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Abstract 

The Water-Gas Shift (WGS: CO+H2O↔CO2+H2) reaction is a key step in hydrogen fuel 

processing for mobile fuel cell applications. Since the reaction is equilibrium-limited and 

exothermic, high conversions are favored by low temperatures. However, conventional 

low-temperature shift catalysts are not active enough. Reducible oxide supported small 

noble metal clusters have shown excellent activity as low temperature WGS catalysts and 

it is generally believed that these catalysts are bifunctional. In other words, the reaction 

occurs at the three-phase boundary (TPB) of the noble metal, the reducible oxide, and the 

gas phase. The small noble metal cluster adsorbs/activates the CO molecules and the 

reducible oxide, in this study ceria, activates the water molecules to provide necessary 

hydroxyl groups in the vicinity of the metal cluster for further reaction. While many 

experimental observations suggest that the TPB is the active site of ceria supported noble 

metal clusters, no systematic theoretical investigation of the WGS reaction mechanism at 

the TPB of these catalysts has been reported that could unambiguously prove this 

hypothesis. 

In this computational study, density functional theory (DFT+U) has been used to 

study the ceria (111) surface and the effect of small platinum clusters on the reducibility 

of the surface. Then, constraint ab initio thermodynamic calculations have been 

performed to determine a meaningful catalyst model for a systematic kinetic study of the 

platinum-ceria interface. Next, different reaction mechanisms have been investigated 
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from first principles and microkinetic reactor models based on parameters obtained from 

DFT+U and transition state theory are developed to study the effect of temperature and 

partial pressure of the gas phase environment and to compare various reaction 

mechanisms to experimental data. To conclude, the importance of the TPB of ceria 

supported Pt clusters for the WGS reaction is theoretically verified and a redox pathway 

involving the creation of oxygen vacancies at the Pt/ceria interface is identified as the 

most dominant reaction pathways at relevant experimental conditions. 
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1. Introduction 

The Water-Gas Shift (WGS) reaction is a key step in hydrogen fuel processing, methanol 

and ammonia syntheses, Fischer-Tropsch reaction, etc. 1-10. Current commercialized 

WGS technology involves multiple stages/catalysts that are based on high temperature 

shift over Fe2O3/Cr2O3 catalysts in a temperature range of 350-450 °C and low 

temperature shift over Cu/ZnO/Al2O3 catalysts in a temperature range of 190-250 °C. 

However, this multi-stage technology is not suitable for mobile fuel cell applications 

because of its technical complexity, such as sensitivity to start-up/shut-down cycles 11, 12. 

Besides, the catalytic reactor for these applications should have reduced volume and 

weight in order to be economical and the catalyst should be non-pyrophoric and oxidation 

tolerant upon exposure to air.  

Since the WGS reaction is an equilibrium-limited exothermic reaction, high 

conversions are favored by low temperatures. However, conventional low-temperature 

shift catalysts are not active enough. Besides, due to the necessity of careful in-situ pre-

reduction of these catalysts, they are very sensitive to start-up/shut-down cycles. 

Furthermore, they are pyrophoric and sensitive to air and the condensed water that may 

form during shut-downs. As a result, for mobile fuel cell applications, there is a need for 

new single-stage WGS catalysts that are active at low temperatures, specifically between 

250-400 °C.  
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Reducible oxide supported noble metal clusters have shown excellent activity as 

low temperature WGS catalysts 13-17. These catalysts, especially ceria supported  noble 

metal clusters, also proved to be very successful in three-way automotive converters 18. 

However, the operating condition in the WGS reaction is quite different from the 

conditions in auto converters. While the former should be carried out at reducing 

conditions with high partial pressure of hydrogen and at low temperatures, the latter 

operating condition is oxidative at high temperatures. Consequently, numerous 

investigations are related to improve these catalysts for the WGS reaction to make them 

more active, stable, and economic.  

Generally, it is believed that noble metal catalysts supported by reducible oxides 

are bifunctional 16, 19-23. In other words, the reaction occurs at the three-phase boundary 

(TPB) of the noble metal, the reducible oxide, and the gas phase; while the small noble 

metal cluster adsorb/activate the CO molecules, the reducible oxide, specifically ceria in 

this study, activates the water molecules to provide necessary hydroxyl groups in the 

vicinity of the metal cluster for further reaction. Even though there is experimental 

evidence about the importance of the three-phase boundary of ceria supported noble 

metal clusters, no systematic theoretical study related to the WGS mechanism over these 

catalysts has been reported and the role of each of the involved phases on the activity of 

the active site is still unclear. 

In this work, we used the DFT+U method with PBE exchange correlation 

functional to study the ceria (111) surface and the effect of small platinum clusters on the 

reducibility of the surface. We also utilized the constraint ab initio thermodynamics 

method in order to determine a meaningful catalyst model for kinetic studies. Next, we 
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developed different reaction mechanisms with reasonably accurate reaction energies and 

barriers. After that it became possible to develop a microkinetic reactor model and to 

study the effect of temperature and partial pressure of the gas phase species on the 

reaction mechanism and key reaction intermediates.  

The following chapters are organized as follows: Chapter (2) contains a literature 

review that is divided into four subsections. The first subsection is an overview of the 

WGS reaction. It briefly describes the reaction history and its industrial applications. 

Some thermodynamic considerations about the reaction will be described and more 

details about five different types of catalysts (high temperature shift, low temperature 

shift, moderate temperature shift, sour gas shift, and noble metal based catalysts) will be 

given. The second subsection is on ceria catalysts; from its current commercial use in 

three-way automobile converters to buffer the oxygen partial pressure to the more recent 

applications as catalytically active catalysts support. The third subsection is aimed at 

showing the importance of the bifunctional nature of ceria supported noble metal 

catalysts by describing many experimental observations that highlight the potential 

importance of the three-phase boundary as an active site for these catalysts. The final 

subsection of Chapter (2) reviews computational research on ceria surfaces. Next, 

Chapter (3) provides details on the computational methods used in this research. Chapter 

(4) describes the results of our computations for identifying a suitable catalyst model for 

mechanistic studies. And Chapter (5) describes the results of the mechanistic studies. 
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2. Literature Review 

2.1. Overview of the Water-Gas Shift Reaction 

The Water-Gas Shift (WGS) reaction is a well-known process to increase hydrogen yield 

from hydrocarbon reforming and to decrease the CO concentration. 

1
298K

222

molkJ41.1∆H

HCOOHCO
−−=

+↔+
 

It was first reported in 1888 24; and years later, in 1913, the reaction was applied 

industrially in the ammonia synthesis process 25. Since iron based catalysts for ammonia 

synthesis are sensitive to carbon oxides, the WGS became important to convert carbon 

monoxide into carbon dioxide that can be separated in subsequent separation processes. 

The name of the WGS reaction comes from the “water-gas” or “synthesis gas” 

that is a mixture of carbon monoxide and hydrogen. It has wide industrial usage. For 

instance, in the ammonia 3-6, methanol 7, 8, 26, 27, and hydrogen syntheses 1, 2, 28-36, 

hydrogenation steps in petroleum refining and petrochemical industry 9, 36, Fischer-

Tropsch process 9, 10, 37-40, and also reduction of oxide ores to produce metals 41, 42.  

Carbonaceous materials like coal, coke, natural gas, naphtha, etc. can react with 

steam, oxygen, or carbon dioxide to produce water-gas with different ratios of hydrogen 

to carbon monoxide. For instance, in steam reforming of coal and dry reforming methane 
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the ratio is one 11. However, in partial oxidation of methane the ratio increases to two and 

in steam reforming of methane it is as high as three. 

1
22 molkJ131.2∆HHCOOHC

:coalofreformingsteam
−=+↔+

 

1
224 molkJ247.4∆H2H2COCOCH

:methaneofreformingdry
−=+↔+

 

1
224 molkJ35.6∆H2HCO0.5OCH

:methaneofoxidationpartial
−−=+↔+

 

1
224 molkJ206.3∆H3HCOOHCH

:methaneofreformingsteam
−=+↔+

 

In order to increase the hydrogen yield, the WGS reaction can be utilized to have higher 

hydrogen to carbon monoxide ratios. As a consequence, this reaction step is becoming 

very important in many aspects of catalyst and reactor design to adjust the ratio of 

hydrogen to carbon monoxide depending on its usage. 

In the first generation of WGS reactors, the reaction was conducted in a single 

stage at temperatures around 450-600 °C with an iron oxide catalyst stabilized by 

chromium oxide 43, 44. In order to improve the performance, the reaction was then 

conducted in two stages with the same catalyst and the second stage at temperatures of 

around 320-360 °C. The two stage reactor reduced the carbon monoxide level to 3000-

4000 ppm, while the single stage reactor could not reduce the CO level below 10000 ppm 

45. Already in the 1960s could the CO level be reduced to less than 5000 ppm 46 by using 
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Cu based catalysts in the low temperature stage and optimizing the high temperature Fe-

based catalysts.  

Following the increasing demand for hydrogen production since the beginning of 

the 20th century, the WGS has again become very important. Using natural gas instead of 

coal for water-gas production and employing better catalysts that improve the yield and 

selectivity this increasing demand can likely be met. It is worth mentioning here that 

nowadays environmental concerns are very crucial. For instance, hydrogen production 

from synthesis gas for fuel cell applications has found huge attention. And there is a 

growing need for new non-pyrophoric catalysts which can provide H2 safer and at more 

efficient reaction condition such as low operating temperatures. 

Next, it is noted that the WGS reaction is an equilibrium-limited and exothermic 

reaction. As a result, hydrogen production is favored at low reaction temperatures. 

However, at low temperatures the reaction is controlled by the kinetics and it is vital to 

make highly active and stable catalysts for these conditions. The pressure does not affect 

the equilibrium of the reaction since there is no variation in the number of moles during 

the reaction. However, until reaching equilibrium, a high total pressure positively affects 

the CO conversion since it increases the reaction rate.  

Traditionally the reaction is conducted in two or three catalytic stages with the 

first stage operating at relatively high temperatures and subsequent stages working at 

lower temperatures 43. While the first stage is favoring fast CO conversion and low 

residence time, the following stages increase the conversion which is limited by the 

reaction equilibrium.  



 

7 

Catalysts for the WGS reaction can be classified into 5 main groups 11. The first 

group consists of high temperature shift catalysts which are based on iron oxide and 

perform best at relatively high temperatures between 350 °C and 450 °C. The second 

group consists of low temperature shift catalysts which are primarily copper-zinc oxides 

that work best at low temperatures between 190 °C to 250 °C. Medium temperature shift 

catalysts are usually copper-zinc oxides modified by iron oxides and operate between 275 

°C to 350 °C. The fourth group consists of sour gas shift catalysts. These catalysts are 

sulfur tolerant and can be used for feed streams that are sour. The active ingredients in 

these catalysts are usually cobalt and molybdenum. Finally, precious metal based 

catalysts such as platinum and gold group catalysts can be categorized in a fifth group.  

This group of WGS catalysts is currently under intensive investigation for use in 

fuel cell applications especially for mobile applications like automobiles. For instance, 

the catalyst bed for these applications should have a reduced volume and weight to be 

economical and should also be robust enough to withstand rapid start-up and shut-down 

conditions. Since a multi-stage technology for the reaction is sensitive to start-up and 

shut-down cycles it is desirable to conduct the reaction in a single stage and since the 

reaction is exothermic and equilibrium limited it should occur at relatively low 

temperatures. The catalyst should be non-pyrophoric and oxidation tolerant upon 

exposure to air. Considering these needs, precious metal based catalysts are very 

promising. In the following, more details about each group of the introduced catalysts 

will be given.  

As high temperature shift catalysts, Fe2O3-Cr2O3 based catalysts have been in 

commercial use for more than 60 years 11. Conventional catalysts contain about 80-90 
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wt% of Fe2O3, 8-10 wt% of Cr2O3 and some promoters and stabilizers like copper oxide, 

Al 2O3, alkali, MgO, ZnO, etc. 47-51. While pure Fe2O3 deactivates fast during the reaction 

due to sintering of iron oxide crystallites, Cr2O3 prevents the sintering of iron oxide 

crystallites by being a textural promoter. Cr2O3 also functions as a structural promoter 

that increases the intrinsic catalytic activity of Fe2O3. These catalysts have a life time of 

3-5 years depending mainly on the operating temperature and are not very sensitive to the 

presence of sulfur, even up to about 1000 ppm. Their deactivation is mainly caused by 

loss of iron oxide surface area due to thermal sintering. 

Due to the exothermic nature of the WGS reaction it is necessary to provide 

adequate heat removal stages to the reacting system to control the temperature 11. 

Therefore, these catalysts are used in two or three beds with inter-bed coolers. Under 

normal operating conditions, the outlet temperature can vary between 400 and 500 °C 

with CO content between 3-5 wt% while the reactor inlet temperature is about 300 to 360 

°C. The operating pressure is usually between 10 to 60 bars.  

Three major drawbacks can be mentioned for this group of catalysts especially for 

mobile fuel cell applications. First of all, Cr+6 ions are water soluble toxic ions which 

pose major hazards during the catalyst manufacturing and handling. The second major 

drawback of these catalysts is their low activity at low temperatures which necessitating 

large catalytic beds that is not desired for mobile applications. Finally, they are 

pyrophoric. 

Relatively poor efficiency of the conventional Fe2O3-Cr2O3 at low temperatures 

motivated further investigation for low temperature shift catalysts. Even though the 
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activity of metallic copper in the WGS reaction had been known for a long time, easy 

copper sintering necessitated the use of supports 52. Various supports like Al2O3, SiO2, 

MgO and Cr2O3 were examined but all of them had a relatively short life time and low 

activity 11. Important progress was made in early 1960s by the introduction of ZnO as 

catalyst support 53, and later by ZnO-Al2O3. These Cu-ZnO-Al2O3 catalysts provide high 

and more stable copper surface area and are used almost exclusively in industrial low 

temperature shift reactions 11.  

Even though high surface area of copper is necessary for catalytic activity, it is 

also probable that the presence of Zn ions affects the structure of copper nano-crystallites 

and provides an increased activity of the catalyst 11. If formulated properly and operated 

under standard low temperature shift conditions, Cu-ZnO-Al2O3 catalysts can have a life 

time of a few years. The major causes of catalysts deactivation are sulfur and chloride 

poisoning and thermal sintering of copper crystallites 54-58. These catalysts sinter and lose 

copper surface area and catalytic activity when heated above 300 °C and one major role 

of Al2O3 is to prevent the growth of copper crystallites and functions as a textural 

promoter 55. Since loss of copper surface area and catalytic activity begins above 250 °C 

where copper clusters start agglomerating on the ZnO support 57, it is probable that the 

active site for the WGS reaction is related to small copper clusters 59.  

Using well-formulated, rugged Cu-ZnO-Al2O3 catalysts in low temperature shift 

reactors with an exit temperature of 200 °C, the CO level can be reduced to a value of 

about 0.3 wt% 11. The lower limit of the operating temperature in the reactor is the dew 

point of water at the operating pressure (190-200 °C at 30 bar) since condensed steam 

adversely affects the catalytic activity of this group of shift catalysts.  
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As mentioned, one major drawback of these catalysts is their extreme sensitivity 

to sulfur poisoning 55, 60, 61. For example, the sulfur levels in natural gas or light petroleum 

naphtha are in the range of 5-50 ppm and conventionally desulfurization steps have to be 

applied upstream to reduce the sulfur content of the feed to the water-gas shift reactor to 

about 10 ppb since Cu-ZnO-Al2O3 catalysts are adversely affected by higher sulfur 

contents 11. As a result, the volume of the actual low temperature shift reactor is three 

times larger than the volume needed by the WGS kinetics alone and in cases that the 

synthesis gas has a high level of sulfur content it is ultimately necessary to use a sulfur-

tolerant WGS catalyst. 

When the synthesis gas is generated by the gasification or partial oxidation of 

heavy fuel oil, tar sands, oil shale, coal, coke or biomass, the CO and sulfur 

concentrations are high (up to 50 and 3 wt% respectively) 11, 53, 62. Under these 

conditions, the Cu-based low temperature shift catalysts cannot be used and the high 

temperature shift catalysts will have a low activity due to sulfidation. As a result, it is 

necessary to remove sulfur compounds from the process stream before it enters the shift 

reactor. This reaction can be carried out using sulfided Co-Mo-alumina catalysts 63-65. 

Since these cobalt and molybdenum based catalysts can also remove CO by the water-gas 

shift reaction, they can be classified as sulfur-tolerant, sour gas shift catalysts. These 

catalysts are mainly active in their sulfided form and the non-sulfided form of them has 

very little activity toward the WGS. So it is preferred that the minimum sulfur content of 

the feed stream be about 300 ppm 11. 

Commercialized catalysts operate in a temperature range of 250 to 350 °C and 

pressure range of 1 to 40 bars 11. Addition of alkali to the sulfided form of these catalysts 
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promotes their water-gas shift activity 66-68. Different factors may cause deactivation of 

these catalysts; for instance, sulfur and coke deposition, active site sintering, and 

poisoning 69-71. High concentrations (above 0.5%) of NH3 and HCN will affect the 

sulfided Co-Mo catalysts adversely 11. Phenol is poisonous but the rate of deactivation is 

low at low concentrations and deactivation is reversible and the catalyst can be 

regenerated by steam-air regeneration. Benzene is also poisonous at high concentrations 

(about 10%). Chloride is the main poison for this group of catalysts even at low 

concentrations of about 1-2 ppb that deactivates the catalyst irreversibly.  

