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Chapter 1  

Introduction and scope 
 

Summary  

Catalysts are essential for the efficient conversion of current and future feedstocks 
to fuels and chemicals. For instance, hydrogen is used on a large scale in the 
production of chemicals and to clean up products derived from petroleum feedstocks. 
The primary source of hydrogen is natural gas and catalytic steam reforming is 
employed to yield a mixture of hydrogen and carbon monoxide/carbon dioxide. To 
achieve this, one nearly always employs highly dispersed nanoparticles of transition 
metals as catalysts for this reaction. These catalytic solids facilitate the bond breaking 
and making of molecules on their surface. Accordingly, the surface-to-volume ratio of 
catalysts needs to be maximized. Therefore, one generally aims for high metal 
dispersion. Yet, when the size of metal nanoparticles is brought down to sizes below 
10 nm, we find that the structural and catalytic properties will strongly depend on the 
particle size. Our current understanding of this structure sensitivity is discussed by 
highlighting several examples from recent literature. This chapter concludes with the 
scope of this thesis aiming to understand structure sensitivity of supported metal 
nanoparticles relevant for steam methane reforming.  



Chapter 1 

1.1 Catalysis 

Most people are familiar with the concept of catalysis, because they are aware that 
their car contains a catalyst for cleaning the exhaust gases. Enzymes, which facilitate 
the biological processes in our body, are another example, although these are not 
directly perceived as catalysts by everybody. The importance of catalysis is 
ubiquitous to life and society. In the chemicals industry, catalysts are strongly 
involved in the production of chemicals – nearly 90% of all chemical processes use 
catalysts. As such, catalysts have a considerable impact on the gross domestic product 
(GDP) of most developed nations. As an example, the contribution of the 
petrochemical and chemicals industry to the Dutch economy is estimated to be around 
25%.  

Catalysis is a phenomenon that was first recognized around 1816 by Davy when he 
observed that the combustion of coal gas with oxygen is accelerated by a glowing 
platinum wire. The first application of this heterogeneous catalytic oxidation reaction 
was the miner’s safety lamp. Although nobody at that time understood the exact 
nature of the catalytic action of platinum, it was Berzelius around 1835 who coined 
the name ‘catalysis’ as a ‘chemical event that changes the composition of a mixture’. 
Besides a chemical driving force, he concluded that a reaction occurs by catalytic 
contact. From these ideas the definition of a catalyst evolved into the modern one that 
is a material that will increase the rate of a particular reaction without itself being 
consumed in the process. Catalysts were already used much earlier, of course, as a 
tool to carry out chemical reactions, for instance in fermentation processes (wine, 
beer, cheese) and the production of sulfuric acid. The field of catalysis developed at 
the end of the nineteenth century when the influence of metals and oxides on the 
decomposition of several organic compounds was studied more intensively. 
Fundamental understanding of catalysis commenced with the work of scientists such 
as Ostwald, Faraday, Van ‘t Hoff, Arrhenius, Sabatier, Langmuir, Taylor and Rideal 
[1]. It allowed more systematic, scientifically based research that led to the first large-
scale industrial catalytic process in 1909, the continuous synthesis of ammonia from 
nitrogen and hydrogen (Haber-Bosch process). This process is probably the most 
studied industrial reaction and it acts as the prototype reaction that has been used to 
develop many key concepts in the field [2].  

Industrial catalysis has always been closely connected with changes in society and 
especially with the ever increasing need for energy. Initially, society depended on 
biomass for energy, but the larger amounts of energy required during industrialization 
and population growth led to the large-scale use of coal. After the Second World War, 
petroleum oil became the dominant feedstock. Natural gas is rapidly becoming more 
important as a source of energy and also of fuels and chemicals. In the foreseeable 
future, bio-renewable energy resources will undoubtedly become more important 
again to counter the negative effects of carbon dioxide emissions associated with the 
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use of fossil fuels and also to decrease our dependence on these products [3-5]. In 
essence, all these energy sources represent stored energy from solar light (‘fossilized 
sunshine’) with biomass having the shortest production time. A prospect for the 
coming decades is the development of direct conversion routes of solar energy with 
simple molecules such as water and carbon dioxide to fuels and chemicals [6].  

It is worthwhile to mention the discovery of several important catalytic reactions 
that were or have become important in the last century: catalytic coal liquefaction 
(1913) for the production of basic organic chemicals, Fischer-Tropsch synthesis to 
convert synthesis gas (syngas, a mixture of hydrogen, carbon monoxide (CO) and 
carbon dioxide (CO2)) obtained from coal gasification to motor fuels and chemicals 
(1923) and catalytic cracking of heavy-oil (1936). After the Second World War, oil 
became the most important source of transportation fuels and chemicals in the 
developed world. With the rapid development of the petrochemical industry, catalysis 
played a crucial role in producing products to enhance the quality of life such as 
plastics, pharmaceuticals and specialty chemicals [7]. In large petroleum refineries, 
other valuable products such as gasoline, kerosene (jet fuel), diesel, wax, lubricants, 
bitumen (asphalt) and petrochemicals from a crude oil feed of variable composition 
are produced. Different physical and catalytic processes such as distillation, 
alkylation, reforming, extraction, hydrogenation, isomerization, aromatization, 
cracking, hydrotreating and blending are utilized to efficiently produce high yields of 
these high-energy-density products. A major driver for catalysis has also been the 
environmental concern associated with the combustion of sulfur-containing fuels 
(hydrotreating processes in refineries), undesired emissions from Otto engines 
(automotive three-way catalyst) and the decrease of NOx emissions from industry and 
trucks. 
 
1.2 Structure sensitivity 

Heterogeneous catalysis mostly refers to the case of a solid catalyst used to convert 
gaseous and/or liquid reactants. Catalysts provide a low energy path to the desired 
product by binding and activating reactant molecules so that their bonds are more 
easily broken and new ones formed than in the non-catalyzed case. The elementary 
reaction steps, adsorption of reactants, dissociation and association reactions on the 
surface and desorption of the products, take place at the solid–gas or solid–liquid 
interface. As catalysis is a surface phenomenon, it is easily seen that the surface of the 
primary catalyst particles should be as high as possible.  

However, the surface catalytic properties of solids are often significantly changed 
when the size of nanoparticles becomes smaller than about 10 nm [8-11]. When these 
nanoparticles become very small, a significant part of the surface will contain sites 
different from the regular terraces that dominated our thinking about catalysis for 
decades, namely steps, kinks, edges and corners. These latter sites contain metal 
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atoms with a smaller number of neighbor metal atoms as the terrace sites. Besides, 
special surface metal atom ensembles might arise such as step sites. It is therefore 
essential to understand the relation between the surface metal atom topology and 
coordination and reactivity. Taylor [12] already suggested in 1925 that special “active 
sites” associated with low-coordinated surface atoms or defects control the surface 
chemical reactivity. Boudart was among the first to systematically investigate the 
catalytic activity as a function of particle size and he introduced the terms structure 
sensitivity and structure insensitivity [8,13,14]. Subsequently, Somorjai and Yates 
[15-19] used the surface science approach to study surface reactivity of well-defined 
surfaces with contributions on the importance of step sites. The breakthrough in this 
field came from the work of Ertl [20], who showed that the active sites in the 
dissociative chemisorption of NO on a Ru(0001) surface are the step-edge sites. This 
elementary reaction step is part of the catalytic reduction of NOx relevant to car-
exhaust catalysis. The elucidation of elementary steps and mechanisms in surface-
catalyzed processes were given a tremendous boost by the development of 
computational chemistry methods to accurately predict chemical reactivity. In 
particular the advance of density functional theory (DFT) should be mentioned [21]. 
Fundamental concepts such as the Brønsted-Evans-Polanyi (BEP) relationship 
between activation energies and reaction energies for elementary surface reactions 
and volcano curves that predict periodic trends in catalytic activity were developed 
and applied to relevant catalytic reactions for the prediction of optimal catalytic 
activity of mono- and bimetallic systems [21-24]. The dependence of the BEP 
relations on the local structure of the reaction sites determines the structure sensitivity 
(arrangement effect) of the individual elementary reaction steps and it also determines 
whether a complete catalytic reaction will exhibit structure sensitivity for a given 
catalyst [25]. Van Santen and co-workers significantly contributed to the molecular 
mechanistic understanding of catalytic reactions using elementary quantum-chemical 
concepts/chemical bonding principles such as electron localization, chemisorption 
theory and the bond order conservation model [11,21,26]. 

A very important example of structure sensitivity is highlighted in Fig. 1 that 
analyzes the energy barriers for the activation of the π-bond in CO and σ-bond in 
CH4. The rate of formation or cleavage of CO exhibits a maximum as a function of 
the particle size. This is due to the lower activation energy over step-edge sites than 
over terraces, which is mainly related to the absence of surface metal atom sharing of 
the dissociating molecule. The step-edge density is predicted to be maximum at 
intermediate particle size. In this case, no BEP relations can be employed between the 
two types of surfaces, because the geometries of the transition states are very 
different. Activation of σ-bonds such as the dissociative adsorption of methane (C-H 
bond activation) occurs over a single surface metal atom with a late transition state. In 
this case, BEP considerations predict that lower surface metal atom coordination 
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results in higher reactivity due to stabilization of the transition and final states because 
of increased adsorption energies of the fragments of the dissociating molecule. 
Accordingly, one predicts that smaller particles are more active in σ-bond cleavage. 
In contrast, the reverse reaction that forms a σ-bond such as the case for 
hydrogenation of adsorbed CH3 is characterized by an early transition state. This 
implies that stabilization of the initial state by a more reactive surface metal atom will 
also stabilize the transition state further. BEP considerations dictate then that the 
formation of a σ-bond does not strongly depend on the particle size [11]. 
 

 
 
Figure 1: Schematic activation energy-reaction energy relations for CO and CH4 activation as 
a function of structure [reprinted from ref. 11]. 
 

Broadly speaking, one can distinguish two cases of structure sensitivity, namely 
the influence of surface metal atom coordination and topology and the occurrence of 
catalyst overlayers deviant from the pure metallic nanoparticle. Several further issues 
are important in this discussion. The particle size will very often depend on the 
presence of a support, which by itself may be inert or also play a role in the reaction 
mechanism. Another issue that needs our attention is the evolution of the structure 
during the catalytic reaction. These dynamic changes during the lifetime of a catalyst 
imply that the surface of the working catalyst may be quite different from the initially 
activated catalyst. This may lead to catalyst deactivation or, alternatively, may be at 
the origin of the activation of catalyst with time on stream. In the next sections, these 
issues will be discussed one by one. 
 
Surface topology 

The particle size dependence of catalytic activity and selectivity originates from 
the specific surface topology (coordinative unsaturation of the surface atoms and their 
local arrangement) and bonding (localized electronic interactions) of atoms. Many 
cases of dependence of catalytic reactivity on the particle size have been studied and 
are understood to some extent by now, but we will limit our discussion to a few 
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illustrating examples. A very important example in structure sensitivity is the 
ammonia synthesis. The understanding started with the discovery that different Fe 
surface planes exhibit significantly different reactivity in ammonia synthesis. So-
called “C7 coordination sites” were identified as the most active ones [27,28]. The 
dissociative chemisorption of N2 is generally accepted as the rate-controlling step in 
ammonia synthesis. This step occurs preferably over step-edge sites [29,30]. The 
number of step sites or “B5 sites” density depends on the particle size and shape as 
suggested by an early treatment by Van Hardeveld and co-workers [31,32]. A sound 
theoretical basis was produced by DFT calculations [33].  

A more recent example is the size effect of supported Au nanoparticles in the low 
temperature CO oxidation reaction. By careful preparation of finely dispersed Au 
nanoparticles with diameters smaller than 5 nm, Haruta [34,35] observed a 
tremendous increase in the rate of CO oxidation. Thus, even gold, which had hitherto 
been considered inert in terms of catalytic activity, can be turned into a useful catalyst 
by controlling the particle size. Despite intense research, the exact nature of the active 
sites and the reaction mechanism for gold nanoparticle catalysts remains a topic of 
intense debate. Low coordinated surface atoms may play a role in the activation of 
dioxygen, but also the role of cationic Au surface species should be considered [36-
38]. The preparation, detailed characterization and catalytic activity testing of metal 
and metal oxides of tunable size and shape may provide a different route to further 
understand the nano-effects of gold as has been achieved in several earlier studies 
[39-41]. 

The rate of Fischer-Tropsch (FT) synthesis has also been shown to depend strongly 
on the particle size. A typical industrial catalyst for natural gas derived syngas 
conversion contains Co nanoparticles for the production of long-chain hydrocarbons. 
The group of De Jong found that the activity decreases strongly when the particle size 
becomes smaller than 6-8 nm [42]. More recent studies have focused on the origin of 
the lower activity of small Co particles and showed that they bond CO in an 
irreversible manner, which suggests blocking of the active sites [43], but changes in 
the particle size should also be taken into account [44]. Others suspect that the 
detailed balance between CO dissociation and (mobile) subcarbonyl formation is 
responsible for the particle size effects [45]. The effect of Co surface reconstruction 
by the strongly bound carbon product from CO dissociation is also very relevant in 
this subject [46]. From computational studies it is clear that step-edge sites for the low 
barrier CO dissociation are essentially required to maintain the FT synthesis reaction 
[21]. Accordingly, the changes in the activity as a function of the particle size may 
also be interpreted as changes in the step-edge site density. 

The influence of changes in the nanoparticle shape are likely quite important, 
because the structure and shape of the catalyst under reaction conditions may be quite 
different from the initially activated catalyst. This is an area not yet extensively 
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explored in scientific research. An illustrative example is the Cu/ZnO-based catalyst 
that is used to convert syngas into methanol. In situ TEM studies have shown that the 
Cu particles change their shape as a function of the gas composition: flatter metallic 
Cu nanoparticles are more active than the initially more spherical particles due to their 
higher surface area and higher fraction of high-index surface facets [47-49]. This is 
consistent with results from surface energy minimization (Wulff construction), 
dynamic kinetic model and DFT calculations, which indicate a higher degree of the 
more active Cu(100) and Cu(110) compared to Cu(111) surface planes [49-52].  
 
Catalyst overlayers: oxide and carbide 

In heterogeneous catalysis, very often overlayers are produced under catalytic 
reaction conditions. The most striking example was presented by the group of Ertl 
[53] in their studies of Ru-based oxidation catalysts. The active phase of Ru in CO 
oxidation is RuO2. The oxygen anions participate in the catalytic reaction. This case 
was very different from the thus far broadly accepted role of metal surfaces in CO 
oxidation. Further recent work of Somorjai has shown that Rh particles may also 
contain a thin Rh-oxide overlayer, which is argued to be more active than Rh metal 
itself [54]. 

Another example is Ag for the seemingly simple ethylene epoxidation reaction to 
produce ethylene oxide (EO), a product with high added value used for the production 
of chemicals and plastics. Both experimental and theoretical research [55-56] suggest 
that the reaction proceeds through a surface oxometallacylcle (OMC) intermediate, 
which then transforms to either EO or the undesirable acetylaldehyde intermediate, 
which leads to total combustion for model Ag(100) and Ag(111) surfaces [55,57,58] 
or ultrathin oxide overlayer on Ag [56,59-61]. More recently, theoretical 
computations on the Ag2O(001) surface demonstrate the existence of an alternative 
low barrier reaction pathway that is direct and different from the pathways through 
the OMC intermediate [62,63]. These results suggest that the most likely active phase 
structure to obtain high EO selectivity is silver oxide. Other studies clearly indicate 
that the catalytic selectivity of epoxidation depends on the size [64] and shape 
(geometric structure) of the particles and reaction conditions [65,66]. 

An important example of a metal carbide phase is the Hägg carbide (Fe5C2), which 
is the active phase of the Fe-based Fischer-Tropsch catalyst and is formed from 
reaction of Fe with CO [67,68]. Not in all cases, the initial reduced metal catalyst 
needs to be converted to the metal oxide or metal carbide. A clear example of the 
dynamic nature of the catalytic surface is the case of hydrogenation or hydrogenolysis 
on Pd with various carbonaceous adsorbates on its surface. Teschner et al. [69-71] 
found that the surface of the catalyst is made up by a few layers of a carbide-type 
structure instead of the pure metal. These layers form by sacrificial decomposition of 
alkyne molecules and are more stable than the bare Pd surface. This modification of 
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the surface has a key influence on the catalytic reactivity, since the carbide-terminated 
surface allows a selective hydrogenation, by weakening the adsorption energy of the 
alkene. The stronger adsorption on the metal-terminated surface leads to total 
hydrogenation towards the undesired alkane [72]. The formation of surface-carbides 
in the conditions of catalytic reactions is not limited to Pd-catalyzed alkyne 
hydrogenation. Metals most prone to a surface-carbide formation are Pd, Ni and Fe, 
followed by Rh, Co, and Pt [73]. 
 
Support effects 

Nearly all metal catalysts contain a support (or carrier) material with the primary 
purpose to facilitate the formation and stabilization of extremely small metal particles 
with a high proportion of their atoms at the surface. It is mostly desirable that the 
support is stable under the reaction conditions so that the initial metal dispersion can 
be maintained during the catalytic action. For many decades, it had been assumed that 
the support itself is catalytically inert. An early example of a catalyst being 
recognized to involve a catalytically active support is Pt/Al2O3 used in the 
bifunctional reforming process. 

Nowadays, it has become clear that the nature of the support may affect the 
catalytic activity of nanoparticles in many ways. Obviously, the nature of the support 
surface has a profound influence on the final size of reduced metal particles. This 
effect usually originates from the early stages of catalyst synthesis, namely during the 
wet impregnation step, when metal ion complexes interact with the partially charged 
support surface. In general, the reduced metal particles will not have their expected 
equilibrium shape because of their interaction with the support. As such, the 
proportion of special surface sites as discussed above will also depend on the metal-
support interactions. Tauster and co-workers [74-75] were the first to note a chemical 
interaction, based on the suppression of CO and H2-chemisorption, between the noble 
metal such as Pt and TiO2 support material after reduction at relatively high 
temperatures. This charge-transfer effect was designated as strong metal-support 
interaction (SMSI) and is well-known to occur in supported-metal catalysts that 
typically involve noble metals dispersed on reducible metal oxides [76]. 

A clear example of the influence of the support on catalyst reactivity is the 
Au/CeO2 system. The group of Flytzani-Stephanopolous [77,78] found that the 
metallic gold nanoparticles can be leached with a cyanide solution. The remaining 
gold is present as strongly bonded cations in the surface. These authors claim that 
these cations are involved in water-gas shift (WGS) [77,79]. Follow-up work has 
shown that the catalytic properties of gold strongly depend on the surface plane of 
ceria they bind to [80]. 

In related work, Corma and co-workers found that the activity of supported Au 
catalysts with similar loading and particle size in the oxidation of cinnamyl alcohol 
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decreases with supports in the order nanoCeO2 > CeO2 > TiO2 > carbon [81] and that 
the specific rate in low temperature CO oxidation of Au nanoparticles supported on 
nanoCeO2 is almost two orders of magnitude higher than with Au on conventional 
CeO2 support [82]. This large activity difference has been attributed to the supply of 
reactive oxygen from the nanoscale ceria support to the active Au sites [83,84], but as 
mentioned earlier it has also been suggested that the Au particle morphology is a key 
factor influencing O2 dissociation for the CO oxidation reaction [38,85]. 
 
Deactivation 

The loss of catalytic activity and/or selectivity over time is a problem of great and 
continuing concern, especially for industrial catalytic processes. 

An important example is the deactivation of supported Ni catalysts used in the 
steam reforming of hydrocarbons. Many studies have been performed to obtain 
atomic-scale insight into the deactivation of these catalysts by sintering, carbon 
formation and/or poisoning. Pioneering work by the group of Rostrup-Nielsen has led 
to a detailed understanding of Ni catalyst deactivation. Sintering is a complex process, 
which is influenced by many parameters such as temperature, chemical environment, 
catalyst composition and structure and support morphology [86]. Carbon formation is 
a structure sensitive reaction, strongly related to the presence of steps. The mechanism 
consists of the decomposition of carbon-gas (see reactions 1.4 and 1.5), dissolving 
into the bulk and diffusing to facets that are suitable for growth into various types of 
carbon [87,88]. In essence, it is a form of overlayer formation. Accordingly, solutions 
to counter deactivation were proposed such as the addition of alkali [89] or noble 
metals [90] to deactivate the sites that catalyze carbon formation. 
 

The examples mentioned here are meant to stress the relevance of nanoscale 
effects in heterogeneous catalysis and point to the special role of the topology of the 
metal surface atoms, overlayers, metal-support interactions and deactivation in the 
study of structure sensitivity. All of these factors, which are also strongly related to 
the reaction conditions, can strongly affect catalyst activity, selectivity and stability. 
 

In the last decades, it has become clear that in order to study structure sensitivity in 
catalysis, experimentalists and theorists should collaborate intensely as it requires a 
molecular level understanding of processes in the nanometer scale vicinity of surfaces 
or interfaces. The combined experiment-and-theory approach has already been very 
fruitful in understanding atomic scale effects in heterogeneous catalysis and has the 
promise to be able to guide the design of better catalysts with optimized surface 
structures of and around the active sites. The 21st century goal is to develop new and 
useful heterogeneous catalytic materials for carrying out multipath reactions with high 
selectivity and which lead to major improvements in energy efficiency.  
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1.3 Hydrogen manufacture 

Hydrogen (H2) is an essential intermediate in the chemical industry and primarily 
used for production of fuels and chemicals, but in the near future it may also become 
a fuel of significance [91]. On Earth, hydrogen is usually found fixated with other 
elements such as oxygen and carbon, i.e. in water or hydrocarbons, so these 
substances must be decomposed to obtain hydrogen. Currently, there are many 
processes for its production from both fossil and renewable biomass resources. The 
principle source for H2 production for most chemical processes is steam reforming of 
methane, although gasification is also employed on a large scale. Other alternatives 
closely linked to steam reforming include dry reforming, autothermal reforming and 
catalytic partial oxidation. For more complex feedstocks, other processes have been 
developed or are under development. An alternative is the electrolysis of water to 
obtain molecular hydrogen, which may become more important in the future using PV 
electricity. Steam reforming reactions, which involve reactions 1.1-1.3 play a key role 
as they produce syngas, which can be used for a variety of processes (Fig. 2), and as a 
source of pure H2 [92]. Syngas can be produced from almost any carbon source 
ranging from natural gas and oil products to coal and biomass. It represents a key for 
creating flexibility for the chemical industry and for the manufacture of synthetic 
liquid fuels (synfuels). 

 
Figure 2: Pathways for fuel production from syngas [reprinted from ref. 3]. 
 

Natural gas is the preferred carbon source for production of syngas and hydrogen 
due to its abundance, wide availability, large heat of combustion and ease of 
purification. Its principle component is methane, which contains the highest number 
of hydrogen per carbon atom of any of the hydrocarbons. The resources of natural gas 
are enormous and rival those of oil [93,94], although it should be noted that a 
significant fraction of natural gas reserves are considered stranded.  
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The use of steam as a reactant for reforming hydrocarbons, under severe operating 
conditions as employed today - i.e. temperatures of 450-950 oC and pressures of 15-
40 bar - was already commercialized more than 50 years ago and it has been the main 
industrial technology ever since due to intense research and development in the fields 
of catalysis and engineering [95-97]. Prior to commercialization, much research was 
carried out with the first attempts in converting hydrocarbons into hydrogen 
apparently dating back as early as 1868. In 1889, the application of Ni for this process 
was claimed. It was not before 1924 that the first detailed study of the catalytic 
reaction between methane and steam was published [98]. Because of availability and 
cost, industrial reforming reactions strongly rely on Ni catalysts, despite there 
tendency to form carbon species, which can destroy the catalyst particles and block 
the reactor [99]. This important side effect has been a strong motivation for a large 
number of studies about coking of Ni catalysts. This has led to improved catalyst 
formulations using additives to control the formation of carbon species [87,89,90,100-
103]. Carbon species originate mainly from the methane decomposition (reaction 1.4) 
and the Boudouard reaction or CO disproportionation (reaction 1.5). 
 
CH4 + H2O ↔ CO + 3H2    (-ΔHo

298 = -206 kJ/mol)           (1.1) 
COx + H2O ↔ CO2 + H2   (-ΔHo

298 = 41 kJ/mol)            (1.2) 
CnHm + nH2O ↔ nCO + (m+2n)/2H2  (-ΔHo

298 = -1109 kJ/mol for n-C7H16)        (1.3) 
 
CH4 → C + 2H2     (-ΔHo

298 = 41 kJ/mol)            (1.4) 
2CO → C + CO2     (-ΔHo

298 = 41 kJ/mol)            (1.5) 
 

Increasing interest in low oxygen-to-carbon ratio (O/C) steam/CO2 reforming has 
prompted renewed interest in steam reforming over noble and precious metals due to 
their higher activity and lower tendency to form destructive carbon species as 
compared to Ni [104-106]. Due to their high price, it is necessary to keep the metal 
loadings as low as possible. Recent studies have focused on steam reforming kinetics 
[107-111]. 

CO2-free production of hydrogen is one of the grand challenges as the 
conventional reforming processes use an expensive high purity oxygen-containing 
reactant (oxidant) such as steam, carbon dioxide and/or oxygen to separate carbon 
from hydrogen with CO and CO2 as the final products. The study to convert methane 
in a non-oxidative manner has only recently been investigated and is therefore not 
commercially viable at this moment in terms of energy-efficiency [112-114]. 
Alternatively, one may use carbon capture and sequestration technologies, which are 
categorized into post-combustion, oxy-fuel combustion and pre-combustion 
techniques, for the generation of power from natural gas. The major driver for 
implementation of this technology is the expectation that it can play an important role 
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in the transition towards a sustainable energy infrastructure. With pre-combustion the 
efficiency penalty is reduced by integration of the production of H2 and the capture of 
CO2 into a single step with a membrane or a CO2 sorbing material. The use of a H2-
selective membrane reactor (Fig. 3) is attractive for CO2 capture in a gas turbine 
combined-cycle power plant [115]. The in situ removal of one of the reaction products 
shifts the reforming equilibrium to the product side (Le Chatelier principle), resulting 
in higher conversions at relatively low reaction temperatures. A high operation 
pressure is preferred due to the increased H2 partial pressure difference across the 
membrane, which acts as the driving force for H2-permeation. Such operation 
conditions require catalysts that are sufficiently active and stable [116]. Consequently, 
understanding the surface-catalyzed steam reforming reaction at the molecular level is 
crucial to be able to design catalysts for this technology on an industrial scale. 
Another issue concerns the development of more efficient, thermal stable (anti-
fouling), sulfur tolerant and cheaper membranes [117-118]. 
 

 
 
Figure 3: Schematic representation of a membrane reactor with a catalyst bed. 
 
1.4 Scope of the thesis 

Rhodium is one of the most active metals for catalytic steam reforming of 
methane. Despite the importance of the steam reforming process for the generation of 
hydrogen and syngas, the structure sensitivity of this reaction is not completely 
understood yet. The main aim of the present project is to understand in detail the 
structure sensitivity of Rh nanoparticle catalysts for steam methane reforming. 
Chapter 2 describes the results of a detailed investigation on the influence of Rh 
nanoparticle size on the catalytic performance in steam methane reforming. To this 
end, a large set of Rh nanoparticle catalysts prepared using different oxide supports 
were extensively characterized. One important finding will be that very small 
nanoparticles tend to deactivate under catalytic steam reforming conditions. 
Therefore, Chapter 3 investigates in more detail the deactivation of Rh-based 
reforming catalysts. As it will be shown that oxidation of the active metal phase is the 
main cause of the deactivation of the smallest metal nanoparticles, it follows that the 
stability of the metal phase versus the metal oxide phase should critically depend on 
the gas phase composition. Chapter 4 investigates the active phase of Rh-based 
catalysts for the oxidation of CO and includes in situ X-ray absorption spectroscopic 
measurements and a thorough reaction kinetics study. Chapter 5 examines the role of 
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different additives including La, Rh and B for a conventional steam reforming catalyst 
based on Ni with a view on its application in a membrane steam reforming reactor for 
CO2-free production of H2. Finally, Chapter 6 addresses the issue of metal-support 
interactions in more detail for the case of the Au/CeO2 system by comparing 
differently prepared catalysts in a number of relevant reactions (CO oxidation, benzyl 
alcohol oxidation, water-gas shift, butadiene hydrogenation). The main results of this 
thesis are briefly discussed in the summary. 
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Chapter 2 

Size dependence of Rh nanoparticles in steam reforming of methane 
 

Summary  

The influence of Rh nanoparticle size and the type of support on the catalytic 
performance in steam methane reforming has been investigated in order to clarify the 
nature of the rate-controlling step. A set of Rh catalysts was prepared using ZrO2, 
CeO2, CeZrO2 and SiO2 supports. The nature and dispersion of the active Rh metal 
phase was studied by H2-chemisorption, TEM and X-ray absorption spectroscopy. 
The particle size was varied between 1 and 9 nm. The degree of Rh reduction depends 
on the particle size and the support. Very small particles cannot be fully reduced, 
especially when ceria is the support. The intrinsic rate per surface metal atoms 
increases linearly with the Rh metal dispersion and does not depend on the type of 
support. With the support of kinetic data, it is concluded that dissociative CH4 
adsorption is the rate-controlling step at least at reaction temperatures above 325 ºC. 
This implies that the overall rate is controlled by the density of low-coordinated edge 
and corner metal atoms in the nanoparticles. These particles contain sufficient step 
edge sites to provide a facile reaction pathway for C-O recombination reactions. 
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Chapter 2 

2.1 Introduction 

The reforming process of natural gas and light hydrocarbons remains the preferred 
route for the production of syngas (a mixture of CO and H2) and hydrogen is a key 
intermediate in the chemical industry for production of a wide range of higher value 
fuels and chemicals such as clean synthetic diesel and gasoline olefins via the Fischer-
Tropsch synthesis (FTS), methanol by the methanol synthesis and hydrogen by the 
water-gas shift reaction (WGS). Hydrogen is primarily used for the synthesis of 
ammonia and for hydrotreating purposes in petroleum refineries [1,2]. Steam 
reforming was already commercialized in the 1960s, and Ni has remained the 
preferred transition metal in reforming catalysts ever since due to its strong research, 
high flexibility to feedstocks and availability [3,4]. Besides Ni, a number of other 
transition metals exhibit high catalytic activity in steam methane reforming (SMR). 
Especially, Rh and Ru have been identified as very active metals [5-7], although the 
exact activity trend among the metals remains debated [7,8]. An issue of considerable 
debate is the exact nature of the reaction mechanism [9] and especially the 
identification of the rate-controlling step [1,7,10]. Although Iglesia and co-workers 
[10] have shown that methane dissociation is rate-controlling at high temperature, 
Jones et al. [7] have recently reported that both CH4 dissociation and C-O 
recombination reactions determine the overall reaction rate for metals such as Rh and 
Ru.  

The rate-controlling step will critically depend on the exact reaction conditions and 
also on the particle size. To understand this in detail, the dependence of the rate of the 
three-candidate-controlling elementary reaction steps in the SMR reaction, i.e., (i) the 
dissociative adsorption of methane, (ii) the surface recombination of C and O to 
carbon monoxide and (iii) the dissociation of water [11], on the particle size will be 
briefly discussed. Nanoparticles expose terrace, edge and corner atoms with 
respective metal-metal coordination numbers of 9 (for the most dense surface of fcc 
and hcp metals), 7 and 6 at their surfaces (Fig. 2.1). Dissociative CH4 adsorption 
involves the cleavage of a σ-bond, which typically occurs over a single surface metal 
atom [12,13]. The energy barrier for this elementary reaction step will decrease with 
increasing coordinative unsaturation of the metal surface atoms because of the 
stronger binding of the CH3 and H intermediates in the transition state. Thus, one 
expects that the rate of methane dissociation will increase with increasing dispersion, 
because smaller particles expose a larger fraction of edge and corner atoms at their 
surface.  

The particle size dependence for C-O bond formation reactions is very different. C-
O recombination proceeds with a relatively high energy barrier on terrace surfaces 
[14-16]. It has been established that the dissociation and association reactions of 
diatomic molecules with π-bonds such as CO, N2 and NO are preferred over sites with 
a particular geometry involving an ensemble of five or six metal atoms arranged in 

18 
 



Size dependence of Rh nanoparticles in steam reforming of methane 

such fashion that a step site is created (Fig. 2.1). The reason is that the specific surface 
topology of such steps avoids metal atoms sharing between the dissociating fragments 
(the C and O atoms in the case of CO formation). An additional factor is the 
involvement of a larger number of surface metal atoms in the bonding of the transition 
state complex as compared to the terrace surface. Van Hardeveld and Hartog [17] 
have predicted that the density of these step edge sites is maximal for metal 
nanoparticles in the range of 1.8-2.5 nm. These authors introduced the term “B5 sites” 
[18], which are very similar to the “F6 sites” considered by the group of Van Santen 
[19,20]. Somorjai and co-workers identified similar sites on a coordinatively 
unsaturated (111) surface of the Fe bcc structures and found that these are not present 
on the more stable (110) and (100) terraces of small Fe particles in the ammonia 
synthesis reaction [21,22]. Besides recombination of surface C and O adatoms, an 
alternative pathway involves the oxymethylidyne (HCO, formyl) intermediate 
[23,24]. For each of the Rh(111) and Rh(211) surfaces, Van Grootel et al. [25] found 
that the activation barriers for the direct (C+O) and formyl (CH+O) pathways are very 
similar. The barrier on the stepped surface is about half of that on the terrace. An 
alternative CH route involving an alcohol-type (COH) intermediate [26] is much less 
favourable [19,25,27]. The important corollary of these considerations is that an 
optimal particle size of about 2 nm can be expected for SMR, if C-O bond formation 
is rate-controlling. 

 
Figure 2.1: An octahedral Rh nanoparticle of 1 nm (55 Rh atoms): (left) terrace, edge and 
corner atoms are shown in green, blue and red, respectively, (right) with created B5-sites.  
 

The dissociation of water into OH and H fragments was shown to be independent 
of the Rh surface atom coordinative unsaturation [28]. An alternative pathway 
involves the reaction of water with atomic oxygen to produce two hydroxyl groups. 
Although the energy barrier for this reaction is lower than that for unpromoted water 
dissociation, the cost for oxygen diffusion to the site next to adsorbed water results 
into a very similar overall activation barrier [28]. Based on the limited number of 
works on water activation, it can be assumed that water dissociation is independent of 
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the particle size under conditions where the formation of hydrogen-bonded networks 
of OH/H2O adsorbates is absent [29]. 

Jones et al. [7] have shown that the intrinsic reaction rate of SMR at 500 oC over 
supported Rh particles increases in a nearly linear manner for a set of catalysts with 
particle sizes larger than 3 nm. This temperature is typical for the inlets of industrial 
reformers and refers to the situation in which the effectiveness factor of the catalyst is 
high. Based on a range of Rh particle sizes considered by Jones et al. [7], it is not 
possible to unequivocally conclude on the nature of the rate-controlling step, and both 
CH4 dissociation and C-O recombination reactions remain candidate. It may also be 
that with a decrease in the particle size, the rate-controlling step changes from CH4 
dissociation to C-O recombination. Wei and Iglesia [10] have used a wider range of 
Rh particle size supported on alumina and zirconia and argued that methane 
dissociation is always the rate controlling step. The reaction temperature in this case 
was 600 oC. It can be argued that methane dissociation will be rate-controlling at high 
temperature because of entropy considerations [25]. Van Grootel et al. [25] have also 
shown for rhodium that H2O dissociation will always be faster than dissociative CH4 
adsorption and C-O recombination. 

To unequivocally conclude on the issue of the rate-controlling step in SMR at 
relatively low temperatures, a set of supported Rh catalysts has been prepared with a 
wide range of particle sizes (1-9 nm) and with a wider range of support materials as 
employed before. Characterization focused on the nature and dispersion of the active 
Rh metal phase (dispersion, reduction degree). Intrinsic reaction kinetics was 
determined with the aim of determining the nature of the rate-controlling step as a 
function of the particle size.  
 
2.2 Experimental methods 

2.2.1 Support materials 

A number of catalyst supports were used as received. Ceria supports were prepared 
by established methods. All support materials were calcined at various temperatures 
in order to modify the textural properties with the goal to affect metal-support 
interactions and, accordingly, the metal particle size. 

Zirconia (type RC-100 with 99.74% ZrO2 and 0.13% TiO2) was kindly provided 
by Gimex. A high-porosity cerium-doped zirconium hydroxide with a nominal 
composition of CeyZr1-yO2 with y = 25% was supplied by MEL Chemicals. Silica was 
kindly provided by Shell (Al content 0.5 wt%). Ceria was prepared by homogeneous 
precipitation of Ce3+ following urea decomposition [30,31]. In a typical synthesis, 95 
g of urea (Merck, purity 99%) and 100 g of Ce(NO3)3·6H2O (Acros, purity 99.5%) 
were dissolved in 1.2 L deionized water. The solution was heated under stirring in a 
double-walled vessel at 95 oC for 14 h. The pH was recorded during synthesis. 
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Subsequently, the precipitate was filtered, washed with deionized water at 70 oC, 
dried in an oven overnight and calcined. 

Nanostructured ceria supports were obtained by dissolving 8.68 g Ce(NO3)3·6H2O 
in 15 ml of deionized water. The solution was mixed and stirred with 10 ml 6 M 
NaOH solution before another 30 ml of 7.7 M NaOH solution was added. The milky 
slurry formed was transferred into a Teflon-lined stainless steel autoclave. Before the 
autoclave was closed, 35 ml of deionized water was added under vigorous stirring. 
The mixture was kept in an oven for 24 h at 100 oC or 180 °C to obtain ceria with 
nanorod and nanocube morphology, respectively [32]. The precipitate was filtrated, 
washed and dried in an oven overnight. The ceria nanorods and nanocubes were 
yellow and white, respectively. These materials were calcined at 500 oC. 

The supports will be referred to as S(T), with S the support material and T the 
calcination temperature (oC). The nanostructured ceria catalysts are named CeO2-rod 
and CeO2-cube. 
 
2.2.2 Catalysts preparation  

A series of supported Rh catalysts were prepared by pore volume impregnation 
using aqueous solutions of Rh(NO3)3·nH2O (Riedel de Haën, purity 99.9%) of 
appropriate concentration. Each support material was sieved into a fraction of 125-
250 μm. Prior to impregnation, the support was calcined in a mixture of 20 vol% O2 
in N2 at a flow rate of 100 ml/min, while being heated at a rate of 2 oC/min (5 oC/min 
for CeO2 supports) to the final temperature followed by an isothermal period of 4 h. 
The impregnated supports were dried for 3 h in air and at 110 oC overnight before 
further treatment. 

Different Rh particle sizes were obtained by varying the support, the Rh loading, 
the calcination temperature of the support, the calcination temperature of the 
impregnated catalyst and an ageing procedure. The metal loading was varied between 
0.1 and 1.6 wt% Rh. The catalyst precursors were calcined at 600 oC (550 oC for Rh 
supported on CeO2) and 900 oC and aged at 750, 900, and 1000 oC in a 1:1 H2O/H2 
mixture at ambient pressure for 62.5 h.  

Hereafter, the catalysts will be denoted by Rh(x, aT), with x the metal loading 
(wt%), a optionally indicating an ageing treatment and T the final catalyst treatment 
temperature (oC) followed by the support reference. The complete set of catalysts and 
their most important properties are listed in Table 2.1-2.6. 
 
2.2.3 Catalyst characterization 

Elemental analysis - The metal loading was determined by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) analyses performed on a Goffin 
Meyvis SpectroCirusccd apparatus. For CeO2-supported catalysts, an amount of 
sample was dissolved in a 1:1 H2O/H2SO4 solution. A solution of 5 M (NH4)2SO4 in 
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H2SO4 was employed to extract Rh from the ZrO2-containing catalysts. Typically, an 
amount of sample was stirred in the acid under heating until a clear solution was 
obtained. The SiO2-supported catalysts were dissolved in a 1:1:1 HF/HNO3/H2O 
solution under mild heating. 

Nitrogen physisorption - Surface areas were measured with a Micromeritics 
TriStar 3000 BET apparatus by nitrogen physisorption at -195 oC after outgassing the 
sample for 3 h under vacuum at 150 oC.  

X-Ray Diffraction (XRD) - XRD analysis was carried out on a Bruker D4 Endeavor 
Diffractometer using Cu Kα-radiation (λ = 1.54056 Å). With a step-size of 0.099° and 
a time per step of 1 s, 2θ angles from 20° to 80° were measured. The Scherrer formula 
was applied to the line broadening of the most intense XRD reflections to calculate 
the average size of the support particles. The crystal structure of the support materials 
was determined by using the PDF database. 

