) decreased by only

14% after 60 min (Table 12.7). The Ag–TiO2/0.5 wt% displayed significantly larger

decreases in absorbance (Fig. 12.27b) revealing the enhanced catalytic activity. The

samples with 0.5 and 1 w/w% Ag contents proved to be most active at the

solid–liquid interface, just as at the solid–gas interface. A decrease in absorbance

Fig. 12.26 Formation of CO2 as a function of irradiation time, using P25 TiO2 and Ag–TiO2 [11]
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in excess of 60% was recorded after 60 min on using these samples. The results of

the photocatalytic experiments are summarized in Table 12.7.

To summarize, it was established that the Ag modification of TiO2 significantly

increased the rate of photooxidation of both ethanol and TDG; at the same time,

however, there was no detectable difference between the specific surface areas of

the bare and Ag-modified TiO2. We therefore assume that the improved

photoactivity observed is due to charge-transfer processes favorably affected by

silver oxide. Silver oxide on the surface of TiO2 may inhibit the recombination of

photogenerated charge carriers (electrons and holes). The probability of the reac-

tion of the charge carriers (whose lifetime is thereby increased) with the adsorbed

species is therefore enhanced [11].

Fig. 12.27 Photodegradation of TDG, using (a) bare P25 TiO2 and (b) Ag–TiO2/0.5 wt% [11]

Table 12.7 Photocatalytic efficiency of bare P25 TiO2 and

Ag–TiO2 samples for TDG decomposition [11]

Sample ID [1 � (A60 min/A0 min)]

Degussa P25 TiO2 0.14

Ag–TiO2/0.1 wt% 0.45

Ag–TiO2/0.5 wt% 0.64

Ag–TiO2/1.0 wt% 0.62

A0 min: absorbance at 204 nm and t ¼ 0 reaction time

A60 min: absorbance at maximal wavelength in the UV range on

Fig. 12.27 after 60 min
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The results presented indicate that the application of various chemical surface

treatments of TiO2 and exploitation of the advantages of sol–gel chemistry allow

the simple and cost-effective preparation of highly efficient photocatalysts.
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19. Kun R, Szekeres M, Dékány I (2006) Photooxidation of dichloroacetic acid controlled by pH-

stat technique using TiO2/layer silicate nanocomposites. Appl Catal B Environ 68:49–58
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Chapter 13

Photocatalysis: Toward Solar Fuels
and Chemicals

Guido Mul

13.1 Introduction

13.1.1 Solar Fuels

The world is facing a tremendous energy challenge. Since reserves of oil and other

fossil fuels are diminishing at an increasing pace, and considering the tremendous

environmental impact of the use of these, alternative processes have to be developed,

both to provide society with sustainable energy and transportation fuels, as well as

with renewable-based chemical products [1]. Focus is currently on biomass-derived

fuels and products. However, from the viewpoint of converting solar energy into

chemical energy, growth of biomass is in fact inefficient. Only ~12% of solar

radiation is suitable for conversion by themost effective biological systems, whereas

at least 40% of the energy is used by plants for other (respiration) processes [2]. All

in all, the efficiency is at best around 1% in locations such as typical for Northern

Europe. While for the short- to mid-term use of biofuels and bio-derived chemicals

can compensate for the reducing availability of fossil feedstock, artificial solar

conversion systems have much greater potential. Significant advances have been

made in photovoltaic technologies for the conversion of solar energy into electrical

energy. However, production and demand need to be balanced both in time and

across different locations, which requires the scalable conversion of solar energy

into fuel as a transportable storage medium [1]. The platform reactions for solar

energy storage and fuel production are (13.1) and (13.2):

2H2O ! 2H2þO2; (13.1)
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2CO2 þ 4H2O ! 2CH3OHþ 3O2: (13.2)

Process options for artificial solar to fuel (S2F) systems to achieve either reaction

(13.1) or (13.2), can roughly be divided into two. One option is to use the previously

mentioned advanced photovoltaic solar panels, converting solar energy into electric-

ity with efficiencies as high as 20%, while the generated electricity can be used in a

second step to convert water (preferably together with CO2) into thermodynamically

uphill products electrocatalytically [3–6]. Electrolyzers for hydrogen production

[reaction (13.1)] currently have a reasonable efficiency in the order of 70–80%, the

major efficiency loss being the large overpotential required for oxygen evolution

(effectively this leads to generation of heat) [2]. Unfortunately for electrocatalytic

conversion ofCO2, the efficiency ismuch lower and amounts to at best 1% [7]. This is

partly related to the relatively low concentration of CO2 in water and the kinetically

preferred reduction of 2H+ to H2. In other words, many studies of electrocatalytic

CO2 reduction show that in fact a highly diluted stream of hydrocarbons in H2 is

obtained [7]. Furthermore, electrodes are prone to deactivation [8]. A more simple

process would be to directly convert solar photons into chemical products by so-

called photocatalysis, which not only requires just one process step but also allows

reactor operation in the gas phase, which is advantageous with respect to mass

transfer limitations (diffusion constants are typically much more favorable in the

gas phase). The second option appears thus more attractive, and development of

highly efficient photocatalytic S2F catalysts is the first objective addressed in the

present chapter (Fig. 13.1).

Besides S2F conversion, additionally photocatalysis can contribute to process

intensification, in particular by increasing reaction selectivity, thus improving

energy efficiency in achieving chemical conversion [9].

PV-Solar
e Electrocatalytic

Reactor

Alcohols

Hydrocarbons

Photocatalytic

Reactor

Alcohols

Hydrocarbons

O2 

hv

hv

O2

CO2 + H2O

CO2 + H2O

Fig. 13.1 Process options for artificial photosynthesis. (Top) Photovoltaic conversion of light into

electricity, followed by electrocatalytic fuel generation. (Bottom) Photocatalytic process, which

requires only one reactor and allows for gas-phase process operation
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13.1.2 Light-Enabled Process Intensification

Various processes operated in the chemical industry, and in particular selective

oxidation of hydrocarbons, suffer from low energy efficiency as a consequence of

unselective conversion. This results in the necessity of energy-intensive separation

steps, to obtain purified products. Intensification of such processes is highly desired.

Light has already been identified in a recent review by Stankiewicz and Moulijn [9]

as an attractive alternative energy source for process intensification. Light has

proven its value in (non-catalytic) processes in particular in combination with

microreactor platforms [10–12]. Whether or not a great future will be lying ahead

for light in catalytic chemical production will be dependent on the activity of

future generations of catalysts and efficacy of exposure of these to light. A major

challenge is to improve on the low rates that are presently achieved in

photocatalytic conversion. For S2F conversion, the area that is needed for collec-

tion of solar energy should be minimized. For chemical transformations, the

following evaluation is illustrative to demonstrate the need for efficiency improve-

ment. Generally for catalytic processes to be economically feasible, a reactivity of

1 mol/m3 reactor/s is required [13]. This means that roughly a 100–1,000-fold

improvement in performance of photocatalysis processes is required (Fig. 13.2).

The endeavors reported in the literature to improve understanding and performance

of heterogeneous photocatalysis cover a wide range of disciplines including (1)

bandgap engineering and defect chemistry, (2) material science to synthesize

(nano)structured materials, (3) (ultra)fast spectroscopies to study the lifetime of

photo-excited states, (4) studies of surface composition and catalytic events, and

finally, (5) photoreactor design. In the second part of this chapter focusing on

the synthesis of chemicals by employing light energy, attempts in achieving

optimization of process conditions, and use of structured reactors allowing efficient

exposure of the catalyst to light, will be addressed.