As mentioned before future mobile fuel cell applications have imposed an urgent 

need for active, robust, non-pyrophoric, and oxidation tolerant catalysts that can be used 

in a single, compact, low temperature reactor. Commercialized Cu-ZnO catalysts are not 

suitable since they require a lengthy in situ pre-reduction during which the temperature 

must be increased very gradually to prevent the agglomeration of metal 12. As a result 

they are very sensitive to start-up/shut-down cycles. Besides they are sensitive to air and 

water. Considering that for automobile fuel processing the chamber is exposed to air 

leaking and water condensation during shutdowns, these catalysts are not a good choice 

for these applications.  

Precious metal based small nanoclusters supported on reducible oxides are subject 

to intense investigation as the activity of platinum group metals for the water-gas shift 

reaction is known for many decades even though their high price precluded them from 

becoming commercialized for industrial applications 72. Besides, these catalysts could be 

used as automobile exhaust catalysts 18, 73-77. However, it should be noted that auto 

exhaust catalysts operate under an oxidative atmosphere and the temperature is above 400 
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°C, while the WGS reaction in fuel processing occurs under reducing condition with high 

partial pressure of hydrogen and a temperature between 180 to 450 °C.  

Precious metals such as Au, Pd, and Pt on reducible oxides such as ceria, titania, 

zirconia, and mixed oxides like ceria-zirconia have been mostly investigated 13-17, 78-92. 

Other transition metals like cobalt and nickel have also been investigated; however, they 

mostly catalyzed methanation of CO especially below 350 °C 11.  Next, it has been shown 

that precious metal based catalysts supported on reducible oxides are bifunctional 16, 19-23, 

72, 81, 93-99. In other words, both metal and support have a considerable influence on the 

activity of the catalyst and it is commonly agreed upon that the metal adsorbs and 

activates CO while the oxide support activates H2O.  

Even though a large number of different formulations have been examined and 

reported, a meaningful comparison and ranking of various catalysts is difficult since the 

preparation method, feed composition, and reaction condition considerably affect the 

catalyst activity 100. In an attempt to compare catalytic activity of some oxide supported 

metals for the WGS reaction, Thinon et al. 81 examined catalysts based on Pt, Au, Cu, Rh, 

Pd, and Ru on ceria, alumina, zirconia, iron oxide, and titania with the same preparation 

methods in a temperature range between 250 to 350 °C and 1 bar. The feed stream had a 

composition of typical reformate consisting of 10% CO, 10% CO2, 20% H2O, 30% H2 

and 30% Ar. Rh and Ru based catalysts showed a significant amount of methanation 

while Pt/TiO2 and Pt/CeO2-Al 2O3 are the most active WGS catalysts at 300 °C. It is 

interesting to note that the Pt based catalysts had the highest apparent activation energies 

while the Au based catalysts had the lowest. This trend was consistent with other studies 

101-103. 
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The low apparent activation energy for gold catalysts is very interesting since Au 

catalysts can then potentially be used for low temperature shift reactions between 180 to 

250 °C where Pt group metals are not sufficiently active 11, 104, 105. The activity of gold 

catalysts supported on reducible oxides is associated with a high dispersion of small gold 

nano-particles and it is known that pure gold surface is not catalytically very active 102, 

106-121. This phenomenon can usually be generalized to other transition metals. In other 

words, low coordinated transition metal atoms are usually more active in catalytic 

reactions than high coordinated atoms, since they have higher lying d states which make 

it easier for adsorbates to interact with them 109, 122. Even though quantum size effects are 

important for very small particles 123, they seem not to have a considerable effect if metal 

particles are larger than 1.5 nm 11.  

Considering Pt/TiO2 catalysts, even though they are very active and selective for 

the WGS reaction, they deactivate with time on stream 124. Catalyst deactivation during 

the reaction was also observed for palladium catalysts supported on ceria 125, 126. Many 

mechanisms have been suggested for catalysts deactivation. For instance, over reduction 

of ceria, metal agglomeration, metal encapsulation by the support, and active sites 

poisoning by CO or other intermediate species 12, 124, 127.  

Analyzing experimental observations to study the deactivation mechanism is not 

easy. For example, just because there is high surface coverage of one species does not 

mean that that species is causing deactivation 11. If it is so, the coverage should increase 

with time. However, loss of metal support interaction, for example by metal particle 

growth, can also cause the coverage of intermediates to increase in case that the metal 

particle is assisting those intermediates decomposition at its interface with the support.  
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To summarize, catalyst deactivation of this group of catalysts is a major obstacle 

for their commercialization for the WGS reaction. Studies in industry showed that the 

addition of elements from rare earth metals like lanthanum or praseodymium to the ceria-

zirconia support can reduce the agglomeration of ceria crystallites to some extent 128-130. 

As a consequence, deactivation of Pt-ceria-zirconia can also decrease. Besides, Pt group 

metals have high activity for Fischer-Tropsch reactions especially at temperatures 

between 200-350 °C 11. Once hydrocarbons form they may undergo further reactions like 

carbonization to block active sites for the WGS reaction. Since ionic Pt is active in redox 

reactions but not known to be active for Fischer-Tropsch, it has been suggested that by 

incorporating metal in lattice sites of ceria and preserving the ionic state of it under the 

WGS reaction conditions, one may be able to reduce the deactivation of these catalysts 

and also increase the stability of the catalyst 131-134.  

Gold catalysts are even more prone to deactivation compared to Pt group catalysts 

during the reaction 122, 135. One approach to improve their performance is to combine Au 

with another metal like Pt to have bimetallic catalysts 135, 136. Otherwise, promoters can 

be incorporated in the ceria support. For instance, alumina can be utilized as a textural 

promoter to stabilize the Au and ceria crystallites against agglomeration during the 

reaction 137. Alumina addition also results in smaller ceria crystallites and hence 

increased oxygen storage capacity of ceria. It has been suggested that there is a direct 

relationship between oxygen storage capacity of the catalysts and their activity towards 

the WGS reaction 136, 137. Structural promoters can also be utilized in other Pt group 

catalysts 138. For example, using nanocomposites of ceria and silica for the platinum 

support can improve the activity and thermal stability of these catalysts.  
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2.2. Overview of Ceria Catalysts 

Cerium oxide, also known as ceric oxide, cerium dioxide or ceria, is a vital component in 

automotive catalysis 139. The primary importance of ceria in catalysis is due to its 

remarkable oxygen storage capacity. Ceria can undergo rapid redox cycles without 

decomposition of the material depending on the partial pressure of oxygen in its 

environment. Due to these redox properties, ceria can be a co-catalyst for many important 

reactions where it can be used as a support or promoter for another catalytic material. 

Even though the original application of ceria was in automotive for emission control, 

recently it is finding new applications for example in hydrocarbon reforming, 

hydrocarbon oxidation, Fischer-Tropsch catalysis, and also the WGS reaction. 

Application of the redox properties of ceria in the WGS reaction was described in the 

previous section. In the following more details of other applications will be given.  

Commercial use of automotive catalysts for detoxification of exhaust gas dates 

back to 1975 where the catalysts were noble metals free of ceria 18. These catalysts aimed 

mainly at fully oxidizing the residual uncombusted hydrocarbons and carbon monoxide 

as the major byproduct of the partial combustion by applying excess oxygen to the hot 

exhaust stream. However, by early 1980s, emission standards for NOx in the US had been 

tightened to the point where NOx removal was needed in addition to hydrocarbon and 

carbon monoxide removal. By that time use of noble metals, as the only sufficiently 

active catalyst, was adapted to be economical with monolithic catalysts. The monoliths 

were multi-channeled ceramic catalytic bodies with the exhaust stream flowing through 

channels 140, 141. The walls of the channels were coated by a porous layer with high 

surface area having finely dispersed noble metal catalytic particles. 
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Using precious metals such as platinum group metals, as the active component in 

automotive converters was based on three main factors: first of all, the catalyst should be 

active enough to remove pollutants from the exhaust gas stream with a large volumetric 

flow in a compact space and only precious metals were active enough to meet this very 

short residence time criterion. Second, the catalyst should be resistant to residual amounts 

of sulfur oxides in the exhaust gas stream and precious metals could meet this criterion 

too. Finally, dispersed precious metal particles supported on insulator oxides of alumina, 

zirconia, etc. were less prone but not totally immune to deactivation, given the high 

temperature of the exhaust stream. While initially platinum and palladium where used as 

the precious metal particles, rhodium was later introduced due to its higher activity for 

the catalytic reduction of the oxides of nitrogen. 

As mentioned before, by the 1980s instead of just two major pollutants there were 

three to be removed from the exhaust stream: hydrocarbon, carbon monoxide, and NOx. 

While hydrocarbon and carbon monoxide needed oxidizing conditions with excess air for 

their conversion, noxious materials needed to be reduced to nitrogen with excess fuel. 

However, if the air-fuel ratio could be controlled sufficiently close to the stoichiometric 

value, all three pollutants could be converted with high efficiency in a single step.  

Using closed-loop engine control, the idea was to monitor the exhaust gas oxygen 

142. If at any time the oxygen partial pressure deviates to provide net oxidizing or net 

reducing environment, then the sensor should send a signal back to the electronic engine 

control module. This module, in turn, signals the fuel injectors to increase or decrease the 

fueling rate as to drive the exhaust gas mixture back to the stoichiometric point. 

Considering that by utilization of any control system there are still unavoidable 
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deviations from set point composition, ceria was added to the catalytic formulation of 

automotive catalysts to buffer the exhaust composition through its oxygen storage 

capacity. 

As the first generation of this type of catalysts, noble metals were impregnated 

onto an alumina porous layer of a monolithic media. Ceria with small weight fraction was 

co-impregnated onto alumina along with the noble metals. Even a small fraction of ceria 

could dramatically improve the catalyst performance.  In the late 1980s and early 1990s, 

more ceria usage was adapted since it was less expensive compared to precious metals. 

The primary concern was then to provide high contact surface area of ceria and the 

precious metals considering that the effectiveness of the oxygen storage capacity of ceria 

is to store and supply oxygen to the metals on which CO oxidation occurs. However, the 

oxygen came mainly from the surface or near surface region of ceria at the interface with 

the metal particles so that sintering of either ceria or the metal particles was a major 

problem for these catalysts. Thermal sintering was very eminent due to the high 

temperature of the exhaust gas stream which was more than 800 °C.  

In the 1990s, the requirement for durability of the auto catalysts increased from 

50000 miles to 100000 miles. In order to solve the problem of thermal deactivation of 

high ceria loaded catalysts, new technology for oxygen storage became inevitable. As a 

result, ceria was stabilized by another metal oxide to form a solid solution able to 

withstand severe thermal aging 143-147. It is worth mentioning that, even though 

stabilization of ceria particles by addition of secondary oxides is important, the 

importance of reducible oxide solutions is not restricted to stabilization. For instance, 

solid solutions of ceria and zirconia increase the oxygen storage capacity of these 
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materials 148, 149. Even bulk oxygen can diffuse to the surface and consequently it 

becomes possible to relax the constraint of a high surface area of the monolith catalysts. 

Currently exhaust emission control for gasoline engines has been well developed 

and the aim is to develop catalysts stable enough to withstand any exhaust stream without 

deactivation over the life of the vehicle. The other effort is to reduce the contributions of 

the transport system to the accumulation of CO2 in the atmosphere. One solution is to 

completely replace fossil fuels with hydrogen, ideally derived from solar energy. 

However, more time is needed to develop an affordable technology. The other, more 

promising, solution is to use fuel cells as the power source of automobiles by 

electrochemical conversion of hydrogen into electricity which is known to have a very 

high theoretical efficiency. The problem is then the low volumetric energy density of 

hydrogen which is a practical problem for on-vehicle storage and also hydrogen fuel 

distribution. As a solution, it is proposed to reform liquids such as alcohols or gasoline 

on-board to hydrogen to be used in the fuel cell for electricity generation. 

Alcohol fuels such as methanol have a five to seven times higher energy density 

compared to compressed hydrogen and they can be easily stored and distributed 150. 

Besides, renewable sources such as biomass can be used as the primary source for them 

to have net zero contribution to the CO2 accumulation in the atmosphere. Furthermore, 

conversion of methanol is much simpler compared to other liquid fuels. Next, gasoline, 

another source for hydrogen production, has this advantage that it is already widely 

available. In other words, there is no need to think about new fuels and a new distribution 

system. 
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Reforming an oxygenated or non-oxygenated hydrocarbon fuel requires breaking 

the chemical bonds in the fuel to have CO and H2 molecules. It is usually done by steam 

or a mixture of steam and oxygen. Use of oxygen provides an extra path for partial 

oxidation of the fuel which is exothermic and the heat is used in steam reforming that 

occurs simultaneously. Then it is needed to shift CO further into CO2 for additional 

hydrogen production via the WGS reaction. After removal of CO2, more purification of 

hydrogen from CO is needed to make it ready to be fed to the fuel cell electrode. 

Among many candidates for catalysts of these reactions, noble metals surpass 

others due to special needs which arise for automotive catalysis, mainly activity and also 

safety and reliability. However the situation is quite different for these applications 

compared to emission control application 18. First and foremost, the system should work 

flawlessly which means any possible disturbance or malfunction would likely have 

undesirable effects on the vehicle performance. The other difference is the amount of 

noble metals usage between the two applications. As a rough estimation, about 100-150 

gr of precious metals are necessary for un-board fuel reforming and the fuel cell itself to 

produce 50 kW power. This value is much higher than for emission control (about 2-5 gr 

for a similar engine power of 50 kW). 

The high price of noble metals motivates the search to find less expensive, still 

highly active catalysts. For example, nickel-based catalysts supported on ceria have been 

studied for hydrogen production via steam reforming of ethanol 151-153. Although these 

catalysts are prone to coke deposition, by using a support with good redox properties and 

an appropriate promoter it was possible to reduce carbon formation 151. For example, 

mixed oxides of ceria and zirconia showed less carbon formation for these catalysts.  
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Similarly, Ce0.8Ni0.2O2-y has been suggested to be a highly efficient, stable, and 

inexpensive catalyst 154. Under the reaction conditions, the catalyst had small metal 

particles dispersed on partially reduced nickel-doped ceria. It was found that metal-oxide 

interactions alter the electronic properties of Ni and make it less active for methanation. 

The nickel embedded in ceria induced the formation of oxygen vacancies and facilitated 

the dissociation of ethanol and water. So both metal and metal-doped-oxide phases were 

found to be important for ethanol steam reforming.  

For on-board reforming of diesel fuels through autothermal reforming, a catalyst 

with Rh3.0Ce10La10/δ-Al 2O3 formulation has been proposed in the form of a monolith 

catalyst 155. The activity results showed high fuel conversion and hydrogen production 

with 3 wt% of rhodium.  The characterization results showed the presence of highly 

dispersed Rh particles in the support. Rhodium oxides where found both on the surface 

and in the bulk. Considering cerium and lanthanum as dopant, cerium oxides were found 

both in the bulk and on the surface and lanthanum was dispersed on the surface. These 

promoters were believed to improve the catalyst activity and durability.  

Next, ceria catalysts are used for the preferential oxidation of CO (PROX). Proton 

exchange membrane fuel cells (PEMFC), as one promising type of fuel cells for 

automotive application, are known to be sensitive to the CO concentration in their 

hydrogen feed. CO concentration should be below 10 ppm for platinum anodes and 

below 100 ppm for CO-tolerant alloy anodes. One solution to provide hydrogen with high 

purity is to shift the reaction after reforming in order to convert the trace residual 

amounts of CO and produce highly purified hydrogen. Another simple and economical 

method is preferential CO oxidation in hydrogen rich streams. The task is here to find 
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catalysts that can operate at fuel cell operating temperature, between 80 to 100 °C and 

also to minimize hydrogen oxidation.  

Gold nano-particles supported on ceria have been subject of many studies as a 

promising catalyst for PROX reaction since ceria can provide oxygen for CO oxidation 

and it can also stabilize small gold particles. Gold nano-particles are very active even at 

low temperatures and at those conditions they are more selective toward CO oxidation 

than hydrogen oxidation compared to platinum 156-159. For example, Au supported on 

ceria doped with FeOx and MnOx showed good redox and catalytic properties 157. Gold 

on FeOx and MnOx was also active towards preferential oxidation. It was suggested that 

the support structure, depending on the dopant nature and on the preparation method, 

determines the redox and catalytic properties of ceria. 

All examples illustrated above had their primary application in the automotive 

industry, either down-stream for emission control or up-stream for power generation. 

However, application of redox properties of ceria is not restricted to the automotive 

industry. For instance, replacing alumina as a traditional support for cobalt based 

catalysts of the Fischer-Tropsch reaction with ceria increased the selectivity of these 

catalysts toward oxygenates especially linear alcohols 160.  

2.3. Importance of the Three Phase Boundary for Ceria Catalysis 

Ceria plays two major roles in catalysis: it releases and stores oxygen and it promotes 

dispersion and activity of another catalytic material. Both of these roles depend on the 

type, size, and distribution of defects on the ceria surface. Oxygen vacancies are the most 
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studied type of defects in ceria; however, other defects like metal substitution are also 

possible and important. 

Ceria crystallizes in a cubic fluorite structure and the most thermodynamically 

stable low-index surface is (111) 161. This surface has threefold coordinated oxygen 

atoms atop and sevenfold coordinated cerium atoms in the next layer. Non-polar 

stoichiometric O-Ce-O tri-layer repetition along the (111) direction represents a perfect 

CeO2 (111) crystal.  In its unreduced form, CeO2 is an insulator with experimental band 

gap of 6.0 eV between O 2p and Ce 5d states and upon reduction the electron 

conductivity increases.  