Hydrogen chemisorption – H2-chemisorption was carried out at -80 oC using a 
Micromeritics ASAP 2020C setup equipped with an isopropanol bath cooled by a 
thermostat (Thermo EK 90). Before analysis, an amount of sample was oxidized from 
room temperature (RT) to 500 oC at a ramp rate of 10 oC/min. After an isothermal 
period of 1 h, the sample was reduced at 450 oC for 2 h and evacuated for 4.5 h. The 
double isotherm method with an intermediate vacuum treatment of 1 h was employed 
to determine the irreversibly bound chemisorbed hydrogen. The first isotherm gives 
the total amount of chemisorbed hydrogen and the second isotherm gives the 
reversible part of chemisorbed hydrogen. To calculate the metal dispersion, an 
adsorption stoichiometry of one hydrogen atom per surface rhodium atom was 
assumed [33]. The accuracy of the analysis equipment was regularly verified by 
measuring a standard Pt/SiO2 catalyst. 

Transmission electron microscopy (TEM) - Transmission electron micrographs 
were acquired on a FEI Tecnai 20 transmission electron microscope at an acceleration 
voltage of 200 kV with a LaB6 filament. Typically, a small amount of grinded sample 
was reduced at 500 oC and passivated in 1 vol% O2 in He for 2 h before being 
suspended in pure ethanol, sonicated and dispersed over a Cu grid with a holey carbon 
film. TEM images were recorded using a 1k × 1k Gatan CCD camera at different 
magnifications. From the electron micrographs, the metal nanoparticle diameters were 
determined from the projected area of the particles assuming that the particles are 
spherical. The particle size distribution was determined from analysis of around 100 
(for systems with low contrast i.e. relatively small Rh particles supported on oxides 
with similar atomic number) up to 300 particles (e.g. Rh/SiO2 and aged systems) from 
at least three different micrographs. 

Infrared spectroscopy of adsorbed CO - Infrared spectra were recorded on a 
Bruker IFS113v Fourier transform IR spectrometer with a DTGS detector at a 
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resolution of 2 cm-1. An amount of catalyst was pressed into a self-supporting wafer 
with a density of 10-30 mg/cm2 and placed in a controlled environment transmission 
cell with CaF2 windows. Prior to recording spectra, the catalyst was heated in a flow 
of about 50 ml/min of a mixture of 20 vol% H2 in He from RT to 450 oC at a ramp 
rate of 10 oC/min for 1 h. After another isothermal period at 450 oC for 1 h at a 
pressure lower than 10-6 mbar the sample was cooled to -195 or 30 oC. CO was 
admitted to the cell in steps of 0.05 μmol while infrared spectra of adsorbed CO on 
the reduced sample were recorded until saturation was reached. 

Temperature-programmed reduction (TPR) - TPR experiments were carried out in 
a flow apparatus equipped with a fixed-bed reactor, a computer-controlled oven and a 
thermal conductivity detector. Typically, an amount of catalyst was contained 
between two quartz wool plugs in a quartz reactor. Prior to TPR, the catalyst was 
oxidized by exposure to a flowing mixture of 4 vol% O2 in He whilst heating to 450 
oC at a rate of 10 °C/min. After the sample was cooled to RT in flowing nitrogen, the 
sample was reduced in 4 vol% H2 in N2 at a flow rate of 8 ml/min, whilst heating 
from RT up to 800 oC at a ramp rate of 10 oC/min. The H2 signal was calibrated using 
a CuO/SiO2 reference catalyst. 

X-Ray absorption spectroscopy - X-ray absorption measurements were carried out 
at the Dutch-Belgian Beamline (Dubble) at the European Synchrotron Radiation 
Facility (ESRF), Grenoble, France (storage ring 6.0 GeV, ring current 200 mA). Data 
were collected at the Rh K-edge in fluorescence mode with a nine-channel solid-state 
detector. Energy selection was done by a double crystal Si(111) monochromator. 
Background removal was carried out by standard procedures with Viper software. 
EXAFS analysis was then performed with EXCURVE931 on k3-weighted unfiltered 
raw data using the curved wave theory. Phase shifts were derived from ab initio 
calculations using Hedin-Lundqvist exchange potentials and Von Barth ground states. 
Energy calibration was carried out with Rh foil. The fit parameters for the reference 
Rh standards are given in chapter 4 of this thesis (Table 4.1). The amplitude reduction 
factor S0

2 associated with central atom shake-up and shake-off effects was set at 1.0 
by calibration of the first- and second shell Rh–Rh coordination numbers to 12 and 6, 
respectively, for the k3-weighted EXAFS fits of the Rh foil. The structure of the Rh 
metal foil and the first two shells of the FT EXAFS spectrum of Rh2O3 correspond 
well to literature data [34,35]. The near-edge region of the absorption spectra of these 
reference compounds were used to fit the near-edge region of the catalysts. 

Spectra at the Rh K-edge were recorded in a stainless-steel-controlled atmosphere 
cell. The cell was heated with two firerods controlled by a controller (Eurotherm 
2404). A thermocouple was placed close to the catalyst sample. Typically, an amount 
of 200 mg of sample was pressed in a stainless steel holder and placed in the cell. 
Carbon foils with a thickness of 130 μm were held between two high-purity carbon 
spacers with a thickness of 1000 μm. High-purity gases (He and H2) were delivered 
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by thermal mass flow controllers (Bronkhorst). The total gas flow was kept at 50 
ml/min. The catalyst sample was heated at a rate of 10 oC/min up to a final 
temperature of 500 oC, whilst recording XANES spectra. After reduction at this 
temperature for 1 h, the sample was cooled and two EXAFS spectra were recorded. 
 
2.2.4 Catalytic activity in steam methane reforming 

The catalytic activity in SMR was measured using a fixed-bed reactor with an 
internal diameter of 6 mm. The stainless steel reactor tube was placed in a brass body 
to ensure isothermal operation of the reactor. Typically, 3-15 mg of catalyst (sieved to 
125-250 μm) was mixed with inert α-Al2O3 (purity 99.997%, 110 μm crystalline, 
surface area 5.5 m2/g) to obtain a bed height of about 20 mm. A stainless steel rod 
was used to fix the position of the bed between two plugs of quartz wool in the 
isothermal region of the oven. Prior to catalytic activity measurements, the catalysts 
were oxidized at 500 oC for 1 h in 3 vol% O2 in N2 and subsequently reduced at 450 
oC for 2 h in 20 vol% H2 in N2. Cooling and heating steps were carried out in 
nitrogen. The composition of the effluent gas was analysed by online gas 
chromatography (Interscience GC-8000 Top) equipped with a ShinCarbon ST 80/100 
packed column (2 mm × 2 m) and a thermal conductivity detector. SMR was carried 
out at 500 oC with a feed containing 5 vol% CH4 and 15 vol% H2O in He (H/C = 10 
and O/C = 3) at a total pressure of 1.2 bar. The total gas flow was 200 ml/min. Steam 
was supplied by evaporation of deionized water in a Controlled Evaporator Mixer unit 
in combination with a liquid-flow controller (Bronkhorst) and gas flows were 
controlled by mass flow controllers (Brooks). All tubings were kept at 125 oC after 
the point of steam introduction to avoid condensation. The conversion was calculated 
from the effluent concentrations via [5] 
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The forward CH4 turnover rates (rf) were calculated by correction of the measured net 
reaction rate (rn) for the approach to thermodynamic equilibrium (η) [10] using 
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Pi the pressure of species i (bar) and Keq the equilibrium constant of the reforming 
reaction, which amounts to 9.54×10-3 at 500 oC (5.87×10-3 at 400 oC). These 
corrections were very minor with typical initial values of η below 0.03. The rate of 
CH4 consumption in the reactor was determined based on the CH4 inlet flow. Finally, 
the rate for reforming is described by 
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2.3 Results and discussion 

2.3.1 Catalyst characterization 

Textural properties and metal loading 

Table 2.1 lists the textural properties of the various support materials before and 
after further calcination. The precursors were calcined at temperatures in the range 
350-900 oC in order to modify the textural properties and the final Rh particle size 
[36-38]. 

The initial surface area (101 m2/g) and pore volume (0.31 ml/g) of zirconia 
decreased with increasing calcination temperature to values in the range of 9-92 m2/g 
and water pore volumes between 0.16 and 0.46 ml/g. The XRD patterns present 
typical diffraction peaks that can be assigned to the monoclinic phase of zirconia. A 
small contribution of the tetragonal phase of zirconia was detected as a shoulder at 2θ 
= 30.3o for the as-received ZrO2 (10%), ZrO2(350) (4%), ZrO2(450) (3%) and 
ZrO2(600) (3%) materials. The average crystal size computed from XRD line 
broadening increased with the calcination temperature from 12 to 31 nm. 
 
Table 2.1: Textural properties of the various support precursors before and after calcination. 

Support Precursor S.A. 1 
(m2/g) 

P.V. 2 
(ml/g) 

Tcalc 
(oC) 

S.A.
(m2/g)

P.V. 
(ml/g) 

Phase 3 

XRD 
dXRD 4
(nm) 

ZrO2 
ZrO2 

RC-100 
(Gimex) 

101 0.31 

350 
450 
600 
750 
900 

92 
79 
57 
34 
9 

0.46 
0.45 
0.41 
0.32 
0.16 

t, m 
m 
m 
m 
m 

n.d. 
12 
14 
20 
31 

CeO2 Ce(CO3)OH n.d. n.d. 

350 
450 
550 
650 
900 

106 
93 
60 
16 
1 

0.12 
0.09 
0.09 
0.09 
0.09 

f 
f 
f 
f 
f 

n.d. 
16 
21 
31 
48 

CeO2 
-rod 

CeO2 
rod 98 0.18 500 81 0.18 f n.d. 

CeO2 
-cube 

CeO2 
cube 15 0.09 500 15 0.09 f n.d. 

CeZrO2 
Ce0.25Zr0.75O2 

(MEL) 271 0.46 

350 
450 
600 
750 
900 

154 
109 
84 
53 
17 

0.36 
0.29 
0.29 
0.29 
0.20 

t 
t 
t 
t 
t 

n.d. 
6 
7 
9 
19 

SiO2 
SiO2 

(Shell) 209 1.25 - 
900 

205 
151 

1.25 
1.10 

- 
- 

- 
- 

 

1 Surface area; 2 pore volume by water; 3 phase identified by XRD (t = tetragonal; m = monoclinic; 
f = fluorite); 4 particle size computed by Scherrer equation from line broadening of XRD 
reflections. 
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The XRD pattern of the as-prepared precursor material for ceria preparation is that 
of cerium carbonate hydroxide. Upon calcination, surface areas in the range of 1-106 
m2/g are obtained. The pore volume for these materials is around 0.09 ml/g. Fig. 2.2 
confirms that the calcined samples are indexed as the face-centered cubic fluorite 
phase with space group Fm3m. This form of ceria has a polycrystalline nature. The 
average crystal size varied between 16 and 48 nm. The increasing crystal size with 
calcination temperature goes together with a sharpening of the XRD reflections. As 
the reducibility and reactivity of the various surface planes of ceria have a pronounced 
effect on the catalytic activity of the active metal phase [39], ceria nanorods and 
nanocubes were prepared as well. 
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Figure 2.2: X-ray diffraction traces of (a) Ce(CO3)3OH, (b) CeO2(350), (c) CeO2(450), (d) 
CeO2(550), (e) CeO2(650), (f) CeO2(900), (g) CeO2-rod and (h) CeO2-cube. 
 

Fig. 2.3 shows transmission electron micrographs of the calcined ceria nanorods 
and nanocubes. The morphology of these nanostructured materials is similar to those 
reported for ceria nanorods by Zhou et al. [40] and for nanocubes by Mai et al. [3]. 
The surface area of the nanorods decreased slightly upon calcination. No changes in 
the textural properties of the nanocubes were observed upon calcination of the 
precursor. The XRD patterns of the ceria nanorods and nanocubes (Fig. 2.2) also 
evidence that these materials contain a pure cubic phase. The lattice parameter of the 
nanocubes (a = 5.406 Å), which is equal to that of the CeO2 supports, is different 
from the value of 5.420 Å found for the nanorods. This lattice distortion is caused by 
the presence of Ce3+ ions in the lattice (Ce3+: r = 1.14 Å; Ce4+: r = 0.97 Å) [41,42] and 
is indicative of the higher reducibility of this form of ceria. The broader reflections of 
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the ceria nanorods are in accordance with the relatively small crystallite size as 
compared to the sharper reflection identified for the nanocubes. The ceria nanorods 
have a typical width of 6.5 ±1.6 nm and lengths in the range 30-200 nm. The ceria 
nanocubes have a quite broad size distribution ranging from 10 to 100 nm. 

 
Figure 2.3: Representative transmission electron micrographs of (a, b) CeO2-rod and (c, d) 
CeO2-cube. Their exposed crystal planes are {110} + {111} facets, and {100}, respectively 
[43,44].  
 

The CeZrO2 precursor has a high surface area of 271 m2/g and a pore volume of 
0.46 ml/g prior to calcination. Upon calcination, the surface area decreases 
substantially. Calcination at temperatures up to 750 oC results in a nearly constant 
pore volume of 0.29 ml/g with a small increase of the crystallite size as determined 
from XRD line broadening from 6 to 9 nm. A calcination temperature of 900 oC 
results in a more substantial decrease of the pore volume to 0.20 ml/g and a crystal 
size of 19 nm. The corresponding XRD patterns (Fig. 2.4) present typical diffraction 
peaks that are assigned to a pure tetragonal phase [45]. In comparison with t-ZrO2, the 
(111) peak shifted down from 2θ = 30.3o to 29.8o because of replacement of Zr4+ 
(0.84 Å) with the larger Ce4+ (0.97 Å) [46]. The singlet at 2θ = 34.6o changed into a 
doublet at 34.2 and 34.8o for CeZrO2(900), which is close to the t-ZrO2 peaks at 2θ = 
34.5 and 35.3o [47,48]. No diffraction peaks assigned to ZrO2 or CeO2 as segregated 
phases were detected. The high thermal stability of solid solutions of Ce-ions in the 
zirconia structure follows from the relatively small changes of the pore volume and 
the mean crystal size as a function of the calcination temperature. The lattice 
parameter is 5.180 Å, in agreement with values found for solid solutions of similar 
composition [47]. 
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Figure 2.4: X-ray diffraction traces of (a) CeZrO2 as received, (b) CeZrO2(350), (c) 
CeZrO2(450), (d) CeZrO2(600), (e) CeZrO2(750) and (f) CeZrO2(900).  
 

SiO2 was used as received and after calcination only at 900 oC. Calcination 
reduced the surface area and pore volume from 205 m2/g and 1.25 ml/g to 151 m2/g 
and 1.1 ml/g, respectively. 
 

Table 2.2 lists the most important properties of the catalysts prepared in the present 
study. As expected, the textural properties of the catalysts were not affected by the 
impregnation and calcination procedure, unless ageing treatments were carried out at 
equal or higher temperature than the calcination temperature of the support. Such 
harsh treatment typically led to a considerable decrease in the surface area and a 
corresponding increase in the crystallite size. The only exception appears to be the set 
of catalysts prepared with the CeO2(900) support. Although a surface area reduction is 
not observed, particle size growth might have occurred for the aged Rh/CeO2 
catalysts. Several studies have shown that ceria particles grow and sinter upon 
hydrothermal treatment [49,50], even more so in the presence of hydrogen [51]. The 
surface area of the two Rh/CeO2-rod catalysts decreased only slightly upon the final 
calcination treatment. The textural properties of the Rh/CeO2-cube catalyst do not 
change, which should be due to the more compact structure of cube-shaped ceria in 
comparison to the rod-shaped ceria. 
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Table 2.2: Textural properties, metal loading and notation of the catalysts. The systems were 
calcined for 4 h or aged for 62.5 h at various temperatures after impregnation. 

Rh/ 
Support 

Tcalc 
(oC) 

Rh loading 1
(wt%) 

S.A. 
(m2/g) Catalyst label 

ZrO2(600) 600 

0.11 
0.45 
0.82 
1.62 

- 
57 
- 

57 

Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(0.8, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

ZrO2(900) 

600 0.39 
1.60 

9 
- 

Rh(0.4, 600)/ZrO2(900) 
Rh(1.6, 600)/ZrO2(900) 

900 1.60 7 Rh(1.6, 900)/ZrO2(900) 
age750 2 1.62 9 Rh(1.6, a750)/ZrO2(900) 

age900 2 1.65 4 Rh(1.6, a900)/ZrO2(900) 
age1000 2 1.72 2 Rh(1.6, a1000)/ZrO2(900) 

CeO2(550) 550 

0.15 
0.46 
0.98 
1.92 

- 
60 
60 
59 

Rh(0.1, 550)/CeO2(550) 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, 550)/CeO2(550) 

CeO2(900) 

550 0.47 
1.56 

1 
1 

Rh(0.4, 550)/CeO2(900) 
Rh(1.6, 550)/CeO2(900) 

900 1.62 1 Rh(1.6, 900)/CeO2(900) 
age750 2 1.52 - Rh(1.6, a750)/CeO2(900) 

age900 2 1.60 1 Rh(1.6, a900)/CeO2(900) 
age1000 2 1.52 - Rh(1.6, a1000)/CeO2(900) 

CeO2-rod 500 0.14 
1.63 72 Rh(0.1, 500)/CeO2-rod(500) 

Rh(1.6, 500)/CeO2-rod(500) 
CeO2-cube 500 1.58 15 Rh(1.6, 500)/CeO2-cube(500) 

CeZrO2(600) 600 

0.12 
0.46 
0.91 
1.79 

84 
- 
- 

84 

Rh(0.1, 600)/CeZrO2(600) 
Rh(0.4, 600)/CeZrO2(600)  
Rh(0.8, 600)/CeZrO2(600) 
Rh(1.6, 600)/CeZrO2(600) 

CeZrO2(900) 

600 0.51 
1.71 

19 
- 

Rh(0.4, 600)/CeZrO2(900) 
Rh(1.6, 600)/CeZrO2(900) 

900 1.66 7 Rh(1.6, 900)/CeZrO2(900) 
age900 2 1.72 6 Rh(1.6, a900)/CeZrO2(900) 

age1000 2 1.75 3 Rh(1.6, a1000)/CeZrO2(900) 

SiO2 550 

0.10 
0.33 
0.79 
1.59 

- 
- 

213 
210 

Rh(0.1, 550)/SiO2 
Rh(0.4, 550)/SiO2 
Rh(0.8, 550)/SiO2 
Rh(1.6, 550)/SiO2 

SiO2(900) 

550 0.65 
1.58 

- 
149 

Rh(0.8, 550)/SiO2(900) 
Rh(1.6, 550)/SiO2(900) 

900 1.51 150 Rh(1.6, 900)/SiO2(900) 
age750 2 1.18 108 Rh(1.6, a750)/SiO2(900) 

age900 2 1.01 40 Rh(1.6, a900)/SiO2(900) 
 

1 Determined by ICP-AES; 2 ageing in a mixture of H2O/H2. 
 

To establish whether the high temperature calcination and ageing treatments had 
any effect on the metal content, the Rh loading was verified by elemental analysis. 
The metal loading for the calcined and aged Rh(1.6)/CeO2 varied more substantially 
than for the others. These catalysts were prepared from different Rh-nitrate stock 
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solutions. In general, the difference before and after such treatments was within the 
analysis accuracy, except for the Rh/SiO2 catalysts. High-temperature treatment of the 
SiO2-supported catalysts led to a considerable decrease in the Rh loading. This 
difference is indicative of the weaker interaction of Rh with silica than with the other 
supports. 
 
Metal dispersion 

H2-chemisorption and TEM were employed to determine the metal dispersion of 
reduced catalysts. The results will be discussed per support type. For SiO2-supported 
catalysts, CO IR spectroscopy was employed as a means to measure dispersion. CO 
IR spectroscopic results for the other catalysts will be briefly discussed. 

H2-chemisorption measurements were performed at -80 oC to suppress hydrogen 
spillover to the reducible support [52,53]. The metal dispersion and the corresponding 
estimated particle size of the Rh/ZrO2 catalysts are given in Table 2.3. The data show 
that the Rh dispersion decreases with an increase of the Rh loading and a decrease of 
the support surface area. The lowest dispersions were obtained for the aged catalysts. 
Changes in the Rh loading had the most pronounced influence on the Rh dispersion.  
 
Table 2.3: Metal dispersion of reduced Rh/ZrO2 catalysts. 

Catalyst 
H2-chemisorption TEM 

dav 1 (nm) D 2 (%) dav (nm) D (%) 

Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(0.8, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

1.4 
1.4 
1.6 
2.3 

79 
77 
69 
47 

- 
- 
- 
- 

- 
- 
- 
- 

Rh(0.4, 600)/ZrO2(900) 
Rh(1.6, 600)/ZrO2(900) 

4.2 
4.7 

26 
23 

- 
4.5 ±1.5 

- 
24 

Rh(1.6, 900)/ZrO2(900) - - n.d. - 
Rh(1.6, a750)/ZrO2(900) 
Rh(1.6, a900)/ZrO2(900) 
Rh(1.6, a1000)/ZrO2(900) 

- 
7.0 
- 

- 
16 
- 

4.7 ±1.5 
6.6 ±3 

9.0 ±2.5 

23 
17 
12 

 

1 Average particle size; 2 dispersion. 
 

From a set of transmission electron micrographs the average particle size and 
particle size distribution were determined by analysis of at least 50 and typically more 
than 150 individual particles. Fig. 2.5 show representative electron micrographs and 
the corresponding particle size distributions. It was difficult to determine the particle 
size accurately for highly dispersed catalysts due to the small difference in contrast 
between rhodium and zirconia. A few particles with sizes in the range of 2-3 nm were 
identified for Rh(1.6, 600)/ZrO2(600). Metal particles were clearly observed for the 
ZrO2(900)-based and aged catalysts. Evidently, metal particle growth is enhanced by 
the ageing treatment. This observation is consistent with sintering studies of supported 
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Ni catalysts [54]. The initially narrow particle size distributions broaden upon ageing. 
For a limited set of catalysts, the dispersion was measured by H2-chemisorption and 
TEM. The results are in quantitative agreement. 

 
Figure 2.5: Transmission electron micrographs and rhodium particle size distributions of (a) 
Rh(1.6, 600)/ZrO2(900), (b) Rh(1.6, a750)/ZrO2(900), (c) Rh(1.6, a900)/ZrO2(900), and (d) 
Rh(1.6, a1000)/ZrO2(900) with average particle diameters of 4.5, 4.7, 6.6 and 9 nm, 
respectively. 
 

The Rh dispersion and corresponding estimated particle size of the Rh/CeO2 
catalysts determined by H2-chemisorption and TEM are given in Table 2.4. Similar to 
the results for Rh/ZrO2, it is found that the dispersion decreased with increasing Rh 
loading and decreasing support surface area. Higher metal dispersions are obtained for 
the CeO2-rods. For this support, the dispersion decreased from 91 to 78% with an 
increase in Rh loading from 0.1 to 1.6 wt%. This decrease is much lower than that 
found for the CeO2-supported catalysts. The dispersion of 48% for Rh(1.6, 
500)/CeO2-cube(500) lies between those of the catalysts supported by nanorods and 
conventional ceria. 

Fig. 2.6 shows electron micrographs and particle size distributions for Rh/CeO2 
catalysts. The contrast was too weak to allow the detection of highly dispersed metal 
particles on high surface area ceria. The smallest particles that could be observed are 
around 2 nm for Rh(1.6, 550)/CeO2(550) (Fig. 2.6 a). The particle size showed a very 
similar trend with the support surface area and final treatment as found for the ZrO2-
supported catalysts. Metal particle growth takes place upon high temperature 
calcination and ageing. The size distributions became broader upon ageing. 
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Table 2.4: Metal dispersion of reduced Rh/CeO2 catalysts. 

Catalyst H2-chemisorption TEM 
dav (nm) D (%) dav (nm) D (%) 

Rh(0.1, 550)/CeO2(550) 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, 550)/CeO2(550)  

1.3 
1.6 
2.1 
2.8 

83 
69 
51 
39 

- 
- 
- 
- 

- 
- 
- 
- 

Rh(0.4, 550)/CeO2(900) 
Rh(1.6, 550)/CeO2(900) 

3.8 
- 

29 
- 

- 
5.2 ±1.9 

- 
21 

Rh(1.6, 900)/CeO2(900) - - 6.3 ±1.6 17 
Rh(1.6, a750)/CeO2(900) 
Rh(1.6, a900)/CeO2(900) 
Rh(1.6, a1000)/CeO2(900) 

- 
- 
- 

- 
- 
- 

n.d. 
7.2 ±5 

7.8 ±2.5 

- 
15 
14 

Rh(0.1, 500)/CeO2-rod(500) 
Rh(1.6, 500)/CeO2-rod(500) 

1.2 
1.4 

91 
78 

- 
- 

- 
- 

Rh(1.6, 500)/CeO2-cube(500) 2.3 48 - - 
 

 
Figure 2.6: Transmission electron micrographs and rhodium particle size distributions of (a) 
Rh(1.6, 550)/CeO2(550), (b) Rh(1.6, 550)/CeO2(900), (c) Rh(1.6, 900)/CeO2(900), and (d) 
Rh(1.6, a900)/CeO2(900) with average particle diameters of 2-3.5, 5.2, 6.3 and 7.2 nm, 
respectively. 
 

Fig. 2.7 shows a Rh nanoparticle decorated by the ceria support similar to earlier 
findings of Bernal and co-workers. For the Rh/CeO2 system they were only able to 
detect encapsulation effects of the metal particles by the support at 700 oC and much 
more heavily at 900 oC [55-57]. This would strongly suggest that decoration might 
have occurred on the aged ceria-containing support catalysts [58]. Due to the very low 
surface area (1 m2/g) of CeO2(900), it was not possible to accurately determine further 
changes in the surface area. However, from the XRD analysis the ceria particles have 
grown larger.  
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Figure 2.7: TEM image of a decorated metal particle in 
Rh(1.6, a1000)/CeO2(900). 
 

Fig. 2.8 shows that the ceria nanorods and 
nanocubes maintain their original morphology after 
Rh loading and subsequent calcination. Rh particles 
were not detected in the CeO2-rod-supported 
catalysts, while particles in the range of 2-5 nm are 
observed for Rh/CeO2-cube. These observations 
correspond to the respective high and medium 
dispersion for the Rh/CeO2-rod and Rh/CeO2-cube catalysts determined by H2-
chemisorption. 

 

 
Figure 2.8: Transmission electron micrographs of (a) Rh(1.6, 500)/CeO2-rod(500) and (b) 
Rh(1.6, 500)/CeO2-cube(500) with average particle diameters of 1.4 and 2.3 nm, respectively.  
 

Results of H2-chemisorption measurements for the Rh/CeZrO2 catalysts are 
collected in Table 2.5. The trends of the dispersion as a function of the Rh loading and 
the support are similar as noted for the other catalysts. The dispersions of the catalysts 
are typically somewhat higher than that of the ZrO2- and CeO2-supported catalysts.  

Electron micrographs and particle size distributions for some Rh/CeZrO2 catalysts 
are shown in Fig. 2.9. In this case, ageing treatments did not result in substantial 
particle growth and the particle size distributions remained very narrow. 
 
Table 2.5: Metal dispersion of reduced Rh/CeZrO2 catalysts. 

Catalyst H2-chemisorption TEM 
dav (nm) D (%) dav (nm) D (%) 

Rh(0.1, 600)/CeZrO2(600) 
Rh(0.4, 600)/CeZrO2(600) 
Rh(0.8, 600)/CeZrO2(600) 
Rh(1.6, 600)/CeZrO2(600) 

1.1 
1.4 
1.5 
1.6 

97 
77 
72 
69 

- 
- 
- 
- 

- 
- 
- 
- 

Rh(0.4, 600)/CeZrO2(900) 
Rh(1.6, 600)/CeZrO2(900) 

3.5 
- 

31 
- 

- 
3.7 ±1 

- 
30 

Rh(1.6, 900)/CeZrO2(900) - - n.d. - 
Rh(1.6, a900)/CeZrO2(900) 
Rh(1.6, a1000)/CeZrO2(900) 

- 
- 

- 
- 

4.6 ±1.2 
n.d. 

24 
- 
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Figure 2.9: Transmission electron micrographs and rhodium particle size distributions of (a) 
Rh(1.6, 600/CeZrO2(900) and (b) Rh(1.6, a900/CeZrO2(900) with average particle diameters 
of 3.7 and 4.6 nm, respectively. 
 

 
Figure 2.10: Transmission electron micrographs and rhodium particle size distributions of (a) 
Rh(0.4, 550)/SiO2, (b) Rh(1.6, 550)/SiO2, (c) Rh(1.6, 550)/SiO2(900), (d) Rh(1.6, 
900)/SiO2(900), (e) Rh(1.6, a750)/SiO2(900) and (f) Rh(1.6, a900)/SiO2(900) with average 
particle diameters of 2.4, 2.9, 3.3, 4.7, 6.2 and 8.0 nm, respectively. 
 

The set of Rh/SiO2 catalysts was characterized by TEM and CO IR spectroscopy. 
Fig. 2.10 shows representative electron micrographs and particle size distributions for 
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the SiO2-supported catalysts. The metal nanoparticles are spherical in shape and 
become larger with increasing Rh loading and increasing severity of the treatment. 
Ageing at increased temperature resulted in lower dispersion. Size distributions 
became broader with increasing particle size, especially upon ageing. This is the result 
of weaker metal-support interactions leading to sintering. 

In principle, CO infrared spectroscopy provides a straightforward method to 
determine the metal dispersion [59,60]. Fig. 2.11 (left) shows infrared spectra in the 
CO stretching region for reduced Rh(1.6, 550)/SiO2 as a function of the CO coverage 
at 30 oC. The dominant band at 2058 cm-1 is due to CO linearly adsorbed to the Rh 
metal surface. The broad tail towards lower wavenumbers contains various 
components at 1992 and 1897 cm-1, which are typical for CO adsorbing in bridge and 
three-fold position to the metal surface. CO coordination to cationic Rh species gives 
rise to two bands due to asymmetric and symmetric stretching mode and are called 
gem-dicarbonyl complexes. The high-frequency band is found around 2097 cm-1. Its 
intensity is very low compared to the other bands, which indicates that rhodium is 
nearly completed reduced. The spectra were integrated as a function of the CO 
coverage (right). In accordance with the work of Perrichon et al. [52], the integrated 
signal increases up to the point of saturation and then only depends slightly on the 
amount of introduced CO. Under the experimental conditions, CO does not absorb to 
the silica surface. Thus, the integrated IR signal represents the coverage of the metal.  
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Figure 2.11: (left) FTIR subtraction spectra of small CO doses adsorption on reduced Rh(1.6, 
550)/SiO2 at 30 oC and (right) integrated intensity of the ν(CO) bands bound to rhodium as a 
function of introduced CO amount. 
 

The dispersion of the Rh metal particles was estimated to be 36%, assuming a 
CO/Rhsurface ratio of unity at the saturation coverage. The results for the SiO2-
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supported catalysts are also included in Table 2.6. The average dispersion obtained in 
this manner for the reduced catalysts are in good agreement with those from TEM 
analysis. 
 
Table 2.6: Metal dispersion of reduced Rh/SiO2 catalysts. 

Catalyst TEM CO IR 
dav (nm) D (%) dav (nm) D (%) 

Rh(0.1, 550)/SiO2 
Rh(0.4, 550)/SiO2 
Rh(0.8, 550)/SiO2 
Rh(1.6, 550)/SiO2 

n.d. 
2.4 ±0.5 
2.5 ±0.4 
2.9 ±0.7 

- 
46 
44 
38 

- 
2.3 
2.4 
3.0 

- 
47 
46 
36 

Rh(0.8, 550)/SiO2(900) 
Rh(1.6, 550)/SiO2(900) 

n.d. 
3.3 ±1 

- 
33 

- 
- 

- 
- 

Rh(1.6, 900)/SiO2(900) 4.7 ±2.5 23 - - 
Rh(1.6, a750)/SiO2(900) 
Rh(1.6, a900)/SiO2(900) 

6.2 ±3 
8.0 ±3.5 

18 
14 

- 
- 

- 
- 

 
The same method was also employed to a limited set of Rh/ZrO2, Rh/CeO2 and 

Rh/CeZrO2 catalysts. The infrared spectra at a CO coverage of 1.5 μmol are displayed 
in Fig. 2.12. For comparison, the corresponding CO spectra of the support materials 
are included. Several strong bands in the region 1800-1200 cm-1 can be observed. 
These bands belong to C-O and C-H stretching vibrations of carbonate, carboxylate 
and formate species [52,61,62]. Their contribution depends strongly on the amount of 
cerium in the support. The presence of these bands makes quantitative determination 
of the amount of CO impossible. When the reduction of the catalyst was carried out at 
200 oC instead of 450 oC, the interfering bands were significantly weaker, but not 
weak enough to provide an accurate means for determining the metal dispersion. 

The CO stretching region of the spectra shown in Fig. 2.12 is depicted in Fig. 2.13. 
For clarity, the spectra of the reduced 0.1 wt% Rh catalysts have been normalized. 
Comparison of the corresponding spectra of the two catalysts reduced at 450 oC 
shows that the ratios between metallic and cationic Rh changed with dispersion and 
support type. The contribution of cationic Rh decreases in the following order of 
support materials: CeO2 > CeZrO2 ~ ZrO2. The spectra of the catalysts reduced at 
lower temperature show a slightly higher contribution of cationic Rh. Only cationic 
Rh is observed for the oxidized catalysts (not shown). 
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Figure 2.12: FTIR subtraction spectra of adsorbed CO (1.5 μmol) at 30 oC of (left) (a) 
ZrO2(600), (b) Rh(0.1, 600)/ZrO2(600), (c) Rh(1.6, 600)/ZrO2(600), (middle) (a) CeO2(550), 
(b) Rh(0.1, 550)/CeO2(550), (c) Rh(1.6, 550)/CeO2(550), (right) (a) CeZrO2(600), (b) Rh(1.6, 
600)/CeZrO2(600). Catalysts (supports in gray) (solid line) reduced at 450 oC and (dashed 
line) reduced at 200 oC prior to CO dosing. 
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Figure 2.13: CO stretching region of FTIR subtraction spectra of adsorbed CO (1.5 μmol) at 
30 oC of (left) (a) Rh(0.1, 600)/ZrO2(600), (b) Rh(1.6, 600)/ZrO2(600) (middle) (a) Rh(0.1, 
550)/CeO2(550), (b) Rh(1.6, 550)/CeO2(550), (right) (a) Rh(1.6, 600)/CeZrO2(600). Catalysts 
(solid line) reduced at 450 oC (spectra of 0.1 wt% Rh catalysts are normalized) and (dashed 
line) reduced at 200 oC prior to CO dosing.  
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Reducibility of catalysts 

Fig. 2.14 shows TPR profiles of the bare supports and of the CeO2- and ZrO2-
supported catalysts. All the profiles of the CeO2-supported catalysts show the onset of 
bulk reduction of ceria at temperatures above 700 oC [63]. The onset is not influenced 
by the presence of Rh. The profiles of the bare supports furthermore evidence 
hydrogen consumption between 400 and 575 oC followed by hydrogen production at 
higher temperatures. The former peak is due to surface reduction of Ce4+ to Ce3+, the 
latter due to H2 desorption [64]. These features are lower for CeO2(900) than for 
CeO2(550), because of the much lower surface area of the former. The peak around 
525 oC due ceria surface reduction shifts to lower temperatures with increasing Rh 
loading for the catalysts (Fig. 2.14 c-f). At higher Rh loadings and for the CeO2(900) 
support, this feature is only present as a weak and broad feature in the range 180-300 
oC. The reason for the strong shift to lower temperature is hydrogen spillover of the 
metal phase to the support [65]. The TPR profiles contain a relatively sharp peak at 
low temperature, which is due to the reduction of the rhodium oxide to metallic Rh. It 
is present at 135 oC for Rh(0.1, 550)/CeO2(550) and shifts to lower temperatures with 
increasing Rh loading. This is explained by a decrease of the metal-support 
interaction of the larger particles. In accord with this is the lower reduction 
temperature of the catalysts supported on CeO2(900) than of those supported on 
CeO2(550). The trend for the low-surface area ceria is different from the one for the 
high surface area ceria. In the former, at high Rh loading a strong shift of the 
reduction maximum to higher temperature is observed. Moreover, the intensity of the 
reduction feature increases strongly. Note that the reduction takes place in two steps, 
one at relatively low temperature and one at around 160 oC. The formation of 
oxidized rhodium species that are more difficult to reduce has been reported before 
[66] and is explained by the presence of Rh0-Rhδ+ pairs interacting strongly with the 
support. It is not clear what the nature of this specific strong metal support interaction 
is. Bernal et al. [67] observed such effects only upon thermal treatment above 500 oC. 
Others have assigned the peak at low temperature to surface reduction and the peak at 
higher temperature to bulk metal reduction [68]. The high temperature peak 
disappears gradually upon ageing treatment. Since ageing is carried out in H2, partial 
reduction of the metal oxide is probable. Rh particles agglomerate into relatively large 
particles, as water vapor is known to be an effective sintering agent for metal oxides 
[69]. This limits the strong metal-support interaction. 

The TPR trace of ZrO2(600) shows a weak and broad H2 consumption peak 
between 300 and 600 oC. It is associated to surface reduction of Zr4+ to Zr3+ [70] and 
to the formation of OH species [71]. This peak shifted to 225-235 oC in the presence 
of Rh. The traces of the Rh/ZrO2(900) catalysts have a similar feature but in the range 
450-650 oC. ZrO2(900) did not show any reduction features. These findings 
demonstrate that hydrogen spillover can also occur in ZrO2-supported catalysts [72]. 
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The peak corresponding to the reduction of rhodium oxide to metallic Rh is located at 
similarly low temperatures as for the other catalysts. Moreover, it shifts to lower 
temperatures with increasing Rh loading. At higher loadings, however, the rhodium 
oxide phase becomes more difficult to reduce. The reason for this specific SMSI 
should be related to modification of the metal-support interaction. The high 
temperature peak disappears again upon ageing treatment. There is a strong 
resemblance between the traces of Rh on the different supports investigated. 
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Figure 2.14: TPR profiles of the supports and supported catalysts: (left) (a) CeO2(550), (b) 
CeO2(900), (c) Rh(0.1, 550)/CeO2(550), (d) Rh(0.4, 550)/CeO2(550), (e) Rh(0.8, 550)/ 
CeO2(550), (f) Rh(1.6, 550)/CeO2(550), (g) Rh(0.4, 550)/CeO2(900), (h) Rh(1.6, 550)/ 
CeO2(900), (i) Rh(1.6, 900)/CeO2(900), (j) Rh(1.6, a750)/CeO2(900), (k) Rh(1.6, a900)/ 
CeO2(900) and (l) Rh(1.6, a1000)/CeO2(900); (right) (a) ZrO2(600), (b) Rh(0.1, 600)/ 
ZrO2(600), (c) Rh(0.4, 600)/ZrO2(600), (d) Rh(0.8, 600)/ZrO2(600), (e) Rh(1.6, 600)/ 
ZrO2(600), (f) Rh(0.4, 600)/ZrO2(900), (g) Rh(1.6, 600)/ZrO2(900), (h) Rh(1.6, 900)/ 
ZrO2(900), (i) Rh(1.6, a750)/ZrO2(900), (j) Rh(1.6, a900)/ZrO2(900) and (k) Rh(1.6, a1000)/ 
ZrO2(900). 
 

The TPR results are collected in Table 2.7. The following trends are observed: (i) 
the H2/Rh ratio increases with the particle size, which suggests that small particles are 
more difficult to reduce than larger ones; (ii) the H2/Rh ratio is close to 1.5 for 1.6 
wt% Rh on low surface area supports which corresponds to full reduction of the 
rhodium oxide precursor; (iii) the H2/Rh ratio decreases with increasing ageing 
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temperature. This latter finding implies that the metal precursor phase is very difficult 
to reduce or has already been reduced to a large extent. It is most likely that the high 
temperature ageing treatment in H2O/H2 has led to large reduced particles with an 
oxide surface layer. In accord with this, it was found that the H2/Rh ratio increased 
when these aged samples were oxidized at high temperature before TPR. The 
substantially higher H2/Rh values of the CeO2- and CeZrO2-supported catalysts, 
especially those with relatively low Rh loading, are due to the fact that rhodium and 
ceria surface reduction occurs simultaneously.  
 
Table 2.7: TPR results (temperature maxima and H2/Rh ratios) of a set of supported catalysts. 

