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PREFACE TO THE FIRST EDITION

The quantity of information available on a subject so apparently
restricted as ‘Supported Metal Catalysts’ is such that no single mind
can fully comprehend it all. We must therefore welcome every effort
that is made to reduce it to manageable proportions and to present
it to us in a readily digestible form. The problems that I have
encountered when faced with a similar task have been to discrimi-
nate between the important and the not so important, and then to
order the former in as logical a fashion as possible. I cannot claim
always to have succeeded, but at least I recognise some of the quali-
ties that are needed, even if I do not possess them myself to the
extent I would wish. Long experience in the field is one, and a fair
helping of that valuable commodity ‘wisdom’, which was once
defined as ‘knowing where to find knowledge’.

When I started research in 1948 there was obviously much less
known about everything and about supported catalysts in particular.
To quote a recent authority, there were things we didn’t know we
didn’t know. Life was simpler then, and it has become progressively
more complicated as tools have become available to extend our
knowledge of the materials we use. But as J.W. von Goethe put it suc-
cinctly: We know accurately only when we know little; with knowledge, doubt
increases. More optimistically, however, Francis Bacon, Lord Verulam,
believed that If a man begin with certainties, he shall end in doubts; but if
he will be content to begin with doubts, he shall end in certainties.

The scientific method is a kind of perpetual motion machine in
which our doubts and uncertainties stimulate us to continued effort
to resolve them in the hope that we may come to at least a few cer-
tainties. For this we need the guidance of the wise who are prepared

xi

b1215 Supported Metals in Catalysis
b1215_FM.qxd  11/28/2011  6:47 PM  Page xi



b1215 Supported Metals in Catalysis

to invest their time and energy to create a book such as this. It deals
with the preparation, characterisation and use of supported metal
catalyst in vitally important areas, as well as informing us of theoret-
ical developments. An overview such as this will be of tremendous
value to all who work or are thinking to work in this field.

So what is the criterion by which ‘wisdom’ should be judged?
Many years ago I read the following advice, which in my view encap-
sulates a good deal of common sense.

He who knows not, and knows not he knows not, he is a fool: leave him.
He who knows not, and knows he knows not, he is willing: teach him.
He who knows, and knows not he knows, he is asleep: wake him.
He who knows, and knows he knows, he is wise: follow him.

If you wish to be better informed about supported metal cata-
lysts, read the following chapters, written by people who know that
they know.

Geoff Bond

xii Preface to the First Edition
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PREFACE TO THE SECOND EDITION

It seems appropriate that I should find myself writing the preface
during a journey between Madrid and Aberdeen given that the
second edition of Supported Metals in Catalysis once again draws heav-
ily from contributors with Spanish and Celtic connections
(apologies Guido, perhaps there is something in your ancestry?).
I am hugely grateful for the time and effort that all contributors
have committed to providing these chapters and hope they are well
received by readers. When we were initially asked to write and edit
the first edition, it was not envisaged that the full print run would go
on to sell out (or that it would appear on Amazon’s list of bestsellers
in catalysis listings) and so there were no thoughts at that stage of
how we would deal with a second edition. Circumstances therefore
have allowed us to review, revise and update the contents to provide
this second edition. We have omitted some of the chapters which
appeared in the first edition where, in cases, the topics dealt with
more established uses of supported metals and where developments
in the field over the last five years were limited and where additional
literature on the subject was minimal. This has allowed us to include
new chapters where we have looked at emerging and fast-developing
fields where supported metals will play a role. We are grateful to
Sergio Rojas and colleagues for providing the chapter on applica-
tion of supported metals for fuel cell applications and to Jose
Rodriguez who provides an insight into some of the many reactions
for which gold catalysts are currently receiving attention. Similarly,
it was felt that the continuing advances made in our understanding
of supported metal particle-based catalysts, as a result of technical
advances in electron microscopy including the use of aberration

xiii

b1215 Supported Metals in Catalysis
b1215_FM.qxd  11/28/2011  6:47 PM  Page xiii



b1215 Supported Metals in Catalysis

correcting devices, warranted a chapter of its own rather than
appearing as a subsection of a chapter on determination of particle
size. I thank Andy Herzing and Chris Kiely for contributing this
chapter and hope they forgive me for all of the harassing which
I gave them in trying to meet the publisher’s deadlines. All of the
other chapters have been thoroughly revised and will hopefully pro-
vide the reader with a route to access literature published on these
topics up to 2010.

Lastly it was an enormous pleasure to have been able to have a
preface to the first edition written by Geoff Bond who has made and
continues to make such huge contributions to the field of supported
metal catalysis. It has been a privilege over the years to attend and
contribute to the UK RSC SURCAT group meetings at which Geoff
participated, and I often aspire to be able to contribute to the field
of supported metal catalysis to the extent which he has. Alas,
however, I do not aspire to write such beautiful prose as Geoff and
therefore ask forgiveness of those who purchase the second edition
and consequently find an inferior preface. I do hope however that
the standard of the proceeding chapters more than compensate.

Jim Anderson
February 2011

xiv Preface to the Second Edition
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1

CHAPTER 1

PREPARATION OF SUPPORTED
METAL CATALYSTS

Guido Mul1 and Jacob A. Moulijn2

1Photocatalytic Synthesis Group, IMPACT Institute, University of Twente,
P.O. Box 217, 7500AE Enschede, The Netherlands

2Reactor and Catalysis Engineering Group, Delft ChemTech,
Delft University of Technology, Julianalaan 136, 2628 BL Delft,

The Netherlands

1.1 Introduction

In the chemical industry, the majority of the reactions take place at
the surfaces of heterogeneous catalysts. The efficiency of a hetero-
geneous catalytic process is thus largely determined by the quality of
the catalysts used, i.e. the exposed surface area of active phase and
the stability. It is instructive to show the correlation between the
exposed (specific) surface area, and the particle size of the catalytic
material. Let us suppose that the active phase (density ρ in kg/m3)
consists of uniform spherical particles. The specific area can be cal-
culated as follows:

Volume of one particle, V = 1/6 π d 3 (m3)
Weight of one particle, W = 1/6 ρ π d 3 (kg)
Surface area of one particle, Sp = π d 2 (m2)
Specific surface area, SA = Sp/W = π d 2/(ρ 1/6 π d3) = 6/ρ d (m2/kg)

Figure 1.1 shows a plot of this calculation. As an example, nickel has
been chosen. It is obvious that only at low values of the particle sizes

b1215_Chapter-01.qxd  11/28/2011  5:02 PM  Page 1
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(1–10 nm) are reasonable surface areas obtained. It is impossible to
apply such small particles in reactors, and therefore support bodies
are applied. Catalyst supports are in general porous materials, to
allow a high loading of highly dispersed metal particles, whereas the
particles of the active phase need to be synthesized in such a way
that they are as small as possible.

Despite the observations made above, many authors of papers in
catalysis journals seem to ignore the importance of the preparation
procedure used for the eventual catalytic results they obtain. The
procedure used is usually described in very general terms, and often
conditions are used that appear to have no fundamental reasoning,
e.g. the used catalyst precursor, calcination conditions, pH of pre-
cursor solution (often not mentioned), temperature of solutions,
etc. Fortunately, other researchers take the preparation of catalysts
seriously and many publications and textbooks exist that discuss the
preparation of catalysts on a scientific basis.1 Of particular note is

2 G. Mul and J. A. Moulijn
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Figure 1.1 Specific surface area as a function of crystalline size of Ni (ρ =
8900 kg/m3).
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the group of Geus (and continued in the group of de Jong) at the
Utrecht University in The Netherlands,1,2 where years of research on
the preparation of catalysts has lead to a more scientific basis for
catalyst preparation.

Several procedures exist in order to attach the active phase to
the support, i.e. to prepare supported catalysts. In the catalyst man-
ufacturing industry, impregnation is usually employed, for practical
and economic reasons. Impregnation allows the use of pre-shaped
or structured supports. Preparation of catalysts starting from these
commercially available supports is attractive because a support with
optimal properties can be selected.

From a chemical point of view impregnation and precipitation
represent two extreme cases:

• Impregnation is often related to ion-exchange, where the inter-
action with the support is dominant;

• Precipitation in principle is a crystallization process and can occur
in the bulk of the liquid or on a relatively inert surface. Here,
particles of active phase can be kept small because the support
particles act as crystallization nuclei for the active phase precursor.

In this chapter the most common techniques for preparation of
supported metal catalysts will be discussed, including impregnation,
co-precipitation, homogeneous deposition precipitation, and pre-
cipitation at constant pH. In addition, recently introduced novel
technologies involving organic functionalization of supports in
combination with deposition of surfactant functionalized metal par-
ticles,3 as well as photodeposition, usually applied in the rapidly
emerging field of photocatalysis,4,5 will be discussed. In principle,
these techniques can all be used to attach the active phase to sup-
ports, some preferably in the form of a powder, others in the form of
a pre-shaped body. First, a general description of the techniques will
be presented. Then, the techniques are illustrated by specific exam-
ples of the preparation of metallic catalysts. In view of the expertise
of the authors of this chapter, Pt, Au, and Ag as the active metal
phases will be emphasized. The last two examples are focused on the

Preparation of Supported Metal Catalysts 3
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production of propene oxide and, as a consequence, they refer to an
unresolved research issue. Furthermore, for Au catalysis we have
included potential applications in photocatalytic conversions.6

1.2 General Description of Preparation Methods

1.2.1 Impregnation

Impregnation is a preparation technique in which a solution of the
precursor of the active phase is brought into contact with the support.
Two methodologies exist. In dry impregnation, also referred to as
“pore volume impregnation”, just enough liquid (solution of the
precursors) is used to fill the pore volume of the support. In wet
impregnation the support is dipped into an excess quantity of solu-
tion containing the precursor(s) of the active phase. Wet impregnation
is sometimes also called impregnation in excess of solution (IES).7

In dry impregnation the solubility of the catalyst precursors and the
pore volume of the support determine the maximum loading avail-
able each time of impregnation. If a high loading is needed,
successive impregnations (and heat treatments) may be necessary.
When several precursors are present simultaneously in the impreg-
nating solution the impregnation is called “co-impregnation”. In the
first step of impregnation three processes occur:

• transport of solute to the pore system of the support bodies;
• diffusion of solute within the pore system;
• uptake of solute by the pore wall.

In the case of wet impregnation, a fourth process is operative, viz.
transport of solute to the outer particle surface. Depending on the
process conditions, different profiles of the active phase over the
support body will be obtained. For instance, depending on the pH,
the interaction with the support can be strong or weak, and even
repulsion can exist.

Soluble catalyst precursors are fixed to the support either by
reaction, exchange with surface OH groups, and/or by adsorption.

4 G. Mul and J. A. Moulijn
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In the former case, the concentration (density) of surface OH
groups, which depend on the pre-treatment of the support, is cru-
cial. In the latter case, the surface charge plays an important role. At
a pH value of the so-called Point of Zero Charge (PZC) the surface
is electrically neutral. At pH values above PZC, the surface is nega-
tively charged, while at pH values below PZC the surface is positively
charged (see Figs. 1.2 and 1.3).

For silica this can be illustrated as follows. At pH = 3 the surface
is neutral. In a mildly basic environment H+ is removed, and, as a
result, the surface is negatively charged. In an acid environment
the surface will become protonated. If it is intended to deposit
anions onto the carrier surface, the preparation should proceed at
pH values below the PZC, whereas if cations are to be deposited, a
pH value above that of the PZC is preferred (Fig. 1.2). Table 1.1
gives PZC values for alumina, silica, and a mixture of alumina and
silica.

It should be mentioned that the exact PZC values not only
depend on the chemical nature of the carrier, but also on its history
and the method by which it was prepared. Of course, for the solid

Preparation of Supported Metal Catalysts 5
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support, a window of applicable pH exists. At improper pH values
(e.g. pH > 12 for alumina), the carrier itself may be dissolved.

It is illustrative to compare the adsorption of [Pt(NH3)4]2+ cations
on alumina and silica and experimental results2 are shown in Fig. 1.4.

These data show that silica adsorbs the Pt-ions much better than
alumina. The explanation is as follows. The Pt is introduced as a pos-
itive ion, and the charge of silica and alumina will be different: silica
has a negative charge already at pH 6 (PZC of silica is about 3), while
the alumina surface at this pH is still positively charged. With an
increasing pH the amount of Pt precursor adsorbed on silica
increases: the surface contains more and more negative sites for Pt
attachment. For alumina, Pt containing cations only start to adsorb

6 G. Mul and J. A. Moulijn

Table 1.1 PZC values for alumina,
silica, and 10% Al2O3 in SiO2.

Carrier PZC

Alumina 8–9
Silica ca. 3
10% alumina/silica ca. 5

Silica gel

γ-Alumina

0.3

0.2

0.1

0
7 86 9 10

pH

Adsorbed [Pt(NH3)4]2+(mmol/g)

Figure 1.4 Adsorption from solution containing [Pt(NH3)4]2+ (as chloride) onto
silica gel (Davison 70, 370 m2/g) and γ-alumina (Alcoa F-20, 204 m2/g) as a func-
tion of pH at room temperature.2
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on the surface at pH > 8, while the amount is much less than on
silica. Apparently, with silica, a good catalyst can be prepared with
[Pt(NH3)4]2+, while with alumina this appears less feasible. If PtCl6

2−

had been chosen as the Pt complex, results would have been the
other way round. In conclusion, if ion-exchange phenomena domi-
nate the preparation process, [Pt(NH3)4]2+ is preferred for the
preparation of Pt/SiO2 catalysts and PtCl6

2− for alumina-based cata-
lysts. It should be mentioned that the presence of Cl− ions in catalyst
formulations is usually undesirable, because it induces metal parti-
cle sintering upon calcination, and in several cases poisoning of the
catalyst. Extensive washing procedures are needed, which will be fur-
ther addressed in the case study on the preparation of Au catalysts.7

1.2.1.1 Impregnation profiles on pre-shaped catalyst support bodies

For impregnated catalysts a completely uniform profile of the active
material over the pre-shaped support particle is not always the optimal
profile. It is possible to generate profiles on purpose, and in this way
to improve the catalyst performance in specific reactions. Figure 1.5
shows four major types of active-phase distribution in catalyst spheres.
The grey regions represent the areas impregnated with the active
phase. Type a is a uniform catalyst while the others have a non-
uniform active-phase distribution. They are sometimes referred to
as “egg-shell”, “egg-white” and “egg-yolk” catalysts, respectively. The
optimal profile is determined, among other things, by the reaction
kinetics and the mode of catalyst poisoning. For example, an egg-
shell catalyst is favorable in the case of a reaction with a positive
reaction order, whereas an egg-yolk catalyst is the best choice for
reactions with negative orders. When pore-mouth poisoning is dom-
inant it might be attractive to locate the active sites in the interior of
the catalyst particles. Another factor is attrition. If attrition is impor-
tant and if the active phase is expensive (e.g. in the case of precious
metals), it might be preferable to place the active phase in the inte-
rior of the catalyst particles.8

Achieving these distributions can best be discussed by analysis of
a practical example. Consider the processes occurring during wet

Preparation of Supported Metal Catalysts 7
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impregnation of alumina using a solution of H2PtCl6. As previously
discussed, the alumina surface interacts with H2PtCl6 by adsorption
of PtCl6

2−:

(1.1)

The number of surface sites limits the amount of Pt complexes that
can be adsorbed. Typically, Pt-γ-alumina catalysts contain up to 1 wt%
Pt. Adsorption is a fast process and in general an egg-shell catalyst will
be formed. The addition of a second component to the impregnating
solution allows fine-tuning of the catalyst. This is illustrated in Fig. 1.6.

4-

Al

OH
+  PtCl6

2-2
Pt ClCl

Cl Cl

O O

Al Al

+  2 HCl

8 G. Mul and J. A. Moulijn

Figure 1.5 Four types of active-phase distribution, (a) uniform, (b) egg-shell, (c) egg-
white and (d) egg-yolk.

Figure 1.6 The influence of co-adsorbing ions (citrate) on the Pt concentration
profile (adsorption of chloroplatinic acid, H2PtCl6).
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Impregnation of H2PtCl6 was carried out in the presence of citric acid,
which adsorbs more strongly than H2PtCl6 (and HCl). Without the
presence of citric acid, an egg-shell type of profile for Pt is obtained
(Fig. 1.6(a)). When some citric acid is present, this will be adsorbed on
the outer layers of the support body, and the Pt ions will adsorb in a
ring at the inside (Fig. 1.6(b)). Higher citric acid concentrations will
eventually lead to distribution c. The interaction and profiles obtained
using the citrate method, have recently been investigated in detail using
magnetic resonance imaging, including spatial distributions within a
catalyst support body and the evolution of these distributions in time.9

1.2.1.2 Drying

The drying step, which follows the impregnation step, also affects the
distribution of the active phase. In drying, the solution in the pores
will become oversaturated and precipitation takes place. Because of
the large surface area, and associated here with the large number of
nuclei, a high dispersion can be realized. In principle, rapid evapora-
tion is favorable because it causes rapid super-saturation, and
associated with that, a high dispersion. However, if fast drying is
achieved by rapid heating of the wet support bodies, boiling phe-
nomena might result in an inhomogeneous distribution. On the
other hand, slow drying in combination with well-crystallizing precur-
sor salts, will yield an egg-shell distribution. This is the result of the
crystals formed initially at the pore mouths of the support, initiating
migration of the impregnation liquid to the outer surface of the sup-
port by capillary forces. It has been shown for various catalysts that 
the use of less well-crystallizing salts gives a more homogeneous dis-
tribution of the active phase over the support body.10 Also the viscosity
of the solution plays a role: at higher viscosity the flow rates toward the
pore mouth are reduced and a more homogeneous profile results. A
related problem arises from the range of pore sizes of the supports.
The biggest pores will first empty themselves, the solution accumulat-
ing in the smaller pores. A loss of dispersion is the result. Thus, drying
is a very critical step and may well determine the quality of the cata-
lyst. Drying in a microwave or freeze-drying is applied occasionally

Preparation of Supported Metal Catalysts 9
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because these methods usually lead to more uniform distribution of
the active phase over the particle, or a structured reactor, as will be dis-
cussed in the following section.

1.2.1.3 Preparation of structured catalysts (monoliths)

Recently, the use of monolith reactors also in multiphase applica-
tions has received much attention.11–13 They exhibit high rates and
high selectivity due to the short diffusion paths. They show interest-
ing hydrodynamic behavior. For instance, under industrial
conditions, the flow rates are too high to operate a packed bed
counter-currently, but in a structured reactor, tailored design is pos-
sible that allows counter-current operation. It is remarkable that for
multiphase applications, so-called Taylor flow (the liquid/gas system
flows as a train of liquid slugs separated by gas bubbles with a size
exceeding the diameter of the channels) is the normal regime.11–13

An attractive characteristic of this regime is the very high mass trans-
fer from the gas bubble to the liquid.

Synthesis of catalytic monoliths is far from straightforward.
Nijhuis et al.14 have provided an overview of preparation procedures
for catalytic monoliths. Obtaining a homogeneous metal distribution
is often troublesome. Vergunst14,15 has shown that an appropriate
drying method is crucial in this respect. Monolith catalysts were pre-
pared by wet impregnation of an alumina-washcoated cordierite
monolith with a solution of Ni(NO3)2

.6H2O. This was achieved by plac-
ing the monolith in the impregnation solution for 1 h. Subsequently,
the channels were dried. Figure 1.7 shows a schematic representa-
tion of the impregnation profiles obtained after drying by different
methods, viz. using stationary air in an oven (a), flowing air (up
flow) (b), a microwave (c), or freeze-drying ((d) and (e)).

The drying method had a profound effect on the impregna-
tion profile. Conventional drying (in an oven with stationary air)
produced an increased Ni concentration near the entrance and
exit of the monolith. Drying in flowing air shows accumulation of
Ni at the point of first contact between gas and solid (the top of
the monolith). The reason for these non-uniform profiles is that

10 G. Mul and J. A. Moulijn

b1215_Chapter-01.qxd  11/28/2011  5:02 PM  Page 10



b1215 Supported Metals in Catalysis

during drying, the liquid present in the interior of the monolith
migrates outward due to evaporation of the liquid at the external
surface. If the Ni has little or no interaction with the support, it
will move with the liquid to the exterior, where the liquid evapo-
rates and the Ni precipitates. Microwave drying yields a rather
uniform distribution because heat is supplied throughout the
support and therefore evaporation of the liquid occurs more
homogeneously. The effect of freeze-drying is that the liquid is
prevented from flowing to the external surface of the support,
thereby also yielding a much more homogeneous distribution of
Ni throughout the support. Another method of obtaining a uni-
form metal profile in the case of monoliths is deposition
precipitation, which will be discussed next.

1.2.1.4 Homogeneous deposition precipitation via pH increase 1,16,17

As previously discussed, as a result of the use of impregnation tech-
niques, the active phase of the catalyst can be located at the outside
of the particles leading to relatively large crystallites. Furthermore,
the combination of high loading and high dispersion is difficult to
obtain when impregnation is used, and usually the impregnation
procedure has to be repeated to achieve a well-dispersed catalyst
with a high loading. An alternative method called “homogeneous
deposition precipitation” (HDP)1,16,17 can be used to obtain uniform

Preparation of Supported Metal Catalysts 11

Figure 1.7 Schematic of impregnation profiles obtained after (a) conventional
drying; (b) forced-flow drying; (c) microwave drying; (d) freeze-drying (1 h) and
(e) freeze-drying (24 h).
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catalysts. In HDP the support is introduced in the precipitation ves-
sel as a powder. Figure 1.8 illustrates a laboratory unit for the
preparation of catalysts by HDP. The pH is slowly increased by injec-
tion of a basic NaOH or NH3 solution in the precipitation vessel.
Alternatively, urea can be added to the solution. If the mixture is
heated slowly, at 363 K urea starts to decompose:

CO(NH2)2 + 3 H2O → CO2 + 2 NH4
+ + 2 OH−. (1.2)

Due to this reaction the pH slowly increases.
In the HDP procedure, the desired metal ion deposits in the

form of the hydroxide. To obtain a homogeneous distribution,
nucleation of the hydroxide must occur uniformly on the surface of
the support particles, and not in the bulk solution. To prevent the lat-
ter, the suspension must be vigorously stirred and the pH must be
adjusted slowly. The large surface of the support particles favors uni-
form nucleation of a large number of nuclei, and as a consequence,
the crystallites formed are very small. With this procedure, highly dis-
persed catalysts can be prepared with a high metal loading. In Fig. 1.8,
a pH curve as a function of base injection is shown. Typically, the
maximum in the pH at around 40 min as a function of the amount

12 G. Mul and J. A. Moulijn

Figure 1.8 Laboratory unit for the preparation of catalysts by HDP.
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of base injected, is indicative of a low interaction between the pre-
cipitating compound and the support, and usually indicates that
poor catalysts with a low dispersion will be obtained. The explanation
is as follows. The pH rises into the super-saturation region of the
hydroxide of the desired metal ion. Once the first nuclei have been
formed, rapid growth of these first nuclei occurs, consuming large
amounts of OH− ions, causing the pH to drop (the injected amount
of base per time cannot compensate for the OH− consumption). At
some point (around 50 min) a steady state is reached in which the
OH− consumption and injection rate are again in equilibrium. On
the other hand a smooth rise of the precipitation curve is expected
if a strong interaction between the precipitating precursor and the
support particles exists, since then metal hydroxide concentration
does not enter the super-saturation region, thus preventing the high
precipitation rates. In conclusion, monitoring of the pH during the
precipitation process yields valuable information on whether highly
dispersed catalysts will be obtained or not, especially if precipitation
curves both with and without supports can be compared.

1.2.1.5 (Co)precipitation at constant pH

This preparation technique is related to homogeneous deposition
precipitation, but here the base and the precursor solution are
injected simultaneously to the suspension of the catalyst support at a
fixed pH. In this way, the interaction of the precipitating compound
with the support can be optimized, while at the same time the crys-
tallization of unwanted compounds, such as large crystallites of basic
copper nitrate in the case of copper catalysts, can be prevented.18,19

Precipitation at constant pH (Fig. 1.9) is also a prerequisite in
order to co-precipitate two catalyst components at the same time.
This is illustrated for example by the preparation of Pd/La catalysts
for methanol decomposition.20 The preparation procedure and the
La2O3/Pd weight ratio of these Pd/La2O3/SiO2 catalysts (5 wt% Pd)
were found to be important for high catalytic activities in methanol
decomposition. If the precipitation procedure leads to La2O3 depo-
sition in the final step, which is the result of the HDP method,

Preparation of Supported Metal Catalysts 13
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coverage of Pd particles by La2O3 patches occurs, which negatively
affects the activity. Co-precipitation of La in Pd at fixed pH was
found to lead to an optimized interaction of Pd with La2O3 and thus
to an optimized use of expensive Pd.

Co-precipitation is also applied in the synthesis of hydrotalcite-
like precursors (HTlcs) for catalysts e.g. based on Cu-Zn-Al21, or
Co-Al catalysts.22,23 Synthetic HTlcs, with a general formula [M2+

1-xM3+
x

(OH)2][Am−]x/m·nH2O, are hydrated hydroxycarbonates of a random
lamellar structure. These materials can be visualized as brucite-type
octahedral layers, in which M3+ cations partially substitute for M2+

cations (x = M3+/M2++M3+). The cations are located in the center of
the octahedron formed by six hydroxyl groups. The metal-octahedra
share edges to form two-dimensional infinite sheets, similar to
brucite (Mg(OH)2). The brucite-like layers can stack to build a tri-
dimensional network and are linked by various chemical interactions
(mainly hydrogen bonding) between the sheets. The positive charge
resulting from this substitution is balanced by anions (often car-
bonate) together with water molecules arranged in interlayers

14 G. Mul and J. A. Moulijn

Figure 1.9 Set-up for co-precipitation at constant pH. The pump-speed of the
basic solution is adjusted to maintain the pH at the desired value. This set-up was
employed for precipitation of Pd(OH)2 onto a La2O3/SiO2 support and the condi-
tions are indicated.20
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alternating with the octahedral sheets. The structure, as outlined
above, is further illustrated in Fig. 1.10.23

Hydrotalcite-like compounds (HTlcs) have attracted much
attention in recent years as catalyst precursors and catalyst support.
This is due to (i) their ability to accommodate a large variety of biva-
lent and trivalent cations, (ii) the homogeneous mixture of the
cations on an atomic scale, and (iii) the formation of thermostable
mixed oxides, often denoted as ex-HTlcs, with high surface area
upon decomposition. The first two properties are a result of the pre-
cursor while the last property appears to be related to the
decomposition mechanism. The transitions in the structural prop-
erties of Co-based hydrotalcites upon high temperature treatments
have been extensively studied in our group.23 In the first decompo-
sition step, water is removed from the structure. This transition is
followed by dehydroxylation and decarbonation, as well as carbon-
ate reorganization in the interlayer. Thermal treatment in air finally
leads to a solid solution of cobalt spinels (Co(Co,Al)2O4). Mixtures
of CoO and CoAl2O4 are formed upon treatment in inert.

Many papers dealing with applications, and variations in synthesis
parameters of hydrotalcite-like compounds can be found in the open
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Figure 1.10 Schematic illustration of the structure of hydrotalcite-like compounds.
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literature, but it is beyond the scope of this chapter to present an
overview here. On concluding this paragraph, it should be mentioned
that hydrotalcite-like compounds are often used as catalyst precursors
in the catalyst industry, because of the properties stated above.

1.2.1.6 Synthesis by using organic functionalization

A commonly known disadvantage of the use of homogeneous catalysts
and enzymes in the chemicals industry is the difficulty of separating
the active catalyst and the product (often also dissolved in the liquid
phase). One of the most commonly proposed solutions to overcome
this problem is to immobilize the organo-metallic catalyst or enzyme
on an inert support, such as silica. It is not within the scope of the
present chapter to discuss immobilization extensively. However, it
should be mentioned that the immobilization techniques used by the
metal-organic community has inspired the use of metal complexes for
preparation of heterogeneous catalyst synthesis, in particular to pre-
pare alloys. Examples include the synthesis of Au catalysts,24,25 and
mixed Au-Pt catalysts.26 Van Gorp27 prepared combinations of Rh
and Cu and Pd and Cu catalysts using organo-metallic compounds.
Complexes containing two metals in a fixed ratio, such as (p-tolyl)4

Cu2Rh2 were used. The advantage of this complex is that it decom-
poses readily at mild temperatures into the mixed metallic particles,
eliminating the necessity of a high temperature hydrogen reduction,
which might cause sintering of the small metal particles.

Also pre-functionalization of the support has been applied e.g.
in the synthesis of SiO2 supported Pt catalysts with well defined
particle size distributions. Pt nanoparticles with an average size of
similar to 3 nm were successfully immobilized on the surface of SiO2

and functionalized with −NH2 and −SH groups through chemical
reduction process using polyvinylpyrrolidone as a stabilizer and dif-
ferent reducing agents.28

On concluding this paragraph on immobilization, it should be
stated that it is seldom applied in the catalyst industry, because of
the high price of the chemicals required, and, if applicable, the air
sensitivity of the organo-metallic complexes.

16 G. Mul and J. A. Moulijn

b1215_Chapter-01.qxd  11/28/2011  5:02 PM  Page 16



b1215 Supported Metals in Catalysis

1.2.1.7 Photodeposition of metals on semiconductor supports4,5,29

When a semiconductor absorbs UV/Vis light of energy greater than
the so-called band gap between the highest energy level of the
valence band and lowest level of the conduction band, a transition in
the electronic state occurs. Both photo-excited electrons and holes
are formed. For crystalline semiconductor particles, the transition of
an electron from the valence band to the conduction band is fol-
lowed by migration of photo-excited electrons and holes to the
surface. The “holes” are capable of oxidizing a substrate by accepting
an electron, and “electrons” able to reduce a (second) substrate. If
this substrate is a metal ion, deposition, referred to as photodeposi-
tion, can be induced.30 This has been mainly applied for TiO2

supported metal particles and for applications in photocatalysis.31

For example, for Au deposition, in practice a suspension of TiO2 in
AuCl4

− is exposed to UV light. A hole scavenger, such as methanol,
also needs to be present to prevent accumulation of positive charges
during the photodeposition procedure.32 Figure 1.11 demonstrates
the principle of the procedure. Interestingly, when the synthesis of
Au nanoparticles is analyzed by UV-Vis probes in situ, the deposition
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Figure 1.11 Principle of photodeposition of Au particles on the surface of TiO2

crystals. Oxidation of methanol is required to prevent charge accumulation.
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of the particles can be followed by the growth of the surface plasmon
band at approximately 540 nm. The obtained particles sizes are in
the order of approximately 20 nm, using this methodology, which is
still rather large for various applications in heterogeneous catalysis.

A recent example of an advanced form of this methodology is
provided by Zhang and coworkers for Ag deposition.33 Under ambient
light illumination, silver nanoparticles on a TiO2 support were synthe-
sized by a triblock copolymer induced reduction of Ag(NH3)2

+ ions in
ethanol. Conventional chemical reducing agents, thermal treatment,
and radiation sources are no longer necessary in this novel approach.
This novel ambient light route has been successfully applied to deposit
silver nanoclusters on TiO2 of about 2 nm in size, strongly anchored to
the TiO2 particles with high dispersion. The obtained catalysts were
highly active in various photocatalytic applications. The scale of the
procedure requires development of photo reactors, while these are
usually not available in catalyst manufacturing facilities.

1.2.1.8 Calcination procedures

All of the above-described techniques produce a dried solid catalyst,
which is usually further treated at elevated temperature in static or
flowing air, which is referred to as calcination. It was already dis-
cussed that drying is a crucial step in the impregnation preparation
procedure, and recent studies have demonstrated that calcination
conditions will also largely determine the eventual size distribution
of the obtained metal nanoparticles. This will be further addressed
in the following case studies.

1.3 Case Studies

In the following, three examples of the effect of the preparation of
metal catalysts on the performance in the desired reactions will be
discussed. In the first example the very important effect of heat
treatment after the impregnation procedure is illustrated by a study
on the redox activity of Pt(O) catalysts as a function of heat treat-
ment and particle size.

18 G. Mul and J. A. Moulijn
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In the second example we will focus on preparation methodolo-
gies for gold catalysts, and the effect on the performance of gold
in selective epoxidation of propene to PO (see reaction scheme in
Fig. 1.12).

The commonly proposed mechanism for the reaction is that
hydrogen and oxygen recombine on the catalyst surface to yield a
peroxy intermediate, which subsequently reacts with propene to
yield PO and water.34,35 Recently, evidence for the formation of this
peroxide intermediate was provided,36,37 suggesting alternative
mechanisms are less likely.

In the final example, we will continue with the subject of selec-
tive oxidation of propene to PO, but this time using advanced
CaCO3 supported Ag catalysts. The focus is directed towards a novel
synthesis procedure, in which La incorporation is shown to have a
significant effect on the alkali content of the catalyst and thus on the
resulting catalyst performance. Although much less significant as
the case for the Au catalysts, recent new information on the role of
the support and the preparation procedures has appeared in the
open literature, and this is briefly addressed.38–41

1.3.1 Impregnation: preparation of Pt catalysts, the effect of the
pre-treatment conditions

Although Pt catalysts have been and are used extensively in various
processes, such as hydrogenation/dehydrogenation, and are usually
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Figure 1.12 Schematic presentation of the reaction of propene with hydrogen
and oxygen to yield PO.
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prepared by impregnation, the procedure is often described in very
limited detail. In Section 1.2 various aspects of the preparation of Pt
catalysts by impregnation have already been discussed (use of pre-
cursors, co-adsorbents, and effect of PZC of the supports). It was
mentioned that drying needs to be well controlled in order to
obtain a high dispersion. Another experimental condition of great
importance is the heating rate chosen for the pre-treatment of the
catalyst system. In a paper by the group of de Jong,10,42 it was
reported that a low heating rate (0.2 K/min) is essential in order to
obtain small Pt clusters of 13–20 atoms (Pt < 1.1 nm), in the case of
zeolite-Y supported catalysts. The beneficial effect of low heating
rates is explained by the slow desorption of water and ammonia (in
cases where [Pt(NH3)4]2+ was used as the precursor) from the zeolite
in combination with stabilization of the Pt particles by the cavity
walls. A higher heating rate of 1 K/min resulted in a bi-model dis-
tribution, in which 5 wt% of the Pt was present as particles of
4–9 nm, and 95% as particles of 1–1.2 nm. The importance of these
findings can be illustrated by work done in our own group on the
behavior of Pt-based catalysts in reduction/oxidation cycles, which is
of relevance to NOx decomposition in lean-burn applications.

We have applied our Multi-Track reactor, an advanced TAP-like
reactor system,43 to evaluate the number of redox-active Pt surface
sites (Ptsurf redox) on Pt/Al2O3 catalysts as a function of Pt disper-
sion. The number of Ptsurf redox sites was compared with the total
number of Ptsurf sites determined by conventional volumetric CO
chemisorption.

1.3.1.1 Procedures

A detailed description of the catalyst preparation and the Multi-
Track set-up can be found elsewhere.43 Before performing titration
experiments in Multi-Track, the catalyst (1 wt% Pt on Alumina) was
subjected to two different pre-treatments:

Pre-treatment procedure M1. After inserting the fresh catalyst into the
vacuum system, it was heated up to 573 K at 10 K/min−1. The catalyst

20 G. Mul and J. A. Moulijn
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was stabilized for 2 h. This treatment leads to catalyst M1 and was
intended to preserve the structure fresh catalyst as much as possible.

Pre-treatment procedure M2. After inserting the reactor into the vac-
uum system it was heated up to 773 K (10 K/min−1). Subsequently,
the catalyst was subjected to H2 pulses (1017 molecules per pulse,
1 pulse/sec) for 1 h. Then, the reactor was cooled to 573 K, and
stabilized for 2 h. This treatment results in catalyst M2 and was
meant to induce sintering of Pt particles in order to study the
influence of the particle size on redox behavior by comparing cat-
alysts M1 and M2.

Following these pre-treatments, titration experiments were per-
formed at temperatures between 473 K and 573 K. Pure hydrogen
(1017 molecules per pulse) was used to reduce the Pt catalyst. The
catalyst is denoted as “completely reduced” when the area under the
hydrogen-signal was constant. Pulses of 20 vol.% O2 in Ar (1017 mol-
ecules per pulse) were used to re-oxidize the reduced catalyst. The
catalyst is denoted “completely oxidized” when the area under the
succeeding oxygen-signals is constant.

Figure 1.13 shows a typical result of a titration experiment, and
indicates the high sensitivity of the Multi-Track system (responses of
one single pulse were detected and calculated to construct the
curves shown in Fig. 1.13).

From the area under the curves, the total hydrogen needed for
reduction of the Pt surface can be calculated. A remarkable differ-
ence in the amount of hydrogen needed to reduce the surface of
catalysts M1 and M2 can be observed. By repeating the H2/O2

reduction/oxidation cycles, it was confirmed that the hydrogen
uptake values were reproducible within ±10%. After the Multi-Track
titration experiments, the dispersion of the catalyst was determined
in a separate set-up by conventional CO chemisorption. The Pt dis-
persion as derived from the CO chemisorption experiments was
decreased from 0.73 for catalyst M1 to 0.47 for catalyst M2, indicating
that the pre-treatment procedure M2 indeed induced sintering of Pt.
For catalyst M2, the number of chemisorption sites as determined by
CO chemisorption, and the number of surface sites participating in
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the H2/O2 cycles in the Multi-Track experiments (Ptsurf redox) are in
good agreement. On sample M1, however, only 10% of the Ptsurf sites
as determined from CO chemisorption appear to be involved in the
redox cycles.

The discrepancy between the CO chemisorption experiment
and the Multi-Track experiment for catalyst M1, can be explained by
the large difference in applied H2 partial pressure in the Multi-Track
experiment and in pre-conditioning the catalyst before CO
chemisorption. During the H2 titration procedure in the Multi-
Track reactor the partial pressure of hydrogen is extremely low, at
least eight orders of magnitude lower than the H2 partial pressure in
the pre-treatment for the CO chemisorption experiment (typically
performed with pure H2, at 553 K, for 2 h). Under Multi-Track con-
ditions, 90% of the surface sites in catalyst M1 are apparently not
affected by hydrogen, while these sites are reduced in the hydrogen
pre-treatment of the CO chemisorption experiments.

22 G. Mul and J. A. Moulijn
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Figure 1.13 Reduction by a train of hydrogen pulses of previously O2-oxidized Pt
catalysts. For pre-treatment conditions of catalysts M1 and M2 see text above.
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Interestingly, the Multi-Track results appeared very representa-
tive for the behavior of the catalysts under realistic deNOx
conditions, showing a significant increase in performance after sin-
tering, in agreement with the higher reducibility of catalyst M2 in
Multi-Track conditions. Several authors have noticed an influence of
the Pt dispersion on the performance of Pt-group catalysts in HC-
SCR.44,45 Burch et al.45 presented an apparent hyperbolic relation
between dispersion of the fresh catalyst and turnover frequency
(TOF) in HC-SCR over Pt/Al2O3 and Pt/SiO2 catalysts. Catalysts
with a large Pt particle size exhibit a higher TOF than those with
small size. It was further shown by various research groups that
highly dispersed Pt catalysts undergo sintering in HC-SCR, which is
proposed to be an NO induced process.45–47 It should be mentioned
that a particle size dependency on activity of Pt catalysts has not only
been observed in reactions involving the reduction of NO,48 but also
in many other oxidation reactions. The rates of the oxidation of
propene,49 methane,44,50–52 benzene,53,54 and other hydrocarbons,54

are all increased as a function of increasing Pt particle size, which we
suggest, based on our Multi-Track data, is the result of a higher
reducibility of the Pt sites involved in the reactions.

In summary, for Pt catalysts prepared by impregnation, various
preparation variables can be changed (as indicated in the paragraph
discussing impregnation techniques in general), but the most
important factor for the eventual particle size/performance of these
catalysts is the heat treatment. Heating rate and temperature of
pre-conditioning of the Pt catalysts are crucial.

1.3.2 Precipitation vs. impregnation by ion-exchange: Au precursors
and the effect of the method of preparation and selected support
on performance in selective epoxidation of propene over
Au/TiO2 catalysts

Au catalysts have received considerable attention recently because of
the extraordinary performance in the low temperature oxidation
of CO55 and high selectivities of over 99% in the direct epoxidation
of propylene in the presence of hydrogen. Besides the extraordinary
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performance in oxidation of CO and propene, Au catalysts have also
been reported to be very effective in promoting photocatalysis.6,32,56

The preparation procedure was found crucial, in particular in
relation to the effect on the OH population of the applied TiO2

support. In photocatalysis, these OH-groups are essential for activity,
in particular for conversion in organic phases. Hugon and cowork-
ers have recently given an overview of impregnation procedures that
might lead to improved catalysts.7 Here, we will further focus on the
effect of preparation on the performance in epoxidation reactions.

The first reports of Haruta and coworkers have initiated many
ongoing academic studies that focus on the mechanism of the reac-
tions (CO oxidation and propene epoxidation) and the effect of the
Au particle size on the activity and selectivity in propene epoxida-
tion, e.g. Refs. 37, 57–63. A peroxide-like intermediate is proposed
to selectively react with propylene to yield PO.37 This was previously
illustrated in Fig. 1.12. Industrial interest has also been significant,
as patents have appeared recently on improvements of the Au/TiO2

system, which mainly claim promoters of the catalytic system to
reduce hydrogen consumption. The most recent breakthrough was
reported by the Haruta group, applying mesoporous structures and
methylation of support groups.60,61 This improvement of the catalyst
system enhanced the PO yield to about 10%.

As stated, to obtain Au particles with a high selectivity, and
stability, the preparation procedure and support appear to be of
crucial importance. Furthermore, the morphology and composition
of the support appear also of crucial importance, as is illustrated by
the following.

1.3.2.1 Experimental

To evaluate the role of the support, the following catalysts were pre-
pared.64 Degussa P25 (80% anatase, 50 m2/g), was applied as the
TiO2 support for the 1 wt% Au-catalysts. TS-1 was synthesed either
using tetraethyl orthosilicate (TEOS), TPA-OH (tetra-propylammo-
nium hydroxyde, Aldrich) and TBOT (tetrabutylorthotitanate)
(Catalyst TS-1a), or SiO2 particles (Degussa Aerosil) rather than

24 G. Mul and J. A. Moulijn
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TEOS, keeping the other ingredients and procedures similar
(Catalyst TS-1b). An extensive description of the preparation of the
TS-1 supports can be found elsewhere.

AuCl3 was used as the Au source. Incipient wetness impregnation
was performed by adding the AuCl3 solution to the appropriate
amount of TiO2 support, followed by drying at 375 K (5 K/min), and
calcination at 673 K (5 K/min) for 1 h. In a homogeneous deposition
precipitation method (method HDP-I), a gradual increase of the pH
of an AuCl3/TiO2 suspension (acidified to pH 3, and a TiO2 amount
of 100 g/L) was brought about by injection of a diluted NH4OH
solution. In a pH-static precipitation method (method HDP-II),
a solution of AuCl3 was injected at pH 10 (made basic through
NH4OH) into the TiO2 suspension (100 g/L). After precipitation,
the catalysts were filtered, dried at 375 K in static air (5 K/min) and
calcined at 673 K (5 K/min) for 1 h, again in static air. A more
detailed description of the preparation can be found in Xue et al.48

1.3.2.2 Impregnation vs. precipitation

Catalysts prepared by impregnation were found to be completely inac-
tive in the epoxidation reaction of propene.65 Figure 1.14 shows a SEM
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(a) (b)

Figure 1.14 Representative micrographs of the Au/TiO2 catalysts prepared by
impregnation (SEM micrograph, Fig. 1.14(a)) and precipitation (HDP-II, TEM
micrograph, Fig. 1.14(b)).
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picture of an impregnated Au catalyst on TiO2, and a TEM picture of
a precipitated catalyst using method HDP-II (same TiO2 support). A
ready explanation for the inactivity of the catalysts prepared by the
impregnation method is found in the large Au particle diameter,
which exceeds 100 nm, and can even be observed by SEM. This gold
particle size is very large compared to that of the precipitated catalyst,
which can only be observed using TEM. From Fig. 1.13, the Au size for
the precipitated catalyst is estimated at 3–10 nm, and particles are
homogeneously dispersed throughout the catalyst sample.

1.3.2.3 Precipitation conditions

Catalysts prepared by method HDP-I, with an Au loading of 1 wt%
or 3 wt%, showed a very high activity for hydrogenation of propy-
lene to propane at 323 K, in agreement with data provided by
Haruta.58 Minor amounts of acetone were also produced. Catalytic
activity for the formation of PO from propylene was not found.
Haruta reports that the Au particle size strongly affects the reactivity
and selectivity in the oxidation of propylene in the presence of
hydrogen. Only when the Au particles exceed 2 nm, and are smaller
than 10 nm, is the desired conversion to PO achieved. Apparently,
catalysts prepared by method HDP-I had particle sizes below 2 nm,
independent of the TiO2 support used, or the speed of base addi-
tion. This explains why mainly products of hydrogenation, rather
than epoxidation, were obtained. The minor amounts of acetone
were most likely formed by reaction of propane and oxygen.

Generally, catalysts prepared by method HDP-II with a TiO2

“concentration” of 50 g/L (or below), were not catalytically active in
the oxidation of propylene below 373 K. This suggests that insuffi-
cient nucleation sites were available for the genesis of a highly
dispersed system. In agreement with this tentative conclusion, upon
calcination Au particles were sintered to sizes larger than 10 nm,
thus explaining the low activity (confirmed by TEM analysis, not
shown).

When a specific concentration of 100 g/L TiO2 (anatase) was
applied, selective catalysts were formed. Apparently, this support
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density is high enough to achieve sufficient interaction between the
precipitating Au and the support. This resulted in the particle size
distribution shown in Fig. 1.13(b), which appears to induce selective
propene epoxidation. Using a feed of 10% propylene, 10% H2 and
10% O2 in He with a flow rate of 50 ml/min at 353 K, a propylene
conversion of 0.7% was achieved using 250 mg catalyst. The selectivity
to PO was 99%. The hydrogen efficiency amounted to an approxi-
mate 23%, the other product of hydrogen consumption being water.
Some other factors were also investigated. Lowering the pH of the
precipitation suspension resulted in a catalyst with a reduced per-
formance. Increasing the Au loading from 1 to 3 wt%, yielded
catalysts with significantly decreased activity. In both cases larger Au
particles were obtained, explaining the decreased performance.

1.3.2.4 Support effects

Many researchers have observed that the Au/TiO2 catalysts rapidly
deactivated, typically within one hour.64 Deactivation can be pre-
vented, if the TiO2 is supported on SiO2, or if TS-1 is used as the
support. However, if a silicalite-derived material containing Ti (TS-1)
is used as the support material, the preparation method of the sup-
port itself appeared to also largely affect the activity. A combined
SEM and TEM study was conducted to analyze the various catalysts
and to obtain insight into the reasons for the low activity in propy-
lene epoxidation of some catalysts, and the high activity and
selectivity of others.

Two synthesis methods were applied to prepare the TS-1 sup-
ports (TS-1a and TS-1b). It was found that, after deposition of Au by
precipitation method HDP-II, TS-1a was a good catalyst, whereas
catalyst TS-1b was totally inactive. In Figs. 1.15(a) and (b), TEM pic-
tures of the Au-TS-1 samples are shown. The morphology of the two
samples is quite different. TS-1a consisted of very small crystallites
(10 nm), agglomerated to form 150 nm particles, whereas TS-1b con-
sisted of 35 µm crystals. The size of the gold particles in the TS-1a
sample with the small crystallites, was estimated to be 3–15 nm,
which is not significantly smaller than those observed on the edges
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of the large TS-1b crystals. However, Titanium is an essential factor
in the activity of dispersed gold catalysts in the epoxidation of propy-
lene. It was therefore hypothesized that, since the Au particles were
all located on the outside of the crystals, the Ti-phase is located in
the interior of the support containing the large crystals.

Essentially the gold particles only “see” silica moieties, and do
not interact with the Ti-phase present. This hypothesis, however,
could not be verified experimentally.

Concluding, this example is probably the best to show the
dramatic difference between an impregnation procedure, homoge-
neous deposition precipitation (HDP), and precipitation at constant
pH. Impregnated catalysts are usually inactive, HDP leads to very
small particles with hydrogenation activity, whereas the use of
precipitation at constant pH yields highly selective epoxidation
catalysts. Furthermore, the morphology of the TS-1 support was
shown to play an important role in obtaining active catalysts.
Recently various alternative procedures as compared to the ones
described above are available, of which optimized impregnation,7

use of ligand protected particles,66 and photodeposition3,32 appear
quite promising.

28 G. Mul and J. A. Moulijn

(a) (b)

Figure 1.15 TEM images of Au supported on TS-1a and TS-1b, respectively.
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1.3.3 Co-precipitation: preparation of advanced CaCO3

supported Ag catalysts

1.3.3.1 Introduction

Direct oxidation of propylene to propylene oxide (PO) with high
selectivity and activity is yet to be achieved in heterogeneous cataly-
sis, as was already indicated in the description on the preparation of
the Au catalysts. Obviously, the most attractive reaction is the direct
oxidation with oxygen, rather than using the previously discussed
mixture of oxygen and hydrogen:

(1.3)

Although epoxidation of ethylene with O2 over Ag catalysts has been
industrially applied for many years, the catalysts used for this process
typically show poor selectivity in the epoxidation reaction of propy-
lene, yielding mainly CO2 and water.

The low selectivity of these catalysts in the oxidation of propy-
lene is often explained by the difference in mechanism for the
formation of PO from propene and EO from ethane.67 In both
cases, the reaction involves the interaction of the alkene with an oxy-
gen radical on the Ag surface, yielding an epoxide intermediate.68

In the case of propene, abstraction of a hydrogen atom of the CH3

group of the epoxide precursor by reaction with a neighboring oxy-
gen radical on the Ag surface results in the formation of CO2, rather
than PO (reaction pathway k2 is preferred in the above propene
epoxidation scheme). Due to the absence of the specific hydrogen
(CH3 group) in the ethylene molecule, high selectivities can be
obtained for ethylene.

The selectivity of Ag-based catalysts in propylene oxidation is
expected to improve by the preparation of Ag sites without destructive

H2C CH2CH3

CH2CH3H2C

O

CO2 + H2O

k1

k2

k3
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neighboring oxygen radicals. The formation of these isolated Ag
sites might be approached by preparation of very small Ag particles.
This might be achieved using catalysts based on zeolites and meso-
porous materials,69,70 sol-gel preparation methods71,72 or alloying
of Ag with e.g. Au.18 Unfortunately, none of these methods has
appeared to be successful in significantly improving PO selectivity in
propylene epoxidation. Another approach is based on poisoning of
a specific amount of Ag sites with either an alkali metal,73–75 or gas
phase additives, such as NO or alkyl halides,73,76 which has been suc-
cessfully used in improving the selectivity of ethylene epoxidation
catalysts. Recently the particular use of an alkali carbonate to sup-
port the Ag particles in combination with these “poisoning”
promoters has been claimed in a Canadian patent by Union Carbide
(1,282,772 (1991)). This catalyst does not necessarily contain α-
alumina, commonly used in selective ethylene epoxidation catalysts.
Besides the alkaline earth metal carbonate (Mg, Sr, Ca, Ba) as the
support material, another novel aspect is the specific use of KNO3,
in combination with NO/NO2 as gas phase additives, to enhance the
selectivity for the desired products in alkene epoxidation reactions.
Again, poisoning of a specific amount of Ag sites seems to be the rea-
son for the high selectivity of these Ag-based catalysts.

As many as ten patents have been assigned to ARCO Chemical,
all describing improvements of the Union Carbide Patent for the
epoxidation of propylene. Selectivities as high as 50% have been
claimed, in the range of 2−5% conversion, based on a 10% propy-
lene and 5% oxygen feed. Various modifications have been claimed
of which the most important one is that also silver catalysts sup-
ported on other alkaline earth metal compounds than carbonates
are active,38,41 such as calcium titanate, tribasic calcium phosphate,
calcium molybdate, or calcium fluoride, as well as the magnesium
and strontium analogues. Such supports provide significantly higher
selectivity to the desired epoxide than would be expected from the
performance of related materials. Selectivities are lower than those
reported in the original Union Carbide patent.

The specific method of preparation of the Ag catalysts is usually
impregnation of the carbonate by a solution containing silver ions
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and organic complexing agents, such as ethylene diamine, oxalic
acid, and ethanol amine.41 The patent discloses the formation of a
slurry, which is spread on a flat surface and roasted to remove
organic precursors and reduce the silver. The potassium nitrate is
added by impregnation after reduction of the silver precursor to the
metallic state, but may also be included in the silver precursor solu-
tion. The procedure is rather tedious and involves two different
impregnation steps. Recently we have developed precipitation meth-
ods (US patent 6,392,066) to obtain active catalysts based on the
compositions claimed in the Union Carbide and Arco patents. We
have found that the inclusion of lanthanum nitrate, or other rare
earth metal nitrates, in the precipitation solution is essential in
order to obtain active alkaline earth metal carbonate supported
silver catalysts by this preparation procedure. Furthermore, the
inclusion of promoting amounts of Cl− and K+ or Na+ in the precip-
itation solution significantly enhances the selectivity in propylene
oxidation.

1.3.3.2 Precipitation of carbonate supports: experimental

Precipitated catalysts were prepared by a HDP procedure. Base
injection into a precursor solution was performed using the equip-
ment described in Fig. 1.8. The base used consisted of a solution of
60 g/L K2CO3, which was injected under vigorous stirring at 5 ml/min
in to a 250 ml solution of precursor. A reference catalyst was pre-
pared by using only 5 g Ca(NO3)2

.4H2O and 2.5 g AgNO3. The pH
changed as a function of the amount of base solution injected and
the amount of remaining Ag+ and Ca2+ present in the solution.
When the precipitation rate equals the rate of base (carbonate)
injection, the pH attains a constant value (see Section 1.2). AgCO3

is precipitated before CaCO3 at pH 7, followed by CaCO3 initiating
at pH 8.5 and continuing at a steady state level at a pH of 7.5.

The procedure including structural promoters (rare earth metal
nitrates), was conducted as follows. A 4 g/L KOH and 46 g/L K2CO3

containing base solution was injected at 5 ml/min into a HNO3

acidified catalyst precursor solution (pH 3) of 2.5 g AgNO3, 5 g
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Ca(NO3)2
.4H2O, and 1 g La(NO3)3

.6 H2O. The precipitation was
completed in 50 min and injection of the basic solution was ended
at a final pH of 10. Please note that we also changed the composi-
tion of the base solution by adding KOH to the K2CO3 solution.

The precipitates were filtered (not washed), dried, and cal-
cined at 600 K (heating rate 10 K/min) for only ten minutes,
sufficient to reduce the Ag precursor without decomposition of the
nitrates incorporated into the catalyst. A yellowish/brown catalyst
was obtained.

1.3.3.3 Results and discussion

An overview of the effect of the precipitation variables on morphol-
ogy, chemical composition and performance in selective propene
oxidation is given in Table 1.1. The precipitated catalysts without La
addition to the solution showed a much lower selectivity than the
selectivity of the catalysts prepared by impregnation reported in the
Arco patents, which is 40–50% in comparable experimental condi-
tions. At most, a selectivity of 8% was obtained, at 6% propene
conversion (see Table 1.2) for these precipitated catalysts.

To modify the morphology of the catalyst system, lanthanum
was added to the precipitation solution. As indicated in Table 1.2,
this induces K incorporation in the catalyst formulation, whereas
the morphology of the silver particles was also affected. However,
a high selectivity was still not obtained. Changing the base com-
position from a K2CO3 solution to a mixed KOH/K2CO3 solution,
did not effect the performance either, although the cubic crystals
of CaCO3 were better defined, and the Ag particles were some-
what sintered compared to the preparation using the K2CO3

solution without KOH. High selectivities were obtained by using a
combination of the KOH/K2CO3 basic solution and La in the pre-
cursor solution. A selectivity of 31% to PO was obtained, which is
close to the performance of the Arco catalysts. Variation of the
amount of La affects the obtained selectivity; 7 wt% La gave the
best selectivity. Addition of La also slightly enhanced the activity
of the catalyst.
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The catalysts prepared with La surprisingly contained a higher
amount of K than those prepared without La. We suggest that La
enhances potassium uptake as the catalyst forms, because part of the
La precipitates as a mixed potassium lanthanum carbonate, i.e.
KLa(CO3)2. A similar compound has been reported for sodium in the
literature.77 A second important observation is that the presence of
both La and K in the catalyst does not necessarily induce a high selec-
tivity, unless KOH is also employed in the basic K2CO3 solution.
Omission of KOH from the basic solution results in a similar chemical
composition (compare cases two and four in Table 1.2) but a much less
selective catalyst. This is most likely a consequence of the precipitation
procedure itself. Without KOH in the base, a step-wise precipitation
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Table 1.2 Analytical data for various precipitated Ag/CaCO3 catalysts. The K, La,
Ca and Ag quantities were determined by ICP analysis.

Catalyst Sel. XRD SEM K La Ca* Ag

Base Case 8 Ag CaCO3: Cubes and 0.07 — 64.5 48
CaCO3 spheres

Ag: Round particles

Adding La 11 Ag CaCO3: Cubes − less 0.38 8.2 54.7 41.3
LaO2CO3 defined, bigger
CaCO3 Ag: Round, smaller,

needle structures

Adding 9 Ag CaCO3: Cubes − very 0.07 — 64.5 45
KOH CaCO3 well defined

Ag: Round particles,
sintered

KOH 31 Ag CaCO3: Cubes − less 0.33 8.2 52 40.2
and La CaCO3 defined, bigger
addition Ag: Small round

agglomerated
particles, web
like structure

* Percentage given as weight percent CaCO3. The composition usually adds up to 108−112%.
This indicates that part of the Ca in the precursor solution precipitated as Ca(OH)2, and is
converted to CaO, rather than CaCO3, upon calcination.
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occurs, in which La (and K) is entirely precipitated first, followed by Ag
(as the carbonate), and Ca (as the carbonate). With addition of KOH,
a simultaneous precipitation of La (and K) and Ag occurs (indicated
by the beige coloring of the precipitate), apparently increasing the
interaction between the La (and K) and the Ag. This hypothesis is cor-
roborated by EDAX analysis, which shows that La was always associated
with Ag in the catalytic composition if a KOH/K2CO3 base composi-
tion had been used. Furthermore, SEM analysis showed that only the
combination of the two modifications (OH− addition to the base and
the presence of La in the precipitation mixture), causes a unique web-
like structure of the silver particles, supported by CaCO3 crystallites
that did not show a high degree of ordering. Relatively large CaCO3

clusters formed, that had a less-defined cubic structure than observed
in the catalysts prepared without La. These results suggest that a more
amorphous structure of CaCO3 leads to higher PO selectivity. The web-
like structure of silver in the La-containing catalysts might provide
increased surface area for increased activity and an open pore struc-
ture of the active sites for increased selectivity.

As a final note on preparation of these advanced catalysts, it
should be mentioned that replacing Ca with Ba, and adding Cl to
the preparation mixture yields the best catalyst obtained to date. The
Ba-containing catalyst shows initial selectivities of up to 58% towards
PO. Unfortunately, the selectivity decreased with time on stream and
reached a steady state level of about 45% at 3% conversion at 235°C
after 3 h. It should be noted that the 45% selectivity found for the
Ba-containing catalyst is higher than obtained for the impregnated
catalyst. Besides the addition of Cl to the catalyst, the synergy
between BaCO3, Ag and La(OH)CO3 also seems to be even better
than the synergy between CaCO3, Ag and La(OH)CO3.

1.3.3.4 Understanding of the function of the components
in the catalytic formulation

Recently progress has been made to optimize the composition of the
Ag catalyst. A crucial factor of the incorporation of the K or Na in
the catalyst formulation is the effect of this promoter on the particle
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size of the Ag clusters. Lambert and coworkers41 have indicated that
an optimized particle size of Ag is in the order of 20–40 nm. These
particles are significantly bigger than previously indicated for Au
catalysts, and were obtained by applying the impregnation proce-
dures indicated in the patent literature. Also the group of Oyama38

has demonstrated and confirmed the high performance of these
catalyst formulations based on silver, and also indicated that not
only the particle size, but also the Ag morphology changes as a func-
tion of the preparation conditions. More rough and less well
structured Ag particles have been found as a result of a ball milling
procedure, which in combination with particle sizes in the order of
400–700 nm provided the most effective catalysts. Also the positive
effect of NaCl on the catalyst performance was confirmed.38 These
authors propose that NaCl not only helped increase the dispersion
of the silver on the CaCO3 support, but also probably increased the
quantity of electrophilic oxygen species favorable for epoxidation.

Very recent literature indicates that Ag clusters of only several
tens of atoms, also yield exceptionally high selectivities in epoxidation
of alkenes, other than ethane.78 The preparation of these clusters is
currently only possible in very small quantities, and upscaling of the
vacuum methodologies is very necessary.79 Perhaps also atomic layer
deposition, recently applied successfully,80–82 could provide for a
solution, in particular if this becomes feasible in a continuous mode
of operation.

1.4 General Conclusions on the Preparation
of Metal Catalysts

In this chapter, an overview has been presented on the common
techniques for the preparation of catalysts in the laboratory. It was
by no means meant as being a complete guide to the preparation of
metal catalysts, but the authors hope to have given some basic prin-
ciples, as well as some case studies that provide some new and useful
information to the reader, especially those interested in the prepa-
ration of Pt, Au and Ag catalysts. Of the preparation techniques
mentioned, impregnation is often the easiest to apply, but in the
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example of the Au catalysts it was shown that only by precipitation
of the precursor at fixed pH were selective catalysts obtained. In the
case of the advanced Ag catalysts, the used preparation procedure in
the literature (impregnation with organic precursors) could be sim-
plified by precipitation, using promoters that steer the precipitation
sequence and capture alkali ions from the solution, incorporating
these in the catalysts. We hope to have shown using the example of
the Pt catalysts that not only do the conditions for the impregnation
or precipitation itself (such as pH of solutions, suspension densities,
rate of base addition, stirring of the suspension etc.) have a pro-
found effect on the behavior and structure of the catalysts eventually
obtained, but also the applied drying procedures and, even more
importantly, the heat treatment. It is the hope of the authors that
future publications in the catalysis literature will pay more attention
to the preparation procedure used, to allow a better comparison of
catalysts in different laboratories, and to obtain improved catalysts
for the desired applications.
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CHAPTER 2

DETERMINATION OF DISPERSION AND
CRYSTALLITE SIZES FOR SUPPORTED

METAL CATALYSTS

J. A. Anderson1, M. Fernández-García2

and A. Martínez-Arias2

1Surface Chemistry and Catalysis Group, Department of Chemistry,
University of Aberdeen, Kings College, Aberdeen, Scotland, UK

2Instituto de Catálisis y Petroleoquímica, CSIC, C/Marie Curie,
Cantoblanco, 28049 Madrid, Spain

2.1 Introduction

The aim of any dispersion measurement (Dispersion, D) for a sup-
ported metal should be to determine the ratio of the number of
surface metal atoms (Ns) to the total number of metal atoms (Nt)
within the system, i.e.

D = Ns/Nt. (2.1)

Although more rigorous quantitative descriptions of dispersion
can be employed,1 for the purpose of the present chapter, this will
suffice. In general, a measurement of dispersion is obtained either by
chemical means whereby the amount of gas (usually carbon monox-
ide, oxygen or hydrogen) required to complete monolayer coverage
is determined, or by physical means whereby an average particle size
is found from which the surface/bulk ratio may be determined by
making an assumption regarding particle shape. In either case, the
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outcome provides a means by which metal surface area may be cal-
culated and thus permit the activity of a group or series of catalysts to
be compared on a per site or unit area basis rather than a per gram
of metal basis, which given the surface nature of catalysis, allows a
more appropriate method of comparison. However, neither method
allows discrimination between active/inactive sites or accounts for
the fact that a reactant molecule may require more than one metal
atom as an adsorption site or require a particular arrangement of
metal atom sites, and thus presentation of actual figures for turn-over
frequency (activity per unit site) derived following measurement of
dispersion should be considered as a method of comparison rather
than as a stand-alone value of true significance. Notwithstanding the
limitations arising from the use of dispersion derived values to com-
pare activities, the determination of dispersion provides a valuable
method by which different preparation methods may be compared
in an effort to optimize metal area, and allows the extent of deacti-
vation due to sintering and poisoning to be measured.

2.2 General Considerations

2.2.1 Physical methods

Physical methods for size determination are mainly related to the
use of X-ray based diffraction, scattering and absorption techniques,
microscopy, and magnetic measurements. Physical and chemical
methods may be combined, for example in the use of infrared spec-
troscopy coupled to the use of probe molecules such as CO to
determine the fraction of exposed metal atoms. However, as
Chapter 4 will deal with characterization of supported metal systems
by X-ray absorption and infrared spectroscopies in some detail, they
will not be included here.

2.2.1.1 XRD

As indicated above, physical methods provide a means by which the
dispersion is derived from measurement of particle size. In actual
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fact, the value referred to as particle size when obtained by X-ray dif-
fraction, should be termed crystallite size as the particle may contain
several crystallites and the parameter being measured is the effective
length in the direction of the diffraction vector along which there is
coherent diffraction. Additionally, for the case of X-ray diffraction,
the value obtained is inherently an average value given that the sam-
ple will contain a distribution of particle sizes and the quantity to be
determined from the XRD pattern is the line broadening, β, which
is related to the particle size D by the Scherrer equation:

(2.2)

where λ is the wavelength of the radiation employed, θ is the Bragg
angle and k is a constant which depends on the shape of the crystal-
lite. The standard method of obtaining a value for line broadening
(β1/2) involves measurement in radians of the full width of the dif-
fraction line at half maximum (FWHM). However, it is also possible
to obtain a value (β1) by measuring the integral width over the whole
reflection intensity and dividing this by the intensity maximum. The
value of constant k also depends on the method used to determine
peak width (and on particle shape) and lies between 0.84 and 0.89
when β1/2 is used, or between 1.00 and 1.16 when β1 is employed.
Crystallite size is not the only source of line broadening in a difrac-
togram. However, instrumental broadening can be accounted for by
measurement of a reference profile (e.g. NaCl or quartz) which
involves a sample of crystallite size > slit width. Assuming the profiles
have a Gaussian shape, the value β may be obtained from β2 = βs

2 – βR
2,

where the subscripts S and R refer to the sample and reference
peaks, respectively. Additional strain effects on line shape and width
must be also considered, as detailed below.

The intensity of the diffracted radiation is related to the
square of the atomic number and hence for the case of supported
metal catalysts, the lower limit of sensitivity is likely to fall around
0.3 to 0.8 wt% loading. Additionally, once the crystallite size falls
below ca. 2–4 nm, the diffraction line becomes so broad and

D
k

=
cos 

λ
β θ 
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diffuse as to render difficult extraction by subtraction from the
background signal due to the support. Background subtraction is
a common method of obtaining the XRD pattern of the sup-
ported metal component although it is also possible to determine
the metal fraction responsible for the peaks due to the latter, by
employment of suitably adapted quantitative Rietveld analysis. In
the former approach, it is usually necessary to perform appropri-
ate scaling of the signal due to the support pattern until the latter
may be correctly superimposed over different wide ranges of the
supported catalyst pattern. Although information may be derived
from use of a peak due to a single reflection (usually the most
intense peak), information may be extracted using the whole dif-
fraction profile by the use of Fourier analysis,2 although in the
case of supported metal catalysts, this is often limited to a few
reflections. The advantage of employing Fourier analysis over sev-
eral diffraction lines is that lattice microstrain analysis is possible
by employing the Warren–Averbach method.3

(2.3)

The remaining contribution to the instrument corrected Fourier
whole transform, A(L), of the peak profile, yields surface weighted
average sizes from L-axis intercepts of tangents drawn to the As(L)
transformed profiles,4 where the latter refers to the Fourier trans-
form due only to size effects. Multiplication of the derived value by
3/2 yields the diameter for a single spherical particle,4 and may hold
for a distribution of differently sized spherical particles.5 Line broad-
ening analysis and X-ray scattering are both covered in a relevant
review chapter concerning X-ray techniques in catalysis,6 and in a
review document dealing with supported catalysts.7

2.2.1.2 X-ray scattering

In addition to line broadening, metal particle size for a supported
metal catalyst may be determined from X-ray scattering techniques
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such as Wide Angle X-ray Scattering (WAXS) and Small Angle X-ray
Scattering (SAXS). The latter techniques measure particle size
whereas line broadening measures crystallite size. This may give rise
to differences in information obtained by line broadening and
SAXS (or TEM) where multidomain particles are present. Advances
in the employment of Anomalous Wide Angle X-ray Scattering
(AWAXS) have recently been reviewed.8 These techniques have
received less widespread application than XRD as they are less com-
monly available. Additionally, both AWAXS and ASAXS require the
use of synchrotron sources and reliability of results obtained depend
upon the metal under investigation. SAXS is limited to applications
where there is a similarity between the scattering characteristics of
the support and the supported metal particles, which permits a
straightforward subtraction of the former to obtain the required
information regarding the metal crystallites. However, this condi-
tion is seldom met due to interference effects originating between
the metal particles and the pores. Pore maskant methods, involving
the use of materials such as CH2I2 with similar electron density as the
support, may be employed to overcome this effect9 although appli-
cation is not straightforward. Compressing the samples at extremely
high pressures to collapse the pores has also been applied. An alter-
native involves the use of ASAXS.8

2.2.1.3 Magnetic measurements

The magnetic properties of small ferromagnetic particles have been
observed to display important size dependence.10–12 This is useful in
obtaining particle size information in catalysts containing a supported
ferromagnetic metal (among individual transition metals, Fe, Co, and
Ni, although mixtures of these with other metals can also present such
a property) or metallic oxide. When the particles are sufficiently small
such that the particle magnetic moment can achieve thermal equilib-
rium in the time of the measurement, the ferromagnetic particles are
said to behave as super-paramagnets, i.e. each particle can be consid-
ered as a paramagnetic centre with a gigantic magnetic moment (µ).
Since the thermal barrier for magnetization relaxation is proportional

Determination of Dispersion and Crystallite Sizes for Supported Metal Catalysts 45

b1215_Chapter-02.qxd  11/28/2011  5:03 PM  Page 45



b1215 Supported Metals in Catalysis

to the particle volume, the temperature at which such a state is achieved
(so called blocking temperature or TB) is inversely proportional to the
particle size; for instance, for indicative purposes and considering the
practical conditions employed in electron spin resonance (ESR) instru-
ments, TB is estimated as 61 K for 4 nm spherical particles in which
the anisotropic magnetic field within the particles is assumed to be
exclusively magnetocrystalline.10,11 Below TB the magnetization of the
particles would depend on their magnetic history. However, above TB,
and assuming a system of non-interacting magnetic dipoles (as it
occurs for well dispersed supported metal systems), the magnetization
of the super-paramagnetic system (M(H,T)) follows a Langevin law
and its susceptibility a Curie function:10,11

M(H,T) = Ms(T)L(χ)
L(χ) = coth(χ) − χ−1

χ = µH/kT = Ms(T)VH/kT

where Ms(T) is the spontaneous magnetization per unit volume, V
the volume of the particles, H the applied external field, k the
Boltzmann constant and T the temperature.

On this basis, a representation of the magnetization (that can be
obtained in general with magnetometers or can be considered pro-
portional to the ferromagnetic resonance signal obtained in ESR
spectrometers) vs. temperature yields thermomagnetic curves as a
function of the particle volume.11 From comparison of experimen-
tal data with such curves, an estimation of the mean particle size can
be obtained. Size distributions can also be obtained by a similar
method, by considering the dependence of µ with the particle vol-
ume in the corresponding integral form.12,13

2.2.1.4 TEM

Transmission electron microscopy (TEM) is a powerful and rou-
tinely employed technique for the analysis of particle size and
morphology in supported metal catalysts. A more thorough
description of its uses and applications is provided in Chapter 3,
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however for completeness, this overview is included in this chapter.
The use of HRTEM, including studies of supported metal and
bimetallic catalysts, and the inter-relationship with other tech-
niques for structure determination, has recently been reviewed.14

As an important difference with X-ray diffraction or scattering
techniques or those based on measurement of magnetization (or
other spectroscopic techniques that can be employed to obtain
estimates of average particle size, such as EXAFS or IR employing
probe molecules, as covered in Chapter 3 of this book) the possi-
bility given by TEM of direct observation of individual particles
allows size distributions for the supported metal component to be
obtained, given that the information obtained can be considered
as representative of the examined sample (i.e. that a sufficient
number of particles is obtained in the micrographs for giving reli-
ability of the counting statistical analysis; in this respect, the
information obtained under low magnification conditions may suf-
fice from a practical point of view).4 The information provided by
TEM is obtained in the form of micrographs (theoretical aspects
of TEM imaging can be found elsewhere),15–19 from which (mainly
using those obtained in real space) particle size data are directly
extracted either manually or with the use of computer programs.
In principle, any of the techniques associated with the analysis of
the electron beam transmitted by the sample (either classic bright-
or dark-field TEM imaging, analysing essentially the main central
or a determinate diffracted beam, respectively, high resolution
electron microscopy (HREM) employing usually both the main
central and diffracted beams to form the image, or scanning trans-
mission electron microscopy with high angle annular dark-field
detection (STEM-HAADF) analysing the inelastically scattered
beam at high angles and giving rise to Z-contrast images) can be
employed to analyse supported metal characteristics.4,20–24 In the
case of supported metal catalysts essentially constituted by two dif-
ferent phases, differential contrast analysis which depends
essentially on the structural and chemical characteristics of each of
the phases as well as on general morphological aspects of the sam-
ple mainly determines the type and quality of the information
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obtained.4,20 In any case, the usual large differences in atomic
numbers between the metal and its support facilitates the identifi-
cation of small metal particles in the micrographs while
determination of particle size from the micrographs does not nec-
essarily require a detailed interpretation of the contrasts obtained
in the pictures. Nevertheless, computer simulations might be
needed to analyse every specific case and in particular to establish
the detection limit of the technique,20,21 as will be outlined below.
Several monographs or review articles are available in the litera-
ture containing examples on the use of this technique for particle
size or morphology analysis in supported metal systems.20–22,24

Despite the invaluable information that can be gained using
TEM techniques on the properties of the supported metal compo-
nent (or the support itself) of this type of system, several inherent
characteristics of the technique must be taken into account and con-
trolled in order for proper characterization of the metal particles to
be obtained. Thus, interactions of the sample with the electron
beam can lead to sample damage as a consequence of effects of
charging or melting-sintering-recrystallization of the metallic parti-
cles.4 In this respect, the electrical and thermal properties of the
support can play a role in dissipating electrical or thermal energy,
thus minimizing such effects.4 On the other hand, modifications
induced in the metallic particles as a consequence of the necessity
to expose the catalyst to air in the absence of a controlled atmos-
phere (or in situ) instruments must be also taken into account.

A relevant point in the analysis of particle size by TEM is related
to the detection limit of the technique. In the general case, such a
limit is both sample and instrument dependent, its most precise
determination requiring image simulation of structural models of
the supported metal catalyst.20–22 A complete example of application
of this method to HREM images of Rh/CeO2 systems has been
reported by Bernal et al.,21 showing a detection limit for the rhodium
particles of about 1 nm in either profile or planar view.21,25 In general
terms, particles larger than 1 nm can be readily detected both by
bright- or dark-field electron microscopy although in most
favourable cases, a lower limit can be reached as demonstrated by the

48 J. A. Anderson, M. Fernández-García and A. Martínez-Arias

b1215_Chapter-02.qxd  11/28/2011  5:03 PM  Page 48



b1215 Supported Metals in Catalysis

successful HREM bright-field imaging of 3-atom clusters of Os on
alumina.20 Nevertheless, general detection of small metallic clusters
is most favoured in STEM-HAADF instruments as a consequence of
the higher sensitivity to atomic number differences.22,24

On the other hand, estimates of the metal dispersion have been
achieved by use of HREM.26 Thus, such parameters can be inferred
from the particle size distribution by assuming a certain metal parti-
cle geometry (equations relating this to Ns and Nt being available),27

structure and orientation with respect to the support.25,26 Application
of such an approach becomes extremely useful in cases when such a
parameter cannot be readily obtained by chemical methods as a con-
sequence of relatively strong spillover phenomena, such as that
which occurs for systems supported on ceria-related materials.25,26,28

2.2.2 Chemical methods

2.2.2.1 Chemisorption

Unlike physical methods, where a direct measurement of metal
crystallite size is made, chemisorption methods provide a surface
average crystallite size via adsorbate-surface metal atom interac-
tions. This may require that certain assumptions are made such as
that all surface metal atoms are free from other adsorbates such as
coke or other poisons, that the surface metal atoms are all in an
appropriate oxidation state (usually zero) and that the adsorption
stoichiometry is known and is independent of crystallite size. The
assumption regarding the metal being free from coke or other poi-
sons accumulated during use, implies that the accuracy with which
chemisorption determines dispersion for a used catalyst may not be
as good as for a fresh catalyst and that other physical methods may
be more appropriate. Depending on how the measurement is
made, for example by static or dynamic means, the strength and
kinetics of the adsorption may also be important. Although several,
if not all of the above, may be determined, it is clear that chemical
methods require much more rigorous control over preparation
and pre-treatment than their physical counterparts in order to
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avoid inaccurate determination of dispersion or particle size. As the
main adsorbate molecules used in determining dispersion (hydro-
gen, oxygen, carbon monoxide and nitrous oxide) are adsorbed in
a known manner over reduced metal surfaces, an important step
prior to measuring gas uptake is pre-reduction of the surface. As it
is important that this treatment is not so severe as to modify the dis-
persion of the supported metal catalyst, it is possible that a fraction
of the metal remains in an unreduced state. This fraction may be
significant, for example low loaded nickel catalysts are often less
than 30% reduced.29 It is therefore important to either confirm
that complete reduction is achieved under the selected pre-treat-
ment condition, or to perform an evaluation to determine the
percentage reduction. This may be achieved by conducting a TPR
(temperature programmed reduction) with calibrated TCD (ther-
mal conductivity detector) signal or an isothermal gravimetric
measurement in hydrogen at the selected reduction temperature.
It is also possible to determine the reducible fraction by reacting
the reduced catalyst with oxygen at a temperature at which bulk,
stoichiometric oxide is formed and measuring the oxygen con-
sumed. For example, O2 uptake at 723 K is assumed to convert Ni
to NiO from which the proportion of reduced Ni in the catalyst
might be determined.29 Sample pre-treatment procedures for sup-
ported Pt Ni, Cu and Pd catalysts are outlined in a British Standards
document.30

2.2.2.2 Choice of method

The quantity of molecules selectively chemisorbed by the metallic
component of the catalyst may be determined by what are com-
monly described as static (volumetric) or dynamic (flow) methods.
The former is performed at reduced pressure and involves allowing
the system to reach equilibrium between the adsorbed and gaseous
states. The later group of methods, which involves pulsed
chemisorption, are generally performed at atmospheric pressure
and the equilibrium between adsorbed and gas states is not achieved
(or maintained).
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Static methods

This is conducted under isothermal conditions and involves dosing
gas from a chamber of known volume into a vessel containing the
sample which has previously been pre-treated (reduced) and then
outgassed under high vacuum conditions. A low pressure of gas
from the calibrated vessel is expanded into the vessel containing the
catalyst and the system allowed to reach equilibrium. Equilibration
time may range from 5 min to 1 h. The number of moles consumed
by the metal is measured from the decrease in pressure of the sys-
tem beyond that due to gas expansion. This measurement is
repeated by increasing the pressure of gas admitted to the sample
and again allowing equilibrium to be attained. The volume of gas
adsorbed by the sample (Va) at each equilibrium pressure is then
plotted (Fig. 2.1) against equilibrium pressure (usually a minimum
of five data points) to yield the adsorption isotherm. The plot usu-
ally takes the form of a steadily increasing curve terminated by a
plateau region during which the sample shows no further increase
in uptake despite increased gas pressure. When the isotherm takes
this form and conforms to the Langmuir model, the volume of the
chemisorbed monolayer (Vm) is determined by extrapolation of the
linear region of the isotherm to Peq = 0. This procedure, involving
deriving Vm by extrapolation of the linear part of the isotherm, may
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Figure 2.1 Adsorption isotherms where the monolayer is obtained (LHS) directly
from the isotherm or (RHS) from application of the double isotherm method.
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also be employed when the linear part shows a progressive increase
in Va with increasing Peq. The reason for this progressive rise may be
the consequence of progressive removal of a poison which is dis-
placed as the adsorbate pressure is increased. Under these
conditions, the isotherm no longer shows such a characteristically
sharp “knee”. One example of this behaviour31 is when the catalysts
contains Cl− ions, either due to selection of the catalyst precursor or
resulting from the use of Cl containing gases during regeneration
treatments of sintered catalyst.

However, the most common reason for the rise in the linear part
of the isotherm is the result of weak adsorption resulting either from
direct adsorption onto the support or resulting from spillover of the
adsorbate onto the support following activation on the metal compo-
nent of the catalyst. In order to distinguish this “reversible” form of
adsorption from the “irreversible” form due to adsorption on the
metal, it is common practice to measure a second adsorption isotherm
immediately following the measurement of the first isotherm but inter-
vened by a brief period of evacuation at the adsorption temperature.
Subtraction of the second isotherm (reversible component) from the
first isotherm (total adsorption) provides a measure of the strongly
chemisorbed gas (Fig. 2.1). This double isotherm method has received
significant criticism32,33 since the amount of adsorbed gas removed by
evacuation is largely a consequence of experimental rather than ther-
modynamic parameters. For example, the pumping speed and
evacuation time are crucial in determining how much “weakly”
adsorbed species are removed32,33 although 30 min is the usually
recommended period of evacuation.30

As there is a difference between the heat of adsorption of this
“weakly” bound adsorbate on the support and the more strongly
bound “irreversible” adsorption on the metal, it is possible to deter-
mine monolayer capacity of the metal by noting the value of coverage
at which the heat of adsorption abruptly decreases to give a constant
value.33 Heats of adsorption may be obtained from isochore type
measurements where variations in pressure are measured while vary-
ing the temperature after exposing the catalyst to different initial
amounts of adsorbate.
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Dynamic methods

These are usually more rapid than static methods as it is unnecessary
to carry out calibration (e.g. to determine free space) and it is not
essential to allow equilibration between gaseous and adsorbed states
to occur. Dynamic methods may be the most suitable method for
determination of certain metal surface areas, for example the deter-
mination of copper metal area by reactive frontal chromatography.34

In this method, the sample is reduced and then held in a flow of He.
To this He is added a low concentration of N2O while the sample is
held at a temperature below that at which bulk oxidation might be
expected. The amount of N2 released prior to N2O breakthrough is
determined by either TCD or mass spectrometer and thus corre-
sponds to the amount of oxygen atoms chemisorbed of the metal
surface. Knowing the stoichiometry between surface metal atoms
and chemisorbed oxygen atoms allows calculation of metal surface
area and thus dispersion and average crystallite size. This method
has been most widely used for the determination of copper disper-
sion, although it has also been applied to supported Ru catalysts.35

While the use of N2O decomposition is most commonly applied
using a flow of the diluted gas, it may also be employed by exposing
the sample to calibrated pulses of N2O.

Pulse chemisorption (Fig. 2.2) involves exposing the reduced
catalyst to a number of pulses of adsorbate gas from a calibrated
loop which are passed over the catalyst in a flow of inert carrier at
atmospheric pressure. Early studies employed only a single pulse
with a recommended volume of ca. twice the volume likely to be
consumed.36 The quantity of gas remaining (i.e. not adsorbed) from
the pulse is measured by TCD and in a typical experiment the first
two or three pulses would be completely consumed while only frac-
tions of the subsequent peaks would be taken up by the sample.
Eventually, the area of the peaks detected reaches a constant level
indicating that the sample has reached monolayer capacity. The vol-
ume of gas adsorbed is calculated from the sum of the areas of peaks
fully consumed plus the areas of the partially consumed peaks by
equating the area of a peak eluted where no gas was taken up with
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Figure 2.2 Example of pulse chemisorption where 0.285 cm3 pulses of CO are
introduced to the catalyst at 298 K every 10 min and the volume adsorbed is appar-
ent from differences between the peak area of the initial peaks compared to the
final (full area) peaks.

the volume of gas involved in each pulse. In actual fact, the area of
the peaks eluted once no evidence for further adsorption is appar-
ent are often smaller than those observed for a pulse in the absence
of the catalyst. This is a consequence of an amount of weakly
adsorbed gas which is released by the sample between pulses, and
which results in an equivalent amount of the subsequent pulse being
consumed. It is clear that pulse chemisorption measures only the
amount of strongly or irreversibly adsorbed gas.

An alternative, dynamic method of determining the number of
chemisorbed molecules/atoms, involves performing a measure-
ment during the desorption rather than the adsorption stage.
Temperature programmed desorption (TPD) involves measure-
ment of the amount of gas released by the solid following
pre-treatment (reduction), adsorption, and then a flushing stage in
inert gas to remove weakly held and physisorbed contributions. This
method has the advantage of providing details of the heterogeneity
of the surface as indicated by the shapes of the profiles and the
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proportions of molecules released at a particular temperature.
However, high temperature desorption peaks may often be traced to
release of gas from the support,37 for example, hydrogen which was
spilled over onto the support during the adsorption process and
then released under TPD conditions as a result of re-oxidation of
reduced surface sites by water or hydroxyl groups.38

2.2.2.3 Choice of adsorptive

The decision to use a particular adsorptive gas or procedure to
determine the dispersion of a particular supported metal catalyst
will involve the requirement to minimise adsorption on the support
and on exposed, unreduced ions of the metal, avoid multilayer for-
mation or absorption of the adsorptive and to form an adsorbed
monolayer with a well-defined, uniform and known stoichiometric
relationship between adsorbate and adsorbent. As this clearly differs
from metal to metal, these will be addressed individually below,
although common factors exist which may drive the choice of
adsorptive irrespective of the metal being examined. For example, a
preference for the use of CO over hydrogen as adsorptive is usually
based on a concern that a fraction of the consumed hydrogen, par-
ticularly in the case of static measurements, may originate from
adsorption on the support due to spillover from the metal to the
support and involving hydroxyl groups on the latter. This may give
rise to considerable overestimation of the H:M ratio, especially
where supports involving oxygen storage components such as ceria
or ceria-zirconia are concerned.39,40 This may be overcome by
performing the adsorption experiments at ca. 195 K rather than
298 K.39,40 The additional complications of performing the adsorp-
tion at temperatures below 298 K to kinetically hinder the spillover
process and which might also involve performing double isotherm
measurements to determine the contribution from weakly bound
species which are promoted under these conditions, means that a
single experiment using CO at room temperature may prove to be
the more attractive option. In fact, Perrichon et al.40 have shown that
for Pt/CeO2-ZrO2 catalysts the dispersion values provided by the
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double isotherm method at 195 K using hydrogen are consistent
with the CO chemisorption values obtained at room temperature
where the latter is followed by FTIR spectroscopy which allows
adsorption on the support to be distinguished from adsorption on
the Pt surface. Although contributions from CO adsorbed on the
support are generally neglected, it is known that CO is consumed by
oxides such as alumina41 and titania42 at 298 K both directly as
adsorbed CO at exposed Lewis acid sites in the oxide surface and in
the form of carbonates, bicarbonates and formates.

Platinum

These are probably the most widely studied of all supported metal
catalysts owing to their widespread use in reforming (see Chapter 6),
automotive (see Chapter 8) and fine chemicals (see Chapter 9)
applications. Carbon monoxide is often used to determine the disper-
sion of these catalysts although the appropriateness of assuming that
the stoichiometry is equal to 1:1 depends strongly on the metal particle
size. Vibrational spectroscopic studies of supported Pt catalyst provide
clear evidence that both linear (1:1) and bridged (2:1) forms of car-
bon monoxide are normally present.43–45 Less abundant, three-fold
bridging sites (3:1) may also be present.44 However, simple integration
of the two main IR bands does not alone provide access to the
bridged:linear ratio as the molar absorption coefficients are quite dif-
ferent for the two adsorbed forms, with the former having a value ca.
ten times lower than the latter. Justification for the use of a 1:1 stoi-
chiometry to calculate dispersion, based on the relatively low intensity
of the bridged bound carbonyl is therefore not well founded. Gruber36

provided an empirical correlation for CO on Pt to account for the
change in CO:Pt ratio as a function of dispersion. However, this was
based upon observation that the proportion of bridged carbonyls
decreases as the dispersion decreases, which is at odds with some sug-
gestions that bridge bonding predominates on large crystallites while
linear bonding predominates on highly dispersed Pt.46 Spectroscopic
studies on the other hand, often find a decrease in the bridging : linear
ratio following higher temperature reduction,47 although this may be
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attributed to an annealing of the particle surface and a change in
morphology47 rather than implying a change in dispersion.36

Comparative studies report that although CO and H atoms chemisorb
with similar stoichiometry on small Pt crystallites, large Pt crystallites
adsorb relatively less of the former48 which could be interpreted as a
change in adsorption stoichiometry at lower dispersion. Rather than a
change in stoichiometry at an individual adsorbate-adsorbent level, the
reduction in overall CO consumption relative to hydrogen may reflect
that the former adsorbate has a greater degree of sensitivity to the par-
ticular exposed crystal facets, the proportion of which will be highly
dependent on the crystallite size.49 For example, saturation coverage
on the (110), (100) and (111) platinum single crystal faces is reached
at CO:Pt values of 1.00 :1,50 0.77:1,51 and 0.64:1,52 respectively, sug-
gesting a reduction in CO adsorption stoichiometry with increasing Pt
surface atom coordination. The EUROPT-1 (6.3% Pt/SiO2) catalyst
with a dispersion of ca. 60% as determined by TEM, consumed ca.
200 µmol g−1 H2

53 but only 185–230 µmol g−1 CO54, the latter consistent
with a 1:1 CO:Pt stoichiometry and therefore inferring, that at this
level of dispersion, the adsorption stoichiometry for hydrogen is
greater than that of CO. However, additional consumption of hydro-
gen may be accounted for by spillover onto the support although this
is more likely to account for greater hydrogen than CO uptakes at high
dispersion when the amount of metal support interfaces sites is at its
greatest. A further reason why measurements using CO and hydrogen
may not correlate involves cases where the pre-treatment conditions
fail to achieve complete reduction of the platinum as CO will adsorb
on exposed Pt ions45,55 while this is not expected of hydrogen. The frac-
tion of unreduced Pt is seldom calculated or considered when
determining Pt dispersion despite the fact that TPR traces of Pt cata-
lysts, particularly in the presence of chloride, often show reduction
features above 773 K.56

Assuming that spillover can be either suppressed or accounted
for, hydrogen is usually the recommended9,48 adsorptive for deter-
mining Pt dispersion as the H:Pt stoichiometry is well established
from combined chemisorption, TEM and X-ray line broadening
experiments as being 1:1.48,57,58 However, there are indications that
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at high dispersion, the H:Pt ratio may exceed one. Using isochore
measurements, a hydrogen atom to total Pt ratio of 1.28 :1 was
obtained for the EUROPT-1 reference catalyst.33 Given that the dis-
persion of Pt measured by various laboratories using TEM was
around 60%59,60 a H:Pt (t) of 1.28:1 would equate to an adsorption
stoichiometry of around 2:1. However, TPD studies using the same
catalyst,53 revealed four states of adsorbed hydrogen including a
high temperature desorption state which was assigned to spillover
hydrogen on the silica support. When only the latter of the two
states assigned to hydrogen on platinum was considered, good cor-
relation was obtained between the dispersion calculated by TEM
(60%) and chemisorption (65%). The neglected additional state
due to adsorption on Pt which could be desorbed at ca. 200 K, was
assigned to weak adsorption on low coordination sites which could
adsorb more than one H atom or even molecularly adsorb H2.53

As these low coordination sites are likely to make a large contribu-
tion to the total number of exposed Pt sites on a well-dispersed
catalyst,49 the use of double isotherms and other procedures to allow
for this contribution must be considered to avoid overestimation of
dispersion where a 1 :1 H:Pt stoichiometry is applied.

In the same way in which a H:Pt stoichiometry of 1 :1 may be
inappropriate at high Pt dispersion,33 an O:Pt ratio of 1:1 may not be
appropriate for determining Pt dispersion where small particles are
involved and a value of less than 1 O:Pt should be used.34,61 However,
this finding is not supported by adsorption calorimetric studies of
oxygen over Pt/TiO2 catalysts with loadings between 0.001 to 1.83 wt%
which concluded that the O:Pt stoichiometry was 1 for all catalysts.62

Additionally, any oxygen consumed by the support was molecular
compared to the dissociative adsorption on the metal and no
spillover was evident. This contrasted with the significant amounts
of hydrogen which were spilled over under similar experimental
conditions.38 An O:Pt ratio of 1 :1 was found for the EUROPT-1
Pt/SiO2 catalyst with high (65%) dispersion as determined by
TEM,54 although the outcome of the study conducted by many
European laboratories was that oxygen chemisorption did not
provide a reliable form of determining Pt dispersion due to its
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potential to cause serious surface perturbations of Pt surface atom
positions. There is also evidence to suggest that the stoichiometry of
oxygen chemisorption on Pt is dependent on the thermal history of
the catalyst, possibly reflecting changes from a defective form to an
equilibrated form of lower surface free-energy.48 This may also
explain why repeated H2-O2 titration leads to enhanced hydrogen
uptakes but reduced oxygen consumption.55

The use of H2-O2 titration is a method of enhancing the sensi-
tivity relative to a standard hydrogen chemisorption measurement
which involves the use of hydrogen to titrate a chemisorbed layer of
oxygen.63 The enhanced sensitivity results from an increased hydro-
gen consumption as the stoichiometry is raised to 3 H:1 Pt:

Pt-O + 1.5 H2 → Pt-H + H2O. (2.5)

Later studies64 however, found that the stoichiometry of the titration
was closer to 4:1 implying that Pt-H2 species were formed. This differ-
ence in the values obtained by different laboratories may have been a
consequence of the different dispersions being considered as Wilson
and Hall58 found that the ratio of O2 chemisorption:H2 titration
ranged from 1:3.8 to about 1:3 for Pt/SiO2 catalysts, with the latter
value obtained for poorer dispersed catalyst as indicated by TEM and
X-ray line broadening. However, rather than attributing this to the
presence of Pt-H2 species at high dispersion,64 they concluded that it
was the stoichiometry of the O2 chemisorption which showed particle
size dependence,58 consistent with the proposal61 that oxygen uptake
on small particles is less than 1 atom per surface Pt.

Palladium

Unlike the case of supported Pt catalysts which show IR spectra of
adsorbed CO to exist predominantly in the linear (1:1) form,43,44

spectra of supported Pd catalysts also show significant contributions
from bridged carbonyls.65–67 Linear carbonyls (ca. 2,090 cm−1) may
arise due to adsorption on (111) type facets,65 although for very
small particles, a preference for linear carbonyl formation has been
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observed.68 This is consistent with results of a TPD and SSIMS study
of Pd particles with mean diameter > 5 Å and < 5 Å which showed
that CO on edge sites were adsorbed in the linear mode.69 The
bridged carbonyls reflect Pd:CO ratios of 2 :1 and 3 :1 and proba-
bly arise from adsorption on (100) and (111) type facets on small
crystallites, respectively. However, as two-fold bridging sites may also
exist at steps and edges on small crystallites, the ratio of
linear : bridged sites may be low on small crystallites and show a
dependence on dispersion. As the distribution of the different Pd
facets varies with crystallite size49 and the ratio of the maximum
number of adsorbed molecules to number of surface Pd atoms dif-
fers from one plane to another,70 a constant CO:Pd stoichiometry
across a wide range of dispersions is not expected. Despite this,
recent careful studies using X-ray line broadening, TEM, and SAXS
to measure crystallite sizes for Pd supported on carbon, alumina
and silica report that a Pd/CO stoichiometry of 2 is of general valid-
ity independent of the nature of the support or Pd dispersion when
measurements are performed using pulse chemisorption.5,71,72 The
same authors had earlier reported that agreement between disper-
sion measurements obtained by CO chemisorption and SAXS
could be obtained when using a Pd/CO chemisorption stoichiom-
etry of 2 except in the case of the most dispersed Pd/SiO2 catalyst
where a stoichiometry of 1.3 was required for agreement with SAXS
data.73 Sheu et al.74 reported that for a particle size of 50 Å the
CO/Pd stoichiometry was around 1.9 but fell to about 1.65 for a
particle size of 15 Å. The latter value is more consistent with the
British Standards recommended value30 which assumes an equal
proportion of linear and bridged (two-fold) species are present and
also with the Pd/CO ratio obtained by paramagnetic susceptibility
measurements where the magnetisation of 1.5 Pd atoms could be
cancelled out by the addition of each CO molecule.75 This value
also provided correlation with particle sizes obtained by TEM for
Pd/SiO2 catalysts76 whereas a Pd : CO stoichiometry of 1 :1 gave good
correlation between dispersion and nitrobenzene hydrogenation
activity,77 and other examples of the use of the latter stoichiometry
are commonplace.78 The 2 :1 Pd:CO ratio has also been used in
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cases of selective deposition of promoters/poisons where a system-
atic removal of, in this example, on top sites would increase the
average adsorption stoichiometry.79

In addition to CO adsorption by the support, CO may also be
taken up by exposed Pd cations,80 which may take the form of Pd3+,
Pd2+, and Pd+66. The concentration of unreduced palladium is sel-
dom reported.

While the use of CO as adsorbate to determine dispersion suffers
from the range of proposed CO:Pd stoichiometries, hydrogen is also
a problematic adsorptive in that unless certain precautions are taken,
both adsorption and absorption may occur. Exposure of supported
Pd catalysts to hydrogen at room temperature leads to the formation
of β-Pd-Hx where x decreases as the Pd dispersion increases.73,81 While
Boudart and Hwang81 found that the solubility of hydrogen dropped
to zero only when the dispersion approached 100%, Nandi et al.82

report that the amount of β–hydride formed becomes insignificant
for Pd dispersions greater than 30%. Although absorbed hydrogen in
the β–hydride phase may be removed by outgassing at room temper-
ature,81 the procedure normally employed70,80,83 to measure dis-
persion involves exposure of the supported Pd catalyst to hydrogen
at 343 K to avoid its formation. One report indicates that even at 
343 K, β–hydride was formed at hydrogen pressures above 80 Torr
and suggested a maximum pressure of 20 Torr.84 Under these condi-
tions, minimal amounts of α-hydride were formed which over-
estimated the adsorption capacity of Pd/sepiolite catalyst by only ca.
2%. The use of higher temperatures may lead to an underestimation
of the Pd surface area.81 Although Pd is known to absorb hydrogen
at low temperature, it has been argued85 that the high temperature
procedure is not essential and it is common to find adsorption tem-
peratures between 298 and 308 K75,78,85 being employed. Assuming
that the formation of bulk hydride can be avoided, there is a general
consensus75,78,83–85 that the ratio of H : Pd equals 1:1 irrespective of the
support type or Pd dispersion. A difference between average particle
sizes determined by TEM and hydrogen chemisorption has been
attributed83 to polyhydride formation with an H/Pd stoichiometry
greater than 1 for particles below 15 Å.
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Although the maximum coverage obtainable for oxygen on the
(111), (100) and (110) low index single Pd crystal surfaces is less
than that for hydrogen or carbon monoxide70 an O:Pd stoichiometry
of 1:1 is often applied.78,84,85 The use of this stoichiometry may under-
estimate Pd dispersion on supports where particles are formed with
a predominance of (111) and (100) facets.84 However, most studies
involve a comparison of O2 adsorption uptakes to hydrogen con-
sumption data and thus rely on an assumed H:Pd ratio to determine
the O:Pd stoichiometry. Assuming the H:Pd ratio to equal 1:1 then
the O:Pd ratio is also equal to 1:1.85 Concern over the use of oxygen
adsorption to determine Pd dispersion is linked to the use of low
evacuation temperatures which are employed to prevent sintering
but may fail to remove hydrogen retained following pre-treatment.
Some of these concerns may be overcome by the use of H2/O2 (or
O2/H2) titration, which also has the advantage of increased gas
uptake when dealing with catalysts of low dispersion. These titrations
may be expressed as

2 Pd-H + 1.5O2 → 2Pd-O + H2O (2.6)

and Pd-O + 1.5 H2 → Pd-H + H2O. (2.7)

Consistent with these reaction stoichiometries, titration of a
1%Pd/Al2O3 catalyst at 303 K led to the consumption of twice the
number of moles of hydrogen as oxygen.78 Under the same condi-
tions, Pd/MnOxCeO2 catalysts showed significantly greater levels of
gas adsorption, consistent with the spillover of both oxygen and
hydrogen to the support at 303 K.78 Martín et al.,84 using TEM and
WAXS as comparative experimental methods, reported that H2-O2 or
O2-H2 titration gave a reliable estimate of dispersion for Pd/sepiolite
catalysts but overestimated dispersion for Pd/AlPO4. A recent study
has suggested that Pd dispersion may be obtained by redox titration
of adsorbed oxygen by the use of FeCl3 solution.86 Following the titra-
tion of sorbed hydrogen, differences between the amount of K2Cr2O7

solution required to titrate the Fe2+ formed in the absence and pres-
ence of adsorbed oxygen reveal the amount of the latter present on
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the supported Pd from which the dispersion may be derived if an
assumption is made regarding the O:Pd stoichiometry.86

Rhodium

Infrared studies of CO on supported Rh catalysts reveal CO:Rh
adsorption stoichiometries of 2 :1, 1 :1 and 1 :2.87,88 Recent
HREELS89 and density function studies90 for Rh (111) suggest that
CO may also adsorb in three-fold hollow sites on this surface
thereby providing an adsorption stoichiometry of 1 :3. Linear (1 :1)
and bridged (1:2) species are commonly found on Rh single crys-
tal91,92 and supported catalysts87,88 alike whereas the gem-dicarbonyl
species (2 :1) are found only for supported crystallites,87,88 although
there is a report of these species on Rh field emitter tips.93 In addi-
tion to the variable adsorption stoichiometry, there is some concern
that the use of CO as adsorbate at 300 K may lead to the disruption
of Rh–Rh metal bonds in small Rh crystallites94 leading to the for-
mation of the gem-dicarbonyl species.95 As this CO induced
disruption has been shown to occur even at temperatures well
below 298 K,96 this casts serious doubt upon the use of CO to deter-
mine Rh dispersion. Earlier studies had suggested that supported
rhodium catalysts which had shown 100% dispersion in accordance
with the H:Rh ratios, could display varying CO:Rh ratios, all greater
than 1 :1, depending upon the number of Rh atoms which com-
posed two-dimensional rafts where only the peripheral atoms could
adsorb two CO molecules.97 Although overall stoichiometries
greater than 2 have been reported,98 for the case of highly
dispersed catalysts, it would seem appropriate to use a CO:Rh stoi-
chiometry somewhere between 1 and 2 depending upon the
relative fraction of gem-dicarbonyl species present. These may be
determined from the published values of the IR molar absorption
coefficients.88,99 Although the adsorption stoichiometry of CO on
Rh is not simple and invariant,98 there are reports that CO may be
used as a quantitative adsorption probe using FTIR as the molar
absorption coefficients for linear and bridged species do not vary
significantly with dispersion.99 For poorer dispersed catalysts with
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larger crystallite size, the surface adsorbate:Rh atom stoichiometry
may fall between 1 and 0.5 as the saturation CO coverage occurs at
around 0.75 on the (111)100 and (100)91,92 crystal faces with the lat-
ter showing a considerable fraction of bridged species. Saturation
coverage appears to be closer to 1 on the Rh (110) face.101 CO is
also adsorbed on unreduced exposed Rh ions, with oxidation states
of III, II and I being assigned to carbonyl species giving IR bands in
the 2,136–2,090 cm−1 range.102–104 The proportion of these unre-
duced sites is seldom calculated, as TPR studies generally show that
the rhodium precursor is reduced to the metallic state at reduction
temperatures below 400 K.105,106 However a fraction of rhodium may
remain unreduced if high temperature oxidation has preceded the
reduction treatment107 or where precursors such as the chloride ion
are retained by the support which helps stabilise Rh in a higher
oxidation state.104

Although hydrogen is commonly employed to yield H:Rh ratios
from which reaction turn-over frequencies may be obtained,108 low
loaded dispersed catalysts often show H:Rh(total) ratios greater
than 198,99,106,107,109 indicating that an adsorption stoichiometry of
1:1 is not appropriate at high Rh dispersions. Experiments con-
ducted using Rh black also showed a surface stoichiometry slightly
greater than 198 confirming that the cause of high uptake values did
not have its origin in spillover effects. While Vis et al.106 suggest that
those Rh atoms capable of adsorbing two CO molecules might also
adsorb two H atoms, comparative studies where both adsorbates have
been used98,107,109 commonly show greater CO:Rh(total) than H : Rh(total)

ratios. A good correlation was obtained however when the dispersion
for a series of Rh/SiO2 catalysts was measured using a hydrogen
chemisorption and a quantitative FTIR method using CO.99 The
higher CO:Rh ratios might be understood if disruption of Rh-Rh
bonds occurs94–96 in the presence of this adsorbate at 298 K.
Experiments conducted involving cycles of hydrogen–CO–hydrogen
uptakes might help to confirm whether CO induced modifications
to the Rh crystallites is the origin of the greater CO uptake relative
to hydrogen. For catalysts containing larger crystallites, a H:Rh
stoichiometry of 1:1 provides a measurement of crystallite size
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which is comparable with TEM measurements.106 Absence of correla-
tion for sintered catalysts has been attributed to a broad and even
multimodal particle size distribution where a fraction of the total
rhodium goes undetected by physical methods.98

Wanke and Dougharty98 and Yao et al.107 compared oxygen
adsorption uptakes with uptakes of CO and hydrogen for a series
of supported Rh catalysts. Although earlier studies had shown the
surface oxidation stoichiometry to be ca. 1,110 both groups found
that the surface adsorption stoichiometry was ca. 1.5 correspon-
ding to an oxidation state of Rh3+ when the adsorption was
performed between 298 and 573 K107 or 473 and 573 K.98 There is
some concern that exposure to oxygen at such elevated tempera-
tures would lead to the formation of bulk oxide and indeed for low
loaded catalysts, the ratio O:Rh(total) approaches 1.5.107 For poorer
dispersed (higher loaded) catalysts, the adsorption stoichiometry
fell such that it was no longer consistent with formation of bulk
Rh2O3 although the uptake was still 50% greater than obtained
using hydrogen.98 While these results could be interpreted as a sur-
face phenomenon where stoichiometric oxide formation is limited
to the uppermost exposed Rh atoms, oxygen uptakes on Rh black
did not follow the behaviour of sintered alumina supported
catalysts but showed uptakes equivalent to 2O:1Rh at 473 and > 5
O:Rh at 573 K.98

The uncertainty involving ascribing a specific value to the O:Rh
stoichiometry, at least for poorer dispersed catalysts, has implica-
tions when employing the hydrogen-oxygen titration method63 to
determine dispersion where a value of x is required in determining
the overall reaction stoichiometry:

Rh-Ox + (x + y/2)H2  → Rh-Hy + xH2O. (2.8)

At temperatures below 373 K, titration is incomplete,98,107 whereas
above this temperature, and up to 541 K, the value of y is constant
(assumed to be unity) and corresponds with values obtained in
chemisorption measurements. Above 543 K, the value of y drops
off,107 indicating incomplete hydrogen coverage.
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The widespread use of rhodium for use in vehicle emission con-
trol (Chapter 8) has led to the use of NO as an adsorbate for the
determination of Rh dispersion.107,111 NO:Rh(total) ratios of up to ca.
2 :1 have been reported107,111 suggesting that a surface stoichiometry
of up to two is possible. This is consistent with FTIR studies which
confirm the presence of gem-dinitrosyl species for highly dispersed
catalysts112 in addition to linear bound species. Bridge bonded NO
(NO:Rh = 1:2) is found on the Rh (111) surface,113 although the
presence of sites capable of multiple NO adsorption on this crystal
face appears to depend on the presence of co-adsorbates.113,114 Good
correlation between NO:Rh and CO:Rh ratios obtained across a
series of Rh catalysts between 0.13 and 9.80 wt% loadings would pro-
vide strong evidence that the sites which are capable of CO
adsorption are also capable of binding NO molecules. As both adsor-
bates gave higher ratios than those obtained using hydrogen, and
often involve adsorbate:Rh(total) values greater than 1,107,111 the Rh-Rh
disruption concept94,95 invoked to account for the higher CO uptakes
than for hydrogen would have to be extended to NO also. Solymosi
et al.115 have confirmed the positive influence of NO on the number
of Rh sites capable of multiple adsorbate uptake. In addition to this
modifying ability of the adsorbate on the Rh dispersion and its vari-
able adsorption stoichiometry, the use of NO to determine
dispersion must be employed with precautions to avoid adsorbate dis-
sociation which is known to occur even at 298 K.112 Additionally, NO
adsorbs readily on most oxide supports116,117 and so this uptake
should be subtracted before presenting NO:Rh(total) values.