Surface oxygen vacancies can participate in chemical reactions. For example, 

oxidation of an adsorbent can occur by ceria surface oxygen, resulting in a surface 

oxygen vacancy. Adsorbates then bind to vacancies more strongly which may help in 

their dissociation 162. Specifically in the WGS reaction which is the subject of this study, 

water is an oxidant and it can adsorb and dissociate on vacancy sites near metal particles 

and provide its OH group for further reactions 16, 19, 20, 23, 91, 163, 164. 

Under ultrahigh vacuum conditions, on the slightly reduced surface, single 

vacancies are dominant and both surface and subsurface oxygen vacancies are present 

with similar coverages 165. High temperature results in vacancy clustering with the 

formation of mainly linear surface vacancy clusters 165, 166. The next most abundant shape 

of vacancy clusters is in the form of a triangle with three surface oxygen vacancies 

centered above subsurface oxygen 165. Upon prolonged annealing, about 68% of all 

oxygen vacancies are in the form of linear vacancy clusters, 23% are single oxygen 
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vacancies, and about 2% are in form of triangles. One subsurface oxygen vacancy is 

required to nucleate each linear vacancy cluster 165, 166. The most abundant oxygen 

vacancy clusters only expose Ce3+ ions to the gas phase as a very reactive site 165. 

Presence of subsurface oxygen vacancy as a stabilizer for linear surface vacancy 

cluster can be a new explanation for the effect of dopants on ceria 165, 167. For instance, it 

was mentioned before that one way to enhance oxygen storage capacity of ceria and also 

its thermal stability is to use Zr4+ ions as dopant 143-145, 168, 169. In fact by using zirconia 

with less oxygen storage capacity, both oxygen storage capacity and thermal stability of 

the solid solution increases. One possible explanation is that these ions help linear 

vacancies to grow without the need for subsurface oxygen vacancies whose formation is 

more endothermic compared to surface oxygen vacancies. Besides, formation of 

subsurface oxygen vacancies results in considerable rearrangement in the lattice structure 

which may affect the stability of the catalyst. 

Upon formation of oxygen vacancies, their mobility becomes another important 

phenomenon. Under ultrahigh vacuum condition, there is no diffusion of oxygen on a 

time scale of minutes even up to 400 °C 165, 170. However, presence of even small 

amounts of adsorbates may make diffusion easier. Comparing the maximal rate of isotope 

exchange (18O2 with 16O) for different oxides by means of the temperature programmed 

isotope exchange method, CeO2 (410 °C) surpasses other oxides like ZrO2 (530 °C) and 

γ-Al 2O3 (620 °C) 171. Presence of metals like rhodium considerably affects the oxygen 

exchange with the support. In fact, the maximum rate can be observed at about 200 to 

300 °C lower temperatures for Rh supported oxides compared to bare oxides. Surface 

oxygen diffusion is much higher for ceria compared to other oxides. For instance, at 400 
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°C the relative mobility of surface oxygen on CeO2 is about 280 times higher than γ-

Al 2O3 and 100 times higher than ZrO2. Bulk oxygen diffusion can be observed above 400 

°C for CeO2, ZrO2, and γ-Al 2O3. The coefficient of bulk diffusion of oxygen in ZrO2 is 

about two orders of magnitude higher than in γ-Al 2O3 and ceria has a very high internal 

mobility. As a matter of comparison between pure ceria bulk oxygen diffusion and its 

solid solution with zirconia, temperature program reduction of the solid solution of 70 

wt% ceria with 30 wt% zirconia showed a new peak between 100 and 200 °C which were 

not present for pure ceria 148, 149. The new peak was related to the bulk oxygen diffusing 

to the surface. In the experiment, both solid solution and pure ceria were support of Pd 

nanoparticles. 

Oxygen vacancies can alter the dispersion and activity of metal nanoparticles. For 

example, even though there are controversies whether the nucleation site for gold atoms 

is Ce vacancy or O vacancy 172, 173, the conventional view assumes the oxygen vacancy 

model 174. So very small gold nanoparticles can nucleate into highly dispersed surface 

oxygen vacancies of ceria and provide more highly dispersed exposed gold atoms which 

are active 109. The role of a structural promoter like alumina is then to provide highly 

dispersed ceria with more surface oxygen vacancies available for gold nucleation and 

also for redox cycles 137. In fact, the addition of alumina by mechanochemical activation 

rather than co-precipitation resulted in less surface concentration of Ce3+ and while the 

first method produced highly active and stable gold catalysts the second was not found 

active toward the WSG reaction. It seems that metal barring could be responsible for less 

activity of the catalyst that was prepared by the co-precipitation method. 
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Along with oxygen vacancies, other defects like metal substitution in ceria are 

also important to provide highly active catalysts. For instance, recent findings revealed 

that active platinum and gold species for the low temperature WGS reaction are possibly 

highly dispersed positively charged ions 13. This ionic state and the observed increase in 

the amount of surface oxygen lead the authors to conclude that the active metals could be 

the result of lattice substitution. In fact, this substitution must occur during the heating 

step of their preparation process since they found their sample to be much less active 

before heating. They further showed that by annealing the catalyst sample at high 

temperatures it becomes less active due to the loss of surface defects in ceria.  

It is necessary to say that there is a mutual interaction between the ceria support 

and the metal catalyst. In other words, nature and morphology of the support will affect 

its interaction with the metal nanoparticles and the presence of metals alters the 

properties of the support. For instance, surface oxygen atoms in association with 

supported platinum atoms are more available for reduction compared to the pure ceria 

surface oxygen atoms. It is believed that these boundary sites are the active sites for the 

WGS reaction. In other words, while noble metals adsorb/activate CO, ceria’s role is to 

activate water and the reaction occurs in the vicinity of the boundary sites. 

It has recently been reported that in fact Ce ions are important to stabilize the 

active positively charged highly dispersed Pt sites and it is necessary that these active 

ions be surrounded by hydroxyl groups for the WGS reaction at low temperatures to 

proceed 175. The authors tried both alumina and silica instead of ceria and they added 

small amounts of alkali ions (sodium or potassium) to activate the adsorbed platinum for 

the low temperature WGS reaction. They found that a partially oxidized Pt-alkali-
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Ox(OH)y species are possibly the active sites for the reaction. In fact, they hypothesized 

that the presence of Pt makes oxygen in direct contact with the metal and alkali ions 

become “reducible” even at low temperatures. It is worth mentioning here that, it is 

possible to produce highly dispersed positively charged Pt ions on surfaces. For example, 

for γ-Al 2O3 supported Pt, this can be done by utilizing under-coordinate Al+3 sites of γ-

Al 2O3 as binding site for Pt atoms 176. However, controlling the dispersion and 

morphology of metal particles is still a challenge due to the lack of technology to 

systematically control the number density of Al3+ sites.  

To further reinforce the importance of the boundary sites of ceria supported noble 

metals for the low temperature WGS reaction it is noted that the reaction rate scales 

linearly with the total length of the boundary 93, 97, 98. Besides nearly metal free ceria 

catalysts and inversely supported CeOx nanoparticles grown on Au (111) surface showed 

significant activity for the WGS reaction 13, 21, 99, 102.  

The origin of this activity, however, is still ambiguous due to inter-related 

interactions between metal particles, support, and the gas phase environment 13, 177. 

Interestingly, it has been found that the alkali promoted platinum catalysts on alumina or 

silica have quite the same apparent activation energy, 70±5 kJ/mol, as other Pt based 

catalysts for the WGS reaction; such as, Pt-CeO2, Pt-TiO2, Pt-Al2O3, Pt-ZrO2, 

irrespective of the support (although these catalysts have different activity at different 

temperatures) 175. Considering the importance of the oxygen containing (OH) groups in 

the vicinity of Pt atoms, the role of the support may be restricted to stabilizing the active 

Pt sites, partially oxidized Pt-M-Ox(OH)y, in the reaction environment. 
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Another interesting finding is related to the core-shell Pt-ceria catalysts 128. The 

authors reported that a bimetallic core of Pt and Au with 1:1 ratio at about 5 wt% of ceria 

shell, shows a high WGS activity, higher than Pt with 5 wt% of ceria. They found their 

catalysts to be unselective toward methane formation at even higher temperatures and 

noticed that doping of rare earth metal ions to the ceria coat did not result in any higher 

activity. This suggests that the overall catalytic activity of these types of catalysts 

depends on the electronic aspects of the metal-ceria interface and the importance of 

oxygen mobility and storage capacity of the promoted ceria shell does not play a 

significant role. They further mentioned that pure gold in the shell is probably inactive 

toward the WGS reaction. Considering that both ionic gold and platinum on ceria are 

active toward the WGS reaction, they mentioned that the reaction mechanism for these 

two metals is probably different.  

In fact, understanding the real mechanism of reactions over different catalysts and 

finding the origin of activity and selectivity of different catalysts for different possible 

reactions can probably only be done with the help of theoretical investigations 178. An 

appropriate theory helps to analyze data from different experiments. For example, simple 

experiments show that for transition metals there is a trend in their reactivity; bond 

strengths of an adsorbed atom generally increase from the right to the left of the periodic 

table. More advanced surface science experiments show that surface defects like steps 

and kinks of transition metals are more reactive.  

Using theoretical tools like density functional theory (DFT), it is possible to 

rationalize these experimental findings. In other words, by means of DFT calculations it 

is possible to calculate the electronic structure of the surface. By further analyzing the 
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electronic structure it can be seen that when a “quantity” like the d band center is closer 

to another quantity like the “Fermi level” then the adsorption energy of that transition 

metal is higher. Furthermore, for steps and kinks of transition metals the d band center is 

closer to the Fermi level and also moving from the right to the left of the periodic table, 

the d band center gets closer to the Fermi level. Indeed, by analyzing more experimental 

data, it is possible to find a more physical interpretation for these “quantities”. 

Interestingly, if by any means we would be able to move the d band center of the metal 

closer to the Fermi level then we made it more reactive (possibly also for a poison).  

For real catalysts, however, there are many elementary processes in addition to 

simple adsorption: dissociation of reactants from the gas phase, diffusion of surface 

species, surface reactions to form intermediates and products, and desorption of products 

to the gas phase. Even though with the development of more surface sensitive 

spectroscopic techniques it is possible to observe catalytic surface reactions in more 

detail, there is a limitation in spatial, temporal, and energy resolution of any experimental 

technique 179. Theoretical calculations let us postulate a reaction mechanism; and by 

means of microkinetic modeling it is possible to predict more details about the reaction, 

like the surface species’ coverages and apparent activation energy. Then the validity of 

the mechanism can be checked by the available experimental data.  

In fact, reaction mechanisms help us to understand which elementary steps are the 

most important one in order to make the catalyst more active and selective. If we would 

know the exact origin of activity of different steps it could be possible to alter the 

properties of catalysts in such a way to make them more active and selective. However, 

the main problem is that “quantities” that may increase the activity of the catalyst toward 
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one particular step usually increases the activity of the other steps as well. Considering a 

complex reaction mechanism that involves, for example for the WGS reaction, there may 

be many steps that control the activity and selectivity of the catalyst. Then the concept of 

the three phase boundary (TPB) potentially can provide us with more “independent 

quantities”, in order to find a better catalyst for the reaction at different conditions 178, 180.  

2.4. Overview of Theoretical Studies of Ceria Catalysts 

In a wide variety of applications that have been mentioned for ceria till now, it can 

basically play two roles to provide a highly active catalyst: it can release and store 

oxygen and it can promote dispersion and activity of another catalytic material. However, 

under what conditions which of these roles are dominant is the subject of discussion in 

this section. Indeed, experiments can provide a good insight. For instance, it has been 

observed experimentally that for transition metals steps and kinks are more reactive. In 

other words, for simple CO or H2 adsorption, molecules interaction with steps and kinks 

is higher compared to flat traces 178. Since metal nanoparticles can provide more low 

coordinated sites like kinks and corners compared to larger particles, they are more 

reactive.  

However, using porous supports as media for metal nanoparticles to provide high 

dispersion for them, not all supports are inert. For instance, again for the simple CO or H2 

adsorption, it was observed that even though noble metals were completely dispersed on 

titania, they showed less chemisorption for CO and H2 after reduction of the material at 

500 °C compared to reduction at 200 °C 181. It was concluded that “strong metal-support 

interaction had somehow deprived these metals of one of their most characteristic 

properties 182.” Spectroscopic data also showed a direct interaction between metal atoms 
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and reduced titanium ions. These observations and also other observations like the 

tendency of many metal-oxide systems to increase their interfacial area even at the 

expense of breaking other strong bonds in order to merge phases, led to the conclusion 

that there is an interfacial bonding interaction between metal particles and reduced titania 

which can be generalized to other metal oxides such as ceria or even alumina provided 

that the surface is reducible. Indeed, upon bond formation the electronic structure, 

geometry, and other properties of the system would change compared to either the metal 

or metal oxide alone.  

Utilizing theoretical or in other words first principle computational studies, the 

aim is to estimate the electronic structure of the system accurate enough to provide a 

good estimation of other properties of the system like bond dissociation energies or 

activation barriers. After that, it will be possible to understand the real mechanism behind 

the reaction and find the exact role that each of the involved phases play in making a site 

active. Along with accuracy, affordability of computational methods is also very 

important.  

One of the most widely used theories for studying the electronic structure of 

materials is density functional theory (DFT). Based on this theory, it is not necessary to 

describe the interacting electrons with a multi-dimensional wave-function. Instead, the 

formulation is based on a simple three-dimensional electron density to fully describe the 

electronic structure. However, in order to know how nuclei will affect the electron 

density it is necessary to utilize exchange correlation functionals. In fact, the most 

important part in the application of DFT is to find an appropriate functional from many 

that are available; for example, Local Density Approximation (LDA), Generalized 
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Gradient Approximation (GGA) such as PBE or PW91, and also another class of 

functionals which are called Hybrid Functionals (HF), for example HSE, PBE0, or 

B3LYP. 

It is known that typical DFT functionals, LDA and GGA, underestimate the band 

gap of materials and also barriers of chemical reactions 183. They also cannot give 

accurate interaction energies in strongly correlated oxides and band dissociation energies 

of transition metal dimers which have degenerate or near degenerate states. Strongly 

correlated materials like Fe2O3 or CeO2-x typically have partially filled d or f electron 

shells and show unusual electronic and magnetic properties, such as metal-insulator 

transitions or half-metallicity. For instance, upon formation of one oxygen vacancy on a 

fully oxidized ceria surface, it is generally believed that the two left over electrons will 

localize on two near vacancy Ce ions to reduce them from Ce+4 into Ce+3 , i.e., the 

electrons will partially occupy 4f states. However, both LDA and GGA fail to localize 

electrons and they delocalize them over the whole surface. Consequently, these two 

methods underestimate the band gap of the reduced ceria and predict a metallic behavior 

which is wrong.  

To accurately describe the electronic structure of strongly correlated materials and 

consequently their properties, mainly two approches have been considered: Hybrid 

Functionals and DFT+U. Hybrid functionals add a certain percentage of Hartree-Fock 

exchange to the traditional exchange, GGA, in order to correct the delocalization error. 

For instance, they can partly localize electrons and remove the delocalization error of 

reduced ceria. However, these functionals are less accurate compared to pure functionals 



 

32 

for metal surfaces. The other approach to correct the electronic structure of strongly 

correlated systems is via the U parameter.  

U parameter or Hubbard parameter is in fact an attraction term to correct the 

strong on-site Coulomb repulsion among localized f or d electrons in traditional DFT 

exchange functionals, LDA and GGA. By choosing an appropriate value for the U 

parameter it is possible to localize electrons. However, the choice of the value is 

empirical and it depends on the property of interest, the functional, and also the system 

184-190. For instance, the value for correcting the band gap of fully reduced ceria is 

different for GGA and LDA functionals and these values cannot be used for other 

reduced transition metal oxides. Besides, there is no guarantee that these best values will 

also be the best for other properties such as the lattice parameter. However, using a U 

parameter proved to be a more practical way to improve the electronic structure of cerium 

oxides since hybrid functionals are very computationally expensive in case that the solid 

surface is being modeled by the conventional periodic boundary slab model approach.  

Even though the slab model approach for modeling a solid surface is a very 

traditional and efficient way due to periodic boundary conditions, the unit cell should be 

large enough for defective surfaces or surfaces with metal clusters and adsorbents to 

minimize their artificial interactions with their images caused by periodicity. The other 

modeling approach for solid surfaces is based on cluster embedding which let us model 

an infinite dilution of defects or any other active sites on the surface 191-194.  

For instance, the periodic electrostatic embedding approach considers electronic 

embedding of a finite quantum mechanical cluster in a periodic infinite array of point 
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charges. In other words, an ionic cluster in a two dimensional slab would be treated 

quantum mechanically while all the other atoms in the infinite slab will interact with that 

ionic cluster just via their electrostatic potential. Using this method, it would be possible 

to provide a correct Madelung potential for the system. In fact, approximating a single 

ion in an ionic solid by a point charge, the Madelung constant is useful to determine the 

electrostatic potential of that ion. By choosing an appropriate quantum cluster model it 

would be possible to model different surfaces either with defects or metal clusters. 

It is worth mentioning that in order to bridge the gap in temperature and pressure 

of real reactions with DFT based theoretical studies, we used transition state theory to 

calculate elementary reactions’ rate constants and performed a microkinetic analysis to 

study the interplay of various elementary reactions. However, there are other methods 

based on both quantum mechanics and molecular dynamics in order to model the 

dynamic behavior of all atoms at finite temperatures 195-198. These methods are 

computationally very expensive compared to microkinetic modeling. Assuming that the 

morphology of the active site will not change due to the reaction conditions, microkinetic 

modeling can provide us with very useful information like surface species’ coverages and 

the apparent activation energy that can be compared with the experimental data. 