10-9 10-6 10-3 1

Petroleum 

geochemistry

Biochemical 

processes

Industrial 

catalysis

Present results

Reactivity (mol / (mR
3s))

Fig. 13.2 Overview of the rates of various relevant processes. Present results achieved for

photocatalysis are indicated by the arrow, which are clearly outside the regime of industrial

catalysis [13]
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13.2 Theory

13.2.1 What Is Photocatalysis?

It is important to realize what photocatalysis actually is. Principally light can be

used without any catalyst to activate chemical bonds if of high enough energy,

which is the field of photochemistry. The latter is also referred to as photolysis.

Photocatalysis is the use of a photon-excited catalyst to accelerate a thermal

reaction, in which the catalyst should not undergo a permanent transition but be

restored in the initial configuration. In photocatalysis, the wavelength of the light

should be of high enough energy to excite the catalyst but of low enough energy to

prevent direct photoactivation of the reactant. This might lead to undesired chem-

istry/selectivity, as will be illustrated later for the case of selective oxidation of

cyclohexane to cyclohexanone [14].

When a photocatalyst absorbs UV/Vis light energy, a transition in the electronic

state occurs, yielding the photo-excited state. For molecular catalysts, the light

absorption process involves electron excitation from the highest occupied molecular

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of a chromo-

phore (light-absorbing entity). For isolated Ti sites, e.g., in a mesoporous material,

this can be described by the process: Ti4+–O2� ! Ti3+–O� [15]. After light absorp-

tion by molecular catalysts, the energy of the excited state may be lost in various

ways, often predominantly by thermal degradation (i.e., heat is produced), or by

photon emission (radiative decay by fluorescence) (immediate conversion of

absorbed light into reemitted energy) or phosphorescence (light energy is stored in

a reservoir fromwhich it slowly leaks) [16]. Besides molecular catalysts, quite often,

crystalline materials are applied in photocatalysis, the most abundantly investigated

being TiO2 [17]. Then, one speaks of a valence band (occupied with electrons in the

ground state) and conduction band (contains electrons in the excited state). The

energy difference between the highest energy level of the valence band and lowest

level of the conduction band is referred to as the “bandgap.” The nature of the active

sites thus created by excitation of the crystalline catalysts is typically described by

the terminology “holes,” which are capable of oxidizing a substrate by accepting an

electron, and “electrons,” which are able to reduce a (second) substrate. One can thus

state that two active sites are created upon absorption of one photon.

The usual illustration that is shown in textbooks to describe heterogeneous

photocatalysis is presented in Fig. 13.3. Besides by the above-described redox

reactions, relaxation of the excited state occurs by volume recombination or surface

recombination, the energybeing dissipated in the formofheat or luminescence, similar

to that discussed for molecular catalysts. In fact, these processes are muchmore likely

than the employment of the excited state in redox reactions, explaining the typically

observed low rates (molproduct.gcat
�1.s�1) in photocatalysis (see, e.g., in [18, 19]).

Determination and manipulation of the quantity and lifetime of surface-excited

states (i.e., the catalytically active sites) is important for improving photocatalytic

processes. The analysis of these features of the applied materials is in the domain of
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spectroscopists and physicists, and the theory behind these methodologies will not

be extensively discussed here. Various theoretical aspects of semiconductor behav-

ior are well described by Cox [20]. In the following, the latest approaches and

achievements in photocatalyst development are reviewed.

13.3 Solar to Fuel Conversion

13.3.1 Design of Crystalline Catalysts

Solar hydrogen production has been discussed extensively in textbooks [1], including

descriptions of irradiated semiconductor–liquid interfaces. Studies on the latter option

are related to heterogeneous photocatalysis andmostly inspired by the data reported by

Fujishima and Honda in 1972 [21]. They demonstrated that hydrogen and oxygen

evolution fromwater splitting induced byUV light was possible in an electrochemical

cell, using a TiO2 photoanode and a Pt counter electrode. The advantage of this

configuration is that H2 and O2 are produced in separate compartments, eliminating

the possibility of the back reaction of 2H2 + O2 ! 2H2O. Many examples in the

literature exist, showing that the electrochemical cell is principally not necessary.

Light-harvesting units based on the principle of colloidal suspensions of platinized

TiO2 in one simple reactor are described. Furthermore, it was demonstrated that using

platinized TiO2, gas-phase conversion of H2O was possible [22].

-
+

hν

-

+

conduction band

valence band
+

-
volume recombination

surface recombination

D

D+

A

A-

hν

Fig. 13.3 Representation of the processes occurring upon light absorption by a crystalline

semiconductor particle. An excited state is created which principally can lead to the formation

of two active surface sites, one capable of reduction and the other of oxidation of surface-adsorbed

substrates. Volume or surface recombination (indicated by the red circles) decreases the efficiency

of the photocatalytic process
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The function of a noble metal promoter (e.g., Pt) on TiO2 is twofold: it enhances

the lifetime of the photo-excited state (i.e., alters physical properties), and it

catalyzes the formation of H2. The disadvantage of noble metal promoters is that

these are also able to catalyze the back reaction of 2H2 + O2 ! 2H2O. This

reaction can be prevented by poisoning the Pt sites with, e.g., CO, which has indeed

been found to inhibit the undesired back reaction. Also Na poisoning induced by

conducting the photocatalytic water decomposition in a Na2CO3 solution has been

demonstrated to positively affect the overall efficiency of the system in the stoi-

chiometric photodecomposition of water. Finally, the back reaction can be

prevented by creation of a protective oxide layer on the surface of the noble

metal particles. This has been achieved for Rh-promoted photocatalysts by deposi-

tion of a Cr2O3 layer [23]. This layer allows the hydrogen produced at the

Rh surface to escape but prevents the diffusion of oxygen to the metal surface

necessary for the reaction of H2 and O2.

13.3.2 Adding an Efficient Water Oxidation Catalyst

Oxygen generation by TiO2 surfaces, as well as of other photoactive materials, is

not very effective. While thermodynamically feasible, apparently the surfaces are

not very suited to effectively enable the four-electron reaction transfer that is

required to decompose water. In other words, the kinetics should be improved.

Gr€atzel and coworkers have pioneered the use of RuO2 as oxidation catalyst in

Pt/TiO2 formulations [24, 25]. While this oxide is effective, recently research

groups have made significant progress in developing water oxidation catalysts

based on cheaper and more abundant elements. In particular, CoPOx was found

very effective as anode in water electrolyzers [3–6], whereas nanostructured Co3O4

or MnOx in silica scaffolds have recently been identified as efficient water oxidation

catalysts [26–28]. It is important to note that the water oxidation activity of these

oxides appears to be able to match the solar flux to the catalyst [27].

13.3.3 The Quest for Visible-Light-Sensitive Systems

Development of improved visible-light-activated systems is necessary to enhance

the solar to chemical production rate (solar light contains roughly a tenfold higher

content of visible light, as compared to UV light). For example, “N” and “C” doping

have been investigated extensively to shift the bandgap energy of TiO2 toward the

visible [17]. Also addition of ions into the lattice (e.g., Rh3+ into TiO2 [29] or Cr
n+ in

TiO2 [30]) has been demonstrated to be effective. The majority of research has

focused on modification of TiO2-based systems. This is related to the beneficial

properties of this catalyst that determine the applicability, which are chemical

stability (the catalyst should not change state or dissolve in the process), the price,
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and the low toxicity. Significant efforts on achieving visible light sensitivity with

other catalysts than TiO2 have been reported by, e.g., Gr€atzel and coworkers,

focusing on CdS particles, which do not necessarily have catalytically active

surfaces but principally allow water splitting thermodynamically. Activity was

established again by addition of promoter particles; Pt for hydrogen evolution and

RuO2 for oxygen evolution [31, 32]. Also recently, significant progress has been

made. In particular, the group of Domen and coworkers has focused on the develop-

ment of (oxy)nitrides, of which the most successful is a mixed GaN–ZnO system Ga

(Zn)ON [33].