Nickel

Unlike the supported noble metals discussed so far, where it is cus-
tomary, although not always justifiably so, to assume that all of the
metal is present in its reduced state following pre-treatment in
hydrogen, for base metal catalysts such as supported Ni, it is quite
common to find a fraction present in an unreduced state.29 This is
not confined to alumina and the consequence of Ni aluminate for-
mation,118 but is also common for silica119 and silicate120 supported
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catalysts. This unreduced nickel may be present as a separate phase29

or as an interfacial layer between the support and the reduced metal
particle121 and thus may or may not be exposed to the adsorptive gas.
It is recommended that metal dispersion and crystallite size esti-
mates should include a correction for this unreduced fraction of
nickel and in particular in cases where the adsorptive (e.g. hydro-
gen) is adsorbed to a relatively limited extent on this phase
compared to the metal. Although CO is adsorbed at exposed unre-
duced Ni2+ centres as indicated by the detection of an IR absorption
band at ca. 2,200 cm−1,29,120 there is some concern that the exact
adsorption stoichiometry is uncertain and that the amount
adsorbed on the exposed Ni2+ is relatively small compared to that on
the metal.29 Anderson et al.120 report a linear correlation between
the amount of unreduced Ni in Ni/sepiolite catalysts prepared by
impregnation and the integrated intensity of the IR absorption
band at 2,200 cm−1 suggesting the presence of a two-dimensional
unreduced Ni phase with a fixed CO : Ni2+ stoichiometry.

The CO : Ni ratio for the reduced metal fraction is known from IR
studies to range from 1:3 to 4:1. In the latter case, Ni(CO)4 is char-
acterised by an IR absorption band at 2,057 cm−1 and its formation
may be avoided29 by exposing the adsorptive to the catalyst at 273
instead of 298 K. Even if the formation of this gaseous nickel tetracar-
bonyl can be avoided, the overall surface stoichiometry is unlikely to
be straightforward given that even the simplest IR spectra for CO on
supported Ni catalyst reveal at least two features at ca. 2,055 and 1,925
cm−1 due to linear (1:1) and bridged (1:2) forms of adsorption,
respectively.122–124 These frequencies are similar to those found on the
Ni (100) surface.125,126 The IR spectra obtained for supported catalysts
frequently contain more than two features120,127 and an additional fea-
ture appearing at ca. 1,900 cm−1 is consistent with the frequency of the
two-fold bridging site on Ni (111).128 Bands between 1,850–1,800 cm−

1 suggest three-fold bridging sites which may be present on the Ni
(111) face.127 Bands in the range 2,090–2,065 cm−1 are also assigned to
Ni(CO)2 and Ni(CO)3 species.129 Small, unannealed particles may
exhibit a band around 2,086 cm−1.127 The relative proportion of these
features varies with the particle size and annealing temperature127
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and this is reflected in the change in CO:Ni surface ratios
which range from 1.9 for d = 4.4 nm, to 0.8 for d = 6.3 nm to 0.55 for
d = 2000 nm.29 These results indicate that Ni(CO)2 species dominate
at high dispersion whereas Ni2CO species are most abundant at low
dispersion. Clearly this complex stoichiometry suggests that CO
should not be used to measure Ni surface areas although it has been
suggested that it may be used to study particle size effects and metal
support interactions.29

Although magnetic measurements are often used to determine
dispersion of supported Ni catalysts,119,130,131 with the advantage of
being able to obtain both the percentage reduction and the mean
crystallite size of the chemical methods, hydrogen is the most
commonly-used adsorbate for the determination of nickel dispersion/
surface area,29,120,132 although this involves the need for a separate
measurement of the extent of reduction118,120 and the assumption
that the adsorptive is not consumed by exposed Ni ions.29 A surface
stoichiometry of 1 H:1 Ni is generally employed in calculating dis-
persion118,120,132 although there is some concern that although this
may be widely applicable (Ni loadings 3–23 wt%, dispersions
between 15–50%) it may not be valid for lower loaded samples.29

Poor correlation between the crystallite sizes measured by TEM and
XRD and those derived from hydrogen uptakes and high CO/H
adsorption ratios for low loaded Ni/Al2O3 and Ni/SiO2 catalysts
led the authors to believe that SMSI effects were present as found
for Ni/TiO2.29 This strong metal support interaction has been
confirmed when employing alumina,118 silica131,133,134 and silicate
based catalysts.120

Although oxygen as an adsorptive is often used when character-
ising Ni catalysts, this is usually employed with the reduced catalyst
at elevated temperature (700–725 K) where the stoichiometric for-
mation of NiO under these conditions allows the fraction of
reducible Ni to be determined.29,118 However, as exposure of
reduced Ni surfaces to oxygen at room temperature leads to oxygen
incorporation into the Ni crystal lattice of Ni powders and even at
195 K, O :Ni ratios of ca. two can be obtained,135 this molecule has
found limited applicability in determining Ni dispersion.
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Copper

Catalysts containing Cu are commonly employed in the petrochem-
icals industry in processes such as methanol synthesis and the low
temperature water gas shift reaction and as such, the measurement
of Cu dispersion has received significant attention. However, in
common with Ag and Au, weak adsorption of the commonly used
adsorbates, CO and hydrogen, leads to a requirement for alternative
procedures for these supported catalysts. Weak adsorption of CO at
Cu0 sites leads to the need for high adsorptive pressures to ensure
complete coverage and renders inadequate dynamic techniques
such as pulse chemisorption, which allow large proportions of the
adsorbed gas to be released between pulses. This weak adsorption is
emphasised by the need to employ CO pressures of up to 13 kPa136

or adsorption temperatures down to 77 K137 to attain the maximum
intensity of the IR band at ca. 2,100 cm−1 for supported Cu catalysts.
Although low temperatures or high pressures may be required to
ensure complete surface coverage, the mode of adsorption of CO
on supported catalysts is predominantly linear and thus a straight-
forward 1:1 stoichiometry may be assumed. Only on the Cu(111)
face are two-fold and three-fold bridging of CO commonly
observed.138 A further complication, however, is that CO is adsorbed
indiscriminately on exposed Cu2+ and Cu+ ions as well as Cu0 and
these unreduced copper sites may be present in the surface, as
detected spectroscopically by CO adsorption,136,137 even when other
techniques suggest complete sample reduction.137,139

Hydrogen is also weakly adsorbed on Cu surfaces and negligible
uptake is reported at ambient temperature and moderate pressures
on the low index (100), (111) and (110) planes.140 Enhanced
adsorption occurs on higher index Cu planes140 and its presence on
the Cu component of an industrial Cu/ZnO/Al2O3 catalyst con-
firmed by the use of solid state NMR.141 This hydrogen is readily
desorbed at 298 K from polycrystalline142 and supported143,144 Cu cat-
alysts, and the coincidence of this peak with that from the support
alone have lead to criticism144 of hydrogen TPD as a potential tech-
nique143 for the determination of metal surface area in Cu catalysts.
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The difficulties involved with the use of CO or hydrogen to meas-
ure Cu surface areas145 has led to the use of molecules, namely oxygen
and nitrous oxide, which are dissociatively chemisorbed on the
reduced Cu surface. As both of these adsorptives leave an adsorbed
layer of oxygen atoms, it is essential that the adsorption is performed
under conditions in which oxidation is limited to the top layer copper
atoms only. The reaction stoichiometry using N2O assumes:

N2O(g) + 2Cu(s) → N2(g) + Cu-O-Cu(s). (2.9)

The amount of exposed Cu may therefore be calculated by static
methods, by measuring the fraction of N2 in the final gas mixture,146,147

or using a pulse method to determine the consumption of N2O,148 or
in a flow method (reactive frontal chromatography) where the break-
through time for the detection of N2 is measured.34 A check on the
amount of oxygen deposited may be made by titrating the adsorbed
layer with CO and measuring the amount of CO2 evolved.34 N2O is
exposed to the copper catalyst at temperatures between 293 and
363 K.34,137,146 There is a concern, however, that at the lowest tempera-
ture N2O decomposition may not occur over the whole of the copper
surface,147 thereby underestimating the dispersion, or at the highest
temperature, bulk oxidation occurs, thus overestimating the disper-
sion. A recent study has shown that bulk oxidation may begin even at
room temperature149 thereby casting a doubt150 on the use of this
adsorptive under any experimental condition. However, Jensen et al.151

have recently shown that the relative contributions due to surface and
bulk oxidation by N2O can be distinguished under appropriate gas
flow conditions from the shape of the TCD signal for N2 with a long
tail on the latter arising due to the diffusion limited bulk oxidation
process. A recent study has reverted to recommending the use of oxy-
gen chemisorption, although rather than employing a lengthy, time
consuming double isotherm method at 78 K,152 a pulse method using
5%O2 in He at 143 K was employed.150 An earlier report had recom-
mended 123 K as an appropriate temperature for conducting the
adsorption experiment.153 Only at temperatures above 150 K was
evidence found for bulk oxidation.150 An O:Cu stoichiometry of 0.43:1
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was obtained by combining the gas uptake data with crystallite size
measurements determined using XRD-WAXS and this was inter-
preted as indicating a stoichiometry of 0.5 with ca. 15% of the surface
Cu atoms remaining unoccupied.150 This stoichiometry is consistent
with the half-monolayer coverage or 5 × 1014 O atoms cm−2 commonly
used in calculating Cu surface area.34,147

Bimetallics

One of the most straightforward cases for the use of chemisorption
in bimetallic systems is where only one component of the system
chemisorbs the adsorbate gas. For example, the proportion of
group VIII metal exposed in bimetallic clusters with group 1b (or
11) metals can be determined by hydrogen chemisorption since this
gas is not significantly adsorbed by 1b metals. Ru-Cu and Os-Cu
samples have been analysed on this basis since copper atoms in the
surfaces of these clusters do not adsorb hydrogen.154 Similarly, O2-H2

titration may be used by assuming that the O2 which is weakly
adsorbed on the group 1b metal will be desorbed during evacuation
prior to H2 titration.155 Similarly, the use of the dynamic pulse
method for chemisorption156 ensures that only strongly adsorbed
species are retained by the catalyst. The use of selective chemisorp-
tion for analysis of platinum containing alloys (with Re, Ir, Ru) has
been reviewed by Charcosset.157 Pt-Re/Al2O3 can be analysed by O2

chemisorption at 298 K which gives the total Pt and Re surface
atoms. Since oxygen chemisorbed on Pt can be reduced by hydro-
gen at 298 K, a second oxygen titration permits estimation of the
number of Re atoms by difference.157,158 It is possible that the appli-
cability of this method may be limited to cases where no alloying has
occurred as platinum interaction with Re may result in oxygen on
Re being reduced at 298 K.158 The dispersion of Pt in Pt-Re/Al2O3

catalysts, where alloying was confirmed by XANES,159 has been
obtained by hydrogen chemisorption at 298 K159,160 on the basis that
the adsorptive is selectivity adsorbed by Pt under these conditions.161

Although there are reports involving the use of hydrogen
alone,162 the surface composition of supported Pt-Ru bimetallic
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catalysts are more commonly measured using a selective titration
method.163–165 The titration stoichiometry of the reaction between
chemisorbed oxygen and gaseous CO is different for the two metals:
the ratio of surface metal/O2/CO/CO2 is 1/0.5/2/1 for Pt and
1/1/1/0.3 on Ru.165 These ratios are independent of surface com-
position and the concentration of Ru and Pt in the surface can be
calculated from the equations:

Vo2 = ½(Pt)s + (Ru)s (2.10)

Vco = 2(Pt)s + (Ru)s (2.11)

where Vo2 is the volume of chemisorbed O2 and Vco is the volume of
CO required to titrate a monolayer of O2.165 For Rh-Ru/SiO2 catalysts
this technique has also been applied166 using the metal/O2/CO ratios
of 1/1/1 for Ru and 1/0.5/1.75 for Rh. A method for determining
metal dispersion in bimetallic Pt-Sn/Al2O3 has been reported which
involves the use of both hydrogen and oxygen as adsorptive gases and
which allows the fractions of unalloyed Pt, alloyed Pt, and alloyed Sn to
be determined.167 Limitations of selective chemisorption and titration
exist due to the possibility of induced segregation,which might change
the relative adsorption stoichiometry of each component and thus
over or underestimate the dispersion. Additionally, static measure-
ments may include interference due to weakly chemisorbed species.
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148. B. Dvoŕák, J. Pašel, J. Catal. 1970, 18, 108.
149. S. Sato, R. Takahashi, T. Sodesawa, K. Yuma, Y. Obata, J. Catal. 2000,

196, 195.
150. N. Pernicone, T. Fantinel, C. Baldan, P. Riello, F. Pinna, Appl. Catal.

A: Gen. 2003, 240, 199.
151. J.R. Jensen, T. Johannessen, H. Livbjerg, Appl. Catal. A: Gen. 2004, 266,

117.
152. G.E. Parris, K. Klier, J. Catal 1986, 97, 374.
153. G. Petrini, F. Montino, A. Bossi, F. Garbassi, in Preparation of Catalysts,

III, Eds.: G. Poncelet, P. Grange and P.A. Jacobs, Elsevier, Amsterdam
1983, 735.

154. J.H. Sinfelt, J. Catal. 1973, 29, 308.
155. R.D. Gonzalez, Appl. Surf. Sci. 1984, 19, 181.
156. J. Sárkány, R.D. Gonzalez, J. Catal. 1982, 76, 75.
157. H. Charcosset, Int. Chem. Eng. 1983, 23, 187.

78 J. A. Anderson, M. Fernández-García and A. Martínez-Arias

b1215_Chapter-02.qxd  11/28/2011  5:03 PM  Page 78



b1215 Supported Metals in Catalysis

158. R.L. Moss, in Specialist Periodical Report — Catalysis, Vol. 4, RSC,
London, 1981, 31.

159. M. Fernández-García, F.K. Chong, J.A. Anderson, C.H. Rochester,
G.L. Haller, J. Catal. 1999, 182, 199.

160. F.K. Chong, J.A. Anderson, C.H. Rochester, J. Catal. 2000, 190, 327.
161. C. Bolivar, H. Charcosset, R. Frety, M. Primet, L. Tournayan,

C. Betizeau, G. Leclercq, R. Maurel, J. Catal. 1976, 45, 163.
162. J.R. González-Velasco, M.A. Gutiérrez-Ortiz, J.A. González-Marcos,

P. Pranmda, P. Stetenpohl, J. Catal, 1990, 187, 24.
163. H. Miura, T. Suzuki, Y. Ushikubo, K. Sugiyama, T. Matsuda,

R.D. Gonzalez, J. Catal. 1984, 85, 331.
164. H. Miura, H. Taguchi, K. Sugiyama, T. Matsuda, R.D. Gonzalez,

J. Catal. 1990, 124, 194.
165. H. Miura, R.D. Gonzalez, J. Catal. 1982, 74, 216.
166. M.M. McClory, R.D. Gonzalez, J. Phys. Chem. 1986, 90, 628.
167. D. Rajeshwer, A.G. Basrur, D.T. Gokak, K.R. Krishnamurthy, J. Catal.

1994, 150, 135.

Determination of Dispersion and Crystallite Sizes for Supported Metal Catalysts 79

b1215_Chapter-02.qxd  11/28/2011  5:03 PM  Page 79



b1215 Supported Metals in Catalysis
b1215_Chapter-02.qxd  11/28/2011  5:03 PM  Page 80

This page intentionally left blankThis page intentionally left blank



b1215 Supported Metals in Catalysis

81

CHAPTER 3

IMAGING AND MICROANALYSIS OF
SUPPORTED METAL CATALYSTS IN THE
ANALYTICAL ELECTRON MICROSCOPE

Andrew A. Herzing1 and Christopher J. Kiely2

1National Institute of Standards and Technology Surface and
Microanalysis Science Division, 100 Bureau Drive, Stop 8371

Gaithersburg, MD 20899–8371, USA
2Department of Materials Science and Engineering, Lehigh University,

5 East Packer Avenue, Bethlehem, PA 18015–3195, USA

3.1 Introduction

The modern transmission electron microscope (TEM) is a powerful
instrument for analyzing the structure and composition of
nanoscopic volumes of material. It should be considered as an essen-
tial tool in the growing armory of characterization techniques
available for studying supported metal catalysts. The TEM offers the
possibility of studying the crystallography of the material by electron
diffraction and its structure and morphology via a wide array of avail-
able imaging modes. In addition, it is possible to determine local
composition of the material by either X-ray energy dispersive spec-
troscopy (XEDS) or electron energy loss spectroscopy (EELS).

In this chapter, we will only present a very basic introduction to
some of the most important techniques available in these versatile
instruments for the study of supported metal catalyst particles. Our
intention here is not to present an exhaustive review, but rather to
simply illustrate, by way of some examples, the types of information
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that can be reliably obtained from supported metal particles. For
those readers who are interested in the detailed construction or
underlying physical principles pertaining to the TEM or scanning
transmission electron microscope (STEM), there are a number of
excellent reference texts available.1–4 We will also draw attention to
some of the pitfalls that can occur in TEM/STEM analyses and
would like to stress at the outset that electron microscopy results
should always be considered in conjunction with data obtained from
other characterization techniques (e.g. infrared and Raman spec-
troscopies, XRD, XPS, EXAFS, TGA, ICP and BET measurements).

3.2 Electron-Specimen Interactions

For examination by transmission electron microscopy, the sample
must be transparent to the high energy (typically 80 keV to 300 keV)
incident electrons produced by the electron gun. For a powdered
catalyst material this usually means that the sample is dispersed onto
a commercially available lacey or holey carbon film that is supported
on a metal mesh TEM grid. This dispersion can either be achieved
by simply dipping the grid into the dry powder and tapping off the
loose residue, or by grinding the catalyst powder in a suitable solvent
and allowing a single drop of the resulting suspension to dry on the
carbon film. Some catalyst powder adheres to the grid by Van der
Waals attraction and the most useful areas for analysis can be found
where an agglomerate of the catalyst powder overhangs a hole in the
carbon support film.

Since the specimen is thin compared to the mean free path of
the incident electrons, most will not interact at all with the con-
stituent atoms of the sample but will simply pass undeflected
through the material. However, provided the sample is crystalline,
some fraction of the incident electrons will be scattered from crys-
tal planes within the material by Bragg diffraction, and give rise to
characteristic spots or rings in an electron diffraction pattern.
These diffracted electrons lose little or none of their incident
energy in such Bragg scattering events and are said to be elastically
scattered.
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Occasionally some of the incident high energy electrons will
transfer some fraction of their kinetic energy to atoms of the sample
and are said to inelastically scattered. Monitoring the resulting
energy dispersion of the transmitted electrons forms the basis of the
electron energy loss spectroscopy (EELS) technique used for com-
positional analysis. In conjunction with this, in response to such
inelastic collisions, atoms within the specimen may also emit X-ray
photons which can be collected and analyzed in the X-ray energy
dispersive spectroscopy (XEDS) technique.

In the TEM mode, a selected area of the specimen is illuminated
by a static parallel beam of electrons. If the sample being examined
is a single crystal, then a characteristic spot diffraction pattern such as
that shown in Fig. 3.1(a) will be generated if the crystal lattice is
aligned along a high symmetry direction with respect to the incident
beam. For powdered polycrystalline catalyst materials, the incident
beam of parallel electrons usually encounters numerous crystals
which have random orientations within the field of view. The result-
ant polycrystalline electron diffraction pattern then consists of a series
of concentric diffraction rings such as that shown in Fig. 3.1(b). Each
ring corresponds to a characteristic family of diffracting planes within
the crystal structure, whose interplanar spacing, d, can be calculated
using the relation:

(3.1)

where r is the experimentally measured ring radius, λ is the electron
wavelength and L is the camera length (defined as the effective dis-
tance from the back focal plane of the objective lens to the viewing
plane). The latter two parameters can easily be determined and cali-
brated for the electron microscope. The sequence of interplanar
spacings determined in this manner can then often be used to iden-
tify the crystal structure under investigation by matching the spacings
and relative intensities of the rings to those of known standard mate-
rials. It should be noted however that a practical limitation of this
ring diffraction technique is related to the individual crystallite size

d
L
r

= l
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of the particulate material. As the particle size approaches nanoscale
dimensions, the diffraction ring itself becomes broader and fainter,
until eventually the ring becomes hard to distinguish from the dif-
fuse background signal. For metal nanoparticles on amorphous
supports (e.g. activated C or SiO2) the sharp ring diffraction pattern
will be generated by the crystalline metal nanoparticles only. For the
situation where the metal nanoparticles are sitting on a crystalline
metal oxide support (e.g. TiO2, CeO2), the resultant diffraction pat-
tern will be a superposition of the two separate ring patterns
generated by the metal and metal oxide components of the catalyst
which then need to be deconvoluted during indexing of the diffrac-
tion pattern.

3.3 Imaging Supported Metal Particles in the TEM

The diffraction pattern, where the electrons are effectively sorted
into the directions in which they are traveling upon emerging from

84 A. A. Herzing and C. J. Kiely

(a) (b)

Figure 3.1 (a) A spot diffraction pattern from a single crystal of gold; (b) A ring
diffraction pattern from polycrystalline gold particles supported on amorphous
carbon.
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the back surface of the specimen, is actually generated in the back
focal plane of the objective lens of the electron microscope. If a suit-
ably-sized objective aperture is inserted into this plane, it is possible
to selectively allow only the undiffracted beam, or alternatively a
specific diffracted beam, to progress down the TEM column to form
the final image as shown schematically in Fig. 3.2. If only the trans-
mitted beam of undeflected electrons is allowed to contribute to the
image, then a bright field (BF) micrograph is generated in which the
material under investigation shows a dark contrast against a bright
background (Fig. 3.2(a)), since all scattering events locally subtract
intensity from the resulting image. Conversely, if a single diffracted
beam (or even a small arc of a polycrystalline diffraction ring) is
selected by the objective aperture, then a dark field (DF ) micrograph

Imaging and Microanalysis of Supported Metal Catalysts 85

Figure 3.2 Schematic ray diagrams illustrating the (a) BF-TEM, (b) DF-TEM, and
(c) HREM image modes used in a transmission electron microscope. The inset
images show example micrographs of each type of Pt particles supported on amor-
phous carbon.
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is formed in which the strongly diffracting particles appear bright
against a dark background (Fig. 3.2(b)). A third option, as illus-
trated in Fig. 3.2(c), is to use a large objective aperture which allows
both the undiffracted and some subset of the diffracted beams to
contribute to the final image. Under these conditions, it is possible
to generate a high resolution (HREM) lattice image in which appro-
priately oriented crystalline regions of the specimen can exhibit a
characteristic set of periodic lattice fringes which are related to the
atomic structure of the material. In the context of supported metal
catalysts, all three of these TEM imaging modes can be used to gain
useful information about the size distribution and morphology of
both the metal nanoparticles and the support materials.

The three commonly encountered contrast mechanisms in TEM
imaging are: (i) mass-thickness contrast which occurs due to greater
absorption or scattering of incident electrons from denser or
thicker parts of the specimen; (ii) diffraction contrast where crys-
talline regions of different orientation exhibit different contrast due
to the orientational dependence of Bragg diffraction; and (iii) phase
contrast where phase-shifted waves from the undiffracted and dif-
fracted beams are allowed to interfere and generate lattice fringes.

At low magnification, the bright-field (BF) and dark-field (DF)
imaging modes are commonly used, and, to a certain extent, are com-
plementary to each other. In the BF-TEM image shown in Fig. 3.2(a),
the Pt metal particles supported on a flat amorphous carbon film
show a combination of mass-thickness and diffraction contrast. All the
particles in the field of view are visible against the low-mass amor-
phous carbon background by virtue of mass-thickness contrast, but
those which are especially dark have an extra contribution from dif-
fraction contrast as these are oriented in such a way so as to give rise
to strong Bragg scattering. In the corresponding DF-TEM image
(Fig. 3.2(b)) only a subset of the metal particles show up brightly
against the dark background, i.e. only those which are diffracting
electrons into the specific limited arc of the diffraction ring that is
allowed to pass through the objective aperture. Hence, the DF-TEM
technique, although giving rise to high contrast images which can
be useful for discerning the size and shape of supported metal
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particles, is not especially appropriate for detailed particle counting
measurements, as all particles not specifically oriented to produce
diffracted intensity in the angular range subtended by the objective
aperture will be invisible. Figures 3.3(a) and (b) show BF-TEM
images of AuPd alloy nanoparticles resting on activated carbon and
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(a) (b)

(c) (d)

Figure 3.3 (a) BF-TEM image of AuPd/activated carbon; (b) BF-TEM image of
AuPd/TiO2; (c) phase contrast image of AuPd/activated carbon; and (d) phase
contrast image of AuPd/TiO2. (Courtesy of R. Tiruvalam, Lehigh University, USA).
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TiO2 supports respectively, which nicely illustrates the “masking”
effect that a crystalline support material can have on the visibility of
metal nanoparticles. The AuPd particles on those TiO2 support grains
that are strongly diffracting and/or relatively thick are not clearly vis-
ible and sometimes cannot even be discerned. In contrast, all the
AuPd particles are more obvious against the activated carbon support,
since there is no strong diffraction contrast component from the
amorphous background material.

Phase contrast or lattice images are encountered when working
at higher magnifications in a TEM, provided that the instrument is
equipped with electron optics capable of attaining a sufficient level
of image resolution. This technique involves allowing several dif-
fracted beams, as well as the undiffracted beam, to pass through the
objective aperture to contribute to the final image. Such images are
deliberately taken at a slightly underfocused objective lens setting
(known as Scherzer defocus) to create an optimum phase shift
between the undiffracted and diffracted beams, which in turn max-
imizes the interference contrast giving rise to strong “lattice”
fringes. These fringes, which have the same periodicities as the dif-
fracting planes in the crystal, are superimposed on the slightly out
of focus image of the sample. When several sets of lattice fringes
overlap, the crossed fringe pattern often has the appearance of an
“atomic” structure as shown in Figs 3.3(c) and (d) for AuPd particles
supported on activated C and TiO2, respectively. It is very important
to recognize that the lattice image is merely a complex interference
pattern which, in some special circumstances, can resemble the
atomic structure of the material. We are not forming direct images
of the projected atomic structure via the phase contrast method,
and therefore cannot arbitrarily assign the bright or dark dots in the
lattice images to be the atomic columns or channels in the crystal
structure. Nevertheless, it is safe to measure the spacings and inter-
section angles of the sets of lattice fringes from such phase contrast
images, and directly relate them to the planar spacings and inter-
planar angles of the crystalline material.

On crystalline supports, the most useful phase contrast infor-
mation can usually be extracted from metal particles which are
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imaged in profile. This is because the particle-support interface is
viewed “edge-on” in this case so that the two structures do not spa-
tially overlap in the image. By way of example, a profile image of
a Rh particle on a CeO2 support is presented in Fig. 3.4(a), in
which specific {111} and {200}-type crystal planes can be indenti-
fied and the surface termination planes of the metal particle are

Imaging and Microanalysis of Supported Metal Catalysts 89

Figure 3.4 (a) Phase contrast image of a Rh particle supported on CeO2 viewed in
profile view; (b) and (c) are the fast Fourier transforms (FFTs) obtained from the
Rh particle and CeO2 support respectively, showing that they have an epitaxial ori-
entation relationship and a lattice mismatch. (Courtesy of J.J. Calvino, University of
Cadiz, Spain).7
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clearly delineated.5,6 A useful trick that can be carried out on such
images is to use a standard image processing package to generate
the fast Fourier transforms (FFTs) from the lattice fringe patterns
in the metal particle and oxide support regions separately, as
shown in Figs 3.4(b) and (c) respectively. The FFTs generated can
be thought of (to a crude first approximation) as the local dif-
fraction pattern from each area, in which the spot positions yield
the interplanar spacings and the angles between pairs of spots
correspond to interplanar angles. In the case of the Rh/CeO2

example in Fig. 3.4, this allows one to deduce the epitaxial orien-
tation relationship that exists between the metal particle and
oxide support.

Such profile lattice images have also been tremendously useful
in visualizing situations where strong metal support interactions
(SMSIs) occur, in which the supporting oxide migrates over the
metal particle surface during use, effectively burying it under a thin
oxide “skin”. Lattice images have also proven to be highly effective
in numerous studies of particle shape, surface facet and step struc-
tures, internal defect structures, phase identification, and
particle/support epitaxy.7,8

In order to interpret the rich detail contained in such profile
lattice images at a deeper level, for example to determine the rel-
ative atom positions at the metal/support interface, it is
necessary to resort to detailed image simulations of these lattice
images. Bernal et al. have been particularly active in this area and
have developed a specialized program called “Rhodius” which
can be used for constructing crystallographic models of metal
particles which have specific sizes, shapes and epitaxial orienta-
tions on oxide supports.6 These tailored particle/support models
can then be used as the “input data” for commercial image sim-
ulation packages such as JEMS.†,9,10 These programs perform
standard Multislice or Bloch wave image simulations11 using con-
ditions that are appropriate for the model/configuration of
electron microscope used and the specific acquisition conditions
of the image. For example, Figs 3.5(a) and (b) respectively show
a raw experimental image and the corresponding simulated
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image of a Rh particle on a CeO2 support, that were generated
from a Rh/CeO2 supercell model structure generated by the
Rhodius program. Such comparisons between experimental and
simulated images are particularly useful when one is trying to dis-
tinguish between competing model structures of metal
nanoparticles on oxide supports. More recently, a technique
involving the acquisition of a through-focal series of aberration-
corrected HREM images combined with exit-wave restoration
techniques has been use by Gontard et al. to create detailed struc-
tural models of individual Pt particles showing surface defect
sites.12

Some further complexities of lattice image interpretation are
graphically illustrated in Fig. 3.6 where profile images of a Rh/CeO2
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Figure 3.5 (a) Experimental phase contrast image of an epitaxial Rh particle on
CeO2; (b) The matching simulated image of the same particle using the model
structure shown in (c). (Courtesy of J.J. Calvino, University of Cadiz Spain).6

b1215_Chapter-03.qxd  11/28/2011  5:04 PM  Page 91



b1215 Supported Metals in Catalysis

particle are simulated for a systematic series of support thicknesses at
two different microscope defocus settings.6 The strong variations
observed in the lattice fringe structure (across a row in the montage)
for the CeO2 support shows that the image features are highly
dependent on sample thickness. By comparing pairs of images in spe-
cific columns in Fig. 3.6, it is also clear that the image details show a
strong dependency on the microscope defocus setting used during
image acquisition. Hence great care should be taken not to over-interpret
the details in such lattice images unless one knows details of the sam-
ple thickness/acquisition parameters and are prepared to take them
into account through image simulation methods. It is also very rea-
sonable to ask the question, “What is the smallest metal particle that
can be seen in profile on a metal oxide support by phase contrast
imaging?” Bernal et al. have also addressed this particular question by
carrying out image simulations at different defocus settings of metal
clusters containing (1, 10, 28, 45 and 133) Rh atoms on CeO2 sup-
ports as shown in Fig. 3.7.6 The larger clusters (28 Rh atoms and
above) are clearly discernable in profile, but the smaller ones are not;
therefore, supported sub-nanometer diameter metal particles and
atomically dispersed metal species will probably not be detected in
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Figure 3.6 A montage of simulated phase contrast images of Rh/CeO2 for two
different defocus values and five different CeO2 support thicknesses. (Courtesy of
J.J. Calvino, University of Cadiz, Spain).6
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conventional high resolution electron microscopy (HREM) lattice
images. Hence it is important to recognize that the absence of these
ultra-small metallic species in HREM images does not necessarily
mean that they are not present!
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Figure 3.7 (Above) A montage of model Rh/CeO2 structures for five different Rh
cluster sizes. (Below) Corresponding simulated phase contrast images for two dif-
ferent defocus values for the model structures. (Courtesy of J.J. Calvino, University of
Cadiz, Spain).6
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3.4 Imaging Supported Metal Nanoparticles in the STEM

The scanning transmission electron microscope (STEM) allows us
to overcome some of the limitations encountered in BF-TEM, DF-
TEM and HREM images.13 In the STEM, an image is formed by
focusing the electron probe into a fine spot that is scanned over the
sample in a raster similar to that in a scanning electron microscope
(SEM). The transmitted signals can either be collected on a line-of-
sight bright-field (BF) detector, or on an offset annular dark-field
(ADF) or high-angle annular-dark field (HAADF) detector as shown
schematically in Fig. 3.8(a). The signals from these detectors are
then amplified and used to modulate the signal on a television
screen which is scanned synchronously with the spot position on the
specimen. The obtainable resolution in STEM mode primarily
depends on the dimensions of the incident electron probe. With the
recent availability of brighter, more coherent, electron sources and
sophisticated aberration-corrected lens systems,14 it is now possible
to form an electron probe that is less than 100 pm in diameter and
which can reveal atomically resolved structural (and chemical)
information on the sample.15

In STEM-BF mode, the image is formed by electrons scattered
less than 10 mrad from the optic axis and can resemble rather noisy
HREM phase contrast images. In the STEM-DF mode, an annular
detector gathers electrons scattered into an annulus around the
beam. The ADF detector typically has inner and outer annular radii
of 10 mrad and 50 mrad respectively, and captures all Bragg dif-
fracted electrons with this angular range irrespective of the
scattering direction. What really sets the STEM apart for imaging
supported metal catalyst systems is the availability of the HAADF
detector (inner radius 50 mrad — outer radius 200 mrad) which col-
lects incoherently scattered electrons that are generated by the
coulombic interaction of the passing electrons with the atomic
nuclei of the sample. Since very few electrons get Bragg scattered
out further than 50 mrad, the HAADF images do not show diffrac-
tion contrast, but instead they do exhibit strong atomic number (Z)
contrast.16,17 The Rutherford scattering cross-section in this high
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(a)

(b)

Figure 3.8 (a) A schematic diagram of the probe/sample/detector arrangement
of a scanning transmission electron microscope (STEM); (b) A STEM-HAADF
image of AuPd alloy particles supported on activated carbon. (Micrograph courtesy of
R. Tiruvalam, Lehigh University, USA).
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angular range is approximately proportional to the square of the
atomic number, so regions with a higher atomic number appear
brighter in the HAADF image. Figure 3.8(b) shows an HAADF
image of AuPd nanoparticles which show very strong Z-contrast
against the much lower mass carbon support. This HAADF imaging
mode is an excellent choice for measuring metal particle size distri-
butions on oxide or carbon supports. Furthermore, sequential
HAADF images of supported metal particles do not show any dif-
fraction contrast effects as the relative angle between the incident
beam and particles is varied by tilting the specimen. Hence system-
atic HAADF image sequences of a sample taken at 1° to 2° tilt
intervals can be combined to create a three-dimensional recon-
struction of the particle distribution. This technique is known as
electron tomography,18–20 and allows the spatial distribution of metal
particles to be determined on the surface of dense oxide support, or
within the internal pore structure of a mesoporous (e.g., zeolitic)
type support.

In STEM instruments that are equipped with an aberration cor-
rector, it is now routinely possible to generate an electron probe that
is in the order of 100 pm in diameter. If this probe is used to acquire
STEM-HAADF images, it becomes possible to generate HAADF
images of appropriately oriented metal nanoparticles with atomic
resolution. As an example of this, several images of cyclically
twinned gold nanoparticles, taken using the BF-TEM, HREM and
STEM-HAADF imaging techniques, are presented in Fig. 3.9. The
BF-TEM image (Fig. 3.9(a)) shows a decahedral gold particle com-
prised of five tetrahedral sub-units, with two of them oriented in
strongly diffracting conditions which are easily distinguishable by
diffraction contrast. In the HREM image (Fig. 3.9(b)) the gold par-
ticle is clearly visible against the characteristic speckle contrast of the
amorphous carbon support film, and the lattice fringe pattern high-
lights the five internal twin interfaces. The bright spots in the
STEM-HAADF Z-contrast image of the five-fold twinned gold parti-
cle in Fig. 3.9(c) can be directly related to the positions of the
atomic columns and their intensity is related to the projected num-
ber of gold atoms in each column. The amorphous carbon support
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film is virtually invisible in this image due its low atomic mass in
comparison with the gold.

The Z-contrast, inherent to STEM-HAADF images, can also
yield additional information on supported metal alloy particles.

Imaging and Microanalysis of Supported Metal Catalysts 97

(a) (b)

(c)

Figure 3.9 (a) BF-TEM diffraction contrast images, (b) HREM phase contrast
image, and (c) aberration-corrected STEM-HAADF image of cyclically twinned
gold nanoparticles supported on amorphous carbon. (Micrographs A and C courtesy
of R. Tiruvalam, Lehigh University, USA. Micrograph B courtesy of A. Burrows, Lehigh
University, USA).
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For example, Fig. 3.10(a) shows an HAADF image of a 7 nm diame-
ter bimetallic AuPd alloy particle which has a gold-rich core and a
palladium-rich shell.21 The core and shell morphology can easily be
distinguished in this micrograph by virtue of the large atomic mass
difference between Au (Z = 79) and Pd (Z = 46) which give rise to a
bright core and a much fainter shell region. The FePt nanoparticle
shown at atomic resolution in Fig. 3.10(b) is an example of an
ordered alloy structure in which the two elemental species occupy
well defined sub-lattices. This HAADF image from Wittig et al. was
taken along a crystal projection in which the atomic columns con-
tain either Pt or Fe atoms (but not both).22 Hence the Fe (Z = 26)
atomic columns appear considerably dimmer than the bright Pt (Z =
78) columns in this image.

Another extremely important feature of aberration-corrected
STEM-HAADF imaging of supported metal catalyst systems, is that
sub-nm clusters and even atomically dispersed metal atoms become
visible provided there is a reasonable Z-contrast between the metal
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(a) (b)

Figure 3.10 Aberration-corrected STEM-HAADF Z-contrast images of (a) an AuPd
core-shell nanoparticle, and (b) an FePt ordered alloy particle.22 (Micrograph A
courtesy of R. Tiruvalam, Lehigh University, USA. Micrograph B courtesy of J. Wittig,
Vanderbilt University,Tennessee, USA).
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and the support.23–26 For example, Fig. 3.11 from He et al. shows the
wide variety of Au species that can co-exist on a ZnO support when
the metal component is introduced onto the support by a simple
deposition precipitation route.27 In addition to gold nanoparticles
which are a few nm in size, a number of other structures can be
observed, including sub-nm clusters (containing less than ten
atoms), extended monolayer rafts of Au, a dispersion of Au atoms,
and linear assemblies of Au atoms presumably at step edges.
Conventional HREM lattice images only show the presence of Au
nanoparticles that are greater than 1 nm in size, so in this case the
STEM-HAADF image is providing an invaluable and much more
representative view of all the potentially catalytically active metallic
species that are present.
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Figure 3.11 Aberration-corrected STEM-HAADF Z-contrast images showing
the various Au species co-existing on the ZnO support; (a), (b) three-dimensional
Au nanoparticles; (c) sub-nm Au clusters (white arrows); (d) sub-nm Au clusters
and isolated Au atoms (white circles); (e) ordered monolayer Au rafts and isolated
Au atoms, and (f) linear stripes of Au. (Micrographs courtesy of Q. He, Lehigh University,
USA).27
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3.5 Other Technical Developments

Heating stage holders are also available for use within the
TEM/STEM to study the thermal stability of metal nanoparticles on
oxide supports. For example, Fig. 3.12 shows a sequence on STEM-
HAADF of some AuPd nanoparticles that are coalescing under the
influence of in situ heating within the vacuum environment of the
microscope. Such in situ heating studies can shed light on the mech-
anisms of particle sintering (i.e., coarsening vs. Ostwald ripening)
and allow informed strategies to be developed for modifying the sup-
port in order to improve the adhesion of the metal nanoparticles and
hence increase the catalyst stability and lifetime.

Environmental cell transmission electron microscopy (ETEM),
whereby catalysts are viewed real-time under a gaseous environment
at reaction temperature, continues to be of fundamental interest to
the catalysis community because it offers the possibility of examining
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Figure 3.12 Aberration-corrected STEM-HAADF images showing the various
stages of sintering of a pair of Au-Pd nanoparticles supported on amorphous
carbon. (a) Initial image shows a number of bimetallic nanoparticles with atomic
resolution. (b) and (c) Subsequent images acquired from the same area show parti-
cle migration and sintering occur over time under electron irradiation. (Micrographs
courtesy of R. Tiruvalam, Lehigh University, USA).

b1215_Chapter-03.qxd  11/28/2011  5:05 PM  Page 100



b1215 Supported Metals in Catalysis

catalysts under conditions that are closer to their normal operating
conditions. The subject of ETEM is beyond the scope of this current
article, but the interested reader is referred to some excellent reviews
by Gai et al.4,28

3.6 Analytical Electron Microscopy (AEM) for Catalyst
Research

So far, we have seen how the various scattering mechanisms under-
gone by incident electrons within a thin specimen can be utilized to
reveal atomic- and nanoscale detail relating to the structure and
morphology of supported metal catalysts. In a modern configura-
tion of the TEM commonly known as an analytical electron
microscope (AEM), a number of elemental, chemical, and elec-
tronically sensitive spectroscopic signals can also be generated and
collected, often at or near atomic resolution. Generally, the AEM
consists of a high resolution scanned probe TEM (STEM) that is
equipped with X-ray energy dispersive and electron energy-loss spec-
trometers (XEDS and EELS, respectively). The XEDS signals can be
acquired, along with the STEM-HAADF image signal, either sepa-
rately or simultaneously, allowing sensitivity to a broad range of the
technologically relevant elements of the periodic table. In the fol-
lowing section, we will discuss the nature of these electron-specimen
interactions, and the way in which the resulting signals are collected,
interpreted, and quantified.

3.7 The Origin of Microanalytical Signals

The majority of the signals utilized for imaging of catalyst materials
are based on elastic processes such as diffraction and high-angle
Rutherford-like scattering in which the incident electron undergoes
a directional change but transfers little or no energy to the specimen.
In contrast, the XEDS and EELS signals, which we are now going to
consider, are based solely on inelastic events that result when the
incident electron undergoes little in the way of directional change,
but does transfer some definite amount of energy to the specimen.
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There are a number of mechanisms by which inelastic electron
scattering can occur, all of which will contribute to the intensity
observed in the EELS spectrum. However, for the present purposes,
we will mainly focus on the case where the impinging high energy
electrons in the TEM ionize atoms within the specimen via the ejec-
tion of an inner-shell electron from the nucleus. The energy transfer
required for these ionization processes are highly specific to the
identity of the excited atom and, as such, form the basis for
elemental and chemical analysis via EELS spectroscopy.

Once inner-shell ionization of an atom has occurred, relaxation
can occur when a higher energy electron in the atom falls down into
the vacated, lower energy state. This process requires the release of
energy, which can occur in a number of ways including the radiative
emission of X-ray photons or Auger electrons. Since the energy of
an emitted X-ray photon is equal to the difference between the two
electron energy levels involved, this too, like the ionization process
itself, contains element-specific information and forms the basis for
XEDS spectroscopy. The likelihood that a given ionization event will
result in the emission of an X-ray photon is given by the fluores-
cence yield which, for K-shell photon emission, approximately
follows an inverse relationship with Z 4, where Z is the atomic num-
ber. Therefore, the detection of light elements is more difficult,
since the relaxation of ionized atoms is dominated by the Auger
process rather than X-ray emission. This problem is exacerbated by
the fact that conventional XEDS detectors exhibit a reduced detec-
tion efficiency for lower energy photons. For these reasons,
microanalysis of light elements by the EELS technique is far more
efficient than XEDS.

The spectral information necessary for qualitative and quantita-
tive analysis in the AEM can be acquired in a variety of ways. The
most straightforward of these involves positioning the beam over a
region of interest in the specimen and simply collecting the total
counts of either X-ray photons or energy-loss electrons from the
area illuminated by the electron beam. This approach generally has
the advantage of producing spectra with a high signal-to-noise ratio,
since a relatively large area of the specimen is being analyzed with a
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fairly high-current electron probe. However, the resulting spectral
information represents the total signal collected from the entire
area of the specimen that is being illuminated by the beam, which is
typically several nm2 or even µm2 in size. Thus, any fluctuations in
composition over this analytical region will not be resolved.

In contrast, current technology also allows for the acquisition of
spatially resolved spectroscopic signals via hyperspectral imaging. This
can be accomplished in one of two ways. The first, carried out in
STEM mode, involves acquiring an entire spectrum in a serial fash-
ion from a spatial array of pixels.29,30 This approach is commonly
utilized to produce STEM-XEDS or STEM-EELS spectrum image
datasets. Alternatively, in TEM mode, a suite of images may be
acquired sequentially over an entire energy range, and this is
the preferred approach in energy-filtered (EF)-TEM analysis. It
should be noted that the result of all of these analytical techniques
(STEM-XEDS, STEM-EELS, EF-TEM) is a three-dimensional data-
cube, two dimensions of which represent the x- and y-spatial
coordinates while the third dimension corresponds to the energy
channels of the spectral signal. Thus, the data generated from both
the spectrum-wise (XEDS, EELS) and image-wise (EF-TEM) acquisi-
tions are functionally the same, in that they represent two different
methods of filling the three-dimensional data-space. However, it
should be noted that, in practice, the data obtained by each
approach differs in some important ways, and the suitability of one
method over the other for a particular experiment must be judged
on the individual merits of each.

3.8 X-ray Energy Dispersive Spectroscopy (XEDS)
of Supported Metal Catalysts

A typical XEDS spectrum generated from a supported metal catalyst
powder specimen is presented in Fig. 3.13(a). In this case, the cata-
lyst consisted of an Al2O3 support that was co-impregnated with Au
and Pd via an incipient wetness method, and exhibits the elemental
peaks characteristic of Au (9.71 keV and 2.12 keV), Pd (2.84 keV),
Al (1.49 keV) and, O (0.52 keV). In addition to these elemental
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Figure 3.13 Typical XEDS spectrum collected from a supported metal catalyst
(Au-Pd/Al2O3) shown with (top) a linear y-axis and (bottom) a logarithmic y-axis in
order to emphasize the background signal.
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peaks, there is a continuum background level of radiation that exists
under and between the characteristic peaks. This background is
mostly due to the Bremmstrahlung or “braking radiation”, which
occurs as the high energy incident electrons lose some energy due
to deceleration by the Coulombic fields exerted by the atomic
nuclei. This background can be emphasized by using a logarithmic
intensity scale as shown in Fig. 3.13(b). It can be seen that, at higher
energies, the background continuum radiation exhibits a logarith-
mic decay, and an apparent sharp fall-off of background signal also
occurs at low energy due to inefficiencies of the XEDS detector at
low X-ray photon energies.

With the exception of a few artifacts, most of which are easily
identified, qualitative analysis of such XEDS spectra is straightfor-
ward since the energies of the characteristic X-rays are well known.
The most common errors associated with qualitative XEDS compo-
sitional analysis arise due to the limited energy resolution (typically
150 eV) and sometimes poor energy calibration of the detector
involved.31 This can lead to erroneous identification of an X-ray
peak due to the spectral overlap of similar energy peaks exhibited
by two or more elements. A common example of this occurs for the
case of Pb and S, which exhibit characteristic X-rays at 2.364 keV
and 2.307 keV, respectively. If the microanalyst is unaware of such
overlaps, the wrong elemental assignation could easily be made
when identifying peaks in the resulting spectra. To avoid such
errors, a careful calibration of the energy scale should be per-
formed in order to determine which of the two elements is present.
However, in situations where both elements may co-exist in a sam-
ple, it can sometimes be impossible to determine whether or not
both elements are present, since the tail of the more abundant ele-
ment will hide the less intense peak of the minor element. Other
spectral artifacts that can lead to errors in qualitative analysis
include sum, system, and escape peaks, and these have been
described elsewhere.31 An example of a system peak artifact is con-
tained in the spectra shown in Fig. 3.13, in which the peak at 8.04
keV suggests that the catalyst material contains a sizable amount of
Cu. However, this signal is purely an artifact which originates from
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the interaction of high energy back-scattered electrons with the Cu
mesh grid used to support the amorphous carbon film carrying the
catalyst specimen. Another common artifact encountered in AEM-
based XEDS spectra are sum peaks, in which two photons arrive at
the detector nearly simultaneously and are counted as a single
event at an energy corresponding to the sum of the two peaks.
A final common artifact is known as an escape peak, which can
occur when an incoming photon strikes the Si-based detector and
fluoresces a Si-Kα X-ray (1.74 keV). Some of these secondary pho-
tons will “escape” from the detector, resulting in a peak located at
energy 1.74 keV lower than the true energy of the incoming pho-
ton. These types or artifacts can be a source of error in assessing
XEDS spectra acquired in the AEM, and so the analyst must be very
wary of their possible presence.

Once a thorough qualitative analysis has been done, the analyst
may then wish to quantify the various elemental constituents that
have been identified. However, great care must be taken to avoid the
many pitfalls that can plague this type of quantitative analysis. For a
comprehensive discussion of the proper approach to quantitative
analysis, see, for example, Joy et al.32, and Williams and Carter1, and
the many references therein.

In general, the first step in the XEDS quantification process
involves the removal of the contribution of the background from
integrated signal intensity under each of the peaks of interest. In the
case of intermediate or high energy peaks, this is rather easily done
since the background can be approximated to a linear decay: how-
ever, much more care is necessary when analyzing low energy peaks
due to the non-uniform shape of the background in this region of
the spectrum.

Once background removal has been accomplished, the ratio of
the integrated intensity of the two characteristic X-ray peaks can
then be used to calculate the mass fractions of each element using
the Cliff–Lorimer relationship33:

(3.2)I
I

k
C
C

a

b

a

b
= .
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In this equation, C represents the concentration, by mass, of
element a or b, whereas I is the integrated intensity of the associated
peaks, and k is a constant that depends strongly on the specific
instrumental and experimental parameters employed as well as on
the identity of the two elements. In most cases, the Cliff–Lorimer
factor k is determined by the analysis of standard samples of known
composition in the same instrument using similar experimental
conditions to those employed while analyzing the unknown speci-
men. So-called standardless quantification algorithms are also
available, where, instead of being experimentally determined, the
k values are generated either from first-principles calculations or by
fitting to a database of reference spectra acquired on a different
instrument. However, this latter approach can be fraught with errors
and the analyst should take the time to verify the validity of their per-
formance before accepting the results.34

These quantitative approaches were developed to analyze indi-
vidual spectra, but they are equally suited to the analysis of spatially
resolved XEDS hyperspectral image datasets as well. STEM-XEDS is
a particularly powerful technique, since it results in high spatial
resolution concentration maps of the various elements analyzed.
However, care must be taken, since specimens with complex geome-
tries, such as the rough surfaces typically encountered in supported
metal catalysts, can lead to errors when performing quantitative data
analysis.

An excellent example of the application of quantitative XEDS
analysis in catalyst research can be found in the work of Lyman and
colleagues.35–39 In these studies, the composition of supported
bimetallic precious metal particles was determined by collecting an
entire XEDS spectrum while scanning the probe over individual par-
ticles and calculating their composition based on the intensities of
the characteristic X-ray peaks of the two metals. This process was
repeated for several hundred particles in order to generate statisti-
cally relevant data, and the results were used to produce a scatter plot
of composition vs. particle size. Figure 3.14 shows the data from
one such study on the Pt-Rh/Al2O3 catalyst system.38 Figure 3.14(a)
shows a particle size composition plot, which clearly reveals two
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distinct regions of compositional space occupied by the particles in
the catalyst, one of which is Rh-rich and the other Pt-rich. The
authors attributed this observation to the miscibility gap present in
the Pt-Rh equilibrium phase diagram, which was consistent with the
thermal history of the catalysts. The data in the particle size compo-
sition plot can also be represented as a histogram of the number of
particles vs. particle composition (Fig. 3.14(b)). Finally, the data
may then be extracted in such a way as to produce a pair of his-
tograms, shown in (Fig. 3.14(c) and (d)), which describe the size
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(a) (b)

(c) (d)

Figure 3.14 Results obtained from AEM analysis of a Pt-Rh/Al2O3 NOx reduction
catalyst (mass fraction of Pt and Rh: 0.61 and 0.40, respectively) obtained by Lyman
et al.35–39 A plot of particle composition vs. size (a), a histogram showing the num-
ber of particles analyzed of a given composition (b), and histograms showing the
size distribution of Rh-rich and Pt-rich particles ((c) and (d), respectively).
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distributions of the two characteristic particle compositions (i.e. Rh-
rich and Pt-rich) within the catalyst. This manner of presenting the
data is far more informative than a traditional particle size distribu-
tion, in that the latter contains no compositional information. These
studies were the first to demonstrate that AEM analysis was the only
technique capable of combining sufficient spatial resolution with
analytical sensitivity in such a way as to allow the identification of
compositional heterogeneities within populations of small particles
that can dramatically affect the resulting catalyst performance.

While the previous example shows the utility of analyzing the
“bulk” composition of individual particles, the development of
hyperspectral imaging techniques (see Friel and Lyman40 for a
review) has now made it possible to study the compositional fluctu-
ations within individual particles as well. As described in several
publications by the Lehigh group,41–45 by acquiring hyperspectral
images and applying suitable statistical processing algorithms such
as principal component analysis (PCA), the spatial distribution of
the elements within individual bimetallic nanoparticles can be stud-
ied as a function of heat treatment conditions or synthesis routes.
For example, Fig. 3.15 shows the spatial distribution of Au and Pd in
a single bimetallic particle supported on TiO2. As indicated by the
enhancement of the Pd signal at the perimeter of the particle, it is
apparent that there is a significant enrichment of Pd at the particle
surface relative to the interior, resulting in an Au-rich core sur-
rounded by a Pd-rich shell. Data of this sort are especially valuable,
because the chemical and structural nature of the particle surface can
dominate the catalytic performance, and proper characterization of
both aspects is a necessity for developing structure-property rela-
tions to aid catalyst design. Other surface-sensitive spectroscopic
techniques such as X-ray photoelectron spectroscopy (XPS) and low
energy ion scattering (LEIS) can also aid in determining the surface
composition of catalyst particles, however, only as a representative
average over a large ensemble of particles. The analysis of XPS or
LEIS data is complicated by the fact that, in a “real” catalyst system,
the composition can vary from particle to particle, as well as within
individual particles, and this makes the high spatial resolution
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Figure 3.15 Application of hyperspectral imaging to individual particles in sup-
ported metal catalysts. Annular dark-field image (top left) acquired from an
Au-Pd/TiO2 catalyst and the corresponding XEDS elemental maps: Au-M (top left),
Pd-L (middle left), O-K (middle right), and Ti-K (bottom left). Also shown is a
color overlay of the Ti (red), Pd (green), and Au (blue) signals.27
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mapping afforded by the AEM an excellent complement to “bulk”
techniques. These hyperspectral imaging techniques have also been
employed to track the segregation behavior of bimetallic nanoparti-
cles as a function of heat treatment,43 to analyze the particle size
dependence of composition by mapping large ensembles of bimetal-
lic alloy particles,44 and to spatially map a minor metallic constituent
in a bimetallic catalyst in the presence of peak overlaps.44

3.9 Core-Loss Electron Energy Loss Spectroscopy (EELS)
of Supported Metal Catalysts

While XEDS in the AEM has seen a wider application than EELS
thus far in the field of supported metal catalysts, there are some
cases where the latter technique is superior and can provide unique
and valuable compositional information from these materials.46,47 As
mentioned previously, the detection of light elements by XEDS is
highly problematic due to the tendency of such species to emit
Auger electrons instead of X-rays in response to ionization events
caused by the electron beam, and because of detector inefficiencies
in the low energy range. In contrast, EELS is capable of detecting
characteristic inelastic scattering events regardless of the subsequent
relaxation process that follows, and the detection efficiency for light
elements is reasonably high.

In addition, the spatial distribution of the inelastically scattered
electrons carries a strong forward-bias such that the majority of the sig-
nal can be collected by the on-axis post-specimen EELS spectrometer
commonly employed in the AEM. This makes EELS a far more effi-
cient technique in terms of signal collection than XEDS, where the
detector samples only a tiny fraction (< 1%) of the emitted X-ray pho-
tons. An energy resolution of less than 1 eV in the EELS spectrum is
readily achievable in most commonly available instrumentation; a
value that is far superior to the ≈150 eV spectral resolution of XEDS.
Finally, and perhaps most uniquely, with careful analysis, the EELS
spectrum can also yield information related to the electronic structure
and inter-atomic bonding present in the specimen, both of which are
not detectable with the XEDS technique.
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The analysis of EELS data needs to be more rigorous than that
of XEDS, mostly due to the less uniform structure of the back-
ground signal in the EELS spectrum which can significantly
complicate even qualitative analysis of the data. A typical EELS spec-
trum collected from a carbon support material is shown in Fig. 3.16.
The spectrum is seen to consist of a strong C-K edge at 283.8 eV
energy loss, that is superimposed on a decaying background (shown
in red). The pre-edge background can usually be fitted to an equation
of the type:

I == AE −−r (3.3)
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Figure 3.16 Typical EELS spectrum collected from a carbon supported catalyst
specimen. The raw spectrum (blue) consists of a strong C-K edge superimposed on
a decaying background signal (red). The signal (green) must be carefully extracted
by proper modeling of the pre-edge background signal prior to analyzing the data.
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where I is the intensity in energy channel E, while A and r are curve-
fit parameters. Once the background has been modeled, it can be
stripped from the raw spectrum, resulting in a more faithful repre-
sentation of the elemental signature (shown in green).

The background in an EELS spectrum arises from a number of
factors, including the excitation of valence electrons to the vacuum
level and the presence of extended tails from lower energy features.
While the former contribution can be reliably modeled for most
intermediate (> 50 eV loss) and high energy loss features, the con-
tribution of the latter can be particularly difficult to remove,
especially in a complex system containing many elemental con-
stituents. In addition, the non-uniformity of the background makes
it difficult to quickly assess, on a semi-quantitative basis, the relative
concentrations of each element. Finally, the thickness of the speci-
men is of much greater importance in EELS analysis, with very thin
samples being preferred, as multiple scattering events in thicker
samples can lead to improper data analysis.

Once a careful treatment of the raw signal has been carried out,
the composition of, for example, a two-component system contain-
ing elements A and B can be determined via the relation:

(3.4)

In this equation, N is the number of atoms present in the ana-
lytical volume, IK is the intensity above background of the relevant K
edges, and σK is the partial ionization cross-section. This relation-
ship applies specifically to K edges, but similar expressions have
been derived for L and M edges. This equation is analogous to that
discussed previously for XEDS quantification, in that the concentra-
tion of the two elements is related directly to the ratio of the
intensities adjusted by a sensitivity factor, which, in this case is the
ratio of the two partial ionization cross-sections (σ).

As demonstrated by Sun et al,48 EELS can be particularly inform-
ative when applied to supported metal catalysts. In their work,
point spectra were acquired from various positions on a Pd-Cu
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nanoparticle supported on γ-Al2O3, in an effort to characterize any
chemical heterogeneities that existed within the bimetallic. Two
examples of this type of analysis are reproduced in Fig. 3.17. In the
first case, all three spectra were collected from a ≈3 nm particle:
one from the center and two from either side. While the Pd M edge
(334.7 eV energy loss) is clearly present in all three, the Cu L edge
(931 eV) is only present in the spectrum acquired from the particle
center. Since the EELS signal results from the transmission of the
electron beam through the bulk of the particle, the absence of Cu
signal at the particle perimeter suggested that surface enrichment
in Pd had occurred. When this technique was applied to similar Pd-
Cu particles after a high-temperature reduction treatment, Cu and
Pd were detected at all of the analytical points. The authors were
able to use this information and spectral analyses of a larger range
of particles to track the microstructural evolution of the various
metal particle types formed during catalyst synthesis and subse-
quent heat treatment.

While the previous study was carried out in STEM mode by col-
lecting spectra from individual points by focusing the electron probe
at specific locations, if the AEM is equipped with an imaging energy fil-
ter, the energy-loss signal can be acquired in an image-wise fashion
from a large specimen area illuminated by a broad, parallel beam in
energy-filtered EF-TEM mode. To do this, a portion of the energy-loss
signal is selected via a slit which is inserted in the dispersion plane of
the EELS spectrometer, and only those electrons falling in this range
are re-combined to form an image, which represents the spatial distri-
bution of the energy-loss events.49 EF-TEM has also been successfully
applied to the study of heterogeneous catalysts, even though the com-
plex shape of supported metal catalysts can complicate the
interpretation of such data due to local variations in specimen thick-
ness as one traverses across the diameter of a support particle.

An elegant solution to this problem was reported by Crozier and
McCartney,50 wherein the authors prepared a TEM specimen by the
ultramicrotomy sectioning of an Al2O3-supported Ni-Cu-Cr catalyst
embedded in a resin matrix. In so doing, the morphological char-
acteristics of the specimen were preserved, while it was also

b1215 Supported Metals in Catalysis
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Figure 3.17 The application of core-loss EELS spectroscopy to a catalyst system con-
sisting of γ-Al2O3 supported Pd-Cu bimetallic particles. The results depict the EELS
response collected at several points near and within a core-shell particle exhibiting
surface enrichment of Pd (top), as exhibited by the consistent Pd signal (b) from all
three points and the lack of Cu signal (c) near the perimeter. Also shown are similar
results collected from a more homogeneous particle (bottom), where the Pd (b) and
Cu (c) signals are more consistent from all of the analytical regions.48
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(a) (b)

(c) (d)

Figure 3.18 Results presented by Crozier and McCartney (1996)50 wherein EF-
TEM core-loss mapping was performed on an Al2O3-supported NiCuCr catalyst.
A schematic plot shows the energy-loss regions used to collect the signal and to
model the background contributions (top). The zero-loss filtered BF image of a
particular area of interest (a) is shown, along with one of the images extracted from
the Cr-L pre-edge background region (b). Also shown are the raw and background
subtracted image from the characteristic signal region ((c) and (d)) respectively)
for the Cr-L edge. Arrows point out the region in each image associated with two 
Cr-rich particles, as revealed by the background subtracted elemental map (d).
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rendered uniformly thin for EF-TEM analysis. Elemental mapping
was then carried out via the three-window method,47 whereby two
images are collected from energy ranges preceding the energy-loss
edge of the given elements and a third from the post-edge region
(see Fig. 3.18). The first two windows are used to compute a back-
ground model with which to then correct the raw image signal
collected in the third window. The result is a two-dimensional ele-
mental map, which can then be quantitatively related to the
concentration of the given element at each image pixel. The results
of this analysis for the Cr-L edge (574 eV) are presented in Fig. 3.18,
which contains the zero-loss filtered BF-TEM image of the specimen
area being analyzed (a), one of the two pre-edge background
images (b), the raw post-edge image (c), and the background-
corrected elemental maps (d). Arrows are present to emphasize the
location in each image of two Cr-rich particles, as revealed by the
background-corrected map (d). The power of this technique is
evident in two respects. Firstly, the elemental maps reveal the distri-
bution of the metallic constituents in a directly interpretable
fashion. In contrast, while the broad structural features are easily
visible in the BF-TEM image, the similarity in atomic number and
structures adopted by the three elements present (Ni, Cu, and Cr),
makes any further interpretation of the data difficult. Secondly, it is
extremely important to compare the stark difference in the raw
post-edge image with the background subtracted map, which
demonstrates the necessity of carefully removing the background
contributions prior to analyzing the images produced in the core-
loss EF-TEM signal.

3.10 Summary

It should now be evident that the modern AEM offers an incompa-
rable level of versatility for the characterization of supported metal
catalysts. The sheer variety of imaging and spectroscopic signals, all
of which can be spatially resolved at, or near, the atomic-level,
affords the catalyst chemist the opportunity to locally probe a host
of catalytically relevant features within a catalyst sample. Recent
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advances in three-dimensional structural and chemical imaging, as
well as the ability to carry out in situ analyses under realistic tem-
peratures and pressures, are further widening the scope of catalysis
applications in which the AEM can play a characterization role.
When used in concert with other surface and bulk analytical tech-
niques, AEM can provide vital information pertaining to the nature
of the active species within a catalyst and increase our understand-
ing of the structural and compositional factors that control catalytic
performance.

† — Certain commercial equipment, instruments, or materials are
identified in this document. Such identification does not imply rec-
ommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the products identified are
necessarily the best available for the purpose.
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CHAPTER 4

CHARACTERIZATION OF 
SUPPORTED METAL CATALYSTS BY

SPECTROSCOPIC TECHNIQUES

M. Fernández-García1 and J. A. Anderson2

1Instituto de Catálisis y Petroleoquímica, CSIC, C/Marie Curie , 28049
Madrid, Spain

2Surface Chemistry and Catalysis Group, Department of Chemistry,
University of Aberdeen, Kings College, Scotland, UK

4.1 Introduction

It is impossible to present, in a single chapter, an exact theory con-
cerning the structural and electronic properties of metals and alloys
as well as present the theoretical background of the spectroscopies
used to establish the structural and electronic basis of metal cata-
lysts. As an indication of the volume of data concerning such
aspects, we refer to the text by Ponec and Bond which collects some
of the most significant data1 and to the fact that the catalysis of Pd-
supported systems has been subjected to a complete series of
reviews.2 Rather than a complete compilation of experimental
results, we will pursue an approach which, in the first instance, tries
to briefly synthesizse the main guidelines recently employed in inter-
preting the geometrical and electronic properties of mono- and
bimetallic catalysts. Subsequently, the chapter attemps to provide a
glimpse of the effect that nanostructure and the support will have
on the metallic component of the catalyst. Thus, in the second part
of this chapter, we will review the theoretical basis of spectroscopic
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techniques employed for in situ characterization of metallic systems
and present examples from relevant studies. Four main groups of
techniques will be envisaged; the first group is related to the use of
X-ray absorption/emission techniques, the second considers new
“time-resolved” and “total scattering” approaches to the X-ray dif-
fraction, the third concerns vibrational techniques, and the fourth
includes the use of photoelectron spectroscopy under relevant, envi-
ronmental conditions. Emphasis has been placed on selecting
representative data of real “in situ” characterization, meaning that
analysis of the systems has been performed under the appropriate
atmosphere and at the temperature and pressure required by its
industrial application. A final part of the review will briefly cover
other, non-in situ work of interest, mainly related to the use of
magnetic resonance spectroscopy.

4.2 Main Properties of Monometallic Systems

Metals used in catalysts are mainly of the transition series which dis-
play face centered cubic (fcc) bulk structure with the exception (at
room temperature) of Co, Ru, Re (hexagonal centered primitive,
hcp) and Fe (body centered cubic, bcc). The need for high surface
area, as catalysis is essentially a surface phenomenon, requires the
dispersion of the metal component on a support and thus the for-
mation of metal entities with limited size and number of atoms
(typically below 100). Metallic nanostructures or clusters, may dis-
play cuboctahedra or Wolf polyhedra particles morphologies
derived from the fcc structure.3 In essence, the high surface to bulk
number of atoms present in a cluster are such that surface energy
and stress contributions to the total energy are not negligible and
induce significant structural changes with respect to the bulk. In
fact, surface stress acts to displace atoms from the equilibrium posi-
tions which they normally occupy in bulk materials.4 In addition, it
is well known that clusters can present icosahedra or decahedra
structures which do not match with known bulk structures.5 The lat-
ter two structures are characterised by five-fold symmetry axes and
have been observed for Au,6,7 Ag8 and Cu9 clusters containing 150 or
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less atoms. Such structures appear for clusters with specific numbers
of atoms, called magic numbers and their formation is dominated
by kinetic rather than thermodynamic factors.10,11 As shown by pre-
vious experience, the interaction with the support can also play a
role; although this will induce changes in atomic positions, bulk-like
fcc structure will usually hold, but a strong influence in shape can be
expected when the M–O bond strength is similar to the M–M. In
such cases, rather than spherical morphologies, planar particles can
be formed, as shown in Fig. 4.1 for the case of Pd particles supported
in a LTL-Zeolite.12 Studies of metal growth in model systems, using
single crystals as supports, have been reviewed in the literature13,14

but the energetics of the metal support interface is so dependent on
the effect of local order or impurities present in real carriers that
more work is required in order to construct a bridge between model
and real systems. A final point to mention concerning this brief
overview on structural properties of monometallic systems would
take into account that metal catalysts are analysed in the presence of
a gaseous atmosphere and potentially hydrogen is chemisorbed dur-
ing the reduction process. This usually produces changes in the
M–M bond distance and influences electronic properties.15

Electronic properties of transition metals can be described by a
simplified model, which, essentially, considers a narrow d sub-band

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 123

Figure 4.1 Metal-L-Zeolite interface. (a) Viewed perpendicular to the c-axis of the
L-Zeolite channel. (b) Viewed along the c-axis of the L-Zeolite channel.12
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having a somewhat localised, atomic-like nature, while the sp sub-
band is wider and mostly delocalised.1 The Fermi level has a major
contribution to the density of states from the d band in most typical
active phases, such as those including noble metals. The limited size
of clusters produces the so-called quantum or size confinement
effects. These essentially arise from the presence of discrete, atomic-
like electronic states. From the solid state point of view, the
electronic states of clusters can be considered as being a superposi-
tion of bulk-like states with concomitant increases in oscillator
strength.14 This separation of the states is visible in the valence band
of metallic clusters synthesised by physical methods3 but is obscured
in supported metals by the effect of the polydispersity. The usually
broad and asymmetric particle size distribution present in sup-
ported systems produces the broadening of the valence band
although a measurable size effect can be detected in core levels. The
so-called surface core-level shift is a well-established phenomenon
which can be directly associated with the electronic modification
suffered by the metal at the surface.16 That is to say that it is an ini-
tial state effect, derived by changes in the electronic structure of
surface atoms. The separation of electronic levels has profound
implications in metal properties as it drives the metal-insulator tran-
sition.3,17 Although not well defined in general for all metals, the
cut-off point for metallic character is believed to take place for clus-
ters of transition metals around/below 150 atoms.17 This happens
concomitantly with changes in the nature of the Fermi edge; for
example, Pd has an atomic average electronic configuration of d10s0

for clusters below four atoms while larger clusters display a d9.9s0.1

average electronic configuration. Alkali metals may however main-
tain bulk-like properties to a significantly large extent.18,19 The effect
of the support is, as mentioned, of importance. As detailed previ-
ously, clusters located in regular positions of support are mainly
affected by Pauli repulsion with the oxygen anions and concomitant
polarization of the metal electron cloud.1 This produces a redis-
tribution of electronic charge which is actively investigated by using
XPS.20 Defective sites, such as steps or edges, produce some moder-
ate charge transfer between the basic oxygen ions and the metal
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particle. As mentioned above, another aspect to consider when
characterizing metal particles is the presence of adsorbed hydro-
gen atoms which modify metal–metal (M–M) bonds and sp/d
hybridization.15,21

4.3 Main Properties of Bimetallic Systems

The term bimetallic was introduced by Sinfelt to account for the fact
that a catalyst may contain a multitude of phases containing the
active metallic components.22 Of these many phases, a characteristic
is the binary alloy. The term alloy can describe a broad range of sit-
uations from well-defined phases or solid solutions to surface alloys
in cases where bulk alloys are not thermodynamically favoured but
a clearly defined surface local arrangement is obtained. Note that
the novel core-shell bimetallic structures are included in this catch-
all term. An historical overview of the properties of alloys in
connection with catalysis has been published by Ponec.23 At present,
a broadly agreed view accepts that alloy components can be “chem-
ically” recognised and, therefore, supports a somewhat “localised”
interpretation of the alloy nature and properties. Obviously, a “delo-
calised” view loses most of its meaning in the case of clusters due to
its finite dimensions.

Simple thermodynamic considerations indicate that the sur-
face composition of an alloy would differ strongly from that of the
bulk. This is a phenomenon driven primarily by the difference in
binding energy between the A–B heterometallic bond and the A–A,
B–B homometallic bonds.24 In general, surface segregation depends
on a range of parameters including bond strengths, atomic sizes,
enthapies of sublimation and surface energies, temperature,
exposed surface plane, and particle size. Analysis of surface com-
position is usually performed in terms of the broken-bond or
regular solution models.1 Although no satisfactory theory can
account for all of the above mentioned parameters,1 Mezey devel-
oped a theory known as the modern thermodynamics, calculated at
the interface properties25 which, after some refinements, displays
good agreement with extended alloys, including face-sensitive
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composition.26 Nowadays, the effect of a limited size is mainly intro-
duced by Monte Carlo simulations1 but essentially it is believed that
the lower the coordination particle site, the greater the tendency
for segregation. The effect of size is not confined to the surface.
Nanostructured alloy particles show phase diagrams very different
from those of bulk materials.27 The influence of the support on sur-
face composition is also of importance but has been scarcely
investigated. Contrarily, significant effort has been put in to under-
standing the effects of absorbates.28 Simple tests of the adsorbate
(X) effects are based on the relative strength of the A-X and B-X
bonds. However, kinetic factors seem to play a major role in the
extent of adsorbate induced segregation; depending on the reac-
tion temperature, diffusion of atoms at the surface can allow a new
adsorbate induced equilibrium surface composition. This is illus-
trated in Fig. 4.2 which displays CO adsorption on a Pd0.75Cu0.25

nanostructured alloy particle at both room temperature and at
573 K.29 The drastic enrichment in Pd at the particle surface is
clearly evidenced by the growth of the bridge contribution at ca.
1850 cm−1 and the frequency change of the on-top carbonyl (ca.
1950 cm−1). This Pd-rich surface is stable when the temperature is
returned to ambient.

The use of bimetallic catalysts is a direct consequence of the
improved catalytic performance with respect to monometallic sys-
tems.1 The “localised” view mentioned above crystallises in a theory
which supports such improved performance in the so-called geo-
metric or ensemble, and electronic or ligand, type of effects.
Ensemble effects are interpreted in such a manner that the surface
sites available to a reactant molecule can be defined by the nature
(A or B) and number of the first coordination metal shell. Note
that although catalysis is an essentially surface phenomenon, a
three-fold hcp site present in an fcc surface has subsurface atoms as
nearest neighbours. This has been analysed in a general manner by
Rodriguez et al.30 On the other hand, it can be also be argued that
the mechanism by which molecules involved in the rate limiting
step (or prior to this step) have multiple bonds with the surface
may limit the usefulness of this concept. This is closely related to
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the surface-sensitive or insensitive character of a reaction and will
be further analysed in following chapters. In any case, it can be
safely mentioned that the tridimensional (not exclusively surface)
ensemble will be constituted by a limited (typically lower than ten)
number of atoms. However, most papers claim the existence of syn-
ergism between alloy components related in a somewhat obscure
way to a ligand or electronic effect.1,30 The existence of an elec-
tronic interaction between alloy components has been deduced
mainly on the basis of IR characterization using CO as a probe
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Figure 4.2 FTIR spectra of the carbonyl region for a Pd0.75Cu0.25 nanostructured
alloy after CO adsorption at room temperature (dashed line) and at 573 K (solid
line).29
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molecule and by XPS measurements, but data from these spectro-
scopies cannot be adequately interpreted without the help of
theoretical calculations. This can be emphasised by continuing with
the Pd-Cu alloy example. Nanosized Pd-Cu bimetallic catalysts30–33

can form Pd-Cu solid solutions over a broad range of compositions,
at least in the Pd : Cu = 0.5–2.0 range.31 As occurs with Pd-Cu
extended alloys, XPS data for these solid solutions display posi-
tive/negative shifts of the Pd/Cu core-level binding energies with
respect to the appropriate monometallic reference system.18 A sim-
plistic interpretation of the XPS shift based upon a simple charge
transfer model would indicate an electron flow from Pd to Cu. The
first principle analysis of the heterometallic bond gives a more com-
plex interpretation, with a Cu(4sp) → Pd(5sp) charge transfer and
a strong internal Pd d → sp re-hybridization as the main contribu-
tions. The theoretical analysis unequivocally shows the XPS shift is
dominated by the Pd polarization and, therefore, does not provide
any information concerning charge transfer. The example sheds
some light onto the fact that the heterometallic bond is formed
through non-bonding (Pauli repulsion) and bonding (polarization,
charge transfer and correlation) contributions and all of these may
influence the experimental observations. Limiting the interpreta-
tion of the heterometallic bond to the charge transfer process is
obviously erroneous and frequently drives to misleading conclu-
sions. CO is used as a probe molecule and its C-O stretching
frequency followed by infrared spectroscopy. In the case of Pd-Cu
cluster alloys, a moderate to low blue shift is detected with respect
to the appropriate monometallic Pd reference. This result is at
odds with the red shift expected on the basis of a purely geometric
(ensemble) dilution of Pd effect by Cu and thus provides a strong
indication for the presence of electronic effects in this system.18

The detailed interpretation of the shift in the CO stretching fre-
quency was supported by theoretical calculations, which showed
that it is dominated by the correlation contribution to the adsor-
bate-alloy bond.33 This again indicates that the observable
parameter, the C-O stretching frequency, is not directly related to a
charge flow process between the alloy constituents.
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4.4 In situ Characterization

4.4.1 X-ray absorption and emission spectroscopies

X-ray absorption and, more recently, emission techniques are cus-
tomarily used to analyse the local structure of materials. More
concretely, the X-ray absorption fine structure (XAFS) acronym
refers to the oscillatory structure observed in the absorption coeffi-
cient (µ(E)) just above or close to the absorption edge of an
element constituting the sample. X-ray absorption spectroscopies
are, essentially, synchrotron-based techniques and measure the
absorption coefficient as a function of the X-ray energy E = h ω.
A typical absorption spectrum (µ(E) vs. E) shows three general fea-
tures. The first one is an overall decrease in σ(E) with increasing
energy which, sometimes, also contains well-defined peaks at spe-
cific energies called pre-edge transitions. The second is the presence
of the edge, which roughly resembles a step function with a sharp
rise at the corresponding edge energy and reflects the ionisation of
an inner-shell (or core) electron of the element under study. The
third component appears just above the edge and corresponds to
the oscillatory structure that can be roughly described as a periodi-
cal function, progressively damped as it evolves from the edge
energy. Being absorption techniques, XAFS spectroscopies are ele-
ment-specific. On the other hand, the deep penetration of X-rays
into matter means that they provide information over the whole
system, becoming surface-sensitive only by employing specific detec-
tion schemes which will be briefly discussed below.

The XAFS spectrum, χ(E), is defined as the normalised oscilla-
tory structure of the X-ray absorption, e.g. χ(E) = (µ(E)- µ0(E)/
µ0(E)), where µ0(E) is the smooth varying atomic-like background
absorption. Essentially, the XAFS spectrum implicates the quantum-
mechanical transition from an inner, atomic-like core orbital electron
to an unoccupied, bound (pre-edge transition) or unbound, free-
like continuum level. The oscillatory structure therefore reflects the
unoccupied part of the electronic bands/structure of the system in
the presence of a core-hole.34–38 Note that this differs from the ini-
tial, ground state by physical effects induced by the fact that the
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core-hole is not infinitely long lived but must decay as a function of
time and distance from the photo-absorbing atom.34–38 The latter
point is worthwhile stressing here as their short range order charac-
teristic makes these techniques particularly suitable for the analysis
of nano-structured materials which, frequently, do not possess or
present strongly disturbed long range order.

Historically, it was controversial to recognise the local nature of
the XAFS techniques (see Lytle for a recent discussion)39 but now
the theoretical description of the techniques is reasonably well set-
tled.36,37 The absorption of X-ray by matter is described in many text
books.40 The treatment of the radiation as an electric field without
practical spatial variation on a molecular/local scale and eliminat-
ing magnetic parts leads to the Fermi Golden Rule for the X-ray
cross-section:

(4.1)

The intensity of the absorption process is then proportional to the
square of the transition matrix element connecting the initial (φi)
and final (φf) states times, a delta function which ensures that it
satisfies the conservation of energy theorem. The elimination of
the spatial dependence of the electric field corresponds to a series
expansion of its e2πz/λ dependence up to the first term (linear
dependence in r — Eq. (4.1); this yields the dipole approximation
of the interaction energy between the atom electronic cloud and
the X-ray radiation field. Better approximations will include
quadrupole and octupole terms and so forth. However, except in
a few cases, some of them detailed here, the dipole approxima-
tion gives a quantitative analysis of the XANES shape and EXAFS
oscillations.

An important approximation is to assume that the matrix ele-
ment can be rewritten into a single-electron matrix element. This is
based on the sudden approximation which allows the transition
element in Eq. (4.1) to be rearranged in terms of an overlap term 
of the N-1 “inactive” electrons, which is roughly independent of

m f f d(E) K /e r/f i Ei  hy= - +[〈 • 〉] .2
Ef
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energy, and the mentioned single-electron matrix element connect-
ing wave-functions of the unbound and inner-core electrons.41 The
validity of the sudden approximation depends primarily on the
photo-excited electron kinetic energy and has been subjected to
many studies.35,37,38 All electron rearrangements (inter-atomic and
mainly extra-atomic relaxation of valence electrons) in response to
the core-hole creation are thus neglected and the series of delta
functions corresponding to different final states identifies with the
local density of states (ρ)42 and the corresponding X-ray absorption
cross-section becomes:

(4.2)

where ϕi,f correspond to the previously mentioned initial and final
mono-electronic wave-functions. The dipole matrix element dictates
that the local density of states has an orbital moment that differs by
one from the core state (∆L = ±1) while the spin is conserved (∆S =
0). If the electric quadrupole radiation is considered, the selection
rule changes and becomes (∆L = 0, ±2; ∆S = 0; ±1, ±2).

There are two XAFS techniques; X-ray absorption near edge
spectroscopy (XANES) and extended X-ray absorption fine struc-
ture (EXAFS). They differ in the energy of the final electronic state
sampled, which is limited to a maximum of about 40–50 eV for
XANES and above that point for EXAFS (Fig. 4.3). Intuitively, it is
obvious that pure electronic information (e.g. chemical bonding
information) is only enclosed in the low-lying extended states and is
thus confined to the XANES region. This will be discussed below.
On the other hand, at high energy in the continuum of electrons
participating in EXAFS, the effect of neighbouring atoms becomes
small and electron state approximates to spherical waves that are
simply scattered by such atoms. The information extracted is thus of
geometrical local character.

As a general rule, Eqs (4.1) and (4.2) can be solved by using
modern quantum-mechanical methods. Two general approaches
are discerned. The first one involves ab-initio or DFT methods to

m(E) K r/= [ ]〈 〉j j rf ie/ ∑ 2
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calculate the initial and final wave-functions of the electronic tran-
sition. The second reformulates the Schrödinger equation in
terms of the scattering theory and allows one to write the absorp-
tion equation as a correlation function. This latter is particularly
useful for EXAFS analysis of nano-structured materials as they can
be treated as clusters for calculations which, in turn, can be per-
formed in steps of growing size, showing the effect of introducing
different coordination spheres. Detailed accounts for the multiple-
scattering EXAFS theory can be found in Natoli43 and Rehr and
Albers44. Using this theoretical framework the EXAFS formulae
can be written as:

(4.3)c fl( )
( )

sin( ( ))/ ( ) .E S
N F k

k R
e e kR ki

ii

R k DW= +Â - -
0
2

2
2 2 2
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Figure 4.3 Pd K edge XAFS spectrum of a Pd foil. Inset; Fourier Transform of the
EXAFS signal.
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This was originally proposed by Sayer et al.,45 based in a single-
scattering formalism but can be generalised to represent the
contribution of N equivalent multiple-scattering contributions of
path-length 2R.44 It can therefore be considered as the standard
EXAFS formula, providing a convenient parameterization for fitting
the local structure around the absorbing atoms. The dependence of
the oscillatory structure on inter-atomic distance and energy is
reflected in the sin(2kR) term. The decay of the wave due to the
mean free path or lifetime (including intrinsic core-hole and extrin-
sic inelastic losses) is enclosed in the exponential 2R/λ, which is
largely responsible for the relatively short range probed by EXAFS
in a material. As recognised in earlier studies,45 the sinusoidal nature
of the EXAFS phenomenon allows a Fourier analysis of the signal
(inset in Fig. 4.3), yielding key information to provide initial guesses
for the fitting parameters. In fact, for each shell contributing to the
EXAFS signal, we may have (vide infra) a peak in the Fourier
Transform spectrum. The strength of the interfering waves depends
on the type and number (N) of neighbouring atoms through the
back-scattering amplitude (F(k)) which largely dictates the magni-
tude of the signal. The phase function (φ(k)) reflects the
quantum-mechanical wave-like nature of back-scattering which
depends on both the absorber and the scattering atom properties
and accounts for the difference between the measured and geomet-
rical inter-atomic distances (which is typically ca. 0.3–0.4 Å for low
atomic number (Z) back-scatterers and lower for the rest of the
atoms) displayed in the Fourier Transform.35,37,39

Another important factor is the Debye–Waller factor e−DW. This
accounts for thermal and static disorder effects concerning the
movement/position of atoms around their equilibrium/averaged
position. A point to stress is that the nature of this term is different
to the counterpart term in XRD.46 Since vibrations increase with
temperature, EXAFS spectra are usually acquired at low temperature
(below 100 K) in order to maximise information. Spectra at different
temperatures may, on the other hand, allow decouple thermal and
static contributions to DW. The DW term smears the sharp interfer-
ence pattern of the sinusoidal term and cuts off EXAFS at sufficiently
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large energy beyond ca. 20 A−1. It is important to stress that the DW
factor is in fact a complex mathematical function and has a natural
cumulative expansion in powers of k. The amplitude of the e−DW fac-
tor contains even moments DW(k) = 2C2k2- (2/3)C4k4 + ... while odd
moments contribute to the EXAFS phase φ(k) = 2c1k-(4/3)C3k3+....47

While the fitting of bulk systems makes use of up to the squared term
of the k-series expansion, the point is that the k3 behaviour is impor-
tant for “disordered” systems; as surface atoms have a less symmetric
environment with respect to bulk ones and correspond to a signifi-
cant part in nano-structured materials, the cumulative expansion
needs to be considered in analysing EXAFS data. The third cumula-
tive expression would mainly correct distance values, which are
systematically shortened by the standard (second order) equation.
Correction of coordination numbers (a Debye–Waller term) would
require the use of the fourth cumulative expression. Although the
importance of the anharmonic pair bond potential has been dis-
cussed previously for nanosized metal particles,48,49 it appears that
very small particles (less than ca. 50 atoms) may display a Gaussian/
harmonic potential up to moderate temperatures (573 K).50 It should
be mentioned here that almost the complete set of data reviewed
does not take into account the corrections of the cumulative expan-
sion to quantitative estimations of particle size, morphology and
M-M distances.

Comprehensive EXAFS reviews on catalysis have been recently
published.51,52 These encompass studies concerning surface medi-
ated electrochemical processes and catalytic solids under
environmental conditions. The first set of studies examined the
local structural changes in the metal occurring in tandem with
redox processes under voltage control.53–57 Recent work in this area
examines the stability of bimetallic Pt-Ru electrodes and their per-
formance in the hydrogen oxidation reaction in the presence of
CO58,59 or direct methanol fuel cells.60 Studies reviewed involving
supported metal catalysts concern, in the first place, the reduction
process61–63 while other studies64 also consider the oxidation process
and reduction under inert gases. All of these studies make an
attempt to understand the relevance of the metal support interface
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and the kinetic parameters of the reduction in the final average par-
ticle size and distribution61,62,64 some of these being specific to
bimetallic systems.61,63 Additional studies consider the stability upon
reduction-oxidation cycles in several systems including Cu65 and Pd66

on ceria matrixes/supports and Pd on perovskites.67 The analysis of
reduction and/or oxidation steps is usually completed by studying
the low temperature (ca. 100 K) EXAFS spectrum after completing
the corresponding process, in order to obtain detailed information
concerning average particle size and morphology. Details on the use
of EXAFS coordination numbers for the first three metal-metal
shells for size/morphology analysis of fcc clusters can be found in
Xia et al.,11 Jentys,68 and Agostini et al.69 Closely related works follow
the decarbonylation process of Ru or Mo mono and bimetallic car-
bonyls to yield metallic particles.70,71 Activation treatments other
than reduction mainly concern the sulfidation of Ni-Mo catalysts,72,73

Rh nanoparticles,74 or Pd-Pt bimetallic catalysts,75,76 analyzing the
intermediates and final products of the process, and sulphur toler-
ance of precious metals as well as the effect of some chelating
agents.72–76

Fewer EXAFS works have been devoted to the study of catalytic
systems under reaction conditions due, as already said, to inherent
limitations of the technique at high, working temperatures charac-
teristic of catalytic reactions. Among these, a majority include
studies of Cu/ZnO (Cu/SiO2) in methanol synthesis.77,78 The solid
state physics of the active copper phase in methanol synthesis is a
rather intriguing problem which has not achieved consensus con-
cerning the oxidation state and the hosting of the Cu phase
characteristics. The EXAFS works mentioned above elucidated
mainly the importance of the metallic state in the reaction.
Similarly, the metallic state has been shown to be of importance in
the water gas shift reaction (WGS) in Cu,79 Au,80 and bimetallic Pd-
Cu81 systems supported on ceria. The importance of ceria vacancies
on the activation of water and of the metal (and more precisely, of
the metal at support boundaries) for CO activation appear as key
elements for this reaction. The bimetallic Pd-Cu work analyses the
modulation of Pd behaviour by effect of the alloy with the base
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metal due to the fact that such bimetallic formulation appears to
force the exclusive presence of Pd-Cu neighbours at first coordina-
tion distance. Additional EXAFS studies concern hydrocarbon
activation (ethene dehydrogenation) reactions.82 Finally, Baiker’s
group83,84 has analysed Pd samples in the oxidation of alcohols in the
presence of oxygen in the liquid phase. In the liquid phase, the oxi-
dation state of the active Pd metal and the Bi promoter under
reaction conditions have been proved to be metallic, suggesting
that the catalytic role of the promoter goes through an ensemble
effect restricted, in this case, to the surface of the active phase.
Other liquid phase EXAFS studies analyse metal evolution of Pd-
homogeneous catalysts in the Suzuki–Miyaura reaction.85

XANES spectroscopy probes the electronic state of an absorbing
atom of the X-ray radiation. The two XAFS techniques are sensitive
to local order, making them particularly suitable for analysing nano-
structured materials, but differ in the fact that XANES is essentially
not affected by thermal effects and in the absence of vibronic or
specific (non-frequent) cases of spin-orbit coupling, the recording
temperature does not affect the XANES shape.35–37,86 This spec-
troscopy provides information concerning the local order around
the absorber atom, independently of the pressure and temperature,
making it highly suitable for in situ studies. In metallic systems, the
electronic transitions visible in a XANES K edge or LIII edge have
been assigned by Sham.87 The effect of the nanostructure can be
analysed with the help of theoretical calculations.88,89 Nanostructure
can influence the presence/absence of XANES peaks (called con-
tinuum resonances, CRs, in the language of solid state physics),
their intensity, and energy position. For spherical or cuboctahedral
cluster, the Pt LIII edge (2p3/2 → 5d3/2,5/2 transition; s final state con-
tribution is rather small) XANES spectrum shows the disappearance
of the CR at ca. 11580 eV for clusters with less than 20 atoms.88

Trends on the Au XANES spectrum vs. size were also analysed with
the help of theoretical calculations.90 For Cu K edge (1s → 4p tran-
sition), clusters with less than 15 atoms display a single CR at ca.
8985 eV, where larger clusters or bulk metal display two distinctive
CRs.89 Such differences can be explained in terms of the scattering
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theory, as the different CRs are dominated by contributions corre-
sponding to different coordination shells of the clusters, their
absence in the smaller clusters indicating the dominant contribu-
tion of third or higher shells. Alternatively, they show the d/sp
charge redistribution effects mentioned in previous sections of this
chapter. In any case, this phenomenon clearly indicates that the
XANES shape is highly sensitive to size and shape of clusters con-
taining 25–30 atoms.

Nonetheless, the intensity of the CRs is also sensitive to size
but in a larger range of sizes. Before commenting, it should be
noted that the absorption edge reflects the final state density of
unoccupied states, presenting significant differences with the corre-
sponding property of the ground state.35,37 This limits the use of CR
intensity for d/sp occupation analysis as a function of size as the
presence of the core-hole must be considered.86 The use of appro-
priate, well-known reference systems allows this inconvenience to be
solved in the majority of cases (see below). The nanostructure pro-
duces the broadening of CRs with respect to well-crystallised
materials. The reason for this can be understood in terms of the
f-rule.91 This rule implies that the total absorption is a constant inde-
pendent of the nature of the final state. Disorder, therefore,
inherent to metal clusters, broadens the spectrum without altering
the overall intensity.88,89 Additional broadening of CRs comes from
the interaction with the support (the Pauli repulsion and metal
polarization spread electronic levels in the range of a few eV)88 and
adsorbates (typically hydrogen chemisorbed after reduction).21

These factors, together with the inherent size distribution, mean
that the fine electronic details may be lost in the XANES spectrum.
However, as indicated above for the case of Pd, a d-count variation
is expected at and near the Fermi region in going from the atom to
the metal. Although possibly restricted to very small clusters,18 this
would be visible in the White line (first CR) of the LIII edge. These
size-limited clusters are, however, of great interest in catalysis. The
use of X-ray detection schemes based upon fluorescence emission
channels of semi-core levels will improve experimental energy reso-
lution and would allow (vide supra) a careful study of XANES shape,
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helping in the analysis of electronic details.92 We will briefly discuss
this at the end of this section.

The CR energy position depends on both geometric and elec-
tronic factors.35,86 Geometrical factors are summarised in the
so-called 1/R2 rule, which states that the quantity ∆E/R2 is a con-
stant for each CR, where ∆E refers to the energy difference with the
zero kinetic energy and R is the first M-M distance. Although the
paper by Kizler93 indicates limitations in its applicability, the rule can
be safely used when adequate reference systems are at hand. This
occurs when reference and sample systems have similar scattering
geometry; in our case, for example, the rule can be applied to the
study of alloy distances with the help of a monometallic reference
system of similar particle size while maintaining the same (fcc, bcc
or other) structure.31 In Fig. 4.4 Cu K edge XANES spectra are com-
pared for two nanosized (20–25 atoms) Pd50Cu50 and Cu clusters.
The CR are labelled with the initial (1s) and final states of the tran-
sition. Note that the selection rule implies ∆L = ±1 and that final
states labelled with s, d, f character indicate a l = 1 projection from
electronic wave-functions of neighbouring (not the absorber)
atoms. The 1/R2 rule can be applied to the 1s → 4f transition as it is
the more energetic and thus less influenced by chemical bonding
(electronic effects). An energy difference of 7.6 eV indicates an
increase of about 10% in terms of inter-atomic distance in the alloy,
a fact compatible with the atomic alloy composition and with
Vergard’s rule.31

The application of XANES to the characterization of catalysts in
real in situ conditions has recently been reviewed86 and so here we
will concentrate on more recent contributions. In situ analysis of the
calcination step for impregnated catalysts94 or the evolution of Pd
oxide95 at high temperature has been published. The latter shows
the PdO to Pd decomposition process at around 1123 K on heating
while PdO is formed at about 953 K during cooling, thus providing
evidence for a hysteresis cycle characteristic of the decomposition
process. The reduction of metal supported catalysts has been fre-
quently followed by XANES and examples can be found for Cu,96

Ni,97–99, Rh,100 Ir,101, Rh,102 Pd,103 and Pt104 monometallic systems and
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bimetallic systems containing Ru with Cu105 and Co,106 Pd with
Cu,31,107 Ag,108 Au,109–111 and Sn,112 Pt with Ni,113 Co,106 Mo,114 Re,115–117

Sn,118 and Ge,63,119 and, finally, Ir with Re.120 A compendium of the
degree of interaction between components of bimetallic catalysts is
available.86 Essentially, the reduction process of metallic catalysts is
governed by both thermodynamic and kinetics factors. For bimetal-
lic systems, contact between both components can be present even
in the oxidised state31 or favoured by the presence of an intermedi-
ate, mobile species.117 As already mentioned, the resulting alloy can
be present in the whole particle or restricted to the surface. Kinetic
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Figure 4.4 Cu K edge XANES spectra of Cu and Pd0.50Cu0.50 nanoparticles. The
pre-edge and post-edge transitions are labelled by their initial and final electronic
states.31,86
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factors are rather difficult to determine with precision but are evi-
denced when comparing silica and alumina-supported systems, a
higher probability of alloying being found using silica due, among
other things, to the greater mobility of zero-valent species.118

Tracking the reduction processes by XANES is mainly obscured by
the fact that several phases can contribute to a XANES spectrum
under specific conditions (atmosphere, T, P). This can be worked
out by subjecting data to statistical methods of analysis over the
series of XANES spectra taken during a treatment. The method,
called Principal Component Analysis (PCA), assumes that the
absorbance in a series of spectra can be modelled as a linear sum of
individual contributions; the chemical species containing the
absorbing atom (called factors), plus noise.121 The outcome of the
analysis gives XANES spectra corresponding to the factors and cor-
responding concentration profiles. The latter are shown in Fig. 4.5
for two Rh-Cu/Al2O3 catalysts with different Rh : Cu atomic ratios.105

The identification of the chemical species allows one to conclude
that Rh is present initially as the stable single oxide Rh2O3 nano-
particle while copper is present as copper aluminates. The Rh2O3-
like phase is reduced to the single Rh chemical phase but copper
aluminates display strong variation in the onset temperature, the
reduction profile and the presence of the Cu(I) intermediate, indi-
cating a stronger interaction of Rh with the alumina surface. Bulk
copper aluminates are formed by the alumina solution during the
impregnation step while, depending on the Rh : Cu ratio, surface
copper aluminate is also formed. When the alumina surface has
enough area to form a strong interaction with both metals (pres-
ence of surface copper aluminate), co-reduction of Rh(III) and
surface Cu(II) aluminate occurs with subsequent formation of an
alloy phase.

Other activation treatments have followed the oxychlorination
of Pt-Re,116,117,122,123 which gives evidence for the existence of a
mobile partially oxidised Re intermediate during the alloying
process. The presence of chlorine ions, besides maintaining an
appropriate level of acidity in the alumina, appears to affect the
resulting zero-valent particles via a preferential interaction with Re,
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which seems to be at the surface to a larger extent than in the
absence of chlorine.117 Sulfidation of Co-Mo,124,125 Ni-Mo,72,73 and Mo
carbides126 or metallic Pd-Pt75,76 systems has also been analysed,
showing the different temperature regions and the mutual influ-
ence of the metals in the case of bimetallic systems. Finally,
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Figure 4.5 Cu (grey line) and Rh (black line) concentration profiles following a
temperature-programmed run under hydrogen for two Rh-Cu bimetallic catalysts:
Rh : Cu = 0.14 : 1.0 (top), 0.43 : 1.0 (bottom).105
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activation treatments with NO2 of Pt/Ba/Al2O3 catalysts have been
followed in order to interpret the use of Ba containing matrixes as
traps for NOx species and their subsequent reduction127,128 or the
effect of S-poisoning on the trapping capabilities of these systems.129

The NO elimination reactions constitute, probably, the main
subject of XANES studies of supported catalysts under reaction con-
ditions. Starting with the simplest CO+NO and CO+NO+O2

stoichiometric mixtures, works on Cu,130,131 Rh,102 Pd,132–134 Pd-Cu,135

Pd-Cr,136–138 and Pd-Ni138 have all been reported. The existence of a
redox mechanism is suggested in all cases. For copper, independent
of the initial Cu(II) phase (aggregates or ions), a Cu(I) containing
phase is involved in the rate determining step. Larger aggregates,
which are not stabilised by interaction with the support, may how-
ever proceed to a further state of reduction, leading to Cu(0),
mostly inactive due to the severe sintering under reaction condi-
tions.130 Novel studies try to analyse these reactions in the context of
three-way catalysts and the redox processes occurring upon cycling,
lambda oscillations characteristic of the elimination of pollutant
using three-way catalysts.139–141 These last studies showed significant
differences with those considering average, stoichiometric mixtures
which are particularly important in relation to the handling of
CO.139,141 The presence of metallic, Cu(0) species was also observed
in segregated clusters appearing from Cu-Mg hydrotalcites under
NO+C3H6.142 The stability and reaction with NO has also been stud-
ied for Cu-exchanged zeolites.143 In the case of Pd mono- and
bimetallic samples, three-way ceria containing catalysts have been
analysed.132–138 NO oxidised Pd and Ce components while CO
reduced both. At the onset of light-off of NO reduction, Pd is typi-
cally in the metallic state in the presence of oxygen, although an
effect of particle size on the average Pd oxidation state must be con-
sidered. The presence of hydrocarbons in the reaction mixture
(CO+C3H6+NO+O2) induces significant changes in the behaviour of
both Ce and Pd.144 In Fig. 4.6(a) the concentration profiles of Pd con-
taining species during a light-off test are presented for three systems
supported on Al2O3, CeZrO4, and (Ce,Zr)Ox/Al2O3. In the presence
of the CeZrO4 bulk oxide, Pd yields Pd(0) via an intermediate in the
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Figure 4.6 (a) Pd concentration profiles for a temperature-programmed run under a
C3H6+CO+NO+O2 stoichiometric mixture of Pd/Al2O3 (circles), Pd/CeZrO4 (trian-
gles), and Pd/(Ce,Zr)Ox/Al2O3 (squares). Initial species (open symbols), intermediate
species (half-filled symbols), and final species (filled symbols). (b) XANES spectra of 
Pd chemical species detected along the same temperature-programmed run for the
Pd/CeZrO4 sample; lower, initial; middle, intermediate; upper, final species. Dashed
lines, PdO and Pd reference XANES spectra.144
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reduction process but is reduced directly over the other supports.
Figure 4.6(b) shows the XANES spectra for the Pd containing species
detected for Pd/CeZrO4, which allows identification of the interme-
diate as a Pd(I)-like oxycarbide phase. This phase has a significant
influence on the catalytic properties.144 A similar conclusion in terms
of the key importance of Pd-carbide phases on dynamic, lambda
oscillation situations has been also recently uncovered.139,141 Cu,145,146

Rh,147 Pd,147,148 Ag,149 and Co-supported147 catalyst performance in
the selective catalytic reduction (SCR) of NOx with hydrocarbons in
the presence of water and excess oxygen has been examined in the
light of metal K- (Pt LIII−) XANES data. With the exception of Co
and, possibly, Pt, the latest work in this field indicates that the com-
plete reaction mixture maintains the active phase in a fully oxidised
state. Only in the case of high loadings are reduction of the active
phases and poor activity observed. This indicates that ions or size-
limited clusters of such metals are stabilised by interaction with the
support while larger clusters suffer reduction and are highly active
for the combustion of the hydrocarbon, thus lowering the SCR
activity.

