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“Chemistry without catalysis would be a sword without a handle, a light 

without brilliance, a bell without sound” 

A. Mittasch 

 

 

 

 

“Philosophy is written in this grand book, the universe, which stands 

continually open to our gaze. But the book cannot be understood unless one first 

learns to comprehend the language and read the letters in which it is composed. 

It is written in the language of mathematics, and its characters are triangles, 

circles, and other geometric figures without which it is humanly impossible to 

understand a single word of it.” 

Galileo Galilei, 1623 
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Resumo 

Catalisadores de Pt foram preparados, informações estruturais e 

eletrônicas foram obtidas usando espectroscopia da estrutura fina de absorção de 

raios X (XAFS) em função da composição do catalisador, método de preparação, 

composição da atmosfera e temperatura. Dois tipos de catalisadores foram estudados: 

i) catalisadores sintetizados com nanopartículas de Pt (1,5% de Pt) ocluídas em uma 

matrix de Al2O3 ou CeO2-Al2O3. Neste estudo, dois métodos de preparação para 

incorporação do cérioforam utilizados e ii) catalisadores de Pt convencionais com 0,3 

ou 1% de Pt em Al2O3 e ainda com a adição de céria 6 ou 12%. 

Para os catalisadores baseados em nanopartículas, os experimentos de 

XAFS foram realizados na borda L3 da Pt e nas bordas L3 e K do Ce sob atmosfera 

de redução e condições de reação de deslocamento gás-água (WGS). Os resultados 

de XAFS, após a redução, revelaram a presença de nanopartículas com número de 

coordenação (NPt-Pt) similares, em torno de 6, e distância Pt-Pt em torno de 2.75  

0.01 Å, para todas as amostras. A atividade catalítica e a intensidade da interação 

metal-suporte estão relacionadas com a estrutura do óxido de cério revelada através 

das análise de XAFS nas bordas K e L3 do Ce. Medidas de infravermelho in situ 

revelaram a presença de formiatos na superfície do catalisador e que esses são 

provavelmente espectadores da reação. Foi possível observar que estes catalisadores 

mudam segundo a atmosfera e a temperatura. Assim, foi possível demonstar, usando 

as nanopartículas de platina, que diversos parâmetros afetam o comportamento do 

catalisador como: o tamanho do domínio cristalino do óxido, o contato entre o metal e 

o óxido e os sítios ativos expostos na superfície. 

Para os catalisadores convencionais, as amostras contendo cério 

apresentaram-se mais oxidadas do que as amostras de platina-alumina; estas após 

tratamento em alta temperatura aglomeraram. No ajuste dos espectros de EXAFS, 

para as amostras contendo Ce, foi necessário incluir a contribuição Pt-O além da 

contribuição Pt-Pt. Essa contribuição Pt-O aumentou proporcionalmente à 

concentração de Ce demonstrando o ancoramento da Pt ao suporte através dessa 

ligação. A estrutura da Pt mudou de acordo com a temperatura, o suporte e 

composição dos reagentes na atmosfera demonstrando a importante ferramenta que 

são as técnicas de caracterização in situ para o entendimento das propriedades 

catalíticas. 
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Abstract 

Pt based catalysts were measured with in situ X ray absorption fine 

structure spectroscopy (XAFS) to obtain information about the catalyst crystalline 

structure and electronic properties as a function of catalyst composition, method of 

preparation, inlet feed conditions and temperature. In these experiments, two type of 

catalysts were studied: i) nanoparticles of Pt occluded in Al2O3 or CeO2-Al2O3 matrix 

containing 1.5 % of Pt where two different methods to incorporate the cerium were 

used and ii) conventional Pt supported catalysts containing 0.3 and 1 % of Pt on Al2O3 

or with addition of 6 or 12 % of ceria.  

For catalysts based on nanoparticles, XAFS spectra were acquired at Pt 

L3-edge and Ce K and L3-edge under reduction and water gas shift (WGS) reaction 

conditions. The XAFS results reveal, after the reduction, the presence of Pt 

nanoparticles with similar coordination numbers (NPt-Pt), about 6, and similar Pt-Pt 

distances, about 2.75  0.01 Å. The catalyst activity for WGS and the strength of 

interaction between the metal and the support are related with cerium oxide structure 

revealed by XAFS analysis at Ce K and L3 edges. In situ infrared spectroscopy under 

WGS conditions revealed the presence of formates on the catalyst surface and that 

they are probably spectators for the reaction. It was possible to observe that these 

catalysts changes according to the atmosphere and temperature. Thus, it was possible 

to demonstrate, using the pre-formed nanoparticles that several parameters affect the 

catalyst behavior like: the metallic and the oxide particle size, the contact between 

them and what is exposed on the surface. 

For the conventional catalysts, the addition of ceria on 03PtAl sample 

enhances Pt oxidation, reflecting in a larger Pt-O coordination number for this sample. 

After reduction, 03PtAl resulted in larger Pt particles compared to the 12Ce03PtAl. For 

Ce-containing samples, in addition to the Pt-Pt contribution, a Pt-O contribution had to 

be considered to fit the spectra. This Pt-O increases proportionally to the cerium 

amount demonstrating that Pt clusters are anchored on support through a Pt-O bond. 

The Pt structure changes depends on the temperature, support nature and reactants 

composition, demonstrating that the catalytic properties requires the use of in situ 

characterization techniques. 
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1. Introduction 

A catalyst by definition, is a material that increases the chemical reaction 

rate without being consumed. A heterogeneous catalyst usually is a solid with a high-

surface-area on which a well dispersed metallic active phase is supported [1]. The 

catalytic activity and selectivity may dependent on both support and metal phase and 

in addition, to the interface [2][3][4][5]. 

The heterogeneous catalysts properties can be divided in: (i) kinetic and 

(ii) physical. The first corresponds to: particles morphology, number of active site that 

are available for the reaction, the presence of specific sites like edges, corners, facets 

and the interaction with the support. The second includes surface area, pore structure, 

density and mechanical properties like attrition resistance [6]. All these charcateristcs 

will reflect in the activity, selectivity and stability. 

Through the years, the catalyst design has been improved based mostly 

on empirical work. In recent years, however, due the development of characterization 

techniques and computational devices the understanding about the catalysts 

properties is becoming more accurate. The best catalyst would be the one presenting 

the highest activity, 100% selectivity for the product of interest and stable for long 

periods. However, all these properties involve several characteristics as: particle size, 

particle and surface structure, composition and physical/chemical interactions between 

the components. More than that, it is necessary to understand the surface properties 

that are related with the knowledge about the active centers at atomic level and their 

dynamic behavior under reaction conditions. 

For catalysts used for structure sensitive reactions, the most important 

parameters are the metallic particle size and shape. When preformed nanoparticles 

are used to prepare supported catalysts, the metallic particle size usually depends on 

the amount and kind of metal precursor, the synthesis temperature and the reductive 

and protective agents that are used [7]. The metallic particle size and morphology 

determine the number of corners, edges and kinks present on the particle, what is very 

important for the catalytic activity [8]. The particle size is also related to the metal-

support interaction since for small particles this interface becomes important [7]. Thus, 

the interface, the metallic particle size and morphology can create different active sites. 

The knowledge about the active site is very important since it determines the catalyst 
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behavior. Further it is a challenging issue since it depends on the catalyst material, the 

gases and the temperature where the catalyst will be applied [9–11]. 

In this context, in situ characterization becomes very important once it is 

possible to characterize the catalysts properties under reaction conditions. All over the 

years, several in situ techniques have been developed and their use is increasing. 

Among them, X-ray absorption fine structure spectroscopy (XAFS) revealed to be very 

useful since it does not require a long range order for the crystalline structure and it is 

possible to obtain information about the structural and electronic parameters under 

different gas atmospheres and temperatures. 

One structure sensitive reaction that is strategic and interesting to be 

studied in situ is the water gas shift reaction (WGS). The WGS (equation 1) is one of 

the reactions required to produce hydrogen, which can be used directly as fuel or as 

energy storage [12].  

 

CO + H2O  CO2 + H2       (equation 1) 

 

Although it seems very simple, the reaction mechanism is very complex 

giving rise to a lot of controversy in the literature [13]. 

Thus, the aim of this work is to obtain relevant information about the 

electronic and structure properties of catalysts to elucidate the nature of catalysts’ 

active sites and reaction mechanism using in situ techniques. For this purpose 

platinum-ceria catalysts were chosen and studied using XAFS as the main in situ 

technique. It was possible to address the role of the metal-support interaction 

depending on the catalyst preparation method and the influence of this interface on the 

catalyst activity and stability.  
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2. Literature review 

Several products, from our daily life, are produced due to heterogeneous 

catalysis. Polymers, pharmaceuticals, pesticides and oil refining are made through 

catalytic processes and contribute with the economy. In addition, catalysts are very 

important on environmental issues, such as the popular catalytic converters used to 

clean up the gas exhaustion from automobiles. One third of the entire U.S. material 

Gross National Product involves catalysts. Some studies reported that catalysts are 

responsible, per year, of $4 trillion in manufacturing. The global catalysts market is 

bigger than $10 billion. Catalysis is also an area that demands intensive research. In 

the US, $17.6 billion is spent annually on Research and Development in this field 

[14][15]. 

One product that is very important and produced through catalytic routes 

is hydrogen. It presents the highest energy density of all fuels and energy carriers (122 

kJ/kg). It is 2.75 times more efficient than other hydrocarbon fuels. For instance, 9.5 

kg of hydrogen is sufficient to replace 25 kg of gasoline. Furthermore, it presents the 

advantage of being a clean fuel since the only emission produced when it is used is 

water [16,17].  

The usual hydrogen production involves reforming reactions and can be 

summarized by the following chemical equations [18]: 

 

 Steam reforming 

𝐶𝑚𝐻𝑛 + 𝑚𝐻2𝑂 → 𝑚𝐶𝑂 + (𝑚 +
1

2
𝑛)𝐻2 

 Dry reforming 

𝐶𝑚𝐻𝑛 + 𝑚𝐶𝑂2 → 2𝑚𝐶𝑂 +
𝑛

2
𝐻2 

 Partial Oxidation 

𝐶𝑚𝐻𝑛 + (
1

2
) 𝑚𝑂2 → 𝑚𝐶𝑂 + (

1

2
) 𝑛𝐻2 

 Autothermal reforming 

𝐶𝑚𝐻𝑛 + (
1

2
) 𝑚𝐻2𝑂 + (

1

2
) 𝑚𝑂2 → 𝑚𝐶𝑂 + ((

1

2
) 𝑚 + (

1

2
) 𝑛)𝐻2 

 Carbon formation 

𝐶𝑚𝐻𝑛 →  𝑥𝐶 + 𝐶𝑚−𝑥𝐻𝑛−2𝑥 + 𝑥𝐻2 
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 Carbon removal 

𝐶 + 𝑂2 →  𝐶𝑂2 

𝐶 + 𝐶𝑂2 → 2𝐶𝑂 

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 

 Water-gas shift 

𝐶𝑂 + 𝐻2𝑂 →  𝐶𝑂2 + 𝐻2 

 

The focus of this work was the WGS reaction. As represented above, the 

WGS deals with the conversion of CO with steam producing CO2 and H2. This reaction 

is known since the late eighteenth century but became widely used about ninety years 

ago, in the ammonia synthesis, developed by Carl Bosh at BASF [19]. Nowadays, this 

reaction is part of many industrial processes, such as methanol production [20–24] and 

Fischer-Tropsch reaction [25,26]. Industrially, it is conducted in two steps. The first 

one, known as high temperature shift (HTS) reaction (300-500 0C) uses iron-based 

catalysts. It reduces the CO level, from a methane steam reformer, for example, from 

8-10% to 3-5%. In the second one, a Cu/ZnO/Al2O3 catalyst is used at low 

temperatures (LTS, 200-300 0C) and the CO concentration in the hydrogen stream 

decreases typically below 1% [27]. This low level of CO will not poison the catalyst 

used for ammonia synthesis, but it can be further decreased using a preferential 

oxidation of CO (PROX). Finally, hydrogen can be used for fuel-cell application [28].  

Although the WGS has been used for long time, the reaction mechanism 

is still controversial, being a consensus that it depends on the reaction conditions and 

on the catalyst [29,30]. The two main reaction schemes that have been proposed are 

the redox mechanism and the associative mechanism. In the redox mechanism, the 

metallic particle adsorbs CO and the reducible oxide (from the support) provides labile 

oxygen in a mechanism called Mars-van Krevelen [31]. For this mechanism, the 

particle oxidation state is not specified, neither the reaction intermediates; however, it 

is pointed out a synergistic effect between the particle and the support [31] [32]. In the 

associative mechanism, formates, carbonate and carboxylate species have been 

proposed as intermediates; CO is oxidized directly from water while the oxygens from 

the support do not participate in the reaction [32]. Another mechanism proposed is the 

associative mechanism with redox regeneration (via carboxyl or formate). This 

mechanism can be described by a H-transfer between the two oxygen atoms in the –
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COOH (or –HCOO) carboxyl intermediate (or formate intermediate) forming a more 

stable intermediate that will be dissociated and will form the products. A fourth reaction 

pathway deals with the adsorption of a second CO on the oxygen vacancy prior to 

water dissociation. Due to the oxygen vacancy CO adsorbs strongly on the Pt, being 

the linear orientation more stable for the second CO adsorption in the presence of 

water. For this mechanism, after the CO adsorption a H atom from the interfacial OH 

goes to the Pt. CO2 desorbs generating an interfacial oxygen vacancy where H2O 

adsorbs and dissociates leading to H2 desorption. The redox and the associative 

mechanisms are represented in Figure 1. 

 

 

 

Figure 1. Schematic representation of WGS pathways involving an interfacial site of 
a metal cluster supported on a reducible metal oxide. 

 

Phatak et al [33] studied the kinetics of WGS reaction using platinum-

alumina and platinum-ceria catalysts considering two mechanisms. They evaluated the 

possibility of a redox mechanism where CO is oxidized to CO2 on the surface (CO* + 

O*  CO2* + *, where O* comes from the support surface) and a modified redox 

mechanism where the CO is oxidized directly by the OH (CO* + OH*  CO2* + H*) 

and concluded that was not possible to establish which one happens or which are the 

reaction intermediates. On the other hand, nonmetallic platinum species, Pt-Ox-Ce, 

were reported by Fu et al. [34] as the active species for low-temperature WGS reaction 

on Pt/CeO2 catalysts also using a gas mixture that simulates a reformate gas 
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composition. They identified Pt2+ and Pt4+ but no Pt0 suggesting a reaction pathway 

involving these cationic species. 

Whatever mechanism is considered, the water activation is the 

determinant step for the WGS reaction [35], as for the other reforming reactions. 

However, as it was highlighted above, three questions remain unclear: the reaction 

mechanism, the role of each catalyst constituent and the importance of the interaction 

between them. Each one of these parameters participates in different ways favoring 

the reaction. Thus, many studies have been performed to understand the catalyst 

characteristics that are necessary to promote the reaction and their relation to the 

reaction mechanism. Theoretical studies using DFT (density functional theory) [36] 

have shown that the dissociation of water is favored on small metal particles and 

decreasing the metal particle size, more favored will be the water dissociation. 

Experimental studies exploring different preparation methods have also been 

performed. The preparation method will determine the contact between the metal and 

the oxide [37] and thus the interaction between them and the reaction pathway. 

Furthermore, studies exploring different methods of synthesis are interesting since the 

WGS is a structure sensitive reaction. In other words, the reaction rate depends on the 

metal particle size and thus varying the catalyst preparation method different metal 

particles can be obtained and different catalysts can be studied. 

There are several catalysts preparation methods, the most common are: 

deposition-precipitation, coprecipitation and impregnation. Another approach that has 

progressed a lot in the last twenty years is to use pre-formed nanoparticles to produce 

supported catalysts. Using nanoparticles, it is possible to obtain controlled materials 

through the control of the size and/or shape of the metallic phase and/or the support 

and thus influencing the catalysts properties [38]. The colloid method is the most 

common. It involves the reduction/decomposition of a metal precursor by a reducing 

agent/temperature in the presence of a protective agent that prevents agglomeration. 

For certain reactions, the nanoparticles can be used in solution, acting as a 

“homogeneous” catalyst [38]. In other cases, they have to be supported on high-

surface-area materials to be used as a “normal” heterogeneous catalyst. Normally, 

after being incorporated on the support it is necessary to remove the protective agent 

to make the catalytic sites available for the reaction. The temperature used to remove 

the protective agent is important since high temperatures can lead sintering [39]. 
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One of the main metals, that are used as catalysts, is platinum and 

several methods have being described in literature to obtain nanoparticles [38]. 

Platinum is very expensive and its dispersion is usually maximized to enable it to be 

used. The platinum stability, against sintering, will depend on the Pt-support 

interaction. This interaction generally starts at the last step of catalyst preparation, the 

calcination. Normally the calcination deals with high temperatures and oxidative 

atmosphere. At high temperatures more stable structural phases are formed and/or 

protective agent are removed from the nanoparticles. Generally, it is also necessary to 

remove anionic species like NO3
- and Cl- from the metallic precursor that can poison 

the metallic particles. During the calcination, PtOx is formed and when these species 

weakly interact with the support sintering occurs. However, in the presence of a 

reductive oxide like ceria, PtOx species become stable enough and not only sintering 

is avoided but a redispersion may occur. The Pt sintering/redispersion is a reversibly 

process and depends on the temperature and the atmosphere [40]. Vayssilov et al. 

[41] showed that for Pt nanoparticles supported on CeO2 an electron transfer occurs 

from Pt to ceria, leading to the formation of Ce3+ near the particles. In addition to the 

electron transfer from Pt to CeO2, they identified that reverse oxygen spillover from 

CeO2 to Pt also occurs above 130 0C. Thus, electronic changes were observed 

favoring the platinum stability. It was also reported in the literature [42–44] for Pt-CeO2 

catalysts that the ceria surface oxygen atoms are an anchoring site for Pt and that it 

depends on the ceria surface. Besides this advantage of improving the Pt stability, 

ceria presents a high oxygen storage capacity (OSC). This is due to the possibility of 

vacancy formation that arises from the reversible conversion between CeO2 and CeO2-

x making it an excellent oxygen carrier [45–50]. 

The energy required to form an oxygen vacancy is lower for small 

particles compared to surfaces and is inversely proportional to the particle size [51,52]. 

Migani et al. [51] demonstrated that the energy separation between the valence and 

the conduction band for ceria nanoparticles is lower compared to a (111) surface, 

promoting the vacancy formation. The addition of a metallic particle like platinum favors 

the formation of Ce3+ ions by electron transfer from the metal cluster. Thus, the 

vacancy formation also depends on the contact between the removed O and Pt [53]. 

Concerning ceria crystallographic orientation earlier studies proposed a 

high OSC for the (100) surface when compared to (110) or (111) since the energy 



 
 

8 
 

required to form an oxygen vacancy is smaller [54,55]. Further experimental 

observations and DFT analysis stated that oxygen vacancies tend to group together in 

clusters [56]. Thus, it is possible to observe that the OSC depends on the CeO2 particle 

size, on its surface structure and the proximity of this particle to a metallic particle. 

These characteristics can be tuned by the preparation method. 

Although all this advantages, ceria is much more expensive than other 

common supports like SiO2 or Al2O3 and presents lower thermal stability [37]. Alumina 

is the most used support in catalysis due its thermal and mechanical stability. Al2O3 

exists in several structures but the most interesting are: α-Al2O3 that is crystalline and 

γ-Al2O3 that is amorphous and porous. The later typically presents high surface area 

(50-300 m2 g-1), high thermal stability and is easily shaped like pellets [57]. Thus, 

combining ceria with alumina is a good strategy to improve the ceria surface area, 

dispersion and stability [34] [58] [59] [60] [61]. 

One method to obtain alumina is the sol-gel method since it is possible 

to control the pore size, the surface specific area, the structure and the final 

composition when more than one component is used in the synthesis [62] [63]. Several 

parameters affect the sol-gel process: precursor type, solvent, amount of water, pH, 

temperature, gel drying, etc. They can change the gel and as consequence, the final 

material [63]. 

Thus, it is possible to notice that through the catalyst preparation method 

is possible to control the catalysts properties. Using a more controlled system it is 

possible to study the parameters that will affect the reaction and as a consequence the 

reaction mechanism.  