There are many reports published related to theoretical studies of ceria systems 

either with vacancies or with adsorbed metal clusters or other adsorbents. In the 

following some of the most interesting ones for this study will be discussed briefly. 

Considering fully oxidized and fully reduced cerium oxides, CeO2 and Ce2O3, 

many efforts have been devoted to evaluate different DFT based functionals for 
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describing the electronic structure and other properties of these oxides. For instance, 

Kullgren et al. tried different functionals, namely B3LYP, PBE0, LDA, GGA, LDA+U 

and GGA+U 184. They found the B3LYP functional to be slightly better than the PBE0 

functional for describing electronic properties such as the band gap and a little worse for 

structural properties such as cell parameters. However, LDA+U with U = 6 eV and 

GGA(PBE)+U with U = 5 eV were better compared to both hybrid functionals PBE0 and 

B3LYP.  

Da Silva et al. also found GGA(PBE)+U to be better than hybrid functionals such 

as HSE0 and PBE0 190. However, they showed that the best U parameter is property 

dependent. For instance, U = 3.25 eV in LDA+U resulted in correct reduction energy, 

while it did not give a good result for the band gap and lattice parameter of Ce2O3. They 

suggested that for GGA(PBE), U ≈ 2.0 eV would give the overall best description for 

energetics, lattice parameter, and magnetic ordering in Ce2O3. For LDA they suggested U 

to be between 3 and 4 eV. It is worth saying that even for the same property of the same 

material different reports suggested different “best” values for the U parameter. It seems 

that other computational settings are also important. 

Another topic of interest in many studies is the oxygen vacancy formation on the 

CeO2 (111) surface as it is known to be thermodynamically more stable compared to 

other low index surfaces. Ganduglia-Pirovano et al. tried HSE06, LDA+U with U = 5.3 

eV, and GGA(PBE)+U with U = 4.5 eV functionals and found that with 0.25 monolayer 

of defects, subsurface oxygen vacancies are more stable compared to surface oxygen 

vacancies even though the value of stability was quantitatively different between 

different functionals 199.  They also found electrons to become localized on the next 
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nearest neighbor Ce ions instead of the general believe for localization of electrons on the 

nearest neighbor Ce ions. Burow et al. used the periodic electrostatic embedded cluster 

approach with PBE0 functional and found that the electrons were localized on near 

vacancy Ce ions 193. It seems that, as suggested by Ganduglia-Pirovano et al., structural 

relaxation is very crucial in finding the most stable configuration and also to get correct 

electron localization. In fact, localization of electrons on nearest neighbor Ce ions may 

correspond to delocalization of electrons on all of them.  

Even though the (111) surface is thermodynamically more stable compared to 

(110) and (100) surfaces, the (110) surface has been suggested to be more reactive for 

example toward CO oxidation 200. Indeed, oxygen vacancy formation and CO adsorption 

on (110) and (100) surfaces have also been studied both with slab model and embedded 

cluster approaches 191, 194, 200-202. For instance, it has been suggested that the (110) surface 

oxygen vacancy is more stable compared to the bulk vacancy and (111) surface vacancy. 

Also, upon CO adsorption, on the (110) surface carbonate complexes may form 194, 202, 

while theoretical calculations suggest that the fully oxidized (111) surface interaction 

with CO is just physisorption 202.  

Considering the wide application of ceria supported metals in catalysis, many 

studies are trying to find the interaction between metals, either a single atom or a cluster, 

with ceria supports, either fully oxidized or partially reduced. Yang et al. used 

GGA(PBE)+U with U = 5.0 eV to study single platinum adsorption on fully oxidized and 

partially reduced ceria (111) surfaces 203. On a fully oxidized surface, the bridging site 

between two surface oxygens was the most stable site for Pt adsorption while on reduced 

surfaces vacancy sites were the most stable adsorption sites. Adsorption on reduced 
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surfaces was stronger than adsorption on the oxidized surface. They observed a strong 

metal support interaction between Pt adatoms and the surfaces and the formation of Pt-O-

Ce bonds was found possible. The lower lying metal induced gap states, mainly from Pt 

4d states, made the ceria surface more reducible. In another words, it was easier to form 

an oxygen vacancy on the Pt adsorbed oxidized surface compared to the pure oxidized 

surface since the metal induced gap state could help accommodating left over electrons 

after reduction. For clean surfaces these electrons localize on 4f states on reduced Ce 

ions. Removing different surface oxygens in the vicinity of Pt required between 1.06 to 

0.36 eV less energy compared to a clean surface with the vacancy formation energy of 

2.89 eV. In fact, the vacancy formation energy of surface oxygens far away from Pt 

adatoms was quite similar to the pure surface illustrating that there was a metal-oxide 

interaction which improved the reducibility of the oxide.  

Next, Lu and Yang showed that Ce ions become reduced upon adsorption of Pt 

atoms on fully oxidized surfaces 204. They studied the adsorption of single Pd, Pt, and Rh 

atoms and their tetrahedral clusters on the CeO2 (111) surface with the GGA(PBE)+U 

with U = 5 eV methodology. Single Pt atoms had a partial positive charge upon 

adsorption and for tetrahedral clusters the three base atoms had a positive charge while 

the top atom had a slightly negative charge. Upon adsorption of a single atom, the 

electrons became localized on the next nearest neighbor Ce ions to reduce it from Ce+4 

into Ce+3. The authors further explained that their previous work was corresponding to a 

metastable state with a little different geometry; for example, longer metal-O distances 

and shorter metal-Ce distances. Comparing different metals, Rh adsorption was stronger, 

followed by Pt and then Pd. While Pt and Pd adatoms preferred the bridge site between 



 

37 

two oxygens for adsorption, Rh preferred the hollow site between three surface oxygen 

atoms.  

To clarify the oxidation state of adsorbed Pt on CeO2 (111) surface, Bruix et al. 

used LDA+U with U = 5 eV, GGA(PW91)+U with U = 3 eV, and also the HSE06 hybrid 

functional 205. They tested the singlet state with no unpaired electrons and triplet state 

with two unpaired electrons and found that the singlet state is a little more stable. While 

the Pt charge for the singlet state was almost neutral, the triplet state resulted in oxidized 

Pt and reduced Ce atoms. They emphasized that small energy difference may provide a 

spontaneous charge transfer even at room temperature. Studying Pt diffusion over the 

surface, they found the energy barrier to be small. In other words, adsorbed Pt atoms 

could easily nucleate to form larger clusters.  

Indeed, nucleation or in another words agglomeration of metal nanoparticles is an 

important phenomenon during both the reaction and preparation. Li et al. studied Rh and 

Pd agglomeration over the CeO2 (111) surface by means of GGA(PBE)+U with U = 5 eV 

and also molecular dynamics simulations 206. They found that single particles tend to 

form three dimensional clusters on the surface due to the strong cohesion energy. Pd 

showed greater tendency for agglomeration compared to Rh. Using molecular dynamics 

simulations, they found that the oxidation state of Rh atoms play an important role in the 

morphology of particles on the support surface. While under oxidizing condition strong 

O-Rh-O inhibited Rh agglomeration, removal of surface O atoms from oxidized Rh 

caused subsequent metal particle agglomeration.  
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Mayernick and Janik, however, used the ab initio thermodynamics approach to 

study the effect of a gas phase environment on the morphology, oxidation state, and 

agglomeration of catalysts 207. They studied single Pd atoms on CeO2 (111), (110), and 

(100) surfaces and noticed that Pd atoms could substitute lattice Ce atoms on the CeO2 

(111) surface with +4 oxidation state. Then upon oxygen vacancy formation near Pd, it 

was possible to reduce its oxidation state to +2 or zero. They used GGA(PW91)+U with 

U = 5 eV to find the electronic energies. The ab initio thermodynamics approach was 

then used to find the Gibbs free energies of different reactions in order to find the most 

stable surfaces at different temperatures and partial pressures of oxygen. For instance, 

they found that at room temperature and oxygen partial pressure higher than 10-10 atm, 

adsorbed Pd atoms incorporate into the ceria (111) surface to form a mixed oxide.  

In order to show the effect of support on CO adsorption, Jung et al. considered Pt4 

and Pd4 clusters over c-ZrO2 (111) and CeO2 (111) surfaces 208. They found that the 

support changes the site preference for the CO adsorption. For instance, while CO 

molecules preferred to adsorb on atop sites of isolated Pt4 clusters, adsorption on the 

bridge site of supported clusters had the highest energy compared to other sites. They 

found clusters to be positively charged yet they still could donate electrons in order to 

activate adsorbed CO molecules.  

Studying CO adsorption and the WGS reaction over ceria supported gold, Liu et 

al. used the GGA(PBE) functional without U parameter and showed that due to the 

presence of empty localized non-bonding f states of ceria, gold can become oxidized 

facilitating CO adsorption 209. They attributed the localized f states to an electron 

reservoir like delocalized Fermi-level states in metallic materials, able to accept or donate 
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electrons. While individual gold atoms adsorbed on vacancy sites were not active toward 

CO adsorption due to its large negative charge, they found that 4 to 6 gold atoms 

clustering on an oxygen vacancy can provide partially oxidized gold atoms to be active 

toward CO adsorption. In order to relate the activity of oxidized gold toward CO 

adsorption to the activity toward the WGS reaction, they proposed a reaction mechanism 

via formate intermediate and found a maximum barrier related to CO2 desorption from 

formate by 1.08 eV. Nevertheless the exact origin of the activity is still controversial 109, 

209.  

It is worth mentioning that Liu et al. did not use U parameter since in their 

calculations (using CASTEP) individual f orbitals never had more than one electron 

leading to insulating behavior for both CeO2 and Ce2O3 surfaces. While they found 

individual gold adatoms on the fully oxidized surface to be positively charged, recent 

work by Branda at al. shows that the oxidation state of single Au on CeO2 (111) surface 

cannot be definitely determined by theoretical methods 210. They used the HSE06 hybrid 

functional and the LDA+U and GGA+U methods with different U values, namely 0, 3, 

and 5 eV, and showed that the oxidation state of gold is very sensitive to the method and 

the surface model. In some cases they found two very close energy systems but with 

different electronic structures, one with neutral Au and the other with oxidized Au. The 

energy difference usually was small and within the accuracy of the DFT methods.  

To conclude, even though theoretical methods can provide more understanding 

about the catalytic surfaces and their origin of activity, along with affordability there are 

also some limitations in their accuracy. Indeed, by using experimental data at different 
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levels and appropriate theoretical calculations and multi-scale modeling, one can gain 

more insight about the exact role of each of the involved phases during the reaction. 
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3. Computational Method 

3.1. Periodic DFT Calculations 

The slab model approach has been utilized to model the Pt/CeO2 (111) catalyst surface 

using the Vienna Ab-initio Simulation Package (VASP). To describe the effect of the 

core electrons on the valance electrons the projected augmented wave method has been 

used. The Ce 5s, 5p, 5d, 4f, and 6s electrons; the O 2s, 2p electrons; the C 2s, 2p 

electrons; the H 1s electron; and the Pt 5d, 6s electrons were treated explicitly with a 

plane wave energy cutoff of 500 eV.  

Electron exchange correlation was described with the Perdew-Burke-Ernzerhof 

(PBE) functional. A Hubbard, U-J, parameter has been employed to be able to describe 

the strongly correlated 4f electrons of reduced ceria. While in the rotationally invariant 

GGA+U approach, two parameters, U and J enter into the density functional formulation 

that should be specified explicitly 211, the formulation in the simplified spherically 

averaged version is based on one effective interaction parameter 212, U-J. Here we used 

U-J equal to 5 eV as suggested by Nolan et al. 201; as U = 5 eV was high enough to give a 

localized electronic structure in agreement with earlier studies 213. 

An optimized bulk CeO2 with 5.48 Å lattice parameter was used to construct the 

(111) surface. A p(4 × 4) unit cell with nine atomic layers and 15 Å vacuum gap was 

used for all surface calculations. While the bottom three atomic layers were fixed in their 

bulk position, all the other atoms were relaxed until the forces were smaller than 0.05 
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eV/Å. For this model, we find that the surface oxygen vacancy formation energies and Pt 

adsorption energies described in the next section are converged to within 0.05 eV with 

respect to increasing the number of layers from 9 to 15 and 18. The Hellmann-Feynman 

theorem is used for calculating the forces at the end of each self-consistent field 

calculation and the Harris-Foulkes correction is added to the forces 214, 215. Brillouin zone 

sampling was performed with 2 × 2 × 1 Monkhorst-Pack k-point mesh. Calculations were 

spin polarized with dipole and quadrupole corrections to the energy solely in the surface 

normal direction. Fractional occupancies of bands were allowed using the Gaussian 

smearing method with sigma value equal to 0.1 eV. For gas phase species and isolated 

metal clusters, gamma point calculations were performed within a 15 Å cubic box and 

Gaussian smearing of 0.1 eV.  

For the mechanistic study we used this set up for all calculations except that we 

used gamma point calculations instead of a 2 × 2 × 1 Monkhorst-Pack k-point mesh to 

reduce the expense of the transition state search calculations. The transition states of the 

elementary steps were found via the CI-NEB and Dimer methods.216, 217 

3.2. Effect of Platinum Cluster Size on Reducibility of the Ceria (111) 

Surface 

Since ceria is well-known for its oxygen storage capacity and its ability to undergo rapid 

redox cycles by releasing and storing oxygen atoms, and also since it is known that the 

reducibility of the ceria surface increases in the presence of Pt atoms, we studied the 

effect of small platinum clusters on the reducibility of the ceria (111) surface. For each 

size, we identified the most stable configurations of the clusters on both the 

stoichiometric and partially reduced ceria surfaces with 0.063 monolayer oxygen 
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vacancy. We added one, two, and three Pt atoms at the same time to the most stable or 

otherwise representative (already optimized) smaller cluster structure to ensure that many 

different initial configurations for each Pt cluster size have been studied in the search for 

the lowest energy structures. Next, we used the energy of those final structures to 

calculate the oxygen vacancy formation energies in the presence of a Ptn cluster on the 

surface:  
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where E denotes the DFT energies of the related species and subscript n refers to the 

number of platinum atoms in the clusters. In order to avoid the errors associated with 

DFT methods for describing a triplet state of the gas-phase oxygen molecule, the O2 

energy is obtained using the H2O splitting reaction with the experimental reaction energy 

and calculated DFT-GGA energies of H2 and H2O in the gas phase 192: 
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where Ehof is the experimental heat of formation of a gas phase H2O molecule. Ezpe and 

Eelec denote the experimental zero point energy and the calculated DFT energy of the 

related molecules. The Ezpe values of H2O, H2, and O2 are 0.558, 0.273, and 0.098 eV; 

and Ehof is equal to -2.505 eV. We note that such a correction increases the energy of the 

oxygen molecule by about 0.4 eV and will thus have a significant effect on all reaction 

energies involving the O2 molecule. Next, it is worth noticing that, for the largest Pt 

cluster that we studied (Pt10), the distance between cluster images is more than 10 Å so 

that cluster−cluster interactions are negligible. Also, by using the most stable 
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stoichiometric and reduced structures, we assume that the surface is able to equilibrate 

fast. 

Next, we calculated the clustering energies (Eclu) of the metal atoms on the 

surfaces by using the energies of the most stable configurations of Pt clusters on 

stoichiometric and partially reduced ceria: 
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3.3. Catalyst Model Identification via the Constrained Ab Initio 
Thermodynamics Calculations 

Under finite temperature and pressure conditions, the stable surface structure is a result of 

the statistical average of all the involved elementary reactions. One rigorous yet time 

demanding approach to find the dynamic behavior of the surface is via kinetic Monte 

Carlo simulations which are able to give details about correlations and distributions of the 

intermediates on the surface under steady state conditions 218, 219. In this approach it is 

necessary to have a reaction mechanism and all rate constants at hand. However, without 

knowing the kinetics of the elementary reactions it is still possible to find the relative 

stability of different surface species under specific gas phase conditions via the 

constrained ab initio thermodynamic approach 172, 207. In this study, we performed 

constrained ab initio thermodynamic calculations to understand the effect of a gas phase 

environment on the stability of various catalytic sites.  
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The constrained ab initio thermodynamic approach considers a solid surface in 

equilibrium with a gas phase environment and assumes there is enough gas and bulk solid 

where both can be treated like a reservoir at a specified temperature and pressure, and 

they are able to exchange atoms with each other 220-222. Considering the experimental 

conditions, the appropriate thermodynamic potential to study the system is the Gibbs free 

energy. Then in order to compare the stability of two surface structures under specified 

conditions a reaction such as equation (3-5) can be written:  

gassolidgassolid DCBA +→+  (3-5) 

For instance, in a gas environment of CO and CO2, the relative stability of a fully 

oxidized surface with respect to a partially reduced surface can be evaluated by the 

following reaction: 

gas2,solidx,2gassolid2, COCeOCOCeO +→+ −  (3-6) 

which is assumed to be in equilibrium. 