An interesting new use of the XANES spectroscopy considers the
analysis of catalytic beds in a space-resolved way. Using microsized
beams it is possible to analyse the redox behaviour of a metal along
the reactor space coordinate(s). Such an approach has been mainly
used to investigate Pd-based catalysts in methane partial oxidation
or combustion reactions.150,151 These works unveil a clear relation-
ship between the oxidation state of the metal and the light-off
temperature of the reactions as well as with the oscillation behaviour
observed for specific oxygen to hydrocarbon ratios. Other catalytic
reactions studied by XANES under in situ conditions involve CO
hydrogenation,29 CO preferential oxidation in presence of hydro-
gen,152 water gas shift,79–81 dry reforming of methane,101,153,154

hydrocarbon hydrogenolysis,155 methanol oxidation,156 and the
selective oxidation of n-butane.157,158 Preferential CO oxidation is
carried out with Cu on ceria catalysts and XANES is able to indicate
the key role played by Cu(I) species in the reaction rate limiting
step.152 Supported Ir101 and Rh153,154 systems have been tested in the
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dry reforming of methane with results showing the existence of a
redox mechanism by which the active metal is reduced by the hydro-
carbon and oxidised by CO2. In the case of Ir, analysis of the particle
size indicates that the smaller clusters appear to be more sensitive to
oxidation and thus less active in the reaction. The neopentane
hydrogenolysis work has focused on the role of hydrogen and shows
that the metal-hydrogen bond is a key parameter in interpreting cat-
alytic activity.155 In the case of methanol oxidation, a XANES study
of the O K edge clearly identifies the active oxygen species for both
partial and total oxidation reactions.156 The n-butane selective oxi-
dation studies indicate that V(V) is involved as the kinetically
significant species, although the local order around this atom seems
rather important. It would appear that the active centre is sur-
rounded by V(IV) species.157,158

A brief final comment should be added concerning X-ray emis-
sion spectroscopy. The physical basis of X-ray emission is more
complex than the absorption one,92,159 but in the context of cataly-
sis, its application is mainly restricted to the obtention of high
resolution XANES spectra, not limited by the core-hole broaden-
ing effect of the electron excited. This implies the measurement
with high energy resolution (using secondary monochromators)
of specific radiative decay paths. As an example of use within the
field of catalysis, we mention that this approach has been used
to attempt to distinguish CO absorption site (e.g. on-top, bride,
or three-fold) on nanosized Pt clusters supported on alumina,160

methane partial oxidation with Pd catalysts,150 or CO oxidation
with Pt.161

4.4.2 Novel diffraction approaches

The use of synchrotron radiation sources, e.g. the selection of the
excitation wavelength in a broad range, together with parallel-data
collection detectors has opened the study of real catalytic systems
upon reaction conditions. Metal-based catalytic systems commonly
require, however, the detection of low loading active species on-top
of dominant signals coming from the support or other components
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and time-resolution around/below the second to track chemical
changes at operando conditions. Although the technique opens an
unlimited number of possibilities concerning anomalous scattering
(to exalt specific diffraction contributions), total scattering (to
analysed simultaneously local and long range order), or high energy
excitation (to limit absorption and subsequent fluorescence from
the sample), its use in catalysts has been mostly oriented to analyse
other than metal-based catalysts where active phases are typically
above a few percent of weight.162,163 In spite of such limitations, some
studies of noble metal three-way catalysts may serve as a fine exam-
ple of the potential of the technique to solve time-dependent or fast
phenomena occurring under reaction conditions and involving
nanometer size phases.141,164 In Fig. 4.7 the behaviour of two Pd
samples in a CO/NO cycling treatment is presented. Both systems
contain Pd particles below 3 nm (around 1.5 nm in the smallest
case) which behaved in a cyclic way mimicking the gas phase
changes, and displayed significant changes of diffracting plane dis-
tances, indicating the modulated variation of the crystalline lattice
by inclusion of alien species. This occurs in the presence of CO and
by concomitant formation of a Pd-carbide phase, while in the
presence of NO such a phase disappears.

Another approach that is gaining acceptance in the catalysis
world is the use of total scattering formalisms and, particularly, the
analysis of the nanoscale structural order from the atomic pair dis-
tribution function (PDF).165,166 Although this approach has a long
history, the advent of synchrotron and novel detectors has provided
a powerful tool to analyse nanoscale. The PDF method can yield
precise short and long range structural and size information pro-
vided that special care is applied to the measurement and handling
of data. The atomic PDF, G(g), is defined as:

G(r) = 4πρ [ρ(r) − ρ0], (4.4)

where ρ(r) is the atom-pair density, ρ0 is the average atomic number
density and r is the radial distance. The PDF yields the probability of
finding pairs of atoms separated by a distance r. It is obtained by a
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sine Fourier transformation of the reciprocal space total scattering
structure function S(Q), according to:

(4.5)

where S(Q) is the corrected, normalised, diffracted intensity from
the sample and Q is the magnitude of the scattering vector (4 π
sinϕ/λ). Data corrections account for extraneous contributions
(sample mounts, sample fluorescence, Compton scattering, and
multiple scattering) and aberrations as detector dead-time and

G(r) = 2
p

Q S Q Q r dQ( ( ) )sin ,-
•

Ú 1
0
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Figure 4.7 XRD patterns of 2 (left) and 4 (right) wt% Pd-Al2O3 systems upon a
cycling CO/NO treatment at 673 K.
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absorption. Finally the flux is normalised by incident flux and num-
ber of atoms. The main weakness of the technique is the low
sensitivity to particle shape in the nanometer range, a weakness
shared with X-ray absorption/emission spectroscopies and which
requires additional input from other techniques, like SAXS, to be
fully solved.

In the context of metal-based catalysts, the PDF-XRD methodol-
ogy has been applied to study the structural details, both at short
and long range, of monometallic, as Pt167 or Ag,168 and bimetallic,
such as Pt-Ru169 or Fe-Pd,170 materials, giving important details. For
example, compositional information concerning local enrichment
and “unexpected” (local) structure distortions, long range details
concerning structure (core-shell or other particle arrangements),
and lattice parameter information. Other studies analyse the forma-
tion of metal nanostructures during either the calcination of dried
precursor samples or the reduction of calcined catalysts using the
differential-PDF technique in order to get rid of the dominant sup-
port contributions.171,172 Calcination occurs with partial loss of
metal-Cl coming from chloride precursors up to a critical point
where Pt-Pt correlation appear and grows exponentially. The Pt
local order appears to be strongly influenced by the exact calcina-
tion treatment parameters. Reduction of the calcined particles takes
place with loss of coherence of Pt-O distances including oxygen
atoms of the support and takes place in two steps, forming first small
nuclei (<1 nm) at low reduction temperatures and then agglomer-
ating into ensembles on many small particles.

4.4.3 Vibrational spectroscopy

Vibrational spectroscopies are particularly useful for the analysis of
the adsorbed layers on metallic particles. Among them, infrared
spectroscopy is of widespread use and provides a powerful tool in the
study of metal-based catalysts under reaction conditions. Under the
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approximation of vibrational and rotational coordinate separation,
the vibrational wave-function ΨV is a function of the internal coor-
dinates (Q k) and is a solution of the vibrational Hamiltonian.
Assuming a quadratic approximation of the potential energy in
terms of the internal coordinates, then: the solution of the vibra-
tional problem ΨV is expressed as a product of harmonic oscillator
functions Ψ(Q k) and the energy is a simple sum of the correspon-
ding term, where every Q k has an associated quantum number n(k)
and normal frequency νk. Note that 3n-6 (or 5) are the degrees of
freedom for gaseous molecules while 3n are those for an adsorbed
molecule in which translation and rotation are observed as frus-
trated modes. The energy levels for which all quantum numbers are
zero except one, which has a unity value, are called fundamental
vibrations. When only one normal mode is excited with n > 1, this is
called an overtone and when two or more quantum numbers have
non-zero values, the resulting level is called a combination. The
effect of the energy potential terms higher than second (terms
called anharmonic for obvious reasons) is mostly concentrated in
changing the energy of overtone and combination levels by intro-
ducing energy correction terms of the (n + 1/2)(m + 1/2) F(νk; νl)
type in Eq. (4.6). This essentially lowers the energy of the vibration
levels and reduces the energy difference between levels to a greater
extent as the energy is increased.173

Under the dipole approximation of the molecule radiation field
interaction (see previous section), the coefficient of absorption
under vibrational excitation between initial and final vibrational
states is given by:

(4.7)

where Ψ*
f is the complex conjugate of the wave-function of the final

state, and µx is the x component of the dipole moment. If all dipole
integrals are zero, the transition is forbidden. The selection rules
indicate that non-vanishing elements occur when only one quantum
number changes by one unit.
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In catalysis, infrared spectroscopy is mainly employed for char-
acterisation of the adlayer produced by the reactants under reaction
conditions. A classical approach to vibrational properties of
adsorbed molecules is described by Willis et al.174 Vibrational tech-
niques excite molecule vibrations through long range electromag-
netic fields. Representing the vibrating adsorbed molecule as an
oscillating dipole, the image charge produced at the metal causes an
important effect described by the “metal-surface rule”. For reflec-
tion-absorption, this imposes the restriction that only the vibrations
giving dipole changes perpendicular to the metal surface will absorb
radiation strongly.175 This follows from the fact that dipole moments
parallel to the surface create an image dipole moment in the con-
trary direction. The summation becomes a quadrupole with a much
weaker scattering cross-section. Greenler et al.176 also showed that
this selection rule applies to infrared spectra of adsorbed species on
metal particles but only in cases where a particle a size larger than
2 nm exists; below this cut-off point the rule is expected to be
relaxed. For transmission-absorption spectra, the rule is however
completely reversed; i.e. only the vibrations giving dipole changes
parallel to the metal surface will absorb radiation.177 Nevertheless,
unless the particle is very thin, the major part of the radiation trans-
mitted as a whole in a catalyst will not have been transmitted
through the metal particles but will have been reflected by the metal
surface particles and then transmitted through the relatively trans-
parent oxide support. Therefore, we can expect that metal catalysts
obey the metal-surface rule for reflected radiation. Identification of
adsorbed species nature and local geometry should be thus carried
out considering the implications of this rule.

Another point in interpreting infrared spectra of adsorbed
layers is the coupling interaction between adsorbates. This primarily
depends on the nature of the adsorbate-adsorbent bond. For CO
this bond is mainly covalent-dative,178 while for NO it is mostly
ionic.179 Thus, the CO molecule can be classically represented by a
dipole while the NO is a point charge of –1 unity located at the <r>
expectation value of the 2π* orbitals. When interacting with the
electromagnetic field, this gives very different energy operators for
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molecule-molecule and molecule-image charge interactions. The
adlayer interactions have been extensively studied in the case of
dipole coupling.1 Briefly speaking, the potential energy term in
normal coordinates (Q k) of the dipoles, their dipole moments µk

and intermolecular distances Rij is, in matrix form:

(4.8)

where,

and λi = 4 π2 c2 Ωi
2 (Ω the isolated wavenumber of the isolated

absorbed molecule, called the singleton), I is the N × N identity
matrix, αe the polarizability tensor, and d the distance between the
centre of the dipole and the classical image plane. The R−3 term cor-
responds to the classical pair-wise dipole-dipole interaction, called
interactions through space, while other terms accounts for the influ-
ence of the metal, treated as a classical conductor, including
electron polarization (called as a whole interaction through the
solid).174 Numerical solution of Eq. 4.8 (e.g. the Hamiltonian includ-
ing 4.8) for the case where all adsorbed molecules are identical
indicates two observable effects in the infrared spectrum; a shift of
the absorption band to higher frequency with respect to the isolated
molecule, and a reduction of the effective (apparent) molar absorp-
tion coefficient as the number of molecules interacting increases. A
third effect, however, is also observed when the adlayer contains more
than one species having different singleton frequencies. There is a
characteristic transfer of intensity for the band due to the lower fre-
quency species to the higher counterpart. The magnitude of the
intensity shift depends on the dynamic dipole of the adlayer. For
CO, coupling effects are small/negligible for species exhibiting sin-
gleton frequencies separated by more than 100/200 cm−1. A typical
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case in supported catalysts is the formation of islands under reaction
conditions where the centre and perimeter molecules have very
similar singleton frequencies but different adsorbate-adsorbate
interactions, giving rise to a broad absorption band (which only in
specific conditions can be split in two bands) with an apparent
decreased intensity in the low frequency region, which appears as a
pronounced tail. The variety of situations produced in stepped
surfaces and the use of isotopically labelled CO to analyse the
frequency shift have been reviewed by Hollins.180

The main drawback of infrared spectroscopy can be interfer-
ence from the gas phase and bulk contributions (for example of
supporting oxides) which results in the loss of information in several
key regions of the spectrum. To overcome this, the sum frequency
generation (SFG) technique has been developed. The principle of
SFG is governed by second order non-linear optics.181,182 IR-vis SFG
is now actively used to investigate supported metal catalysts due to its
inherent surface specificity.183,184 To acquire a SFG vibrational spec-
trum of adsorbed molecules on a metal surface, two laser pulses are
spatially and temporally overlapped in the sample. One input beam
is in the visible range at fixed frequency (ωV) while the second is
tuneable in the mid-infrared (ωI) to probe the vibrational modes. By
tuning the infrared beam and monitoring the intensity of the SFG
output, the vibrational spectrum is acquired by plotting the SFG
intensity as a function of infrared beam frequency. The input beam
mixing induces a non-linear polarisation on the material which to
second order, P2, is:

(4.9)

being Xs
2 the surface non-linear susceptibility and E the correspon-

ding electrical field. The trigonometric dependence of the fields
(cos(ωt)) implies the possibility of generation of an oscillating
dipole at the sum (SFG) and difference (DFG) of ωI and ωV . The
intensity of the SFG signal is proportional to (Xs
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of the infrared and visible electric fields. Xs
2 has two components

Eq. (4.7), a resonant XR
2 (the first term of the sum in the equation,

with AR(q) the amplitude, ωq the frequency, and the damping con-
stant, Γ) for the q-th vibrationally resonant mode, but the surface
itself may also contribute through a non-resonant background XNR

2

which, fortunately, is usually invariant.185 The resonant condition
(ωI = ωq) is thus reached by tuning the infrared beam over the cor-
responding frequency, thus giving a maximum value of Xs

2, the
polarisability and intensity of the SFG output. AR(q) includes the
number of adsorbate molecules and the product of infrared
Eq. (4.9) and Raman dipole moments. Therefore, in order for a
vibrational mode to be SFG active, it must simultaneously satisfy
both infrared and Raman selection rules. This implies that SFG is
not allowed in media with inversion symmetry under the dipole
approximation we have been working on. SFG is frequently carried
out with ppp (p-perpendicular for the two input and one output
beams) geometry as yields maximum intensity, but ssp (s-parallel) is
also used in testing the adsorbate geometry on the surface.

One point to mention is that SFG is not fully independent of the
gaseous environment. At pressures above 1 Torr, a significant
energy-dependent infrared absorption occurs via vibrational and
rotational excitation of gas phase molecules. Since the intensity of
the SFG depends on the input infrared beam intensity, gas pressure
indirectly influences the outcome of SFG. To compensate for such
an effect, several strategies have been proposed.145 Another point is
that the SFG phenomenon depends on both infrared and Raman
absorption coefficients and therefore correlation of band intensity
with adsorbate concentration is not straightforward.

While IR-based techniques can be considered as a whole as the
most widely available tool used for analysis of catalytic samples, it is
apparent that its use under real, in situ conditions is not as widely
employed as might be expected. The use of SFG is even more scarce
with regard to real catalysts.186 A detailed review of the use of
infrared in catalysts up to 2001 has been published by Ryczkowky.187

More recent, in situ-type of studies involve the preparation of cata-
lysts,188 the presence of poisons during the preparation step,189 or

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 153

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 153



b1215 Supported Metals in Catalysis

studies following catalytic reactions190 and analysis of the adsorbed
phase under reactions conditions. Most of the latter concern CO
oxidation and NO reduction in the presence of other oxidant/
reductant molecules. Noble metals of the Pt group (Pt, Pd, and Rh)
are typically used for such reactions due, mainly, to their high
turnover frequencies and, in the case of Pt and Rh, to their reason-
able resistance to some poisons (such as SO2) present in the inlet
feeds of industrial applications such as car exhaust emission treat-
ment (see Chapter 10). The most simple and widely studied
reaction is the oxidation of CO by oxygen. In situ FTIR spectroscopy
was used to follow simultaneously the frequency of the band due to
adsorbed CO and the intensity of the gas phase CO2 band during
the oxidation of CO with oxygen over a wide range of O2 : CO ratios
using a Pt/Al2O3 catalyst.191,192 It was found that the linear carbonyl
band was progressively shifted to lower frequencies and then
remained constant (at 2064 cm−1) during a linear temperature-pro-
grammed ramp (Fig. 4.8). The study of such an effect as a function
of the particle size has been reported for Pd.193

154 M. Fernández-García and J. A. Anderson

Figure 4.8 Shift in wavenumber for the linear carbonyl species and CO conversion
for a Pt/Al2O3 catalyst during a temperature-programmed run under CO+O2 (net-
oxidising conditions).191
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These and previous studies were in agreement with the belief
that the CO oxidation reaction is essentially structure insensitive
and thus independent of particle size, but IRAS studies using model
Pd catalysts were able to show in fact that such reaction displays a
weak structure sensitivity.194 When the temperature-ramp (light-off)
experiment was repeated using different O2 : CO ratios, a relation-
ship was observed between the temperature at which this invariance
in the carbonyl stretching frequency was initiated, and attainment of
ca. 80% CO to CO2 conversion (Fig. 4.9).

Results were interpreted191 in terms of the formation of islands
of CO molecules where the island size was dictated by the number
of Pt atoms in a terrace-type ensemble on the metal crystallite.
Consistent with this interpretation, re-reduction of the sample,
which is known to produce smoother particles with fewer steps and
edges and more extended terraces, led to a shift in the frequency at
which this invariance was observed (2076 cm−1) and also a change in
the % CO conversion which was achieved at the corresponding
temperature (Fig. 4.10).152 This methodology was then applied to a
supported Pt-Rh catalyst, where it was shown that the ensembles
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Figure 4.9 Relationship between the onset temperatures for constant νCO and
the temperature required to attain 80% CO conversion for 1%Pt/Al2O3 over a
range of CO/O2 ratios.191
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containing only Pt atoms were eliminated after a cycle of reaction-
reduction-reaction due to incorporation of Rh from the previously
highly dispersed Rh phase in to the PtRh crystallites.195

NO reduction using CO was also analysed in this context.196 In
this reaction as well as for stoichiometric CO + NO + O2 mix-
tures132–138,193,197 the main question arises as to which is the rate
limiting step, which in some cases is believed to be the NO dissocia-
tion193,198 while in other (possibly more frequent) cases seems to be
related to the N-coupling steps.196 Both elementary steps need a clus-
ter of noble metal atoms and thus NO reduction processes are
generally structure sensitive and size dependent.132–138,193,195,198 The
rate of these two steps and the performance of the catalyst under
reaction conditions seems closely connected with the availability of
noble metal reduced (zero-valent) sites, the formation of which are
strongly inhibited at the surface of the metal by the presence of

156 M. Fernández-García and J. A. Anderson

Figure 4.10 Shift in the linear CO band as a function of reaction temperature dur-
ing CO oxidation (1%CO, 16% O2) over a fresh (squares) and a re-reduced
(circles) 1%Pt/Al2O3 catalyst.192
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NO.134,193,196,198 In fact, the use of oxygen or nitrogen oxide as oxidant
for the CO oxidation process in complex CO + NO + O2 mixtures
depends critically on the particle size through the average surface
chemical state reached and corresponding influence in the co-
adsorption/activation and (NO) dissociation elemental processes.
134,193,196,198 As previously mentioned in Section 4.4.1, some recent
studies used a multitechnique approach including vibrational tech-
niques to analyse Pd-based three-way catalysts upon cycling
CO/(NO+O2) conditions observing significant differences in the
behaviour of the noble metal with respect to the one displayed upon
an averaging, stoichiometric mixture.140,141,164 In fact, the size-sensitiv-
ity expected for NO-elimination reactions seems essentially lost in
cycling conditions. NOx storage and subsequent reduction with CO,
hydrocarbons, or H2 is also a field of interest for FTIR studies.127,128,199

Pt/BaO/Al2O3 are used to store nitrogen oxides under lean condi-
tions, releasing and reducing NOx under subsequent, short periodic
excursions to stoichiometric or rich conditions. Efficient storage
requires the presence of Pt in order to oxidise NO to NO2 while this
molecule interacts with alumina and baria components where it is
stored mainly in the form of nitrites/nitrates.127,128,199–201 Although
bulk phase Ba nitrate may or may not form under reaction condi-
tions,128 the system efficiently removes NO coming from exhaust
gases under oxidising conditions and produces N2 under the stoi-
chiometric or rich conditions. More complex effects can be observed
when treated with mixtures representing car exhaust gases. When a
CO + C3H6 + NO + O2 model mixture is used, the presence of the
hydrocarbon may strongly influence the state of the metal and the
response to the gaseous atmosphere.144

DRIFTS spectra are shown for a light-off test using these two
Pd/(Ce,Zr)Ox/Al2O3 and Pd/CeZrO4 catalysts (Fig. 4.11). The cor-
responding XANES spectra for the two samples under similar
conditions are displayed in Fig. 4.6. In essence, the data illustrates
that not only the metal properties (type, size, shape, etc.) but also its
interaction with the support play a significant role in this type of reac-
tion. DRIFTS data display the presence of different Pd oxidation
states at the surface under the reactive mixture; the CO molecule (of
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the mixture or produced by the incomplete combustion of the
hydrocarbon) can be used as a probe, indicating that Pd is in a Pd(I)-
like state (υCO at 2122 cm−1) when supported in the pure mixed
oxide (Fig. 4.11b) while in the mixed (Ce,Zr)Ox/Al2O3 support this
chemical state is absent (Fig. 4.11a). Combined with results from the
XANES study, this indicates the stabilization of a Pd(I)-like oxycar-
bide phase which strongly reduces the hydrocarbon light-off
temperature, thus having a big impact on the catalytic properties.

Other reactions analysed by FTIR techniques are typically CO
hydrogenation,29 and methanol synthesis,202 while more recently
ATR (attenuated total reflection) has been employed for the study
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of the solid-liquid interface of catalytic interest.203–205 Using the
latter, it was shown that CO2 hydrogenation over Pt/Al2O3 and using
cyclohexane as solvent occurs via a carbonate-like species which
reacts with hydrogen probably at the metal support interface.205

Also, in recent dates, polarised-modulation reflection-absorption
spectroscopy (PM-IRRAS) has been used to separate gas phase con-
tributions from adsorbed molecules. This approach has been
utilised to follow the partial oxidation of organic molecules206 or
NOx storage materials.207 Finally, we can highlight the study of noble
metal nanoparticles suspended in ionic liquids for liquid phase
hydrogenation reactions.208

To end this section, the use of Raman spectroscopy for metal-
based catalysts should be mentioned. Although the use of
Surface-Enhanced Raman Scattering (SERS) has been shown to be
useful for the study of polycrystalline noble and transition metals,
the study of real, nanosized catalysts under in situ conditions awaits
extended implementation.209

4.4.4 Valence and core photoelectron spectroscopies

The roots of core and valence level photoemission can be traced
back to the famous article of Einstein explaining the photoelectric
effect.210 In this work he postulated the quantum hypothesis for
absorption of radiation by the fundamental equation:

Ek = hω – ξ (4.10)

where Ek is the maximum kinetic energy of the photoemitted elec-
tron, hω is the exciting radiation energy and ξ is the so-called
binding energy, the energy required to release the electron.
Nowadays, an additional term is added to Eq. (4.10) to take into
account the system “work function” (a catch-all term whose precise
value depends on both sample and spectrometer).211 The photoe-
mission and Auger electrons correspond to the two dominant
(electronic) de-excitation channels of the solid after the absorption
of the radiation; the predominance of one of these depends on the
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core electron orbital moment and the atomic number of the
element to be ionised.211 The discovery, during early days of X-ray
photoemission spectroscopy (XPS) that non-equivalent atoms,
either by symmetry or oxidation state of the same element in a solid
gave rise to core-level peaks with different binding energies opened
up the use of this technique for chemical analysis.211,212

Much effort has focused on the interpretation of core-level
energies, or, alternatively, on core-level shifts with respect to well-
defined references.211,213 A core-level energy difference or shift is fun-
damentally a difference in energy between the final states of the
photoemission process, i.e. the energy difference between electronic
states in presence of the core-hole left by the absorption of radiation.
A typical task for analysis is to unveil if the energy difference encoun-
tered in the final state is a property related to the initial ground state
contribution or cannot be accounted for by it, thus then being attrib-
uted to a final state phenomenon. This last contribution comprises
two terms, the intra- and inter-atomic relaxation of the
internal/valence electron densities in response to the presence of
the core-hole.211–213 A point to stress is the fact that this description of
the photoemission process concentrated, for simplicity’s sake, the
discussion on electronic charge distribution. In addition, if enough
experimental resolution is available, the excitation of internal other
than electronic (such as vibrational) modes of the system after being
core ionised (as part of the de-excitation process) must be consid-
ered in order to explain the XPS shape and energy position.214 In
metals, additional information can be obtained by the line shape. XP
spectra shapes for metals often exhibit an asymmetry, skewed to
higher binding energies, due to creation of low energy electron-hole
pairs concurrently to core ionization in the case of nanosized met-
als.211,213 This occurs with the involvement of the rather free valence
electrons of the metal and thus provides information about them. In
the case of nanosized systems, it is clear that the mobility of such
valence electrons is related to size by quantum confinement effects.
On the other hand, such a skewing of the XPS line shape is generally
known as the Doniach–Sunjic line shape and must be corrected for
in order to obtain accurate values of the core-level binding energy.213
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The study of supported metals by XPS can be affected by sample
charging, incomplete screening, reference levels, etc. due to the poor
conductivity of supports, although several experimental approaches,
amongst which a flood gun is typical, minimise such potential
adverse effects.211,213 Essentially, a cluster has surface and internal
(volume or bulk-like from the point of view of the first coordination
number) atoms, which experimentally display different core-level
shifts. Such an effect is also detected in extended surfaces and typi-
cally called the surface core-level shift (SCLF).211,213 Theoretical
studies indicate that the SCLF is an initial state effect, and is there-
fore related to the chemical properties of the atoms,16,18,215,216

although some recent results disagree with this view.217 Taking an
average value of the core-level shifts for a metal cluster, this observ-
able would be affected by the previously mentioned surface to
volume effect as well as an indirect effect of the substrate either
through its influence on the cluster shape and also by influencing
the polarization of the metal electronic cloud in the presence of the
core-hole (a final state effect).213,215

In addition to the theoretically-grounded initial vs. final state
framework to interpret core-level binding energy shifts, more simple
analysis called the equivalent-core approximation218 or the analysis
of Auger parameters using Wagner plots20,219 have been imple-
mented. The first is based on the fact that a core-level binding
energy shift between two different chemical environments is directly
related to the difference between two environments in energy asso-
ciated with replacing element Z (atomic number) to be ionised by 
Z + 1. The second is electrostatic in nature and obviates exchange-
energy terms and allows the determination of final state effect
contributions to the core-level binding energy shifts by using
both the main XPS and Auger peak information. Both allow the
simple extraction of information but at the cost of having strong lim-
itations in terms of the interpretation due to limitations in their
application.20,213,218,219

XPS is routinely employed for supported metal catalysts and results
reported in numerous papers each year. However, the vast majority of
these studies are conducted at low pressure (below 10–7 Torr). The
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difference between this and those characteristic of catalytic reactions,
typically one atmosphere or above, corresponds to the so-called “pres-
sure gap.” There is increasing evidence from XAFS and infrared SFG
(see above) that such a pressure gap strongly influences the catalytic
behaviour of samples and, in some cases, the chemical state, thus lim-
iting the usefulness of this type of data. Nevertheless, the recent
development of adequate methodologies which allow operation of
XPS equipment under “realistic” pressures opens up a new field of
study.220,221 Two approaches have been reported in the literature; the
first is the use of a detector adapted by using a differentially pumped
electrostatic lens system, to work under millibar pressure220 while the
second uses highly collimated, highly intense and energy controlled
molecular beams to produce a high coverage of the reactant molecules
at metal surfaces but maintaining a working pressure around 5 × 10–6

Torr.221 It should be noted that the first implementation is a real
“in situ” method while the second may still have some residual effects
of the “pressure gap”. In any case, it should be mentioned that the use
of XPS under conditions typical of catalytic processes can have addi-
tional complications beyond temperature and pressure. In fact, high
temperature produces significant influence on the XP spectrum line
shape of metal substrates due to important contributions from pho-
toemission events involving simultaneous excitation of and/or
absorption of phonons.222 On the other hand, a similar physical phe-
nomenon occurs for adsorbate molecules, with the presence of
replicas of the main peak associated with vibrational excitation of inter-
nal modes of the molecule adsorbed on the surface.222 For absorbates,
an additional fact is that the ionisation cross-section is modified by an
energy-dependent final state effect of the substrate electronic
cloud,213,223 thus further complicating analysis of the relative popula-
tions of the adsorbates. In spite of these problems, useful information
can be obtained. A recent review summarised all these points for metal
surfaces.224 More catalytic studies concern a study of the CO + NO reac-
tion over Rh, using in situ XPS indicates that the surface of the metal
is mainly populated by NO at reaction temperatures and uncovers
details about the local ordering of the adsorbates at the metal sur-
face.225 Similarly, analysis of the surface and bulk Pt of a Pt50Rh50 alloy
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under O2 + H2 reaction conditions has been pursued by taking advan-
tage of the large Pt-SCLS (0.69 eV). In this case, it has been shown that
the alloy responds to oxygen lean/rich conditions by changing the
chemical composition of the subsurface, leading to Pt enrichment
under oxygen-deficient conditions, but the absence of such changes at
the surface layer was noted.221 Other catalytic studies analysed the Pd
sintering behaviour upon CO contact,226 the H2/D2 exchange reaction
on Pt surfaces,227 or the CO oxidation on Au nanoparticles supported
on silica or titania.228

4.4.5 Other techniques

Nuclear magnetic resonance (NMR) is the remaining spectroscopy
which is often used to analyse metallic properties of catalytic sys-
tems.229,230 Although chemical shifts depend on the local electronic
environment of the resonating nucleus, making the technique ide-
ally suited to study supported metals, it has limited accessibility in
terms of in situ studies under reaction conditions, limiting its appli-
cability in the context of this review. 1H and 13CO probe molecules
are typically used to analyse surface properties and dispersion in
monometallic systems as well as the (surface) composition in
bimetallic systems.229,231 Note however that experimental results using
probe molecules are typically interpreted on the basis of the low/fast
exchange model and assuming that NMR sensitivity to local (elec-
tronic) structure can be approached exclusively to first neighbour
distance, discarding the effect of second and subsequent neighbours.
Both simplifications limit the use of the technique to a semi-quanti-
tative level.229,231 A somewhat special case is that of Pt-based catalysts,
where the use of 195Pt as well as double resonance experiments (like
195Pt-13CO) allow a detailed analysis of local electronic density as a
function of size as well as the interaction of the probe molecule with
the metal surface. The surface composition of Pt-containing alloys229

as well as the effect of alkali doping (23Na-13CO double resonance) on
Pt catalysts232 has also been investigated. The studies using metal res-
onating nucleus have been performed to a lesser extent in the case
of other metals, but results using 103Rh and 61Ni have been recently
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reviewed.229 Lately, RMN imaging of catalytic materials may add some
interesting structural clues to understand phenomena occurring
during the lifetime of the catalyst.230 The use of optical spectro-
scopies and, particularly, the analysis of Plasmon resonances to study
metal particle size and shape is also of interest, although the cou-
pling of intra- and inter-particle effects makes the application to
inherently inhomogeneous catalytic materials difficult.233

To complete this chapter, we would like to mention that recent
monographs have reviewed the use of in-situ spectroscopies for moni-
toring heterogeneously catalysed reaction under supercritical
conditions, although very few studies in this field have been devoted
to the study of the fluid-solid interface.234 The use of a multitechnique
approach in order to maximise information under real, in-situ condi-
tions has also been reviewed recently.141,163,235,236 The combined use of
powerful spectroscopies with simultaneous on-line analysis of the cat-
alytic activity of the sample will become more widespread in
application allowing an interpretation of catalytic behaviour in terms
of the physico-chemical properties of the solid. The next frontier in
spectroscopic characterisation of metal catalysts will consist of time-
dependent analysis of the gas/liquid-solid interface, particularly with
a view to analyse short-lived intermediates during catalysed reactions
and with the aim to determine the response of the catalyst surface and
relate these responses to the physico-chemical properties of the solid.

Acknowledgements

The authors thank CICYT for funding CTQ2010–14872/BQU. The
contributions of Drs. A. Kubacka, A. Iglesias-Juez, A. Martínez-Arias,
M.A. Newton, M. di Michiel, I. Rodríguez-Ramos, A. Guerrero-Ruiz,
J.C. Conesa, and J. Soria are gratefully acknowledged.

References

1. V. Ponec, G.C. Bond, Catalysis by Metals and Alloys, Elsevier,
Amsterdam, 1996.

2. See articles in J. Mol. Catal. A: Chem. 2001, 173.

164 M. Fernández-García and J. A. Anderson

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 164



b1215 Supported Metals in Catalysis

3. C. Binns, Surf. Sci. Rep. 2001, 44, 1.
4. R.C. Cammarata, K. Sieradzki, Phys. Rev. Lett. 1989, 17, 2005.
5. T.P. Martin, Phys. Rep. 1996, 273, 199.
6. C.L. Cleveland, W.D. Luedtka, U. Landman, Phys. Rev. Lett. 1998, 81,

2036.
7. L.D. Marks, Rep. Prog. Phys. 1994, 57, 603.
8. D. Reinhard, B.D. Hall, P. Berthoud, S. Valkealdhti, R. Monot, Phys.

Rev. Lett. 1997, 79, 1459.
9. W. de Heer, Rev. Mod. Phys. 1993, 65, 611.

10. F. Balleto, C. Mottet, R. Ferrando, Phys. Rev. Lett. 2000, 84, 5544.
11. Y. Xia, Y. Xiong, B. Lim, S.E. Skabalak, Angew. Chem. Int. Ed. 2009, 48, 60.
12. P. Menacherry, M. Fernández-García, G.L. Haller, J. Catal. 1997, 166, 75.
13. H.J. Freund, M. Baumer, H. Kuhlenbeck, Adv. Catal. 2000, 45, 333.
14. P. Moriarty, Rep. Prog. Phys. 2001, 64, 287.
15. D.C. Koningsberger, F.B.M. van Zon, M. Vaarkamp, A. Munoz-Paez,

Synchrotron Radiat. Tech. Appl. 1996, 2, 257.
16. P.S. Bagus, C.R. Brundle, G. Pacchioni, F. Parmigiani, Surf. Sci. Rep.

1993, 19, 265.
17. A.D. Yoffe, Rep. Prog. Phys. 1993, 42, 173.
18. M. Fernández-García, J.C. Conesa, A. Clotet, J.M. Ricart, N. López,

F. Illas, J. Phys. Chem. B 1998, 102, 141.
19. J.M. van Ruitenbeek, in Metal Clusters on Surface Structure, Quantum

Properties, Ed.: K.H. Meiwes-Broer, Phys. Chem. Series, Springer-
Verlag, Heidelberg, 2000, 175.

20. G. Morreti, J. Electron. Rel. Phen. 1998, 95, 95.
21. A.L. Ankudinov, J.J. Rehr, J. Low, S.R. Bare, Phys. Rev. Lett. 2001, 86, 1642.
22. J.H. Sinfelt, Bimetallic Catalysts Discoveries, Concepts, and Applications,

Wiley, New York, 1983.
23. V. Ponec, Appl. Catal. A 2001, 222, 31.
24. G.A. Somorjai, Introduction to Surface Chemistry and Catalysis, Wiley,

New York, 1994, chp. 3.
25. L.Z. Mezey, J. Giber, Surf. Sci. 1990, 234, 210.
26. P. Weigend, B. Jelinek, W. Hoffer, P. Vage, Surf. Sci. 1994, 301, 306.
27. J.H. Sinfelt, Science 1977, 195, 641.
28. C.J. Baddely, in The Chemical Physics of Solid Surfaces Volume 10: Surface

Alloys and Alloy Surfaces, Ed.: DP Woodruff, Elsevier, 2002, 495.

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 165

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 165



b1215 Supported Metals in Catalysis

29. J.A. Anderson, M. Fernández-García, G.L. Haller, J. Catal. 1996, 164,
477.

30. J.A. Rodríguez, D.W. Goodman, Science 1992, 257, 897.
31. M. Fernández-García, J.A. Anderson, G.L. Haller, J. Phys. Chem. B

1996, 100, 16247.
32. J.A. Rodríguez, Surf. Sci. Rep. 1996, 24, 223.
33. F. Illas, N. López, J.M. Ricart, A. Clotet, M. Fernández-García, J.C.

Conesa, J. Phys. Chem. B 1998, 102, 8017.
34. J.C. Fuggle, J.E. Inglesfield, Unoccupied Electronic States, Springer-

Verlag, Berlin, 1992.
35. D.C. Konnigsberger, R. Prins (Eds.), X-ray Absorption, Wiley, New York,

1987.
36. See articles in Chem. Rev. 2001, 101.
37. J.J. Rehr, J.C Albers, Rev. Modern Phys. 2000, 72, 621.
38. W.G. Egelhoff, Surf. Sci. Rep. 1987, 6, 253.
39. F.W. Lytle, Synchrotron Rad. 1999, 6, 123.
40. I.N. Levine, Molecular Spectroscopy, Wiley, New York, 1975.
41. T. Aberg, Phys. Rev. 1967, 16, 14201.
42. J.E. Muller, O. Jepen, O.K. Andersen, J.W. Wilkins, Phys. Rev. Lett.

1978, 40, 720.
43. C.R. Natoli, M. Benfatto, S. Doniach, Phys. Rev. B 1986, 34, 4682.
44. J.J. Rehr, R.C. Albers, Phys. Rev. B 1996, 41, 8139.
45. D.E. Sayers, E.A. Stern, F.W. Lytle, Phys. Rev. Lett. 1971, 21, 1204.
46. A.V. Poiarkova, J.J. Rehr, Phys. Rev. B 1999, 59, 948.
47. G. Bunker, Nucl. Instrum. Methods Phys. Res. 1983, 207, 437.
48. B.S. Clausen, L. Grabaek, H. Topsoe, L.B. Hansen, P. Stolze, J.K.

Norskov, J. Catal. 1993, 141, 368.
49. E. Brus, J.T. Miller, A.J. Kropf, J.A. van Brokhoven, Phys. Chem. Chem.

Phys. 2006, 8, 3248.
50. G.E. van Dorssen, D.C. Knoningsberger, Phys. Chem. Chem. Phys. 2003,

5, 3549.
51. M.A. Newton, A.J. Dent, J. Evans, Chem. Soc. Rev. 2002, 31, 83.
52. M.A. Newton, Chem. Soc. Rev. 2010, 37, 2644.
53. G. Guay, G. Tourillon, E. Dartyge, A. Fontaine, J. McBean, K.I.

Pandya, W.E. O´Grady, J. Electroanal. Chem. 1991, 305, 83.

166 M. Fernández-García and J. A. Anderson

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 166



b1215 Supported Metals in Catalysis

54. P.A. Allen, S.D. Covalson, M.S. Wilson, S. Gottesfeld, I.D. Raistrick,
J. Valerio, M. Lorato, J. Electroanal. Chem. 1995, 384, 99.

55. D. Hecht, R. Frahm, H.H. Strehbow, J. Phys. Chem. 1996, 100, 10831.
56. A.N. Mansour, C.A. Melendes, J. Wong, J. Electrochem. Soc. 1998, 145, 1121.
57. R.J. Mathew, A.E. Russel, Top. Catal. 2000, 10, 231.
58. G.A. Camara, M.J. Giz, V.A. Peganin, E.A. Ticianelli, J. Electroanal.

Chem. 2002, 537, 21.
59. A.S. Arisco, J. Electrochem. Soc. 2002, 47, 3723.
60. S. Stoupin, E.H. Chung, S. Chattopadhyay, C.U. Segre, E.S. Smotkin,

J. Phys. Chem. B 2006, 110, 9932.
61. F. Cimini, R. Prins, J. Phys. Chem. B 1997, 101, 5277.
62. S.G. Fiddy, M.A. Newton, A.J. Dent, G. Salvini, J.M. Corker, S. Turin,

T. Campbell, J. Evans, Chem. Commun. 1999, 831.
63. S.G. Fiddy, M.A. Newton, T. Campbell, J.M. Corker, A.J. Dent,

I. Harvey, G. Salvini, S. Turin, J. Evans, Chem. Commun. 2001, 445.
64. M.K. Oudenhuijen, P.J. Kooyman, B. Tappel, J.A. van Bokhaven, D.C.

Koningsberger, J. Catal. 2002, 205, 135.
65. X. Wang, J.A. Rodríguez, J.C. Hanson, D. Gamarra, A. Martínez-Arias,

M. Fernández-García, J. Phys. Chem. B 2005, 109, 16595.
66. Y. Nagai, N. Takagi, Y. Ikeda, K. Damae, G. Guillera, S. Pascarelli,

M.A. Newton, H. Shinjoh, S. Matsumoto, Angew. Chem. Int. Ed. 2008,
47, 9803

67. H. Tanaka, M. Uenishi, M. Taneguchi, I. Tan, K. Narita, M. Kimura,
K. Kaneko, Catal. Today 2006, 117, 321.

68. A. Jentys, Phys. Chem. Chem. Phys. 1999, 1, 4059.
69. G. Agostini, R. Pellegrini, G. Leofantin, L. Bertinetti, S. Bertarione,

E. Groppo. A. Zecchina, C. Lamberti, J. Phys. Chem. C 2009 113, 10485.
70. G. Sankar, J.M. Thomas, Top. Catal. 1999, 8, 1.
71. Y. Iwasawa, J. Catal. 2003, 216, 165.
72. R. Cattaneo, T. Weber, T. Shido, R. Prins, J. Catal. 2000, 191, 225.
73. B.S. Clausen, H. Topsoe, R. Frahm, Adv. Catal. 1998, 42,315
74. M.A. Newton, A.J. Dent, S. Diaz-Moreno, S.G. Fiddy, B. Jyotha,

J. Evans, Chem. Commun. 2003, 1906.
75. T. Matsui, M. Harada, K.K. Bando, M. Toba, Y. Yoshimura, Appl. Catal.

A 2005, 290, 73.

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 167

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 167



b1215 Supported Metals in Catalysis

76. F. Bernardi, M.C.M. Alves, A. Traverse, D.O. Silva, C.W. Scheeren,
J. Dupont, J. Morais, J. Phys. Chem. C 2009, 113, 3909.

77. G. Meitner, E. Iglesias, Catal. Today 1999, 53, 433.
78. J.D. Grunwaldt, A.M. Molenbroek, N.Y. Topose, H. Topose, B.S. Clausen,

J. Catal. 2000, 194, 402.
79. X. Wang, J.A. Rodríguez, J.C. Hanson, D. Gamarra, A. Martínez-Arias,

M. Fernández-García, J. Phys. Chem. B 2006, 110, 428.
80. W. Deng, A.I. Frenkel, R. Si, M. Flytzani-Stephanopoulos, J. Phys.

Chem. C 2008, 112, 12834.
81. E.B. Fox, S. Velu, M.H. Engelhard, Y.H. Chin, J.T. Miller, J. Kropf,

C. Song, J. Catal. 2008, 260, 358.
82. E. Brus, D.E. Ramaker, J.A. van Brokhoven, J. Am. Chem. Soc. 2007,

129, 8094.
83. J.D. Grunwaldt, C. Keresszegi, T. Mallat, A. Baiker, J. Catal. 2003, 213,

291.
84. C. Keresszegi, J.D. Grunwaldt, T. Mallat, A. Baiker, Chem. Commun.

2003, 2304.
85. P.J. Ellis, I.J.S. Fairlamb, S.F.J. Hackett, K. Wilson, A. Flec, Angew.

Chem. Int. Ed. 2010, 49, 1820.
86. M. Fernández-García, Catal. Rev. 2002, 44, 59.
87. T.K. Sham, Phys. Rev. B 1985, 31, 1888.
88. A.L. Ankudinov, J.J. Rehr, J.J. Low, S.R. Bare, J. Chem. Phys. 2002, 116,

1911.
89. D. Bazin, J.J. Rehr, J. Phys. Chem. B 2004, 107, 12398.
90. H.M. Chen, R.S. Liu, K. Asakura, L.-Y. Jang, J.-F. Lee, J. Phys. Chem. C

2007, 111, 18550.
91. M. Altarelli, D.L. Dexter, H.H. Nussenzverg, Phys. Rev. B 1972, 6, 4502.
92. F.M.F. de Groot, Top. Catal. 2000, 10, 179.
93. P. Kizler, Phys. Lett. A 1992, 172, 66.
94. E. Dartyge, A. Fontained, A. Juvha, D. Sayer (Eds.), EXAFS and Near

Edge Structure, Springer, Berlin, 1984, 472.
95. S.J. Cho, S.K. Kay, J. Phys. Chem. B 2000, 104, 8124.
96. M. Fernández-García, I. Rodríguez-Ramos, P. Ferreira-Aparicio, A.

Guerrero-Ruiz, J. Catal. 1998, 178, 253.
97. A. Jentys, G.L. Haller, J.A. Lercher, J. Phys. Chem. 1992, 96, 1234.

168 M. Fernández-García and J. A. Anderson

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 168



b1215 Supported Metals in Catalysis

98. S.R. Bare, F.S. Modica, A.Z. Ringwelski, J. Synchrotron Rad. 1999, 6,
436.

99. J.A. Rodríguez, J.C. Hanson, A.I. Frenkel, J.Y. Kim, M. Pérez, J. Am.
Chem. Soc. 2002, 124, 346.

100. P. Ferreira-Aparicio, B. Bachiller-Baeza, I. Rodríguez-Ramos, A.
Guerrero-Ruiz, M. Fernández-García, Catal. Lett. 1997, 49, 163.

101. J.D. Grunwaldt, P. Kappen, L. Basini, B.S. Clausen, Catal. Lett. 2002,
78, 13.

102. A. Suzuki, Y. Ineda, A. Yamaguchi, T. Chihera, M. Yuasa, M. Nomura,
Y. Iwasawa, Angew. Chem. Int. Ed. 2003, 42, 4795.

103. M.W. Tew, J.T. Miller, J.A. van Brokhoven, J. Phys. Chem. C 2009, 113,
15140.

104. J.H. Bitter, K. Seshan, J.A. Lercher, Top. Catal. 2000, 10, 295.
105. M. Fernández-García, A. Martínez-Arias, I. Rodríguez-Ramos, P. Ferreira-

Aparicio, A. Guerrero-Ruiz, Langmuir 1999, 15, 5215.
106. M. Meng, P.-Y. Lin, Y.-L. Fu, Catal. Lett. 1997, 48, 364.
107. A. Adelman, W. Shieber, H. Vinek, A. Jentys, Catal. Lett. 2000, 69, 11.
108. D.C. Huang, K.H. Chong, W.F. Pong, P.K. Tseng, K.J. Hung, W.F.

Huang, Catal. Lett. 1998, 53, 155.
109. R.J. Davis, M.J. Boudart, J. Phys. Chem. 1994, 98, 5471.
110. J.W. Cowes, P. Meechan, Physica 1995, 208/209, 665.
111. S.N. Reifsnyder, H.H. Lamb, J. Phys. Chem. B 1999, 103, 321.
112. S.H. Choi, J.S. Lee, J. Catal. 2000, 193, 176.
113. A.S. Bommannaver, P.A. Musitano, M.J. Machacan, Surf. Sci. 1985,

156, 426.
114. S.H. Choi, J.S. Lee, J. Catal. 1997, 167, 364.
115. F. Hilbrig, C. Mitchell, G.L. Haller, J. Phys. Chem. 1992, 96, 9893.
116. C.G. Michell, W.E. Brambrick, R.H. Ebel, G. Larsen, G.L. Haller,

J. Catal. 1995, 182, 199.
117. M. Fernández-García, F.K. Chong, J.A. Anderson, C.H. Rochester,

J. Catal. 1999, 182, 199.
118. G. Meitzner, G.H. Via, F.W. Lytle, S.C. Fung, J.H. Sinfelt, J. Phys. Chem.

1988, 92, 2925.
119. A. Borgna, T.F. Garreto, C.R. Apesteguía, B. Morawek, Appl. Catal.

A: Gen 1999, 182, 189.

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 169

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 169



b1215 Supported Metals in Catalysis

120. M.S. Nasher, D.M. Somerville, P.D. Lane, D.L. Alder, J.R. Sharpley,
R.G. Nuzzo, J. Am. Chem. Soc. 1996, 118, 12964.

121. M. Fernández-García, C. Márquez, G.L. Haller, J. Phys. Chem. 1995, 99,
12565.

122. C.G. Michell, W.E. Brambrick, R.H. Ebel, Fuel Proc. Technol. 1993, 35,
159.

123. D. Bazin, H. Dexpert, J. Lineh, J.P. Bournouville, J. Synchrotron Rad.
1999, 6, 465.

124. S.A.M. Bowens, F.B.M. van Zon, M.P. van der Kraan, V.H.J. de Beer,
J.A.R. van Veen, D.C. Koningsberger, J. Phys. Chem. 1994, 146, 375.

125. R.G. Lelived, A.J. van Dillen, J.W. Geus, D.C. Koningsberger, J. Catal.
1997, 171, 115.

126. J.A. Rodríguez, J. Drovak, T. Jirsak, J. Phys. Chem. B 2000, 104, 11515.
127. J.A. Anderson, M. Fernández-García, Trans. Inst. Chem. Eng. 2000,

78A, 935.
128. J.A. Anderson, B. Bachiller-Baeza, M. Fernández-García, Phys. Chem.

Chem. Phys. 2003, 5, 4418.
129. J.A. Anderson, Z. Liu, M. Fernández-García, Catal. Today 2006, 113,

25.
130. Y. Okamoto, T. Kubota, H. Gotoh, Y. Ohto, H. Aritani, T. Tanaka,

S. Yoshida, J. Chem. Soc. Faraday Trans. 1998, 94, 3743.
131. M. Fernández-García, C. Márquez-Alvarez, I. Rodríguez-Ramos,

A. Guerrero-Ruiz, G.L- Haller, J. Phys. Chem. 1995, 99, 16380.
132. J.H. Holles, R.J. Davis, J. Phys. Chem. B 2000, 104, 9653.
133. A. Martínez-Arias, M. Fernández-García, A. Iglesias-Juez, A.B. Hungría,

J.A. Anderson, J.C. Conesa, J. Soria, Appl. Catal. B: Env. 2001, 31, 51.
134. M. Fernández-García, A. Iglesias-Juez, A. Martínez-Arias, A.B.

Hungría, J.A. Anderson, J.C. Conesa, J. Soria, J. Catal. 2004, 221, 148.
135. A.B. Hungría, A. Iglesias-Juez, A. Martínez-Arias, M. Fernández-

García, J.A. Anderson, J.C. Conesa, J. Soria, J. Catal. 2002, 206, 281.
136. M. Fernández-García, A. Martínez-Arias, A. Iglesias-Juez, A.B. Hungría,

J.A. Anderson, J.C. Conesa, J. Soria, J. Catal. 2003, 214, 220.
137. A. Iglesias-Juez, A.B. Hungría, A. Martínez-Arias, M. Fernández-

García, J.A. Anderson, J.C. Conesa, J. Soria, Appl. Catal. A: Gen. 2004,
259, 207.

170 M. Fernández-García and J. A. Anderson

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 170



b1215 Supported Metals in Catalysis

138. A. Iglesias-Juez, A.B. Hungría, A. Martínez-Arias, J.A. Anderson,
M. Fernández-García, Catal. Today 2009, 143, 295.

139. A. Iglesias-Juez, A. Martínez-Arias, M.A. Newton, S.G. Fiddy, M.
Fernández-García, Chem. Commun. 2005, 4092.

140. M.A. Newton, C. Belver, A. Martínez-Arias, M. Fernández-García,
Angew. Chem. Int. Ed. 2007, 46, 8629.

141. M.A. Newton, M. Di Michel, A. Kubacka, M. Fernández-García, J. Am.
Chem. Soc. 2010, 132, 4540.

142. I.J. Shannon, F. Rey, G. Sankar, J.M. Thomas, T. Maschmeyer, A.W.
Waller, A.E. Palomares, A. Corma, A.J. Dent, G.N. Graves, J. Chem. Soc.
Faraday Trans. 1996, 92, 4331.

143. F.X. Llabrés i Xamena, P. Fisicaro, G. Berlie, A. Zecchina, G. Turnes
Palomino, C. Prestipino, S. Bordiga, E. Giamello, C. Lamberti, J. Phys.
Chem. B 2003, 107, 7036.

144. M. Fernández-García, A. Iglesias-Juez, A. Martínez-Arias, A.B.
Hungría, J.A. Anderson, J.C. Conesa, J. Soria, J. Catal. 2004, 221, 594.

145. D.-J. Liu, H.J. Robota, Appl. Catal. B: Env. 1994, 4, 1551.
146. C. Márquez-Alvarez, I. Rodríguez-Ramos, A. Guerrero-Ruiz, G.L.

Haller, M. Fernández-García, J. Am. Chem. Soc. 1997, 119, 2905.
147. A. Jentys, W.S. Shieber, H. Vinek, Catal. Lett. 1997, 47, 193.
148. A. Ali, W. Alvarez, C.J. Lougham, D.E. Resasco, Appl. Catal. A 1997, 14, 13.
149. A. Iglesias-Juez, A.B. Hungría, A. Martínez-Arias, A. Fuerte, M.

Fernández-García, J.A. Anderson, J.C. Conesa, J. Soria, J. Catal. 2003,
217, 310.

150. B. Kimmerle, J.D. Grunwaldt, A. Baiker, P. Glatzel, P. Boyle, S.
Stephen, C.G. Shroeder, J. Phys. Chem. C 2009, 113, 3037.

151 B. Kimmerle, A. Baiker, J.-D. Grunwaldt, Phys. Chem. Chem. Phys. 2010,
12, 2288.

152 D. Gamarra, C. Belver, M. Fernández-García, A. Martínez-Arias, J. Am.
Chem. Soc. 2007, 129, 12064.

153. J.D. Grundwaldt, L. Basini, B.J. Clausen, J. Catal. 2001, 200, 231.
154. P. Ferreira-Aparicio, M. Fernández-García, I. Rodríguez-Ramos, A.

Guerrero-Ruiz, J. Catal. 2000, 190, 296.
155. D.C. Konongsberger, M.K. Oudenhuijzen, J. de Graaf, J.A. van Bokhoven,

D.E. Ramaker, J. Catal. 2003, 216, 178.

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 171

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 171



b1215 Supported Metals in Catalysis

156. A. Knop-Gerike, M. Havecker, T. Schedel-Niedrig, R. Schlogl, Top.
Catal. 2001, 15, 27.

157. G.W. Coulson, S.R. Bare, H.H. Kung, K. Birkeland, G.K. Bethke,
R. Harlow, N. Herron, P.L. Lee, Science 1997, 275, 191.

158. K. Birkeland, S.M. Babitz, G.K. Bethke, H.H. Kung, G.W. Coulson,
S.R. Bare, J. Phys. Chem. B 1997, 101, 6895.

159. F. de Groot, Chem. Rev. 2001, 101, 1779.
160. P. Glatzel, J. Sing, K.O. Krashina, J.A. van Brokhoven, J. Am. Chem. Soc.

2010, 132, 2555.
161. J. Singh, E.M.C. Alayon, M. Tromp, O.V. Safonova, P. Glatzel, M.

Nachtegaal, R. Frahm, J.A. Van Bokhoven, Angew. Chem. Int. Ed. 2008,
47, 9260.

162. P. Norby, J.C. Hanson, Catal. Today 1998, 39, 301.
163. S. Nikitenko, A.M. Beale, A.M.J. Van Der Eerden, S.D.M. Jacques,

O. Leynaud, M.G. O’Brien, D. Detollenaere, W. Bras, J. Synchr. Rad.
2008, 15, 632.

164. A. Kubacka, A. Martínez-Arias, M. Fernández-García, M. Di Michiel,
M.A. Newton, J. Catal. 2010, 270, 275.

165. T. Egami, S.J.L. Billinge, Underneath the Bragg Peaks: Structural Analysis
of Complex Materials, Pergamon Press, Oxford, 2003.

166. S.J.L. Billinge J. Solid State Chem. 2008, 181, 1695.
167. M.M. Martínez-Iñesta, R.F. Lobo, J. Phys. Chem. C 2007, 111, 8573.
168. W. Dmowski, H. Yin, S. Sai, S.H. Overbury, T. Egami, J. Phys. Chem.

C 2010, 114, 6983.
169. S. Agayoglu, P. Zavalij, B. Eichhorn, Q. Wang, A.I. Frenkel, P. Chupas,

ACS Nano 2009, 3, 3127.
170. V. Petkov, T. Ohta, Y. Hou, Y. Ren, J. Phys. Chem. C 2007, 111, 714.
171. P.J. Chupas, K.W. Chapman, G. Jennings, P.L. Lee, C.P. Crey, J. Am.

Chem. Soc. 2007, 129, 13822.
172. P.J. Chupas, K.W. Chapman, H. Chen, C.P. Crey, Catal. Today 2009,

145, 213.
173. E.B. Wilson, J.C. Decius, R.C. Cross, Molecular Vibrations, Dover, New

York.
174. R.F. Willis, N.A. Lucas, G.H. Mohan, in The Chemical Physics of Solid

Surfaces and Heterogeneous Catalysts Volume 2, Eds.: D.A. King, D.P.
Woodruff, Elsevier, Amsterdam, 1983, chp. 2.

172 M. Fernández-García and J. A. Anderson

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 172



b1215 Supported Metals in Catalysis

175. R.G. Greenler, J. Chem. Phys. 1966, 44, 310.
176. R.G. Greenler, D.R. Snider, D. Witt, R.S. Sorbello, Surf. Sci. 1982, 118,

415.
177. M. Ito, W. Suetaka, J. Phys. Chem. 1975, 79, 1190.
178. P.S. Bagus, F. Illas, Phys. Rev. B 1990, 42, 10852.
179. F. Illas, J.M. Ricart, M. Fernández-García, J. Chem. Phys. 1996, 104,

5647.
180. P. Hollins, Surf. Sci. Rep. 1992, 16, 51.
181. Y.R. Shen, Surf. Sci. 1994, 299/300, 551.
182. C.D. Bazin, J. Chem. Soc. Faraday Trans. 1995, 91, 1281.
183. G.A. Somorjay, K.R. McCrea, Adv. Catal. 2000, 45, 385.
184. G. Rupprechter, Phys. Chem. Chem. Phys. 2001, 3, 4621.
185. K.Y. Kung, P. Chen, F. Wei, G. Rupprechter, Y.R. Shen, G.A. Somorjay,

Rev. Sci. Instrum. 2001, 72, 1806.
186. G. Ruppretcher, C. Weilech, J. Phys. Condens. Matter 2008, 20, 184019.
187. J. Ryczkowky, Catal. Today 2001, 68, 263.
188. J. Guzman, B.C. Gates, Langmuir 2003, 19, 3897.
189. F.J. Gracia, J.T. Miller, A.J. Kroft, E.E. Wolf, J. Catal. 2002, 209, 341.
190. H. Igarashi, T. Fujino, Y. Zhu, H. Uvhida, M. Watanabe, Phys. Chem.

Chem. Phys. 2001, 3, 306.
191. J.A. Anderson, J. Chem. Soc. Faraday Trans. 1992, 88, 1197.
192. J.A. Anderson, Catal. Letts. 1992, 13, 363.
193. A. Martínez-Arias, A.B. Hungría, M. Fernández-García, A. Iglesias-

Juez, J.A. Anderson, J.C. Conesa, J. Catal. 2004, 221, 85.
194. J. Libuda, I. Meusel, J. Hoffman, J. Hartmann, L. Piccolo, C.R. Henry,

H.J. Freund, J. Chem. Phys. 2001, 114, 4669.
195. J. A. Anderson, J. Catal. 1993, 142, 153.
196. J.L. Freysz, J. Saussey, J.C. Lavalley, P. Bourges, J. Catal. 2001, 197, 131.
197. M. Yang, M. Shen, J. Wang, M. Zhao, W. Wang, J. Phys. Chem. C 2009,

113, 12778.
198. M. Fernández-García, A. Iglesias-Juez, A. Martínez-Arias, A.B. Hungría,

J.A. Anderson, J.C. Conesa, J. Soria, J. Catal. 1999, 187, 474.
199. Ch. Sedlmair, K. Shesan, A. Jentys, J.A. Lercher, J. Catal. 2003, 214,

308.
200. A. Desikumastuli, T. Staudt, H. Gronbeck, J. Liduda, J. Catal. 2008,

260, 315.

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 173

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 173



b1215 Supported Metals in Catalysis

201. F. Viñes, A. Desikumastuli, T. Staudt, H. Gronbeck, J. Liduda, K.M.
Neymann, J. Phys. Chem. C 2008, 112, 16539.

202. J. Hoffmann, S. Schauermann, V. Johanek, J. Hartmann, J. Libuda,
J. Catal. 2003, 213, 176.

203. I. Ortiz-Hernández, C.T. Williams, Langmuir 2003, 19, 2956.
204. T. Burgi, R. Wirz, A. Baiker, J. Phys. Chem. B 2003, 107, 6774.
205. D. Ferri, T. Burgi, A. Baiker, Phys. Chem. Chem. Phys. 2002, 4, 2667.
206. D.M. Meier, A. Urakawa, A. Baiker, J. Phys. Chem. C 2009, 113, 21849.
207. N. Maeda, A. Urakawa, A. Baiker, J. Phys. Chem. Lett. 2010, 1, 54.
208. F. Jutz, J.M. Anderson, A. Baiker, J. Catal. 2009, 268, 356.
209. Z.-Q. Tian, B. Ren, D.-Y. Wu, J. Phys. Chem. B 2002, 106, 9463.
210. A. Einstein, Ann. Phys. Leipzig 1905, 17, 132.
211. D. Briggs, M.P. Seah, Practical Surface Analysis by Auger and X-ray

Photoelectron Spectroscopy, Wiley, New York, 1983.
212. K. Siegbahn, C. Nordling, A. Fahlman, H. Nordberg, K. Hamrin,

J. Hedman, G. Johansson, T. Bergmark, S.E. Karlsson, J. Lindgren,
B. Lindberg, Electron Spectroscopy for Chemical Analysis, Almquist and
Wiksells, Stockholm, 1967.

213. W.F. Egelhoff, Surf. Sci. Rep. 1987, 6, 253.
214. J.N. Andersen, T. Balasubramanian, L.I. Johansson, R. Nyholm, Phys.

Rev. Lett. 2001, 86, 4398.
215. F. Parmigiani, E. Kay, P.S. Bagus, C.J. Nelin, J. Elec. Relat. Phenom. 1985,

36, 257.
216. S. Lizzit, A. Baraldi, A. Groso, K. Reuter, M.V. Ganduglia-Pirovano,

C. Stampft, M. Scheffler, M. Stichler, C. Keller, W. Wurth, D. Menzel,
Phys. Rev. B 2001, 63, 205419, 1–14.

217. A. Stierle, C. Tieg, H. Dosch, V. Formoso, E. Lungren, J.N. Andersen,
Surf. Sci. 2003, 529, L263.

218. H.P. Hjalmarson, H. Buttner, J.D. Dow, Phys. Rev. B. 1981, 24, 6010.
219. D.Q. Yang, E. Sacher, Appl. Surf. Sci. 2002, 195, 187.
220. D.F. Ogletree, H. Bluhm, G. Lebedev, C.S. Fadley, Z. Hussain,

M. Salmeron, Rev. Sci. Inst. 2002, 73, 3872.
221. A. Baraldi, G. Comelli, S. Lizzit, M. Kiskinova, G. Paolucci, Surf. Sci.

Rep. 2003, 49, 169.
222. Ch. Sondergaard, Ph. Hofmann, Ch. Sultz, M.S. Moreno, J.E. Gayone,

M.A. Vicente Alvarez, G. Zampieri, S. Lizzit, A. Baraldi, Phys. Rev. B
2001, 63, 233102.

174 M. Fernández-García and J. A. Anderson

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 174



b1215 Supported Metals in Catalysis

223. M.S. Smedh, A. Beutler, T. Ramsvik, R. Nyholm, M. Borg, J.N.
Andersen, R. Duschek, M. Sock, F.P. Netzer, M.G. Ramsey, Surf. Sci.
2001, 491, 99.

224. H. Bluhm, M. Havecker, A. Knop-Gerike, M. Kiskinova, R. Schogl,
M. Salmeron, MRS Bull. 2007, 32, 1022.

225. F.G. Requejo, E. Hebenstreit, D.F. Oglatree, M. Salmeron, J. Catal.
2006, 226, 83.

226. F. Tao, S. Day, L.W. Wang, Z. Liu, D.R. Butcher, H. Bluhm, M. Salmeron,
G.A. Somojai, Science 2010, 327, 850.

227. M. Montano, K. Bratlic, M. Salmeron, G.A. Somorjai, J. Am. Chem. Soc.
2006, 128, 13229.

228. T. Herranz, X. Deng, A. Cabot, P. Alivisatos, Z. Liu, G. Soler-Illa,
M. Salmeron, Catal. Today 2009, 143, 158.

229. J.J. Van der Klink, Adv. Catal. 2000, 44, 1.
230. A.A. Lysova, J.A. Bergwerff, L. Espinosa-Alonso, B.M. Weckhuysen,

I.V. Koptyug, Catal. Today 2010, 374, 126.
231. L. Yang, Curr. Top. Catal. 1999, 2, 59.
232. J.A. Norcross, C.P. Slitcher, J.H. Sinfelt, Catal. Today 1999, 53, 343.
233. C. Noguez, J. Phys. Chem. C 2007, 111, 3806.
234. J.D. Grunwaldt, R. Wandeler, A. Baiker, Catal. Rev. 2003, 45, 1.
235. A. Bruckner, Catal. Rev. 2003, 45, 97.
236. M.G. Obrien, A.M. Beale, S. Jacques, M. Di Michiel, B.M. Weckhyusen,

ChemCatChem. 2009, 1, 99.

Characterization of Supported Metal Catalysts by Spectroscopic Techniques 175

b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 175



b1215 Supported Metals in Catalysis
b1215_Chapter-04.qxd  11/28/2011  5:06 PM  Page 176

This page intentionally left blankThis page intentionally left blank



b1215 Supported Metals in Catalysis

177

CHAPTER 5

SUPPORTED METAL CATALYSTS FOR
FINE CHEMICALS SYNTHESIS

R.P.K. Wells and J.A. Anderson

Surface Chemistry and Catalysis Group, Department of Chemistry,
University of Aberdeen, Kings College, Aberdeen, Scotland, UK

5.1 Introduction

Catalysis provides by far the most efficient technology whereby
rates of chemical reactions are accelerated to levels that make the
large-scale production of fine chemicals in industry financially
viable. The principal task of the catalyst is to provide the necessary
control mechanisms by which the appropriate thermodynamic
product is prevented from being formed, the required high-value
‘fine chemical’, often being an intermediate along the pathway to
the thermodynamically stable product. Hence, control of selectiv-
ity is vital to the success of any fine chemical process. As
environmental controls become ever more stringent, selectivity
increases in importance even beyond activity. Shortfalls in selectiv-
ity result in poor use of raw materials and the need to either
identify markets for the by-products, incurring increased costs due
to expensive and time-consuming separation procedures, or to dis-
pose of the by-products as waste. Reduced activity can be
compensated for by plant design and the use of more efficient
reactor technology, however this is a subject in its own right1 and
will not be dealt with here.

This chapter does not aim to deal with all aspects of fine chemi-
cal catalysis, merely to bring to the reader’s attention the principal
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strategies involved, using three broad reaction types as examples;
selective hydrogenation, selective oxidation and enantioselective
reactions. By choosing specific examples of each class of reaction
the factors influencing selectivity and routes that can be used to
affect it will be illustrated.

5.2 Selective Hydrogenation over Supported Metal Catalysts

5.2.1 Overview

The importance of selective hydrogenation in fine chemicals can
best be represented by way of example. Figure 5.1 shows the two
stereoisomers of linalool which is employed as a scent in ca. 70% of
cleaning agents and perfumed hygiene products including soaps,
detergents, shampoos and lotions. It also finds use as a chemical
intermediate. Although it is found in nature as a terpene alcohol in
flowers and spices, its widespread use in fine chemicals means that it
is manufactured industrially. This process involves reacting 2-methyl-
2-hepten-6-one with acetylene (a base-catalysed ethynylation) to
dehydrolinalool. This means a final stage, selective hydrogenation
whereby linalool is produced via hydrogenation of the triple bond to
leave the terminal = CH2 unit.2

Clearly varied aspects of ‘selectivity’ are required to ensure pro-
duction of the desired final product. The hydrogenation reaction must
proceed selectively to avoid overhydrogenation to produce a
terminal — CH3 group via consecutive hydrogenation reaction, targets
the appropriate part of the molecules to avoid hydrogenating the
internal C = C bond during any concurrent reaction and proceeds with
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Figure 5.1 Representations of the two stereoisomers of linalool.
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appropriate chemoselectivity to avoid hydrogenation of the alcohol
functional group. While many laboratories may work directly on such
complex molecules, (a list of some of the industrially relevant cases
where carbon–carbon multiple bond hydrogenation is involved is listed
in Chen et al.3) others often adopt a strategy which involves the use of
model reagents and focus on issues of either avoiding overhydrogena-
tion (concurrent reaction-based selectivity) or chemoselectivity
(consecutive reaction-based selectivity). The latter has been the subject
of a recent review.4 In terms of partial or semi-hydrogenation, there is
abundant literature on liquid phase hydrogenation of both internal5–7

and terminal7,8 and functionalised9,10 alkynes. Factors affecting selec-
tivity in the hydrogenation of molecules containing more than one
carbon–carbon double bond are reviewed in the following section
(Section 5.2.2). In the case of alkyne hydrogenation, a key target is to
ensure prevention of overhydrogenation to provide the alkane, but
also to avoid isomerisation. In the case of internal alkynes, this means
suppression of routes which lead to geometric isomerisation and
which convert the desired, and predominantly produced, cis-alkene
into the more thermodynamically favoured trans-alkene. While geo-
metric isomers are not produced by semi-hydrogenation of terminal
alkynes, the alkene product may undergo isomerisation via double
bond-shift to produce the 2-alkene.11 During the initial stages of reac-
tion, selectivity to the favoured alkene product is high as a
consequence of the favoured adsorption of alkyne relative to alkene.
However, as the alkyne is consumed, selectivity is diminished.
Traditionally this was managed by selecting a solution-based modifier
such as quinoline with an adsorption enthalpy lying between those of
the alkyne and alkene which minimise adsorption of the latter. This is
part of the basis on which the Lindlar12 catalyst operates. Recent stud-
ies in the area of liquid phase partial hydrogenation of alkynes have
focused on the structure sensitivity,6,8 role of subsurface hydrogen
(hydride),6,13 carbon (carbide),13,14 selection of the support5 and the
use of surface modifiers.7 Studies comparing the relative roles of Bi
and Pb, suggest that the propensity for terminal alkenes to isomerise
(double bond-shift) may be suppressed by elimination of step and
edge sites while cis-trans isomerisation is facilitated at open terrace

Supported Metal Catalysts for Fine Chemicals Synthesis 179

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 179



b1215 Supported Metals in Catalysis

sites, and these ensembles should be broken up to reduce the rate at
which internal alkenes are consumed. 

5.2.2 Hydrogenation of buta-1,3-diene over non-modified
metal catalysts

The hydrogenation of buta-1,3-diene, CH2=CH-CH=CH2 is one of the
simplest hydrogenation reactions in which selective control can yield
differing products. The molecule itself is made up of two identical
unsaturated functions, and hydrogenation yields a mixture of three n-
butenes, but-1-ene, cis- and trans-but-2-ene and the fully hydrogenated
product butane. Conventional wisdom suggested that but-1-ene was
the initial product of the reaction, whose isomerisation yielded the
two but-2-ene isomers, with any butane being explained by product
readsorption followed by further hydrogenation. However, D-tracer
experiments of the reaction over alumina supported metals such as
Fe, Co, Ni, Cu15 and Pd16 in a static reactor yielded a completely
different mechanism (Fig. 5.2).

All these metals exhibited high selectivity (97–100%) for butene
formation. Also, the deuterium distribution within each butene was

180 R. P. K. Wells and J. A. Anderson

+H2

+H2

+H2

+H2

+H2

+H2

Path A Path B

Figure 5.2 Schematic indicating the separate stages of the hydrogenation of
buta-1,3-diene.
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similar and the butene composition was independent of deuterium
pressure. Butene isomerisation would be expected to yield products
with redistributed deuterium content, hence it was concluded that
all three butenes were primary products of the reaction. These
experiments indicated that the reaction proceeded according to
path (a). As the strongly adsorbed butadiene is removed to the point
at which it no longer dominates the active sites on the surface, the
initial product butene is readsorbed and further hydrogenated to
butane in the second step (path (b)). At this stage there is a com-
petition between butene isomerisation and further hydrogenation
to yield butane and hence the product composition shifts towards
the thermodynamic equilibrium (trans-but-2-ene > cis-but-2-ene >
but-1-ene) as the butene is removed. This isomerisation however
only occurs in the second stage of the process. This provides a use-
ful example of the first requirement for the attainment of selectivity
in multistep processes, being that the reactant adsorption should be
sufficiently strong to exclude readsorption of the required product
and hence prevent subsequent reaction. 

Product compositions from butadiene hydrogenation vary
greatly depending on the catalyst utilised. Some examples and asso-
ciated references are detailed in Table 5.1.

The mechanism for the reaction over alumina supported Co
and Ni catalysts based on the deuterium tracer studies is believed to
be one in which the adsorbed diene and adsorbed hydrogen are in
dynamic equilibrium with σ- and σ-π-bonded half-hydrogenated
species, resulting in the wide distribution of deuterium in the
observed butanes (Fig. 5.3).

In the subsequent rate determining steps hydrogen atom addi-
tion to the σ-adsorbed butenyl gives the but-1-ene isomer whereas
the addition of hydrogen to the σ-π-adsorbed butenyl occurs via a
π-allylic transition state. In process B, butadiene molecules can be
adsorbed either in the transoid or cisoid conformation, the former
yielding but-1-ene and trans-but-2-ene by 1 : 2 and 1 : 4 addition
respectively and the latter yielding but-1-ene and cis-but-2-ene by
the same mechanism. Hence if the required product is the alk-1-
ene, then the catalyst of choice would be one with an electronic
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structure that does not readily form a π-ally complex in the transi-
tion state. For example Cu produces 87% but-1-ene (Table 5.1), its
nearly full d-shell restricting the formation of the π-ally complex.
For Co, Ni, Cu, Mn, V and Zr very little selectivity is observed
between the two but-2-ene isomers, hence it was concluded that the
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Table 5.1 Butene distributions obtained after the hydrogenation of butadiene
over various metal catalysts.

Butenes/%
Temp/ Conv/ But-1- Trans-b-2-ene

Catalyst °C % ene ene Cis-b-2- Ref

10% Cu/alumina 60 20 87 6 7 16
5% Pd/alumina 0 50 65 33 2 17
10% Co/alumina 100 10 82 11 7 18
Ni powder 100 10 62 25 13 19
Ni film 0 20 66 25 9 19
Ni film/S, θ = 0.70 90 20 32 57 11 19
Ni film/S, θ = 1.00 90 15 23 68 12 19
Mn film 20 20 86 10 4 19
V film 0 10 50 28 22 20
Zr film 0 5 40 45 15 20
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Figure 5.3 Simplified mechanism for the hydrogenation of buta-1,3-diene over
metals other than Pd.
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interconversion between the cisoid and transoid forms of the
adsorbed butadiene and/or the σ-π-adsorbed half-hydrogenated
species was facile. In contrast to this, with Pd, although 65% of the
butene yield is but-1-ene, the ratio of trans : cis but-2-ene is 16.16

Values of the cis : trans ratio up to 20 have been recorded, hence in
this situation, although process A still occurs, the but-2-ene forma-
tion process must be different. 

The rotation of gas phase butadiene molecules about the central
carbon–carbon bond in the gas phase is restricted, and at any one
instant there is an excess of molecules whose geometry approxi-
mates to the transoid conformation rather than to the cisoid. The
transoid : cisoid ratio has been determined experimentally to be
between 10 and 20 : 1 at room temperature.20 It would be expected
that if the conformation in the gas phase was frozen on adsorption,
then the subsequent 1,4 addition would yield a high trans : cis ratio
in the but-2-ene. Palladium is well known to be exceptionally good
at forming π-allylic compounds with unsaturated hydrocarbons and
hence the observed selectivity can be explained by assuming that the
butadiene molecules adsorb directly as two conformationally dis-
tinct π-allylic states (Fig. 5.4) which, because of the mode of bonding,
cannot interconvert. The high trans : cis ratio in the product there-
fore directly mirror the high ratios in the gas phase and the
observation of decreasing trans : cis ratio with increasing tempera-
ture can also be explained. 

Butadiene hydrogenation has been studied over most transi-
tion metals in the form of evaporated thin films19,20 and also over
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UHV-grown model catalysts21,22 which allow comparison between
model and impregnated catalysts. Hence the mechanisms described
can be considered to be reasonably widely applicable. A point that
can be gleaned from the evaporated film experiments is that the
yield of but-1-ene increases with Pauling electronegativity of the
metal.20 This correlation was shown to apply for all three transition
series. Again, this can be rationalised by the above mechanisms in
that but-1-ene yield is determined by the electronic structure of the
metal because as the d-band is filled, so the likelihood of forming π-
allylic transition state is reduced. The use of model catalysts such as
Pd/Al2O3/NiAl(110) allows determination of the relative popula-
tion of specific surface sites and hence permits calculations of rates
per type of surface site (i.e. site specific TOFs) although normali-
sation for particles with sizes below 3 nm is difficult due to the
absence of well-developed and defined facets.23 Studies of initial
hydrogenation rates suggest that TOF increases with mean particle
size. However, when the TOF is normalised for the number of Pd-
atoms in the (111) facets, at least for particles of mean diameter
greater than 4 nm, the TOF becomes constant and consistent with
the rate obtained over single crystal Pd(111), suggesting that these
are the active sites.21,22 For particles smaller than 4 nm, the activity
approaches the value predicted for Pd(110), which is five times
greater than over Pd(111).22

5.2.3 The Hydrogenation of buta-1,3-diene over modified
metal catalysts 

Early work involving some alumina supported Co and Ni catalysts
gave unexpectedly low but-1-ene yields together with high trans : cis-
but-2-ene ratios, and it was eventually discovered that the
unexpected yields were a result of sulphur contamination which had
migrated from the impure alumina support during catalyst prepara-
tion.18 Once this effect was recognised it quickly became apparent
that the electronegative elements adjacent to sulphur in the peri-
odic table such as P, As, Se, Br and Cl all had similar effects on the
selectivity of Co or Ni. Similarly, the effect of group V triphenyl
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compounds on the selective hydrogenation of isoprene over Pd has
been identified.24 A quantitative investigation was carried out19 by
exposing metal films to progressive doses of hydrogen sulphide
which underwent dissociative adsorption at 293 K depositing sul-
phur and liberating molecular hydrogen. Butadiene hydrogenation
was studied as a function of sulphur coverage and the reaction
mechanism was shown to move progressively from predominantly 1
: 2 addition to being predominantly 1 : 4 addition, the result being
an increase in the trans : cis ratio of the evolved but-2-ene (some
example data is given in Table 5.1). In terms of the mechanisms dis-
cussed earlier, the effect of the sulphur was to move the mechanism
away from processes A and B in Fig. 5.4 and move towards process C
in Fig. 5.3, with process A becoming poisoned. This effect was
explained by the adsorption of sulphur resulting in the molecules
adjacent becoming polarised, giving Mδ+ sites, which stabilised the
half-hydrogenated states as π-allylic intermediates, thereby enhanc-
ing the 1 : 4 addition.25

To summarise, for butadiene hydrogenation over metal catalysts,
the selectivity for but-1-ene formation is governed by the elec-
tronegativity of the catalyst. Hence, selectivity may be affected either
by tailoring the supported metal and/or by the addition of pro-
moter species. If electronegative promoters are utilised, these
function by generating positively polarised adsorption sites that
favour trans-isomer formation, by 1 : 4 addition. It is important to
note that if yield of but-1-ene is plotted relative to the trans : cis ratio
of but-2-ene the data points for evaporated films (upon which much
of the systematic research has been done), alumina supported met-
als and promoted metal catalysts fall on the same curve indicating
the universality of the proposed mechanism.26

5.2.4 Hydrogenation of αα,ββ-unsaturated aldehydes
over non-modified metal catalysts

Unsaturated aldehydes contain two different functional groups
(Fig. 5.5), providing great challenges if selective hydrogenation of
one group only is required.27
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When a compound contains both a carbon–carbon double bond
as well as a carbon–oxygen double bond, the thermodynamics of the
system favours the reduction of the former. For example for croton-
aldehyde (CH3CH=CHCH=O) hydrogenation, the free energy
change for conversion to butyraldehyde (CH3H7CHO), crotyl alco-
hol (CH3CH=CHCH2OH) and n-butanol at 273 K are −71, −31 and
−105 kJ mol−1 respectively. Therefore crotonaldehyde conversion
over non-modified supported metal catalysts usually yields saturated
butyraldehyde as the initial product, with butanol as either a pri-
mary or secondary product. 

As is all too commonly the case in fine chemical synthesis, the
industrially required product is the α,β-unsaturated alcohol, these
being of major use as intermediates in the formation of perfumes,
flavourings and pharmaceuticals.28 As expected, Cu and Ni yield only
butyraldehyde and butanol, although surprisingly a Cu-Ni alloy results
in a selectivity of 54% crotyl alcohol.29 Platinum alone yields butyralde-
hyde selectively at 433 K, but the addition of iron results in the
formation of crotyl alcohol.30,31 The use of liquid phase reactors has a
significant effect on the selectivities observed in the reaction. For exam-
ple, high selectivities to crotyl alcohol are observed for Ru, Re and Os
on several supports, with Os/ZnO giving a reported selectivity of 97%.32

However, certainly in the case of Ru when similar catalysts were utilised
in the vapour phase, although initial selectivities to crotyl alcohol were
observed, selectivity decayed rapidly with time on stream.33
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5.2.5 The hydrogenation of αα,ββ-unsaturated aldehydes
over modified metal catalysts

The promotion of Pt by the addition of Fe30,31 was followed by a fur-
ther report indicating that a similar promotion was observed with
Cu/chromia.34 These results were a forerunner for many systematic
and detailed studies on promoted supported metal catalysts, result-
ing in some remarkably successful systems.

Broadly speaking, the most successful catalytic systems have been
achieved by use of supported metal catalysts modified using one of
two distinct strategies: (a) the addition of an electropositive additive
or (b) an electronegative additive, which by its action on the adsor-
bate yields positive centres in the active phase. The principal for both
routes is the formation of bonds between the aldehydic O-atom and
the positive centre, resulting in electron depletion in the adjacent C-
atom, and thereby its activation towards H-atom addition.

The effect on selectivity and activity for the hydrogenation of
3-methyl crotonaldehyde using Pt/SiO2 modified with cations from
successive groups in the periodic table was studied by Ponec et al.35,36

The most effective promoter was found to be Fe and Sn both of
which raised the selectivity to the unsaturated alcohol from 21% to
about 80%. Interestingly, this increase in selectivity was also accom-
panied by a substantial rate enhancement from 2.0 to 12.7 µmol s−1

(g cat)−1 in the case of Pt : Sn prepared with a 4 : 1 ratio. Similar
selectivity and activity enhancement were reported by Vannice and
Sen for crotonaldehyde hydrogenation over Pt/TiO2 in the vapour
phase using a H2 : aldehyde ratio of 22.7 : 1.37 Under both low tem-
perature reduction and high temperature reduction (SMSI)
conditions, crotyl alcohol was formed, the best yield being 37% over
the latter at low conversion. IR studies show the progressive loss in
specific sites as the SMSI state is induced by higher temperature
reduction of Pt/TiO2.38,39 By contrast Pt supported on SiO2, Al2O3 or
merely in its powder form all showed no selectivity to the unsatu-
rated alcohol, forming only butyraldehyde under the same
conditions. The increase in selectivity caused by the TiO2 was ratio-
nalised by the presence of Ti3+ or Ti2+ ions or oxygen vacancies
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coordinating the oxygen atom of the carbonyl group, thereby acti-
vating the adjacent C-atom for H-addition. The combined effects of
addition of a promoter metal and a reducible oxide support have
been studied by Sepúlveda-Escribano and coworkers.40–41

The fact that Pt has a high alkene hydrogenation capability has
lead to a considerable amount of research being undertaken on a
less active metal, Cu. This, combined with the ability of sulphur to
promote the formation of unsaturated alcohol by the formation of
δ+ sites on the active surface as described earlier, lead to an in-depth
study by Hutchings and Rochester42–43 involving Cu and Pd and
later extended to Au.44,45 Some important points are illustrated in
Table 5.2.

The most important point to remember when considering
vapour phase reaction data is that irrespective of the presence of
promoters on the copper catalyst the product distributions vary
considerably with time on stream. For example the first three
entries in Table 5.2 show the drastic decrease in production of
butanol over the first 60 minutes of reaction together with the cor-
responding increase in butyraldehyde. Selectivity towards crotyl
alcohol however remains constant. On sulfidation of the Cu/Al2O3

catalyst by thiophene, a much enhanced selectivity of 58% after 30
minutes to the unsaturated alcohol was observed. As with the non-
promoted catalyst, the initial large production of butanol is
replaced by butyraldehyde but also with some high molecular
weight products formed by aldol condensation. The nature of the
copper sites on the catalyst surface was probed by infrared spec-
troscopy.46 The shift in the adsorbed CO band frequency on
addition of thiophene led to the deduction that four types of
adsorption sites were present at the catalyst surface: (i) Cu0, (ii) Cu+

in a matrix of Cu+
, (iii) Cu+ in a matrix of Cu2+ and (iv) Cu2+. Similar

studies involving the hydrogenation of butyraldehyde and crotyl
alcohol showed that isomerisation of the alcohol to the aldehyde
and its dehydrogenation back to the reactant occurred at a meas-
urable rate. Hence a reaction pathway was proposed (Fig. 5.6), with
curve fitting providing the values of the pseudo first order rate
constants shown.
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Table 5.2 Reaction products observed in the vapour phase hydrogenation of crotonaldehyde over various supported metal cat-
alysts. (Reaction conditions: H2 : crotonaldehyde = 14 : 1, Pressure = 1 bar).

Products/%

Catalyst Promotera Temp/K TOSb/min Convc/% Butyraldehyde Crotyl alcohol Butanol Othersd

Cu/Al2O3 — 353 5 17 39 9 51 1
Cu/Al2O3 — 353 5 8 59 10 27 5
Cu/Al2O3 — 353 60–180 5 89 10 0 1
S-Cu/Al2O3 Th-2 353 5 19 9 32 48 11
S-Cu/Al2O3 Th-2 353 15 10 15 40 27 18
S-Cu/Al2O3 Th-2 353 30 5 20 58 16 6
S-Cu/Al2O3 Th-2 353 180 3 25 37 0 38
Cu/Al2O3 — 373 60 16 87 9 0 4
S-Cu/Al2O3 Th-1 373 60 4 42 38 0 20
S-Cu/Al2O3 Th-2 373 60 4 23 56 0 21
Cu/SiO2 — 383 40 59 15 64 20 1
3 : 1 Cu-Pd/SiO2 — 383 40 35 10 64 25 1
Pd/SiO2 — 383 40 42 27 0 73
S-Cu/SiO2 Th-1 383 40 37 22 70 7 1
S-3 : 1Cu-Pd/SiO2 Th-1 383 40 39 29 0 65 6
S-Pd/SiO2 Th-1 383 40 45 20 0 80

a Th = thiophene dosed onto catalyst at 483 K, number indicates dosage/µL
b TOS = time on stream/min
c Conv = conversion/%
d For Cu others are aldol condensation products, for Cu-Pd others are but-1-ene and butane
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The kinetic analysis provides a fascinating insight into the
detailed reaction mechanism. The rates of formation and removal
of butyraldehyde are reduced by the presence of sulphur, but more
surprisingly the rate of crotyl alcohol hydrogenation to butanol is
increased. Hence the enhanced selectivity to crotyl alcohol exhibited
by the sulphur-modified catalysts can only be explained by a combi-
nation of the poisoning of the pathway via butyraldehyde and its
enhanced rate of formation. The ratio of sulphur atoms to copper
atoms in the active surface was calculated to be about 0.002 : 1.000.
This ratio is far too low for the outcomes of sulphur modification to
be described as steric, rather the effects were attributed to newly
formed Cu+-S sites, these being responsible for the activation of the
carbonyl group on reactant adsorption, the selectivity variation
therefore being electronic in origin.

All these reactions occurring over supported metal catalysts
utilise the full range of metal crystal faces normally present on
microcrystalline metals. A theoretical study by Delbecq and Sautet47

showed that the adsorption geometries of acrolein, crotonaldehyde
and 3-methyl crotonaldehyde differed depending onto which face
they were adsorbing. Pt(111) yielded di-σ adsorption, whilst Pt(100)
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Figure 5.6 Reaction network and rate coefficients for crotonaldehyde conversion
over Cu/Al2O3 at 373 K. Rate coefficients in brackets represent reaction over
sulfided Cu/Al2O3.
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and Pt(110) yield planer-ή4 and πCC forms respectively. Hence an
interesting challenge is to devise methods of preparing face specific
catalysts for use in such reactions, such routes are already being pro-
posed in the field of enantioselective fine chemical catalysis.

5.3 Selective Oxidation 

The development of clean selective oxidation routes is a significant
challenge to the fine chemical and pharmaceutical industries.48,49

The use of stoichiometric inorganic reagents is decreasing but
remains widespread. Ever tightening environmental legislation is
driving the development of new environmentally benign methods.
In many cases, homogeneous catalysis provides the necessary solu-
tions, but at an industrial scale the usual deficiencies are evident,
these being corrosion, plating of reactor walls, handling, recovery
and reuse. The use of heterogeneous catalysts in conjunction with
air or hydrogen peroxide can provide a viable alternative.50–52

However significant drawbacks include poisoning by the strongly
adsorbed by-products53 or commonly the formation of an inactive
surface oxide layer.54

5.3.1 Supported platinum-group metals

Pt group metals can activate alcohols and molecular oxygen under
close to ambient conditions, producing the corresponding carbonyl
or carboxylic acids in high yields. Enhanced selectivity and activity
has been obtained by the use of bi- and multimetallic catalysts.55–57

However, as was the case with selective hydrogenation, the optimum
catalysts developed to date have involved a combination of sup-
ported metals and selectivity promoters. The most commonly used
catalysts consist of either Pt or Pd as the active metal combined with
Bi or Pb as promoters, commonly on carbon or alumina supports.
Other promoters reported include Cd,58 Co,58 Cu,59 Se,60 Ce,60,61 Te,62

Sn,63 Au63,64 and Ru.63,65,66 The catalysts can be prepared by simulta-
neous deposition and reduction of the metal precursors onto a
suitable support.60 However, more commonly, preparation involves a
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two step route in which the promoter is deposited onto a supported
Pt or Pd catalyst with subsequent reduction. Also demonstrated is a
variation on this route whereby the promoter metal salt is added to
the slurry containing the supported Pt group catalyst, and the pro-
moter ion is reduced to metal by the alcohol reactant in the initial
stages of the reaction.59,67 Such catalysts can produce very significant
changes in both selectivity and activity of oxidation reactions.
Figure 5.7 shows the reaction pathway by which propylene glycol can
be oxidised to yield pyruvic acid. Oxidation can proceed through
two pathways, one via hydroxyacetone, the second via lactic acid.
Pinxt et al.68 showed that the addition of Pb and Bi enhanced the oxi-
dation of lactic acid resulting in higher yields of pyruvic acid. The
addition of Sn lead to high selectivities for both hydroxyacetone and
pyruvic acid, this was ascribed to the formation of a Sn-diol complex,
in which the Sn was in the Sn(IV) state.

The state of the bi- or multimetallic catalyst is important as seg-
regated single metal sites yield reduced selectivity. These may be
formed either by single metal agglomerations on the surface or mul-
tilayer adsorption of the secondary component on the initial
supported metal catalyst.52 It has been shown that selectivities and
activities may be influenced by the presence of organic modifiers
such as amines68,69 or phosphines.70,71 Mallat et al. described a sys-
tematic study70 for the partial oxidation of L-sorbose with molecular
oxygen over Pt/C and Pt/Al2O3 catalysts, modified with trace
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Figure 5.7 Reaction scheme for the oxidation of propylene glycol.
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amounts of amines and phosphines. In general, the higher the
modifier : Pt ratio, the greater the resulting selectivity to 2-keto-L-
gulonic acid. This was accompanied by a corresponding reduction
in reaction rate. Increases in selectivity from 40% with an unmodi-
fied catalyst up to 81% were recorded. By monitoring the catalyst
potential during the reaction, the oxidation state of the Pt was
shown to decrease with promotion, indicating that some side reac-
tions leading to catalyst poisons were suppressed. 

A particular advantage of these catalyst systems is their ability to
function in aqueous media, making them attractive for environ-
mentally sustainable processes. Where non-water soluble reactants
are involved the use of organic solvents can still be avoided by the
use of water-detergent solvent systems.72,73 For example, Mallat et al.
demonstrated the selective oxidation of cinnamyl alcohol to cin-
namaldehyde over Bi-Pt/Al2O3 catalysts with air in an aqueous
solution containing equal masses of Li2CO3 and dodecylbenzene-sul-
fonic acid sodium salt detergent. Selectivities up to 98.5% were
observed together with a ten-fold increase in activity.73 Other solvent
systems have been demonstrated, including ionic liquids74 and
supercritical CO2.75–78

5.3.2 Supported gold and silver

In recent years the unexpected observation of highly active Au as a
low temperature CO oxidation catalyst79,80 has initiated extensive
research activity into the use of supported gold for liquid phase oxi-
dation reactions. In general, the adsorption characteristics and
catalytic properties of Au depend crucially on particle size, which
can be controlled by the preparation method and the support.81–86

The crucial question involving gold catalysis which as yet has not
been fully answered is the concept of why Au nanoparticles exhibit
such radically different behaviour than bulk Au.87–90 Further details
of preparation methodologies are given in Chapter 1 and details
regarding use of Au catalyst are provided in Chapter 6.

The current range of applications for which supported gold cata-
lysts can be used cannot currently be described as broad, although
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much progress has been made in recent years. Under mild conditions
supported gold catalysts appear to require the presence of a strongly
basic aqueous medium. For example, Hutchings et al. studied the oxi-
dation of glycerol over supported Pt, Pd and Au catalysts and have
shown that 100% selectivity to glyceric acid can be obtained under
certain circumstances using Au catalysts.91–93 The reaction pathway for
glycerol oxidation, shown in Fig. 5.8, is complex and a considerable
challenge exists if high selectivities to glyceric acid are to be obtained. 
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Supported Pt and Pd were shown to yield some selectivity in
batch conditions using air as oxidant, but the principal products
were the unwanted single carbon species such as CO2, HCHO and
HCOOH. Under these conditions, supported Au catalysts were
totally inactive. Using pure oxygen and 3 bar pressure Au became
active, and the formation of C1 by-products was eliminated when
NaOH was added. Using 1 wt% Au supported on either graphite or
activated carbon, 100% selectivity to glyceric acid was readily
achieved. It was concluded that in the absence of base, the initial
dehydrogenation of glycerol, via hydrogen abstraction is not possi-
ble for the Au catalyst, unlike Pt or Pd. In the presence of base, the
H+ is readily abstracted from one of the primary hydroxy groups of
glycerol, forming the glycerate anion, thereby overcoming the rate
limiting step of the alternative reaction pathway.

Unfortunately, this requirement for the presence of aqueous
base may well represent a strong limitation to the use of supported
gold catalysts, as various base-catalysed side reactions such as keto-
enol tautomerism or oxidative decarbonylation could diminish
selectivities.

Supported silver catalysts are relatively commonly used in gas
phase oxidations of alcohols.94,95 Benzyl alcohol can be selectively
oxidised to benzaldehyde using a 0.6% Ag/pumice catalyst96 with
100% selectivity, although its activity is less than a similar Pd mate-
rial. However, a mixed Pd-Ag/pumice bimetallic increases the
activity whilst retaining the 100% selectivity to benzaldehyde. The
authors of this study concluded that the role of the Pd was to acti-
vate the substrate whereas the highly dispersed silver particles served
to activate the oxygen. Hence the mechanism was one of coopera-
tion between the Ag0 and Pd0 sites; the alloy phase, detected by
EXAFS, was not considered to play an important role.

5.3.3 Catalyst deactivation

The most common problem associated with supported metal cata-
lysts for use in oxidation reactions is the ‘overoxidation’ of the active
sites. For example the rate of oxidation is far higher on reduced
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metal sites than on the oxidised surface.97,98 This provides an inter-
esting chemical engineering challenge in that the reactor must be
operated in an oxygen transport-limited mode. For example, in a
batch reactor, the rate of alcohol dehydrogenation decreases with
time, due to the reduction in the concentration of reactant meaning
the ratio of oxygen to active reacting site is increasing. Hence, the
oxygen pressure should be decreased with reaction time or an exter-
nal stimulus such as the increase of temperature should be applied
in order to speed up the reaction of the remaining material.99,100

The formation of strongly adsorbed by-products is another
major difficulty. Possible contaminants include condensation and
oligomerisation products of carbonyl species and the decomposi-
tion of alcohol species to yield CO and adsorbed hydrocarbon.
Numerous examples of such deactivation scenarios exist giving a
genuine challenge to both the catalyst chemist and the chemical
engineer to produce systems which minimise these problems. 

Both the examples dealt with above can be considered
reversible. However, sintering of the active metal particles and leach-
ing of the same into solution are both irreversible. Sintering usually
requires elevated temperatures, although if chelating agents are
present the active phase may be subjected to the process of Ostwald
ripening.101 Leaching is encouraged by the presence of acidic or
basic media and the presence of complexing agents, and great care
must be taken to ensure that the reactivity being measured in a reac-
tion is in fact due to the presence of the heterogeneous catalyst and
not to minute quantities of dissolved metal in solution acting as a
homogeneous catalyst. All these deactivation processes complicate
the use of supported metals for oxidation reactions, however it also
provides a significant challenge for the chemist and engineer to
design catalyst systems in which the support, active metal, promoter
species and reactor combine to give efficient oxidation systems.

5.4 Enantioselective Reactions

The concept of controlling not just the selectivity of a particular reac-
tion, but also the enantioselectivity, provides perhaps the greatest
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challenge for the catalyst chemist. However, the concept of enantio-
control is not just an academic curiosity but a central issue to the
modern fine chemicals industry. Pharmaceuticals and vitamins,102–104

agrochemicals,105 flavours and fragrances106–108 are increasingly pro-
duced as enantiomerically pure compounds. The primary driver for
these advances has been either the superiority of single enantiomers
or because legislation has demanded the evaluation of both enan-
tiomers of a biologically active compound before its approval.

The first report of enantioselective catalysis over metal catalysts was
made in 1939 by Lipkin and Stewart who showed that hydrocinchonine
β-methylcinnamate could be hydrogenated in ethanol over an Adams
Pt catalyst to yield β-phenylbutyric acid which exhibited an optical rota-
tion of 8%.109 Some 20 years later Akabori and coworkers reported that
Pd supported on silk-fibroin was enantioselective for compounds con-
taining both C=N and C=C functionalities, yielding optical yields as
high as 66%, although the origin of the enantioselectivity in these sys-
tems has never been clear.110 A further 20 years later Orito and
coworkers reported that conventional supported Pt catalysts could be
made enantioselective by the adsorption of naturally occurring materi-
als such as the cinchona alkaloids cinchonidine and cinchonine.111–113

The reactions studied were the hydrogenations of α-keto esters, such as
methyl pyruvate, MeCOCOOMe, and ethyl benzoylformate,
PhCOCOOEt. Optical yields up to 80% were reported at room tem-
perature, using standard catalysts, common solvents and elevated
hydrogen pressure. These papers lead to an explosion of interest in the
subject and several excellent reviews are available.114–122

5.4.1 Enantioselective hydrogenation of activated ketones
over supported platinum

The general structures of the cinchona alkaloids are shown in
Fig. 5.9.

These molecules contain an aromatic quinoline ring system and
a saturated quinuclidine ring system separated by the carbon num-
bered C9. Chiral centres are present at C3, C4, C8 and C9, of which C8

and C9 have the S- and R- configuration respectively in cinchonidine
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and in quinine, but the R- and S- configuration respectively in cin-
chonine and quinidine. Thus cinchonidine and cinchonine are
related as ‘near enantiomers’ and their enantiodirecting effects are
indeed in opposite senses. Simple derivatives have been investi-
gated, the most important being the 10,11-dihydroalkaloids,
compounds in which the substituent at C9 has been varied, and com-
pounds in which the quinuclidine-N-atom has been quaternised. 

Hydrogenation of alkyl pyruvates (Fig. 5.10) to their correspon-
ding lactates has received considerable attention both from a
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Figure 5.9 Structures of the cinchona alkaoids: 

(a) cinchonidine (CD), cinchonine (CN): R = C2H3 R′ = H R′′ = OH
(b) quinine (QN), quinidine (CD): R = C2H3 R′ = OMe R′′ = OH

dihydroderivatives (e.g. DHCD): R = C2H5

O-methyl derivatives (e.g. O-MeDHCD): R′′ = OMe
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Figure 5.10 Enantioselective hydrogenation of activated ketones.
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theoretical and experimental standpoint. Some example results are
shown in Table 5.3. Enantioselectivity in these systems is measured in
terms of enantiomeric excess (ee) which is defined as ([R] – [S]) /
([R] + [S]).

Clearly modifiers having the cinchonidine configuration S- at C8

and R- at C9 yield an enantiomeric excess in favour of the R-product,
whereas modifiers having the cinchonine configuration R- at C8 and
S- at C9 give the S-product in excess. High enantioselectivity (ee = 60
to 80%) is achieved by use of the natural alkaloids as modifiers of
reactions at elevated hydrogen pressure and ambient temperature
without system optimisation (entries 1–8, Table 5.3). The 10,11-dihy-
droderivatives provide slightly higher enantioselectivities (entries
5,7,8). To make comparisons valid, most reactions presented in
Table 5.3 were conducted in ethanolic solution. However, reactions
occur in a variety of solvents, enantiomeric excess being reduced by
use of solvents of high dielectric constant. Thus, by use of cinchoni-
dine as modifier, Baiker, Blaser and coworkers have observed
enantioselectivities of 79.9–81.4% in solvents of low dielectric con-
stant (cyclohexane, ε = 2.02; toluene, 2.38; tetrahydrofuran, 7.6;
dichloromethane, 9.08), lower values of 75.0–78.0% in alkanols,
(pentanol, ε = 13.9; ethanol, 24.3; methanol, 33.6) and inferior val-
ues of 54.1% in water (ε = 80.4) and of 48.0% in formamide (ε =
109).129 The exception to this general rule is that carboxylic acid sol-
vents tend to give higher enantioselectivities than predicted from
their polarity.127 For example, ethyl pyruvate hydrogenation in acetic
acid, using dihydrocinchonidine-modified Pt gave ee = 88% and
dihydro-O-methyl-cinchonidine provided ee = 95% (entry 12).
Acetic acid may also be used to advantage as a co-solvent, for exam-
ple with toluene.127 By comparison, the use of bases as solvents is
severely disadvantageous (entry 13). Data from the group of
Hutchings have shown that the reaction proceeds enantioselectively
in the absence of solvent,134 albeit with a reduction in ee, the maxi-
mum being 43% occurring for methylpyruvate hydrogenation over
a 2.5% Pt/SiO2 catalyst. The efficiency of cinchonidine, cinchonine
and their dihydro derivatives as modifiers is diminished above 315
K.130 A synthetic alkaloid resembling cinchonidine but in which C9
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Table 5.3 Representative values of the enantiomeric excess (ee) observed in the hydrogenation of methyl pyruvate (MePy) and
of ethyl pyruvate (EtPy) catalysed by cinchona-modified Pt/silica or Pt/ aluminaa.