Pierre et al. [64] prepared Pt-ceria catalysts using different methods in 

order to obtain ceria nanoparticles and high amount of reactive surface oxygen. They 

demonstrated the importance of the carbonate removal from the surface, which is 

formed during WGS, using hydrogen and oxygen to obtain a catalyst more active. Deng 

et al. [65] demonstrated that in the presence of a small amount of oxygen an increase 

in stability for Au or Pt-ceria catalysts for WGS is observed. These studies were carried 

out at low and high temperatures as well in a cyclic shut-down/start-up operation. They 

claimed that is possible to use these catalysts to WGS and PROX in one reactor thus 

presenting an advantage for fuel-cell application. Other metals were also studied for 

WGS reaction. Fu et al [34] demonstrated that Au is anchored on ceria surface defects 
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that leads to active sites for WGS reaction being the sample inactive when Au was 

completely removed by leaching. Kyriakou et al. [66] used 1% of Pd combined with 

99% of Cu and demonstrated using a single atom approach how a very small amount 

of reactive metals can affect the catalytic activity specially for bimetallic catalysts. 

Wheeler et al [67] observed the activity order is Ni>Ru>Rh>Pt>Pd above 300 0C and 

a reactant composition of CO:H2:H2O = 1:2:4. However, Pt/CeO2 catalyst was more 

active than Au/CeO2 or Au/Fe2O3 for low temperature WGS reaction for several 

CO/H2O ratio. Moreover, water addition to the feed presented a more pronounced 

effect for the platinum catalyst [68]. Further, the turnover frequency of Pt(111) is initially 

5 times higher than Cu(111) [69]. On the other hand, it deactivates with time by carbon 

deposition except when Pt is in contact with reducible oxides [70]. In addition, higher 

activities were found for Pt on a mixed Ce-TiO2 support than when is supported on 

each oxide individually [71]. Thus more than the isolated properties coming from the 

metallic phase or the support the importance of their interaction, as mentioned before, 

have been assigned to contribute with the catalyst activity and stability. 

The first time that the catalytic performance was related with the 

properties of the support and the metallic phase was in beginning of 1930 with Schwab 

et al. [72]. Using the term “electronic factor” that came from semiconductors they 

explained the electron transfer between the support and the metallic phase leading to 

changes in the reaction rate. Two types of interactions were proposed: i) structural, 

related to the metallic phase stabilization by the support and ii) synergetic, related to 

electronic interactions leading to a new active component like due to the support-metal 

interface. 

Changes in the gases chemisorption were observed, for group VIII 

metals, when they are supported on reducible metal oxides. Tauster et al. [73,74] in 

1978 used for the first time the term “strong-metal-support interaction” (SMSI) to 

explain these effects. Later, Haller et al. [75] included in this definition any interaction 

between an active metallic phase and the support. Nowadays the SMSI is explained 

by electronic effects being the changes in the chemisorption properties due electron 

transfer from the support to the metallic active phase. Campbell et al. [76] proposed 

this description for highly dispersed nanoparticles in contact with ceria with high 

surface area. Another effect that is proposed to explain this metal-support interaction 

is the encapsulation. In this case the support would cover the metallic phase depending 
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on the gases atmosphere and/or the temperature [77]. This “decoration” phenomenon 

was observed experimentally by high resolution transmission electron microscopy 

(HRTEM) for several metallic particles supported on oxides, proving to be a reversible 

phenomenon [1]. Liu [1] defined the metal-support interaction more generally as “any 

effect that a support material modifies the performance of a supported metal catalyst 

via the synthesis process or during a catalytic reaction”. Thus, they included “anchoring 

and sintering of metal/alloy nanoparticles, formation of interfacial interphases or new 

compounds, decoration or encapsulation of metal nanoparticles by support-derived 

materials, the influence of support on the shape of metal alloy nanoparticles, and the 

electron transfer between the support material and metal/alloy nanoparticles”. 

Two main factors determine the metal-oxide interaction: (i) the metallic 

particle size and (ii) the preparation method of the catalysts. Smaller the particle size, 

bigger is the interaction due to the species ranging, from metallic to ionic form, that are 

available at the interface [78]. 

One preparation method that favors this interaction between the metal 

and the support is the impregnation. Using low metal content, the presence of metal 

atomically dispersed is favored being more “sensitive” to the support effects. Further, 

these highly dispersed systems are strongly sensitive to the environment to which they 

are exposed, either in a characterization chamber or in reaction conditions [79].  

One interesting effect, which comes from this metal-support interaction, 

are the changes caused by the metallic phase in the oxide redox properties. Two 

explanations are found for this: the first is the hydrogen spillover, through the metal, to 

the support surface [3]; in other words, the hydrogen is dissociated on the metal 

surface generating atomic hydrogen that reduces the oxide [80]. The second is related 

with electronic interactions between the metal and the oxide [81,82] characterized by 

a disturbance from the noble metal on the electronic band of the oxide being this later 

reduced directly by H2. Acerbi et al. [83] reported that ceria reduction temperature, in 

the presence of a noble metal, correlates with on the metal work function. The work 

function is the minimum energy needed to remove an electron from a solid and take it 

infinitely far away at zero potential energy [57]. Like this, Acerbi et al. [83] reinforced 

the idea that electronic interactions at the interface are very important although they 

did not exclude the spillover effect. 
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Electronic changes on platinum when in contact with ceria, due to the 

metal-support interaction, improves water dissociation and as a consequence, the 

catalytic activity increases for WGS reaction [36]. The conversion is directly 

proportional to the interaction. The catalytic activity is further increased when ceria is 

co-deposited as nanoparticles with Pt on bulk TiO2 (110), since like this platinum and 

ceria will be well dispersed on the surface. The transfer of oxygen from ceria to Pt 

opens a new path for the WGS reaction. Qiao et al. [84] studied the nature of the active 

sites on catalyst with very low platinum supported on high-surface-area FeOx showing 

that it is possible to keep the platinum in ionic form well dispersed on the oxide surface 

during WGS. Moreover, the catalysts are stable during CO oxidation reaction. Their 

conclusion was that atomically dispersed Pt–O species act as catalytic centers single-

site — opposing the conclusion from a previous work that showed that cationic 

platinum in Pt–O sites on FeOx are the active centers for CO oxidation [85]. 

Thus, despite the importance of this metal-oxide interface for the catalyst 

activity and stability, especially under reaction conditions, it is not well established in 

the literature how this metal-oxide interface participates in the mechanism reaction. 

Only recently it has become possible to understand the metal-oxide interface since 

over the past few years several techniques have been developed to characterize the 

structural and electronic properties of catalysts under reactions conditions. Some of 

them are: X-ray diffraction, pair-distribution-function analysis, X-ray absorption fine 

structure, transmission electron microscopy, ambient-pressure X-ray photoelectron 

spectroscopy and infrared spectroscopy [86]. Among them, XAFS progressed a lot due 

the availability of high flux synchrotrons, new set-ups development like furnaces, 

gases, pressure and temperature controllers and the possibility of coupling more than 

one characterization technique. Compared to diffraction based techniques, where it is 

necessary particles minimally ordered to give Bragg diffraction, XAFS presents as 

advantage, the possibility of characterize materials without long order range. 

Furthermore, the statistics is improved when compared with Transmission Electron 

Microscopy (TEM) since it probes a high number of particles. As disadvantages, the 

data obtained is an average and the data analysis should be carried carefully and 

compared with other techniques to reveal more consistent results [87]. 

Frenkel et al. [8] demonstrated the possibility of understanding 

nanoparticles shape and morphology and also a relation between temperature and 
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bond distances for small metallic nanoparticles using Extended X-Ray Absorption Fine 

Structure (EXAFS) analysis. Recently [9], using high-energy resolution fluorescence 

detection (HERFD) they demonstrated the correlation between bond strength and 

particle-support interaction. Also using XAFS, Nagai et al. [40] demonstrated how 

platinum stability can be increased by the presence of Pt oxide on ceria surface being 

the sintering and redispersion a reversible phenomenon. The redispersion was favored 

at low temperatures and oxidative atmosphere. Agostini et al [88] studied Pd catalysts 

prepared via deposition-precipitation method. For the unsupported material 

(amorphous), it was possible to determine the local structure around Pd by EXAFS. 

For the supported material, it was possible to observe the crystallization and sintering 

due to thermal treatments. They also studied the materials under reductive atmosphere 

and observed that Pd-O contribution for the first shell was replaced by Pd-Pd 

contribution forming a fcc structure. They also studied different supports and observed 

variations for the Pd particles size depending on the support. Comparing alumina and 

different types of carbon they confirmed the alumina ability to stabilize the particles. 

Nagai et al. [89] identified using ex situ EXAFS a Pt-O-Ce bond at the surface that 

would be responsible for anchoring the platinum particles. A Pt-O-Ce bond was also 

reported as responsible for stabilizing platinum particles in a cerium-zirconia support 

under oxidizing atmosphere and high temperatures [2]. Guo et al. [90] studied Pt and 

Au catalysts for WGS to identify their structure and relate it with the activity. Using 

EXAFS they concluded that the active phase for both metals is completely reduced. 

Using X-ray absorption near edge structure (XANES) they identified the adsorbates 

covering the metallic surface. By XANES it is possible to identify the oxidation state 

and adsorbates effects on the surface [91]. Three types of adsorption sites have been 

reported based on XANES analysis [92]: ontop, atop and n-fold, relating to where the 

adsorbed is linked on the particle surface. The bond strength of the adsorbates on Pt 

depends on the support ionicity, temperature and gas pressure [92]. 

Thus, it is possible to note that several studies have been performed 

through the years, a lot of progress has been made, but not final conclusions 

concerning the mechanism reaction and catalytic active site have been obtained. 

Concerning the formation of the catalytic active site, the metal-support interaction is 

claimed to play an important role for the reaction success as for the catalysts stability. 

However, the way and the conditions that this interaction occurs are not well 
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established. Therefore, the study of catalysts constituents using in situ techniques is 

very interesting since the characteristics can change depending on the atmosphere 

and temperature and thus may lead the catalysts development. 

 

3. Objective 

The aim of this study is to explore in situ characterization techniques to 

understand the role of the catalysts constituents (metallic phase and support) and the 

effect of their interaction in the water gas shift reaction, a structure sensitive reaction 

in which this interface is relevant. 

 

4. Consideration 

This thesis is divided in two independent sections, based on the catalysts 

preparation method (Pt pre-formed nanoparticles (Part I) and conventional 

impregnation (Part II)). The materials and methods will be described for both together 

in Part I, except for particular experiments that will be described in details in each 

specific part. 
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Part I 

I. 5. Materials and Methods 

I. 5.1. Catalysts preparation – Pt pre-formed nanoparticles 

Colloidal platinum nanoparticles (Pt-NPs) were prepared as described 

elsewhere through hexachloroplatinic acid reduction by ethylene glycol using 

polivinilpirrolidone (PVP) as a protective agent (molar ratio PVP/Pt =10) [93]. 

The nanoparticles were incorporated (1.5% Pt (w/w)) during the sol-gel 

synthesis of alumina (PtAl) and cerium-alumina oxides [94]. 

Twelve and 20% (w/w) of CeO2 were added in two ways: during the sol-

gel synthesis or by impregnation of Ce(NO3)3.6H2O (99.9%, Aldrich) on the PtAl 

catalyst. After gel drying, the samples were calcined at 500 0C (4 0C.min-1, in synthetic 

air for 4 h). For the impregnated samples another calcination was carried out, in the 

same conditions described for the samples where cerium was added to the gel, after 

the impregnation. 

The catalyst will be labeled as g-PtxCeAl ( x = 12 or 20 % Ce) for the 

samples in which Ce was added during the sol-gel synthesis and i-xCePtAl for the 

samples in which Ce was impregnated on PtAl catalysts. To differentiate just the 

preparation method, independently of Ce content, the samples will be called “GEL 

samples” and “IMP samples” when Ce was added during the sol-gel synthesis and 

when Ce was impregnated, respectively. 

 

I.5.2. Characterization 

I.5.2.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns were collected with a Rigaku Miniflex 

DMAX 2500 PC (30kV-10mA) diffractometer using Cu K radiation in a range for 2 

from 5 to 900 with a scan rate of 2 °.min-1 and step of 0.02°. 

 

I.5.2.2. Specific surface area (SBET) and pore volume (Vp) 

Specific surface area (SBET) and pore volume (Vp) were measured by N2 

adsorption–desorption isotherms at -196 0C, using a Quanta Chrome Nova 1200. The 

samples were degassed at 200 0C under vacuum for 2 h. The SBET and pore volume 

(Vp) were calculated using the Brunauer, Emmett and Teller (BET) and Barrett-Joyner-

Halenda (BJH) methods, respectively. 
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I.5.2.3. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) spectra were obtained with a 

SPECSLAB II (Phoibos-Hsa 3500 150, 9 channeltrons) SPECS spectrometer 

equipped with an Al K source (1,487 eV, Epass = 40 eV, energy step = 0.2 eV, and 

acquisition time = 2 s per point) at Brazilian Synchrotron Light Laboratory (LNLS). 

Samples were prepared as pellets (100 mg) and transferred to the XPS pre-chamber 

under an inert atmosphere, and maintained under vacuum for about 12 h. The residual 

pressure inside the analysis chamber was less than 1 x 10-9 torr. The samples were 

reduced in a furnace attached to the XPS instrument, by heating up to 500 0C (10 oC 

min−1) under a mixture of 5% H2 in N2 for 1 h. Due to the overlap of the Pt 4f and Al 2p 

peaks, the Pt 4d5/2 peak was used to evaluate the concentration and chemical state of 

the Pt. The binding energies (BE) were referenced to the Al 2s (118.9 eV). The BE of 

Pt 4d, O 1s, N 1s, C 1s and Ce 3d core levels were determined by computational fitting 

using the CASAXPS (version 2.3.13) software, to an accuracy of  0.4 eV. 

 

I.5.2.4. Fourier transformed Infrared (FTIR) spectra with CO adsorption 

Fourier transformed Infrared (FTIR) spectra with CO adsorption were 

recorded using a Thermo Nicolet iS50 FTIR spectrophotometer equipped with a 

Mercury Cadmium Telluride (MCT) detector and a Harrick diffuse reflectance infrared 

Fourier transform spectroscopy cell with CaF2 windows. CO adsorption measurements 

of supported catalysts were carried out using approximately 80 mg of sample. The 

samples were pre-reduced up to 500 0C (10 oC min−1) under a mixture of 25% H2 in N2 

flowing at 45 mL min−1 for 1 h. After this, the samples were cooled to 25 0C in N2. FTIR 

spectra (64 scans at 4 cm-1 resolution) were then collected after 5 min exposure of the 

catalysts to CO at 25 0C and 20 torr. 

 

I.5.2.5. Oxygen storage capacity (OSC) 

Oxygen storage capacity (OSC) was measured using a thermo 

gravimetric analyses (TGA) system (e.g. TA Instruments, SDT Q600 TGA/DSC). The 

samples were first reduced in situ using H2 (5%H2/N2, 2.5 ml.min-1 and total flow 100 

ml.min-1 completed with N2) by heating up to 500 0C (10 0C.min-1) for 60 min. Then, the 

temperature was decreased to 400 0C. At this temperature alternate flows (5 cycles) 

of O2 (20% O2/N2, during 5 minutes) and H2 (5% H2/N2, during 5 minutes) (both 2.5 

http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
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ml.min-1 and total flow 100 ml.min-1 completed with N2) were performed. The mass 

change indicates the oxygen uptake and release capacity of the catalyst. The 

temperature was decreased down to 100 0C, using 100 0C steps, and in each step the 

cycles were repeated. A typical curve obtained during the OSC experiments is 

presented in Figure 2. The peak highlighted with a red square is an artifact due to the 

gas exchange since the gas inlet is placed on top of the sample and thus it does not 

correspond to a real mass variation from the sample. Several tests were done to check 

if increasing the exposure time for each gas would be possible to obtain a curve 

completely flat however it was not possible. Thus, the mass variation (∆m) was 

measured for all the samples at the end of the oxygen cycle since it was the flattest 

part of the curve. The results were averaged. A platinum-alumina sample was 

measured and ∆m for this sample was negligible and thus the results correspond to 

ceria variations. ∆m was converted to µmol of O2 and related with the catalyst mass 

used during the test. Knowing the catalyst mass and composition was also possible to 

calculate the OSC as a function of ceria content [95]. 

 

 

Figure 2. Typical curve obtained during an OSC experiment. 

 

I.5.3. In situ measurements 

I.5.3.1. X-ray absorption fine structure spectroscopy (XAFS) 

XAFS is a very useful technique for materials characterization, in 

particular for heterogeneous catalysts. Developments along the years involving 

synchrotron light sources and experimental set up allowed experiments that are more 
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sophisticated. This was the most important technique for this work, thus will be 

discussed and described with more details below. 

 

I.5.3.2. XAFS experiment scheme (resumed) 

Normally, the beamline can be divided in optical hut and experimental 

hut. The optical hut is where the photons from the machine arrive and mirrors, slits and 

monochromator, for example, are used to select the best conditions to perform the 

experiments. The experimental hut is where the samples are placed with the necessary 

apparatus to perform the in situ experiments, like cryostats and ovens. We can also 

find, in the experimental hut, the detectors that will collect the signal. Among them, we 

used two types, depending on the kind of sample: the fluorescence detector and the 

ionization chambers. The ionization chambers detect the beam before and after the 

sample. Normally three ionization chambers are used. The photons will arrive at the 

first one (IC0) and then pass through the sample (in our case placed inside a furnace) 

that is followed by the second ionization (IC1) where the photons that were not 

absorbed by the sample will be detected. Next, there is the third ionization chamber 

(IC2). Between the second and the third ionization chambers a standard reference is 

placed. This is represented in Figure 3(A). The measurements can be done instead of 

transmission mode in fluorescence mode for diluted samples and in this case a 

detector is placed perpendicular to the beam and the sample 450 in relation to the 

beam. In our case, due the furnace there were no photons passing to IC1. The scheme 

is presented in Figure 3(B). 

 

 

 

Figure 3. (A) Scheme for transmission XAS experiment. IC0, IC1 and IC2 are the 
ionization detectors. (B) Scheme for fluoresce XAS experiment. 
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For the transmission mode, two different furnaces were used and another 

one was used for fluorescence mode. Figure 4(A) shows the first furnace for 

transmission. It has a quartz tube, with two Kapton windows, that is placed in a ceramic 

box with resistance cartridges to heat the sample. The gas flow goes in from one side 

of the tube and goes out at the other side. The sample is placed in a horizontal support 

where the thermocouple is. 

Figure 4(B) shows the other oven for transmission measurements. In this 

case, the sample is placed in a vertical base and the gas is blown near the pellet to fill 

the whole chamber (built in stainless steel with Kapton windows) and goes out through 

the bottom part. In this vertical base is the resistance cartridge to increase the 

temperature and the thermocouple. 

In both cases, the beam comes from one side of the oven pass through 

the sample and goes out through the other side and it is possible to measure the 

standard simultaneously to the sample. 

Figure 4(C) shows the oven for fluorescence measurements. It has a 

round base where the pellet is placed. Behind this base, are the resistances used for 

heating and the thermocouple. The gas comes from the upper part and goes out from 

the bottom part and the oven is sealed with a Kapton window and O-rings. The photons 

come from one side and part is emitted as fluorescence being collected by the detector. 

In this geometry, it is not possible to measure the standard simultaneously. 

For all setups, the samples are used as pellets and the mass was 

calculated to maximize the jump and reduce the absorption or fluorescence emitted 

from the rest of the sample. 

It is important to highlight that the cells used for XAFS experiments are 

not perfect catalytic reactors because a compromise has to be made between the 

conditions that are necessary to perform the XAFS measurements and the catalytic 

activity such as bed geometry, temperature, flow, diffusion limit, etc. Nevertheless, 

several results in the last years [87] show that important insights about catalyst 

behavior have been obtained, which was only revealed in the in situ measurements. 
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Figure 4. (A) Tubular furnace (a) water cooling system, (b) connection for the gases, 
(c) quartz tube, (d) thermocouple and (e) sample holder; (B) Transmission furnace. 

(C) Furnace and set-up used for fluorescence measurements. Set up (A) is from 
LNLS and (B) and (C) from ESRF. 
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I.5.3.3. XAFS theory 

The sample absorption coefficient, µ(E), is measured as a function of the 

photon energy (E) being represented by a monotonically decrease function: 

 

𝜇(𝐸)/𝜌 ≈ 𝑍4/𝐴𝐸3      where 

 

 = sample density 

Z = atomic number 

A = atomic mass 

 

From this equation, it is possible to observe that the spectrum is 

dependent on the metal loading (reflecting at the edge jump) and the support nature. 

The µ(E) is divided in two regions: XANES that is near the edge and 

EXAFS the extended region after the edge. 