Catalyst Tmax (oC) H2/Rh 1 (-) 

Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(0.8, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

112 (142) 
110 (142) 
106 (139) 
115, 139 

1.11 (1.24) 
1.33 (3.06) 
1.37 (2.31) 
1.41 

Rh(0.4, 600)/ZrO2(900) 
Rh(1.6, 600)/ZrO2(900) 

71, 98 
73, 111, 144 

1.46 
1.54 

Rh(1.6, 900)/ZrO2(900) 136, 148, 163 1.46 
Rh(1.6, a750)/ZrO2(900) 
Rh(1.6, a900)/ZrO2(900) 
Rh(1.6, a1000)/ZrO2(900) 

76, 109, 128 
80, 105, 130 
95, 138 

0.88 
0.67 
0.45 

Rh(0.1, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 

111 (131, 159) 
86, 107 

4.01, (7.49, 8.85) 
1.22 

Rh(1.6, 550)/CeO2(900) 81, 128, 160 1.47 
Rh(1.6, 900)/CeO2(900) 97, 161, 181 1.62 
Rh(1.6, a750)/CeO2(900) 
Rh(1.6, a1000)/CeO2(900) 

74, 97, 127 
95, 129 (157, 296) 

0.83 
0.36 (0.75) 

Rh(1.6, 500)/CeO2-rod(500) 85, 116 1.26 
Rh(1.6, 500)/CeO2-cube(500) 89, 116, 153 1.22 
Rh(0.1, 600)/CeZrO2(600) 
Rh(1.6, 600)/CeZrO2(600) 

140 (175) 
81, 112 

3.86 (9.79) 
1.32 

Rh(1.6, 900)/CeZrO2(900) 108 (149, 180) 1.55 (1.86, 2.31) 
Rh(1.6, a1000)/CeZrO2(900) 78 (142, 170, 202) 0.36 (0.94, 3.7, 4.24)2 

Rh(0.1, 550)/SiO2 
Rh(0.4, 550)/SiO2 

148 
115, 155 

1.15 
1.41 

Rh(1.6, 900)/SiO2(900) 176, 196, 244 1.58 
Rh(1.6, a750)/SiO2(900) 116, 142, 176 0.44 

 

1 Integration of the first peak is used to calculate the H2/Rh ratio, calculated with wt% Rh 
determined via ICP-AES; 2

 significant increases in H2/Rh seem to confirm the presence of metal 
decoration observed by TEM; note that the values in brackets are obtained by including higher 
temperature peaks; each additional peak increases the H2/Rh ratio. 
 

Figs. 2.15 and 2.16 show Rh K-near-edge spectra during the reduction of a 
representative set of Rh/ZrO2 and Rh/CeO2 catalysts. Fig. 2.15 includes reference 
spectra of metallic Rh and Rh2O3. The whiteline of the oxidic precursor is 
substantially higher than for the metal due to the lower occupancy of d-orbitals. The 
changes in the near-edge spectra evidence the reduction of the rhodium oxide 
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precursor to metallic Rh. The near-edge region of the calcined catalysts is similar to 
that of the rhodium oxide reference material. Reduction at 100 oC did not lead to any 
significant changes. The spectra after reduction at 200 oC have pronouncedly 
changed. A clear shift of the edge to lower energies is observed and the whiteline 
feature has decreased, which means that reduction has taken place. Reduction at 
higher temperatures only results in minor changes in the XANES spectra. This means 
that reduction mainly occurs in the temperature range 100-200 oC in agreement with 
TPR results. 

23200 23250 23300 23200 23250 23300 23200 23250 23300

Rh2O3

Rh-foil

 

N
or

m
al

iz
ed

 a
bs

or
pt

io
n

Energy (eV) Energy (eV)

 

(e)

(f)

(a)

(b)

(c)

(d)

Energy (eV)  
Figure 2.15: Rh K-edge XANES spectra recorded of (left) references: Rh2O3 and Rh foil, 
(middle) Rh(0.5, 600)/ZrO2(600) and (right) Rh(1.6, 600)/ZrO2(600) during reduction at (a) 
RT, (b) 100 oC, (c) 200 oC, (d) 300 oC, (e) 400 oC and (f) 500 oC. 
 

Fig. 2.16 shows similar spectra for three Rh/CeO2 catalysts with small (D = 83%), 
medium (D = 39%) and large (D = 15%) average metal particle size. Reduction at RT 
and 100 oC does not result in spectral changes for Rh(0.1, 550)/CeO2(550) and 
Rh(1.6, 550)/CeO2(550). Reduction commences at 200 oC and is more pronounced for 
Rh(1.6, 550)/CeO2(550) than for Rh(0.1, 550)/CeO2(550). With increasing 
temperature, these two catalysts become more reduced. Clearly, reduction of Rh(0.1, 
550)/CeO2(550) is not complete. The Rh(1.6, a900)/CeO2(900) catalyst shows a 
completely different behaviour. The RT spectrum shares features with the Rh foil, 
indicating the metallic character of Rh. The changes in the near-edge spectra upon 
further reduction are minor for this catalyst. 
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Figure 2.16: Rh K-edge XANES spectra recorded of (left) Rh(0.1, 550)/CeO2(550), (middle) 
Rh(1.6, 550)/CeO2(550) and (right) Rh(1.6, a900)/CeO2(900) during reduction at (a) RT, (b) 
100 oC, (c) 200 oC, (d) 300 oC, (e) 400 oC and (f) 500 oC. 
 

To quantify the differences in reduction degree of the reduced catalysts, the near-
edge spectra were fitted by linear combinations of the near-edge spectra of the Rh foil 
and Rh2O3. An overview of the fit parameter, the fraction of oxidic Rh (fRh3+), for a 
larger set of catalysts is given in Table 2.8. These data confirm that reduction takes 
mainly place between 100 and 200 oC. The further reduction at higher temperatures is 
relatively small. An exception to this are the aged catalysts, which clearly have 
already been reduced substantially during the ageing treatment. This finding confirms 
the suggestion from TPR that the aged catalysts contain large metallic nanoparticles 
covered by an oxide layer. This explains the relatively low H2/Rh values from TPR 
for these catalysts. 

For the non-aged catalysts several trends are observed. The higher the metal 
loading and the Rh particle size, the higher the final reduction degree. For instance, 
the increase of the metal loading from 0.1 to 1.6 wt% for the Rh/CeO2 series goes 
with an increase of the final reduction degree from 66 to 81%. A further increase of 
the Rh particle size by using CeO2(900) as the support results in a final reduction 
degree of 92%. Qualitatively, these trends are similar for the ZrO2- and CeZrO2-
supported catalysts. For the various supports, the reduction degree decreases in the 
order SiO2 > ZrO2 > CeZrO2 > CeO2. This trend is related to the extent of the metal-
support interactions, which is influenced by the type and surface planes of the 
support. The smaller the average Rh particle size, the lower the reducibility of the 
catalyst. Most likely, a certain fraction of very small Rh particles interact so strongly 
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with the support that they cannot be reduced. This was earlier suggested by 
Koningsberger and coworkers [73] from analysis of in situ EXAFS measurements on 
an ultra-dispersed 2.4 wt% Rh/Al2O3 catalyst. Stabilization of a subset of Rh ions by 
ceria was suggested by Cunningham et al. [74] who used a selective dissolution 
technique [75] on a 2 wt% Rh/CeO2 catalyst. 
 
Table 2.8: Rh K-edge XANES spectra fitting results; fraction of oxidic Rh (fRh3+) of 
supported catalysts during reduction from RT to 500 oC.  

Catalyst D  
(%) 

fRh3+ (%) 
RT 100oC 200oC 300oC 400oC 500oC 

Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(0.8, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

79 
77 
69 
47 

100 
100 
100 
100 

100 
97 
83 
94 

42 
36 
35 
21 

36 
23 
22 
17 

33 
20 
19 
13 

31 
19 
17 
12 

Rh(0.1, 550)/CeO2(550) 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, 550)/CeO2(550) 

83 
69 
51 
39 

100 
100 
100 
100 

100 
99 
- 

96 

55 
52 
33 
27 

50 
46 
32 
24 

47 
39 
26 
21 

34 
29 
22 
19 

Rh(1.6, 550)/CeO2(900) 21 94 88 14 11 7 8 
Rh(1.6, a900)/CeO2(900) 15 18 3 3 5 5 7 
Rh(1.6, 500)/CeO2-rod(500) 78 100 100 27 24 21 20 
Rh(1.6, 500)/CeO2-cube(500) 48 100 27 18 17 15 14 
Rh(0.1, 600)/CeZrO2(600) 
Rh(0.4, 600)/CeZrO2(600)  
Rh(0.8, 600)/CeZrO2(600) 
Rh(1.6, 600)/CeZrO2(600) 

97 
77 
72 
69 

100 
100 
100 
100 

100 
97 
89 
- 

87 
82 
53 
25 

63 
57 
35 
20 

40 
35 
30 
17 

32 
28 
21 
15 

Rh(1.6, 600)/CeZrO2(900) 30 - - - - - 10 
Rh(1.6, a900)/CeZrO2(900) 24 5 - - - - 6 
Rh(1.6, 550)/SiO2 38 95 68 17 15 12 9 
Rh(1.6, a900)/SiO2(900) 14 10 - - - - 6 
 

Fig. 2.17 relates the reduction degree to the Rh particle size after reduction at 400 
and 500 oC. The differences in the reduction degree between these two reduction 
temperatures are very small. The reducibility depends on the average particle size. 
When the particles become smaller than 4 nm, they become increasingly more 
difficult to reduce. Particles larger than about 4 nm are nearly fully reduced (fRh3+ 

<10%). Clearly, the reduction degree of the CeO2-supported catalysts is lower than 
that of the CeZrO2-, ZrO2- and SiO2-supported ones and this difference should be due 
to the strong metal-ceria interactions [76,77]. A more detailed analysis of these results 
and its effect on catalytic CO oxidation will be described in Chapter 4 of this thesis. 
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Figure 2.17: Fraction of oxidic Rh (fRh3+) as a function of Rh particle size supported by CeO2 
(circles), CeZrO2 (triangles), ZrO2 (squares) and SiO2 (rhombi) during reduction at (left) 400 
oC and (right) 500 oC.  
 

Fig. 2.18 shows the experimental and fitted k3-weighted χ(k) EXAFS functions and 
the corresponding Fourier Transforms (FT) of a set CeO2-supported catalysts after 
reduction. The fit parameters of these and other catalysts are given in Table 2.9. In 
general, the FT spectra can be fitted by a Rh-O shell at 2.06 Ǻ and a Rh-Rh shell 
around 2.69 Ǻ. Higher Rh-Rh shells similar to those observed for the metallic Rh foil 
were not used in the fitting procedure but are clearly present when the Rh particles are 
large. Small Rh particles (dav < ~2 nm) contain a Rh-Rh shell at a coordination 
distance (R) slightly lower than 2.69 Ǻ and a coordination number (N) between 4 and 
7. The small Rh–Rh bond length contraction appears to be independent of the type of 
support. A shorter interatomic bond length favors enhanced d-d interactions, which 
narrows the d-band and lowers the energy of the d-orbitals. Accordingly, a lower 
intensity of the whiteline in the edge region of the X-ray absorption spectra is 
observed (not shown). Similar effects have been reported before for both Pt and Au 
catalysts [78]. The spectra also contain a contribution of an oxygen back-scatterer, 
which is due to the presence of a small fraction of Rh-oxide particles that cannot be 
reduced. Such a Rh-O shell is absent in the spectra of larger Rh particles. Analysis of 
the near-edge region of these spectra demonstrates that the fraction of oxidic Rh is in 
satisfactory agreement with the results determined earlier (Table 2.8). With increasing 
Rh particle size the coordination number increases to values close to the bulk value of 
12, while the Rh-Rh bond distance remains at 2.69 Ǻ. 
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Figure 2.18: Experimental (solid line) and fitted (dotted points) (left) FT EXAFS functions 
and (right) k3-weighted EXAFS oscillations of (a) Rh(0.1, 550)/CeO2(550), (b) Rh(0.4, 
550)/CeO2(550), (c) Rh(0.8, 550)/CeO2(550), (d) Rh(1.6, 550)/CeO2(550), (e) Rh(1.6, 
550)/CeO2(900) and (f) Rh(1.6, a900)/CeO2(900) after reduction. 
 

Table 2.9: Fit parameters of k3-weighted EXAFS spectra at the Rh K-edge of supported 
catalysts after reduction. 

Catalyst fRh3+ 1
(%) 

EXAFS analysis 2 

Shell R (Å) N ∆σ2 (Å2) E0 (eV) 

Rh(0.1, 550)/CeO2(550) 28 Rh-O 
Rh-Rh 

2.06 
2.66 

0.9 
4.3 

0.004 
0.012 -6.0 

Rh(0.4, 550)/CeO2(550) 27 Rh-O 
Rh-Rh 

2.05 
2.67 

1.3 
5.2 

0.008 
0.009 4.7 

Rh(0.8, 550)/CeO2(550) 24 Rh-O 
Rh-Rh 

2.03 
2.68 

0.5 
5.7 

0.003 
0.007 5.2 

Rh(1.6, 550)/CeO2(550) 19 Rh-Rh 2.69 6.6 0.006 3.6 
Rh(1.6, 550)/CeO2(900) 10 Rh-Rh 2.69 10.1 0.006 3.0 
Rh(1.6, a900)/CeO2(900) 2 Rh-Rh 2.68 11.8 0.006 3.4 
Rh(1.6, 500)/CeO2-rod(500) 21  Rh-Rh 2.68 5.9 0.007 2.8 
Rh(1.6, 500)/CeO2-cube(500) 15 Rh-Rh 2.69 8.1 0.005 2.4 

Rh(0.8, 600)/CeZrO2(600) 18 Rh-O 
Rh-Rh 

2.06 
2.68 

1.4 
4.6 

0.015 
0.007 1.3 

Rh(1.6, 600)/CeZrO2(600) 13 Rh-Rh 2.68 6.5 0.007 1.1 
Rh(0.8, 600)/ZrO2(600) 19 Rh-Rh 2.66 4.7 0.006 7.2 
Rh(1.6, 600)/ZrO2(600) 13 Rh-Rh 2.68 8.5 0.007 3.0 
Rh(1.6, 550)/SiO2  10 Rh-Rh 2.68 7.5 0.006 4.5 

 

1 Fitting of near-edge spectra; 2 only first Rh-O and Rh-Rh shells were fitted; ∆k = 2.5-13.4 Å-1; 
estimated error in R ±0.01 Å, N ±20%, ∆σ2 ±10%. 
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Fig. 2.19 relates the Rh-Rh coordination number to the Rh particle size for a larger 
set of catalysts. The data are fitted with a simple logarithmic function, which can be 
used to derive the average metal particle size (dav) from the coordination number of 
the first Rh-Rh shell (NRh-Rh) by 
 

88.3)ln(815.3 +⋅=− avRhRh dN      (2.4) 
 
Additional data from the literature fit this correlation well. For subnanometer-sized 
Rh particles, the estimation of the average particle size from the Rh-Rh coordination 
number [79-82] has often been based on the work of Van Zon et al. [83]. Their 
particle sizes are a bit lower than the correlation due to the assumptions in applying 
chemisorption [84] and limitations of electron microscopy [85] in this particle size-
regime. The empirical function can be extended to metals of similar structure [78].  
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Figure 2.19: First shell Rh-Rh coordination number as a function of the Rh diameter on CeO2 
(circles), CeZrO2 (triangles), ZrO2 (squares) and SiO2 (rhombi). Our particle sizes (closed 
symbols) have been determined by H2-chemisorption and TEM analysis. Literature results of 
Rh/Al2O3 (pentagons) [83,86,87], Rh/CeO2 [88], Rh/CeZrO2 [89], Rh/ZrO2 [90], Rh/SiO2 [91] 
and Rh/MgO (hexagon) [92] are included for comparison.  
 
2.3.2 Catalyst activity measurements 

A large number of catalysts were tested for their activity in the steam methane 
reforming reaction. The catalysts displayed considerable differences in their activities 
and stabilities as a function of time on stream. As a representative example, Fig. 2.20 
shows the surface-atom-based activity of three ZrO2-supported catalysts with low, 
medium and high metal dispersion as a function of time on stream. The initial 
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intrinsic activity decreases with increasing Rh particle size. Despite the much higher 
initial activity of the catalyst with the highest Rh dispersion, deactivation is much 
more pronounced than for the other two catalysts. The catalyst containing the largest 
Rh particles exhibits stable activity in the SMR reaction.  
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Figure 2.20: CH4 steam reforming rates as function of time on stream of (squares) Rh(0.1, 
600)/ZrO2(600), (circles) Rh(1.6, 600)/ZrO2(600) and (triangles) Rh(1.6, a900)/ZrO2(900) 
(500 oC, 0.06 bar CH4, 0.18 bar H2O). 
 

Table 2.10 lists the weight-based and surface-atom-based reaction rates of methane 
after 0.5 h and 15 h. The weight-based initial activities show an optimum in the 
dispersion range of 50-70%. It is however more useful in the light of our discussion to 
compare the surface-atom-based reaction rates. In doing so, it is observed that the 
initial intrinsic activity increases with the dispersion for ZrO2-supported catalysts. An 
optimum in the activity at a dispersion of ca. 50% is observed for the CeO2-supported 
catalysts. The higher intrinsic activity for catalysts containing smaller Rh particles is 
also noted for the CeZrO2- and SiO2-catalysts. Due to the much stronger deactivation 
of the more dispersed Rh catalysts, both the ZrO2- and CeO2-supported catalysts show 
a maximum in the activity after 15 h. A detailed investigation into the particle size 
dependence of catalyst deactivation is given in Chapter 3 of this thesis. 

It is also noteworthy that the initial intrinsic reaction rates do not vary significantly 
between catalysts based on different supports and with similar dispersion. For 
instance, the initial reaction rates of CeO2-, ZrO2- and CeZrO2-supported catalysts 
with Rh dispersion close to 69% are very similar. Another important conclusion is 
that the all catalysts containing Rh particles smaller than about 3 nm deactivate. 
Catalysts containing larger nanoparticles exhibit a quite stable SMR activity. 
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The approach of the reaction toward the water-gas shift equilibrium is also 
included in Table 2.10. These values were determined from the concentrations of 
reactants and products as defined by 

 

WGSeqOHCO

HCO
WGS KPP

PP

,

1
]][[
]][[

2

22=η ,      (2.5) 

with Keq, WGS amounting to 5.03 at 500 oC.  
 
WGS reaction rates are generally considered to be sufficiently high to obtain the 
WGS equilibrium [10,93]. Although this may be true at high reaction temperatures, 
the present data obtained at 500 oC show that ηWGS considerably depends on the 
particle size and the type of support. The WGS activity is highest for Rh particles 
supported by ceria. Catalysts containing small Rh particles (D > ~30%) show a 
decreasing WGS activity with the type of support in the order CeO2 > CeZrO2 > ZrO2 
> SiO2. Catalysts that contain large Rh particles (D < ~20%) have much lower WGS 
activities than catalysts containing small Rh particles.   
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Table 2.10: CH4 steam reforming rates 1 initial and 15 h on stream of a selected set of catalysts (500 oC, 0.06 bar CH4, 0.18 bar H2O), and the extent of water-

gas shift equilibrium (ηWGS). 

Catalyst 
D 

(%) 

rinitial
 r15h

 
ηWGS 

(-) (mol/gcat·h) (mol/mol Rhsurf·s) (mol/gcat·h) (mol/mol Rhsurf·s) 

Rh(0.1, 600)/ZrO2(600) 

Rh(0.4, 600)/ZrO2(600) 

Rh(0.8, 600)/ZrO2(600) 

Rh(1.6, 600)/ZrO2(600) 

79 

77 

69 

47 

0.43 

1.66 

2.52 

2.33 

14 

13.7 

12.9 

8.8 

0.14 

1.17 

2.21 

1.95 

4.7 

9.6 

11.2 

7.3 

0.55 

0.45 

0.68 

0.6 

Rh(1.6, 600)/ZrO2(900) 24 0.71 5.4 0.69 5.3 0.56 

Rh(1.6, a750)/ZrO2(900) 

Rh(1.6, a900)/ZrO2(900) 

Rh(1.6, a1000)/ZrO2(900) 

23 

17 

12 

0.64 

0.35 

0.19 

5 

3.6 

2.6 

0.66 

0.34 

0.18 

5.3 

3.5 

2.4 

0.2 

0.02 

0.01 

Rh(0.1, 550)/CeO2(550) 

Rh(0.4, 550)/CeO2(550) 

Rh(0.8, 550)/CeO2(550) 

Rh(1.6, 550)/CeO2(550) 

83 

69 

51 

39 

0.41 

1.33 

1.97 

2.62 

9.3 

10.6 

11.3 

10 

0.13 

0.88 

1.58 

2.46 

3 

7 

9.1 

9.4 

1 

0.91 

0.97 

0.98 

Rh(1.6, 550)/CeO2(900) 21 0.63 5.5 0.6 5.2 0.82 

Rh(1.6, a900)/CeO2(900) 15 0.08 1 0.03 0.4 0.03 

Rh(1.6, 500)/CeO2-rod(500) 78 0.38 13.2 0.33 11.4 0.92 

Rh(1.6, 500)/CeO2-cube(500) 48 2.43 9.2 2.28 8.6 0.8 

Rh(1.6, 600)/CeZrO2(600) 69 2.3 11.5 2.17 10.8 0.85 

Rh(1.6, a900)/CeZrO2(900) 24 0.45 3.1 0.41 2.9 0.22 

Rh(1.6, 550)/SiO2(900) 33 1.24 6.8 1.03 5.7 0.18 

Rh(1.6, a750)/SiO2(900) 14 0.12 1.6 0.11 1.5 0.03 
   1 rinitial (r15h) is defined as the average rate between 0.5-2.5 h (15-17 h). 
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2.4 Overall discussion 

Insight into the influence of the number of particular surface sites such as terraces 
(Nterrace), edges (Nedge), corners (Ncorner) and step edges (Nstep) can be obtained by 
relating the intrinsic surface atom reaction rates to the metal dispersion. Following the 
work of Jones et al. [7], the total reaction rate (rtotal) will be the sum of the individual 
reaction rates over the various surface sites via 
 

stepstepcornercorneredgeedgeterraceterracetotal rNrNrNrNr ×+×+×+×=  (2.6) 

 
As typically only the metal dispersion (D) is known, the intrinsic surface atom 
reaction rate (rintrinsic) is obtained by normalizing the experimental total reaction rate 
to the number of surface atoms (Ntotal) via 
 

rintrinsic = rexperimental/Ntotal      (2.7) 
 
with rexperimental being the turnover frequency in molCH4/gcat·s and Ntotal the total 
number of surface sites in molRh-surf/gcat.  
 
How rintrinsic relates to the metal particle dispersion depends on the individual rates for 
the various surface sites. If the reaction rate is controlled by the terrace sites, rintrinsic 
does not depend on the dispersion, because Nterrace/Ntotal does not depend on the metal 
particle size. If the reaction rate is limited by a reaction step taking place on the edge 
atoms, the rate will scale linearly with metal dispersion as Nedge increases inversely 
with the particle size. If the rate-controlling step occurs on corner atoms, the rate 
correlate with D2. Finally, one should consider the special case where CO formation 
on the stepped site surface topology is rate-controlling. In this case, one expects that 
rintrinsic has a maximum at around 2 nm for cubo-octahedron-shaped particles. To 
compute meaningful values for rintrinsic, the experimental reaction rate is corrected for 
the metal dispersion as well as the fraction of metallic Rh. The latter correction is 
required, because the fraction of Rh atoms that cannot be reduced is significant, viz. 
for the CeO2-supported catalysts and for the other catalysts that contain very small Rh 
particles. 

Fig. 2.21 shows the initial rintrinsic as a function of the Rh dispersion. Two important 
conclusions can immediately be drawn. The first is that the intrinsic reaction rate over 
the reduced surface metal atoms increases linearly with the metal dispersion. This 
finding indicates that the overall rate is controlled by a reaction step occurring on the 
edge atoms of the Rh nanoparticles. The second is that the initial reaction rate per 
surface metal atoms does not depend on the support. These two issues will be 
discussed in detail below. 
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Figure 2.21: Initial CH4 steam reforming rates as function of Rh dispersion supported by 
ZrO2 (squares), CeO2-polyhedral (red circles), CeO2-rod (purple circle), CeO2-cube (pink 
circle), CeZrO2 (triangles) and SiO2 (rhombi) (500 oC, 0.06 bar CH4, 0.18 bar H2O). 
 

The linear correlation between the intrinsic reaction rate and the metal dispersion 
for steam methane reforming has been reported before by Jones et al. [7] and Wei and 
Iglesia [10]. In the work by Jones et al., a set of Rh catalysts was supported by 
zirconia with a varied dispersion in the range 8-32%, which implies that the smallest 
particles had a size of about 3 nm. This size is considerably larger than the particle 
size at which the density of stepped edge sites is expected to dominate on the metal 
nanoparticles. The smallest particle size in the present set of catalysts is 1.3 nm. The 
intrinsic reaction rates of our catalysts are very similar to those reported by Jones et 
al. [7] for similar metal dispersion. In contrast, the activities are nearly two times 
higher than the activities of supported Rh catalysts reported by Wei and Iglesia [10], 
even when the reaction temperature in the latter case was 100 ºC higher. The reason 
for this difference is not clear, although we would like to note that we and Jones et al. 
use inert forms of alumina as diluents, whereas quartz powder was employed by Wei 
and Iglesia. As the linear relation with the dispersion still holds, this allows us to 
extend the conclusion by Jones et al. for a much wider range of particle sizes. The 
data of Wei and Iglesia relate to high-temperature conditions [10], under which one 
expects CH4 dissociation to be rate-controlling [25]. A word of caution is in place. 
The geometrical optimum of stepped edge sites of 2 nm is determined for 
nanoparticles with a cubo-octahedron morphology [17]. In reality, metal particles tend 
to minimize their surface energy and one way to do so is to maximize the interaction 
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with the support. In this case, the particle shape may be different, and it is likely that 
stepped edge sites can still be present on very small particles that interact more 
strongly with the support. Indeed, the relation between the Rh-Rh coordination 
number and the average Rh particle size of the supported Rh catalysts in comparison 
with recent spectral simulation work [94] points to the presence of half-spheres in our 
catalysts. 
 

The importance of surface defect sites in the activation of methane dissociation has 
been extensively demonstrated by periodic Density Functional Theory (DFT) 
calculations on Group VIII metals. The activation energies on Rh are typically 60 
kJ/mol and higher for terrace surfaces (close-packed facets) and 30-60 kJ/mol for 
surface atoms with a lower metal-metal coordination number as found for edges and 
stepped sites [14,95]. These barriers are substantially lower than those calculated for 
CO formation on Rh. The activation energy for C-O recombination is ~180 kJ/mol on 
terrace surfaces and decreases to values on the order of 90 kJ/mol on step edge sites 
[25]. To meaningfully compare these barriers, one should compare the activation free 
energies. At a temperature of 500 oC, one has to add approximately 100 kJ/mol for the 
entropy loss during dissociative methane adsorption (ΔSact estimated to be -130 
J/mol·K), which implies a free energy activation barrier of at least 130 kJ/mol. For a 
surface recombination reaction, the change in entropy will be very small [96]. The 
free energy activation barrier for C-O recombination will remain around 90 kJ/mol. 
This analysis predicts that the rate of dissociative methane adsorption will be lower 
than the rate of C-O recombination as long as step edge sites are available. 

In line with earlier suggestions [1,7], this analysis implies that at sufficiently low 
temperatures, C-O recombination will become rate-controlling. To verify this, we 
determined the intrinsic rates for a number of Rh/ZrO2 catalysts at 400 oC (Fig. 2.22) 
and found that the intrinsic rate remains linearly related to the dispersion. As in this 
case no catalyst deactivation was observed, a kinetic study could be carried out to 
determine the reaction orders in methane and steam. Fig. 2.23 shows that changes in 
the methane partial pressure range of 24 to 105 mbar did not lead to any changes in 
the conversion. Thus, the reaction is first-order in methane. The intrinsic activity did 
not depend on the steam-to-carbon ratio (S/C ratio varied between 3 and 6). 
Accordingly, the reaction rate equation has the form 
 

01
24 OHCH PPkr ⋅⋅=        (2.8) 

 
similar to the form reported by Wei and Iglesia [10] for reforming at more 
conventional reforming temperatures of 600 oC and higher. In another set of 
experiments, we determined the apparent activation energy for two Rh/ZrO2 catalysts 
with average particle sizes of 1.6 and 2.3 nm and found it to be 70 kJ/mol in the 
temperature range 330-450 oC. Wei and Iglesia [10] reported a value of 109 kJ/mol 
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for SMR at higher temperatures for a Rh-based catalyst. Zeppieri et al. [97] found a 
value of 69 kJ/mol for a 5 wt% Rh-perovskite catalyst similar to our activation 
energy. The present value of 70 kJ/mol is very close to the theoretical values for 
methane activation [14,95]. 

Accordingly, the present experimental results allow us to conclude that (i) CH4 
dissociation is the rate-controlling step and (ii) CO formation is occurring on step 
edge sites. This also implies that the very small particles employed in this study still 
stabilize step edge sites. Jones et al. [7] assume competition between CH4 dissociation 
and C-O recombination in their microkinetic model. This choice appears to be related 
to the relatively high barrier for C-O recombination for the stepped Ru(1015) 
surfaces, which was used to derive the barrier for Rh and other metals. A similarly 
high barrier on Rh for this step was found earlier by Mavrikakis et al. [98]. The free 
activation energy analysis then predicts competition between C-O recombination and 
CH4 dissociation for the most active metals. Recently, Van Grootel et al. [25] have 
reported values for the activation barrier of C-O recombination for Rh(111) and 
Rh(211) of 180 and 90 kJ/mol, respectively, independent of whether CO forms by 
recombination of adsorbed C and O adatoms or via a formyl (CHO) intermediate. 
Obviously, this free energy analysis implies that dissociative methane adsorption will 
be the rate-controlling step at higher reaction temperatures. 

The other important conclusion is that the support does not influence the intrinsic 
reaction rate of the surface metal edge atoms. Iglesia and co-workers [10] have 
reached a similar conclusion by comparing the intrinsic activities of zirconia- and 
alumina-supported Rh catalysts. This result is in agreement with the finding that the 
rate is controlled by dissociative methane adsorption, because it is commonly 
accepted that this elementary reaction step takes place over a single metal surface 
atom without any involvement of the support. Several studies for supported Pt [99] 
and Pd [100-102] catalysts have shown a positive effect of the use of ceria in steam 
methane reforming. Although in some cases the determination of the particle size may 
be questioned and no attention was attributed to the reduction degree of the metal 
phase, it may well be that the more difficult activation of water on Pt and Pd surfaces 
[25] explains the beneficial effect of ceria in such cases. Indeed, ceria and a ceria-
containing support such as ceria-zirconia as employed in the present study are known 
to activate water, which may provide oxygen species on the metal phase via spillover 
[103,104]. 
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Figure 2.22: Initial CH4 steam reforming rates as function of Rh dispersion supported by 
ZrO2 at 500 oC (black) and 400 oC (gray) (0.06 bar CH4, 0.18 bar H2O). 
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Figure 2.23: Reaction kinetics for steam reforming: (left) the effect of CH4 partial pressure on 
the intrinsic activity for CH4 steam reforming of Rh(0.8, 600)/ZrO2(600) (400 oC, total flow 
rate 200 ml/min, with 0.18 bar H2O balanced by He), and (right) Arrhenius plot of Rh(0.8, 
600)/ZrO2(600) and  Rh(1.6, 600)/ZrO2(600) to give apparent activation energies of 70 ±2 and 
71 ±3 kJ/mol, respectively. 
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2.5 Conclusions 

The particle size of Rh can be controlled in the range of 1 to 9 nm by careful 
choice of the support, metal loading and the pretreatment conditions. In general, 
supports such as ceria, zirconia and ceria-zirconia stabilize smaller Rh particles than 
silica. Particle growth can be induced by reductive treatment at high temperature in 
the presence of steam and by using low surface area supports. The smaller the Rh 
metal nanoparticles, the more difficult their reduction. Reduction at 500 oC leaves a 
substantial part of the smallest Rh particles in their oxidic form. This effect is most 
pronounced for Rh nanoparticles supported by ceria. 

The initial intrinsic surface atom reaction rate of steam methane reforming at 500 
oC for a large set of Rh catalysts increases linearly with the metal dispersion. This 
points to dissociative methane adsorption as the rate-controlling step and is 
understood in terms of an increasing density of low-coordinated edge and corner 
metal atoms with decreasing particle size. C-O recombination is not the rate-
controlling, even if the temperature is lowered to 400 oC. In accordance with the 
conclusion on the rate-controlling step, the intrinsic activity does not depend on the 
type of support. The support only affects the catalytic activity in steam methane 
reforming indirectly by influencing the dispersion and the reduction degree of the 
metal phase. 
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Chapter 3 

Deactivation of Rh nanoparticles in steam reforming of methane  
 

Summary 

The deactivation of Rh-based catalysts in steam methane reforming increases with 
decreasing Rh metal particle size. Smaller particles give rise to more extensive coke 
formation, which is likely due to a lower rate of C-O recombination which competes 
with C-C coupling reactions. Experiments at different steam-to-carbon (S/C) ratio 
give rise to different coke formation rates but similar deactivation, which suggests 
that coke deposits do not cause strong catalyst deactivation. A more likely reason for 
catalyst deactivation appears to be the oxidation of very small particles under steam 
reforming conditions. It is observed that the degree of Rh oxidation is more 
pronounced for a catalyst initially containing 1.3 nm particles as compared to a 
catalyst containing 2.8 nm particles. A catalyst with 7.2 nm particles exhibits very 
stable activity and X-ray absorption measurements show that no oxidation of the 
active phase occurs.  
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Chapter 3 

3.1 Introduction 

Catalytic steam reforming of natural gas continues to be the key technology to 
fulfill the world’s hydrogen demand. Catalysts for steam reforming of natural gas 
almost invariably contain nickel as the active phase [1]. Ni-based catalysts are 
preferred because of cost considerations. A challenge associated with the use of Ni-
based catalysts is the formation of carbon deposits that lead to loss of activity. The 
growth mechanism starts from the activation of methane followed by strong 
adsorption of carbon atoms and nucleation at step sites into graphene carbon 
structures. Various types of carbon are formed dependent on the feed stock (H2O:CxHy 
ratio), temperature and particle size. The process is driven by carbon energy gain and 
diffusion of carbon atoms through the Ni particle [2-5]. Precious metals such as Rh 
and Ru are more active and typically exhibit lower carbon formation rates than Ni 
[6,7]. Accordingly, relatively little attention has been given to deactivation of precious 
metal-based catalysts in the steam methane reforming (SMR) reaction. Moreover, 
there is a lack of consensus on the reason of deactivation, if noted and investigated.  

Studies carried out for reforming reactions at conventional temperatures of 600 oC 
and higher reported stable performances without formation of carbonaceous species or 
sintering of metal particles over Rh catalysts [8,9]. Others reported the presence of 
little carbon with no considerable deactivation [10], whereas Verykios and co-workers 
[11,12] found that catalyst deactivation was caused by carbon deposition, sintering 
and poisoning of surface Rh sites by species originating from the carrier. They 
suggested that the importance of each process depends on the support type and the 
size of the Rh particles. Wang and Ruckenstein [13] proposed that deactivation is 
caused by sintering as it decreases the number of active sites and that would 
accelerate carbon deposition since it requires large metal ensembles. Similar 
conflicting results have been reported for Pt catalysts. Wei and Iglesia [14] found no 
detectable carbon formation or sintering, whereas Bitter et al. [15,16] attributed the 
deactivation of a reasonably similar set of catalysts to the accumulation of coke for 
catalysts with dispersions lower than 35%. Pt catalysts with higher dispersion 
performed more stable, but it depends crucially on the support. For Pd catalysts with 
low dispersion the stability also depends on the support [17]. For Ru catalysts no 
detectable deactivation was observed [18] but others reported deactivation by 
carbonaceous deposits and/or sintering, dependent on the support [19]. 

Recently, Jones et al. [20] have reported that precious metal catalysts are subjected 
to strong loss of activity during SMR at reaction temperatures above 500 oC. This 
deactivation phenomenon could be solved by adjustment of the pretreatment 
procedure to a reduction step followed by a reaction treatment step [21]. Latter 
consisted of catalyst exposure to the feed while heating to 775-825 oC, an isothermal 
period and cooling to the reaction temperature prior to activity and kinetic 
measurements. This led to stable catalytic activity.  Jakobsen et al. [21,22] argued that 
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the primary cause of deactivation is metal particle encapsulation, which is reversed by 
this treatment procedure. We have shown that Rh-based catalysts deactivate in SMR 
at relatively low temperatures (~500 oC) when the initial dispersion is very high 
(Table 2.10). Catalysts having an initial dispersion higher than 75% deactivate more 
pronouncedly, whereas catalysts containing Rh particles larger than about 2.5 nm 
show stable performance. 

In order to elucidate why the very small supported Rh nanoparticles deactivate 
more strongly than larger nanoparticles, spent catalysts were characterized in detail. 
The amount of coke built up was determined by temperature programmed oxidation 
(TPO). The TPO profiles of spent catalysts were compared to those obtained after 
exposure of the reduced catalysts to methane. The possible sintering of very small 
particles under reforming conditions was investigated by EXAFS.  
 
3.2 Experimental methods 

3.2.1 Supports and catalysts preparation 

The synthesis and origin of the support materials and catalysts has been described 
in the previous chapter of this thesis. In brief, the Rh catalysts supported on ceria, 
ceria-zirconia, zirconia and silica were obtained by varying the Rh loading, the 
calcination temperature of the support, the calcination temperature of the impregnated 
catalyst and an aging procedure in a mixture of H2O and H2. These catalysts were 
extensively characterized before. The Rh particle size was determined by H2-
chemisorption and TEM. The metal nanoparticle size of the CeO2-, CeZrO2- and 
ZrO2-supported catalysts was varied between 1-9 nm. SiO2-supported catalysts were 
prepared with Rh particles in the range of 2-8 nm. 
 
3.2.1 Catalyst characterization 

Analysis carbonaceous deposits – Temperature-programmed oxidation (TPO) was 
employed to quantify the amount of carbonaceous deposits. These deposits were 
produced by exposure to a feed containing CH4 and He. In a typical experiment, 100 
mg of sample was loaded into a quartz reactor tube and kept between two layers of 
quartz wool. The catalyst was reduced in a mixture of 20 vol% H2 in He, whilst 
heating from room temperature (RT) to 450 oC at a rate of 10 oC/min followed by an 
isothermal period of 2 h (1 h for support materials). After reduction, the catalyst was 
purged with He for 5 min, whilst heating to 500 oC. Subsequently, the sample was 
exposed to a flow of 100 ml/min consisting of 10 vol% CH4 in He for 10 min. The 
sample was then purged with He and rapidly cooled to RT. TPO was carried out by 
heating the sample at a rate of 10 oC/min to 750 oC in a flow of 6 vol% O2 in He. The 
amount CO2 was determined by online mass spectrometry (quadrupole mass 
spectrometer, Balzers TPG-300). The CO2 signal was calibrated by following the 
decomposition of a well-known amount of NaHCO3 (Acros, purity >99.5%).  
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X-Ray absorption spectroscopy - X-ray absorption measurements were carried out 
at the Dutch-Belgian Beamline (Dubble) at the European Synchrotron Radiation 
Facility (ESRF), Grenoble, France (storage ring 6.0 GeV, ring current 200 mA). Data 
were collected at the Rh K-edge in fluorescence mode with a nine-channel solid-state 
detector. Energy selection was done by a double crystal Si(111) monochromator. 
Background removal was carried out by standard procedures with Viper software. 
EXAFS analysis was then performed with EXCURVE931 on k3-weighted unfiltered 
raw data using the curved wave theory. Phase shifts were derived from ab initio 
calculations using Hedin-Lundqvist exchange potentials and Von Barth ground states. 
Energy calibration was carried out with Rh foil. The fit parameters for the reference 
Rh standards are given in chapter 4 of this thesis (Table 4.1). The amplitude reduction 
factor S0

2 associated with central atom shake-up and shake-off effects was set at 1.0 
by calibration of the first- and second shell Rh–Rh coordination numbers to 12 and 6, 
respectively, for k3-weighted EXAFS fits of the Rh foil. The structure of the Rh metal 
foil and the first two shells of the FT EXAFS spectrum of Rh2O3 correspond well to 
literature data [23,24]. The near-edge region of the absorption spectra of these 
reference compounds were used to fit the near-edge region of the catalysts. 

Spectra at the Rh K-edge were recorded in a stainless-steel-controlled atmosphere 
cell. The cell was heated with two firerods controlled by a controller via a 
thermocouple placed close to the catalyst sample. Three selected catalysts, both fresh 
and spent of each, were pressed in a stainless steel holder and placed in the cell. For 
spent samples this was carried out in a glovebox and they were sealed with carbon 
tape. Carbon foils with a thickness of 130 μm were held between two high-purity 
carbon spacers with a thickness of 1000 μm. High-purity gases (20% H2 in He) were 
delivered by thermal mass flow controllers (Bronkhorst). The total gas flow was kept 
at 50 ml/min. The catalyst sample was reduced at 500 oC for 1 h at a rate of 10 
oC/min. Two consecutive EXAFS spectra were recorded of the fresh reduced and 
spent catalysts.  
 