Modifierb

Entry R R′ R′′ Reactant Solvent ee/% Ref

1 CD C2H3 H OH MePy Ethanol 64-77(R) 127
2 CD C2H3 H OH EtPy Ethanol 76(R) 128
3 CN C2H3 H OH EtPy Ethanol 56(S) 128
4 QN C2H3 OMe OH MePy Ethanol 61(R) 120
5 DHQN C2H5 OMe OH MePy Ethanol 65(R) 128
6 QD C2H3 OMe OH MePy Ethanol 55(S) 129
7 DHCD C2H5 H OH MePy Ethanol 80(R) 130
8 DHCD C2H5 H OH EtPy Ethanol 82(R) 131
9 O-MeDHCD C2H5 H OMe EtPy Ethanol 82(R) 131

10 O-MeDHCD C2H5 H OMe EtPy Toluene 88(R) 131
11 O-MeDHCD C2H5 H OMe EtPy Propionic acid 91(R) 131
12 O-MeDHCD C2H5 H OMe EtPy Acetic acid 95(R) 131
13 O-MeDHCD C2H5 H OMe EtPy Triethylamine 3(R) 131
14 O-AcDHCD C2H5 H OAc MePy Ethanol 44(R) 120
15 O-AcDHCD C2H5 H OAc EtPy Ethanol 20(R) 128
16 Deoxy-CD C2H3 H H EtPy Ethanol 40(R) 128
17 Epiquinidine C2H3 OMe H MePy Ethanol 0 120, 132
18 Benzyl(CD)Cl C2H3 H OH EtPy Ethanol 0 128,104
19 Benzyl(CD)Cl C2H3 H OH MePy Ethanol 2(R) 120

a Reactions conducted at ca. 293 K and analysed at high conversions. 10 bar pressure, catalysts pre-modified before admission to reactor.120,127,129

70 to 100 bar pressure, catalysts not pre-modified, modifier added to reactor with reactant.128,131

b Modifier structures and nomenclatures are defined in Fig. 5.9.

b
1
2
1
5
_
C
h
a
p
t
e
r
-
0
5
.
q
x
d
 
 
1
1
/
2
8
/
2
0
1
1
 
 
7
:
0
5
 
P
M
 
 
P
a
g
e
 
2
0
0



b1215 Supported Metals in Catalysis

was not chiral gave enantioselective reaction but with a reduced
enantiomeric excess (entry 16). Epiquinidine, in which both C8 and
C9 have the R-configuration, is not an effective modifier (entry 17).
Modification of cinchona alkaloids by quaternisation at the quinu-
clidine-N-atom, e.g. by conversion to benzyl cinchonidinium
chloride, substantially destroys enantioselectivity (entries 18 and 19).
However, hydrocinchonidine sulphate, in which the quinuclidine-
N is simply protonated, behaves as cinchonidine.129 The depend-
ence or otherwise of enantiomeric excess on conversion and
hydrogen pressure may vary with the procedure used for catalyst
preparation and modification (see below). When modification is
carried out separate to the reactor there may be little variation with
conversion130 whereas, with in situ modification, in which the modi-
fier is simply added to the reaction vessel with the catalyst and
reactant, enantioselectivities tend to be low initially, rise steeply over
the first 20% of conversion135–138 and remain fairly steady there-
after.133,138 5′,6′,7′,8′,10,11-Hexahydrocinchonidine, a modifier
having a partially hydrogenated quinoline ring, gave an initial enan-
tiomeric excess of 45% which decayed steadily to 23% at 80%
conversion.138

High performances have been reported for modified Pt cata-
lysts over several different supports including silica, alumina and
carbon120,131,139,140 or deposited in the mesopores of MCM-41.141 The
dependence of enantiomeric excess on catalyst preparation proce-
dure and Pt particle size has been studied138,141 as has the wider
matter of particle morphology,123 but a detailed performance/struc-
ture correlation has yet to be established. Very small Pt particles
(ca. 0.7 nm in diameter) do not promote enantioselectivity,142 par-
ticles of average size, 1.8 nm particles, such as are present in the
6.3% Pt/silica reference catalyst EUROPT-1 provide average enan-
tioselectivities, and the sintering of this particular catalyst so that
the mean Pt particle size was increased to 4 nm improved the enan-
tiomeric excess to 80%;123 this concurs with the general conclusions
of a wider study.139 Modification of catalyst grain size by use of ultra-
sonication may also lead to an improvement in enantioselectivity.143

By contrast, the highest enantiomeric excess yet reported for pyruvate
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ester hydrogenation of 97.5% has been achieved by use of a
polyvinylpyrollidone-stabilised Pt colloid having a narrow particle
size distribution centred at 1.4 nm.144 A colloid having a mean par-
ticle size of 1.8 nm gave ee = 81.4% in ethanol (a Pt particle size
and ee closely similar to those provided by the 6.3% Pt/silica,
EUROPT-1) and this performance was improved to ee = 95.9% by
use of acetic acid as solvent. Exceptional performance (ee = 91.3%)
was retained when the 1.4 nm colloidal particles were deposited
onto alumina to provide a supported catalyst. This suggests that
optimum Pt particle configuration is not simply determined by size
and that other factors contribute to optimum performance; for
example, the polyvinylpyrollidone protecting agent may control Pt
particle morphology in some appropriate manner or it may restrict
the available Pt surface and thereby reduce the number of unmod-
ified sites which catalyse racemic reaction. 

Other families of prochiral ketones have been investigated
including alkane diones,145 and in general these give much reduced
enantioselectivity, although the effect of kinetic resolution in the
second stage of reaction (conversion to alkane diol) results in a sig-
nificant increase in ee for the remaining hydroxyketone.146

Considerable debate has taken place over the years regarding
the mechanism of enantioselective hydrogenation. Pyruvate ester
undergoes slow hydrogenation to racemic product at an alkaloid-
free Pt surface, the reaction being zero order in ester and first order
in hydrogen, indicating strong adsorption of ester and relatively
weak adsorption of hydrogen. These kinetic parameters are retained
in the presence of alkaloid, with small deviations depending on the
solvent used,147,148 but more importantly, rates are greatly enhanced
and the reaction becomes enantioselective. Molecules of pyruvate
ester may adsorb by either of their enantiofaces, as shown in
Fig. 5.11; hydrogenation of enantioface A gives R-lactate as product
whereas enantioface B gives S-product.

Enantioselectivity may arise by the operation of either thermo-
dynamic or kinetic factors. If competitive adsorption of ester as
configurations A and B occurs at enantioselective sites cognate to
adsorbed alkaloid with free energy changes ∆GO

ads,A and ∆GO
ads,B
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respectively, then, provided adsorption equilibrium is achieved,
the relative surface coverages θA/θB will be a direct function of
exp(-δ∆GO

ads/RT), where δ∆GO
ads is the difference in the free ener-

gies of adsorption of the ester in configurations A and B. Because of
the exponential form of this expression, a chiral environment that
distinguishes only modestly between A and B in terms of free ener-
gies of adsorption will provide a high value of the ratio ∆θA/θB. If no
kinetic factor operates, i.e. if k2

A = k2
B, then the enantiomeric excess

is thermodynamically determined, [R-lactate]/[S-lactate] = θA/θB,
and enantioselectivity is attributable to selective enantioface adsorption.
There is, of course, the possibility that molecules adsorbed by the

Supported Metal Catalysts for Fine Chemicals Synthesis 203

C C

OR

O

O

Me
CC

RO

O

O

Me

CC

RO

O

OH

Me

HC C

Pyruvate ester

+

OR

O

*

modified site

HO

H

Me

*
*

*

k-1
A k1

A k1
Bk-1

B

+2H k2
A +2H k2

B

R-lactate ester S-lactate ester

A B

Figure 5.11 Reaction scheme showing the adsorption of pyruvate ester adsorbed
by its two enantiofaces and the consequences of hydrogenation.

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 203



b1215 Supported Metals in Catalysis

less stable enantioface may exhibit a higher inherent activity (k2
A ≠

k2
B) in which case a kinetic factor also influences enantiomeric

excess. Baiker and Blaser124 describe a classic example of kinetic con-
trol in homogeneous catalysis in which the major enantiomer
product is formed from the minority enantiofacial form of the reac-
tant. Mathematical procedures for consideration of kinetic factors as
applied to metal-catalysed enantioselective reactions have been
described.149–151 For the present case, where modifier and reactant
are strongly adsorbed and achieve substantial surface coverages,
semi-quantitative modelling of the thermodynamic factor can pro-
vide an estimate of the relative concentrations of the surface
coverages of the two enantiofacial forms of the adsorbed reactant,
and thereby a firm indication of the sense of the enantioselectivity
that would be achieved if there were no kinetic factor operating. If
the sense of the enantioselectivity is thus correctly predicted the pro-
cedure is of value, and the contribution of kinetic factors may be
discernible from variations of enantiomeric excess with experimen-
tal variables. If the observed sense of the enantioselectivity is the
reverse of that predicted then there is a prima facie case for the pre-
dominance of kinetic effects. Modelling of selective enantioface
adsorption can only be partial at the present time; although the
interactions of pyruvate ester molecules with cinchona alkaloids in
their various low energy conformations can be determined with
some accuracy (Fig. 5.12), the interactions with the metal surface
cannot.

Consequently, the available methodology involves (i) determin-
ing the (repulsive) interactions as pyruvate molecules dock with
alkaloid molecules in 1 : 1 arrangements and (ii) assuming that rel-
atively the same energy situations pertain in the adsorbed state.
Following this procedure, the docking of pyruvate ester molecules
with the open-3 conformation of, say, cinchonidine, leads to the two
geometrical situations shown in Fig. 5.13.97,152

The interaction energies are measured at the unique configura-
tions such that, were the molecules adsorbed at a Pt(111) surface,
the aromatic rings of the alkaloid and the carbonyl groups of the
reactant would be located directly over surface Pt-atoms. Under
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these conditions, the cinchonidine : pyruvate ester interactions are
less severe for enantioface A than for enantioface B; the free energy
of adsorption of A is therefore expected to exceed that of B, and
selective enantioface adsorption will occur with θA >θB leading to
enantioselectivity in favour of R-lactate. This concurs with observa-
tion (Table 5.3). No conditions for selective enantioface adsorption
of pyruvate are evident for 1 : 1 interactions with alkaloid in the
closed conformations. Analogous calculations for interactions
between pyruvate ester and cinchonine identify less severe interac-
tions for enantioface B than for enantioface A, leading to a
predicted enantiomeric excess in favour of S-lactate ester, again in
agreement with experiment. 
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Figure 5.12 Calculated lowest energy conformations of cinchonidine.
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5.4.2 Enantioselective hydrogenation over other supported metals

Supported palladium shows modest activity for pyruvate ester hydro-
genation. The first report by Blaser and coworkers indicated that
enantioselectivity over cinchonidine-modified Pd/C was low and
favoured S-lactate153 — the reverse of the situation over Pt. Closer
examination showed that reaction over conventionally supported Pd
differed in every important particular from the corresponding Pt-
catalysed reaction.123,154 Rate enhancement was no longer apparent,
indeed rate decreased in the presence of modifier. Over supported
platinum the reaction proceeded via first order kinetics with respect
to hydrogen, whereas over palladium the order was half-order and
unlike Pt, there was no solvent sensitivity, indeed there was a signifi-
cantly reduced number of solvents in which the reaction would
proceed at all. Most importantly, reaction with deuterium gave prod-
uct exchanged at the methyl group adjacent to the α-keto group, i.e.
the product was CX3CX(OX)COOCH3 (where X = H or D),154

whereas over Pt the participation of deuterium was limited to addition
giving CH3CX(OX)COOCH3.130 These differences are consistent with
pyruvate undergoing dissociative adsorption by H-atom loss from the
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Figure 5.13 Methyl pyruvate adsorbed by each of its enantiofaces at the enantios-
elective site adjacent to cinchonidine adsorbed in the open-3 conformation. On
hydrogenation (a) gives R-lactate and (b) gives S-lactate.
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methyl group followed by re-hydrogenation to give the enol in a rate
determining step (Fig. 5.14). 

The process then becomes one of carbon–carbon double bond
hydrogenation, a process for which Pd is well known to have high
activity. Fast conversion of the enol to lactate, by conversion of inter-
mediate C to D (Fig. 5.14), would provide an enantioselectivity in the
product that is determined by any selective enantioface adsorption of
pyruvate ester on Pd. If the characteristics of adsorption on Pd follow
that on Pt, then enantioselectivity in favour of R-lactate would be
expected with cinchonidine, and the reverse with cinchonine.
However, the observed reversed enantioselectivity can be simply
interpreted if it is supposed that the latent intramolecular repulsion
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between the >C=C< and >C=O functions in adsorbed species C can
be released by rotation about the carbon–carbon single bond to give
adsorbed species C′ which gives S-lactate on hydrogenation. This
mechanism then interprets the major experimental observations.
First, there is no enhanced rate because the intermediate formed
from pyruvate involved in the rate determining step (B) does not
contain an −OH group that can participate in hydrogen bonding
with the quinuclidine-N-atom. Second, the half-order in hydrogen is
consistent with the rate determining step involving the addition of
one hydrogen atom (assuming that dissociative hydrogen adsorption
under these conditions obeys the Langmuir equation). A study high-
lighting the hydrogen pressure effects on enantioselectivity has been
published.155 Third, solvent specificity may indicate that enolisation
occurs more effectively in one solvent than another. The low enan-
tioselectivities normally observed (e.g. 15%154) are attributable to the
greater contribution of racemic (unmodified) sites to product for-
mation that necessarily follows the absence of rate enhancement at
enantioselective (modified) sites, and also to the sensitivity imparted
to the mechanism by the possible conversion of intermediates C
and C′. Indeed, reactions giving low enantioselectivities in favour of
R-product over cinchonidine-modified Pd/alumina have recently
been reported,156 and swings in the sense of the enantioselectivity
have been obtained by variation of the ester group. 

Platinum and palladium dominate the enantioselective catalysis
scene as far as alkaloid modifiers are concerned. Of the other plat-
inum-group metals, Ir follows Pt in cinchona-modified pyruvate
ester hydrogenation,157 the fact that Rh can hydrogenolyse alkaloids
adsorbed at its surface158 makes it unlikely to function successfully
and Ru tends to be too easily oxidised by adventitious oxygen in
these reactions.

5.5 Conclusions

Supported metal catalysts clearly have a major role to play in the
fine chemicals industry. With the continued growth of environ-
mental legislation further increasing the challenge to increase the
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selectivity of chemical reactions and coupled to this, the need for
such reactions to take place in more benign (but often chemically
more complex) media such as aqueous rather than organic
solvents,159 the challenge for the catalytic chemist is immense. This
contribution has touched on only a few examples of selectivity and
fine chemical catalysis but it is hoped that the reader will have been
encouraged to investigate further this fascinating challenge.

References

1. P.L. Mills, R.V. Chaudhari, Catal. Today 1997, 37, 367.
2. C.S. Sell (Ed.), The Chemistry of Fragrances, 2nd Edition, RSC, London,

2006, 60.
3. B. Chen, U. Dingerdissen, J.G.E. Krauter, H.G.J. Lansink Rotgerink,

K. Möbus, D.J. Ostgard, P. Panster, T.H. Riermeirer, S. Seebald, T.
Tacke, H. Trauthwein, Appl. Catal. A: Gen. 2005, 280, 17. 

4. P. Mäki-Arvela, J. Hájek, T. Salmi, D. Yu Murzin, Appl. Catal. A: Gen.
2005, 292, 1.

5. G. Alvez-Manoli, T.J. Pinnavaia, Z. Zhang, D.K. Lee, K. Marín-Astorga,
P. Rodriguez, F. Imbert, P. Reyes, N. Marín-Astorga, Appl. Catal.
A: Gen. 2010, 387, 26. 

6. A. Mastalir, Z. Király, F. Berger, Appl. Catal. A: Gen. 2004, 269, 161.
7. J. A. Anderson, J. Mellor, R.P.K. Wells, J. Catal. 2009, 261, 208.
8. N. Semagina, A. Renken, L. Kiwi-Minsker, J. Phys. Chem. 2007, 111,

13933.
9. T.A. Nijhuis, G. Van Koten, J.A. Moulijn, Appl. Catal. A: Gen. 2003,

238, 259.
10. T.A. Nijhuis, G. Van Koten, F. Kapteijn, J.A. Moulijn, Catal. Today

2003, 79–80, 315.
11. G.C. Bond, P.B. Wells, Advances in Catalysis, Vol. 15, Academic Press,

New York, 1964, 91.
12. H. Lindlar, Helv. Chim. Acta. 1952, 35, 446.
13. D. Teschner, J. Borosodi, A. Wootsch, Z. Révay, M. Hävecker, A. Knop-

Gericke, S.D. Jackson, R. Schlogl, Science 2008, 320, 86.
14. E. M. Vass, M. Hävecker, S. Zafeiratos, D. Teschner, A. Knop-Gericke,

R. Schlogl, J. Phys. Condens. Matter 2008, 20, 184016.

Supported Metal Catalysts for Fine Chemicals Synthesis 209

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 209



b1215 Supported Metals in Catalysis

15. J.J. Phillipson, P.B. Wells, G.R. Wilson, J. Chem. Soc. A 1969,
1351.

16. A.J. Bates, Z.K. Leszczynski, J.J. Phillipson, P.B. Wells, G.R. Wilson,
J. Chem. Soc. A 1970, 2435.

17. G.C. Bond, G. Webb, P.B. Wells, M.W. Winterbottom, J. Chem. Soc. A
1965, 3218.

18. M. George, R.B. Moyes, D. Ramanarao, P.B. Wells, J. Catal. 1978, 52,
486.

19. A.G. Burden, J. Grant, J. Martos, R.B. Moyes, P.B. Wells, Discussions of
the Faraday Soc. 1981, 72, 95.

20. R.B. Moyes, P.B. Wells, J. Grant, N.Y. Salman, Appl. Catal. A: Gen.
2002, 229, 251.

21. J. Silvestre-Alvaro, G. Rupprechter, H.-J. Freund, Chem. Commun.
2006, 80.

22. J. Silvestre-Alvaro, G. Rupprechter, H.-J. Freund, J. Catal. 2006, 58,
240.

23. G. Rupprechter in Model Systems in Catalysis, Ed.: R. Rioux, Springer,
New York, 2010, 319.

24. Y. Fujii, J.C. Bailar Jr., J. Catal. 1978, 52, 342.
25. L.B. Smith, J.L. Massingil, J. Am. Chem. Soc. 1961, 83, 4301.
26. P.B. Wells, A.J. Bates, J. Chem. Soc. A 1968, 3064.
27. P. Gallezot, D. Richard, Catal. Rev. 1998, 40, 81.
28. K. Bauer, D. Garbe, in Ullmann’s Encyclopedia of Industrial Chemistry,

3rd Edition, VCH, New York, 1988, A11, 141.
29. H. Noller, W.M. Lin, J. Catal. 1984, 85, 25.
30. J. Simonik, P. Beranek, Coll. Czech. Chem. Commun. 1972, 37, 353.
31. J. Simonik, P. Beranek, J. Catal. 1972, 24, 348.
32. D.V. Sokolskii, A.K. Zharmagambetova, N.V. Anisilmova, A. Ualikhanova,

Dokl. Akad. Nauk. SSR 1983, 273, 151.
33. B. Coq, F. Figueras, P. Geneste, C. Moreau, P. Moreau, M. Warawdekar,

J. Mol. Catal. 1993, 78, 211.
34. R. Hubault, M. Daage, J.P. Bonnelle, Appl. Catal. 1986, 22, 231.
35. T.B.L.W. Marinelli, J.H. Vleeming, V. Ponec, Proc. 10th Int. Cong.

Catal. 1993, B, 1211.
36. T.B.L.W. Marinelli, S. Nabuurs, V. Ponec, J. Catal. 1995, 151, 431.
37. M.A. Vannice, B. Sen, J. Catal. 1989, 115, 65.

210 R. P. K. Wells and J. A. Anderson

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 210



b1215 Supported Metals in Catalysis

38. F. Coloma, J.M. Coronado, C.H. Rochester, J.A. Anderson, Catal. Letts.
1998, 51, 155.

39. J. Ruiz-Martínez, A. Sepúlveda-Escribano J.A. Anderson, F. Rodríguez-
Reinoso, Phys. Chem. Chem. Phys. 2009, 11, 917.

40. J. Ruiz-Martínez, A. Sepúlveda-Escribano, J.A. Anderson, F. Rodríguez-
Reinoso, Catal. Today 2007, 123, 235.

41. J. Silvestre-Albero, A. Sepulveda-Escribano, F. Rodriguez-Reinoso,
J. A. Anderson, J. Catal. 2004, 223, 179.

42. J. Silvestre-Albero, A. Sepulveda-Escribano, F. Rodriguez-Reinoso,
J. A. Anderson, Phys. Chem. Chem. Phys. 2003, 5, 208.

43. G.J. Hutchings, F. King, I.P. Okoye, C.H. Rochester, Appl. Catal. A
1992, L7.

44. M.B. Padley, C.H. Rochester, G.J. Hutchings, F. King, J. Catal. 1994,
148, 438.

45. G.J. Hutchings, F. King, I.P. Okoye, M.B. Padley, C.H. Rochester,
J. Catal. 1994, 148, 453.

46. G.J. Hutchings, F. King, I.P. Okoye, M.B. Padley, C.H. Rochester,
J. Catal. 1994, 148, 464.

47. S.S. Ashour, J.E. Baillie, C.H. Rochester, J. Thomson, G.J. Hutchings,
J. Mol. Catal. A 1997, 123, 65.

48. J.E. Baillie, G.J. Hutchings, H.A. Abdullah, J.A. Anderson, C.H.
Rochester, Phys. Chem. Chem. Phys. 2000, 2, 283.

49. J.E. Bailie, G.J. Hutchings, Chem. Comm. 1999, 21, 2151.
50. F. Coloma, B. Bachiller-Baeza, C.H. Rochester, J.A. Anderson, PCCP

2001, 3, 4817.
51. F. Delbecq, P. Sautet, J. Catal. 1995, 152, 217.
52. R.A. Sheldon, J. Dakka, Catal. Today 1994, 19, 215.
53. R.A. Sheldon, I.C.E. Arends, A. Dijksman, Catal. Today 2000, 57, 157.
54. K. G. Griffin, P. Johnston, S. Bennett, S. Kaliq, in Catalysis of Organic

Reactions, Ed., D.G. Morrell, Marcel Dekker, New York, 2002, 169.
55. R. Anderson, K. G. Griffin, P. Johnston, P. L. Alsters, Adv. Synth. Catal.

2003, 345, 517.
56. T. Mallat, A. Baiker, Appl. Catal. 1991, 79, 41.
57. T. Mallat, A. Baiker, Chem. Rev. 2004, 104, 3037.
58. M. Besson, F. Lahmer, P. Gallezot, P. Feurtes, G. Flèche, J. Catal. 1995,

152, 116.

Supported Metal Catalysts for Fine Chemicals Synthesis 211

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 211



b1215 Supported Metals in Catalysis

59. M. Besson, P. Gallezot, Catal. Today 2000 57, 127.
60. P. Gallezot, Catal. Today 1997, 37, 405.
61. T. Mallat, A. Baiker, Catal. Today 1994, 19, 247.
62. M. Hronec, Z. Cvengrosova, J. Tulejy, J. Ilavsky, Stud. Surf. Sci. Catal.

1990, 55, 169.
63. M. Akada, S. Nakano, T. Sugiyama, K. Ichitoh, H. Nakao, M. Akita,

Y. Moro-oka, Bull. Chem. Soc. Jpn. 1996, 66, 1511.
64. H. Kimura, A. Kimura, I. Kokubo, T. Wakisaka, Y. Mitsuda, Appl.

Catal. A: Gen. 1993, 95, 143.
65. R. Oi, S. Takenaka, Chem. Lett. 1988, 1115.
66. H. Hayashi, S. Sugiyama, N. Shigemoto, K. Miyaura, S. Tsujino, K.

Kawashiro, S. Uemura, Catal. Lett. 1993, 19, 369.
67. T. Mallat, Z. Bodnar, A. Baiker, O. Greis, H. Strübig, A. Reller, J. Catal.

1993, 142, 237.
68. H. Pinxt, B.F.M. Kuster, G.B. Marin, Appl. Catal. A: Gen. 2000, 191, 45.
69. M. Besson, G. Fleche, P. Fuertes, P. Gallezot, F. Lahmer, Recl. Trav.

Chim. Pays-Bas 1996, 115, 217.
70. S. Hermans, M. Devillers, Appl. Catal. A: Gen. 2002, 235, 253.
71. H.E.J. Hendrix, B.F.M. Kuster, G.B. Martin, Carbohydr. Res. 1990, 204,

121.
72. C. Bronnimann, T. Mallat, A. Baiker, Chem. Commun.1995, 1377.
73. C. Bronnimann, Z. Bodnar, R. Aeschimann, T. Mallat, A. Baiker,

J. Catal. 1996, 161, 720.
74. T. Mallat, C. Bronnimann, A. Baiker, Appl. Catal. A: Gen. 1997, 149, 103.
75. T. Mallat, C. Bronnimann, A. Baiker, J. Mol. Catal. 1997, 117, 425.
76. T. Mallat, Z. Bodnar, A. Baiker, Stud. Surf. Sci. Catal. 1993, 78, 377.
77. T. Mallat, Z. Bodnar, P. Hug, A. Baiker, J. Catal. 1995, 153, 131.
78. K.R. Seddon, A. Stark, Green Chem. 2002, 4, 119.
79. G. Jenzer, T. Mallat, A. Baiker, Catal. Lett. 2001, 73, 5.
80. A.M. Steele, J. Zhu, S.C. Tsang, Catal. Lett., 2001, 73, 9.
81. G. Jenzer, M.S. Schneider, R. Wandeler, T. Mallat, A. Baiker, J. Catal.,

2001, 199, 141.
82. R. Glaser, R. Jos, J. Williardt, Top. Catal. 2003, 22, 31.
83. M. Haruta, Catal. Today 1997, 36, 153.
84. G.C. Bond, D.T. Thompson, Catal. Rev. Sci. Eng. 1999, 41, 319.
85. M. Haruta, M. Date, Appl. Catal. A: Gen. 2001, 222, 427.

212 R. P. K. Wells and J. A. Anderson

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 212



b1215 Supported Metals in Catalysis

86. S. Biella, F. Porta, L. Prati, M. Rossi, Catal. Lett. 2003, 90, 23.
87. F. Porta, M. Rossi, J. Mol. Catal. A: Chem. 2003, 204, 553.
88. J.D. Grunwaldt, C. Keiner, C. Wogerbauer, A. Baiker, J. Catal. 1999,

181, 223.
89. Q. Xu, K.C.C. Kharas, K.A. Datye, Catal. Lett. 2003, 85, 229.
90. C. Bianchi, F. Porta, L. Prati, M. Rossi, Top. Catal. 2000, 13, 231.
91. M. Valden, X. Lai, D.W. Goodman, Science 1998, 281, 1647.
92. S. Golunski, R. Rajaram, N. Hodge, G.J. Hutchings, C.J. Keily, Catal.

Today 2002, 72, 107.
93. M. Okumura, Y. Kitagawa, M. Haruta, K. Yamaguchi, Chem. Phys. Lett.

2001, 346, 163.
94. P. Claus, A. Bruckner, C. Mohr, H. Hofmeister, J. Am. Chem. Soc. 2002,

122, 11430.
95. S. Cerrettin, P. McMorn, P. Johnstone, K. Griffin, G.J. Hutchings,

Chem. Commun. 2002, 696.
96. S. Cerrettin, P. McMorn, P. Johnstone, K. Griffin, C.J. Kiely,

G.J. Hutchings, Phys. Chem. Chem. Phys. 2003, 5, 1329.
97. S. Carrettin, P. McMorn, P. Johnston, K. Griffin, C.J. Kiely,

G.A. Attard, G.J. Hutchings, Top. Catal. 2004, 27, 131.
98. W.F. Holderich, Catal. Today 2000, 62, 115.
99. G.A. Voronova, O.V. Vodyankina, V.N. Belousova, E.V. Bezrukov,

L.N. Kurina, Kinet. Catal. 2003, 44, 652.
100. L.F. Liotta, A.M. Venezia, G. Deganello, A. Longo, A. Martorana,

Z. Schay, L. Guczi, Catal. Today 2001, 66, 271.
101. J.M.H. Dirkx, H.S. Van der Baan, J. Catal. 1981, 67, 1.
102. J.M.H. Dirkx, H.S. Van der Baan, J. Catal. 1981, 67, 14.
103. L. Jelemensky, B.F.M. Kustner, G.B. Marin, Ind. Eng. Chem. Res. 1997,

36, 3065.
104. J.H.J. Kluytmans, B.G.M. van Wachem, B.F.M. Kuster, J.C. Schouten,

Ind. Eng. Chem. Res. 2003, 42, 4174.
105. M. Besson, P. Galezot, Catal. Today 2003, 81, 547.
106. S.C. Stinson, Chem. & Eng. News 20 October, 1997, 38.
107. S.C. Stinson, Chem. & Eng. News 21 September, 1998, 83.
108. S.C. Stinson, Chem. & Eng. News 22 November, 1999, 57.
109. G.M. Ramos, H.U. Blaser, in Pesticide Chemistry and Bioscience, Eds.:

G.T. Brooks, T. Roberts RSC, Cambridge, 1999, 33.

Supported Metal Catalysts for Fine Chemicals Synthesis 213

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 213



b1215 Supported Metals in Catalysis

110. R. Nyori, Chemtech 1992, 22, 366.
111. E. Polastro, Chiral Reactions in Heterogeneous Catalysis, Plenum Press,

New York, 1995, 5.
112. D. Pauluth, A.E.F. Wachter, in Chirality in Industry II, Eds.: A.N. Collins,

G.N. Sheldrake, J. Crosby Wiley, New York, 1997, 263.
113. D. Lipkin, T.D. Stewart, J. Am.Chem. Soc. 1939, 61, 3295.
114. S. Akabori, S. Sakurai, Y. Izumi, Y. Fujii, Nature 1956, 178, 323.
115. Y. Orito, S. Imai, S. Niwa, in Collected Papers of the 43rd Catalyst Forum,

Japan, 1978, 30.
116. Y. Orito, S. Imai, S. Niwa, Nippon Kagaku Kaishi 1979, 1118.
117. Y. Orito, S. Imai, S. Niwa, Nippon Kagaku Kaishi 1980, 670.
118. H-U. Blaser, M. Müller, Studs. Surf. Sci. Catal. 1991, 59, 73.
119. H-U. Blaser, Tetrahedron Asymm. 1991, 2, 843.
120. G. Webb, P.B. Wells, Catal. Today 1992, 12, 319.
121. A. Baiker, J. Mol. Catal. A: Chem. 1997, 115, 473.
122. H-U. Blaser, H.P. Jalett, M. Muller, M. Studer, Catal. Today 1997, 37,,

441.
123. P.B. Wells, A.G. Wilkinson, Top. Catal. 1998, 5, 39.
124. A. Baiker, H-U. Blaser, in Handbook of Heterogeneous Catalysis.

Eds.: G. Ertl, H. Knozinger, J. Weitkamp, Wiley-VCH, Weinheim,
1997, 5, 2422.

125. P.B. Wells in R.P.K. Wells, in Chiral Catalysts Immobilisation and Recycling
Eds.: D. de Vos, I.F.J. Vankelcom, P.A. Jacobs, Wiley-VCH, Weinheim,
2000, 123.

126. H.U. Blaser, F. Spindler, M. Studer, Appl. Catal. A: Gen. 2001, 221, 119.
127. I.M. Sutherland, A. Ibbotson, R.B. Moyes, P.B. Wells, J. Catal. 1990,

125, 77.
128. H-U. Blaser, H.P. Jalett, D.M.. Monti, A. Baiker, J.T. Wehrli, Stud. Surf.

Sci. Catal. 1991, 67, 147.
129. P.A. Meheux, P.B. Wells, unpublished work.
130. P.A. Meheux, A. Ibbotson, P.B. Wells, J. Catal. 1991, 128, 387.
131. H-U. Blaser, H.P. Jalett, J. Wiehl, J. Mol. Catal. 1991, 68, 215.
132. P.B. Wells, K.E. Simons, J.A. Slipszenko, S.P. Griffiths, D.F. Ewing,

J. Mol. Catal. A: Chem. 1999, 146, 159.
133. J.T. Wehrli, A. Baiker, D.M. Monti, H-U. Blaser, H.P. Jalett, J. Mol.

Catal. 1989, 57, 245.

214 R. P. K. Wells and J. A. Anderson

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 214



b1215 Supported Metals in Catalysis

134. M. Von Arx, N.F. Dummer, R.P.K. Wells, S.H. Taylor, P.B. Wells,
D.J. Willock, G.J. Hutchings, Chem. Commun. 2003, 1926.

135. U.K. Singh, R.N. Landau, Y. Sun, C. LeBlond, D.G. Blackmond,
S.K. Tanielyan, R.L. Augustine, J. Catal. 1995, 154, 91.

136. J. Wang, Y. Sun, C. LeBlond, R.N. Landau, D.G. Blackmond, J. Catal.
1996, 161, 759.

137. J.L. Margitfalvi, P. Marti, A. Baiker, L. Botz, O. Sticher, Catal. Lett.
1990, 6, 281.

138. X. Li, R.P.K. Wells, P.B. Wells, G.J. Hutchings, J. Catal. 2004, 221, 653.
139. X. Li, R.P.K. Wells, P.B. Wells, G.J. Hutchings, Catal. Lett. 2003, 89, 163.
140. J.T.Wehrli, A.Baiker, D.M. Monti, H-U. Blaser, J. Mol. Catal. 1990, 61,

207.
141. T.J. Hall, J.E. Halder, G.J. Hutchings, R.L. Jenkins, P. Johnston,

P. McMorn, P.B. Wells, R.P.K. Wells, Top. Catal. 2000, 11, 351.
142. S.D. Jackson, M.B.T. Keegan, G.D. McLellan, P.A. Meheux, R.B.

Moyes, G. Webb, P.B. Wells, R. Whyman, J. Willis, in Preparation and
Characterisation of Catalysts V, Eds.: G. Poncelet, P.A. Jacobs, P. Grange,
B. Delmon, Elsevier, Amsterdam, 1991, 135.

143. B. Torok, K. Felfoldi, G. Szakonyi, K. Balazsik, M. Bartok, Catal. Lett.
1998, 52, 81.

144. X. Zuo, H. Liu, M. Liu, Tetrahedron Lett. 1998, 39, 1941.
145. X. Li, N. Dummer, R. Jenkins, R.P.K. Wells, P.B. Wells, D.J. Willock,

S.H. Taylor, P. Johnstone, G.J. Hutchings, Catal. Lett. 2004, 96, 147.
146. J.A. Slipszenko, S.P. Griffiths, P. Johnston, K.E. Simons, W.A.H.

Vermeer, P.B. Wells, J. Catal. 1998, 179, 267.
147. A. Gamez, J.U. Kohler, J.S. Bradley, Catal. Lett. 1998, 55, 73.
148. C.R. Landis, J. Halpern, J. Am. Chem. Soc. 1987, 109, 1746.
149. M. Boudart, G. Djega-Mariadassau, Catal. Rev. 1994, 29, 7.
150. J. Wang, C. LeBlond, C.F. Orella, Y. Sun, J.S. Bradley, D.G. Blackmond,

in Heterogeneous Catalysis and Fine Chemicals IV, Eds.: H.-U. Blaser, A.
Baiker, R. Prins, Elsevier, Amsterdam, 1997, 183.

151. Y. Sun, R.N. Landau, J. Wang, C. LeBlond, D.G. Blackmond, J. Am.
Chem. Soc. 1996, 118, 1438.

152. K.E. Simons, P.A. Meheux, S.P. Griffiths, I.M. Sutherland, P. Johnston,
P.B. Wells, A.F. Carley, M.K. Rajumon, M.W. Roberts, A. Ibbotson,
Recl. Trav. Chim. Pays-Bas 1994, 113, 465.

Supported Metal Catalysts for Fine Chemicals Synthesis 215

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 215



b1215 Supported Metals in Catalysis

153. H.-U. Blaser, H.P. Jalett, D.M. Monti, J.F. Reber, J.T. Wehrli, Stud. Surf.
Sci. Catal. 1988, 41, 153.

154. T.J. Hall, P. Johnston, W.A.H. Vermeer, S.R. Watson, P.B. Wells, Stud.
Surf. Sci. Catal. 1996, 101, 221.

155. Y. Sun, R.N. Landau, J. Wang, C. LeBlond, D.G. Blackmond, J. Am.
Chem. Soc. 1996, 118, 1348.

156. P.J. Collier, T.J. Hall, J.A. Iggo, P. Johnston, J.A. Slipszenko, P.B. Wells,
R. Whyman, Chem. Commun. 1998, 1451.

157. K.E. Simons, A. Ibbotson, P. Johnston, H. Plum, P.B. Wells, J. Catal.
1994, 150, 321.

158. G. Bond, P.B. Wells, J. Catal. 1994, 150, 329.
159. J.A. Anderson, A. Athawale, F.E. Imrie, F.-M. McKenna, D. Molyneux,

M. Shand, R.P.K. Wells, J. Catal. 2010, 270, 9–15.

216 R. P. K. Wells and J. A. Anderson

b1215_Chapter-05.qxd  11/28/2011  7:05 PM  Page 216



b1215 Supported Metals in Catalysis

217

CHAPTER 6

SUPPORTED GOLD IN CO
OXIDATION, THE WATER-GAS

SHIFT, AND DESOX REACTIONS

Jose A. Rodriguez

Chemistry Department, Brookhaven National Laboratory, Upton,
NY 11973, USA

6.1 Introduction

Bulk metallic gold typically exhibits a very low chemical and catalytic
activity.1,2 Among the transition metals, gold is by far the least reactive
and is often referred to as the “coinage metal”. The low reactivity of
metallic Au is a consequence of combining a deep-lying valence 5d
band and very diffuse valence 6s,p orbitals.3,4 In the last 15 years, gold
has become the subject of a lot of attention due to its unusual
catalytic properties when dispersed on oxide1a,5–27 and carbide sup-
ports.28–33 The Au/TiO2 system is particularly interesting.6,12–18,21,23,26,27

Gold particles supported on titania are active catalysts for the low
temperature oxidation of CO. This phenomenon was originally dis-
covered by Haruta and coworkers in the early 1990s,6 and has been
corroborated by many subsequent studies.2,7,8,17,23,25 The exact cat-
alytic activity of the Au/TiO2 system depends on the method of
preparation and the dispersion of the metal on the support,6–8,23 but
in general Au particles with sizes between 2 and 4 nm display a
catalytic activity for CO oxidation much larger than that of bulk
metallic gold. New preparation methods aim for the synthesis of very
small Au particles (< 2 nm) with an extremely high catalytic activity.23
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The Au/TiO2 systems lose catalytic activity over time as a conse-
quence of the sintering of the Au particles.6,23 The smaller the initial
size of the particles, the more dramatic the negative effects of
sintering. In the case of Au nanoparticles dispersed on TiC, the inter-
actions of the admetal with the carbide substrate are stronger than
typical interactions with oxides,29,30 and the Au/TiC system is an
excellent catalyst for CO oxidation.28,32,33

Au particles supported on reducible oxides such as titania or
ceria are also efficient catalysts for the water-gas shift, the destruction
of sulfur dioxide (DeSOx processes), the complete oxidation of
methane, the selective or partial oxidation of propene, the hydro-
genation of CO and olefins, and the reduction of NO with
hydrocarbons.1a,6,7,9,21,22,26,27 Depending on the conditions, Au/TiO2

and Au/CeO are useful catalysts for the destruction of the three
major contaminants produced during the combustion of fossil-
derived fuels: CO, NO and SO2.1a,6,21 Several models have been
proposed for explaining the activation of supported gold:6,8,15–17,21,27,29

from special electronic properties resulting from the limited size of
the active gold particles (usually less than 10 nm),6,8,17,27,29 to the
effects of metal support interactions (i.e. charge transfer between
gold and the oxide or carbide).13,16,21,26,29,30 In principle, the active
sites for the catalytic reactions could be located only on the sup-
ported Au particles or on the perimeter of the gold oxide
interface.6,8,10,14,21,30–32 The Au/TiO2(110) and Au/TiC(001) surfaces
appear as ideal and well-defined systems to examine some of these
hypothesis in a controlled manner.8,10,12–16,21,29–32 On the other hand,
there is a clear need to characterize the active phases of the powder
catalysts under reaction conditions.26,34–37

6.2 Oxidation of CO on Supported Gold Nanoparticles

High surface area Au/TiO2 catalysts are very efficient for the low
temperature oxidation of CO.6,8,23,36,37 Auδ+, Au, and Auδ- species have
been proposed as the active species for the oxidation of CO.1a,26,36,37

In any case, a strong contact between the Au nanoparticles and
oxide support is indispensable for high catalytic activity because the
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periphery sites probably carry out the oxidation of CO.38 Studies of
FTIR indicate that CO and O2 adsorb on different sites of the cata-
lyst surface.36 As mentioned above, the average particle size of gold
has a strong effect on the performance of powder catalysts.6,8,18,19,23

The morphology of the oxide support substantially affects the
dispersion of gold and catalytic activity.7,37,39

The bottom trace in Fig. 6.1 shows the catalytic activity of
Au/TiO2(110) surfaces as a function of gold coverage.7 Images of
scanning tunneling microscopy (STM) indicate that Au grows
on TiO2(110) forming three-dimensional nanoparticles, mainly
located at defect sites and steps of the oxide substrate.7,8 The size
of the Au nanoparticles increases with Au coverage. On
TiO2(110), there is a marked size effect on the catalytic activity,7,8

with Au clusters in the range of 3.5 nm exhibiting the maximum
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Figure 6.1 CO oxidation activity of Au/TiO2(110) as a function of Au coverage.7

The area of TiO2(110) covered by CeOx was ∼16% of the clean substrate. The
reported values for the production of CO2 were obtained after exposing the cata-
lysts to 4 Torr of CO and 2 Torr of O2 at 300 K for 5 min. The number of CO2

molecules produced is normalized by the sample surface area.
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reactivity.8 For this size, most of the particles have a band gap of 0.2
to 0.6 V according to scanning tunneling spectroscopy. Particles with
a larger band gap (>1 V) display a lower reactivity, and particles with
metallic character (band gap ≈0 V) are the least active. Thus, there
is a correlation between the electronic and chemical properties of
the supported Au nanoparticles.8 Studies of STM indicate that expo-
sure to CO has no effect on the morphology of the Au/TiO2(110)
surface.8 On the other hand, significant morphological changes
occur after exposure to O2 or CO : O2 mixtures. In these cases, the
Au cluster density is greatly reduced as a result of sintering.8 The
Au/TiO2(110) surfaces exhibit an exceptionally high reactivity
towards O2 at 300 K that promotes the sintering of the Au nanocrys-
tallites.8,20 This sintering eventually leads to a decrease in the CO
oxidation activity of the Au/TiO2(110) systems.8

The nature of the interactions between Au and TiO2(110) has
been examined in several theoretical studies.13,15–17,21,27 In agreement
with experimental observations, density functional (DF) calcula-
tions show weak bonding interactions between Au atoms and
stoichiometric TiO2(110). Au–Au bonds are stronger than Au–TiO2

bonds, which explains the formation of mostly three-dimensional
particles. The results of STM and DF calculations show that Au
adatoms prefer to interact with the O-vacancy sites present on the
oxide support.7,8,16,17,21,27 The theoretical studies16,21 and photoemis-
sion measurements13,21 indicate that the Au atoms bonded to these
sites receive some electron density from the oxide substrate. As we
will discuss below, a transfer of electrons from the titania support to
atoms in the Au nanoparticles could help to explain the high cat-
alytic activity of Au/TiO2.8,13,16

The addition of a second oxide to the titania surface produces
new nucleation sites for Au and improves the dispersion of the
admetal.7,37–39 In the CeOx/TiO2(110) systems, the Ce cations adopt
a structural geometry (Fig. 6.2A) and an oxidation state (+3) which
are quite different from those seen in bulk ceria or for ceria
nanoparticles deposited on metal substrates.7 On TiO2(110), one
has Ce2O3 dimers that join forming wire-like structures on the
terraces of the titania substrate.7,40
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These wire-like structures contain sites which are very effective
for anchoring gold nanoparticles (see Fig. 6.2B). On CeOx/
TiO2(110) surfaces, the dispersion of Au nanoparticles is substan-
tially larger than seen on a pure TiO2(110) surface where Au mainly
binds to the steps.7,8

Figure 6.1 compares the activity of Au/TiO2(110) and Au/CeOx/
TiO2(110) for the oxidation of CO.7 In all cases, Au/CeOx/
TiO2(110) is a much better catalyst for the oxidation of CO than
Au/TiO2(110). If the maximum catalytic activities seen in Fig. 6.1 are
normalized by the number of Au atoms present on the oxide sup-
ports,7 one can estimate turnover frequencies (TOFs) for CO oxida-
tion of 2.1 molecules site−1 s−1 for Au/TiO2(110) and 6.2 molecules
site−1 s−1 for Au/CeOx/TiO2(110). These should be taken as lower
limits for the TOFs because the calculation overestimates the num-
ber of exposed Au active sites.7 The relatively high dispersion of Au
(Fig. 6.2B) could be responsible for the superior activity of Au/
CeOx/TiO2(110) during the oxidation of CO at room temperature.

DF calculations have been used to study the CO oxidation
process on an isolated (i.e. non-supported) Au10 cluster.17 Two
different reaction paths were considered: one where O2 dissociates
and one where adsorbed O2 reacts directly with adsorbed CO. Both
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Figure 6.2 (A) STM image of an CeOx/TiO2 (110) surface.7 (B) STM image for
an Au/CeOx/TiO2 (110) surface.7 The gold was deposited on the same area shown
in “A” at ≈300 K.
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reactions were found to be extremely facile on the Au10 particle,
with reaction barriers of less that 0.4 eV indicating that the CO oxi-
dation reaction should be possible well below room temperature.17

This is contrary to the behavior found for an Au(111) surface. The
small Au10 cluster offers special geometrical configurations (corner
and edge sites) that cannot be found on the extended surface.17 The
size and shape of the Au particle are important parameters together
with its fluxionality that allows the adsorption and activation of O2.25

Also the electronic structure of the Au atoms in the cluster is differ-
ent from that of the Au atoms at the surface of a large crystal. The
DF results show that an isolated Au nanoparticle could catalyze the
oxidation of CO. However, the rate for this reaction is enhanced by
interactions with the oxide, which can participate directly in the
reaction17,18,25 or modify the chemical properties of Au.17,41 DF cal-
culations indicate that the active sites for CO oxidation on
Au/MgO(100) involve low-coordinated Au atoms and Mg cations.18

The oxide stabilizes a peroxo-like intermediate, CO•O2, and then
the oxidation reaction proceeds in the metal/oxide interface.18

Such a reaction pathway is consistent with studies for Au/TiO2 high
surface area catalysts,6,38 which show that a strong contact between
the Au nanoparticles and oxide support is indispensable for high
catalytic activity because the periphery sites probably carry out the
oxidation of CO.

A very important issue is the adsorption and dissociation of O2

on the Au/oxide systems since this seems to be a necessary step in
total and partial oxidation reactions.17,18,41 Can isolated Au nanopar-
ticles dissociate O2? Is the Au/oxide interface necessary for the
cleavage of O–O bonds? Calculations based on density functional
theory have been carried out for a series of unsupported Au
nanoparticles as well as for extended systems containing low-
coordinated sites.42 Strong adsorption of molecular oxygen on Au
nanoparticles is a necessary but not sufficient condition for O2 dis-
sociation.42 For reasonably large Au cubo-octahedral nanoparticles,
there is a common pathway for O2 dissociation on nanoparticles
which involves a particular configuration of adsorption sites and
a critical particle size.42 If these conditions are not satisfied, the
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oxidation of CO on gold/oxide systems probably follows a mecha-
nism in which the cleavage of the O–O bond in molecular oxygen is
facilitated by interactions with the CO molecule (i.e. O–O••C–O →
O + CO2).17,18,41

There is a general desire to find supports which can activate
gold up to the point that this metal easily dissociates O2. The reac-
tivity of Au nanoparticles supported on TiC(001) towards O2

dissociation is much larger than that of similar nanoparticles sup-
ported either on TiO2(110) or MgO(001) surfaces.32 Photoemission
results (Fig. 6.3) indicate that at 150 K, O2 adsorbs molecularly on
the supported gold nanoparticles, and upon heating to tempera-
tures above 200 K the O2 → 2O reaction takes place with migration
of atomic oxygen to the TiC(001) substrate.32 Au nanoparticles
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Figure 6.3 O 1s core-level photoemission spectra taken after adorbing O2 on Au
nanoparticles supported on TiC(001).32 Oxygen was dosed at 150 K, and then the
sample was heated to 250 and 350 K.
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dispersed on TiC films or TiC(001) can oxidize carbon monoxide at
temperatures below 200 K.28,32,33 A polarization of charge seen for
Au atoms on TiC(001)29,30 facilitates bonding of the admetal with O2

(Fig. 6.3) and helps to explain chemical activity that Au/TiC
exhibits for the oxidation of CO.32

6.3 Water-Gas Shift Reaction on Supported Gold
Nanoparticles

The water-gas shift reaction (WGS, CO + H2O → H2 + CO2) is crit-
ical for providing clean hydrogen.24,34 Common industrial catalysts
for the WGS (mixtures of Fe-Cr or Zn-Al-Cu oxides) are pyro-
phoric and normally require lengthy and complex activation steps
before usage.34 Recent works report that Au nanoparticles sup-
ported on oxides such as CeO2 and TiO2 are very efficient catalysts
for the WGS reaction.24,34,35 This is remarkable since neither bulk
Au nor bulk ceria and titania are known as WGS catalysts. Results
of density-functional calculations point to a very high barrier for
the dissociation of H2O on Au(111) or Au(100),43 which leads to
negligible activity for the WGS process. Even gold nanoparticles
cannot dissociate water and catalyze the WGS.43 Furthermore, sur-
faces and nanoparticles of copper are by far much better catalysts
for the WGS than surfaces and nanoparticles of gold.43 Thus, how
can Au/CeO2 catalysts be much more active than conventional
Cu/ZnO catalysts?24

Originally, it was suggested that the active phase in Au-CeO2 cat-
alysts are AuOx nanoparticles or more specifically cationic Auδ+

species. Subsequently, the chemical state of gold during the WGS
was determined by means of in situ time-resolved X-ray absorption
near-edge spectroscopy (XANES).34,35 Figure 6.4 displays Au L3 edge
XANES spectra collected at room temperature for fresh catalysts
with an Au content of 0.5 wt% (dashed trace) or 2.4 wt% (solid
traces).35 The line shape of these two spectra is very similar and
shows a clear feature at ≈2.5 eV above the edge that is not seen for
metallic gold and is characteristic of gold oxides.34,35 The intensity of
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this peak is higher than that observed for Au2O and closer to that
seen in Au2O3.34 Once the 2.4 wt% Au-CeO2 catalyst was exposed to
a mixture of CO/H2O at elevated temperatures, the XANES features
for gold oxide disappeared.

At temperatures above 200°C, when significant WGS activity was
detected,35 the line shape of the Au L3 edge resembled that of pure
gold. The XANES spectra in Fig. 6.4 were obtained under a reaction
mixture of 5% CO and 3% H2O in He (total flow ≈10 ml/min).35

Similar results were found when using a 1% CO and 3% H2O in
He reaction mixture. Thus, the in situ time-resolved XAS data indi-
cate that cationic Auδ+ species cannot be the key sites responsible for
the WGS activity, because they do not exist under reaction condi-
tions.35 An identical finding has been reported for AuOx/
Ce1−xZrxO2−y powder catalysts.34 In these catalysts, the active phase
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Figure 6.4 Au L3 edge XANES spectra collected in situ during the WGS reaction
over a 2.4 wt% Au–CeO2 catalyst. The spectra for a fresh 0.5 wt% Au–CeO2 catalyst,
dashed trace, and a gold foil are included for comparison. The vertical line indi-
cates the main features for AuOx vs. metallic Au.35

b1215_Chapter-06.qxd  11/28/2011  5:09 PM  Page 225



b1215 Supported Metals in Catalysis

consisted of small Au aggregates (< 2 nm in size) dispersed on
partially reduced ceria (CeO1.94-CeO1.98).34,35

The active phase of CuO-CeO2 WGS catalysts was also investi-
gated.44 The results of in situ time-resolved XRD (Fig. 6.5) and XAS
(not shown) point to a complete reduction of the CuO to metallic
Cu before the catalysts become active for the WGS.44 This reduc-
tion of the CuO is consistent with the behavior observed for
CuO/ZnO catalysts and other Cu-based catalysts.34,45,46 As in the
case of AuOx-CeO2, the active phase of CuO-CeO2 catalysts con-
tains nanoparticles of the noble metal disperse d on a partially
reduced ceria support. The same is valid for Pt-CeO2 and Pd-CeO2

catalysts.
Although pure ceria is a very poor WGS catalyst, the properties

of this oxide were found to be crucial for the observed activity of the
Au-CeO2 nanocatalysts.24,34 Several studies dealing with metal/oxide
powder catalysts and the WGS indicate that the oxide plays a direct
role in the reaction, but because of the complex nature of these
systems,24,34,47 there is no agreement on its role. The kinetics of
the WGS reaction have been investigated in detail on model catalysts
generated by vapor-depositing nanoparticles of gold on CeO2(111),35,48

ZnO(000ī),48 TiO2(110)27 and polycrystalline MoO2.49 On these oxide
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Figure 6.5 Time-resolved X-ray diffraction patterns collected in situ during the
WGS reaction over a 5% CuO-CeO2 catalyst.44 The transformation of CuO into Cu
occurs near 200°C before significant activity for the production of H2 was
observed.44
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substrates, gold grows, forming three-dimensional particles.8,48,50

Figure 6.6 displays the behavior of the Au/CeO2(111) and
Au/ZnO(000ī) catalysts as a function of gold coverage.48 CeO2(111)
and ZnO(000ī) are both O terminated surfaces. These oxide supports
are inactive as catalysts for the WGS reaction. In Fig. 6.6, the catalytic
activity of the metal/oxide systems initially increases when Au is added,
reaching a maximum at ≈0.4–0.5 monolayer (ML).

Above these coverages, the overall catalytic activity decreases.
Similar trends have been observed for the WGS on Au/TiO2(110)7,27

and Au/MoO2.49 STM images show that the particle size of Au on
CeO2(111), ZnO(000ī) or TiO2(110) raises above 4 nm and contin-
uously grows when the admetal coverage is increased beyond
0.5 ML.8,48,50 The trends in Fig. 6.6 probably reflect changes in the
size of the gold particles: high catalytic activity is seen for small gold
particles (size < 4 nm), and it decreases as the particle size increases.
Although the optimum WGS activity in Fig. 6.6 is for admetal cover-
ages of 0.4–0.5 ML, metal/oxide catalysts with gold coverages near
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Figure 6.6 WGS activity of model Au/CeO2(111) and Au/ZnO(000ī) catalysts as
a function of gold coverage. Each surface was exposed to a mixture of 20 Torr of
CO and 10 Torr of H2O at 625 K for 5 mins. Steady state was reached 2–3 mins after
introducing the gases in the batch reactor.48
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1 ML are still substantially more active than Au(111) or polycrys-
talline gold, surfaces which are not catalytically active.8,48

The gold atoms in the Au/CeO2(111) and Au/ZnO(000ī) cata-
lysts were probably not oxidized during the WGS process.48 After
reaction, XPS showed Au 4f positions that were almost identical to
those seen upon deposition of gold on the oxides and very different
from those typically seen for AuOx species.35,48 Post-reaction surface
analysis also showed the presence of formate- and/or carbonate-like
groups on the surface of the catalysts. Possible reaction paths for the
formation of these groups are discussed in the work by Burch.34 It is
not completely clear if they are key intermediates in the WGS
process or simple spectators.27,48

Figure 6.7 compares the WGS activity of 0.5 ML of Au and Cu
deposited on CeO2(111) and ZnO(000ī) with the corresponding
activity of Au(111) and Cu(100).48 The WGS activity seen for
Cu(100) is in between that detected for Cu(111) and Cu(110).45,51,52

The deposition of Cu nanoparticles on ZnO(000ī) produces a
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Figure 6.7 Amounts of H2 produced during the WGS reaction on 0.5 ML of gold
or copper deposited on CeO2(111) and ZnO(000ī). For comparison are also
included the activities of Au(111) and Cu(100). The catalysts were exposed to a
mixture of 20 Torr of CO and 10 Torr of H2O at 625 K for 5 mins in a batch
reactor.48
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catalyst that is clearly more active than the pure extended Cu sur-
faces.48 An even better catalyst is obtained when the Cu
nanoparticles are supported on CeO2(111). The Au/ZnO(000ī) sys-
tem displayed a catalytic activity worse than that of Cu/ZnO(000ī).
On the other hand, Au/CeO2(111) is an excellent catalyst with an
activity similar to that of Cu/CeO2(111).48 The nature of the support
plays a key role in the activation of the gold nanoparticles. Zinc
oxide is frequently used in industrial Cu-ZnO WGS catalysts.34

However, the Au/ZnO(000ī) system displays low WGS activity when
compared to Au/CeO2(111),48 Au/MoO2

49 or Au/TiO2(110).27

The ceria, molybdena and titania contain a substantial number
of O vacancies and metal cations that are not fully oxidized under
WGS reaction conditions and may participate directly in important
steps of the process.27,48,49 This is not the case for Au/ZnO(000ī).48

In situ measurements of time-resolved XRD and XAS indicate
that the ceria support in powder Au-CeO2

35 and Cu-CeO2
53 catalysts

participates directly in the WGS reaction. Figure 6.8 shows the lat-
tice parameters for ceria determined from (111) diffraction peaks of
time-resolved XRD patterns for 2.4 wt% Au–CeO2 under different
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Figure 6.8 Ceria lattice parameters determined from time-resolved XRD patterns
for a 2.4 wt% Au-CeO2 catalyst under different gases at 500°C: pure He, 5% CO in
He, 5% CO and 3% H2O in He, again 5% CO in He, and finally 5% O2 in He.35
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gases at 500°C.35 The sample was first heated from 25 to 500°C in
He, producing an increase of ≈0.02 Å in the ceria lattice due to ther-
mal expansion. The oxide lattice varied significantly after exposure
to CO, ≈0.04 Å increase as a consequence of the formation of O
vacancies and Ce3+, or H2O, ≈0.03 Å decrease probably as a result of
the decomposition of this adsorbate on the O vacancies.35 Under a
mixture of CO/H2O, O vacancies were formed that could be
removed only upon exposure to O2.35

Similar trends are seen for ceria during the reduction/oxidation
of Cu-CeO2 catalysts.53

For explaining the role of the oxide in Au-based WGS catalysts,
one must understand well the catalytic process on pure gold sys-
tems.49 Figure 6.9 shows the calculated energy profile for the WGS
on periodic Au(100) and Cu(100) surfaces.43 Copper surfaces are
the typical benchmark for studies of the WGS on metal sur-
faces.45,51,52 On Cu(100), the first and the most energy consuming
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Figure 6.9 DFT calculated reaction profile for the WGS on Cu(100) and
Au(100).43,48

b1215_Chapter-06.qxd  11/28/2011  5:09 PM  Page 230



b1215 Supported Metals in Catalysis

step, or rate limiting step, is water dissociation with a ∆E3 of +0.39 eV
and a barrier (∆Ea3) of +1.13 eV. The cleavage of the first O–H bond
is also the rate limiting step on a Cu(110) surface.45 In contrast, the
dissociation of adsorbed OH and the formation of CO2 are more
facile. All the adsorbates bond more weakly on Au(100) than on
Cu(100). Consequently, the rate limiting dissociation of H2O on
Au(100) is even more endothermic (∆E3 = +0.74 eV) and the corre-
sponding barrier is also higher (∆Ea3 = +1.53 eV).43 These DFT
results are in agreement with experimental measurements, which
show that Cu is a good WGS catalyst while Au is an extremely poor
one.45,48

The results in Fig. 6.9 indicate that gold will be an excellent
WGS catalyst if in some way it is helped with the dissociation of
water.43 Assuming that OH can be formed on Au(100) or Au(111),
subsequent steps for the WGS process should occur readily on the
gold substrate.43 Indeed, experimental and theoretical studies have
shown that water dissociates on O/Au(111) yielding hydroxyls
which react with CO to produce CO2 and hydrogen.12

One can obtain a stable catalyst for the WGS by adding CeOx

nanoparticles to Au(111).11 On an inverse oxide/metal catalyst, the
reactants can interact with defect sites of the oxide nanoparticles,
metal sites, and the metal/oxide interface.53 Figure 6.10 shows a
STM image obtained after depositing ceria nanoparticles on
Au(111).54 There is a random distribution of the ceria nanoparticles
on the terraces of the gold substrate which maintains its character-
istic herringbone reconstruction. The particles occupy specific sites
with respect to the dislocation ridges of the reconstruction.54 The
initial oxidation state of the Ce cations in the ceria nanoparticles was
+4 and many of them were reduced to Ce3+ upon exposure to the
reactants of the WGS.11,55

Figure 6.11 displays an Arrhenius plot for the WGS activity of a
CeOx/Au(111) surface in which 20% of the gold substrate was cov-
ered by ceria.55 For comparison we also include results obtained for
the WGS on Cu(100),48 Cu(111)55 and Cu/ZnO(000ī)48 surfaces.
The results in Fig. 6.11 indicate that the inverse CeOx/Au(111) cat-
alyst exhibits a larger WGS activity than those of copper surfaces or
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Figure 6.10 STM image for the deposition of ceria nanoparticles on Au(111),
200 nm × 200 nm.54
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Figure 6.11 Arrhenius plot for the WGS reaction rate on Cu(111),55 Cu(100),48

Cu/ZnO(000ī),48 and on an Au(111) surface approximately 20% covered by
ceria.11,55 The data were acquired with a pressure of 20 Torr of CO and 10 Torr of
H2O and temperatures of 575, 600, 625 and 650 K.11,55
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even Cu nanoparticles dispersed on a ZnO(000ī) substrate. On
Cu(111) and Cu(100), the apparent activation energies for the WGS
are 18.1 and 15.2 kcal/mol, respectively.48,55 The apparent activation
energy decreases to 12.4 kcal/mol on Cu/ZnO(000ī)48 and 10.3 kcal/
mol on CeOx/Au(111).55 In the inverse CeOx/Au(111) catalyst, the
gold surface gains activity due to the active participation of
the oxide in the dissociation of water.11,55 One probably has a bifunc-
tional catalyst in which the oxide helps to break the O–H bonds
and the subsequent steps of the reaction occur at the oxide/gold
interface.11,55

Post-reaction characterization of the inverse CeOx/Au(111) cat-
alyst with XPS pointed to a Ce4+ → Ce3+ transformation and
identified a C 1s feature at 289–290 eV corresponding to either
HCOO or CO3 species on the CeOx/Au(111) surface.11,55 The mech-
anism for the WGS in CeOx/Au(111) is assumed to undergo the
following pathway:11

CO → CO (a)
H2O → H2O (a)

H2O (a) → OH (a) + H (a) (6.1)
CO (a) +OH (a) → HCOx (a)

HCOx (a) → CO2 + H (a)
2H (a) → H2

A stable HCOx intermediate species must precede the formation of
H2 and CO2. It has been proposed that the key intermediate species
for the WGS reaction is either a formate (HCOO) or a carbonate
(CO3).34 Recent theoretical calculations also suggest the possibility
of a carboxylate (HOCO) intermediate.11,27,51 These species have dif-
ferent coordination modes and different lifetimes on the surface of
the catalyst. Adsorption of HCOOH and CO2 was used to create
HCOO and CO3 groups on CeOx/Au(111) surfaces.55 HCOOads

appeared to have greater stability than CO3,ads with desorption tem-
peratures up to 600 K while CO3 only survived on the surface up to
300 K. Both species could be valid intermediates for the WGS
because the reaction temperatures in Fig. 6.11 are elevated
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(575–650 K).55 On the CeOx/Au(111) catalysts, the presence of Ce+3

led to the dissociation of H2O to give OH groups.11,55 The adsorption
of CO on these systems led to the formation of carbonates and for-
mates but no clear signal was found for a carboxylate (HOCO)
intermediate.55 Thus, the carboxylate intermediate seen in DFT cal-
culations11,27,51 is experimentally elusive and difficult to detect.55 The
low thermal stability of the carboxylate makes it an ideal transient
species for the WGS11,27,51 and it may only be present under steady
state conditions. In situ diffuse reflectance FT-IR has been used to
study the mechanism of the WGS reaction over a 2% Pt-CeO2 cata-
lyst.56 The data clearly showed that the formates as seen by FT-IR
were essentially spectator species at 433 K, while formates were pos-
sible main reaction intermediates at 493 K or higher temperatures.56

This is consistent with the patterns of stability seen for formates on
CeOx/Au(111), because at temperatures below 500 K formate
species are too stable to be viable intermediates for the WGS.55 They
may actually poison active sites of the catalyst surface.55,56

The studies described above indicate that highly active WGS cat-
alysts are bifunctional with the metal and oxide catalyzing different
parts of the reaction. To optimize the performance of these systems
one must enhance the participation of the metal and oxide phases
in the catalytic process. In catalysts with a conventional metal/oxide
configuration, one enhances the reactivity of the metal but this usu-
ally covers the defect sites of the oxide (nucleation centers for the
metal particles) which have chemical activity. This is not the case in
an inverse oxide/metal catalyst, Fig. 6.10, which enhances the par-
ticipation of the oxide in the catalytic reaction.11,55 In the quest to
optimize the reactivity of the metal and oxide phases, perhaps the
most complex and promising configuration is a mixed-metal oxide
array in which nanoparticles of a metal and an oxide can interact
with the reactants.7,40 Extremely active WGS catalysts have been
found after co-adsorbing nanoparticles of gold and ceria on a
TiO2(110) substrate.7

Figure 6.2 illustrates the unique morphology of Au/CeOx/
TiO2(110) surfaces.7 The dispersion of the Au on the surface is sub-
stantially larger than for Au/TiO2(110)8 and one has nanoparticles
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of the admetal and ceria in close contact. Figure 6.12 compares the
WGS activity of a series of metal/oxide catalysts. Au/CeO2

48 and
Au/TiO2

27 are better catalysts than the commercial Cu/ZnO cata-
lyst,48 but they do not come close to matching the activity of Au/
CeOx/TiO2(110).7 The large dispersion of gold on CeOx/
TiO2(110), Fig. 6.2, should lead to a high catalytic activity. The Ce3+

sites present in CeOx/TiO2(110) easily dissociate water40 but, upon
exposure to CO, highly stable HCOx species were formed on the
oxide surface and there was no production of H2 or CO2 gas.7,40 In
Au/CeOx/TiO2(110), one has a bifunctional catalyst: the adsorption
and dissociation of water takes place on the oxide, CO adsorbs on
the gold nanoparticles, and all subsequent reaction steps occur at
oxide/metal interfaces.

The results in Fig. 6.12 illustrate the tremendous impact that an
optimization of the chemical properties of gold and ceria can have
on the activity of a WGS catalyst.7,40 CeOx/Pt(111) is also an excel-
lent support for Cu and Pt nanoparticles.40 This has been verified in
experiments with high surface area powder Pt/CeOx/TiO2 cata-
lysts57 which in many aspects show a behavior similar to that seen for
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Figure 6.12 Comparison of the water-gas shift activity of Cu(100), Au(111), and
0.5 ML of Au supported on TiO2(110)27 CeO2(111)48 or CeOx/TiO2 (110).7 Data for
0.5 ML of Cu on ZnO(000ī) are also included.48 The reported values for the
production of H2 were obtained after exposing the catalysts to 20 Torr of CO and
10 Torr of H2O at 625 K for 5 mins.7,27,48
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Pt/CeOx/TiO2(110) surfaces.40 These systems take advantage of the
complex interactions that occur in mixed-metal oxide at the
nanometer level.7,40,57

6.4 Decomposition of SO2 on Supported Gold
Nanoparticles

Surfaces of metallic gold interact very weakly with SO2 and the mol-
ecule desorbs intact at temperatures below 200 K .21 Titania is the
most common catalyst used in the chemical industry and oil refiner-
ies for the removal of SO2 through the Claus reaction: SO2 + 2H2S →
2H2O + 3Ssolid.58,59 The main product of the adsorption of SO2 on sto-
ichiometric TiO2(110) are SO3 and SO4 species.21,60 A substantial
concentration of O vacancies on the oxide surface is necessary to
induce the decomposition of SO2 at high temperatures (> 400 K). In
contrast, Au/TiO2(110) surfaces fully dissociate SO2 at room tem-
perature.21 Figure 6.13 shows S 2p photoemission spectra for the
adsorption of SO2 on TiO2(110) and Au/TiO2(110) at 300 K. The S
2p spectra indicate that upon adsorption of SO2 on Au/TiO2(110),
SO4 and atomic S (produced by the full dissociation of SO2) co-exist
on the surface. For the systems in Fig. 6.13, the larger the Au cover-
age on titania (0.05 → 0.5 ML range), the bigger the amount of
atomic S deposited. This trend points to a direct involvement of
gold in the dissociation of SO2. A large shift in the corresponding Au
4f core level spectra also supports this idea.21 Results of DFT calcu-
lations indicate that Au and TiO2 work in a cooperative way during
the dissociation of S–O bonds.21 How important is the participation
of the oxide in the destruction of SO2?

Figure 6.14 compares S 2p areas measured for atomic S after dos-
ing the same amount of SO2 to Au/TiO2(110) and Au/MgO(100)
surfaces at 300 K.21,61,62 Neither TiO2(110) nor MgO(100) are able to
dissociate SO2 on their own.21,61

On both oxide supports the largest activity for the full dissocia-
tion of SO2 is found in systems that contain Au coverages smaller
than 1 ML when the average diameter of the nanoparticles is below
5 nm.21,62
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Figure 6.13 S 2 p spectra for the adsorption of SO2 on TiO2(110) and on
Au/TiO2(110) surfaces with Au coverages of 0.05, 0.2, and 0.5 ML.21

Au coverage (ML)

0 1 2 3 4 5 6

A
to

m
ic

 s
u

lf
u

r 
S

 2
p

 a
re

a 
(a

rb
u

n
it

s)

0

2

4

6

8

10

12

14

16

18

300 K

On TiO2(110)

On MgO(100)

On TiC(001)
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TiC(001), Au/TiO2(110), and Au/MgO(001) surfaces at 300 K.21,30,62
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Clearly the Au/TiO2(110) systems are much more chemically
active than the Au/MgO(100) systems. SO2 adsorbs on Au/MgO(100)
at 100 K and the molecule mainly desorbs upon heating to 300 K .61,62

Catalytic tests also show that Au/TiO2 is much more active than
Au/MgO for the Claus reaction or the reduction of SO2 with CO.21,59

These data indicate that titania either plays a direct active role in the
dissociation of SO2 or modifies the chemical properties of the sup-
ported Au nanoparticles.

DF calculations have been used to examine the adsorption of
SO2 on Au(100) and a series of clusters: Au6, Au8, Au14, and Au29.30,62

Very weak bonding interactions were observed on the extended Au
surface with adsorption energies smaller than 0.15 eV. On the other
hand, the corner atoms in the Au clusters were able to interact rea-
sonably well with SO2, giving adsorption energies of 0.43–0.65 eV.62

However, none of the isolated clusters was able to dissociate the SO2

molecule. The DF calculations indicate that such a process is very
endothermic on Au6, Au8, and Au14.62 For example, the adsorption
of SO2 on the Au14 particle is an exothermic process but, upon heat-
ing, the molecule should desorb instead of dissociating.62 Thus, the
chemistry seen experimentally for SO2 on Au/MgO(100) adsorp-
tion of the molecule at 100 K and desorption upon heating to 300 K,
seems to reflect mainly the intrinsic reactivity of Au nanoparticles
with the oxide support playing only a minor role.61,62

Variations in the strength of metal ↔ support interactions are
probably the key to the large difference in chemical activity seen in
Fig. 6.14 for Au/MgO and Au/TiO2. During the preparation of the
active Au/TiO2(110) surfaces, the system is annealed to tempera-
tures as high as 700–750 K to induce the formation of O vacancies
and migration of bulk defects to the surface of the oxide.21 Au par-
ticles like to interact with O vacancies13,16,17,21,27 and on these
adsorption sites an oxide → gold charge transfer has been predicted
from theoretical studies13,16,21 and XPS measurements.8,13,21 The
active Au/TiO2(110) surfaces combine Au atoms electronically per-
turbed and an oxide substrate with a significant amount of defects.
Both factors probably contribute to the high activity of these sur-
faces for the dissociation of sulfur dioxide.21 DF calculations for
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SO2/Au/TiO2(110) systems show several bonding conformations in
which Au and O-vacancy sites work in a cooperative way to dissociate
the SO2 molecule.21 Thus, the active sites should be at the Au-TiO2

interface. In the case of MgO(100), the formation of O vacancies is
a highly endothermic and difficult process.61,62 In the Au/MgO(100)
surfaces, a negligible number of O vacancies is expected and this
probably leads to a low activity for the dissociation of SO2.

Figure 6.15 shows S 2p spectra collected after dosing SO2 at 
300 K to clean TiC(001) and a carbide surface pre-covered with 
0.2 ML of Au.30 On TiC(001) some dissociative chemisorption,
SO2(gas) → S(ads) + 2O(ads), occurs and a typical doublet for
adsorbed atomic sulfur is seen from 161–163.5 eV.30 In general
terms, TiC(001) can be classified as a poor DeSOx system. Although
Au(111) and polycrystalline gold interact weakly with SO2, after
depositing Au nanoparticles on TiC(001) there is a drastic increase
in the reactivity of the system. The S 2p spectrum recorded after dos-
ing SO2 to Au/TiC(001) shows a clear enhancement in the uptake
of sulfur with respect to clean TiC(001). Even more importantly,
photoemission results indicate that there is a full dissociation of SO2

The Water-Gas Shift, and DeSOx Reactions 239
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on Au/TiC(001) at 150 K ,30 while only chemisorbed SO2 is observed
on TiC(001) at the same temperature.

The photoemission data reveals that Au/TiC(001) is a much bet-
ter DeSOx system than either Au/MgO(100) or Au/TiO2(110).30 Au
particles dispersed on MgO(100) are able to perform the oxidation
of CO18,19 and bind SO2 stronger than extended surfaces of gold,61

but the Au/MgO(100) system is not able to dissociate the SO2 mol-
ecule.61,62 In the case of Au particles supported on TiO2(001), SO2

adsorbs molecularly at 150 K and dissociates upon heating to room
temperature.21 Au/TiC(001) is able to break both S–O bonds at a
temperature as low as 150 K.30 Figure 6.14 compares the amount of
atomic sulfur adsorbed after exposing Au/MgO(100),61 Au/
TiO2(110),21 and Au/TiC(001)30 to 5L of SO2 at 300 K. Au/TiC(001)
displays a higher DeSOx activity than Au/TiO2(110) even at big Au
loads. Images of STM for Au/TiC(001) point to a very high DeSOx
activity when the average particle height is smaller than 0.5 nm.30 The
DeSOx activity of Au/TiC(001) decreases substantially when the par-
ticle height goes above 1 nm at Au coverages higher than 1 ML.
Small Au clusters are essential for a high DeSOx activity.30

Figure 6.16 shows the calculated adsorption energy for SO2 on
clean TiC(001) and on carbide surfaces with Au atoms, Au4 or Au13

clusters, an Au wire, and a flat Au monolayer.30 All the Au/TiC(001)
surfaces bond SO2 stronger than clean TiC(001) or the correspon-
ding isolated Au system. Spontaneous dissociation was observed
when the SO2 was set at gold/carbide interfaces. Thus, supported
Au atoms, Au4, Au13, and an Au wire worked in a cooperative way
with the carbide and dissociated S–O bonds. Photoemission results
for the SO2/Au/TiC(001) system also indicate the direct participa-
tion of Au, Ti and C sites in S–O bond cleavage.30 In Fig. 6.16, an
ideal flat monolayer of gold bonded to TiC(001) adsorbs SO2 much
more strongly than Au(111) or Au(100), but it is not able to disso-
ciate the adsorbate due to the lack of a gold/carbide interface. The
DF calculations corroborate that the size of the Au particle has a
drastic effect on the reactivity of the system. Supported Au29 dis-
played a much lower DeSOx activity than supported Au4 or Au13

and no dissociation of SO2 was observed.30 The effects of the 
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Au ↔ TiC(001) interactions were significant only when one had
small Au particles.29,30

Theoretical calculations indicate that Au atoms supported on
ZrC(001) and TaC(001) undergo a charge polarization larger than
that seen on TiC(001),63 making the Au/ZrC(001) and Au/TaC(001)
excellent candidates for DeSOx processes.64–66 Cu also can be added to
TiC(001) to facilitate S–O bond cleavage,65–68 but the copper ↔ car-
bide interactions are not as strong as the gold ↔ carbide interactions.69

6.5 Conclusion

Gold nanoparticles supported on oxides and carbides show a high
activity in many catalytic processes not seen for bulk metallic gold.
Quantum-effects related to the small size of the particles could be
responsible for the enhancement in catalytic activity with respect to
bulk gold. The edge and corner sites of a gold nanoparticle have

The Water-Gas Shift, and DeSOx Reactions 241

Figure 6.16 Calculated adsorption energies and bonding configurations for SO2

on TiC(001) and Au/TiC(001).30 Au atoms, Au4, and Au13 clusters, an Au wire, and
a flat Au monolayer were deposited on TiC(001).
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distinctive electronic properties and can bond well with adsorbates
like CO, O2, and SO2. They can even perform the catalytic oxidation
of CO, but for more demanding reactions (WGS, DeSOx) it is
becoming more and more clear that interactions between the gold
nanoparticles and the oxide or carbide support can play a very
important role in determining chemical activity.
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CHAPTER 7

RECENT PROGRESS IN SUPPORTED
METAL-CATALYSED C1 CHEMISTRY

A. Guerrero-Ruiz1,2 and I. Rodríguez-Ramos2,3

1Dpto. Química Inorgánica y Técnica. Fac. Ciencias. UNED, Senda del
Rey 9, 28040 Madrid, Spain

2Unidad Asociada Grupo de Diseño y Aplicación de Catalizadores
Heterogéneos UNED-ICP(CSIC), Madrid, Spain

3Instituto de Catálisis y Petroleoquímica, CSIC, C/Marie Curie,
Cantoblanco, 28049 Madrid, Spain

7.1 Introduction

The C1 chemistry concept aims to define a group of reactions that,
starting from compounds with a single carbon atom, lead to the for-
mation of chemicals with higher value from the economic point of
view, with greater potential application or utilities, and with
increased chemical reactivity for use as intermediates. These ideas,
initially applied to the Fischer–Tropsch process in Germany during
the first decades of the 20th century, emerged after the petroleum
crisis in 1975 and were applied to hydrocarbon production from syn-
thesis gas (CO + H2). The manufacture of methanol and higher
alcohols from CO and H2 was also an early development. During the
1980s, a major research drive involved the synthesis of chemicals
from natural gas, of which, coupling and partial oxidation of
methane were the most widely studied processes. Additionally, the
transformation of methanol to hydrocarbons over zeolite catalysts
became a topic of great interest. More recently, the number of
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reactions involving CO2 have increased, largely as a consequence of
its known contribution to the greenhouse effect, that is, use in for-
mation of intermediates for the chemical industry such as acid or
lactone synthesis, and large-scale production of energy-rich com-
pounds (methanol, hydrocarbon, synthesis gas, etc). Many of these
and other reactions involving C1 substances take place in the pres-
ence of heterogeneous catalysts. Moreover, many excellent reviews
have independently treated each of these subjects. Based on the well-
established and revised scientific literature, we will introduce exam-
ples to illustrate more recent progress in the different reactions
which are included in the C1 chemistry concept. From an academic
point of view, we will emphasise the surface chemistry reactions
involved in the different heterogeneous-catalysed processes (surface
intermediates, active sites, etc.). With regard to industrial applica-
tions of these new reactions, we will distinguish between currently
implemented technologies and the more promising trends for the
future.

Before beginning to review recent progress in C1 chemistry, it
is worthwhile defining some of the concepts which will be covered
in this chapter. If C1 chemistry is widely understood as the group of
chemical reactions that use compounds with a single carbon 
atom in their formula (for example CH4, CO, CH3OH,…), to
obtain various products (long-chain hydrocarbons, methanol,
formaldehyde,…), we should introduce our first restriction within
this definition. That is, only processes giving rise to higher quality
compounds (constructive chemistry) will be analysed. Thus, a bet-
ter quality product has higher molecular weight and/or a larger
chemical reactivity than that of the reactant. The transformation of
synthesis gas (CO + H2) to hydrocarbons is obviously constructive,
because from a low molecular weight molecule, CO organic prod-
ucts (paraffins, olefins, etc.) with much wider application in further
synthesis processes and with higher chemical complexity are pro-
duced. Even the transformation of CH4 into CO is assumed as an
upgrading, considering the higher reactivity of CO in comparison
with CH4. However, the combustion of CH4 (+O2) to CO2 is not con-
sidered here as a constructive C1 chemistry reaction. The lower
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reactivity of CO2 and H2O in comparison with the consumed CH4

should be taken into account in this case. A thorough review on cat-
alytic combustion of methane over Pd catalysts can be found in
Ciuparu et al.1 The latter line of reasoning can also be applied to
the transformation of methanol (or methane) to hydrogen, due to
the higher chemical richness of the reactant CH3OH (or CH4) mol-
ecule compared with the resulting H2 (+CO2) product. Further-
more, these conversions, currently of great interest in the general
framework of hydrogen fuel cell technologies, will be treated in
another chapter of this book. The application of CH3OH in direct
methanol fuel cells will also not be analysed, because it is a chemi-
cally destructive process. In short, we will review a series of
heterogeneous-catalysed reactions which, starting from different
C1 compounds (CO, CO2, CH4, CH3OH, HCOH), lead to useful
chemical intermediate products. Thus, the main processes which
will be considered here are:

• Fischer–Tropsch synthesis.
• Methanol and higher alcohol production from syngas.
• Hydrogenation reactions and other possibilities aimed at

re-using CO2.
• Hydroformylation of olefins with synthesis gas.
• CH4 dimerisation and oligomerisation.
• CH4 reforming to syngas and partial oxidation products.
• CH3OH to hydrocarbons and to other intermediate compounds.

These different reactions are displayed in Scheme 7.1, where M
indicates those heterogeneous-catalysed processes involving
supported metals.

Due to the abundance and the nature of the primary compounds
involved in these reactions, C1 chemistry has become a major area of
research interest. CH4 (main component of natural gas) may be con-
sidered as a raw material for the next decades to produce various
organic intermediates (chemicals, liquid fuels), as well as a principal
source of energy. CO2 is the largest by-product emitted to the atmos-
phere and holds the main responsibility for the green house effect. For
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this latter reason, its reutilisation is strongly desirable. CH3OH is a
synthetic compound that allows numerous chemical transformations
of great interest in the production of intermediates for the chemicals
industry. Also CO (or CO + H2 mixture, usually called synthesis gas or
syngas), although it is a product obtained from raw materials, is con-
sidered as a route for transforming coal or natural gas into chemicals
or non-petroleum derived fuels.

Finally, only reactions performed over supported metallic cata-
lysts will be the object of this review, and we will emphasise surface
chemistry mechanistic aspects as well as recent technological inno-
vations (membrane systems, supercritical media, new materials,
microchannel technologies, etc.).

7.2 Fischer–Tropsch Synthesis

The synthesis of hydrocarbons from CO hydrogenation over transi-
tion metals is a major source of organic synthetic chemicals and
fuels. The Fischer–Tropsch (FT) reaction, which is directed to the
production of hydrocarbons from syngas, implies the polymerisation
of –CHx entities and carbon-carbon bond formation is required.

b1215 Supported Metals in Catalysis
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Scheme 7.1 Routes to higher value products from C1 reagents.
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It should be stressed that supported iron and cobalt-based catalysts
are the only ones applied in industrial plants. In fact the earlier
Sasol reactors operated using iron catalysts while the more recent
plants utilise cobalt.2,3 The historical achievements in the FT reac-
tion have been revised on several occasions; see for instance the
reviews by Vannice,4 Schulz5 and the special issue of Catalysis Today6

devoted to FT. Also, a synopsis of the main recent industrial devel-
opments has been presented by Adesina.7 Furthermore, it is worth
noting the issue of Topics in Catalysis8 where different aspects of the
reaction mechanism, surface reconstruction of active surfaces,
improved reactors and optimisation of catalyst preparations have
been treated by various specialists, scientists and engineers.

The FT synthesis may be formulated as:

nCO + nH2 → (–CH2–)n + nH2O. (7.1)

Various elementary surface steps are involved in this reaction:

• CO chemisorptions;
• Splitting of C–O bond;
• Dissociative chemisorption of H2;
• Reaction of two H atoms with one O atom to yield H2O;
• Desorption of H2O;
• Reaction of two H atoms with one C atom to yield −CH2 inter-

mediates;
• Formation of C–C bond;
• Readsorption and further reaction of intermediates (i.e. chain

termination);
• Desorption of hydrocarbon products.

An initial question in this complex reaction mechanism, which
has been extensively investigated, is whether CO dissociates into C
and O species prior to the formation of monomer CHx intermedi-
ates or, alternatively, whether the CO bond remains without splitting
and inserts, forming intermediate species containing oxygen. At
present the polymerisation (chain prolongation) step seems to
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occur through −CH2− units. However, the CO insertion is not ruled
out because alcohols can be produced under FT reaction conditions
(see below), and because the addition of oxygenated compounds
into the FT feed stream (including labelled molecules) shows their
insertion into product molecules.5 Perhaps in the case of Fe catalysts
(also for Co and Ni), CO dissociation and surface carbon formation
is clearer and CH2 are the common accepted monomer species in
the FT pathway mechanism. However, for Cu, Rh or Pd, which are
mainly catalysts for methanol and higher alcohols synthesis, the CO
insertion mechanism should be reconsidered. Some new contribu-
tions, particularly using isotopically labelled molecules, have been
performed. Using Carbon-13 labelled C2-vinyl probes and Rh, Ru,
Co and Fe as catalysts, Maitlis et al.9 concluded, in agreement with
previous work, that the key species in the reaction are surface meth-
ylenes, which are polymerised. However, the 13C2-incorporation data
favours alkenyl intermediates coupling with surface methylenes and
an alkenyl mechanism for FT polymerisation rather than the alkyl
intermediates in the alkyl mechanism, which was previously pro-
posed.10 In the alkenyl mechanism, instead of chain growth being
ended by β-elimination (as in the Brady–Pettit model), the termina-
tion step is now the reaction of the surface alkenyl with surface
hydrogen, giving the 1-alkene directly and accounting for α-olefin
formation as primary products. Two more aspects are raised in this
contribution: oxygenates such as ethanol are produced, especially
over Rh, but no mechanistic interpretation is given; and significant
differences in the cleavage of the vinyl probes is found depending
on the metal catalyst. This latter observation that different reaction
pathways are possible on different metal surfaces, is also mentioned
by Davis.11 While oxygenate intermediates participate in the FT syn-
thesis over Fe catalysts, alcohols and CO2 are inert on the Co
surface. Also, Fe carbide is a clear intermediate on Fe catalysts while
these species are not well documented for Co.11 In a comparative
study of the CO activation pathways on Fe and Co surfaces12 it is con-
cluded that direct CO dissociation routes are minor contributors
towards monomer formation on Fe, and may become favoured at
high temperatures on alkali promoted catalysts, but not on Co
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catalysts, which remove oxygen as water because of the preponder-
ance of H-assisted CO dissociation routes. Evidence from density
functional theory calculations on Co (0001) indicates that the main
reaction pathway for the Fischer–Tropsch process is not a carbide
mechanism13 and that the propagation cycle may include a CO
insertion into surface RCH groups.14 In connection with this latter
aspect of the C1 + C1 intermediates coupling and chain propagation
to form long hydrocarbons, another density functional study15 on
Co (0001) demonstrated that CH3 + C and CH2 + CH2 steps are
major C1 + C1 coupling pathways in FT synthesis on Co, and that
CH + CH coupling on terraces also may contribute under certain
conditions. Calculations of C2 + C1 and C3 + C1 coupling suggest
that RCH2 + C and RCH + CH2 are the most important pathways in
the polymerisation reaction.

The vinyl mechanism during FT over Rh catalysts has been con-
sidered in another tracer study involving co-feeding Carbon-13
ethylene.16 It should also be mentioned that FT reaction is very sen-
sitive to reaction conditions, and for instance, selectivity can be
directed by simply changing the reaction temperature.17,18 Even
more difficult is to make the assumption of a given FT mechanism
when the catalyst morphology is modified during the reaction, and
when real feedstocks containing sulphur are processed.18

Water generated by the process may also play an important role
by altering the relative concentration of reactive molecules at the
catalyst surface, via the water-gas shift reaction (CO + H2O ↔ CO2 +
H2). Moreover, its ability as an oxidising reactant of the transition
metal catalysts can modify the intrinsic catalytic properties of a
metallic surface during the hydrogenation and/or during the poly-
merisation steps. In this way, the role of water in the FT process has
been addressed in different research papers. Thus, it has been
observed that under the hydrothermal conditions created by high
conversion FT reaction, a silica-supported Co catalyst becomes a
mixed oxide with a needle-like morphology which causes catalyst
deactivation.19 By reduction at high temperature of this cobalt-silica
mixed oxide, small metallic cobalt particles are formed and the cat-
alyst is regenerated. However, on Co/SiO2 model catalysts it has
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been clearly shown that oxidation of the metal particles with water
under FT reaction conditions is difficult and is size-dependent.20,21

In addition, on carbon nanofibre-supported cobalt the sintering of
the metal was evidenced, which was associated with the presence of
water.22 Three deactivation mechanisms of cobalt FT catalysts have
been identified and related with the presence of water: sintering of
the metallic active phase, carbon deposition and surface recon-
struction, but fortunately all of them can be reversed by adequate
regeneration treatments.23 Furthermore in order to avoid these
deactivation processes a number of noble metals can be added to
the Co catalysts as promoters, such as Re,24 Ru25 or Pt,26 all of them
seem to modify secondary reactions, for example, the hydrogena-
tion of carbon intermediates giving place to long hydrocarbons
and/or filamentous carbon. The addition of these promoters seems
to have less influence on the degree of reduction of Co or on the
nanoparticles sintering, although the effects on the reconstruction
of catalyst surfaces are a challenging topic to be studied. For these
latter investigations in situ techniques are offering some advantages.
Thus, during a study of promotion impact of alkali metals on the
carburisation rates of Fe/Si catalysts by X-ray absorption spec-
troscopy,27 it is revealed that the presence of the alkali promoter
leads to an increase in the CO dissociative adsorption rate, and con-
sequently in the catalysts carburisation rate. This promotion does
significantly alter the carbide distribution in the catalyst.

Following on with the water effects in FT, transient carbon iso-
tope experiments carried out over supported and unsupported Co
catalysts indicate that water vapour increases the amount of
monomeric and active surface carbon species under steady state
reaction conditions.28 This effect of water is attributed to an accel-
eration of the rate of CO dissociation, and as a main consequence,
it induces a shift in the FT selectivity, lower methane selectivity and
formation of higher molecular weight products. The impact of the
water produced at high conversion level in the case of alkali pro-
moted iron catalysts is also attributed to the water-gas shift reaction.
It appears that the relative rates of the FT and WGS reactions are
responsible for the drop in CO conversion to hydrocarbons. At high
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conversion levels, the hydrogen production by WGS reaction seems
to be the rate limiting factor in the FT synthesis over these catalysts;
therefore the secondary water-gas shift process becomes the rate
controlling step.29 In an investigation of the effects of water on the
FT synthesis catalysed by cobalt catalysts, it is observed that the water
increases CO conversion rates and the selectivity to olefins and to
higher hydrocarbons. Assuming that these effects can reflect modi-
fication in the density of CO intermediates or in the number and
reactivity of the surface Co atoms, kinetic isotope studies (H2O and
D2O) and in situ infrared spectroscopy analysis were performed.30

Based on the absence of significant differences in both types of stud-
ies, the authors concluded that reactive carbon species are present
as a minority, but are kinetically relevant intermediates for FT
reaction. These may be formed during the FT reaction and are
responsible for the macroscopically observed effects of water. The
effect of water on the catalytic properties of silica-supported cobalt
during FT synthesis, either produced as a reaction product or added
in varying amounts into the feed gas, has been identified in a con-
tinuous stirred tank reactor (CSTR).31 It is concluded that water
increases CO conversion, when small amounts of water are added,
and does not have significant effect on the catalyst deactivation. On
the other hand, when larger amounts of water are fed continuously,
severe deactivation results under these reaction conditions. The
addition of water during FT synthesis over a supported Ru catalyst,
as in the cases of Fe and Co, led to a significant increase in the reac-
tion rates and a significant modification in the process selectivity,
with lower methane selectivity and improved chain growth.32

Mechanistically, in addition to methylene chain growth, another
route for long hydrocarbon formation is postulated by considering
a combination of adjacent alkyl chains to form paraffins (‘reverse
hydrogenolysis’). As a conclusion, it appears that water plays a cru-
cial role as a moderator in the kinetic regime of the FT-catalysed
reaction because a narrow product distribution is obtained. At this
point, it is worth noting that water has been identified as a very effec-
tive agent in removing carbon deposits from metal surfaces, for
instance in the case of Fe/ZrO2 or Fe/K/ZrO2 catalysts.33 If, as these
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latter authors indicate, a H2 + H2O atmosphere is able to reduce the
catalysts only to divalent iron, at temperatures close to that of the FT
synthesis, a potential role of water in the restructuring of the metal-
lic catalytic particles could be speculated on, as well as in modifying
the oxidation states of the catalytic sites under real FT conditions. As
for the current industrial catalysts, the activities of the active ingre-
dients Fe and/or Co for water-gas shift reaction (CO + H2O → CO2 +
H2) are clearly different. Thus, Fe catalysts are more active in WGS
than the Co ones.34 This makes preferable the iron catalysts when
used in FT operation conditions with H2-deficient feeds,35 because
achieving high conversion of a H2 poor syngas, both high WGS and
high FT activities, is required,34 and this is not possible with Co cat-
alysts. On the other hand, from a technological point of view, the
specific catalytic properties have to be adapted to new and more
complex compositions of syngas. So, instead of the current CO + H2

mixtures produced by steam reforming of methane or from gasifi-
cation of coal, new feedstocks can be used to obtain syngas such as
biomass36 or other carbonaceous wastes (main differences lie on the
general compositions of feeds and in particular of the H2/CO
ratios). Also, the appropriate selection of the FT catalyst allows oper-
ation with typical bio-syngas feedstock36 (H2, CO, CO2 and CH4)
either directly or combining FT process with carbon dioxide reform-
ing of methane.37

On the basis that FT synthesis is a polymerisation reaction,
some authors realise that olefins can suffer secondary reactions,
and consequently product distributions can be modified.38 A gen-
eral overview about the likely secondary reactions involved
(hydrogenation, isomerisation, reinsertion or hydrogenolysis) has
been revised.39 Readsorption of olefins can lead to initiation of
chain growth processes, with subsequent modification of the prod-
uct distribution. Secondary hydrogenation of α-olefins may also
occur, and depending on the catalysts and of the reaction condi-
tions, these can affect the olefin to paraffin ratio. For this group of
authors, kinetic expressions and selectivity models should account
for these secondary reactions.38,39 Puskas and Hurlbut40 presented
an opposing point of view. For these authors, a multiplicity of chain
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growth probability is the only reasonable cause of deviations from
the Anderson–Schulz–Flory distributions in the FT reaction (par-
ticularly in the range of products with more than six carbon atoms
in the molecule). This idea is also supported by experimental evi-
dence in relation to the product distributions obtained over Fe and
Co catalysts, when reactant partial pressures are varied, or when 1-
alkenes (or ethene) are co-fed.41 While for Co catalysts modifi-
cation of product distributions by secondary chain growth of
readsorbed alkenes is observed, for Fe, secondary reaction is negli-
gible. Two superimposed Anderson–Schulz–Flory distributions for
both Fe and Co catalysts can fit the product distributions. These
authors conclude that superimposed distributions with different
chain growth probabilities are merely the result of different chain
growth mechanisms (or secondary reactions mainly involving
olefins). Probably differences in the type and state of the catalytic
surface as well as in the range of analysed products make it difficult
to compare the product distributions achieved in various laborato-
ries. In this line, changes in the surface composition under FT
reaction conditions should be considered as dynamic processes42

leading to nucleation of certain surface sites (iron carbides, in the
case of Fe) whose nature is independent of that of the particle core.
The generation of active domains located at surface layers, where
reactant diffusion is shorter, can lead to kinetically different cat-
alytic surfaces. Although FT catalysts are complex materials
containing the catalyst support and structural and reduction pro-
moters, in addition to the active metal itself, fortunately, at present,
we have methods to probe catalyst structures with atomic-scale res-
olution.43 However, fundamental understanding of the dynamic
chemistry of the metal-carbon-oxygen system is still a developing
field.44 Interestingly, application of Steady-State Isotopic Transient
Kinetic Analysis (SSITKA) has made determining the origin of
cobalt particles size effects in FT catalysis possible.45 So it was found
that the lower surface-specific activities (or Turn-over Frequencies,
TOF) obtained for small cobalt particles (<6 nm) is caused by a
remarkable increase in the residence time of CHx intermediates
coupled with a decrease of their intermediate coverage. Also the
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higher methane selectivity of small Co particles obtained under FT
conditions has been brought about by the higher coverage with
hydrogen detected on the surface of smaller Co crystallites. In
short, static characterisation methods are available (ex situ) while
dynamic (in situ or operando) techniques need to be improved, but
in the near future new insights from the application of the latter
are expected. As a representative example the application of in situ
X-ray absorption spectroscopy/wide angle X-ray scattering allows
information to be obtained about the local environment of iron
catalysts submitted to FT conditions,46 evidencing a transformation
of the supported catalysts from amorphous iron (II) silicate (in the
reduced state) to at least two iron carbides after FT pre-treatment.

Among the many published papers in this area during recent
years, we aim to highlight those that introduce new ideas or con-
cepts which mainly concern the design of the supported metal
catalysts. This is based on the evidence that H2 and CO chemisorp-
tion, and their subsequent dissociations, exhibit structure-sensitive
character.47 Most of the relevant aspects related with the FT indus-
trial applications or with operational parameters (reaction tem-
perature, pressure and CO/H2 ratio which are fundamental factors
affecting product distribution and kinetics) can be found in the
existing published literature.7,48 The effects of Strong Metal
Support Interactions (SMSI) on FT reactions and the potential
application of new bimetallic catalysts will be emphasised. In a care-
ful study of the FT kinetic on a well-characterised Co/TiO2 catalyst
using a differential fixed bed reactor,49 it is corroborated that turn-
over frequencies and rate constants are in good agreement with
those previously reported for other Co catalysts, when the data are
normalised to the same conditions of temperature and partial pres-
sure of the reactants. However, on cobalt particles supported on
γ-aluminas with varying acidic properties, it is found that the acid-
ity of support affects both the reducibility of metallic precursors
and the FT product selectivity.50 Perhaps in this latter case a com-
plementary characterisation of the used catalysts and an analysis of
the data on the basis of metallic surface areas would be desirable in
order to further the conclusions of this paper. In more complex
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systems, i.e. Co-Rh/Nb2O5,51 even if the catalysts are well charac-
terised, an unequivocal correlation amongst the obtained reaction
variables (product distribution, reaction rates, etc.) and the metal
surface area is quite difficult to achieve. It should be noted that the
state of the active surface of bimetallic-supported catalysts is not
just metallic but rather a complex composition with chemisorbed
entities containing carbon and oxygen atoms. This should be
deduced when the pre-treatment gas (CO or H2 as reductants) is
sufficient to modify reaction rates of a Ru-Co/TiO2 catalyst.52 The
importance of the addition of small amounts of Ru to Co catalysts
in order to increase the turn-over rates has been also pointed out,53

in addition to the support effects.
Aiming at addressing the product distribution, several attempts

have been performed using catalysts supported on zeolites. In the
earliest studies of FT, using zeolites for instance with microporous
ZSM5,54 these were treated as metal supports which would modify
catalytic selectivity by applying the intrinsic ‘acidic’ and the ‘shape-
selective’ properties of these materials, as in bifunctional catalysis.
The dependencies of hydrocarbon product distributions in FT
reaction over iron catalysts and physical mixtures of iron-zeolite
(HZSM-5) have been evaluated under different reaction condi-
tions.55 Zeolite presence increased secondary reactions, including
cracking of heavier products and light olefins oligomerisation,
while product distribution at high space velocity was comparable
for iron-HZSM5 and iron catalysts, so the role of the zeolite
declined under these reaction conditions. Many publications con-
cern mainly mesoporous silica and Co catalysts.56–58 In these cases
the importance is pointed out of the reducibility of the metal pre-
cursors, the influence of the support on the metal dispersion and
the shift in the hydrocarbon selectivity. Smaller pores present in
MCM-41 lead to a decrease in the size of the Co nanoparticles and
to their diminished reducibility under hydrogen. Also, these Co
particles are less active in FT and their selectivity to methane
increases, the latter being related to their lower reducibility.
Comparison of performance in FT59 of cobalt catalysts, supported
on mesoporous molecular sieves (MCM-41 and SBA-15) with
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different pore diameters and prepared with high metal loadings
(10–20%) by different methods (exchanging template ion and
impregnations with Co acetate or Co nitrate), revealed that the
acetate precursor gives place to less reducible, almost inactive, Co
silicates. Aiming to obtain gasoline-range branched hydrocarbons,
hybrid catalysts comprising Co/SiO2 (FT catalyst) and acidic
medium-pore zeolites were comparatively tested.60 Not only modifi-
cations in the selectivity were evidenced but also depletion in the
acid activity of the zeolites with the time on stream due to the accu-
mulation of carbonaceous deposits. Regeneration of the spent
zeolites is not trivial,60 which represents a serious obstacle for the
possible commercialisation of these catalysts. Also the metallic pre-
cursors58,61 and promoters62–64 are key parameters in the final
performance of these systems.

Recently a facile and efficient preparation route for the fabrica-
tion of a FT catalyst based on iron oxides and carbon nanospheres has
been reported. The catalyst, which exhibits remarkable stability and
selectivity in the FT process,65 consists of highly dispersed iron oxide
nanoparticles, generated by hydrothermal treatment of a glucose
solution containing iron nitrate at mild temperature, embedded in
carbon spheres. The high catalytic performance is attributed to the
confinement effect of carbonaceous matter on the embedded
nanoparticles. Thus, the surrounding carbonaceous matter facilitates
the formation of iron carbides, which is beneficial for the longer
hydrocarbon formation, and also these iron carbides particles do not
suffer aggregation during reaction. Throughout time many studies
have been devoted to carbon supported FT catalysts.66 Activated car-
bon offers an excellent opportunity to improve the effect of
promoters due to the lower metal support interactions. So cobalt sup-
ported on an activated carbon and promoted by La2O3

(15%Co-0.5%La/AC) presents a high activity and an improved selec-
tivity to alcohols formation.67 These features were attributed to the
high dispersion of Co and the appropriate Co2+/Co0 ratio along with
the improved interaction of Co and La2O3. In the same line carbon
nanofibres have been studied as supports for Co particles, either
promoted by manganese oxide68 or non-promoted ones.69,70 The

260 A. Guerrero-Ruiz and I. Rodríguez-Ramos

b1215_Chapter-07.qxd  11/28/2011  5:10 PM  Page 260



b1215 Supported Metals in Catalysis

manganese promotion effect was successfully studied without inter-
ference of support effects and it was related with the retard in the
cobalt particles reduction.68 In addition, the use of an inert support as
carbon nanofibres, makes possible a careful inspection of the intrin-
sic metal particle size effects on the performance in FT synthesis.70

Another interesting approach to achieving improved catalysts
for FT synthesis is the use of carbon nanotubes as support materials
for metallic particles.71 Carbon nanotubes distinguish themselves
from other carbon materials in that they have graphene layers
with semi-conducting or metallic characteristics and a well-defined
tubular morphology. Many recent studies use carbon nanotubes,
generally multiwall ones, as support for different metals such as
Fe,72,73 Co,74 Fe-Co75 or Ru.76 In all cases some shifts in FT selectivity
or improvement in the stabilities (reduced sintering) are evidenced.
Also, potassium-promoted iron catalysts supported on carbon nan-
otubes have been evaluated in FT process77 with the consequent
modifications in the olefins and higher hydrocarbons selectivities.
But a major insight in this field can be envisioned if the metallic par-
ticles are localised selectively inside or outside the nanotubes,78,79

because while interior graphene surfaces are expected to be
electron-deficient, exterior surfaces should be electron-enriched.
The main conclusion from these confinement studies was that iron
inside carbon nanotubes exhibits improved catalytic performances.
For example FT activities are increased when iron is confined within
carbon nanotube tubular channels and the yield to longer hydro-
carbons is twice that over the outside iron catalyst.78 Once the effects
of iron particle size were excluded as a crucial factor in modifying
catalytic performance, it was proposed that modified redox proper-
ties of the confined iron catalysts (for example reducibility) may
play a more important role in justifying the modifications of FT cat-
alytic properties.

From the applied catalysis point of view, the reactor operations
media and the catalyst engineering can be modulated to improve
the FT yield to a given range of products. A recent review of
the reactors utilised for the FT processes and their historical
developments may be illustrative.80 A comparison of a series of
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Ru/Co/ZrO2-AlsO3 FT catalysts in fixed bed and slurry reactors81

demonstrated that, in both types of reactors, the catalytic properties
can be related to the metallic particle structures and surface catalyst
evolutions, but in the slurry reactor the pore size distribution of the
support seems to be a key parameter due to mass-transfer limitations
of heavy hydrocarbon products. Several of the more recent contri-
butions to the field of FT are related to the use of supercritical
media. Among the advantages that supercritical fluids introduce
are: modification of the reaction environment by changing the pres-
sure, elimination of transport limitations and integration of reaction
and separation steps. In a study of FT using a Co catalyst and hexane
as supercritical solvent, a marked effect on the hydrocarbon product
distribution has been detected, which shifted toward higher carbon
number products and also improved the yield of olefins.82 Similar
effects have been observed over a Co/Al2O3 catalyst using a super-
critical fluid mixture of n-pentane/n-hexane.83 The interpretation
of these findings is rationalised in terms of the faster diffusion of the
wax products, which results in lower residence times in the catalyst
pores thereby decreasing the probability of readsorption and sec-
ondary reactions. Also using supercritical n-pentane, it has been
noted that direct wax synthesis can be performed at relatively low
temperatures (473 K), and when small amounts of 1-olefins are
added to the stream, the CO conversion is enhanced and wax pro-
duction is also improved.84,85 In a critical and comprehensive
review86 of the researches carried out on FT synthesis in supercriti-
cal media, it is remarked that some discrepancies exist in the results
published up to now, so some future assessments will be essential.
But it is also concluded that the olefin content in supercritical
media exceeds those in other reaction media, which can be inter-
preted as due to a more efficient extraction and transport of the
primary FT products out of the catalyst particles. Also the better
stability of the catalysts in supercritical reaction operations is related
to a more uniform temperature distribution inside this reactor
and to the mentioned easier desorption of heavy hydrocarbons
(intermediated strongly adsorbed at the catalyst surface). Despite
the numerous studies that have examined FT reaction in supercritical
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media,86,87 the development of this technology has not yet moved
beyond laboratory scale, and it is considered also that this develop-
ment can be specially suitable for small-scale gas to liquid plants
because supercritical fluids overcome limitations of the slurry and
multitubular reactors.