As mentioned before, for a transmission experiment, the X-ray beam is 

measured by the ionization chambers and its intensity can be represented by ICx, 

where x corresponds to which ionization chamber it is referred to (IC0, IC1, IC2). Thus, 

µ(E), the energy measurement and the ICx can be related through Lambert-Beer law: 

 

𝐼𝐶𝑥(𝐸) = 𝐼𝐶(𝑥−1)(𝐸)𝑒−𝜇(𝐸)𝑑    where 

 

I(x-1) = ionization chamber before the one of interest (x).  

d = sample’s concentration 

 

For fluorescence experiments µ(E) is given by: 

 

𝜇(𝐸) =  𝐹(𝐸)/ 𝐼𝐶0(𝐸)      where 

 

F = intensity of the fluorescence yield emitted by the sample. 

 

A signal intensity reduction, when fluorescence mode is used, happens 

due to sample self-absorption. It is negligible for diluted samples or should be corrected 

adjusting the samples thickness and/or dilution. 
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The normalization of µ(E) oscillatory part defines the EXAFS spectrum . 

This is done by subtracting from µ(E) a pre-edge µ0(E) and a normalization function to 

the edge jump. Normally, it is expressed as a function of the modulus of the wave 

vector, k: 

 

𝑘 =  √
2𝑚

ℏ2 𝐸𝑓 =  √
2𝑚

ℏ2 (ℏ𝜔 − 𝐸𝑏)     where 

 

m = photoelectron mass 

Ef = photoelectron kinetic energy 

ℏ𝜔 = energy of incoming photoelectron 

Eb = binding energy photoelectron 

 

Thus, the EXAFS signal,  (k), is 

 

𝜒(𝑘) = [𝜇(𝑘) −  𝜇0(𝑘)]/𝜇0(𝑘) 

 

It can be expressed also in terms of energy: 

 

𝜒(𝐸) = [𝜇(𝐸) −  𝜇0(𝐸)]/𝜇0(𝐸) 

 

Since, 𝜇0(𝐸) is not well behaved normally the value of the background function 

is evaluated at the edge energy: 

 

𝜒(𝐸) = [𝜇(𝐸) −  𝜇0(𝐸)]/𝜇0(𝐸0) 

 

Finally, the EXAFS equation, considering a single scattering, can be expressed k-

weight as: 

 

𝑘𝜒(𝑘) =  𝑆0
2 ∑

𝑁𝑖𝐴𝑖

𝑟𝑖
2 𝑒(−

2𝑟𝑖
𝜆

)𝑒(−2𝜎𝑖
2𝑘2) sin[2𝑘𝑟𝑖 + 2𝜙𝑖(𝑘)]𝑖       where 

 

S0
2 = passive electron reduction factor 

 = photoelectron mean-free path 
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i = different coordination shells around absorbing atom 

Ai(k) = amplitude function for the scattering atom (Å) 

i (k) = phase function of the of the ith shell 

Ni = coordination number of the ith shell 

ri = interatomic distance of the ith shell 

i = Debye-Waller factor of the ith shell 

 

The Debye-Waller factor quantifies the system disorder and can be 

expressed by the dynamic term (T), due to thermal disorder, and the static term (D) 

due to structural disorder: 

𝜎𝑖
2 = 𝜎𝑖,𝑇

2 + 𝜎𝑖,𝐷
2  

 

Applying a Fourier transform to the (k) function (weighting k = 1, 2 or 3), 

it is possible to isolate the contributions of each coordination shell in R-space. By 

performing the fit, the best values of N, r and  are found by minimizing the difference 

between experimental and modeled curves. 

When is necessary to describe a non-Gaussian distribution of atoms the 

third and fourth cumulants are included to this equation. 

According to Nyquist theorem, the maximum number of parameters (nind) 

that can be fitted is related to the interval in k and in R according the equation: 

 

𝑛𝑖𝑛𝑑 = 2Δ𝑘Δ𝑅/𝜋 

 

Table 1 present’s ∆k, ∆R, nind and the number of parameters that were 

fitted (nR) in each case (depending on the edge, platinum or cerium and the 

temperature). The way that the fits were performed will be explained ahead. 

 

Table 1: Maximum number of parameters calculated using Nyquist theorem and 
number of parameters used in the fit. 

 ∆k ∆R nind nR 

Platinum 9 2 11 3 

Ce gel 7 2 9 8 

Ce impregnated 7 3 13 6 
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I.5.3.4. X-ray absorption measurements 

XANES and EXAFS at Pt L3-edge (11564 eV) were measured at BM23 

beamline of the European Synchrotron Radiation Facility (ESRF). A double crystal 

monochromator equipped with a pair of Si (111) crystals was used with energy 

resolution of 0.3 eV. Harmonic rejection was obtained using two Si mirrors with an 

angle of 2 mrad. The samples were prepared as pellets (150 mg for a jump of 0.2) and 

placed into a furnace with Kapton® window [96] (Figure 4C). Data was collected in 

fluorescence mode using a 13 elements Ge detector. 

The samples were reduced in situ by heating up to 500 0C under 100 

mL.min-1 H2:He flow (5:95) for 90 min. During this process, XANES spectra were 

recorded in the energy range 11500 to 11620 eV. Each spectrum took about 13 min. 

The sample was cooled down to room temperature under H2 and EXAFS was 

measured in the energy range 11200 to 12200 eV (kmax = 13 Å-1). 

XANES measurements were also carried out for some of the samples 

under WGS reaction conditions. The H2O/CO ratio = 10 was used, with 5.4 mL.min-1 

flow of 5%CO/He. One hundred mL.min-1 of He passing through a water saturator (25 

0C) was used to carry the steam (2.7 ml.min-1). 

XANES spectra at Ce L3-edge (5723 eV) were measured at D04B-

XAFS1 beamline of LNLS using a Si (111) channel cut monochromator. The 

measurements were done in transmission mode during reduction and WGS reaction. 

The reduction was done as described before recording XANES in the energy range 

5628 to 5908 eV (7 min to each spectrum). The samples were cooled down to room 

temperature under H2 where the gas atmosphere for WGS reaction was changed. Two 

different experiments using two different ratios between H2O/CO were carried out to 

evaluate the influence of the amount of water. H2O/CO ratio = 10 (described above) 

and also CO/H2O = 3 was performed. For this, 100 mL.min-1 flow of 5%CO/He and 50 

mL.min-1 of He passing through a water saturator (60 0C) was used to carry steam (15 

mL.min-1). The samples were heated up to 400 0C in steps of 100 0C (5 0C.min-1) 

remaining at each temperature for 60 min. 

Ce K-edge (40443 eV) was also measured at BM23 beamline of ESRF 

using Si (311) crystal. The samples were prepared as pellets (using 300 mg for a jump 

of 0.35) and placed into a furnace for transmission measurements. The samples were 

reduced using the same conditions for Pt edge and XANES were recorded during the 
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heating ramp in the energy range 40,200 to 40,700 eV. Each spectrum took about 11 

min. At 500 0C three EXAFS spectra were recorded in the energy range 40,000 to 

41,550 eV (kmax = 20 Å-1) what took about 50 min each one. The sample was cooled 

down to room temperature under H2/He and EXAFS spectra were measured in the 

same energy range. After this, the gas atmosphere was changed for WGS reaction 

(ratio 10:1). The temperature was increased up to 250 0C where EXAFS 

measurements were done. 

A scheme with the role apparatus used for the experiment is presented 

in Figure 5. 

 

 

Figure 5. Experiment setup describing the gases, valves and other equipment. 

 

I.5.3.5. X ray absorption data analysis 

I.5.3.5.1. Background removal and normalization 

The absorbance before the edge (pre-edge) is regressed by a line and a 

polynomial is regressed to the data after the edge. By default, at Athena software, a 

three-term (quadratic) polynomial is used as the post-edge line, but its order can be 

changed depending on the data. The normalization consists in scaling the absorbance 

to an edge step of 1 and the background above the edge. At Athena, the normalization 

constant, μ0(E0) is evaluated by extrapolating the pre- and post-edge lines to E0 and 
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subtracting the E0-crossing of the pre-edge line from the E0-crossing of the post-edge 

line. This difference is the value of the “Edge step” parameter.  

The pre-edge line is extrapolated to all energies in the measurement range of 

the data and subtracted from μ(E). This has the effect of putting the pre-edge portion 

of the data on the y=0 axis. The pre-edge subtracted data are then divided by μ0(E0) 

resulting in the normalized data. 

For transmission measurements, any energy shift observed for the 

standard (that was measured simultaneously to the sample) was applied to the sample 

data. In the cases that were not possible to measure (in transmission) the sample and 

the standard simultaneously, when the sample absorbs too much, for example, the 

standard was measured immediately before and after the sample and any energy shift 

observed in the standard was applied to the sample. For the fluorescence 

measurements, once was not possible to measure the standard simultaneously, 

glitches at I0 were used as an internal reference. All these procedures were done using 

Athena software. 

 

I.5.3.5.2. Pt XANES data analysis 

I.5.3.5.2.1. Linear combination analysis (LCA) 

Using this method, the experimental spectrum is simulated by linear 

combination of reference spectra (or theoretical curves). To determine the number of 

variables to reproduce a spectrum, a “Principal Components Analysis” can be done 

[97]. In some cases (like our case, for Pt spectra) the spectra presents isosbestic 

points, showing that the first specie transforms to the new one without intermediates, 

it is possible to know that two species represent the experimental data. The LCA can 

be described by the equation: 

 

𝑋𝐴𝑁𝐸𝑆𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 𝑥 𝑋𝐴𝑁𝐸𝑆1 + (1 − 𝑥)𝑋𝐴𝑁𝐸𝑆2 

 

The LCA was done using the tool “Linear Combination Fitting” in Athena 

software. The experimental data for the Pt foil and PtO2 were selected as standards. 

The fits were done in the range -20 to 30 eV relative to the edge. An example for the 

fit result is presented in Figure 6 with the weighted components (16% to Pt0 and 84% 

to PtO2) and the difference between the data and the fit. 
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It should be noted, however, that the values obtained for the percentage 

of Pt and PtO2 species should not be taken as absolute values, since we used bulk 

references to fit nanoparticles and thus size effects introduce uncertainties to the 

analysis. Nevertheless, since the fits were done following the same procedure, a 

comparison among samples should be possible. 

 

 

Figure 6. LCA result. Data (black squares), fit (red line), difference between the fit 
and the data (green line), Pt0 and PtO2 scaled proportional to the fit contribution (dark 

and light blue, respectively). 
 

I.5.3.5.3. Pt EXAFS data analysis 

As mentioned before, the structural parameters Ni, ri and i
2 can be 

extracted from the EXAFS signal. Thus, using a least-square approach, the difference 

between the experimental and modeled EXAFS function is minimized and the 

structural parameters are found. This can be done in k or R-space. The oscillations 

were Fourier-transformed within the limit k = 3-12 Å-1. The local environment of the Pt 

atoms was determined using the phase shift and amplitude functions for Pt-Pt 

calculated for metallic Pt using the Atoms software [98]. The Ni, the effective half-path-

length, Ri (which is equal to the ri for single-scattering paths) and σi
2 were adjusted 

independently. Despite being possible to fit 11 parameters, independently, according 

Nyquist theorem and the range of data used in this work, to reduce the number of 

variables and the correlation between them we fixed the passive electron amplitude 

reduction factor (S0
2) and photoelectron energy origin correction (∆E0) to those found 

for the metallic Pt. 
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Using the Ni found in the EXAFS data analysis, it is possible to estimate 

the particle size. Several models have been proposed in the literature [8], considering 

different particles geometries. One of the simplest is the spherical model [99] that 

relates the nanoparticle radius to the r and the N for the first coordination shell: 

 

𝑁𝑛𝑎𝑛𝑜 = [1 −
3

4
(

𝑟

𝑅
) +

1

16
(

𝑟

𝑅
)

3

] 𝑁𝑏𝑢𝑙𝑘 

 

Where, 

Nnano = coordination number for the first coordination shell found experimentally; 

r = interatomic distance for the first coordination shell found experimentally; 

R = nanoparticle radius; 

Nbulk = 12 for fcc Pt 

 

Using the nanoparticle diameter (D) obtained by coordination number it 

is possible to calculate the Pt dispersion, which corresponds to the percentage of 

atoms at the surface related to the total amount. The total number of atoms (n) in a 

nanoparticle is the ratio between the nanoparticle volume and the atom volume 

(considering that the atom diameter is twice the Pt metallic ratio and equal to 1.38 Å): 

 

𝑛 =  
𝐷3

𝑑3
 

 

The surface area of a spherical nanoparticle is πD2. One atom at the 

surface contributes with 1/4*πd2 from this surface area that corresponds to the area 

projected at the surface thus, the number of atoms at the surface (N) is: 

 

𝑁 =  
4𝐷2

𝑑2
 

 

The dispersion (Di), as mentioned, will be the ratio between the atoms at 

the surface and the total number of atoms: 

 

𝐷𝑖 =
𝑁

𝑛
∗ 100 
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I.5.3.5.4. Ce XANES data analysis 

After normalization and background correction, where the photon energy 

origin was set at the maximum of the first derivative at edge region, a LCA was tried 

for spectra measured at Ce L3-edge using CeO2 and Ce(NO3) as Ce(IV) and Ce(III) 

standards, respectively. As can be seen in Figure 7(A) the fit quality was not good and 

it did not represent well the experimental data. To improve the analysis, another 

method called peak fitting was used [100] [101]. This method is preferable when 

instead of a band-structure (like Pt0) the element presents molecular like-orbitals (like 

CeO2) and the transitions could be represented by functions. In this case, the electronic 

transitions (2p3/2  5d) related with the XANES at Ce L3-edge could be represented 

with Gaussians functions (Figure 7(B)) [102] [103] [104] [105] [106] [107] [108]. 

Gaussian A corresponds to the delocalized d character at the bottom of the conduction 

band (2p  5d). Gaussian B mainly corresponds to the amount of Ce3+ and is related 

with the transition 2p  4f15degL. The Gaussians C is associated to the transitions 2p 

 4f15dt2gL. “L” denotes the hole in the 2p shell and 5deg and 5dt2g refers to the excited 

electron in the previously unoccupied 5d state [100]. Gaussian D and E are related 

with crystal field splitting 2p  4f05d [102] [103] [104] [105] [106] [107] [108]. Using this 

method the fit quality improves as can be seen in Figure 7(B). 

 

  

Figure 7. (A) Fit using LCA; (B) Fit using peak fitting method and Gaussians and Arc 
tan used to simulate the experimental curve. 
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The peak fitting procedure was done using WinXas 3.1 software where 

five Gaussians functions and one Arc tan [102] were considered. First, fits were done 

for Ce(III) and Ce(IV) standards, Ce(NO3) and CeO2 respectively. For the standards 

analysis, the Gaussian width was kept constant as 6 eV except for B that 4 eV was 

used. The Arc tan width was also fixed as 6 eV and height as 1. The energy and height 

(maximum intensity) were adjusted for each Gaussian. The results for the Gaussian 

positions, obtained for the standards, are found in Figure 1 in Annex A. 

To decrease the number of parameters, the energy position and width for 

the Gaussians were fixed (Table 2) and the height was adjusted. The total area of each 

peak is described as Ix (where x = A, B, C, D and E). The amount of Ce3+ was calculated 

using the relation between the areas according the equation (2) [109]: 

 

[Ce3+] = IB * (IB+IC+ID+IE)-1              (equation 2) 

 

Table 2: Fit constrains for Ce XANES analyses. 

Gaussians Arc tan 

Bond energy*(eV) 
Bond 

energy(eV) 
Width (eV) Height 

A B C D E 
Maximum of 

the first 
derivative for 
each sample 

6 1 

-3 4 6 12 16 

Width (eV) 

A B C D E 

6 4-6** 6 

* Relative to the edge 5723 eV; ** constrained between these values. The Gaussians 
heights were left free. 
 

I.5.3.5.5. Ce EXAFS data analysis 

The EXAFS signal extraction was done following the same procedure for 

platinum using the Demeter software package [98]. For the samples where Ce was 

added to gel a multielectron excitation effect (MEE) [110] was observed, Figure 8(A). 

MEE is characterized by a peak superposed onto the smooth energy and is due to 

double excitations or shake-up transitions [111]. This peak [110] was removed using 

the function “multi-electron excitation removal” from Athena software [98]. The results 

in Energy and k-space can be seen in the red curves for the Figures 8 (A) and (B), 

respectively. The oscillations were Fourier-transformed within the limit k = 3-10 Å-1. For 

both samples the photoelectron energy origin correction (∆E0) was determined using 

the spectrum after the reduction. The distances were fixed equal to 0 and ∆E0 was 
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adjusted freely. Then both (distance and ∆E0) were adjusted freely and the value found 

for ∆E0 for the reduced sample was applied for the samples on the other conditions. 

For IMP samples the environment of Ce atoms was determined using the contributions 

of Ce-O and Ce-Ce calculated for a CeO2 compound. The parameters Ni, Ri and σi2, 

relative to each contribution, were adjusted freely. For the GEL samples two 

contributions of Ce-O at the first coordination shell were considered. Furthermore, for 

the samples after the reduction, to improve the fit quality, a Ce-Al contribution had to 

be included. All the parameters were fitted independently for each contribution except 

that for Ce-O contribution that the same σi2 was used. 

The passive electron amplitude reduction factor (S0
2) found for CeO2 

reference was used and fixed in all cases. 

 

 
 

Figure 8. g-Pt12CeAl spectrum under WGS 250 0C (A) in energy and (B) k-space. 
Black curve shows the MEE and red curve is after the removal. 

 
I.5.3.6. Fourier Transformed Infrared under WGS conditions 

In situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) experiments were carried out in the same equipment described in FTIR-CO 

experiments. Prior to the reaction, the catalysts were reduced in 25%H2/He at 500 0C 

for 60 min and treated with He for 60 min at the same temperature. The background 

spectra of the catalysts were taken under He flow at the desired reaction temperatures 

(200, 250, 300, 350 0C). Finally the samples were cooled down in He to 200 0C and 
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the reactant gas mixture (1%CO and 3%H2O diluted in He) was fed into the cell. The 

steam was admitted into the cell by bubbling He through a saturator containing water 

at 25 0C. The total reactant flow was 100 mL.min-1, which correspond to gas hourly 

space velocity (GHSV) of ca. 0.001 g.min.mL-1. Then, the sample temperature was 

raised to 350 0C, at 50 0C intervals, and the FTIR spectra collected. Typically, 128 

scans were taken to improve the signal to noise ratio with a resolution of 4 cm-1. The 

outlet flow was analyzed with a Pfeiffer mass spectrometer. 

 

I.5.3.7. Catalytic test 

The WGS reaction was carried out in a fixed bed quartz reactor (i.e. 9 

mm) under atmospheric pressure using 77 mg of the catalysts (100 mesh particles) 

diluted with quartz (123 mg). First, the samples were reduced at 500 0C, for 1 h under 

H2 flow of 35 ml.min-1. Then, the temperature was decreased to 200 0C under He 

(50ml.min-1) where the reaction mixture was fed into the reactor. Two reaction mixtures 

compositions were used: 1:3 and 1:10 of CO: H2O. The steam was introduced to the 

reactor by bubbling He through a saturator containing water at 65 0C. The ratio 

between catalyst mass and CO flow was kept constant (0.015 g.min.ml-1), which 

corresponds to a total flow rate of 100 and 130 ml.min-1 for 1:3 and 1:10 ratios, 

respectively. 

The effluent gas composition was analyzed by gas chromatography, 

employing a GC (Bruker 450) with thermo conductive detector (TCD) equipped with 

two columns of Porapak N and Molecular Sieve 13X in a series-bypass arrangement. 

The equations used to calculate an “apparent” turn over frequency (TOF) 

are presented in Annex A. 

 

I. 6. Results 

We started by examining the samples textural and structural properties. 

Table 3 shows the catalysts surface area and CeO2 crystallite size. The incorporation 

of Pt-NPs does not significantly affect the textural properties of the -Al2O3 [112] 

whereas adding cerium lead to a small decrease in surface area as previously reported 

[60] [59]. 

Figure 9a presents the diffraction pattern of PtAl before calcination 

corresponding to the boehmite precursor. Similar XRD patterns (not shown) were 



 
 

32 
 

obtained for all sample. Additionally, the incorporation of the Pt-NPs did not influence 

the support crystallinity (Figure 1 in Annex B presents the diffraction patterns for γ-

Al2O3 and PtAl). Diffraction patterns after calcination are shown in Figure 9 (b)-(f) 

where the broad peaks of the poorly crystallized -Al2O3 phase could be identified for 

all samples (2θ = 31.7; 37.5; 45.7; 56.6; 60.7; 66.5; 84.60). The first three peaks of Pt0 

(2θ = 39.7; 46.2; 67.40) are superposed to -Al2O3 peaks. Thus it is difficult to evaluate 

if particle sintering is taking place. We found that Pt aggregation could be better 

confirmed by also evaluating the region at higher angles, by the analysis of the (311) 

Pt peak at 2 = 81.20 (indicated by the dashed line in Figure 9) [112]. The clear lack 

of this reflection is an indication that the Pt-NPs were well dispersed in all samples, as 

described previously [112] [5]. 