Principally this research group has used an advanced Gr€atzel approach to make

these catalytically active, using Cr2O3-protected Rh as hydrogen evolving catalyst

[23, 34], and Mn3O4 as water oxidation catalyst. In summary, significant

improvements after the early reports of Honda and Gr€atzel are the development

of visible-light-sensitive systems, replacing Pt for Cr2O3-protected Rh (preventing

the H2 and O2 back reaction), and use of Mn3O4 as a cheap and effective water

oxidation catalyst.

An interesting alternative design route to create a visible-light-sensitive water

decomposition system is based on the so-called Z-scheme. This Z-scheme system is

based on the combination of twometal oxides with visible light absorbance, as shown

in Fig. 13.4, and was in particular investigated by Kudo and coworkers [35]. The

system includes a visible-light-active O2-photocatalyst catalyzing O2 evolution, but

the energy level of the photo-excited electrons is not high enough to induce H2

formation. The second catalyst is also excited by visible light, leading to hydrogen

generation, but now the hole is not of sufficient energy to oxidize water. However, the

energy levels of the conduction band electrons of the O2-photocatalyst and valence

band holes of theH2-photocatalyst are such that recombination is feasible through the

mediation of a Fe2+/Fe3+ couple. Further improvement of these systems is still

necessary, in particular concerning the efficiency of electron transfer reactions.

Fig. 13.4 One of the most advanced visible-light-sensitive water decomposition systems. Cr2O3-

protected Rh particles generate hydrogen in the absence of the back reaction of 2H2 + O2 !
2H2O, whereas Mn3O4 mediates the oxidation of water, using holes generated in the GaN:ZnO

particles upon exposure to visible light. Copied from [33]
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It should be noted that Kudo and coworkers have recently reported electron transfer

without using the electron relay couple, explained by self-assembling contact

between photoactive catalyst particles [29].

13.3.4 Supported Chromophores

Rather than focusing on crystalline materials as indicated above, the option also

exists to synthesize chromophores in well accessible inert support materials. Just as

in thermocatalysis, the photocatalysis community has embraced the advent of well-

structured mesoporous materials, such as ETS-10, MCM-41, SBA-15, etc., giving

the opportunity to structure photocatalytically active sites and to enhance perfor-

mance. These systems have been investigated in the gas-phase conversion of CO2

and H2O (g). Using supported TiO2-based systems, CH4 and CH3OH (in a reported

ratio of 4:1) were the main products formed in significantly larger quantities than

achieved with crystalline TiO2. Large differences in performance were observed for

various silica scaffolds, SBA-15 yielding the highest activity [36–39].

Isolation of visible-light-sensitive chromophores in silica scaffolds has also been

attempted, in particular by the group of Frei [40]. The most advanced system of this

group consists of a Zr-oxo, bridged to a Cu(I) center (see Fig. 13.5). The bimetallic

Zr(IV)–O–Cu(I) site undergoes metal-to-metal charge-transfer (MMCT) absorption

upon exposure to radiation from the UV region to about 500 nm. It was

demonstrated that this center is capable of reducing CO2 and H2O to CO and OH

radicals [40].

Also other bimetallic systems have been explored, including a Ti(IV)–O–Cr

(III) ! Ti(III)OCr(IV) MMCT catalyst. The Ti(IV)–O–Cr(III) entity was also

Visible light
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H2O

CB

CB

Donor level

h+ VB
VB

Pt

e

e

O2,

BiVO4  (BG:2.4 eV) Rh-doped SrTiO3

(Energy gap:2.4 eV)Bi2MoO4
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O2- Photo catalyst
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Fe3+/ Fe2+  couple

Electron relay

Fig. 13.5 Representation of a Z-scheme process, mediated by the Fe2+/Fe3+ couple. Over oxides

such as BiVO4, Bi2MoO4, and WO3 O2 evolution is thermodynamically feasible, while Rh3+-doped,

Pt-promoted SrTiO3 is very effective in visible-light-induced H2 evolution. Copied from [35]
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coupled to IrOx nanoparticles in the scaffold, which catalyzes water oxidation. It

was indeed demonstrated that a binuclear charge-transfer chromophore coupled to a

water oxidation catalyst is capable of visible-light-induced oxidation of water [41]

(Fig. 13.6).

The application of the MCM-41 scaffold has its advantages in synthesizing the

molecular structures but does not seem to be most accessible. Other silica scaffolds

have recently been described and used, of which TUD-1 and KIT-6 are examples.

The former promoted by Ti-, Cr-, or V-sites was demonstrated to be effective in

photon-induced selective alkane and alkene conversions [43–45], whereas the latter

has been successfully applied in water oxidation after functionalization with cobalt

oxide clusters [26]. Various research groups focus on further optimization of the

structure of the scaffold for relevant photon-induced reactions.

13.3.5 Mechanism of Photoactivation of H2O

Over Crystalline Catalysts

In most studies on photocatalysis, the photo-excited active sites have not been

chemically identified. Since the lifetime of these species is extremely short,

advanced spectroscopies have to be used to identify the nature of the (primary)

catalytic sites formed by light absorption. For TiO2, the most investigated

photocatalytic material in photon-induced reactions, the chemical nature of the

surface-excited sites has been suggested to include surface hydroxyl radicals

(generated by reaction with the “hole”), in combination with a Ti3+ site, which

transfers an electron to surface-adsorbed oxygen in oxidation processes, forming

superoxide anions, O2
�. Both the surface hydroxyl radical and superoxide anion are

capable of oxidizing hydrocarbon substrates.

The photochemical steps in the conversion of H2O over photo-excited catalyst

sites are not exactly known. Again, only for TiO2 surfaces, detailed proposals for

the reaction pathway have been provided [46, 47]. An early proposal involves the

Fig. 13.6 Representation of a bimetallic chromophore in a silica matrix [42]. The bimetallic

chromophore is visible light sensitive. Right: Model of the spongelike structure of TUD-1
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following steps. Upon photoexcitation, a surface Ti4+–OH group is converted to a

Ti3+–OH• radical (similar to proposed for hydrocarbon oxidation reactions),

followed by recombination with surface-adsorbed water according to:

4Ti3þ � OH� + 2(HOHÞads ! 4Ti4þ � OH� þ 4OH� þ 2H2; (13.3)

4OH� ! 2H2O2 ! 2H2Oþ O2: (13.4)

Recombination of the transient OH radicals to H2O2 and finally decomposition

to oxygen and H2O complete the catalytic cycle [48]. The present level of under-

standing is best summarized by Nakamura et al. [49], who have proposed the

following schemes.

Scheme B represents a simplified form of the previously discussed route [48].

Evidence is provided in [49] for rutile surfaces, a particular TiO2 crystal form, that

the oxygen photo-evolution reaction is not initiated by the electron-transfer-type

oxidation but initiated by a nucleophilic attack of a H2O molecule (Lewis base) to a

surface-trapped hole (Lewis acid), accompanied by bond breaking (initial steps

route (A) in Fig. 13.7). The final step in oxygen evolution is proposed to be the

recombination of surface peroxide (Ti–OOH) and a hydroxyl group, yielding O2

and a bridged Ti–O–Ti group. ESR spectroscopy has been instrumental in deter-

mining the involvement of OH-radicals in photo-induced reactions over TiO2,

whereas recent photoluminescence studies advocate the formation of the surface-

trapped holes in Ti–O–Ti sites as the primary step in photooxidation reactions

(route B). DFT calculations have more recently been reported [46], supporting

several steps of the above indicated mechanisms.
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Fig. 13.7 Proposed schemes for the mechanism of water oxidation over TiO2 surfaces (copied

from [49]). (a) Lewis acid–base-type reaction and (b) electron-transfer-type reaction
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With ESR spectroscopy, it is principally not possible to analyze the origin of

the OH radicals (TiO2 surfaces contain usually various OH groups of different

reactivity), whereas also photoluminescence studies do not provide direct informa-

tion on surface molecular composition. Future studies should be focused on refining