In order to find the relative stability of species A and C under the gas phase 

condition exerted by B and D, the Gibbs free energy of the reaction (3-5) under a 

specified temperature and pressure can be calculated. A negative Gibbs free energy 

means that the reaction is thermodynamically possible and the products are more stable 

than the reactants. In other words, the surface C structure is more stable than the surface 

A structure. On the other hand, a positive Gibbs free energy means that the reverse 

reaction is thermodynamically preferred and the reactants are more stable than the 

products; then, the surface A structure is more stable than the surface C structure.  
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 The Gibbs free energy of a solid surface like A can be written as: 

∑−+= iAi,
vib

AelecA,A µ̂NG∆EΩ  (3-7) 

where elecA,E  is the self consistent field energy of the solid surface, vib
AG∆  is the 

vibrational contribution to the Gibbs free energy (including zero point energy), Ai,N is 

the number of atoms i in the slab and iµ̂  refers to the chemical potential of atom i in the 

slab 221. The rotational and translational contribution to the Gibbs free energy of the solid 

surface is assumed to be zero.  

For gas phase species such as B, the Gibbs free energy can be written as: 









+−+++= ∑ 0

B
BiBi,

trans
B

rot
B

vib
BelecB,B P

P
lnTkµ̂NG∆G∆G∆Eµ  (3-8) 

where rot
BG∆ and trans

BG∆ refer to the rotational and translational contribution to the 

Gibbs free energy, Bk is the Boltzmann constant, P0 is the reference pressure, PB is the 

partial pressure of B, and definitions of the other terms are the same as for the solid 

surface. 

Having expressions for the Gibbs free energy of the species in the reaction (3-5), 

it is possible to calculate the Gibbs free energy of reaction to find the relative stabilities 

of surface structures A and C,  

BDAC
reactantsproducts

r µµΩΩGGG∆ −+−=−= ∑∑  (3-9) 
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Replacing the expressions for the Gibbs free energies of surfaces and gas phase species 

will give 

BDACr
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r

rot
r

vib
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Due to the atomic balance in the reaction, )(N∆ ir  is zero for each atom type and the 

formulation will reduce to 
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(3-11) 

Considering that most of the times the vibrational contribution to the Gibbs free energy of 

the solid surface is negligible compared to other terms 220, the three )G(∆∆
vib

r , 

)G(∆∆
rot

r , and )G(∆∆
trans

r  terms are dominated by the gas phase species and are often 

recombined as 0
B

0
D ∆µ∆µ −  and evaluated at the reference pressure and reaction 

temperature. All the temperature and pressure dependency then lies in 

( ) ( ) 







+−≡−

B

D
B

0
B

0
DBD P

P
lnTk∆µ∆µ∆µ∆µ which can be evaluated by standard statistical 

mechanics calculations or by using thermodynamic tables and relations 221, 223. In this 

study we used the former method via the TURBOMOLE program package.  
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3.4. Calculation of the Langmuir Adsorption Isotherms 

Competitive adsorption of several species from the gas phase on a surface site can be 

calculated using the Langmuir adsorption isotherms. The Langmuir adsorption equation 

relates the coverage or amount of adsorption of molecules on a surface to the gas 

pressure. Here, the adsorbed species have no interaction with each other and no reaction 

occurs between them. Also, the adsorption and desorption processes are fast and 

consequently at equilibrium. For example, for competitive adsorption of two species, A 

and B, on a surface site, *, we have: 

*B*B,*A*A →+→+  (3-12) 

Tk

∆G

i
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B
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===  (3-13) 

*BBB*AAA θPKθ,θPKθ ==⇒  (3-14) 

1θθθ *BA =++  (3-15) 
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=
++

=⇒  (3-17) 

Here, ∆Gi is the Gibbs free energy of the adsorption of specie i on the surface site that 

can be calculated as a function of temperature at a reference pressure. Θi is the surface 

coverage of specie i and θ* is the free site coverage. Pi is the partial pressure for i in the 

gas phase; while kB is the Boltzmann constant and T is the absolute temperature. 
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3.5. Mechanistic Study via Microkinetic Modeling 

For DFT calculations for the mechanistic study we used the same computational set up as 

has been described in section 3.1. However, due to the expense of the calculations, 

specifically for transition state search algorithms, we used gamma point calculations 

instead of sampling the Brillouin zone with 2 × 2 × 1 Monkhorst-Pack k-point mesh. The 

transition state of each elementary step was found via the CI-NEB and Dimer methods 

216, 217. 

After finding the energies of intermediates and transition states for each 

designated pathway, we used transition state theory to find the forward and reverse rate 

constants. For a surface reaction, A*→B*, the forward and reverse rate constants can be 

calculated as: 

Tk

E

revrev
Tk

E

forfor
B

a
rev

B

a
for

eAk,eAk
−−

==  (3-18) 

where a
forE  and a

revE  corresponds to the zero-point corrected forward and reverse 

activation barriers, respectively; while Bk  is the Boltzmann constant and T  is the 

absolute temperature. The frequency factors (A) are calculated from the vibrational 

partition functions (qvib) using the following expressions: 

vibB*,

vibTS,B
rev

vibA*,

vibTS,B
for q
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h

Tk
A,

q

q

h

Tk
A ==  (3-19) 

Here, h  is the Planck’s constant. The vibrational partition function can be calculated 

from the frequencies (iυ ) as follows: 
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For an adsorption reaction, A+*→A*, we used collision theory to calculate 

forward rate constant: 

unit

BA
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for S
Tkm2π
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k =  (3-21) 

Here, fork
 
has the unit of 11 bars −− . unitS  is the surface area per active site which is 8.19×

10-19 m2 for our model and Am  is the molecular weight of specie A in kg . The reverse 

rate constant can be calculated from the calculated equilibrium constant (K) and the fork

as follows: 

K

k
k,e

qq

q
K for

rev
Tk

∆E

*A

*A B ==
−

 (3-22) 

where ∆E is the zero-point corrected adsorption energy.  

For all hydrogen transfer processes, we considered the hydrogen tunneling 

correction. The corrected forward and reverse rate constants are the results of 

multiplication of the transmission coefficient for tunneling, κ , with the uncorrected rate 

constants. κ can be approximated by the following equation: 
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where cυ  and TSE  are the curvature of the barrier and the energy of the barrier, 

respectively. After finding the forward and reverse rate constants, for each pathway we 

assumed a linear reaction set and applied a pseudo-steady-state approximation for surface 

species and solved a set of linear equations to find the coverage of each species and the 

empty site. For clarity, some of the elementary reactions in this work are represented with 

multiple species. The surface coverages are used to find the rate (turn over frequency) of 

each pathway. The apparent activation energy is calculated over the temperature range of 

373-573 K using the following equation: 

ip

2app

T

ln
RTE 









∂

ℜ∂
=  (3-24) 

Here, ℜ  is the rate of the WGS cycle and ip  is the partial pressure of the gas phase 

specie i in the reaction mixture. The reaction orders are calculated as follows: 
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For further analysis, we calculated Campbell’s degree of rate control and degree 

of thermodynamics rate control to gain insight about the most important elementary step 

and reaction intermediate of each pathway 224.  The equations that we used are: 
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iRC,X  is the degree of rate control for reaction step i in the cycle. nTRC,X  is the degree of 

thermodynamics rate control for intermediate n. Index l is for all the reaction steps that 

the intermediate n is either the reactant or the product.  
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4. Catalyst Model Development 

Reproduced in part with permission from [The Journal of Physical Chemistry C, 2012, 

116, 9029-9042.] Copyright [2013] American Chemical Society 

The optimized bulk CeO2 structure with lattice parameter of 5.48 Å was used to construct 

the CeO2(111) surface. Nine atomic layers with the three bottom layers fixed at their bulk 

positions were utilized in order to simulate the surface. For this model we found that the 

surface oxygen vacancy formation energies and platinum adsorption energies were 

converged within 0.05 eV by increasing the number of layers from 9 to 15, and 18.  

The structure of the stoichiometric CeO2(111) surface is depicted in Figure (4-1). 

The first atomic layer only contains oxygen atoms that are three fold coordinated and 

have bonds with three Ce atoms in the second atomic layer. The second atomic layer 

atoms only have seven fold coordinated Ce atoms which have bonds with three surface 

oxygen atoms at their top and three subsurface oxygen atoms in the third atomic layer.  

 

FIGURE  4-1. Structure of CeO2(111) surface: (a) top view and (b) side view. Cream, and 
red balls represent Ce, and O atoms, respectively. 

(a) (b)
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This third atomic layer only contains four fold coordinated oxygen atoms. The seventh 

bond of a Ce atom in the second layer is with oxygen in the fourth atomic layer. This 

fourth atomic layer is like the first atomic layer except that it is connected with the top Ce 

layer and as a result the oxygens are four fold coordinated. The tri-layer O-Ce-O 

repetition along the (111) direction represents a perfect CeO2 (111) crystal.  

To identify a suitable catalyst model for Pt metal cluster on CeO2(111) surface, 

we performed different calculations and the results are the subject of this section and 

organized as follows: For model development we started with the structure of small Pt 

clusters on the stoichiometric and partially reduced ceria (111) surface. Next, we applied 

the constrained ab initio thermodynamics method to see how is the nature of the 

Pt/CeO2(111) catalytic surface under realistic WGS reaction conditions. For instance, we 

answered the following questions: (1) Are oxygen vacancies stable under WGS reaction 

conditions? And how does the presence of Pt clusters help create oxygen vacancies? (2) 

Are oxygen vacancy clusters stable under WGS reaction conditions? (3) Under what 

reaction conditions are platinum oxide species stable? (4) What is the effect of H2 on the 

Pt/ceria surface? (5) What is the effect of CO coverage on the Pt/ceria surface? 

4.1. Structure of Small Platinum Clusters on Ceria (111) Surface 

Many experimental studies for the WGS reaction have used ceria nanoparticles as a 

support for metal nanoparticles where different facets of ceria are available for the metal 

particles to bind and for reaction to occur 13, 163, 225-227. However, there are many surface 

science studies where ceria thin films have been used as a support. Bridging this 

materials gap is not an easy and straightforward task, and while the interaction of metal 

nanoparticles with ceria nanoparticles is likely quite sophisticated, ideal surface science 
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studies are often able to capture key features of the real system 228. Here, we used the 

most stable low index ceria surface, ceria (111) 201, for our computational study to get a 

better understanding of the growth pattern of platinum metal particles on both the 

stoichiometric and reduced ceria surfaces. On the reduced surface, a single surface 

oxygen vacancy is considered as the nucleation site for the metal adatoms. It is worth 

noticing that, by experimentally studying the growth of Pt nanoparticles on ceria (111) 

thin films, Zhou et al. 229 generally did not observe any preferential nucleation and 

growth of the metal particles at the step-edges of the surface as observed for palladium or 

gold particles 230, 231.  

Table (4-1) illustrates the computed clustering energies for various Pt clusters (Pt1 

to Pt10) on both the stoichiometric and reduced ceria surfaces. Top and side views of the 

most stable structures are shown in Figure (4-2a,b) for the stoichiometric and reduced 

surfaces, respectively. Overall, more than one hundred different initial structures with 

unbiased pre-assumed packing structure of the Pt atoms have been optimized to make 

sure that, for each case, we have structures that are close to the lowest energy structures. 

The procedure we followed has previously been described by Zhang et al. 232 with the 

difference that we sometimes added two or three Pt atoms to the most stable or the most 

representative smaller Pt cluster structures in order to obtain an initial guess for the larger 

clusters. 

In agreement with previous studies, we find that a single Pt adatom adsorbs on the 

stoichiometric ceria (111) surface on the oxygen bridge site 203-205, 233. We calculate an 

adsorption energy of -3.14 eV, which is in reasonable agreement to computations from 

Lu and Yang 204 that predict an adsorption energy of -2.91 eV. The larger unit cell that 
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has been employed in our work seems to be, at least partly, responsible for the energy 

difference. A much smaller adsorption energy (-2.60 eV) has recently been reported by 

Loffreda and Delbecq 233 who used a smaller p(2 × 2) unit cell and employed a GGA 

functional without Hubbard correction. For Pt1 on the reduced ceria (111) surface, it is 

known that the oxygen vacancy is the most preferred site for adsorption of the metal 

adatom. Yang et al. 203 found for the adsorption of Pt1 on the reduced surface an 

adsorption energy of -5.27 eV, which is significantly larger than our calculated 

adsorption energy of -3.49 eV.  

TABLE 4-1. Clustering energies (Eclu) of Pt clusters on the stoichiometric and partially 
reduced CeO2 (111) surfaces, and effect of Pt clusters on the oxygen vacancy formation 

energy (Evf) of the CeO2 surface. 

 Eclu (eV)  

Cluster size on CeO2 on CeO2-x Evf (eV) 

clean -- -- 2.37 

Pt1 -3.14 -3.49 2.03 

Pt2 -3.42 -3.59 2.03 

Pt3 -3.83 -3.92 2.10 

Pt4 -4.17 -4.10 2.64 

Pt5 -4.17 -4.26 1.91 

Pt6 -4.19 -4.31 1.63 

Pt7 -4.31 -4.38 1.87 

Pt8 -4.31 -4.40 1.68 

Pt10 -4.35 -4.42 1.59 

    

We note that Yang et al.’s results are based on a p(2 × 2) unit cell with a symmetric slab, 

and the adsorption of Pt was considered on vacancies symmetrically created on both sides 

of the slab. In order to test the effect of oxygen vacancy concentration on the Pt 

adsorption energy, we used our current computational set up and calculated the 

adsorption of Pt on the oxygen vacancy of a smaller p(2 × 2) unit cell. The calculated 
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adsorption energy of -3.66 eV is still significantly lower than the value reported by Yang 

et al. 203, and we can currently not explain this discrepancy. 

The structures of Pt clusters on the ceria (111) surface have been reported for Pt4 

204, Pt8 
228, and, more recently, Ptn (n = 2−5, 7) 233.  

 

FIGURE  4-2. Top and side views of the lowest energy structures of Ptn (n=1-10) adsorbed 
on the (a) stoichiometric and (b) partially reduced CeO2 (111) surfaces. Cream, red, and 
navy balls represent Ce, O, and Pt atoms, respectively (this notation is used for all the 

other reported structures in the next figures while white and gray balls represent H and C 
atoms). 

For Pt4 on the stoichiometric surface, we found in agreement with Lu and Yang’s 

work 204 the pyramidal structure to be the most stable configuration for Pt atoms. We 

calculate a clustering energy of -4.17 eV that is 0.11 eV stronger than their reported 

(a) (b)
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value. The most stable structure identified for the Pt8/CeO2(111) model is very similar to 

the structure reported by Vayssilov et al. 228. Unfortunately, Vayssilov et al. did not report 

the clustering or adsorption energy for their Pt8 structure on the ceria surface. The 

structures reported by Loffreda and Delbecq 233 are quite similar to our most stable 

structures. However, their reported clustering energies are slightly different from our 

values since their calculations are based on GGA-DFT without Hubbard correction and a 

smaller p(2 × 2) unit cell.  

Generally, on both the stoichiometric and reduced surfaces, we observe that the 

metal packing was cubic-closed packed, and starting from metal clusters as small as Pt10, 

the (111) facet of the metal cluster is clearly recognizable on both the stoichiometric and 

reduced ceria surfaces. This observation is expected considering that the most stable facet 

of Pt is also (111) and Pt particles only experience limited strain upon adsorption due to 

the difference in lattice parameters of Pt and ceria.  

Finally, Figures (4-2a) and (4-2b) illustrate the tendency of even very small Pt 

clusters to form two layered structures on both the stoichiometric and reduced ceria 

surfaces. Experimental observations from Zhou et al. 229 suggest a mean height of Pt 

particles on partially reduced ceria thin films of 0.3 nm, while Pt particles on 

stoichiometric ceria films displayed an average height of about 0.4 nm. Since layers of Pt 

in Pt (111) surfaces are expected to be ∼0.23 nm apart, the height of Pt particles on 

stoichiometric ceria surfaces suggests that particles with two Pt layers are dominant. We 

attribute the average height of Pt particles on the reduced surface (almost 1.5 layers of Pt) 

to the presence of oxygen vacancies under the particles (similar to our Pt5 and Pt8 

structures in Figure (4-2b)). 
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4.2. Reducibility of Ceria (111) Surface 

Different experiments have suggested the redox mechanism and associative mechanism 

with hydroxyl group regeneration to be the most important reaction pathways for the 

WGS reaction mechanism on ceria supported Pt clusters 20, 91, 163, 164, 234-237. In all of these 

reaction pathways, the creation of an oxygen vacancy on ceria plays an essential role for 

water dissociation. In the following, we first show how Pt clusters can facilitate the 

formation of a single oxygen vacancy on the ceria support. Next, we show the possibility 

of oxygen vacancy cluster formation under reducing WGS conditions for our Pt10/CeO2 

(111) catalyst model. Finally, we examine the stability of these oxygen vacancy clusters 

in the presence of hydrogen adatoms on the ceria support created by hydrogen spillover 

from Pt to the oxide surface. 