3.2.2 Catalytic activity in steam methane reforming 

The catalytic activity in SMR was measured using a fixed-bed reactor with an 
internal diameter of 6 mm. The stainless steel reactor tube was placed in a brass body 
to ensure isothermal operation of the reactor. Typically, 3-15 mg of catalyst (sieved to 
125-250 μm) was mixed with inert α-Al2O3 (purity 99.997%, 110 μm crystalline, 
surface area 5.5 m2/g). Prior to catalytic activity measurements, the catalysts were 
oxidized at 500 oC for 1 h in 3 vol% O2 in N2 and subsequently reduced at 450 oC for 
2 h in 20 vol% H2 in N2. Cooling and heating steps were carried out in nitrogen. The 
composition of the effluent gas was analysed by online gas chromatography 
(Interscience GC-8000 Top) equipped with a ShinCarbon ST 80/100 packed column 
(2 mm × 2 m) and a thermal conductivity detector. SMR was carried out at 500 oC 
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with a feed consisting of 5 vol% CH4 and 15 vol% H2O in He (H/C = 10 and O/C = 3) 
at a total pressure of 1.2 bar. The total gas flow was 200 ml/min. Steam was supplied 
by evaporation of deionized water in a Controlled Evaporator Mixer unit in 
combination with a liquid-flow controller (Bronkhorst) and gas flows were controlled 
by mass flow controllers (Brooks). All tubings were kept at 125 oC after the point of 
steam introduction to avoid condensation. The conversion was calculated from the 
effluent concentrations via [6] 
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The forward CH4 turnover rates (rf) were calculated by correction of the measured net 
reaction rate (rn) for the approach to thermodynamic equilibrium (η) [14] using 
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Pi the pressure of species i (bar) and Keq the equilibrium constant of the reforming 
reaction, which amounts to 9.54×10-3 at 500 oC. These corrections were very minor 
with typical initial values of η below 0.03. The rate of CH4 consumption in the reactor 
was determined based on the CH4 inlet flow. Finally, the rate for reforming is 
described by  

4
)( CHf PTkr =         (3.3) 

A subset of the catalysts was exposed to the SMR reaction conditions, 
subsequently the reactor was closed and rapidly cooled to RT and then transferred 
into the TPO setup (without exposure to air) for oxidation of surface carbon species to 
CO2.  
 
3.3 Results and discussion 

Previously, it was established that the initial reaction rate of steam methane 
reforming correlates linearly with the dispersion of the Rh metal particles. This 
finding implies that the rate is controlled by the dissociative adsorption of methane on 
low-coordinated sites such as edge and corner atoms of the Rh metal nanoparticles. 
This elementary reaction step occurs on a single surface metal atom [25]. It is 
reasonable to assume that this reaction step is not directly influenced by the support. 
In accordance with this, it was found that the reaction rate per surface metal Rh atoms 
does not depend on the support type. Another important observation was that the Rh 
catalysts with very small metal nanoparticles deactivate faster than catalysts 
containing larger particles. Fig. 3.1 shows the intrinsic reaction rate after 0.5 and 15 h 
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time on stream as a function of the Rh dispersion for ZrO2- and CeO2-supported 
catalysts. The higher the initial dispersion, the higher the initial intrinsic SMR activity 
and the higher the deactivation rate. Three regimes can be distinguished. Very small 
particles with a dispersion above ~75% show a strong deactivation with time on 
stream. Catalysts having metal dispersions between 35 and 75% deactivate slightly, 
while catalysts with a lower dispersion are stable during the first 15 h of reaction. 
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Figure 3.1: CH4 steam reforming rates initially (closed) and 15 h (open) on stream as function 
of the Rh dispersion supported by (left) ZrO2 and (right) CeO2 (500 oC, 0.06 bar CH4, 0.18 bar 
H2O).  
 

With the aim to understand these differences in deactivation, the catalysts were 
further investigated during and after the SMR reaction. A starting hypothesis is that 
deactivation is either caused by carbonaceous deposits built up on the catalyst surface 
or by sintering of the very small metal particles during steam reforming.  

As a first step to study the formation of carbonaceous deposits, the amount of coke 
built up during exposure to methane at 500 oC was determined by temperature 
programmed oxidation (TPO). Figs. 3.2 and 3.3 show the TPO profiles of coked 
ZrO2- and CeO2-supported catalysts with different dispersion. Prior to TPO, the 
catalysts were exposed to a mixture of 10 vol% CH4 in He at 500 oC for 10 min. Only 
a very weak and broad high temperature peak is observed for the ZrO2(600) and 
ZrO2(900) supports in line with earlier results [26]. A similar high temperature feature 
is found for unsupported metallic Rh grains. The TPO patterns for the Rh/ZrO2(600) 
catalysts are dominated by an asymmetric peak between 225 and 600 oC. The peak 
maximum remains around 317 oC as a function of the Rh loading. The maximum is 
located at higher temperatures for the Rh/ZrO2(900) catalysts. For these catalysts the 
peak is broader with the onset of oxidation at 150 oC.   
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Figure 3.2: TPO profiles of 100 mg Rh/ZrO2 catalysts and supports after exposure to CH4/He 
at 500 oC for 10 min. (a) ZrO2(600), (b) Rh(0.1, 600)/ZrO2(600), (c) Rh(0.4, 600)/ZrO2(600), 
(d) Rh(0.8, 600)/ZrO2(600), (e) Rh(1.6, 600)/ZrO2(600), (f) ZrO2(900), (g) Rh(0.4, 
600)/ZrO2(900), (h) Rh(1.6, 600)/ZrO2(900), (i) Rh(1.6, a750)/ZrO2(900), (j) Rh(1.6, a900)/ 
ZrO2(900) and (k) unsupported metallic Rh. 
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Figure 3.3: TPO profiles of 100 mg Rh/CeO2 catalysts and supports after exposure to CH4/He 
at 500 oC for 10 min. (a) CeO2(550), (b) Rh(0.1, 550)/CeO2(550), (c) Rh(0.4, 550)/CeO2(550) 
, (d) Rh(0.8, 550)/CeO2(550), (e) Rh(1.6, 550)/CeO2(550), (f) Rh(0.4, 550)/CeO2(900) and (g) 
Rh(1.6, 550) /CeO2(900).  
 
The TPO profiles for the Rh/CeO2(550) catalysts are quantitatively similar with the 
exception that oxidation takes place at lower temperature. It is also clear that the 
support itself forms some coke products in line with an earlier report for ceria [27]. 
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The peak position of Rh/CeO2(900) catalysts is close to that of the Rh/ZrO2(900) 
catalysts. 
 

Table 3.1 collects the amount of carbon deposited during exposure to CH4/He at 
500 oC. Clearly, the total amount of carbon as well as the ratio of carbon to surface 
metal atoms show a maximum as a function of the dispersion. The coking propensity 
of catalysts with very small particles is only marginally higher than that of the bare 
supports. With increasing metal content the amount of coke increases. A maximum is 
reached at a dispersion around 30%. These trends are similar for all catalysts 
independent of the support type. A tentative explanation is that these particles have an 
optimal ratio of low-coordinated sites for methane activation and terrace sites for 
reactions that lead to carbon-carbon coupling reactions. In addition, a clear influence 
of the support on the carbonaceous deposit oxidation is observed by the shift of the 
oxidation maximum to higher temperatures in the order CeO2 < CeZrO2 < ZrO2 < 
SiO2. This shift is due the difference in support reducibility, which plays a role in the 
oxidation of the carbonaceous deposits. 

The formation of carbonaceous deposits on reforming catalysts has been 
investigated in detail before, especially for the Calcor process [28]. Solymosi and co-
workers [29-31] have studied the propensity of carbon deposition for a set of Rh 
catalysts on different supports by exposure of the catalysts to mixtures of CH4 in N2 at 
different temperatures. Three surface carbon species were distinguished based on their 
different reactivity towards hydrogenation, that is carbidic, amorphous and graphitic 
types of coke. Carbidic carbon is hydrogenated to methane at temperatures below 130 
oC, whereas an amorphous carbonaceous layer reacts in the temperature range 130-
250 oC. The graphitic form only reduces above 250 oC. With increased temperature or 
time of exposure to methane the reactivity of the surface carbon species was greatly 
reduced. Similar results were reported by Koerts and Van Santen [32,33]. The group 
of Solymosi also carried out temperature programmed oxidation to compare the 
reactivity of carbon species towards oxidation with hydrogenation (TPR). Their TPO 
profiles for two Rh catalysts with medium and low dispersion show a similar 
broadening of the peak and oxidation onset. The oxidation of carbonaceous species 
deposited at 500 oC on a 1 wt% Rh catalyst (D = 46%) takes place at 300-600 oC, 
while on a 2 wt% Rh catalyst (D = 18%) the temperature range is 175-625 oC. For 
clarity the hydrogenation of the carbon on former catalyst results in a profile with a 
strong peak in the range 425-850 oC [30,31]. In comparison with the present TPO 
data, this indicates that graphitic carbon forms on small Rh nanoparticles during 
methane exposure. Larger Rh nanoparticles seem to produce some more reactive 
amorphous carbon. 
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Table 3.1: The amount of carbon in catalysts and supports after exposure to 10 vol% CH4/He 
at 500 oC for 10 min as determined by TPO.  

Catalyst D  
(%) 

Tmax  
(oC) 

Coke 
(mmol C/ 

gsup) 

Coke 
(mmol C/ 

gcat) 

Coke 
(mmol C/ 

mmol Rhsurf) 

ZrO2(600) 
ZrO2(900) 

- 
- 

380 
391 

0.03 
0.04 

- 
- 

- 
- 

Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(0.8, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

79 
77 
69 
47 

307 
317 
324 
320 

- 
- 
- 
- 

0.06 
0.34 
0.50 
1.21 

7.0 
9.0 
8.4 

16.3 
Rh(0.4, 600)/ZrO2(900) 
Rh(1.6, 600)/ZrO2(900) 

26 
24 

312 
322 

- 
- 

0.12 
0.26 

12.1 
6.8 

Rh(1.6, a750)/ZrO2(900) 
Rh(1.6, a900)/ZrO2(900) 

23 
17 

364 
484 

- 
- 

0.11 
0.08 

3.0 
3.0 

CeO2(550) - 257 0.14 - - 
Rh(0.1, 550)/CeO2(550) 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, 550)/CeO2(550) 

83 
69 
51 
39 

255 
257 
255 
255 

- 
- 
- 
- 

0.11 
0.27 
0.34 
0.55 

8.8 
8.6 
7.0 
7.5 

Rh(0.4, 550)/CeO2(900) 
Rh(1.6, 550)/CeO2(900) 

29 
21 

322 
330 

- 
- 

0.15 
0.22 

11.6 
7.0 

CeO2-rod(500) - 230 0.13 - - 
Rh(1.6, 500)/CeO2-rod(500) 78 244 - 0.76 6.1 
CeO2-cube(500) - 450 0.04 - - 
Rh(1.6, 500)/CeO2-cube(500) 48 309 - 0.52 7.0 
CeZrO2(600) 
CeZrO2(900) 

- 
- 

359 
325 

0.02 
0.04 

- 
- 

- 
- 

Rh(0.1, 600)/CeZrO2(600) 
Rh(0.4, 600)/CeZrO2(600) 
Rh(0.8, 600)/CeZrO2(600) 
Rh(1.6, 600)/CeZrO2(600) 

97 
77 
72 
69 

275 
271 
269 
262 

- 
- 
- 
- 

0.08 
0.39 
0.68 
1.14 

7.5 
10.2 
10.7 
9.5 

Rh(0.4, 600)/CeZrO2(900) 
Rh(1.6, 600)/CeZrO2(900) 

31 
30 

291 
270 

- 
- 

0.35 
0.79 

22.7 
15.9 

SiO2 - 441 0.02 - - 
Rh(0.4, 550)/SiO2 
Rh(0.8, 550)/SiO2 
Rh(1.6, 550)/SiO2 

46 
44 
38 

395 
385 
355 

- 
- 
- 

0.03 
0.14 
0.25 

2.2 
4.1 
4.3 

Rh(1.6, a750)/SiO2(900) 18 461 - 0.01 0.7 
 

Fig. 3.4 shows TPO profiles for a series of spent ZrO2- and CeO2-supported 
catalysts. The catalysts have been used in SMR for 15 h followed by purging for 5 
min in He. After rapid cooling to RT, a TPO experiment was carried out. The TPO 
profiles of the various catalysts are quite similar with main oxidation features between 
265-320 oC and 225-308 oC for the Rh/ZrO2 and Rh/CeO2 catalysts, respectively. This 
implies that under catalytic conditions the type of coke produced is very similar for 
the different supports. With increasing initial Rh dispersion the features become 
broader, which points to a broader distribution of carbonaceous species. 

Table 3.2 lists the amount of carbon per surface Rh atoms of the spent catalysts. 
Clearly, this ratio strongly increases with the dispersion. Large Rh nanoparticles have 
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a nearly constant amount of coke after 15 h time on stream, but the catalysts with a 
very high dispersion produce more coke. These results provide a preliminary 
explanation for the more severe deactivation of Rh catalysts that initially contain a 
highly dispersed metal phase. It is also worth noting that the amount of coke for 
Rh/ZrO2 is quite similar to the amount for Rh/CeO2. 
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Figure 3.4: TPO profiles of spent (left) Rh/ZrO2 and (right) Rh/CeO2 catalysts after 15 h of 
reaction (500 oC, 0.06 bar CH4, 0.18 bar H2O). (a) Rh(0.1, 600)/ZrO2(600), (b) Rh(0.4, 
600)/ZrO2, (c) Rh(1.6, 600)/ZrO2(600), (d) Rh(1.6, 600)/ZrO2(900) (e) Rh(1.6, 
a1000)/ZrO2(900), (f) Rh(0.1, 550)/CeO2(550), (g) Rh(0.8, 550)/CeO2(550), (h) Rh(1.6, 550)/ 
CeO2(900) and (i) Rh(1.6, a900)/CeO2(900). 
 
Table 3.2: The amount of carbon in spent Rh/ZrO2 and Rh/CeO2 catalysts after 15 h of 
reaction (500 oC, 0.06 bar CH4, 0.18 bar H2O) as determined by TPO. 

Catalyst D  
(%) 

Tmax  
(oC) 

Coke 
(mmol/ 

gcat) 

Coke 
(mmol/ 

mmol Rhsurf) 

Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

79 
77 
47 

319 
276 
276 

0.57 
0.47 
0.23 

67.4 
14.1 
3.2 

Rh(1.6, 600)/ZrO2(900) 24 285 0.36 9.5 
Rh(1.6, a900)/ZrO2(900) 17 319 0.4 11.6 
Rh(0.1, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 

83 
51 

268 
260 

0.6 
0.33 

49.9 
7.2 

Rh(1.6, 550)/CeO2(900) 21 266 0.2 6.1 
Rh(1.6, a900)/CeO2(900) 15 289 0.19 8.1 
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To verify the graphitic nature of the carbonaceous deposits for the spent catalysts, 
TPO and TPR profiles of spent Rh(0.1, 600)/ZrO2(600) are compared in Fig. 3.5. In 
the hydrogenation experiment, CH4 is predominantly formed above 350 oC, which 
confirms the graphitic nature of the coke [30]. 
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Figure 3.5: TPO and TPR profile of spent Rh(0.1, 600)/ZrO2(600) catalyst (15 h, 500 oC, 
0.06 bar CH4, 0.18 bar H2O). 
 

Fig. 3.6 shows the TPO profiles for spent Rh(0.1, 600)/ZrO2(600) after reaction at 
various times on stream. The amount of carbonaceous deposits increases linearly with 
time on stream. The TPO profiles also suggest that two forms of carbon are formed.  
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Figure 3.6: (left) TPO profiles of spent Rh(0.1, 600)/ZrO2(600) after reaction for (a) 2.5 (b) 
8.5 and (c) 15 hours (500 oC, 0.06 bar CH4, 0.18 bar H2O) and (right) the amount of carbon 
per surface metal atoms as a function of time on stream. 
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An alternative explanation for catalyst deactivation is sintering of the very small 
Rh particles under SMR conditions [34]. For instance, Bitter et al. reported a decrease 
of the dispersion by 74% of a Rh/SiO2 catalyst after 25 h of dry reforming [28]. This 
led to a corresponding loss of the initial activity of ~70%. To establish whether 
changes in the Rh dispersion can explain the more pronounced deactivation of 
catalysts with smaller Rh particles, EXAFS was employed to study the structure of a 
set of reduced and spent Rh/CeO2 catalysts. To this end, catalysts were used in steam 
methane reforming for 75 h. Due to the relatively large amount of catalyst sample 
required for the fluorescence X-ray absorption measurements, the reaction mixture 
was found to be at the thermodynamic equilibrium. After reaction and cooling to RT 
in inert atmosphere, the catalyst was removed from the reactor in a nitrogen-flushed 
glovebox and X-ray absorption spectra were recorded in an in situ cell at the ESRF in 
Grenoble. The amount of carbon in these spent catalysts was also determined. The 
TPO profiles show similarities with Fig 3.4 and the amount of carbon per surface Rh 
atoms increases with the dispersion (not shown). 

Table 3.3 contains the fit parameters of the Fourier-transformed k3-weighted 
EXAFS functions of spent CeO2-supported catalysts with initial dispersion of 83%, 
39% and 15% after reduction. The corresponding Fourier transforms and EXAFS 
functions and the fits are shown in Fig. 3.8. Compared to the freshly reduced 
catalysts, the FT function of spent Rh(0.1, 550)/CeO2(550) contains a much smaller 
contribution of the Rh-Rh shell. The coordination number has decreased from 4.3 to 
2.7. At the same time, the Rh-O coordination number, which was only 0.9 in the 
reduced catalyst, increased to 3.0. These results suggest that the very small particles 
have not sintered during the SMR reaction but instead have oxidized. In support of 
this is the analysis of the near-edge spectra (Fig. 3.8), which shows an increase of the 
fraction of oxidic Rh from 28% to 65%. The Rh(1.6, 550)/CeO2(550) catalyst, which 
contains Rh particles with an average size of 2.8 nm, deactivates less pronouncedly 
than Rh(0.1, 550)/CeO2(550). The coordination number of the Rh-Rh shell is 6.6 for 
the freshly reduced catalyst and decreases to 4.5. Concomitantly, the Rh-O shell 
increases pointing to partial oxidation of this catalyst. The degree of oxidation of this 
catalyst is lower than for the very small particles in Rh(0.1, 550)/CeO2(550). Finally, 
Rh(1.6, a900)/CeO2(900) initially contains 7.2 nm Rh particles with a Rh-Rh 
coordination number of 11.8. After SMR, the coordination number only changed 
slightly to 9.8. Most importantly, we observed that the Rh nanoparticles remain nearly 
completely reduced. 

In summary, the very small particles in Rh(0.1, 550)/CeO2(550) with an average 
size of 1.3 nm are oxidized during SMR. The extent of oxidation is larger than 
observed for the somewhat larger particles of about 2.8 nm in Rh(1.6, 
550)/CeO2(550). The 7.2 nm particles in Rh(1.6, a900)/CeO2(900) remain metallic 
during SMR. Clearly, the oxidation of the active phase during SMR provides an 
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explanation for catalyst deactivation. As the activity is not completely lost, this result 
suggests that not all Rh particles become oxidized. As the catalysts contain a 
distribution of Rh particle sizes, it is reasonable to conclude that the smallest particles 
become oxidized during steam methane reforming, whereas large particles remain 
metallic and active for methane activation. 
 
Table 3.3: Fit parameters of k3-weighted EXAFS spectra at the Rh K-edge of supported 
catalysts after reduction and reaction. 

Catalyst Treatment 
(Gas/ T, oC) 

fRh3+
1

(%) 
EXAFS analysis 2 

Shell R (Å) N ∆σ2 (Å2) E0 (eV)

Rh(0.1, 550) 
/CeO2(550) 

H2/500 28 Rh-O
Rh-Rh

2.06
2.66

0.9
4.3

0.004 
0.012 -6.0 

spent 3 65 Rh-O
Rh-Rh

2.05
2.65

3.0
2.7

0.006 
0.009 2.3 

Rh(1.6, 550) 
/CeO2(550) 

H2/500 19 Rh-Rh 2.69 6.6 0.006 3.6 
spent 3 39 Rh-O

Rh-Rh
2.06
2.68

2.1
4.5

0.008 
0.007 3.3 

Rh(1.6, a900) 
/CeO2(900) 

H2/500 3 Rh-Rh 2.69 11.8 0.006 3.4 
spent 3 3 Rh-Rh 2.69 9.8 0.005 4.0 

 

1 Fitting of near-edge spectra; 2 only first Rh-O and Rh-Rh shells were fitted; Δk = 2.5-13.1 Å-1, 
estimated error in R ±0.01 Å, N ±20%, Δσ2 ±10%; 3 SMR for 75 h at 500 oC in 0.06 bar CH4, 0.18 
bar H2O. 
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Figure 3.7: Experimental (solid line) and fitted (dotted points) (left) FT EXAFS functions and 
(right) k3-weighted EXAFS oscillations of Rh(0.1, 550)/CeO2(550), Rh(1.6, 550)/CeO2(550) 
and Rh(1.6, a900)/CeO2(900) after reduction (a, c, e) and SMR for 75 h at 500 oC (b, d, f), 
respectively. 
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Figure 3.8: Rh K-edge XANES spectra recorded of reduced (solid line) and spent (dotted 
connected points) (left) Rh(0.1, 550)/CeO2(550), (middle) Rh(1.6, 550)/CeO2(550), and 
(right) Rh(1.6, a900)/CeO2(900).  
 

The present results show that catalyst deactivation becomes more pronounced with 
decreasing Rh particles size. Deactivation is apparent for particles with an initial 
dispersion higher than 75%, whereas particles with a dispersion between 35% and 
75% deactivate less strongly. Particles larger than about 4 nm are stable in the SMR 
reaction. TPO of spent catalysts shows a clear relation between the amount of coke 
built up on the catalyst surface during SMR and the particle size. The coke is graphitic 
in nature as followed from the high temperature needed to hydrogenate these coke 
deposits [30]. The smaller the initial Rh nanoparticles, the higher the surface Rh atom 
normalized amount of coke in the spent catalyst. This trend is at variance with the one 
obtained in separate experiments involving coke deposition by exposure of the same 
catalysts to methane. In the presence of water (SMR reaction), C-O recombination 
reactions, which remove carbon from the surface, compete with carbon-carbon 
coupling reactions. C-O recombination occurs on stepped sites during SMR [35]. It 
can be expected that the density of such step edge sites decreases with a decrease in 
the particle size [25]. Thus, the lower density of step edge sites on small nanoparticles 
may result in a higher concentration of carbon (C or CH species) on the surface and, 
therefore, increase the rate of formation of carbonaceous deposits. Accordingly, coke 
deposition provides a possible explanation for the stronger catalyst deactivation of 
smaller Rh particles. 

A detailed comparative analysis of the near-edge region and EXAFS part of the X-
ray absorption spectra of reduced and spent Rh catalysts shows that very small 
particles are oxidized to Rh oxide species under the SMR conditions. The smaller the 
initial particle size, the more extensive the oxidation of the metal phase is. This is 
evident from the increased fraction of oxidic Rh as well as from the increased Rh-O 
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coordination shell. Thus, oxidation of very small Rh particles provides an alternative 
explanation for catalyst deactivation. 
 

In an attempt to determine which effect is more important in explaining the 
stronger deactivation of the more dispersed Rh catalysts, the effect of the S/C ratio on 
the rate of catalyst deactivation was investigated. It is well known that a higher S/C 
ratio improves catalyst stability by reducing the formation of coke [36-39]. Fig. 3.9 
shows the intrinsic reaction rate for Rh(0.1, 600)/ZrO2(600) and Rh(1.6, 
600)/ZrO2(900) with initial dispersion of 83% and 24% after reduction, respectively, 
as a function of the time on stream for S/C ratios of 3 and 6. In line with our earlier 
finding (Eq. 2.8), the catalytic activity does not depend on the S/C ratio. The rate of 
deactivation of Rh(0.1, 600)/ZrO2(600) also does not depend on the S/C ratio. In order 
to verify whether the increased S/C ratio led to a decreased amount of carbonaceous 
deposits, TPO experiments were carried out after 15 h on stream (Fig. 3.10). Clearly, 
the amount of coke deposits has substantially decreased when the S/C ratio is 6 
instead of 3. For the small particle catalyst, the amount of coke is only half. These 
results clearly indicate that not carbon deposition but instead the oxidation of small 
nanoparticles is the dominant explanation for the deactivation of highly dispersed Rh 
catalysts. 
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Figure 3.9: CH4 steam reforming rates as a function of time on stream of (squares) Rh(0.1, 
600)/ZrO2(600) and (rhombi) Rh(1.6, 600)/ZrO2(900) at S/C = 3 (closed) and S/C = 6 (open) 
(500 oC, 0.06 bar CH4, 0.18-0.36 bar H2O). 

73 
 



Chapter 3 

100 300 500 700

(d)

(c)

(b)

 

C
O

2 s
ig

na
l (

a.
u.

)

Temperature (oC)

0.0002

(a)

0

20

40

60

80

100

0.79
 Dispersion

C
/R

h 
(m

m
ol

/m
m

ol
-s

ur
f)

0.24

 
Figure 3.10: (left) TPO profiles of spent Rh(0.1, 600)/ZrO2(600) (a, c) and Rh(1.6, 
600)/ZrO2(900) (b, d) after 15 h of reaction at 500 oC in S/C = 3 (black) and S/C = 6 (gray) 
and (right) the amount of carbon per surface metal atoms as a function of the S/C ratio (black: 
S/C = 3; gray: S/C = 6).  
 
3.5 Conclusions 

The initial intrinsic surface atom reaction rate of steam methane reforming for a 
large set of Rh catalysts increases linearly with the metal dispersion, but the higher 
the initial dispersion, the higher the deactivation rate. Very small particles with a 
dispersion above ~75% show a strong deactivation with time on stream. Catalysts 
having Rh metal dispersions between 35% and 75% deactivate slightly, while 
catalysts with a lower dispersion perform stable. Oxidation is the most important 
reason for catalyst deactivation as smaller particles are oxidized to a higher degree 
than larger particles during the reaction. Smaller particles are also able to form more 
coke but the amount does not affect the deactivation rate. The role of sintering of the 
active metal phase is not relevant under the steam methane reforming reaction 
conditions. 
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Chapter 4 

Particle size effects of supported Rh catalysts in CO oxidation 
 

Summary 

The effect of Rh particle size and support in the CO oxidation is systematically 
investigated using catalysts with Rh particles in the range of 1-9 nm on CeO2, 
CeZrO2, ZrO2, and SiO2 support material. Besides catalytic CO oxidation activity and 
kinetic measurements, the structure and oxidation state of the active phase was 
investigated by X-ray absorption spectroscopy at the Rh K-edge. The oxygen content 
of the Rh phase under catalytic conditions was determined by temperature-
programmed surface reduction by CO. A clear trend between the increase in reaction 
rates with decreasing particle sizes is found, which can be attributed to the ease of 
oxidization of Rh particles below 2.5 nm under conditions of catalytic CO oxidation 
and by this that their surface-atom activity can be two orders of magnitude higher than 
that of Rh particles larger than 4 nm that do not oxidize. The results provide 
convincing evidence that with the change of the particles size from larger than 4 nm 
to below 2.5 nm, the mechanism changes. The susceptibility to oxide formation 
appears to be an intrinsic property of very small Rh particles. The support plays an 
important role in stabilizing rhodium oxide species and the oxygen content of the 
rhodium oxide phase appears to increase with the reducibility of the support. The 
support affects the dispersion of the metal oxide and thereby its CO oxidation activity.  
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Chapter 4 

4.1 Introduction  

Catalytic oxidation of carbon monoxide has been very extensively studied because 
of its importance for CO removal from effluent streams, in particular from car 
exhausts [1,2]. Another more recent application is CO removal from streams for PEM 
fuel cell grade hydrogen [3,4]. Owing to their high activity, noble metals such as Pt 
[5], Pd [6-8], Ru [9], Rh [10,11] and Au [12,13] have been the subject of many works. 
Until recently, the dominant believe was that CO oxidation takes place on metallic 
surfaces [14-16], because CO binds much stronger to the metal than to the metal 
oxide. Single crystal studies have shown that oxidation of the metal surface leads to 
catalyst deactivation [14,15,17]. Recent studies employing in situ spectroscopic 
techniques, however, have emphasized that the active surface of Pt [18,19], Pd [20], 
Ru [21] and Rh [22,23] may be oxidic in nature under conditions of CO oxidation. In 
contrast to Pt [24,25], Pd [26], Ru [27,28] and especially Au [29-36], Rh has received 
less attention until very recently, when Somorjai and co-workers established that the 
active phase in polyvinylpyrrolidone-stabilized Rh nanoparticles for CO oxidation 
(CO/O2 = 2/5) is a thin surface oxide, the formation of which is dependent on the 
particle size. The turnover frequency (TOF) increased five-fold with a decrease of the 
particle size from 7 to 2 nm [37]. The particle size effect was not observed after 
deposition of the Rh nanoparticles on ordered mesoporous silica (SBA-15) [38]. The 
increased catalytic activity of a specific thin surface RhO2 film upon oxidation of a 
single crystal surface has also been discussed recently [39,40]. Formation of Rh2O3, 
on the other hand, leads to deactivation [41].  

Herein convincing evidence is provided that Rh particles below 2.5 nm are prone 
to oxidation under conditions of catalytic CO oxidation and by this that their intrinsic 
activity is significantly higher than that of Rh nanoparticles larger than 4 nm that do 
not oxidize. The extent of oxidation strongly depends on the stabilization by a 
reducible support. In a systematic study Rh nanoparticles in the range of 1-9 nm were 
synthesized on supports such as ceria, ceria-zirconia, zirconia and silica. Besides 
catalytic CO oxidation activity and kinetic measurements, the structure and oxidation 
state of the active phase was investigated by X-ray absorption spectroscopy at the Rh 
K-edge. The oxygen content of the active rhodium phase was determined by 
temperature-programmed surface reduction by CO. With these detailed results we aim 
to provide further insight into the active phase of one of the most important catalytic 
systems for environmental pollution control.  
 
4.2 Experimental methods 

4.2.1 Catalyst preparation 

The synthesis and origin of the support materials and catalysts has been described 
elsewhere [Chapter 2 of this thesis]. The catalysts supported on ceria, ceria-zirconia, 
zirconia and silica were obtained by variation of the Rh loading, the calcination 
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temperature of the support and the catalyst, and optionally a high-temperature ageing 
procedure in a mixture of H2O/H2. These series of catalysts were extensively 
characterized before [Chapter 2 of this thesis]. Rh particle sizes were determined by 
H2-chemisorption and TEM. The metal nanoparticle sizes for the CeO2- and ZrO2-
supported Rh catalysts varies between 1.3 and 8-9 nm. Rh nanoparticles supported on 
ceria are slightly larger than those on zirconia. A much narrower range from 1.1 to ~5 
nm Rh particles is present for the CeZrO2-supported catalysts. The range shifts to 
larger particles for the SiO2-supported catalysts, with the smallest particles typically 
around 2-2.5 nm. 
 
4.2.2 Catalyst characterization 

X-Ray absorption spectroscopy - X-ray absorption measurements were carried out 
at the Dutch-Belgian Beamline (Dubble) at the European Synchrotron Radiation 
Facility (ESRF), Grenoble, France (storage ring 6.0 GeV, ring current 200 mA). Data 
were collected at the Rh K-edge in fluorescence mode with a nine-channel solid-state 
detector. Energy selection was done by a double crystal Si(111) monochromator. 
Background removal was carried out by standard procedures with Viper software. 
EXAFS analysis was then performed with EXCURVE931 on k3-weighted unfiltered 
raw data using the curved wave theory. Phase shifts were derived from ab initio 
calculations using Hedin-Lundqvist exchange potentials and Von Barth ground states. 
Energy calibration was carried out with Rh foil. The fit parameters for the reference 
Rh standards are given in Table 4.1. The structure for the Rh metal foil corresponds 
well with literature data [42]. The amplitude reduction factor S0

2 associated with 
central atom shake-up and shake-off effects was set at 1.0 by calibration of the first- 
and second shell Rh–Rh coordination numbers to 12 (R = 2.69 Å) and 6 (R = 3.79 Å), 
respectively, for the k3-weighted EXAFS fits of the Rh foil. The first two shells of the 
FT EXAFS spectrum of Rh2O3 correspond well to the structure of Rh2O3 determined 
by Coey [43]. The edge region of the absorption spectra of these reference compounds 
were used to fit the near-edge region of the catalysts. 

Spectra at the Rh K-edge were recorded in a stainless-steel-controlled atmosphere 
cell. The cell was heated with two firerods controlled by a temperature controller via a 
thermocouple placed close to the catalyst sample. Typically, an amount of 200 mg of 
sample was pressed in a stainless-steel holder and placed in the cell. Carbon foils with 
a thickness of 130 μm were held between two high-purity carbon spacers with a 
thickness of 1000 μm. High-purity gases were delivered by thermal mass flow 
controllers (Bronkhorst). The total gas flow was kept at 50 ml/min unless mentioned 
otherwise. In the first set of experiments the catalyst sample was reduced in 20 vol% 
H2 in He at a rate of 10 oC/min up to a final temperature of 500 oC whilst recording 
XANES spectra. After an isothermal period the sample was cooled to room 
temperature (RT) and subsequently exposed to a gas mixture of 9.1 vol% CO and O2 
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in He (CO/O2 = 1, total flow is 25 ml/min) at 60, 110 and 140 oC. At each temperature 
XANES spectra were recorded. In the second set of experiments catalysts were 
exposed to different conditions after the reduction pretreatment. For each condition 
two consecutive EXAFS spectra were recorded. After reduction the catalyst sample 
was exposed to 3 vol% CO in He at RT and subsequently heated in 3 vol% O2 in He 
to 110 oC followed by exposure to 3 vol% CO and O2 in He. 
 
Table 4.1: Fit parameters of k3-weighted EXAFS data of the Rh foil and Rh2O3. 

Compound EXAFS analysis 1

Shell R (Å) N ∆σ2 (Å2)  E0 (eV) 

Rh foil 2 

Rh-Rh 
Rh-Rh 
Rh-Rh 
Rh-Rh 
Rh-Rh 
Rh-Rh 

2.69 
3.79 
4.68 
5.30 
6.03 
6.67 

12 
6 
24 
12 
24 
8 

0.005 
0.006 
0.006 
0.003 
0.008 
0.003 

2.9 

Rh2O3 
Rh-O 
Rh-Rh 
Rh-Rh 

2.06 
2.72 
3.01 

5.6 
1.1 
3.1 

0.005 
0.001 
0.006 

-2.9 
 

1Δk = 2.6-13.5 Å-1, estimated error in R ±0.01 Å, ∆σ2 ±10%; 2 N was fixed to determine S0
2 = 1.0. 

 
CO-temperature-programmed surface reaction (CO-TPSR) – Surface reaction 

measurements were carried out for a subset of the catalysts in a plug-flow quartz 
reactor. The total gas flow was kept at 50 ml/min unless mentioned otherwise. In a 
typical experiment, 20-50 mg of sample (200 mg for bare support) was loaded into a 
quartz reactor tube and kept between two layers of quartz wool. The catalyst was 
reduced in a mixture of 20 vol% H2 in He, whilst heating from RT to 450 oC at a rate 
of 10 oC/min followed by an isothermal period of 1 h. After reduction, H2 was 
removed by purging with He and the temperature was decreased to 40 oC. 
Subsequently, the sample was oxidized in 5 vol% O2 in He (40 ml/min) for 15 min, 
followed by a purging period. Temperature-programmed reaction was started by 
heating the sample at a rate of 10 oC/min in 1 vol% CO in He only up to 450 oC to 
avoid structural changes in the catalyst. After the sample was purged and cooled to 
RT in He the oxidation and temperature-programmed reaction with 1 vol% CO in He 
steps were repeated in sequence but with initial oxidation at 150, 300 and 500 oC. In 
another set of experiments the oxidation treatment was replaced for CO oxidation in 3 
vol% CO and O2 in He (CO/O2 = 1). The amount CO2 (m/e = 44) originating from the 
reaction of CO with surface oxygen was determined by online mass spectrometry 
(quadrupole mass spectrometer, Balzers TPG-300). The CO2 signal was calibrated by 
following the decomposition of a well-known amount of NaHCO3 (Acros, purity 
>99.5%). 
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4.2.3 Catalytic activity measurements 

The catalytic activity in the oxidation of carbon monoxide was evaluated in a 
parallel ten-flow microreactor system. The effluent products (CO, CO2 and O2) were 
analyzed by an online gas chromatograph (Interscience CompactGC) equipped with 
Porapak Q (TCD) and Molecular sieve 5A (TCD) columns. CO oxidation experiments 
were carried out in a mixture of 1 vol% CO and 1 vol% O2 balanced by He at a 
GHSV between 3.6×104 and 9×104 h-1 in the temperature range 60-180 oC. Typically, 
the catalyst was diluted with appropriate amount of SiC (~250 mg) of the same sieve 
fraction. The material was contained between two quartz wool plugs in quartz reactor 
with an internal diameter of 4 nm. Prior to catalytic activity measurements, the 
catalyst was reduced in a flow of 20 vol% H2 in He at a rate of 10 oC/min to 450 oC 
followed by an isothermal period of 1 h. The reactor was cooled in He to the reaction 
temperature. The activation energy was determined in the temperature range 60-180 
oC, while the reaction orders were obtained at 110 oC. Reaction orders of CO (O2) 
were determined at a constant 1 vol% O2 (CO) flow by varying the CO (O2) 
concentration from 0.5 to 5 vol%.  
 
4.3 Results and discussion 

Table 4.2 lists the TOFs of the catalysts in the catalytic oxidation of carbon 
monoxide at different reaction temperatures. The TOF was determined on the basis of 
the dispersion of the catalysts reduced at 450 oC. Under the given reaction conditions, 
the bare supports were not active in exception of some ceria supports which were only 
very weakly active (not shown) [44]. Clearly, the catalytic activity changes 
dramatically with the Rh particle size and these differences become more pronounced 
at higher temperature. For instance, the TOF at 110 oC of ~180 h-1 for 1.3 nm 
nanoparticles in Rh(0.1, 550)/CeO2(550) is about two orders of magnitude higher as 
compared to 7.2 nm particles in Rh(1.6, a900)/CeO2(900). Similar but slightly less 
pronounced trends are observed for the catalysts supported on ceria-zirconia, zirconia 
and silica. For the various support materials the activity strongly decreases in the 
order CeO2 > CeZrO2 > ZrO2 > SiO2. To reach the same TOF of about 65 h-1 at ~90 
oC of Rh(0.4, 550)/CeO2(550) a reaction temperature of ~110 oC is required for 
Rh(0.8, 600)/CeZrO2(600) and ~140 oC for Rh(0.8, 600)/ZrO2(600), despite the 
similar Rh particle size of these catalysts. The activity of the small Rh particles 
supported on ZrO2 is comparable to that of a carefully prepared MgO-supported Rh6 
oxide cluster [22]. The activity of the catalysts supported on the different forms of 
ceria decreases in the order CeO2 ~ CeO2-rod > CeO2-cube. The lower activity of the 
CeO2-cube-supported catalyst is due to the lower reactivity of the exposed {100} 
surface as compared to the {111} and {110} surfaces that are likely exposed on the 
CeO2-rod. The effect of these surfaces on the gold catalysis is described in Chapter 6 
of this thesis. 

81 
 



Chapter 4 

 
Table 4.2: Turnover rates of a selected set of catalysts at various temperatures. 