From the FT chemical engineering point of view some improve-
ments can be achieved using monolithic catalysts, based on both
cordierite ceramics88 or washcoated metallic structures.89 In the first
case a CoRe/Al2O3 catalyst was incorporated on a commercial
square channel cordierite monolith88 resulting in selectivity shifts
to larger amounts of olefins than alkanes in the produced hydro-
carbons, when the washcoated catalyst layer is thinner than 50
micrometres. Furthermore, when cobalt-based catalysts are coated
onto metallic structured supports with different geometries,89 the
structured catalysts maintain the activity and the selectivity of the
original powdered catalysts, which boosts the advantages of operat-
ing with a monolithic reactor configuration. On the other hand
membrane reactor designs can be useful for FT processes consider-
ing that semi-permeable hydrogen-selective distributors allow
control of the H2 : CO ratio along the catalyst bed,90 and also that
membranes of an extractor-type can improve the FT performance
by selective removing of the H2O by-product91 by means of
hydrophilic membranes.92 Hydrophilic membranes and microp-
orous zeolite membranes outperform amorphous and polymer
membranes, offering high permselectivities and H2O fluxes at tem-
peratures close to the FT conditions. It should be noted that the
H2O extraction membranes should produce very different effects
when used with iron or cobalt catalysts. The reason is the above-
mentioned higher activity of Fe for WGS compared to Co, conse-
quently these membranes can find niches of application with Co
catalysts.92 But up to now no experimental details on their applica-
tion have been reported; most of the publications in this area report
modelling based on theoretical analysis.

In the same way as applied catalytic technologies, novel microre-
actors constituted by microchannels can be considered93 (Fig. 7.1).
These microchannel reactors can allow an increase in the yield of
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FT products and a reduction of the reactor size by up to 90%. Heat
transfer and fluid dynamic and mixing properties are some of the
expected improvements with these reactors. Experimentally, con-
ventional straight microchannel configurations have been
compared with zigzag-shaped microchannels,94 and the obtained
results were consistent with the fluidic simulation and the stochastic
modelling results. Computational studies of heat transfer in a
microchannel reactor for low-temperature FT synthesis95 conclude
that phenomena such as liquid superheat are not significant due to
the improved heat transfer inside these reactors which is a consid-
eration relevant for the application of these reactors. Finally it
should be noted that FT should be considered as only one of the
three steps in the conversion of natural gas into liquids, the other
two being syngas generation and hydroprocessing.96 However, new
concepts such as the combination of methane steam reforming and
FT synthesis, in order to convert methane directly to hydrocarbons,
have been explored.97 The idea seems to be operative at 573 K, using
Ru and Co catalysts, but very low conversions are achieved.97 Thus
higher performance catalysts will have to be developed and the com-
bination with alternative reaction conditions (such as supercritical
fluids, membrane technologies, etc.) merits consideration.
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7.3 Methanol Production and Higher Alcohols from Syngas

Commercially, methanol has been produced from syngas, mainly
containing CO and H2 along with a small amount of CO2, for many
years (from 1923, by BASF). The major advance in methanol syn-
thesis occurred in 1966 when ICI introduced a lower pressure
process based on a very active copper/zinc oxide/alumina catalyst.98

Over the years, several reviews have concentrated on the process
of methanol production from hydrogen and carbon monoxide in
the presence of Cu-Zn containing catalysts.99,100 As a result of the
importance of methanol as an energy carrier and feedstock in
numerous chemical syntheses, there has been a great deal of
research carried out in recent years to elucidate the reaction
mechanism and the role of active sites involved in these catalysts,
in addition to developing the most efficient catalyst for the
methanol synthesis. Recent progress in innovation, optimisation of
the reaction conditions, reaction mechanism, and performance of
copper-based catalysts for methanol synthesis via hydrogenation
of CO and CO2 have been discussed by Liu et al.101 The mechanism
of methanol synthesis from syngas over Cu-Zn containing catalysts
has been comprehensively reviewed by Ostrovskii.102 During the past
decade, CO2 hydrogenation rather than CO hydrogenation has
emerged as the dominant research topic concerning production of
methanol over Cu-Zn containing catalysts. It is assumed that the
process proceeds under a wide range of conditions according to the
following gross-mechanism:

CO + H2O = CO2 + H2 (7.2)
CO2 + 3H2 = CH3OH + H2O. (7.3)

Such mechanism has been postulated mainly on the basis of
isotope-labelling studies.103–105 Methanol is formed from CO2 that is
produced during the water-gas shift reaction. Under normal operat-
ing conditions, carbon dioxide is added to the feed gas. There
appears to be a limit to the amount of CO2 that can be present in
the feed,106 since water produced during methanol synthesis from
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a CO2-rich feed (CO2/CO/H2) accelerated the crystallisation of Cu
and ZnO contained in a Cu/ZnO-based catalyst leading to deactiva-
tion of the catalyst. However, the catalyst was only slightly
deactivated during methanol synthesis from a CO-rich feed con-
taining a higher concentration of CO, because only a small amount
of water was produced during reaction, and no significant crystalli-
sation of Cu and ZnO occurred.

Surface species on Cu-based catalysts have been actively studied
in recent years by various methods, including in situ methods.
Nevertheless, information obtained on the role of various surface
species is still controversial. Most authors consider surface formate
on copper to play a key role in methanol synthesis.107–111 However,
Fisher and Bell112 consider a mechanism for methanol synthesis on
Cu/ZrO2 catalysts in which formate species are formed on zirconia
and undergo hydrogenation with atomic hydrogen supplied
through spillover from copper. However, some authors113,114 con-
sider surface formaldehyde to be the most important species. At
present, surface carbonate seem to become more prominent in the
mind of many scientists as the initial surface species to undergo
hydrogenation.115–117 This step is often considered as the rate con-
trolling step.117

The nature of the outer layer of the Cu-Zn-based catalysts and
the role of the different active sites are still a topic of investigation.
Metallic copper is implicated as being the dominant oxidation state
of the metal during the reaction. However, the presence of Cu+ is
also important as a small amount of oxygen increases the reaction
rate.103,118 Shen et al.119 found on ceria-supported copper catalyst that
in spite of the reductive reaction atmosphere, metallic copper parti-
cles on cerium oxide were oxidised during reaction and the catalyst
was activated. The formation of the copper oxide species was con-
sidered indispensable for the onset of high catalytic activity. Synergy
between Cu and ZnO in the catalysis of methanol synthesis has been
suggested and the nature of this synergy has been interpreted in
many different ways. Spencer120,121 suggested that synergy arises from
H spillover from ZnO to metallic copper, while Schilke et al.122 pro-
posed for the case of Cu/SiO2-Zr catalyst, that after CO2 adsorption
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over ZrO2 as HCOO-Zr and HCO3-Zr, the latter species are
hydrogenated by atomic hydrogen generated over metallic
Cu, i.e hydrogen diffusion occurred in the opposite direction. The
same group123 concluded on the basis of H/D experiments, that the
rate of hydrogen spillover from Cu is more than an order of magni-
tude higher than the rate of methanol formation, and, hence, not a
rate limiting step in the synthesis of methanol over Cu/ZrO2.

Additional beneficial effects of ZnO in Cu-Zn-containing cata-
lysts include the maintenance of some copper in the 1+ oxidation
state. It appears that upon reduction ZnOx moieties are created
which migrate onto the surface of Cu particles and stabilise Cu+.124

It has also been suggested that the copper metal-zinc oxide interface
is one of the active sites for methanol formation. Strong oxide-metal
interaction maintains a well-dispersed copper which maximises the
oxide-metal interface area where the reaction occurs.125 At present,
new preparation routes are being applied in order to synthesise
novel Cu/ZnO catalysts aimed at enhancing the Cu-ZnO interface
area. In particular, the deposition precipitation of copper onto high
specific surface area zinc oxide particles and the chemical vapour
deposition of diethyl zinc have appeared to be effective techniques,
leading to catalysts with high catalytic activity in methanol synthe-
sis.126 Combinatorial tools have also been applied to optimise Cu-Zn
containing catalysts for methanol synthesis. Design of experiment
combined with a neutral network was shown to be useful when
determining the optimum catalyst composition.127,128

Various promoters have been introduced to the copper-based cat-
alysts aimed at improving its performance or stability in methanol
synthesis. Elements such as B, Ga, Co and Mg have been added with-
out achieving significant improvement.129–131 Chen et al.132 reported
that doping with trivalent metal ions such as Al3+, Sc3+ and Cr3+ could
promote the formation of monovalent cationic defects on the sur-
face of ZnO, which might accelerate both the enrichment and
stabilisation of Cu+ on the surface during reaction. Chromia in a cop-
per catalyst could prevent the rearrangement of Cu sites and improve
the active surface of the catalyst.133 Zirconium oxide has also been
studied as a promoter and a support123,134,135 for the methanol
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synthesis catalysts due to its special structure and stability. However,
the activity of methanol formation using zirconia as a support is
slightly lower than that of zinc oxide as support. Using ZnO with
especial morphologies (nanowires and nanotubes) as support of
electrodeposited Cu,136 an increased selectivity towards higher alco-
hols (C2–C4) from syngas was found, but the general yield to
alcohols was low because of the excessive CH4 and CO2 formation.
Promotion by manganese of this Cu-ZnO system gave a novel high
selectivity catalyst, where the formation of CH4 and CO2 are reduced,
maximising the selectivity to higher alcohols.

Although there appear to be limited opportunities to develop a
more efficient catalyst for methanol synthesis without copper in the
composition, palladium on several basic oxide supports, including
La2O3

137 and CeO2
138,139 has been studied because it appears as a

more robust and sulphur tolerant active component.140 It is clear
that the catalytic properties of Pd for methanol synthesis are quite
sensitive to the nature of the support, the palladium particle size
and the metal precursor. Shen et al.139 found that the Pd precursor,
or more specifically its anion, has an effect on the final palladium
particles, and therefore affected the interaction between Pd and
ceria, which gave rise to differences in the reaction behaviour. It was
proposed that during methanol synthesis, the structure of the Pd
ceria interaction shifts from small Pd clusters supported on ceria to
sintered large Pd particles dispersed on a mass of ceria. This struc-
tural change is responsible for the catalyst deactivation. They also
studied141 the influence of the support (Al2O3, SiO2, TiO2 and ZrO2)
on the activity and selectivity of Pd in the CO hydrogenation reac-
tion. Both the activity and the selectivity of the catalysts were
strongly affected by the nature of the support. Only Pd/SiO2 and
Pd/ZrO2 produced methanol as a major product. The higher CO
conversions obtained over Pd/ZrO2 and Pd/TiO2 were attributed to
the presence of cationic palladium species formed as a result of
metal support interaction. Ali and Goodwin142 using steady-state
isotopic transient kinetic analysis (SSITCA) explored differences in
the catalytic behaviour of Pd resulting from the use of different sup-
ports with different acidities. Palladium on acidic supports
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produced significant amounts of methane along with methanol.
SSITCA results showed that the nature of the support only slightly
influenced the intrinsic activity of sites producing methane and
methanol. However, the number of surface intermediates leading to
methane and methanol were significantly affected by the support. It
was concluded that the impact of the support on the reaction rate
was determined by its effect on the concentration of active
sites/intermediates on Pd.

The mechanism of methanol synthesis from syngas over Pd cat-
alysts has been studied with Ca-doped Pd catalysts supported on
silica.143 It was found that basic metal oxides are needed to give a Pd
catalyst with high activity for methanol formation. The authors pro-
posed that the Ca-doped Pd/SiO2 catalysts acted as a bifunctional
catalyst in the methanol synthesis reaction. Sites on the metal oxide
are responsible for the formation of the formate species, and Pd
activates hydrogen for the subsequent hydrogenation steps. In con-
trast to Cu/ZnO, the methanol activity of this Ca/Pd/SiO2 catalyst
increased with increasing CO content in a CO–CO2–H2 mixture. For
this reason it was assumed that CO rather than CO2 was the main
carbon source for methanol. It is suggested that high CO partial
pressures may inhibit the reverse water-gas shift reaction, the
decomposition of the formate species in water and CO and thus
favour the hydrogenation of formate to methanol.

The conversion of syngas to methanol is limited by the ther-
modynamic equilibrium at the temperatures required by current
catalysts. The process is limited to low conversion per pass which
implies a large recycle of unconverted gas. The reaction is also
exothermic and, consequently, requires significant cooling. The
recycle and cooling requirements increase the production cost and
an increase of the one-pass conversion would be desirable. Recently,
various schemes for one-pass conversion have been conceived. A
short review of recent technological improvements in methanol syn-
thesis has been made by Lange.144 One approach is based on the use
of a membrane reactor, as a substitute for the traditional reactor,
aimed at increasing the production by pushing the conversion by
selective separation of products. Different types of membranes are
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being developed such as, Li-Nafion membranes,145 silica/alumina
composite membranes146 and zeolite membranes.147 Another
methodology to improve the catalysed synthesis of methanol, is
the application of new reaction conditions such as the use of
supercritical fluids as reaction medium.148,149 In one example using
supercritical 2-butanol it was found that this not only facilitated heat
and product removal, but also promoted the methanol conversion
from syngas. It is claimed that this is one method of overcoming
thermodynamic limitations.

Over the last few years, considerable effort has been made in
understanding the mechanism of higher alcohol synthesis from syn-
gas and to developing a higher alcohol synthesis catalyst which is as
selective as the Cu-based methanol synthesis catalyst. This is a con-
sequence of the fact that the resultant alcohols can be used directly
as fuels, as an additive to increase the octane number of traditional
fuels and as an important basic material in the chemicals industry.
Recent review articles150–152 have discussed the mechanism and
kinetics of higher alcohol synthesis from syngas over various cat-
alytic systems. Catalysts for this transformation fall into one of the
following broad types: alkali-modified methanol synthesis cata-
lysts,152,153 rhodium-based catalysts which are selective towards C2

oxygenates,154 molybdenum sulphide-based catalysts155,156 and cop-
per and alkali-modified Fischer–Tropsch catalysts.151,157,158

Copper-based methanol synthesis catalysts promoted by alkalis
form principally C2-C4 alcohols in addition to methanol from syngas.
The dominant alcohol in the mixture is methanol, while the second
most abundant alcohol is branched isobutanol. It has been shown by
isotopic labelling studies with copper-based, zinc oxide containing
catalysts152 that higher alcohols are formed by a unique carbon-
chain growth mechanism, referred to as oxygen retention reversal
aldol condensation. However, the formation of the first C–C bond to
give ethanol remains the least understood step in this reaction
sequence. Results with Cs-Cu/ZnO/Al2O3 catalysts suggest that
ethanol is formed via methanol condensation steps,159 but over
Cu0.5Mg5CeOx catalysts a path where CO operates directly is pre-
ferred.153 It has been shown that over these latter materials, the aldol
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condensation reaction involves a metal-base bifunctional mechanism.160

Condensation steps occur on basis sites, but Cu sites appear to be
required in order to remove hydrogen from the surface and to
increase the rate of the initial C–H bond activation steps. Kinetic
studies have shown153,161 that the dominant factor in guiding the
product selectivity is the relative reaction rate of each C–C bond for-
mation step, the C1 to C2 step being the rate determining step in
forming higher alcohols from syngas. Moreover, it was noted that for
higher alcohol synthesis, the initial synthesis gas is essentially free of
CO2, and the H2/CO molar ratio is ≤1. Elevated levels of CO2 tend
to inhibit the synthesis of higher alcohols.

Among the group VIII metals, Rh is unique in its ability to pre-
dominantly catalyse the formation of C2 oxygenates (ethanol and
acetaldehyde) from syngas when promoted by certain reducible
metal oxides.154,162 In recent years, studies163–166 have been per-
formed which confirm previous results that established the strong
influence of promoters and supports on the activity and selec-
tivity of Rh catalysts. Hydrocarbons are mostly formed on Rh sup-
ported on SiO2 and Al2O3, but Rh on ZrO2, TiO2, CeO2, MnO or
La2O3 is a particularly effective catalyst for the formation of
ethanol. In a similar manner, Rh/SiO2 promoted by Mn, Fe, Li or
Nb shows a high efficiency for the synthesis of C2 oxygenates.
However, the function of these metal oxides as supports or pro-
moters and the ethanol formation mechanism are still a subject of
debate. In particular, there is disagreement over the exact nature
of the intermediates for the synthesis of C2 oxygenates. Some
reports, based on IR and labelling experiments, suggested that
ethanol and acetaldehyde are formed through the same interme-
diate,167,168 either surface acetate or acyl species. More recently,
several workers169–171 have proposed that acetaldehyde and
ethanol are derived from different intermediates. Wang et al.170

reported that ethanol is formed by direct hydrogenation of a
tilted form of adsorbed CO molecules, followed by CH2 insertion
into the surface CH2-O species and a subsequent hydrogenation
step. Acetaldehyde is formed through CO insertion into the sur-
face CH3-Rh species, followed by hydrogenation. The role of the
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promoter164,170 was correlated with the formation of the tilted form
of adsorbed CO which requires both the Rh and the promoter
ions to generate this particular form of adsorbed CO. However,
acetaldehyde formation was found to be independent of the pres-
ence of the promoter, since direct CO insertion requires only
isolated Rh atoms.

Alcohol synthesis over Fischer–Tropsch catalysts modified by
copper and alkalis have been intensively investigated, especially
those based on cobalt initially developed by IFP.172 These investiga-
tions are aimed at developing catalysts with improved selectivity
towards alcohols against the parallel reaction to produce hydrocar-
bons.158,173 These catalysts produce linear primary alcohols and
linear hydrocarbons, both types of products following a Schulz–
Flory type distribution.172 Earlier studies172,174 reported that the
chain growth probability factor α of hydrocarbons is equal to that of
alcohols and that higher CO partial pressures favour higher alco-
hols. More recently for a K-Co-Cu-Zn-Al catalyst, Boz157 showed that
the chain growth probability factor of higher alcohols was inde-
pendent of conversion, whereas that of the hydrocarbons was
dependent on conversion. At high CO conversions both alcohols
and hydrocarbons have the same chain growth probability factor. It
was postulated that at low conversions, there are two different active
sites with two distinct chain growth probability factors, while at high
conversions, alcohols and hydrocarbons are produced on the same
active site. Evidently, the nature of active sites changes depending
upon reaction conditions. The active sites for alcohol production
have been associated with Cu–Co sites in intimate contact, i.e.
Cu–Co alloy sites.175 It was shown that the role of Cu–Co alloy con-
sisted in the formation of cobalt carbide that was able to activate CO
associatively to produce oxygenates. In an attempt to shed some
light on the mechanism of promoter action, Co promoted by Cu176

or by Mo-K177 have been supported on carbon nanotubes. In the first
case176 an increase of the concentration of catalytically active Co
species at the catalyst surfaces, CoO(OH), is related with the selec-
tive formation of higher alcohols. Additionally carbon nanotubes
act as a reservoir of H adspecies retained in the functioning catalyst.
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The high surface concentration of these surface species interact
with CO2 from the feed gas, producing an inhibition of the water-gas
shift side-reaction.176 In the second case177 it is proposed that two cat-
alytical species (CoO(OH)/Co3O4 and Mo4+) synergistically perform
the formation of C2+ alcohols.

Finally, it should be noted that different reaction engineering
approaches are being investigated to further increase the activities
and selectivities of higher alcohol synthesis. Two reviews of these
approaches have been published by Herman152 and Subramani
and Gangwal.178 In this later article it is remarked that the linear
homologation of C1 to C2 alcohols is the bottleneck in the
synthesis of higher alcohols. Methanol homologation by co-
feeding methanol, formaldehyde, etc., along with syngas over a
suitable modified catalyst composition, appears to be a promising
approach.178 Thus a number of studies have been conducted under
low temperature methanol synthesis conditions.179 Low tempera-
ture synthesis is carried out in a liquid medium, and these
conditions permit the reactor to be operated under different
media, for instance different long-chain alcohols, co-feeding CO2,
using various modified heterogeneous catalysts and under super-
critical environments.179 As representative examples of these
researches the alkali promotion of a Cu/MgO catalyst used under
low temperature methanol synthesis (433 K) by Fujimoto
et al.180,181can be mentioned. In these cases ethanol was the liquid
media of the reaction and the main conclusion is that formate
species are essential intermediates stabilised as alkali formates by
reaction with the promoters. When n-butanol is used as solvent for
the low-temperature methanol synthesis (443–463 K) and a sol-gel
prepared Cu/ZnO is the catalyst,182 it has been concluded that the
large surface area and homogeneous element distribution in the
Cu-ZnO particles are key parameters to obtain the maximum of
catalytic performance. In relation to the presence of steam (<10%)
in the feed an increase in catalytic activity and stability in methanol
from syngas over a CuZnOAl2O3 catalyst has been demonstrated.183

But this study is conducted under typical methanol synthesis reaction
conditions, since the water solvent seems not to be appropriate
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for low-temperature methanol synthesis, probably because water is
unable to stabilise formate species. Additionally, separation of
methanol and ethanol from the syngas can help to overcome
thermodynamic equilibrium limitations and to improve the yield
of the process. In this way ceramic membranes have been tested in
the range of temperatures of the low-temperature methanol syn-
thesis.184 Experimental and mathematical modelling have also
evidenced that the presence of water contributes to reducing the
permeance of hydrogen or carbon dioxide, which resulted in
higher separation factors.

Technologically the evaluation of catalysts under realistic condi-
tions is relevant. Thus in a detailed study of the effect of H2S in the
syngas feed over alkali promoted cobalt-molybdenum sulphide cata-
lysts,185 it is raised that the presence of hydrogen sulphide lowers the
alcohol selectivity enhancing the hydrocarbon formation, even if
the production of higher alcohols is enhanced at adequate H2S
concentration levels.

7.4 Hydrogenation Reactions and Other Possibilities
Aimed to Re-use CO2

As remarked above, CO2 can be considered as a co-reactant in the
synthesis of methanol and alcohols or as a by-product of the FT
reaction (since it is produced in the concomitant water-gas shift
reaction: CO + H2O → O2 + H2). Thus, CO2 should be considered in
the surface reactions taking place in such processes. However,
considering the restrictions placed on the C1 chemistry definition
above, only chemically constructive reactions will be analysed.
Therefore, we will not consider the hydrogenation of CO2 to CH4,186

as it does not yield improved compounds. Even though the pathways
involved in CO2 hydrogenation are different from those of the FT
reaction, with lower deactivation rates in the former case.187 On the
other hand, given the recognition of the greenhouse effect pro-
duced by the enormous quantities of carbon dioxide released into
the atmosphere, the need to reutilise this CO2 has become a signifi-
cant challenge. Many catalysed processes have been considered in
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order to derive useful products from CO2. Some of these reactions
involve heterogeneous metallic catalysts, such as for instance:

• Hydrocarbon synthesis, applying indirect processes and hybrid
catalysts188,189 (first methanol is formed, then transformed to
lower paraffins and olefins), either directly190,191 or using two-stage
reactors;189

• Synthesis of acetic acid;192

• Methyl amines synthesis from H2/CO2/NH3;193

• Electrochemical reduction to CO and HCOOH over Fe or Ni
catalysts supported on activated carbon fibres;194

• Interaction of CO2 with olefins to yield oxygen containing
organic compounds.195,196

In a further example of the hydrogenation of CO2 over compos-
ite catalysts, for instance Cu-Zn-chromite and HY zeolite,197 it has
been demonstrated that this combination of methanol synthesis and
methanol-to-gasoline catalysts enables the direct formation of ethyl-
ene and propylene. The influence of the addition of alkaline metals,
of the reaction temperature and of the space velocity on the produc-
tion of alkenes shows that alkanes are obtained by hydrogenation of
the corresponding alkenes.

As one possible method of processing large amounts of CO2,
the dry reforming of methane process has been proposed (CO2 +
CH4 → 2CO + 2H2). Many investigations are continuously appear-
ing in the literature for this reaction and significant progress has
been made from the scientific point of view, developing improved
catalysts, as well as obtaining a more detailed understanding of
the reaction mechanism. Major reviews of this reaction such as
that of Bradford and Vannice198 should be consulted and a special
issue of Applied Catalysis A has been devoted to catalytic conver-
sion of CO2.199 The development of new improved catalysts has
been focused on four specific aspects: the intrinsic activity of the
metallic phases, their stability towards carbon deposition, the type
of support most suitable for improving catalytic performance and
the addition of promoters. Many metals have been tested for this
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reaction,200,201 among which noble metals are known to be very
active and resistant towards carbon deactivation, especially Ru
and Rh.202,203 The activities of these metals have been systemati-
cally compared in terms of turn-over numbers. It has also been
shown that, depending on the support, a metal may exhibit dif-
ferent activities when calculated on the basis of exposed surface
sites.198,204,205 Many support materials have been studied, with a
variation in the extent to which this interacts with the metal com-
ponent. Thus, silica206 and alumina207 have been largely studied
along with ‘inert’ supports such as carbonaceous materials.208

Other more reactive support oxides such as TiO2,209 La2O3,210

MgO200 and CeO2
211 have also been evaluated. More recently the

application of high temperature stable oxides such as ZrO2
212 (or

mixed oxides ZrO2–CeO2213), have been investigated because of
the high reaction temperatures required in the process. Also,
some promoters have been added to the catalyst formulation,
amongst these basic oxides (MgO214,215 or CaO216) and high oxy-
gen mobility oxides (CeO2

217) have received attention. Based on a
comparison of all these systems, some conclusions have been
obtained concerning the reaction mechanism and the important
role of supports and promoters in this reaction. The resistance to
coke formation, i.e. deactivation rate, can be modified as a func-
tion of the catalyst support.211 Basic supports or basic promoter
surface sites where the CO2 can be activated as bicarbonate or car-
bonates inhibit carbon formation by the Boudouard reaction on
the metal. Additionally, a bifunctional mechanism has been con-
sidered in which hydroxyl groups of the support or promoter, that
are regenerated by the water produced by secondary reactions,
may participate in several reaction steps.218 Studies using isotopi-
cally labelled molecules214,219 and steady-state isotopic transient
kinetic analysis (SSITCA)207,220 have allowed researchers to con-
clude that the reaction of CO2 with CH4 to yield syngas occurs via
a mechanism with multiple reaction steps. This multiplicity of sur-
face reactions which depend on the catalytic materials used as
well as on the choice of reaction conditions, accounts for the
observed effects of the support, promoter, nature of active phases,
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etc., on the catalytic behaviour observed (activities, selectivities,
stabilities, accumulated carbon species).

From the industrial application point of view regarding the CO2

reforming of methane, further developments are required before a
generalisation of processes such as CALCOR221 takes place. At the
laboratory scale the possibility of using membrane reactors to dis-
place the thermodynamic equilibrium of the dry reforming reaction
deserve mention. The application of membranes to separate hydro-
gen from the reaction zone is expected to enable the attainment of
higher conversion at lower operational temperatures.222 Most of the
studies involving membrane reactors in reforming reactions have
been devoted to the classical steam reforming223,224 (CH4 + H2O ⇔
CO + 3H2), but some have involved the CO2 plus CH4 reaction.225–227

Based on our own experiences,228 significant progress is still
required, both in the design of more efficient membranes and in
the understanding of the secondary effects that hydrogen separa-
tion introduces in to the various surface reactions involved in the
overall process.

Among the catalysed reaction aimed at using CO2 in the syn-
thesis of organic products, those which apply metallic catalysts
include reactions with olefins. A nice example is the reaction
between CO2, ethylene and water to yield 2-hydroxypropanoic acid
(lactic acid).229,230 In this particular case, careful selection of the
bimetallic supported catalyst (Pt-Sn/SiO2) and complementary
characterisation of the catalyst together with the study of the reac-
tion mechanism, have permitted interesting new insight of the
surface reaction steps involved and to propose a general reaction
scheme for this process. The relationship between the formation of
lactic acid and the adsorption properties indicated that carbonylic
surface species, which interact with hydroxyl groups of the support,
are able to generate acetaldehyde.230 The latter would appear to be
a key intermediate in the process. However, no new reports have
appeared considering the application of metallic heterogeneous
catalysts for this group of synthetic reactions involving CO2 and
olefins. Another interesting approach is the use of CO2 as a reac-
tant and solvent in supercritical conditions. This methodology has
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been useful in the hydrogenation of CO2 to formic acid,231 and in
the production of ethylene carbonate from ethylene oxide.232 Until
now, these methods have been largely restricted to homogeneous
catalysts.

The necessity to find technological methods to recycle carbon
dioxide has been regarded as an opportunity to improve several
industrial processes, as well as to develop new ones or to modify oth-
ers.233 These methodologies have to be complementary to carbon
dioxide sequestration and storage ones. In fact metal supported cat-
alysts can be useful in different chemical reactions such as
production of higher alcohols re-using CO2, but in general these
reactions should not be hydrogen demanding and the application
of renewable energy sources is desired (for instance combining cat-
alysts and solar energy). Thus, hydrogenations and reverse water-gas
shift reactions are less interesting than alcohols production or than
hydrocarbon reactions (mainly methane dry reforming) to yield syn-
gas. Also, the production of hydrocarbons, either directly co-feeding
CO2 with the syngas over FT catalysts or a two-stage approach
methanol production followed by a methanol to olefins stage (see
below in Section 7.7), has attracted quite a lot of attention. For the
first case, a FT route where (CO2 + CO)/H2 mixtures are used as
reactant, a number of studies over cobalt234 and iron235 catalysts have
revealed significant differences in catalytic behaviour. While in the
case of Co catalysts the CO2 hydrogenation is slow in the presence of
CO and the typical selectivities of FT (long hydrocarbons) turn to
methane in the case of CO2 reactant, however with a promoted
Fe(K,Cu)/Al2O3 catalyst the same hydrocarbon products are
obtained in CO2 and CO hydrogenation. The different behaviour in
Fe and Co catalysts was explained by a different inhibition of the
methane formation and product desorption as a prerequisite for
chain growth. In the case of promoted iron catalyst the carbide for-
mation and the alkali coverage of the surface enhanced the
selectivity to higher hydrocarbons. A technical possibility to improve
the CO2 + FT catalysts is to incorporate a membrane permeoselec-
tive to water in the reaction zone.236 The conversion of CO2 to
long-chain hydrocarbons via CO2 shift and FT reaction can be
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enhanced by in situ H2O removal through an integrated ceramic
membrane.

7.5 Hydroformylation of Olefins with Synthesis Gas

The reaction of 1-olefins with syngas yielding an aldehyde with one
more carbon atom than the reactant olefin (R − CH = CH2 + CO +
H2 → R′ − CH2 − COH) is an example of C1 chemistry synthesis
which is typically catalysed by homogeneous organo-metallic cata-
lysts. Hydroformylation processes are practised for the production
of aldehyde compounds, which are used as precursors of surfactants
and plasticisers. One of the major issues in this area is to make het-
erogeneous catalysts from organo-metallic compounds, anchoring
or supporting them on (or into) various solid materials (den-
drimers, silica, zeolites, etc.). Among the more recent contributions
to this subject, those dealing with aspects such as: new support mate-
rials and preparation methods, encapsulation of active phases in
microporous or mesoporous structures or application of modifiers
to drive the reaction selectivity should be noted.

Different supports, such as inorganic and polymer carriers, have
been used for the active metals that catalyse hydroformylation syn-
thesis.237,238 Leaching of the active component from the support has
been observed in many cases, this being a major problem for the
heterogeneous supported metal catalyst application. This leaching
has been demonstrated for Rh on SiO2–Al2O3,239 for silica anchored
Rh or Pd species prepared by sol-gel method240 as well as for Co and
Rh on SiO2 and activated carbon, respectively.237 In the case of acti-
vated carbon supports when anchoring Rh complexes, the
re-usability of the catalysts has been reported if a petroleum coke-
based activated carbon is selected as support.241 Also a decreased
stability has been evidenced, and catalytic performance for immo-
bilised complex of Rh on activated carbon, if water is present in the
solvent.242 Several alternatives have been proposed to overcome the
problem of loss of active phase during hydroformylation reaction
with heterogeneous catalysts. For instance, no leaching of the active
phase was observed243 for Rh supported on inorganic oxides, including
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pillared clays, and the activity and selectivity in the hydroformylation
of 1,1-diarylethenes and vinylnaphthalene was found comparable to
that of homogeneous Rh catalysts. Other possibilities are the immo-
bilisation of metallic complexes on polymer support244 or on
dendrimers245 or on dendrimerised silica-coated nanoparticles.246 In
these latter cases, dendritic catalysts potentially combine the advan-
tages of homogenous and heterogeneous catalysts, because they can
be separated from the reaction media by nano-filtration.
Encapsulation and anchoring of organo-metallic compounds within
microporous and mesoporous zeolite supports have been demon-
strated as useful methods of obtaining highly active and recyclable
catalysts,247 without the problem of leaching of the metal.

Sol-gel preparation methods offer the possibility of entrapment
of the metallic complex. This method has been used for bimetallic
Rh-Pd248 and Rh-Co249 systems, with silica employed as the support
material. The metallic nanoparticles in these catalysts are very effi-
cient, but their interaction with CO can eventually give rise to
catalytically inactive metal carbonyls. Similarly Au/Co3O4 catalysts
with improved catalytic performance in the olefins hydroformyla-
tion were prepared.250 The effects of a series of potential supports
(SiO2, ZSM-5, Al2O3 and multiwalled carbon nanotubes) on the
catalytic activity of a ruthenium carbonyl polymer have been investi-
gated.251 It was found that the larger activities, even compared with
the unsupported polymer, are obtained with the multiwall carbon
nanotubes. This support effect needs further investigation to under-
stand whether it is due to a confinement effect or a modification of
electronic properties associated with this special carbon material.
Also, the gas phase deposition of Co(acac)3 on silica can provide
highly active and selective catalysts, with adequate durability under
ethylene hydroformylation reaction.252 However, it should be
considered that the performance of heterogeneous catalysts, in
comparison with homogeneous organo-metallics, is very limited
when comparing the selectivity for hydroformylation of more com-
plex olefins. For this reason, the use of surface modifiers in large
excess is required to enhance the formation of a desired product.
Rh carbonyl complexes supported on MCM-41 zeolite only are able
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to yield (with good activity and selectivity) cyclohexane carboxalde-
hyde when the MCM-41 is previously functionalised with amine
ligand groups.253 Other zeolitic structures, SBA-15 and SBA-15 with
dendritic structures (ex-polyamidoamine) grown on the surface,
have been evaluated as support of Rh complex.254–257 These types of
supports with larger-pore and ordered pore structures have been
claimed to bring promotional effects in term of catalytic activities,
and in general catalysts based on these supports are claimed as
highly selective and as recyclables. On the other hand, the beneficial
combination of polyamidoamine dendrimers and nanoalumina
support has been shown with a Wilkinson’s catalyst in the styrene
hydroformylation.258 Apart from the classical modification of both
homogeneous and heterogeneous catalysts by phosphine ligands,259

alkali promoted, Mn-modified or H2S-treated metal catalysts also
show improved activity and selectivity in ethylene hydroformyla-
tion.260 The optimisation of the aldehyde production, has been
related to the attainment of an appropriate balance between CO
dissociation, CO insertion and hydrogenation activities over the cat-
alytically active surface sites.260 More demanding, and much more
interesting, is the potential modification of Rh particles by chiral
diphosphines to produce chiral aldehydes.239,261 Some improve-
ments in the optical yields are produced with this system, but
catalytic activity is decreased in the presence of the diphosphines
and chiral selectivity disappears for the re-used catalysts.

As an interesting technical approach, the use of supercritical
fluids in the catalysed hydroformylation reaction should be consid-
ered. Bearing in mind that current technologies based on aqueous
phases as solvents introduce restrictions due to the low solubility of
olefins in water, the use of supercritical CO2 as a reaction media has
been proposed.262 Novel heterogeneous catalysts have been devel-
oped, with optimal fluid-solid interactions, in particular aimed at
improving the reaction selectivity and avoiding metal leaching.
Amongst these, Rh supported on activated carbon, which is soluble
in supercritical CO2, has been shown to be poorly selective in the
hydroformylation of propene to butanal,263 but highly selective and
recyclable for the hexane hydrofromylation when supported on a
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polymer.264 Thus we can conclude that more effort must be applied
to the development of this promising area where significant achieve-
ments might be attained.

7.6 Catalysed Reactions Involving CH4

Of the different reactions which employ methane as a reactant,
those that lead to formation of syngas by steam or dry reforming
and partial oxidation should be mentioned, and these can be con-
sidered as indirect methods for the use of natural gas.265 Direct
methods include reactions such as dimerisation, oligomerisation
and partial oxidation to methanol or formaldehyde. Steam reform-
ing is a mature technology widely used to generate syngas for use in
methanol and petrochemical plants. The dry (CO2) reforming reac-
tion has been discussed in Section 7.4 of this chapter. Some
discrepancies appear in relation to the catalysed partial oxidation of
CH4 by metal-supported catalysts. While some authors claim that the
direct partial oxidation, without intermediate formation of CO2 and
H2O, can take place over Ru/TiO2,266 isotopic studies using 18O2 and
C18O2 over Ru/SiO2 and Ru/Al2O3 catalysts indicated that the par-
tial oxidation of methane reaction follows an indirect pathway, i.e.
total oxidation of methane yielding water and carbon dioxide, fol-
lowed by a steam and/or dry reforming of the unconverted
methane to syngas.267 Evidences of the two step mechanism have
been also reported from a series of Pt/CeZrO2/Al2O3 catalysts,268

where the effects of different noble metal loadings were studied. On
the other hand, the poisoning effect on Rh catalysts by sulphur com-
pounds has been investigated269 showing that the steam reforming
reaction path to the syngas production is selectively inhibited, inde-
pendently of the used monolithic support materials (La2O3–Al2O3 or
SiO2– Al2O3). For this methane partial oxidation reaction, some fea-
tures can be drawn from recent researches concerning the role of
the support materials. For example in a work about Ni and Ni-Au
catalysts supported over MgO-Al2O3 mixed oxides270 it is evidenced
that formation of a MgAl2O4 spinel, without excess of MgO, provides
the highest activity and stability. Also, the modification of Al2O3
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support by mechanical incorporation of aluminium nitride (AlN)
gives place to an improved performance of Ni catalysts: activities,
selectivities and absence of carbon deposition.271 The higher ther-
mal conductivity and stability of materials with AlN incorporated
contribute to reduction of nickel precursors at lower temperatures
and allow a better and stable dispersion of the metal particles. It
is worth noting that catalytic partial oxidation requires the use of
nearly pure O2, and consequently the need for separation of oxygen
from air, and the manipulation of the CH4/O2 reactant mixture is
relatively dangerous. Futhermore, the large quantities of heat
evolved during the reaction in certain zones of the catalytic bed is
an added problem.265 To overcome the problems associated with
conventional thermal heating methods, it has been proposed to
apply plasma technologies272 (e.g. dielectric-barrier discharge, corona,
gliding arc or microwave plasma), in particular post-plasma catalysis
(with the catalyst downstream of the reactor) with Fe2O3 catalyst
gives place to a selectivity toward methanol 36% higher than a non-
catalytics system,273 at a catalyst temperature as low as 150°C.

On the other hand, the oxidative coupling reaction of CH4 in the
presence of O2, even when performed in membrane-type reactors,274

is mainly catalysed by metal oxide catalysts.265 Also oligomerisation,
aromatisation and the partial oxidation to methanol or formalde-
hyde apply non-metallic heterogeneous catalysts (i.e. zeolites,
supported metal oxides275 or heterogenized metal-complexes).276

The reader is therefore directed to some excellent reviews on these
subjects.277,278 At this point it is perhaps relevant to introduce the for-
mation of carbon nanofibers or nanotubes from methane, these
being catalysed by metal nanoparticles, but at the moment this is not
considered as a C1 chemistry reaction. Again we direct the attention
of the reader to some reviews on this type of process.279,280

7.7 CH3OH to Hydrocarbons and to Other Intermediate
Compounds

Methanol is a key compound in C1 chemistry because it allows the
conversion of raw materials, from which it is produced, into more
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valuable organic chemicals. However the main application of het-
erogeneous catalysts for the activation of CH3OH is related to their
transformation into hydrocarbons. For these technologies, the cat-
alytic reactions are based on the acid-base properties of surfaces,
and the catalytic materials consist of zeolites (ZSM-5, etc.). These
are well-established technologies and as a state-of-the-art review, that
of Stöcker281 should be mentioned.

From the point of view of methanol activation by metallic parti-
cles, the particular surface properties of copper, which are related
to the oxidation state of Cu ions, should be emphasised. Thus,
methanol is usually dehydrogenated into methyl formate over sup-
ported copper catalysts.282,283 Over Cu/SiO2 the reaction exhibits a
structure-sensitive character,284 and by infrared spectroscopy it was
determined that adsorbed formaldehyde can react with adsorbed
methoxy groups to form methyl formate.285 Using a Raney Copper286

it has been shown that methanol dehydrogenation produces prima-
rily formaldehyde, and methyl formate, the main reaction product,
seems to be formed by formaldehyde dimerisation. Recently, meso-
porous MCM-41 silica has been used to modify the state of copper
by controlling the preparation method,287 and the role of these Cu
species in the methanol dehydrogenation reaction has been evalu-
ated. In a comparative study of different supported metal catalysts288

(and alloys289) the decarbonylation of aldehyde species into CO and
H2 has been related to the metallic state of Pd and Pt; while on the
supported Pt and Pd alloy phases, aldehyde species were stabilised
and an increase in the methyl formate selectivity was observed.
Membrane technology was also applied to the dehydrogenation of
methanol to yield methyl formate in order to separate hydrogen
from the reaction zone and to enable the attainment of higher con-
versions at lower reaction temperatures. The diffusion of hydrogen
through a Pd-Ru membrane placed inside a reactor with a copper
containing catalyst was studied.290 It was found that under the con-
ditions of the methanol dehydrogenation reaction, the membrane
was not poisoned with carbon monoxide even at the high concen-
trations employed, whereas the same reactant rapidly deactivated
the membrane at points where the reaction did not occur, which was
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interpreted as a consequence of the displacement of adsorbed
species from the alloy surface.

Another reaction of significance involving methanol is the
direct synthesis of dimethyl carbonate (DMC) by carbonylation of
methanol with CO which offers a potentially green chemical
replacement for phosgene which is used for polymer production
and other processes. The direct synthesis of dimethyl carbonate has
been pursued over a variety of carbon supported cuprous chloride
catalysts, but these catalysts deactivate due to loss of chloride and as
such require reactivation by drying and contact with gaseous HCl.
King et al.291,292 discovered that the chloride is not necessary to catal-
yse the reaction, and a solid catalyst prepared by supporting cuprous
ions on a zeolite using a solid state ion exchange method yielded
good productivity and selectivity for DMC synthesis with little sign of
catalyst deactivation. To elucidate the mechanism of reaction over
Cu+ ion exchanged into an X-zeolite,293 a steady state kinetic study
was performed and the surface species present during reaction were
followed by in situ FTIR. The study provided insight into the impor-
tant effect that water has on this system.

Comparatively the synthesis of long-chain oxygenated from
methanol has attracted relatively low attention because very low
selectivity was obtained in previous work,294 but more recent stud-
ies, using decomposed hydrotalcite (MgO/Al2O3 mixed oxides) and
ZnO promoted Cu as catalysts, concluded that a mixture of alcohols,
ketones, aldehydes, esters and ethers, with two to nine carbon atoms
(79% of the total oxygenates products) can be obtained.295 In addi-
tion, in this study it is proposed that the first C–C carbon bond
formation goes via formyl and formaldehyde intermediates.

Homogeneous Rh catalysed methanol carbonylation is an efficient
route that exhibits high acetic acid productivity and yields,296 and this
technology until now has been practised commercially by virtually all
major acetic acid manufacturers. Inherent to the homogeneous sys-
tem, however, are drawbacks related to limitations in catalyst solubility
and the loss of expensive Rh metal due to precipitation during the sep-
aration stages. Accordingly, immobilisation of the Rh complex on a
support has been the subject of considerable investigation. Chiyoda
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and UOP297 have jointly developed an improved methanol carbonyla-
tion process for the production of acetic acid based on a heteroge-
neous Rh catalyst system. The heterogeneous catalyst consists of Rh
complexed to a novel poly-vinyl pyridine resin, which has a high toler-
ance to elevated temperatures and pressures.298 Catalyst stability has
been demonstrated in both single-pass and continuous-recycle pilot
plants testing under process conditions, low water content, and no Rh
or resin makeup. The catalyst exhibited no deactivation after continu-
ous operation for more than 7000 h.

As concluding remarks for this section and of this review chapter,
it is clear that very well-established technologies based on metal-
supported catalysts for Fischer–Tropsch and for methanol synthesis
processes exist, along with very promising research areas, such as
hydroformylation and methanol dehydrogenation reactions. For the
latter reactions, more research is desirable and the development of
new heterogeneous catalysts which are able to control the selectivity
in these reactions should be viewed as a desirable scientific chal-
lenge. New technologies, such as reactions under supercritical media
and the application of membranes for performing C1 chemistry
processes are very promising at present. Additionally, many of the
ideas introduced in recent years and defined by the Green Chemistry
concepts, might be introduced into areas of progress for C1
Chemistry. In this line the recycling and reutilisation of carbon diox-
ide reactant in C1 processes is a big challenge for the early decades
of the 21st century.
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CHAPTER 8

SUPPORTED METALS IN THE
PRODUCTION OF HYDROGEN

J.L.G. Fierro, M.A. Peña and M.C. Alvarez-Galvan

Instituto de Catálisis y Petroleoquímica, CSIC, C/Marie Curie,
Cantoblanco, 28049 Madrid, Spain

8.1 Introduction

Hydrogen is foreseen to become a major source of a non-polluting,
inexhaustible, efficient and cost-attractive energy in the near future.
Hydrogen gas is a clean energy vector because the chemical energy
stored in the H–H bond is released when it combines with mole-
cular oxygen yielding only water as the reaction product. It is
currently produced by the steam reforming of methane, naphtha,
heavy oil, methanol and coal.1–3 Steam methane reforming (SMR) is
the largest and most economical process used for the production of
hydrogen. Although SMR is a complex process, involving many dif-
ferent catalytic steps, as long as natural gas (or CH4) and
hydrocarbon fuels remain at low or even moderate cost, SMR will
continue to be the technology of choice for massive H2 production.
After several decades of improvements in catalyst technology, substan-
tial improvements have been introduced. However, this area remains
fertile ground for further improvement. As can be seen in the follow-
ing sections, important recent approaches to the production of hydro-
gen involve methane decomposition, partial oxidation and the CO2

reforming of methane and the reforming of low-molecular weight
alcohols such as methanol and ethanol. There are a few relatively
complete reviews that address this field.1–4
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The design of suitable metal catalysts for methane decomposi-
tion and for the reforming reactions of hydrocarbons and alcohols
remains a classical concern. Much work has been devoted to the
design of robust and active catalysts and the development of inno-
vative technologies for reforming reactions within the framework of
fuel-cell combustion in power generation units. Current interest in
this area can be gauged from the 1,400 plus papers/patents pub-
lished in the field over the past four years. Although many reviews
on this topic are available in the literature, the most recent only
address certain catalyst systems individually. The main objective of
the present contribution report is to review the various catalysts
employed in the production of hydrogen from different H contain-
ing sources and to identify the most important aspects involved in
the respective catalytic transformations from the wealth of informa-
tion available in the literature. Greater emphasis will be placed on
recent literature addressing reforming catalysts. The catalyst systems
used in reforming reactions generally consist of fine metal particles
deposited on an appropriate substrate. The large number of
permutations and combinations used in catalyst systems for decom-
position and/or reforming reactions makes it difficult to categorise
them in a systematic way. Further complexity arises because certain
components, which are themselves active in other kinds of reac-
tions, such as combustion, coupling, or homologation reactions,
may be used as reforming catalysts when subjected to specific acti-
vation pre-treatments or to modification with certain additives. In
this chapter, a condensed overview of the different options and
technologies available for the large-scale production of hydrogen is
offered. Since catalysis is the key ingredient in most of the processes
involved in hydrogen production, another aim is to describe to read-
ers the role played by heterogeneous metal catalysts in this
fascinating and rapidly expanding field.

8.2 Methane Conversion

Natural gas, which mainly consists of methane, is a hydrocarbon feed-
stock of increasing interest owing to its versatility for the production
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of valuable chemicals via syngas (CO + H2), as described in Chapter 7
(‘Supported Metal-Catalysed C1 Chemistry’). Over the past few years,
this kind of technology has been designated GTL (Gas-To-Liquids).
The proven reserves are currently higher than those of petroleum,
and the existence of methane hydrates in sea-floor sediments should
multiply these by a factor of 10,5 if in fact they become exploitable in
the future. Natural gas is a cleaner source than petroleum, and
because of its high content in hydrogen, the total CO2 emitted in any
process for the production of chemicals is lower than when carbon is
used as a source. Natural gas is, and in the near future will remain,
the major feedstock for the production of hydrogen via syngas. The
transformation of methane, the major component of natural gas, to
more valuable products is a very challenging task since methane is
extremely difficult to activate. In the methane molecule, consisting
of a single C-atom surrounded by four H-atoms (CH4), the sp3

hybridization of the atomic orbitals of carbon means that the carbon-
hydrogen bonds are very strong. The barrier in converting CH4 into
useful chemicals is that the products are less thermodynamically sta-
ble than the CH4 reactant and hence are further consumed into
undesired products, namely carbon oxides. Methane is readily acti-
vated by metals from Groups 8, 9 and 10 and is then oxidised to
afford syngas (CO+ H2) first, and finally hydrogen after CO2 removal.
The most extended method for hydrogen/syngas production from
methane is steam reforming (SRM). This will be described in the first
part of this section. If the final product is hydrogen, it is necessary to
convert CO to CO2 + H2 by means of the water-gas shift reaction
(WGS), and this involves the final emission of CO2. An alternative to
avoid this is the decomposition of methane, which is described in the
second part. Finally, catalytic systems active in the partial oxidation of
methane (POM) and CO2 reforming (dry reforming) are described
in the final part of this section.

8.2.1 Steam methane reforming

Steam methane reforming (SMR) is the conventionally used process
for converting natural gas and other hydrocarbons into syngas.1–3
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SMR has been used for several decades as the chief method for
hydrogen production since it was first developed in 1926. Owing to
its importance, substantial improvements have been introduced
over the years and research into catalysts, reactor materials, fluid
dynamics and heat transport still continues. SMR takes place over a
nickel catalyst according to the reaction:

CH4 + H2O → CO + 3 H2 ∆Ho
298 = + 206 kJ/mol. (8.1)

The reaction is highly endothermic and favoured at lower pressures.
The traditional SMR process essentially consists of feed gas pre-
heating and pre-treatment, reforming, high- and low-temperature
water-gas shift reactions, CO removal and methanation. 

A pre-reformer is incorporated prior to the reformer unit. Since
the pre-reformer operates at a much lower temperature (770 K) than
in SMR, the steam produced within the reformer provides some of
the heat of the endothermic reaction.2 Pre-reforming has a dramatic
effect on the gas stream to be fed into the SMR unit. C2 and C3 hydro-
carbons are completely removed, while a certain proportion of CH4

is also converted. A recent review3 summarises the output of a typical
pre-reformer. The catalyst used in pre-reforming contains higher Ni-
loadings (above 25% Ni) than conventional SMR catalysts.

As stated above, steam reforming catalysts normally contain
nickel. The noble metals from Groups 8, 9 and 10 are also active in
the reforming reaction but the costs involved make their use pro-
hibitive. For these systems, catalytic activity depends on the surface
area of the metal and their properties are dictated by the severe
operating conditions used, such as temperatures in the 700–1250 K
range and steam partial pressures of up to 30 bar. In general, the
activity of the catalyst is not a limiting factor. Thus, a typical nickel
catalyst is characterised by a turn-over frequency (TOF) of ca. 0.5 s−1

at 723 K, which corresponds to CH4 conversions of around 10%. The
main barrier is the equilibrium conversion, which affords very high
conversions only at temperatures above 1170 K. In practice,
utilisation of the intrinsic catalytic activity is less than 10% (low
effectiveness factor) because the reaction is mass-transfer limited.1
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For the production of hydrogen (ammonia, refinery purposes,
petrochemistry, metallurgy, fuel cells), the carbon monoxide con-
tained in the effluent stream is converted to additional hydrogen
in high- and low-temperature shift reactors. The water-gas shift
reaction (WGS):

CO + H2O → CO2 + H2 ∆Ho
298 = −41 kJ/mol (8.2)

adjusts the H2/CO ratio. If hydrogen is the target product, two shift
reactors must be employed: a high-temperature shift (HTS) reactor at
670 K with a Fe2O3/Cr2O3 catalyst is followed by a low-temperature shift
(LTS) reactor at 470 K with a Cu/ZnO catalyst (see, e.g. Peña et al.5).
However, if syngas is then converted through downstream processes
(methanol, FT synthesis), only the HTS reactor is used. For hydrogen
production, pressure swing adsorption (PSA) units can supply a puri-
fied H2 stream with a typical purity of 99.99 vol%. In the PSA units,
gases other than hydrogen coming from the reformer are adsorbed at
elevated pressure on activated carbon or molecular sieves. These non-
H2 containing gases are desorbed by expanding the adsorber tank to
nearly atmospheric pressure and then returned to the reformer reac-
tor as auxiliary fuel.

8.2.1.1 Carbon formation

In H2 production from methane, carbon formation usually takes
place in the form of fibres or whiskers, with a small Ni particle at the
top of a fibre.6,7 Carbon formation may lead to the breakdown of the
catalyst, and carbon deposits and degraded catalyst may cause
partial or complete blockage of the reformer tubes. Uneven flow
distribution is responsible for local overheating of the hot tubes.
Accordingly, carbon formation must be avoided in tubular reform-
ers. There are two major reactions for carbon formation:

2 CO → C + CO2 ∆Ho
298 = −172 kJ/mol (8.3)

CH4 → C + 2 H2 ∆Ho
298 = +75 kJ/mol (8.4)
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The tendency to form carbon on the catalyst surface depends on the
reaction kinetics, process conditions and reformer design.1,8 These
C-forming reactions are carefully balanced by C-consuming reac-
tions (C + CO2 → 2 CO and C + H2O → CO + H2), which in turn also
depend on the kinetic conditions of the process and the reactor
design. At low temperatures, the activated Ni catalyst is covered by a
hydrocarbon layer, which slowly degrades to a polymeric film block-
ing the nickel surface. At high temperatures, ethylene from the
pyrolysis of higher hydrocarbons produces pyrolytic coke, which
encapsulates the catalyst particles. Whisker carbon is the most com-
mon form produced during steam reforming.1 The whiskers grow
with a nickel particle at the end. The mechanism involved in whisker
formation includes first the dissociation of adsorbed hydrocarbon
or CO on the metal surface, yielding carbon atoms that dissolve
within the metal particle. Carbon diffuses through the particle and
nucleates into the filament at the rear interface. The nickel crystal-
lites change their original shape into a pear-like structure leaving
small fragments of nickel at the top of the whisker. These carbon
whiskers have high mechanical strength and the catalyst particles
are destroyed when the whiskers hit the pore walls of the substrate. 

Nickel carbide is not stable under SMR conditions. As a conse-
quence, carbon nucleates in the form of whiskers after an induction
period (to), after which the carbon whisker grows at a constant rate:

dCw/dt = kC (t − to). (8.5)

The growth mechanism appears to be the same, irrespective of the
hydrocarbon. However, the resulting morphology depends not only
on the metal and particle size but also on the type of hydrocarbon and
the reaction temperature. The importance of step sites on the catalyst
surface for the nucleation of carbon was recently confirmed by in situ
investigations employing high resolution transmission electron
microscopy; the results indicate the segregation of carbon when the
formation of whiskers takes place at specific sites on the nickel sur-
face.2 The addition of potassium to the nickel catalyst leads to an
increase in the induction period (to) for CH4 decomposition, which
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implies a retarding effect on the dissociation of CH4 and hence of car-
bon nucleation. The particle size of the Ni crystallites has a direct
effect on the nucleation of carbon. The initiation of carbon formation
is retarded on smaller nickel crystallites, as demonstrated by TGA
experiments with two Ni catalysts having the same activity but differ-
ent metal dispersion.8 Consistent with this view, Christensen et al.9

report that small nickel crystallites derived from hydrotalcites have a
higher resistance to coke formation over conventional NiO/Al2O3

catalysts, due to a smaller driving force for carbon diffusion.
The rate of carbon formation is far less on noble metals than on

nickel5 and this behaviour appears to be related to the difficulty
found by noble metals of dissolving carbon in bulk.10 The carbon
formed on the surface of noble metals was found to be almost
indistinguishable from the catalyst particles. High-resolution TEM
images taken from a ruthenium catalyst employed in the SMR
reaction revealed a structure in which a few carbon layers were
deposited on the surface of the Ru particles.6 The mechanism by
which whiskers grow on the surface of the nickel particles becomes
blocked by sulphur poisoning of the catalyst surface. In this specific
case, several ‘octopus’ carbon filaments or whiskers are formed on
a given nickel particle. A similar carbon structure has been
reported to develop on Ni-Cu alloy catalysts with low nickel contents
(20 wt%).11

Several different approaches can be followed to minimise coke
formation on the metal surface. The first relies on the control of the
size of the ensemble.12 Since the SMR requires the dissociation of
methane to form a carbonaceous intermediate, it is argued that coke
formation would require an ensemble of surface sites that would be
larger than that required for the reforming reaction. That is, the for-
mation of coke requires the polymerisation of monoatomic carbon
species, while gasification involves only one of these species.
Following this reasoning, it can be inferred that by controlling the
number of sites in a given ensemble, it may be possible to minimise
coke formation while maintaining the reforming reaction. The basis
of ensemble size control lies in the work of Alstrup and Andersen13

on sulphur adsorption on nickel. Those authors found that the
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surface grid of the sulphur atoms did not coincide with the surface
grid of the nickel atoms. Adsorption of sulphur on the catalyst sur-
face thus delineates the ensemble of sites, the critical size being
reached at sulphur coverages above 0.7. Under these conditions, the
rate of the steam reforming reaction is decreased but coke forma-
tion is almost eliminated. Although sulphur adsorption is strong, it
is partly lost during the reaction. As a result, it is necessary to add
small amounts of a sulphur-producing gas to the feed. The second
approach to the control of coke formation is the prevention of car-
bide formation.14 The electronic structure of carbon is similar to
the electronic structure of sulphur and the tetra- and pentavalent
p metals (Ge, Sn and Pb or As, Sb and Bi). These elements contain
spare p electrons in their outer shell close to a stable s-orbital. Nickel
carbide is formed from the interaction of the 2p electrons of carbon
with the 3d electrons of nickel. Thus, the tetra- or pentavalent met-
als would also interact with Ni 3d electrons, thereby limiting the
possibility of nickel carbide formation.14 Alloy formation reduces
carbide formation but it is undesirable to lose active sites on the sur-
face of nickel crystallites. However, carbide formation can only be
developed on the surface layer and hence an alloy formed at the
surface layer would be preferred. Based on these ideas, Trimm14

studied the effect of small amounts of dopants on the catalytic and
coking behaviour of nickel catalysts. The effect of tin on steam
reforming was small for Sn levels below 1.75%, while coke formation
was significantly reduced even by the addition of 0.5% Sn. It is clear
that the addition of small amounts of dopant does substantially
reduce coking, while having little influence on the rate of the steam
reforming reaction.

8.2.1.2 Mechanisms

The tolerance of Ni catalysts to carbon-induced deactivation in
hydrocarbon steam reforming and partial oxidation reactions can
be significantly improved by impregnating Ni with small amounts of
Sn (0.2–1 wt% with respect to Ni for Ni particles with the diameter
between 30 and 200 nm).15–17 Based on DFT calculations, it was
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proposed that there are two likely mechanisms associated with the
superior performance of Sn/Ni catalysts.15,16 One mechanism is
based on the kinetic control of the chemistry of C-atoms and CHx on
the catalysts surface. This mechanism assumes that the difference in
the rates of the oxidation of C-atoms and CHx fragments and the
rates associated with the formation of C–C bonds, which are critical
for the development of solid carbon deposits, is significantly higher
on Sn/Ni compared to Ni, i.e. the Sn/Ni catalyst is more efficient
than Ni in the preferential formation of C–O rather than C–C
bonds. The second mechanism assumes that carbon deactivation is
governed by the thermodynamic control of the nucleation of car-
bon at the low coordinated Ni sites. Previous in situ transmission
TEM studies have demonstrated the importance of the low coordi-
nation sites for nucleation and growth of carbon fibres.18 This
mechanism assumes that Sn-atoms displace low-coordinated Ni-
atoms, preventing the nucleation of carbon deposits on these sites.
Kinetic data for supported Ni and Sn/Ni catalysts were interpreted
in terms of the mechanism-based overall rate expressions. 

The kinetics of methane steam reforming on supported
monometallic Ni catalysts have been studied in some detail.19,20

Although there have been many controversies, recent theoretical
and experimental contributions have shown some consistent results.
For example, Bengaard et al. utilised a combined theoretical and
experimental approach to derive a mechanism for steam reforming
of methane on Ni.8 It was shown that methane steam reforming is a
structure-sensitive reaction and that undercoordinated Ni surface
sites are more active than close packed Ni sites. It was also demon-
strated that the rate limiting step in the process is the activation of
C–H bonds of CH4 molecule. These conclusions are consistent with
the recent experimental analysis of methane steam reforming at
temperatures of 823–1023 K on Ni/MgO catalysts by Wei and
Iglesia.19 These authors also demonstrated that the forward rate is
first order with respect to the methane partial pressure and it does
not depend on the partial pressure of water or the reaction prod-
ucts. It was also argued that the rates of carbon filament formation
are governed by the chemical activity of C-atoms chemisorbed on
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the catalyst surface. Previous contributions have postulated that for
lower operating temperatures there is a switch in the rate control-
ling step from the activation of CH4 to the formation of CO on the
catalyst surface.21

In a recent study,22 a kinetic assessment of methane steam
reforming on Sn/Ni/YSZ and Ni/YSZ catalysts was obtained using a
combination of kinetic studies, isotopic-labelling experiments and
DFT calculations. It was found that the reaction rate on Sn/Ni/YSZ
and Ni/YSZ is first order with respect to methane and independent
of the water partial pressure.22 Furthermore, it was established that
C–H bond activation of a CH4 molecule is the rate limiting step in
both catalysts. In addition, it was revealed that while on monometal-
lic Ni the active sites are the undercoordinated Ni sites, on Sn/Ni
the active sites are more abundant, well-coordinated terrace sites.
The observed decrease in carbon deactivation of Sn/Ni was attrib-
uted to the Sn-induced lowering in the binding energy of carbon
on low-coordinate sites, serving as carbon nucleation centres and
to an improved propensity of Sn/Ni to oxidise carbon atoms and
fragments.

8.2.1.3 Promoter effects

Carbon formation can be reduced by adding some promoters to the
nickel catalysts. Kinetic experiments have shown that MgO and
alkali dissociate steam and then transfer the fragments to the nickel
particles through a spillover mechanism.1 A similar conclusion was
derived from isotope-exchange experiments,23 which demonstrated
that the enhanced adsorption of water on magnesia support leading
to improved resistance to carbon formation is by nature a dynamic
effect. Oxides of the type Ce2O3 and La2O3 display a similar type of
behaviour in the steam reforming reaction24–28 and also, when these
compounds are derived from a perovskite structure29 in which the
lattice oxygen is considered to play an important role in promoting
the oxidation of CHx, fragments adsorbed on metallic nickel.30

Moreover, it has been also found that Ce promotion over a Ni/Al2O3

catalyst increases coke resistance due to the improvement of Ni

310 J. L. G. Fierro, M. A. Peña and M. C. Alvarez-Galvan

b1215_Chapter-08.qxd  11/28/2011  5:10 PM  Page 310



b1215 Supported Metals in Catalysis

dispersion.31 An intimate contact between Ni and ceria is crucial to
reduce the extent of carbon deposition, which critically depends on
the catalyst preparation method. No significant carbon deposition
has been observed using a low water-to-carbon ratio with a Ni
catalyst precoated with ceria, using a sol-gel method.32 The decrease
in the carbon formation on a Pd surface over a Pd/CeO2/Al2O3 cat-
alyst for methane steam reforming has been explained in terms of
the transfer of O species from ceria to a Pd surface.33

In methane steam reforming, the spillover of water probably
takes place through OH groups instead of molecular water. In
favour of this possibility is a study on Ni/MgO and Ni/TiO2 catalysts
carried out by Bradford and Vannice,34 who concluded that surface
hydroxyl groups, situated on the support surface, react with CHx

fragments adsorbed on the nickel surface. The use of supports that
are able to release bulk oxygen, such as yttria-stabilised zirconia and
CexZr1−xO2,

35,36 indicates that spillover of lattice oxygen was involved
in the reforming reaction.37 This substrate type could promote dis-
persion of the nickel species catalysts inhibiting coke formation.38

Several recent investigations have described the effect of the cat-
alyst composition on the activation of methane. On looking at the
degree of dehydrogenation of CHx species on various metals, it was
observed that x was larger for nickel than for cobalt catalysts, and
also larger for magnesia-supported than for silica-supported cata-
lysts.39 The use of a strong basic support such as La2O3 for the nickel
phase resulted in a doubly beneficial effect: CH4 activation increased
and at the same time CO2 adsorption was enhanced.24 Other inves-
tigations demonstrated the retarding effects of molybdenum and
tungsten oxides on the rate of coking.40 Other supports, such as
samaria-doped ceria, can increase the resistance towards coke for-
mation. Thus, supported nickel catalyst has better de-coking ability
than a gadolinia-doped ceria-supported catalyst in carbon dioxide
and steam reforming of methane. An oxygen-transport reaction
mechanism for doped ceria-supported Ni catalysts has been pro-
posed to explain the activity behaviours.41

Similarly, on the Pt/TiO2 and Pt/ZrO2 catalysts used in CO2

reforming, TiOx moieties were found to be formed on the platinum
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crystallites, with the subsequent suppression of carbon deposition,
probably by ensemble control.42 All these studies shed some light on
the improvement of catalyst performance in steam reforming reac-
tions, although additional work is required in order to understand
the promoting effects of different oxides and to discern whether or
not the promoters decorate the surface of nickel crystallites. The
alloying of nickel with copper can also reduce carbon formation,43

although it is not feasible to reach the required high surface cover-
age of copper atoms — as occurs with sulphur atoms — to eliminate
carbon deposition. The formation of a stable alloy between nickel
and tin,44 and nickel and rhenium,45 also appears to be responsible
for the reduction in carbon formation. Surface modification of Ni
with Pd enhances the resistance to Ni oxidation, and it is effective
for promotion of the activity and suppression of hot-spot forma-
tion.46 The improvement in the stability and resistance to coke
formation in oxidative reforming of methane has also been
observed with the addition of Pd on Ni0.2Mg0.8Al2O4

47 and Pd/
Ni0.2Mg0.8O,48,49 where the formation of Pd-Ni alloy was confirmed.
A Pt-Ni alloy is also formed by adding Pt.50–52 It has also been reported
that the addition of noble metals (Pt, Pd and Rh) to Ni-alumina and
Ni0.2Mg0.8O solid solution catalysts inhibited carbon formation in the
oxidative steam reforming of methane under pressure,53 with Rh
being the most effective for the inhibition of carbon deposition.54

Rhodium maintains Ni species in a reduced state and enhances the
methane activation ability.55 It has also been observed that Ag incor-
poration to Al2O3-supported Ni catalysts enhances the performance
for methane reforming as a consequence of the strong modification
of the surface properties, related to CO adsorption and higher
stability to graphitic carbon deposition. The high stability of the Ag
promoted Ni catalysts was attributed to the decrease of Ni ensemble
by a geometric effect of Ag, changes of Ni sites involved in the nucle-
ation of the graphite structure, and equilibration of different steps of
reaction rate decreasing the monoatomic carbon formation rate.56

On the other hand, in Ni catalysts supported on Al2O3 or MgAl2O4,
the addition of a small amount of Ru appears to facilitate the reduc-
tion of such Ni oxides and to decrease the coking propensity of the
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catalyst in the steam reforming of CH4.
57 It was also found that the

addition of Co to Ni/ZrO2 catalysts suppressed carbon formation in
the steam reforming of methane (SRM).58 On the other hand, DFT
studies indicate that boron and carbon exhibit similar chemisorp-
tion preferences on a Ni catalyst which is proposed to enhance the
stability of Ni catalysts by reducing the nucleation of graphene
islands from steps, and by reducing the diffusion of carbon to the
subsurface sites and subsequently to the bulk Ni.59

8.2.2 Methane decomposition

The decomposition of methane is an attractive alternative for the
production of COx-free hydrogen.60–64 The process requires not only
having a metal catalyst able to break the C–H bonds of the methane
molecule but also one capable of maintaining high and sustained
activity for long time. Methane decomposition (reaction (8.4)) is a
moderately endothermic process. The energy required for the pro-
duction of one mole of H2 is 45.1 kJ at 1073 K. To achieve this, it is
essential that the metal catalyst should remain isolated from the car-
bon deposit by forming nanometre-sized carbon structures such as
tubes, whiskers and fibres. In contrast, if methane decomposition is
accompanied by the formation of soot, amorphous or encapsulated
carbon on the metal surface, then activity is very low.65 Since only
hydrogen and carbon structures are produced during methane
decomposition, product separation is not an issue. Another impor-
tant advantage of methane decomposition as compared to
conventional processes of steam or autothermal processes is the
absence of the high- and low-temperature water-gas shift reactions
and steps required to remove CO2. Nickel has the most active cata-
lyst function for the decomposition of methane. However, nickel
crystallites larger than ca. 80 nm do not yield filaments but instead
become covered by a crust that isolates them from the gaseous envi-
ronment. For this reason, bulk nickel catalysts can be used for the
cracking reaction although they rapidly become deactivated by car-
bon deposits.66,67 Cobalt catalysts are inappropriate for methane
decomposition owing to their lower activity, unreasonable cost and
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high toxicity.67,68 In contrast with cobalt, iron catalysts are inexpen-
sive, non-toxic and resistant to high operation temperatures. This
makes them highly attractive for the methane decomposition reac-
tion. In addition, the carbon by-product resulting from the use of
iron-based catalysts contains a large proportion of thin-wall nan-
otubes, which are among the most valuable carbon nanofibres.
Carbon formation follows a carbide-cycle mechanism and consists of
two steps. The first is the formation of carbon atoms through an
intermediate carbide-like compound, and the second involves the
topochemical formation of a graphite phase from carbon atoms.

The ‘structure-sensitive’ character of methane decomposition
reaction has been confirmed, as has the importance of the metal dis-
persion on the catalyst performance over different supported Ni
catalysts.69 TEM analyses of the ‘spent’ catalysts reveal that both ‘fil-
amentous’ and ‘encapsulating’ carbon species were formed under
isothermal conditions at 823 K, the latter being responsible for
catalyst deactivation.

8.2.2.1 Nickel catalysts

Universal Oil Products have developed a process for the produc-
tion of hydrogen based on methane decomposition.70 This process
employs a 7%Ni/Al2O3 catalyst in a fluidised bed reactor-regenerator
operated at 1150 K. The reactor exit product consists of ca. 94% H2

the rest being mainly unreacted methane. Another alternative pro-
posed by the United Technologies Corporation71 involves methane
decomposition on a nickel catalyst deposited on glass fibres. At the
typical reaction temperature of 1123 K, hydrogen production is
accompanied by the formation of a high-density carbon residue,
thus requiring less frequent removal of carbon. Ni-doped alumina
spherical catalysts were shown to be active and stable in relation to
the catalytic decomposition of methane reaction. The analyses indi-
cated the presence of single-walled nanotubes (SWNTs) and
multiwalled nanotubes (MWNTs), and the catalytic behaviour and
the form of carbon produced were observed to depend on the
characteristics of the sites present on the catalyst surface, such as
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the formation of NiAl2O4, and on the operational conditions
employed.72

Nickel and iron catalysts were employed by Muradov62 for
methane decomposition over a wide range of temperatures. The
results showed that catalyst activity drops with the time on-stream,
although it can be recovered by an oxidative regeneration, resulting
in the production of COx in the regeneration step. To circumvent
the problem of carbon removal, the active components were sup-
ported on a carbon substrate. A recent XPS study showed that a
direct relationship exists between the catalytic activity and the
amount of defects present on the graphene layers, which strongly
suggests that these defects are the main active sites for methane
decomposition over carbon catalysts and carbon-supported cata-
lysts.73 Activated carbon produced from coconut shells displayed the
highest activity while graphite exhibited poor performance. These
differences were attributed to the structure and size of the carbon
crystallites. The use of binary gaseous mixtures of methane with a
second hydrocarbon revealed that addition of acetylene enhances
the steady state methane decomposition rate. The carbon deposit
resulting from acetylene decomposition was found to be more active
towards methane decomposition than that resulting from methane
alone. 

Li et al.74 reported a novel method of obtaining nickel oxide par-
ticles with controlled crystalline size and fibrous shape, highly
dispersed on in situ produced carbon, inhibiting further growth of
Ni particles. On the other hand, Ni/CFC (filamentous carbon) cat-
alysts were shown to have sufficient efficiency in low-temperature
methane decomposition. Thus, the use of CFC, whose textural prop-
erties can be modified by their activation with H2 or CO2, opens up
the possibility of its application as a support in heterogeneous cata-
lysis.75 Methane decomposition over Ni-loaded activated carbon
(AC) was also investigated. XRD results showed absence of NiO with
only Ni metal crystallites formed in the catalyst even if calcined in
Ar, which eliminates the inevitable reduction step with other
supports. However, the formation of Ni3C during the process leads
to deactivation of the catalysts. Filamentous carbon formation is
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observed and interlaced with the deactivated catalyst surface. It is
worth mentioning the significant effect of temperature on the cat-
alytic performance of Ni/AC catalysts.76 Various carbon blacks with
different primary particle size were investigated with respect to
methane decomposition under atmospheric pressure from 1123 to
1223 K, and it was observed that with decreasing primary particle
size (or increasing specific area), the specific activity increased and
the activation energy decreased.77

Zhang and Amiridis78 have studied methane cracking over silica-
supported metal catalysts to produce CO-free hydrogen. They
observed that a 20% CH4/He mixture reached 35% CH4 conversion
at 823 K, although this conversion progressively decreased with the
time on-stream until the catalyst became completely deactivated
after approximately 3 h on-stream. Once the deactivated catalyst
had been regenerated with steam, the catalyst completely recovered
its original activity, and a total of 3.4 moles of H2 produced per mol
of converted CH4 were obtained. Some clues as to the nature of car-
bon deposits and their relative reactivity were derived from TEM
images. The TEM images revealed that the external graphite skin
of the filamentous carbon, which represented roughly 30% of the
total carbon deposited, was very refractive to steam regeneration,
while the inner-less graphitic carbon was readily removed by steam
gasification. 

A mixture of Ni0/NiO, produced by thermal decomposition of
nickel acetate, dispersed on either silica79 or cordierite supports, was
found to be catalytically active for the decomposition of methane
without the need for any pre-treatment.80 Other authors81 used Ni
catalysts supported on zirconia to produce H2 and a high yield of
multiwalled carbon nanotubes. Raman spectroscopy suggested that
carbon nanotubes formed at temperatures higher that 973 K had
more graphite-like structure than those obtained at lower tempera-
tures. They also reported that feed gas containing methane and
hydrogen caused slow deactivation of the catalyst, and carbon yield
increased with increasing H2 partial pressure in the feed gas. For a
commercial Ni catalyst (65% wt Ni supported on a mixture of silica
and alumina) it was found that catalyst deactivation depends on the
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operating conditions, so that the higher the temperature and
methane flow, the shorter the life of the catalyst. Different charac-
terisation techniques have shown that the deposited carbon appears
either as large filaments emerging from Ni particles or as uniform
coatings. In both cases, the carbon deposited is highly ordered
graphite whose structure does not depend on the operating condi-
tions. Formation of desirable carbon filaments is favoured by
operating conditions promoting low rates of methane conversion.
On the contrary, operating conditions promoting high decomposi-
tion rates enhance coating carbon deposition and shorten catalyst
life.82

Bonura et al.69 studied several supported Ni catalysts for methane
decomposition and found that both ‘filamentous’ and ‘encapsulat-
ing’ carbon species were formed under isothermal conditions at
823 K, the latter being responsible for catalyst deactivation. They
also confirmed the structure-sensitive character of methane decom-
position. The efficient use of these catalysts implies a high disper-
sion of metal phases which can be achieved by controlled segrega-
tion of the active phase. Different Ni mixed oxides such as Ni-Al
hydrotalcite, Ni-La perovskites and Ni-Al spinels as catalysts precur-
sors allow a high degree of Ni dispersion, of which that derived from
hydrotalcite mixed oxide showed the highest activity for H2 produc-
tion by methane decomposition.83

Different dopants can be used to increase activity and stability.
Among them, Cu was found to be a good promoter of Ni catalysts,
increasing H2 production up to concentrations over 80 vol.% in the
product gas. The catalysts promote the formation of carbon
nanofibres some micrometers long with different diameters, with
particular dependency on the presence or absence of copper.84 Cu
has a strong influence on the dispersion of Ni in the catalysts and
inhibits NiO from the formation of nickel aluminate even at high
calcination temperatures, which facilitates the formation of metallic
Ni-phase during the subsequent catalyst reduction step. All catalysts
tested promote the formation of very long filaments of carbon a
few tens of nanometers in diameter and some micrometers long.85

The size of metal particles and the carbon filaments as well as the
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nanofilament texture depends on the copper content in Ni-Cu-Mg-Al
catalysts.86 Excellent results were also obtained with the Ni-Cu
Raney-type system thermally treated in situ at 873 K, as a result of
incipient alloy formation.87 The addition of iron to Ni-Cu/Al2O3

system leads to the formation of finely dispersed Ni-Cu-Fe alloy par-
ticles which makes the catalysts stable and capable of operating at
973–1023 K in CH4 decomposition to H2 and carbon nanofibers.88 It
has been also reported that a certain amount of Cu in silica-
supported Ni catalysts could enhance CH4 decomposition activity.
This was explained by the H spillover produced by Cu, which con-
siderably enhances the reducibility of Ni2+.89 Other reports provide
evidence that the addition of Cu and K enhance the catalyst disper-
sion with the increase in Ni-loading, indicating that surface
geometry is modified electronically with the formation of different
Ni, Cu and K-phases, which consequently, increase the surface reac-
tivity of the catalyst and the carbon nanotubes/H2 production.90 By
adding K, a marked effect is produced on the product selectivity and
reactivity of a Ni : Cu/Al catalyst system, restricting the formation
of carbon on the surface and increasing the production of H2 and
C2-C3 hydrocarbons.91

Promoters such as ceria have been used for H2 production by
CH4 decomposition. Although the degree of nickel reduction
decreased with the addition of cerium, even in low concentration,
the addition of cerium brought about a significant increase in sta-
bility compared with a Ni/SiO2 catalyst. Results showed an
enhancement of Ni dispersion leading to a better distribution of
deposited carbon which increased the lifetime of Ni particles.92 The
morphology as well as the reactivity of the carbon deposits is strongly
dependent on the degree of interaction between Ni and ceria,
which explains the differences in the catalytic activity of the
Ni/CeO2 catalysts for CH4 decomposition, and which subsequently
depends on the method used to prepare the catalyst. Thus, the
Ni/CeO2 catalyst prepared by co-precipitation exhibited rather
strong metal support interactions probably through the formation
of Ni-O-Ce solid solution, resulting in much lower H2 production
rate and relatively higher CO production.93 In general, textural
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promoters prevent nickel particles from sintering. The particles of
textural promoter introduced between NiO crystallites avoid aggre-
gation during reduction. However, textural promoters should avoid
the formation of inter-metallic compounds which are difficult to
reduce.94 MgO has been used as a textural promoter in Ni-supported
catalysts, and the importance of the MgO/NiO ratio has been
reported. Thus, an increase in this ratio in alumina-based catalysts
led to the modification of the size of the crystallites and the appear-
ance of strong adsorption sites on the surface of nickel and
enhanced CH4 decomposition.95 The activity of a spinel-like Ni-Mg-
Al catalyst was also studied, where it was found that addition of MgO
increases the activity and stability of the Ni-Al catalysts due to the
greater interaction generated between Ni particles and the support,
which prevents the formation of large metallic particles.96 In silica-
supported systems, as the Mg-at/Ni-at ratio increases from 0.10 to
2.20 the Ni-Mg-O interaction becomes stronger until the formation
of NixMg(1−x)O solid solution arises. The presence of Mg2+ ions
allows a higher carbon capacity and consequently a higher H2

productivity.97

8.2.2.2 Diamond-supported transition metals

A simple, original method explored recently consists of the use of a
partially oxidised diamond substrate to which nickel and palladium
metals have been incorporated.65 Oxidised diamond-supported met-
als from Groups 8, 9 and 10, containing 3 wt% metal and pre-
reduced at 873 K, were tested in the CH4 decomposition reaction at
873 K and the order of activity was as follows: Ni > Pd >> Fe, Co, Ru,
Ir, Rh, Pt. Among these catalysts the Ni- and Pd-loaded types
afforded a high conversion of methane and a significant H2 yield,98

while carbon whisker formation was found with Ni- and Pd-loaded
oxidised diamond catalysts. A high rate of methane conversion and
high activity was found on the Pd-supported catalyst. In contrast, the
diamond-supported Rh catalyst, in which the rhodium function is
considered to be highly active for this reaction,99,100 did not exhibit
catalytic activity under the examined reaction conditions. 
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8.2.2.3 Cobalt catalysts

In contrast with nickel catalysts, only a few studies have focused on
the decomposition of methane over cobalt catalysts. Wang and
Rukenstein101 investigated carbon formation during methane
decomposition at 1173 K over 48 wt% Co-MgO calcined at three dif-
ferent temperatures (773, 1073 and 1173 K). The size and the
morphology of the cobalt clusters in the reduced catalysts were
strongly affected by the reducibility of the metal oxide precursors
and their distribution over the MgO support. Among the three Co
containing phases (Co3O4, Co2MgO4 and (Co,Mg)O), the former
pair are present as independent phases, while in the solid solution
Co2+ ions are highly dispersed in the lattice of MgO. Because the oxy-
gen that interacts with Co2+ in the solid also belongs to Mg2+, such
Co2+ species are difficult to reduce. Indeed, temperatures above
1273 K are required for the complete reduction of the (Co,Mg)O-
phase into metallic cobalt. During reduction of the solid solution
catalyst, some reduced Coo-atoms generated fine metal particles,
while others located deeper remained in the MgO matrix, either as
Coo or mostly as Co species in low oxidation states. Furthermore the
metallic clusters remained partially embedded within the MgO lat-
tice. Consequently, strong interactions between the crystallites
generated and the substrate were developed, particularly with the
Co-atoms present in the lattice. As a result, the crystallite appeared
more extended and probably exhibited an ordered structure, serving
as a template for an ordered nucleus for carbon formation. The car-
bon nucleus formed generated a graphitic filament because the free
energy of the graphitic structure is the lowest. By contrast, when the
Coo crystallites were formed from the more reducible Co3O4 and
Co2MgO4 phases which were only present at calcination tempera-
tures below 1073 K, large metal particles were generated and
interactions between these were formed. Thus, the carbon deposits
tend to coalesce during their growth, hence impeding the formation
of fibres but generating shapeless tangled shell-like structures.

Cobalt molybdenum carbide was also found to be active as a cat-
alyst for the methane decomposition for hydrogen production.
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Co-Mo catalysts with 25% Co loading carbided at various tempera-
tures were studied at 973 K and atmospheric pressure, and the 700
K-carbided catalyst was found to be the most active for H2 produc-
tion.102 The active species of the cobalt molybdenum carbide catalyst
for the CH4 decomposition is the cobalt molybdenum oxycarbide on
the surface that was formed during the carburization.103 The activity
of both Co and Ni catalysts supported on Al2O3, modified by the
addition of MgO and CeO2, has been investigated. MgO was used to
enhance the reducibility of the metal oxide precursor and CeO2 was
intended to promote COx formation in the oxidation step (with O2

or CO2), that follows the decomposition, in order to eliminate the
deposit. At the chosen conditions (773 K using 5% CH4/He), Ni was
more active and more stable than Co during the CH4 decomposition
step and several CH4 decomposition-carbon oxidation cycles were
completed on the Ni catalyst without significant loss in activity,
whereas the Co catalyst deactivated. This behaviour is explained in
part by the facile reduction of NiO by CH4.104

8.2.2.4 Nature of the carbon by-product

The formation of filamentous carbon deposits on transition metal
catalysts (Fe, Co, Ni) and their alloys have been investigated in some
detail over the past two decades.43,105–107 Among them, nickel is the
most promising candidate since it forms carbon deposits at temper-
atures as low as 723–823 K using CH4, C2H6 or CO + H2 feeds.
Carbon fibres are usually produced during these reactions. Typical
forms of the carbon produced from CH4 decomposition on silica-
supported Ni catalysts are shown in Fig. 8.1. The pyrolysis of
methane at temperatures somewhat lower than 873 K produces fish-
bone type nanofibres.108 The Ni metal particles are present at the tip
of each carbon fibre, and catalyse methane decomposition as well as
growth of the carbon fibres. The edges of the stacking carbon layers
are exposed at the walls of the fibres and these layers adopt a tur-
bostratic graphite structure in which the layers of atoms are
randomly displaced with respect to each other.109 The sizes of the
nickel particles or the diameter of the carbon fibres range from
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ca. 10 to 100 nm. Similar results have been found on alumina-
supported Ni, Ni-Ca, Co and Fe catalysts.110 The catalytic activity of
Ni catalysts for CH4 decomposition was found to be strongly related
to the crystalline size of reduced Ni, in unsupported systems, with an
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Figure 8.1 SEM and TEM images of carbon nanofibres developed by methane
decomposition over Ni/SiO2 catalyst at 773 K. (a) SEM image for 5 wt% Ni/SiO2;
(b) and (c) TEM images for 40 wt% Ni/SiO2 catalysts.116
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optimum size of about 11 nm being found. An increase up to 26 nm
resulted in total deactivation of the catalyst. The Ni crystallites
depart from the fibrous structures and gradually aggregate into par-
ticles by the dissociation of the deposited carbon. These Ni particles
are highly dispersed on the in situ produced carbon, which can
inhibit the further growth of the Ni particle. As a result, the initial
fibrous structure morphology of the metallic Ni could be gradually
turned into pear-like shapes.111

The results obtained with a catalyst derived from a spinel-like
Ni-Mg-Al indicate that the proportion of each type of carbon
depends on the operating conditions. In this case, the main car-
bonaceous products formed over the catalyst surface are carbon
herring-bone nanofibres (diameters ≈ 10–35 nm) and amorphous
carbon, which causes the catalyst deactivation by encapsulation. The
addition of small quantities of hydrogen in the feed produces the
cleaning of the catalytic surface and prevents the formation of
encapsulating coke, since hydrogen competes with methane for the
Ni surface sites. An increase in the reaction temperature favours the
formation of both carbon nanofibres and encapsulating coke and,
at high reaction temperatures, the catalyst deactivation effect is
more important than the nucleation and growth of new nanofi-
bres.112 In activated carbon (AC)-supported nickel catalysts, the
formation of zigzag filamentous carbon with Ni metal on the tip
shows that the mechanism of filamentous carbon formation and
growth over AC may be the same as that of over Ni catalysts sup-
ported on other supports. Temperature has a great effect not only
in CH4 decomposition but also on the formation and characteristics
of the filamentous carbon. Thus, the amount of filamentous car-
bons increased with reaction temperature as well as the carbon tube
properties.113 However, the shapes of the carbon structures appear
quite different on Pd-Ni bimetallic catalysts.114 For a Pd-Ni bimetal-
lic catalyst with a Pd/(Pd + Ni) atomic ratio of 0.5, branched carbon
nanofibres with a large variety of diameters ranging from 10 to 300 nm
are developed, in contrast with the carbon nanofibres formed on
supported nickel catalyst (Fig. 8.2). The carbon structure is not
uniform. Several carbon fibers grow on the PdNi-alloyed metal
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Figure 8.2 TEM images of Pd-Ni/SiO2 catalyst after methane decomposition at
873 K. Loading of (Pd + Ni) = 10 wt%, molar ratio Pd/(Ni + Pd) = 0.5.116
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particles, and become entangled with each other and form a coarse
texture of the fibres. These carbon structures lead to progressive cat-
alyst deactivation. No changes in the Ni–K edge XANES spectra of a
5wt% Ni/SiO2 catalyst before and after the catalytic decomposition
of methane could be observed under steady state reaction. However,
for the deactivated catalyst (C/Ni ≥ 900) the Ni–K edge XANES spec-
trum exhibited shoulders at 8332 and 8341 eV and grew in intensity
with an increase of the C/Ni ratio.115 These changes in the XANES
spectra of nickel during deactivation could be ascribed to the struc-
tural change of nickel particles from Ni metal to a Ni-carbide
species. Catalyst deactivation is a complex kinetic process controlled
by the decomposition rate of methane into carbon and hydrogen
atoms on one side of the Ni particle and the rate of diffusion of car-
bon and the graphitisation of C-atoms at the other side of the Ni
particle. The imbalance among these rates results in catalyst deacti-
vation, presumably via the formation of a Ni-carbide species. When
the decomposition of CH4 or the C–H bond cleavage of CH4 is the
rate determining step, no deactivation occurs. Collision of a carbon
nanofibre with the active Ni particle on the tip of the carbon fiber
and/or coating of the active Ni surface with a carbon layer have
been suggested, among others causes, to be responsible for catalyst
deactivation. Some structural differences are clearly differentiated
when comparing the monometallic Ni catalyst and the bimetallic
Pd-Ni system. The Ni–K edge XANES spectrum of the deactivated
bimetallic Pd-Ni catalyst virtually coincides with that of the fresh
counterpart, indicating that the local structure of the PdNi alloy
remains unchanged during CH4 decomposition. The longer life of
the Pd-Ni catalyst for CH4 decomposition may be ascribed to the
PdNi alloy itself, which is resistant to reacting with carbon to form a
stable carbide phase.

The carbon nanofibres produced during CH4 decomposition
can be removed by a consecutive gasification process with CO2, O2

and H2O.116 Gasification by CO2 of the carbon structures formed on
a 5 wt% Ni/TiO2 catalyst deactivated in the CH4 decomposition
reaction brings about the formation of CO (CO2 + C → 2 CO). The
conversion of the carbon nanofibres with CO2 is highly effective,
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since conversion levels higher than 95% are obtained. The process
can be repeated for 3–5 cycles. Oxygen and steam, instead of CO2,
are also effective for the gasification of carbon nanofibres produced
in CH4 decomposition on the nickel surface of the same Ni/TiO2

catalyst. Gasification of carbon fibres with O2 and H2O also affords
levels above 95% and the process can be repeated over several
cycles. The gasification of carbon nanofibres with CO2, O2 and H2O
allows the original activity of the Ni/TiO2 catalysts to be recovered.
However, the TOF values of hydrogen formation on Ni/SiO2 and
Ni/Al2O3 catalysts do not follow the same trend as the Ni/TiO2 sys-
tem. The TOF values for the Ni/SiO2 catalysts decrease progressively
upon increasing the number of reaction-regeneration cycles as a
consequence of the increase in particle size of the Ni crystallites dur-
ing the operation cycle. In contrast, the interaction of Ni species
with a TiO2 substrate is stronger than with SiO2, preventing the for-
mation of large Ni particles during the repeated cycles. The
stronger interaction between Ni and the Al2O3 support prevents the
formation of Ni metal particles suitable for CH4 decomposition,
resulting in a lower catalytic activity in the first few cycles. However,
further decomposition-regeneration cycles lead to the growth of Ni
metal particles and hence the TOF values progressively increase.116

8.2.2.5 Theoretical investigation

The activation energies for the dissociation of the CH4 molecule and
CHx fragments on metal surfaces were determined by applying the
bond-order conversion Morse-potential (BOC-MP) developed by
Shustorovich and Baetzold.117 Using ASED-MO semi-empirical
methods and clusters analysis, Anderson and Maloney118 studied the
activation of CH4 on a Pt(111) surface and calculated an activation
barrier of 0.45 eV for CH4 on a Pt10 cluster; see Blomberg et al.119 car-
ried out several theoretical calculations of CH4 activation over single
Rh- and Pd-atoms and found barriers of 0.41 and 1.09 eV, respec-
tively. A somewhat larger barrier (1.17 eV) was found by relativistic
effective core potential (RECP) calculations of methane activation
on a single Os-atom.120
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Methane dissociation on several transition metals (M) (M = Ru,
Os, Rh, Ir, Pd, Pt, Cu, Ag, Au) was analysed theoretically by Au
et al.121 by simulating the surface with a M10 cluster. On the Pt10 clus-
ter, the barrier for the first dehydrogenation was estimated to be
0.84 eV. This value was much larger than the ASED-MO value, but
reasonably comparable to that obtained with UBI-QEP methodol-
ogy. The same applies for the Ir10 cluster. For the second
dehydrogenation step (CH3s → CH2s + Hs), the values estimated were
found to be close to the UBI-QEP data. The dehydrogenation of
CHx to CHx−1 fragments was highly endothermic in the gas-phase
with De values (dissociation energy of the CHx in the gas-phase) of
4.85, 5.13, 4.93 and 3.72 eV for x = 4, 3, 2 and 1, respectively.121 On
metal surfaces, however, there was significant reduction in the De

values owing to the development of strong M-CHx−1 and M-H bonds.
On the Ru surface, the first and second dehydrogenation steps were
nearly thermoneutral, while the second and third, and fourth steps
were slightly exothermic and endothermic, respectively. On the Rh
surface there were one slightly exothermic and two endothermic
steps, but in Cu, Ag and Au metals all the steps were found to be
rather endothermic. For the whole process, the reaction with the
highest activation barrier should be the rate determining step.
However, among the transition metals the highest barriers were
found to be very similar. Thus, from these results it was not easy to
predict the catalytic behaviour.

The summation of the energies for the four discrete steps, which
gives the total dissociation energies, was found to be a more realistic
measure of the activity of the metal in methane dissociation. The
calculations of these sums carried out by Au et al.121 revealed that the
total dissociation of methane on Rh is thermodynamically more
favoured on Rh than on other transition metals, and the values var-
ied in the order: Rh < Ru < Ir < Os ≈ Pt < Pd. This trend is similar to
that obtained by Schmidt et al.122,123 in the partial oxidation of CH4

to syngas. By contrast, these sums proved to be highly endothermic
for the coinage metals. Two causes may be invoked to account for
this behaviour. First, the adsorption energy of H-atom on the
coinage metals was relatively small when compared with that on the
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other transition metals, and secondly, the adsorption of CHx

fragments on the coinage metals increased only weakly from x = 3 to
x = 1 and even decreased from x = 1 to x = 0. Therefore, a complete
dissociation of CH4 to surface Cs and Hs is difficult on the coinage
metals, in agreement with the experimental observation that these
metals are inactive in the partial oxidation reaction. 

In addition to the direct dissociation of methane on clean metal
surfaces, oxygen-assisted dissociation has also been performed. The
dissociation of CH4 on Rh in the presence of Os was studied by
applying the BOC-MO model,124 where different surface oxygens at
on-top, bridge and hollow sites were considered. The BOC-MP
calculations revealed that oxygen atoms at on-top sites promote
methane dehydrogenation. Because the H-atoms bind more
strongly with oxygen at on-top sites than with the clean metal,
the CH4 dissociation reaction in the presence of surface Os located
at on-top sites has lower reaction energies due to hydroxyl forma-
tion. This means that oxygen at on-top sites promotes the
dehydrogenation of CHx, in agreement with the BOC-MP predic-
tions.124 However, the oxygen atoms at hollow locations showed a
different behaviour in CH4 dissociation. Thus, the oxygen at hollow
sites increased the adsorption energies of H on Pt and coinage met-
als, but decreased those on other transition metals. Accordingly, Pt,
Cu and Au metals promoted CH4 dissociation, but no promotion
was found on the other metals. 

The reaction pathway of C–H bond breaking of methane on
clean Pd(111) and O-modified Pd(111) surfaces was investigated by
the density functional theory. The calculated results showed that
methane favours such a configuration whereby one hydrogen points
towards the surface in the on-top site. Methyl is adsorbed on the top
site, and hydroxyl, oxygen and hydrogen are all adsorbed on the fcc
site. On the clean Pd(111) surface, the activation energy of 0.97 eV
is smaller than that of 1.42 eV in the case of oxygen-modified (O-atom
acts as a ‘spectator’) Pd(111) surface, which indicates that the pres-
ence of the oxygen atom inhibited C–H bond cleavage. Compared
with the case where only the surface O-atom exists, the activation
energy decreased from 1.43 to 0.72 eV when the subsurface O-atom
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exists. This suggests that subsurface O-atom promotes the activation
of methane molecule. On the oxygen-modified Pd(111), the activa-
tion energy of the reactions forming methyl and hydrogen and
methyl and hydroxyl is 1.42 and 1.43 eV, respectively, which indi-
cates that the reaction possibility is equivalent.125

Density functional theory has been also used to examine differ-
ent transition states for methane dissociation on Ni(111), Pt(111),
Ni(100), Pt(100) and Pt(110). In all cases, the minimum energy
path for dissociation is over a top site. The barriers are large,
0.66–1.12 eV, and relatively insensitive to the rotational orientation
of the (non-reacting) methyl group and the azimuthal orientation
of the reactive C–H bond. There is a strong preference on the Pt sur-
faces for the methyl fragment to bond on the on-top site, while on
the Ni surfaces there is a preference for the hollow or bridge sites.
Thus, during the dissociation on Pt, only the low mass H-atom needs
to significantly move or tunnel, while on Ni, both the dissociating H
and the methyl fragment move away from the top site.126

8.2.3 Partial oxidation and dry reforming of methane

As explained above, steam methane reforming (SMR) is currently the
most important industrial process for the production of hydrogen
from methane. Considering the current parameters of the energy and
commodity chemicals market, it is the most economical method of
hydrogen/syngas production. Nevertheless, steam reforming has
some unresolved difficulties: (i) it is a highly endothermic process
and a huge amount of energy is required. Considering only the bal-
ance of the reaction enthalpies, a 20% surplus of methane for
burning is necessary to supply the reaction heat. (ii) It is necessary to
overheat water up to the reaction temperature (>1073 K) to maintain
the H2O/CH4 ratio around three times the stoichiometric value in
order to avoid carbon deposition. This implies that additional energy
must be supplied. (iii) The H2/CO ratio of the produced syngas is
3 or higher. Since certain important processes using this syngas
(methanol synthesis, Fischer–Tropsch process, etc.) require a ratio
of 2, it is necessary to use modified SMR reactors (autothermal
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reforming ATR, combined reforming CMR),3,127 or to modify the
syngas composition by reverse water-gas shift (WGS).

As a consequence, SMR is a very expensive process (in a
methanol synthesis plant, the cost of the reformer is about 60% of
the total cost), and only the current price of natural gas, with an
uncertain future, can compensate the overall energy demand of the
process. In this context, new processes for the production of hydro-
gen from methane, at lower energy costs, are needed, and the
partial oxidation of methane (POM) is an attractive alternative:

CH4 + ½ O2 → CO + H2 ∆Ho
298 = −36 kJ mol−1. (8.6)

This is an exothermic reaction, and therefore no energy is required
(it is produced); there is not water to be overheated, and the stoi-
chiometric H2/CO ratio of the syngas produced is 2, the optimum
value for possible downstream processes. These characteristics,
together with increasing interest in highly efficient processes for
the production of hydrogen for fuel cells, have led to an extraordi-
nary increase in experimental work related to the development of
active and stable catalysts for this reaction over the last 15 years.
Despite these research efforts, the industrial application of POM is
still limited, mainly owing to the requirement of an oxygen plant
(as in the ATR, air-blown is possible, but with additional difficul-
ties127,128), and as yet no clearly stable supported metal catalyst is
available.

Besides POM, research into another reformer reaction has also
been of interest: CO2 reforming (dry reforming):

CH4 + CO2 → 2 CO + H2 ∆Ho
298 = +247 kJ mol−1. (8.7)

This reaction does not overcome the energetic problems of SMR, as
can be seen from its reaction enthalpy value, but it is interesting in
combination with SRM or POM by recycling CO2 produced in the
tail gases of the process. CO2 is a very efficient energy carrier and its
recycling increases the efficiency of the plant. At the same time, the
process itself is interesting since CO2 is a greenhouse gas that, by
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means of this reaction, could be incorporated to chemicals through
the production of syngas. POM and dry reforming thus have this
parallel interest because the active catalysts, the reaction mecha-
nisms, and the deactivation processes have several features in
common.129,130

A more suitable approach is the combination of the exothermic
POM with one of the exothermic reactions (SRM or/and CO2

reforming) in a similar way to that carried out in ATR. If the reac-
tants (CH4 + O2 + H2O or CH4 + O2 + CO2 or CH4 + O2 + H2O + CO2)
are combined at the appropriate proportions, the process is
autothermal and there are no problems of heat exchange (it is
not necessary to release it or provide it). Along these lines,
Choudhary et al.131 investigated the activity of a NiCoMgCeOx/zirconia–
hafnia catalyst, with unusually high thermal stability, for syngas gen-
eration via a process that includes the catalytic partial oxidation of
methane (CPOM), the oxidative steam reforming of methane
(OSRM) and the oxidative CO2 reforming of methane (OCRM).
The catalyst showed excellent activity/selectivity for above reactions.
Furthermore, no catalyst deactivation was observed over a period of
20 h. For the OSRM process, the H2O/CH4 ratio and the reaction
temperature had a strong effect on the product H2/CO ratio and
the heat of the reaction. Depending on the H2O/CH4 ratio and
reaction temperature, the process could be operated in a mildly
exothermic, thermoneutral or mildly endothermic mode. In the
OCRM process, the CO2 conversion was very strongly affected by the
reaction temperature.

Temperature gradients and hot spots can be also minimised
using a fluidised bed instead of a fixed bed reactor. A series of
different-sized Ni catalysts were prepared and used for methane
autothermal reforming with CO2 and O2 in a fluidised bed reactor.
It was found that the activity and stability of Ni catalysts depends
strongly on the particle size and the operating space velocity. As the
methane decomposition rate slows on larger Ni particles and at
higher space velocity, surface Ni will be gradually oxidised by
remaining O2 leading to Ni deactivation.132 For a Ni/SiO2 catalyst, a
high activity and selectivity was observed for the reaction that
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combines CO2 reforming and partial oxidation of methane to pro-
duce syngas. The use of a nickel citrate precursor strengthened
interaction between NiO and support to form nickel silicate-like
species which could be reduced to produce small crystallites of
metallic nickel at high temperatures.133

8.2.3.1 Catalytic mechanism and heat exchange

The POM reaction has been known from the 1930s, as described by
York et al. in a recent review,134 but poorly active catalysts, that
require high temperatures and that rapidly become deactivated,
were studied initially. Because of the comparative advantages of
SRM at that time, the POM reaction was not considered of great
importance. However, after an intensive research period during the
1980s, when the oxidative coupling of methane (OCM) was consid-
ered to be the future of the natural gas conversion, several research
groups noted that, under similar reaction conditions, some catalytic
systems yielded large amounts of hydrogen, with no catalyst deacti-
vation.135 It was also found that very similar catalytic systems were
active and stable for CO2 reforming.136 Since then, intensive work
has been developed regarding the mechanism of the reaction and
the parameters required for obtaining a stable catalyst.

The active catalysts for POM and CO2 reforming are very similar
to the supported metals used in SRM. They are all metals from
Group 8, 9 and 10 (Ni, Co, Fe, Ru, Rh, Pd, Ir, Pt) and, as in SMR,
supported nickel and noble metals catalysts have been the systems
most studied. Also, the activity of transition metal carbides (especially
Mo) has been considered for CO2 reforming,137–139 due to their high
coking resistance, although under reaction conditions these systems
only seem to be stable at high pressure. Based on equilibrium cal-
culations for the POM reaction, the increase in temperature
produces an increase in both conversion and CO + H2 selectivity. In
this sense, at atmospheric pressure and 1073 K, the equilibrium pre-
dicts a methane conversion higher than 90% and selectivity close to
100% (Fig. 8.3). Increasing pressure has a detrimental effect on the
POM reaction. The catalytic systems mentioned have high activity
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Figure 8.3 Equilibrium calculations for the POM reaction as a function of the
temperature, at atmospheric pressure and 20 atm (solid line). Squares correspond
to experimental results using nickel-based catalysts.
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under these reaction conditions, and they produce the values pre-
dicted by the equilibrium. Catalysts for CO2 reforming are less
active, and usually equilibrium values are not obtained.

Since several supported catalytic systems have sufficient activity
for the POM reaction, the main topic of research is the stability of
the catalysts. There are two main processes for the deactivation of
the catalyst: carbon deposition and sintering of the metal. Carbon
deposition is due to the process of decomposition of CH4 and CO
(reactions (8.3) and (8.4)). Two different kinds of carbon can be
formed in the surface of the catalyst: encapsulated carbon, which
covers the metal particle and is the reason for physical-chemical
deactivation; and whiskers of carbon, which do not deactivate the
particle directly but may produce mechanical plugging of the
catalytic bed.

Two mechanisms have been proposed for the POM reaction:
(i) The combustion and reforming reactions mechanism (CRR). In
this, the methane is combusted in the first part of the catalytic bed,
producing CO2 and H2O. Along the rest of the bed, and after total
oxygen conversion, the remaining methane is converted to CO + H2

by SMR and CO2 reforming (reaction [2]). (ii) The direct partial
oxidation mechanism (DPO). CO + H2 is produced directly from
methane by recombination of CHx and O species at the surface of
the catalysts. The development of direct or indirect pathways
depends on the concentration of surface oxygen species and the
nature of the catalyst. When the concentration of oxygen is low, CO
and H2 are primary products. At high oxygen surface concentra-
tions, CO and H2 cannot desorb without undergoing further
oxidation and CO2 and H2O are the main products.