4.2.1. Single Oxygen Vacancy Formation on Ptn /CeO2 (111) 

The ceria surface is well-known for its high reducibility. We compute the oxygen 

vacancy formation energy of CeO2 (111) as 2.37 eV, which is in close agreement to the 

2.25 eV computed by Vayssilov et al. 228. Next, it has been noticed experimentally that 

the addition of Pt, Au, etc. clusters increases the reducibility of the ceria surface 238. To 

better understand this phenomenon, we computed the oxygen vacancy formation energy 

in the presence of Ptn (n = 1−10). Table (4-1) summarizes the results of these 

calculations. The oxygen vacancy formation energy in the presence of a single Pt atom 

(2.03 eV) is in reasonable agreement with Yang et al.’s 203 reported value of 1.83 eV. Our 

calculated oxygen vacancy formation energy in the presence of Pt8 is 1.68 eV, which is 

about 0.8 eV less than the reported value by Vayssilov et al. 228 (2.46 eV). We note here 

that the vacancy formation energy in our current work is calculated using the most stable 
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structure of Pt8 cluster on the reduced surface (Figure (4-2b)), which is quite different 

from the structure used by Vayssilov et al. 228. For a similar structure, our current model 

computes a vacancy formation energy of 2.01 eV. The difference of 0.35 eV (2.01 eV 

versus 2.46 eV) is likely due to a different computational set up, i.e., Vayssilov et al. used 

the PW91 functional with U = 4 eV, and a p(3 × 4) unit cell. Overall, we find that the 

reducibility of the CeO2 (111) surface increases with increasing Pt cluster size and that 

the vacancy formation energy converges for Pt6−10 clusters about 0.8 eV below the bare 

ceria surface. Only for the Pt4 cluster do we observe a higher oxygen vacancy formation 

energy compared to the bare surface. This unusual behavior can be attributed to the 

highly symmetric Pt4 structure on the stoichiometric CeO2(111) surface, as shown in 

Figure (4-2), where Pt atoms form a tetrahedral cluster with the three base Pt atoms 

binding to the three adjacent surface oxygen atoms, while the most stable configuration 

of the Pt4 cluster on the reduced surface is an open planar structure. 

To understand how a gas phase environment affects the reducibility of the ceria 

surface, we used the constrained ab initio thermodynamic approach as described in 

Section (3-3). Figure (4-3a) illustrates the free energy of formation of an oxygen vacancy 

on the CeO2(111), Pt3/CeO2(111), and Pt10/CeO2(111) surfaces as a function of the 

oxygen chemical potential. Under oxidizing conditions, the presence of a significant 

number of oxygen vacancies is unlikely except at very high temperatures. Even in the 

presence of Pt clusters, temperatures of about 1300 K (at an oxygen partial pressure of 1 

bar) are required for vacancies to be thermodynamically stable. This observation is 

qualitatively in agreement with experimental observations where the thermally activated 

reduction of stoichiometric ceria films requires a temperature treatment above 1000 K 239, 
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240. Also, TPR data 163 show that Pt clusters on the ceria surface promote partial ceria 

reduction at lower temperatures.  

 

FIGURE  4-3. Gibbs free energy (∆G) for the formation of an oxygen vacancy on the CeO2 
(111) surface versus: (a) oxygen chemical potential (∆µO), (b) difference in chemical 
potentials of CO2 and CO (∆µCO2 - ∆µCO), and (c) difference in chemical potentials of 

H2O and H2 (∆µH2O - ∆µH2). 

Figure (4-3b,c) illustrates that, under reducing conditions (assuming a CO/CO2 

and H2/H2O atmosphere), similar to WGS reaction or pre-reduction conditions, formation 

of oxygen vacancies is thermodynamically favorable both on the bare ceria surface and in 

the presence of Pt clusters. It should be mentioned that Figure (4-3a−c) are theoretically 

equivalent. Yet, considering that the O2 partial pressure is very low under reducing 

conditions and therefore difficult to estimate, we found it more convenient to use the 

(a) (b)

(c)
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difference in the chemical potentials of the reducing agents with their oxidized forms 

(H2/H2O or CO/CO2) to study realistic WGS reaction conditions. 

4.2.2. Oxygen Vacancy Cluster Formation on Pt10/CeO2(111) 

Considering the reducing conditions during the WGS reaction and the high stability of 

isolated oxygen vacancies in the presence of Pt clusters, we studied the stability of 

oxygen vacancy clusters on the catalyst surface. We chose the Pt10 cluster model and 

calculated the energy of removing a second and third oxygen atom from the surface. The 

optimized structures and their relative vacancy formation energies are summarized in 

Figure (4-4a). Gibbs free energies of oxygen vacancy cluster formations are illustrated in 

Figure (4-4b,c) for reducing environments of H2/H2O and CO/CO2, respectively. On our 

model surface, the first oxygen vacancy formation is 1.59 eV endothermic. The energy 

for creating the second vacancy is 1.18 eV more endothermic, and the energy for creating 

the third vacancy is 0.51 eV more endothermic. The third vacancy here is created in such 

a way that the three vacancy clusters are linearly aligned under three linear Pt atoms, and 

thus, the structure is more symmetric compared to that of the two vacancy clusters. We 

also calculated the structure with a nonlinear three vacancy cluster and found that it is 

less stable than the linear one by less than 0.1 eV. Figure (4-4c) illustrates that, in a 

CO/CO2 atmosphere, an oxygen vacancy cluster of 3 vacancies beneath the Pt cluster is 

stable over the whole temperature range considered. However, in the presence of a 

H2/H2O atmosphere (Figure (4-4b)), only a double oxygen vacancy cluster is stable at 

relevant temperatures below 800 K. Overall, these findings suggest that vacancies and 

vacancy clusters might be important to consider while studying the WGS reaction on 
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ceria supported Pt clusters, e.g., with the third vacancy potentially being an active site for 

our catalyst model for water dissociation. 

 

FIGURE  4-4. (a) Optimized structures for a single, double, and triple oxygen vacancy 
clusters on a Pt10/ceria surface and their relative vacancy formation energies (Evf), (b) and 

(c) Gibbs free energies (∆G) for the formation of oxygen vacancy clusters on the CeO2 
(111) surface in H2O/H2 and CO2/CO atmospheres, respectively. 

4.2.3. Effect of H2 on the Stability of Oxygen Vacancy Clusters on 

Pt10/CeO2(111) 

During hydrogen activation of Pt/ceria catalysts, it is possible for H atoms to spillover to 

the ceria surface 241 or for H2 to dissociate on ceria 242. It has been noticed previously that 

irreversible over-reduction of ceria can render the Pt/ceria catalyst inactive by making the 

ceria surface unable to exchange its oxygen atoms 225, 243. To study the effect of H 

adatoms on the Pt10/CeO2 catalyst model and its ability to exchange oxygen, we add 6 

hydrogen atoms to the unit cell in the form of triangular clusters 162 around the Pt10 

cluster corresponding to hydrogen coverage of 0.375 ML (based on the surface oxygen 

(b) (c)

(a)

1st vacancy
Evf = 1.59 eV

2nd vacancy
Evf = 2.77 eV

3rd vacancy
Evf = 3.28 eV
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atoms of the bare ceria surface). The H2 adsorption energy per H2 is -2.36 eV confirming 

the possibility of a high H-coverage. To study the oxygen vacancy and vacancy cluster 

formation on this surface, we followed the same procedure as described for the non-

hydroxylated ceria surface. Figure (4-5) summarizes the optimized structures, the 

energies of the first, second, and third oxygen vacancy formations, and the free energies 

of single, double, and triple oxygen vacancies for a hydroxylated ceria surface.  

 

FIGURE  4-5. (a) Optimized structures for a single, double, and triple oxygen vacancy 
clusters on a Pt10/hydroxylated-ceria surface and their relative vacancy formation 

energies (Evf), (b) and (c) Gibbs free energies (∆G) for the formation of oxygen vacancy 
clusters on the hydroxylated CeO2 (111) surface in H2O/H2 and CO2/CO atmospheres, 

respectively. 

While the energy of the first and third oxygen vacancy formations do not change 

considerably compared to the non-hydroxylated surface, the second vacancy formation 

becomes more endothermic in the case of the hydroxylated surface. As a result, 

calculations predict that the second and third oxygen vacancies might not form if we 

(a)

1st vacancy
Evf = 1.49 eV

2nd vacancy
Evf = 3.21 eV

3rd vacancy
Evf = 3.33 eV

(b) (c)
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assume conditions equivalent to an equimolar H2/H2O gas phase (Figure (4-5b)). In 

contrast, in an equimolar CO/CO2 gas phase, stable vacancy clusters are still predicted in 

the WGS reaction temperature range of 400−600 K (Figure (4-5c)). The relatively large 

energy difference between the first and second oxygen vacancy formation of 1.72 eV is 

preventive in thinking about any catalytic redox cycle between these two structures. We 

will further discuss the possibility of having an active hydroxylated catalyst with oxygen 

vacancies as active sites in Section (4-4-2).  

4.3. Adsorption of Oxygen Atoms on Pt10/CeO2(111) 

Calcination of catalytic samples or room temperature air exposure of Pt/ceria surfaces can 

stabilize PtOx species. XPS peaks of Pt2+ and Pt4+ for as-prepared samples have been 

related to these Pt oxide species, while different peak intensities have been detected for 

differently prepared samples 225. Here, we limit our study of oxygen adsorption to 

adsorption of a single oxygen adatom and its stability in oxidizing and reducing 

environments. 

Figure (4-6a) summarizes the adsorption energies calculated with reference to the 

experimentally corrected energy of an O2 molecule and optimized structures of an oxygen 

adatom at various positions of the Pt10/CeO2(111) surface. On the basis of our 

computations, oxygen atoms adsorbing at non-interfacial Pt atop sites have the strongest 

adsorption energy (-1.76 eV) with a Pt−O bond length of 1.77 Å.  
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FIGURE  4-6. (a) Adsorption energies (Eads) and optimized structures for the adsorption of 
one oxygen atom on a Pt10/CeO2 (111) surface, (b) Gibbs free energy (∆G) for the 

adsorption of an oxygen atom on the Pt10/CeO2 (111) surface versus oxygen chemical 
potential (∆µO), (c) and (d) Gibbs free energies (∆G) for the reduction of the O-Pt10/CeO2 

(111) surface by H2 and CO, respectively. 

Figure (4-6b) illustrates the calculated free energy of oxygen adsorption as a 

function of the oxygen partial pressure and temperature for the structures shown in Figure 

(4-6a). Under oxidizing condition, e.g., below 1000 K and an oxygen partial pressure of 1 

bar, all top and interface Pt atoms of the Pt10 cluster model can exist as Pt−O. In other 

words, thermal activation of Pt clusters on the ceria surface requires high temperatures 

and a low oxygen partial pressure. While we did not consider adsorption of multiple 

Pt top (case 3)
Eads= -1.40 eV

Pt bridge (case 4)
Eads= -1.25 eV

Pt top (case 1)
Eads= -1.76 eV

Pt bridge (case 2)
Eads= -1.52 eV

(d)

(b)

(c)

(a)
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oxygen atoms on the Pt cluster, we expect lateral interaction effects of adsorbed oxygen 

atoms to be small enough that our conclusion stays unaltered even at higher oxygen 

coverages (although lower temperatures are expected to be required to reduce non-

interfacial Pt sites). 

Experimentally, it has both been suggested that PtOx species are stable and not 

stable under WGS reaction conditions 175, 243. Figure (4-6c,d) illustrates the free energies 

for the reduction of Pt−O species at different sites of the Pt10 cluster under WGS reducing 

conditions (by either CO or H2). Clearly, under reducing conditions, it is not 

thermodynamically favorable to have adsorbed oxygen atoms on the Pt cluster even at 

very low temperatures. In fact, it can be estimated that the oxygen atom adsorption 

energy had to be stronger than -3.7 eV for observing stable Pt−O species under reducing 

conditions (which is significantly larger than our computed energies for the 

Pt10/CeO2(111) system even when we consider possible modeling errors). This suggests 

that with time-on-stream Pt oxide species, which are formed during preparation of 

Pt/ceria catalysts, will react with CO (or H2) to form CO2 (or H2O), and under steady-

state WGS reaction conditions, the catalyst will be free of any oxygen adatoms. In fact, 

H2-TPR results indicate that oxygen reduction of Pt/ceria catalytic samples generally 

starts at about 480 K 225, 243, and by heating the samples in H2 at 500 °C (773 K), Pt atoms 

will reduce to their metallic forms. A low temperature peak has also been observed at 400 

K 99. The TPR results will be further discussed in Section (4-5).  
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4.4. Adsorption of CO Molecules on Pt10/CeO2(111) Catalyst Model 

Strongly coverage dependent CO adsorption energies on the Pt(111) surface have been 

reported 244, and it has also been observed that the interaction of CO is even stronger on 

isolated 208 and oxide supported Pt clusters 208, 245. Considering furthermore that a 

negative reaction order has been observed for the WGS reaction on the Pt(111) surface 

with respect to CO molecules 246, a good WGS catalyst model (Pt10/CeO2(111)) should 

probably contain thermodynamically stable CO molecules that facilitate the inclusion of 

lateral interactions on various reaction pathways. In the following, we first study CO 

adsorption on the Pt cluster to better understand the lateral interaction of CO molecules 

on the Pt10/CeO2(111) system under WGS reaction conditions. Next, we study the effect 

of CO coverage on the redox properties of the ceria surface for both the clean and 

hydroxylated surfaces. While CO has been observed to adsorb on the ceria (110) surface, 

its adsorption on the (111) surface is very weak (∆Eads < 0.2 eV 247) and has therefore not 

been considered here. 

4.4.1. CO Adsorption on Pt10/CeO2(111) 

Figures (4-7a) and (4-7b) summarize optimized structures of a single CO molecule 

adsorbed at different sites of the CeO2(111) supported Pt10 cluster, their relevant 

adsorption energies, and the calculated CO adsorption free energy versus CO chemical 

potential. On the basis of our calculations, a single CO molecule prefers to linearly 

adsorb on non-interfacial Pt sites with an adsorption energy of -2.58 eV. This behavior is 

slightly different to the Pt4 on CeO2(111) system where the Pt4 bridge site has been 

identified to be the most preferable site for CO adsorption (on the Pt10 cluster, adsorption 

on the bridge site was -2.02 eV) 208. Linear CO adsorption on the Pt atoms at the TPB is 



 

69 

also strong with an adsorption energy of -2.00 eV. For the linearly adsorbed CO 

molecule, we compute a C−O bond length of 1.168 Å for the non-interfacial Pt site and 

1.164 Å for the TPB Pt site.  

 

FIGURE  4-7. (a) Optimized structures for an adsorbed CO molecule on a Pt10/CeO2 (111) 
surface and their relevant adsorption energies (Eads), (b) Gibbs free energy (∆G) for the 

adsorption of a CO molecule on the Pt10/CeO2 (111) surface versus CO chemical 
potential (∆µCO). 

Furthermore, Figure (4-7b) illustrates that at low CO partial pressures of 10-6 bar, 

linearly adsorbed CO molecules at TPB Pt atoms are not stable above 600 K and linearly 

adsorbed CO molecules at non-interfacial and under-coordinated Pt sites are not stable 

Pt top (case 1)
Eads= -2.58 eV

Pt-O bridge (case 2)
Eads= -2.10 eV

Pt bridge (case 3)
Eads= -1.84 eV

Int. Pt top (case 4)
Eads= -2.00 eV

Pt top (case 5)
Eads= -1.79 eV

(a)

(b)
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above 700 K. Overall, our computations are in agreement with Kalamaras et al.’s 236 

observations obtained from in situ DRIFT and TPD. Two high frequency peaks have 

been observed for their low Pt content catalyst samples that were related to linear CO 

molecules. While the first peak disappeared above 300 °C (573 K), the second peak 

showed a higher thermal stability and disappeared above 400 °C (673 K). We are inclined 

to relate the first peak to adsorbed CO at TPB Pt sites and the second peak to adsorbed 

CO on the under-coordinated Pt edge sites. 

Next, we considered higher coverages of CO by adding three CO molecules to the 

non-interfacial Pt sites and studying adsorption of a fourth CO at the TPB. The relevant 

adsorption energies, their optimized structures, and the calculated free energies are 

illustrated in Figure (4-8). For our small Pt10 cluster, the average heat of CO adsorption 

for having one to three CO molecules at non-interfacial Pt sites does not change 

significantly (-2.58 eV for a single CO molecule and -2.48 eV per CO for 3 CO 

molecules). However, the differential CO adsorption energy of a fourth CO molecule at 

TPB Pt atoms in the presence of 3 CO molecules at non-interfacial Pt sites is reduced by 

0.34 and 0.18 eV, for linear CO and Pt−O bridged CO, respectively. The calculated free 

energies of these structures illustrate that non-interfacial Pt sites of the metal cluster are 

prone to be poisoned by even small amounts of CO in the WGS reaction feed (10-6 bar) 

specifically at low temperatures (T < 700 K). In other words, under-coordinated edge 

sites of Pt particles are the most vulnerable sites for CO poisoning under WGS reaction 

conditions, and only TPB Pt atoms are likely available for the low temperature WGS 

reaction on small ceria supported Pt clusters. 
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FIGURE  4-8. (a) Optimized structures for the adsorption of three CO and four CO 
molecules on a Pt10/CeO2 (111) surface and their relevant average and differential CO 
adsorption energies (Eads). (b) Gibbs free energy (∆G) for the adsorption of a 4th CO 

molecule at the TPB of the Pt10/CeO2 (111) surface versus CO chemical potential (∆µCO). 

4.4.2. Oxygen Vacancy Cluster Formation on Pt10/CeO2(111) Catalyst 

Model with CO Covered Atop Sites 

Next, we investigated the effect of CO coverage on the stability of oxygen vacancy 

clusters for both the clean and hydroxylated ceria surfaces. Table (4-2) summarizes the 

first, second, and third oxygen vacancy formation energies on the clean and hydroxylated 

ceria surfaces, while non-interfacial Pt sites of the Pt10 cluster are covered by CO. With 

respect to the clean surface, adsorbed CO molecules make the first oxygen vacancy 

formation more endothermic by 0.52 eV. Similarly, adsorbed CO hinders the creation of 

3CO at Pt top
Eads/CO = -2.48 eV

(a)

(3CO at Pt top)
4th,COat Pt-O bridge
Eads,4th CO = -1.92 eV

(3CO at Pt top)
4th,COat Int. Pt top
Eads,4th CO = -1.66 eV

(b)
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the second vacancy by 0.18 eV and the third vacancy by 0.02 eV. As a result, the 

presence of adsorbed CO molecules slightly decreases the energy difference (0.51 eV 

versus 0.35 eV) between the structures with double and triple oxygen vacancy clusters, 

which might be relevant for the redox mechanism of the WGS reaction (cycle between 

double and triple vacancy cluster). On the hydroxylated ceria surface, adsorbed CO 

molecules make the first and third oxygen vacancy formations more endothermic by 0.30 

and 0.18 eV, respectively. The second vacancy formation becomes less endothermic by 

0.09 eV due to the presence of adsorbed CO molecules. Clearly, also in the presence of H 

adatoms on the ceria surface and CO molecules on non-interfacial Pt atoms, it is still 

possible to envision a catalytic redox cycle for the WGS reaction between structures with 

double and triple oxygen vacancy clusters. 