 

Table 3. CeO2 crystallite size, surface area 

Sample Surface area (m2.g-1) 
CeO2 crystallite size* 

(nm) 

PtAl 282 Does not apply 

g-Pt12CeAl 251 Not observed 

g-Pt20CeAl 227 2 

i-12CePtAl 234 4 

i-20CePtAl 213 5 

 * From XRD data 
 

Peaks corresponding to CeO2 fluorite phase (2θ = 28.5°, 33.3°, 47.5° and 

56.4°, marked by * in Figure 9f) could only be clearly observed in the i-20CePtAl 

sample, corresponding to a crystalline domain of 5.7 nm (Table 3). In the other 

samples, g-Pt12CeAl, g-Pt20CeAl and i-12CePtAl, the ceria phase lacks long-range 

order and only a broad feature corresponding to the main peak can be seen indicating 

that the diameter of the crystalline domains is smaller than 5 nm. However, a careful 

analysis indicates that ceria crystallinity increases in the order g- Pt12CeAl < g-

Pt20CeAl < i-12CePtAl < i-20CePtAl, showing that both higher loadings and the 

impregnation method facilitate ceria crystallization. Using the Scherrer equation the 

CeO2 crystallite size was estimated and is presented in Table 3. 

Figure 10a shows the Pt L3-edge XANES of i-20CePtAl in comparison 

with the Pt and PtO2 standards (the data for the other samples are similar and not 

shown). The Pt-NPs became partially oxidized during the calcination process, as 



 
 

33 
 

evidenced by the intensity of the white line, indicated by the dashed line in Figure 10a. 

By heating under H2, the total reduction of the Pt-NPs is achieved at about 500 C.  

 

 

Figure 9. Diffraction patterns for the samples (a) PtAl before calcination (boehmite) 
and after de calcination: (b) PtAl; (c) g-Pt12CeAl; (d) g-Pt20CeAl; (e) i-12CePtAl; (f) i-
20CePtAl. Peaks correspondent to (*) CeO2, blue line show the position where the Pt 

peak should appear if it was agglomerated. 
 

The final spectrum does not fully correspond to the standard due to size 

effects and temperature. In situ XANES during reduction (XANES-H2) is shown in 

Figure 10b for this sample. Isosbestic points can be seen, showing that the transition 

from the oxidized to the metallic phase occurs without intermediate species and the 

Pt-NPs are fully reduced after this process. Figure 10c shows the evolution of the Pt 

oxidation state during the reduction for all samples. The first point in Figure 10c 

corresponds to the samples just after the calcination and it can be seen that the PtAl 

is less oxidized (53% Pt) than the samples containing Ce. Comparing the samples 

containing Ce, the GEL samples are more oxidized (16 and 20% Pt for g-Pt12CeAl 

and g-Pt20CeAl, respectively) than the IMP samples (32 and 27% Pt for i-12CePtAl 

and i-20CePtAl, respectively). Platinum oxidation was observed [113] when it is 

deposited on a CeO2 (111) surface due to the spontaneous reduction of the substrate 

facilitating the formation of vacancies and thus the change of the cerium oxidation state 

in the vicinity of Pt from Ce4+ to Ce3+. Thus, the Ce presence contributes to further 
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oxidize the sample and probably the Pt-Ce interaction is stronger when Ce was added 

to gel. Thus, despite having synthesized a metallic nanoparticle the calcination process 

led to the particle oxidation. A reduction was carried out, before the reaction, since 

increasing the Pt electron density would facilitate the reaction with CO (through π-back 

donation) [114]. As mentioned before, the PtAl sample is ∼50% reduced after 

calcination (i.e., 50% Pt) while for the samples with Ce, the temperature needed to 

achieve this degree of reduction was 209 C for g-Pt12CeAl, 231 C for g-Pt20CeAl, 

113 C for i-12CePtAl and 165 C for i-20CePtAl. In addition, PtAl is completely 

reduced at 321 C while the samples containing Ce reduce only at 500 C. Once again, 

it is much easier to reduce the sample without Ce and the samples where Ce was 

impregnated than the samples where Ce and Pt were added to the gel. As observed 

for the spectrum before the reduction, the spectrum after the reduction does not match 

perfectly with the Pt0 standard (Figure 10a, blue curve) due to the particle size effect 

in the white line intensity. 

 
 

Figure 10. (a) Comparison between the Pt0 and PtO2 standards and the sample at 
the beginning and at the end of reduction. (b) Temperature-resolved XANES-H2 at Pt 
L3-edge for i-20CePtAl. (c) Pt species quantification obtained by linear combination 
between Pt0 and PtO2: PtAl (black triangles), g-Pt12CeAl (red squares), g-Pt20CeAl 
(green empty squares), i-12CePtAl (blue circles), i-20CePtAl (blue empty circles). 
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Figure 11 presents the Pt L3 edge EXAFS and the best fits for PtAl after 

the reduction (g-Pt12CeAl and i-12CePtAl are presented in Figure 2, Annex B). 

Damped coordination shells above 3Å were observed, as expected for nanoparticles 

(Figure 11). The fit results are in Table 1 in Annex B. They are very similar among 

samples after reduction, independently of the Ce presence or incorporation method. 

Thus, the similarity achieved due to the fact that the catalysts were prepared from the 

same batch of colloidal nanoparticles was not affected and still the same. XANES at 

the end of reduction showed that the samples were completely reduced and the 

EXAFS data could be reproduced with only Pt-Pt contribution. 

 
 

Figure 11. EXAFS data and fit at k space and magnitude of the Fourier transform for 
PtAl after the reduction at room temperature. Black squares (data); red line (fit) and 

blue line (window). 
 

The coordination numbers obtained were 6.0 ± 1.0 (1st coordination shell 

of Pt-Pt) that can be used to estimate particle shape/size. Different models have been 

proposed in the literature [24, 36]. Using the spherical model [79], the particles show 

mean diameter of 0.8 nm for all samples.  

Contraction of Pt-Pt distances (∆RPt-Pt) > 0.1Å is expected for small 

particle sizes [115, 38]. Our results showed a contraction of 0.01-0.02 Å with respect 
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to bulk fcc Pt. This contraction observed in our samples is similar to Pt catalysts 

supported on zeolites [116] and is explained due to chemisorbed hydrogen, which 

increases the delocalization of electrons increasing bond distances [117] since the 

measurements were done under hydrogen atmosphere. 

Since XAFS is a bulk technique to evaluate the catalysts surface FTIR 

spectra with CO adsorption and XPS measurements were carried out. While FTIR-CO 

provides indirect information about the exposed Pt sites and Pt electronic density 

through the modification of CO stretching bands (linear, bridge, 3-fold), XPS provides 

direct information on the surface chemical composition and electronic state. 

FTIR-CO measurements were collected in the 2300–1700 cm−1 region, 

(Figure 12) to probe the interaction of CO molecules with Pt surface atoms. All spectra 

(Figure 12a) exhibited a main band at high wave number at about 2077 cm-1 assigned 

to CO linearly bonded on higher coordination Pt sites and a tail at low frequencies. The 

main band at 2077 cm−1 shows a slight red shift for the catalysts promoted by ceria, 

but is within experimental error (4 cm−1). It is known that lateral interactions can 

significantly shift band positions [118], but detailed studies have also associated the 

signal in the ∼2050–2010 cm−1 region with the adsorption of CO on smaller Pt NPs or 

Pt defects sites (corners and edges) in a linear mode [118] [119] [120] [121]. It is worth 

to note that the PtAl catalyst also show in the low wavenumber region, a pair of 

overlapping bands at 1820 and 1766 cm−1. The band at 1820 cm−1 is associated with 

CO bonded to two Pt atoms in bridge form whereas the band at 1766 cm−1 is assigned 

to CO bonded to Pt species in tridentate mode [118] [5]. In the presence of ceria, the 

adsorption of these species, become unfavorable due to the decrease of the Pt 

electronic density or the presence of patches of ceria on the Pt surfaces [118] [5]. 

Since the full width at half maximum (FWHM) for linear CO is sensitive to 

the particle size distribution of the Pt clusters, this value was very close (about 34 cm-

1) for all samples, confirming the presence of particles with similar size. 

XPS measurements were performed before and after the reduction. The 

results are shown in Table 4. All calcined samples present Pt 4d5/2 BEs closer to PtO2 

(316.8 eV) than Pt0 (313.6 eV) [122]. These high BEs confirm partial oxidation of the 

Pt-NPs during catalyst preparation and/or an important interaction with the support. 

The XPS results are in agreement with the XAFS data presented before. After 

reduction, all samples present a slight decrease in the Pt 4d5/2 BEs but the values are 
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still higher than the BE of the metallic Pt. This effect is more pronounced in the ceria-

promoted catalysts, in agreement with Riguetto et al. [118] 

 

  

Figure 12. DRIFT spectra of adsorbed CO after catalyst reduction. 
 

The surface atomic compositions are similar for all catalysts, according 

to Table 4. The Pt surface concentration is quite small and corresponds to about 12% 

of the total Pt concentration. This was expected considering that the Pt-NPs are 

embedded in the oxide matrix. A slight variation of Ce surface concentration was found 

when comparing GEL and IMP samples of same bulk concentration (12 or 20%). In 

general, the IMP samples show smaller Ce surface concentrations, compared to the 

corresponding GEL samples, which is in accordance with the stronger segregation and 

crystallization of CeO2 in the IMP catalysts, as indicated by XRD in Figure 9. 

The percentage of Ce3+ at the surface can be calculated through a 

relation between the components used to fit the spectra: 

[Ce3+]=[(Au’+Av’)/(Au’’’+Au’’+Au’+Au+Av’’’+Av’’+Av’+Av)], where A is the area of each 

component [123,124]. The reductive treatment leads to a slight increase of Ce surface 

concentration for most of the samples. The atomic percentages of Ce3+ at the surface 

are also presented in Table 4. Thus, ceria reduction was promoted by the Pt presence 

through a hydrogen spillover decreasing the reduction temperature [33, 34]. 

Confirming this, a higher amount of non-reduced ceria was found for the support (not 

shown) when the reduction was carried out up to 500 0C. 
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Thus, after evaluate changes for platinum due to the cerium presence the 

cerium properties were further evaluated, XAFS spectra at Ce L3-edge were collected. 

 

Table 4: Binding energy (BE) for Pt 4d5/2, atomic surface composition before (B) and 
after (A) reduction and %CeO2. The values in brackets correspond to the percentage 

relative to the total amount. 

Samples 

BE (eV) %Concentration 

%[Ce3+] 

Pt 4d5/2 O Pt Al Ce 

PtAl 
B 
A 

315.1 
314.6 

60.4 
57.5 

0.1 (7) 
0.1 (7) 

39.5 
42.4 

----- 
---- 

------- 
------- 

g-Pt12CeAl 
B 
A 

316.0 
315.1 

60.6 
57.6 

0.1 (7) 
0.1 (7) 

38.0 
40.9 

1.2 (10) 
1.4 (12) 

31 
38 

g-Pt20CeAl 
B 
A 

315.8 
315.3 

58.8 
57.9 

0.1 (7) 
0,1 (7) 

39.1 
39.9 

2.0 (10) 
2.0 (10) 

34 
39 

i-12CePtAl 
B 
A 

315.6 
314.8 

59.6 
60.1 

0.1 (7) 
0.1 (7) 

39.4 
38.9 

0.8 (7) 
1.1 (9) 

37 
40 

i-20CePtAl 
B 
A 

316.2 
315.1 

63.8 
60.9 

0.1 (7) 
0.1 (7) 

34.8 
37.4 

1.3 (7) 
1.6 (8) 

25 
32 

* BE for Pt0 = 313.6 eV and PtO2 = 316.8 eV. 
 

The electronic transitions related with the XANES at Ce L3-edge can be 

described with Gaussian functions, as explained before. In a general way there is a 

particle size dependence related to the features: peaks B and D (Figure 13a) became 

larger, the intensity of peak B slightly increases while peak D became less intense and 

both peaks shift toward lower energy smaller the particle is. Thus, changes in the 

intensity and position of features B and D can be explained by an enhanced 

contribution of cerium atoms situated on the NP surface and having a different local 

environment compared to the bulk atoms [126]. However besides size effects these 

features are also related with oxidation state as discussed below. 

Figure 13a shows the initial spectrum of the calcined g-Pt20CeAl and the 

best fit. The most pronounced features (C and D for this sample) are characteristic of 

CeO2 and the slight difference in the relative intensities compared to the bulk standard 

(Figure 13b) are probably related to nanometric effects. Figure 13b shows the spectra 

evolution during reduction for g-Pt20CeAl catalyst (similar for the other ones). By 

increasing the temperature under H2, the features C and D decrease and feature B 
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increases, corresponding to the transition from Ce4+ to Ce3+ [126]. Using the areas of 

the Gaussians, the amount of Ce3+ / Ce4+ in the samples during the reduction was 

calculated. The evolution of the cerium oxidation state (as Ce3+) for all catalysts is 

shown in Figure 14. At the beginning, all the samples have about 20% of Ce3+ except 

for i-20CePtAl that presents about 30%, probably due to the formation of larger 

crystallite size and species that are not easily reduced (as observed by XRD, Figure 

9). Samples g- Pt12CeAl, g-Pt20CeAl and i-12CePtAl present similar behavior and at 

the end of the reduction the amount of Ce3+ increases to 42%. The sample with the 

larger CeO2 crystalline domain, i-20CePtAl, does not significantly change its overall 

oxidation state. 

 
  

Figure 13. (a) XANES at Ce L3-edge before the reduction (room temperature) for the 
sample g-Pt20CeAl (squares) and the best fit (red line) obtained using Gaussians 

and arc tan functions corresponding to Ce electronic transitions (gray curves). 
Squares: data; black line: fit. (b) Temperature-resolved XANES during the reduction 

at Ce L3-edge for g-Pt20CeAl and Ce(III) (blue line) and Ce(IV) (green line) 
standards. 

 
The presence of Pt leads to ceria reduction at lower temperature, since 

the reduction is not observed for the support (not shown) as observed for the XPS 

results due to the metal ability to dissociate hydrogen [127]. 

Comparing the XANES and the XPS results, before the reduction, the 

surface is more reduced than the bulk for the samples g-Pt12CeAl, g-Pt20CeAl and i-
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12CePtAl. For the sample i-20CePtAl the percentage of Ce3+ at the surface and the 

bulk are quite similar (25 and 30%, respectively). At the end of the reduction an 

increase for Ce3+ at the surface was observed for all samples and the amount of Ce3+ 

at the surface and in the bulk becomes quite similar (about 40% for all samples except 

for i-20CePtAl that presented 30%). 

 
 

Figure 14. Ce species quantification, during reduction, obtained by fits using 
functions corresponding to electronic transitions. g-Pt12CeAl (full red squares), g-

Pt20CeAl (full green circle), i-12CePtAl (empty blue square), i-20CePtAl (empty blue 
circle). 

 
Ce K-edge EXAFS was performed for g-Pt12CeAl and i-12CePtAl after 

calcination, under H2 at 500C, and after cooling down under H2 at room temperature. 

EXAFS data under WGS at 250 C were also obtained. Figure 15 presents the 

magnitude of the Fourier transform at the Ce K-edge for each catalyst after calcination 

and after reduction. The contributions used in each fit are also indicated in Figure 15 

and fit results are presented in Table 5 and 6. EXAFS data and corresponding fits for 

these two samples under all conditions are presented in Figure 3, Annex B and the 

results are presented in Tables 2 and 3 (Annex B). 

From the structural parameters presented in Table 5 and 6, it is possible 

to observe that both samples show a significant attenuation of the oscillations 

compared to the CeO2 standard due to the small crystallite size and/or higher degree 

of disorder. Comparing both samples, i-12CePtAl is clearly more ordered than g-

0 100 200 300 400 500
0

10

20

30

40

50
90

95

100

 

Temperature (
0
C)

 g-Pt12CeAl

 g-Pt20CeAl

 i-12CePtAl

 i-20CePtAl

C
e

3
+
 (

%
)



 
 

41 
 

Pt12CeAl since the Ce-Ce contribution is visible at ∼ 3.8 Å (but with NCe-Ce much 

smaller than the CeO2 standard). For the CeO2 standard, the first coordination shell 

corresponds to 8 O neighbors at 2.34 Å [ICSD Coll Colde: 156250]. For the samples, 

however, it was necessary to include two Ce-O contributions, one at about 2.25 Å and 

another at 2.40 Å, that indicate that Ce bounds to different species at the surface or at 

the interface with alumina. After reduction, the Ce environment seems to become more 

disordered and a Ce-Al contribution (3.27 Å) appears. 

 

Table 5: Structural parameters obtained from EXAFS analysis of g-Pt12CeAl before 
and after the reduction at RT. 

 Calcined H2 25 0C(a) 

NCe-O1 3 (± 1) 3 (± 1) 

R Ce-O1 (Å) 2.10 (± 0.03) 2.20 (± 0.05) 

NCe-O2 3 (± 1) 4 (± 1) 

R Ce-O2 (Å) 2.3 (± 0.02) 2.40 (± 0.05) 

NCe-Al -- 3 (± 8) 

R Ce-Al (Å) -- 3.7 (± 0.1) 

Ce-O
2 / Ce-Al

2 (Å) 0.005 (± 0.008) 0.001 (±0.006) /0.01 (± 0.03) 

(a) after reduction; E0 = -15 (± 5), So
2 = 0.9. 

 

Table 6: Structural parameters obtained from EXAFS analysis of i-12PtCeAl before 
and after the reduction at RT 

 Calcined H2 25 0C(a) 

NCe-O1 9 (± 2) 7 (± 2) 

R Ce-O1 (Å) 2.29 (± 0.02) 2.33 (± 0.01) 

NCe-Ce 4 (± 3) 2.3 (± 0.8) 

R Ce-Ce (Å) 3.81 (± 0.02) 3.80 (± 0.02) 

Ce-O
2 / Ce-Ce

2 (Å) 0.01 (± 0.003) / 0.005 (± 0.002) 0.01 (± 0.005) / 0.005 (± 0.002) 

(a) after reduction; E0 = -9 (± 2), So
2 = 0.9. 

 

Ceria amorphization and the formation of aluminates have been reported 

for treatments at high temperature [128] [129]. The amorphization of ceria 

nanoparticles deposited on silica has been observed at temperatures around 500 0C 

during prolonged heating in hydrogen [128]. The formation of ceria aluminates has 
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been observed at 600 0C when Ce is dispersed on alumina surfaces and higher 

temperature (800 0C) for nanoparticles [129]. In our case, the aluminate formed at 

lower temperatures is due to the fact that the Ce was added to the alumina gel during 

the synthesis. Alayoglu et al. [130] found for Pt/CeO2 catalysts bond distances for Ce-

O contribution between 2.31 – 2.33 Å, depending on the atmosphere (hydrogen or 

oxygen). They observed that the CeO2 crystalline structure is dynamic in the presence 

of platinum and vary depending on the atmosphere conditions (oxidative or reductive). 

Furthermore they correlated the Ce-O contribution with the oxygen vacancy formation. 

Thus our results probably indicate the presence of vacancies on our samples that are 

further increased after the reduction. 

The structural differences between the two samples is also reflected in 

the different values found for ∆E0 (-9 and -15 for i-12CePtAl and g-Pt12CeAl, 

respectively). Further the different structures these differences could be related with 

the approximations used to calculate the core hole potential by FEFF. The absorption 

edge is also different from the CeO2 standard (∆E0 = -5). Thus, it was necessary to 

shift the theoretical E0 to reproduce the spectra. This larger values have already been 

obtained for high energy edges, such as the Ce K edge [131]. 

Comparing the coordination numbers under H2 small variations were 

observed for both samples while a small increase of Ce-O contribution was observed 

under WGS.  

Several works have proposed that ceria OSC impacts directly the 

catalytic activity by facilitating the water activation [132] [133] [134]. Aspects that may 

enhance or reduce the ceria OSC are: ceria surface area [135], contact between the 

metal and the ceria [136] [137], crystallographic orientation and defects. It has been 

proposed that oxygen is more easily removed from high defect surfaces and small 

crystallites [135] [138]. For both set of samples, GEL and IMP, the OSC increases with 

the Ce-loading (73 and 116 µmol O2·gcatalyst
−1 for the g-Pt12CeAl and g-Pt20CeAl, and 

79 and 92 µmol O2·gcatalyst
−1 for i-Pt12CeAl and i-Pt20CeAl, respectively; at 300 C, 

Table 7). Interesting, comparing the samples prepared by the same method, the 

smaller amount of ceria (12%wt) leads to higher OSC per gCeO2. 