Catalyst dav 
(nm) 

TOF (h-1) 
60 oC 110 oC 140 oC 

Rh(0.1, 550)/CeO2(550) 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, 550)/CeO2(550) 

1.3 
1.6 
2.1 
2.8 

9 
11.9 
12.1 
8.6 

174 
188 
197 
110 

808 
854 
782 
499 

Rh(0.4, 550)/CeO2(900) 
Rh(1.6, 550)/CeO2(900) 

3.8 
5.2 

4.2 
3 

15.6 
4.9 

135 
56 

Rh(1.6, a900)/CeO2(900) 7.2 0 1.4 10.3 
Rh(1.6, 500)/CeO2-rod(500) 1.4 9.3 165 - 
Rh(1.6, 500)/CeO2-cube(500) 2.3 1.2 20 143 
Rh(0.1, 600)/CeZrO2(600) 
Rh(0.4, 600)/CeZrO2(600) 
Rh(0.8, 600)/CeZrO2(600) 
Rh(1.6, 600)/CeZrO2(600) 

1.1 
1.4 
1.5 
1.6 

4.8 
6.3 
5.4 
4 

75 
69 
68 
- 

395 
402 
388 

- 
Rh(0.4, 600)/CeZrO2(900) 
Rh(1.6, 600)/CeZrO2(900) 

3.5 
3.7 

0.5 
0.3 

40 
25 

256 
209 

Rh(1.6, a900)/CeZrO2(900) 4.6 0.2 2.2 16.4 
Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(0.8, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

1.4 
1.4 
1.6 
2.3 

4.4 
5 

4.4 
2.6 

18.2 
19.3 
16.6 
12.4 

70 
66 
64 
57 

Rh(0.4, 600)/ZrO2(900) 
Rh(1.6, 600)/ZrO2(900) 

4.2 
4.5 

1.1 
0.2 

5.2 
2.6 

56 
37 

Rh(1.6, a750)/ZrO2(900) 
Rh(1.6, a900)/ZrO2(900) 
Rh(1.6, a1000)/ZrO2(900) 

4.7 
6.6 
9.0 

1 
0 
0 

2 
1.3 
1.4 

22 
8.1 
8.1 

Rh(0.4, 550)/SiO2 
Rh(0.8, 550)/SiO2 
Rh(1.6, 550)/SiO2 

2.4 
2.5 
2.9 

0.5 
0.6 
0.3 

3.4 
2.6 
3.3 

46.1 
50.1 
49.6 

Rh(1.6, 550)/SiO2(900) 3.3 0.5 - - 
Rh(1.6, a900)/SiO2(900) 8.0 0 1.6 19.7 

 
Fig. 4.1 shows the TOFs of these catalysts as a function of the particle size at a 

reaction temperature of 60, 110 and 140 oC. The trends are similar at each temperature 
of reaction. There is a clear transition regime of catalysts containing particles between 
2.5 and 4 nm. The activity of large Rh nanoparticles on ZrO2 and SiO2 is equally low, 
that is, there is no strong support effect on the catalytic activity in CO oxidation. In 
contrast, the TOFs of Rh nanoparticles below 2.5 nm critically depends on the type of 
support.  
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Figure 4.1: Turnover rates as function of Rh particle size supported by CeO2 (circles), 
CeZrO2 (triangles), ZrO2 (squares) and SiO2 (rhombi) at reaction temperatures of (left) 60 oC, 
(middle) 110 oC and (right) 140 oC. 
 

Figs. 4.2 and 4.3 show the Rh K-near-edge spectra after reduction and during CO 
oxidation of a representative set of catalysts. In general, the near-edge spectra show 
an increasing whiteline and a shift of the edge energy to higher values due to 
oxidation of Rh upon exposure to a mixture of CO/O2. The degree of oxidation 
strongly depends on the particle size and the type of support. Fig. 4.2 shows the 
spectra of three Rh/CeO2 catalysts containing small (dav = 1.3 nm), medium (dav = 2.8 
nm) and large (dav = 7.2 nm) Rh particles. Substantial changes of the near-edge 
spectra are observed for the former two, whereas the spectra of Rh(1.6, 
a900)/CeO2(900) remain similar upon reaction at different temperatures. The spectra 
of Rh(0.1, 550)/CeO2(550) change to a lesser extent with temperature than the spectra 
of Rh(1.6, 550)/CeO2(550). The reason is that the fraction of oxidic Rh in the former 
catalyst is substantially higher (34%) than the latter (19%) after the initial reduction 
step. The corresponding changes for Rh(1.6, a900)/CeO2(900) with reaction 
temperature are negligible, which implies that the reduced particles do not oxidize. 
Fig. 4.3 shows near-edge spectra for Rh particles supported by CeO2-rod (dav = 1.4 
nm), CeO2-cube (dav = 2.3 nm) and SiO2 (dav = 2.9 nm). Clearly, the former two 
catalysts become partially oxidized, whereas oxidation of the SiO2-supported catalyst 
is not obvious from the spectra. Similar to the small Rh particles in Rh(0.1, 
550)/CeO2(550) and Rh(1.6, 550)/CeO2(550), oxidation of the active phase is already 
observed at 60 oC for Rh(1.6, 500)/CeO2-rod(500), but not for Rh(1.6, 500)/CeO2-
cube(500). 
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Figure 4.2: Rh K-edge XANES spectra recorded of (left) Rh(0.1, 550)/CeO2(550), (middle) 
Rh(1.6, 550)/CeO2(550), and (right) Rh(1.6, a900)/CeO2(900). The spectra were obtained (a) 
after reduction and during CO oxidation at (b) 60 oC, (c) 110 oC and (d) 140 oC. References: 
Rh2O3 and rhodium foil are displayed in Fig. 2.15. 
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Figure 4.3: Rh K-edge XANES spectra recorded of (left) Rh(1.6, 500)/CeO2-rod(500), 
(middle) Rh(1.6, 500)/CeO2-cube(500), and (right) Rh(1.6, 550)/SiO2. The spectra were 
obtained (a) after reduction and during CO oxidation at (b) 60 oC, (c) 110 oC and (d) 140 oC. 
 

An overview of the fraction of oxidic Rh for a larger set of catalysts is given in 
Table 4.3. Clearly, very small Rh particles are not completely reduced during the H2 
treatment step at 500 oC, and Rh/CeO2 is more difficult to reduce than Rh/CeZrO2. 
Catalysts containing particles larger than about 4 nm are nearly completely reduced. 
Similar trends are observed for the other catalysts, except for Rh/SiO2. Under 
conditions of CO oxidation, the very small nanoparticles in for instance Rh(0.1, 
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550)/CeO2(550) and Rh(0.4, 600)/CeZrO2(600) became nearly fully oxidized. Rh(1.6, 
500)/CeO2-rod(500) shows a similar behavior, although the oxidation degree is 
somewhat lower. In contrast to the other small nanoparticles, those in Rh(1.6, 
500)/CeO2-cube(500) do not start to oxidize further until the temperature has reached 
80 oC. Conversely, Rh particles larger than 4 nm remained metallic under CO 
oxidation conditions.  

There is a strong correlation between the catalytic activity for CO oxidation and 
oxidation of the active phase. Yet, by comparison of Rh nanoparticles smaller than 2.5 
nm on CeO2 and CeZrO2 it follows that, despite a similar degree of oxidation, the 
former catalyst is more than two times more active than the latter.  
 
Table 4.3: Rh K-edge XANES spectra fitting results; fraction of oxidic Rh of supported 
catalysts after reduction and during CO oxidation. 

Catalyst 
 

dav 
(nm) 

fRh3+ (%) 
H2/He CO/O2/He 
500 oC 60 oC 110 oC 140 oC 

Rh(0.1, 550)/CeO2(550) 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, 550)/CeO2(550) 

1.3 
1.6 
2.1 
2.8 

34 
29 
21 
19 

69 
57 
47 
34 

90 
80 
62 
54 

100 
91 
75 
68 

Rh(1.6, 550)/CeO2(900) 5.2 8 8 8 7 
Rh(1.6, a900)/CeO2(900) 7.2 7 4 4 4 
Rh(1.6, 500)/CeO2-rod(500) 1.4 20 42 63 84 
Rh(1.6, 500)/CeO2-cube(500) 2.3 14 12 24 43 
Rh(0.4, 600)/CeZrO2(600) 1.4 28 42 77 93 
Rh(1.6, 600)/CeZrO2(900) 3.7 10 10 31 50 
Rh(1.6, a900)/CeZrO2(900) 4.6 6 8 6 4 
Rh(1.6, 550)/SiO2 2.9 9 10 10 10 
Rh(1.6, a900)/SiO2(900) 8.0 6 5 4 5 
 

Fig. 4.4 shows the experimental and fitted k3-weighted χ(k) EXAFS functions and 
the corresponding Fourier Transforms (FT) of two CeO2-supported catalysts 
containing small (dav = 2.1 nm) and large (dav = 7.2 nm) Rh particles upon reduction 
and exposure to CO+O2. The fit parameters for these experiments and further 
experiments involving exposure to CO and O2 are collected in Table 4.4. After 
reduction the FT of the EXAFS spectrum of Rh(0.8, 550)/CeO2(550) contains a Rh-
Rh shell at a coordination distance (R) of 2.68 Å with a coordination number (N) of 
5.7. It also contains a small contribution of an oxygen backscatterer. These data point 
to the presence of metallic nanoparticles of about 2 nm in size with some remaining 
oxygen. From the analysis of the edge region of the X-ray absorption spectra against 
Rh metal and Rh2O3 references, it was determined that this catalyst contains 
approximately 24% Rh in the oxidic state. Exposure to CO at RT results in small 
structural changes, likely due to formation of Rh-carbonyl complexes [45]. This 
process rapidly slows down with increasing metal particle size and decreasing 
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temperature [46,47]. Exposure to O2 at 110 oC leads to extensive oxidation of the Rh 
nanoparticles, as follows from the substantial increase of the Rh-O shell and decrease 
of the Rh-Rh shell. XANES analysis confirms that the fraction of oxidic Rh (fRh3+) has 
increased to 61%. Comparable results were obtained when the catalyst was exposed to 
CO oxidation conditions. The FT spectra of large Rh particles in Rh(1.6, 
a900)/CeO2(900) are completely different and are all fitted with a Rh-Rh shell at R = 
2.69 Å and a coordination number close to 11. The spectra also contain higher Rh-Rh 
shells that are very similar to those observed for the metallic Rh foil, but were not 
fitted in this case. These structural parameters are indicative of the presence of 
relatively large Rh nanoparticles. The fraction of oxidic Rh is negligible. In contrast 
to the data for the extensive oxidation and decrease in Rh particle size of Rh(0.8, 
550)/CeO2(550), no changes in the structure of the Rh nanoparticles nor in their 
oxidation state were noted following oxidation and CO oxidation reaction after 
reduction. Hence, these measurements show that small Rh particles supported on ceria 
are oxidized and possibly smaller during CO oxidation, whereas large Rh particles 
remain in the reduced state with a similar particle size. 
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Figure 4.4: Experimental (solid line) and fitted (dotted points) (left) FT EXAFS functions and 
(right) k3-weighted EXAFS oscillations of Rh(0.8, 550)/CeO2(550) and Rh(1.6, 
a900)/CeO2(900) after reduction (a, c) and CO oxidation at 110 oC (b, d), respectively. Only 
the first shell Rh-O and Rh-Rh were fitted. 
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Table 4.4: Fit parameters of k3-weighted EXAFS spectra at the Rh K-edge of Rh/CeO2 
catalysts under various conditions. 

Catalyst Treatment 
(Gas/ T, oC) 

fRh3+ 1
(%) 

EXAFS analysis 2 

Shell R (Å) N ∆σ2 (Å2)  E0 (eV) 

Rh(0.8, 550) 
/CeO2(550) 

H2/500 24 Rh-O 
Rh-Rh 

2.03 
2.68 

0.5 
5.7 

0.003 
0.007 5.2 

CO/RT 22 Rh-O 
Rh-Rh 

2.02 
2.69 

0.5 
4.4 

0.002 
0.006 2.5 

O2/110 61 Rh-O 
Rh-Rh 

2.02 
2.67 

2.8 
3.7 

0.005 
0.008 6.4 

CO+O2/110 59 Rh-O 
Rh-Rh 

2.03 
2.69 

2.3 
4.1 

0.004 
0.007 1.5 

Rh(1.6, a900) 
/CeO2(900) 

H2/500 4 Rh-Rh 2.69 11.6 0.005 2.7 
CO/RT 1 Rh-Rh 2.69 10.9 0.005 1.0 
O2/110 1 Rh-Rh 2.69 11.0 0.006 2.7 

CO+O2/110 1 Rh-Rh 2.69 10.6 0.006 1.7 
 

1 Fitting of near-edge spectra; 2 only first Rh-O and Rh-Rh shells were fitted; Δk = 2.6-13.5 Å-1, 
estimated error in R ±0.01 Å, N ±20%, Δσ2 ±10%. 
 

The possibility that small Rh nanoparticles on ceria are smaller during CO 
oxidation than those determined after reduction by EXAFS analysis suggests that the 
reason for the much higher activity of Rh/CeO2 compared to Rh/CeZrO2 is due to the 
higher dispersion of the active metal oxide phase on ceria under CO oxidation 
conditions. One expects a higher dispersion of the active Rh oxide phase to result in 
higher O/Rh ratios under reaction conditions. To quantify the amount of reducible 
oxygen species, CO-temperature-programmed surface reduction was carried out, 
similar to previous studies for ceria- and silica-supported Pt and Au catalysts [48,49]. 
Reducible oxygen species of the active phase and the support react to form CO2. The 
oxygen of the active Rh phase was determined by quantifying the amount of CO2 
below 250 oC. Contributions at higher temperature relate to the reduction of lattice 
oxygen of the supports as confirmed by the data for the bare supports (not shown). 

Fig. 4.5 shows the evolution of CO2 as a function of temperature for Rh 
nanoparticles with an average size of 1.6 nm supported on ceria, ceria-zirconia and 
zirconia after CO+O2 pretreatment at 40 and 150 oC. Upon exposure to CO+O2 at 40 
oC, reduction by CO takes mainly place between 100 and 150 oC. With increasing 
oxidation temperature the reduction temperature and the signal increase, which should 
be due to the formation of bulk oxides. The shift to increasingly higher temperatures 
and the appearance of different reduction regimes signifies the more extensive 
oxidation of the metal nanoparticles, requiring surface and bulk reduction. 
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Figure 4.5: CO-TPSR profiles of (a) Rh(0.4, 550)/CeO2(550), (b) Rh(1.6, 600)/CeZrO2(600) 
and (c) Rh(0.8, 600)/ZrO2(600) after CO+O2 pretreatment at (left) 40 oC and (right) 150 oC. 
 

The determined atomic O/Rh ratio for a larger set of catalysts is given in Table 4.5. 
After reduction and exposure to O2 at 40 oC, the O/Rh ratio of Rh(1.6, 
a900)/CeO2(900) and Rh(1.6, a900)/SiO2(900) is very small. These values are close to 
the H/Rh values determined by H2-chemisorption and by this signify that oxygen is 
mainly adsorbed dissociatively on the metallic Rh particles. Significant amounts of 
oxygen are only present upon oxidation above 150 oC. Following oxidation at 500 oC, 
the O/Rh ratio remains well below 1.5, which is the expected value of the 
thermodynamically favored Rh2O3 phase. When Rh(1.6, 550)/SiO2 is oxidized in O2 
at 40 or 150 oC the O/Rh is interestingly 0.6 and 0.9, respectively. This implies that 
the 2.9 nm Rh nanoparticles can be oxidized to some extent. In contrast to these 
results, the O/Rh ratio of oxidized catalysts at 40 oC containing very small Rh 
nanoparticles is substantially higher than would be expected on the basis of their 
dispersion. After oxidation in O2 at 40 oC the O/Rh ratio increases from 2.4 for 
Rh(0.8, 550)/CeO2(550) and 3.4 for Rh(0.4, 550)/CeO2(550). The values for these 
catalysts show that the Rh particles are oxidized to a large extent. The values are in 
excess of the stoichiometric ratio of 1.5 for Rh2O3 or 2 for RhO2 and for that matter 
should be related to the smallness of the rhodium oxide nanoparticles in strong 
analogy with the high O/Pt ratio found for alkali-promoted Pt catalysts by Zhai et al. 
[48]. The O/Rh ratios increase with increasing oxidation temperature and reach a 
maximum of about 3-4. 

The O/Rh ratio after exposure to CO+O2 was lower than the corresponding ratio 
after O2 at the same temperature. This difference is due to the reducing nature of CO 
and will further depend on the exact CO/O2 ratio. For instance, when Rh(1.6, 
550)/SiO2 is exposed to CO+O2 at 40 or 150 oC the O/Rh is 0.2. This implies that the 
2.9 nm Rh nanoparticles remained metallic in line with the result by XANES analysis 
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(Table 4.3). Note that the tendency of the SiO2-supported Rh particles to oxidize 
appears to depend on the particle size. Particles with an average diameter of 2.9 nm 
partially oxidize in O2 (but not in a mixture of CO/O2), whereas large 8 nm particles 
remain metallic below 200 oC. Similar to these observations the O/Rh ratio is lower 
after CO oxidation than after O2 exposure for Rh(0.8, 550)/CeO2(550). Further 
experiments concentrated on the O/Rh ratio during catalytic CO oxidation for 1.6 nm 
Rh particles supported on CeO2, CeZrO2 and ZrO2. The data in Table 4.5 show that 
the O/Rh ratio is higher when CO oxidation was carried out at 150 oC than at 40 oC. 
More importantly, the O/Rh ratio decreases for these Rh particles in the order CeO2 > 
CeZrO2 > ZrO2 > SiO2. The O/Rh ratio for nanoparticles supported on the different 
forms of ceria decreases in the order CeO2 > CeO2-rod > CeO2-cube. These results 
suggest that the tendency of very small Rh particles to be oxidized in an oxygen 
atmosphere is an intrinsic property [37], but that a reducible support is needed to 
stabilize these oxidic particles under conditions of catalytic CO oxidation. 
 
Table 4.5: O/Rh results determined from CO-TPSR after oxidation or CO oxidation at 
various temperatures. 

Catalyst 
 

dav 
(nm) 

O/Rh (mmol/mmol) 
T (oC) in O2

1 T (oC) in CO+O2
 1 

40 150 300 500 40 150 300  500 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, a900)/CeO2(900) 

1.6 
2.1 
7.2 

3.4 
2.4 

0.11 

- 
3.2 

0.14 

- 
3.3 
0.5 

- 
3.1 
0.7 

3.4 
2.0 
- 

4.0 
2.5 
- 

- 
2.9 
- 

- 
2.5 
- 

Rh(1.6, 500)/CeO2-rod 1.4 - - - - 1.7 2.5 - - 
Rh(1.6, 500)/CeO2-cube 2.3 - - - - 0.2 0.7 - - 
Rh(1.6, 600)/CeZrO2(600) 1.6 - - - - 1.0 1.9 - - 
Rh(0.8, 600)/ZrO2(600) 1.6 - - - - 0.9 1.6 - - 
Rh(1.6, 550)/SiO2 
Rh(1.6, a900)/SiO2(900) 

2.9 
8.0 

0.6 
0.15 

0.9 
0.14 

3.0 
0.3 

3.0 
1.1 

0.20 
- 

0.19 
- 

0.8 
- 

1.1 
- 

1 Temperature treatment prior to CO-TPSR: 5 vol% O2/He; 3 vol% CO + 3 vol% O2 in He. 
 

The very high CO oxidation activity of very small Rh particles is related to their 
oxidation to small Rh-oxide particles. Rh particles larger than 4 nm, which remain 
metallic, exhibit a substantially lower activity. These activity differences go together 
with strong differences in the kinetic parameters of CO oxidation that are listed in 
Table 4.6. The apparent activation energy (Eact) for Rh nanoparticles smaller than 2.5 
nm is 68 ±3 kJ/mol irrespective of the support, with the exception of a considerably 
higher value for the Rh/SiO2 catalysts. It increases significantly when the particles 
become larger than 2.5 nm. The Eact value for large particles increases in the order 
CeO2 ~ CeZrO2 < ZrO2. The differences in Eact between small and large particles are 
in qualitative agreement with the values for unsupported Rh particles reported by 
Somorjai’s group [37]. The reaction order in CO is close to zero for the highly active 
catalysts and becomes -1 for the large metal nanoparticles. In all cases the reaction 
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order in oxygen is found to be close to unity. For large particles, the high values of 
Eact and the negative first order and first-order dependence in CO and O2, 
respectively, are consistent with early data for CO oxidation on Rh(100) and Rh(111) 
crystal surfaces [50]. The CO reaction order of -1 implies a high CO surface coverage 
under reaction conditions. The first-order dependence in O2 is due to the rate 
controlling nature of oxygen chemisorption on a single Rh site followed by fast 
dissociation [51]. Thus, the CO oxidation reaction occurs on metallic Rh 
nanoparticles, when their size is larger than 4 nm. 
 
Table 4.6: Activation energy and reaction orders of a selected set of reduced catalysts. 

Catalyst dav 
(nm) 

Eact   
(kJ/mol) 

A  
(s-1) nCO nO2 

Rh(0.1, 550)/CeO2(550) 
Rh(0.4, 550)/CeO2(550) 
Rh(0.8, 550)/CeO2(550) 
Rh(1.6, 550)/CeO2(550) 

1.3 
1.6 
2.1 
2.8 

70 
66 
65 
66 

1.5×108

0.4×108 

0.4×108 

0.3×108 

- 
0.0 
- 

0.1 

- 
1.0 
- 
- 

Rh(0.5, 550)/CeO2(900) 
Rh(1.6, 550)/CeO2(900) 

3.8 
5.2 

95 
102 

5.0×1010

0.2×1010 
-0.6 
-0.5 

1.0 
- 

Rh(1.6, a900)/CeO2(900) 7.2 n.d. n.d. -1.2 - 
Rh(1.6, 500)/CeO2-rod(500) 1.4 69 1.2×108 0.1 - 
Rh(1.6, 500)/CeO2-cube(500) 2.3 82 9.6×108 0.0 0.9 
Rh(0.1, 600)/CeZrO2(600) 
Rh(0.4, 600)/CeZrO2(600) 
Rh(0.8, 600)/CeZrO2(600) 
Rh(1.6, 600)/CeZrO2(600) 

1.1 
1.4 
1.5 
1.6 

69 
68 
70 
65 

0.6×108

0.3×108 

0.6×108 

0.1×108 

- 
-0.1 

- 
- 

- 
1.0 
- 
- 

Rh(0.5, 600)/CeZrO2(900) 
Rh(1.6, 600)/CeZrO2(900) 

3.5 
3.7 

83 
86 

0.2×1010 
0.4×1010 

-1.1 
- 

1.0 
- 

Rh(1.6, a900)/CeZrO2(900) 4.6 100 1.8×1010 - - 
Rh(0.1, 600)/ZrO2(600) 
Rh(0.4, 600)/ZrO2(600) 
Rh(0.8, 600)/ZrO2(600) 
Rh(1.6, 600)/ZrO2(600) 

1.4 
1.4 
1.6 
2.3 

73 
69 
69 
70 

0.3×108

0.1×108 
0.1×108 

0.1×108 

- 
0.0 
- 
- 

- 
1.1 
- 
- 

Rh(0.4, 600)/ZrO2(900) 
Rh(1.6, 600)/ZrO2(900) 

4.2 
4.5 

113 
117 

4.1×1012

5.8×1012 
-1.2 

- 
1.1 
- 

Rh(1.6, a750)/ZrO2(900) 
Rh(1.6, a900)/ZrO2(900) 
Rh(1.6, a1000)/ZrO2(900) 

4.7 
6.6 
9.0 

113 
118 
n.d. 

1.4×1012 
1.8×1012 

n.d. 

- 
- 
- 

- 
- 
- 

Rh(0.4, 550)/SiO2 
Rh(0.8, 550)/SiO2 
Rh(1.6, 550)/SiO2

2.4 
2.5 
2.9 

134 
135 
134 

1.0×1015

1.7×1015 

1.3×1015 

- 
- 

-1.1 

- 
- 

1.8 
Rh(1.6, 550)/SiO2(900) 3.3 133 1.6×1015 -1.0 - 
Rh(1.6, a900)/SiO2(900) 8.0 n.d. n.d. -1.1 - 

 
The different kinetics for Rh particles smaller than 2.5 nm point to a change in the 

CO oxidation mechanism. The Eact value is lower by nearly 40 kJ/mol, and the 
reaction is zero and first-order in CO and O2, respectively. The kinetic data suggest 
that CO will be adsorbed much more weakly to the surface than on large metallic 
particles. This difference is due to the oxidic nature of the small Rh nanoparticles. The 
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higher catalytic activity of these Rh oxide nanoparticles is due to the lower Eact value. 
An explanation is the lower barrier for the surface reaction CO + O → CO2 on Rh 
oxide as compared to the Rh metal surface, as predicted by Gong et al. [52]. The 
reason was argued to be a geometrical effect, by which the oxygen atom does not 
have to move as much in the metal oxide surface as it has to form a high coordination 
site on the metal surface [52]. On the other hand, the lower apparent activation energy 
for Rh oxide nanoparticles can also be explained by the lower CO coverage compared 
to the fully CO covered Rh surface, which increases the apparent activation energy. 
The large differences in pre-exponential factor in the present experiments suggest a 
change in the nature of the transition state. On the metal surface the product CO2 will 
be loosely bonded and consequently the entropy of the transition state is high due to 
rotational and vibrational freedom. In contrast, the oxidation of CO by an oxygen 
anion will involve a tighter transition state implying a lower pre-exponential factor. 

In summary, these results show that Rh particles below a diameter of ~2.5 nm are 
oxidized already at relatively low temperature. The type of support strongly 
influences the O/Rh ratio, which is likely related to the size of the final oxidized 
particles. The very small oxidic Rh particles have a nearly two orders of magnitude 
higher activity in CO oxidation than metallic Rh particles larger than 4 nm. The large 
metallic particles cannot be oxidized and CO oxidation takes place with CO being the 
most abundant reaction species.  
 

The particle size dependence reported here is similar to the large difference in CO 
oxidation activity between 2 and 7 nm polymer-stabilized Rh nanoparticles [37]. In 
that particular study, the formation of a thin surface oxide layer has been proposed to 
explain the much higher activity. The activity difference in the present study is much 
more pronounced, which is undoubtedly due to the larger difference in oxidation 
degree between small (<2.5 nm) and large (>4 nm) particles. In particular, we show 
that nearly complete oxidation of small particles occurs, thereby leading to a 
considerable increase of CO oxidation activity. CO oxidation by small RhOx particles 
proceeds with a lower barrier, which is suggested to be due to the easier availability of 
oxygen species during CO oxidation. Clearly, the support also plays an important role 
in stabilizing such rhodium oxide species and the oxygen content of the rhodium 
oxide phase appears to increase with the reducibility of the support. It is proposed that 
CO oxidation for these small Rh oxide particles occurs via a different mechanism. 
 
4.4 Conclusions 

The CO oxidation reaction, which is one of the most used probe reactions for 
heterogeneous catalysts, is a very structure sensitive reaction. The activity increases 
with decreasing Rh nanoparticle size and also depends on the type and structure of the 
support. The activity of Rh metal particles smaller than 2.5 nm is significantly high 
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due to complete oxidation and stabilization by reducible supports such as ceria under 
CO oxidation conditions. Conversely, metal particles larger than 4 nm remain metallic 
under such conditions. The very small Rh oxide particles are much more active, by 
two orders of magnitude, in CO oxidation as compared to Rh metal particles. 
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Chapter 5 

The role of promoters for Ni catalysts in low temperature 
(membrane) steam methane reforming  
 

Summary 

In the search for active and stable Ni-based catalysts for steam methane reforming 
in membrane reactors, the effect of three different additives La, B and Rh was 
compared. Promoted and unpromoted Ni catalysts were investigated by TEM, TPR 
and X-ray absorption spectroscopy. The average Ni particle size is between 4 and 10 
nm. Promoters affected both dispersion and reducibility of Ni. Smaller particles were 
found to be more difficult to reduce than larger ones. The use of B resulted in very 
small Ni particles. The degree of Ni reduction strongly increased by use of La and Rh 
promoters, whereas B strongly impeded Ni reduction. The initial intrinsic rate per 
surface metal atom was found to increase linearly with the Ni metal dispersion, 
suggesting that the rate is controlled by dissociative methane adsorption over low-
coordinated surface atoms. The data indicate that Rh and La act as structural 
promoters to the activity. Catalysts modified by B show a much higher activity of the 
Ni surface atoms. Catalyst stability was investigated by using feed compositions 
representing the inlet of the membrane reactor and the hydrogen lean reformate 
towards its outlet. Stability increases in the order La < Rh < B. Deactivation of the 
catalysts is caused by insufficient removal of carbon species from the surface of Ni 
particles and the formation of stable, graphitic carbon deposits, most likely covering 
the surface of metal. This is substantially suppressed when the Ni particles are small. 
B is an excellent structural promoter to obtain small Ni particles, Rh stabilizes 
metallic Ni and La aids in the removal of some of the carbon deposits more 
effectively by gasification. 
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5.1 Introduction 

Industrial scale production of hydrogen for power generation and fuel refineries is 
dominated by the catalytic reforming of natural gas and higher hydrocarbons [1,2]. 
With an increasing demand for hydrogen and power in the decades to come, steam 
reforming will likely gain further in importance. In the principle reaction light 
hydrocarbons, in particular methane, are converted with steam into synthesis gas 
(syngas). Primary reformer units are typically operated at severe conditions of high 
temperatures and pressure, which strongly affect the long-term performance of the 
classical Ni-based catalysts and the process efficiency. As an alternative, membrane 
reactors are being studied for pre-combustion decarbonization of methane. Membrane 
reactors, which selectively permeate hydrogen at operation temperatures <600 oC to 
avoid membrane disintegration risks and lifetime deterioration, produce a hydrogen 
stream, which can be used as a fuel in a turbine combined-cycle plant, and a CO2 rich 
stream for compression and storage [3,4]. High efficiency of these processes requires 
catalysts that are sufficiently active at temperatures in the range of 500-600 oC.  

Recently, Pieterse et al. [4] reported that Ni-based catalysts provide sufficient 
activity for use in membrane steam reforming reactors, but their resistance to 
deactivation needs further improvement. Deactivation of Ni-based catalysts is related 
to high tendency towards coke formation and sintering of the metal particles [5]. The 
former can be suppressed by increasing the steam-over-methane ratio (S/C), but by 
doing so sintering is often enhanced. More steam requires more heat, which makes the 
process less energy efficient. The S/C ratio will, therefore, practically be limited to 3. 
Catalysts based on noble metals like Ru [6,7], Rh [8,9], Ir [10], Pt [11,12] and Pd [13] 
have promising catalytic properties and a lower sensitivity to coke formation than Ni, 
but they are more expensive. Another approach is to deactivate the sites that lead to 
carbon formation. Pioneering work by the groups of Rostrup-Nielsen and Nørskov 
[14-17] for Ni-based catalysts has led to a detailed understanding about the role of 
potassium [18], sulfur [19] or gold [20] to suppress nucleation sites for coke 
formation. These additives preferentially bind to the step edge sites and thereby 
suppress the activity of the carbon nucleation sites [17], but concomitantly also lower 
the activity.  

This approach has led to follow-up work [21] with tin and boron being interesting 
alternative promoters. Sn seems to displace uncoordinated Ni atoms from the Ni edge 
to form checkerboard structure assemblies that prevent formation of carbon nucleation 
sites by strong hindrance of C atom diffusion and comparatively less hindrance of O 
atom diffusion [22]. B shows a comparable tendency to bind to Ni as C and is 
therefore argued to selectively block step but also subsurface sites [23]. Other 
additives that have been found useful in reforming reactions of methane by Ni 
catalysts are Rh [24-26], Pt [26-28], Pd [26,29], Ba [30] and La [31-33]. Noble metals 
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are known for their higher carbon tolerance, whilst the latter two promoters are part of 
the basic metal group elements known to enhance carbon gasification [34,35].  

The present study aims to obtain insight in the potential of promoted Ni-based 
catalysts for steam methane reforming (SMR) in membrane reactors. MgAl2O4-
supported Ni catalysts modified with La, B or Rh have been prepared and are 
compared to their corresponding monometallic materials. The support material can 
stabilize small Ni particles. These catalysts exhibit a higher resistance against coking 
as compared to pure Al2O3 supported catalysts [36,37]. As promoters have been 
chosen (i) La forming oxycarbonate type species (La2O2CO3) [38] and thus aiding in 
the minimization of coke accumulation by water activation (coke gasification [39]) or 
its influence on the metal dispersion [40]; (ii) B, which has been proposed to block 
subsurface sites and prevent carbon diffusion into the bulk [23,41] or to serve as a 
structural promoter [42] and (iii) Rh, which is considered to be a very active metal for 
SMR and able to stabilize metallic Ni [43] and inhibit coke formation [44,45]. B- and 
Rh-promoted Ni catalysts were also suggested to be more sulfur-tolerant than the 
unpromoted material [46-48]. As it will be shown that some promoters also influence 
the Ni particle size, we also prepared a Ni catalyst with smaller particles by 
homogeneous-deposition precipitation than obtained by regular impregnation. The 
catalysts have been characterized for their textural properties, metal particle size, 
reduction behavior and their activity and stability under conditions that represent the 
conditions at the membrane SMR reactor inlet and outlet. 
 
5.2 Experimental methods 

5.2.1 Support materials and catalysts preparation 

A commercial MgAl2O4 carrier material (MkNano, 99.5%, average particle size 30 
nm, surface area 52 m2/g, pore volume 0.34 ml/g) was used for the preparation of 20 
and 30 wt% Ni catalysts by pore volume impregnation. Another 20 wt% Ni catalyst 
was prepared by homogeneous deposition precipitation (HDP) of nickel nitrate 
(Ni(NO3)2·6H2O, Merck, >97%) on the same carrier. La2O3 was made by thermal 
decomposition of lanthanum nitrate (La(NO3)3·6H2O, Sigma-Aldrich, 99.999%) in 
static air at 625 oC with 7 oC/min for 5 h. A 20 wt% Ni catalyst was prepared on a 
La2O3 support by homogeneous precipitation of nickel nitrate. For the HDP 
preparation method an appropriate amount of the support material and nickel nitrate 
was suspended in 0.6 L deionized water and the pH was adjusted to 1.9 with HNO3. 
After addition of 80 ml of 1 M urea (Merck, 99%), the mixture was heated under 
stirring in a double-walled vessel at 95 oC for 18 h. Subsequently, the precipitate was 
filtered and washed with deionized water, dried in an oven and calcined. 

La- and B-promoted Ni catalysts were prepared by sequential impregnation. The 
La-MgAl2O4 support was prepared by pore volume impregnation with an aqueous 
solution of lanthanum nitrate. After impregnation, the material was dried in air, in an 
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oven overnight and subsequently impregnated with the nickel nitrate solution to 
obtain a Ni/La molar ratio of 4.7, which was determined to be the optimal one [49]. 
Two Ni catalysts were promoted by B following a procedure described by Saeys and 
coworkers [23]. The support was first impregnated with a nickel nitrate solution, 
followed by a drying period of 3 h in air and overnight at 110 oC. After calcination in 
20 vol% O2 in N2 to 625 oC at a rate of 2 oC/min for 5 h, boric acid (H3BO3, Merck, 
99.9999% Suprapur) was introduced at a Ni/B ratio of 2.7. Two Rh-promoted Ni 
catalysts were prepared by co-impregnation with a solution of Rh and Ni nitrates to 
obtain Ni/Rh molar ratios around 70 and 22. The impregnated materials were dried in 
air and in an oven at 110 oC before calcination. 

Reference catalysts containing 0.5 wt% Rh, 10 wt% La or 2 wt% B supported on 
MgAl2O4 were prepared for comparison. LaNiO3 was synthesized according to the sol 
gel method [50]. Stoichiometric amounts of La(NO3)3·6H2O and Ni(NO3)2·6H2O were 
dissolved in distilled water and added to a solution containing equimolecular amounts 
of citric acid (Sigma Aldrich, >99.5%) and ethylene glycol (Sigma Aldrich, >99%) as 
a polydentate ligand. Excess water was slowly removed in a rotary-evaporator until a 
viscous liquid was obtained. This solution was then dried overnight in an oven at 90 
oC and slowly crystallized in air by heating to 800 oC with a rate of 1 oC/min and an 
isothermal period of 5 h. La2O2CO3 was synthesized from La2O3 via carbonation with 
10 ml/min CO2 flow to 600 oC with 6 oC/min for 3 h. This material was then cooled to 
room temperature (RT) in CO2 flow [51,52]. 

All catalysts were sieved into a fraction of 125-250 μm and calcined in a mixture 
of 20 vol% O2 in N2 (except for La2O2CO3) at a flow rate of 100 ml/min, whilst 
heating at a rate of 2 oC/min to 625 oC followed by an isothermal period of 5 h. The 
surface area is typically around 34 and 4 m2/g for the MgAl2O4- and La2O3-supported 
materials, respectively. 

The catalysts are denoted by Ni(x)P(y)/S-HDP, where P, S, x and y represent the 
promoter (La, B or Rh), support (MgAl2O4 or La2O3), the weight percentage of Ni and 
the promoter, respectively. The optional postfix HDP refers to the use of the 
homogeneous deposition precipitation method. 

It has been confirmed that the textural and structural properties of the support 
materials did not change following calcination and reduction steps of the final 
catalysts. 
 
5.2.2 Catalyst characterization 

ICP analysis – The metal loading was determined by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) analyses performed on a Goffin Meyvis 
SpectroCirus apparatus. Typically, an amount of sample was dissolved in a 1:1 
H2O/H2SO4 solution under heating until a clear solution was obtained. For a selected 
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number of catalysts it was confirmed that calcination followed by reduction and 
passivation did not result in a change of the metal loading. 

Nitrogen physisorption - Surface areas were measured with a Micromeritics 
TriStar 3000 apparatus by nitrogen physisorption at -196 oC after outgassing the 
sample for 3 h under vacuum at 150 oC. 

Hydrogen chemisorption – Chemisorption of the Rh catalyst was carried out at -80 
oC using a Micromeritics ASAP 2020C setup equipped with an isopropanol bath 
cooled by a thermostat. The sample was first reduced at 600 °C (heating rate 1.2 
°C/min) for 5 h and evacuated for 4.5 h. The double isotherm method with an 
intermediate vacuum treatment of 1 h was employed. An adsorption stoichiometry of 
one H per surface Rh atom was assumed. 

Transmission electron microscopy (TEM) - Transmission electron micrographs 
were acquired on a FEI Tecnai 20 transmission electron microscope at an acceleration 
voltage of 200 kV with a LaB6 filament. Typically, a small amount of grinded sample 
was reduced at 600 oC and passivated in 1 vol% O2 in He for 2 h before being 
suspended in pure ethanol, sonicated and dispersed over a Cu grid with a holey carbon 
film. TEM images were recorded using a CCD camera at different magnifications. 
From the electron micrographs, the particle size was determined assuming that the 
particles are spherical. The particle size distributions followed by analysis of at least 
150 metal particles from at least three different micrographs. 

Temperature-programmed reduction (TPR) - TPR experiments were carried out in 
a flow apparatus equipped with a fixed-bed reactor, a computer-controlled oven and a 
thermal conductivity detector. Typically, an amount of catalyst was contained 
between two quartz wool plugs in a quartz reactor. Prior to TPR, the catalyst was 
oxidized by exposure to a flowing mixture of 4 vol% O2 in He whilst heating to 110 
oC at a rate of 10 °C/min. After the sample was cooled to RT in flowing N2, the 
sample was reduced in 4 vol% H2 in N2 at a flow rate of 8 ml/min, whilst heating 
from RT up to 800 oC at a rate of 10 oC/min. The H2 signal was calibrated using a 
CuO/SiO2 reference catalyst.  

X-Ray absorption spectroscopy - X-Ray absorption measurements were carried out 
at the Dutch-Belgian Beamline (Dubble) at the European Synchrotron Radiation 
Facility (ESRF), Grenoble, France (storage ring 6.0 GeV, ring current 200 mA). Data 
were collected at the Ni K-edge in transmission mode. The Rh K-edge was measured 
in fluorescence mode with a nine-channel solid-state detector. Energy selection was 
done by a double crystal Si (111) monochromator. The near-edge region of the 
absorption spectra of the reference compounds (Ni foil, NiO, LaNiO3, Rh foil and 
Rh2O3) was used to fit the experimental near-edge spectra. 

Spectra at the Ni and Rh K-edges were recorded in a stainless-steel controlled 
atmosphere cell. Typically, an amount of 25 mg for the Ni-containing catalysts (200 
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mg for Rh) was pressed in a stainless-steel holder and placed in the cell to give an 
absorption μx of about 2.5. High-purity carbon windows with a thickness of 200 and 
1000 μm were held between high-purity carbon spacers for experiments at 1 and 5 
bar, respectively. Gases were supplied by thermal mass flow controllers with steam 
being generated by a controlled evaporator mixer unit. The total gas flow was kept at 
50 ml/min. All transfer lines were kept at 125 oC after the point of steam introduction 
to avoid condensation. At the outlet, steam was condensed and the composition of the 
dry gas was analyzed by a Micro-GC (Agilent) system equipped with a Porapak Q 
column with a thermal conductivity detector. The effluent mixture was found to be at 
thermodynamic equilibrium under these conditions. Catalysts were ex situ reduced at 
600 °C (heating rate 1.2 °C/min) for 5 h and passivated in 1 vol% O2 in He for 3 h at 
ambient temperature. The catalysts were re-reduced in situ by heating to 600 oC at a 
rate of 10 oC/min whilst recording XANES spectra. Finally, XANES spectra were 
recorded during conventional reforming and simulated membrane reforming.  