the pathway of photocatalytic water splitting over less well-defined and anatase

TiO2 surfaces. Application of advances in IR spectroscopic technology appears

particularly suitable and interesting. Indeed, infrared measurements using internal

reflection elements have been successfully performed [50]. These studies revealed

significant irreversible changes in the surface composition of TiO2 on the minute to

hour timescale, but the reversible, i.e., catalytic steps involved in the reaction on the

millisecond to second timescale, were not analyzed in detail. Furthermore, the

studies were performed on only a few TiO2 systems (often rutile surfaces), without

systematically investigating the role of TiO2 morphology (crystallinity, phase com-

position, particle size) on the surface chemistry involved. The role of metal promo-

tion [51], such as nano-sized Pt or Au particles, significantly enhancing the

performance of TiO2, on the surface chemical steps is also still largely unknown,

whereas methodologies for deposition of these metal promoters might significantly

alter the surface OH-population [52, 53]. Time-resolved IR spectroscopy on all

timescales relevant for the reaction (from<100 fs up to seconds) [44, 54] to unravel

themechanism of photocatalytic oxygen production on TiO2 appears feasible, where

the use of isotopically labeled D2O, or H2
18O, inducing specific shifts in infrared

frequencies facilitating spectral interpretation, can be instrumental. The future will

show if these studies confirm or disprove the current level of understanding.

13.3.6 Crystalline Catalysts: CO2 Reduction

Mechanistic studies focused on photo-induced CO2 activation over crystalline

catalysts are rare. Rasko et al. [55, 56] observed bent CO2
� species on pre-reduced

TiO2 upon illumination at 190 K. CO was detected only on a pre-reduced Rh/TiO2

catalyst. Recently, the surface chemistry of crystalline Cu(I)/TiO2 was further

investigated, employing a combination of DRIFT spectroscopy and isotopically

labeled 13CO2 [57]. Cu-promoted TiO2 was reported to be highly efficient in CO2

reduction reactions [57, 58]. The strong adsorption of CO on Cu(I) sites was used to

identify the origin of this product, indicating that carbon residues are very important

in determining the initial reactivity of photocatalysts active in CO2 reduction.

Moreover, a rich surface carbonate chemistry was observed for Cu(I)/TiO2, with

an interconversion of CO2-induced carbonate, formed in the dark, to CO-induced

carbonate formed upon illumination. The implications of this study for studies in

the literature using photoactive materials synthesized with carbon-containing

precursors is that H2O-induced photocatalytic carbon gasification should be care-

fully considered and compared with the evaluation of CO2 photoreduction [57].

Studies using the aforementioned time-resolved IR spectroscopic techniques are

highly recommended to further elucidate the role of surface states in the adsorption
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of CO2 and subsequent conversion. Attenuated total reflection spectroscopy appears

useful for liquid-phase processes [59], whereas transmission or diffuse reflectance

experiments are suitable for analysis of reactions in the gas phase [57].

13.3.7 Supported Chromophores: CO2 Reduction

Despite numerous studies on photoreduction of CO2 over TiO2-based catalysts,

relatively little is known about the surface chemistry and the mechanism of the

reaction leading to CH4 or other hydrocarbons. Anpo et al. proposed a mechanism

for isolated excited (Ti+III–O�I) sites in silica scaffolds, based on EPR data [60],

over which simultaneous reduction of CO2 and decomposition of H2O is proposed

to lead to CO and C radicals, and H and OH radicals, respectively. Subsequently,

these photo-induced C, H, and OH radicals recombine to final products, such as

CH4 and CH3OH.

In a recent advanced IR study on Ti supported on MCM-41, CO could be

demonstrated as being the primary product of the reaction. An energetic scheme

was proposed as indicated in Fig. 13.8 [15].

Excitation of the Ti–O ligand to metal charge-transfer transition of Ti centers

leads to transient Ti+III and a hole on a framework oxygen (O�I). Electron transfer

from Ti+III to CO2 yields CO2
�, and transfer of the hole to water generates a surface

OH radical and H+. CO2
� and H+ recombine to CO and a second OH radical. The

OH radicals either combine to yield H2O2 or directly dismutate to give O2 and H2O.

Figure 13.8 indicates the free energies associated with the formation of the stable

products. The only speculative energy is that of the surface OH radicals.
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Fig. 13.8 Scheme for CO2 reduction in the presence of H2O over isolated Ti sites in the MCM-41

framework. The conversion is induced by a 266-nm laser pulse (after Frei and coworkers) [15]
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To evaluate the reactivity, it is extremely important to use pure mesoporous

materials, free from carbonaceous residues, which is often not easy to achieve. In

view of the long lifetime of OH radicals in a room temperature molecular sieve due

to random walk (hundreds of microseconds), it is likely that, even at a very low

concentration, OH radicals react with these carbonaceous residues, at least partly

contributing to the product distribution of CO2 reduction. Similar to the statements

made for crystalline catalysts, careful evaluation of the literature data is

recommended. In terms of turnover rates, the currently known catalysts are

extremely inefficient for CO2 reduction, and the rates are far from those necessary

to make the dream of artificial photosynthesis a reality. It is desired to achieve

further understanding on the chemical pathways involved, and in particular on the

nature of the active sites, to allow the rational design of improved catalysts.

13.4 Process Intensification

Various research groups have focused on the development of catalysts for selective

oxidation of hydrocarbons. Generally interesting results have been obtained.

Roughly selective photocatalytic oxidation studies can be divided into gas-phase

processes and liquid-phase processes, and both will be addressed, using oxidation

of propane and cyclohexane, respectively, as examples.

13.4.1 Propane Oxidation

As stated, a strategy to influence the photocatalytic performance of TiO2 is to

support TiO2 on inert SiO2-based materials. One creates isolated molecular Ti

sites in tetrahedral coordination, usually by impregnating mesoporous materials

(such as MCM-41 and SBA-15) with TiO2 precursors [61]. In these procedures,

besides isolated sites, clustered Ti sites are often produced if the loading is

increased above 1–2 wt%. The relative contribution of these clustered sites and/or

nanoparticles to the overall photoactivity of TiO2 supported on SiO2-based

materials is typically not considered. Studies involving TUD-1 were thus focused

on this aspect. By varying the crystallization time, two samples were obtained with

well-defined different nanoparticle sizes, respectively, 3 and 7 nm. The obtained

photocatalytic results show that the larger the particles are, the higher the activity to

products, while the selectivity to partially oxidized products seems to be larger, the

smaller the particles are [45]. The selectivity determined as being formed inside the

pores, and as analyzed by operando IR spectroscopy, amounts to approximately

40% toward acetone, with other products constituting species of higher oxidation

degree (carboxylates, carbonates), which eventually decompose to form CO2.

Besides Ti-based catalysts, also catalysts based on Cr [62] and V as chromophores

have been used in selective alkane oxidation [63, 64]. In particular, for Cr-systems,
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the effect of wavelength on performance has been evaluated in selective oxidation of

propane to acetone [62]. To this end, an amorphous, mesoporous silica matrix loaded

with 10 at.% chromium/silicon was synthesized, characterized, and tested for perfor-

mance. Spectroscopy, microscopy, and X-ray diffraction show that chromium is

present in this catalyst as both isolated Cr(VI)-sites and crystalline Cr(III) oxide.

The photochemical reaction rate depends strongly on excitation wavelength in the

range of 300–700 nm, with a well-resolved maximum at 460 nm. At this wavelength,

adsorbed acetone is produced with approximately 60% selectivity over carboxylates.

Only very minor variations in selectivity were observed over the same range of

wavelengths. By comparison of absorbance, luminescence, and reaction-excitation

spectra, the photoactivated catalytic site was identified as an excited state of isolated

Cr(VI) oxide in tetrahedral coordination. Therefore, a heterogeneity of chemical

structure, which is correlated with heterogeneity of an unresolved absorption spec-

trum, can be the basis of wavelength-dependent photocatalytic activity.