Wang et al [95] carried out OSC measurements at 300 C in ceria 

nanomaterials with different shapes and found values from 128 up to 427 µmol O2. g-

1. Considering that they synthetized ceria bulk and our catalysts are just 12 or 20% of 
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ceria, we can compare their results with our results relative to mass of ceria, also 

presented in Table 7. It is possible to observe that our materials even with a small 

amount of ceria (compared to a bulk material) present a high OSC due to the small 

crystalline domain. Considering that the GEL samples presented the same amount of 

Ce at the surface (according XPS results, Table 4), is possible to observe that smaller 

the crystalline domain larger the OSC. Comparing the samples with 12% of cerium the 

amount of Ce at the surface and the OSC results are similar. The sample i-20CePtAl, 

due to the bigger crystalline domain, presented a smaller amount of Ce at the surface 

as a smaller OSC result. The OSC for temperatures below 200 0C are similar for all 

the samples and less than 80 µmol O2. g-1. From the XANES results it is possible to 

observe that for temperatures below 200 0C there is a higher amount of Ce4+ than 

Ce3+.Considering that due to the re-oxidation the sample goes back to the oxidation 

state, achieve during the reduction, this higher amount of Ce4+ probably is decreasing 

the OSC. 

 

  

Figure 15. Magnitude of the Fourier transforms for (a) g-Pt12CeAl (b) i-12CePtAl. 
 

Figure 16 shows the catalytic results under WGS as a function of 

temperature for H2O:CO ratios of 10:1 and 3:1. The conversion below 200 0C is very 

small most likely due the presence of PtOx on the surface preventing H2 dissociation. 

Further at this temperature there is a strong CO adsorption poisoning the catalyst. 

Additionally, ceria is not reduced what can make the reaction even more difficult. At 
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higher temperatures platinum and ceria becomes reduced [139] decreasing CO 

adsorption strength. The CO conversion is higher for the samples with Ce compared 

with the sample PtAl for both H2O:CO ratios. 

 
Table 7: Oxygen storage capacity at 300 0C. 

Samples OSC (µmol O2. g-1)* OSC (µmol O2. gCeO2
-1)* 

g-Pt12CeAl 73  608 

g-Pt20CeAl 116 580 

i-12CePtAl 79 658 

i-20CePtAl 92 460 

* 5% error. 
 

 
 

Figure 16. WGS reaction catalytic test (a) H2O:CO ratio 10:1; (b) H2O:CO ratio 3:1. 
 

WGS specific reaction rate results are presented in Table 8. The 

presence of Ce increases the specific reaction rate in all samples, by a factor up to 

seven compared to PtAl, depending strongly on the ceria contents an temperature. It 

becomes clear that ceria plays a more important role at 250 C. The increase of cerium 

from 12 to 20 wt%, for both set of samples (GEL and IMP) and both H2O:CO ratios, 

roughly doubles the specific reaction rate. In addition, increasing the H2O:CO ratio from 

3:1 to10:1 has a similar effect since the reaction order is positive to water and larger 

than the reaction order to CO, for the reaction over a Pt surface [140] [33]. It is 

important to remark that the specific reaction rates and turnover frequencies values 

are significantly affected by the reaction conditions, metal dispersion and metal-

200 250 300 350 400
0

10

20

30

40

50

60

70

80

90

100

 PtAl

 g-Pt12CeAl

 g-Pt20CeAl

 i-12CePtAl

 i-20CePtAl

C
O

 c
o

n
v
e

rs
io

n
 (

%
)

Temperature (
0
C)

a

200 250 300 350 400
0

10

20

30

40

50

60

70

80

90

100

 PtAl

 g-Pt12CeAl

 g-Pt20CeAl

 i-12CePtAl

 i-20CePtAl

C
O

 c
o

n
v
e

rs
io

n
 (

%
)

Temperature (
0
C)

b



 
 

45 
 

support interaction and several values can be found in the literature [64] [33] [32]. 

Several examples from the literature are given in Table 9 illustrating these differences. 

 

Table 8: WGS average specific reaction rates (molCOconv gmetal
−1 s−1) at 200 and 250 

C for both H2O:CO ratios. 

Samples 
Rate at 200 C (×105) Rate at 250◦C (×105) 

10:1 3:1 10:1 3:1 

PtAl 3.9 2.3 12 5.7 

g-Pt12CeAl 7.2 3.6 28 16 

g-Pt20CeAl 12 6.2 75 42 

i-12CePtAl 8.3 5.1 36 23 

i-20CePtAl 10 6.3 71 36 

 
Table 9: TOF results from the literature using different reaction conditions. 

Reference Sample Condition TOF (s-1) 

Phatak et al. 
[33] 

1.66%Pt/Al2O3 

(69% of metal exposed) 
200 0C 0.0011 

Phatak et al. 
[33] 

1%Pt/CeO2 

(28% of metal exposed) 
200 0C 0.0414 

Panagiotopoul
ou et al. [141] 

0.5%PtCeO2 

(46% of Pt dispersion) 
250 0C 

3%CO and 10%H2O 
0.55 

Vignatti et al. 
[142] 

0.4%Pt/CeO2 
(37% of Pt dispersion) 

3%CO and 3%H2O 0.4 

Zalc et al. 
[143] 

1.5%Pt/CeO2 
300 0C 
200 0C 

0.2 
0.04 

Aranifard et 
al. [32] 

1%Pt/CeO2 
PCO = 0.07, PCO2 = 0.085, 
PH2O = 0.22, PH2 = 0.37 

atm, 200 0C 
0.0414 

Aranifard et 
al. [32] 

1%Pt/CeO2 
PCO = 0.1, PCO2 = 0.1, PH2O 

= 0.2, PH2 = 0.4 atm, 
300 0C 

0.2 

 

The effect on the reaction rates due to the metallic phase and the support 

are controversial. It is claimed that the reaction rates do not depend on the 

morphological characteristics of the metallic phase but only on the amount of the 

exposed surface metal atoms for structure insensitive reactions [144], [145]. However 

changes were observed evaluating theoretically Pt8/CeO2(111) and Pt(111)/CeO2 [86] 

[36] concerning the ability of small particle sizes to dissociate water. Support surface 

area and/or support crystallite size has been shown to be very important in some works 

[144] [45] while they had no effects for a certain range of ceria crystallite size [16] on 

others. The main point is that the correlation among the parameters is very strong. For 

example, the support reducibility depends on the crystallite size that changes the type, 
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number, density and reactivity of surface groups [144] [146][136][147]. Furthermore, 

there is the contact between the metallic particle and the support. Thus it is better not 

to use the reaction rates absolute values but as a comparative result between the 

samples measured at the same conditions. 

Considering the structural characterization under WGS reaction 

conditions, no changes with respect to the corresponding reduced samples are 

observed at the Pt L3-edge XANES (not shown). Also, no modifications of the Ce 

environment under WGS are detected by Ce K-edge EXAFS (Figure 3 and Tables 2 

and 3, Annex B). The quantification of Ce3+ from Ce L3-edge XANES taken at 300 C 

is shown in Table 10 (within 5% estimate error). Similar values are found for the 

measurements done at 200, 300 and 400 C. For H2O:CO = 10:1, g-Pt12CeAl and g-

Pt20CeAl are more reduced under WGS than at the end of the reduction, i- 12CePtAl 

is more oxidized and i-20CePtAl remains constant. On the other hand, for H2O:CO = 

3:1, the GEL samples are more oxidized while i-12CePtAl is more reduced. Therefore, 

no straightforward trend could be found among the samples. The constant oxidation 

state of Ce under reaction conditions at different temperatures, similar to what 

happened to Pt, indicates that only modifications at the surface might be happening 

with the temperature, not detected in these measurements. 

 
Table 10: Amount of Ce4+ (%) at different reaction conditions (5% error) obtained 

from XANES analysis. 

 
WGS reaction 

Ratio 
10:1 

Ratio 
3:1 

g-Pt12CeAl 45 65 

g-Pt20CeAl 55 75 

i-12CePtAl 62 53 

i-20CePtAl 74 -- 

  *the oxidation state did not vary with the reaction temperature. 
 

To probe the evolution of surface species during WGS, in situ DRIFTS 

was performed. Under reaction conditions, vibrational modes of hydroxyls (3600–3000 

cm−1), formates (2900 cm−1, 1650–1350 cm−1), carbonates and carboxylates (1700–

1000 cm−1), as well as Pt-CO bands (2100-1950 and 1820–1766 cm−1) are observed 

for all samples [148]. These bands are presented in Figure 17 for PtAl (A) and i-

20CePtAl (B). A set of similar bands to i-20CePtAl is observed for the other samples 

containing cerium. The band at about 2060 cm−1 is assigned to the CO adsorption on 
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Pt sites in the linear mode. Compared to FTIR-CO (Figure 12), this band is significantly 

shifted under reaction conditions mainly due to the higher temperature (> 200◦C) and 

consequently lower CO coverage fraction (of about CO = 0.27). In addition, under 

reaction, besides CO, other species such as H, O and OH might be adsorbed at the Pt 

surface [149]; these species are predominantly  bonded and would decrease the 

electronic density at Pt surface contributing to the band shift to lower frequencies. 

The overall widths of the CO adsorption bands are also slightly broader 

under WGS compared to FTIR-CO experiments (Figure 12). As in the case of FTIR-

CO measurements (Figure 12), there are other two bands in the low frequency region 

(1820 and 1766 cm−1) for the PtAl sample (Figure 17A). These bands remain constant 

even with the temperature increase. On the other hand, these bands are observed 

under reaction conditions at 200 C but not under CO atmosphere for the i-20CePtAl 

sample (Figure 12). This indicates that the formation of Ce-O-Pt adducts, which hinders 

the adsorption of CO multi-coordinated, is apparently less effective under reaction 

conditions. Furthermore, in the i-20CePtAl, these bands wash out by increasing the 

temperature. The broad band at 3600–3000 cm−1 confirms the presence of asymmetric 

and symmetric stretching of OH vibration of water molecules on the surface. Bands 

associated with formates and carbonates species are clearly observed for i-20CePtAl 

at 1594, 1394 and 1375 cm−1 [148]. In addition, a low intensity pair of bands is observed 

at around 2900 cm−1, which confirms the presence of CH bond associated to formates. 

For PtAl, these bands appear just above 300 C. Thus, the cerium presence leads to 

the formation of formates at the catalyst surface at low temperatures. For i-20CePtAl, 

above 250 C the appearance of adsorption modes of CO2 in 2364 and 2322 cm−1 

confirms the progress of the WGS reaction. For PtAl, this set of band appears above 

300 C confirming the higher reactivity for the samples with Ce as observed for the 

catalytic test. At 350 C there is a decrease in the intensity of symmetric and 

asymmetric stretching modes of water, suggesting desorption of these species at 

higher reaction temperature. For i-20CePtAl there is an increase in intensity of the 

bands at 1594 and 1394 cm−1 with increase of temperature from 200 to 250 C (Figure 

17b). This result indicates the CO oxidation forming stable formates and carbonates 

that accumulate on the surface. At 300 C there is a decrease in the intensity of 

formates bands at 2090 and 1594 cm−1, suggesting the decomposition of these species 
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at higher reaction temperature, while for PtAl catalyst this species seems stable at 

higher temperature. 

To get further information on the interaction of CO in the absence and 

presence of water, the samples were subsequently analyzed by closing and opening 

the water inlet at 350 C, after being submitted to WGS conditions. Figure 18 shows 

the results for the samples PtAl (A) and i-20CePtAl (B). While CO2 bands (2364 and 

2322 cm−1) decrease with time in the absence of water, formate and carbonate (2900, 

1594 and 1375 cm−1) and Pt-CO (2060 cm−1) bands remain almost constant. The 

results demonstrate that in absence of H2O (Figure 18 A-b,c,d and B-b,c,d), formates 

accumulate by CO oxidation on both supports, alumina and ceria-alumina, and are 

very stable [150]. The water is turned on again and the CO2 band reappear at the 

surface (Figure 18A-e and B-e). 

 

Figure 17: DRIFT spectra of PtAl (A) and i-20CePtAl (B) catalyst during WGS 
reaction at different temperatures. 

 
To analyze the stability of species on the surface, the feeding was 

interrupted and the spectra recorded at 350 C after 10 and 15 min. Complete CO2 

desorption is observed after 10 min for PtAl and after 15 min for i-20CePtAl, while the 

formate band at 1564 cm−1 decreases but it is still present. 
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To get further insights about the interaction of CO in the absence and 

presence of water, the samples was subsequently analyzed by closing and opening 

the water inlet at 350 0C, after being submitted to WGS conditions. Figure 18 shows 

the results for the i-20CePtAl sample. The absence of water led to a decrease of CO2 

bands with the time, as shown in the Figure 18 (a), (b) and (c). On the other hand, both 

formate and Pt-CO bands remained almost intact. Thus, these species are stable and 

are probably spectators in the reaction. If the formates were intermediates, the bands 

would be totally converted to products. The formate decomposition is related to the 

reaction rate [13]. For catalysts like MgO and Rh/CeO2 that do not present a high 

activity the formate decomposition is comparable to the reaction rate and has been 

proposed that 10-15% of the products come from the formates observed by IR 

spectroscopy [13]. However, Xu et al [151] found that formates are spectators for Pt-

Ru/CeO2 catalysts that are more active. Further theoretical calculations [152][153] 

showed that large activation barriers exists to decompose the formates making this 

reaction pathway more difficult.  The water was turned on again and the CO2 band 

reappeared at the surface (Figure 18d). 

 
Figure 18: DRIFT spectra for PtAl (A) and i-20CePtAl (B) catalysts at 350 C under 
(a) WGS (CO + H2O + He), under CO + He for (b) 1 min, (c) 5 min, (d) 10 min; under 

WGS again after (e) 1 min and output and feeding closed for (f) 10 min and (g) 15 
min 
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I.7. Discussion 

The importance of the metallic phase and the support on the catalytic 

activity for WGS reaction has been discussed but the role of each catalyst component 

is still not clear. By preparing the catalysts from the same batch of colloidal 

nanoparticles it was possible to obtain Pt-Al2O3 and Pt-CeO2-Al2O3 catalysts with 

similar platinum dispersion as previously described [112] [5]. This strategy of synthesis 

allowed evaluating independently and in an uncorrelated manner the impact of the 

structural and redox properties of the CeOx on the alumina support in the WGS 

reaction. By changing the method used to produce the ceria-alumina support it was 

possible to raise interesting questions about the impact of support properties and its 

interaction with the metal particles. 

Since the catalysts were prepared from the same batch of colloidal 

nanoparticles the platinum structure, confirmed by EXAFS results, was similar for all 

the samples. However, they showed different redox properties comparing the samples 

with and without Ce and the preparation method. 

XANES and XPS results show that the supported Pt-NPs oxidize during 

catalyst sol-gel preparation and calcination, which can be reversed by reduction. After 

reduction, the Pt-NPs in all catalysts show similar structural parameters, confirmed by 

EXAFS. Since the Pt-NPs are similar in all samples, a similar standard free energy and 

equilibrium constant for the Pt + O ↔ PtO reaction could be expected. Nevertheless, 

clear differences among the catalysts were found. Before reduction, the Pt-NPs are 

more oxidized on samples containing ceria; among the ceria containing samples, the 

GEL samples lead to higher Pt-NPs oxidation. Theoretical calculations [113] show a 

charge transfer when Pt is on top of CeO2 (111) surface with spontaneous reduction 

of the substrate and formation of vacancies, changing the cerium oxidation state in the 

vicinity of Pt from Ce4+ to Ce3+. The more severe oxidation observed for GEL samples 

suggests that the Pt-O-Ce interaction is more extensive when Ce is added to gel. 

Additionally, for the GEL samples higher temperatures are necessary to reach the 

same amount of Pt and PtO2 (Figure 10b) reinforcing the difficulty in reducing Pt in 

the presence of Ce. Higher reduction temperature was also observed by González et 

al. [71] comparing Pt/CeO2 with Pt/TiO2 or Pt/CeO2-TiO2, which was assigned to 

differences in the metal-support interaction. 
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The higher temperature found for Pt on CeO2 was attributed to the 

reduction of PtOx species while the lower temperatures on TiO2 and CeO2-TiO2 would 

be due to the reduction of PtOx with lower stoichiometry (PtO). 

After reduction, Pt-NPs show similar structural parameters (Table 4) and 

it is not possible to see differences in the average oxidation state of the Pt-NPs by in 

situ XAFS (Figure 10b); however, XPS results suggest partial Pt surface oxidation 

and/or charge transfer to the support. Interestingly, FTIR-CO spectra were sensitive to 

the presence of Ce through the relative intensity and symmetry of the bands. 

Additionally, bands in the low wavenumber region of the IR spectra (Figure 12a) are 

strongly suppressed in Ce-promoted catalysts; these results indicate that ceria may 

change the local Pt electron density or block part of the Pt sites [118] [120] [121]. Bruix 

et al. [36] observed a strong metal support interaction especially for small Pt particles 

and suggested that this interaction determines the reaction pathway, having mainly an 

influence in the water dissociation. 

Many factors influence the support and metal-support interaction. In our 

case, considering the similarity among the samples concerning the Pt-NPs, the support 

characteristics and its interface with Pt should mainly determine the catalyst properties. 

Different Ce species could be expected based on the preparation methods and 

conditions: i) crystalline CeO2 and non-stoichiometric phases; ii) few nm-sized CeO2 

crystallites and/or a highly dispersed CeOx phase that could not be detected by XRD; 

and iii) Ce-O-Al local surface sites. The results show that the GEL preparation method 

and smaller loading favor the formation of a more dispersed phase. In fact, only for the 

i-20CePtAl the XRD pattern of nanocrystalline CeO2 domains can be clearly 

recognized. This reflected on cerium oxidation state, and in this aspect, this sample is 

differentiated, showing smaller % of Ce3+ (surface and bulk) that is not significantly 

affected by reduction at 500 C. 

Looking in more detail at the local structure of the ceria phase, the Ce K-

edge EXAFS analysis reveal some interesting features. It confirms that the IMP 

samples have a more ordered structure than the GEL samples. In particular, the i-

12CePtAl sample shows a Ce-Ce contribution with average distance similar to the 

CeO2 phase; this contribution is not presented in the g-Pt12CeAl. Different from the 

bulk CeO2, however, two Ce-O distances are found for both samples, one shorter 

(∼2.23–2.28 Å) and another longer (∼2.43–2.47 Å) than the CeO2 fluorite phase (2.34 
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Å). Similar Ce-O distances were previously reported in the literature: the shorter one 

was found in 4-fold Ce3+sites in (111) CeO2 (short distance) [154] and the long one in 

surface sites of nanometric Ce21O41 [154], in Ce2O3 [ICSD Coll.Code: 96202], and in 

CeAlO3 [ICSD Coll.Code: 150277]. Interesting, after reduction a Ce-Al contribution is 

detected, independently of the preparation method. The Ce-Al distance is similar to the 

one found in CeAlO3. It is important to remark, however, that is unlike that the 

crystalline CeAlO3 would be formed at the low temperatures used in this work 

(maximum of 500 C) [129]. In fact, both EXAFS and XRD data show that the formation 

of CeAlO3 crystalline phase is ruled out. The results also show that Ce2O3 crystalline 

phase is not formed under reduction. In these two phases, the Ce-Ce distance would 

be longer (4.08 Å) and shorter (3.27 Å), respectively. Therefore, although we detect 

small crystallites of CeO2 in the IMP catalysts, it is likely that in all samples a large 

fraction of a well dispersed CeOx phase is formed and that the reduction enhances the 

interaction with the alumina support. 

Ceria structure is intrinsically related to the amount of Ce3+ and vacancies 

formation. Vacancies formation is easier in small CeO2 particles than on CeO2 surfaces 

and it is further facilitated by the presence of Pt [41] [134] [53] [51] [52]. Migani et al. 