Dissanayake et al.140 showed that the CRR is the working mecha-
nism in Ni/Al2O3 catalysts, obtaining almost complete conversion
of methane at temperatures higher than 973 K, with a selectivity to
CO + H2 of nearly 95%. Analysis of the different phases present in
the catalytic bed leads to the conclusion that it is divided into three
regions: the first, in contact with the CH4/O2 reacting mixture, is a
NiAl2O4 spinel, of moderate activity for methane combustion; the
second part is NiO/Al2O3, of high activity for methane combustion,
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and where the total conversion of oxygen occurs. Finally, the rest of
the catalytic bed consisted of Ni/Al2O3, active for SRM and CO2

reforming. The distribution of these different regions is temperature-
dependent and is the reason for the observed changes in the
behaviour of the catalyst, which is activated in the presence of the
reactive mixture at 1023 K, maintains different degrees of activity
when the temperature decreases to 773 K, and deactivates at lower
temperatures (Fig. 8.4). 

The highly exothermic combustion reaction at the top of the
catalytic bed produces hot spots in the supported catalysts that
increase the problem of deactivation by sintering, but also produce
some results concerning activity that are difficult of explain in a first
assessment. In this sense, Choudhary et al. tested several metal
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Figure 8.4 Schematic representation of Ni/Al2O3 catalyst bed composition during
CH4/O2 reaction at various temperatures.140
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supported catalysts such as Co-MgO,141 Ni-MgO,142 Ni/Yb2O,,
143 and

Ni/Al2O3
144 with and without pre-reduction at an extremely high

space velocity (5·105 cm3g−1h−1). The catalysts were reduced under
the reaction conditions at T > 773 K, producing highly dispersed
metallic Co or Ni and, after this activation they were still active below
773 K. The methane conversions measured were higher than those
of the thermodynamic equilibrium values: at 673 K, 64.6% methane
conversion and ≈ 80% H2 and CO selectivity. Under the same con-
ditions (low temperature), no reforming by CO2 or H2O was
detected, and the authors concluded that the CRR mechanism is
not feasible. The large excess of activity with respect to the equilib-
rium can be explained in terms of a kinetic control instead of a
thermodynamic control. Nevertheless, Dissanayake et al.,145 and
Chang and Heinemann146 demonstrated that this behaviour is due
to hot spots in the catalytic bed, which are not detected by the ther-
mocouple (high temperature gradients147), although an optical
pyrometer indicated that the real temperature in the catalytic bed
was higher than 1123 K when the thermocouple indicated a tem-
perature of 723 K. The amount of heat generated was much higher
than dissipation through the reactor wall, and the reaction was auto-
sustained (the catalytic bed glowed with the heat source removed
for hours). The results correspond to a higher temperature than
that indicated by the thermocouple and reported by Choudhary
et al., and there is concordance with the equilibrium predictions, as
expected. When an industrial reactor is used, the heat exchange
problems can be indeed more important. In that case, some engi-
neering solutions, such as the use of fluidised bed reactors, can be
applied.148

The POM reaction was investigated for supported (ZrO2,
CeO2–ZrO2) rhodium catalysts. The activity tests indicated that
the indirect reaction mechanism, consisting of methane combus-
tion followed by steam and dry reforming, prevails under the
experimental conditions studied.149 The POM mechanism was
investigated on Rh/SiO2 catalysts using in situ FTIR. It was found
that CO2 was formed before CO could be detected when CH4 and
O2 were introduced over the pre-oxidised Rh/SiO2 catalyst,
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whereas CO was detected before CO2 was formed over the pre-
reduced Rh/SiO2 catalyst.150 Similarly, the POM mechanism was
studied on supported platinum catalysts by means of temperature-
programmed surface reaction analysis.151,152 The results showed
that the POM reaction occurs in two steps on Pt/Al2O3, Pt/ZrO2,
Pt/CeO2 and Pt/CeO2-ZrO2 catalysts: combustion of methane fol-
lowed by H2O and CO2 reforming of unreacted methane, since
the surface Pt-atoms in these catalysts are initially partially oxi-
dised leading to the formation of full oxidation products,
followed by dry and steam reforming. On the other hand, a direct
mechanism was observed over Pt/Y2O3 catalysts, which is
explained by a strong interaction between Pt and Y2O3 substrate
which caused a moderation in the rates of oxidation and reduc-
tion of the metal particle with the formation of a quasi-steady state
concentration of metallic sites during reaction conditions. For
POM reaction on Pt/ZrO2-CeO2-Al2O3 catalysts there is strong
indication that the reaction proceeds through the two step mech-
anism.153 It has also been shown for supported Pt-Ru catalysts that
the indirect combustion and reforming mechanism operate in
CPO, and that the CPO reaction first yields the maximum
amounts of CO2 and H2O achievable with the available O2 accord-
ing to total combustion.154

Besides these results confirming the CRR mechanism, DPO is
the active mechanism in other systems. Schmidt and cowork-
ers155–157 found that POM could be achieved in Pt and Rh monoliths
at very high space velocity and low residence times (in the order of
ms). Additionally, an increase in the space velocity produces an
increase in CO + H2 selectivity. These results are not compatible
with the CRR mechanism, but do correctly match the DPO, where
Cads and Oads species are formed directly from methane. This does
not mean that CRR is the mechanism for nickel catalysts and DPO
for noble metals. As will be described below, in some of the exam-
ples of metal catalysts used to illustrate this section, the active
mechanism is different for different supported metal catalysts, and
also changes for the same catalysts when the reaction conditions
are modified.
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8.2.3.2 Catalyst supports

In the search for stable catalysts, the influence of the support has
been one of the issues most investigated. The need to support the
active metal is evident when supported catalysts are compared with
physical mixtures of components.158 Merely by mixing NiO and
Al2O3, very low activity is obtained, and this activity increases with
time due to the migration of nickel through the alumina phase.
Al2O3 is the support most widely used owing to its stability at high
temperature and under strong reaction conditions and to its com-
mercial availability. However, it is not the most suitable carrier from
the point of view of deactivation by sintering and coke deposition
and other alternatives have been suggested. Tsipouriari et al.159

compared Ni/Al2O3 with Ni/La2O3 and found that in the alumina-
supported catalysts the deposition of carbon increases with the time
on-stream, leading to deactivation. In the lanthana-supported cata-
lyst, carbon is also accumulated, but this carbon deposited on the
surface is constant and does not increase with time. The NiAl2O4-
phase, which is difficult to reduce, is not active for the reforming
reaction but it is active for carbon formation. Something similar has
been described by Barbero et al.160 in different supported Ni cata-
lysts. The better performance of lanthana-supported catalysts is
assigned to the formation of a deficient perovskite LaNiO3–δ, that,
after reduction, maintains the nickel particles highly dispersed in
the La2O3 matrix, with stronger resistance to sintering and carbon
formation. The same effect is detected when an MgO support is
used, due to the formation of a solid solution between nickel and
magnesia.161 Ni/MgO catalysts are more active and even more stable
than the parent Ni/La2O3 catalysts. The reason for the excellent per-
formance of Ni/MgO catalysts lies in the formation of a cubic
(Mg,Ni)O solid solution in which the Ni2+ ions are highly stable
against reduction even at temperatures as high as 1273 K. Under
operation, the small fraction of nickel reduced remains highly dis-
persed and in close interaction with the basic MgO substrate, this
structure being specially suited for syngas production from
methane.162 In contrast, the use of ZrO2 as a support is not effective,
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since its low interaction with nickel produces large metal particles
that easily deactivate. The formation of the perovskite-like structure
La2NiO4, and the formation of small particles of nickel after the
reduction of this phase are also the argument used by Luo et al.163 to
explain the stability of nickel-lanthanum catalysts supported in
zeolite 5A in the CO2 reforming of methane. 

A porous structure of the support also increases the stability of
the metal. On comparing α-Al2O3 with γ-Al2O3, and SiO2, and MgO
of different porosities Lu and Wang164,165 concluded that porous sup-
ports favour metal dispersion and contact between the active sites
and reactants, increasing the activity for CO2 reforming and stabil-
ity. This is also clear when a commercial γ-Al2O3 support was
compared with a γ-Al2O3 prepared by the sol-gel method.166 Nickel
supported in both aluminas had similar activity, but the stability of
the catalyst prepared by sol-gel was higher, and this was explained in
terms of the small particle size of the metal, which is below a critical
value (10 nm) that is the lowest limit for the formation of carbon on
the nickel surface. 

The effect of the support has also been investigated in other
active metals, and the tendencies are not the same in all cases.
Bitter et al.167 found that the trend in stability on supported platinum
was ZrO2 > TiO2 > Al2O3. This trend was different in supported
nickel, with Al2O3-supported nickel being more stable than the cor-
responding TiO2-supported catalyst.158 In the case of Pt, there is no
evidence of sintering, and deactivation is produced by blocking of
the active centres by carbon. The support, in this case, has a very
active role, and for the reducible oxides (TiO2, ZrO2) small oxide
crystallites decorate the metal particle, producing a better control of
carbon formation at this interface. In addition, it has been reported
that Pt/CexZr(1−x)O2 catalysts are more active, stable and selective
than Pt/CeO2 and Pt/ZrO2 catalysts. The higher reducibility and
oxygen storage/release capacity of Pt/CexZr(1−x)O2 catalysts pro-
motes the mechanism of continuous removal of carbonaceous
deposits from the active sites, which takes place at the metal support
interfacial perimeter.168 Pd supported on ceria-zirconia was found
also to be more active and stable than with alumina as support.169
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For Al2O3-, ZrO2-, CeO2- and Y2O3-supported Pt catalysts, the
Pt/CeO2 system showed the highest stability in the POM reaction
due to the higher reducibility and oxygen storage/release capacity
which allowed a continuous removal of carbonaceous deposits from
the active sites.170 This reaction has been also studied over Rh sup-
ported on Ce oxide with Zr, Gd and La. Results obtained indicate
that the type of doped ceria support and its reducibility played an
important role in catalyst activity. It was observed that doping CeO2

with Zr, rather than with La or Gd, causes an enhanced reducibility
of Rh/supported ceria catalysts which increases the activity of the
system for the production of syngas.171

Zhang et al.172 found that the activity for CO2 reforming in sup-
ported Rh catalysts followed the order: YSZ > Al2O3 > TiO2 > SiO2 >
La2O3 > MgO, which is directly correlated with the acidity of the
support. Deactivation is controlled by other parameters, since in a
specific support it decreases when the particle size of Rh increases.
Nevertheless, the nature of the support has a stronger influence in
the catalytic lifetime, which is low on TiO2 and MgO within the pre-
viously mentioned support series. These latter data contrast with the
results for nickel catalysts, where MgO is an excellent catalyst sup-
port owing to the formation of the Ni-Mg-O solid solution. The
formation of this solid solution is not favoured in the Rh-Mg system.
Also, some differences are found in supported Ir catalysts, with an
activity trend for the POM in the order TiO2 > ZrO2 > Y2O3 > MgO >
Al2O3 > SiO2.173 In these systems, SRM does not change with the sup-
port, and the trend for POM and CO2 reforming is the same.
Therefore a CRR mechanism can be concluded for these catalysts.
Bradford and Vannice174 studied different CO2 reforming active
metals (Ni, Co, Fe, Rh, Pd, Ir, Pt) supported on TiO2 and SiO2. The
TOF depended on the d-character of the transition metal, but the
activity maximum was different for each support: Rh for TiO2 and Pt
for SiO2. 

Besides the stabilization of the dispersed metal, some supports
also participate in the activation of reactants and/or reaction inter-
mediates. In the POM reaction on Rh/Al2O3,175 H2O is adsorbed on
the support, which plays the role of the oxygen source. Also in Ni
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and Ru supported in Al2O3, a similar effect is produced, due to the
formation of hydroxyl groups at the surface of Al2O3 that provide
oxygen to the active metal sites. In contrast, when these metals are
supported on SiO2, the support does not participate in the reaction
mechanism. Some CHxO species have been found by DRIFTS at the
interface of metal-TiO2

174 during CO2 reforming, also pointing to
the activation of CH4 and CO2 in the support. A bifunctional mech-
anism has been proposed for CO2 reforming on Rh/Al2O3,176 where
CO2 is activated in the support as a formate intermediate, and CH4

is activated on the metallic Rh. In this sense, there is an important
role for the metal support interfacial zone, where both intermedi-
ates should come together. Nevertheless, the addition of inactive
copper to this catalyst, which limits diffusion at the Rh-Al2O3 inter-
face, reduces stability but does not produce a decrease in the TOF
of Rh. This implies that the reaction is not structure-sensitive. This
is also found in the case of Rh/SiO2.172

It is also important to consider the use of a sulfating support
which minimises the poison of sulphur compounds present in natu-
ral gas from adsorbing on or near the active metal sites. Thus, using
La2O3-Al2O3 as a support in Rh-based catalysts, the partial oxidation
reaction is much less inhibited than with a less sulphating support
such as SiO2-Al2O3, since the support is capable of acting as a sul-
phur storage reservoir.177

8.2.3.3 Reaction intermediates

The intermediates formed at the surface of the catalysts, and the
way in which they participate in the reaction mechanism, differ
depending on the active metal, the support, and the interactions
between the two. In nickel supported on Ce-doped ZrO2, two kinds
of sites have been identified,178 one for the activation of CH4 and
the other for activation of O2 and/or H2O. The balance of these
sites depends on the nickel loading, and is optimum for 15%, since
for this loading the interaction of nickel with the support is suffi-
cient to balance the number of active sites. The formation of
carbonates is easy when basic supports are used, and in Ni/La2O3
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they can be detected by FTIR.179 In this system, Nio, La2O3,
La2O2CO3, NiO and Ni3C-phases have been identified during POM
reaction. The presence of the surface carbide seems to be impor-
tant for the activity of the catalyst for CO2 reforming, and in
Ni/SiO2 a carbide-like layer reacts with adsorbed oxygen (due to
CO2 activation) to produce CO.180 In a parallel manner, this carbide
can diffuse through the metallic particles, forming carbon deposits
that deactivate the catalysts. In this sense, the carbide provides
active sites and deactivation precursors at the same time. Li et al.181

have followed the surface state of Ni/Al2O3 by a transient response
technique, concluding that if the oxygen is the most abundant sur-
face intermediate, the catalyst is not active, and that a catalyst in the
reduced state, covered by adsorbed carbon, is essential for the acti-
vation of the reactants. This reduced state of the metal surface as a
condition for the activation of the reactants has also been observed
in Rh/Al2O3 by TAP experiments,175 since CH4 is adsorbed disso-
ciatively on the metal and the pre-adsorption of oxygen reduces
this activation. Moreover, the degree of oxygen coverage changes
the mechanism of reaction: from DPO at low oxygen coverage to
CRR at high oxygen coverage. 

In CO2 reforming, CH4 and CO2 are activated in different ways,
depending on the active metal. Schuurman et al.182 studied Ni and
Ru supported on SiO2 and Al2O3 by TAP. CH4 was activated by
decomposition on both metals producing H2 and adsorbed carbon.
However, the behaviour of CO2 was different on each metal. CO2 was
adsorbed on Ni to produce CO and adsorbed oxygen. Oads and Cads

reacted later in a Langmuir–Hinshelwood mechanism to produce
CO: this is the rate determining step. Nevertheless, on Ru, CO2

reacts directly with Cads (Eley–Rideal mechanism) to produce CO.
No adsorbed oxygen is present in this case, and the rate determin-
ing step is the adsorption of methane. This activation mechanism is
slightly different in the system Ni-La2O3/Zeolite 5A, studied by
Luo et al.163 Isotopic experiments revealed that the deposition of car-
bon was due to both CH4 and CO2 through a disproportionation of
the CO produced. When temperature was increased, the contribu-
tion of CO2 to the carbon formation was greater. At the surface of
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this catalyst, HCOO seems to be the intermediate, which is formed
by activation of CO2 on Hads, and of CH4 on Oads.

Methane dissociation requires a reduced metal surface, but at
elevated temperatures oxides of the active species may be reduced
by direct interaction with methane or from the reaction with H, H2,
C or CO. The comparison of elementary reaction steps on Pt and Rh
illustrates that a key factor to produce hydrogen as a primary prod-
uct is a high activation energy barrier to the formation of OH.
A catalytic material and support which does not easily form or sta-
bilise OH species is therefore desirable. Another essential property
for the formation of H2 and CO as primary products is a low surface
coverage of intermediates, such that the probability of O-H, OH-H
and CO-O interactions is reduced.183

8.2.3.4 Promoting effects

The stability of catalysts can be improved not only by the use of an
appropriate support, but also by doping the supported catalyst with
other added metals. In Ni/Al2O3, a beneficial effect of the addition
of noble metals (Pt-Pd-Ru) has been described.184 When the catalyst
is used in reaction without pre-reduction, the temperature at which
the catalyst is activated under reaction conditions by the reduction
of nickel (TS) is lower when a noble metal is included in the com-
position. Additionally, catalytic activity is higher when Pt and Ru are
the promoters. The activity is similar in Ni and Ni-Pd systems, but
Pd is the metal that provides a lower TS. This behaviour can be
explained taking into account that hydrogen is homolytically disso-
ciated at the surface of the noble metals, which are in close
association with the nickel and the hydrogen atoms thus formed
can easily reduce the NiAl2O4-phase present in the catalyst. Nichio
et al.185 promoted Ni/Al2O3 by adding a tin organo-metallic complex
to the catalyst in the reduced state (metallic Ni). This procedure
allows the collection of bimetallic Sn-Ni systems with a good inter-
action between metals, and, at concentrations of Sn in the
0.01–0.05% range (Sn/Nisurf < 0.5), the deposition of carbon upon
reaction decreases with no appreciable change in the catalytic

Supported Metals in the Production of Hydrogen 343

b1215_Chapter-08.qxd  11/28/2011  5:10 PM  Page 343



b1215 Supported Metals in Catalysis

activity. The Sn causes breakage of the Ni ensembles, active for car-
bon deposition (this is a structure-sensitive reaction), but is not
enough to affect the active sites for POM and CO2 reforming. The
effect is similar to that produced in nickel catalysts promoted with
potassium in SRM, where K-atoms block step sites at the surface of
the Ni, and these are the active sites for carbon formation.2

Manganese also promotes Ni/Al2O3 for CO2 reforming by decreas-
ing carbon deposition.186 In this case, Ni particles are partially
covered by MnOx patches, and its role is to promote the adsorption
of CO2, producing a reactive carbonate. This carbonate reacts with
the CHx fragments, preventing coke from being formed from these
fragments. Additionally, the MnOx patches break the Ni ensemble
necessary for carbon formation, without reducing the activity of the
catalyst. The most typical way of promoting nickel catalysts is by the
use of alkaline and alkaline earth metals. Chang et al.187 explained
the promotion with K and Ca of Ni/NaZSM-5 zeolite by the forma-
tion of surface carbonates, produced by the interaction of CO2 with
the alkaline promoters, which hinder the formation of inactive coke
or scavenge carbon from the surface Ni species. In isotopic effect
experiments, they also observed that the activation of CH4 at the
nickel surface is not the rate determining step in the DPO mecha-
nism. The rate is determined by the reaction of Oads + Cads, as
previously shown by Schuurman et al.182 for Al2O3- and SiO2-
supported Ni catalysts. The stabilisation of the catalysts by reducing
carbon deposition has been also successfully achieved in Ni/γ-Al2O3

catalysts promoted with Li and La.188–190

Zirconia,191 lanthana,27 and ceria149 have been recently reported
as promoters of methane reforming reactions. Incorporation of a
5 wt% ZrO2 to a base Ni/SiO2 catalyst resulted in excellent per-
formance for the reforming of methane with a CO2 + O2 mixture in
a fluidised bed reactor. A conversion of CH4 near thermodynamic
equilibrium and low H2/CO ratio (1 < H2/CO < 2) was obtained
without catalyst deactivation for 10 h on-stream, in a most energy
efficient and safe manner. It has been argued that ZrO2 could pro-
mote the dispersion of Ni on the silica substrate, which has a direct
effect on its reduction behaviour, CO2 adsorption and catalytic
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performance.191 We recently reported the promotional effect of lan-
thana on the structural and catalytic properties of Pt/La2O3-Al2O3

catalysts in methane steam reforming and methane partial oxida-
tion reactions.27 While the La-free Pt/Al2O3 catalyst was strongly
deactivated during the methane partial oxidation reaction, the
La2O3 promoted counterpart displayed much better stability. The
increase of activity observed during the reaction was ascribed to
the ability of the [LaPtxO]Pt0-like species to promote the gasification
of coke. According to this cleaning mechanism, active sites remain
accessible to CH4 molecules.27 Similarly, ceria doping of supported
Rh catalysts resulted in significant improvement of methane con-
version and syngas selectivity during the methane partial oxidation,
which could be related to higher noble metal dispersion.149 For the
cerium (1 wt%)-doped Pt/Al2O3 catalyst, the good activity and sta-
bility in the partial oxidation of methane was associated with its
higher metal dispersion, higher oxygen storage capacity and larger
degree of alumina coverage by the CeZrO2 moiety which make the
carbon cleaning mechanism effective.192

8.2.3.5 Perovskite and hydrotalcite precursors

The use of perovskite oxides as precursors of metal-supported cata-
lysts has been also extensively used. Perovskites are mixed oxides
with a general stoichiometry of ABO3, where A and B can be par-
tially substituted by other metals. One of the early studies on POM
was made on Ln2Ru2O7 pyrochlores,135 which are structures related
to perovskites. Most of the perovskites studied have a lanthanide
and/or alkaline earth metal in the A site, and the active metal in the
B site. After reduction, a highly dispersed metal supported in
the lanthanide or alkaline earth oxide is obtained. Batiot-Dupeyrat
et al.193 have studied CO2 reforming in the LaNiO3 perovskite pre-
cursor, obtaining total conversion of methane and selectivity to CO
of 92% at 1073 K. Some formation of carbon was detected, but with
no change in activity after 90 pulses of the reacting mixture.
Different phases are present in the catalysts depending on the tem-
perature of reaction. At temperatures higher than 1000 K, the
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catalyst can be described as Ni/La2O3. But at lower temperatures,
the La2NiO4 spinel is present. The reaction mechanism in this cata-
lyst can be described as an intrafacial cycle, where CO2 oxidises
metallic nickel to produce the La2NiO4 spinel, which is successively
reduced to Nio by CH4. However, although the use of La2NiO4 as a
starting material is possible, perovskite as a catalyst precursor is
favoured. In this sense, Guo et al.194 showed that the activity of the
final catalysts is better if LaNiO3 is used instead of La2NiO4. The pro-
moting effect of other metals can be also analysed using perovskites
by partial substitution of the active metal. In the LaNixFe1-xO3 per-
ovskite, stabilisation of the active phase is produced by Fe, limiting
the reversible mobility of Ni from the La2O3 matrix to the metallic
particles.195 This avoids the sintering of nickel, controlling the parti-
cle size. The best catalyst of this series is LaNi0.3Fe0.7O3, which at
1073 K does not show deactivation after 250 h on-stream. In some
cases, the precursor does not have to be a perovskite to obtain an
optimum catalyst. In Ca1-xSrxTi1-yNiyO3,196 the perovskite structure is
only obtained if y < 0.1. Nevertheless, the best catalysts are prepared
by reduction of a system with values of x = y = 0.2. This means that
part of the Ni is initially in the form of free NiO, not integrated in
the perovskite structure. However, the final active catalyst is mainly
Ni/Ca0.8Sr0.2TiO3. This catalytic system works by the CRR mecha-
nism, with the first part of the bed in the original oxidised form. The
perovskite can be also used for the preparation of bimetallic cata-
lysts, as in the case of LaRu0.8Ni0.2O3. This system has been studied by
Goldwasser et al.197 with partial or total substitution of La by Sm, Nd
and/or Ca. These substitutions improve the catalytic activity for CO2

reforming, since the reduction of the active metals is easier. In
all the cases, metal bimetallic particles of a very small particle size
(9–17 nm) were obtained. When perovskites are used as precursors,
careful consideration should be given to the nature of the interac-
tions of the different metals. As an illustrative example, Lago et al.198

analysed the behaviour of LnCoO3 systems (Ln : La, Pr, Nd, Sm, Gd).
In this series, the reduced Gd-Co perovskite had the highest activity
for POM, followed by Sm > Nd > Pr. The reduced La-Co perovskite
was only active for the combustion of methane. XPS analysis of the
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used catalysts revealed that Co is oxidised to form the original
LaCoO3 perovskite under the reaction conditions used. In the Nd-
Co system, cobalt is partially oxidised, and in Gd-Co and Sm-Co
catalysts cobalt remains reduced. TPR analysis of the perovskites
reveals that reduction is produced in two steps (LnCoO3�

LnCoO2.5�Co/Ln2O3); that this reduction is reversible, and that the
reduction temperature depends on the lanthanide employed. The
most stable perovskite, LaCoO3, is harder to reduce and is very eas-
ily reversed to the oxidised state, as revealed by TPO experiments.
This trend in stability (quantified as Goldschmidt’s tolerance factor
and the TPO temperature) can be compared with the catalytic activ-
ity in Fig. 8.5. It may be concluded that very stable perovskites are
not appropriate precursors of metal supported catalysts, since the
metallic particles will tend to reverse to the perovskite phase.

The reduced NdCoO3 perovskite-type catalyst (Co dispersed on
Nd2O3, after a reduction pre-treatment) has been found to be a
highly promising catalyst for carbon-free CO2 reforming combined
with steam reforming or partial oxidation of methane to syngas. In
the simultaneous CO2 and steam reforming, the conversion of
methane and H2O and also the H2/CO product ratio are strongly
influenced by the CO2/H2O feed ratio. In the simultaneous CO2

reforming and partial oxidation of methane, the conversion of
methane and CO2, H2 selectivity and the net heat of reaction are
strongly influenced by the process parameters (temperature, space
velocity and relative concentration of O2 in the feed). In both cases,
no carbon deposition on the catalyst was observed.199 The use of a
catalyst derived from a double perovskite ((La0.5Sr0.5)(2) FeNiO6) has
also shown very high CH4 conversion (>99%) and syngas selectivity
(>98%) and, most importantly, no coke formation was recorded at
reaction temperature of 900°C. Detailed structural characterisation
revealed that the presence of a small amount of SrCO3 and of
nano-Ni0 domains (or clusters <5 nm on average) is vital to this
extraordinary catalytic performance.200

Another type of system that has been applied as a precursor is the
example of hydrotalcite-type material. Hydrotalcite can be described
as Mg6Al2(OH)16CO3·4H2O, and it is structured in Mg–Al–OH
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layers with the carbonate anions and water in the interlayer spaces.
Hydrotalcite-derived materials are prepared by partial or total substi-
tution of Mg and/or Al by other metals.201 After calcination a mixed
oxide is obtained, with the characteristic that the original hydrotal-
cite can be recovered by rehydration. Basile et al.147 and Shishido
et al.202 have prepared Ni–Mg–Al hydrotalcites as starting materials
of Ni-supported catalysts for POM, obtaining good results with
regards activity and stability. Tsyganok et al.203 have also compared
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different methods for obtaining the final catalysts from hydrotalcites,
when nickel is incorporated to the interlayer space as [Ni(EDTA)]−2.
The best results (lower carbon deposition and smaller Ni particle
size) are obtained when the hydrotalcite is prepared by co-precipita-
tion in presence of the [Ni(EDTA)]−2, which is nested between layers.

Ni containing silicate catalysts obtained by decomposition of
hydrotalcite-like compounds were also tested in the catalytic partial
oxidation of methane. Increasing the silicate load resulted in a
decrease of the specific surface area and the Ni dispersion. Moreover,
the samples with large silicate content were deactivated by oxidation
of metallic nickel particles.204 Hydrotalcite structure also allows
the introduction of promoters, such as halogens. Fluorine-modified
Ni-Mg-Al mixed oxides were prepared and tested in the partial oxi-
dation of methane. The results revealed that fluorine was successfully
introduced into Ni-Mg-Al mixed oxide via the high dispersion of
MgF2. Such catalysts showed a high performance over POM without
deactivation even after 120 h at 1023 K. This could be reasonably
attributed to the promotion effect of the F− anions, which improved
the homogeneous distribution of nickel and basicity of the cata-
lyst with high resistance to coking and sintering.205 By repeated
‘calcination–reconstruction’ cycles, transition metals (Cr, Fe, Co, Ni
and Cu) were introduced with ruthenium into layered double
hydroxide structure. Preliminary calcination hydrotalcite was shown
to markedly affect catalytic behaviour of the derived catalysts and
especially their coking capacity. Among all the bimetallic catalysts
tested, a Ru0.1%–Ni5.0%/MgAlOx appeared the most attractive for
the dry reforming of methane because it demonstrated the highest
activity and selectivity to syngas, no induction time when generated
in situ, a suitable durability and a low coking capacity.206

8.3 Alcohol Conversion

8.3.1 Methanol

Hydrogen gas has a high fuel density but is difficult to handle. A sim-
ple alternative source of hydrogen, despite its substantially lower
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energy density, is methanol because this molecule can be decom-
posed to hydrogen containing mixtures by chemical or physical
methods. Among these, catalytic processes including decomposi-
tion, steam reforming and oxidative processes remain prominent
and are therefore examined in this section.207

8.3.1.1 Methanol decomposition

Methanol decomposition is an on-site source of H2 and CO for
chemical processes and fuel cells: 

CH3OH → CO + 2 H2 ∆Ho
298 = + 91 kJ mol−1. (8.8)

The reaction is endothermic and can be performed on metals from
Group 10, among which Ni and Pd have been those most widely
studied. These metals have been supported on different oxide sub-
strates such as Al2O3, TiO2, SiO2, CeO2, ZrO2 and Pr2O3.208–219

Among the different metals, palladium seems to be the most
effective for methanol decomposition and in the case of Pd sup-
ported on CeO2 it was observed that the decomposition reaction of
methanol is sensitive to the metal structure of the catalyst.219 Usami
et al.209 tested a number of metal oxide supported Pd catalysts and
found that Pd/CeO2, Pd/Pr2O3 and Pd/ZrO2 catalysts prepared by
a deposition-precipitation procedure were active for the selective
decomposition of methanol to H2 and CO at temperatures below
523 K. It was observed that the interaction of the Pd-phase and the
ZrO2 to a large extent influences the performance of Pd/ZrO2 cata-
lysts in which smaller metal particles and a stronger contact with the
support should be favourable for the decomposition reaction. In
particular, the TOF values for methanol decomposition suggested
that the CeO2 and Pr2O3 systems are better candidates than ZrO2 for
supporting palladium crystallites on their surface.

In addition, La2O3 is a particularly attractive support because it
affords high selectivity and specific activity in the methanol synthe-
sis reaction. La2O3-modified palladium catalysts have been reported
to be very active for the synthesis of methanol from (CO + H2)

350 J. L. G. Fierro, M. A. Peña and M. C. Alvarez-Galvan

b1215_Chapter-08.qxd  11/28/2011  5:10 PM  Page 350



b1215 Supported Metals in Catalysis

mixtures.220 Like the reverse reaction of methanol synthesis from
(CO + H2) gas mixtures, the methanol decomposition reaction was
also tested over a series of Pd/SiO2 catalysts promoted with lan-
thanum oxide.221 In keeping with these ideas, La-modified Pd/CeO2

catalysts were prepared and tested in the reaction of methanol
decomposition.222 The addition of La2O3 to a 2%Pd/CeO2 catalyst
significantly improved catalytic behaviour in the target reaction.
Over the La-modified 2%Pd/CeO2 catalyst, complete conversion of
methanol can be achieved at around 548 K, which in turn is nearly
40 K lower than the temperature needed for the 2%Pd/CeO2 cata-
lyst. The TPR profiles showed that the presence of La2O3 shifted the
reduction temperature of CeO2 to lower values, while it hindered
the reduction of PdO crystallites due to an accelerated diffusion of
oxygen at the La2O3-CeO2 interface.

The greater activity of Pd for methanol decomposition reaction
was also found by using the steady state isotopic transient kinetic
analysis (SSITKA) method over noble metal (Pt, Pd, Rh)/ceria cat-
alysts. Their activity increased in the order Rh < Pt < Pd, while the
by-products were (i) methane, carbon dioxide, water, methyl for-
mate and formaldehyde in most cases and (ii) ethylene and
propylene, formed only over Rh/CeO2, at 553 K. SSITKA measure-
ments indicated that two parallel pools exist for the formation of CO
(via formation and decomposition of formaldehyde and methyl for-
mate). The difference in the activity order of noble metal/ceria
catalysts seems to correlate with the surface coverage of active ‘car-
bon containing’ species, which followed the same order. The latter
implies that a part of these species is formed on the ceria surface
or/and metal-ceria interface.223

Mechanistic information on the reaction derived from well-
defined Pd, Co and PdCo systems revealed that methanol is dehy-
drogenated to CO even at room temperature by the Pd and Pd-Co
catalysts, but high steady state conversion requires temperatures at
or above 423 K. Experiments conducted under UHV conditions
revealed that CO desorption is the limiting factor at lower
temperature. Pure Pd catalysts were found to be more active for
methanol decomposition than the bimetallic Co-Pd catalysts.
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Although electronic effects in the bimetallic system facilitate des-
orption of CO at low temperature, this cannot compensate for the
lower intrinsic activity of Co sites.224 Experimental findings imply
that edge sites (and other defects) on Pd nanocrystallites exposing
mainly (111) facets in supported model catalysts are crucial for cat-
alyst modification via deposition of CHx (x = 0 − 3) by-products of
methanol decomposition. To explore this problem computationally
and to unravel the mechanism of how CHx species are formed, DFT
calculations of C–O bond scission in methanol and various dehy-
drogenated intermediates (CH3O, CH2OH, CH2O, CHO, CO)
deposited on the cubo-octahedron model particle Pd79, were carried
out. From the computational results, it was concluded that the
decomposition products CH3 and CH2 preferentially adsorb at edge
sites of nanoparticles. Low-coordinated (edge) sites on Pd nanopar-
ticles accelerate the catalyst contamination by decomposition of CHx

species. In particular, CH3 and CH2 products of CH3O and CH2OH
decomposition were found to occupy preferential positions at the
edges of the Pd79 nanoparticle. Computational results suggest that
CH3 and CH2 species undergo fast dehydrogenation to CH and C.225

8.3.1.2 Methanol steam reforming

Several reactions can be used for the production of hydrogen from
methanol. The most widely applied one is probably the steam
reforming reaction.

CH3OH + H2O → CO2 + 3 H2 ∆Ho
298 = + 50 kJ mol−1 (8.9)

A large variety of catalysts for the steam reforming of methanol
which include copper in their composition have been
reported.226–231 Commercial Cu/ZnO water-gas shift and methanol
synthesis catalysts229,230 have also been found to be active for the
steam reforming reaction. Microstructural characteristics of the
copper phase in Cu/ZnO catalysts depended on the aging time of
the precipitate, resulting in changes in reducibility and crystallite
size which produced an increase in the catalytic activity. Moreover,
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continuous precipitate aging led to decreasing amounts of Zn in the
copper clusters of the Cu/ZnO catalysts. The proposed model
emphasises the defect-rich state of the homogeneous microstruc-
ture of Cu/ZnO catalysts and its implication for the catalytic activity
in the steam reforming of methanol.232

Shimokawabe et al.231 have also reported that highly active
Cu/ZrO2 could be prepared by impregnation of a ZrO2 substrate
with aqueous solutions of the [Cu(NH3)4(NO3)2] complex, which is
more active than the corresponding Cu/SiO2 catalysts. Of particular
interest is the use of ZrO2 as a substrate for the copper phases.
Highly active Cu/ZrO2 catalysts have been prepared by a variety of
different methods, including impregnation of copper salts onto the
ZrO2 support,233,234 the precipitation of copper,233–236 the formation
of amorphous aerogels,237,238 and CuZr alloys.239 The central idea in
all these studies is to maintain the zirconia support in an amorphous
state under the calcination and reaction conditions so as to retain a
high level of activity. The major drawback of zirconia crystallisation
is a dramatic drop in both the copper levels and the specific surface
area of the catalysts. A high copper-zirconia interfacial area must be
maintained to prevent catalyst deactivation. Tetragonal zirconia can
be stabilised by the incorporation of Al2O3, Y2O3 and La2O3 oxides,240

thus preventing, or at least minimising, its crystallisation. 
Breen and Ross241 found that Cu/ZnO/ZrO2 catalysts are active

at temperatures as low as 443 K but they severely deactivate at
temperatures above 590 K. However, deactivation is inhibited upon
incorporation of Al2O3. The deactivation may be explained by con-
sidering the transformation of amorphous zirconia into a crystalline
metastable tetragonal ZrO2-phase. It was shown that the tempera-
ture of crystallisation of zirconia can be reduced to a considerable
extent in the presence of steam,240 which accelerates crystal growth.
The improvement of catalyst stability brought about by Al2O3 incor-
poration comes not only from the increase in the temperature of
crystallisation of ZrO2 but also from the effect of increasing the cop-
per area and the total area of the catalysts. In situ bulk structural
investigations of a nanostructured Cu/ZrO2 catalyst under methanol
steam reforming conditions revealed small and disordered CuO
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particles as the main copper phase present in the precursors.
Reduction of the Cu/ZrO2 catalyst in the feed or re-reduction after
oxidation resulted in supported nanoparticles with an increased
amount of oxygen in the copper particles, which correlates with the
increased activity of the Cu/ZrO2 catalyst. In contrast to conven-
tional Cu/ZnO catalysts, only a minor degree of microstrain is
detected in the active copper phase of Cu/ZrO2 catalysts. The
decreased reducibility of CuO/ZrO2, the low degree of microstrain
and the correlation between the amount of oxygen remaining in the
copper particles and catalytic activity, indicate a different metal
support interaction compared with Cu/ZnO catalysts.242

The effects of ZnO, CeO2, ZrO2 and Al2O3 on the SRM reaction
have been clearly identified. Zirconium oxide promoted the SRM
reaction and slightly reduced the concentration of CO, but CeO2

and Al2O3 weakened the SRM reaction. The introduction of ZrO2

into CuO/ZnO/Al2O3 (30/60/10, proportions in commercial cata-
lyst) improved the reducibility and stability of the catalyst. The
addition of CeO2 or Al2O3 hindered the reducibility of the catalyst
and weakened the interaction between CuO and ZnO. Nevertheless,
an appropriate amount of Al2O3 is needed for the stability and the
mechanical strength of the catalysts. The CuO/ZnO/ZrO2/Al2O3

(30/40/20/10) and (40/30/20/10) catalysts are good candidates
for the SRM, as determined by comparison with the commercial
catalyst.243

ZnO-supported palladium-based catalysts have been shown in
recent years to be both active and selective towards the steam
reforming of methanol, although they are still considered to be
less active than traditional copper-based catalysts. The activity of
PdZn catalysts can be significantly improved by supporting on alu-
mina. It has been shown that the Pd/ZnO/Al2O3 catalysts have
better long-term stability when compared with commercial
Cu/ZnO/Al2O3 catalysts, and that they are also stable under redox
cycling. The Pd/ZnO/Al2O3 catalysts can be easily regenerated by
oxidation in air by re-exposure to reaction conditions, while the
Cu/ZnO-based catalysts do not recover their activity after oxida-
tion.244 A novel palladium-based catalyst has been recently
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developed for use in a miniature fuel-cell power source for
portable applications, incorporating a polymer electrolyte mem-
brane (PEM) fuel cell. Hydrogen, which is the fuel for the cell, is
produced in a ceramic microreactor via the catalytic reaction of
methanol steam reforming. The need for a new catalyst in this
application is driven by the limitations of traditional particulate cat-
alysts based on copper oxide, zinc oxide and alumina (Cu–Zn–Al
catalysts), which have low thermal stability and high sensitivity
towards air and condensing steam. These features result in a declin-
ing activity and mechanical integrity of Cu–Zn–Al catalysts under
the frequent start-stop conditions typical of the operational mode
of the miniature power source. The new Pd-based catalyst has activ-
ity and selectivity similar to those of Cu–Zn–Al catalysts, but is more
durable and stable under the duty cycle conditions of a portable
power source.245

The activity and selectivity of ZnO and CeO2-supported Pd cat-
alysts has been also investigated. The Pd/ZnO catalysts exhibited
lower MSR rates but were more selective for the production of CO2

than the Pd/CeO2 counterparts. The CH3OH conversion rates
were proportional to the H2 chemisorption uptake suggesting that
the rate determining step was catalysed by Pd. The selectivities are
explained based on the reaction pathways and characteristics of
the support. The key surface intermediate appeared to be a for-
mate. The ZnO-supported catalysts had a higher density of acidic
sites and favoured pathways where the intermediate was converted
to CO2 while the CeO2-supported catalysts had a higher density of
basic sites which favoured the production of CO.246 The high activ-
ity and selectivity of Pd/ZnO catalysts for MSR have been
attributed to the formation of PdZn alloy, with formation of large
sized PdZn crystallites which exhibit high reactivity and low CO
selectivity during methanol steam reforming being found.247 The
effect of ZnO morphology on Pd/ZnO activity for steam reforming
of methanol has been studied. The ZnO morphology was varied
using different Pd precursors and catalyst preparation methods.
The original morphology was preserved using an organic Pd pre-
cursor. The catalyst activity, normalised to Pd weight, and for
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similarly sized metal particles, strongly depends on ZnO morphol-
ogy, it being found that the more faceted the ZnO, the higher the
catalyst activity and suggesting that this ZnO might be a Zn source
for PdZn alloy formation. Furthermore, ZnO might be facilitating
one of the intermediate steps in methanol steam reforming.248

Recently, it has been proposed that the selectivity to carbon diox-
ide could be controlled through the formation of PdZn surface
alloys. A Pd-Zn multilayer alloy (ensembles of PdZn exhibiting a
Zn-up/Pd-down corrugation) is CO2 selective and acts as a bifunc-
tional active site both for water activation and for the conversion
of methanol into CO2.249

Besides formulations based on supported Cu and Pd, other
catalytic systems have also shown high activities for the steam
reforming of methanol. Good activity and selectivity towards
hydrogen production have been found for the steam reforming
of methanol over a series of copper-manganese spinel oxide
catalysts. The results show that formation of the spinel CuxMn3−xO4

phase in the oxidised catalysts is responsible for the high activity.
Cu-Mn catalysts were found to be superior to CuO-CeO2 catalysts
prepared with the same technique.250 CuMn2O4 spinel with a high
specific surface area and a tangled structure that apparently
resembles the internal surface of the amorphous silica gel show a
high catalytic activity, similar to that of the most active catalyst
reported in the literature, with the advantage that their stability is
enhanced.251 The higher activity in methanol steam reforming of
the spinel-derived catalyst compared with the one derived from
the non-spinel system is due to the higher dispersion of Cu
metal.252 Production of hydrogen by the MSR reaction has been
successfully achieved over a series of Ni/Al layered double
hydroxide catalysts. The presence of potassium and/or sodium
cations was found to improve the activity of methanol conversion.
The selectivity for CO2 rather than CO was better with K ions than
Na ions, especially at higher temperatures. Methanol steam
reforming over a K promoted Ni/Al layered double hydroxide
catalyst resulted in better activity and similar stability compared
with a commercial Cu catalyst.253,254
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8.3.1.3 Partial oxidation of methanol

Copper-zinc catalysts

Copper-zinc catalysts have been found to be very active for the
partial oxidation of methanol.255

CH3OH + ½ O2 → CO2 + 2 H2 ∆Ho
298 = −192 kJ mol−1 (8.10)

The partial oxidation reaction started at 488 K and the rates of
methanol and oxygen conversion increased strongly with tempera-
ture to selectively produce H2 and CO2 (Fig. 8.6). The rate of CO
formation was very low throughout the temperature range explored
(473–498 K) and H2O formation decreased for temperatures above
488 K. As a general rule, methanol conversion to H2 and CO2

increased with the copper content, reaching a maximum with
Cu40Zn60 catalysts (sub indexes are atomic percentages) and decreas-
ing for higher copper loadings. The Cu40Zn60 catalyst with the
highest copper metal area was the most active and selective for the
partial oxidation of methanol. Unreduced catalysts prior to the reac-
tion displayed very low activity, mainly producing CO2 and H2O and
only traces of H2. From the reaction rates and copper areas, TOF val-
ues were calculated as a function of the copper content at constant
temperature (497 K). It was shown that both the apparent activation
energy (Ea) and the TOF were higher for the low-copper catalysts
and they decreased slightly, tending to a constant value at Cu-load-
ings above 50% (atom). The simultaneous variation of Ea and TOF
suggests that the enhancement in reactivity is a consequence of a
change in the nature of the active sites rather than being induced by
a simple spillover type synergy. The activity data in the partial oxi-
dation reaction of methanol to hydrogen and carbon dioxide over
Cu/ZnO catalysts obtained with different catalyst compositions and
different Cuo metal surface areas revealed that the reaction depends
on the presence of both phases: ZnO and Cuo. On the other hand,
for catalysts with Cu concentrations in the range of 40–60 wt%, the
copper metal surface area seems to be the main factor determining
the reaction rate.256
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The O2/CH3OH molar ratio in the feed has a strong influence on
catalyst performance. As illustrated in Fig. 8.7, the CH3OH conver-
sion rate and H2 and CO2 selectivities increase almost linearly for O2

partial pressures in the range 0.026–0.055 bar (O2/CH3OH ratios =
0.03–0.063).257 A further increase in the O2 partial pressure leads to
a sharp drop in CH3OH conversion and almost complete inhibition
of H2 formation, with the simultaneous production of H2O and CO2.
When returning to lower O2 partial pressures, the conversion and
selectivity to H2 and CO2 remain constant and very low, producing a
hysteresis curve. In addition, the X-ray diffraction patterns show that
a thick layer of copper oxide grows on the surface of copper crystal-
lites when exposed to O2 pressures above 0.055 bar. These results
indicate that metallic Cuo has low reactivity to methanol and that
activity is optimised at intermediate surface coverage by oxygen. 

Mechanism studies

Kinetic isotope effects using CH3OH and CH3OD show that the
O–H bond is at least partially involved in the rate limiting step. TPD
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Figure 8.6 Partial oxidation of methanol over the catalyst Cu40Zn60. (�), CH3OH
conversion; (+), O2 conversion; (�), H2; (�), CO2; (∆), H2O; (∇), CO.255
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experiments with pure Cuo, pure ZnO and the catalyst Cu/ZnO
showed that methanol can be activated by both ZnO and copper. On
the ZnO surface, methanol can form intermediates, which, in the
presence of copper, might react and desorb more easily, probably
via a reverse spillover process. The isotopic product distribution of
H2, HD, D2, H2O, HDO and D2O in the temperature-programmed
reaction of CH3OD disclosed a slight enrichment of the products
with H, suggesting that during methanol activation on the ZnO
some of the D-atoms might be retained by the support.257 CH3OH
activation via O–H bond cleavage occurs easily on metals from
Group 8, 9 and 10 at temperatures as low as 100–200 K.258 Neverthe-
less, CH3OH bond activation on copper catalysts requires higher
temperatures or the presence of oxygen atoms on the copper
surface. It has been proposed that the basic character of O-atoms
on copper surfaces facilitates H-transfer from the O–H bond to form
a surface methoxy intermediate.259 The kinetic isotope effect
(kH/kD = 1.5) observed for CH3OH conversion257 can be related to
this H-transfer, suggesting that during the CH3OH oxidation, O–H
bond cleavage is at least partially involved in the rate determining
step, especially for the water selectivity with kH/kD = 2.0. However, for
H2 formation (kH/kD = 0.9), the rate determining step is related to
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Figure 8.7 Effect of O2 partial pressure on CH3OH conversion in the reaction with
the Cu40Zn60 catalyst at 488 K.257
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C–H bond activation, since the C–O bond does not break during the
reaction (no CH4 formation is observed). These kinetic results
obtained for the partial oxidation reaction on Cu/ZnO catalysts
agree with those derived for the decomposition and steam reform-
ing reactions of methanol. For these reactions, it has been suggested
that a methoxide species is rapidly formed and that the rate deter-
mining step is cleavage of the C–H bond to form the H2CO
species.256,257,259–264

It has been proposed that oxygen atoms participate in methanol
activation by the abstraction of the hydroxyl H-atom to form
methoxide and OHsurf. This OHsurf species rapidly loses H to the sur-
face, regenerating the O surface species.257 Although all of these
reactions occur on the copper surface, ZnO also plays some role in
the reaction. The TPD experiments after pre-adsorption of the
O2/CH3OH mixture on pure ZnO are conclusive to the effect that
CH3OH is partly converted into H2, CO, CO2 and H2CO.257 Between
the two peaks observed in the TPD profiles, the one at low temper-
ature (573 K) for H2 and CO2 suggests participation of bulk oxygen,
whereas that at slightly higher temperature (590 K) is related to the
formation of H2CO. As stated above, the Cu metal area determines
the reaction rate. However, the combination of copper with a cer-
tain amount of ZnO seems to be of fundamental importance for the
partial oxidation of methanol. Thus, ZnO might also participate in
methanol activation and, by a reverse spillover effect, transfer
species to the metallic surface for further reaction. 

Promoters

The incorporation of small amounts of Al2O3 (up to 15% Al at.) to
the Cu/ZnO system results in a lower activity, indicating that alu-
minium has an inhibiting effect for the partial oxidation of
methanol. For the catalyst Cu40Zn55Al5, this inhibition is clear at lower
temperatures and approaches the activity of the Al-free Cu40Zn60

counterpart at temperatures close to 500 K, although other catalysts
with higher Al-loadings (Cu40Zn50Al10 and Cu40Zn45Al15) do not show
significant activity in the temperature interval studied.255 In terms of
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stability, the behaviour of Cu40Zn60 and Cu40Zn55Al5 catalysts was very
different. While the Cu40Zn60 catalyst lost 43% of activity, with a less
marked drop in the selectivity to H2 and CO2, after 110 h on-stream
at 503 K, no significant deactivation was observed on the Cu40Zn55Al5

catalyst. The addition of aluminium as Al2O3 to the Cu-ZnO favours
better dispersion of the copper phase and improves catalyst stability
by avoiding the sintering of metal particles.

For both binary Cu-ZnO and ternary Cu-ZnO(Al) systems the
reduction pre-treatments govern the structural and morphological
characteristics of the catalyst surface.265 These initial characteristics
play a central role in the evolution of the oxidation state and structural
morphology during the reaction, since the dynamic behaviour of the
catalyst surface is determined by the conditions of the gas atmosphere
during the reaction. The temperature dependence of CH3OH conver-
sion on a Cu55Zn40Al5 catalyst in its oxidised, reduced and air-exposed
pre-reduced states during the partial oxidation in an O2/CH3OH = 0.3
(molar) mixture is shown in Fig. 8.8.265 All conversion profiles follow a
sigmoidal shape, with a dramatic increase in CH3OH conversion
within a narrow temperature range. The reaction starts at 416 K on the
reduced sample, whereas this point shifts to 422 and 434 K in the air-
exposed and oxidised samples respectively, although conversely,
product selectivity is the same in all cases. For a CH3OH conversion of
around 0.6, where oxygen is completely consumed, the slope of the
curves changes as a consequence of the overlapping of the decompo-
sition reaction. From the data in Fig. 8.7 it is clear that the oxidised
sample becomes reduced during the partial oxidation of methanol
and this reduction process leads to surface reconstruction with a
higher CH3OH decomposition capacity than that of the pre-reduced
counterparts. These differences are related to changes in the number,
but not in the characteristics, of the active sites induced by the differ-
ent reduction potentials of the reacting gases.

Gold has been used as a promoter in CuO/ZnO catalysts. The
Au/CuO/ZnO catalysts are more active and exhibit higher hydro-
gen selectively with a smaller amount of CO compared to the
CuO/ZnO counterparts. The enhanced activity of Au containing
catalysts is due to the strong interaction between Au and CuO
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species.266 Similarly, incorporation of gold to ZnO/Al2O3 catalysts
was found to improve the performance for methanol partial oxida-
tion. The activity of the Au-Zn/Al2O3 catalysts increased upon
increasing the amount of ZnO, and it reached the maximum level
when the atomic ratio of Zn to Au was 5 :1. The main role of ZnO is
associated with the progressive formation of smaller Au particles,
which provide active oxygen species for oxidation of methanol.267

Palladium catalysts

Metals from Groups 8, 9 and 10, and more specifically palladium,
are highly active in the partial oxidation of methanol.268,269 High
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Figure 8.8 Temperature dependence of CH3OH conversion during temperature-
programmed start-up over the Cu/ZnO/Al2O3 catalyst in different initial states:
(�), oxidised; (•), reduced; (�), reduced + air exposed. Atmospheric pressure, feed
ratio O2/CH3OH = 0.3, heating rate = 0.1 K/min.265
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yields to H2 were obtained on pre-reduced Pd/ZnO catalysts under
O2/CH3OH feed ratios of 0.3 and 0.5. For the 1 wt% Pd/ZnO cata-
lyst, CH3OH conversion reached 40–80% within the 503–543 K
temperature range. Upon increasing the reaction temperature,
CH3OH conversion increased with a simultaneous increase in H2

selectivity at the expense of water (Fig. 8.9). Since oxygen was com-
pletely consumed, this selectivity trend suggests some contribution
of the methanol steam reforming produced by the water by-product.
Important structural changes take place at the Pd-ZnO interface
during on-stream operation. By using X-ray diffraction, temperature-
programmed reduction and X-ray photoelectron spectroscopy
techniques, a PdZn alloyed phase could be observed.154 The reactiv-
ity of this alloy is somewhat different from that of small Pd clusters,
as illustrated by the behaviour of a 5 wt% Pd/ZnO catalyst, which
exhibited a rather high selectivity to HCHO and simultaneous for-
mation of PdZn alloy. It is likely that processes such as CH3OH
decomposition, the inability to oxidise the intermediate HCHO,
and the low oxidation rate of CO might be involved in large PdZn
alloy particles since CO and HCHO selectivities were much higher
for the 5 wt% Pd/ZnO catalyst. 

The nature of the support to a large extent determines the per-
formance of the supported catalysts. 1 wt% Pd/ZrO2 catalysts
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Figure 8.9 Selectivity as a function of CH3OH conversion for the POM reaction
over catalyst 1 wt% Pd/ZnO using feed ratio O2/CH3OH = 0.3 (molar).269
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exhibited not only oxidation products (H2 and CO2) as observed
with the parent Cu-ZnO catalysts, but also the decomposition reac-
tion seemed to occur to a greater extent. 

Other catalysts

High selective production of hydrogen by partial oxidation of
methanol has been achieved over Au/TiO2 catalysts, it being found
that the catalytic activity is strongly dependent on the gold particle
size.270 The catalytic activity of Au/TiO2 for the POM reaction to pro-
duce hydrogen is improved by using the additional support (MO).
For these Au/TiO2-MOx (M = Fe, Co and Zn) systems, TEM obser-
vations showed that the gold particles are stabilised against sintering
during calcination and after catalytic tests. The catalytic activity of
Au/TiO2 for the POM reaction to produce hydrogen was improved
by using the additional support (MO), probably due to a combina-
tion of factors, such as increasing the mobility of the lattice oxygen,
maintaining an appropriate oxidation state of the gold particles,
and controlling the sintering of gold particles. The most active cata-
lyst was Au/TiO2-Fe2O3. It was suggested that the reaction pathway
consists of consecutive methanol combustion, partial oxidation,
steam reforming and decomposition reactions.270

8.3.1.4 Autothermal reforming of methanol

An even more appealing option than the steam reforming and par-
tial oxidation is the combination of these two reactions, providing
the possibility of producing hydrogen under almost autothermal
conditions.256,271–275

CH3OH + (1–2n) H2O + n O2 →
(8.11)

CO2 + (3–2n) H2 (0 < n < 0.5).

Copper-based catalysts also display good performance in com-
bined reforming. In a recent contribution using a Cu-ZnO
catalyst, Agrell et al.275 reported that at differential O2 conversions,
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water is produced by combustion of methanol. When oxygen con-
version was complete, water production levelled off and H2

formation was initiated. Then, CH3OH conversion and H2 and CO
selectivity increased while water selectivity decreased. When ZrO2

was incorporated to the Cu-ZnO base catalyst, the resulting cata-
lysts were slightly less active than the Cu-ZnO alone. CO
formation over these ZrO2-loaded Cu-ZnO catalysts was less pro-
nounced than in the other catalysts and still lower than in the
steam reaction. 

The oxidative steam reforming reactions of methanol were
also investigated over Cu-ZnO(Al) catalysts derived from hydro-
talcite-like precursors.274 The reaction under O2/CH3OH/H2O =
0,3 : 1 : 1 molar ratios in the feed led to a high activity for CH3OH
conversion and a very high selectivity for H2 production. All the
catalysts exhibited higher CH3OH conversions than that attained
under the conditions of partial oxidation without water. Another
interesting result is that CO levels at the exit stream were much
lower than in the case of the reaction performed under the con-
dition of pure partial oxidation. Despite the complexity of the
mechanism of oxyreforming of methanol, it is likely that the
water-gas shift reaction may contribute to the reduction of CO
selectivity.

For Cu/ZnO/Al2O3 catalysts derived from layered double
hydroxide precursors, it has been hypothesised that methanol oxi-
dation is catalysed by a Cu oxide present in the first zone of the
catalytic bed, where the O2 concentration is high. The activity of
such oxide and, therefore, the kinetics of partial oxidation of
methanol can be influenced by the interaction with the other oxides
of the dispersing matrix. Some influence of the oxide matrix is pres-
ent also under SRM conditions.276 Recently, a kinetic model for
oxidative steam reforming of methanol has been developed using
the Langmuir–Hinshelwood (LH) approach over a Cu/ZnO/CeO2/
Al2O3 catalyst. A good agreement was obtained between experimen-
tal and model predicted results based on formation of formate from
oxymethylene, dissociation of formic acid and formation of
adsorbed CO and surface hydroxyls from formate species as the rate
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determining steps for methanol partial oxidation, methanol steam
reforming and reverse water-gas shift reactions, respectively.277

Copper-zinc oxide catalyst/ceramic fibre composites, prepared
by a papermaking technique, were used in autothermal reforming
(ATR) of methanol to produce hydrogen for fuel cell applications.
The performance of the catalyst paper for hydrogen production in
the ATR process at 523 K was twice as high as that of commercially
available catalyst pellets. The concentration of CO, which acts as a
catalytic poison for the Pt anode electrocatalyst of fuel cells,
decreased remarkably. Furthermore, the gas generation with catalyst
paper was much more stable than with catalyst powder or with pel-
lets, resulting in constant hydrogen production. Such interesting
features may be caused by the unique porous structure of paper
composites that allows heat and reactants to be supplied effectively
onto the catalyst surfaces. In addition, the ATR stability with catalyst
paper improved considerably when ZSM-5 zeolite was mixed within
the catalyst paper. Therefore, the porous, flexible and easy-to-
handle catalyst paper is expected to be a promising catalytic
material for enhancing practical performance in the catalytic
reforming process.278

8.3.2 Ethanol oxidation

8.3.2.1 Ethanol steam reforming

Hydrogen can be produced by the steam reforming reaction of oxy-
genated compounds (CnHmOp).279 Among oxygenates, ethanol is
particularly suited since it is easily produced from renewable
resources. The main advantage of ethanol is its high energy density
and ease of handling and the fact that it can be used for the pro-
duction of hydrogen for fuel cells with applications in mobile and
stationary grid-independent power systems. The steam reforming of
ethanol for hydrogen production has been demonstrated to be
thermodynamically feasible.279–282 An issue of major relevance is to
develop highly active, selective and stable heterogeneous catalysts for
the target reaction. The first step of the process involves oxidation of
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a fraction of the C2H5OH fed into the catalytic reactor to generate
the heat required for the steam reforming reaction:

C2H5OH + 3 O2 → 3 H2O + 2 CO2 (8.12)
∆Ho

298 = −1279 kJ mol−1

C2H5OH + 3 H2O → 6 H2 + 2 CO2 (8.13)
∆ Ho

298 = +173 kJ mol−1.

These two processes must be combined since most catalysts that are
active for steam reforming are also active for the combustion reac-
tion. A further water-gas shift reaction step is required to remove the
excess of carbon monoxide. 

Some studies have been published on the use of Rh/Al2O3,283,284

ZnO,285 Ni/La2O3,286 potassium promoted Ni/Cu287 dual bed Pd/C-
Ni/Al2O3,288 transition metals (Rh, Pd, Ni, Pt) supported on Al2O3

and CeO2-ZrO2 substrates,289 and Co-based catalysts.290,291 Noble met-
als supported on metal oxides of the type Al2O3, SiO2, CeO2, TiO2

and MgO display high activity in the decomposition of ethanol to
COx and H2.281,283,284,289,292,293 In particular, cerium oxide supported
Rh catalysts show a relatively high activity for ethanol decomposi-
tion, even in the presence of oxygen.293 However, the Rh/Al2O3

systems appear to be much more active in ethanol reforming reac-
tions.281,283 It was shown that hydrogen-rich gas mixtures produced
upon using Rh/Al2O3 catalysts can be considered to be of great
interest for molten carbonate fuel-cell applications because they do
not involve the production of ethylene or other undesirable prod-
ucts. Under steam reforming conditions, extensive formation of
encapsulated carbon was observed, while the addition of oxygen to
the reaction stream proved to be very useful since catalyst stability
was improved while coke formation was minimised. 

The mechanism of the reaction is very complex since several
reaction intermediates can be formed. In light of the above studies,
it was claimed that the acetaldehyde, formed by ethanol dehydro-
genation, is easily decarbonylated to form CH4 and CO, while the
ethylene produced by dehydration was steam-reformed to C1 (very
fast reactions). Rh/CeO2 catalysts were also found to be highly active
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in the autothermal reaction of ethanol and ethanol-water mix-
tures294 with residence times below 10 ms. Under these conditions,
ethanol conversion exceeded 95% and H2 selectivity approached
100%. On Pt/CeO2 catalysts, it has been suggested that the ethanol
reforming reaction proceeds through dissociative adsorption at
reduced defect sites on ceria (i.e. Ce surface atoms in the Ce3+ oxi-
dation state), yielding adsorbed ethoxy species and adsorbed H
species, the latter identified to be a type bridging OH group. In the
presence of steam, the ethoxy species rapidly undergoes molecular
transformation to an adsorbed acetate intermediate by oxidative
dehydrogenation.295

The metallic function and the acid-base properties of the cata-
lysts used play a central role in the reforming reaction of ethanol.
This is illustrated by the Cu/Ni/K/γ-Al2O3 catalyst, which exhibits
acceptable activity, stability and hydrogen selectivity at relatively low
temperature (573 K) and atmospheric pressure.287 In this catalyst,
copper is the active agent; nickel promotes C–C bond rupture,
increasing hydrogen selectivity and potassium neutralises the acidic
sites of the γ-alumina substrate and improves the general perform-
ance of the catalyst. 

Lanthanum oxide is one of the best support candidates for the
metallic function of the ethanol reforming catalysts. It was reported
that a Ni/La2O3 catalyst, or a (Ni/La2O3)/Al2O3 in pelleted form,
exhibited high activity and long-term stability for hydrogen produc-
tion.296 The catalytic performance of supported noble metal catalysts
was investigated in the temperature range 823–1123 K with respect
to the nature of the active metallic phase (Rh, Ru, Pt, Pd), the
nature of the support (Al2O3, MgO, TiO2), and the metal loading.
For the catalysts with low loadings, Rh was significantly more active
and selective toward hydrogen formation as compared to Ru, Pt and
Pd which showed a similar behaviour. The 20%Ni/La2O3/Al2O3 cat-
alyst exhibited good stability at 1023 K for on-stream times of over
150 h, with only a small drop in ethanol conversion from 95% to
90%, while hydrogen selectivity remained essentially unchanged.296

These results indicate the uniqueness of the Ni/La2O3 system
in terms of its long stability, which is even more pronounced at
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relatively low temperatures. The unusual stability of the Ni/La2O3

catalyst may be explained by taking into account that a thin over-
layer of lanthana is formed on top of the Ni particles following high
temperature pre-treatment of the catalyst or exposure to the reac-
tion environment.179 Under reforming reaction, lanthanum oxide
species, which decorate the Ni particles, react with carbon dioxide
to form La2O2CO3 species, which then react with surface carbon at
their periphery, thus cleaning the Ni surface of carbon deposits.

La2O3 + CO2 → La2O2CO3 (with C deposit) → (8.14)
La2O3 + 2 CO

According to this simple mechanism, the surface carbon at the
periphery of the lanthanum oxycarbonate particles is removed,
resulting in the observed good stability characteristics of this cata-
lyst. Such a mechanism does not work if Ni is supported on other
kinds of support. Klouz et al.297 analysed the nature of carbon
deposits on a Ni-Cu/SiO2 catalyst under reforming conditions.
Regardless of the reaction time, the main carbon deposited on the
catalyst surface was found to be very sparingly reactive, since it could
only be partially hydrogenated even at 1173 K and only reacted with
oxygen. Such a low reactivity suggests that this kind of carbon is
graphitic and that it accumulates around the metal particles. The
poisoning effect of this encapsulating carbon is evident since the
catalyst was fully regenerated after burning the carbon and again
reducing the catalyst. Catalyst poisoning most likely proceeds as a
moving front along the direction of the catalyst bed. Selectivity
remained constant for complete ethanol conversion, suggesting that
the catalyst bed had been progressively poisoned by carbon.
However, the appearance of acetaldehyde when ethanol conversion
declined confirms that acetaldehyde may be an intermediate prod-
uct of ethanol reforming.

Metal/ceria catalysts have received great interest for their reac-
tions involving steam conversion, including CO for low-temperature
water-gas shift, and the conversion of chemical carriers of hydrogen,
among them methanol and ethanol. The mechanism by which ROH
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model reagents are activated on the surface of the Pt/partially
reduced ceria catalyst was explored using a combination of reaction
testing and infrared spectroscopy.298 In this particular investigation,
the activation and turn-over of ethanol were explored and com-
pared with previous investigations of methanol steam reforming and
low-temperature water-gas shift under H2-rich conditions, where the
surface of ceria is in a partially reduced state. Under these condi-
tions, activation of ethanol was found to proceed by dissociative
adsorption at reduced defect sites on ceria (i.e., Ce surface atoms in
the Ce3+ oxidation state), yielding an adsorbed type II ethoxy species
and an adsorbed H species, the latter identified to be a type II bridg-
ing OH group. In the presence of steam, the ethoxy species rapidly
undergoes molecular transformation to an adsorbed acetate inter-
mediate by oxidative dehydrogenation. This is analogous to the
conversion of type II methoxy species to formate observed in previ-
ous investigations of methanol steam reforming. In addition,
although formate then decomposes in steam to CO2 and H2 during
methanol steam reforming, in an analogous pathway for ethanol
steam reforming, the acetate intermediate decomposes in steam to
give CO2 and CH4. Therefore, further H2 production requires
energy-intensive activation of CH4, which is not required for
methanol conversion over Pt/ceria.298

Ceria supported some noble metals such as Ir and Rh-Ni cata-
lysts have also been investigated for steam reforming of ethanol with
respect to the nature of the active metals and the catalytic stability.
Steam reforming of ethanol over an Ir/CeO2 catalyst has been stud-
ied with regard to the reaction mechanism and the stability of the
catalyst. It was found that ethanol dehydrogenation to acetaldehyde
was the primary reaction, and acetaldehyde was then decomposed
to methane and CO and/or converted to acetone at low tempera-
tures. Methane was further reformed to H2 and CO, and acetone was
directly converted into H2 and CO2. The Ir/CeO2 catalyst displayed
rather stable performance in the steam reforming of ethanol at
650°C even with a stoichiometric feed composition of water/
ethanol. Long-term stability tests revealed that the Ir/CeO2 catalyst
shows rather stable catalytic performance for 300 h on-stream without
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any deactivation. The improvement was attributed to the effective
prevention of the sintering of the highly dispersed Ir particles
through the strong interaction between Ir and CeO2 substrate,298

and to the significant resistance to coke deposition of ceria based on
its higher oxygen storage-release capacity (OSC).299,300 This catalyst
has also shown good catalytic behaviour in the oxidative steam
reforming of ethanol. The improvement was attributed to the effec-
tive prevention of the sintering of the highly dispersed Ir particles
through the strong interaction between Ir and CeO2, and to the sig-
nificant resistance to coke deposition due to the high OSC of
ceria.301 Rh-Ni/CeO2 catalysts were studied for hydrogen production
by ethanol steam reforming and it was observed that Rh species
became highly dispersed when the crystallite size of CeO2 in the sup-
port is small. It has been demonstrated that both ethanol conversion
and H2 selectivity increased and the selectivity for undesirable by-
products decreased with increasing Rh metal dispersion. Best
catalytic performance was achieved by supporting Ni–Rh bimetallic
catalysts on the nanocrystalline CeO2. The Ni–Rh/CeO2 catalyst
exhibited stable activity and selectivity during on-stream operations
at 723 K as well as at 873 K.302

A detailed study of the influence of the support over the hydro-
gen production from ethanol reforming over nickel catalysts
modified with Ce, Mg, Zr and La has been developed.303 The acidity
of catalysts containing Mg, Ce, La and Zr additives decreased with
respect to that supported on bare Al2O3. The trend of metal disper-
sion followed the order: La2O3-Al2O3 > MgO-Al2O3 > CeO2-Al2O3 >
Al2O3 > ZrO2–Al2O3. Thus, the higher reforming activity for Mg-
modified catalyst respect to bare Al2O3 was explained in terms of the
lower acidity and better dispersion achieved in the former, 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 developed on these catalysts. On
the other hand, the lower intrinsic activity of La-added catalyst was
explained in terms of the dilution effect caused by the presence of
lanthanum on Ni surfaces. La and Ce additives were found to pre-
vent the formation of carbon filaments on nickel surfaces. The same
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research group found an enhancement in the reforming stability of
the Ni catalysts with an increase in the lanthanum loading. Catalytic
behaviour of Ni/La-Al2O3 catalysts in the ethanol steam reforming
was found to involve contributions to the activity of the La-Al2O3

supports for the ethanol dehydration reaction and the activity of the
nickel metallic phase that catalyses both dehydrogenation and C–C
bond breaking. Physicochemical characterisation of catalysts
revealed that acidity, nickel dispersion and nickel support interac-
tion depend on the La-loading on Al2O3. The better reforming
stability of catalysts with an increase in La content was explained in
terms of the ability of nickel surface and/or La-Ni interactions to
prevent the formation of carbon filaments.304

Palladium catalysts are substantially more active than the Ni-based
catalysts for the steam reforming of ethanol.305 High activity and selec-
tivity in the reforming reaction were obtained over a commercial
alumina supported palladium catalyst. Long-term experiments also
revealed good catalyst stability. Hydrogen selectivities of up to 95%
were obtained at a temperature of approximately 923 K. It was also
observed that for thermodynamic reasons the carbon monoxide con-
centration exhibited a minimum at a temperature close to 723 K.
Furthermore, carbon formation was found to be negligible even for
an H2O/EtOH molar ratio equal to the stoichiometry. By contrast, as
the water to ethanol ratio in the feed stream was decreased below the
stoichiometric value, the rate of carbon formation was increased,
resulting in catalyst deactivation.

Recently, different mixed oxides such as perovskites and spinels
have been used as catalysts precursors for hydrogen production by
ethanol steam reforming because of the high dispersion of the
active phase. LaFeyNi1-yO3 perovskite-type oxide gave highly dis-
persed Ni particles. The CH4 selectivity was sensitive to the particle
size of supported Ni, and the smaller nickel particles led to reduced
levels of undesired methane. Characterisations of used catalysts
indicated that the sintering of nickel particles was not significant
even at the high reaction temperature. The LaFeyNi1-yO3-supported
nickel catalysts exhibited very good carbon deposition resistance,
which could be ascribed to the highly dispersed Ni particles and the
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formation of oxygen vacancies in LaFeyNi1-yO3 due to the partial sub-
stitution of Ni ions for Fe ions.306 In addition, it has been reported
recently that catalysts derived from LaNiO3 perovskite-type oxide
precursor are highly active and selective for the production of
hydrogen from both steam reforming and oxidative steam reform-
ing reactions of ethanol.307

Mg-Al mixed oxide supported nickel catalysts were also found to
give superior activity and improved catalyst stability compared to the
pure oxide supported nickel catalysts. The improved performance
of these catalysts was related to the formation of an MgAl2O4-phase.
This phase exhibited moderate acidic and basic site strength and
density compared to the pure oxide supported catalysts which
decreased the activity for by-product forming reactions.308 In a
recent work, Ni-based spinel-type oxides, NiB2O4 (B = Al, Fe, Mn),
were investigated for the ethanol steam reforming reaction. Ethanol
conversion over spinel-type oxides without reduction treatment was
comparable to that over alumina supported Ni catalysts with reduc-
tion. NiAl2O4 showed extremely stable performance, while the
activity of NiFe2O4 and NiMn2O4 catalysts was reduced by carbon
deposition. Catalyst stability for reforming reaction was closely
related to the stability of the nickel metal dispersed on the catalyst
surface and the spinel structure.309

Recently, mechanistic aspects of ethanol steam reforming on Pt,
Ni and PtNi catalysts supported on γ-Al2O3 from the analysis of
adsorbed species and gas phase products formed, have been
reported.310 DRIFTS-MS analyses of ethanol decomposition and
ethanol steam forming reactions show that PtNi and Ni catalysts are
more stable than the Pt monometallic catalyst. Ethanol TPD results
on Ni, Pt and NiPt catalysts point to ethanol dehydrogenation and
acetaldehyde decomposition as the first reaction pathways of
ethanol steam reforming. The active sites responsible for the
acetaldehyde decomposition are easily deactivated in the first min-
utes on-stream by carbon deposits. For Ni and PtNi catalysts, a
second reaction pathway, consisting of the decomposition of acetate
intermediates formed over the surface of alumina support, becomes
the main reaction pathway. The greater stability observed for PtNi
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catalysts is proposed to be related to a cooperative effect between Pt
and Ni activities together with the enhanced ability of Ni to gasify
the methyl groups formed by decomposition of acetate species. On
the contrary, monometallic catalysts are believed to dehydrogenate
these methyl groups forming coke that leads to deactivation of the
metal particles.310

Cobalt catalysts

Cobalt-based catalysts have also been proposed as appropriate for
the reforming reaction. Llorca et al.290 studied the reaction between
ethanol and water in the 573–723 K temperature range at atmos-
pheric pressure over supported cobalt catalysts. Co/ZnO,
Co/La2O3, Co/CeO2 and Co/Sm2O3 catalysts, prepared by impreg-
nation of the corresponding substrates with n-hexane solutions of
the Co2(CO)8 complex, showed a selectivity to hydrogen greater
than 60% and above 20% to CO2. Over these catalysts, the main
reactions were the steam reforming of ethanol and the decomposi-
tion of ethanol to acetone. Co/La2O3, Co/CeO2 and Co/Sm2O3

catalysts exhibited higher conversion levels of ethanol than the
respective La2O3, CeO2 and Sm2O3 substrates, and the selectivity
patterns of the Co-loaded catalysts were also different from those of
the oxide supports.285 The ZnO-supported cobalt catalyst, in which
the ZnO substrate (specific area of 100 m2/g) was prepared by ther-
mal decomposition of Zn-carbonate, exhibited the highest catalytic
performance among the series. Using an EtOH/H2O = 1/13 (molar
ratio), total conversion of ethanol and the highest values of H2 and
CO2 were obtained, with no deactivation. Complete EtOH conver-
sion was also attained on the ZnO substrate but the yields of H2 and
CO2 alone were found to be substantially lower. Decomposition of
EtOH into acetone occurs to a large extent on Co/ZnO catalysts.
Since this reaction results from consecutive reactions, such as dehy-
drogenation and aldol condensation, additional experiments
indicated that the reforming reaction preferentially takes place at
low contact times, while the decomposition of EtOH to acetone via
aldol condensation of acetaldehyde is suppressed.305 TEM of the
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used Co/ZnO catalyst at 873 K revealed291 the deposition of carbon
of graphitic nature, as derived from the C(002) spacing of 3.46 Å,
calculated directly from lattice-fringe imaging (Fig. 8.10). In
addition, the formation was observed of carbon filaments contain-
ing cobalt particles of sizes 15–30 nm, which in turn were much
higher than the metallic Co particles in contact with the ZnO
surface (ca. 3 nm). 

The incorporation of sodium (0.06–0.98 wt%) to Co/ZnO cata-
lysts results in a better performance in the reaction of ethanol
reforming.291 The production of hydrogen increased (5–8%) with
the Na content under total conversion in the 623–723 K temperature
range, and deposition also decreased, as evidenced by HRTEM, XPS
and Raman spectroscopy.291 HRTEM micrographs of the 0.06 wt% Na
promoted Co/ZnO catalyst showed the Coo and CoO particles to be
surrounded by poorly ordered phases (Fig. 8.11). The high resolu-
tion image of one of these particles showed a 3.8 Å spacing for
C(002) planes characteristic of poorly graphitised carbon. Analysis of
zone (a) indicates the segregation of CoO exhibing (200) planes.
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Figure 8.10 Catalyst Co/ZnO after reaction at 873 K. The size distribution of
metal cobalt particles ranges from 3–4 nm to 15–30 nm. Small metal cobalt parti-
cles are located on ZnO, whereas larger cobalt particles are encapsulated in carbon
filaments.291
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The Fourier-transformed images in the insets of zones (a) and (b)
contain spots corresponding to CoO(200) planes at 2.13 A, and
Co(111) planes at 2.06 Å, respectively. The decrease in carbon for-
mation in used catalysts upon increasing Na content was
demonstrated by Raman and XPS techniques. The catalyst
containing 0.06 and 0.23 wt% Na showed two bands at 1,340 and
1,590 cm−1, which are characteristic of disordered carbon struc-
tures.311 However, the catalyst with higher Na contents showed no
bands in this region, indicating that the amount of carbon was below
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Figure 8.11 High resolution transmission electron microscopy images of catalyst
0.06NaCoZn after steam reforming of ethanol at 723 K, and derived Fourier-
transformed patterns.291

b1215_Chapter-08.qxd  11/28/2011  5:10 PM  Page 376



b1215 Supported Metals in Catalysis

the detection limit. The inhibition of carbon formation with increas-
ing Na contents was also demonstrated by examination of the C 1s
core levels of the used catalysts. The C 1s spectra of two representa-
tive Na promoted Co/ZnO catalysts (0.06- and 0.98 Na wt%)
exhibited four components at 284.3, 284.9, 286.3 and 290.0 eV
(Fig. 8.12) associated with graphitic carbon, adsorbed hydrocarbons,
species containing C–O bonds and surface carbonate species,312

respectively. From Fig. 8.11 it is clear that graphitic carbon is much
higher for the 0.06Na-CoZn than for the 0.98Na-Co/Zn catalyst.

It has been also reported that the catalytic behaviour of Co cata-
lysts for steam reforming of ethanol is enhanced by promotion with
Fe or Mn as a consequence of the effect of these metals on cobalt
reducibility. The catalytic activity of Co catalysts supported on ZnO
and promoted with Fe and Mn (1%) was compared with that of Ni cat-
alysts supported on La2O3-Al2O3. The Co catalysts do not promote
methane-forming reactions such as ethanol cracking and acetal-
dehyde decarbonylation, nor do they facilitate the reverse methane
steam reforming reaction.313 The promotion effect of Mn on Co/ZnO
catalysts in the steam reforming of ethanol has been studied in copre-
cipitated catalysts. Alloy particles in Co-Mn/ZnO catalysts prepared by
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Figure 8.12 XP spectra corresponding to C 1s energy region of catalysts:
(a) 0.98NaCoZn; (b) 0.06NaCoZn.291
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impregnation are smaller as deduced from HRTEM and exhibit a
rapid and higher degree of redox exchange between reduced and
oxidised Co as determined from temperature-programmed reduction
(TPR) and oxidation pulse experiments with respect to Co-Mn
catalysts prepared by coprecipitation, which show a stronger Mn
segregation on the surface, as deduced from X-ray photoelectron
spectroscopy (XPS). Honeycomb catalysts have been prepared with
the best catalytic formulation and are significantly more active and
selective than Co/ZnO honeycomb samples.314

A synergistic effect of ZrO2 and CeO2 in promoting high ethanol
conversion while suppressing methanation was observed when
CeZrO4 was used as a support for cobalt. 

The non-noble metal based 10 wt% Co/CeZrO4 is an efficient
catalyst to achieve ethanol conversion of 100% and a hydrogen yield
of 82% at 723 K, which is superior to 0.5 wt% Rh/Al2O3.315 In ceria
supported catalysts, the results indicated that catalyst deactivation is
mostly originated by deposition of various types of carbon on the
surface although cobalt sintering could also contribute to the deac-
tivation. The addition of ceria improves the catalytic performance
primarily due to the higher oxygen mobility of ceria.316 Another
benefit of ceria is that it stabilises the hcp cobalt structure and,
moreover, during the pre-reduction process, the CeO2 promoter
prevents sintering during the transformation of Co3O4 to hcp cobalt,
which leads to lower CO selectivity and a higher H2 yield as com-
pared with the unpromoted hcp Co.317

The mechanisms of Co/ceria catalyst deactivation during steam
reforming, oxidative steam reforming and partial oxidation of ethanol
have been recently examined.318 The nature of carbon deposition and
the reaction conditions played critical roles in determining the extent
of catalyst deactivation. To shed light on the modes of carbon deposi-
tion under different reaction conditions, the mechanisms by which the
adsorbed surface species turned over on the catalyst surface were eval-
uated using diffuse reflectance infrared spectroscopy under reaction
conditions and temperature-programmed desorption of adsorbed
ethanol. In steam reforming, ethoxy species were converted to acetate
and steam promoted forward acetate demethanation. The resulting
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methane decomposed on Co metal particles. In this case, carbon dif-
fused through the Co particle, nucleating growth sites for filamentous
carbon behind it, with the resulting filaments lifting Co from the
support. High H2O/ethanol ratios and oxygen promoted cleaning of
the cobalt surface.318

Microchannel catalytic reactors

Packed bed reactors are an inappropriate design when considering
the requirements for rapid and frequent power changes in small-
scale and mobile hydrogen production systems for portable
computers or mobile phones. To fulfil the compact requirements,
various types of microstructured reactors have been developed.
Among them, the most promising concept considers stacked systems
of channelled metallic platelets, coated with active catalyst. Since
the characteristic dimensions of the reaction zones are in the sub-
millimeter-scale, they are generally referred to as ‘microstructured
reactors’. Figure 8.13 shows a microreactor (IMM, Mainz) together
with one platelet and cross-sectional of a microreactor.319

In addition to compactness, microreactors include various
advantages: (i) the lower pressure drop compared to classical
packed bed reactors since microreactors work under laminar flow
conditions; (ii) the rapid mass and heat transfer due to high surface
to volume ratio; (iii) the precise control of the process conditions
leading to higher product yields; and (iv) the good structural and
thermal stability. Indeed, the short characteristic time for radial
diffusion in microreactors leads to a narrower residence time distri-
bution of the reaction gases, allowing an optimum contact time
between the reactants and the catalyst and avoiding the formation
of unwanted by-products. Microstructured reactors also provide
built-in safety since a large gas hold-up (reactor volume) is
avoided.320–322 Recently, the catalytic steam reforming of methanol in
microchannel reactors has been studied.323 However, the use of
microreactors to produce hydrogen from ethanol is relatively unex-
plored. Men et al.324 investigated microstructured-based catalysts
systems consisting of stainless steel platelets.
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Llorca et al.325 developed a micro-channel reactor where ethanol
steam reforming is performed on one side of the plate while ethanol
combustion is performed on the with 14 microchannels. The results
revealed that Rh-based catalysts exhibited the highest catalytic
activity, when compared to Co and Ni. The Rh-Ni-Ce catalyst was
operated for 100 h without any noticeable degradation in activity
and selectivity. Full conversion was achieved for the entire period
and the H2 selectivity was 86%. The CO content in reformate
remained constant ca. 8.2%.

Llorca et al.325 developed a microchannel reactor where ethanol
steam reforming is performed on one side of the plate while ethanol
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Figure 8.13 Photograph of a microreactor (a), one metallic platelet (b), and the
cross-sectional diagram of the microreactor (c).319
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combustion is performed on the other side in order to provide the
necessary heat for the endothermic steam reforming reaction. Four
different coating methods for depositing the Co/ZnO and CuMnOx

layers on the microchannels were studied in order to guarantee a
homogeneous and stable deposition and stability. At 460°C, 3.67
mols of H2 were produced per mole of ethanol consumed by the sys-
tem performing both reactions (steam reforming and combustion).
The overall efficiency of such a microreactor was 71%. Llorca et al.326

also compared the ethanol steam reforming over a Co3O4 catalyst in
a conventional monolith reactor and a microchannel reactor. At
500°C, ethanol conversions of 70% and 90% were measured for a
monolith reactor and a microreactor, respectively.

Llorca et al. have recently developed a micromonolithic support
for high-speed catalysis consisting of silicon membranes with millions
of parallel microchannels per square centimetre, opening a new and
exciting field of research and application. The miniaturised system
has been used for the generation of hydrogen through the steam
reforming of ethanol, obtaining a very high yield. The microchan-
nels walls were coated with a thin layer of Co3O4-ZnO catalyst by a
complexation-decomposition method.326 In a recent publication,
new catalysts based on Co3O4 coatings prepared inside the channels
by in situ thermal decomposition of two-dimensional layered cobalt
hydroxide salts, showed a remarkable high homogeneity and
mechanical stability. The Si-micromonolithic reactor proved
extremely promising for hydrogen production for micro fuel-cell
operation.327

Ethanol steam reforming was very recently studied over a sup-
ported Ir/CeO2 catalyst in a microchannel structured reactor.328

This catalyst was prepared via deposition precipitation329 by milling
the solid to particle size below 5 µm and then dispersing particles
into water under vigorous stirring. Methylhydroxyethyl cellulose was
added to serve as a binder (mass ratio Ir/CeO2 : H2O = 1 : 4, binder :
H2O = 1 : 67) before the slurry was kept under stirring for 12 h at
room temperature. The slurry was injected into the microchannels
of the platelets using a syringe and the excess suspension was wiped
off with chip knife. The platelets were further dried at ambient
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temperature in air for 3 h, before calcination in static air at 400°C
for 5 h. The catalyst coating was deposited on the channel walls and
showed a remarkably high homogeneity and an excellent adherence
to the stainless steel substrate, leading to stable performance
during long-term runs. Hydrogen yields exceeding 40 LH2/gcat

.h
were achieved during testing with partial ethanol conversion of 65%
and a residence time in the order of a few milliseconds. This hydro-
gen productivity was found to be significantly higher than in a
comparable conventional fixed bed reactor hence showing promise
for hydrogen production in micro fuel-cell applications.

8.4 Conversion of Other Hydrocarbon Feeds

When natural gas is not available, steam reforming of liquid hydro-
carbons can be used for the production of hydrogen. This concept
applies for the generation of hydrogen for fuel cell applications
using jet fuel, gasoline and diesel fractions as primary energy
sources.330 This option is currently an attractive choice for the pro-
duction of hydrogen since the distribution and supply infrastructure
of these fuels is fully developed.331 Hydrogen generation from
gasoline or diesel is one of the critical technologies for the com-
mercialisation of small-scale fuel-cell auxiliary/backup power
systems and, therefore, the development of efficient catalysts for this
process is needed. For higher hydrocarbons, the catalyst typically
contains metals such as Pt, Rh, Ru, Co or Ni deposited over oxide
supports, typically lanthanide containing oxides. These can be fur-
ther promoted or doped with other elements for improved thermal
robustness or better activity. With the non-noble metal formulations,
such as supported on ion-conducting doped ceria substrates, activi-
ties similar to PGM containing catalysts have been reported.

As long-chain hydrocarbons are more reactive than CH4, the
steam reforming reaction of liquid hydrocarbons is less endother-
mic than CH4. Since aromatics are more stable than paraffins, their
reactivity towards steam approaches that of CH4. For many years,
nickel has been the most suitable metal for the steam reforming of
hydrocarbons, because the TOF values for the reaction are very
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high. Current steam reforming catalysts are mainly nickel supported
on refractory alumina and ceramic magnesium aluminate. These
supports provide high crush strength and stability. A simulated
diesel mixture (hexadecane + toluene + naphthalene) can be effi-
ciently reformed on Ni/Al2O3 catalysts at temperatures of around
923 K in an excess of steam (H2O/C ratio of 4). At these tempera-
tures, some thermal cracking of the hydrocarbon molecules is
unavoidable and carbon deposits occur on the catalyst surface and
also on the walls of the reactor. Additionally, gasoline has sulphur
concentrations in the 50–250 ppm range, and the concentration of
sulphur in diesel grade fuel is higher (up to 0.4%) than that of
gasoline. Therefore, coke formation332 and sulphur poisoning333 are
unavoidable with nickel catalysts. With proper desulphurisation,
light diesel can be converted via steam reforming into syngas mix-
tures with no traces of higher hydrocarbons.3 The pyrolysis reaction
follows the thermal cracking mechanism and, to a large extent,
operates in situations of strong sulphur poisoning or where the
activity of the Ni catalyst is low.

Precious metal (ruthenium, rhodium)-based catalysts have been
reported to be more effective catalysts for steam reforming in that they
prevent carbon deposition and they have been proposed to replace
conventional base metals for steam reforming in fuel-cell appli-
cations.334 The ruthenium-based (Ru/Al2O3) catalyst has been used for
the steam reforming of hydrocarbons, preventing carbon deposition.335

Suzuki et al.335 have successfully conducted a long-term (8000 h) test of
the steam reforming of desulphurised kerosene (C10H22 with <0.1 ppm
sulphur) using a Ru/Al2O3-CeO2 catalyst, and they reported that the
sulphur resistance was dramatically improved by the addition of CeO2

to Al2O3. When the same catalyst was used for the steam reforming of
kerosene (with 30–55 ppm sulphur), the conversion of kerosene was
decreased to 85.5% after 25 h on-stream. These results contrast with
those obtained with a commercial nickel catalyst during the steam
reforming of low sulphur containing kerosene (0.1 ppm sulphur),
which showed a drop in kerosene conversion to 72.3% after 24 h on-
stream, suggesting that deactivation of the nickel catalyst was
predominantly caused by carbon deposition.
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Alumina supported Ni and Ni-Pd catalysts have also been used
for hydrogen production by the partial oxidation and steam reform-
ing of n-octane.336 The whole process is complex and involves a
combination of exothermic partial oxidation and endothermic
steam reforming reactions. The highest efficiency could be obtained
under the condition of thermoneutrality (∆H = 0), which made
autothermal reforming more popular than steam reforming and
partial oxidation. The objective of ATR is to carry out both CPO and
SR of hydrocarbon over the same catalyst so that the exothermic
reaction and endothermic reaction can be coupled effectively. As a
result, the fuel processor based on this technology is less externally
energy-intensive, cost effective and response-dynamic. The combi-
nation of these reactions can improve the reactor temperature
control and reduce the formation of hot spots, avoiding catalyst
deactivation by sintering or carbon deposition. All these advantages
indicate that ATR could be considered as the technology of choice
for small- or medium-scale hydrogen/syngas generators, for provid-
ing fuel for fuel cells, especially solid oxide fuel cells.

Experiments were carried out to study the effect of oxygen-to-
carbon ratio, water-to-carbon ratio and space velocity on the
performance of an autothermal reformer producing hydrogen from
synthetic diesel fuel over a 1% Pt/ceria catalyst. It was found that
diesel can be reformed to produce hydrogen under adiabatic con-
ditions by heating the feed mixture/ATR reactor to only 673 K in
contrast with the previous studies that utilised a temperature above
973 K to achieve similar performance. The temperature profile
inside the reactor revealed that the exothermic reactions occur ini-
tially, which drive the endothermic reactions down the catalytic bed.
The catalyst exhibited good stability for the ATR of synthetic fuel
but it is prone to poisoning by S containing fuels. 

Ni/γ-Al2O3 catalysts displayed good activity at high temperatures
and such activity increased with increasing Ni-loadings up to
5.0 wt.%. However, the Ni/γ-Al2O3 catalysts rapidly became deacti-
vated. X-ray diffraction of the used catalysts showed that an increase
in the particle size of the nickel crystallites was the main reason for
the poor stability of the Ni/γ-Al2O3 catalysts. In addition, coke
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formation during the process was another source of catalyst deacti-
vation. The activity and hydrogen selectivity of Ni-Pd/γ-Al2O3

catalysts were significantly higher than the values of the nickel cata-
lyst under the same experimental conditions. The Ni-Pd/γ-Al2O3

catalyst displayed stable performance in the reforming reactions of
n-octane for a period of 500 h on-stream, under molar ratios of
O2/C8H18 = 1.0 and H2O/C = 3.0. The amount of coke measured on
the Ni-Pd/γ-Al2O3 catalyst was 0.16%, which is substantially lower
than the amount measured on the Ni/γ-Al2O3 catalyst (0.54%) even
lasting in the reaction for 60 h. Although no explanation has been
offered concerning the role of Pd in minimising coke formation,
it may be assumed that a major effect of palladium is its ability to
gasify carbon residues under conditions of almost complete oxygen
consumption. 

Ming et al.337 developed a highly active and stable catalyst for the
steam reforming of various hydrocarbons such as iso-octane, retail
gasoline and hexadecane. A 300 h continuous test revealed that the
catalyst shows very stable performance for the steam reforming of
iso-octane at 1,073 K with a steam/C ratio of 3.6, and that no carbon
was deposited during the entire test period. The same catalyst was
also tested for the steam reforming of hexadecane (a surrogate of
diesel) for 73 h, as well as natural gas for over 150 h continuously,
with no deactivation or carbon deposition. The sulphur tolerance of
the catalyst was tested using iso-octane containing various concen-
trations of sulphur. There was no catalyst deactivation after a 220 h
continuous test using iso-octane with 100 ppm sulphur. For compar-
ison, a nickel catalyst (12 wt% Ni/Al2O3) was also tested using
different levels of sulphur in iso-octane. The results indicated that
the catalyst has a substantially improved sulphur resistance com-
pared to the nickel catalysts currently used for steam reforming.

The influence of both Ce and La, as thermal stabiliser and activ-
ity promoter, respectively, has been studied in alumina supported
nickel or platinum catalysts for the oxidative reforming of hexade-
cane. For both metal catalysts, higher reforming activities were
found when active metals were deposited on Ce-La-Al2O3 substrate.
For Pt-based catalysts, the increase in activity observed for the
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catalyst prepared on the Ce-La-modified alumina substrate has been
interpreted in terms of the participation of lanthanum in the reac-
tion more than of modifications on coke resistance or dispersion
and state of platinum induced by lanthanum.338 It has been shown
that Ni catalysts recorded a greater hydrogen production than Pt for
all feeds. The higher activity when decalin is added to the feed
stream is attributed to the more labile tertiary carbons of this mole-
cule, and the lower activity for tetralin, to the higher bond
dissociation energy of the aromatic C–C and C–H bonds. The char-
acterisation results (by TPR and XPS) revealed a greater active
metal-ceria interface in Ni catalysts which may have a role regarding
their better catalytic performance and higher intrinsic activity for
hydrogen production, as well as the reduced amount of coke
deposited.339 Pt catalysts supported on Al2O3 and doped with ceria
and/or lanthana were also tested in the oxidative reforming of
diesel surrogate with the aim of studying the influence of ceria and
lanthana additives over the activity and stability toward hydrogen
production for fuel-cell application. The physicochemical charac-
terisation has shown that lanthana inhibits the formation of alpha
phase in alumina support and decreases ceria dispersion. Activity
results show a better performance with ceria-loaded catalysts, with
the Pt/A-C sample being the system that offered higher H2 yields
after 8 h of reaction. This was attributed to the Pt-Ce interaction that
may change the electronic properties and/or the dispersion of the
active metal phase. Also, the Ce3+ form of the Ce4+/Ce3+ redox pair
enhances the adsorption of oxygen and water molecules, thus
increasing the catalytic activity and also decreasing coke deposition
over surface active Pt-phases. Stability tests showed that catalysts in
which Pt crystallites are deposited on the alumina substrate covered
by a lanthana monolayer, give rise to an increase in stability towards
H2 production.340 The optimisation of the catalyst formulation has
been used to scale up the catalyst to be included in the 5 kW diesel
reformer, already in use, in order to be integrated with a PEMFC.341

Cerium- and nickel-substituted LaFeO3 perovskites have been
also investigated as potential low cost coking resistant catalysts for
autothermal reforming of a JP-8 fuel surrogate. The high surface
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area complex oxides were prepared using aqueous combustion syn-
thesis under fuel-rich conditions. The catalysts exhibited excellent
stability during autothermal reforming at 775°C and 1 atm, with
near equilibrium hydrogen yield even at high GHSV values (130,000
h−1). The addition of cerium significantly improved coking resist-
ance, which was attributed to improved oxygen ion conductivity,
resulting in carbon oxidation on the catalyst surface.342 Additionally,
catalysts derived from lanthanum cobaltite have been reported as
being very efficient for the production of hydrogen by diesel oxida-
tive reforming. The Co0/La2O3 derived from LaCoO3 perovskite,
and Ru-Co/La2O3 catalysts derived from Ru/LaCoO3 prepared by
impregnation over the above perovskite, have shown very high
hydrogen yields and stability for the oxidative reforming of diesel.
Structural and surface analyses revealed that the incorporation of
Ru to LaCoO3 produces changes evidenced by a smaller size of the
LaCoO3 crystallites and cobalt segregation on the surface. The mod-
ifications induced by the addition of Ru directly affect the
dispersion and morphology of Co particles developed under the
reaction. The characterisation of used samples revealed that
enhancement of the cobalt surface concentration and Co-La2O3

interactions contribute to the better catalytic stability of the Ru-
Co/La2O3-derived catalyst.343 The importance of the element that
partially substitutes Co has been emphasised. When Ru is compared
with Fe in LaCo1-xMxO3 (M = Ru or Fe, x = 0.2) precursors, the
higher reducibility and metal exposition implies higher reforming
activity, as was observed for the Ru containing catalyst.344 In addition,
it was shown that the calcination temperature and precursor type
used in the preparation of ZrO2-supported LaCoO3 catalysts has an
important influence on its behaviour for hydrogen production by
oxidative reforming of diesel. The use of nitrate precursors and
high calcination temperature leads to the formation of LaCoO3 per-
ovskite structures of large particle and crystallite size on ZrO2

support. On the contrary, the catalyst prepared from acetate pre-
cursors and calcined at low temperature showed smaller perovskite
crystallite size which resulted in an initial higher and more stable
hydrogen production rate for a short-term ageing test.345
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Recent progress at the Argon National Laboratory indicated
that perovskite materials are the most cost-effective catalysts for the
autothermal reforming of diesel fuel to hydrogen-rich reformate.
For instance, perovskite-type metal oxides with B sites partially
exchanged by ruthenium were found to be very active and resistant
to sulphur.346 Ru-loaded lanthanum chromite and aluminite were
explored as catalysts for the autothermal reforming of diesel fuel.
Dodecane was used as a surrogate fuel. Both catalysts were shown to
have high activity toward hydrogen production and good S toler-
ance when tested with a fuel mixture containing 50 parts per million
S in the form of dibenzothiofene.347 Different lanthanum perovskite
oxides (LaBO3, B: Co, Ni, Fe, Cr or Mn) were studied as catalysts for
autothermal reforming of liquid hydrocarbon fuels to produce
hydrogen for fuel-cell systems, using 2,2,4-trimethylpentane (isooc-
tane) as a surrogate fuel. LaNiO3 and LaCoO3 produced high yields
of H2, but were not structurally stable. The three other binary
oxides, LaCrO3, LaFeO3 and LaMnO3, were structurally stable but
significantly less active than LaNiO3 and LaCoO3. The effect of sub-
stituting La by alkaline earth elements on catalyst performance and
stability was also investigated.348 Finally, La0.8Sr0.2M0.9Ni0.1O3 catalysts
(where M = Cr, Mn, or Fe) were tested with a ‘benchmark fuel’ mix-
ture containing from 0 to 50 ppmw sulphur. These tests showed that
using chromium as a stabilising element in LaNiO3 imparts the most
sulphur tolerance.348

Acronyms

ASED-MO: Atom Superposition and Electron Delocalisation-
Molecular Orbital

ATR: Autothermal Reforming
BOC-MP: Bond-Order Conversion-Morse-Potential
CRM: Combined Reforming of Methane
CRR: Combustion and Reforming Reactions (mechanism

for POM reaction)
DPO: Direct Partial Oxidation (mechanism for POM reaction)
HRTEM: High Resolution Transmission Electron Spectroscopy

388 J. L. G. Fierro, M. A. Peña and M. C. Alvarez-Galvan

b1215_Chapter-08.qxd  11/28/2011  5:10 PM  Page 388



b1215 Supported Metals in Catalysis

HTS: High-Temperature Shift (in WGS)
LTS: Low-Temperature Shift (in WGS)
OCM: Oxidative Coupling of Methane
POM: Partial Oxidation of Methane

(some authors use it as Partial Oxidation of Methanol, 
but not in this chapter)

PSA: Pressure Swing Adsorption
RECP: Relativistic Effective Core Potential
SEM: Scanning Electron Microscopy 
SMR: Steam Methane Reforming
TEM: Transmission Electron Microscopy
TOF: Turn-Over Frequency
TPO: Temperature-Programmed Oxidation
UBI-QEP: Unity Bond Index-Quadratic Exponential Potential
WGS: Water-Gas Shift
XANES: X-ray Absorption Near-Edge Spectroscopy
XPS: X-ray Photoelectron Spectroscopy
YSZ: Yttria Stabilised Zirconia
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CHAPTER 9

SUPPORTED METALS FOR APPLICATION
IN FUEL CELLS

Sergio Rojas, María Victoria Martínez-Huerta
and M.A. Peña

Instituto de Catálisis y Petroleoquímica, CSIC, C/Marie Curie,
Cantoblanco, 28049 Madrid, Spain

9.1 Introduction

In the preceding chapter, different catalytic technologies for hydro-
gen production have been described, indicating its role as an
energy vector, and as the most appropriate fuel for the implemen-
tation of a sustainable energy economy. Although hydrogen can be
used in conventional combustion devices, the most efficient way of
application is through the use of fuel cells (FC). The FC technology
dates from the mid-19th century, but its first practical use arrived
with the first space flights, as an energy source in spacecrafts. There
are several fields of application of the FC technology, but probably
the highest current interest is in the transportation sector, where
the combination of batteries, FCs, and a hydrogen tank could
be the only way of manufacturing zero emission vehicles with a long
range of autonomy.1 If the hydrogen used in this vehicle is of a
renewable origin, the life cycle assessment for this application can
be considered fully sustainable.

An FC is an electrochemical device that allows the transforma-
tion of the chemical energy of a fuel directly into electrical energy.2,3
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It is not a heat engine, limited by the thermal efficiency given by the
Carnot cycle. As a consequence, the efficiency of FCs is usually
higher than the standard internal combustion engines used in
transportation, with values always higher than 60% for the transfor-
mation of the chemical energy in electricity. An FC works as other
similar electrochemical systems, including: an anode, where the fuel
is oxidized releasing electrons (these electrons are the source of the
electrical power in an external circuit); a cathode, where an oxidant
(usually oxygen, from the air in terrestrial applications) is reduced,
closing the external circuit with the flowing electrons from the
anode; and a electrolyte that closes internally the circuit connecting
anode and cathode with ions exchange, but that is an electronic
insulator to avoid electron losses from the external circuit. There
are several types of FCs and the main difference between them is the
kind of electrolyte that is used: Solid oxide fuel cells (SOFC), where
the electrolyte is an oxide (usually Y2O3 doped with ZrO2) that
transports oxide ions (O2−) at high temperature (>800°C); molten
carbonate fuel cells (MCFC) use a mixture of carbonates
(Li2CO3-K2CO3), that are liquid at the operation temperature
(600–700°C), exchanging carbonate ions (CO3

2−); phosphoric acid
fuel cells (PAFC), working at ca. 200°C, have liquid phosphoric acid
as electrolyte with protons (H+) as charge carriers; alkaline fuel cells
(AFC) are based in KOH with transportation of hydroxyls (OH−) at
ca. 100°C; finally, proton exchange membrane fuel cells (PEMFC),
which also work at ca. 100°C, use a solid proton conducting
membrane as electrolyte.

Since the working conditions (temperature and electrolyte
environment) are very different depending on the type of FC, the
used materials are very also varied. One of these materials is the
electrocatalyst that is used in the electrodes, anode and cathode.3,4

A catalyst is necessary in the surface of the electrode for an efficient
rate of the electrochemical half-reactions of oxidation and reduc-
tion occurring in anode and cathode. From the different types of
FCs, PEMFCs have been intensely studied during the last years, and
they are the clearest candidates for transportation and portable
applications. The catalyst used in the electrodes of this family of

408 S. Rojas, M. V. Martínez-Huerta and M. A. Peña
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FCs is a supported metal catalyst. Throughout this chapter, the dif-
ferent electrocatalysts that are used in PEMFCs will be described.
We will see that PEMFC electrocatalysts are supported metals of
high loading, usually higher than 30 wt%, but they should maintain
a high metal dispersion, with a metal particles size typically below
4 nm and an active surface area (ASA) for the metal in the range of
70–120 m2g−1.3,5,6 We will see that, depending on the electrode and
the fuel used, the optimized composition of the electrocatalysts will
change, but platinum-based catalysts are still necessary for obtain-
ing a catalyst of high performance for possible commercial
applications of the FCs.