Whereas progress has been made in the characterization and identification of

these catalyst formulations, it is fair to state that selectivity, in particular if related to

the low conversions achieved, is not sufficiently high to establish processes in

practice. It should be mentioned that much higher selectivities have been achieved

in modified zeolites [65–67], but collection of the product remains difficult, in view

of the strong adsorption of particularly acetone in the pores of the zeolites [68].

Perhaps evaluation of process conditions (addition of water to the feed) and

temperature might lead to novel avenues to bring selective photooxidation of

propane closer to reality.

13.4.2 Cyclohexane Oxidation

Cyclohexane oxidation to cyclohexanone is often chosen as the model reaction to

evaluate liquid-phase selective photocatalysis in a broader context since (1) the

reaction is highly selective (e.g., alkenes give a range of products), (2) the reaction

is easy to handle in the lab (e.g., benzene derivates are highly carcinogenic and

require special precautions), (3) products are relatively easily analytically identified

(in particular by ATR spectroscopy), and (4) the reaction is of industrial relevance:

C6H12 þ O2 ! C6H10Oþ H2O: (13.5)

In Fig. 13.9, the product formation in the photon-induced oxidation of cyclohex-

ane over TiO2 is shown, using different reaction conditions. The product formation

in the absence of catalyst, induced by absorption of deep UV radiation by cyclohex-

ane (this occurs only below ~270 nm), is shown in Fig. 13.9a. Clearly cyclohexanol

is the preferred product of photolysis, which is for practical applications less desired

over cyclohexanone. The effect of the addition of a TiO2 catalyst on product

selectivity, still in the presence of deep UV radiation, is evident by comparison

of Fig. 13.9a, b. Although the catalyst decreases the overall productivity
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(by nonreactive light absorption), the selectivity toward cyclohexanone is largely

enhanced. Figure 13.1c illustrates the selectivity if photolysis is excluded (con-

firmed by Fig. 13.1d), which is possible by using a pyrex reactor, filtering the UV

light, and thus ensuring that only the catalyst is photoactivated (predominantly the

366-nm emission line of the Hg lamp was used). A selectivity of >90% toward

cyclohexanone can thus be achieved. Principally the role of the catalyst in

photocatalysis at 366 nm is similar to that in thermocatalysis: the rate is enhanced

(or the catalyst allows less severe conditions, in this case, higher wavelengths), as is

the selectivity to a desired product.

13.4.3 Catalyst Deactivation

A major issue that has not been very well addressed, and has frustrated practical

application of photoactivated TiO2 in selective oxidation, is catalyst deactivation.

The formation of surface-bound carbonates and carboxylates by consecutive oxida-

tion of surface-adsorbed products is likely the cause of this catalyst deactivation

[59, 69]. Various strategies to stimulate desorption of the product of cyclohexane

oxidation, i.e., cyclohexanone, including surface modification of TiO2 by surface

silylation [70], and optimization of the crystal structure and morphology [71, 72]

have been put forward. Particle size and crystal structure have a significant
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Fig. 13.9 Effect of the experimental conditions on the cyclohexanone and cyclohexanol amounts

produced over Hombikat TiO2 in photocatalytic oxidation of cyclohexane. (a) Quartz reactor, no
catalyst (pure photolysis); (b) Quartz reactor, with catalyst (1 g/l of TiO2, combination of

photolysis and photocatalysis); (c) Pyrex reactor with catalyst (1 g/l of TiO2, excluding photoly-

sis); and (d) Pyrex reactor, no catalyst. Light was switched on at t ¼ 0 min [14]
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influence on photoefficiency. In particular, we observed that upon increasing the

crystallite size, productivity (g�1 catalyst) decreases, while (1) the TOF (moles of

cyclohexanone formed per minute per OH-site), (2) the rate of cyclohexanone

desorption, (3) catalytic site stability, and (4) the cyclohexanol/cyclohexanone

ratio increase. While catalyst performance and regenerability have been improved

by these strategies, further improvement in process operation is needed, in particu-

lar when one aims for a continuous process.

Recently, humidification of the air stream was demonstrated to be a solution to

the deactivation problem, in particular for a well-defined photocatalyst, such as

Solaronix TiO2. Water establishes enhanced product desorption and stimulates

decomposition of deactivating surface carboxylate species, as clearly demonstrated

by ATR-FTIR spectroscopy. The properties of a particular TiO2 catalyst produced

by Solaronix are much more favorable than of Hombikat UV100, in terms of a high

stability in the reaction. The fact that cyclohexanone displacement by water is fast,

suggests that the surface of Solaronix is quite hydrophilic. The water-induced

desorption of cyclohexanone limits consecutive oxidation to deactivating species.

At the same time, the previously mentioned optoelectronic properties are such, that

if formed, carboxylates oxidize easily (to CO2), regenerating active OH-sites.

The results of this study clearly demonstrate that one issue hampering practical

application of photocatalysis for selective oxidation, i.e., catalyst deactivation, can

be resolved. Other issues remain, including improvement of the photoefficiency of

the process, i.e., the chemical conversion per unit of energy. While some advances

have been reported, including particle size optimization and consequently crystal

morphology, and operational conditions such as light intensity and slurry density,

the photocatalytic community has not been successful in dramatically reducing the

recombination rate of the holes and electrons formed upon photoactivation. Adding

metal particles, such as Pt or Au, as electron acceptors have been demonstrated an

option, and this certainly leaves room for further improvement.

13.4.4 Reactor Design

Currently photoreactors for liquid-phase oxidation are usually based on slurry

systems, i.e., the solid phase is dispersed within the liquid in the reactor. Usually

the slurry is illuminated from the top (a top illumination reactor) or by the use of an

immersed light source, referred to as annular reactor. Although these designs offer

ease of construction and high catalyst loading, they clearly have drawbacks, such as

the difficulty of separation of catalyst particles from the reaction mixture and low

light utilization efficiencies due to the scattering and shielding of light by the

reaction medium and catalyst particles.

Various attempts have been made to amend the aforementioned light distribution

problems by immobilizing photocatalytic systems. One approach was to employ

optical fibers as a light distributing guide and support for photocatalysts. Light

propagates through the fiber core, while certain amount of photons is refracted into
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the coated titania layer. By this means, the optical fibers enable the remote delivery

of photon energy to the reactive sites of the photocatalyst. Various groups have

reported on the successful application of titania-coated optical fibers in

photocatalytic purification of air and water. Still, coating of a TiO2 catalyst layer

on quartz fibers has several intrinsic drawbacks. Firstly, the adhesion strength and

layer thickness of catalyst coating on the fibers strongly affect its durability and

performance. As the adhesion of TiO2 particles on quartz fibers is primarily due to

electrostatic interaction, it is unlikely that the coating layer will withstand severe

gas and/or liquid flow conditions in large-scale continuous operation modes. To

enhance the durability of the titania coatings, fibers were often roughened before

the immobilization of catalysts. However, that will inevitably result in an uneven

distribution of catalyst and light along the axial direction of the fibers. Other

significant problems are the short light propagating length (less than 10 cm) and

the heat build-up in the bundled array, which might lead to local deactivation of the

catalyst.

An alternative for coating the catalyst on the fibers is the combination of side-

light emitting fibers and ceramic monoliths. The side-light fibers are evenly

distributed inside a ceramic monolith structure, on the inner walls of which, e.g.,

a titania photocatalyst is coated. The reaction system is so constructed that flows in

various hydrodynamic regimes, such as Taylor flow (alternating gas bubbles and

liquid slugs) and film flow can be realized. Because no catalyst is coated on the

fibers, the emitted light can reach the catalyst–reactant interface without being

strongly attenuated by the solid particles. Indeed, promising results have been

achieved with this concept [73], although improvements are still necessary. This

includes the further evaluation of the effect of various process parameters, such as

temperature, flow regime, and optimization of catalyst coating. In particular, the

flow regime can stimulate enhanced mass transfer characteristics and cyclohexa-

none desorption, as well as the rate of regeneration, since the liquid slug of

cyclohexane is well mixed and the (preferably humidified) air bubble (i.e., regen-

erative phase) separated from the catalyst surface only by a relatively thin cyclo-

hexane liquid film (Fig. 13.10).