[51] demonstrated that the energy separation between the valence and the conduction 

band for ceria nanoparticles is lower compared to the (111) surface, promoting 

vacancy formation. The addition of metallic Pt- NPs favors the formation of Ce3+ ions 

by electron transfer from the metal cluster. Thus, the vacancy formation also depends 

on the contact between the removed O and Pt [53]. Rodriguez et al.[86] observed a 

significant increase of Ce3+ under WGS for catalysts with small clusters of Pt and 

Ce2O3 nanoparticles rather than what was observed for Pt supported on bulk CeO2 

where the ceria reduction was less than 0.5%. Concerning ceria crystallographic 

orientation, earlier studies proposed a high OSC for the (100) surface when compared 

to (110) or (111) since the energy required to form an oxygen vacancy is smaller [54] 

[55]. Further experimental observations and DFT analysis stated that oxygen 

vacancies tend to group together in clusters [56]. Thus, it is possible to observe that 

ceria vacancy formation and as a consequence the OSC depends on its interaction 

with alumina, its particle size, its surface structure and its proximity to a metallic 

nanoparticle and as a consequence, should be deeply affected by the catalyst 

preparation method. In our case, the OSC results are an average contribution of 
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several species and the weight of each one varies among the samples. The similar 

OSC values found for samples with the same ceria content, despite the larger average 

CeO2 crystalline domain in the IMP samples suggest that small CeO2 particles 

distribution tail and highly dispersed CeOx species dominates. 

Different reaction mechanisms can occur depending on the support and 

atmosphere conditions. The most important are: i) monofunctional redox mechanism 

on the metal: for this mechanism, only the metallic site participates on the reaction. It 

involves H2O reduction forming H2 and Pt oxidation. Afterwards, Pt reduces 

regenerating the active site and CO oxidizes to CO2. ii) bifunctional metal-support 

redox mechanism: for this mechanism, CO adsorbs on Pt and H2O adsorbs on the 

support. The H2O oxidizes the support (S-O) forming H2 and the S-O reacts with the 

CO forming CO2. iii) bifunctional metal-support redox mechanism involving OH-support 

sites: for this mechanism, CO adsorbs on Pt and H2O decomposes adsorbing on the 

support as S-OH and S-H. Then, S-OH decomposes into S-H and S-O. Both S-H reacts 

forming H2 and the S-O oxidizes CO forming CO2. iv) formate associate mechanism: 

this mechanism involves a hydroxylated support and the adsorption of molecular H2O 

on the support. Firstly CO adsorbs on Pt and rearranges forming a formate with the S-

OH, recovering the metallic site. H2O adsorbs molecularly on the support reacting with 

the formate yielding CO2 and H2, recovering the hydroxylated support surface. v) 

formate associative mechanism on CeO2: does not involve the metal just the support 

where is found hydroxyls that interacts with CO forming formates that will interact with 

water adsorbed molecularly, also on the support surface, forming CO2 and H2 [142]. 

Considering the WGS activity, regardless the debate about the dominant 

mechanism (redox, associative or associative with redox regeneration) and the most 

likely intermediates (formate, carbon- ate, carboxylate), it is a consensus that ceria and 

its interface with Pt play an important role in water activation and the intermediates that 

are formed [155] [32] [156]. Lykhach et al. [155] found that the interaction of water with 

CeO2−x does not cause any detectable change at Ce oxidation state for well-ordered 

CeO2 (111) model catalysts. On the other hand, reduction of CeOx on Pt (111) forming 

hydroxyl groups due to the presence of water have been reported [157]. Matolín et al. 

[158] suggested that the ceria reduction when water desorbs, for CeO2(111)/Cu(111) 

model catalysts, is due to an increase of the Ce 4f level occupancy.  While CO is only 

activated on the metal, water can be activated on Pt, on the support or on the metal-
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support interface [32] [36] [159] [160] [161]. The participation of formates as 

intermediates has been intensely discussed in the literature, and one of the reasons is 

the difficulty in associate the FTIR date with kinetics data in different temperatures and 

compositions [162] [163]. A critical analysis of contribution of formate mechanism was 

presented by Burch et al. [13], concluding that formates account for just a small 

percentage of the total WGS reaction. Jacobs et al. [150], on the other hand, raised 

several arguments in favor of the intermediate role played by the formates, in particular 

at low temperature WGS conditions, since assistance of water is critical to formates 

decomposition under reaction. A recent work using concentration-modulation 

spectroscopy in DRIFTS mode under WGS reaction at low temperature 250 C showed 

that the absorption bands from carbonate (1500–1400 cm−1) and bidentate formate 

(1550, 1370 cm−1) groups vanish in the phase-resolved spectra, indicating that they 

are spectator species [148]. On the other hand, the monodentate formate and 

carboxylate species are found to be intermediates, in agreement with carboxyl 

mechanism activated at the metal-oxide interface. Concerning the role of carbonates, 

evidences of their high stability on Pt/CeO2 at 300 C was obtained using transient 

isotopic experiments, where is excluded the exchanges of carbonyl in 12CO3
2− with 

13CO in gas phase [164]. The participation of labile oxygen of the ceria support in the 

WGS reaction supporting the redox mechanism was demonstrated using ceria as 

source of 18O and monitoring the evolution of C16O2, C16O18O2 and C18O2 with time on 

stream. The dependence of the activity with ceria structural properties and nanosize 

effects were not addressed in this work. 

It is clear that the samples studied in this work have significant differences 

related to the balance of the different CeOx species and its initial interaction with the 

Pt-NPs. Surprisingly, the results do not pointed out a direct correlation with the 

performance in WGS. Panagiotopoulou and Kondarides [165] found that for Pt/CeO2 

catalysts, with CeO2 particles in the size range of 10–21 nm and surface areas of 25–

57 m2/g, the catalytic activity did not depend on the structural and morphological 

characteristics of CeO2. However, recent theoretical studies by Vayssilov et al. [41] 

found that the oxygen transfer from ceria to Pt (reverse oxygen spillover) is strongly 

dependent on the ceria structure at nanoscale and its contact with Pt and can help to 

explain the enhanced performance of Pt-CeO2 catalysts. Therefore, it could be 

expected that the smaller crystalline domains and the clear different characteristics 
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among our samples should affect the activity, in agreement with the work by Bunluesin 

et al. [45]. In addition, the existence of a reactive zone around the Pt-NPs in WGS 

reaction, in the order of 1–2 nm for ceria-based supports has been discussed in several 

works [166] [167] [168] [169] [170] [29] [164] [159] [150], and is dependent, for 

example, on the presence of dopants, such as Ti4+, La3+ and Zr4+ [169] [164]. The 

diffusion of the intermediates species in this reaction zone is a key aspect that affects 

the reaction rate. It could be expected that ceria nanosize effects have a significant 

impact. Several works have pointed out a dependence of the WGS activity on Pt 

particle size (or Pt loading) and support [166] [164] [36] [86]. In our case, the Pt-NPs 

size are similar among the samples, but the ceria phase was different. In fact, the 

electron density changes on Pt surface through the position of adsorbed CO band or 

contraction of Pt-Pt distance bond could not be clearly observed in different catalysts. 

Thus, it could be reasonable to suggest in a first approximation a similar catalytic 

property for Pt sites in PtAl and PtCeAl. It has been presented in the literature [164] 

that turnover frequencies in Pt/CeO2 catalysts do not strongly depend on the Pt size, 

for particles in the ∼1–8 nm range. On the other hand, it has been proposed that the 

interfacial Pt-O-Ce sites are the most reactive [164] [36] [171] [172]. 

It is interesting to mention that several works also point out that the strong 

metal support interaction, especially found in small Pt particles in contact with ceria, is 

determinant to the reaction path- way, mainly influencing water activation and 

dissociation [32] [36]. The Pt-O-Ce interaction, as demonstrated from theoretical 

studies [36], significantly enhances the ability of the admetal to adsorb water and 

dissociate the O−H bonds. It also affects the stability and decomposition of 

intermediates [32] [150]. Aranifard et al. [32] demonstrated from first principle that the 

Pt-O-Ce interface sites are 2–3 orders of magnitude more active than Pt(111) and the 

associative carboxyl pathway with redox regeneration could be the preferential 

pathway to the overall rate. Our experimental data showed that for Ce-containing 

catalysts the WGS specific reaction rates increase less than one order of magnitude 

compared to the PtAl unpromoted catalyst, lower than expected based on the 

theoretical studies (about 2 orders of magnitude taking in account the way Pt atoms 

are considered, surface or perimeter) [32]. On the other hand, theoretical calculations 

showed a decrease in the density of Pt 5d states near the Fermi level for the 

Pt/CeO2(111) system compared to bulk Pt [173] [174], in agreement with our XPS data. 
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Thus, a smaller heat of adsorption of CO bonded on Pt atoms is expected at the Pt-O-

Ce interface, increasing the reactivity of the CO interface relative to the unpromoted 

catalyst. Compared to the PtAl, the changes of electron density of Pt near the Pt-O-Ce 

interface and the presence of Pt-O-Ce could increase the reactivity of CO and enable 

a new pathway for WGS, respectively. Considering that, (i) at high WGS temperature 

a small fraction of the Pt surface is covered by CO, (ii) not all adsorbed CO are part of 

the active pool [164], (iii) formates and carbonates are stable species; (iv) not all Pt 

sites make interface with ceria; and (v) different ceria species exist in our samples; the 

main dependence of the activity with the two ceria loading for the two preparation 

methods, and not with the average ceria structural properties, suggests that the 

creation of the interfacial sites seems to be the limiting factor in these samples. 

Therefore, increasing the cerium loading is likely to increase the amount of most active 

sites at interface of Pt interacting with ceria. 

 

I.8. Conclusion – Part I 

Catalysts are very complex and dynamic systems since their behavior 

depends on the structural and electronic properties of different species and on the 

temperature and atmosphere they are submitted to. In this work we show that the 

presence of Ce in PtAl catalysts increases the WGS specific reaction rates up to seven 

times in the WGS reaction. Several parameters impact the activity and the use of pre-

formed Pt-NPs was the strategy adopted to prepare model systems focusing on the 

support and interface effects. It was possible to highlight differences and similarities 

among the samples concerning several parameters related to the cerium oxide phase, 

such as ceria crystalline domain size and local environment, the initial contact between 

the metal and the oxide, the ceria oxidation state among others. However, a clear 

identification of a possible main ceria parameter governing the reaction turned out to 

be challenging and a direct correlation between the properties that were observed by 

both ex situ and in situ experiments and the catalyst activity could not be clearly made. 

The main parameter affecting activity seems to be ceria loading; however, the increase 

in specific reaction rate values due to the presence of ceria was significantly smaller 

than predicted by theory considering a Pt-O-Ce interface [32]. Thus, similar to the use 

of pre-formed platinum nanoparticles, it could be worth to explore well-defined oxide 
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particles to clearly evaluate aspects such as dependence of the crystalline size, 

exposed facets and oxidation state under reaction conditions. 

The importance of in situ characterization was once more highlighted 

since different properties were observed depending on the atmosphere and 

temperature. These results suggest that the odds to create the true active sites might 

be the limiting factor in these samples and that they are related to the contact to highly 

dispersed CeOx species. Nevertheless, how different species of ceria, such as highly 

dispersed CeOx species in contact with alumina and few nm-sized crystallites of ceria 

operate in water activation and intermediates formation has still to be deeper 

understood. 
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Part II 

II.9. Materials and Methods 

II.9.1. Catalysts preparation – Conventional impregnation method 

Alumina support, prepared as described elsewhere [94], was 

impregnated with H2PtCl6 to produce two sets of catalysts: 0.3 and 1% Pt w/w. The 

impregnated supports were calcined in air at 500 0C for 4h and referred as 03PtAl and 

1PtAl, respectively. Part of each sample was further impregnated with cerium nitrate 

(6 and 12% w/w CeO2) and calcined again. These catalysts will be referred as 

12Ce03PtAl, 6Ce1PtAl and 12Ce1PtAl, respectively. 

 

II.9.2. Characterization 

The characterizations that were performed were XRD, SBET and Vp, 

FTIR with CO adsorption and OSC. The conditions were described before in Part I. 

The catalytic tests were performed using the H2O/CO ratio 3:1, like in Part I, however 

using 100 mg of catalyst. Different in situ characterizations were done and will be 

described below. 

 

II.9.2.1. X-ray absorption measurements 

XANES and EXAFS at Pt L3-edge (11564 eV) were measured at BM23 

beamline at ESRF in fluorescence mode. The beamline and the experimental setup 

used were the same described before. Some spectra were also recorded at Pt L2-edge 

(13273 eV). 

For all samples, the in situ experiments follow the procedure represented 

Figure 19(A). Two EXAFS spectra at Pt L3-edge were recorded before reduction, at 

room temperature (energy range: 11200-12200 eV, kmax = 13Å-1). The sample was 

reduced in situ (5%H2/He, 5 0C.min-1, up to 500 0C) and kept at this temperature for 90 

min while XANES spectra were recorded in the energy range 11500 to 11620 eV. Each 

spectrum took about 13 min. After reduction, the sample was cooled down under H2, 

and EXAFS was measured (same energy range used before) at room temperature. 

Then, the temperature was increased to 250 0C and three EXAFS spectra were 

measured. After, the H2/He flow was changed to WGS conditions, using CO:H2O molar 

ratio equal to 1:3, 150 ml/min of CO (5%CO/He) and 50 ml/min of He passing through 

a saturator with water at 70 0C to carry 22.5 mL/min of water. Three EXAFS spectra 
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were recorded taking one hour each. After this, the atmosphere was changed for H2/He 

again (100 ml/min) and the temperature increased to 500 0C (5 0C.min-1). When the 

temperature reached 500 0C it was decreased again to 250 0C where three EXAFS 

spectra were measured. In all the steps, after the EXAFS measurement, a XANES at 

Pt L2 edge was measured (energy range: 13150 to 13450 eV). The same experiment 

was repeated for a reaction temperature of 350 0C. The two sequences (250 and 350 

0C), that took more than 24h each, were done for all the samples. 

 

 

 

Figure 19. Experiment scheme. (A) under hydrogen and WGS reaction (B) under 
hydrogen and CO. 

 

Another set of experiments was done for some samples according Figure 

19(B). XANES measurements, using the same conditions described above, were 

performed continuously. After reduction, under hydrogen, the temperature was 

increased from 25 0C up to 150 0C and then up to 450 0C, using 100 0C steps. 

Thereafter, the sample was cooled down and at room temperature the atmosphere 

was changed to CO (5%CO/He, 100 mL/min) and the temperature sequence was 

repeated. 

 

II.9.2.1.1. Pt XANES data analysis 

It was not possible to measure a reference simultaneously with the 

sample due to the setup used for the fluorescence measurements. Thus, to perform 

the sample alignment glitches at I0 were used as an internal reference. 
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II.9.2.1.1.1. Linear combination analysis (LCA) 

After spectra normalization, LCA [175] was done for each spectrum using 

Pt and PtO2 as references as described before. 

 

II.9.2.1.1.2. Delta XANES analysis (XANES) 

Another analysis was performed for these samples, called Delta XANES 

(XANES). This analysis aim to identify small electronic/structural modifications due to 

specific perturbations like: pH, presence of an adsorbate, magnetic field etc. The 

sample spectrum is subtracted from a reference spectrum obtaining a differential 

spectrum. Thus, it is assumed that the two XANES spectra are different just by the 

external perturbations. 

In our case, we are interested in differences caused in the metal by gases 

adsorption. The gas adsorption occurs due to the overlap of atomic orbitals, from the 

adsorbate, with the bands of the metal, forming bonding and antibonding molecular 

orbitals. For transitions metals, electrons with “d” character are involved and can be 

detected in L3 edge XANES due to the appearance of special features in the spectra. 

Theoretical calculations reproduced special features for gases adsorbed 

on specific sites of platinum, Figure 20. A positive contribution is observed for atop 

sites and there was no shift for the absorption edge. However, for bridge or nfold (also 

called three fold) sites a negative contribution appears followed by a positive 

contribution due to a charge transfer. Thus, comparing experimental and theoretical 

results it is possible to identify the type of sites on which the gases are adsorbing. 

Furthermore, it is possible to identify differences between different gases adsorption 

or differences caused by the contact between the metal and the support. 

Initially, the calculations were done for hydrogen but nowadays studies 

involving CO, O2, ethylene, water and hydroxides can be found in the literature. 

Additionally, studies involving metals like Rh and Ru were also performed 

[87,176,177]. 

In addition, to perform this kind of study, it is necessary a careful energy 

calibration and data normalization since it can create artifacts making difficult the 

interpretation. 
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Figure 20. Delta XANES technique features for hydrogen adsorbed on atop, bridge 
and threefold (nfold) sites for Pt L3 edge [178]. 

 

The spectra at 500 0C collected under H2 was very similar for all the 

samples. Thus, we assumed that in principle no gases are adsorbed, at this 

temperature, on the sample. This was the maximum temperature that the 

measurements were performed since at this temperature the samples were completely 

reduced. Further, avoiding higher temperatures particle agglomeration is avoided. 

Thus, the XANES collected under each atmosphere was subtracted from the XANES 

collected under H2 at 500 0C. The result from this subtraction leads to an evaluation of 

the effects due to the gas adsorption and active sites formed on the particles. This 

procedure was done for both edges and the results correspond to ∆µL2 and ∆µL3 to L2 

and L3 edges, respectively. 

 

II.9.2.1.2. Pt EXAFS data analysis 

The EXAFS signal was extracted and the oscillations were Fourier-

transformed in the same way described before ( k range = 3-10 Å-1). 

Apart from Pt-Pt contribution, calculated for metallic Pt, to obtain a good 

fit it was necessary to include a Pt-O contribution, calculated for PtO2. Three 

contributions were determined by fitting in R-space (1.4-3.2 Å). One corresponding to 

the Pt-Pt interaction and the other two corresponding to interactions between Pt and 

O with two different inter-atomic distances (Pt-OS and Pt-OL, S=short, L= long) that will 

be discussed later. For each contribution, three parameters were adjusted: Ni, Ri and 

i
2. To decrease the correlation between the parameters, that is very strong, all 
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samples, at same temperature and atmosphere were fitted together. The same 

distance (Ri) was applied for all samples to the same contribution and just one i
2 was 

used for all the contributions. The correlation between the parameters is presented at 

Table 11. The S0
2 and E0 were fixed and equal to the values found for the reference 

compounds. 

After finding the best fit in each case, to evaluate the errors bars we fitted 

just one parameter each time keeping the values for the other parameters constant. 

 

Table 11: Correlation between the EXAFS parameters for the impregnated samples. 

 Sample 1 Sample 2 Sample n 

NPt-Pt N1 N2 Nn 

RPt-Pt (Å) RPt 

NPt-OS N1OS N2OS NnOs 

RPt-OS (Å) ROS 

NPt-OL N1OL N2OL NnOL 

RPt-OL (Å) ROL 

i
2 (Å2)Pt/Pt-O i

2 

 

II.10. Results 

Diffraction patterns before and after the calcination (not shown) 

presented a boehmite and γ-alumina structure, respectively. No peaks corresponding 

to Pt0 or CeO2 were observed confirming that the samples are well dispersed. 

The surface area results are presented in Table 12. About 200 m2 g-1, 

with small variations depending on the cerium and platinum loading. Thus, the 

impregnation did not affect the textural properties of the support. 

 
Table 12: Surface area and oxygen storage capacity. 

Sample 
Surface 

area 
(m2.g-1) 

OSC (µmol O2 g-1) 

250 0C 350 0C 

03PtAl 192 -- -- 

12Ce03PtAl 202 0.35 (± 0.04) 0.47 (± 0.08) 

1PtAl 227 -- -- 

6Ce1PtAl 210 0.48 (± 0.07) 0.68 (± 0.1) 

12Ce1PtAl 197 0.39 (± 0.05) 0.72 (± 0.1) 

 
The OSC results are also presented in Table 12. At 250 0C the OSC were 

about 0.4 µmol O2 g-1 and increased to 0.5 µmol O2 g-1 to 12Ce03PtAl and 0.7 µmol O2 

g-1 to 6Ce1PtAl and 12Ce1PtAl at 350 0C. It is known that the Pt0 advances the Ce 
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reduction. At 250 0C, according to the XANES data (Figure 24) Pt is in the oxide state. 

Thus, below 250 0C probably Pt is not helping the Ce reduction and the samples 

presented lower OSC. On the other hand, increasing the temperature, Pt became more 

reduced, especially for the samples with higher amount of Pt, and the OSC increased, 

showing the importance of this interface between Ce and Pt for this redox process. 

 
 

Figure 21. DRIFT spectra of adsorbed CO. 
 