Analysis carbonaceous deposits – Temperature-programmed oxidation (TPO) was 
employed to quantify the amount of carbonaceous deposits in a microflow system 
attached to a Balzers mass spectrometer. These deposits were produced by exposure 
of the reduced catalyst to a mixture of CH4 in He. In a typical experiment, 100 mg of 
sample was loaded into a quartz reactor tube and kept between two layers of quartz 
wool. The sample was reduced in a mixture of 20 vol% H2 in He, whilst heating from 
RT to 600 oC at a rate of 1.2 oC/min followed by an isothermal period of 5 h (10 
oC/min for 2 h for MgAl2O4). After reduction, the catalyst was purged with He for 15 
min and subsequently exposed to a flow of 100 ml/min of 10 vol% CH4 in He for 10 
min. For Ni(20)/MgAl2O4 the exposure time was varied (5, 10 or 15 min). The sample 
was then purged with He and rapidly cooled to RT. The removal of gases was 
monitored by online mass spectrometry. TPO was carried out by heating the sample to 
800 oC at a rate of 10 oC/min with 6 vol% O2 in He. The CO2 signal was calibrated by 
following the decomposition of a well-known amount of NaHCO3 (Acros, >99.5%). 
 
5.2.3 Catalytic activity in steam methane reforming  

The catalytic activity in SMR was measured using a fixed-bed microflow reactor 
system. The stainless steel reactor tube with an internal diameter of 6 mm was placed 
in a brass body to ensure isothermal operation of the reactor. The catalyst (sieved to 
125-250 μm) was mixed with inert α-Al2O3 (99.997%, 110 μm crystalline, surface 
area 5.5 m2/g) to obtain a bed height of about 20 mm. A stainless steel rod was used to 
fix the position of the bed between two plugs of quartz wool in the isothermal region 
of the oven. Prior to catalytic activity measurements, the catalysts were reduced in 20 
vol% H2 in N2 by heating to 600 oC at a rate of 1.2 oC/min followed by an isothermal 
period for 5 h. After reduction, the catalyst was purged with N2 before exposure to the 
reaction mixture. SMR was carried out at 600 oC and 1.2 bar. Two different reactor 
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feed compositions were employed (Table 5.1): (i) for conventional reforming with 
H/C = 10 and O/C = 3 and (ii) for membrane reforming with H/C = 3 and O/C = 3. 
Hereafter, conventional and membrane reforming will be denoted as RF and MR, 
respectively. The composition of the effluent gas was analyzed by online gas 
chromatography (Interscience GC-8000 Top) equipped with a ShinCarbon ST 80/100 
packed column (2 mm × 2 m) and a thermal conductivity detector.  
 
Table 5.1: Gas composition (vol%) of the reaction feed mixtures for SMR. 

 CH4 H2O  H2  CO  CO2  
RF 5 15 0 0 0 
MR 1.35 15 3 0.14 11.75 

 
The gas composition of MR is obtained on the basis of thermodynamic 

calculations of equilibrium gas compositions at 600 oC after RF to simulate the 
removal of hydrogen by a membrane. The composition corresponds to a methane 
conversion of 91% of a 7.5 vol% CH4, 22.5 vol% H2O feed with a large part of the H2 
product removed [4] The hydrogen concentration was set to 3 vol%. These choices for 
the feed compositions allow to compare reactions in conventional reforming (high 
H/C ratio) and simulated membrane reforming (low H/C ratio) at constant O/C ratio 
[4]. A space velocity in the range of 0.8-3×106 cm3/(h·gcat) was used. Steam was 
supplied by evaporation of deionized water in a Controlled Evaporator Mixer unit in 
combination with a liquid-flow controller (Bronkhorst) and gas flows were controlled 
by mass flow controllers (Brooks). All tubings were kept at 125 oC after the point of 
steam introduction to avoid condensation. The conversion was calculated from the 
effluent concentrations via [34]: 

outoutout

outout
CH COCOCH

COCOX
][][][

][][

24

2
4 ++

+
=      (5.1) 

and/or 
in

out
CH CH

CH
X

][
][

1
4

4
4

−=       (5.2) 

The latter expression is used for MR experiments, because of the very small amounts 
of co-fed gases. For RF experiments, application of equations 5.1 and 5.2 gave similar 
results.  

The forward CH4 turnover rates (rf) were calculated by correction of the measured 
net reaction rate (rn) for approach to the thermodynamic equilibrium (η) [53] using 
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Pi the pressure of species i (bar) and Keq the equilibrium constant of the reforming 
reaction. These corrections were minor with typical initial values of η around 0.2 for 
the catalyst with the highest Ni loading. The rate of CH4 consumption in the reactor 
was determined based on the CH4 inlet flow. Finally, the rate for reforming is 
described by  

4
)( CHf PTkr =         (5.4) 

 
5.3 Results and discussion 

5.3.1 Catalyst characterization 

Table 5.2 lists the most important properties of the catalysts. For comparison, a 
number of non-promoted catalysts have been included. For the study of lanthanum 
promotion, Ni(20)/La2O3-HDP and LaNiO3 were used as reference catalysts. The final 
Ni/La molar ratio of the La-promoted Ni catalyst (Ni(20)La(10)/MgAl2O4) is 4.8. The 
Ni/B molar ratio of the two B-promoted Ni catalysts is around 2.8. The two Rh-
promoted Ni catalysts have a final Ni/Rh molar ratio of 58 and 18. 
 
Table 5.2: Notation of the catalysts, metal loading and metal dispersion. 

Catalyst label 
Ni loading 1

(wt%) 
P loading 1

(wt%) 
d 2 

(nm) 
D 3
(%) 

Ni(20)La(10)/MgAl2O4 16.3 8.11 7.2 ±1.8 14 
Ni(20)B(1.4)/MgAl2O4 
Ni(30)B(2)/MgAl2O4 

17.8 
29.2 

1.16 
1.79 

4.6 ±1.2 
6.4 ±1.9 

22 
15.8 

Ni(20)Rh(0.5)/MgAl2O4 
Ni(20)Rh(1.6)/MgAl2O4 

18.1 
18.2 

0.55 
1.73 

7.5 ±2.6 
6.2 ±2.0 

13.5 
16.3 

Ni(20)/MgAl2O4 
Ni(30)/MgAl2O4 

17.8 
29.2 

- 
- 

8.1 ±3 
10.3 ±3.4 

12.5 
9.8 

Ni(20)/MgAl2O4-HDP 19.2 - 4.5 ±1.6 22.5 
La(10)/MgAl2O4 - 9.65 - - 
B(2)/MgAl2O4 - 2.04 - - 
Rh(0.5)/MgAl2O4 - 0.61 1.4 ±0.4 (1.2)4 78 
MgAl2O4 - - - - 
La2O3 - - - - 
Ni(20)/La2O3-HDP 20.4 - n.d.5 n.d.5 
LaNiO3 - - - - 

 

1 Determined by ICP-AES with P = La, B or Rh; 2 Average particle size and standard deviation 
determined by TEM analysis (Ni+promoter, Ni); 3 Dispersion; 4 Determined by H2-chemisorption; 
5 Not determined: limited detection of particles. 
 

The particle size of the active Ni phase was determined by TEM. Fig. 5.1 shows 
representative transmission electron micrographs and particle size distributions of the 
monometallic Ni catalysts. The Ni particles become larger and the particle size 
distribution broadens with increasing Ni loading. As expected, the HDP method 
results in smaller Ni crystallites as compared to conventional impregnation. The HDP 
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catalyst (Ni(20)/MgAl2O4-HDP) contains particles in the range 3-6 nm. It is not 
possible to accurately determine the Ni crystallite size of Ni(20)/La2O3-HDP due to 
the lack of contrast between Ni and La. From inspection of particles visible at the 
edges of the support, the Ni particles appear to be in the 4-6 nm range. The TEM 
images of Rh(0.5)/MgAl2O4 show very finely dispersed Rh particles with an average 
particle size of 1.4 nm in agreement with the value determined by H2-chemisorption. 

 
Figure 5.1: Transmission electron micrographs and Ni particle size distributions of (a) 
Ni(20)/MgAl2O4, (b) Ni(30)/MgAl2O4, (c) Ni(20)/MgAl2O4-HDP, and (d) Rh(0.5)/MgAl2O4 
with average particle diameters of 8.1, 10.3, 4.5 and 1.4 nm, respectively. 
 

Fig. 5.2 shows representative transmission electron micrographs and corresponding 
particle size distributions of the promoted Ni catalysts. The average Ni particle size of 
Ni(20)La(10)/MgAl2O4 is lower than that of the unpromoted catalyst. This difference 
agrees with the findings of Zhang et al. [54], who found smaller particles in La-
promoted Ni/Al2O3 than in Ni/Al2O3. Promotion with B has a much more pronounced 
effect on the particle size. The average particle size is 4.6 and 6.4 nm for the 20 and 
30 wt% Ni catalysts, respectively, as compared to 8.1 and 10.3 nm before B 
promotion. Broadly speaking, this agrees with the findings of Dautzenberg and co-
workers [40], who found a decrease from 15-25 nm to 8-10 nm upon B promotion. In 
contrast, Xu et al. [23] reported that the Ni particle size did not vary upon B 
promotion. The use of a small amount of Rh also led to a small decrease of the Ni 
particle size, which became more pronounced when more Rh was added. However, 
these changes are relatively small as compared to the effect of B. 

Fig 5.3 shows TPR traces of the supports and the catalysts. Expectedly, no 
reduction features are seen for MgAl2O4. The reduction of the MgAl2O4-supported Ni 
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catalysts started around 375 oC and reached completion around 800 oC. It is seen that 
the NiO reduction takes place at lower temperature for higher Ni content, which is 
due to the weaker support interaction of larger NiO crystallites. To have a basis of 
comparison, the Ni-free promoter-containing supports are also included. The 
reducibility of La-containing supports is negligible and only a weak high temperature 
feature is observed for B(2)/MgAl2O4. The reduction of Rh(0.5)/MgAl2O4 occurs 
below 400 oC, which is substantially higher than that of Rh particles dispersed over 
ceria and zirconia [55]. This is due to the comparatively strong interaction with 
alumina [56]. The TPR trace of Ni(20)/La2O3-HDP contains a dominant feature 
around 400 oC, which is also present in the reduction of LaNiO3. The reduction of the 
latter compound is known to proceed in two consecutive steps [57], i.e. (i) reduction 
of Ni3+ to Ni2+ with concomitant formation of La2Ni2O5 and (ii) reduction of Ni2+ to 
metallic Ni and La2O3. Accordingly, it is reasonable to suggest that during calcination 
of Ni(20)/La2O3-HDP LaNiO3 is formed. This reduction feature is absent in the TPR 
trace of Ni(20)La(10)/MgAl2O4. 

 
Figure 5.2: Transmission electron micrographs and particle size distributions of (a) 
Ni(20)La(10)/MgAl2O4, (b) Ni(20)B(1.4)/MgAl2O4, (c) Ni(30)B(2)/MgAl2O4, (d) Ni(20)Rh 
(0.5)/MgAl2O4 and (e) Ni(20)Rh(1.6)/MgAl2O4 with average particle diameters of 7.2, 4.6, 
6.4, 7.5, and 6.2 nm, respectively. 
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Interestingly, the TPR traces of the two B-promoted catalysts only show a 
reduction feature at very high temperature. As can be deduced from the intensities of 
the bands, the reduction must be due to nickel oxide reduction. The high temperature 
points to a very strong Ni-B interaction. It has been shown before that Ni and B 
become alloyed upon calcination [58,59]. More recently, DFT calculations have 
indicated that boron binds preferentially to step sites and octahedral sites just below 
the surface of Ni metal [60]. The low-temperature shoulder in the trace of 
Ni(30)B(2)/MgAl2O4 may correspond to the reduction of some NiO particles that 
have not been alloyed with B. Finally, the Ni-Rh catalyst with the lower Rh content 
shows a quite similar trace to that of its Ni-free counterpart. The small reduction 
feature below 400 oC for the catalyst with a higher Rh content relates to Rh reduction 
[26]. These data suggest that at these metal loadings an alloy is formed. Earlier, Song 
and co-workers reported that Ni and Rh reduction proceed in two consecutive steps, 
but the Rh loadings in that case were much higher [48]. 
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Figure 5.3: TPR profiles of the (left) supports, monometallic catalysts and (right) promoted 
catalysts: (a) MgAl2O4, (b) Ni(20)/MgAl2O4, (c) Ni(30)/MgAl2O4, (d) Ni(20)/MgAl2O4-HDP, 
(e) La(10)/MgAl2O4, (f) B(2)/MgAl2O4, (g) Rh(0.5)/MgAl2O4, (h) La2O3, (i) Ni(20)/La2O3-
HDP, (j) LaNiO3, (k) Ni(20)La(10)/MgAl2O4, (l) Ni(20)B(1.4)/MgAl2O4, (m) Ni(30)B(2)/Mg-
Al2O4, (n) Ni(20)Rh(0.5)/MgAl2O4, (o) Ni(20)Rh(1.6)/MgAl2O4. 
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The results of a quantitative analysis of the TPR data are given in Table 5.3. It is 
seen that the extent of reduction of MgAl2O4-supported catalysts depends on the 
promoter and increases in the order B < no promoter < La < Rh. Importantly, Table 
5.3 also contains the fraction of reduced Ni (fNi) after reduction at 600 oC during the 
TPR experiment. Obviously, the TPR experiments signify that Ni reduction of the B-
promoted catalysts is very difficult and one may argue that after reduction at 600 oC 
for prolonged time the fraction of reduced Ni will be smaller than that of the other 
materials. The Rh-containing catalysts are nearly completely reduced, whilst the 
reduction of larger particles is more extensive than that of smaller ones.  
 
Table 5.3: TPR results (temperature, H2 consumed and H2/Ni ratios) of the set of catalysts. 

Catalyst 

H2 uptake 
(mmol 
/gcat) 

H2/Ni 2 
(-) 

fNi 3 
(-) 

Ni(20)La(10)/MgAl2O4 2.8 1 0.74 
Ni(20)B(1.4)/MgAl2O4 
Ni(30)B(2)/MgAl2O4 

2.35 
3.81 

0.77 
0.77 

0.09 

0.12 
Ni(20)Rh(0.5)/MgAl2O4 
Ni(20)Rh(1.6)/MgAl2O4 

1.9 
2.31 

1.08 
1.3 

0.83 
1 4 

Ni(20)/MgAl2O4 
Ni(30)/MgAl2O4 

2.54 
4.82 

0.84 
0.97 

0.48 
0.7 

Ni(20)/MgAl2O4-HDP 2.75 0.84 0.43 
Ni(20)/La2O3-HDP 4.03 1.16 - 

 

1 Position of peaks and shoulders based on deconvolution; 2 based on Ni loading; reduced     
up to 800 oC; 3 fraction of metallic Ni after reduction up to 600 oC; 4 complete reduction. 

 
The reduction behavior of a few catalysts has also been measured by in situ 

XANES. Ni near-edge spectra at various reduction temperatures of pre-reduced and 
passivated Ni(20)/MgAl2O4-HDP, Ni(20)/MgAl2O4 and Ni(20)La(10)/MgAl2O4 are 
collected in Fig. 5.4. The best fit spectra were included as determined by least-squares 
fit with Ni metal and NiO reference XANES data. At room temperature these 
catalysts contain a whiteline at ~2 eV above the edge, which is typical for Ni2+. This 
feature decreases in intensity with increasing temperature, indicating that a larger 
proportion of the Ni atoms becomes metallic. The whiteline is nearly absent for  
Ni(20)La(10)/MgAl2O4. Fig. 5.5 shows the fraction of oxidic Ni and Rh (fNi2+(Rh3+)) 
with temperature. These catalysts were pre-reduced at 600 oC, then passivated and 
exposed to air before the XANES experiment with the exception of Rh(0.5)/MgAl2O4, 
which was reduced in situ. To start with the latter, the reduction occurs over a broad 
temperature range up to 600 oC. Rh reduction is nearly complete at the final 
temperature and exposure to gas RF and MR conditions does not bring about changes 
to its oxidation state. 
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Figure 5.4: Ni K-edge XANES spectra recorded of pre-reduced, passivated (left) 
Ni(20)/MgAl2O4-HDP, (middle) Ni(20)/MgAl2O4 and (right) Ni(20)La(10)/MgAl2O4. The 
spectra were obtained during reduction at (a) RT, (b) 200 oC, (c) 400 oC and (d) 600 oC. The 
fitted spectra (dotted lines) are included. The spectra of the references are those of high purity 
NiO and a Ni foil. 
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Figure 5.5: Fraction of oxidic Ni (Rh) (fNi2+(Rh3+)) during (left) reduction, followed by (right) 
steam reforming at RF and MR condition at 1 bar (closed symbols) and 5 bar (open symbols) 
of MgAl2O4-supported Ni (Rh) catalysts: Ni(20)/MgAl2O4-HDP (squares), Ni(20)/MgAl2O4 
(triangles), Ni(20)La(10)/MgAl2O4 (rhombi) and Rh(0.5)/MgAl2O4 (circles). Note that the 

107 
 



Chapter 5 
 

Ni-based catalysts were pre-reduced, passivated and exposed to air whereas the Rh catalyst 
was fresh before reduction. 
 

The reduction degree of passivated Ni(20)/MgAl2O4-HDP is nearly 60% and 
further reduction leads to a final reduction degree of about 75%. These values are 
somewhat higher than the kinetic result obtained by TPR. Compared to this, the 
reduction of Ni(20)/MgAl2O4 amounts to 55% after re-reduction from a reduction 
degree of nearly 30%. The higher reduction rate of Ni(20)MgAl2O4 in comparison to 
the HDP sample is in reasonable agreement with the TPR results. The La-promoted 
catalyst is nearly completely reduced. In those cases that reduction of the Ni phase is 
not complete, it is seen that steam reforming under RF or MR conditions leads to a 
gradual increase of the reduction degree. This is in line with the TPR results that 
indicate that the Ni phase is still reducing at 600 oC. It should be noted that the 
catalysts were reduced at 600 oC for 5 h prior to catalytic activity testing for steam 
methane reforming and, accordingly, one may argue that the final Ni reduction 
degrees are close to the values after MR testing. 
 
5.3.2 Catalyst activity measurements 

The catalysts were tested for their activity and stability in SMR under the 
following conditions: 15 h RF (RF1), 20 h MR (MR1), 2.5 h RF (RF2) and 2.5 h MR 
(MR2). The reaction rate is corrected for the metal dispersion and the fraction of the 
active phase in its metallic form in order to make meaningful comparisons. For the Ni 
dispersion we used values determined by TEM analysis. This introduces only a small 
error because the promoter content is small in all cases. Similar to the method 
outlined by Wei and Iglesia [53], the fraction of metallic Ni as determined by TPR 
after reduction at 600 oC was used to correct for the amount of non-reduced Ni. 
Accordingly, an intrinsic activity per surface atom can be calculated.  

Fig. 5.6 shows the initial intrinsic activities as a function of the Ni dispersion. The 
initial reaction rate increases linearly with the dispersion. In accordance with our 
earlier results, this finding implies that the overall SMR rate is controlled by the 
dissociative methane adsorption over low-coordinated surface atoms [Chapter 2 of 
this thesis]. A similar correlation for Ni-based catalysts has been reported before for 
three MgO-supported Ni catalysts with a variation of the Ni dispersion between 9% 
and 15% [53]. It is interesting to note that the intrinsic activity of the Rh-promoted 
catalysts follows the same linear trend as found for the non-promoted Ni catalysts. 
This strongly suggests that the Rh promoter is not involved in the reaction other than 
influencing the dispersion and reduction degree of the Ni phase. A similar line of 
reasoning can be followed for the La-promoted catalyst, although these catalysts 
exhibit a slightly lower intrinsic activity. This may be due to some Ni particle 
decoration by lanthana patches [16,61]. The B-promoted catalysts, on the other hand, 

108 
 



The role of promoters for Ni catalysts in low temperature (membrane) steam methane reforming  

exhibit a much higher intrinsic activity. It should be noted that the high intrinsic 
activity mainly derives from the correction for the low reduction degree of the 
catalysts. One may interpret this result in two ways. Firstly, one may argue that B 
promotion results in a much higher reactivity of the Ni surface atoms. Xu and Saeys 
[60] have argued that a surface reconstruction of the Ni terrace surface into a more 
reactive steplike surface, when the octahedral sites of subsurface layers are occupied 
by B, leads to stronger methane adsorption and accordingly a lower barrier for 
methane dissociation. In this case, the linear relation between the reaction rate and the 
Ni dispersion of the B-promoted catalysts suggest that methane dissociation remains 
rate limiting. A second and alternative explanation is that an amorphous NiBx phase is 
the active phase. Also in this case, the correlation between the rate and the dispersion 
as determined by TEM remains in place and allows to conclude that dissociative 
methane adsorption is rate limiting. If we assume that all Ni is involved in the SMR 
reaction as a nickel boride, the intrinsic rate is reasonably similar to that of the 
unpromoted Ni catalysts. 
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Figure 5.6: Initial CH4 steam reforming rates as function of Ni dispersion of monometallic 
(squares), La-promoted (rhombic), B-promoted (triangles), Rh-promoted (circles) catalysts. 
The initial rate is defined as the average rate between 0.5 and 2.5 h RF. The initial rate of the 
B-promoted catalysts under assumption of full reduction is indicated by open symbols and a 
dotted line. 
 

The effect of the promoters on the stability of a subset of the Ni catalysts during 
changing experimental conditions from RF and MR is illustrated in Fig 5.7. These 
catalysts were chosen to have a nearly similar Ni dispersion and compared to the two 
unpromoted Ni catalysts and Rh(0.5)/MgAl2O4. The intrinsic activity during RF is 
slightly higher than during MR. An explanation for this effect might be found in the 
much lower methane and higher carbon dioxide concentrations of MR, which results 
in partial dry reforming. All catalysts deactivate during the SMR reaction and the non-
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promoted Ni catalysts seem to deactivate more than the promoted catalysts. The rate 
of deactivation also depends on the Ni particle size. Larger Ni particles deactivate 
stronger than smaller Ni particles, independent of the feed composition. This can be 
explained by considering coke as the main reason of deactivation. Several detailed 
studies have shown that large Ni particles are more prone to reaction-induced 
reshaping to form step-edges that act as growth sites for carbon species [17,62,63] and 
that they have a higher driving force for carbon diffusion due to a lower saturation 
concentration of carbon [64]. 
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Figure 5.7: CH4 reaction rate constants as function of time on stream, during two 
interchanging conditions RF and MR, of (left) monometallic (squares) and (right) La-
promoted (rhombi), B-promoted (triangles) and Rh-promoted (circles) catalysts. 
 

To compare the deactivation in a semi-quantitative manner, the slopes of the 
deactivation during the RF1 and MR1 condition are collected in Table 5.4. The 
deactivation during RF of the La- and Rh-promoted catalyst is nearly identical to the 
non-promoted Ni catalyst containing particles smaller in size. The B-promoted 
catalyst exhibits improved stability, whereas large Ni particles deactivate strongest. 
Upon exposure to MR conditions the rate of deactivation decreases, except for the B-
promoted and Rh catalysts. 
 

Table 5.4: Slopes of the deactivation (RC) during SMR under RF and MR conditions. 

Catalyst  dav 
(nm) 

RC (kPa-1·s-1·h-1)
RF1, 0-15 h MR1, 15-35 h 

Ni(20)La(10)/MgAl2O4 7.2 -0.016 -0.011 
Ni(30)B(2)/MgAl2O4 6.4 -0.007 -0.012 
Ni(20)Rh(1.6)/MgAl2O4 6.2 -0.014 -0.009 
Ni(20)/MgAl2O4 8.1 -0.021 -0.018 
Ni(20)/MgAl2O4-HDP 4.5 -0.012 -0.009 
Rh(0.5)/MgAl2O4 1.4 -0.015 -0.017 
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Recently, Sehested et al. [65-67] have discussed the contribution of sintering to 
deactivation of similar MgAl2O4-supported Ni catalysts at various pre-reforming 
conditions and formulated a model that is able to predict the sintering rate of Ni 
catalysts. The sintering rate is higher for the K- and S-promoted Ni catalysts only at 
high pressures [68]. Based on their results it is reasonable to assume that sintering is 
not the main cause of deactivation in the present study. This is supported by the 
higher rate constant of the catalysts during RF2 in comparison to the rate constant 
during RF1. To compare the effect of different reaction conditions for 
Rh(0.5)/MgAl2O4, the average particle size was determined for spent and aged 
Rh(0.5)/MgAl2O4, prepared by exposure to RF and 15 vol% H2O + 3 vol% H2 in He 
at 600 oC for 75 h, respectively. The average Rh nanoparticle size was very similar to 
that of the reduced catalyst, namely 1.9 ±0.5 nm for the spent and 1.6 ±0.4 nm for the 
aged catalyst. The rate of deactivation for this catalyst is comparable to that for the Ni 
catalysts and we may indeed conclude that sintering is not the main cause of 
deactivation. The B-promoted catalyst is the notable exception, which might indicate 
that the NiB particles have sintered and this would seem to agree with the increasing 
loss of activity upon comparison of the activity under RF1 and RF2 conditions (Fig. 
5.7). 

Deactivation might also be caused by oxidation of the active metallic phase during 
reaction as reported earlier for catalysts containing very small Rh nanoparticles 
[Chapter 3 and 4 of this thesis]. Ni catalysts are prone to oxidation and, accordingly, 
H2 is often added to the feed [69]. However, large Ni particles are more difficult to 
oxidize than small ones and they can also be protected for oxidation by a larger 
amount of carbon species. Hence, if oxidation would be the dominant reason for 
deactivation the small Ni particles would be expected to deactivate the fastest, which 
is clearly not the case (Fig. 5.7). For Rh-promoted catalysts it has been reported that 
they keep Ni in the reduced state because of the presence of a strong Ni-Rh 
interaction [48]. We expect that this is also the case for the La-promoted catalyst due 
to its similar reduction behavior. The superior stability of the B-promoted catalyst 
points to the absence of Ni oxidation during reaction. Therefore, further experiments 
were focused on the influence of the promoter on the formation of coke. 
 
5.3.3 Deactivation 

To investigate deactivation by coke in more detail, stimulated coking experiments 
were carried out. To this end, the catalyst was exposed to different gas mixtures at 
600 oC followed by TPO to determine the amount and nature of carbonaceous 
deposits. Some TPO profiles of coked catalysts are displayed in Fig. 5.8. Coke 
oxidation occurs mainly between 400 and 700 oC. Carbonaceous deposits on Ni-based 
catalysts are typically of the type: encapsulating/gum carbon, amorphous/pyrolytic 
carbon (thin CHx films or a few layers of Ni covering graphite) and carbon whisker 
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(filaments) [17]. Oxidation of amorphous carbonaceous deposits occurs at relatively 
low temperature, whilst graphitic carbon is oxidized at high temperature [21]. 
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Figure 5.8: TPO profiles of coked monometallic (left) and promoted catalysts (right) after 
being exposed to 10 vol% CH4 in He for 5 min (dashed line) and 10 min (solid line) at 600 
oC. (a) Ni(20)/MgAl2O4, (b) Ni(20)/MgAl2O4-HDP, (c) Rh(0.5)/MgAl2O4, (d) Ni(20)/La2O3-
HDP, (e) LaNiO3, and (f) Ni(20)La(10)/MgAl2O4, (g) Ni(30)B(2)/MgAl2O4 and (h) 
Ni(20)Rh(1.6)/MgAl2O4. 
 

Table 5.5 collects the amount of carbon deposited during exposure to different gas 
mixtures at 600 oC followed by TPO. The total amount of carbon as well as the ratio 
of carbon per surface atom evidences that the dominant source of coke is CH4, 
because the coke deposits formed by dissociative adsorption of CH4 are about one 
order greater in amount than those generated by CO. The amount of coke formed by 
decomposition of CO2 is even lower. Ni(20)/MgAl2O4 is more susceptible to form 
coke than its counterpart prepared by HDP. With increased time of exposure to 
methane the reactivity of the carbonaceous deposits towards oxidation is greatly 
reduced. The decomposition of methane with hydrogen reduces the amount of carbon 
deposits formed and can therefore partially prevent encapsulation and thus 
deactivation of the catalyst.  

The coking propensity of Ni-free promoter-containing supports is negligible and 
similar to that of the bare support, expect for Rh(0.5)/MgAl2O4. This catalyst has 
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about three times more carbon per surface Rh atom at 600 oC than formed at 500 oC. 
The influence of the support on the carbonaceous deposit oxidation is similar to that 
of silica due to the irreducibility of these support materials (Table 3.2). The 
temperature of coke oxidation on Ni is more than 200 oC higher than on Rh, showing 
the better resistance against coking of the more noble metal. 
 
Table 5.5: The amount of carbon in monometallic and promoted catalysts after exposure to 
various gas mixtures in He at 600 oC determined by TPO.  

Catalyst dav 
(nm) 

t 1 

(min) 
PCH4 + H2

 

(bar) 
PCO (CO2)  

(bar) 
Tmax 
(oC) 

Coke 
(mmol/ 

gcat) 

Coke 
(mmol/ 

mmol Msurf) 2 

Ni(20)La(10)/MgAl2O4
 

 
 

7.2 5 
10 
10 

0.1 
0.1 

0.1 + 0.07 

- 
- 
- 

485, 574 
485, 611 

611 

9.3 
21.3 
10.6 

23.9 
54.6 
27.3 

Ni(30)B(2)/MgAl2O4 
 

6.4 5 
10 

0.1 
0.1 

- 
- 

543, 678 
547, 680 

5.5 
8.5 

7.1 
10.9 

Ni(20)Rh(1.6)/MgAl2O4 
 
 

6.2 
 
 

5 
10 
10 

0.1 
0.1 

0.1 + 0.07 

- 
- 
- 

485, 596 
485, 621 

625 

9.6 
19.8 
11.1 

19 
39.2 
22 

Ni(20)/MgAl2O4 
 
 
 
 
 
 
 

8.1 
 
 
 
 
 
 
 

5 
10 
15 
10 
10 
10 
10 
10 

0.1 
0.1 
0.1 

0.1 + 0.03 
0.1 + 0.07 
0.1 + 0.15 

- 
- 

- 
- 
- 
- 
- 
- 

0.1 
 (0.1) 

600 
623 
638 
623 
625 
631 
530  

(242, 438) 

10.8 
21.4 
27.6 
15.8 
11.8 
4.2 
2.6  

(0.05) 

28.6 
56.6 
72.8 
41.7 
31.2 
11.1 

7  
(0.14) 

Ni(20)/MgAl2O4-HDP 

 
 
 

4.5 
 
 
 

5 
10 
10 
10 

0.1 
0.1 

0.1 + 0.07 
- 

- 
- 
- 

0.1 

663 
678 
669 
622 

8.7 
14.5 
9.5 
1.1 

11.9 
19.7 
13 
1.5 

La(10)/MgAl2O4 - 10 0.1 - 535 0.03 - 
B(2)/MgAl2O4 - 10 0.1 - 475 0.005 - 
Rh(0.5)/MgAl2O4 

 

 
 

1.4 
 
 
 

5 
10 
10 
10 

0.1 
0.1 

0.1 + 0.07 
- 

- 
- 
- 

(0.1) 

379 
386 
364 
200 

0.8 
1.1 
0.4 

0.07 

17.7 
25.1 
10.2 
1.7 

MgAl2O4 
 - 10 

120 
0.1 
0.1 

- 
- 

~700 
~500 

0.012 
0.005 

- 
- 

Ni(20)/La2O3-HDP 
 

n.d. 
 

10 
10 

0.1 
0.1 + 0.07 

- 
- 

592 
577 

14.9 
9.3 

- 
- 

LaNiO3 - 10 0.1 - 468, 645 2.3 - 
 

1 Time of exposure; 2 M = Ni or Rh. 
 

The amounts of coke on Ni(20)/MgAl2O4-HDP and Ni(20)/La2O3-HDP are quite 
similar. The coke on Ni(20)/La2O3-HDP is easier to oxidize. It points to the 
interaction of Ni with La on the support. The amount of coke formed and its reactivity 
towards oxidation of Ni(20)La(10)/MgAl2O4 does not significantly differ from the 
unpromoted catalyst. These results are expected because the formation of coke on La-
containing catalysts is supposed to be suppressed by a higher gasification rate of 
carbon with adsorbed CO2 present in the form of La2O2CO3-type species [38,70]. 
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High amounts of strongly binding carbonates may hinder the SMR reaction by 
slowing regeneration of these active sites. Indeed, a more intense and significantly 
broader peak is found in the CO2-TPD profile of Ni(20)La(10)/MgAl2O4 in 
comparison to Ni(20)/MgAl2O4 (not shown), which demonstrates that the basicity is 
increased. XRD (not shown) of carbonated La2O3 revealed the transformation of 
La2O3 into La2O2CO3-type species. From these results we can reason that a change in 
the concentration of oxycarbonate species by the higher CO2 partial pressure in MR 
led to a low deactivation. 

The amount of carbonaceous deposits formed on the B-promoted catalyst is low 
taken into account its activity. Two peaks are visible in the TPO profile centered 
around 545 and 680 oC. By comparison to the profiles of non-promoted catalysts, the 
use of B greatly reduces the formation of more thermal stable carbon deposits. This is 
in line with its high stability during SMR and it could reflect a selective blockage of 
subsurface and step sites for the initiation of carbon formation by B [41]. The amount 
of coke formed on the Rh-promoted catalyst is slightly lower than of 
Ni(20)/MgAl2O4, which could be the result of the higher hydrogenation activity of 
Rh, in addition to alloy species [71]. Overall, the amount of carbonaceous deposits 
increases in the order B < no promoter-HDP < Rh < La ~ no promoter. 
 
5.4 Conclusions 

The reaction rate of Ni-based reforming catalysts increases linearly with the Ni 
dispersion. Accordingly, it is important to employ highly dispersed Ni to obtain 
sufficiently active Ni-based catalysts for energy-efficient membrane reforming of 
methane. Such small Ni particles may be obtained by standard deposition-
precipitation techniques or the use of B as a promoter. In comparison, La and Rh as 
promoters have a smaller effect on the Ni particle size. The degree of Ni reduction 
depends on the particle size and the additive. Small Ni particles cannot be fully 
reduced, especially in the presence of B. The degree of reduction strongly increases if 
Ni is in contact with La or Rh. The initial intrinsic rate per surface metal atom 
increases linearly with the Ni metal dispersion for Ni, NiLa and NiRh catalysts. This 
implies that the La and Rh promoters do not participate in the reaction and only 
modify the Ni particle size. The catalysts modified by B show a much higher surface 
atom based activity if it is assumed that only reduced Ni sites participate in the 
reaction. If a NiBx phase is assumed to be active, the intrinsic activity of NiB catalysts 
is similar to that of the other catalysts. Catalyst stability increases in the order La < Rh 
< B. Deactivation of the catalysts is caused by insufficient removal of carbon species 
from the surface of Ni particles and the formation of stable, graphitic carbon deposits, 
most likely covering the surface of metal. This effect is suppressed for smaller Ni 
particles. Consequently, the effect of the additives can be explained by the way they 
affect the generation or removal of deactivating carbon species. B is an excellent 
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structural promoter to obtain small Ni particles, Rh stabilizes metallic Ni and La can 
remove some of the carbon deposits more effectively by gasification. Only the B 
promoter has a very favorable influence on the Ni dispersion and its stability to steam 
methane reforming at a moderate operation temperature. Despite the inhibition of Ni 
reduction by B, B-promoted Ni catalysts show similar weight-based reaction rates as a 
standard Ni catalyst of similar dispersion but with improved stability. 

 
References 
[1]  J.R. Rostrup-Nielsen and T. Rostrup-Nielsen, Cattech 6 (2002) 150. 
[2]  R. Schlögl, Angew. Chem. Int. Ed. 42 (2003) 42-43. 
[3] H. Li, J.W. Dijkstra, J.A.Z. Pieterse, J. Boon, R.W. van den Brink, D. Jansen, J. Membr. Sci. 363 

(2010) 204-205. 
[4]  J.A.Z. Pieterse, J. Boon, Y.C. van Delft, J.W. Dijkstra and R.W. van den Brink, Catal. Today 156 

(2010) 153-164. 
[5] J. Sehested, Catal. Today 111 (2006) 103-110. 
[6] J.G. Jakobsen, T.L. Jørgensen, I. Chorkendorff and J. Sehested, Appl. Catal. A 377 (2010) 158-

166. 
[7] M.C.J. Bradford and M.A. Vannice, J. Catal. 183 (1999) 69-75. 
[8] A. Erdöhelyi, J. Cserényi and F. Solymosi, J. Catal. 141 (1993) 287-299.  
[9] M.F. Mark and W.F. Maier, J. Catal. 164 (1996) 122-130. 
[10]  W. Cai, F. Wang, E. Zhan, A.C. van Veen, C. Mirodatos and W. Shen, J. Catal. 257 (2008) 96-

107. 
[11] J.H. Bitter, K. Seshan and J.A. Lercher, J. Catal. 171 (1997) 279-286. 
[12]  S.M. Stagg-Williams, F.B. Noronha, G. Fendley and D.E. Resasco, J. Catal. 194 (2000) 240-249. 
[13] A. Yamaguchi and E. Iglesia, J. Catal. 274 (2010) 52-63. 
[14] J.R. Rostrup-Nielsen, Steam Reforming Catalysts, Danish Technical Press, Copenhagen, 1975. 
[15] J.K. Nørskov, S. Holloway and N.D. Lang, Surf. Sci. 137 (1984) 65-78. 
[16] J.R. Rostrup-Nielsen, J. Sehested, J.K. Nørskov, Adv. Catal. 47 (2002) 85-133. 
[17] H.S. Bengaard, J.K. Nørskov, J. Sehested, B.S. Clausen, L.P. Nielsen, A.M. Molenbroek and  

J.R. Rostrup-Nielsen, J. Catal. 209 (2002) 365-384. 
[18] H.S. Bengaard, I. Alstrup, I. Chorkendorff, S. Ullmann, J.R. Rostup-Nielsen and J.K. Nørskov,  

J. Catal. 187 (1999) 238-244. 
[19] J.R. Rostup-Nielsen, J. Catal. 85 (1984) 31-43. 
[20] F. Besenbacher, I. Chorkendorff, B.S. Clausen, B. Hammer, A.M. Molenbroek, J.K. Nørskov and  

I. Stensgaard, Science 279 (1998) 1913-1915. 
[21] D.L. Trimm, Catal. Today 49 (1999) 3-10. 
[22]  E. Nikolla, J. Schwank and S. Linic, J. Catal. 250 (2007) 85-93. 
[23] J. Xu, L. Chen, K.F. Tan, A. Borgna and M. Saeys, J. Catal. 261 (2009) 158-165. 
[24] M. Nowosielska, W.K. Jóźwiak and J.Rynkowski, Catal. Lett. 128 (2009) 83-93. 
[25] J.C.S. Wu and H.-C. Chou, Chem. Eng. J. 148 (2009) 541-544. 
[26] M. Nurunnabi, Y. Mukainakano, S. Kado, B. Li, K. Kunimori, K. Suzuki, K. Fujimoto and K. 

Tomishige, Appl. Catal. A 299 (2006) 152. 
[27] B. Li, S. Kado, Y. Mukainakano, T. Miyazawa, T. Miyao, S. Naito, K. Okumura, K. Kunimori 

and K. Tomishige, J. Catal. 245 (2007) 144-155. 
[28] M. García-Diéguez, E. Finocchio, M.Á. Larrubia, L.J. Alemany and G. Busca, J. Catal. 274 

(2010) 13. 
[29] M. Nurunnabi, Y. Mukainakano, S. Kado, T. Miyazawa, K. Okumura, T. Miyao, S. Naito, K. 

Suzuki, K. Fujimoto and K. Tomishige, Appl. Catal. A 308 (2006) 1. 
[30] M. García-Diéguez, M.C. Herrera, I.S. Pieta, M.Á. Larrubia and L.J. Alemany, Catal. Commun. 

11 (2010) 1133-1136. 
[31] R. Martínez, E. Romero, C. Guimon and R. Bilbao, Appl. Catal. A 274 (2004) 139-149. 
[32]  Y. Cui, H. Zhang, H. Xu and W. Li, Appl. Catal. A 331 (2007) 60-69. 
[33]  R. Yang, C. Xing, C. Lv, L. Shi and N. Tsubaki, Appl. Catal. A 385 (2010) 92-100. 
[34]  J.R. Rostrup-Nielsen and J.H. Bak Hansen, J. Catal. 144 (1993) 43-45. 
[35] T. Horiuchi, K. Sakuma, T. Fukui, Y. Kubo, T. Osaki and T. Mori, Appl. Catal. A 144 (1996) 

111-120. 