Another innovative photoreactor design is based on the microreactor concept.

LED light sources are available to illuminate microreactors with well-defined

wavelengths, including in the UV [7]. The distance between the light source and

the catalyst is small, with the catalyst immobilized on the walls of the

microchannels. Furthermore, in gas/liquid configurations, microreactors allow a

well-defined control of the gas–liquid distribution. The feasibility of

microreactors in photocatalysis was demonstrated in the literature. Positive

effects on selectivity have been observed, both as a result of the use of monochro-

matic light (the advantage of LEDs vs., e.g., Hg lamps) and excellent control over

the residence times of the reactants [12]. Various research groups, including our

own, focus on optimization of the functionalization of the microreactors with

photocatalysts, which certainly is not trivial. Only if optimized catalyst morphol-

ogy is combined with optimized reactor configurations, light harvesting and

chemical conversion can be achieved. Practically, fine chemical synthesis appears
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more achievable through microreactor-based photocatalytic conversion then

production of large-scale chemicals, although experience with the former might

lead to applications in the latter area.

13.5 Concluding Remarks

More and more research groups active in the field of homo- and heterogeneous

catalysis realize that light can be an attractive alternative for heat to perform a catalytic

conversion. With the advent of highly efficient LED light sources and novel (micro)

reactor concepts, the practical application of light-induced catalysis might become

feasible. Although the field of photocatalysis has significant history, analysis of the

surface composition and surface chemistry in reaction conditions with vibrational

spectroscopies is rather rare, in particular in the liquid phase, and much insight is still

to gain. The field would certainly benefit from an integrated approach, rather than

individual studies of bandgap engineers, material scientists, spectroscopists, catalysis

groups, and recently theoreticians. This will propel the science of the field and might
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open up rules to rationally design novel catalyst formulations. Photocatalysis no doubt

has a bright future in contributing to the various energy challenges of the chemical

industry in particular, and society in general.
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Chapter 14

Concluding Remarks and Future Perspectives

András Tompos

Abstract Amongst the renewable energies the solar energy is supposed to become

the dominating one in the remote future. Process intensification is necessary in

order to exploit unevenly distributed solar and other renewable energy sources. This

article aims to highlight the role of heterogeneous catalysts in the novel catalytic

processes designed for alternative energy generation. It is essential to develop

catalysts and technologies for storing and transporting energy produced from

various renewable sources. Storage in batteries or in chemical forms, for example

in hydrogen, is under investigations. Due to robustness of the present infrastructure

built for the exploitation of fossil resources, a part of the studies is devoted to

develop catalytic processes for production of liquid fuels of biomass origin or using

CO2 as carbon source. New catalysts are complex multicomponent systems with

hierarchically organized 3D-nanostructures. Characterization and modeling of such

systems requires the development of in situ characterization tools.

Energy generation from renewable energy sources has obtained increasing attention in

the last few decades with the aim to provide a sustainable alternative to conventional

fossil energy sources, depletion of which is anticipated in the not too far future.

Additionally, CO2 emission leading to increased greenhouse effect aswell as emission

of NOx and different particulates upon usage of fossil energy sources in internal

combustion engines and power stations pushes the changes toward the more intensive

contribution of renewable sources in the future energy scenario. Emission control and

the security of energy supply are two of the key areas for societal challenges.

The origin of renewable energy sources is eventually the Sun. Direct utilization can

be achieved by solar collectors and photovoltaic devices while solar energy is
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converted by the “nature” to biomass, wind power, and hydroelectric power.

Additionally, geothermal energy and energy from oceans can also be exploited.

Primary renewable energy sources provided by the nature have to be converted into

fuels, electricity, mechanical energy, and heat for the end users. As anticipated in this

book, in the remote future, solar energy will be the dominating renewable source.

Although changes are unavoidable, the robustness and spaciousness of the present

energy-related infrastructure (pipelines, engines, power plants) make the fossil fuel-

based economy quite static and fossil fuels will remain themain energy sources in the

next two to three decades. The changes toward new technologies are anticipated

first in the development of new catalysts for processing of the so far neglected fossil

sources such as heavy and low-quality crude oil, coal, or natural gas with significant

sulfur content, and potentially methane hydrate. In the second step, still insisting on

the present infrastructure, development of technologies and materials for conversion

of biomass into liquid fuels compatible with diesel fuels has a high probability.

Other renewable sources can be exploited to produce mainly electricity. However,

for vehicular applications, because the energy density in batteries is too low, usage

of liquid fuels or some other chemical form of energy storage seems to be necessary.

Biomass alone cannot suffice the increasing energy demand of the society.

Besides biomass, in the future other renewable energy sources have to be

exploited to produce either (1) liquid fuels compatible with diesel, or (2) other

liquid fuels such as methanol, ethanol, etc., or (3) hydrogen. If any of these

energy storage routes will be realized, then the renewable production of hydro-

gen will have key importance. Hydrogen is used extensively for production of

hydrocarbons from biomass and for the production of alcohols (from CO or

CO2) as well. It has to be mentioned, however, that in most of the above

hydrogenation reactions, stoichiometric amount of water is produced, which

(1) consumes hydrogen in a significant amount and (2) acts as an inhibitor on

the catalyst during methanol synthesis. Eventually, in a long term, establishment

of the infrastructure for “hydrogen economy” seems to be reasonable. In 2009,

nine car manufacturing companies, Daimler, Ford, GM, Opel, Honda, Hyundai,

KIA, Renault, Nissan, and Toyota signed already a declaration about significant

increase in the production of hydrogen-based fuel cell cars from 2015.

In various chapters of this book it has been demonstrated that in different energy

conversion steps catalysis can be considered as the key factor to meet sustainability.

Processes such as hydrogenation in biomass conversion technologies, aqueous-

phase reforming (APR), steam reforming, and electricity generation in polymer

electrolyte membrane (PEM) fuel cells generally need noble metal-based catalysts,

which have limited availability. Therefore, one of the main goals in these fields is to

discover noble metal-free systems. The development of new catalysts required for

energy conversion technologies needs new approaches, new concepts, and efficient

tools. Application of high-throughput experimental techniques, in situ characteri-

zation tools, and study of model catalysts by means of novel surface analytical

techniques are required. The new catalysts are most probably multicomponent

systems. The primary goal is to identify and differentiate between possible ligand

and ensemble effects in multicomponent systems. Additionally, there is a special
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attention in nanoscience and nanotechnology pointed toward the fabrication of

materials with uniform complex structures. The novel catalysts are not only multi-

component but they are prepared in the form of well-aligned nanorods, nanowires,

and nanotubes toward a special direction, core–shell nanostructures as well as

hierarchically organized structures are designed, which can significantly influence

the final catalytic properties. The core technology to be developed is the preparation

of novel nanomaterials with controllable sizes, shapes, and/or structures. In the

novel nanostructured materials, not only the cross effects between the constituents

have to be considered. There are also (1) quantum size effect due to smaller

crystallite size (“true size effect”) and (2) effects on the charge and mass transport.

The challenge is to develop tailored 3D nanoarchitectures not only for zeolites and

mesoporous materials but also for transition metal oxides.

In order to understand reaction mechanism and elementary steps occurring on

the surface of novel nanosystems as well as to discover surface species participating

in surface processes, novel in situ characterization tools have to be applied.

Application and study of model catalysts by means of surface analytical techniques

has become increasingly important. Significant progresses have been achieved in

closing the “pressure gap” between surface science approaches and real catalysis.