FTIR experiments, with CO adsorption, were performed in the region 

2200 to 1700 cm-1 for the samples 03PtAl, 12Ce03PtAl and 12Ce1PtAl to evaluate the 

Pt sites available at the surface (Figure 21). A band with a high wave number at 2073 

cm-1 corresponds to CO linearly adsorbed on Pt atoms in arrays [118] [179]. The 

FWHM, that is sensitive to the particle size, is bigger for the sample 03PtAl than for 

12Ce03PtAl, showing that the samples with Ce are better dispersed. 03PtAl also 

presents a band at low wave number (1760 cm-1) related with CO adsorption at high 

coordinated sites [118] [179]. The sample 12Ce03PtAl also presents this band but it is 

very small. A different band at 1837 cm-1 is observed for the sample 12Ce1PtAl related 

with CO adsorption at bridge sites [118] [179]. Thus, already from the CO adsorption 

results it is possible to notice that there is a variation on the sites that are formed for 

each sample depending on the Ce and Pt loading. 

Figure 22 presents the EXAFS oscillation in k-space and the magnitude 

of the Fourier transform (R-space) with the best fit for 03PtAl before the reduction. The 

results for the other samples (12Ce03PtAl, 1PtAl, 6Ce1PtAl and 12Ce1PtAl) are 
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presented in Figure 1 in Annex C. The fit results are presented in Table 13. The first 

coordination shell corresponds to a single Pt-O contribution, showing that the Pt is 

completely oxidized after calcination. No residual chlorine was detected (no Pt-Cl 

contribution was observed). The coordination numbers for the samples with 0.3% of Pt 

are NPt-O = 4.5 and 6.0 for 03PtAl and 12Ce03PtAl, respectively. For the samples with 

1% they are NPt-O = 5.0, 6.0 and 5.5 for 1PtAl, 6Ce1PtAl and 12Ce1PtAl, respectively. 

The coordination numbers are very similar for all samples apart from the different 

amount of Pt. A small contraction (∆R = 0.08 Å) of the bond distance is observed, 

compared to the PtO2 reference 2.07 Å, what is expected since it is a nanoparticle. 

 
 

Figure 22. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
for 03PtAl before the reduction. 

 
Table 13: Structural parameters obtained from EXAFS analysis of the first 

coordination shell before the reduction. 

 03PtAl 12Ce03PtAl 1PtAl 6Ce1PtAl 12Ce1PtAl 

NPt-O
a 4.5 6.0 5.0 6.0 5.5 

RPt-O (Å)b 1.994 

2
Pt-O (Å2)a 0.005 

E0 = 8; S0
2 = 0.9; a = error about 10%; b = error about 1% 

 
Figure 23 presents the XANES spectra for the sample 03PtAl during the 

reduction. The white line intensity, for platinum, is related with the 5d orbitals 

occupancy. Before the reduction, the sample does not match with the spectra of PtO2 

reference due to the sample small particle size. Then, increasing the temperature, 

under hydrogen, there is a decrease in the white line intensity. This decrease indicates 
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the sample reduction since it corresponds to the increase of the 5d level occupancy. 

The sample is completely reduced at 500 0C comparing to the Pt0 standard as shown 

in the quantification. At the end of the reduction the spectrum does not corresponds 

exactly to the standard spectrum of Pt0, again due to the particle size effects. For the 

other samples the spectra are very similar and not shown. 

 
 

Figure 23. XANES spectra for 03PtAl during the reduction. 
 

Figure 24 shows the percentage of Pt0 and PtO2 during the reduction for 

all samples describing the evolution of these species with temperature. The results 

were obtained by linear combination analysis for each spectrum using Pt0 and PtO2 

standards. Pt0:PtO2 ratio of 1 is reached at: 30, 240, 262, 298 and 314 0C for 03PtAl, 

12Ce03PtAl, 6Ce1PtAl, 12Ce1PtAl and 1PtAl samples, respectively. Sample 03PtAl is 

completely reduced at 240 0C while the others are completely reduced only at 500 0C. 

Probably, the sample 03PtAl is easier to reduce than 1PtAl due to the 

lower amount of Pt. Concerning the samples with Ce, it is clear that as Pt changes the 

Ce oxygen storage capacity (as observed above) the Ce also changes the Pt redox 

properties. Interestingly opposite effects are observed depending on the ratio between 

Pt and Ce loading. Comparing the sample 12Ce03PtAl and 03PtAl it is possible to 

observe that the Ce addition slowed down the Pt reduction (it was necessary a higher 

temperature to reach the same amount of Pt and PtO2). However for the samples 

containing 1% of Pt the temperature necessary to reach Pt0 equal to PtO2 is inversely 

proportional to the Ce loading (1PtAl > 6Ce1PtAl > 12CePtAl) and thus the Ce is 
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improving the Pt reduction. Probably this is due to the Pt particle size and contact area 

with Ce. 

 

Figure 24. Quantification of platinum species during the reduction. 
 

Figure 25 presents the EXAFS oscillation in k-space and the magnitude 

of the Fourier transform (R-space) with the best fit for 03PtAl sample after the 

reduction. The results for the other samples are presented in Figure 2 in Annex C.  

 

 

Figure 25. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
for 03PtAl after the reduction. 
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Table 14 shows the fits results for the EXAFS data after the reduction for 

all the samples. The catalysts 03PtAl and 12Ce03PtAl were prepared from the same 

starting material thus at the beginning they presented the same dispersion. However, 

after the reduction the samples presented differences. The coordination number is 

smaller for the sample 12Ce03PtAl than for 03PtAl, showing that the Ce presence 

increases the stability against agglomeration. This higher stability can also be seen for 

the samples with a higher amount of Pt where we have the coordination number for 

Pt-Pt contribution inversely proportional to Ce loading: 9.0 to PtAl > 6.0 to 6Ce1PtAl > 

3.3 to 12Ce1PtAl. Moreover 12Ce1PtAl despite presenting a higher amount of Pt 

presented similar particle size to the sample 12Ce03PtAl confirming the role of cerium 

in platinum stability. 

 
Table 14: Structural parameters obtained from EXAFS analysis of catalysts after the 

reduction. 

 03PtAl 12Ce03PtAl 1PtAl 6Ce1PtAl 12Ce1PtAl 

NPt-Pt 8.5a 2.0b 9.0a 6.0a 3.3a 

RPt-Pt (Å) 2.72c 

NPt-OS 1.1b 2.7a -- -- 1.0b 

RPt-OS (Å) 2.06c 

NPt-OL 1.8b 5.5b -- -- 4.0b 

RPt-OL (Å) 2.52c 

2
Pt-OS / 2

Pt-OL (Å2) 0.01a 

E0Pt-Pt = 8; E0Pt-O = 6; S0
2 = 0.9; a = error about 10%; b = error about 20%; c = error 

about 1% 
 

The Pt-Pt coordination number for the sample 12Ce1PtAl is about 28% 

(NPt-Pt = 3.3) of bulk Pt (NPt-Pt=12), for the sample with 6% of CeO2 it is about 50% (NPt-

Pt = 6.0) and for the sample 1PtAl (NPt-Pt = 9.0) it corresponds to 75% of the bulk. These 

coordination numbers corresponds to a particle with 0.5, 0.8 and 1.6 nm for 12Ce1PtAl, 

6Ce1PtAl and PtAl, respectively, considering a spherical model [79]. Due to the small 

particle size, the Pt particles structure becomes strongly sensitive to the support 

interaction and atmosphere conditions. 

Although the samples looked reduced from the XANES analyses, we 

note that the EXAFS data could not be reproduced without adding Pt-O contributions. 

In fact two main Pt-O contributions, corresponding to two different inter-atomic 

distances were found: the first (Pt-OS), about 2.1 Å similar to the value of the first PtO2 

shell [180], and for the samples with 12% of CeO2 a longer one (Pt-OL) around 2.50Å. 
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Two proposals are found in the literature to explain this long Pt-OL distance. The first 

could be linked to the omission of Pt-Al interactions in the treatment of EXAFS signal 

[180]. A Pt-Al contribution model was tried and did not reproduce well our data (the fit 

quality was worse compared to the fit including the oxygen contribution). The second 

proposal invokes the presence of adsorbed hydrogen species on the surface [79]. This 

explanation is more realistic in our case since the measurements were done after 

reduction and under hydrogen atmosphere. On the other hand, this Pt-O interaction 

could be associated to the Pt anchoring to the support. This hypothesis is corroborated 

by the fact that smaller NPt-Pt and larger values of NPt-O were found for the samples with 

Ce (and inversely proportional to Ce loading). Thus, a stronger metal-support 

interaction, probably is taken place in the sample with Ce, through Ce-Ox species. 

Figure 26 and 27 presents the EXAFS oscillation in k-space and the magnitude 

of the Fourier transform (R-space) with the best fit for the sample 03PtAl under different 

atmospheres at 250 and 350 0C, respectively. The results for the other samples are 

presented in Figure 3 and Figure 4 in Annex C. Table 15 and 16 presents the fit results 

for the EXAFS data for all the samples under different atmospheres at 250 and 350 

0C, respectively. Interestingly, comparing the coordination number (NPt-Pt) at room 

temperature after reduction with the coordination number under H2 at 250 0C there is 

a decrease for the Pt-Pt contribution and an increase for Pt-O contribution for all 

samples except for 1PtAl. This could be related with morphological changes, due to 

the high temperature, leading to a flat particle. This Pt-O contribution is larger for the 

samples with Ce and among them bigger for the sample 12Ce03PtAl probably due to 

the small particle size. It has been reported [180] that the Pt-O shell increase when the 

interaction between the Pt and the support becomes more uniform and that the 

particles adapt their morphology according to the support epitaxy. Stakheev et al. [181] 

observed a higher Pt-O coordination, originated from the interfacial oxygen atoms, that 

could be only explained by a flat or raft like morphologies (even in presence of 

hydrogen) caused by the support ionicity. They argue that the Pt-O bonds become 

stronger to compensate the increase in the surface free energy due to the small particle 

size. They also observed a short and a long distance for Pt-O contribution. Further, 

different coordination numbers from room temperature to high temperature leads to an 

interesting discussion concerning Pt dispersion measurements that are normally done. 
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Erroneous values of dispersion can be obtained if the temperature measurements are 

different from the reaction temperatures. 

   

Figure 26. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
for 03PtAl 250 0C (A) H2, (B) WGS, (C) H2-second time. 

 

  
Figure 27. EXAFS data and fit at k space and Magnitude of the Fourier transforms 

for 03PtAl 350 0C (A) H2, (B) WGS. 
 

Small changes were observed for the samples under different 

atmospheres at 250 0C (Table 15). However, when the temperature is increased to 

350 0C (Table 16), for the sample 03PtAl there is a significant increase of the 

coordination number for the Pt-Pt (NPt-Pt) contribution and the Pt-O (NPt-O) contribution 

disappeared indicating that the sample agglomerated. This corroborates the important 

role of Ce on the particles stability that depends on the metal particle size, on the 
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atmosphere and the temperature. The samples 12Ce03PtAl and 12Ce1PtAl, at 350 

0C, presented both, Pt-Pt and Pt-O contributions, demonstrating the stability.  

 
Table 15: Structural parameters obtained from EXAFS analysis of the catalysts at 

250 0C and different atmospheres. 

H2 

 03PtAl 12Ce03PtAl 1PtAl 12Ce1PtAl 

NPt-Pt 6a 2b 8a 2a 

RPt-Pt 2.730c 

NPt-Os 1.4b 3a -- 1.2b 

RPt-Os 2.06c 

NPt-OL 2b 5a -- 4b 

RPt-OL 2.53c 

ssPt / ssPt-O 0.011a 

WGS 

 03PtAl 12Ce03PtAl 1PtAl 12Ce1PtAl 

NPt-Pt 8a 0.4b 10a 3a 

RPt-Pt 2.760c 

NPt-Os 1.6b 4a -- 1.3b 

RPt-Os 2.05c 

NPt-OL 2b 7a -- 4b 

RPt-OL 2.55c 

ssPt / ssPt-O 0.013a 

H2-2o 

 03PtAl 12Ce03PtAl 1PtAl 12Ce1PtAl 

NPt-Pt 6a 3b 8a 2a 

RPt-Pt 2.740c 

NPt-Os 1.5b 2a -- 1.3b 

RPt-Os 2.06c 

NPt-OL 3b 4a -- 4b 

RPt-OL 2.52c 

ssPt / ssPt-O 0.011a 

E0Pt-Pt = 8; E0Pt-O = 6; S0
2 = 0.9 a = error about 10%; b = error about 20%; c = error 

about 1% 
 

At 350 0C, when the atmosphere was changed from hydrogen to WGS 

the Pt-Pt contribution disappeared for the catalyst 12Ce03PtAl. However, the Pt-Os 

contribution increased (from NPt-Os = 3 and NPt-OL = 5 under H2 to NPt-Os = 5 and NPt-OL 

= 10 under WGS). For the sample 6Ce1PtAl a reversible increase, in the coordination 

number, was also observed changing from H2 to WGS probably indicating 

morphological changes depending on the atmosphere. The stability and Pt-O 

contribution was also observed for the sample 12Ce1PtAl. However the variations 
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depending on the atmosphere were smaller from 12Ce1PtAl than 12Ce03PtAl 

probably due to the differences in particle size. 

Concerning the bond distances, no significant variations are observed 

changing the atmosphere for both temperatures. Although a bond distance contraction 

is expected due the small particle size, a relaxation is observed. This is due to the 

gases adsorption that leads to a bond distance increase and cause like a 

compensation phenomenon in relation to the contraction that would be expected. Thus, 

it is important to highlight that Ce contributes for the particles stability, observed 

through Pt-O contribution, but that this is also proportional to the Pt amount. 

 
Table 16: Structural parameters obtained from EXAFS analysis of the catalysts at 

350 0C and different atmospheres. 

H2 

 03PtAl 12Ce03PtAl 6Ce1PtAl 12Ce1PtAl 

NPt-Pt 7a 1b 5a 2a 

RPt-Pt 2.71c 

NPt-Os -- 3a -- 3b 

RPt-Os 2.06c 

NPt-OL -- 5a -- 2b 

RPt-OL 2.54c 

ssPt / ssPt-O 0.011a 

WGS 

 03PtAl 12Ce03PtAl 6Ce1PtAl 12Ce1PtAl 

NPt-Pt 11a -- 9a 2a 

RPt-Pt 2.759c 

NPt-Os -- 5a -- 2.4b 

RPt-Os 2.08c 

NPt-OL -- 10a -- 5b 

RPt-OL 2.53c 

ssPt / ssPt-O 0.015a 

H2-2o 

 03PtAl 12Ce03PtAl 6Ce1PtAl 12Ce1PtAl 

NPt-Pt -- 2b 6a 3a 

RPt-Pt 2.715c 

NPt-Os -- 2a -- 1b 

RPt-Os 2.05c 

NPt-OL -- 4a -- 4b 

RPt-OL 2.52c 

ssPt / ssPt-O 0.011a 

E0Pt-Pt = 8; E0Pt-O = 6 S0
2 = 0.9 a = error about 10%; b = error about 20%; c = error 

about 1%. 
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To investigate the electronic properties of the catalysts XANES at Pt edge 

was measured under different atmospheres. It has been suggested in the literature 

that the feature at 8 eV (relative to the edge) in the delta XANES for Pt L2-edge (∆µL2) 

is more suitable to determine the hydrogen coverage [92]. Figure 28 presents the ∆µL2 

for the catalyst 12Ce1PtAl under hydrogen and CO at different temperatures. As 

expected the gas coverage for both atmospheres decreases with the temperature. For 

both gases and all temperatures the sample presents Atop sites features [92] similar 

to the sample 12Ce1PtAl presented at Figure 28. The feature under CO (Figure 28B) 

is more intense than under hydrogen (Figure 28A), for the same temperatures. The 

intensity under CO is higher due to the CO higher heat of adsorption compared to 

hydrogen thus the surface presents a higher coverage under CO [91]. Further, under 

H2 at 450 0C ∆µL2 is zero showing that no hydrogen is adsorbed on Pt at this 

temperature. This confirmed our approach of subtract each spectrum from the 

spectrum measured under H2 at 500 0C. 

 

  
Figure 28. ∆µL2 for 12Ce1PtAl under (A) H2 and (B) CO. 

 

Figure 29 presents the ∆µL3 for the sample 03PtAl at 250 0C and 350 0C 

under different atmospheres. Nfold sites can be observed for all atmospheres and both 

temperatures. As expected the gases coverage at 250 0C is higher than 350 0C. The 

gases coverage increased as follow: WGS > CO > H2. 

The ∆µL3 for 12Ce03PtAl catalyst can be seen in Figure 30. Contrary from 

the sample 03PtAl different sites appear depending on the atmosphere and the 

temperature. At 250 0C under hydrogen almost no coverage is observed. Under WGS 

and CO a signature of atop sites can be observed. At 350 0C a shift to the left is 

observed compared to 250 0C. Ramaker et al [177] using delta XANES technique 

compared the adsorption of H and O on Pt and observed a left shift for O/Pt when 
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compared with H/Pt (2-4 eV lower for Pt/O). Thus, this shift of 4eV to lower energy at 

higher temperature could be related with an interaction between the platinum and the 

support. 

 

Figure 29. ∆µL3 for 03PtAl at 250 0C and 350 0C under different atmospheres. 
 

 

Figure 30. ∆µL3 for 12Ce03PtAl at 250 0C and 350 0C under different atmospheres. 
 

For the sample 6Ce1PtAl Nfold sites appear (Figure 31) as for the sample 

03PtAl. However the features are more intense for 6Ce1PtAl than for 03PtAl. 

 
 

Figure 31. ∆µL3 for 6Ce1PtAl at 350 0C under different atmospheres. 
 

For the sample 12Ce1PtAl different sites appeared according the 

atmosphere and the temperature (Figure 32). As observed for other samples, the 

coverage is higher at 250 than 350 0C. For H2 and CO, Nfold sites can be seen 

interestingly, for WGS atop sites are formed. The formation of atop sites can be related 

to water adsorption [91]. An energy shift to low energy was observed for the Nfold sites 
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for 12Ce1PtAl as was observed for 12Ce03PtAl. However, 12Ce1PtAl presents a 

smaller displacement (-2 eV) compared to 12Ce03PtAl (-4 eV) that can be related with 

the particle size/morphology. The sample 12Ce03PtAl probably is smaller or flatter 

than 12Ce1PtAl and would be more susceptible to the water influence. Further, it has 

been demonstrated in the literature [25–27] that the signature curves are affected for 

OH adsorption on Pt that is near another atom. The curves are shifted to lower 

energies. Thus, probably both samples (12Ce1PtAl and 12Ce03PtAl) are being 

affected by a metal support interaction but this interface is higher for 12Ce03PtAl due 

to the particle morphology and the sites that are formed since it presents a higher shift. 

 
 

Figure 32. ∆µL3 for 12Ce1PtAl at 250 0C and 350 0C under different atmospheres. 
 

 

Figure 33. WGS reaction catalytic test H2O:CO ratio 3:1. 
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Figure 33 shows the results for the catalytic tests under WGS as a 

function of temperature. The CO conversion is higher for the samples with Ce 

compared with the sample without Ce and the activity also increases with the Pt 

loading. The TOF results, for direct reaction, are presented in Table 17. It is possible 

to observe that the cerium increases the TOF comparing the samples with and without 

cerium and that the samples with 0.3% of platinum presents a better TOF compared 

to the sample with 1% due to the higher dispersion. 

 
Table 17: Turn over frequency (TOF) for the forward reaction. 

TOF (s-1) 03PtAl 12Ce03PtAl 1PtAl 6Ce1PtAl 12Ce1PtAl 

250 0C 0.007 0.04 0.004 0.02 0.02 

350 0C 0.03 0.15 0.02 0.08 0.11 

 

II.11. Discussion 

For structure sensitive reactions, like the WGS reaction, the catalytic 

activity is directly related to the particle size and thus with the sites that are present at 

the surface. The WGS reaction can occur over a Pt metal surface [33], involving the 

adsorption of CO and dissociation of H2O, with the sites adjacent to Pt being essential 

for the catalysis effectivity. The use of CeO2 and alkalis has been found to improve the 

activity of supported Pt catalysts [140] [185]. The presence of CeO2 can promote the 

WGS [185], and DFT calculations have demonstrated that the dissociation of H2O on 

Pt nanoparticles is an exothermic process. The interaction of Pt clusters with CeO2 

(111) or Ce40O80 nanoparticles results in changes of reactivity, favoring the dissociation 

of water, an important step for the WGS reaction [151]. 