TABLE  4-2. Energies for removal of the 1st, 2nd, and 3rd oxygen atoms from Pt10/ceria 
surface in the presence of adsorbed CO molecules on non-interfacial Pt sites for both the 

clean and hydroxylated ceria surface. 

 clean ceria hydroxylated ceria 

 Evf (eV) Evf (eV) 

1st vacancy 2.11 1.79 

2nd vacancy 2.95 3.12 

3rd vacancy 3.30 3.51 
 

Figure (4-9a,b) illustrates the free energies of the first, second, and third oxygen 

vacancy formations on the clean ceria surface in H2/H2O and CO/CO2 atmospheres, 

respectively. Figure (4-9c,d) illustrates the same free energies for the hydroxylated ceria 

surface. In all of these cases, non-interfacial Pt sites are covered by CO. For both ceria 

surfaces, the triple oxygen vacancy cluster is stable in the presence of CO/CO2. In the 

case of the hydroxylated surface without CO atop sites, double and triple oxygen 
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vacancies are not stable in a H2/H2O environment in the temperature range of 400 to 700 

K.  

  

FIGURE  4-9. (a) and (b) Gibbs free energies (∆G) for the formation of oxygen vacancy 
clusters on a clean ceria surface in H2O/H2 and CO2/CO atmospheres, respectively; (c) 

and (d) the same as (a) and (b) but for the hydroxylated ceria surface. In all cases the non-
interfacial Pt sites are covered by CO. 

For the hydroxylated surface with adsorbed CO and at the lower limit of the 

aforementioned temperature interval, double and triple oxygen vacancies are not stable. 

However, at temperatures above 600 K, the double vacancy is stable, and we might be 

able to assume that a reaction cycle between the double and triple oxygen vacancies is 

facile since the energy difference between these two structures is small (the third vacancy 

is in this case the active vacant site). The same conclusions can be made for the non-

(a)

(c)

(b)

(d)
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hydroxylated surface in the presence of adsorbed CO molecules. In other words, adsorbed 

CO molecules might have a compensation effect for the over-reduction of the ceria 

surface and help activate the hydrogen adsorbed ceria surface. 

4.5. Adsorption of Hydrogen on Pt10/CeO2(111) Catalyst Model 

Surface reduction of ceria by hydrogen both in the presence and in the absence of metal 

particles has been reported 241, 242. In the previous sections, we discussed the possibility of 

over-reduction of the Pt/ceria catalyst during the WGS reaction and the importance of 

vacancies and CO molecules for having an active catalyst for redox reactions. To 

illustrate how ceria reduction by H2 might occur, we studied hydrogen adsorption and 

stability at various sites of the Pt10/CeO2(111) model. Furthermore, similar to CO, a 

negative reaction order has also been observed for H2 during the WGS reaction on 

alumina 246, titania 248, and ceria 249 supported Pt clusters. In the following, we exemplify 

through our Pt10/CeO2(111) catalyst model the possible role that the CO coverage plays 

on competitive CO and H adsorption at TPB Pt atoms that might explain the observed 

negative H2 reaction order.  

Figure (4-10a) summarizes the hydrogen adsorption energies calculated with 

reference to the energy of a H2 molecule and optimized structures of a single H atom at 

different sites of Pt10/CeO2(111). Our calculations predict that hydrogen adsorption on 

ceria is the strongest (-1.32 eV), followed by adsorption on non-interfacial Pt sites (-0.85 

eV) and bridge sites on TPB Pt atoms (-0.63 eV). Considering, furthermore, that H2 

easily adsorbs dissociatively on Pt, we might be able to assume that hydrogen spillover is 

feasible and facile. Figure (4-10b) illustrates the calculated free energies for H adsorption 

at different sites of the Pt10/CeO2(111) model. At a high H2 partial pressure of 1 bar and 
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low temperatures (T < 800 K), an H adatom is stable on both non-interfacial and TPB Pt 

atoms. Far from the Pt cluster, H adatoms are stable on the ceria surface even at relatively 

high temperatures (900 K) and low (10-6 bar) H2 partial pressures. However, H adatoms 

on the adjacent oxygen atoms to the Pt cluster are only stable at temperatures below 500 

K (at PH2 = 1 bar).  

 

FIGURE  4-10. (a) Adsorption energies (Eads) and optimized structures for the adsorption 
of a single H atom on a Pt10/CeO2 (111) surface, (b) Gibbs free energy (∆G) for the H 

adsorption on the Pt10/CeO2 (111) surface versus H chemical potential (∆µH). 

Interestingly, reduction of Pt/ceria catalytic samples by H2 generally starts at about 480 K 

225, 243; while a lower temperature peak has also been observed at 400 K accompanying 

on ceria (case 1)
Eads= -1.32 eV

Pt-O bridge (case 4)
Eads= -0.39 eV

Int. Pt top (case 5)
Eads= -0.46 eV

Pt top (case 2)
Eads= -0.85 eV

Pt bridge (case 3)
Eads= -0.63 eV

Pt top (case 6)
Eads= -0.27 eV

(a)

(b)
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the higher temperature peak 225. These two peaks are attributed to two different types of 

surface oxygens 225. Figure (4-10b) illustrates that at 400 K and PH2 = 1 bar, H adatoms 

are stable at all sites of the Pt10/CeO2(111) model. However, removal of oxygen-bonded 

H adjacent to a Pt cluster might be possible at 400 K and might be related to the low 

temperature H2−TPR peak (unfortunately, DFT calculations are likely not accurate 

enough for final peak assignment). At temperatures around 500 K, these H adatoms are 

no longer stable. However, H adatoms on the Pt cluster can be stable up to 800 K for 

boundary Pt atoms and up to 1100 K for non-interfacial Pt atoms. Thus, they might 

further react with oxygen adatoms on the Pt cluster to produce the second peak in the 

H2−TPR experiment (high PH2). Furthermore, experimentally, it has been observed that, 

after H2 reduction of the ceria surface, it is possible to recover the initial oxidation state 

by pumping off the samples at 773 K 241. Through our calculations, we emphasize the 

importance of the partial pressure of H2 in the environment for stabilizing or destabilizing 

H adatoms on ceria. At PH2 = 10-6 bar, it is still possible to have stable hydrogen atoms on 

the ceria surface even at 900 K, and computations predict that we need to reduce the 

pressure to around 5.4 × 10-8 bar to destabilize the adsorbed H atoms on the ceria surface 

at 773 K. 

Comparing the adsorption energies for H atoms and CO molecules at different 

sites of the Pt10 cluster, it might initially seem that CO adsorbs much stronger compared 

to hydrogen on all sites. However, to more carefully investigate competitive adsorption of 

H and CO, we computed multi-component Langmuir adsorption isotherms for the 

Pt10/CeO2(111) and the CO-covered Pt10/CeO2(111) structures as described in Section (3-



 

77 

5). We note that we do not expect oxygen vacancies and H-adsorbed ceria to qualitatively 

change our conclusions. 

Figure (4-11a) illustrates Langmuir adsorption isotherms for competitive 

hydrogen and CO adsorption on non-interfacial Pt sites (relevant structures in the inset).  

 

FIGURE  4-11. Equilibrium surface coverage (Langmuir adsorption isotherms) at 500 K 
and 600 K for H and CO on (a) non-interfacial Pt atoms, (b) TPB Pt atoms, and (c) TPB 
Pt atoms with non-interfacial Pt sites covered by CO molecules. The H2 partial pressure 

is 1 bar. 

It is apparent that even at low CO partial pressures (PCO > 10-4 bar), the under-

coordinated non-interfacial Pt sites are covered by CO and not hydrogen. Figure (4-

11b,c) illustrate the Langmuir adsorption isotherms for competitive hydrogen and CO 

adsorption on TPB Pt atoms for clean and CO covered non-interfacial Pt sites, 

respectively. For all isotherms, we used a H2 partial pressure of 1 bar. It is apparent that 

the presence of co-adsorbed CO molecules has a considerable effect on CO and H 

(3CO atop) H at Int.
Eads,H= -0.93 eV

(3CO atop) CO at Int.
Eads,CO= -1.66 eV

(a) (b)

(c)
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adsorption at TPB Pt sites. Even at low temperatures and relatively high partial pressures 

of CO, we observe a high coverage of H atoms at TPB Pt sites possibly explaining a 

negative reaction order with respect to H2 for the WGS. 

4.6. Conclusion 

To investigate the nature of small Pt clusters on CeO2(111) surfaces under WGS-relevant 

reaction conditions, constrained ab initio thermodynamic simulations have been 

performed. The results are of importance to find a realistic catalyst model for future 

kinetic studies. We found that the clustering of Pt metal atoms on both stoichiometric and 

partially reduced ceria follows a closed-packed arrangement, and for clusters as small as 

Pt10, the (111) facet of the metal cluster is clearly recognizable. In agreement with 

experimental observations, we found that Pt clusters promote the reducibility of the ceria 

surface. This effect seems to be converged for clusters as small as Pt8−10. Oxygen 

vacancies are unlikely to play any role under oxidizing conditions except at very high 

temperatures or very low oxygen partial pressures. However, under reducing conditions 

of either CO or H2, formation of oxygen vacancies and vacancy clusters are 

thermodynamically favorable. Furthermore, oxygen adatoms are not stable under realistic 

WGS conditions on ceria supported metal clusters. Instead, non-interfacial Pt sites are 

prone to be covered by CO molecules. The presence of these coadsorbed CO species does 

not change the redox behavior of the ceria surface significantly. However, they change 

the interaction of CO and H species at TPB Pt atoms and favor a high H coverage at the 

TPB even at low temperatures and relatively high CO partial pressures. Finally, we 

showed that, during catalyst activation with H2, it is possible for H atoms to spillover to 

the ceria surface. These H adatoms change the redox properties of the ceria surface and 
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make even double vacancy clusters unstable in a H2/H2O environment and at relatively 

low temperatures (400−700 K). However, under WGS reaction conditions, the presence 

of CO molecules improves the redox cyclability of the hydroxylated ceria surface by 

stabilizing double vacancy clusters of the Pt10/CeO2 catalyst model.  
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5. Mechanistic Study 

As discussed in the second chapter, it has been proposed that ceria supported Au and Pt 

catalysts are bifunctional and the interfacial metal atoms and reducible oxide support 

atoms at the three-phase boundary (TPB), which is formed by the metal cluster, the oxide 

support, and the gas phase, are very important for the reaction.16, 19-23, 72, 81, 93-99, 250 

Activity of nearly metal-free ceria catalysts13, 102 or inversely supported ceria 

nanoparticles on Au (111) substrate21, 99 offer some experimental evidence for this 

hypothesis. Furthermore, it has been noted that for the low temperature WGS reaction the 

rate scales linearly with the total length of the TPB.97, 98, 251 The importance of the 

interfacial sites of the oxide supported Pt catalysts for the low temperature shift reaction 

has been further manifested by activating the irreducible oxide supported Pt catalysts 

with small amounts of alkali promoters.175 The activity has been attributed to the partially 

oxidized Pt-alkali-Ox(OH)y species.   

Characterization of these multi-phase heterogeneous catalytic surfaces under 

operating conditions is difficult and interpretation of the results requires meticulosity. For 

this reason, we aimed to apply appropriate modeling approaches to shed some light on 

the properties of the TPB under low temperature WGS reaction conditions.  In the 

previous chapter, we studied the nature of the active site of small Pt clusters on the ceria 

(111) surface.252 We illustrated the importance of the TPB sites for the reaction and the 

key role of the lateral interaction of CO molecules for the chosen Pt10/CeO2 (111) catalyst 
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model. We also showed the eminence of vacancy clusters at the interface of the Pt cluster 

and ceria surface due to the presence of both CO and H2 in the environment and the effect 

of having a hydroxylated ceria surface. In this chapter, we aim to study the mechanism of 

the WGS reaction at the TPB for the Pt10/CeO2 (111) catalyst model.  

The dominant reaction pathway for the WGS reaction is still controversial and the 

general consensus is that the state of the surface and the dominant pathway are strongly 

dependent on the reaction condition.86, 105, 235, 250, 253-255 Different pathways have been 

proposed for the reaction on Pt-ceria catalytic surfaces; for instance, the redox 

mechanism and the associative mechanism with formate, carbonate, and carboxylate 

formation as active intermediates. The associative mechanism with redox regeneration 

(or equivalently, OH group regeneration) has also been proposed. The main difference 

between the associative mechanism and the associative mechanism with redox 

regeneration is that the latter one involves the creation of an oxygen vacancy during the 

cycle. Instead, in the associative mechanism CO would be directly oxidized with the 

oxygen of water and there is no removal and replacement of the lattice oxygen of the 

oxide support in this pathway.  

Schematic representations of the redox pathway and the associative carboxyl 

pathway are shown in Figure (5-1). In the redox path, Figure (5-1a), the first step is CO 

oxidation by the interfacial oxygen of the reducible oxide support, creating an oxygen 

vacancy. In the second step, water dissociates on the vacancy to produce hydrogen and 

re-oxidize the surface to close this cycle. The associative carboxyl path, Figure (5-1b), in 

contrast to the redox pathway does not involve creation of a vacancy during the cycle. 

While several studies have emphasized that water adsorption is more facile on the 



 

82 

vacancy of the reduced ceria surface, it is possible that water dissociatively adsorbs on 

the cerium metal of the ceria surface to create one mono-coordinated and one bridging 

hydroxyl groups on the surface (structure IV). After water dissociation, an adsorbed CO 

can form a carboxyl group with the mono-coordinated –OH group. The next step is 

carboxyl dissociation to produce carbon dioxide and hydrogen. The associative carboxyl 

pathway with redox regeneration would be a combination of these two pathways: creation 

of vacancy during the cycle and its refilling, association of adsorbed CO and OH group of 

the support through a carboxyl intermediate.  

 

FIGURE  5-1. Schematic representation of the (a) Redox pathway and (b) Associative 
Carboxyl pathway at the interfacial site of a metal cluster with a reducible metal oxide 

For studying the WGS reaction mechanism a different variety of experiments 

have been done on noble-metal/ceria catalysts. For instance, temperature programmed 

desorption (TPD) studies256 have shown that oxygen from ceria can react with the CO 
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adsorbed on metals and pulse-reactor studies257 have demonstrated that reduced ceria can 

be oxidized by CO2. Presumably the reduced ceria can also be oxidized by H2O. Hilaire 

et al.89 carried out a mechanistic study for the WGS reaction on Pd/ceria catalysts using 

kinetic rate measurements, pulse studies, and also DRIFTS measurements. They found 

that the reaction mechanism involves a redox cycle and the ceria was largely reduced and 

covered by carbonate species, which might have “limited” the reaction rates. In fact, the 

carbonate mechanism can be considered as a special case of the redox mechanism with 

different lifetime of the carbonate species and a different extent to which the two steps 

which involve reduction and re-oxidation of the support are separated in time. Kalamaras 

et al.235 recently reported a switch of the WGS reaction mechanism on Pt/CeO2 from 

redox to a combination of redox and associative formate with –OH group regeneration 

occurring after increasing the reaction temperature from 473 to 573 K. They used steady-

state isotopic transient kinetic analysis (SSTIKA) experiments coupled with mass 

spectrometry (MS) and DRIFTS techniques during their studies.  

There might be non-traditional pathways dominant during the WGS reaction that 

would involve transfer of oxygen from the support to the metal particle to facilitate 

formation and stabilization of the intermediates. Extremely high WGS activity of 

Pt/CeOx/TiO2 has been attributed to this kind of reaction mechanism.258 Since there are 

limitations on special and temporal resolution of the characterization techniques, it is 

possible that the most active reaction intermediate not being detected due to its limited 

lifetime and a narrow zone of formation and decomposition just at the interface of the 

metal and metal oxide support. For instance, a carboxyl intermediate has been suggested 

for the WGS yet it has not been observed experimentally.  
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In our work we target to study the traditional pathways. We applied a pure DFT 

based microkinetic modeling method to investigate the redox, the associative carboxyl 

route with redox regeneration, and also the associative carboxyl pathway that has been 

found to be the dominant path for the Pt (111) and Au/ceria (111) surfaces.259-262 Our 

initial model has a Pt10 cluster covered by CO molecules on the atop sites and supported 

on a partially hydroxylated ceria (111) surface in the presence of two vacancies just 

beneath the Pt cluster. We assumed a 0.375 ML of hydrogen coverage based on the bare 

ceria surface that corresponds to six hydrogen atoms for our unit cell size. Figure (5-2) 

depicts this initial catalyst model structure.  

 

FIGURE  5-2. Initial Pt10/CeO2 (111) catalyst model used to study the WGS reaction 
mechanism. Cream, red, and navy balls represent Ce, O, and Pt atoms, respectively; 
while white and gray balls represent H and C atoms. In our notation, the interfacial 

oxygens (Oint) are those top layer oxygens that are the nearest neighbor to the Pt cluster 
while surface oxygens (Os) are the other top layer oxygens. In our notation, OHs means 
that hydrogen has made hydroxyl group with the surface oxygen. The highlighted area 

corresponds to our initial active site (*Pt-Oint). 