Accordingly, model catalysts can be investigated not only under ultrahigh vacuum

(UHV) conditions but also under real conditions. Single-crystal surfaces or well-

defined nanoclusters on surfaces are studied under clean and well-controlled

conditions by means of in situ transmission electron microscopy (TEM) [1], UV

and X-ray photoelectron spectroscopy (UPS and XPS) [2, 3], low-energy ion

scattering (LEIS) [3, 4], polarization-modulation infrared reflection absorption

spectroscopy (PM-IRAS) [3, 5], low-energy electron diffraction (LEED) [6], sum

frequency generation (SFG) vibrational spectroscopy [7, 8], etc.

14.1 Energy Storage

The energy production based on renewable sources is quite unbalanced and the

abundance of renewable sources is highly dependent on the local options.

According to the local and temporary possibilities there are irregularly changing

periods with higher and smaller energy production. In contrast to power plants

based on fossil energy resources, renewable sources are not only unevenly

distributed but also delocalized. Therefore, storage and dissemination/transporta-

tion of energy has crucial importance and has to be accomplished in the most

efficient way, which has high diversity depending on the local possibilities. Elec-

tricity can be stored in Li-ion batteries/super capacitors and by conversion into

appropriate energy carrier materials. The favorable energy carrier material can be

produced from various renewable sources and carries chemical energy in high

density. They have to be easily stored, transported, and efficiently converted to

other forms of energy. Hydrogen is considered as a potential environment benign

energy carrier of the future. A major challenge in a future “hydrogen economy”
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is the development of a safe, compact, robust, and efficient means of hydrogen

storage for mobile and other applications. Besides hydrogen, biodiesel and other

biomass-originated liquid fuels, as concentrated and easy transportable form of

energy, are supposed to have crucial importance in the close future.

Promising nanosized materials for hydrogen storage are the metal and chemical

hydrides. Not only the storage capacity has to be increased but also desorption/

absorption kinetics has to be improved and desorption/absorption temperature has

to be tuned. Amongst the novel hydrogen storage materials, LiBH4 and MgH2

nanoparticles embedded in a nanoporous carbon aerogel scaffold have to be

mentioned [9]. In this system the hydrogen desorption kinetics is significantly

improved compared to bulk conditions, and the nanoconfined system has a high

degree of reversibility and stability and also improved thermodynamic properties.

The reversible hydrogen storage capacity of 3.9% for the nanocomposite system

was found. This new scheme of nanoconfined chemistry may have a wide range of

interesting applications in the future, for example, within the merging area of

chemical storage of renewable energy.

Graphite and activated carbon are still the mostly used materials for lithium-ion

batteries and supercapacitors, respectively. Nanostructured carbons in combination

with nanostructured metal (oxides) open new perspectives for the development of

advanced carbon-based electrodes for high-performance lithium-ion batteries and

supercapacitors. This allows the following options [10–13]:

1. New materials with insufficient own conductivity can be introduced for both

electrodes (e.g., nanocomposite electrodes, hierarchical structures).

2. Contact surface area between the electrode and the electrolyte can be increased

and the electrolyte can be protected against decomposition by catalytic reactions

with the electrodes.

3. The transport path length for both electrons and ions can be decreased by using

carbon as structuring agent while maintaining its conductive function (e.g.,

highly functionalized carbon structures). A shorter transport pathway enables a

high charge–discharge rate and, thus, a high power. However, the very high

surface area and, consequently, the large solid-electrolyte interface enhance the

irreversible capacity [10].

14.2 Conversion of Biomass: Production of Liquid Fuels

The processing of biomass-derived feedstocks is different from the processing of

fossil energy sources. Biomass-derived feedstocks have low thermal stability and a

high degree of functionality (typically being hydrophilic in nature), thus requiring

unique reaction conditions, such as aqueous-phase processing. Additionally, unlike

the fossil energy resources the biomass appears disseminated on a large area in a

great diversity of composition. Therefore, the technologies of the petrochemical

industry cannot be directly adapted to the conversion of biomass. Development of
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new catalysts and catalytic technologies are required which can be installed near the

place of biomass production, have a smaller processing capacity, and still eco-

nomic. Process intensification is a strategic and interdisciplinary approach

employing different tools (such as microreactor technology and modularization)

to improve efficiency of energy conversion processes [14].

The conversion of biomass to different biofuels can potentially be economic

depending on the actual price of the crude oil. Nevertheless, different resources for

subsidies seem to be inevitable. Besides the direct effect of using biomass on the

energy security and emission control, it could have an advantageous impact on the

rural development as well.

First-generation biodiesels are produced from plant oils (soybeans or vegetable

oils) or from used cooking oil by means of transesterification [15–18]. Oxygenated

hydrocarbons are prepared from starch (corn). First, sugars are produced by means

of hydrolysis of starch, which are then fermented. Sugars can be submitted to

dehydration, which leads to hydrocarbons as well.

Intensive usage of catalytic processes is required to obtain second-generation

biofuels. The raw materials are available mainly as lignocelluloses (herbaceous,

woody, municipal solid waste), which are more abundant than raw materials used

for the production of first-generation biofuels. However, lignocelluloses are diffi-

cult to be converted to sugars because of the high crystallinity of the cellulose, low

surface area of the material, protection of cellulose by lignin, the heterogeneous

character of biomass particles, and cellulose sheathing by hemicelluloses [19].

In order to obtain sugar monomers the following pretreatment methods are used:

uncatalyzed steam explosion, treatment in liquid hot water or pH-controlled hot

water, flow through liquid hot water or dilute acid, flow through acid, treatment

with lime, and treatment with ammonia [19].

Aqueous-phase processing of sugar monomers can lead to a versatile spectrum

of products. Production of hydrogen for biorefining processes is accomplished by

APR [20, 21]. The biorefinery can also produce light alkanes ranging from C1 to C6

by aqueous-phase dehydration/hydrogenation (APD/H) [21, 22]. The light alkanes

can be used as synthetic natural gas, liquefied petroleum gas, and light naptha

stream. Aqueous-phase processing can also produce longer alkanes ranging from

C7 to C15 by combining the dehydration/hydrogenation reactions with an aldol

condensation step prior to the APD/H step [21, 23]. These longer alkanes can be

used as premium, sulfur-free diesel fuel components.

Besides aqueous-phase processes, gasification of biomass can lead to syngas

(CO + H2) [24]. However, the gasification process requires volatilization of water

that decreases the overall energy efficiency [25]. Syngas can be used to produce

alkanes by Fischer–Tropsch synthesis (FTS), methane by methanation, and metha-

nol by methanol synthesis [26]. Methanol is a liquid under normal conditions,

allowing it to be stored, transported, and dispensed easily, much like gasoline and

diesel fuel used currently. It can also be readily transformed by dehydration into

dimethyl ether, a diesel fuel substitute with a cetane number of 55. It has to be

mentioned that Nobel prize winner George A. Olah published a book recently

dedicated to the “Methanol Economy” emphasizing the production of methanol
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(or dimethyl ether) by chemical recycling of CO2 [27]. In short term, CO2 source

for methanol synthesis will be the CO2 accumulated by means of carbon capture

and sequestration (CCS) technologies, while later low concentration of atmospheric

CO2 itself could be captured and recycled via methanol.

As the processes in biomass conversion mainly laid on the usage of noble metal

catalysts, it is crucial to find alternative noble metal-free systems.

14.3 Hydrogen Production by Means of Reforming

Ethanol, methanol, or biogas methane can generally be used as source of hydrogen

production by means of steam reforming or in the case of methane also by means of

dry reforming. Ethanol is also used directly in internal combustion engines by

mixing it with the fuel. The drawback of the latter approach is that (1) water-free

ethanol should be used and (2) undesired by-products are formed in the engine.