For the choice of a specific catalyst, the first parameter to be
considered is the fuel used in the FCs, and that is going to be
oxidized at the anode. Pure hydrogen is the most suitable fuel for
the PEMFCs, producing high current densities at high potentials in
the presence of supported Pt anode catalysts. But if hydrogen is pro-
duced from reforming of hydrocarbons (see Chapter 8), CO and
CO2 can be present as impurities in the fuel, acting as poisons for
the catalytic sites.3,7 In this case, the catalysts should be modified in
order to be “tolerant” with these impurities, mainly with CO, which
has the more significant effect.6 Other fuels that are being consid-
ered as alternatives to hydrogen are methanol and ethanol. The
main advantage of both is that they are liquid fuels, and the storage
problems compared with hydrogen are simplified, since their power
density in terms of energy by volume of fuel is much higher.
Methanol is a commodity chemical and its distribution as fuel can be
easily adopted. Ethanol has the advantage of its renewable origin,
when it is obtained from biomass. Both alcohols have the drawback
of very slow kinetics of the corresponding oxidation anodic half-
reaction, requiring electrocatalysts of a very high activity, with novel
formulations.6,8–10 Something very similar happens with the cathodic
electrocatalysts, since the kinetics are much lower than the elec-
trooxidation of hydrogen. The design and synthesis of an active
cathode electrocatalyst for the oxygen reduction reaction (ORR) is
another of the most important challenges in PEMFCs science and
technology.11–15 The amount of platinum contained in current
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PEMFCs, indeed in those using hydrogen as fuel, is still higher than
the required one for large-scale applications, mainly in the trans-
portation sector.16 Therefore, one of the most important short-term
objectives for the catalytic technology is the reduction of the noble
metals loadings of the electrodes,17,18 and also its substitution for
non-noble metal catalysts (NNMCs).10,14,15,18

There are non-catalytic components in the PEMFCs that can
have an important influence in the design of the electrocatalysts.
First of all is the proton exchange membrane, which is the temperature-
controlling component in the current technology. The most
common membrane used is a layer of solid polymeric electrolyte
(ionomer), of several microns of thickness, which should be main-
tained wet to keep the proton conductivity.19 To avoid the loss of
water, the operating temperature must to be lower than 100°C for
the most used membrane material, Nafion®. Research in this field
is working towards membranes that can operate at up to 200°C. This
means that catalysts used in these intermediate-temperature FCs will
be of a different design, with lower requirements than those work-
ing at 100°C. The other component is the gas diffusion layer (GDL),
which allow the reactants (fuel or oxygen) to reach the catalyst sur-
face, and the products (water, and CO2 if alcohols are used as fuels)
to leave the FCs. This is a porous layer material, of several microns
of thickness, which should thoroughly manage the gradient and dif-
fusion of reactant and products in the surrounding of the catalytic
active sites. The catalyst powder is usually dispersed on the internal
surface of the GDL (the one that will be in contact with the proton
exchange membrane), or on the surface of the membrane, with the
GDL placed directly in contact with the catalyst. A membrane with
two layers of catalytic powder, one at each side, is a MEA (membrane
electrode assembly) of three layers. When the GDLs are added to
the membrane, we have a MEA of five layers. Dispersion of the cat-
alytic powder in the MEA and the behaviour of the GDL will have a
large influence on the performance of the PEMFCs and usually sev-
eral discrepancies are found in the literature for the same catalyst
due to differences in the assembly of the different components of
the FC.16,20

410 S. Rojas, M. V. Martínez-Huerta and M. A. Peña

b1215_Chapter-09.qxd  11/28/2011  5:12 PM  Page 410



b1215 Supported Metals in Catalysis

The singular requirements of the active sites of the PEMFCs
electrocatalysts must be taken into account when the electrode is
designed. At every catalytic site, electrons and protons are gener-
ated (anode) or are consumed (cathode). Therefore, every catalytic
site should be in contact with the conductive media of both elec-
trons and protons. The first condition is fulfilled by using a
conductive material as catalytic support of the metal particles, such
as carbon black.21 Also the GDL are based in electronic porous con-
ductors, as graphitic carbon papers or cloths. However, the proton
conductivity is reached only by an appropriate design of the elec-
trode layer, adding to the catalyst, during the conformation of the
electrode layer, micelles of the ionomer that should be in contact
with the catalytic centers.22,23 Regarding the use of carbon materials
as catalyst support, several modifications of the support are also
possible, which allow the introduction of new properties in the
catalyst.

9.2 Hydrogen Oxidation Reaction

Studies on hydrogen oxidation reaction (HOR) electrocatalysis have
built up a foundation for all modern electrocatalysis. In general,
electrocatalysis can be considered as a specific type of heterogeneous
catalysis whereby reactants and products adsorb onto the catalyst sur-
face during the reaction process. Since the catalyzed electrochemical
reaction occurs at the catalyzed electrode/electrolyte interface, the
intrinsic kinetic rate of an electrochemical reaction (measured by
the exchange current density) strongly depends on the potential dif-
ference between the catalyst surface and the electrolyte, as well as on
the type of catalyst and its surface morphology.24 Not surprisingly,
virtually every electrochemical reaction where chemical bonds are
broken or formed is electrocatalytic, and the kinetics vary by many
orders of magnitude for different electrode materials. This is true
even for the simplest electrochemical reaction where chemical bonds
are broken, as for the hydrogen oxidation reaction,

H2 + 2 e− → 2H+ + 2 e−. (9.1)
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Current voltage correlations measured for the Butler–Volmer
equation (Eq. 9.2), describe mathematically the current-voltage cor-
relation for a reversible electrochemical reaction, for instance, the
anodic oxidation of hydrogen (index a) and cathodic hydrogen
evolution (index c). 

j = j0 (exp [αaFη/RT] – exp –[ αcFη/ RT]), (9.2)

where, j is the current density, η is the overpotential or the differ-
ence between actual electrode potential E and equilibrium potential
E0 (η = E − E0), and the coefficients αa and αc in the exponent are
the charge transfer. In the Butler–Volmer equation, the exchange
current density, j0, as the quantity describing charge exchange per
unit surface at equilibrium potential (equal in magnitude to either
cathodic and anodic currents), is an indicator for electrocatalysis.
Table 9.1 collates the exchange current densities of the hydrogen
evolution reaction at different electrode materials. According to the
data in this table, the metals contained in the group of the platinum
metals are good electrocatalysts for this reaction, whereas mercury,
for which an exceedingly low exchange current density is reported,
is not an electrocatalyst at all.
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Table 9.1 Exchange current densities of the hydrogen evolu-
tion/anodic oxidation reaction at different electrode materials
in aqueous 1M H2SO4 solution at ambient temperature.25

Metal j0 (A·cm−2)

Palladium, Pd 1.0 ⋅ 10−3

Platinum, Pt 7.9 ⋅ 10−4

Rhodium, Rh 2.5 ⋅ 10−4

Iridium, Ir 2.0 ⋅ 10−4

Nickel, Ni 6.3 ⋅ 10−6

Gold, Au 3.9 ⋅ 10−6

Tungsten, W 1.2 ⋅ 10−6

Lead, Pb 1.0 ⋅ 10−12

Mercury, Hg 5.0 ⋅ 10−13
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The adsorption of hydrogen on metal electrodes such as platinum
has been studied extensively in electrochemical systems over the last
several decades.26,27 The mechanism for the hydrogen oxidation
reaction on a Pt electrode in an acid electrolyte proceeds through
two pathways, Tafel–Volmer and Heyrosky–Volmer, both of which
involve the adsorption of molecular hydrogen (Had), followed by a
charge transfer step:

Tafel: Pt + H2 → 2Pt-Had (9.3)

Heyrosky: Pt + H2 → Pt-Had + H+ + e− (9.4)

Volmer: Pt-Had → Pt + H+ + e−. (9.5)

It has been established that Had is the reactive intermediate in the
HOR, and therefore the kinetics of the HOR is mainly determined
by the interaction between Had and the Pt surface atoms.26 There
are two different possible states of adsorbed hydrogen. One is the
Hupd (the underpotentially deposited hydrogen), which is the
“strongly” adsorbed stated formed on the surface at potentials
more positive than the Nernst potential, and the other is the Hopd

(the overpotentially deposited hydrogen), which is the “weakly”
adsorbed state formed close to or negative with respect to the
Nernst potential.26

An approach to explain the particular role of platinum as an
electrocatalyst for anodic hydrogen oxidation and cathodic
hydrogen evolution is correlating the catalytic activity of different
metals for this reaction and the strength of the adsorption
enthalpy of hydrogen on these metals in Fig. 9.1.27–29 This figure
reveals, in the so-called volcano curve, a maximum of obtained
current densities and hence electrocatalytic activities for interme-
diate Me–H bond strengths. The compromise between having a
sufficient heat of adsorption for breaking the H–H bond, but not
too large as to prevent the desorption of intermediates, is fulfilled
by the platinum metals,30 and explains the fast kinetics of this
reaction over Pt catalysts.
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The major effort in HOR electrocatalysis has been focused on
understanding the rate dependency on the atomic-scale morphol-
ogy of a platinum single-crystal surface. Recently, catalysis studies on
well-defined Pt single-crystal electrodes clearly demonstrated that
the HOR kinetics on Pt (hkl) vary with a crystal face that has “struc-
ture sensitivity”.26,31 This sensitivity is mainly caused by the
structure-sensitive adsorption of hydrogen and electrolyte anions.
Depending on the surface structure of the well-defined Pt,
i.e. (110), (100), or (111), the influence of the Hupd state on the
HOR is different, resulting in different mechanisms taking place.32

Although the HOR displays fast kinetics on pure Pt catalyst sur-
faces, one of the main disadvantages of the use of pure Pt is its high
price and the possibility of depleting these mineral reserves if fuel cells
were to be widely used. It is important to note that the current goal set
by the USA Department of Energy (DOE) aims for specific power
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Figure 9.1 Volcano curve for the electrocatalysis of the HER at various metals in
terms of dependence of log i0 values on metal-to-H bond energy.27
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(including area specific power) of 0.3–0.2 mgPt/cm2 (2010 leading to
2015 targets). Since the cost targets are $5 and $3/kW (2010 and 2015
targets), an even more ambitious target may be needed depending on
the increase in cost of Pt (currently priced at $1500/t-oz, on average).33

From an automotive perspective, a prior review by Gasteiger et al.16 has
pointed out that for automotive application, the current state of the art
(with H2/Air at 80°C), which is at approximately 0.7 W/cm2 at 0.68V
(for 58% energy conversion) corresponding to 0.85–1.1gPt/kW
requires a transition to 0.2 gPt/kW at ≥ 0.65V. This can be envisaged
as a dual effort wherein (a) MEA power density is improved to 
0.8–0.9 W/cm2 MEA at ≥ 0.65V by increasing Pt utilization and lower-
ing mass transport and ohmic contributions, and (b) increasing the
inherent activities of the reaction zone by changing the nature of the
conventional supported Pt electrocatalysts (Pt nanoparticles) via a
means such as alloying and modification of surface morphology. 

In the 1960s and 1970s exceptionally high loadings of 4–40
mg/cm2 Pt and Pd black catalysts were utilized in making membrane
electrode assemblies. This approach has two major hurdles: (a) the
high loading of the noble metal, and (b) the loss of mass activity due
to particle agglomeration resulting in the decrease of the effective
surface area. The revolutionary step was to develop supported elec-
trocatalysts, as previously employed in gas-phase heterogeneous
catalysis.34 In this context, the introduction of high surface area car-
bon blacks in 1988 for supporting precious metals decreased the
catalysts loading by ten to hundred of orders of magnitude down to
loadings of 0.4–0.5 mg/cm2.35

Since catalyst performance for the HOR is strongly dependent
on the total active surface area, supported catalysts have been devel-
oped to maximize the catalyst surface area. This issue is discussed in
more detail in Section 9.8.

9.3 H2/CO Electrooxidation

9.3.1 Pt electrocatalysts

In a PEMFC, when operating with pure hydrogen at practical current
densities, the anode potential is typically less than + 0.1V (vs. RHE).
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Under such operating conditions the cell potential is only slightly
lower than the cathode potential and the MEA performance essen-
tially reflects the cathode operation. However, when using reformate
as a fuel, the CO in the reformate stream binds very strongly to the
Pt electrocatalyst sites in the anode layer, at the typical MEA operat-
ing temperature of 80°C. The adsorbed CO prevents the dissociative
electrosorption of hydrogen and dramatically lowers the cell poten-
tial produced by the MEA.36 This is demonstrated in Fig. 9.2 by the
effect of ppm levels of CO on a MEA with a Pt anode. The cell oper-
ating temperature was 80°C and CO concentrations of 25, 50, 100,
and 250 ppm were used in the fuel gas.37 It was found that for hydro-
gen and 25 ppm CO, the cell polarization curve looked similar to the
curve without CO, only with a more negative slope. However, for CO
concentration greater than 100 ppm, the polarization curve had two
distinct slopes. The lower slope was explained by the adsorption and
oxidation kinetics of hydrogen and CO at the anode. At increasing
concentrations, CO could be oxidized to CO2, thus leading to higher
reaction rates for hydrogen adsorption and oxidation. 

Despite its importance for low-temperature fuel cells, the exact
mechanism of CO oxidation on Pt and the role of co-catalysts are
still far from being understood.38 It is generally accepted that the
oxidation of CO proceeds according to a Langmuir–Hinshelwood
mechanism, suggested by Gilman more than 40 years ago.39

According to this model, water needs to be activated on a free site
on the surface, leading to surface-bonded OH:

H2O + * ↔ OHads+H+ + e− , (9.6)

where the * denotes a free site on the platinum surface. The surface-
bonded OH is the oxygen donor reacting with surface-bonded CO
to form CO2:

COads + OHads → CO2 + H+ + e− + 2*. (9.7)

In addition, CO was found to be a poisoning adsorbate during the
oxidation of methanol and other small organic molecules.40 In the
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case of methanol, CO formed along its dissociative adsorption on
pure Pt covers a considerable fraction of the electrode surface in a
matter of seconds. At potentials below 0.40V, the reaction cannot
progress due to the inability of platinum to form OH for further oxi-
dation, and the current falls to negligible values. Consequently, an
important, although not unique, aspect of the catalysis of methanol
oxidation is related to the catalysis of CO oxidation.

For many years it has been well known that CO electrooxidation
on platinum is a structure-sensitive reaction.41,42 Studies with single-
crystal electrodes have shown that the kinetic parameters depend not
only on the surface composition of the catalyst but also on the sym-
metry of the surface and that the presence of steps and defects alters
significantly the reaction rate.43 As a consequence, the surface struc-
ture of the nanoparticles should also affect the performance for the
oxidation of CO. Understanding how the different variables affect
CO oxidation on Pt nanoparticles dispersed on carbon requires the
control of the platinum surface in a similar way as has been achieved
for single-crystal electrodes. In this sense, the influence of the surface
site distribution on CO oxidation using nanoparticles of well-defined
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Figure 9.2 Illustration of the effect of CO on a PEMFC.37
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shapes has been reported.44,45 For the carbon supported nanoparticle
electrodes, the shape is generally more complex than that found for
single-crystal electrodes, since it is affected by the surface structure
and nanoparticle size and aggregation. López-Cudero et al.46 have
studied the CO oxidation on platinum nanoparticles deposited on
carbon with different platinum loadings (from 10% to 50%), where
the increasing loading leads to nanoparticle agglomeration. The
results demonstrate that CO oxidation takes place at lower potentials
when agglomeration takes place, since the adsorbed OH and CO
species that participate in the reaction are on different nanoparti-
cles, that is, it is an inter-particle process. 

Nevertheless, the development of CO tolerant catalysts for
PEMFCs is an important issue that needs to be addressed. The impu-
rities in the hydrogen fuel remain a topic for research, although
modern reformers typically produce a hydrogen stream with trace
amounts of CO, for instance 1–50 ppm. However, even low CO con-
centrations (< 5 ppm) can poison the catalytic Pt surface of the
anode, and reduce the cell performance.37

9.3.2 CO tolerant catalysts

It is generally considered that the use of CO tolerant electrocatalysts
is the most promising way for solving the CO poisoning problem in
PEMFCs. Since the mid-1960s, work to promote the CO tolerance
has involved the modification of the catalytic platinum surface by
the addition of a second metal to platinum.47,48 It is well established
that binary systems of CO tolerant electrocatalysts, with Pt as one of
the components, can exhibit a substantial resistance to the presence
of CO in the fuel stream. It has been found that the use of a second
element with Pt, such as Ru, Sn, Co, Ta, Fe, Ni, Au, Mo, W, Ti, etc.,
in the form of an alloy or a co-deposit yields significant improve-
ment in the CO tolerance behaviour, relative to pure Pt.48–58

Among these various Pt-based systems, the most commonly used
is the PtRu/C whose study started as early as the 1960s as a very
promising alloy for the methanol oxidation.59 To date, Pt-Ru alloys,
typically around the 1 : 1 composition, are the only ones to have
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been introduced commercially and their preparation conditions
and inter-metallic interactions have been extensively studied.60,61

During the 1970s the group of Watanabe–Motoo62–64 considered the
possible nature of high Pt-Ru activity by formulating the mechanism
of bifunctional catalysis. According to their theory, the ruthenium
centers are responsible for generation of active oxygen species at
potentials much lower than platinum. 

Ru + H2O → RuOH + H+ + e− E0≈0.2VNHE. (9.8)

Finally, following a Langmuir–Hinshelwood mechanism, adsorbed
CO reacts with adsorbed OH to give CO2, which is only possible if
the final oxidation step occurs between CO adsorbed at Pt and OH
adsorbed at Ru,65 as shown in Fig. 9.3(a).

A second mechanism concerning an electronic effect resulting
from the interaction of Ru with Pt was also proposed. This mecha-
nism became widely accepted especially after the in situ FTIR work
of the Iwasita–Vielstich team in the early 1990s and is associated with
an energy shift of the Pt d electronic states caused by the second ele-
ment, and resulting in a weakening of the Pt–CO bond, as seen
more graphically in Fig. 9.3(b).40,66

However there are still many controversies about the nature of the
CO tolerance mechanism. As most of the reactions taking place are
structure-sensitive, the need for more nanoscale level studies is essen-
tial. Recently Watanabe et al.67 reported that the bifunctional theory
cannot be accepted for the Pt-non-precious metal alloys, such as PtFe,
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Figure 9.3 Bifunctional (a) and ligand (b) effects.
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PtCo, and PtNi, and this was related to the formation of a Pt-skin layer
on the alloy particles. However, for Pt alloys with precious metals such
as Ru, Os, or Re, the bifunctional mechanism is operative because of
the stability of these elements in the Pt surface. With the introduction
and evolution of more powerful characterization techniques such as
XAS, it has been possible to perform more detailed studies of the crys-
talline phases present in a catalyst. The work of McBreen and
Mukerjee68 has shown clearly that in Pt-Ru alloys, the Ru increased the
Pt d-band vacancies and decreased the Pt–Pt bond distances. The
wider conclusion of this work was that a fine-tuning of the electronic
structure and the electrocatalysis is necessary in order to design an
even more CO tolerant and active catalyst. 

Other bimetallic alloys such as Pt-Mo69–71 and Pt-Sn72 have also
shown good CO tolerance, even better than that showed by the Pt-Ru
alloys, depending on the carbon monoxide concentration in the fuel
stream. Nevertheless, they have not yet been introduced into com-
mercial applications, probably because PEMFCs need to perform
well under a variety of operating conditions for long periods of time
with minimal degradation in performance. Non-noble elements such
as Mo and Sn have the potential to corrode during operation, which
may impact on long-term stability. Moreover, although these alloys
are more tolerant to CO than pure Pt, the hydrogen oxidation over-
potentials in the presence of CO are still very high relative to the
hydrogen overpotentials in a CO-free gas feed.

Bimetallic PtMo alloy catalysts have thus attracted considerable
attention as a result of their high catalytic activity in H2 oxidation
using a CO/H2 feed.51–53,57,69,71,73–88 Such enhanced performance was
ascribed to (i) the lack of adsorption of CO on Mo, leaving more
adsorption sites for oxygen containing species that are acting as CO
oxidation reagents within the frame of a bifunctional mechanism,
or (ii) changes in Pt-Pt atomic distance which modifies the Pt-CO
adsorption energy.89 Grgur et al.51,74,90 reported the electrochemical
oxidation of H2, CO, and CO/H2 on well-characterized PtMo bulk
alloys or carbon supported PtMo catalysts in sulfuric acid solution.
Their work suggested a similar bifunctional mechanism as with Ru
for Mo in PtMo alloy, an increase in free Pt sites by the oxidative
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removal of adsorbed CO. Mukerjee et al.71,81,82 showed a two- to
three-fold enhancement of the CO tolerance of PtMo in a PEM fuel
cell compared to that of PtRu, which was ascribed to the onset of
CO oxidation at very low potentials (≈ 100 mV). Papageorgopoulos
et al.57 related the increased tolerance to the ability of PtMo to pro-
mote the CO oxidation process at very low potentials. This was
attributed to oxygen transfer from Mo oxyhydroxide species, with
only the OH species of the oxyhydroxide states (predominantly
MoO(OH)2) being reactive with adsorbed CO.74 In a more recent
work, Liu et al.52 has proposed a different mechanism to the bifunc-
tional one. PtMo core-shell particles have been prepared that
present higher CO tolerance and increased activity in the H2/CO
oxidation than commercial Pt/C and PtRu/C catalysts. It is consid-
ered likely that the electronic effect of the MoOx core on Pt shell
weakens the Pt–CO bond, which may dramatically reduce the oxi-
dation overpotential. 

A different mechanism altogether is proposed in the work of
Santiago et al.69,80 Different layers of Pt/C and Mo/C were combined
and an excellent CO tolerance was observed. In that case there was
no contact between the Mo and Pt particles (or atoms), implying
that the CO tolerance cannot be associated with the electronic or
bifunctional mechanisms. In their opinion, these high CO toler-
ances were caused by a lowering of the CO concentration in the gas
channels inside the electrode, promoted by the modified Mo/C dif-
fusion layer. There is no contact between Mo/C and any
electrochemical interface, so this can only be achieved through a
chemical reaction of CO catalyzed by the Mo sites. The reaction that
the report suggests is the well-known water-gas shift reaction (WGS):

CO + H2O ↔ CO2 + H2. (9.9)

This reaction involves the conversion of CO to CO2 without direct
participation of protons and electrons, and compounds of molyb-
denum have shown potential for application as WGS catalysts. 

The working principle of the PtSn electrocatalysts for the elec-
trooxidation of CO is akin to that of PtRu; nucleation of –OHad
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species occur at lower potentials on Sn than on Pt because Sn is
more oxophilic than Pt. In contrast to PtRu, the PtSn electrocatalyst
is a real bifunctional electrocatalyst; that is, CO adsorbs on Pt and Sn
nucleates –OHad. It is unlikely that CO adsorbs on Sn.4,91,92

The Pt3Sn(111) surface has the highest activity for the electroox-
idation of COad and H2/CO in acid medium reported thus far. The
onset potential for the oxidation process is shifted by ca. 700 mV
compared to pure Pt.4 This result also applies to Pt3Sn/C.93,94

9.4 Electrooxidation of Methanol

Direct Methanol Fuel Cells (DMFC) have the potential to have
greater power density, longer runtime, instant recharging and lower
weight than conventional batteries.95–102 Currently, the lifetime of
portable devices is still limited by how long they can operate as truly
portable devices by the quantity of energy that can be stored within
the batteries. The energy density of fuel cells is high if the power
demand is small and the energy demand is large. DMFCs usually
operate under ambient conditions and methanol as fuel has simpler
and safer handling, since it is in liquid form at ambient condition.
Also, methanol shows good electrochemical activity with a high
energy density (6 kWh kg−1).99

Much research effort involves attempts to enhance perform-
ance by improving characteristics of the components, including
polymer electrolyte membranes, catalysts, membrane electrode
assemblies (MEAs), stack assemblies, and packaging technology.
DMFCs are flexible in power output from sub-watt to several hun-
dred watts and thus are considered to be applicable to various
portable electronics such as cellular phones, laptop computers, or
television sets. DMFCs are roughly classified by their electric capac-
ity and micro DMFCs are generally defined as those with less than
5W. The micro fuel cells could be potentially used as power sources
for portable electronics. Recently, many companies including
Motorola, Samsung, Toshiba, DuPont, Polyfuel, NEC, MTI
(Mechanical Technologies Inc.), LG Chem, Casio, Smart Fuel Cell,
etc. entered into this business.
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A single cell in a DMFC has a maximum thermodynamic voltage
of 1.18V at 25°C. The reactions that take place in a DMFC are given
below:

Anode: CH3OH + H2O → CO2 + 6H+ +6e− E0 = 0.046 V (9.10)

Cathode: 3/2O2 + 6H+ + 6e−→ 3H2O E0 = 1.229 V (9.11)

Overall: CH3OH + 3/2O2 → CO2 + 2H2O E0 = 1.183 V. (9.12)

As seen in the reaction, the oxidation of methanol involves six elec-
trons and overall potential is almost the same as the oxidation of
hydrogen. However, the energy density of the DMFCs is still far from
that expected due to the methanol crossover and the high over volt-
age at the electrodes.95 The crossover of methanol from the anode
to the cathode has serious consequences in reducing its coulombic
and voltage efficiencies. The main reason for the crossover is that
the methanol fuel is soluble in water over the full range of compo-
sition from 0 to 100%. As a consequence, the diffusion rate of
methanol from the anode to the cathode through the electrolyte is
extremely high (corresponding to an equivalent current loss larger
than 100 mA/cm2 under open circuit conditions). On the other
hand, the anode suffers from high activation overpotentials due to
the slow kinetics of the methanol oxidation reaction. This detri-
mental effect reduces the cell voltage and severely affects the voltage
efficiency of the system. DMFCs generally need higher metal load-
ings, sometimes more than ten times greater than the hydrogen-fed
PEMFCs, due to the slow electrode reactions.

Understanding the nature of this overpotential is a key feature
to the development of better fuel-cell catalysts, and also involves
understanding the reactivity of intermediates in methanol oxida-
tion. Spectroscopic studies have shown that the electrooxidation of
CH3OH (Eq. 9.10) on Pt is thought to follow a dual path mechanism
at sufficiently high potentials38,103 that involves both “indirect” and
“direct” pathways (Fig. 9.4). The indirect path, which proceeds
through the formation of CO, is shown in the center of Fig. 9.4
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(solid line). The direct paths, which lead to the formation of
formaldehyde and formic acid, are shown at the top and bottom,
respectively. The formaldehyde that forms can also react in solution
to form formic acid or adsorbed formate. The interconversion of
these steps is sketched by the dotted line. A more detailed set of pos-
sible elementary steps and how these may interconvert is given by
Koper et al.104,105

Therefore, a catalyst for methanol oxidation should be able to
(a) dissociate the C–H bond and (b) facilitate the reaction of the
resulting residue with some O containing species, especially CO, to
form CO2.40 On a pure Pt electrode, which is known to be a good cat-
alyst for breaking the C–H bond, the two processes necessary for
complete oxidation occur in different potential regions:

• Process (a) involving the adsorption of methanol molecules,
requires several neighbouring places at the surface and, due to
the fact that methanol is not able to displace adsorbed H atoms,
adsorption can only begin at potentials where enough Pt sites
become free from H, i.e. ca. 0.2V vs. RHE for a polycrystalline Pt
electrode;
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• The second process (b) is crucial and requires dissociation of
water, which is the oxygen donor for the reaction. On a pure Pt
electrode, sufficient interaction of water with the catalyst surface
is only possible at potentials above 0.4–0.45V vs. RHE. 

H2Oad + Pt → Pt-OH + H+ + e−. (9.13)

Thus, on pure Pt, methanol oxidation to CO2 cannot begin below
0.45V. However, the adsorbate layer does not exhibit good reactivity
below at least 0.7V, i.e. at potentials without technological interest.
Several binary and ternary catalysts have been proposed for
methanol oxidation, most of them based on modifications of Pt with
some other metal including Ru, Mo, Rh, Os, Sn, Ni, Zr, Mo, W, Ti,
and Ir. 

At present, there is a general consensus that PtRu offers the
most promising results, and has been the benchmark bimetallic cat-
alyst since the mid-1960s.59 The reason for the enhanced rate of
methanol oxidation on PtRu is often invoked by the bifunctional
mechanism106 (see Section 9.3.1), where the first step of the reaction
is adsorption of methanol:

CH3OH(sol) → (CO)ad + 4H+ + 4e−. (9.14)

(CO)ad are CO species adsorbed either on Pt or Ru. Moreover, the
effect of modification in Pt electronic environment, induced by Ru
through increase in Pt d-band vacancies, has been emphasized68 (see
Section 9.3.1).

According to the bifunctional model, Anderson et al. calculated
H2O binding energies with respect to substituted atoms in a Pt alloy
cluster.107 Elements to the left of Pt in the periodic Table
(i.e. Groups 3–9) bind H2O more strongly than Pt, with the excep-
tion of Rh and Ir. Elements to the right, Groups 11–16, bind H2O
more weakly than Pt with no exceptions. The strongest binding
energy (about 2.5 eV) was obtained for Ru, followed by Cr, Mo, and
W. Following H2Oad the second step is the breaking of the OH bond
and release of H. First principle theoretical calculations predicted
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that alloying with elements such as Ti, Cr, Fe, Mo, Pd, and Zr lead to
lower activation energies for bond breaking in H2Oad compared to
Ru (Fig. 9.5). In principle, they could be suitable as a Pt co-catalyst
toward CH3OH electrooxidation in a similar manner to Ru. These
theoretical studies invite the question as to how binary catalyst for-
mulations Pt-M (with M other than Ru, such as Mo, Sn, Ni, W, Os)
compare experimentally with Pt and PtRu. 

Mukerjee and Urian78 compared the activity of PtMo/C (3 : 1
atomic ratio) with PtRu/C (1 : 1 atomic ratio) and Pt/C under con-
ditions relevant for DMFCs. During polarization in 1M CH2OH at
363 K, using Nafion 117 and 4 mg cm−2 catalyst load, the electrode
potential at 100 mA cm−2 was about 170 mV more positive for PtMo
compared to PtRu. Moreover, PtMo performed slightly worse than
pure Pt alone. The effect of Mo as an alloying element with respect
to CH3OH oxidation was in sharp contrast with its beneficial role for
enhancing the CO tolerance of Pt from a reformate feed. This indi-
cates a major difference between CO and CH3OH electrooxidation
catalysis. Using XANES (X-ray absorption near-edge structure) the
oxidation of Mo was observed at E ≥ 0V vs. RHE generating Mo(V),
most likely a Mo oxo-hydroxide. The latter species was considered
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Figure 9.5 Activation energies (Ea) for OH bond scission when H2O is bonded to
a substitutional transition metal atom.107
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responsible for CO oxidation from reformate feed; however, it was
inactive in the case of methanol oxidation.78 Consequently, the real
experimental situation for PtMo is more complex than the bifunc-
tional mechanism would suggest.

In the case of PtRu catalysts, a significant amount of work has
been carried out and various theoretical and experimental tech-
niques have been brought to bear in order to reveal the details for
the PtRu catalytic/co-catalytic effect.59 An interesting aspect of the
Ru effect relates to the effect of the temperature and the optimum
Pt : Ru ratio. Gasteiger et al. showed that dissociative methanol
adsorption can occur on Ru sites as well, but it is a temperature-
activated process.108 Therefore, at low temperatures (e.g. 298 K) a
higher Pt : Ru atomic ratio (above 1 : 1) is required to facilitate the
dissociative adsorption and dehydrogenation of methanol preferen-
tially on Pt, whilst at high temperatures (e.g. 333 K and above) a
surface richer in Ru is beneficial (e.g. 1 : 1 at. ratio) since Ru becomes
active for chemisorption and the rate determining step switches to the
reaction between COad and OHad.108

The oxidation state of the Ru component is still a topic of
discussion. While some authors refer to the active ruthenium
compound mainly as metallic Ru0 in a bimetallic alloy,109–111 early
research revealed that hydrous ruthenium oxide as a part of bimetallic
PtRu electrodes is the most active catalyst for methanol oxida-
tion.112–117 According to this latter point, Rolison et al.112,113

emphasized the importance of hydrous ruthenium oxides because
the RuO2•xH2O speciation of Ru in nanoscale PtRu blacks shows
both high electron and proton conductivity, which results in a much
more active catalyst for methanol oxidation. Cao et al.115 showed that
a new nanocomposite Pt/RuO2•xH2O supported on carbon nan-
otubes presented higher activity in the methanol electrooxidation as
compared to that of PtRu commercial catalysts. The superior per-
formance was attributed to the presence of RuO2•xH2O species.
Recently, Gómez de la Fuente et al.117 revealed that a combination of
the electrocatalytic nature of RuO2•xH2O species and functionalized
carbon black in PtRu/C catalysts greatly improves the performance
in a single DMFC.
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In order to improve the lifetime of the DMFCs and PEMFCs
fuelled with H2 from hydrocarbon reforming, without increasing
cost or losing performance, exploring ternary anode catalysts is one
of the most interesting and low-cost approaches.118,119 However, ter-
nary electrocatalysts must be resistant to changes in morphology
and surface properties, and their stability may be a determining fac-
tor in the useful lifetime of these systems. The range of
compositions that can be studied in such systems is enormous and
realistically can only be mapped well through the use of high
throughput materials science methods. Several CO tolerant Pt con-
taining anodes exist, including PtRuSn, PtRuW, PtRuMo, PtRuOs,
and PtRuPd.24

The crystal structure of pure Pt is face-centered cubic (fcc),
while that of Ru is hexagonal close packed (hcp). For Ru atomic
fractions up to about 0.7, Pt and Ru form a solid solution with Ru
atoms replacing Pt atoms on the lattice points of the fcc structure.
The lattice constant decreases from 0.3923 (pure Pt) to 0.383 nm
(0.675 atomic fraction of Ru). In contrast to bulk Pt-Ru alloys, it has
to be remarked that in carbon supported catalysts the amount of Ru
alloyed with Pt is lower than the nominal Ru content in the mate-
rial;6 the amount of Ru alloyed with Pt depends on the preparation
method of the supported catalyst. In Pt-Ru-M catalysts, the third
metal is an oxophilic element as W, Mo, Os, Ni, Ir, etc. Some of these
elements can be fully alloyed, while several form alloys to a limited
extent or not at all with Pt.120

Ternary electrocatalysts based on PtRuMo nanoparticles have
attracted major attention in recent years for PEMFCs fuelled with
H2/CO or low molecular weight alcohols.53,57,121–132 However, the
synergistic mechanisms of Pt, Ru, and Mo working together is still
not clear and further studies are required. Recently a novel two step
method for the preparation of ternary PtRuMo catalysts has been
developed.126,128 These catalysts display an important negative shift
in the COads oxidation potential in Differential Electrochemical
Mass Spectroscopy (DEMS) experiments and surprising activity
enhancement after the aging of the catalyst via methanol oxidation,
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compared with literature reported binary catalysts and commercial
catalysts. CO-stripping voltammetry results showed that the addition
of Mo to a PtRu/C system led to a reduction in both onset potential
and CO-stripping area (Fig. 9.6). These results suggest that catalysts
with composition below 10 at. % Mo are worth examining further as
candidates for the anode in improved CO tolerant fuel cells. A more
detailed study of the electro-activation through the aging of the ter-
nary catalysts, revealed the important role of the electrochemical
reduction, through which the catalyst is been restructured to obtain
a more active form.127
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Figure 9.6 Voltammograms for the oxidation of CO in 0.5M H2SO4 at 25°C of
PtRu/Vulcan XC-72R and PtRuMo/Vulcan XC-72R, and the corresponding MS
signal for CO2 production (m/z = 44).128
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9.5 Electrooxidation of Ethanol

Ethanol is considered as the ideal fuel for the so-called direct
alcohol fuel cells (DAFCs). This is because ethanol has a number
of advantages over methanol; it can be produced in a sustainable
manner, easily stored and transported, and is less toxic or corro-
sive than methanol. The theoretical mass energy of ethanol is
8.0 kWh kg−1 compared to 6.1 kWh kg−1 for methanol. The com-
plete oxidation of ethanol releases 12 electrons per molecule; its
standard electromotive force E0

Eq = 1.145V, is similar to that of
methanol.133–136

However, a number of issues, particularly those related to the
performance of the electrocatalyst, should be improved in order to
implement direct ethanol fuel-cell (DEFC) technology. Among
them, the major challenge is developing electrocatalysts that can
break the C–C bond at relative low potentials. 

The mechanism of the electrooxidation of ethanol in acid
media over a Pt surface has been studied.135,137 It involves the elec-
trochemical adsorption of ethanol by the alpha carbon (the one
bearing the OH group) onto Pt sites releasing one electron and one
proton137 (Eqs 9.15 and 9.16). In successive dehydrogenation steps,
acetaldehyde and acetic acid are produced. Acetaldehyde can read-
sorb on Pt as acetyl species and be dissociated into CHx fragments
and CO that can be completely oxidized to CO2 at electrode poten-
tials >0.5 eV. In the optimal scenario, when the C–C bond is
dissociated and the fragments are oxidized into CO2, the total num-
ber of electrons released per molecule of ethanol is 12. Despite the
ability of Pt to activate the C–C bond, bare-Pt is not a suitable elec-
trocatalyst for ethanol fuel cells since the process requires high
overpotentials and, even at those high potentials, the reaction kinet-
ics are slow. As a matter of fact, the actual efficiency of ethanol
electrooxidation to CO2 over on Pt catalysts, as determined by elec-
trochemical infrared reflection-absorption spectroscopy (EC-IRAS)
and differential electrochemical mass spectrometry (DEMS), is low;
acetaldehyde and acetic acid, in different proportions being the
main products.133,138,139
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An efficient ethanol electrooxidation catalyst should combine at
least two features: (i) high tolerance to CO and other intermediate
species generated over the surface of the electrocatalyst during alco-
hol electrooxidation; and (ii) ability to break the C–C bond of the
ethanol molecule under mild conditions. The most relevant fea-
tures for the designing of CO tolerant electrocatalysts have been
described above; namely, Pt modification with more oxophilic met-
als such as Ru,140 Mo126 or Sn93 renders the best electrocatalysts. This
is because such oxophilic atoms promote the formation of −OHad

species (involved in the COad oxidation reaction) at potentials that
are more negative than that on pure Pt (Eq. 9.17). Among those, Sn-
modified Pt electrocatalysts are the most active formulations.4,94,141,142

There is also widespread consensus that the Pt3Sn phase is the most
active one in the CO reaction and early stages of the ethanol electro-
oxidation process.91,94,143

Pt + CH3-CH2OH → Pt-OCH2-CH3 + H+ + e− (9.15)

Pt + CH3-CH2OH → Pt-CHOH-CH3 + H+ + e− (9.16)

Pt-COads + Sn-OHads → Pt + Sn + CO2 + H+ + e−. (9.17)

Although PtSn/C are the best binary electrocatalysts for the elec-
trooxidation of ethanol, the main reaction products are acetic acid
(AA) and acetaldehyde (AAL).139

Several approaches to the designing of efficient electrocatalysts
for the electrooxidation of ethanol have been reported. Some of
them focused on the structure of the catalytic particles. For
instance, by generating high-index faceted Pt particles, the catalytic
activity and selectivity to CO2 of Pt/C can be improved.144,145 The
same is true for PtNi/C catalysts.146 However, high-index planes are
not stable in nanoparticles, hence the mass activity of those cata-
lysts is low. Most studies, however, deal with bimetallic particles,
typically Pt-M (M = W, Pd, Rh, Re, Mo)118,119,134,135,138,147–153 with PtSn
and PtRu being the most active. The predominant role of the
Pt3Sn phase has been recently reported.94,154 Features such as the
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actual catalyst morphology or the Pt to Sn stoichiometry have not
previously been identified. 

The addition of a third metal function (Ru, In, W) to PtSn/C
catalysts has been reported to increase CO2 selectivity and/or
improve the performance of ethanol electrooxidation in a single
cell.133,155–160 In this context, the incorporation of Rh to the formula-
tion of electrocatalyst for ethanol electrooxidation is receiving
increasing attention.159–164 In fact, in the field of heterogeneous catal-
ysis for ethanol reforming it is well established that Rh plays a key
role in the dissociation of the C–C bond.165 On the other hand it has
also been demonstrated that Rh(111) surfaces lack suitable electro-
catalytic properties for the electrooxidation of COad and ethanol.166

No catalysts with propensity for the complete oxidation of
ethanol in acid medium have been reported.

9.6 Oxygen Reduction Reaction

The oxygen reduction reaction (ORR) is a very important reaction in
energy conversion processes. In proton exchange membrane fuel
cells (PEMFCs) the ORR is the half-cell reaction occurring at the
cathode. From a kinetic point of view, the ORR is the slowest of the
catalytic processes that take place within a fuel cell and hence it limits
the overall performance of the PEMFCs. The exchange current den-
sity (j0) is about 10−6 mA/cm2 on a smooth Pt surface; about six orders
of magnitude slower than the HOR. Therefore, driving the ORR at
sufficient reaction rates, accounts for the largest part of the overpo-
tential of a fuel cell. Hence, enormous efforts have been, and still are,
focused towards understanding the reaction mechanism, structure
related parameters, and to developing more active catalysts.167–169

The oxygen reduction reaction can proceed by two pathways in
aqueous electrolytes.170 The first one, the so-called “direct” pathway,
involves releasing four electrons per oxygen molecule to yield H2O.
The “indirect” pathway involves releasing two electrons to yield
hydrogen peroxide (H2O2) that in successive steps can produce
water. Two further pathways, which are combinations of the above,
can be envisaged. The “series” pathway implies sequential two or
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four electron reduction steps to achieve total reduction of O2 to
H2O accompanied by formation of H2O2. The “parallel” pathway is
a combination of the “direct” and “series” pathways. The direct
route is the preferred one in fuel cells because of its higher Faradaic
efficiency and because it avoids the formation of H2O2. In the less
active metals such as Au and Hg the reaction proceeds via two elec-
tron reduction. This process could be of potential interest for the
production of H2O2. On Pt, the most active metal for ORR, the reac-
tion proceeds via four electron transfer. This feature is consistent
with the lack of observation for H2O2 in rotating-ring disk-electrode
(RRDE) experiments. 

In the acid medium, Pt is the most active metal for the ORR and
it drives the reaction via the four electron process. In fact, Pt was the
preferred catalyst for fuel-cell applications from as early as the
1960s. Due to high Pt price and scarcity, many strategies were pro-
posed for decreasing its usage within the fuel cell. 

The most obvious approach to improving Pt efficiency is
attained by increasing the surface area by supporting it as nanosized
Pt particles on graphite-type carriers. Using this approach the Pt-
loading can be decreased by several orders of magnitude. However,
even the most active Pt catalyst, based upon nanosized Pt particles
of ca. 3 nm deposited on graphite type carbon, have a mass activity
of ca. 160 mA/mgPt, well below the figure of merit of 450 mA/mgPt

requested by the DOE16 to achieve a target of $45/kW for direct
hydrogen fuel cells for transportation by 2010. Several strategies
geared towards increasing further the Pt mass activity are under
investigation. 

The most promising ones are based upon (supported) Pt-based
alloys. Numerous carbon supported bimetallic catalysts for the ORR
have been studied, amongst them, PtCo,171,172 PtAu,173,174 PtV,175

PtFe,176 PtZn;177 further PtM/C can be found in Refs. 12 and 178.
A number of studies dealing with non-noble metal catalysts

(NNMCs) have appeared in recent years.15,179–184 The main advan-
tage of this type of catalyst is their low cost compared to Pt-based
systems. In the next sections, relevant features to the ORR and the
current status of catalyst development will be discussed.
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9.6.1 Reaction mechanism

The oxygen reduction reaction is a multi-electron process involving
numerous steps and intermediate species. As stated above, ORR may
proceed via four or two electron transfer in aqueous acidic medium.
The most relevant reactions pathways and their thermodynamic
electrode potentials in acidic medium are shown below:

O2 + 4H+ + 4e− → H2O E0 = 1.229V (9.18)

O2 + 2H+ + 2e− → H2O2 E0 = 0.695V (9.19)

H2O2 + 2H+ + 2e− → H2O E0 = 1.776V. (9.20)

The actual mechanism and the reaction kinetic depend, among
other aspects, on the nature of the catalyst, the electrolyte, and the
overpotential (η). The most accepted reaction scheme (see Fig. 9.7)
for the ORR was given by Wroblowa et al.185

Despite numerous efforts, the ORR reaction mechanism
remains elusive. Recently, theoretical calculations have been used to
identify the rate limiting step and the nature of the key intermedi-
ate species in the ORR.186–189

The first step of the oxygen reduction on Pt, i.e. oxygen adsorp-
tion, can proceed through either dissociative or associative steps. In
the dissociative route, O2 dissociates on the Pt surface upon adsorp-
tion, a process akin to that observed under ultra-high vacuum (UHV)
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Figure 9.7 Reaction pathway for the ORR in acid solution, adapted from
Wroblawa et al.185
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conditions.190 In the associative mechanism, O2 binds to the Pt sur-
face where it is reduced to a superoxide ion. More likely, this process
is accompanied with the transfer of one proton.167 The observation
of superoxide, or other intermediate species, in acid medium
remains elusive, probably because of its high tendency to become
rapidly protonated in this medium.167 Shao et al.191 have reported the
observation of a superoxide anion as intermediate in the ORR on Pt
electrodes at pH 11. Observation of such species in acid medium has
been achieved, however, in Bi-modified Au electrodes.192 The asso-
ciative route has been the most accepted one. However, it is not
unusual in recent literature to find studies in which atomic adsorbed
species are considered.189,193 In fact, theoretical calculations show that
the dissociation mechanism could be the most favorable one on
Pt(111) surfaces.194

Recently, experimental results suggest that a series pathway
via an H2O2ad intermediate is the most plausible pathway.26,195

Some authors suggest that both mechanisms could operate at
0.80V.187

Appleby196 proposed that the initial electron transfer to an
adsorbed oxygen molecule is the rate determining step on group Ib
and VIII metals. He also acknowledges that the process might well
be accompanied by proton involvement. Other recent works share
the idea that the rate limiting step is the addition of the first elec-
tron to O2ad

26 forming OOHad.197 Nørskov et al.189 identified the
strong adsorption of oxygen on Pt(111) at high potential as the ori-
gin of the overpotential. By lowering the potential, proton and
electron transfer becomes more facile and the ORR may proceed. In
this work, they also reported that both associative and dissociative
paths can operate for the ORR; the predominance of each depend-
ing on the electrode potential. In this line, the reaction pathway and
the rate determining step depend on the operation potential. At the
equilibrium potential of 1.23V, OH removal is the rate limiting step;
however, at 0.80V the strength of oxygen adsorption, with OH
removal via hydrogenation or O–O bond scission are the rate limit-
ing steps for surfaces with stronger and weaker oxygen binding,
respectively.187
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The kinetics of electrochemical O2 reduction on Pt has been
studied extensively.193,198–200 There is a general consensus that it
shows first order kinetics in O2. By following the Butler–Volmer
approach, the rate expression for the ORR can be expressed by the
relationship between kinetic current, i, and potential, E:

(9.21)

where i is the observed current, CO2 is the concentration of O2, θad

is the coverage of adsorbed species (anions from the electrolyte and
OHad), n is the number of electrons, E is the applied potential, and
β is the symmetry factor. From this expression it can be derived that
the rate for the ORR is determined by either the number of free Pt
sites for the adsorption of O2, (1 − θad) term, and/or by the change
of Gibbs energy of adsorption of reaction intermediates. This equa-
tion illustrates the strong effect of anion adsorption in the kinetic of
the ORR. This is because anions adsorb at the same sites as O2. This
is the reason for the lower kinetics of the ORR in acid medium as
compared to alkaline. For a detailed overview regarding the kinetic
analysis for the ORR the reader is referred to Refs. 16, 193, 198–202.
A typical device for the analysis of the kinetic parameters of the ORR
is plotting log i vs. η (overpotential); the so-called Tafel plot.203 In
acidic solutions two Tafel slopes for the ORR are usually reported.
At potential regions where the electrode is covered by an oxide
layer, (1.1–0.8 V) the Tafel slope is −60 mVdecade−1 whereas at
potentials from ca. 0.8 to 0.35 V the electrode is oxide free and the
Tafel slope is −120 mVdecade−1.169 For a detailed analysis of the dou-
ble Tafel slope advanced readers are referred to Ref. 198.

A very interesting, although not unusual feature in catalysis, is
the finding that the activity of the different metals for the ORR with
respect to specific properties (descriptors) such as the strength of
oxygen adsorption on those metals204 or the Pauli electronegativ-
ity205 follows a volcano relationship.206 Both geometric aspects such
as particle size,207–210 inter-particle distance, exposed surface or elec-
trolyte adsorption (vide supra), and electronic aspects such as d-band
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vacancies or the work function are known to influence the per-
formance of electrocatalysts for the ORR. 

Volcano type relationships between reaction rates and adsorption
energies are well known in heterogeneous catalysis.206,211,212 The reason
for this type of performance can be rationalized by assuming that the
adsorption properties of atoms and small molecules on transition met-
als depend on the electronic structure of the metal surface, which in
turn depends on the catalyst’s structure and composition. For the tran-
sition metals, the coupling between the adsorbate valence states and
the metal d-states accounts for the activity variations.211 The higher in
energy the d-states are relative to the highest occupied state, the
stronger the interaction with adsorbate states. For instance, density-
functional theory studies report that modifying the surface electronic
properties of Pt(111) by subsurface 3d transition metals results in
weaker dissociative adsorption energy of hydrogen and oxygen.213

A very interesting effect emerges from the discussion above; the
electronic structure of a metal surface, namely Pt, can be changed
by alloying or by inserting foreign atoms in lower layers. This will
affect strongly the adsorption energy of oxygen (or other adsor-
bates) therefore modifying the catalytic performance. 

Finally, it should be remarked that a catalyst for the ORR should
provide a balance between being sufficiently active to activate O2

and releasing it as H2O, and noble enough not to be oxidized itself
by water oxidation which may occur at the typical potentials for cath-
ode operation.

9.6.2 Electrocatalysts for the ORR

It is well established that the reaction rate of the ORR on Pt (hkl)
surfaces is structure-sensitive.214,215 This is because of the different
adsorption strengths of the electrolytes; the stronger the adsorption,
the more pronounced the structural effect. Remarkably, the same
activation energy in both acid (ca. 42 kJ/mol) and alkaline solution
(ca. 40 kJ/mol), at the reversible potential, and at 0.8 V, has been
reported.26 This feature indicates that the structure sensitivity arises
from geometrical factors in the pre-exponential term of Eq. (9.21).
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The kinetics of the ORR on Pt (hkl) surfaces vary with the crystal
face in a different manner depending on the electrolyte. In H2SO4

this follows the order Pt(111) <Pt(100) < Pt(110). In HClO4, the
activity of those Pt planes for the ORR follows the order Pt(100)
< Pt(110) ≈ Pt(111) and are significantly higher than in H2SO4. The
strong inhibition of the ORR in Pt(111) is due to the strongest
adsorption of the (bi)sulphate ions on this crystal surface.216 This
inhibition affects only the reaction rate, but it does not modify the
product distribution in the kinetically controlled region, i.e. H2O2 is
not produced. A deeper discussion on this issue is out of the scope of
this chapter. A comprehensive report on the nature of pure metal
single crystals for ORR can be found in Ref. 26. It is often difficult,
however, to correlate the knowledge derived from the studies of the
ORR on Pt(hkl) to the designing of real fuel-cell catalysts. This is
because experimental conditions for ORR studies on supported cat-
alysts are very different to those employed in single-crystal
measurements. One of the few studies in which similar reaction con-
ditions are reported is found in Peuckert.217 Furthermore, even
though well-characterized single crystals are reasonable models for
highly faceted particles, the actual population of the low-index
planes, kinks and steps of the nanoparticles, cannot be accurately
determined. This feature is even more critical for supported catalysts
that usually display a more or less broad distribution of particles of
different sizes. On the other hand, it is accepted that the equilibrium
shape of fcc structure (like that of Pt) adopts a cubo-octahedron
habit to minimize its surface energy.218 The basic cubo-octahedron
consists of eight octahedral <111> and six <100> crystal faces bound
by edge and corner atoms (displaying the lower coordination num-
ber). Figure 9.8 shows how the mass activity of Pt particles for the
ORR varies with their size.209 More importantly, a remarkable corre-
lation of the ORR activity with the surface averaged distribution of
the <100> crystal faces is found. This evidence is in line with the
higher intrinsic activity of Pt(100) than Pt(111) for the ORR in
H2SO4 (vide supra). The rapid decline for the ORR activity for parti-
cles below ≈ 4 nm is in good agreement with the decreasing of the
fraction of (100) faces on the surface of such small particles.
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While the studies above demonstrate that certain surfaces show
superior activity for the ORR, it is difficult (to say the least) to syn-
thesize Pt catalysts exposing only a desired individual surface.
Therefore, other approaches are required in order to increase the
activity for the ORR. 

We have hinted above that by alloying, the surface structure and
electronic density of a given surface can be modified. Accordingly,
the interaction with adsorbates, and hence the catalytic perform-
ance, can be engineered. A great deal of effort has been devoted to
the preparation, characterization, and study of alloys of the compo-
sition Pt3X (X = Fe, Co, Ni, Cr, Mn). In a seminal work, Jalan and
Taylor identified carbon supported PtCr alloy as the most active
alloy for the ORR in phosphoric acid fuel cells.219 They also pro-
posed PtNi and PtCo as the next best alloys. This line of research
was further explored by other groups;220 Mukerjee et al.;205,221,222
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Figure 9.8 Variation of Pt mass activity and activity of the Pt(100) surface for the
ORR as a function of particle size in different electrolytes; open circles 98% H3PO4

180°C; full circles 0.5 M H2SO4 25°C and open squares 97% H3PO4 at 177°C.209
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Watanabe et al.223–225 For instance, a ten-fold enhancement in the
performance of PtNi for the ORR at 0.8 V is reported for a Ni con-
tent of ca. 30%at.225 The promotional effect was found also for PtFe
and PtCo alloys,223,224 and carbon supported bimetallic particles.205,221

The results were rationalized in terms of the shortening of Pt-Pt dis-
tance due to the alloying,221 preferential exposure of the <100>
surface,220 or to the modification of the Pt d-band vacancies and
modification of the Pt-Pt bond distance due to alloying.205 Figure 9.9
depicts the correlation of the current recorded at 900 mV on differ-
ent carbon supported Pt-M alloys with the d-orbital vacancy of Pt
and the bond distance.

It appears that by alloying, OHad formation is suppressed in the
order Pt < PtNi < PtCo < PtFe < PtCr, matching the actual performance
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Figure 9.9 Correlation of the activity for the ORR on Pt and Pt bimetallic (circles)
electrocatalysts with Pt–Pt bond distance (full circles) and d-orbital vacancy of Pt
(open).205
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of those carbon supported bimetallic electrodes on the ORR.222 This is
because, as discussed above, OHad competes with O2 adsorption, so
impeding the formation OHad which will result in more available sites
of O2 adsorption, i.e. the difference in the ORR kinetics lie in the pre-
exponential term in Eq. (9.21) rather than in a different reaction
pathway. 

Interestingly, in the works of Watanabe et al.207,224 it was implied
that the actual composition of the bimetallic PtNi alloys was not uni-
form and instead solids with a Pt-skin on the alloy surface were
formed. They went further by suggesting that the performance of
the bimetallic electrode for the ORR is enhanced only if the Pt-skin
is thin enough so that the electronic structure of the surface can be
modified by that of the bulk alloy. This line of research was taken
forward by the groups at the Lawrence Berkeley National
Laboratory and the Argonne National Laboratory.226–230 In brief, it
was shown that the performance of Pt3M bulk alloys (M = Ni, Co, V,
Ti, Fe) depended strongly on the composition of the outermost
layer, which can be engineered by means of treating the alloy in the
appropriate reaction conditions; annealing at 1000 K or mildly
sputtered with a 0.5 keV beam of Ar+ ions, either operation being
performed under UHV (ultra-high vacuum).226 Thus, the exact com-
position of the topmost atomic layer of the alloys as determined by
LEIS (low energy ion scattering) can be the same as that in the
bulk alloy after sputtering (that is, 75%at of Pt and 25%at of the for-
eign metal) or pure Pt in the outmost layer due to surface
segregation after annealing. In this latter case, Pt surface enrich-
ment is balanced with Pt depletion from the second and third
atomic layers of the alloy. These types of alloys were termed “Pt-
skin”.227–230 Whereas the Pt-skin type alloy maintains its structure in
the electrochemical environment, the sputtered surface is not stable
and the 3d metal dissolved in the electrolyte leads to a Pt-enriched
surface. However, in contrast to the Pt-skin alloy, the next atomic
layers show the same composition as that of the bulk alloy. These
solids are termed Pt-skeleton. The most interesting finding is that
the performance for the ORR of the three alloys, displaying the
same bulk composition but different structure within the one to three
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outmost atomic layers was very different. Thus, the activity of the
ORR increases in the order Pt < Pt-skeleton < Pt-skin.

UPS (ultraviolet photoelectron spectroscopy) shows that the
d-band center of the Pt3M surfaces is structure-sensitive, being down-
shifted due to alloying. Furthermore, the downshifting is more
pronounced for the annealed surfaces, in good agreement with the-
oretical predictions for the modification of Pt(111) with subsurface
3d transition metals.213 The plotting of the d-band center position
vs. the specific activity for the ORR on Pt3M surfaces recorded at
900 mV shows a volcano type relationship (Fig. 9.10). 

Not only does the performance depend on the nature of the for-
eign metal but also on the preferential surface exposed. Thus, the
Pt3Ni(111)-skin surface exhibits the highest catalytic activity
recorded for the ORR, i.e. a total 90-fold increase with respect to
that of Pt/C.229 This value corresponds to a TOF (turn-over fre-
quency) of ≈ 2800 s−1, a value well above the figures reported for
Pt/C and PtM/C of ≈ 25 s−1, and ≈ 60 s−1, respectively.231 Wu et al.232

have reported a facile method for synthesizing Pt3Ni nanoparticles
with a dominant exposure of {111} facets.

Two reasons might account for the enhanced activity for the
ORR on the Pt3M surfaces; a higher activity for the dissociation of O2

and/or a higher fraction of Pt sites available for O2 adsorption. The
former aspect was discarded by periodic density-functional theory
calculations.233 On the other hand, it was demonstrated that the
modification of the electronic properties of the Pt3M alloys, i.e. the
d-band center, resulted in a shift towards less positive potentials in
Hupd formation (underpotentially deposited hydrogen takes place
between 0.05 < E < 0.4V in pure Pt) and towards more positive
potentials in OHad formation (hydroxyl layer formation from water
discharge takes place at above 0.6V on pure Pt) relative to pure Pt.
Both features illustrate how the coverage by Hupd and OHad (θHupd

and θοHad) are reduced due to d-band downshifting due to alloying.
As discussed above, the kinetics for the ORR are dominated by the
coverage of adsorbed ions and spectator species, mainly OHad. Thus,
decreasing the θοHad term by alloying (modifying the d-band center)
would lead to an enhancement in the kinetics of the ORR by
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increasing the number of free Pt sites for the adsorption of O2. This
applies to the alloys showing a moderate shifting of the d-band cen-
ter i.e. Pt3Ni and Pt3Co. On the other hand, when the d-band center
is too far from the Fermi level (as for Pt3V and Pt3Ti alloys) even if
the surface of the electrodes is (almost) free from OHad and anions,
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Figure 9.10 Correlation between specific activity for the ORR at 0.9 V and the
d-band center for different Pt-skin and Pt-skeleton type catalysts. Note how Pt3Co is
atop both curves.230
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the adsorption of O2 is too weak to permit a catalytic reaction,
i.e. desorption of O2 is very fast, and the reaction is limited by elec-
tron and proton transfer processes. In summary, the adsorption
strength of oxygen atoms to the surface of the electrodes is an excel-
lent descriptor for the ORR; thus, electrodes with slightly weaker
energy for oxygen adsorption than Pt will display improved per-
formance for the ORR.

Very recently Nørskov et al. have proposed that alloys of Pt with
early transition metals such as Sc and Y can be more active and sta-
ble under fuel-cell environment than the alloys with late transition
metals. Those alloys do also display a Pt-enriched topmost atomic
layer whereas for the atomic layers below, the Pt3M bulk stoichiom-
etry is maintained. Thus, the activity of Pt3Y for the ORR is superior
to that of Pt3Ni bulk alloy and very close to that reported for
Pt3Ni(111).234

The results obtained with bulk alloys can be also translated to
more practical carbon supported PtM catalysts. In general, a certain
increase in the mass activity (A/gPt) for the ORR reaction was found
in PtM (M = Cr, V, Mn, Ni, Co) as compared to Pt/C. Again, it is
difficult to extract accurate conclusions to explain the role of
the foreign metal on the activity of carbon supported bimetallic
(or polymetallic) electrocatalysts for the ORR since features such as
particle size and size distribution, or metal loading cannot always be
eliminated by normalization procedures. Paulus et al.200,235 studied
the performance of PtCo/C and PtNi/C in comparison with Pt/C
with the same metal loading (20 wt%) and particle size (4 ± 2 nm).
They found a promotion of around 1.5 times per Pt atom for the
25%at alloys (Pt3Ni/C and Pt3Co/C) with respect to Pt/C and a more
significant increase of two- to three-fold for PtCo/C. Surprisingly,
the activity of PtNi/C was found to be less active than Pt/C. 

An important conclusion derived from those studies is that it is
possible to reduce the Pt-loading of the catalyst by placing it selectively
as a monolayer in the outmost surface of the particles. This line of
research has been also explored extensively by Adzic and cowork-
ers.191,236–239 They have shown that by depositing a monolayer of Pt on
Au(111), Rh(111), Pd(111), Ru(0001), and Ir(111) surfaces, the
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activity for the ORR follows a volcano-type curve with the d-band cen-
ter determined by DFT calculations with Pt/Pd(111) falling on top of
the curve. The next logical step is developing methods for preparing
Pt “monolayer” electrocatalysts in which a layer of Pt (or Pd) is placed
on a carbon supported non-noble metal, i.e. a so-called egg-shell or
core-shell structure. These catalysts show up to a 20-fold increase in Pt
mass activity compared to all Pt electrocatalysts. The major advantages
of this approach are a higher utilization of Pt since most of them are
located on the surface of the particles and a higher stability because of
the decreased oxidation of the Pt monolayer. 

One approach for preparing carbon supported, non-noble
metal core, Pt shell type particles is depicted in Fig. 9.11. First, a
bulk alloy of Co(Ni)Au(Pd) is formed on the carbon support by
reduction of the metal salt precursors. Surface segregation of the
noble metal is achieved by hydrogen treatment at temperatures
between 600 and 850°C. After this, a Cu monolayer is deposited at
underpotential (Cu UPD) and displaced by Pt atoms.240

Details on the scale-up synthesis of Pt monolayer electrocatalysts
for the ORR can be found in reference.239 The activity of the Pt
monolayer can be further increased by depositing it onto a core of
inter-metallic structures such as PtPb or PtFe.241 The Pt/PtPb cata-
lyst showed a current density of 2.7 mA/cm2

geometric at E = 900 mV.
Furthermore, the Pt/PtPb catalyst is stable after 6,000 cycles
between 0.6 and 1.13V and shows better stability than carbon sup-
ported Pt/PtPb.
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Figure 9.11 Model for the synthesis of Pt monolayer catalyst on non-noble metal-noble
metal core-shell nanoparticles.236
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The most active catalysts in terms of noble metal mass-based
activity developed so far for the ORR are termed “de-alloyed” Pt
electrocatalysts.242–249 In line with the “Pt monolayer” electrocata-
lysts and “Pt-skin” electrocatalysts discussed above, the catalytic
particles display a core-shell type structure in which the noble
metal, Pt, is located preferentially in the outermost layers whereas
the core of the structure is enriched in non-noble metals such as
Cu. In contrast to the previous approaches, the Pt layer can be
much thicker than a single monolayer. In this way, their perform-
ance is not only governed by the ligand and geometric effects as in
the Pt monolayer and Pt-skin electrocatalyst, but also the ensemble
effect can play a central role in their performance.247 Both bimetal-
lic PtCu/C and trimetallic PtCuCo/C with different atomic
stoichiometries have been studied. The preparation consists of the
impregnation of aqueous Cu and Co salt solutions onto carbon sup-
ported Pt nanoparticles and subsequent freeze-drying reductive
annealing steps.242 The obtained solids are subjected to an electro-
chemical dissolution (de-alloying) process by successive cycling
in acid medium. A further advantage of this approach is that the
in situ voltammetric de-alloying process can be done inside fuel-cell
electrode layers.244 The Pt25Cu75 de-alloyed particles show a Pt mass
activity improvement by a factor of 4.1 with respect to the standard
Pt in the MEAs. In fact, Pt20Cu20Cu60 particles exhibited an ORR
activity of up to 0.5 A/mgPt, a value well above the DOE target of
0.445 A/mgPt.16

Another important niche for improvement is the development
of methanol tolerant cathode electrocatalysts for direct methanol
fuel cells (DMFCs). Although methanol is fed at the anode side of a
DMFC, it is not unlikely that some methanol might reach the cath-
ode electrode. This effect, known as the methanol crossover effect,
causes a severe loss of activity of the Pt electrode for the ORR due to
the competition of methanol and oxygen for the active sites.
Furthermore, mixed potentials, which result from the oxygen reduc-
tion reaction and the methanol oxidation occurring simultaneously,
result in severe cell voltage losses, generate additional water, and
increase the required oxygen ratio. It has been observed, that by
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alloying Pt with Cr, Co, Ni, or Fe, catalysts with improved tolerance
to methanol are obtained. It is not clear, however, how those cata-
lysts develop a higher tolerance to methanol. Recently, Antolini
et al.250 have tried to rationalize such effects on the basis of methanol
adsorption and/or CO oxidation properties of binary systems. They
proposed that the most successful method of improving methanol
tolerance is by decreasing the methanol adsorption ability of Pt by
its alloying with metals such as Cr,251,252 Co,253 Ni,254 Au,174,255 or Fe.256

Recently it has been reported that Ru addition to PtCo/C results in
catalysts with improved tolerance to methanol under typical ORR
reaction conditions i.e. potentials more positive than 0.7 V vs.
NHE and O2 saturated acid electrolyte.257 This is because under
these reaction conditions, upper oxide Ru species are stable and
hinder methanol adsorption. Another interesting alternative is the
Ru-based chalcogenides. In particular RuxSey-based electrocatalysts
have received a great deal of attention because of their high toler-
ance to methanol, even if their performance as electrocatalysts for
the ORR is inferior to Pt/C by ≈40%.15,258

9.7 Preparation of Carbon Supported Platinum

Structural characteristics of the nanoparticles such as chemical
state, type of crystal phase, degree of alloying, or particle size
depend widely on the preparation method. In recent years, method-
ological development for carbon supported nanoparticles
preparation has been one of the major topics in electrocatalysts
exploration. Among the notable variants in approaches, there are
three important methods for preparing carbon supported Pt-based
catalysts, including the impregnation method, colloidal method,
and microemulsion method. All of these include a chemical step for
dispersing the catalyst onto the carbon particles.8,29,118,259 Whatever
the approach, all methods aim to obtain well-dispersed nanosized
metallic particles. Figure 9.12 shows four TEM images of different
electrocatalysts, illustrating the effect of the support for avoiding Pt
agglomeration and bimetallic and ternary particles deposited on
carbon black.
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9.7.1 Synthesis methods

9.7.1.1 Impregnation method

Among these methods, the impregnation-reduction approach is one
of the oldest. Impregnating the carbon by aqueous or non-aqueous,
organic solvents containing metal salts assisted by the addition of
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Figure 9.12 Pt particles deposited on (a) Mild treatment functionalized MWCNTs,
(b) Strong treatment functionalized MWCNTs, (c) 40 wt% Pt3Sn/C, and (d) Ternary
Mo-PtRu/C, adapted from Rojas et al.260,261

(a) (b)

(c) (d)
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dissolved wetting agents, followed by drying the impregnated mate-
rial leads to a relatively homogeneous distribution of metal salts on
the carbon material. As a catalyst support, carbon black plays a
major role in terms of penetrating and wetting the precursors, and
it can also limit nanoparticle growth. Many studies have indicated
that synthetic conditions, such as the nature of the metal precursors
used, the reduction method, and the heating temperature, are also
crucial in the impregnation process.

9.7.1.2 Colloidal method

The current state of the art carbon supported electrocatalyst is made
using variants of the colloidal approach. A common approach is to
dissolve the metal salt solution in an appropriate solvent followed by
reduction to form a colloid. A wide variety of recipes using reducing
agents, organic stabilizers, or shell-removing approaches have also
been developed in recent years. The patents most frequently
referred to in this field are from United Technologies by Petrow and
Allen.34 Sols of the metal are obtained for instance by an initial for-
mation of a metastable platinum–sulfito complex, which is inert at
ambient temperature but decomposes and produces the small Pt-
crystallites at temperatures in excess of 60°C. Thus a relatively well-
defined crystal size between 2 to 6 nm can be obtained.

For the preparing of nanodispersed electrocatalysts which are
composed of two, three or even more elements, the procedure of
Bönnemann became very popular.262,263 This preparation method
produces a well-defined molecular mixture and where possible well-
defined alloys of the elements in the electrocatalyst particles of
nanometer size. It is essentially based on reductive precipitation of
metals from their salt solutions in aprotic media by a borohydride, a
very strong reductant. The objective is the forced co-deposition of
metals irrespective of their redox potential or different degree of
nobility.

The “alcohol reduction process” by Toshima and Yonezawa264 is
widely applicable for the preparation of colloidal precious metals
of small and uniform metal nanoparticles. Refluxing of alcoholic
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solutions of metal ions stabilized by organic polymers such as
poly(vinylpyrrolidone) (PVP), poly(vinyl alcohol) (PVA), and poly
(methylvinyl ether) gives homogeneous colloidal dispersions of the
corresponding metal nanoparticles. Alcohols, such as ethanol,
methanol, 2-propanol, glycol, or ethoxyethanol, function as a sol-
vent as well as a reductant and are oxidized to aldehydes or ketones.

9.7.1.3 Synthesis by microemulsion

A microemulsion is a thermodynamically stable, optically clear dis-
persion of two immiscible liquids such as water and oil, stabilized by
the presence of a surfactant and, in some cases, a co-surfac-
tant.140,171,265–267 The synthesis of nanoparticles by microemulsions
has two main advantages. On the one hand, particle size can be con-
trolled by adjusting the size of the micelle containing the metal
precursors. Therefore, thermal treatments for particle size control
can be avoided. On the other hand, since the micelles have the same
composition, i.e. metal precursors are distributed homogeneously;
the nucleation of metallic particles renders particles of the same
composition. This latter feature is very important for the synthesis of
bimetallic (or ternary) catalysts. The main drawback of the
microemulsion, or any other approach using surfactants, is surfac-
tant removal. Severe thermal treatments are required in order to
achieve complete removal of the surfactant which may result in par-
ticle aggregation and/or surface enrichment, or complete phase
segregation of the components of the bimetallic samples.268

Typically, a metal salt precursor is dissolved in water and dis-
persed in an oil phase, using a surfactant as stabilizing agent. Under
particular conditions (constituent relative concentration and
nature), a microemulsion is obtained. In the microemulsion phase,
water droplets containing the metal precursor are surrounded by
surfactant molecules. These surfactant stabilized water droplets can
be pictured as nano-reactors, preventing the excess aggregation of
the particles and yielding nanosized samples. As a general rule, the
size of the water droplet determines the size of the metal particles,
particularly when anionic surfactants are used. This preparation

450 S. Rojas, M. V. Martínez-Huerta and M. A. Peña

b1215_Chapter-09.qxd  11/28/2011  5:12 PM  Page 450



b1215 Supported Metals in Catalysis

method allows control of the metal particle size, that is, to achieve a
given particle size with a narrow particle size distribution regardless
of metal content.

9.7.2 Synthesis of bimetallic and ternary catalysts

9.7.2.1 Preparation of carbon supported PtRu catalysts

The impregnation method is the most widely used, and is a simple
and straightforward chemical preparation technique for PtRu cata-
lyst preparation.269–278 During the impregnation step, Pt and Ru
precursors are mixed with high surface area carbon black in aque-
ous solution to form a homogeneous mixture. The chemical
reduction step can be carried out by liquid-phase reduction using
Na2SO3, NaBH4, Na4S2O5, N2H4, or formic acid as a reductive agent,
or gas-phase reduction using a flowing hydrogen stream as a reduc-
ing agent at elevated temperature. During the impregnation
process, many factors can affect the composition, morphology, and
dispersion of PtRu/C catalysts, resulting in the variation of catalytic
activity. Generally, metal chloride salts (e.g. H2PtCl6 and RuCl3) are
commonly used as precursors in the impregnation-reduction
process due to their ready availability. An alternative process has
been suggested using metal sulphite salts (e.g. Na6Pt(SO3)4,
Na6Ru(SO3)4 as precursors, which can be prepared from the chlo-
ride metal salts. Other Cl-free compounds such as Pt(NH3)2(NO2)2,
RuNO(NO3)x, Pt(NH3)4(OH)2, Pt(C8H12)(CH3)2, and Ru3(CO)12

were also used as metal precursors in the impregnation method.
Some strategies for developing a polyol process capable of gener-

ating well-dispersed alloyed PtRu nanoparticles deposited on carbon
supports have been also investigated.264,279–281 Recently, Sau et al.280

reported how, by careful selection of the polyol, reaction pH, tem-
perature, and modality of combining the reactants, it was possible to
control not only the size and dispersion of the bimetallic nanoparti-
cles but also the relative spatial distribution of the two elements. 

Watanabe et al.62 reported a preparation procedure for a highly
dispersed PtRu catalyst through co-deposition of colloidal Pt and Ru
oxides on carbon in aqueous media, followed by a reduction with
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bubbling hydrogen. A modified Watanabe’s route using metal sul-
phite salts, with a final thermal treatment in a H2 atmosphere, was
successful in producing a catalyst with a better performance.275,282

This metal oxide colloids route can prepare a PtRu catalyst with
much higher specific surface area compared with that of a conven-
tional impregnation method. However, the particle growth and
agglomeration control in this route seem to be problematic. 

By the Bönnemann method,283 PtRu catalysts with well-defined,
completely alloyed particles and a very narrow particle size distribu-
tion (< 3 nm) were obtained, and showed comparable activity with
that of state of the art commercially available catalyst. To simplify the
preparation steps and avoid using chloride containing stabilizers,
Paulus et al.284 developed a modified route by using organoaluminium
molecules (e.g. Al(CH3)3) as both the reductive agent and stabilizer. 

The microemulsion method has been also developed for prepar-
ing PtRu nanoparticles.140,285,286 Aqueous phase should contain
platinum and ruthenium salts, with reducing agent and surfactants
for microemulsification being located in organic phase. Triton
X-100 and isopropanol were used for the latter purpose.286

9.7.2.2 Preparation of carbon supported PtSn

The impregnation-reduction method has been frequently used for
the synthesis of PtSn supported on inorganic carriers such as SiO2,
Al2O3, or SAPO, but this approach has rarely been employed for
the synthesis of carbon supported electrocatalysts.287–290 In general,
the metal content in those samples is ca. 1–2 wt%, well below the
demands of a state of the art fuel-cell electrocatalyst. A number of
routes have been explored for the synthesis of carbon supported
bimetallic PtSn samples. In general, they lead to materials com-
posed of a wide range of phases, such as metallic and/or oxide Pt,
Sn oxides, or PtSn solid solutions of different stoichiometry. 

Lamy et al. stated that the Bönnemann method renders the most
active electrocatalysts, allowing some control of the different metallic
phases.148,266 The microemulsion method266 and especially the polyol
method291 have been proposed as the most suitable approaches for
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synthesizing nanosized carbon supported bimetallic PtSn samples.
The latter method affords Sn species in multivalence states292,293 that,
according to some reports, could be beneficial for the final activity of
the catalysts.294 Nevertheless, the exclusive formation by the polyol
method of alloyed PtSn phases, along with a variable amount of
SnO2, is also reported.295 These methods yield only partially alloyed
particles due to the lack of thermal treatments imposed by the use of
low boiling point solvents. A high-temperature colloidal approach
has recently been proposed for the synthesis of Pt3Sn nanoparti-
cles.296 Other approaches focus on the modification of the surface of
carbon supported Pt particles with Sn-organic precursor. In general,
these routes lead to the exclusive formation of Pt3Sn.94,297,298

Hydrothermal treatment299 and the Pechini–Adams method300 have
recently been proposed for the synthesis of carbon supported PtSn
bimetallics, which yield samples of a composition similar to those
reported by other methods. An interesting approach to fix the Pt to
the Sn atomic stoichiometry of the samples is the use of Pt-Sn com-
plexes as metallic precursors.301,302 Finally, and regardless of the
synthesis method, obtaining the most desired Pt3Sn phase requires
thermal treatment in a reducing atmosphere.

Whichever the synthesis route and the electrocatalytic perform-
ance, a certain lack of consistency between different electrocatalysts
has been pointed out,301 suggesting the coexistence of a number of
metal and/or oxidized phases in those systems. On the other hand,
most reports fail to give the actual metallic loading of the final cata-
lysts, or the Pt to Sn stoichiometry of the particles, or, more
importantly for the sake of reproducibility of the methods, the tar-
get metal loading and Pt : Sn atomic ratio.

Recently, García-Rodríguez et al. have reported the synthesis of
high metal-loaded Pt3Sn/C by the impregnation-reduction method.261

The method, when properly controlled, renders Pt3Sn nanosized par-
ticles of controlled stoichiometry. Furthermore neither Pt nor Sn
losses are observed. The key feature during the synthesis of the
nanoparticles is to avoid Sn losses, as polymeric SnClx species, during
the thermal treatments. This is possible by ensuring a controlled
hydrolytic precipitation of the Sn precursor.
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9.7.2.3 Preparation of carbon supported ternary catalysts

PtRu is the base binary catalyst for the synthesis of ternary catalysts
serving as anode materials in low-temperature fuel cells. Various
preparation methods of carbon supported ternary catalysts have
been proposed: (1) synthesis of the ternary nanoparticles, followed
by deposition onto the carbon surface (one step method); (2) dep-
osition of all the precursors on the carbon support, followed by
reduction (one step method); (3) deposition of the precursor of the
third metal on preformed PtRu/C, followed by reduction (two step
method). Many investigations have been made to improve the per-
formance of the PtRu binary catalysts with the incorporation of a
third metal, such as W, Mo, Sn, Os, etc.

The synthesis methods used for the preparation of carbon sup-
ported PtRuMo nanoparticles could be classified as adsorption of
metal colloids onto the carbon surface, or impregnation of carbon
support with metals precursor solution. Additionally, the incorpo-
ration of the metals has been carried out in a (1) one step method
or with simultaneous incorporation of the three metals, and in (2)
two step methods or sequential incorporation of Mo and PtRu
nanoparticles: 

(1) One step methods. PtRuMo/C catalysts obtained by the impreg-
nation manner57,303 revealed that the addition of a relatively small
amount of Mo results in an electrocatalyst with a higher activity
in CO or methanol electrooxidation than with the PtRu/C sys-
tem. Moreover, Benker et al.303 studied the effect of molybdenum
precursor, and the physico-chemical characterization indicated
that only traces of molybdenum were present in the samples
when Mo(CO)6 was used for the synthesis, while ammonium
molybdate was an appropriate precursor for the synthesis of
PtRuMo/C catalysts. On the other hand, a colloidal method
developed by Bönnemann et al.262 was used to prepare carbon
supported PtRuMo nanoparticles53,123 and established that this
method provided a better tool for synthesizing PtRuMo (1 : 1 : 1)
nanoparticles deposited on a carbon substrate, being more
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effective in a cell operated in H2/CO, than the impregnation
method, and similar to a commercial PtRu/C catalyst. Oliveira
Neto et al.123 prepared ternary Pt-Ru-Mo/C (1 : 1 : 0.5 and 1 : 1 : 1)
electrocatalysts by this colloidal process. Cyclic voltammetry
showed that addition of Mo is very promising for methanol oxi-
dation, and better than PtRu catalysts by the same method. 

(2) Two step methods. Hou et al.122 prepared a PtRu-HxMoO3/C with
atomic ratio ca. 1 : 1 : 1 by a composite support method. First of
all, they synthesized a composite carrier with HxMoO3 colloid
using ammonium molybdate as precursor and, subsequently, Pt
and Ru metals were added by impregnation using formaldehyde
as the reducing agent. The dispersion of noble metals in PtRu-
HxMoO3/C was not affected by the addition of transitional
molybdenum oxide, which exists in amorphous form. Such a
structure improved the performance in a single cell set-up using
H2/CO mixture. On the other hand, the incorporation of Mo to
PtRu/Vulcan was carried out by Pasupathi et al.130 subliming
appropriate amounts of molybdenum (II) acetate under vacuum
at fixed temperatures in a flask also containing the binary
PtRu/Vulcan catalyst. They observed that CO-stripping peak was
shifted to a lower potential when compared to PtRu, however
methanol oxidation on PtRuMo (1 : 0.6 : 0.25)/Vulcan did not
show any increase in their activity when compared with PtRu.
Recently, our group has prepared PtRu-MoOx nanoparticles fol-
lowing two step procedures126,128 by combination of impregnation
and colloidal methods. We have investigated the incorporation of
firstly MoOx over carbon support followed by the addition of
PtRu nanoparticles by sulfito-complex route to obtain PtRuMo
(1 : 0.9 : 0.2)/C catalysts,126 and in the opposite way, the addition
of MoOx over PtRu/C systems to obtain PtRuMo (1 : 0.9 : 0.7)/C
catalysts.128 Both methods provide highly CO tolerant catalysts.
From differential electrochemical mass spectrometry, a signifi-
cantly negative shift of about 0.2 V in the onset potential for CO2

was established for these systems with respect to a commercial
PtRu/C (Johnson Matthey).
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PtRuMo ternary metal nanoparticles with a narrow size distribution
(2.4 ± 0.7 nm) were prepared by microemulsion,304 but without car-
bon support. Their characterization on the carbon electrode gave
higher activity and longer stability for methanol oxidation than that
of PtRu and pure Pt nanoparticles/carbon electrode.

9.8 Catalyst Supports

Due to the unique characteristics of the electrocatalysts for PEMFCs,
some of the requirements of the support are common with other
metal supported catalysts, but also some specific details should be
taken into account:

• High surface area: since a noble metal is used in a reaction at
low temperature, a very high dispersion of the active metal is
required, with a support that allows the stabilization of small
metal particles. Nevertheless, there are also some structure-sen-
sitive half-reactions (e.g. ORR) involved, that implies poorer
kinetics at lower metal particles size, due to geometric effects.
Additionally, the morphology of the metal particle also plays an
important role in determining catalytic activity, as well as the for-
mation of alloys between metals, and this is not always obtained
by increasing the surface area. Practical applications will use a
support of 150–250 m2g−1.

• Electronic conductivity: electrons generated or required for the
half-reaction should move to/from the active center, and this is
attained by providing appropriate contact of the active metal
with a conductive support, which will be in close contact with the
whole electrode. Therefore, the support should be of high elec-
tronic conductivity, and the interactions between the metal
phase and the support should be optimized.

• Mesopore structure: it will make an important contribution to
the high surface area of the support, but the main objective is
that it should be appropriate for the diffusion of the reactants
and products of both half-reactions of the FC, and also should
be appropriate for accommodation of metal particles of the
appropriate size (2–5 nm) and the micelles of ionomer for
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proton conductivity. Practical applications require a mesoporous
area greater than 75 m2g-1.

• Stability: as in other metal supported catalyst, the support
should contribute towards maintaining the shape and size of the
metal particles, avoiding sintering under the working condi-
tions: acidic media, and very oxidative (cathode) and reductive
(anode) atmospheres. However in PEMFCs there is another rel-
evant factor: the corrosion of the support. This can be produced
directly by oxygen oxidation in the cathode or by electrochemi-
cal routes, due to the generated voltages in the FC electrodes.

• Bifunctional catalyst: in some cases, the support can provide
additional active centers that can account for activation of the
intermediates produced, depending on the reaction mechanism
operating at the electrode. In this sense, and due to the role of
water, the hydrophobicity and/or hydrophilicity of the support
can also be an important factor in the reaction mechanism.

Taking into account all these factors, it has been found that the
most appropriate supports for PEMFCs catalysts are carbon blacks of
ca. 250 m2g−1 BET surface area, and the most widely used is Vulcan
XC-72R commercialized by Cabot.305–307 Due to the importance of
the surface chemistry of these supports, and its influence in the sup-
ported active metal phase,307,308 different chemical modifications of
the support have been also investigated. The chemical nature of the
carbon surface produces different electronic interactions between
the noble metals and the carbon support, and affects the metal par-
ticle morphology,308 and influences the catalytic activity.21

Additionally, during the last few years, new alternative materials to
carbon blacks have also been used, especially on the basis of their
porous structure (nanotubes, mosoporous carbons) or their
microstructure (nano- and microfibers, and microspheres).309–312

9.8.1 Carbon blacks

Carbon black is often employed as a support for noble metals in the
electrodes of solid polymer fuel cells. This support is of special
interest due to the high surface area that allows fine dispersion,
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stabilization of small metallic particles, and drastically reduces the
metal loadings.306,313 These carbons are prepared by pyrolysis of
hydrocarbons in inert or low O2 containing atmospheres.307,309

Although they can be produced with a wide range of surface areas,
there are some limits for the application to PEMFCs electrocatalysts.
For suitable dispersions of the noble metals, areas below 100 m2g−1

are not usually used. Increasing the surface area has a little effect on
the Pt dispersion,314,315 but sufficiently high dispersion is obtained
for carbon blacks with surface areas in the range of 150–250 m2g−1.
Carbon blacks with higher surface area have lower electronic con-
ductivity, and the performance of the electrode decreases quickly.
Additionally, increasing the surface area in carbon blacks implies a
higher volume of micropores, which are not appropriate for these
electrocatalysts as we will see below.

A clear effect of porous structure in the catalytic activity was
found by Uchida et al.316 in Pt-Ru supported on carbon blacks of dif-
ferent surface areas. Pt dispersion increases with the surface area as
expected, but the activity for methanol electrooxidation is higher
for lower dispersions. This effect is due to the porous structure of
the support, and the maximum activity was found when the meso-
porous volume was higher, not for the maximum metal dispersion.
Pt dispersed in pores of lower diameter (mainly in micropores) is
not active, since the micelles of the ionomer cannot enter, and there
is no proton conductivity at the active centers. Additionally, the dif-
fusion of methanol should also be optimized, and it is not fast
enough in the micropores of the support. In this sense, Rao et al.317

successfully prepared electrocatalysts with high dispersions of Pt-Ru
on carbon blacks of surface area lower than 100 m2g−1, and with very
low micropore content. They found that for catalysts of higher area,
the activity for the electrooxidation of methanol does not increase,
and in some cases decreases, due to the participation of pores of low
diameter in the development of the surface area. Again, the micelles
of ionomer cannot enter in these micropores and the metal inside
them is not active. The optimal value of the pore size can be differ-
ent depending on the application of the electrode (cathode, anode,
hydrogen, methanol, etc.), synthesis conditions, size of the micelles

458 S. Rojas, M. V. Martínez-Huerta and M. A. Peña

b1215_Chapter-09.qxd  11/28/2011  5:12 PM  Page 458



b1215 Supported Metals in Catalysis

of the ionomer, etc. As an illustration, Uchida et al.316 found an
optimal value of 3–8 nm, while Rao et al.317 indicate that the pore
size should be greater than 20 nm.

The performance of carbon blacks can be improved by different
chemical and physical treatments. Usually, these treatments of the
support are essential to remove (partially) surface contaminants,
which will decrease the surface area of the deposited Pt.318 But addi-
tional surface chemical modifications are produced. As examples,
the wettability and adsorptive behaviour of a carbon, as well as its
catalytic and its electrical properties, are influenced by the nature
and extent of the oxygen complexes. It is known that the surface of
the carbon black can be modified by oxidation treatments with
HNO3, H2O2, or O3, and several types of surface functional groups
(acid and redox), containing oxygen and nitrogen, can be pro-
duced as a consequence of these treatments.305,308,319–321 Thus,
carboxylic, phenolic, carbonyls, anhydrides, lactones, peroxides,
and quinones have been suggested as acidic surface groups pro-
duced by oxidation treatments. Surface oxygen complexes of the
support exhibit an outstanding role in this field due to their double
function: (a) they are anchorage sites for the metal precursor dur-
ing catalyst preparation, and (b) they can act as active centers in
multifunctional catalysts due to their acid-base or redox properties.
It is known that the presence of oxygen surface complexes influ-
ences the surface behaviour of carbons to a great extent.322–324 When
the support is a hydrophobous material, like carbon, surface com-
plexes also contribute to improve its wettability and hence make the
impregnation with polar solvents easier. In liquid feed fuel cells it
can be desirable to make components in the anode (e.g. catalyst
layer) more wettable by liquid fuel stream in order to improve access
of the reactant to the electrocatalyst sites. Nevertheless, the whole
impact of the chemical and physical properties of the carbon sur-
face on the electrocatalytic performance is not yet sufficiently
understood, especially for the more complex half-reactions such as
the electrooxidation of methanol or ethanol.

The extension and nature of the surface groups produced by the
different treatments on the carbon supports can be checked by TPD,
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FTIR, and XPS. Figure 9.13 depicts both the CO and CO2 desorption
profiles under Ar of Vulcan XC-72R and the same carbon black after
treatment with H2O2 (Vulcan-O) and HNO3 (Vulcan-N).325,326 It may be
observed that H2O2 and, particularly, HNO3 treatments generated
much enhanced oxidation that resulted in large CO2 and CO signals
between 100–600°C and 400–900°C, respectively, compared with the
untreated carbon Vulcan XC-72R. Surface oxygen groups decom-
posed upon heating under inert atmosphere; the most acidic groups
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Figure 9.13 TPD under Ar of Vulcan XC-72R, Vulcan-O (H2O2-treated) and
Vulcan-N (HNO3-treated).326
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(carboxylic groups and their derivatives, such as lactones and anhy-
drides) evolved CO2, and the least acidic groups (quinones,
hydroquinones, ethers, carbonyls, and phenols) evolved CO. The
appearance of distinct species after HNO3 treatment is evident from
the FTIR spectra.327,328 Figure 9.14 shows that the treatment of Vulcan
with HNO3 generates four bands of interest: (i) 1740 cm−1, associated
with CO stretching mode in lactones and carboxylic groups;
(ii) 1590 cm−1, associated with aromatic stretching mode, quinonic
structures, and carboxylate groups; (iii) 1390 cm−1, associated with
–O–H bending vibrations in phenolic and carboxylic OH; and (iv) a
broad band centered around 1230 cm−1 associated with C–O stretch-
ing vibrations, and which could indicate the existence of aromatic
ethers, such as lactonic structures, phenols, and carboxylic
groups.329,330 The functionalization of the surface is also confirmed by
XPS, where the analysis of the O1s core levels reveals that the amount
of surface oxygen increases following this trend: Vulcan-N >> Vulcan-
O > Vulcan.327,328

It should also be considered that during the synthesis of the metal
electrocatalyst on a functionalized carbon, the surface groups can

Supported Metals for Application in Fuel Cells 461

Figure 9.14 FTIR spectra of Vulcan XC-72R and Vulcan-N (HNO3-treated).117
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also change, with a final composition in the catalyst that will partially
differ from the initial groups in the functionalized carbon. FTIR
spectroscopy can detect these differences, which will depend on the
synthesis (impregnation or colloidal methods), and could indicate a
certain degree of interaction between metal and the oxygen con-
taining surface groups of the support.327

Possible negative effects of the carbon pre-treatment, mainly
when HNO3 is used, can be the reduction in BET surface and of the
electronic conductivity. Nevertheless, the decrease of surface area is
not significant, and no other differences in textural properties eval-
uated by N2 adsorption–desorption isotherms have been found.328

Besides, in HNO3-treated carbons, XP spectra showing a low inten-
sity broad peak at ca. 291 eV due to π-π* transition, are characteristic
of pure graphitic samples and they can be taken as an indirect meas-
ure of the graphitic character of carbon black.313 The shape of this
peak is similar for all samples and only a minor area decrease could
be detected for the Vulcan-N sample indicating that the graphite
nature of the carbon is preserved.326,328

The varying role of oxygenated functionalities on the formation
of the dispersed platinum is well recognized.331–334 However, con-
flicting points of view regarding the effect of the metal dispersion,
the oxidation state of the metal, and the nature of the metal support
interaction on the catalytic behaviour are found in the literature.
There is no clear relationship between the amount of oxide surface
groups in the carbon and the amount of anchored metal. Some
authors find an effect of oxygen containing groups acting as anchors
for Pt particles, increasing the dispersion;335 but some data indicate
an opposite effect,314,332,333,336,337 the absence of any effect at all, or a
volcano dependence of Pt dispersion on the concentration of
chemisorbed oxygen.338

In some cases, agglomeration of small metal nanoparticles on
the catalysts using the functionalized support has been observed,
but maintaining the average metal particle size.325,326,328 In these
cases, PtRu crystallites of 2–3 nm are found to be aggregated only in
some of the areas of the support. Quantitative evaluation of PtRu
content by XPS revealed that the concentration of the metals in the
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external exposed surface was much lower on a functionalized cata-
lyst (7 wt%) than on the non-functionalized (21 wt%) counterpart,
indicating that the metal is placed in the porous structure after sup-
port functionalization. A similar effect has been found in
re-activated carbons, where the development of meso- and/or
macropores is obtained.339 In this case, the catalytic performance for
methanol electrooxidation is directly related to the inter-particle
distance inside these pores for the same average metal size, that is,
closer inter-Pt distanced catalysts have better catalytic activity.

Carbon surface groups have a differential effect on the disper-
sion and the metal phases formed, depending on the synthesis
method used for the preparation of the catalysts.326,327 Catalysts
obtained by the colloidal method supported on functionalized car-
bon exhibit less or even no Pt4+ species. Arico et al.340 observed an
increase of oxidized Pt species in a PtRu/carbon catalyst with
respect to the Pt/carbon sample, which would explain the devel-
opment of metal support interactions due to the change of catalyst
preparation conditions. Simultaneously, acid groups on the surface
of carbon could affect the oxidation state of platinum, which is less
oxidized on HNO3, and especially on H2O2-treated support, than
over the VulcanXC-72R, indicating a higher oxidation resistance
using the acidic support than for the untreated one,341 but always
dependent on the preparation method. Additionally, the presence
of RuO2·xH2O phases has been evidenced in catalysts obtained by
the sulfito-complex route (Na2S2O5)62 on HNO3-treated Vulcan.117

Nevertheless, surface oxygen containing groups of the support
seem to be unable to stabilize the anhydrous precursors of plat-
inum and ruthenium in catalysts obtained by Bönnemann’s
method (use of the reducing agent NOct4[BEt3H]),342 which yield
crystalline RuO2.117

An alternative to the oxidative pre-treatment of the support is
the oxidative treatment of the supported metal catalyst. This has
been explored in ternary catalysts, such as the Pt-Ru-Mo system.126

Oxidation with aqueous H2O2 during the preparation of catalysts
mainly affects the atomic ratio of Pt/Mo and increases the extent of
oxidation of surface with no influence on the sample nanostructure.
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As a consequence of the treatment of the support and the metal
phases formed during the synthesis, the electrochemical behaviour
of the catalysts is clearly altered. Figure 9.15 shows the CO-stripping
voltammograms of Pt/C catalysts prepared over treated (H2O2 or
HNO3) and non-treated carbons.328 Treated catalysts (Pt3, Pt4, Pt5)
display a single, if broad, CO-stripping peak. Catalysts prepared on
untreated Vulcan carbon (Pt1, Pt2, Pt6) displayed two distinct CO-
stripping peaks. These two distinct CO oxidation processes are likely
associated with the ability towards nucleation of oxygen species in
the vicinities of the different COad zones. On the other hand, a sin-
gle CO-stripping peak is due to the homogenization of the sample
surface after the treatment. The ability of Pt/C samples towards CO
oxidation depended to a larger extent on the nature of the support
than on the nature of the Pt particles (either shape or size),
although both aspects should be considered. 
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Figure 9.15 COad-stripping voltammograms of Pt/C catalysts prepared over
treated (Pt3, Pt4, Pt5) and untreated carbons (Pt1, Pt2, Pt6).328
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Apart from the different effects considered on the surface struc-
ture of the catalysts, a beneficial effect of the oxidative treatments in
the electrocatalytic behaviour is generally found, regardless of their
influence on the dispersion of the metals. Platinum catalysts sup-
ported on electrochemically oxidized glassy carbon have been
studied by Jovanovic et al.323 Electrochemical treatment of a glassy
carbon support does not affect significantly the real Pt surface area
but leads to a better distribution of platinum on the substrate and
shows a remarkable increase in methanol oxidation, resulting in
greater than one order of magnitude improvement over Pt/glassy
carbon electrode. The oxidation of the substrate by ozone treatment
also affects the performance of PtRu/C.324 Electrochemical meas-
urements showed that the catalysts supported on the carbon after
ozone treatment had higher activity for methanol electrooxidation
than PtRu/C supported on the untreated carbon black. The
PtRu/C electrocatalysts prepared by the colloidal method after pre-
treating the carbon black substrate with HNO3 and, especially with
H2O2, displayed higher activity per area unit metal than the com-
mercial Johnson Matthey version.326 Both the chemical treatment of
Vulcan XC-72R substrate and the preparation method affect to a sig-
nificant extent the activity of the samples. For ternary systems like
Pt-Ru-Mo, the presence of MoOx and a more oxidized surface of a
treated carbon support avoids the bonding of CO to PtRu,126 pro-
ducing a CO tolerant catalyst that is more active for methanol
electrooxidation. In situ FTIR studies in the presence of dissolved
CO show that lesser amounts of CO are adsorbed on PtRu-MoOx
catalysts than on the binary catalyst, and this is particularly remark-
able for the samples treated with H2O2.

Figure 9.16 shows the methanol electrooxidation evaluated by
chronoamperometry on a PtRu/C catalyst325 compared with a com-
mercial version (Johnson Matthey).326 The electrocatalyst prepared
by pre-treating the carbon black substrate with hydrogen peroxide
(CPRO) displayed substantially higher activity than the commercial
version, although the metal dispersion was lower. The remarkable
increase in activity of the CPRO electrocatalyst must be determined
by the type and surface density of the O containing groups

Supported Metals for Application in Fuel Cells 465

b1215_Chapter-09.qxd  11/28/2011  5:12 PM  Page 465



b1215 Supported Metals in Catalysis

developed after the H2O2 treatment. The increase in methanol elec-
trooxidation activity over the less dispersed sample could be due to
the treatment improving the accessibility of the metal precursor
within the mesoporous structure of the carbon. Pt-Ru particles are
located within the mesoporous structure, accessible to CO and
methanol reactants. The higher concentration of oxidized groups
on the surface of CPRO catalysts could facilitate the accessibility of
methanol and CO reactants to the electro-active surface and partic-
ipate in the oxidation of the absorbed intermediate species formed
in methanol dissociation.

Alternative treatments with organic materials such as polypyr-
role, for the generation of specific nitrogen surface groups, lead to
a higher dispersion of platinum on the surface and an increase in
the electrooxidation of methanol.343 Nitrogen containing carbons
(pyridinic), prepared by pyrolysis of acetonitrile over Vulcan, have
also been used in non-noble metal catalysts for ORR electrodes.344

The most usual organic treatment is when a sulfonated polymer
(ionomer) is added to the surface, in order to increase the proton
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Figure 9.16 Chronoamperograms at 500 mV (RHE) for the oxidation of
methanol at room temperature of PtRu/C catalysts.325
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conductivity, with better mass transport for overall operation of the
DMFCs.345 Also thermal activation of the support is possible at high
temperature (800–1100°C) when an inert or reducing atmosphere
is used, or low temperature (400–500°C) when an oxidant (air,
water) is included in the steam. These thermal pre-treatments of the
support can increase the platinum electro-active area of the final cat-
alysts.318,332 However the thermal treatment also modifies the surface
of the carbon support, since an increase in the activity for ORR was
found for Pt/C catalysts without modification of the metal particle
size after a thermal treatment in N2.346 Some of the thermal treat-
ments could produce a drastic change in the porous structure of the
support, resulting in a significant decrease in micro- and meso-
porosity.347

9.8.2 New carbon materials

Carbon blacks with an appropriate pre-treatment for functionaliza-
tion of the surface have been shown as the most suitable support
for PEMFC catalysts in practical applications. Nevertheless, there
are several barriers that the use of this kind of support cannot
resolve:

• Corrosion problems: from the different issues related to the
durability of the MEAs in the PEMFCs, corrosion of the carbon
support is one of the most significant in terms of improving the
stability of the electrodes. Carbon blacks are relatively stable
with respect to other kind of carbons, but still their behaviour is
not ideal for long-term use of FCs.

• Reduction of noble metal loading: a significant reduction has
been achieved since the late 1990s, but an approximately five-
fold reduction of the amount of platinum is required for
large-scale application, due to both cost and Pt supply consider-
ations.16 This objective seems to be difficult to attain by using
carbon blacks as support. This is particularly important for the
cathode, since the limitation on the kinetics of the ORR requires
higher loadings of Pt.
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• Mesoporous structure: we have seen that the porous structure of
the support can be optimized for obtaining active metallic cen-
ters with proton and electronic conduction, and appropriate
mass transfer of reactants and products. However, the design of
the mesoporous structure is limited using carbon blacks.

With the objective of dealing with these issues, the use of alter-
native carbon materials as supports for electrocatalysts has been
investigated. Corrosion problems could be the most important lim-
itation for commercialization of FCs, since there are several limits
of durability that should be guaranteed for practical use. Carbon is
electrochemically unstable at potentials above 0.207 V in acidic
electrolyte:348–353

C + H2O → CO2 + 4H+ + 4e−. (9.22)

Carbon can be also consumed by the heterogeneous water-gas
reaction:

C + H2O → H2 + CO. (9.23)

Both processes can also take place during incomplete oxidation,
leading to the formation of oxygenated surface groups. Therefore,
the durability of the carbon support is mainly a question of kinet-
ics, and the presence of a metal on the surface of the support
increases the corrosion rate, especially when it is well dispersed.354 In
the same sense, a high surface area of the support also increases the
rate of corrosion.316 Corrosion of carbon causes loss of the support,
producing carbon oxides that eventually can be poisons for the cat-
alytic centers. Moreover, the porous structure tends to collapse, the
surface textural characteristics of the support (including interaction
with the ionomer) are lost, and anchoring of the metal particles fails,
leading to indirect leaching and/or sintering of the active phase. 

Corrosion resistance increases clearly when the degree of
graphitization of the carbon support increases.306,348,349 Different car-
bon blacks have been tested for corrosion resistance355 and also
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thermal treatments have been used to increase it.316 However, the
use of alternative carbon supports has been studied as a better solu-
tion. These alternative support materials should have characteristics
similar to carbon blacks, from the point of view of electrocatalysts
support, but increasing the graphitic character, for a higher corro-
sion resistance. Corrosion problems are produced in the cathode
(although in start-up/shutdown of the FC, or with low fuel feed,
anode corrosion can take place,351,352 therefore most of the research
regarding alternative supports has been devoted to electrochemical
ORR). Additionally, reducing Pt-loading of cathodes is one of the
challenges for FC cost reduction, and both objectives, corrosion
resistance and low Pt content in the catalysts are investigated when
new carbon materials are studied as support.

Carbon nanotubes (CNT) and carbon nanofibers (CNF) are
promising materials with potentially useful characteristics, and sev-
eral revisions regarding their role as supports of FCs electrocatalysts
can be found.309–312,356 The main problem for their practical applica-
tion is the preparation methods, which have very low yield and
several steps of purification are always needed, mainly for removal
of unwanted amorphous carbon. Additionally, the conditions of the
catalysts’ preparation methods should be more precise for control
of the metal particle deposition and distribution on the surface of
the CNT and CNF, and changing slightly the parameters of the syn-
thesis, the catalytic results are different.357 It is interesting to note
that for both supports, surface modification is necessary, usually by
means of pre-treatment with HNO3, since there are insufficient
surface centers for anchoring of the metal precursors.358 When a
well-dispersed catalyst is obtained, CNTs and CNFs display better cor-
rosion resistance than carbon blacks such as Vulcan.359–365 However,
it has also been found that the electroactivity is also higher than in
carbon black supported catalysts, using lower Pt-loadings, for ORR,
and also for CO and methanol electrooxidation.115,364,366–372 In some
of these catalysts, the functionalization with nitrogen groups has an
additional beneficial effect344,365 in both durability and catalytic activ-
ity. Nevertheless, in ternary Pt-Ru-Mo systems, a detrimental effect of
oxygen functionalization was found regarding the stabilization of
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MoOx species.128 Increasing the catalytic activity with lower Pt-load-
ing catalysts when CNTs and CNFs are used as support is still not well
explained, but could be related to their good electronic conductive
characteristics, improved mass transfer of reactants and/or prod-
ucts, or modification of the nature of the metal particles.311,361

Regarding this last point, it is interesting to note the possible inter-
action of Pt precursors with π electrons of the grapheme sheets (C-π
sites). The amount of these sites is modified by chemical pre-treat-
ments of CNTs and CNFs, and depending on the number of C-π and
O- or N-functionalized sites, the loading, dispersion and size of
metal particles will be different.260

Mesoporous carbons are also used as an alternative when the
optimization of the mesopores is wanted (2–50 nm). This type of
carbon can be prepared using a mesoporous silica as template, such
as SBA-15 or MCM-41, and a carbon source, like sucrose, which is
impregnated in the porous structure. After carbonization and
removal of template with HF or NaOH, the mesoporous carbon is
obtained. Depending on the template, ordered or disordered meso-
porous can be obtained. If Pt particles and ionomer micelles are
placed in this porous structure, the internal diffusion transfer dur-
ing the electrochemical reaction is controlled. Very similar
objectives are obtained using carbon gels, where microspheres and
microbeads are obtained to produce meso- and macroporosity. The
application of these supports to FCs electrocatalysts has been
recently reviewed.309,310,373 In all the cases these carbons need, like
CNTs and CNFs, some kind of surface activation before dispersion
of the metal active phase, and, in general, ordered porous structures
are preferred for higher values of the catalytic activity.