To address the behavior of platinum-ceria-alumina catalysts samples 

with small particle size were prepared and their stability was demonstrated through the 

EXAFS results. The Pt diffusive motion, which is directly related to the particle stability, 

depends on the Pt-O bond, the nature of the support, and nanoparticle size. Monte 

Carlo simulations, for the reaction kinetics, indicates that the Pt atom can be trapped 

at certain -Al2O3 surface regions at low temperatures (<500 K), and the adsorption is 

weaker on a hydrated surfaces [186]. DFT/molecular dynamics studies indicate that 

the electronic and structural properties of Pt nanoparticles depend on the nature of the 

support and the atmosphere [187] [188]. Pt10/-Al2O3 displays complex structural 

dynamics on multiple time scales, including vibrational motion on the center of mass 

and fluctuating bonding characteristics. When Pt is used on ceria-based supports in 



 
 

76 
 

the presence of oxygen, Pt oxide species are formed and are trapped on ceria surface 

through a relatively strong Pt-O-Ce interaction. Under reducing conditions, Pt-O-Ce 

interaction is reduced, forming small Pt0 particles [189]. These studies suggested that 

the presence of ceria promotes a strong Pt-O-Ce interaction, and due to this interaction 

small stable particles are formed, depending on the reduction potential of the reactants. 

This is in agreement on what was observed for our samples. 

As mentioned above, the catalyst oxi/reduction properties, are very 

sensitive to three factors: (i) the platinum particle size, (ii) the amount of CeO2 and (iii) 

the possibility for both being in contact. Thus, using as an advantage, the high 

dispersion and stability of our samples it was possible to use the ∆XANES technique 

to evaluate changes caused by gas adsorption on the metal surface [91], since like this 

the bulk properties would be more similar with the surface properties and the study 

using a bulk technique like XAFS would be more sensitive.  

N-fold sites were observed for 03PtAl, 1PtAl (not shown) and 6Ce1PtAl. 

Atop sites were observed for 12Ce1PtAl and 12Ce03PtAl. The formation of different 

surface sites is related with the SMSI. For highly dispersed Pt, single-atom Pt 

supported on FeOx (Pt1/FeOx) has been shown to be highly active and stable for CO 

oxidation [189]. The transfer of electrons from Pt atoms to the FeOx surface is 

responsible for the strong binding and the stabilization of Pt1/FeOx samples. The 

partially vacant 5d orbitals of the positively charged species can help to reduce both 

the CO adsorption energy and the activation barrier for CO oxidation [84]. 

The sample 12Ce03PtAl presented a higher shift to lower energy for the 

∆XANES result probably due to a strong interaction with water and/or with the support. 

The dissociation of H2O on Pt sites is an essential step of the reaction [86]. The 

activation of H2O can occur on the support surface or at the Pt-support interface, which 

can affect the reaction pathways for supported Pt catalysts. Energy profiles for the 

dissociation of water, calculated using DFT, demonstrated that an endothermic 

process occurs on Pt (111) [36], which is favored by low coordination Pt sites formed 

by decreasing the size of metal nanoparticles [36]. Nevertheless, experimental data for 

Pt/Al2O3 catalysts suggest that the TOF values for the WGS do not change significantly 

with Pt dispersion [33]. 
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Following the same approach of Guo et al. [29] to identify the species at 

the surface during the reaction we subtracted the ∆µL3 under WGS from ∆µL3 under 

CO and the results are presented in Figure 34. 

 
 

Figure 34. Result obtained from the subtraction from ∆µL3 under WGS from ∆µL3 
under CO. 

 
For the 03PtAl sample the same shape of CO curve is obtained 

subtracting the WGS curve from CO curve showing that the CO is the main specie on 

the surface of this sample during the reaction (as for 1PtAl at 250 0C, once it was not 

measured at 350 0C). Guo et al. [90] found for Pt/SiO2 catalysts that the major surface 

specie under WGS reaction was CO (70%) while water was responsible just for 10% 

of adsorption. 

Guo et al. [90] also simulated a ∆XANES spectra for CO and OH 

adsorbed on Pt(111). They found that the feature relative to OH adsorption is between 

-4 and 6 eV relative to the edge. For the sample 12Ce03PtAl is where we have a 

contribution. However, it was also found in the literature [91] that the OH adsorption 

changes when there is a “foreign” atom near Pt and the feature goes to lower energies. 

This feature at lower energies was observed for the samples 6Ce1PtAl and 12Ce1PtAl. 

Thus, considering that XAFS is an average technique, for the sample 12Ce03PtAl, due 

to the small amount of platinum, is more difficult to identify the signal relative to the Pt 

in contact with a foreign atom and in this case the contribution due to the signal from 

water adsorption is more intense. However, for the samples 6Ce1PtAl and 12Ce1PtAl 

there are more Pt atoms neighbors to Ce which causes an increase in the signal 

relative to this contribution leading this energy shift to the left, observed for the feature 

at ∆XANES result. 

Furthermore, for the samples 12Ce03PtAl and 12Ce1PtAl due to the 

higher amount of CeO2 the feature relative to O contribution (above 5 eV [91]) is more 

intense. These results are in agreement with EXAFS results where it was found a 
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higher Pt-O contribution for these samples. Thus, for small particles the active phase 

is a mixture between the oxide and the metallic phase while increasing the particle size 

just a metallic contribution is observed. 

As can be seen above the active sites are depend on the metallic particle 

size and the metal-support interaction. The presence of a specific active site may be 

related with the occurrence of different mechanism reactions and due to this there is 

no consensus as to whether an associative mechanism or a redox mechanism is the 

main pathway for WGS reaction. 

 

II.12. Conclusion – Part II 

In situ characterization is very important to understand the catalytic 

properties since it is possible to evaluate the catalyst structure and electronic 

properties under real conditions. 

The SMSI due to Ce impregnation on Pt/Al2O3 samples was 

demonstrated. The addition of ceria further oxidizes the catalyst before the reduction 

and makes it more stable at high temperature reducing the PtOx mobility. The 

coordination numbers for the samples without Ce increased after thermal treatments. 

Morphological changes of the particles were observed by changes in the coordination 

numbers as a function of the temperature. 

Different types of catalytic sites appeared depending on the platinum particle size and 

the interaction with ceria. The samples without Ce or with a “small” amount (6%) 

favored n-fold sites. For the samples with a larger amount of Ce (12%) different sites 

appeared depending on the temperature and atmosphere. The Pt-Ce interaction is 

probably higher in the 12Ce03PtAl catalyst compared to the other samples, leading to 

more pronounced morphological changes. The higher catalytic activity in the presence 

of ceria is probably due to a combination of highly dispersed Pt particles and Pt-O-Ce 

interaction promoting the activation of H2O on Pt and ceria. This study about the 

properties of the highly dispersed Pt-based catalyst contributes to an understanding of 

the nanoscale properties of oxide-metal interfaces, as well as the way in which catalytic 

properties are influenced by factors such as nanoparticle size, oxidation potentials of 

the reactants, nature of the support, and temperature.  
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13. General Conclusion 

Catalysts are dynamic systems that change depending on the 

atmosphere and temperature. The use of in situ techniques is very important to 

characterize and understand the catalyst behavior since the properties under reaction 

conditions will differ from the properties measured before or after the reaction. 

It was demonstrated the importance of cerium for the platinum catalysts 

due to the existence of Pt-O bonds that anchor the particles and avoid agglomeration. 

This metal-support interaction depended on the catalyst preparation method and the 

oxide phase that was formed (particle size and crystalline structure). Also, depending 

on this metal-support interaction, different active sites were formed influencing on the 

gases adsorption and consequently the reactivity. 

The use of pre-formed nanoparticles was a good strategy to decrease 

the number of variables and evaluate the support properties. It was possible to observe 

that crystalline domain, structure formed, oxidation state are important parameters that 

will influence the catalytic activity and that depends on the preparation method. 

Distinguishing which parameter governs the catalytic activity revealed to be a difficult 

task. 

To observe changes for the Pt structure it was necessary to decrease the 

metal particle size and a strong metal-support interaction through an oxygen bond was 

observed. Changes on the surface sites that are formed were observed depending on 

the metal and support particle size and their interaction. Several parameters that 

influence the catalyst behavior have been identified however more studies are 

necessary to identify the catalytic site and relate it to the reaction mechanism. 

 

14. Suggestions for future work 

* Oxide phase controlled synthesis combined with the controlled 

synthesis for the metallic nanoparticles. Thus, will be easier to identify and split the 

catalyst properties that are relative to the support or the metallic phase; 

* Perform theoretical calculations to corroborate the experimental results; 

* Perform the WGS reaction using reactants and products in the feed to 

be able to calculate the TOF accurately. 
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Annex A 

 

Figure 1. Gaussians positions found for the CeIV and CeIII standards. Arctan 

is placed in this picture for CeIV standard. 

 

Calculating the turn over frequency (TOF) 

 

Considering a reaction: 

A + B  C + D 

The reaction conversion is given: 

xA and xB for the reactants A e B, respectively 

Fluxes at reactor entrance are FA e FB for the reactants A e B, respectively. 

 

1) Converting the flux from (ml/min) to mol/min 

Ideal gas law: 

 

P(atm)*V (L)=n (mol)*R(L*atm*K-1*mol-1)*T(K)  (eq.1) 

 

Knowing 

P = 1 atm (atmospheric pressure) 

R = 0,0820574587 (gases constant, L*atm*K-1*mol-1) 

T = reaction temperature (K) 
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2) Reaction rate 

 

Reaction rate rA (mol*s-1*g-1) is given by: 

 

𝑟𝐴 (𝑚𝑜𝑙 ∗ 𝑠−1𝑔−1) = (𝑛 (𝑚𝑜𝑙) ∗  𝑥𝐴)/𝑚𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 (eq. 3) 

 

Where: 

 

xA = experimental conversion 

mcatalyst = catalyst mass used for the catalytic test 

 

3) Partial pressure at reactor entrance 

 

𝑃0𝐴 =  
𝐹𝐴

𝐹𝐴 + 𝐹𝐵
 

 

𝑃0𝐵 =  
𝐹𝐵

𝐹𝐴 + 𝐹𝐵
 

 

4) Partial pressure at reactor exit 

 

For reactant A (limiting reactant) 

 

𝑃𝑆𝐴 = (𝐹𝐴 − 𝐹𝐴 ∗ 𝑥𝐴)/(𝐹𝐴 + 𝐹𝐵)  (eq.5) 

 

For reactant B 

𝑃𝑆𝐵 = (𝐹𝐵 − 𝐹𝐴 ∗ 𝑥𝐴)/(𝐹𝐴 + 𝐹𝐵)  (eq.6) 

 

For product C  

 

𝑃𝑆𝐶 = (𝐹𝐴 ∗ 𝑥𝐴)/(𝐹𝐴 + 𝐹𝐵)  (eq.7) 

 

And PSC = PSD (stoichiometric coefficients are all 1) 
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5) Direct reaction rate r0 (mol*s-1*g-1) 

 

𝑟0 =  
𝑟𝐴∗(

𝐹𝐴
𝐹𝐴+𝐹𝐵

∗
𝐹𝐵

𝐹𝐴𝐹𝐵
)

𝑃𝑆𝐴∗(
𝐹𝐵

𝐹𝐴+𝐹𝐵
−𝑃𝑆𝐶)−

(𝑃𝑆𝐶∗𝑃𝑆𝐷)

𝐾𝑒𝑞

  (eq.8) 

 

6) Equilibrium constant Keq: 

𝐾 = exp (
−∆𝐺°

𝑅𝑇
) (eq.9) 

 

∆G° = ∆H° − T∆S°  (eq.10) 

 

∆H° = ∆Ho
° + R ∫

∆Cp°

R

T

To
dT  (eq11) 

 

∆S° = ∆So° + R ∫
∆Cp°

RT

T

To
dT  (eq12) 

 

Substituting 11 e 12 in 10 

 

∆G° = ∆Ho
° + R ∫

∆Cp°

R

T

To
dT –T (∆So° + R ∫

∆Cp°

RT

T

To
dT)  eq (13) 

 

Where  

∆𝑆𝑜° =
∆𝐻𝑜

° −∆𝐺𝑜
°

𝑇𝑜
  eq (14) 

 

And: 

∆𝐻𝑜
°  e ∆𝐺𝑜

°  tabulated data for each gas at 298,15K . 

 

Substituting eq. 14 in eq 13 

 

∆G° = ∆Ho
° + R ∫

∆Cp°

R

T

To
dT –T (

∆𝐻𝑜
° −∆𝐺𝑜

°

𝑇𝑜
 + R ∫

∆Cp°

RT

T

To
dT)  (eq.15) 

 

Dividing by RT and rearranging 
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∆G°

𝑅𝑇
=

∆Ho
°

𝑅𝑇
+

1

𝑇
∫

∆Cp°

R

T

To
dT –

1

𝑅
 
∆𝐻𝑜

° −∆𝐺𝑜
°

𝑇𝑜
−

1

𝑇
∫

∆Cp°

RT

T

To
dT 

 

∆G°

𝑅𝑇
=

∆𝐺𝑜
° −∆𝐻𝑜

°

𝑅𝑇𝑜
+

∆Ho
°

𝑅𝑇
+

1

𝑇
(∫

∆Cp°

R

T

To
dT − ∫

∆Cp°

RT

T

To
dT)  (eq. 16) 

 

 To calculate ∆𝐻𝑜
°  

∆𝐻𝑜
° = ∑ 𝜐𝑖 ∆𝐻𝑜°𝑓𝑖 =  ∑ ∆𝐻𝑜°𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − ∑ ∆𝐻𝑜°𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠  (eq. 17) 

 

 To calculate ∆𝐺𝑜
°  

∆𝐺𝑜
° = ∑ 𝜐𝑖 ∆𝐺𝑜°𝑓𝑖 =  ∑ ∆𝐺𝑜°𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − ∑ ∆𝐺𝑜°𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠  (eq. 18) 

 

 To calculate ∆𝐶𝑝° 

∆𝐶𝑝
° = ∑ 𝜐𝑖 𝐶𝑝°𝑖 =  ∑ 𝐶𝑝° 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − ∑ 𝐶𝑝°  𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠  (eq. 19) 

 

 Gases heat capacity 

 

𝐶𝑝 = 𝑅(𝐴 + 𝐵𝑇 + 𝐶𝑇2 + 𝐷𝑇−2)  (eq. 20) 

 

∆𝐶𝑝 = 𝑅(∆𝐴 + ∆𝐵𝑇 + ∆𝐶𝑇2 + ∆𝐷𝑇−2)  (eq. 21) 

 

Where A, B, C and D are tabulated data em presented at Table 1 [190]. 

 

Table 1. Constants to calculate the heat capacity. 

 A B C D 

Carbon monoxide 3.376 0.557 0 -0.031 

Water 3.47 1.45 0 0.121 

Carbon dioxide 5.457 1.045 0 -1.157 

Hydrogen 3.249 0.422 0 0.083 

 

For the first integral from equation 16: 

 

∫
∆Cp°

R

T

To

dT = ∫ (∆𝐴 + ∆𝐵𝑇 + ∆𝐶𝑇2 + ∆𝐷𝑇−2)𝑑𝑇
𝑇

𝑇𝑜
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∫
∆𝐶𝑝°

𝑅

𝑇

𝑇𝑜
𝑑𝑇 = ∆𝐴𝑇 +

∆𝐵

2
𝑇2 +

∆𝐶

3
𝑇3 − ∆𝐷𝑇−1|

𝑇𝑜

𝑇

  (eq. 22) 

For the second integral from equation 16: 

 

∫
∆Cp°

RT

T

To

dT = ∫ ( 
∆𝐴

𝑇
+ ∆𝐵 + ∆𝐶𝑇 + ∆𝐷𝑇−3)𝑑𝑇

𝑇

𝑇𝑜

 

 

∫
∆𝐶𝑝°

𝑅𝑇

𝑇

𝑇𝑜
𝑑𝑇 = ∆𝐴 𝑙𝑛(𝑇) + ∆𝐵𝑇 +

∆𝐶

2
𝑇2 −

∆𝐷

2
𝑇−2|

𝑇𝑜

𝑇

  (eq. 23) 

 

Substituting all values at equation 16 we can find the equilibrium constant. Then 

we can find r0. After this to calculate the activation energy is necessary to plot ln(r0) for 

y axis versus 1/T x axis. The line slope will be the Activation Energy due to the 

Arrhenius equation. 

 

7) TOF calculation 

𝑇𝑂𝐹 =  
𝐹𝐴(𝑚𝑜𝑙∗𝑠−1)∗𝑥𝐴∗𝑀𝑀(𝑔∗𝑚𝑜𝑙−1)

𝑚𝑐𝑎𝑡𝑎𝑙𝑖𝑠𝑎𝑑𝑜𝑟∗𝑡𝑚∗𝑑
   (eq. 14) 

 

Where 

MM = molecular mass of metallic phase 

tm = metallic phase percentage in the sample 

d = dispersion (can be calculated from EXAFS data, microscopy, nitrous oxide, etc. 

The idea is to find out how much from the total metallic phase is at the surface). We 

will use the dispersion calculated by EXAFS data as explained before. 

 

As mentioned before the terms in red correspond to the reaction rate (rA). 

However, for certain reactions like WGS to calculate the TOF correctly would be 

necessary to do the catalytic test using the reactants and the products to feed the 

reactor since it would be a more realistic condition similar to the reform outlet. When it 

is not possible we have to calculate an “apparent” TOF using the direct reaction rate r0 

that is what is presented at the results. 
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Annex B 

 

Figure 1. Diffraction patterns for the samples γ-Al2O3 and PtAl. 

 

  

Figure 2. EXAFS data and fit at k space and Magnitude of the Fourier 

transforms for (A) g-Pt12CeAl and (B) i-12CePtAl after the reduction. Black squares 

(data); red line (fit) and blue line (window). 
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Table 1: EXAFS fits results after reduction. 

 PtAl g-Pt12CeAl i-12CePtAl Pt0 

NPt-Pt 6.5 (± 0.6) 6 (± 1) 6 (± 1) 12 

RPt-Pt (Å) 2.75 (± 0.01) 2.76 (± 0.01) 2.75 (± 0.01) 2.76 (± 0.02) 

2
Pt-Pt (Å2) 0.006 (± 0.001) 0.009 (± 0.002) 0.007 (± 0.002) 0.004 (± 0.003) 

Values found for the Pt foil and fixed for all samples: E0 = 9; S0
2 = 0.9 
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Figure 3. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
for g-Pt12CeAl (left) and i-12CePtAl (right). (A) Calcined; (B) reduced 25 0C; (C) 

H2 500 0C; (D) WGS 250 0C 
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Table 2: Structural parameters obtained from EXAFS analysis of g-Pt12CeAl under 
H2 500 0C and WGS 250 0C. 

 H2 500 0C WGS 250 0C 

NCe-O1 3 (± 1) 4 (± 3) 

R Ce-O1 (Å) 2.20 (± 0.02) 2.20 (± 0.03) 

NCe-O2 3 (± 1) 5 (± 3) 

R Ce-O2 (Å) 2.4 (± 0.03) 2.40 (± 0.04) 

NCe-Al 4 (± 3) 3 (± 4) 

R Ce-Al 3.60 (± 0.06) 3.7 (± 0.1) 

Ce-O
2 / Ce-Al

2 (Å) 
0.003 (± 0.006) / 

0.01 (± 0.03) 

0.008 (± 0.01) / 

0.01 (± 0.03) 

(a) after reduction; E0 = -15 (± 5), So
2 = 0.9. 

 

Table 3: Structural parameters obtained from EXAFS analysis of i-12PtCeAl under H2 
500 0C and WGS 250 0C. 

 H2 500 0C WGS 250 0C 

NCe-O1 7 (± 2) 7 (± 2) 

R Ce-O1 (Å) 2.31 (± 0.01) 2.31 (± 0.01) 

NCe-Ce 1.1 (± 0.7) 2.0 (± 0.6) 

R Ce-Ce (Å) 3.78 (± 0.04) 3.79 (± 0.02) 

Ce-O
2 / Ce-Ce

2 (Å) 0.02 (± 0.006) / 
0.005 (± 0.002) 

0.02 (± 0.005) / 
0.005 (± 0.002) 

(a) after reduction; E0 = -9 (± 2), So
2 = 0.9. 
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Annex C 

  

  

Figure 1. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
before the reduction (A) 12Ce03PtAl, (B) 1PtAl, (C) 6Ce1PtAl, (D) 12Ce1PtAl 
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Figure 2. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
after the reduction (A) 12Ce03PtAl, (B) 1PtAl, (C) 6Ce1PtAl, (D) 12Ce1PtAl 
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Figure 3. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
250 0C (A) H2, (B) WGS, (C) H2-second time, (I) 12Ce03PtAl, (II) 1PtAl, (III) 

12Ce1PtAl 
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Figure 4. EXAFS data and fit at k space and Magnitude of the Fourier transforms 
350 0C (A) H2, (B) WGS, (C) H2-second time, (I) 12Ce03PtAl, (II) 6Ce1PtAl, (III) 

12Ce1PtAl. 