115 
 



Chapter 5 
 

116 
 

[36] J.R. Rostrup-Nielsen, J. Catal. 33 (1974) 184. 
[37]  J. Guo, H. Lou, H. Zhao, D. Chai and X. Zheng, Appl. Catal. A 273 (2004) 75. 
[38]  Z. Zhang and X.E. Verykios, Appl. Catal. A 138 (1996) 109-133. 
[39]  S. Kurungot and T. Yamaguchi, Catal. Lett. 92 (2004) 181-187. 
[40]  M.C. Sánchez-Sánchez, R.M. Navarro and J.L.G. Fierro, Catal. Today 129 (2007) 336-345. 
[41]  J. Xu and M. Saeys, J. Catal. 242 (2006) 217-226. 
[42]  L. Chen, Y. Lu, Q. Hong, J. Lin and F.M. Dautzenberg, Appl. Catal. A 292 (2005) 296-299. 
[43]  M. Ferrandon, A.J. Kropf and T. Krause, Appl. Catal. A 379 (2010) 121-128. 
[44]  F. Basile, G. Fornasari, F. Trifirò, Cat. Today 77 (2002) 215-223. 
[45]  Z. Hou and T. Yashima, Catal. Lett. 89 (2003) 193-197. 
[46]  C.H. Bartholomew and A.H. Uken, Appl. Catal. 4 (1982) 19-29. 
[47]  Y. Chen, C. Xie, Y. Li, C. Song and T.B. Bolin, Phys. Chem. Chem. Phys. 12 (2010) 5709. 
[48] J.J. Strohm, J. Zheng and C. Song, J. Catal. 238 (2006) 314-317. 
[49] J.A.Z. Pieterse, Personal communication. 
[50]  M.E. Rivas, J.L.G. Fierro, M.R. Goldwasser, E. Pietri, M.J. Pérez-Zurita, A. Griboval-Constant 

and G. Leclercq, Appl. Catal. A 344 (2008) 11-14. 
[51] T. Le Van, M. Che, J.M. Tatibouët and M. Kermarec, J. Catal. 142 (1993) 18.  
[52] S. Bernal, G.A. Martin, P. Moral and V. Perrichon, Cat. Lett. 6 (1990) 232. 
[53]  J. Wei and E. Iglesia, J. Catal. 224 (2004) 370-383. 
[54]  J. Zhang, H. Xu, X. Jin, Q. Ge and W. Li, Appl. Catal. A 290 (2005) 89-91. 
[55] D.A.J.M. Ligthart, R.A. van Santen and E.J.M. Hensen, J. Catal. 280 (2011) 206-220. 
[56]  R. Burch, P.K. Loader and N.A. Cruise, Appl. Catal. A 147 (1996) 378-380. 
[57]  J. Requies, M.A. Cabrero, V.L. Barrio, M.B. Güemez, J.F. Cambra, P.L. Arias, F.J. Pérez-Alonso,  

M. Ojeda, M.A. Peña and J.L.G. Fierro, Appl. Catal. A 289 (2005) 217. 
[58]  H. Li, H. Li and J.F. Deng, Catal. Today 74 (2002) 57-60. 
[59]  J. Legrand, A. Taleb, S. Gota, M.-J. Guittet and C. Petit, Langmuir 18 (2002) 4131-4137. 
[60]  J. Xu and M. Saeys, J. Phys. Chem. C 113 (2009) 4099-4106. 
[61]  S. Bernal, J.J. Calvino, C. López-Cartes, J.M. Pintado, J.A. Pérez-Omil, J.M. Rodríguez-

Izquierdo, K. Hayek and G. Rupprechter, Catal. Today 52 (1999) 40-41. 
[62] S. Helveg, C. López-Cartes, J. Sehested, P.L. Hansen, B.S. Clausen, J.R. Rostrup-Nielsen,  

F. Abild-Pedersen and J.K. Nørskov, Nature 427 (2004) 426-430. 
[63] A.M. Molenbroek, S. Helveg, H. Topsøe and B.S. Clausen, Top. Catal. 52 (2009) 1306-1308 (and 

references therein). 
[64]  K.O. Christensen, D. Chen, R. Lødeng and A. Holmen, Appl. Catal. A 314 (2006) 13-15. 
[65]  J. Sehested, J.A.P. Gelten, I.N. Remediakis, H. Bengaard and J.K. Norskov, J. Catal. 223 (2004) 

432-443.  
[66]  J. Sehested, J. Catal. 217 (2003) 417-426.  
[67]  J. Sehested, A. Carlsson, T.V.W. Janssens, P.L. Hansen and A.K. Datye, J. Catal. 197 (2001) 

200-209. 
[68]  J. Sehested, J.A.P. Gelten and S. Helveg, Appl. Catal. A 309 (2006) 237-246. 
[69]  Y.-H. Chin, D.L. King, H.-S. Roh, Y. Wang and S.M. Heald, J. Catal. 244 (2006) 160. 
[70] M. Benito, S. García, P. Ferreira-Aparicio, L. García Serrano and L. Daza, J. Power Sources 169 

(2007) 181-182. 
[71] M. Nurunnabi, Y. Mukainakano, S. Kado, T. Miyao, S. Naito, K. Okumura, K. Kunimori and K. 

Tomishige, Appl. Catal. A 325 (2007) 154. 
 



 

Chapter 6 

Au stabilized by nanostructured ceria supports: nature of the active 
sites and catalytic performance 
 

Summary 

The interaction of Au atoms with CeO2 nanocrystals having rod and cube shapes 
has been examined by cyanide leaching, TEM, TPR, CO IR and X-ray absorption 
spectroscopy. After deposition-precipitation and calcination of Au, these surfaces 
contain Au nanoparticles in the range 2-6 nm. For the ceria nanorods, a substantial 
amount of gold is present as cations that replace Ce ions in the surface as follows 
from their first and second coordination shells of oxygen and cerium by EXAFS 
analysis. These cations are stable against cyanide leaching in contrast to Au 
nanoparticles. Upon reduction the isolated Au atoms form finely dispersed metal 
clusters with a high activity in CO oxidation, the WGS reaction and 1,3-butadiene 
hydrogenation. By analogy with the very low activity of reduced Au nanoparticles on 
ceria nanocubes exposing the {100} surface plane, it is inferred that the Au 
nanoparticles on the ceria nanorod surface also have a low activity in such reactions. 
Although the finely dispersed Au clusters are thermally stable up to quite high 
temperature in line with earlier findings [Y. Guan and E.J.M. Hensen, Phys. Chem. 
Chem. Phys. 11 (2009) 9578], the presence of Au nanoparticles results in their more 
facile agglomeration, especially in the presence of water (e.g. WGS conditions). For 
liquid phase alcohol oxidation, metallic Au nanoparticles are the active sites. In the 
absence of a base, the O-H bond cleavage appears to be rate controlling, while this 
shifts to C-H bond activation after addition of NaOH. In the latter case, the Au 
nanoparticles on the surface of ceria nanocubes are much more active than those on 
the surface of ceria nanorods. 
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Chapter 6 

6.1 Introduction 

Gold nanoparticles stabilized by reducible transition metal oxides can efficiently 
catalyze many interesting reactions [1-3], the most notable one being the low 
temperature oxidation of CO as first described by Haruta et al. [4]. Of determining 
importance appear to be the size of the metal nanoparticles or clusters, the ability of 
the support to provide oxygen atoms during catalytic reactions and to influence the 
oxidation state of the gold atoms in close proximity to the surface. Among the 
reducible oxides, ceria (CeO2) is one of the most efficient catalyst supports, because 
of its capability to store oxygen and become reduced [5,6]. CeO2-supported Au has 
been shown to catalyze important reactions such as CO oxidation [7,8], the water-gas 
shift (WGS) reaction [9], hydrogenation [10,11], and alcohol oxidation [12].  

The active site in Au/CeO2 catalysts will not be the same for all these reactions. 
Au3+, Au+ and Au0 are known to exist in different proportions in CeO2-supported Au 
catalysts. The exact surface composition will depend on the method of preparation 
and pretreatment and the metal loading. For instance, Gates and co-workers 
considered that there is a strong possibility that there are multiple reaction channels 
for catalysis of CO oxidation by supported Au, involving Au in different oxidation 
states [3]. For the WGS reaction, isolated Au cations have been claimed as the active 
sites [9], although more recently there appears to be consensus that metallic Au 
clusters are the active sites [13,14]. A similar debate is apparent about the active sites 
in alkene hydrogenation [11,15-17]. 

In line with the importance of the interactions between Au and the support, it has 
been found that nanoscale forms of ceria contribute to the high activity of small Au 
particles [18-24]. Several authors [25-28] have used ceria that expose certain planes to 
investigate the influence of the nature of the ceria surface on the nature and activity of 
Au species. By judicious choice of the hydrothermal treatment conditions of 
hydrolyzed cerium(III) salts, single-crystalline nanopolyhedra, nanorods and 
nanocubes were obtained [29,30]. The results of such studies confirm the strong effect 
of the crystal plane of ceria on the activity of Au for the WGS and CO oxidation 
reactions. Au particles on {110} planes as present on nanorods are more active than 
those stabilized by {100} planes of nanocubes.  

The surface of ceria has been very extensively studied by experimental and 
theoretical methods. In relation to Au catalysis, it has been argued that surface defects 
like cerium and oxygen vacancies play a role in the nucleation and stabilization of Au 
nanoparticles [31-36]. Another relevant issue is the stabilization of cationic Au in 
CeO2, either at the surface or as a solid solution. Several authors have argued the 
substitution of Ce3+/Ce4+ by Au3+ [20,37-40]. Recently, EXAFS structure analysis 
showed that the isolated Au cations in leached Au/CeO2 are surrounded by oxygen 
and cerium, respectively, in the first and second coordination shell in agreement with 
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Au substitution for Ce [11]. Thermodynamically, the adsorption of Au on O vacancies 
is favored over adsorption on Ce vacancies [33,40]. 

In this work, we use the approach of ceria exposing certain crystal planes 
(nanorods and nanocubes) to stabilize Au nanoparticles to investigate in detail the 
nature of the gold phase before and after leaching with cyanide. In situ X-ray 
absorption spectroscopy, transmission electron microscopy, temperature programmed 
reduction and CO IR spectroscopy are used to study the surface of the Au/CeO2 
catalysts. By comparing the activity of these catalysts in a wide range of reactions 
(CO oxidation, water-gas shift, butadiene hydrogenation, and alcohol oxidation) we 
aim to provide further insight into the active site requirements for the various types of 
reactions. 
 
6.2 Experimental 

6.2.1 Synthesis of materials 

Nanostructured CeO2 
CeO2 support materials with controlled crystal shapes were prepared according to 

literature procedures [30,41]. Typically, 40 ml of 0.5 M Ce(NO3)3 aqueous solution 
and 60 ml of 10 M NaOH solution were added to a 125 ml Teflon-lined stainless-steel 
autoclave and stirred for 30 min at room temperature (RT). The sealed autoclave was 
then transferred to an oven at 100 oC (nanorods) or 180 oC (nanocubes) and kept at 
this temperature for 24 h. Subsequently, the precipitate was filtered and thoroughly 
washed by distilled water several times until the pH of the filtrate was 7. Finally, the 
precipitate was dried at 110 oC overnight and calcined at 400 oC in static air for 4 h. 
The powder X-ray diffraction (XRD, Bruker D4, Cu Kα) show the cubic fluorite 
structure of CeO2 (space group: Fm3m) for these two materials. The rod- and cube-
shaped crystals are denoted by CeO2(rod) and CeO2(cube), respectively. 

Au/CeO2 catalysts 
Gold catalysts were prepared by deposition-precipitation of Au on the CeO2 

supports [9,11]. In a typical synthesis, the desired amount of HAuCl4 and urea were 
dissolved in 100 ml of distilled water. After addition of 2 g of CeO2, the solution was 
refluxed at 90 oC for 2 h. Subsequently, the solid was filtered, dried at 110 oC and 
optionally calcined at 400 oC. The target Au loadings were 1, 2 and 6 wt%. A portion 
of the catalysts was treated with a cyanide-containing solution. An amount of the 
catalyst was suspended in a 2 wt% NaCN solution (CN/Au molar ratio = 2) at a pH of 
12 by addition of NaOH and stirred overnight under aeration. After this leaching 
treatment, the resulting suspension was filtered, dried at 110 oC overnight and 
calcined at 400 oC in static air for 4 h. The gold catalysts are denoted by 
Au/CeO2(crystal shape)-CN with the optional postfix to indicate the leaching 
treatment. 
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6.2.2 Characterization 

Elemental analysis - The metal loading was determined by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) analyses performed on a Goffin 
Meyvis SpectroCirusccd apparatus. Typically, an amount of sample was stirred in a 3:1 
HCl/HNO3 solution under heating to dissolve the Au. High purity hydrogen peroxide 
was added for structured ceria until a clear solution was obtained. Ceria nanocubes 
dissolve in about three times more hydrogen peroxide solution than the nanorods.  

Nitrogen physisorption – Surface areas were measured by nitrogen adsorption at    
-196 oC on a Micromeritics Tristar 3000 BET analyzer after drying the materials at 
150 oC.  

X-Ray Diffraction - Powder X-ray diffraction (XRD) diffractograms were recorded 
on Bruker D4 Endeavour using Cu Kα-radiation (λ = 1.54056 Å). 2θ angles from 10° 
to 80° were measured with a step-size of 0.02° and a time per step of 2.5 s. 

Transmission electron microscopy - Electron micrographs of the support materials 
and catalysts were taken with a FEI Tecnai 20 electron microscope at an acceleration 
voltage of 200 kV with a LaB6 filament. Typically, a small amount of sample was 
ground and suspended in ethanol, sonicated and dispersed over a Cu grid with carbon 
film. 

Temperature-programmed reduction (TPR) - TPR experiments were carried out in 
a flow apparatus equipped with a fixed-bed reactor, a computer-controlled oven and a 
thermal conductivity detector. Typically, an amount of catalyst was contained 
between two quartz wool plugs in a quartz reactor. Prior to TPR, the catalyst was 
oxidized by exposure to a flowing mixture of 4 vol% O2 in He under heating to 400 
oC at a rate of 10 oC/min. After the sample was cooled to RT in flowing nitrogen, the 
sample was reduced in 4 vol% H2 in N2 at a flow rate of 8 ml/min, whilst heating 
from RT up to 800 oC at a ramp rate of 10 oC/min. The H2 signal was calibrated using 
a CuO/SiO2 reference catalyst. 

Infrared spectroscopy of adsorbed CO - Infrared spectra were recorded on a 
Bruker IFS-113v Fourier Transform IR spectrometer with a DTGS detector at a 
resolution of 2 cm−1. Typically, a wafer was prepared with a density of ~10-15 
mg/cm2 and placed in a controlled atmosphere cell. The sample was pretreated in 
oxygen or hydrogen at the desired temperature for 1 h. Subsequently, the cell was 
evacuated to a pressure lower than 10-6 mbar and the sample was cooled to -195 oC. 
An initial infrared spectrum was recorded that served as the background for further 
spectra. Small doses of CO (~0.4 μmol) were introduced into the cell followed by 
recording an IR spectrum until saturation of the bands in the carbonyl stretching 
region. FTIR spectra of adsorbed CO were then recorded intermittent to the following 
treatment scheme: (i) reduction by H2 at 120 oC, (ii) reoxidation at 40 oC, (iii) 
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reduction at 500 oC and (iv) reoxidation at 40 oC. Each step was followed by 
extensive evacuation and cooling to -195 oC. 

X-ray absorption spectroscopy (XAS) - X-ray absorption measurements were 
carried out at the Dutch-Belgian Beamline (Dubble) at the European Synchrotron 
Radiation Facility (ESRF), Grenoble, France. Data were collected at the Au LIII-edge 
in fluorescence mode with a nine-channel solid-state detector. To decrease the strong 
fluorescent radiation caused by cerium, an aluminum foil (thickness 60 µm) was 
placed in front of the fluorescence detector. Energy selection was done by a double 
crystal Si(111) monochromator. Background removal was carried out by standard 
procedures with the Viper software. EXAFS analysis was then performed with 
EXCURVE931 on k3-weighted unfiltered raw data using the curved wave theory. 
Phase shifts were derived from ab initio calculations using Hedin-Lundqvist exchange 
potentials and Von Barth ground states. Energy calibration was carried out with Au 
foil. The amplitude reduction factor S0

2 associated with central atom shake-up and 
shake-off effects was set at 0.88 by calibration of the first- and second-shell Au-Au 
coordination numbers to 12 (2.85 Ǻ) and 4 (4.05 Ǻ), respectively, for k3-weighted 
EXAFS fits of the Au foil. The whiteline of the XANES part of the absorption 
spectrum was fitted by linear combinations of reference catalysts by a least-squares 
method. 

Spectra at the Au LIII-edge were recorded in a stainless-steel-controlled atmosphere 
cell. The cell was heated with two firerods controlled by a temperature controller via a 
thermocouple placed close to the catalyst sample. Typically, an amount of sample was 
pressed in a stainless-steel holder and placed in the cell. High-purity carbon foils with 
a thickness of 130 µm were used as windows. High-purity gases (He, 5 vol% H2 in He 
or 20 vol% O2 in He) were delivered by thermal mass flow controllers (Bronkhorst). 
The total gas flow was kept at 20 ml/min. The catalyst sample was heated in He to 
120 oC at a rate of 10 oC/min. EXAFS spectra were recorded after cooling to RT. For 
the high-loading catalyst three consecutive scans were measured, while for the low-
loading catalysts six scans were averaged. For in situ WGS experiments the feed 
consisted of a flow of 5.8 vol% CO and 11.6 vol% H2O in He at a total flow rate of 50 
ml/min. The CO conversion was determined by an Agilent MicroGC system equipped 
with a Porapak Q column with a thermal conductivity detector. 
 
6.2.3 Catalytic activity measurements 

The catalytic activity in the oxidation of carbon monoxide and the hydrogenation 
of 1,3-butadiene was evaluated in a parallel ten-flow microreactor system. The 
effluent products (CO, CO2 and O2 for CO oxidation and 1,3-butadiene, butenes and 
butanes for 1,3-butadiene hydrogenation) were analyzed by an Interscience 
CompactGC online gas chromatograph equipped with Porapak Q (TCD), Molecular 
sieve 5A (TCD) and a PLOT KCl/Al2O3 columns (FID). For CO oxidation, the feed 
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mixture contained 1 vol% CO and 1 vol% O2 in He at a total flow rate of 100 ml/min. 
An amount of 15 mg of catalyst was diluted with 250 mg of SiC of the same sieve 
fraction and contained between two quartz wool plugs in a quartz reactor with an 
internal diameter of 4 nm. CO conversion was determined in the temperature range 
from 20 to 100 oC. Hydrogenation of 1,3-butadiene was carried out at 110 oC in a 
mixture of 2 vol% 1,3-butadiene in H2 at a total flow rate of 20 ml/min. Prior to 
reaction, the catalysts were pretreated at 120 oC in a flow of 10 vol% H2 in He. 

The WGS reaction was carried out in a quartz reactor with an internal diameter of 
4 mm. Typically, an amount of 50 mg catalyst was used. The feed flow was 40 
ml/min and consisted of 10 vol% CO, 20 vol% H2O, 20 vol% H2, 10 vol% CO2 and 
40 vol% N2. Prior to reaction, the catalyst was reduced in a mixture of 5 vol% H2 in 
N2 under heating from 20 to 180 oC at a rate of 2 oC/min. 

The aerobic oxidation of benzyl alcohol was carried out as previously reported 
[42]. A round-bottle flask (25 ml) was charged with 100 mg of catalyst, 1 mmol of 
benzyl alcohol and 9.9 ml of toluene. Some experiments were carried out in the 
presence of 40 mg NaOH. In such case, the catalyst amount was kept at 50 mg to 
avoid complete conversion under otherwise similar conditions. Molecular oxygen was 
bubbled through the reaction mixture at a flow rate of 20 ml/min. The resulting 
mixture was then heated at 100 oC for 1 h and cooled to RT. The reaction products 
were analyzed by a Shimadzu QP 5050 GC-MS (CP-Sil 8CB, 50 m × 0.32 mm, df = 
0.15 µm). 
 
6.3 Results and discussion 

Fig. 6.1 shows representative transmission electron micrographs of CeO2 nanorods 
and nanocubes. The ceria rods have a typical width of 6.5 ±1.6 nm with a broad 
length distribution between 30-200 nm. The ceria nanocubes have a size distribution 
ranging from 20 to 60 nm. The exposed surfaces for CeO2 nanorods have mostly been 
confirmed as {110} and {100} planes [26,30,41]. Although the d-spacing along the 
long side of CeO2(rod) of 0.31 nm by analysis of our TEM images suggests the 
presence of {111} planes in line with recent other work [43], we adopt here the 
assignment of {110} planes. Admittedly, a more detailed EM analysis would be 
necessary to resolve this issue for our ceria nanorods. The surface of CeO2(rod) 
exhibits a defective structure, which is thought to be due to the presence of oxygen 
vacancies in the surface. The {100} plane with a d-spacing of 0.27 nm dominates on 
CeO2(cube) [30]. The crystallite sizes determined by application of Scherrer’s 
equation are 8 and 35 nm for CeO2(rod) and CeO2(cube), respectively. The reason for 
the lower crystallite size of the CeO2(rod) is their synthesis at lower temperature than 
employed for CeO2(cube). This difference is consistent with the BET surface areas of 
110 m2/g for CeO2(rod) and 24 m2/g for CeO2(cube). 
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Figure 6.1: Transmission electron micrographs of (a,b) CeO2(rod) and (c,d) CeO2(cube). 
 

Fig. 6.2 displays representative transmission electron micrographs of Au 
nanoparticles supported by CeO2(rod) and CeO2(cube) at a metal loading of 2 wt%. 
The size of the Au particles is in the range of 2-8 nm. The average particle size is 4.6 
±1.5 and 4.7 ±1.5 nm for Au/CeO2(rod) and Au/CeO2(cube), respectively. The values 
are close to the particle size of 4.0 nm determined for a 2 wt% Au supported on 
polyhedral ceria [11]. Most Au nanoparticles have a pyramidal shape. This has led 
others to propose that the atoms in the top layers of such particles are metallic, while 
those atoms that form the interface with the support are oxidic [44-46]. 

Figure 6.2: Transmission electron micrographs of (a) Au/CeO2(rod), (b) Au/CeO2(rod)-CN, 
(c) Au/CeO2(cube) and (d) Au/CeO2(cube)-CN. 
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Upon cyanide leaching of these materials, the Au loading has decreased 
substantially (Table 6.1). The leached Au/CeO2(rod) catalyst contains 0.38 wt% Au. 
The Au loading in Au/CeO2(cube)-CN is lower than the detection limit of 0.01 wt%. 
These results are in qualitative agreement with those obtained by Si and Flytzani-
Stephanopoulos [26]. The electron micrographs of both leached catalysts do not show 
Au nanoparticles anymore, indicating that leaching is effective in removing the large 
nanoparticles in the parent materials. These results are in agreement with earlier 
reported results [11]. 

 In order to obtain more insight into the nature of the interaction of gold with ceria 
surfaces, the leaching procedure was carried out for a set of CeO2(rod)- and 
CeO2(cube)-supported catalysts with varying Au loading. Table 6.1 shows that the 
amount of gold retained by CeO2(rod) upon leaching does not strongly depend on the 
Au loading of the parent material. For a set of Au/CeO2(cube) catalysts, gold was 
completely removed by cyanide leaching. To establish at what stage of the 
preparation the specific interaction of gold with the ceria surface is brought about, 
cyanide leaching was carried out on a Au/CeO2(rod) catalyst that had not been 
calcined after deposition-precipitation. Instead, the precursor has been dried at 60 oC. 
In this case, the Au loading after leaching was only 0.086 wt% indicating that the 
strong metal-support interaction is brought about by calcination of the catalyst 
precursor. In this material, gold is predominantly present as gold hydroxides. The 
function of the cyanide ions is then to complex the Au cations. A final experiment 
was done to exclude the possibility that the strong interaction between gold and the 
surface of CeO2(rod) is brought about during the leaching process. To this end, 
cyanide leaching of Au/CeO2(rod) was carried out followed by filtration. The filtrate 
was brought in contact with fresh CeO2(rod) and was then again filtered. The Au 
loading of this material was 0.089 wt%. The finding that the amount of gold adsorbed 
in this case is close to the amount remaining after leaching of the non-calcined 
catalyst may indicate that part of the gold on ceria is adsorbed at vacancies in the ceria 
surface during such treatments. 
 
Table 6.1: Metal loading of the catalysts investigated before and after leaching by a NaCN 
solution. 

Support Pretreatment Au 1 (wt%) 
Before leaching After leaching 

CeO2(rod) Calcination 

0.79 0.29 
2.01 0.38 
3.30 0.35 
6.02 0.22 

Drying 2.01 0.08 

CeO2(cube) Calcination 1.90 < 0.01 
4.29 < 0.01 

   

1 Determined by ICP-AES. 
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Hydrogen TPR measurements were carried out to observe differences in the 
reducibility of the catalysts. Fig. 6.3 contains the TPR traces for the catalysts and 
Table 6.2 collects the maxima of the TPR traces and the total hydrogen consumption 
for the supports and the catalysts. The higher hydrogen uptake of CeO2(rod) (571 
μmol/g) than that of CeO2(cube) (121 μmol/g) is due to the difference in surface area. 
The reduction of the support materials (not shown) takes place in the region 450-550 
oC, in agreement with results for conventional CeO2 [47].  
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Figure 6.3: Traces of hydrogen consumption (positive means consumption) of (a) 
Au/CeO2(rod), (b) Au/CeO2(rod)-CN, (c) Au/CeO2(cube) and (d) Au/CeO2(cube)-CN. 
 

The reduction of Au/CeO2(rod) and Au/CeO2(rod)-CN occurs around 160 oC. The 
hydrogen uptake takes place in a much broader temperature range for the former 
catalyst than for the latter. The hydrogen uptake of Au/CeO2(rod) is slightly higher 
than that of the support, whereas the uptake of Au/CeO2(rod)-CN is close to the value 
determined for the support. This result confirms that nearly all surface oxygen species 
of ceria can be reduced at low temperature, even in the presence of a relatively small 
amount of gold as in Au/CeO2(rod)-CN [18,48]. The somewhat higher uptake of 
Au/CeO2(rod) is probably due to the reduction of gold surface oxides. Typically, 
calcination of the gold hydroxide precursor phase results in Au metal nanoparticles 
with some residual surface oxygen [49]. As a large fraction of gold is already reduced, 
hydrogen atoms from H2 dissociation over gold spill over to the ceria support and 
reduce its surface [50-52]. The hydrogen uptake for the cyanide-leached 
Au/CeO2(rod) takes place in a much smaller temperature range. This indicates that the 
Au particles are oxidic and that they are more difficult to reduce than the Au 
nanoparticles in the parent material. The reduction in Au/CeO2(cube) takes place at 
relatively low temperature. Interestingly, the hydrogen uptake is substantially lower 
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than that of the parent ceria nanocube support. After cyanide leaching, a hydrogen 
uptake feature is observed around 235 oC. It might be that this latter feature is due to 
the partial surface reduction of CeO2(cube) facilitated by the reduction of the residual 
Au cations in this surface to metallic particles. The total uptake of Au/CeO2(cube)-CN 
is similar to that of Au/CeO2(cube). It should be noted that the TPR traces of the 
CeO2(cube)-supported catalysts show a slight increase of the hydrogen consumption 
at the high temperature end. This may indicate that hydrogen spillover processes are 
less efficient on the cube-shaped ceria surface planes than they are on the rod-shaped 
planes and complete surface reduction only occurs at high temperatures. 
 
Table 6.2: Maximum of hydrogen reduction peak and total hydrogen uptake during TPR of 
supports and catalysts. 

Catalyst Tmax (oC) Hydrogen uptake (μmol/g) 
CeO2(rod) 500 570 
CeO2(cube) 500 121 
Au/CeO2(rod) 156 670 
Au/CeO2(rod)-CN 160 541 
Au/CeO2(cube) 131 44 
Au/CeO2(cube)-CN 235 45 

 
Fig. 6.4 compares FTIR spectra after CO adsorption at -195 oC for the various Au 

catalysts. The spectrum (left) in the carbonyl region for the fresh Au/CeO2(rod) 
catalysts exhibits a broad band centered around 2130 cm-1 with shoulders at 2116 and 
2207 cm-1. The band at 2130 cm-1 may be assigned to CO adsorbed to positively 
charged gold species [19,53], but care has to be taken because this band overlaps with 
the band due to CO adsorption to Ce3+ centers [54,55]. The band at 2116 cm-1 is due 
to the adsorption of CO to metallic gold [56]. Boccuzzi et al. [57-59] have proposed 
that CO stretching band on Au nanoparticles in the range of 2106-2118 cm-1 relate to 
CO adsorption to corner sites. The band at 2207 cm-1 is likely due to CO adsorbed to 
Au3+ [55]. The right shows the corresponding IR spectrum of the calcined 
Au/CeO2(cube) catalyst. A strong band at 2117 cm-1 is observed, indicative of the 
presence of neutral Au nanoparticles [56]. The bands around 2130 cm-1 and 2207 cm-1 
present in the spectra of Au/CeO2(rod) are not observed, which suggests that no 
cationic gold species are present in this sample. The absence of the band at 2130 cm-1 
also shows that the surface of ceria nanocubes does not contain Ce3+ vacancies.  

The spectrum of Au/CeO2(rod) considerably changed following reduction in H2 at 
120 oC. The band at 2130 cm-1 becomes much more intense, which should be due to 
the increased density of Ce3+ sites at the surface. New bands appear at 2028, 2084, 
and 2104 cm-1. The former two bands are assigned to CO adsorption on anionic gold 
clusters [56,58,59]. The latter band at 2104 cm-1 has been assigned to CO adsorption 
on well-reduced Au particles. This band replaces the one at 2116 cm-1, which has 
previously been assigned to CO adsorption on metallic gold in the presence of surface 
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oxygen species [58]. This latter assignment agrees with the changes in the band’s 
position upon reduction. In contrast to these results, the corresponding spectrum 
(right) of Au/CeO2(cube) does not show an increase of the band at 2130 cm-1. This 
corresponds to the earlier noted absence of reduction of the surface of CeO2(cube) at 
low temperatures. More importantly, the observation of a single band for gold at 2105 
cm-1 indicates that gold is present as reduced Au nanoparticles. The substantial 
difference in the IR spectra between Au/CeO2(cube) and Au/CeO2(rod) may be due to 
the presence of very finely dispersed Au clusters in strong interaction with the support 
in the latter catalyst. These particles are not observed by conventional bright-field 
TEM. The less likely alternative is that the nanoparticles visible by TEM in both 
catalysts behave completely different. 
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Figure 6.4: FTIR subtraction spectra of adsorbed CO at -195 oC of (left) Au/CeO2(rod) and 
(right) Au/CeO2(cube): (a) fresh calcined catalyst, (b) reduction at 120 oC, (c) reoxidation at 
40 oC, (d) reduction at 500 oC and (e) reoxidation at 40 oC. 

 
Upon exposure of the reduced catalysts to O2 at 40 oC the band at 2116 cm-1 

appeared again at the expense of the one around 2105 cm-1 in Au/CeO2(rod) and 
Au/CeO2(cube). This effect can be understood by the presence of surface oxygen 
adatoms and has been reported before for both CeO2- and SiO2-supported Au 
nanoparticles [58,60]. Another observation is the disappearance of the bands below 
2100 cm-1. This could be due to the oxidation of very fine Au clusters on the ceria 
surface in Au/CeO2(rod). To investigate the stability of the Au nanoparticles against 
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sintering at high temperature, the sample was further reduced at 500 oC. In the case of 
Au/CeO2(rod), the bands at 2084 and 2103 cm-1 were recovered, but with a much 
lower intensity. This suggests that the Au clusters and nanoparticles have substantially 
sintered. Expectedly, the same shift of the band at 2117 cm-1 towards lower 
wavelength was observed after high-temperature reduction of Au/CeO2(cube). Also in 
this case the intensity is much lower, suggesting that the nanoparticles have grown in 
size. 
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Figure 6.5: FTIR subtraction spectra of adsorbed CO at -195 oC of (left) Au/CeO2(rod)-CN 
and (right) Au/CeO2(cube)-CN: (a) fresh calcined catalyst, (b) reduction at 120 oC, (c) 
reduction at 250 oC, (d) reoxidation at 40 oC, (e) reduction at 500 oC and (f) reoxidation at 40 
oC. 
 

Fig. 6.5 contains the FTIR spectra for the leached Au/CeO2 catalysts. The spectrum 
of Au/CeO2(rod)-CN after reduction at 120 oC contains only a weak feature around 
2130 cm-1. After oxidation this band disappears. Reduction at 250 oC results in the 
appearance of a dominant band around 2130 cm-1 due to surface Ce3+ states with a 
shoulder in the region 2105-2115 cm-1 due to reduced Au clusters. A weak feature 
around 2082 cm-1 is also observed. Reoxidation at 40 oC results in the disappearance 
of all bands, indicating that the small Au particles were oxidized. Reduction at 500 oC 
results in bands at 2103 and 2130 cm-1. Clearly, these particles are still very small, 
because reoxidation at 40 oC erodes all bands. The corresponding spectra of 
Au/CeO2(cube)-CN show no bands for the fresh catalyst and after reduction at 120 oC. 
This agrees with the absence of a TPR feature below 180 oC for this catalyst. After 
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reduction at 250 oC, two prominent bands are observed with a much lower intensity 
than the other leached catalyst. The one at 2128 cm-1 is due to Ce3+ and the one at 
2090 cm-1 should be due to very finely dispersed Au clusters. Similar to 
Au/CeO2(rod)-CN, these bands erode upon reoxidation, even after high temperature 
reduction. The observation of a CO IR band at 2090 cm-1 at this very low Au loading 
(< 0.01 wt%) points to a very high gold dispersion. 
 

X-ray absorption spectroscopy is a useful technique to obtain detailed information 
about the oxidation state and structure of small supported Au particles [61-65]. Au LIII 
near-edge spectra at RT, drying and reduction at various temperatures for 
Au/CeO2(rod), Au/CeO2(rod)-CN and Au/CeO2(cube) are collected in Fig. 6.6. The 
dried Au/CeO2(rod) catalysts contain a whiteline at ~4 eV above the edge, which is 
typical for Au3+ compounds [62]. This feature is more intense for the leached catalyst, 
indicating that a larger proportion of the Au atoms is in the cationic form. The 
whiteline is nearly absent for Au/CeO2(cube). 
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Figure 6.6: Au LIII-edge XANES spectra recorded of (left) Au/CeO2(rod), (middle) 
Au/CeO2(rod)-CN and (right) Au/CeO2(cube). The spectra were obtained of (a) fresh sample 
and during heating in (b) He at 120 oC, (c) reduction at 120 oC, (d) reduction at 200 oC, (e) 
reduction at 250 oC, (f) reduction at 350 oC and (g) reduction at 500 oC. The spectra of the 
references are those of fresh Au/CeO2(rod)-CN and a Au foil. 
 

Quantification of the amount of cationic gold was carried out by fitting the near-
edge spectra by linear combinations of the XANES spectra of a Au foil and that of 
Au/CeO2(rod)-CN [11]. The latter catalyst exclusively contained cationic gold as was 
evident from the EXAFS data analysis. The fraction of cationic gold in these materials 
as a function of the pretreatment conditions is given in Fig. 6.7. Au/CeO2(rod)-CN 
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only contains cationic gold after preparation. Reduction in H2 at 120 oC leads to a 
substantial decrease of the fraction of cationic gold. After reduction at 200 oC only 
9% cationic gold is left. To completely reduce the gold a temperature of 500 oC is 
required. The fraction of cationic gold in Au/CeO2(rod) is initially much lower and 
then decreases similarly to Au/CeO2(rod)-CN to very low levels at 500 oC. The fresh 
Au/CeO2(cube) catalyst contains nearly 90% reduced gold atoms. This amount is 
nearly independent of the reduction temperature. 

25 120
0

25

50

75

100

f Au
3+

 (%
)

 

f Au
3+

 (%
)

He

120 200 300 400 500
0

10

20

30

40
H2

 Temperature (oC)
 

 Figure 6.7: Fraction (%) of cationic Au after heating in He and H2 at various temperatures as 
determined by analysis of the near-edge spectra of Au/CeO2(rod) (●), Au/CeO2(rod)-CN (○) 
and  Au/CeO2(cube) (▲). 
 

Table 6.3 shows the fit parameters of the Fourier Transformed k3-weighted EXAFS 
functions for Au/CeO2(rod), Au/CeO2(rod)-CN and Au/CeO2(cube). The FT functions 
of the EXAFS functions and the fits for the Au/CeO2(rod) catalysts are shown in Fig. 
6.8. The FT EXAFS spectrum of dried Au/CeO2(rod) contains a Au-Au shell at a 
coordination distance (R) of 2.82 Å with a coordination number (N) of 7.3.  It also 
contains a small contribution of an oxygen backscatterer. These data point to the 
presence of metallic, yet not fully reduced Au nanoparticles with a particle size of 
about 3-4 nm [66]. Reduction at 250 oC results in the disappearance of the Au-O shell 
and a small increase of the Au-Au shell. Further reduction at 500 oC induces a slightly 
higher coordination number and a longer bond distance. The spectrum of dried 
Au/CeO2(rod)-CN is completely different and can only be fitted by the inclusion of a 
Ce backscatterer next to a Au-O shell. The first coordination shell contains ~3 oxygen 
atoms at R = 1.99 Å. The features at larger distance could not be fitted with a Au 
shell, as present in gold metal or in gold oxide (Au2O3: 3.03 and 3.34 Å [67]). This 
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excludes the presence of small gold or gold oxide nanoparticles. Thus, a reasonable fit 
was obtained by including a Au-Ce shell at R = 3.27 Å. The structural parameters 
point to the presence of gold substituting at a cerium vacancy. These structural 
features were previously also found for leached Au/CeO2 [11]. Reduction at 250 oC 
results in a complete change of the structure around the Au atoms. The fit parameters 
show a Au-Au contribution at R = 2.74 Å with N = 4.0 and a small contribution of 
oxygen at R = 1.95 Å. The Ce shell has disappeared. In agreement with the XANES 
results, this implies that the gold cations were reduced and have transformed into very 
small metallic clusters. The relatively short Au-Au distance is in line with the small 
size of the Au nanoparticles in this catalyst [66,68-70]. The very low coordination 
number suggests that the particles have subnanometer dimensions [11,61]. Upon 
reduction of the catalyst at 500 oC, R and N for the Au-Au shell increase to 2.78 Å and 
7.2, respectively. These changes point to sintering of the small clusters to larger 
particles. The decreasing contribution of oxygen neighbors may be attributed to the 
decreasing interaction with the support or more complete reduction. The EXAFS fit 
parameters of Au/CeO2(cube) reduced at 250 and 500 oC evidence the presence of 
well-reduced Au nanoparticles of about 4 nm. 
 
Table 6.3: Fit parameters of k3-weighted EXAFS spectra at the Au LIII-edge of Au/CeO2 
catalysts after different pretreatments. 

Catalyst Treatment 
Gas, T (oC) 

EXAFS fit parameters 1 

Shell R (Å) N Δσ2 (Å2) E0 (eV) 

Au/CeO2(rod) 
He, 120 Au-O 

Au-Au 
1.96 
2.82 

0.7 
7.3 

0.005 
0.012 -6.2 

H2, 250 Au-Au 2.82 7.6 0.010 -7.5 
H2, 500 Au-Au 2.84 8.0 0.011 -7.1 

Au/CeO2(rod)-CN 

He, 120 Au-O 
Au-Ce 

1.99 
3.27 

3.4 
3.8 

0.007 
0.012 -8.9 

H2, 250 Au-O 
Au-Au 

1.95 
2.74 

0.2 
4.0 

0.001 
0.013 -1.6 

H2, 500 Au-O 
Au-Au 

2.06 
2.78 

0.3 
7.2 

0.006 
0.015 -5.0 

Au/CeO2(cube) H2, 250 Au-Au 2.86 8.7 0.009 -8.6 
H2, 500 Au-Au 2.86 8.5 0.010 -7.9 

 

1 Δk = 2.5-10.4 Å-1, estimated error in R ±0.02 Å, N ±20%, Δσ 2 ±10%; normalized residual of fits 
is between 30 and 36%. 
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Figure 6.8: Experimental (solid line) and fitted (dotted points) FT EXAFS functions of (left) 
Au/CeO2(rod) and (right) Au/CeO2(rod)-CN after (a) drying at 120 oC, (b) reduction at 250 
oC and (c) reduction at 500 oC. The corresponding spectrum of a Au foil is included. 
 

To obtain more insight into the structure-activity relations of CeO2-supported Au 
catalysts, the catalytic performance of the nanostructured Au catalysts in a number of 
commonly used oxidation and hydrogenation reactions are compared (Table 6.4). The 
nanostructured ceria supports were not active in CO oxidation at temperatures below 
100 oC. In line with previous reports [25-27] the turnover frequencies (TOF) follow 
the trend Au/CeO2(rod) > Au/CeO2(rod)-CN > Au/CeO2(cube). The leached 
counterpart of Au/CeO2(cube) does not show any activity. To calculate the TOFs the 
dispersion for the non-leached catalysts was determined from the TEM particle size, 
while that of Au/CeO2(rod)-CN was assumed to be one. We expect that the 
Au/CeO2(rod) contains also very dispersed gold cations or clusters that were not 
imaged by electron microscopy analysis. As these cations are stable under the 
oxidizing reaction conditions, the TOF for Au/CeO2(rod) should be a lower bound. 
Nonetheless, the activity of Au/CeO2(rod) is substantially higher than that of 
Au/CeO2(rod)-CN. Moreover, Au/CeO2(rod) is much more active than 
Au/CeO2(cube), which contains fully reduced Au nanoparticles of the same 
dispersion. Au/CeO2(rod) is the only catalyst showing activity at RT in CO oxidation 
(conversion of 11%). 
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Table 6.4: Catalytic activities of supports and Au-containing catalysts. 