It is more reasonable to produce hydrogen from alcohols and use it in fuel cells

for the production of electricity. Hydrogen has a great potential for efficient

utilization of unevenly distributed renewable energy. However, process intensifica-

tion in small-scale hydrogen production has to be achieved. Appropriate

technologies (modularization, microreactors) and novel catalysts should be devel-

oped to get a promising future for on-site, on-demand (or maybe onboard) hydrogen

production from alcohols.

In case of onboard reforming the reformer is directly connected to the fuel cell.

Efficiency of this approach is still under debate. One of the major drawbacks of an

onboard system is the difficulty to get rapid start-up and transient operation. For that

reason, reforming can be accomplished in monolithic reactors and plate heat

exchangers as well as in microreactors [28], although even in these cases it is not

feasible to achieve start-up times of less than several minutes, which is unaccept-

able for most portable applications. Eventually, onboard reforming, purification,

and subsequent electrooxidation of the reformate in a fuel cell is not more efficient

than a hybrid electric vehicle technology assisted internal combustion engine.

In order to accomplish efficient onboard reforming, a fuel cell–heat engine

hybrid system has been proposed, which consists of a membrane reformer, a fuel

cell, and a reciprocating internal combustion engine [29]. Steam reforming of a

hydrocarbon requires additional heat input, which can be recovered from the waste

heat of an internal combustion engine. On the other hand, the retentate of the

membrane reformer can be used in the internal combustion engine to further

increase the system efficiency. Methanol is proposed as the fuel for the membrane

reformer because the temperature level required is low enough to recover waste

heat of reciprocating internal combustion engines for steam reforming of methanol

[29]. The hybrid system proposed is more flexible than a fuel cell with an onboard

reformer, because additional fuel can be directly combusted in the internal com-

bustion engine at cold start or rapid load increase. Because fuel cell efficiency

decreases with load and internal combustion engine efficiency increases with load,
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the overall system efficiency is less load dependent compared to the efficiencies of

each of these technologies [29].

Cobalt talc nanolayers dispersed in silica aerogel constitute a novel

nanocomposite material with excellent properties for the generation of hydrogen

by the steam reforming of ethanol. It displayed high catalytic activity at low

temperature (312–322�C) and at repeated fast start-up after oxidation during shut-

down under air [30].

Core–shell nanostructured RhNi@CeO2 catalyst has been prepared for the

oxidative steam reforming of ethanol. Complete conversion of ethanol was achieved

at only 300�C with 60% H2 and less than 0.5% CO in the product stream [31].

Epitaxially grown Pd particles embedded in layers of amorphous ZnO and

mechanically stabilized by SiO2 have been proved to be structurally and thermally

stable in a broad temperature range (473–873 K). The strong particle stabilization

effect (SPSE) is important for catalytic processes, such as methanol steam reforming

and methanol synthesis on Pd/ZnO catalysts [32]. Using a series of in situ surface

analytical techniques such as XPS, LEIS, and PM-IRAS, it has been established that

surface ensembles of PdZn exhibit a “Zn-up/Pd-down” corrugation. Bifunctional

active sites both for reversible water activation as ZnOH and for reaction of

methanol (via formaldehyde + ZnOH) toward CO2 have been identified [3].

14.4 Polymer Electrolyte Membrane Fuel Cell:
Electrocatalysts

Fuel cells are more efficient energy converters than the internal combustion engines

or turbines. The hydrogen-fueled PEMFCs attract the highest interest especially

from the car manufacturing companies. Biomass-derived liquid chemicals (ethanol,

in particular, but also other chemicals such as ethylene glycol) as well as methanol

can be used as fuels too. In this book, there are many examples related to the

development of electrocatalysts with reduced Pt content and different ways have

been discussed how we can move away from the Pt catalysts by developing Pt-free

electrocatalysts with appropriate stability. The focus in the design of fuel-cell

electrocatalysts will be laid on the reduction of Pt content and development of Pt-

free electrocatalysts in the near future as well. Pt content can be reduced simply by

increasing the electrochemically active surface via the reduction in the Pt particle

size. However, dispersion of Pt particles cannot be increased limitlessly, as the

particles that are very small lead to an increased resistance to electron transfer and

increased adsorption strength of OHads blocking the active sites [33]. In order to

increase the specific activity, different Pt nanostructured materials, such as polyhe-

dral structures, nanowires, and branched structures, have also been designed [34].

Similar to Li-ion batteries, nanostructured carbon materials, especially carbon

nanotubes (CNTs), as support of active metals can significantly enhance the

electrocatalytic activity. The better electrocatalytic performance can be attributed
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to (1) improved electron and mass transport on the boundaries of Pt and CNT,

(2) higher conductivity of CNTs, and (3) modified electron structure of Pt

facilitating hydrogen adsorption [35]. Nanostructured conductive transition metal

oxides as supports are also under development [36].

14.5 Photocatalysts

As it is emphasized in various chapters of this book for the long term, solar energy

will most likely take the leading position in the renewable energy production.

Innovative but yet immature areas are the photocatalytic water splitting for hydro-

gen production and application of photoelectrocatalytic (PEC) devices for produc-

tion of carbohydrates and long-chain alcohols from CO2 [37–39]. PEC reactor is

different from the conventional photoelectrochemical approach. In the latter case,

processes at the anode and cathode take place under liquid phase. In contrast to this

in PEC device, on the photocatalytic anode gaseous water is split using solar light to

produce O2, protons, and electrons. On the electrocatalytic cathode,, based on novel

nanostructured carbon-based electrodes, CO2 in the gas phase is converted using

the protons and electrons coming from the photocatalytic side and passing through a

Nafion membrane and a wire, respectively. Under anaerobic conditions this cell

produces hydrogen, while in the presence of CO2, formation of acetone, alcohols,

and hydrocarbons is possible depending on the cathode electrocatalysts used and

the temperature applied. Long-chain hydrocarbons and alcohols up to C9–C10 are

formed, with preferential formation of isopropanol using CNT-based cathode

electrodes [37]. However, the productivity is very low and therefore further long-

term R&D is necessary for commercialization of PEC devices.

A definite problem related to PEC solar cells is the need for a specific

nanostructured photoanode material. The use of an array of 1D-aligned nano-

structures (nanorods, nanotubes, etc.) improves light harvesting and limits charge

recombination at the grain boundaries with respect to an assembly of nanoparticles.

At the same time, a high geometrical surface area is maintained, which improves

the photoresponse [40, 41]. As the photocatalytic anode in PEC devices,

nanostructured TiO2 has been proposed. The appropriate preparation method is

the anodic oxidation of titanium thin foils to form ordered arrays of vertically

aligned titania nanotubes [41, 42].

14.6 Conclusions

In conclusion, it can be said that in the remote future the solar energy will be

dominating and the energy production from renewable resources will probably be

delocalized, which lead to the necessity of dispersed, small-scale on-site energy

production. Economic and efficient energy production in small scale obviously
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generates a need for the development of novel catalysts, new reactor designs, such

as microreactors and new catalytic technologies. The locally produced forms of

energy should be easily and efficiently converted into each other. The connection of

local energy production sites into “smart grids” would result in a robust, flexible

energy supply system. Hydrogen seems to be the most appropriate energy carrier,

which can be converted into electric power in fuel cells. Nevertheless, efficient

hydrogen storage is still a challenge. Development of Li-ion batteries and

supercapacitors with higher energy density is also in progress.

The production of liquid fuels for vehicular application has to be accomplished

from renewable sources. Currently, in commercial scale only biodiesel can be

prepared from biomass. Catalytic processes using CO2 as carbon source in the

production of liquid fuels are under development. It has to be mentioned that

conversion of CO2 not only to liquid fuels but also to chemicals, especially after

the complete depletion of fossil resources, will have high importance as well.

It has been evidenced that catalysis has a crucial role in alternative energy

production. Development of novel nanostructures and complex compositions is

quite challenging; however, by means of appropriate catalysts environmental

benign and economic production of energy can be attained.
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