9.9 Conclusions and Future Trends

The basis of the science of the current PEMFCs does not differ from
that of the first FCs used in the space flights during the 1960s.
Nevertheless, the development of this technology, especially during
the last 15 years, has permitted changes from very reliable but
expensive components to components that are still durable and very
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close to being economically viable, because of their competiveness.
Regarding the catalytic technology of the PEMFCs, we have pro-
gressed from the platinum-blacks of the first FCs prototypes to very
advanced supported catalysts with a high level of nano-structured
design. This has permitted a significant reduction of the noble
metal loading of the electrodes since the 1990s, maintaining or,
indeed, increasing the performance of the FC. However, an addi-
tional, approximately five-fold, reduction of the amount of platinum
should be obtained for both large-scale production and to make
these devices competitive in the real world with vehicles based on
internal combustion engines. In this sense, any catalytic research
with the objective of reduction of noble metals content, but main-
taining catalytic efficiency and durability, will have a direct impact
on the FCs technology. Another important field of research is the
use of bi- and trimetallic catalysts. The main objective is operation
with hydrogen from reforming of hydrocarbons, containing CO,
and the electrooxidation of methanol, using the Pt-Ru system.
However, the current objective is also the design of Pt-M or Pr-Ru-M
metallic particles with an appropriate nanostructure (e.g. type core-
shell) that allows for both a reduction in the platinum loading and
an increase in the electrocatalytic activity.

Consequently, over the next period, research in electrocatalysis
for PEMFCs should be mainly oriented towards a reduction of the
platinum content, not just due to its price but also to the restriction
in its supply, which can produce unwanted market fluctuations since
platinum producing countries are very limited. Partial or total sub-
stitution of platinum by alternative metals, maintaining the catalytic
performance, would be the ideal solution. Nevertheless, the dura-
bility of the catalyst is one of the most important issues regarding the
reliability of the FCs, and it should be taken into account for the
production of metal particles and supports of enough endurance.
Finally, it is interesting to note the possibility of PEMFCs working at
a temperature higher than 100°C, up to 200°C, using alternative
membranes that are still to be developed, or the use of alkaline FCs
with solid membranes very similar to the PEMFCs. These FCs will
have a higher electrical performance, and the catalytic system to be
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used in these “high-temperature” PEMFCs or alkaline “PEMFCs” will
have new requirements. Noble metal loading will probably be lower,
but durability issues will be more demanding.

Acronyms
AA: Acetic Acid 
AAL: Acetaldehyde
AFC: Alkaline Fuel Cell
ASA: Active Surface Area
CNT: Carbon Nanotubes
CNF: Carbon Nanofibers
CVD: Chemical Vapour Deposition
DAFC: Direct Alcohol Fuel Cell
DEFC: Direct Ethanol Fuel Cell
DEMS: Differential Electrochemical Mass Spectroscopy 
DMFC: Direct Methanol Fuel Cell
DOE: Department of Energy
EC-IRAS: Electrochemical Infrared Reflection-Absorption

Spectroscopy
FC: Fuel Cell
GDL: Gas Diffusion Layer
HOR: Hydrogen Oxidation Reaction
MCFC: Molten Carbonates Fuel Cell
MEA: Membrane Electrode Assembly
MS: Mass Spectrometry
MWCNT: Multiwall Carbon Nanotubes
NHE: Normal Hydrogen Electrode
NNMC: Non-Noble Metal Catalysts
ORR: Oxygen Reduction Reaction
PAFC: Phosphoric Acid Fuel Cell
PEMFC: Proton Exchange Membrane Fuel Cell
RHE: Reference Hydrogen Electrode
RRDE: Rotating-Ring Disk-Electrode
SEM: Scanning Electron Microscopy
SOFC: Solid Oxide Fuel Cell
SWCNT: Singlewall Carbon Nanotubes
TEM: Transmission Electron Microscopy
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TOF: Turn-Over Frequency
t-oz: troy ounce
TPD: Thermal Programmed Desorption 
UHV: Ultra-High Vacuum
UPD: Underpotential Depostion
UPS: Ultraviolet Photoelectron Spectroscopy
XANES: X-ray Absorption Near-Edge Structure
XAS: X-ray Absorption Spectroscopy
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CHAPTER 10

SUPPORTED METALS IN VEHICLE
EMISSION CONTROL

A. Martínez-Arias1, José C. Conesa1, 
M. Fernández-García1 and J. A. Anderson2

1Instituto de Catálisis y Petroleoquímica, CSIC, C/Marie Curie,
Cantoblanco, 28049 Madrid, Spain

2Surface Chemistry and Catalysis Group, Department of Chemistry,
University of Aberdeen, Kings College, Aberdeen, Scotland, UK

10.1 Introduction

The transport sector is recognized as one of the main anthro-
pogenic sources of atmospheric pollution. This is a consequence of
the conditions employed during flame combustion of fossil fuels in
the vehicle engines, which in addition to carbon dioxide and water
formed as main products, generate a small portion of pollutants
as a result of incomplete combustion processes, or due to high-
temperature radical reactions involving N and O, or due to their
presence in the fuel (typically S and N containing compounds).1

The characteristics of the exhaust emission depend on the type of
engine, as summarized in Table 10.1 for the main type of engines
employing typical gasoline or diesel fuels found in the market.

Catalytic technologies are usually employed to deal with pollu-
tants emitted by the exhaust systems of motor vehicles and which are
subject to regulation (nitrogen oxides, hydrocarbons, CO and par-
ticulates). Specific catalysts have been developed in each case as a
function of the regulatory requirements and particular characteristics
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of the emission. Thus, three-way catalysts are highly efficient at con-
trolling emissions produced by engines operated at stoichiometry
(conversion levels above 90% are achieved during a regular driving
cycle for the three main pollutants regulated in this case). In the
case of diesel engines operating under lean-burn conditions, there
appear to be important difficulties to catalyze the reduction of NOx

as a consequence of the relatively high concentration of oxygen
(main oxidant competitor) present in the exhaust emission. The
main efforts in this respect are directed towards controlling NOx

emissions (so-called de-NOx catalysts) through their reaction with
reductant gases present in the exhaust or introduced externally
(mainly NH3 derived from urea decomposition or hydrocarbons
within selective catalytic reduction processes). Partial solutions in

494 A. Martínez-Arias et al.

Table 10.1 General characteristics of the exhaust emission as a function of the
type of engine. A range of values appears generally as a function of the driving
conditions, the origin or blend of the fuel employed, the particular type of
engine, etc.1–5

Exhaust Gasoline Gasoline
componenta stoichiometric direct injection
or condition Diesel engine engine lean-burn engineb

Nitrogen oxidesc 200–1000 ppm 100–4000 ppm 800–2300 ppm
Total hydrocarbonsd 10–330 ppm 400–5000 ppm 350–1500 ppm
CO 150–1200 ppm 0.1–6% 0.5–0.9%
O2 5–15% 0.2–2% 0.6–7%
H2O 1–7% 10–12% 10–12%
CO2 3–13% 10–18% 10–15%
Sulfur oxidese 10–100 ppm 15–60 ppm 10–50 ppm
Particulates 50–400 mg m−3

Temperature RT–973 K RT–1373 K RT–1173 K
A/Ff (λ)g 45 − 18 (3 − 1.2) ≈14.7 (≈1) 40 − 30 (2.7 − 2); 14.6 (≈1)h

aAdditionally around 70% of N2;1 H2 also appears typically in a proportion of 1/3 with respect
to CO.2,6 bDifferences between the lean and stoichiometric condition in this engine affect
mainly the O2 concentration but also the other components.5,7 cNO + NO2. dA large variety of
hydrocarbons can be produced as a function of the type of fuel employed.1 eMainly SO2, in a
vol.% of around 1/20 of the wt% sulfur content in the fuel. fAir-to-fuel mass ratio employed
in the fuel combustion. gλ = (actual A/F)/(stoichiometric A/F). hOscillating between lean-
burn (most of the time) and quasi-stoichiometric condition.

b1215_Chapter-10.qxd  11/28/2011  5:14 PM  Page 494



b1215 Supported Metals in Catalysis

this sense are also provided by commercially available oxidation cat-
alysts and filters which are able to control emissions of reductant
pollutants (hydrocarbons, CO, and particulates). On the other
hand, NOx storage-reduction catalysts (NSR) have been developed
to treat mixed oscillating emissions produced by lean-burn gasoline
direct injection engines. This chapter develops the main principles
of these types of catalysts focusing on the fundamental aspects of the
catalytic behavior of supported metals (or other closely interacting
components that affect their properties) that constitute the main
active part of the systems. Some recent reviews are available which
have focused mainly on the practical aspects of these systems.1,3,6,8

10.2 Emissions Produced at Stoichiometric Conditions

10.2.1 Classical TWC

The elimination of nitrogen oxides (NOx for short, which refers to
NO and NO2; the need to control N2O has only been recognized
more recently) in automobile exhaust gas, which were first regu-
lated in the late 1970s, led to the development of the so-called
three-way catalysts (TWCs), which had to suppress the three, then
relevant, pollutants: CO, HC (hydrocarbons) and NOx. Although
NO is thermodynamically unstable with respect to decomposition to
N2 and O2, kinetically this reaction is very difficult to achieve, and no
catalyst has been found to date which allows its completion under
the conditions found in a car exhaust system. Therefore NOx levels
are normally suppressed through reduction with one or both of CO
and HC, while the latter two are eliminated by oxidation with O2 and
NOx. Although all of the platinum group metals were found to have
high activity in these processes (and of them Os, Ir, and Ru were dis-
carded due to their tendency to form volatile oxides), it was soon
realized that NOx reduction was not readily achieved in the presence
of excess O2. Since incompletely combusted CO and HC also had to
be eliminated, strict control of fuel injection at the engine in order
to achieve an overall air-to-fuel ratio close to the stoichiometric
value (i.e. one leading to only N2, CO2, and H2O after full reaction)
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was implemented through the use of oxygen partial pressure sensors
at the exhaust manifold. Even so, oscillations in the A/F ratio as a
consequence of the oxygen sensor providing engine feedback
remained in the oxidant/reductant ratio of the exhaust, due to the
transient and inertial characteristics of the systems used, and, in
order to compensate, other components (oxygen buffers, typically
ceria-related compounds) were added to catalyst formulation which
allowed excess oxygen to be consumed when present and delivered
to achieve full conversion of reductants when these latter are in
excess. Figure 10.1 illustrates the importance of the air-fuel ratio
control in terms of the overall conversion achieved for the main
three main pollutants.

A classical TWC formulation was established, using a mixture
of Pt and Rh in typically a 5 : 1 weight ratio as a precious metal cat-
alyst, and cerium oxide as an oxygen buffer. All these ingredients
were dispersed on a layer of porous alumina (the “washcoat”), pos-
sibly stabilized against sintering with appropriate additives, and
deposited on a metallic or ceramic honeycomb-type rigid struc-
ture. A considerable volume of work was performed in the follow-
ing 15–20 years to optimize and understand the operation of these
typical catalysts, which has been covered extensively in the avail-
able literature; the principal features of these systems are summa-
rized in a number of reviews.1,8–13 Briefly, Rh was included in these
catalysts as a key component for NO removal due to its specificity
to promote NO dissociation,14 followed by re-combination of N
atoms to produce N2; the remaining O atom was then eliminated
by adsorption of CO and reaction to give CO2, the overall reaction
being:

CO + NO → CO2 + N2. (10.1)

The adsorbed N atoms can also combine with undissociated
adsorbed NO, producing N2O; if the latter desorbs and does not
react further, the global reaction is:

CO + 2NO → CO2 + N2O. (10.2)

1
2
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N2O may appear as a reaction product in important amounts, espe-
cially in the lower temperature range of activity in which the amount
of associatively adsorbed NO is large and catalytic activity for N2O
decomposition is low. Traditionally N2O has not been considered a
serious pollutant; and as it was not included in the legal regulations,
no efforts were made to avoid its formation and emission. However,
there is now concern regarding N2O emissions, among other things
because they contribute to the greenhouse effect, and the work on
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Figure 10.1 Three-way catalyst conversion efficiency for the three main pollutants
as a function of the air-fuel ratio. Representative air-fuel ratios achieved for 1986
and 1990 vehicles are also plotted8 (reproduced with permission from Elsevier
Science).
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TWCs pays attention to their generation and minimization.
Adsorbed N atoms may also combine with CO, generating NCO
species which readily diffuse to the support and become stabilized
there; the build-up of these adsorbed species, readily detected in IR
spectra, is a fingerprint for the onset of NO conversion activity.
Detailed aspects of the mechanisms of all these steps relevant for
NO reduction with CO, as well as references to earlier studies, are
given in a recent kinetic analysis of this process.15

On the other hand, the oxidation of CO and unburnt HC by
oxygen is catalyzed satisfactorily mainly by the Pt component,
according to reactions:

CO + O2 → CO2 (10.3)

CnH2m + O2 → n CO2 + mH2O. (10.4)

It is important to note that, although the initial role of the ceria
component in the catalyst was to provide the needed oxygen buffer-
ing capacity, the activity of the above reactions is influenced by
metal-ceria interactions. In the first place, the oxygen buffering
activity of ceria is significantly enhanced by platinum group metals;
i.e. the presence of direct contact between the metal and the oxide
accelerates the reduction of CeO2 by CO16 or H2

17 (which is also
present in the exhaust gas over the catalyst, either because of its pro-
duction by the engine in small amounts or because the catalyst
promotes its formation from CO or HC and water via the water-gas
shift or reforming reactions, respectively). In the case of CO, this
enhancement is normally presumed to occur through reaction at
the metal-oxide interface between metal-adsorbed CO and oxygen
atoms of the ceria surface, and indeed the production of CO2 by
reaction of CO with Pt/CeO2 was found to increase with specific
surface area of Pt;16 in the case of H2, spillover of adsorbed hydro-
gen atoms to the buffering oxide, generating Ce3+ and OH− groups
(the latter then desorbing as water) could be the key mechanism.
Actually, the ease of reduction of the support with H2 is such that
it interferes with the standard methods of metal surface area

n
m+Ê

ËÁ
ˆ
¯̃2

1
2
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determination by hydrogen chemisorption (see Chapter 4); it has
been proposed that this problem can be avoided if the measure-
ment is made at low temperature (−80°C).18 On the other hand, it
must be noted that this spillover phenomenon, as well as other cat-
alytic properties, is strongly decreased, or even absent, if the catalyst
contains chlorine, which in ceria supported catalysts is often the
case if a chloride salt is used to deposit the metal.18 This is related to
the ability of ceria to retain strongly Cl at its surface, especially after
reduction treatments, so that an oxychloride, CeOCl phase (or a
precursor thereof), stabilizing Ce3+ is formed; such a phase has been
even detected by XRD.19

As a result of the mentioned interactions, both the activity for
catalytic CO oxidation (even in the absence of oscillations in the gas
phase composition) and the oxygen buffering efficiency are
improved by the existence of such contacts. Therefore when catalyst
aging produces sintering of both metal and ceria components on
the alumina support, with the consequent decrease in the number
of those contacts, catalyst performance is degraded, more than what
would be expected on the basis of the decrease in the surface areas
alone.

NO reduction activity has been observed to be enhanced by con-
tacts between the metal and ceria.15,20 This is interpreted through a
somewhat similar mechanism, in which metal-adsorbed NO dissoci-
ates at the metal-oxide interface, probably by interacting with anion
vacancy sites produced by previous reduction at the ceria surface,
transferring the O atom to the oxide which is thus re-oxidized. It
should be mentioned, however, that some NO reduction can occur
also in the absence of metal on a reduced ceria surface,21 leading to
N2O (and/or N2) production and ceria re-oxidation through for-
mation of an intermediate hyponitrite species.

Finally, it is worth remarking that, while many of the published
studies have concentrated on processes involving CO with NO and
O2, hydrocarbons may need to be included as reactants if one wants
to obtain a more realistic picture, mainly because the latter can pro-
duce significant amounts of adsorbed CxHy species on the metal
which are able to interfere with the reactions of the other species.
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Indeed it has been reported, that in some cases, NO reduction
activity is lower in the presence of HC.22

10.2.2 Modern TWC

The increasingly stricter emissions limits implanted worldwide since
the early 1990s forced new aspects and requirements in TWCs to be
considered. Above all, it was clear that most of the emissions remain-
ing with the then current technologies (and consisting mainly of
unburnt HC) were produced in the first moments of engine opera-
tion, when the catalyst under the exhaust gas has not yet reached
the temperature necessary for light-off. Attempts to minimize this
problem have followed several strategies, which do not exclude
mutually: (a) to increase the temperature rise at the catalyst, either
by decreasing the thermal capacity and/or conductance of the
exhaust tubing and honeycomb materials, by locating the catalyst
much closer to the engine manifold outlet or by artificially heating
the catalyst (electrically or by burning added fuel at an appropriate
location); (b) to use catalysts with lower light-off temperatures, at
least for the HC and CO oxidation reactions (which thus con-
tributes to a more rapid temperature rise); (c) to insert an
adsorbent of HCs before the catalyst which traps these when the
exhaust gas is cooler and releases them at higher temperature when
light-off conditions have been reached, and the catalyst can effi-
ciently burn the hydrocarbons.

Locating the catalyst near the engine outlet was soon recognized
to be a particularly convenient method. However, such a close cou-
pling of engine and catalyst implied that the latter would reach,
upon continued operation, much higher temperatures (possibly
above 1000°C) than in the classic TWC technology; this problem
imposed on the catalyst additional strong requirements of resistance
to thermal sintering and deactivation. Furthermore, the new regu-
lations demanded not only a lower level of emissions, but also their
retention during a longer time interval (for example, the Tier 2 reg-
ulation in the USA imposes a catalyst lifetime of 120,000 miles),
which also demands an improvement in resistance to deactivation.
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Two main changes in catalyst formulation appeared to satisfy these
needs.

10.2.2.1 New oxygen buffering oxides

One early change was the substitution of cerium oxide by mixed
oxides based on the latter. Most interesting for this are solid solutions
of cerium and zirconium dioxides (with typically Zr cation fractions
between 0.3 and 0.5), which have two main advantages: firstly, they
are more refractory than pure ceria (have higher melting point) and
consequently lose surface area to lower extent under high tempera-
tures; and secondly, and possibly more importantly, this mixed oxide
provides oxygen buffering capacity under TWC conditions not only
from its external surface as is the case of ceria, but also from its
bulk (as oxygen vacancies inside the latter are formed much more
readily), so that even if its surface area diminishes upon aging, its
buffering efficiency decreases to a much lower extent. Although the
study of such an oxidic catalyst component is not of direct concern
in a chapter devoted to the role of supported metals, it is worthwhile
considering ceria-zirconia here in that it strongly influences the
catalytic behavior of the metallic component.

The structure and redox properties of ceria-zirconia solid solu-
tions have been extensively studied following the discovery over a
decade ago of their striking ability for O2 uptake and release.23,24

These materials have a fluorite-type structure (the same as pure
ceria), with purely cubic crystal symmetry for high Ce cation fraction
(above ca. 80%) and a tetragonal lattice (the so-called t’ phase)
when this fraction is below ca. 65%; the composition range in-
between presents a cubic crystal cell shape together with an internal
tetragonal symmetry of the atom positions (the so-called pseudocu-
bic phase t’’).25 It must be noted however that the frontiers between
the existence of these phases depend on preparation methods and
especially on the degree of dispersion: small crystallite sizes, for
example, allow the presence of phase t’’ for Ce cation fractions
around 50%, for which phase t’ would be normally more stable. It
has been found that upon reduction these mixed oxides can be
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extensively reduced in the bulk even at temperatures around 750 K,
in contrast with pure ceria for which only the external surface is
reduced under these conditions and much higher temperatures are
required to reduce the bulk oxide.24 This is normally ascribed to the
higher stability of anion vacancies in ceria-zirconia, due to the ten-
dency of the smaller Zr cation to decrease its coordination number
below 8 (the value in the regular fluorite structure); indeed in the
simple limiting case of 50% cationic ratio and full reduction of Ce
to Ce3+ (the stable Zr4+ state is not significantly reduced in catalyti-
cally relevant conditions) the thermodynamically favored state has
the composition Ce2Zr2O7 with both anion vacancies and cations
ordered in the pyrochlore structure in which Zr and Ce coordina-
tions are 6 and 8, respectively. Still, a number of questions remain
unanswered concerning the properties of these solid solutions. First,
it has been observed that cycles of high- and low-temperature redox
treatments in this material can lead to the appearance and disap-
pearance of an exceptional ability to lose oxygen from the bulk at
temperatures as low as 675 K;26,27 the reason for this behavior is not
yet known, although subtle surface structural rearrangements seem
to be involved.28 Secondly, severe calcination treatments of these
solid solutions (around 1273 K) lead to their decomposition into
two separate solid solution phases one being richer and the other
poorer in Ce,29 which is disadvantageous for the oxygen buffering
properties. Although computer modeling of these solid solutions
gives some justification to this decomposition,30 the observations
that some preparations are more resistant than others, even in cases
in which they present the same structural characteristics,25 and that
redox cycling at similar temperatures does not produce the same
effects,31 are not yet well understood. It has been proposed that
small cation composition inhomogeneities, which might be
detectable only with specialized techniques,32 could be a key factor
favoring this high-temperature decomposition.25 Particle size effects
can also be considered, given the fact that the effect is also retarded
when the mixed oxide is highly dispersed on alumina.33

Even if these details of the ceria-zirconia oxides remain
unsolved, the introduction of these mixed oxides into modern
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TWCs due to their good buffering and refractory properties have
activated a new wave of studies to verify if these mixed oxides influ-
ence the behavior of catalytic metals in the same way as the more
widely studied CeO2. The majority of these studies use unsupported
ceria-zirconia, since preparing this latter material dispersed on alu-
mina or a similar carrier with good structural control so avoiding
mutual segregation of Zr and Ce, is not straightforward. In general,
ceria-zirconia influence and promote the reactivity of the metal cat-
alyst in a similar manner. Within this similarity in behavior, one of
the observations made is that the intrinsic rate of reduction of Pt/
(Ce,Zr)O2 by CO is higher than that of Pt/CeO2, even in its initial
stages; furthermore, the maximum rate of oxide reduction occurs at
much lower metal loadings.16 On the other hand, TWC perform-
ance in catalysts (at least when not aged) may be poorer with M/
(Ce,Zr)O2 than with M/CeO2 combinations; this was verified in
some cases with Rh34,35 and Pd.36 In the latter case, EPR experiments
suggest that a CeO2 containing catalyst was better than a (Ce,Zr)O2-
based one in providing the type of reactive oxygen surface vacancies
of interest. The same work indicated, on the other hand, that the
tendency for the metal to be deposited preferentially on the surface
of the buffering oxide (rather than on the alumina carrier) was
more marked for (Ce,Zr)O2 than for CeO2.36 In any case, the major
difference between ceria and ceria-zirconia lies, as mentioned
above, in the higher refractory character of the latter, giving it a
greater resistance to sintering (and, additionally, improving the
resistance to loss of area of the alumina carrier),33 and in its ability
to involve the anions from the bulk, not only those from the surface,
in the oxygen buffering activity (which also reduces the importance
of the oxide surface area decrease occurring upon aging).

Although ceria-zirconia is by far the main (mixed) oxide replac-
ing ceria nowadays as the oxygen buffer, it is worth mentioning that
some other modifications to this component have been proposed as
being of benefit. In particular, addition of other redox-active lan-
thanides such as Tb and Pr to ceria (or ceria-zirconia) has been
studied and found to improve the oxide buffering capacities and/or
the stability against sintering.31,37,38 Finally, it must be mentioned that
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Pd, which as indicated below is being used now as the main TWC
metal, has by itself, in the amounts typically included in the catalysts,
a significant contribution to oxygen buffering through its reversible
oxidation to PdO.8

10.2.2.2 The shift towards the use of palladium

The other significant change to TWC formulation has been the use
of palladium, at least as a substitute for platinum, since Pd is recog-
nized to be a good catalyst for oxidation of hydrocarbons and CO,
and to have good resistance to thermal sintering. This trend had
been desired during the early development of the first TWC formu-
lations, if only because of the price of Pd (several times lower at that
time than Pt and much lower than Rh), but could not be realized at
this stage due to the greater sensitivity of Pd to poisoning by lead,
sulfur, and other pollutants coming from the fuel and lubricant for-
mulations employed at that time. As the limits allowed for these
latter elements in the exhaust gas were decreased, the use of Pd
again became feasible, and so a new generation of catalysts arose
where Pd was used instead of Pt, and even replaced Rh as NOx

reduction catalyst. The resulting worldwide increase in demand for
Pd was such that the market price of this latter increased and sur-
passed that of Pt during 2000 and 2001; later, catalyst improvements
have allowed the use of lower amounts of Pd, and recently (end of
year 2003 data) the Pd prices have again become lower than those
of Pt: ca. 200 $/oz for Pd vs. ca. 800 $/oz for Pt, a proportion
nearly equal to that prevailing in the early 1990s (and it is notewor-
thy that now Rh, having been significantly replaced by Pd in TWCs,
has a price of ca. 500 $/oz, between those of Pt and Pd, while for-
merly it was the most expensive of the three). Many TWCs now
include Pd as the major or as the only Pt group metal component
(and in a number of cases it is contained in two different regions
or layers of the catalyst, which have different support and/or pro-
moters, in order to achieve good activity in all three TWC reactions).
Correspondingly the number of studies on such systems has increased
significantly. Now a significant tendency in TWC technology is
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towards using a mainly Pd-based compact catalyst located close to
the engine outlet (where there are more space constraints), which
functions mainly in the oxidation of HC and as promoter of a rapid
establishment of light-off conditions, in addition to another catalyst
of larger volume, located under the vehicle at greater distance from
the engine, which completes the TWC function.

Pd has a relatively good intrinsic activity for the CO + O2 reac-
tion. On an alumina support, it is intermediate between those of Pt
and Rh39 and, as in these other metals, its kinetics displays minus
first order (−1) with respect to CO under typical TWC temperatures,
as CO is strongly adsorbed and reaction is controlled by the avail-
ability of free metal surface for O2 adsorption. For this reason, in
temperature-programmed experiments the reaction only initiates
when CO coverage begins to decrease, as confirmed by in situ DRIFTS
studies for Pd on silica40 or alumina.41 The reaction is structure-
insensitive,40 and thus is faster for highly dispersed metal; in fact it
has been proposed as a possible method for determining Pd disper-
sion on alumina.42 The situation changes if a redox promoter such
as ceria is present and in contact with the metal; CO oxidation activ-
ity then increases, and may become important at low temperatures
where normally high CO coverage would completely inhibit the
reaction, so that even full CO conversion may appear at close to
room temperature.41 It is generally accepted that this is due to a
reaction, occurring at the metal support interface sites, between Pd-
adsorbed CO and oxygen atoms of the oxide surface; indeed in situ
DRIFTS data in such a case show that CO coverage of the metal
remains complete at temperatures at which the reaction is fast,41 and
a similar observation applies when ceria-zirconia, rather than ceria,
is used as promoter, as illustrated in Fig. 10.2.43

The IR spectra of CO adsorbed on different well-characterized
chemical states and surfaces of Pd44,45 have helped in interpreting
results for this system. Use of this technique has confirmed, for
example, that CO adsorption on pre-oxidized supported Pd forms
Pd0 sites even at room temperature41 even in a stoichiometric 
CO + O2 mixture, although the bulk of the metal probably remains
oxidized until significantly higher temperatures. This approach of
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course provides information only on molecularly adsorbed forms of
CO; dissociation of CO, on the other hand, can occur giving
deposited C in a Boudouard-type reaction as proved by CO2 evolu-
tion in TPD experiments at T ≥ 523 K.46–48

The NO + CO reaction on Pd is, contrarily to CO oxidation,
structure-sensitive, and proceeds at a greater specific rate on larger
Pd particles.49 In this reaction, the rate limiting step is generally con-
sidered to be the dissociation of NO,50 although other authors have
proposed that re-combination of rather stable adsorbed N atoms to
give N2 is the slower step.51 If the reaction is carried out in a stoi-
chiometric CO + NO + O2 mixture (with P(O2) > P(NO) in most
cases), it has been observed that CO oxidation proceeds at lower
rates than in the absence of NO.52 One likely reason for this is the
oxidation of the Pd surface by NO, evidenced in the latter work by
in situ DRIFTS, coupled with the fact that cationic Pd is less active
than Pd0 for CO oxidation. This oxidation of Pd by NO would occur
through dissociation of NO, thus implying that, at least in this work,
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Figure 10.2 Catalytic activity for CO oxidation under stoichiometric conditions
over 1 wt% Pd catalysts with different contents of (Ce,Zr)O2 promoter.43
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that such dissociation (which may take place relatively easily on step
sites but not on flat (111) type surfaces)53 would not be the rate
determining step; even if the resulting O atom may be readily scav-
enged by CO. The remaining N atom, the presence of which implies
an oxidized state of neighboring Pd, would be less easily eliminated.
It should be added here that the dissociation of NO seems to be
enhanced by the presence of ceria or a similar promoter,54 the
process occurring presumably via interaction of Pd-adsorbed NO
with neighboring anion vacancy sites of the promoter oxide surface.

The above results imply that the redox state of Pd may vary sig-
nificantly during a reaction run. The chemical state can be
monitored with different in situ techniques: FTIR for the surface;
XAFS, Raman, or XRD for the bulk. In principle, at sufficiently high
temperatures (ca. 1100 K under air) a promoted alumina sup-
ported PdO of relatively high particle size would decompose in the
bulk giving Pd metal (which also re-oxidizes under air at 950 K).55

Under a stoichiometric CO + NO + O2 atmosphere, on the contrary,
bulk reduction of highly dispersed PdO starts at ca. 400 K and is
complete at ca. 600 K, while DRIFTS data on the same material and
under similar conditions, show that surface reduced Pd0 species
begin to appear even at around room temperature.56 It should be
considered, in any case, that the underlying support affects the
redox state of Pd. Indeed ceria facilitates re-oxidation of Pd by O2,57

and interaction under vacuum of deposited Pd0 with an oxidized
(Ce,Zr)O2 mixed oxide leads to oxidation of the metal by the
oxide.58 This is probably related to the very similar values of the heat
of adsorption of O2 over Pd and reduced ceria-zirconia.59 Recent
analyses of these issues under redox oscillating conditions by com-
bining energy-dispersive extended X-ray absorption fine-structure
spectroscopy with infrared and mass spectrometry (to monitor reac-
tants and products concentrations) at high time resolution, within
single in situ experiments, have allowed dynamic observation and
quantification of adsorbed intermediates formed during CO/NO or
CO/NO + O2 redox cycling as well as exploration of induced size
and shape or chemical changes of the Pd nanoparticles. In doing so,
the existence of novel, non-oxidative, redispersion mechanisms for
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the palladium nanoparticles has been demonstrated, for which oxi-
dation of the Pd nanoparticles only occurs after the nanoparticles
have undergone significant size/morphological alteration (i.e.
redispersion which occurs within seconds).60,61 Such Pd size/shape
changes taking place under cycling conditions may strongly influ-
ence N2 formation through a direct effect on N–O dissociation and
N–N- coupling steps.62 On the other hand, potential Pd particle size-
dependences on the catalytic properties observed under such redox
cycling conditions display significant differences with respect to
expected results based on non-cycling measurements, typically per-
formed with a fixed (most times stoichiometric) gas atmosphere.63

The most particularly interesting results in this sense concern, firstly,
the absence of a marked size-sensitivity for all relevant N2 formation
steps. This takes into account both the NO dissociation step but par-
ticularly the N–N-coupling. Differences among samples exhibiting
different Pd sizes in N2 formation are mostly justified by the metal
surface area available and by the fact that the presumed size-
sensitivity of the two elemental steps does not influence N2

formation. On the other hand, CO2 formation seems dominated by
the CO desorption step and, contrarily to prototypical assumptions
originated from measurements at non-cycling conditions, may
present an important size-dependence. The growth of the Pd parti-
cle size was thus found detrimental for production of CO2. The
structure–activity relationship for Pd particles in CO and NO elimi-
nation reactions would thus display a characteristic size-dependence
upon dynamic conditions, far from that predicted by non-cycling
measurements.63

Another potentially important aspect of the interaction between
supported Pd and ceria or ceria-zirconia in the support, arises in
relation to the effects of high temperature or other aging treat-
ments. While deposition of Pd by impregnation (e.g. from the
nitrate salt) on a ceria-(or ceria-zirconia-) alumina support may
preferentially deposit Pd on the promoter oxide surface,36,43 aging
and the ensuing particle size growth of both metal and promoter
components may end up segregating them from one another and
decreasing their mutual contact, with a consequent decrease in
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activity for the CO + O2 reaction until reaching the same level found
on an equally aged ceria-free support.64 It is noteworthy that such a
negative effect of aging on catalytic activity is much smaller if the
reaction is carried out in the presence of hydrocarbon, which
reflects the previously mentioned poisoning effect of the latter on
some TWC reactions, and highlights the importance of the nature
of the reactant mixture (in terms of the possible mutual catalytic
interferences) on the overall catalytic performance.2,65 On the other
hand, on a pure ceria or ceria-zirconia support (as well as on pro-
moted alumina) severe aging may produce encapsulation of the
metal, as revealed by changes in its crystal cell dimension,66 as well
as directly by HREM.67 For less severe reducing treatments, decora-
tion of the Pd surface by diffusing cerium oxide entities, in a
manner similar to the classical SMSI effect,68 may occur as revealed
by TEM69 or IR data,44 leading also to activity loss. Electronic inter-
actions (with influence on catalytic properties) following less severe
treatments, or on the other hand Ce-Pd solid solution formation for
stronger reduction conditions, have also been reported.69 It has
been claimed that reversal of this coverage by mild re-oxidation and
re-reduction may occur, although it is possible that the process is not
completely reversible.69 IR data suggest that in such cases, the liber-
ation of free Pd0 surface occurs preferentially on the (111) surface,
while the more reactive (100) surface and edge sites would remain
covered.42 Modifications of the interactions between Pd and the Ce
containing promoter resulting from changes in the latter have also
been noted after aging treatments either under laboratory (thermal
aging leading to Ce enrichment at the surface of Ce-Zr mixed
oxide)70 or real (chemical poisoning by phosphorus leading to
stabilization of CePO4 phases)71 conditions.

10.2.2.3 Promotion of Pd by base metals

Pd-only TWCs display limitations with respect to their ability to
reduce NO and, particularly, in their selectivity towards N2 at low
temperatures.72,73 Modification of Pd by the introduction of a sec-
ond, cheaper, metal would appear to offer a viable solution from an
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economical and catalytic point of view.74 It is well known that the
resulting bimetallic catalyst may display special features not antici-
pated by simple interpolation of the reactivity of the constituents.
Although the complexity of TWC systems, where the metal compo-
nents can be present over the alumina and/or the promoter, makes
the study of bimetallic systems rather difficult, the main physico-
chemical effects exerted by the second metal on the noble metal
component allow a simple classification of bimetallic systems, some-
what independent of the specific kinetic and thermodynamic
features of the metal-metal contact. First of all, catalysts are found
where the introduction of the second metal (M) may generate a
binary phase, either in the oxidized and/or reduced chemical
states. This is typically the case for Cu75–77 or Cr.36,56,77,78 A classic
explanation of the differential behavior with respect to the
monometallic Pd system makes use of the interrelated structural (or
ensemble) and electronic effects. This is typically applied to the
zero-valent state but can also loosely embrace oxidized or partially
reduced states where the noble metal displays catalytic activity.56 As
previously mentioned, NO reduction (by CO) is known to be a
structure-sensitive reaction and thus both factors, structural and
electronic are rather important when interpreting reactivity.
Structural effects are related to the generation or removal of certain
surface sites while electronic factors are more subtle and induce
changes in surface valence states. Electronic effects can play a cat-
alytic role even in the case of an alloy dominated by Pd at the surface
since modification of Pd electronic valence states with base metals
located in sub-surface regions strongly modifies the NO dissociation
and/or N-coupling steps.79 A second class of bimetallic systems 
may present modified catalytic behavior as a consequence of the
new “Pd” interface to the reactants. This may occur if the interaction
of the second metal with the promoter or support is stronger,76 in
turn modifying the initial state of the noble metal, but also by for-
mation of different interactions between Pd and this new
component. The latter, in particular, affects the catalytic behavior
when a Pd(0)-Mn+ interface is created with redox capabilities due
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to the second metal, as may be the case of Cr,56 Ni,67,80,81 Mo,82,83 and
Mn.84 This second class of system is able to create new surface active
sites for reaction or to block Pd sites which are present in
the unmodified Pd system, having an important catalytic effect
mostly through altering the temperature onset of metallic Pd
formation.

10.3 Lean-Burn Emissions

In a diesel engine, the fuel is injected into an air charge which is
highly compressed until a temperature is reached (973–1173 K)
whereby spontaneous combustion of the fuel occurs. Thus, it is a
compression-ignited process in contrast to the spark-ignited process
employed in Otto engines. This brings as a consequence a change
in the characteristics of the exhaust emission, which in turn depend
on the specific diesel engine employed in each case.1,6,85 General dif-
ferences in comparison with spark-ignited engines employed under
stoichiometric combustion can be highlighted. In the first place,
since fuel is combusted under lean conditions (Table 10.1), excess
oxygen is present in the exhaust. In second place, relatively lower
NOx concentrations are found than in engines operating under
stoichiometric conditions. In contrast, a far higher amount of par-
ticulate matter (PM) is produced. The nature of such particulate
matter is complex since it contains a mixture of solid (essentially
located at the particles core) and liquid (remaining essentially
adsorbed at the surface) components. The solid fraction is 
mainly composed of dry carbon or soot; the liquid portion can con-
tain mainly unburned fuel or lubricating oil (collectively denoted as
SOF or soluble organic fraction) and sulfuric acid (resulting from
oxidation of SO2 and on the whole resulting from burning of sulfur
compounds present in the fuel) plus water.1,85 Other minor compo-
nents of the particulate matter include metals, inorganic oxides
and/or sulfates.1 Another significant difference with respect to
the emission produced in spark-ignited engines operating under
stoichiometric conditions, concerns the temperature of the exhaust
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emission which is significantly lower (423–523 K vs. 773–873 K can
be considered as an average temperature in each case under normal
driving conditions).1,85,86 Fortunately, the hydrocarbons present in
the diesel exhaust (forming part of the gas or SOF portions) are
globally more readily oxidized than those emitted by stoichiometric
spark-ignited engines because of their higher average carbon num-
ber.1,6,87 Three-way catalysts are not in general efficient enough to
control the lean-burn emissions, although support formulations
similar to those employed for TWC can operate as effective oxida-
tion catalysts in certain temperature ranges.88 Different review
papers are available in which details of catalytic and non-catalytic
approaches to deal with these types of emissions are described.1,6,85

Among the catalytic treatments of lean-burn emissions, oxidation
catalysis in flow-through systems, treatment of particulate matter
with catalytic filters, hydrocarbon selective catalytic reduction of
NOx, and selective reduction of NOx by external introduction of
NH3 (through urea decomposition) can be highlighted as processes
in which supported metal catalytic systems play a fundamental role,
as described in the following sections.

10.3.1 Oxidation catalysts

Diesel oxidation catalysts (Fig. 10.3) target the oxidation of soot,
hydrocarbons, and CO, although flow-through systems employed
for this purpose are fairly inefficient at treating the solid portion of
the emission (usually less than 5% of the soot becomes oxidized as
a consequence of the low contact time since catalysts are designed
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Figure 10.3 Operational concept of a diesel oxidation flow-through catalyst.
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to avoid pressure drop by clogging).1,85,87 Their oxidizing power
must however be tuned in order to minimize SO2 oxidation since
formation of SO3 and further interaction with water leads to the
generation of sulfuric acid, which adds to the total particulate mass.
Due to the relatively low operating temperature of these systems,
supported noble metals (mainly Pt, but also Pd, and, to a lesser
extent, Rh) with high oxidation activity are employed in their for-
mulation. Among these, generally speaking the oxidation activity for
CO, hydrocarbons, and SO2 decreases in the order Pt > Pd > Rh.1

This, along with its relatively lower availability, generally leads to the
use of Rh in this type of catalyst being discarded. On the other hand,
the composition of the support oxides forming the catalyst washcoat
(which can include a number of different oxides such as alumina,
titania, ceria, zirconia, vanadia, silica, etc.)88–90 is usually selected to
minimize the adsorption of the sulfur oxides and SOF.1 This aims to
prevent sulfate storage that could desorb as sulfuric acid at high
temperatures, as well as avoiding condensation of the SOF in the
pores of the catalyst that might retard its catalytic abatement.
Among the washcoat metal oxides, vanadia provides interesting
activity in terms of avoiding sulfate forming reactions while titania
and silica appear relatively inert to sulfate adsorption, thereby being
of interest for this application.90,91 Nevertheless, the selected com-
position is in each case tailored as a function of the specific
operating conditions. Thus, if average operating temperatures are
below 523 K, very active oxidation catalysts (Pt-based) are employed
because the rate of SO2 oxidation is low for T < 573 K. However, a
less active catalyst will be required to minimize SO2 oxidation if
higher temperatures predominate during catalyst operation. In this
sense, alloys of Pt-Rh-Pd or of Pt with base metals and/or composi-
tional modifications in the washcoat metal oxides are the main
approaches employed to reach the best compromise.6,85,87–89

Mechanistic aspects for CO and/or hydrocarbon oxidation reac-
tions are similar to those already addressed for TWC operation (see
above). Thus, a general trend of increasing CO oxidation activity
and decreasing hydrocarbon oxidation activity is usually observed
with increasing Pt dispersion over the support oxides.89,92
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10.3.2 Treatment of soot

The gas-solid reaction involved in non-catalytic soot combustion is
a relatively slow process.85,93 Catalytic assistance (gas-solid-solid
process) provides an increase in the rate of soot oxidation, although
the process efficiency is mainly determined by the type of contact
(tight or loose) established between the soot and the catalyst.85,87,93,94

As mentioned above, flow-through systems are not effective for soot
oxidation due to the relatively short contact time (and/or little con-
tact points) between the soot and the catalyst. As a consequence,
effective abatement of soot requires employment of filters that allow
the trapping (even if loosely) of the solid portion of the exhaust
until more or less complete combustion is achieved during the filter
regeneration process.85,95 An approach aimed at achieving tight
catalyst-soot contact consists of the use of fuel additives (in the form
of fuel soluble compounds of Mn, Fe, Cu, Ce, and Pt). In this
approach, the introduced metal serves, after combustion in the
engine, as a nucleus for soot deposition in such a way that a well-
dispersed metal is entrapped in the soot particle in order to achieve
a close soot-catalyst contact that facilitates soot oxidation in the fil-
ter.85 The use of catalysts with relatively low melting points such as
pyrovanadates, oxides of vanadium and molybdenum, and those
based on different metal chlorides, molten salts, or K-doped systems
also aims at increasing the contact points between soot and catalyst
by taking advantage of the increased catalyst mobility.85,95–101 A sig-
nificant drawback of these high mobility catalysts is the possibility
that they can be volatilized during soot oxidation resulting in loss of
the catalyst and toxic emissions.85,96,102

Another well-recognized approach for soot abatement is the use
of a supported Pt oxidation pre-catalyst (upstream of the filter)
aimed at producing NO2 (from NO oxidation), which decreases the
non-catalyzed oxidation temperature of soot by approximately 200 K
(from ca. 773 to 573 K) relative to air oxidation.85,90,103 This is one of
the basic concepts involved in the so-called NOx-aided CRT (contin-
uously regenerated trap), which is proposed as one of the most
efficient technologies for soot abatement (Fig. 10.4).85,104 Under
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practical operating conditions, the oxidation pre-catalyst overall
converts 90% of the CO and hydrocarbons and 20–50% of the NO
to NO2.105 Downstream, the particulate matter is trapped on a wall-
flow monolith and subsequently oxidized by the NO2.

Nevertheless, the use of a supported noble metal catalyst (usu-
ally Pt) for soot oxidation under loose contact conditions (proposed
to be closer to the practical condition) results in a significant
decrease in the soot oxidation temperature.85,103,106,107 Thus, incor-
poration of the soot in a Pt/SiC foam catalyst allows the soot
oxidation rate to be doubled (and also the maximum rate tempera-
ture to be decreased) with respect to a “non-catalyzed” situation in
which the soot is incorporated into the Pt-free SiC foam (with
Pt/SiC foam located upstream to promote NO oxidation). In turn,
a considerable decrease in the maximum rate temperature is
observed when employing NO + O2 instead of O2 as oxidant in the
Pt/SiC-soot configuration.107 On the basis mainly of these results, a
catalytic role for NO is proposed in a recycle reaction as follows:

NO + O2
Pt

↔ NO2 (10.5)

NO2 + C → CO + NO (10.6)

or

2NO2 + C → CO2 + 2NO (10.7)

1
2
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Figure 10.4 Basic scheme of the operational principle of the NOx-aided CRT sys-
tem for soot abatement.
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in such a way that the NO produced during soot oxidation reac-
tions (10.6) and (10.7) can be reutilized for NO oxidation in
reaction (10.5).107 In addition, a positive effect of including water
in the oxidant reactant mixture is observed and attributed either to
facilitation of NO2 adsorption at the active site on the soot particles,
or in decomposing surface oxygen complexes presumed to be
intermediates in the oxidation of diesel soot. The latter is sup-
ported by the fact that water also increases the oxidation of soot
using oxygen alone.107 Support effects in various oxide supported
Pt catalysts under loose soot-catalyst configurations have been
pointed out in several studies.103,106,108 Only subtle differences in
soot oxidation profiles are generally observed between the systems
and attributed to promoting effects of oxides with enhanced
oxygen handling properties (CeO2 or La2O3)103 or to an activity pro-
motion induced by SO2 in systems employing TiO2-SiO2 as
support.108 The enhanced lattice oxygen mobility has also been
highlighted as an important factor to explain the higher soot oxi-
dation activity by NOx/O2 observed for Ce-Zr mixed oxides in
comparison with pure ceria.109 On the other hand, in addition to
noble metals catalysts, supported copper has also shown potentially
useful properties for the soot-NOx/O2 process, including its redox
characteristics and the extent of copper-support interactions, with
these features often being cited as the key features which explain
the catalytic activity observed for a series of systems supported on
various oxides.110

10.3.3 Catalysts for selective reduction of NOx with hydrocarbons

Selective catalytic reduction (SCR) of NOx employing hydrocarbons
(HCs) as reductants constitutes a promising catalytic approach in
dealing with lean-burn emissions. Basically, as shown in the follow-
ing scheme, the target is promoting the NOx reduction reaction by
the hydrocarbon in a flowing atmosphere in which the predominant
oxidant is oxygen and considering also the presence of potential
catalytic poisons such as SO2 as well as water.
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In addition to the main products (nitrogen, carbon dioxide, and
water), different subproducts can be formed as a result of partial
oxidation or reduction processes. Such subproducts can be more
harmful than the initial toxic reactants and as such, their forma-
tion is undesirable. Following the pioneering work by Iwamoto
and coworkers which showed the activity of Cu/ZSM-5 for the
process,111,112 many systems have been tested for this reaction.
Figure 10.5 gives a brief illustrative summary of different systems
that have shown some success in the mentioned process.
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Figure 10.5 Catalytic activities of various systems for SCR of NOx with hydrocar-
bons. A classification of the systems along with their general advantages and
drawbacks is highlighted.

Scheme 10.1
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Following the approach by Iwamoto, a classification can be estab-
lished on the basis of their catalytic behavior as platinum group
metal and base metal systems while systems supported on microp-
orous materials apparently provide optimum configuration of the
catalytic components although their thermal stability is usually
low, thus limiting their practical application.111,113 Platinum group
metal catalysts are the most active for the process although they
have the drawback generally of forming substantial amounts of
N2O (a greenhouse gas — about 200 times more powerful than
CO2) and are ineffective at high temperature. Base metal systems
are the least active (they only show activity at relatively high tem-
perature) although they are usually fully selective to N2 and can
present improved thermal stability. In general terms, it will be
shown that the extent of the selective reduction of NOx depends
on a series of factors such as the nature of the supported metal or
of the hydrocarbon (or another co-reductant like H2, CO, etc)
employed as reductant, the type of support, as well as preparation
parameters (metal precursor employed, type of pre-treatment,
etc.).112 In the following, the main catalytic properties of these
systems are shown.

10.3.3.1 Platinum group metal systems

Various supported platinum group metal systems have been tested
for the SCR process.112 Among them, supported platinum systems
appear to be the most active when jointly considering the NOx

reduction level achieved and the temperature range at which the
catalyst is active, while palladium, rhodium, and iridium also show
catalytic activity for the process and Rh and Ir apparently present
higher selectivity to N2.112,114–118 Support effects are observed which
generally depend on the type of hydrocarbon employed, the pres-
ence or absence of SO2 in the reactant mixture or the type of
impurities present in the support.112 In this respect, a variety of
materials like SiO2, Al2O3, ZrO2, sulfated alumina, zeolitic materials,
and activated carbons have been employed as supports of the metals
and tested for the process.112–123
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General catalytic features

Figure 10.6 shows typical results observed for the NO SCR with
n-octane over a supported Pt catalyst. As noted, the NOx conversion
fairly closely follows hydrocarbon oxidation at low temperature and
presents a maximum at intermediate temperature after which com-
bustion of the hydrocarbon with O2 occurs. It can also be observed
that appreciable amounts of N2O are formed during NO reduction.
Even a lower N2 selectivity is apparently achieved when employing
propene as reductant.115 This relatively poor behavior in terms of N2

selectivity appears independent of the support employed, in spite of
the fact that overall NOx conversions appear affected by this param-
eter.112,115,123 In contrast, a certain enhancement in the N2 selectivity
has been reported to occur upon addition of promoters like Na,
alkaline-earth or rare-earth oxides,112,124 although a previous report
including a number of promoters on Pt/Al2O3 (including alkaline
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Figure 10.6 Catalytic activity observed for the NO SCR process with n-C8H18 under
lean conditions over a 0.3% Pt/Al2O3 catalyst,122 (adapted with permission from
Elsevier Science).
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or alkaline-earth metals, transition metals, and rare earths) sug-
gested no important effects in this respect.125 The use of toluene as
reducing agent appears to be another solution in this sense since no
detectable amount of N2O was observed during the selective NOx

reduction when using this reagent over Pt/Al2O3.126

Differences in NOx conversion level are observed depending
upon the type of hydrocarbon employed.112 The selective reduction
of NOx appears more effective as the chain length or the degree of
saturation of the hydrocarbon are increased, although deactivation
phenomena (attributed to generation of carbonaceous deposits)
may appear for relatively long chain hydrocarbons.112,122,127 Support
effects are apparent in this respect when comparing alkanes and
alkenes (typically propane and propene).112,128–130 Comparing Pt/
SiO2 and Pt/Al2O3 shows that the former is relatively ineffective
when employing propane as reductant while it can be most active
when using propene.129,130 As will be noted below, important mecha-
nistic consequences can be derived from this observation.112 On the
other hand, the influence of the presence of both H2O and SO2 in
the reactant mixture also appears to depend strongly on the type of
hydrocarbon employed. Thus, Pt/Al2O3 catalysts are appreciably less
active in the presence of water when propane is used as reductant, a
more moderate effect being observed when using propene.129

Similarly, the presence of SO2 significantly inhibits NOx reduction
when using propane as reductant.131 This can be explained by the
different deactivating effects taking place over the metal and sup-
port components of the catalyst along with consideration of the
nature of the active site in each case.131 Sulfur poisoning of the metal
component (where the active sites are located when using propene
as reductant) appears less relevant (even if a certain decrease in
the overall activity is produced) as a consequence of its reversible
character, while poisoning by sulfate species of the Al2O3 support
(proposed as the active site when using propane as reductant)
appears irreversible under normal reaction conditions, this result
leading to decreases in catalytic activity.131

With respect to particle size effects, the catalytic activity appar-
ently increases with decreasing Pt dispersion.119,132 A similar result
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has been observed for Ir containing systems, with the peculiarity that
for Ir/Al2O3 the active state is only achieved following certain pre-
conditioning of the sample (apparently the presence of CO + O2

are required).116 On the other hand, particle size effects on N2

selectivity are less certain.112

Mechanistic aspects and nature of the active site

As treated in detail in the review work by Burch et al.,112 three dis-
tinct mechanisms can be differentiated for the SCR of NOx by
hydrocarbons over Pt catalysts. The first one attributes a role of
cyanide or isocyanate species in the formation of N2 or N2O. In this
respect, although formation of such species under relatively mild
(and dry) reaction conditions is well addressed in the literature
(based on infrared experiments), it is not at all clear whether such
species are real intermediates or mere spectators since there is no
conclusive kinetic evidence correlating formation of N2 and N2O
with the evolution of –CN or –NCO species. The absence of for-
mation of isocyanate in the presence of water (due to its rapid
hydrolysis) would oppose a significant involvement of this type of
species in the reaction mechanism. A second mechanism proposes
the involvement of organo-nitro and related species (resulting
from hydrocarbon partial oxidation processes with O2 or NOx

species, in a similar way as proposed for base metal systems, as
indicated below) as relevant intermediates. However, although
decomposition of these compounds in the pure state to N2 or N2O
is a possible process, it is uncertain whether such specific chemical
compounds play a role under realistic conditions and further
experimental evidence is required to verify their role.112

Nevertheless, this type of mechanism cannot be fully discarded
from contributing to some extent under certain circumstances,
particularly in cases where the catalyst remains in an oxidized state
(because the reactant mixture is unable to activate the system into
its more active metallic state) or when active sites are apparently
located on the support (as proposed when using propane as reduc-
tant, as indicated above).
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The highest NOx reduction activity in this type of system appears
to be achieved in cases where the reactant mixture is able to activate
the surface of the metal to a metallic state (even under net-oxidizing
conditions). In such a scenario, a mechanism similar to that operat-
ing for three-way catalysts is proposed. Thus, N2 or N2O are
envisaged as being formed by direct dissociative adsorption of NO
over the metallic surface followed by re-combination processes
between the corresponding dissociated fragments and/or between
these and adsorbed NO species.112,133 Oxidation of the hydrocarbon
is then expected to take place following interaction of chemisorbed
hydrocarbon species with the adsorbed atomic oxygen species
resulting from NO or O2 dissociation.112,133 Evidence in favor of this
mechanism is mainly based on transient TAP reactor experiments,
kinetic measurements, and steady state transient kinetic isotope
experiments.112 Support for this mechanism is also provided by
kinetic differences found as a function of the type of hydrocarbon
employed as reductant, which is assumed to be crucial in attaining
an active metallic state for the noble metal.112,130 Studies comparing
propane and propene indicate that in the competitive adsorption
between oxygen and the hydrocarbon, the unsaturated hydrocar-
bon (propene) competes strongly with oxygen in such a way that a
metallic state is attainable and a substantial coverage with hydrocar-
bonaceous species can be attained. In contrast, the saturated
hydrocarbon (propane) is not adsorbed in the presence of oxygen
and the metal thus remains in an oxidized state unable to dissocia-
tively adsorb NO. Full details of this mechanism can be found
elsewhere.112

10.3.3.2 Base metal systems

The selective catalytic reduction (SCR) of NOx using base or non-
noble metal systems appears as a viable approximation to solve
environmental problems related to the oxygen-rich exhaust streams
of lean-burn engines. Cu-ZSM-5 was the first catalyst found which
displayed good lean NOx reduction activity,134 and as a result of this
discovery, the use of zeolite-based catalysts was extensively studied.

522 A. Martínez-Arias et al.

b1215_Chapter-10.qxd  11/28/2011  5:14 PM  Page 522



b1215 Supported Metals in Catalysis

Although some of these systems, such as Co-MOR or Fe-ZSM-5,135–137

as well as others, such as pillared-clay-based,138 appear to have inter-
esting properties, they appear to lack stability in the presence of
water and sulfur containing streams after prolonged use. In con-
trast, it has been shown that bimetallic formulations such as In-Co
supported on specific zeolites are highly active and stable in the
presence of steam.139,140

A second approach makes use of oxides, such as Al2O3, TiO2,
ZrO2 (and others), as supports, promoted with base metal cations.
Among such cations, Co, Ni, Cu, Fe, Sn, Ga, Au, In, and Ag have all
been tested, and their activity in the SCR of NOx by hydrocarbons
(HCs) has been reviewed.112,141 These studies have mainly focused
on alumina supported systems, which ensure hydrothermal stability
up to high operating temperatures (1073 K), promoted with
Ag112,142,143 and In144–146 as “active” components, as they appear as the
most promising systems for operation under real conditions. Mixed
supports like WO3/ZrO2 may also be of interest for achieving opti-
mal catalytic performance.147 In this section, we will review systems
displaying acceptable hydrothermal stability and the corresponding
implications for the establishment of an efficient system for the
elimination of NOx by HCs under lean conditions.

General features of the catalytic activity

Bimetallic In-Co systems in ferrierite and H-Beta appear the only
zeolitic systems presenting high activity in presence of steam.139,140,148

The limited information accessible in the literature, however, pre-
vents a deep understanding of the situation. Studies mostly focus on
methane/propene as hydrocarbons and show maximum activity for
NOx elimination in a broad temperature range going from 573 to
673 K. Steam does not affect activity in more than a few percent loss
and in a totally reversible manner.

A more detailed scenario can be found for alumina supported
systems. Figure 10.7 illustrates the typical catalytic behavior for the
SCR of NOx displayed by alumina supported systems, promoted with
increasing loadings of a base metal. In this case, the catalytic activity
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Figure 10.7 Conversion of propene (a) and of NOx (b) to N2 for Ag samples and
the alumina support. Yields to CO (c), NO2 (d), and N2O (e) are shown. Circles,
alumina; squares, 1.5% Ag/Al2O3; triangles, 4.5% Ag/Al2O3; stars, 6% Ag/Al2O3.150
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during a light-off run is shown for the Ag promoted system using
propene (C3H6) as reducing agent.142 The NO and oxygen concen-
tration used are those typically encountered in real exhaust gases
and the hydrocarbon concentration is taken to be similar to that of
NOx (as commonly employed).

Hydrocarbons (HCs) from C2 to C10 are commonly used to test
activity. The efficiency of the HC in the SCR of NOx in competition
with the combustion reaction with oxygen increases with increasing
molecular weight. This is probably due to the parallel increase in
the heat of adsorption and decrease in the C–H bond strength.149

Alkanes, alkenes, and oxygenated HCs have been studied in this
reaction and the activity in the NOx elimination frequently follows
this order, with the lower light-off temperatures being displayed for
the latter type of compounds. Independent of the nature of the HC
and its molecular weight, its conversion follows the general pattern
as described in Fig. 10.7(a). The Al2O3 support displays moderate
activity in the presence of water while a progressive enhancement is
observed with Ag loading up to ca. 6 wt%. Carbon containing prod-
ucts of the reaction are CO2 and CO (Fig. 10.7(c)). Production of
significant amounts of CO appears to be a characteristic of acidic
supports,142,143,150,151 and its elimination from the outlet has provided
interesting clues concerning mechanistic aspects of the reaction.143

In contrast, NOx conversion (Fig. 10.7(b)) does not follow the HC
oxidation pattern described. A clear maximum in activity is detected
for samples having intermediate loadings (in this case, between 1.5
and 4.5 wt%) of the base metal. This appears to be a distinguishable
characteristic of Ag- and In-based catalysts,112,142–150 which can be
extended to most of the systems used for the SCR reaction.112 The
support is able to eliminate NOx even in presence of water but this
is strongly promoted by the presence of the base metal above 673 K,
with a sharp decrease for the 6 wt% Ag sample. This decrease always
appears concomitantly with the increase in N2O yield and loss of
N2 selectivity (Fig. 10.7(e)). The different activity and selectivity is
directly related to the different nature of the active phase present
under reaction conditions, as will be detailed in the following sec-
tion. A final comment may be added to the performance of Ag
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systems in the SCR-NOx with biodiesel; in this case, particulates seem
of critical importance and the systems display lower performance
than when using diesel fuels.152

The presence of oxygen promotes the SCR-NOx reaction, with a
typical enhancement curve showing an increase up to ca. 2 vol.% and
then leveling off.112,141,144–149 When adding oxygenates to diesel exhaust
streams it appears that the optimum enhancement of activity is
observed for C2 (ethanol, acetaldehyde) compounds. The promoting
effect is typically attributed to a decrease in the concentration of car-
bonaceous deposits which otherwise block adsorption sites at the
surface of the catalyst, together with a better interaction of C and N
containing intermediates. A similar beneficial effect can be also attrib-
uted to the presence of water. Other beneficial effects of oxygen have
been attributed to a promotion of NO2 formation. This appears to
work only for certain base metal catalysts (such as Au/Al2O3) in which
an outstanding activity essentially attributed to this effect is obtained
when physically mixed with Mn2O3 (Fig. 10.5),153 while its role in the
case of Ag or In systems appears more uncertain.112 On the other
hand, SO2 is typically found in lean-burn exhaust streams and the
presence of sulfate species brings about a reduction in the number of
strong chemisorption sites for NOx.154,155 An inhibition of the SCR-
NOx by sulfur dioxide is observed in essentially all cases, but its extent
depends significantly on the nature of the reductant and SO2 con-
centration.112 For Ag systems, the inhibition is minimized in cases
where Cs is used as a co-promoting agent,156 or when the Ag content
(high loading) allows the presence of Ag(0), which seems to be redis-
persed by an effect of SO2, under reaction conditions.157 For In, 
the presence of Co induces similar effects which counteract the pres-
ence of SO2.146 It appears therefore that, as outlined below,
multi-component formulations are needed to produce catalysts which
can operate under real exhaust conditions. Additional stability in the
presence of SO2 can be reached by doping the alumina support with
surface species such as TiO2 or SiO2.158,159 This appears important in
order to maintain activity at low temperatures.

A final point to mention is the fact that in the presence of H2 in
the inlet feed a significant decrease in light-off temperature is
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produced (by ca. 100 K), but the physico-chemical basis for such
behavior is still not clear.160 Recent studies indicate that H2 is partic-
ularly effective at low temperature (below ca. 650 K) and affects both
NO2 formation and subsequent surface storage of N compounds as
well as diminishing the C-rich surface entities through an effective
interaction with NO2.161,162 It also appears that H2 promotion is more
pronounced with short chain alkanes,161 while it can also operate
when using ethanol as reductant which can be related to promotion
of its partial oxidation to acetaldehyde.163

Nature of the active phase

The composition and the preparation method of SCR catalysts have
a dramatic influence on their activity and selectivity. This follows
from the fact that, essentially in all cases, the presence of dispersed,
oxidized species with strong interactions with the support appear
to be essential in order to obtain reasonable activity in the SCR
reaction and to limit the HC combustion reaction.112,137,139,142–160 For
zeolite supported samples, the metal-support interaction appears to
play a crucial role and the presence of (InO)+ species is commonly
mentioned although their relevance under reaction conditions
requires further exploration.137,139,140,148 The presence of Co appears
to modify the In and a redox interplay between cations, at least at
the initial reaction state, is claimed.139

In the case of Ag, probably one of the promoter cations most
widely studied, UV-vis, and XAFS techniques were able to indicate
that isolated or highly dispersed Ag(I) cations yielded highly active
and selective SCR catalysts. This was also a conclusion indirectly
extracted by the fact that intermediate loadings of Ag were in fact
adequate in order to optimize activity112,142,164,165 and that addition
of Cs also produces further stabilization of Ag(I) cations under
reaction conditions.156 However, the exact nature of the active
phase was not revealed until recently when a XAFS (XANES and
EXAFS) study was able to provide some further evidence. The
XANES spectra of two active catalysts containing 1.5 and 4.5 wt%,
and of Ag(I) containing reference samples are shown in Fig. 10.8(a).
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The activity of these samples is displayed in Fig. 10.7, showing their
qualities as SCR catalysts. Comparison of XANES spectra indicates
that Ag(I) cations possess tetrahedral-like local coordination which
closely resembles that of the ß-AgAlO2 reference. The correspon-
ding EXAFS spectra suggest significant local disorder around the
Ag centers as well as a noticeable reduction in the average Ag-O
first shell coordination distance with respect to those present in the
more regular, tetrahedral-like local structure of the ß-AgAlO2 mate-
rial (Fig. 10.8(b)). Obviously, this local structure has notable
differences with the linear structure characteristic of the Ag(I)
oxide or alpha alumina (Fig. 10.8). It should be noted at this point
that the linear (ß-Al2O3-type) AgAl11O17 aluminate has previously
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Figure 10.8 (a) XANES spectra of calcined Ag/Al2O3 catalysts and reference com-
pounds. (b) FT of EXAFS spectra for an active Ag/Al2O3 catalyst and reference
compounds (black line, calcined catalyst; gray line, post-reaction catalyst; full line,
modulus; dashed line, imaginary part).142
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been observed in calcined alumina supported silver catalysts but
such samples do not display significant activity in the SCR reac-
tion.166 Although the promoter frequently exhibits a multiphase
distribution in such samples, it may be the case that this phase usu-
ally contains excess Ag cations between the characteristic alumina
layers of the beta alumina phase (allowing this phase to be
described as Agx(Ag2O)y Al11O17), and its catalytic performance may
be poor as a result of segregation of Ag2O entities upon contact
with the reducing agent under reaction temperatures. It may be
concluded that the active Ag phases contain dispersed ions in a
beta aluminate-like phase, which does not permit leaching of the
promoter under reaction conditions; the stability of this phase is
confirmed by EXAFS, which effectively demonstrates the low level
of change suffered by the active samples (Fig. 10.8(b)). In contrast,
samples showing poor SCR activity contain larger quantities of the
base metal and typically suffer reduction of the active phase with
the formation of reduced, zero-valent entities, which, frequently,
are undetected by X-ray diffraction, indicating the formation of
poorly crystalline or amorphous phases via a mechanism unknown
at this moment.112,142,150,164,165,167 The presence of the zero-valent
chemical state can be readily monitored by the detection of N2O
resulting from NO dissociation during reaction.142 In any case,
although the formation of Ag(0) appears generally detrimental, as
mentioned above, the presence of SO2 in the reactant mixture
seems to limit the negative consequences through a mechanism of
redispersion of the zero-valent phase.157

The case of In on alumina is still relatively poorly investigated
and apart from the fact that highly stable, dispersed, and oxidized
species are required to obtain significant activity in the SCR reac-
tion, further detailed information is not available.144–146 The
presence of Co as co-cation may allow a high dispersion to exist with
stabilization of the previously mentioned In species.144 Some studies
have mentioned the importance of (InO)+ species,147 in a similar
manner as found for zeolite supported systems. In contrast to In,
the Co-only case has been thoroughly investigated as reviewed by
Burch et al.112
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Reaction mechanism

The overall reaction mechanism and the rate determining step of
the SCR of NO over a given catalyst depend on the nature of the
reductant and the experimental conditions employed. The mecha-
nism is rather complicated and has not been fully elucidated for any
given SCR catalyst. Nevertheless, a somewhat general (independent
of the nature of the promoter phase) picture of the most significant
steps which are likely to occur during the reaction can be drawn
from the vast number of studies dedicated to this subject.

It is generally accepted that HC and NO molecules must be
initially activated by formation of some oxidized, adsorbed inter-
mediates, typically carboxylates, for the HC and NO2, nitrite or
nitrate compounds for NO.112,142,150,168,169 Some of these activated,
intermediate compounds are present on the alumina support
alone, indicating that the support itself is able to promote the SRC
of NOx using HC as reducing agents. The non-noble metal is
thought to play an important role in modifying the surface con-
centration and selectivity among these intermediates, enhancing
the activity of the support. No clear general pattern for the activa-
tion mechanism for any of the reactant molecules, which is valid for
all metals (or at least for Ag and In), can be extracted from studies
published in the open literature. In the most widely studied case of
the propene, acetate165 or acrylate species142,150 appear as likely
intermediates, while for NO, studies performed to date would sug-
gest that some specific nitrate groups are in fact the key
intermediates.112,142,150,165 Based on the kinetic isotope work of Cant
and Cowan using methane as reductant,170 abstraction of hydrogen
from the HC was thought to be the rate determining step. However
these authors were able to show that this was not the case with
larger hydrocarbons,170 probably due to the fact that the C–H bond
strength decreases with increasing molecular weight. For oxy-
genated hydrocarbons, the principal C containing intermediates
appear to be of enolic nature.141 The rate determining step, at least
in the case of propene, appears to be related to reaction of the acti-
vated, oxidized hydrocarbon intermediate on the alumina
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support.171 It would appear, therefore, that the main role of the
base metal may be restricted to the initial steps of the reaction and
is mainly related to activation of the reactant molecules, either 
on the silver surface and/or by modification of the acid/base
(hydroxyls) properties of the alumina.142,150,151 The coupling with N
containing species occurs later and although very limited informa-
tion is available on this aspect, the formation of isocyanate species
is always mentioned. It can be noted, however, that strong indica-
tions for a role of gas phase reactions in determining N2 selectivity
are observed for both In172 and Ag143,173 samples. Experiments ana-
lyzing the influence of residence time after the catalysts, as well as
the mixing of the SCR catalyst with several solids, indicate the
importance of the gas phase reaction after the rate determining
step and, in particular, in determining N2 selectivity.

10.3.3.3 Practical approaches

Limitations in the activity of SCR catalysts under practical conditions
due to a number of factors such as an inadequately wide tempera-
ture range showing sufficient activity, lack of hydrocarbon reductant
in the exhaust gas (Table 10.1), influence of poisons, or varying flow
rates of the exhaust gas, has led researchers to consider other non-
catalytic or catalytic approaches to the problem.4,86,174,175 Among the
latter, auxiliary injection of reductant (either the diesel fuel itself, or
selected hydrocarbons, or oxygenated organic reagents) has been
considered as a practical solution to compensate for the lack of
reductant or to increase the temperature window of catalyst opera-
tion,4,175,176 while multilayer configurations including catalysts of
different functionalities (basically combinations of platinum group
and base metal catalysts) have been suggested.4,177 Outstanding
results in this respect have been obtained by combined injection of
diesel fuel and oxidants (O2 and H2O) through use of partial oxida-
tion catalysts. Generation of aldehydes in such a process has been
shown to significantly increase the de-NOx activity of AgAlO2/Al2O3

catalysts.175
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10.3.4 Catalysts for NH3 −− or urea-SCR

The more stringent regulations proposed in Euro V (2009) or Euro
VI (2014) proposals (or their equivalents in the USA or Japan),
requiring further decreases in NOx emissions, has led automotive
manufacturers to consider other alternatives, given the considerable
difficulties in achieving such objectives using hydrocarbon-SCR
approaches, as exposed in the previous section. Among these, NSR
technology, which will be discussed in Section 10.4, is considered
most viable for light-duty vehicles. In turn, a catalytic strategy which
could fulfill present or future regulations for both light- or heavy-
duty vehicles (particularly trucks among the latter), has been
commercially available since 2005, and is related to NH3-SCR.178,179

This is a well-established NOx abatement technology in the case of
stationary applications such as boilers, incinerators, or stationary
diesel engines. Recent reviews proposing extension of its application
to NOx control in mobile sources are available.178,180,181 The main
reaction involved in the process is the so-called standard SCR in
which both NO and O2 act as oxidants of NH3 (produced from
decomposition of urea, which is considered as the most promising
external NH3 source due to safety and volume-restriction
issues).178,180,181

4NH3 + 4NO + O2 → 4N2 + 6H2O. (10.8)

Nevertheless, other reactions involving NO2 as reactant, pure SCR
process (without O2 involvement), ammonium nitrate formation
(with further decomposition), or partial unselective NO or NO2

reduction yielding N2O can also take place to some extent.180,182,183

The use of NSR-produced NH3 within combined NSR-SCR strate-
gies has been also considered to enhance overall NOx removal
efficiency.183–185

Classical catalysts employed by industry for stationary processes
have been shown to display acceptable performance in the more
complex, as a consequence of the changing reaction atmosphere
or temperature conditions as well as the generally higher spatial
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velocity required, mobile applications.178,180 They are based on
anatase TiO2-supported V2O5-WO3 or V2O5-MoO3.178,180,181,186 Active
sites are considered to be related to the V2O5 component while tung-
sten or molybdenum oxide apparently act mainly as stabilizers
impeding TiO2 phase transformation from anatase to rutile with
consequential surface area loss. In turn, the use of TiO2 as a support
is associated with minimization of poisoning effects by SO2.186 As
examined by theoretical calculations, taking into account experi-
mental results, the reaction appears to start with the activation of
ammonia on Brønsted acidic V-OH sites leading to formation of
NH4

+. This then reacts with NO to produce an NH2NO complex
which decomposes into N2 and H2O.187 In this context, the stronger
adsorption energy of NH3 with respect to NO on this type of catalyst
must be considered.186 Nevertheless, a relevant mechanistic role for
NO-derived surface species like nitrate or, most particularly, nitrite
has been also pointed out.183

The classical vanadia system can apparently present some limi-
tations for mobile applications, which have been related to the
relatively low stability at high temperature of the titania support.182

This has led to the use of new zeolite-based catalysts promoted by
transition metals such as iron and copper.178,182,188,189 Results com-
paring different iron containing catalysts supported on alumina,
titania, and beta zeolite indicate the order of SCR performance to
be Fe/zeolite >> Fe/TiO2 > Fe/Al2O3 which was in the same order
as the capacity to adsorb ammonia.188 In addition to enhancing
high-temperature NOx abatement performance, zeolite-based cata-
lysts are shown to improve low-temperature activity and to present
a lower sensitivity to the use of non-ideal NO2/NOx ratios in the
inlet mixture in comparison with vanadia-based catalysts.178 Even
though both Fe-zeolite and Cu-zeolite systems display high SCR
activity, differences are found between them and have been
related to their specific activity for the various reactions involved
in the process.182 In any case, as in the case of vanadia-based sys-
tems,183 surface nitrates/nitrites which would further react with
ammonia are considered as key intermediates in the reaction
mechanism.182,183
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On the other hand, considering the practical application, slip
catalysts are generally required at the outlet of the SCR reactor in
order to remove secondary emissions which typically include a
certain concentration of ammonia, isocyanic acid (originating
from incomplete urea decomposition), nitrous oxide, and nitrohy-
drocarbons.178,181

10.4 Mixed Oscillating Emissions

10.4.1 NOx storage and reduction catalysts

Storage and reduction catalysts (NSR) offer the possibility of con-
trolling NOx emissions from automobile sources while permitting
operation under predominantly lean-burn conditions.190–193 The
concept is based upon the storage of NOx under lean conditions on
an alkaline-earth oxide component, such as baria, which is then
released during intermittent rich/stoichiometric periods where the
stored NOx is released and reduced by H2, CO or HC over the noble
metal component (Fig. 10.9).

The process has been thoroughly examined in two recent reviews
which focus on mechanistic and fundamental issues associated with
the system.194,195 Given the focus of this book, our chapter will concern
itself primarily with the roles performed by the metal component/s.
Although the majority of studies involve Pt as the metal of choice,190,193

studies involving Pd,196–198 Rh,192 and combinations of Pt and Rh,199–202
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Figure 10.9 Operational concept of NSR catalyst.
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Pt and Pd,199 and Pt, Pd, and Rh,203 have been performed. In principle
the role of the noble metal190,191 component is two-fold:

• Oxidation of NO to NO2 which is catalyzed by the supported
metal;

• Reduction of the released NOx to N2 by the reductants.

In the following section, the contribution of the noble
metal component will be discussed with regard to its contribution
(i) during the storage (lean conditions) process, then (ii) during
the NOx release and reduction process (stoichiometric/rich condi-
tions) and, finally, (iii) involving the deactivation and reactivation
due to sulfate poisoning.

(i) Although NOx can be stored over BaO containing catalysts in the
absence of the noble metal,204–206 it is most readily stored when sup-
plied in the form of NO2,204,206,207 but slow when NOx is supplied in
the form of NO,208 confirming that the storage process is enhanced
by the metal catalyzed oxidation of NO to NO2. The extent of
storage is therefore less in the absence of the noble metal.207,209

Increasing the Pt loading from 0.02 to 0.2 wt% significantly
enhances storage but only slight improvement is gained above this
loading.210 Such improvements as a function of metal loading/
dispersion may not be apparent in cases where long storage periods
are employed211 but may be more prevalent when low temperatures
are employed212 and/or where “fast” sorption capacities are
tested.213 It is known that NO oxidation rate per site (TOF) is
increased as dispersion is decreased in the case of Pt.214 Fanson
et al.,215 in contrast to this widely accepted view, report that the oxi-
dation of NO to NO2 is not a critical step in the storage process and
that NO is oxidized on the baria component by oxygen spilt over
from Pt. Although NO may be directly adsorbed by baria in the form
of nitrite species,208,216 these may be slowly converted to nitrates, pos-
sibly by oxidation with NO2

192,216 or by oxygen supplied by Pt.208 In
the case of oxidation of nitrites by NO2, the reaction is thought to
occur over the storage component192,216 with no contribution from
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the metal other than the initial oxidation of NO to provide the NO2.
Sensitivity to metal loading/dispersion210,214 may be a consequence
of exposure of Pt to NO/NO2 which leads to oxidation of smaller
particles to Pt2+ or Pt4+ which show reduced activity for NO oxida-
tion.217 Increasing Pt loading, in addition to avoiding oxidation of
smaller more sensitive particles, may give increased storage due to
the increased number of interactions with baria, thereby increasing
the storage area.199 However, loss of dispersion through sintering
after heat treatment above 973 K under oxidizing conditions, leads
to substantial losses of storage ability.218 Pd shows higher NOx stor-
age ability than Pt194,219 and Rh may perform better than Pt220

although this may be limited195 to specific supports.
In addition to its role in the oxidation process, there are some

indications that the metal component may perform additional func-
tions during storage other than merely oxidation of NO to NO2. As
the barium oxide exists primarily as carbonate in the prepared form
as confirmed by XRD and FTIR studies,221,222 there is a suggestion223

that Pt enhances the decomposition of this barium carbonate and
thus facilitates NOx storage. However it is often difficult to make a
direct comparison of Pt containing and Pt-free Ba/Al2O3 catalysts
regarding bulk phases as XRD patterns of the as-prepared catalysts
for the former tend to show lines due to bulk carbonate which are
absent or less intense than in their Pt-free counterparts.224 This is
probably a consequence of the use of acidic H2PtCl6 as Pt precursor
which appears to redisperse barium containing phases during the
two-stage preparation procedure225 although there is a suggestion
that the blocking of sites for CO2 adsorption by retained chloride
ions may also play a role.209 The appearance of weaker maxima at
1554 and 1324 cm−1 in FTIR spectra of Pt containing Ba/Al2O3

catalysts compared to Pt-free samples209 may therefore be the conse-
quence of different characteristics of the starting material rather
than due to any advantages induced by a Pt catalyzed decomposition
of carbonate species.

As the addition of Pt precursor may influence the subsequent
dispersion of the baria component,209,224,225 and nitrate formation is
often observed to be limited to the surface regions of the storage
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component rather than leading to bulk phases,209,221,226 comparison
of NOx storage capacities in the presence and absence of the noble
metal may provide misleading information concerning the role of
Pt during the storage process. The NOx storage capacity has been
shown209 to increase in the order, Al2O3 < Ba/Al2O3 < Pt/Ba/Al2O3

which provides support for the proposal192,209,223 that the noble
metal provides atomic oxygen which facilitates the uptake of NOx

by the baria. This may involve enhanced peroxide formation, which
has been suggested227 as a route to nitrate formation over sup-
ported baria in the absence of Pt. NOx storage over baria in the
absence of Pt as a supplier of atomic oxygen would therefore be
limited to a few specific sites whose concentration is a function of
dispersion and other preparation variables. This is consistent with
the reduced NOx uptakes observed in the absence of the
metal.207,209 Most models therefore involve oxidation of NO to NO2

over the active metal, followed by spillover of NO2 onto the storage
component.228 Further oxygen is required to convert NO2 (N oxi-
dation state IV) to NO3

− (N oxidation state V). An alternative to the
spillover of activated oxygen192,223 to convert NO2 to nitrate involves
activated forms of NO2.223

(ii) During a switch to rich mixture, the presence of Pt may lead to
the catalytic decomposition of Ba(NO3)2.226 Although the exact role
of Pt in this process was not clear, this may be similar to the steps
indicated by Balcon et al.201 where NO2 is released due to displace-
ment by CO2 which would be prevalent during the stoichiometric
switch, and which provides a carbon-rich feed stream. Although
stored NOx is destabilized in the presence of propene leading to a
lowering of its release temperature relative to experiments in air
or nitrogen,209,229 the release of NOx occurs at temperatures sig-
nificantly lower than the light-off temperature for the hydrocarbon,
indicating that the stored NOx decomposition is not driven by
an increase in gaseous CO2 concentration. Additionally, the extent
of the destabilization was independent of the propene partial
pressure.229 Whereas Takahashi et al.190 indicate that NOx reduction
efficiency is independent of the type of reductant but dependent
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only on the stoichiometric ratio, there are indications that in terms
of regenerating a nitrated trap catalyst, the order of efficiency is
H2 > CO > HC.200,224,230 The differences in efficiency may arise from
different reduction mechanisms for the different reductants, with
hydrogen reducing NOx via ammonia formation whereas use of CO
may proceed via formation of surface cyanates and isocyanides.231

The release and reduction mode mechanism is usually rather
simplistically shown190 as a reductant interacting with a metal site fol-
lowed by reduction of stored NO3

−. Using this model, it is unclear as
to whether nitrate decomposition releases NO2/NO followed by
spillover to the metal and reaction, or whether activated reductant
molecules are released by the metal where reaction proceeds with
the stored NO3

− over the baria. Olsson et al.228 suggest that the spe-
cific pathway depends on the type of reductant employed, with
propene for example undergoing reaction with NOx on the metal.
Propane, on the other hand, may undergo reaction with NO2 on the
support.232 Under isothermal conditions, reduction using hydrogen
is thought to involve a catalytic pathway involving Pt rather than via
thermal decomposition.233 Experiments using model catalysts
show224 that in the absence of reductant, less than 10% of NOx is
released as NO, whereas the presence of reductant leads to signifi-
cant NO release which is independent of the presence of Pt. Results
suggest that while formation of N2 from stored NOx requires the
presence of reduced noble metal sites, formation of NO can take
place over the support alone, probably by direct interaction between
reductant and stored nitrate. The role of Pt in providing activated
spillover reductant is important for the decomposition of certain
forms of NOx stored by the alumina.224 Modeling studies also
include228 reaction steps which allow for spillover of hydrocarbon
species from the metal component where they react directly with
NOx stored on the baria component. The fact that the light-off
curves for C3H6 and hydrogen were displaced to higher temperatures
in the presence of stored NOx

209,224 illustrates that NOx is reverse
spilled over onto the platinum surface228 during regeneration of the
nitrated trap. Pd is believed to show better reduction ability com-
pared to Pt.195 If Pt is oxidized under lean conditions,199,217 then this
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may be rationalized, at least in part, due to the more facile conver-
sion of Pd2+ to Pd compared to reduction of Pt.198 Some NOx is
released during the initial lean to rich switch and this amount
is temperature sensitive211,234 but may also show sensitivity to Pt
loading.211

(iii) The NOx storage capacity of NSR catalysts is lowered as a
function of time on-stream as a consequence of accumulation of
sulfur as sulfate on the storage component.235,236 The choice of
noble metal or metal combination may be crucial in determining
deactivation as there are indications that sulfate formation is pro-
moted by Pt but inhibited by Rh.237 Another report, however,
indicated that the NOx storage capacity was deactivated faster in
the presence of SO2 for an Rh containing catalyst than when Pt
alone was employed.199 Pt shows better sulfur tolerance than Pd.195

The addition of transition metals such as Fe to the Pt/Ba/Al2O3

system may enhance durability215,238 by inhibiting the growth of
BaSO4 particles which are formed.238 In the absence of noble
metals,237 or in the absence of oxygen,239 the extent of sulfate for-
mation is reduced, probably indicating that the deactivation
process involves oxidation of SO2 to SO3 over the metal compo-
nent followed by SO3 adsorption on the storage component. There
are reports that BaSO4 may be formed, however, even in the
absence of Pt.240 An alternative to the use of sulfur resistant storage
materials using, for example, TiO2 in place of BaO,202 might
involve a selection of metals or combination of metals which
exhibit high selectivity for NO oxidation but low selectivity for SO2

oxidation. In this context, Fridell and coworkers have investigated
the addition of metal oxide additives including WO3, MoO3, V2O5,

and Ga2O3 on the deactivation of Pt/Ba/Al2O3.241 Although MoO3

addition enhanced NO oxidation and showed the lowest SO2 oxi-
dation activity, the storage capacity of the modified catalyst
declined faster than the unmodified Pt/Ba/Al2O3. The NOx stor-
age capacity may be readily regenerated under reducing
conditions where the extent of deactivation is relatively low,239,242

although, in more severe cases, even extended regeneration periods
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fail to recover the initial storage capacity.235,242 This transition in
the ease by which sulfate may be removed may be associated with
the transition from surface to bulk sulfates,236 however, this is dif-
ficult to visualize given that bulk barium carbonate still retains
NOx storage ability and it is often found that NOx storage is a sur-
face rather than a bulk phenomenon.221,226 It is also possible that
sulfate particle size governs the ease by which this phase is decom-
posed.238 The difficulty in complete regeneration following sulfate
formation may be linked to the regeneration procedure employed,
as this invariably involves exposure of the catalyst to a reducing
atmosphere at high temperature which leads to the formation of
sulfide species. Although some of this sulfide is associated with
Ba,235 there is also evidence that sulfide becomes associated with
the metallic component,203,236 which therefore hinders further
regeneration via reduction. Pt and Pd both appear susceptible to
sulfide formation,203,236 while there is little evidence for sulfidation
of Rh. A combination of Pt and Rh was found to provide good sul-
fur regeneration qualities.199 For Pt/Ba/Al2O3 systems, the order
of regeneration efficiency was found to be H2 > CO > C3H6.239 As
the presence of water during the regeneration procedure may be
beneficial, allowing for hydrolysis to remove surface sulfides,203 the
regenerating gas should contain hydrogen or hydrocarbon.
Complete regeneration in hydrogen alone is not possible, even at
elevated temperatures.235 The addition of CO2 to a hydrogen con-
taining stream may also have benefits when attempting to
regenerate sulfate poisoned catalysts, as the carbonate can displace
S2− under rich conditions.235
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formamide 199
formate 228
Fourier analysis 133
Fourier transform 133
FTIR 419
FTIR spectroscopy 56
fuel 410
fuel cells (FC) 249, 305, 330, 350,

366, 384, 407, 472

gas diffusion layer (GDL) 410, 472
gas-to-liquids 303
Ge 139
geometric 179, 204
geometric effects 312
glyceric acid 194, 195
glycerol 194, 195
gold 193–195, 217, 361, 362, 364

Au/TiO2 catalyst 364
catalyst 193–195

graphite/graphitisation 195, 312,
314–317, 321, 325

H2 titration 22

H2O 425
H2PtCl6 8, 451
HC-SCR 23
heat treatment 536
heating rate 362
heterogeneous catalysts 1
hexagonal centered primitive, hcp 122
Heyrosky–Volmer 413
high resolution (HREM) lattice image

86
high-angle annular-dark field

(HAADF) 94
high resolution transmission electron

spectroscopy (HRTEM) 47, 375,
378

higher alcohols 247, 252, 265, 268,
270–274, 278

production of 274, 278
homogeneous deposition 3
homogeneous deposition

precipitation (HDP) 28
hot spots 331, 335, 336, 384
hydrocarbon hydrogenolysis 144
hydrocarbon reforming 428
hydrocarbons

selective catalytic reduction
(SCR) of NOx 516,
521–523, 525

steam reforming 308
hydrocinchonidine sulphate 201
hydrocinchonine β-methylcinnamate

197
hydroformylation

reaction 279–281
hydrogen 407

H:M 55
H2-O2 titration 59
H/Pd stoichiometry 61
H:Pd ratio 62
H:Pt stoichiometry 57, 58
H:Rh ratio 63, 64
H:Rh stoichiometry 64
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hydrogen chemisorption 59, 61, 64,
71, 499

hydrogen consumption 59, 62
hydrogen oxidation reaction (HOR)

411, 472
hydrogen peroxide (H2O2) 422
hydrogen pressure 67, 197, 199, 201,

208
hydrogen transfer 359
hydrogen production 255, 302,

304, 305, 314, 320, 356, 366, 368,
371, 372, 379, 381, 382, 384,
386–388

hydrogenation
hydrogenolysis 255, 256
hydrogen-oxygen titration

65
hydrotalcite 14, 285, 307, 317, 345,

347–349
hydrotalcite-like precursors (HTlcs)

365 
hydroxyacetone 192
hydroxyl groups 55, 276, 277, 311,

341

ICP 82
imaging 81
immobilisation 280, 285
impregnation 3, 67, 260, 353, 374,

378, 387, 508
impregnation method 448
infrared and Raman spectroscopies

81
infrared spectroscopy 42, 148, 188,

255, 284, 370, 378
intermediates 185, 186, 208,

247–255, 258, 269, 271, 273, 285,
340, 341, 343, 352, 359, 367, 373,
507, 516, 521, 526, 530, 533

ionic liquids 193
Ir 138, 139
iridium 518

for methane decomposition
301, 302, 313–317, 320, 321,
331

for methane dissociation 327,
329, 343

for partial oxidation of methane
247, 282, 303, 330–332, 345,
347–349

iron 186, 251, 254, 256–261, 263,
278, 314, 315, 318, 533

for methane decomposition
301, 302, 313–317, 320, 321,
331

for partial oxidation of methane
247, 282, 303, 330–332, 345,
347–349

irreversible sintering 196
isochore 52, 58
isochore measurements 58
isomerisation 179–181, 188, 

256
isotope effect

kinetic 358, 359

α-keto esters 197
2-keto-L-gulonic acid 193
K edge 136
K2CO3 32
kinetic resolution 202
kinetics 436
KNO3 30
KOH 32

L3 edge 225
La 33
La2O3 13
lactic acid 192, 277
Langmuir model 51
Langmuir–Hinshelwood 416
lanthana

for methanol decomposition
350–352
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for methanol steam 
reforming 352, 353, 355,
356, 363, 366, 370

for partial oxidation of methane
247, 282, 303, 330–332, 345,
347–349

for steam methane 
reforming 301, 303, 329

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

lanthanum
La2O3 368, 369, 372 

leaching 196, 279–281, 529
lead 48, 61, 63, 65, 69, 179, 188, 192,

197, 201, 247, 249, 256, 257, 259,
282, 305, 325, 326, 502, 504, 537

lean-burn 494, 495, 511, 512, 516,
522, 526, 534

Lewis sites 56
Li2CO3-K2CO3 408
LIII edge 136
line-broadening 43–45, 57, 59, 60
lithium

Li2CO3 193
low coordination sites 58, 309
low energy ion scattering (LEIS)

109, 441
low molecular weight alcohols

428
L-sorbose 192
LTL-Zeolite 123

magnesia
for methane decomposition

301, 302, 313–317, 320, 321,
331

for partial oxidation of methane
247, 282, 303, 330–332, 345,
347–349

for steam methane 
reforming 301, 303, 329

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

magnetic measurements 42, 45, 68
magnetic properties 45
mass spectrometry 472
mass-thickness contrast 86
MCM-41 201, 259, 280, 281, 284
mean crystallite size 68
mechanism

combustion and reforming
reactions 334

direct partial oxidation 282, 334
membrane 408
membrane electrode assemblies

(MEAs) 416, 422, 472
metal dispersion 49, 67, 72, 259, 307,

314, 339, 345, 371
metal surface area 42, 53, 69, 259,

357, 498, 508
metallic cluster 49, 71, 320
metals 407
methane

conversion 302, 317, 319, 332,
336, 345

decomposition 301, 302,
313–317, 320, 321, 331

dissociation 327, 329, 343
dry reforming 278
oxidative coupling 332
partial oxidation 282, 345
reaction 282, 314
steam reforming 264, 309–311,

345, 377
methanol 430

autothermal reforming 331,
364, 366, 384, 386–388

decomposition 350–352
dehydrogenation 284, 286
partial oxidation 362, 366
steam reforming 352, 353, 355,

356, 363, 366, 370

Index 559

b1215_Index.qxd  11/28/2011  5:15 PM  Page 559



b1215 Supported Metals in Catalysis

synthesis 69, 265–270,
273–275, 286, 329, 330,
350–352

methanol oxidation 144
methoxy intermediate 359
methyl pyruvate 197, 200
Mg 30
Mg(OH)2 14
MgO 223
microanalysis 81
microcrystalline metals 190
microwave 283
mixed oxide 253, 276, 282, 285, 317,

345, 348, 349, 372, 373, 501–503,
507, 509, 516

Mo 139, 421
molar absorption coefficients 56, 63
molten carbonate fuel cells (MCFC)

408, 472
molybdenum

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for steam methane reforming
301, 303, 329

monolayer 41, 51–53, 55, 71, 72, 386
monolayer capacity 52, 53
monolith 10, 263, 282, 337, 381, 515
monometallic 122
monometallic catalysts 374
monometallic Pt 373
MoO2 226
morphology 46, 48, 57, 201, 252,

253, 261, 306, 318, 320, 323, 355,
356, 361, 387

multimetallic catalysts 191
multiwall carbon nanotubes

472

N2H4 451
N2O decomposition 53, 70, 497
Na2SO3 451

Na4S2O5 451
Na6Pt(SO3)4 451
Na6Ru(SO3) 451
NaBH4 451
Nafion 410
nanofibres 314, 321, 323, 325,

326
nanoparticles 193, 254, 259, 260,

280, 283, 352, 354, 507, 508
nanotubes 261, 268, 272, 280, 283,

314, 316, 318
NaOH 12
naphtha 301 
natural gas 247, 249, 250, 264, 282,

301–303, 330, 332, 341, 382, 385
Nernst potential 413
NH3 12
NH4OH 25
Ni 138, 139
Ni(NO3)2

.6H2O 10
nickel 1

catalyst 50, 304, 306, 308, 310,
311, 313, 314, 320, 323, 337,
340, 344, 371–373, 383, 385

dispersion 68, 372
for hydrogen production 384

Ni-Mo 141
NO 23, 218
NO elimination 142
NO/NO2 536

NO elimination 508
NO reduction 498–500, 510,

519
NOx decomposition 537
NO:Rh(total) 66

NO+C3H6 142
NO2 30, 142
non-linear optics 151
non-noble metal catalysts (NNMCs)

410, 472
normal frequency 149
normal hydrogen electrode 472
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NOx 20
NOx species 142
NSR catalyst 539
nuclear magnetic resonance (NMR)

69, 163
nucleation 257, 306, 307, 309, 310,

312, 313, 323
nucleation sites 257, 309

O2 29, 219
open circuit 423
osmium

Os/ZnO 186
for methane dissociation 329

Ostwald ripening 196
overoxidation 195
oxidation catalysts 495, 512, 513,

531
oxidative decarbonylation 195
oxygen

O2-H2 titration 62, 71
O2 chemisorption 59, 71
O:Cu stoichiometry 70
O:Ni ratios 68
O: Pd stoichiometry 60, 62, 63
O:Pt ratio 56, 58
O: Rh 65
adsorption 62, 65
chemisorption 58, 59, 70
lattice 310, 311, 364, 516
uptakes 65

oxygen reduction reaction (ORR)
409, 472

palladium 59, 61, 183, 206–208, 268,
319, 350, 354, 362, 372, 385, 504,
508, 518

catalyst 350, 362, 372
for methane decomposition

301, 302, 313–317, 320, 321,
331

for methane dissociation 327,
329, 343

for methanol decomposition
350–352

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for partial oxidation of
methanol 357, 358,
360–362, 364, 365

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

particle 268
β-Pd-Hx 61
Pd/Al2O3 catalyst 62
Pd-Ag/pumice 195
Pd/CO stoichiometry 60
Pd/SiO2 catalyst 60, 269,

351
surface area 61

particle size 1, 41–50, 56, 59–61, 65,
67, 68, 184, 193, 201, 202, 261, 268,
306, 307, 316, 326, 331, 340, 346,
349, 364, 372, 381, 384, 502, 507,
508, 520, 521, 540

Pauling electronegativity 184,
436

Pd 13, 138, 139, 142, 226
Pd/CeZrO4 144
Pd-Cr 142
Pd-Cu 128, 135, 142
Pd-Ni 142
PdO 138
Pd-Pt 141
pentanol 199
percentage reduction 50, 68
perovskite 310, 317, 338, 339,

345–347, 372, 373, 386–388
phase contrast 86
phosphines 192, 193, 281
phosphoric acid fuel cells (PAFC)

408, 472
photodeposition 17
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platinum 56–58, 71, 186, 191, 197,
206, 208, 311, 337, 339, 385, 386,
495, 498, 504, 518, 531, 538

catalyst 337, 385
crystallite sizes 41, 60, 68, 501
for methane decomposition

301, 302, 313–317, 320, 321,
331

for methane dissociation 327,
329, 343

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for steam methane reforming
301, 303, 329

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

Pt-Re 71
Pt-Re/Al2O3 71
Pt-Ru 71, 337
Pt-Sn 72, 277
Pt/SiO2 catalyst 57–59, 199

point of zero charge (PZC) 5
poisoning 42,190, 191, 282, 307, 369,

383, 384, 504, 509, 520, 533, 535
polymerisation 250–253, 256, 307
pore volume impregnation
porous structure 339, 366
potassium 261, 306, 344, 356, 367,

368 
precipitation 3, 237, 285, 353, 381
precipitation at constant pH 28
precipitation curves
precursor 52, 64, 260, 268, 321, 332,

345–347, 355, 373, 387, 499, 518,
536

pre-reforming 304
pressure swing adsorption 305
principal component analysis (PCA)

140
probe molecule 42, 47

promoters 61, 185, 188, 191, 254,
257, 260, 267, 271, 273, 275, 276,
310, 312, 318, 319, 343, 344, 349,
360, 504, 519

promoting effects 312, 343,
516

propene 29, 281, 519, 520, 522–525,
530, 537, 538

propylene glycol 192
propylene oxide (PO) 29
proton exchange membrane fuel cells

(PEMFC) 408, 472
Pt 3, 6, 138, 139, 226
Pt and Pd black 415
Pt(C8H12)(CH3) 2 451
[Pt(NH3)4]2+ 6
Pt(NH3)2(NO2)2 451
Pt(NH3)4(OH)2 451
Pt25Cu75 446
Pt3Sn 431
Pt3Ti 443
Pt3V 443
Pt3X (X = Fe, Co, Ni, Cr, Mn) 439
PtCl6

2- 7
PtCo 439
PtCr 439
PtCu 446
PtCuCo 446
PtFe 419, 440
PtMo 420, 426
PtNi 431, 439
PtPb 445
Pt-Re 140
Pt-Ru 420, 421
PtRu 451
PtRuMo 428
PtRuOs 428
PtRuPd 428
PtRuSn 428
PtRuW 428
PtSn 421
pulse chemisorption 53, 54, 60, 69
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pulse method 70, 71
pulsed chemisorption 50
pyrochlores 345
pyruvic acid 192

quinidine 198, 200, 201
quinine 198
quinoline 179, 197, 201
quinuclidine 197, 198, 201, 208

rate enhancement 187, 206, 208
rate of coking 311
Re 122, 139
reaction mechanism 434
reactive frontal chromatography 53,

70
readsorption 180, 181, 251, 256, 

262
redispersion 507, 508, 529
reference hydrogen electrode 472
reformate 380, 388
reforming

catalyst 302, 304, 368, 383
reaction 277, 282, 302, 304,

307, 308, 310–312, 334, 338,
344, 352, 360, 365–369,
372–374, 377, 381, 384, 385,
388, 498

regeneration 52, 254, 260, 315, 316,
326, 514, 538–540

residence time 257, 262, 337, 368,
379, 382, 531

Rh 138, 142
Rh/CeO2 90
Rh-Cu/Al2O3 140
rhenium 312

alumina 312, 314, 319, 338,
339, 345, 354, 355, 368, 372,
383–386, 496, 499, 502, 503,
505, 507–510, 513, 518, 523,
526, 528, 529–531, 533, 538

for steam methane reforming
301, 303, 329

mobility 276, 346, 364, 378,
514, 516

rhodium 48, 63–66, 270, 312, 319,
336, 383, 518

for ethanol decomposition
367, 373

for methane decomposition
301, 302, 313–317, 320, 321,
331

for methane dissociation 327,
329, 343

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

Rh/CeO2 48, 351, 367, 371
supported rhodium catalysts

63
Rietveld analysis 44
rotating-ring disk-electrode 472
1/R2 rule 138
Ru 122, 139
Ru3(CO)12 451
RuCl3 451
RuNO(NO3)x 451
RuO2 427
ruthenium 280, 307, 349, 383, 388

for methane dissociation 327,
329, 343

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for steam methane reforming
301, 303, 329

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381
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scanning electron microscopy (SEM)
25, 332, 472

scanning transmission electron 
microscope (STEM) 82, 96

scanning tunneling microscopy (STM)
219

Scherrer equation 43
segregation 72, 306, 317, 375, 378,

387, 503, 529
selective chemisorption 71, 72
selective oxidation 144
selective titration 72
shift, high temperature 305
shift, low temperature 305
silica 58, 60, 201, 202, 253, 255, 259,

269, 270, 279, 280, 284, 311, 316,
344, 356, 513

for methane decomposition 301,
302, 313–317, 320, 321, 331

for methanol decomposition
350–352

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

silver 193, 195, 529, 531
Ag/pumice 195
supported silver catalysts 195,

529
singlewall carbon nanotubes 472
sintering 42, 48, 62, 196, 201, 254,

261, 319, 334, 335, 338, 339, 346,
349, 361, 364, 371, 372, 378, 384,
496, 499, 500, 503, 504, 536

SiO2 16, 24
Sn 139
SO2 218, 236
SO3 236
SO4 236

sol-gel method 279, 311, 339
solid oxide fuel cells (SOFC) 408,

472
solid solutions 501, 502
specific area 316, 374
spectroscopic techniques 121
spillover 49, 52, 55, 57, 58, 62, 64,

266, 267, 310, 311, 318, 357, 359,
360, 498, 499, 537, 538

spinel (NiAl2O4) 282, 317, 319, 323,
334, 346, 356, 372, 373

Sr 30
start-up 362
static methods 51, 53, 70
stoichiometry 49, 53, 56–72, 345,

372, 494
strong metal support interactions

(SMSI) effects 68
structure-sensitive 258, 284, 309, 314,

317, 341, 344, 506, 510
sulfur 184, 185, 188, 190, 218,

238–240, 253, 268, 282, 307,
308, 312, 341, 383, 385, 388, 420,
504, 511, 513, 520, 523, 526, 539,
540

adsorption 307, 308
poisoning 307, 383, 520
sensitivity 504

sum frequency generation (SFG) 
technique 151

supercritical CO2 193, 281
surface area 1, 53, 68, 70, 258, 357,

499
surface stoichiometry 64, 66–68
synthesis by microemulsion 450
synthesis methods 448

Tafel plot 436
Tafel–Volmer 413
TAP 20
temperature gradients 331, 336
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temperature-programmed desorption
(TPD) 54, 55, 58, 60, 69, 358,
360, 373, 378, 473, 506

temperature-programmed oxidation
348

temperature-programmed reduction
(TPR) 50, 57, 64, 347, 351, 378,
386

tetraethyl orthosilicate (TEOS) 24
tetrahydrofuran 199
TGA 82
thiophene 188, 189
three-way catalyst 494, 495, 512,

522
TiC 218, 223
tin 308, 312, 343

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for steam methane reforming
301, 303, 329

TiO2 17, 84, 217, 223, 224
titania 513, 533

for methanol decomposition
350–352

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for steam methane reforming
301, 303, 329

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

toluene 199, 200, 383, 520
total scattering 146
transmission electron microscope

(TEM) 26, 45–48, 57–62, 65, 68,
81, 307, 309, 314, 316, 364, 374,
472, 509

troy ounce 473
TS-1 25
tungsten 311, 533

for steam methane
reforming 301, 303, 329

turn-over frequency (TOF) 42, 304

ultra-high vacuum 473
ultraviolet photoelectron spectroscopy

(UPS) 442, 473
underpotential depostion 473
unsaturated aldehydes 185, 187

valence and core photoelectron
spectroscopies 159

vibrational spectroscopy 148
volumetric 50
Vulcan XC-72R 429

Wagner plots 161
Warren–Averbach method 44
water 29, 410
water-gas shift 69, 144, 217, 253–256,

265, 269, 273, 274, 278, 303–305,
313, 330, 352, 365–367, 369, 370,
498

water-gas shift reaction (WGS) 135,
224

whiskers 305–307, 313, 334
White line 137

X-ray absorption 42, 122, 254, 258,
507

X-ray absorption fine structure
(XAFS) 129, 507, 528

X-ray absorption near-edge
spectroscopy (XANES) 71, 130,
131, 224, 325, 426, 527, 528

X-ray absorption spectroscopy (XAS)
129, 420, 473

X-ray cross-section 130
X-ray diffraction (XRD) 42–45, 47,

68, 71, 82, 315, 358, 363, 384, 499,
507, 529, 536

X-ray emission spectroscopy 129, 145
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X-ray energy dispersive spectroscopy
(XEDS) 81

X-ray photoelectron spectroscopy
(XPS) 82, 109, 315, 346, 375, 376,
378, 386

X-ray scattering 44, 45, 258

Y2O3 408
ytria

for partial oxidation of methane
247, 282, 303, 330, 332, 345,
347–349

for steam reforming of
methanol 352–356, 365, 379

zeolite 247, 259, 260, 263, 270, 275,
279, 280, 283–285, 339, 342, 344,
366, 522, 523, 527, 529, 533

zero emission vehicles 407
zinc 265, 267, 268, 270, 355, 357,

366
for partial oxidation of

methanol 357, 358,
360–362, 364, 365

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

for steam reforming of
methanol 352–356, 365, 379

zirconia
for methanol decomposition

350–352
for partial oxidation of methane

247, 282, 303, 330, 332, 345,
347–349

for partial oxidation of
methanol 357, 358,
360–362, 364, 365

for steam methane reforming
301, 303, 329

for steam reforming of ethanol
366, 370–372, 374, 376, 377,
381

for steam reforming of
methanol 352–356, 365,
379

ZnO 99, 226
ZrO2 408
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