Catalyst 
CO  

oxidation 1 
TOF (h-1) 

Benzylic alcohol  
oxidation 2 

TOF (h-1) 

Butadiene 
hydrogenation 3 

TOF (s-1)  
Au/CeO2(rod) 216 59 (108 4) 0.21 
Au/CeO2(rod)-CN 83 0 0.47  
Au/CeO2(cube) 3 14 (193 4) 0.03  
Au/CeO2(cube)-CN 0 0 0.00 

 

1 1 vol% CO and 1 vol% O2 at 40 oC; 2 liquid phase: 1 mmol benzylic alcohol, 100 mg catalyst, 
100 oC; 3 2 vol% 1,3-butadiene in H2 at 110 oC; 4 50 mg catalyst, 40 mg NaOH added. 
 

To understand the importance of the composition of the gold phase in more detail, 
the CO oxidation activities of the two nanorod-supported Au catalysts after different 
treatments are compared. CO oxidation was carried out in ramping mode (5 oC/min) 
between RT and 100 oC. Table 6.5 compares the CO conversion at 40 oC during 
consecutive runs and after intermittent reduction at various temperatures. The 
activities of these catalysts increased upon consecutive reaction runs. Reduction at 
100 oC and higher had a slightly negative effect on the CO conversion of 
Au/CeO2(rod) up to 350 oC. Reduction of this catalyst at 500 oC led to a strong 
decrease of the activity. Reduction had a positive effect on the activity of the leached 
catalyst. Also for this catalyst, a pronounced decrease in CO conversion was noted 
upon reduction at 500 oC. This result is consistent with previous reports that the CO 
oxidation activity on Au catalysts is very sensitive to the treatments [71,72]. Clearly, 
the chemical properties of Au clusters are changing with different pre-treatment 
conditions. 
 
Table 6.5: CO conversion at 40 oC of the Au/CeO2(rod) catalysts as a function of 
pretreatment. 

Sample CO conversion (%) 
Au/CeO2(rod) Au/CeO2(rod)-CN 

Run 1 44 3 
Run 2 46 11 
Run 3 51 12 
Reduced at 100 oC 55 18 
Reduced at 200 oC 48 16 
Reduced at 350 oC 41 16 
Reduced at 500 oC 17 5 

 
Fig. 6.9 shows the CO conversion during the WGS reaction as a function of 

temperature for Au/CeO2(rod) and Au/CeO2(rod)-CN. The CO conversion of 
Au/CeO2(cube) was below 2% and did not depend on temperature. The catalysts were 
reduced at 180 oC prior to reaction. At 200 oC the CO conversion was 2.5% for 
Au/CeO2(rod)-CN. With temperature the CO conversion increased to about 18% at 
400 oC. Following the subsequent decrease of the reaction temperature the activities 
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became slightly lower than during the increasing temperature mode. The initial CO 
conversion of Au/CeO2(rod) at 200 oC was about two times higher than that of 
Au/CeO2(rod)-CN. The CO conversion increased to about 15% at a temperature of 
280 oC. At this temperature the conversion difference with Au/CeO2(rod)-CN was a 
factor two. A further increase of the temperature led to severe deactivation and only 
after reaction above 360 oC a small activity increase was noted. During the decreasing 
temperature branch the activity of the catalyst was substantially lower than during the 
increasing temperature branch. To compare the intrinsic activities of these two 
catalysts, it is assumed that the dispersion of Au/CeO2(rod) is that of the fresh 
catalysts (4.6 nm, D = 28%). Reduction at 250 oC of Au/CeO2(rod)-CN results in a 
coordination of 4 (Table 6.3). This implies that (nearly) all Au atoms can participate 
in the catalysis (D = 100%). A rough approximation shows that Au/CeO2(rod)-CN is 
about four times more active per surface Au atom than Au/CeO2(rod) at a temperature 
of 260 oC. This difference is likely due to the dependence of the oxygen surface 
coverage as a function of the particle size. Small particles can become more easily 
oxidized, as is also evident from the above-described CO IR results. Deng et al. [74] 
have found that gold agglomeration during WGS operation results in loss of surface 
oxygen and might be an explanation for the loss in activity. The temperature-
programmed experiments were repeated with the difference that during the decreasing 
temperature branch 20 ppm H2S was added to the reactor feed. This had a detrimental 
effect on the catalytic activity and no conversion of CO was observed anymore. 
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Figure 6.9: CO conversion during WGS reaction as a function of temperature of a mixture of 
10 vol% CO, 20 vol% H2O, 20 vol% H2, 10 vol% CO2 and 40 vol% N2 of Au/CeO2(rod) (●) 
and Au/CeO2(rod)-CN (○). The arrows indicate temperature gradient. 
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Further experiments concentrated on the role of cationic gold in the WGS reaction. 
X-ray absorption spectroscopy was employed at 100 and 200 oC during the WGS 
reaction. Flytzani-Stephanopoulos and co-workers [73] already performed such an in 
situ study and therefore we only briefly discuss these results. Whereas calcined 
Au/CeO2(rod)-CN only contained cationic gold (Fig. 6.6), exposure of this catalyst to 
an atmosphere of CO/H2O for 15 min at 100 oC resulted in the complete reduction of 
the gold phase (Fig. 6.10). The reduction is more extensive than upon treatment in H2 
at 120 oC. Treatment in 20 vol% O2 in He at 100 oC led to reoxidation of only 20% of 
the Au atoms. This shows that the initially isolated gold cations have agglomerated 
into small Au clusters that can only be partially reoxidized [73]. Under similar 
conditions Au/CeO2(rod) contained only metallic gold. EXAFS spectra recorded for 
Au/CeO2(rod) after prolonged WGS at 200 oC showed a constant Au-Au coordination 
number of 7.4, which agrees well with the results reported in Table 6.3. A similar 
analysis for Au/CeO2(rod)-CN gave a Au-Au coordination number of 4.4 under WGS 
conditions. These results show that the gold phases in these materials under WGS 
conditions are very similar to the gold phases after reduction in H2. Based on the CO 
conversion measured during the in situ EXAFS experiments, we again find a higher 
TOF of 2.2 molCO/molAu.min for Au/CeO2(rod)-CN than the value of 1.3 
molCO/molAu.min for Au/CeO2(rod). 
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Figure 6.10: Au LIII-edge XANES spectra recorded of Au/CeO2(rod)-CN during (a) WGS at 
25 oC, (b) WGS at 100 oC, (c) reoxidation at 100 oC, (d) WGS at 100 oC and (e) WGS at 200 
oC. The spectra of the references are those of fresh Au/CeO2(rod)-CN and a Au foil. 
 

Besides gas-phase CO oxidation, Au catalysts have also been reported to be 
excellent catalyst for selective oxidation with molecular oxygen of alcohols [2,42,74]. 
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Table 6.4 includes the TOFs of the fresh catalysts based on the amount of benzylic 
alcohol converted and the total amount of gold. The selectivity to benzaldehyde was 
>99%. The TOF of Au/CeO2(rod) is substantially higher (59 h-1) than that of 
Au/CeO2(cube) at 14 h-1. As the use of base is known to improve the activity in 
alcohol oxidation of these catalysts, similar experiments were carried out in the 
presence of a small amount of NaOH. In such case, the activity of Au/CeO2(rod) and 
Au/CeO2(cube) became 108 and 193 h-1, respectively. 
 

Fig. 6.11 shows the activities of the various catalysts in the hydrogenation of 1,3-
butadiene at 110 oC. The catalysts underwent severe deactivation during the reaction. 
The butenes selectivity at 110 oC remained close to 99% in all cases. The deactivation 
with time on stream has been reported previously [75] and is likely due to the 
relatively strong adsorption of butadiene to the catalyst surface. TOFs were calculated 
based on the butadiene conversion after 3 h time on stream. The TOF of 
Au/CeO2(rod) (0.21 s-1) is seven times higher than that of Au/CeO2(cube) (0.03 s-1) at 
the same Au loading and particle size. The intrinsic activity is even higher after 
cyanide leaching of Au/CeO2(rod) and amounts to 0.47 s-1. This difference is 
consistent with previous results [11]. 

0 60 120 180 240 300
0

10

20

30

40

50
 

C
on

ve
rs

io
n 

1,
3-

bu
ta

di
en

e 
(%

)

Time on stream (min)  
Figure 6.11: Butadiene conversion during alkene hydrogenation as a function of time on 
stream of a mixture of 2 vol% butadiene and 98 vol% hydrogen of Au/CeO2(rod) (●) and  
Au/CeO2(cube) (▲). The open markers are the cyanide-leached catalysts. 
 
6.4 General discussion 

The results of this study further underpin the notion that the specific surface plane 
of ceria to which Au atoms binds has a very profound influence on the nature and 
catalytic activity of gold. These ceria nanorods are most likely enclosed by {110} and 
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{100} surface planes [26,30,41]. Deposition-precipitation of Au results in a small 
fraction of Au atoms that interact so strongly with the ceria surface that these cannot 
be leached. Calcination results in the dispersion of a more substantial fraction of gold 
ions into the surface. EXAFS spectroscopy suggests that these Au cations substitute 
Ce ions in the surface. These dispersed cations resist cyanide leaching. The amount of 
gold cations that can be accommodated on the nanorods in this manner does not 
depend on the initial Au loading. This suggests that some specific sites at the ceria 
nanorod surface are able to accommodate these cations. For a polycrystalline CeO2 
support with a surface area of 80 m2/g prepared by hydrolysis of Ce(NO3)3 with urea 
at 90 oC and calcination at 500 oC, we found that only 0.08 wt% Au could be retained 
upon cyanide leaching [11]. The structure around these gold cations is very similar to 
that determined for Au/CeO2(rod)-CN. This finding suggests that the higher amount 
of gold retained in the latter case is due to the higher contribution of {110} surface 
planes to the surface area of CeO2(rod) compared to that of conventional CeO2. 
Others have suggested that gold cations can form a solid solution with CeO2 
[20,33,37-40]. Recently, Kurzman et al. [76] have reported a thermally stable Au3+O4 
entity within La4LiAuO8. 

Characterization shows that reduction of these cations results in very small Au 
clusters. The FTIR results suggest that these small clusters are present in 
Au/CeO2(rod) and Au/CeO2(rod)-CN. The former catalyst also contains Au 
nanoparticles. Of importance is that these small Au clusters can be reoxidized to a 
large extent. In contrast, the Au nanoparticles may accommodate some oxygen atoms 
at their surface as follows from the changes in the position of the relevant IR band of 
adsorbed CO. It appears that deposition-precipitation of Au on CeO2(cube), which 
mainly expose {100} surface planes, contain only reduced Au nanoparticles. The 
behavior in CO IR spectroscopy upon reduction and oxidation is very similar to that 
of the nanoparticles in Au/CeO2(rod). Thus, the main difference between 
Au/CeO2(rod) and Au/CeO2(cube) is the presence of isolated gold cations stabilized 
by the {110} in the former. These cations resist cyanide leaching and form finely 
dispersed Au clusters upon reduction.  

The catalytic activity in CO oxidation has been argued to depend on the 
simultaneous presence of cationic and reduced gold [3]. In accordance with this, 
Au/CeO2(cube), which does not contain cationic gold species, has a very low CO 
oxidation activity. The Au/CeO2(rod) catalysts exhibit a higher activity. The intrinsic 
activity of the leached catalyst is higher than that of the parent one. Fresh 
Au/CeO2(rod)-CN is active in CO oxidation at 40 oC. Although this may suggest that 
gold cations are also active for this reaction, Gates and co-workers [63] have shown 
that very small Au clusters are formed from isolated Au during reaction. The increase 
of the activity of Au/CeO2(rod)-CN upon reduction underpins the notion that reduced 
Au atoms are beneficial for CO oxidation. On the other hand, the high activity appears 
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also to be correlated to the ability of the small Au clusters in Au/CeO2(rod)-CN to be 
reoxidized [77]. The observation that part of the high activity of Au/CeO2(rod) is lost 
may point to the loss of finely dispersed Au clusters due to agglomeration with the 
larger nanoparticles. For the case of the leached catalyst, these Au clusters remain 
dispersed and this provides a reasonable explanation for the higher intrinsic activity in 
CO oxidation after reduction. 

Similarly, clear indications have been found that the presence of surface oxygen at 
the gold surface is important for high activity in the WGS reaction [73]. Thus, the 
finely dispersed Au clusters obtained from Au/CeO2(rod)-CN are more active 
catalysts than the Au nanoparticles in Au/CeO2(rod). The higher activity of the 
leached catalyst is maintained up to reasonably high temperature, whereupon 
probably more extensive reduction to larger Au nanoparticles occurs [73] and less 
oxygen can be stabilized. This trend can also be observed from the CO IR data that 
show a decreasing contribution of finely dispersed Au with increasing reduction 
temperature. The WGS reaction conditions appear to be more conducive to gold 
agglomeration than those involved in CO oxidation (see above) and 1,3-butadiene 
hydrogenation [11], an effect which is undoubtedly due to the presence of water. 
Moreover, it is found that exposure of the gold cations in Au/CeO2(rod) to the WGS 
feed (CO/H2O) at 100 oC already results in full reduction in contrast to reduction in 
H2 at the same temperature. Au/CeO2(cube) does not contain cationic gold and 
accordingly shows a very low activity in the WGS reaction [26]. 

The catalytic activity of these catalysts in the selective oxidation of benzylic 
alcohol is very clearly related to the presence of metallic Au particles. The gold 
cations in Au/CeO2(rod)-CN do not show any activity. It has been put forward that C-
H bond cleavage at the gold surface is the rate-controlling step in alcohol oxidation 
[78,79]. Another important step is the proton abstraction from the alcohol group. 
Indeed, very often a soluble base is added to facilitate this reaction [80]. The support 
may also act as a base [42]. In the absence of a base, O-H bond activation may be 
slow and, in such case, surface oxygen atoms may facilitate this process. Interestingly, 
the activity of Au/CeO2(rod) is higher than that of Au/CeO2(cube) in the absence of a 
soluble base. A tentative explanation is the role of the CeO2 surface or of the gold 
cations in oxygen activation, thus facilitating alcohol activation. Indeed, both catalysts 
become much more active upon addition of NaOH. Thus, without base the O-H bond 
cleavage is argued to be the rate-controlling step, while this shifts to C-H bond 
activation in the presence of NaOH. In the latter case, the Au nanoparticles on the 
surface of ceria nanocubes are much more active than those on the surface of ceria 
nanorods. The reason for the substantially higher activity of Au/CeO2(cube) remains 
unclear here. 

The intrinsic activity in 1,3-butadiene hydrogenation of Au/CeO2(rod)-CN (TOF = 
0.47 s-1) is higher than that of its unleached counterpart (TOF = 0.21 s-1). These 
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results are in qualitative agreement with the results for a Au catalyst supported by 
polycrystalline CeO2 [11]. The activity difference is however substantially smaller 
and this is related to the relatively low reduction temperature of 120 oC employed in 
this study. As follows from the near-edge spectra, a substantial part of the gold phase 
in Au/CeO2(rod)-CN remains in the oxidic phase. The catalysts deactivate slightly 
with reaction time, which is due to some coke formation on the surface as is evident 
from the change of color of the catalysts.  
 
6.5 Conclusions 

The gold phase supported on ceria nanorods and nanocubes shows a strong 
dependence of the catalytic activity on the exposed surface planes of ceria. After 
standard deposition-precipitation, both forms of ceria contain Au nanoparticles in the 
range 2-6 nm, which can be removed by cyanide leaching. Additionally, the ceria 
nanorods stabilize a small amount of gold cations, which resist cyanide leaching. 
EXAFS of the leached ceria nanorod catalyst shows that the gold cations replace Ce 
ions in the surface plane of the nanorods. Upon reduction these isolated Au atoms 
form finely dispersed Au clusters with a high activity in CO oxidation, the WGS 
reaction and 1,3-butadiene hydrogenation. By analogy with the very low activity of 
reduced Au nanoparticles on ceria nanocubes exposing the {100} surface plane, it is 
inferred that the Au nanoparticles on the ceria nanorod surface also have a low 
activity in such reactions. For liquid phase alcohol oxidation, metallic gold 
nanoparticles are the active sites. In the absence of a base, the O-H bond cleavage 
appears to be rate-controlling, while this shifts to C-H bond activation after addition 
of NaOH. In the latter case, the Au nanoparticles on the surface of ceria nanocubes 
are much more active than those on the surface of ceria nanorods. 
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Summary 

On the structure sensitivity  
in metal catalysis 
 
 

The progress in the understanding of catalysis as a surface phenomenon in terms of 
molecular reactivity has been enormously driven by developments in surface science, 
computational catalysis and the possibility to synthesize nanosized objects. One of the 
most important challenges in the design of improved catalyst systems is to understand 
the relation between the structure and reactivity, most commonly referred to as 
structure sensitivity. Based on such understanding, it should become possible to 
design optimal catalysts in terms of activity, selectivity and stability for desired 
chemical transformations.  
 

Supported metal nanoparticles form an important class of heterogeneous catalysts 
with a wide variety of applications in the petrochemical and chemicals industry. 
Chapter 1 discusses the main aspects of structure sensitivity of support metal 
nanoparticles, which are surface topology and the nature of the rate limiting step, the 
formation of overlayers on the nanoparticles, the function of the support and 
deactivation. A brief introduction of the role of catalysis in the manufacture of 
hydrogen by reforming is given. 
 

Chapters 2 and 3 deal with the nature and stability of the actives sites of supported 
rhodium nanoparticles for steam reforming of methane, the principle reaction for the 
production of hydrogen and syngas. In particular, steam reforming of methane at low 
temperature (400-600 oC) was investigated as part of pre-combustion CO2 technology. 
Chapter 2 reports on the influence of the Rh nanoparticle size and the type of support 
on the catalytic performance in steam methane reforming with a view to identify the 
rate-controlling step. To this end, rhodium nanoparticle catalysts supported by 
zirconia, ceria, ceria-zirconia and silica were synthesized with the aim to have a set of 
supported Rh catalysts with particle sizes between 1-10 nm. These catalysts were 
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extensively characterized by such techniques as H2-chemisorption, transmission 
electron microscopy and X-ray absorption spectroscopy to establish the nature and 
dispersion of the active Rh metal phase. The nanoparticle size was varied between 1 
and 9 nm by careful choice of the metal loading, support and the pretreatment 
conditions. Particle growth was induced by reductive treatment at high temperature in 
the presence of steam and by using low surface area supports. An important finding 
was that the degree of Rh reduction during H2 activation depends strongly on the Rh 
nanoparticle size and the type of support. Very small Rh particles cannot be fully 
reduced, especially when ceria is the support. Reduction at 500 oC leaves a substantial 
part of the smallest Rh particles in the oxidic form. This fraction of oxidic Rh needs to 
be taken into account when determining the intrinsic rate of the supported Rh 
catalysts.  

By careful activity measurements it is found that the initial intrinsic surface atom 
based reaction rate of steam methane reforming at 500 oC increases linearly with Rh 
metal dispersion. Supported by kinetic data (first order dependence in methane, zero 
order in water), this implies that dissociative methane adsorption (C-H bond 
activation) is the rate-controlling step. This structure sensitivity can be explained by 
the increasing density of low-coordinated edge and corner metal atoms at the surface 
of Rh nanoparticles with decreasing particles size. This also implies that C-O 
recombination is not the rate-controlling step, even when the temperature is lowered 
to 400 oC. This implies that these particles contain sufficient step-edge sites to provide 
a facile reaction pathway for C-O recombination. In addition, it was fond that the 
intrinsic activity does not depend on the type of support. The support only affects the 
catalytic activity in steam methane reforming indirectly by influencing the dispersion 
and the reduction degree of the metal phase. This result is to be expected when the 
dissociative methane adsorption is controlling the reaction rate. 
 

Chapter 3 explains in detail the deactivation of very small Rh nanoparticles as 
noted in the catalytic activity measurements: Rh nanoparticles smaller than 2.5 nm 
deactivate much stronger than larger ones. In general, catalysts can deactivate by 
formation of difficult to remove carbon species, sintering of the small metallic 
nanoparticles or oxidation of the active metal phase. The type and amount of coke 
was investigated by performing temperature-programmed oxidation on spent and 
intentionally coked catalysts. Such experiments showed that smaller particles give rise 
to more extensive coke formation, which is likely due to a lower rate of C-O 
recombination reactions that compete with C-C coupling coke forming reactions. 
Experiments at different steam-to-carbon (S/C) ratio, however, gave rise to different 
coke formation rates but similar rates of deactivation, which suggests that coke 
deposits is not the main cause of catalyst deactivation. By using in situ X-ray 
absorption spectroscopy measurements it was found that sintering is not occurring 
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under the reaction conditions of steam methane reforming. However, these 
measurements clearly showed that very small particles oxidize during the reaction 
causing the deactivation. Larger particles are stable and retain their metallic character, 
which is essential for the steam methane reforming reaction. 
 

The active phase of Rh-based catalysts during CO oxidation is investigated in 
Chapter 4. It includes in situ X-ray absorption spectroscopic measurements and a 
thorough reaction kinetics study. The oxygen content of the Rh phase under catalytic 
conditions was determined by temperature-programmed surface reduction by CO. A 
clear trend between the increase in reaction rates with decreasing particle sizes was 
found, which can be attributed to the ease of oxidization of Rh particles below 2.5 nm 
under conditions of catalytic CO oxidation. These oxidized Rh nanoparticles are much 
more active with a difference of two orders of magnitude in comparison to the 
metallic Rh particles larger than 4 nm. The kinetic results provide convincing 
evidence that with the change of the particles size from larger than 4 nm to below 2.5 
nm, the mechanism of CO oxidation completely changes. The susceptibility to oxide 
formation appears to be an intrinsic property of very small Rh particles. The support 
plays an important role in stabilizing these rhodium oxide species and the oxygen 
content of the rhodium oxide phase increases with the reducibility of the support. The 
support affects the dispersion of the metal oxide and thereby its CO oxidation activity. 
 

Although Rh is one of the most active catalysts for steam methane reforming, Ni is 
the preferred metal for commercial steam reforming. Experiments have shown that 
Ni-based catalysts may be sufficiently active and stable at temperatures as low as 600 
oC for the use of membrane separation enhanced steam reformers. A matter of 
concern remains, however, the formation of carbon species, which initiates the 
deactivation of the metallic Ni phase, especially under the carbon-rich conditions at 
the end of a prospective membrane reactor. In the search for more active and stable 
Ni-based catalysts for steam methane reforming, the effect of three different additives, 
namely La, B and Rh, was compared in Chapter 5. These catalysts were investigated 
by TEM, TPR and X-ray absorption spectroscopy. The average Ni particle size was 
found to be between 4 and 10 nm. Promoters affected both the dispersion and the 
reducibility of Ni. Smaller particles were found to be more difficult to reduce than 
larger ones. The use of B gave catalysts with very small Ni particles. The degree of Ni 
reduction strongly increased by use of La and Rh promoters, whereas B strongly 
impeded Ni reduction. The initial intrinsic rate per surface metal atom was found to 
increase linearly with the Ni metal dispersion, suggesting that, similar to Rh, the rate 
is controlled by dissociative methane adsorption over low-coordinated surface atoms. 
The data showed that Rh and La acted as structural promoters to enhance activity. 
Catalysts modified by B showed a much higher activity of the Ni surface atoms. 
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Catalyst stability was investigated by using feed compositions representing the inlet 
of the membrane reactor and the hydrogen lean reformate towards its outlet. Stability 
increases in the order La < Rh < B. Deactivation of the catalysts is caused by 
insufficient removal of carbon species from the surface of Ni particles and the 
formation of stable, graphitic carbon deposits, most likely covering the surface of 
metal. This is substantially suppressed when the Ni particles are small. B is an 
excellent structural promoter to obtain small Ni particles, Rh stabilizes metallic Ni 
and La aids in the removal of some of the carbon deposits more effectively by 
gasification. 
 

Finally, the structure sensitivity of the most noble metal gold on nanostructured 
ceria nanocrystals was investigated in Chapter 6 by a careful study involving cyanide 
leaching, TEM, TPR, CO infrared spectroscopy and X-ray absorption spectroscopy. 
After deposition-precipitation and calcination of Au, these surfaces contained Au 
nanoparticles in the range 2-6 nm. For ceria nanorods, a substantial amount of gold 
was present as cations that replace Ce ions in the surface as follows from their first 
and second coordination shells of oxygen and cerium by EXAFS analysis after 
cyanide leaching. These cations were stable against cyanide leaching in contrast to Au 
nanoparticles. Upon reduction the isolated Au atoms formed finely dispersed metal 
clusters with a high activity in CO oxidation, the WGS reaction and 1,3-butadiene 
hydrogenation. By analogy with the very low activity of reduced Au nanoparticles on 
ceria nanocubes exposing the {100} surface plane, it was inferred that the Au 
nanoparticles on the ceria nanorod surface also have a low activity in such reactions. 
Although the finely dispersed Au clusters are thermally stable up to quite high 
temperature, the presence of Au nanoparticles resulted in their more facile 
agglomeration, especially in the presence of water (e.g. WGS conditions). For liquid 
phase alcohol oxidation, we found that metallic Au nanoparticles are the active sites. 
In the absence of a base, the O-H bond cleavage appeared to be rate controlling, while 
this shifts to C-H bond activation after addition of NaOH. In the latter case, the Au 
nanoparticles on the surface of ceria nanocubes were much more active than those on 
the surface of ceria nanorods. 
  

 



 

Samenvatting 

Over structuurgevoeligheid  
in de metaalkatalyse 
 
 

De voortgang in het begrip van katalyse als oppervlaktefenomeen in termen van 
moleculaire reactiviteit wordt enorm gestimuleerd door de ontwikkelingen in de 
oppervlaktechemie, de rekenkundige katalyse en de mogelijkheden om objecten te 
synthetiseren en karakteriseren op nano-schaal. Eén van de meest belangrijke uitdagingen in 
het ontwerpen van effectievere katalysatorsystemen is het begrijpen van de relatie tussen de 
structuur en reactiviteit, wat bekend staat als structuurgevoeligheid. Hierdoor zal het mogelijk 
moeten zijn om optimale katalysatoren te ontwikkelen in termen van activiteit, selectiviteit en 
stabiliteit voor iedere gewenste chemische omzetting.  
 

Gedragen metaal nanodeeltjes vormen een belangrijke klasse in de heterogene katalyse 
omdat ze zeer breed worden toegepast in de petrochemische en chemische industrie. 
Hoofdstuk 1 beschrijft de belangrijkste aspecten van de structuurgevoeligheid van gedragen 
metaal nanodeeltjes. Dit zijn de oppervlaktetopologie en de aard van de snelheidsbepalende 
stap, de vorming van een overlaag op de nanodeeltjes, de functie van het dragermateriaal en 
deactivering. Daarna volgt een korte introductie over de rol die katalyse speelt in de productie 
van waterstof, welke hoofdzakelijk wordt geproduceerd door de reformingsreactie van 
koolwaterstoffen met stoom.  
 

In de hoofdstukken 2 en 3 wordt het onderzoek naar de aard en de stabiliteit van de actieve 
plaatsen op gedragen rhodium nanodeeltjes in de reformingsreactie van methaan met stoom 
bij relatief lage temperatuur als onderdeel van pre-combustion CO2 technologie behandeld. 
Deze reactie is de belangrijkste bron voor de productie van waterstof en synthese gas. 
Hoofdstuk 2 beschrijft de invloed van de deeltjesgrootte van de actieve fase van de 
katalysator en het soort dragermateriaal op de katalytische activiteit om daaruit de 
snelheidsbepalende stap te identificeren. Hiervoor is een grote set katalysatoren gemaakt met 
toenemende rhodium nanodeeltjes grootte op verschillende dragermaterialen, welke variëren 
in reduceerbaar gedrag. Verschillende karakteriseringtechnieken zijn gebruikt, waaronder 
elektronenmicroscopie, chemisorptie en X-ray absorptie spectroscopie om aan te tonen dat de 
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afmetingen van de gedragen rhodium nanodeeltjes is gevarieerd tussen de 1 en 10 nm. Dit is 
inderdaad het geval. Reden hiervoor is de zorgvuldige bereiding en variatie van 
metaalbelading, type drager en de voorbehandelingcondities. De realisatie van toenemende 
deeltjesgrootte kan simpelweg door meer metaal op de drager te plaatsen, het af te zetten 
oppervlak van de drager te verkleinen of door de geplaatste metaaldeeltjes te laten 
samensmelten onder condities die de mobiliteit van de metaaldeeltjes stimuleren; met name 
temperatuur en luchtvochtigheid spelen hierbij een rol. Een belangrijke bevinding is dat de 
reductiegraad van rhodium door waterstofactivering sterk afhankelijk is van zowel de 
deeltjesgrootte als het soort dragermateriaal. Erg kleine rhodium deeltjes kunnen namelijk 
niet volledig worden omgezet naar de actieve metaalfase. Activering bij 500 oC laat nog altijd 
een substantieel deel van de kleine rhodium deeltjes in de oxidische fase. De gemeten fracties 
van oxidisch rhodium moeten worden meegenomen in de bepaling van de intrinsieke 
activiteit van de gedragen rhodium katalysatoren. 

Zorgvuldig uitgevoerde activiteitsmetingen laten een lineair verband zien tussen de initiële 
intrinsieke reactiesnelheid gebaseerd op het oppervlakte-atoom voor stoommethaan reforming 
bij 500 oC en de metaaldispersie. Met hieraan toegevoegd kinetische data (de reactie is eerste 
orde in methaan en nulde orde in water) wijst dit uit dat de snelheidsbepalende stap van het 
proces de dissociatie van geadsorbeerd methaan is (ofwel de activering van de C-H binding). 
Dit soort structuurgevoeligheid kan worden uitgelegd aan de hand van een toenemende 
dichtheid van laaggecoördineerde hoek en rand metaalatomen op het oppervlak van rhodium 
nanodeeltjes met steeds kleinere afmeting. Dit betekent ook dat de elementaire reactie van C-
O recombinatie niet snelheidbepalend is, en dit wordt hij ook niet bij lagere temperatuur (400 
oC). Hele kleine rhodium nanodeeltjes hebben dus voldoende stap-rand plaatsen om C-O 
recombinatie energetisch gunstiger uit te kunnen voeren. Daarnaast is gevonden dat de 
intrinsieke activiteit niet afhankelijk is van het type dragermateriaal waarop de rhodium 
nanodeeltjes zich bevinden. De drager heeft dus een indirecte invloed op de katalytische 
activiteit van deze reformingsreactie, namelijk door de dispersie en graad van reductie van de 
rhodium nanodeeltjes te beïnvloeden. 
 

Gedetailleerde onderzoeksresultaten over de deactivering van erg kleine rhodium 
nanodeeltjes worden beschreven in hoofdstuk 3. De katalytische activiteitsmetingen laten 
namelijk zien dat rhodium nanodeeltjes kleiner dan 2.5 nm veel sterker deactiveren dan de 
grotere deeltjes. Katalysatoren die worden gebruikt in de reforming van koolwaterstoffen 
deactiveren als gevolg van een verlies van actieve plaatsen op het oppervlak van de 
katalysator. De belangrijkste redenen hiervoor zijn: (1) de vorming van verschillende soorten 
koolstof en dan vooral het hardere materiaal wat zich sterk bindt, (2) de samensmelting van 
kleine tot grotere metaal nanodeeltjes en (3) de verandering van de actieve fase door 
verontreinigingen of in dit geval kan dat zijn door oxidatie. De soort en hoeveelheid koolstof 
is bepaald door temperatuurgeprogrammeerde oxidatiemetingen uit te voeren aan 
katalysatoren die al zijn gebruikt in reformings-experimenten en waarop met opzet koolstof is 
afgezet; zgn. ingekoolde experimenten. De resultaten tonen aan dat het oppervlak van 
kleinere rhodium nanodeeltjes meer koolstof bevatten, wat waarschijnlijk wordt veroorzaakt 
door een lagere snelheid van de C-O recombinatie. Deze reactie concurreert met de 
vormingsreacties van koolstof door C-C koppeling. De data van experimenten waarin 
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reforming is uitgevoerd met hogere stoom-over-koolstof verhouding laten echter zien dat de 
snelheid van koolstofvorming verandert terwijl de snelheid van deactivering gelijk blijft. De 
vorming van koolstof lijkt dus niet de belangrijkste oorzaak te zijn van deactivering van de 
kleinst gedragen rhodium nanodeeltjes. Uit de analyse van in situ X-ray absorptie 
spectroscopiemetingen volgt dat ook samensmelting niet plaatsvindt tijdens reactie. Wat 
echter wel duidelijk is aangetoond is dat oxidatie de reden is van activiteitsverlies. Grotere 
rhodium deeltjes vertonen een stabielere activiteit doordat zij hun metaalfase behouden, dit is 
dus essentieel voor de omzetting van methaan met stoom tot waterstof en synthese gas. 
 

De vraag die centraal staat in hoofdstuk 4 is: Wat is de actieve fase van de op rhodium 
gebaseerde katalysatoren tijdens de oxidatie van koolstof monoxide? Hiervoor zijn in situ X-
ray absorptie spectroscopiemetingen uitgevoerd alsmede een gedegen kinetische reactie 
studie. Temperatuurgeprogrammeerde oppervlaktereductie door CO-experimenten zijn 
gedaan om de verhouding zuurstof-over-rhodium te bepalen. De resultaten van de 
reactiemetingen laten zien dat er een duidelijke trend bestaat tussen de toename in 
reactiesnelheid met afnemende rhodium deeltjesgrootte. De oorzaak hiervoor is gevonden in 
de toenemende mate van oxidatie van rhodium nanodeeltjes die kleiner zijn dan 2.5 nm onder 
katalytische omstandigheden. Deze geoxideerde rhodium nanodeeltjes zijn veel actiever in de 
omzetting van CO naar CO2 dan grotere deeltjes. In vergelijking tot rhodium nanodeeltjes die 
groter zijn dan 4 nm en metallisch tijdens de reactie, bedraagt dit verschil in activiteit ruim 
een factor honderd. De kinetische gegevens leveren ook een eenduidig bewijs voor een 
verandering in het reactiemechanisme van rhodium nanodeeltjes groter dan 4 nm naar kleiner 
dan 2.5 nm. Het lijkt er sterk op dat de mate van oxidatie een intrinsieke eigenschap is van de 
erg kleine rhodium deeltjes. De rol van de drager is enorm belangrijk omdat die de 
geoxideerde deeltjes kan stabiliseren. Bovendien neemt de hoeveelheid zuurstof sterk toe in 
de oxidische rhodium fase als gevolg van de reduceerbaarheid van de drager. De soort drager 
beïnvloedt de dispersie van het metaaloxide en daardoor dus zijn activiteit in de CO oxidatie 
reactie. 
 

In het industriële proces waarbij koolwaterstoffen worden omgezet met behulp van stoom 
is het nikkel metaal veruit het meest gebruikt in commerciële katalysatoren, ondanks dat 
rhodium één van de meest actieve metalen is. Experimenten hebben uitgewezen dat 
katalysatoren gebaseerd op nikkel wellicht toch voldoende actief en stabiel zijn bij lage 
temperatuur, rond 600 oC, wat noodzakelijk is voor de toepassing van membraan reactoren in 
reforming met stoom. Hierbij is de vorming van koolstof een belangrijke zorg vanwege de 
speciale koolstofrijke omstandigheden nabij het membraan. Nikkel is zeer bekwaam in de 
vorming hiervan uit de ontleding van koolwaterstoffen; de bedekking van het actieve 
metaaloppervlak leidt dus in sterke mate tot deactivering van de katalysator.  

In de zoektocht naar meer actieve en stabiele katalysatoren met nikkel voor de reforming 
van methaan, zijn de effecten van de toevoeging van drie zeer verschillende componenten 
vergeleken, namelijk lanthanum, boor of rhodium. De resultaten hiervan staan beschreven in 
hoofdstuk 5. De katalysatoren zonder en met toevoeging zijn onderzocht met behulp van 
elektronenmicroscopie, temperatuurgeprogrammeerde reductie en X-ray absorptie 
spectroscopie. De gemiddelde deeltjesgrootte van nikkel bevindt zich tussen de 4 en 10 nm. 
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De extra component beïnvloedt zowel de dispersie als de reduceerbaarheid van nikkel. 
Grotere nikkel nanodeeltjes zijn makkelijker te reduceren dan de kleine. Bijzonder kleine 
nikkel nanodeeltjes werden verkregen door de toevoeging van boor. Deze katalysatoren zijn 
moeilijker te reduceren, terwijl de toevoeging van lanthanum of rhodium de reductie 
stimuleert. Zoals eerder voor de katalysatoren met rhodium, is voor nikkel een lineair verband 
tussen de initiële intrinsieke snelheid per metaalatoom oppervlak en metaaldispersie 
gevonden. De reactiesnelheid wordt dus gecontroleerd door de dissociatieve adsorptie van 
methaan over laaggecoördineerde oppervlakte atomen. Zowel lanthanum en rhodium lijken de 
activiteit van de nikkel katalysator structureel te stimuleren. De katalysatoren die boor 
bevatten, laten een veel hogere activiteit per nikkel oppervlakte atomen zien. De stabiliteit 
van de katalysatoren werden gemeten door ze bloot te stellen aan verschillende voedingen bij 
600 oC, waarvan de compositie sterk overeenkomt met die van de in- en uitlaat van 
membraanreactoren. De bijdrage aan de stabiliteit van de nikkel katalysator neemt toe met de 
toevoeging van de volgende componenten: lanthanum < rhodium < boor. De reden van 
katalysator deactivering lijkt sterk samen te hangen met de moeilijkheid om grafitisch 
koolstof van het metaaloppervlak te verwijderen. Het gaat in ieder geval beter als de nikkel 
nanodeeltjes klein zijn. Verder laten resultaten zien dat lanthanum helpt in de 
koolstofverwijdering door vergassing, rhodium het nikkel metaaloppervlak stabiliseert en 
boor een uitstekende structurele promotor is voor het verkrijgen van kleinere nikkel 
nanodeeltjes die moeilijker koolstof kunnen vormen. 
 

Tot slot is de structuurgevoeligheid van het meest edele metaal, goud, op gestructureerde 
ceria nanokristallen zorgvuldig bestudeerd door gebruik te maken van cyanide leaching, 
elektronenmicroscopie, temperatuurgeprogrammeerde reductie, CO infrarood spectroscopie 
en X-ray absorptie spectroscopie. De bevindingen van deze studie vormen hoofdstuk 6. Na 
het afzetten en calcineren van het goud op het dragermateriaal, hebben de goud nanodeeltjes 
een afmeting tussen de 2 en 6 nm. Door cyanide leaching behandeling van de gedragen goud 
nanodeeltjes op ceria nanostaafjes is een substantieel deel van het goud aanwezig als kationen 
op plaatsen in het oppervlak waar normaal cerium ionen zitten. Deze kationen zijn bestand 
tegen de behandeling maar niet de goud nanodeeltjes. Tijdens reductie vormen zich erg kleine 
metaal clusters uit geïsoleerde goud atomen. Deze clusters zijn zeer actief in de oxidatie van 
CO, de water-gas shift reactie en de hydrogenering van 1,3-butadieen. Analoog aan de lage 
activiteit van de gereduceerde goud nanodeeltjes op ceria nanokubusjes, waarvan het 
oppervlak een {100} vlak is, is verondersteld dat de goud nanodeeltjes op het ceria 
nanostaafjes oppervlak ook een lage activiteit in dergelijke reacties zullen vertonen. Hoewel 
de erg kleine goud clusters tot redelijk hoge temperatuur thermisch stabiel zijn, resulteert de 
aanwezigheid van goud nanodeeltjes in de vorming van agglomeraties tijdens reacties, vooral 
in de aanwezigheid van water (bijv. in water-gas shift reacties). Daarnaast is gevonden dat de 
metallische goud nanodeeltjes de actieve plaatsen zijn in de alcohol oxidatie reactie in 
vloeistoffase. In afwezigheid van een base is het verbreken van de O-H binding 
snelheidsbepalend, terwijl dit na toevoeging van NaOH verschuift naar de activering van de 
C-H binding. In het laatste geval zijn de goud nanodeeltjes op het oppervlak van ceria 
nanokubusjes significant actiever dan die op het oppervlak van ceria nanostaafjes.  
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