This chapter has been organized as follows: The first section is on different redox 

pathway models that are derived from our initial catalyst model structure. The second 

section is on the associative carboxyl pathway that is also derived from our initial catalyst 

model. In the final section, we changed the initial catalyst model structure and designed 

new redox and associative pathways with and without redox regeneration. By modifying 

Oint

OHs
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the catalyst model, we could obtain a good match between the experiments and the 

associative carboxyl pathway with redox regeneration.  

5.1. Redox Pathways  

5.1.1. Classical Redox Pathway 

This pathway is designed on our initial catalyst model that was depicted in Figure (5-2). 

The reaction steps that are considered for this pathway are: 

(R1) *Pt-Oint + CO(g) → COPt-Oint  

(R2) COPt-Oint → CO2(Pt-int) 

(R3) CO2(Pt-int) → *Pt-V int + CO2(g) 

(R4) *Pt-V int + H2O(g) → H2O(Pt)-V int 

(R5) H2O(Pt)-V int → HPt-OHint  

(R6) HPt-OHint + *Pt → 2HPt-Oint 

(R7) 2HPt-Oint → *Pt-Oint + H2(g) + *Pt 

Figure (5-3) illustrates the energy profile for this path. The intermediate structures 

are shown in the inset and the transition state structures are provided in the appendix. In 

this path, CO adsorbs on the empty interfacial Pt site with a binding energy of -1.86 eV 

(R1) and then spills over to the interfacial oxygen of ceria to create an adsorbed CO2 

structure (R2). The spillover is 0.65 eV endothermic and has an activation barrier of 0.84 

eV. In the next step CO2 desorbs, creating an oxygen vacancy at the interface. The 

desorption process is 1.16 eV endothermic and has an activation barrier of 1.41 eV (R3).  
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FIGURE  5-3. The energy profile for the classical redox pathway of the WGS reaction at 
the interface of our initial catalyst model. *Pt and Vint denote the empty site on the 

interfacial Pt atoms and an oxygen vacancy at the interface of Pt cluster and the ceria 
support, respectively. (a) first part of the redox path that is CO oxidation to CO2. (b) 

second part of the redox path that is H2O reduction to H2. 

Following the CO2 desorption step, water adsorbs and dissociates at the interface. 

Our converged adsorbed water structure is not located exactly on the vacancy. Instead, 

water adsorbs on the interfacial platinum site that is neighboring the oxygen vacancy in a 
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0.85 eV exothermic process. Next, the adsorbed H2O dissociates by transferring one H 

atom to the Pt cluster and forming an interfacial OH group. This process is 0.97 eV 

exothermic and has an activation barrier of 0.38 eV (R5). The second H transfer from –

OH to the Pt cluster takes place in the following step with an activation barrier of 0.84 eV 

and the process is endothermic by 0.24 eV (R6). The last step is H2 desorption from the 

Pt cluster (R7, ∆E = 0.92 eV) that completes the catalytic cycle.  

By looking at the energy profile we did not consider entropy effects of the gas 

phase species which requires calculation of the Gibbs free energy. So we assumed the gas 

phase species to be at 1 bar and 500 K and Figure (5-4) depicts the calculated free energy 

profile.  

 

FIGURE  5-4. The Gibbs free energy profile for classical redox pathway of the WGS 
reaction at the Pt10/CeO2 (111) TPB (our initial catalyst model) (T = 500 K; P(gas) = 1 
atm). All energies are with reference to the sum of the energies of the initial state (*Pt-
Oint) and the reactant gas phase molecules (CO, H2O). For solid surfaces the zero point 

energy corrected energies have been considered. 

In this way we have considered the rotational and translational energies of the gas 

phase species that are not negligible compared to their electronic energies. For solid 

surfaces the zero point corrected energies have been considered. The zero energy state in 

the profile is the sum of the energies of the initial state (*Pt-Oint) and the gas phase 
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reactants. The profile shows CO2 desorption has the highest barrier in the path (1.15 eV) 

and the adsorbed CO and dissociated water have the highest stability at the assumed gas 

phase condition. It is worth mentioning that by considering the gas phase species’ free 

energies, the adsorption of CO is only 0.62 eV exergonic and adsorption of water is 0.71 

eV endergonic.  

The zero point corrected energies of the reaction steps and their activation barriers 

along with forward and reverse rate constants at 473 K have been provided in Table (5-

1).  

TABLE  5-1. The zero point energy corrected reaction energies and activation barriers 
along with kinetic parameters at 473 K for the elementary steps considered in classical 

redox pathway of the WGS reaction mechanism. 

 ∆Ezpc 
(eV) 

Eact,zpc 
(eV) 

k f kr 

R1 -1.70  1.87×109 9.91×10-2 
R2 0.68 0.83 8.46×103 2.64×1011 
R3 1.14 1.38 1.93×103 3.71×106 
R4 -0.76  2.34×109 2.29×109 
R5 -1.09 0.22 1.48×1011 1.92×10-1 
R6 0.09 0.66 1.76×106 1.39×108 
R7 0.80  1.42×107 7.02×109 
     

Using the kinetic parameters for this pathway, we developed a microkinetic model 

as has been described in the computational method section. To compare our results with 

experiments, we chose two experimental studies by Phatak et al.263 and Thinon et al.264 

Phatak and coworkers used a 1 wt% Pt/CeO2 catalyst and the apparent activation energy 

and the turn over frequency were measured at 200 °C and 7% CO, 8.5% CO2, 22% H2O, 

and 37% H2 (their assumed standard condition) with 1 atm total pressure. We note that 

the temperature range of 180-210 °C has been used by the authors to measure the 

apparent activation energy. For measuring the reaction orders of CO, CO2, H2, and H2O 
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the standard gas phase composition was varied between 5-25% CO, 5-30% CO2, 25-60% 

H2, and 10-46% H2O, respectively. The reported reaction orders, apparent activation 

energy (Eapp) and the turn-over frequency (TOF) and the results of our redox model are 

presented in Table (5-2) under the experimental condition #1. Thinon and coworkers used 

a 1.2 wt% Pt/CeO2 catalyst and conducted the kinetic study in the temperature range of 

150-400 °C and 1 atm total pressure. In their study, the gas composition was varied over 

the range 1-20% CO, 1-20% CO2, 5-25% H2O, and 5-40% H2. The apparent activation 

barrier and the turn over frequency have been measured at 300 °C and 10% CO, 10% 

CO2, 20% H2O, and 40% H2. The results of these studies along with our redox model 

results are presented in Table (5-2) under the experimental condition #2.  

TABLE  5-2. Reaction orders (ni), apparent activation energies (Eapp), and turn over 
frequencies (TOF) from microkinetic model for the classical redox pathway at different 

experimental conditions. 

 Experimental condition #1 
(PCO=0.07, PCO2=0.085, 

PH2O=0.22, PH2=0.37 atm;  
T = 473 K) 

Experimental condition #2 
(PCO=0.1, PCO2=0.1,  

PH2O=0.2, PH2=0.4 atm;  
T = 573 K) 

 Model Experiment a Model Experiment b 
nCO 0.00 -0.03 0.00 0.14 
nH2O 0.00 0.44 0.00 0.66 
nCO2 0.00 -0.09 0.00 -0.08 
nH2 0.00 -0.38 0.00 -0.54 
TOF (s-1) 6.18 × 10-5 4.14 × 10-2 0.36 0.2 
Eapp (eV)c 2.04 0.78 2.02 0.94 
a see reference (263) 
b see reference (264) 
c Apparent activation energies are calculated in the temperature ranges of 
373-573 K and 423-673 K for the experimental condition #1 and the 
experimental condition #2, respectively. 
 

It is clear that this model for the Redox path does not provide a good match with 

the experimental results. After analyzing the path with Campbell’s degree of rate control 

and the degree of thermodynamic rate control, CO2 desorption was the rate limiting step 
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and adsorbed CO had the highest coverage of almost one. Motivated by the high 

coverage of adsorbed CO we studied “CO-promoted” pathways starting from the 

adsorbed CO structure and considering the second CO adsorption on the same site. Our 

aim is basically to see if the CO2 desorption transition state would be stabilized or not to 

improve the rate. 

5.1.2. Redox Pathways with CO-Promotion and H2O-Dissociation On Pt 

In this section we discuss three possible pathways. The first one is a CO promoted redox 

pathway and the other two are the associative carboxyl and formate routes with redox 

regeneration that have been suggested for the WGS reaction at the three-phase boundary 

of metal-reducible oxide catalysts.235, 236 Here, the interfacial OH group can be activated 

by an adsorbed CO to create carboxyl and formate species. The first part of these 

pathways is the same that is CO-assisted CO2 desorption and water adsorption and 

dissociation at the interface. Our aim for considering CO-assistance is, as mentioned 

before, to stabilize the CO2 desorption transition state of the simple redox pathway that 

had a very high energy in the path (see Figure (5-4)) to see if we would get a better rate 

or not. The energy and free energy profiles for this first part have been shown in Figure 

(5-5) and the reaction steps are as follows. After first CO spill over (R2),  

(R8) CO2(Pt-int) + *Pt + CO(g) → COPt-CO2(Pt-int) 

(R9) COPt-CO2(Pt-int) → COPt-V(int) + *Pt + CO2(g) 

(R10) COPt-V int + H2O(g) → COPt-H2O(int) 

(R11) COPt-H2O(int) + *Pt → COPt-HPt-OHint 
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A second CO adsorbs in a 2.22 eV exothermic process (R8) that is stronger than 

the first CO adsorption (1.86 eV). The next step is CO2 desorption that is 0.52 eV 

endothermic and has an activation barrier of 1.32 eV (R9). Comparing the free energies 

of the redox path (Figure 5-4) and the CO-assisted CO2 desorption path (Figure 5-5a), 

CO2 desorption is exergonic by 0.88 eV in the latter one while it is 0.21 eV exergonic in 

the former path. The transition state for CO2 desorption has been stabilized in the 

presence of the additional CO at the interface compared to the starting structure of each 

pathway as we initially aimed to. However, at the same time the second CO adsorption is 

very strong that we would expect to lower the rate. After the creation of the vacancy at 

the interface in the presence of the promotional CO, water adsorbs there and dissociates. 

The adsorption of water is 0.54 eV exothermic (R10) and when we consider the Gibbs 

free energies the adsorption is 1.00 eV endergonic; compared to the redox pathway the 

adsorption is by 0.29 eV more endergonic. After water adsorption, it dissociates to the 

interfacial platinum in a 0.62 eV exergonic process and a free energy barrier of 0.19 eV. 

Presence of the promotional CO has almost no effect on the barrier for water dissociation. 

However, due to CO promotion, the free energy gain of the reaction step has been 

reduced by 0.47 eV.  

In the CO promoted redox pathway the interfacial –OH group directly dissociates 

to the Pt cluster and the next step is dihydrogen desorption. In the associative carboxyl 

and formate routes with redox regeneration the interfacial –OH group activates with the 

promotional CO to create carboxyl or formate species. Figure (5-5b) depicts the Gibbs 

free energy of the CO promoted redox pathway from water dissociation to H2 desorption 

(red line). The energy profiles for the activation of the interfacial OH group with the 
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adsorbed CO for carboxyl and formate formation have also been provided (blue and 

green lines, respectively). 

The reaction steps that have been considered are as follows: 

(R12) COPt-HPt-OHint + *Pt → COPt-2HPt-Oint  

(R13) COPt-2HPt-Oint → COPt-Oint + H2(g) + 2*Pt 

(R14) COPt-HPt-OHint → COOH(Pt-int)-HPt  

(R15) COPt-HPt-OHint → CHO(vert,Pt)-Oint-HPt 

(R16) CHO(vert,Pt)-Oint-HPt → CHO(horiz,Pt)-Oint-HPt 

(R17) CHO(horiz,Pt)-Oint-HPt → HCOO (Pt,int)-HPt 

Figure (5-5b) clearly illustrates that creation of both carboxyl and formate have 

high barriers of 1.79 and 1.65 eV, respectively. For creating formate first we need to 

produce a formyl intermediate by dissociating the interfacial OH group to the carbon of 

the adsorbed CO. Due to higher barriers of carboxyl and formate formation compared to 

direct dissociation of the interfacial OH group to the Pt cluster, we did not close these 

cycles since the rate of these pathways would be much lower compared to the CO-

promoted redox route.  
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FIGURE  5-5. (a) The (free) energy profile for the CO-promoted redox pathway with water 
dissociation to Pt, (b) the free energy profile for H2O dissociation and reduction to H2 in the redox 
path compared to formate and carboxyl formation from COPt-HPt-OHint (red, green, and blue lines, 

respectively) (T = 500 K, Pi = 1 atm). 

For the CO-promoted redox route (red line), the interfacial –OH group dissociates 

to Pt that is 0.53 eV endergonic and has a free energy barrier of 0.87 eV (R12).  For this 

reaction step, the barrier has increased by 0.22 eV due to the presence of the co-adsorbed 

CO at the interface and the reaction step is more endergonic by 0.44 eV. The final step to 
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close this cycle is H2 desorption and this process is 0.21 eV exergonic (R13). Comparing 

this reaction step with the similar step in the redox path, H2 desorption from the Pt cluster 

is more exergonic in the presence of the co-adsorbed CO at the interface by 0.14 eV. The 

structures for the intermediates of the described pathways have been provided in Figure 

(5-6). The transition state structures are provided in the appendix. 

 FIGURE  5-6. The new intermediates structures for the CO promoted pathways 

The results of our microkinetic model for the CO promoted redox route have been 

provided in Table (5-3) along with the previously described Redox route. The kinetic 

parameters for this pathway have been provided in Table (5-4). The microkinetic result 

for the redox path has already been discussed. For the CO promoted redox pathway, our 

calculated CO reaction order is 1, the H2 reaction order is -1, and the H2O and CO2 

reaction orders are zero. Compared to the redox pathway and the experimental results, we 

could get a negative reaction order for H2 by considering the lateral interaction of the 

promotional CO at the interface. However, the calculated apparent activation barrier is 

1.92 eV which is 1.14 eV larger compared to the experimental result and the turn over 

frequency is 4 orders of magnitude slower. Consequently, this model pathway, like the 

COPt-CO2(Pt-int) COPt-V int COPt-H2O(int) COPt-HPt-OH int

CHO(h-int)-Oint-HPtCHO(v-int)-Oint-HPt HCOO(Pt-int)-HPt

COPt-2HPt-Oint
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redox pathway, is not a good model. We also calculated the degree of thermodynamics 

rate control for this pathway. The result shows that the dissociated water is the most 

important reaction intermediate. Next, Campbell’s degree of rate control showed that the 

second CO adsorption is the rate limiting step in this CO promoted pathway. 

TABLE  5-3. Reaction orders (ni), apparent activation energy (Eapp), turn over frequency 
(TOF) for classical redox and CO-promoted redox in the experimental condition #1. 

 
nH2O nCO nH2 nCO2 

Eapp 
(eV) 

TOF 
(1/s) 

Experiment 0.44 -0.03 -0.38 -0.09 0.78 4.14×10
-2

 
Classical Redox 0 0 0 0 2.04 6.18×10

-5
 

CO Promoted Redox 
Pathway  

0 1 -1 0 1.92 2.33×10
-6

 

       
TABLE  5-4. The zero point corrected reaction energies and activation barriers along with 

kinetic parameters at 473 K for the elementary steps considered in the CO-promoted 
redox pathway of the WGS reaction mechanism. 

 
∆Ezpc 
(eV) 

Eact,zpc 
(eV) k f kr 

R12 -2.09  1.87×109 3.59×10-5 
R13 0.46 1.26 4.15×104 4.38×100 
R14 -0.46  2.34×109 1.86×1012 
R15 -0.62 0.19 3.80×1010 2.44×104 
R16 0.53 0.87 6.29×103 3.78×109 
R17 0.65  8.69×108 7.02×109 
     

5.1.3. Redox Pathways with CO-Promotion and H2O-Dissociation on Os 

In this pathway, after the creation of an oxygen vacancy at the interface in the presence of 

the promotional CO, water adsorbs and dissociates on the vacancy to give one hydrogen 

to the nearby surface oxygen and an –OH group to the interfacial oxygen vacant site. For 

transferring the hydrogen atoms back to the metal, first we dissociated the interfacial OH 

group to the Pt. Next, we noticed that the diffusion of hydrogen from surface oxygen to 

the interfacial oxygen is a difficult process. So, we investigated a water assisted hydrogen 
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transfer. The phenomenon of water-mediated proton hopping has been studied 

experimentally on iron oxide surface.265 The reactions that have been considered are as 

follows:  

(R18) COPt-H2O(int) + Os → COPt-OHs-OHint 

(R19) COPt-OHs-OHint + *Pt → COPt-HPt-Oint-OHs  

(R20) COPt-HPt-Oint-OHs + *Ce + H2O(g) → COPt-HPt-Oint-H2O(Ce)-OHs 

(R21) COPt-HPt-Oint-H2O(Ce)-OHs → COPt-HPt-OHint-OHCe-OHs 

(R22) COPt-HPt-OHint-OHCe-OHs → COPt-HPt-OHint-H2O(Ce)-Os 

(R23) COPt-HPt-OHint-H2O(Ce)-Os → COPt-HPt-OHint + Os + *Ce + H2O(g) 

The energy and free energy profiles for these reaction steps are provided in Figure 

(5-7). The structures of reaction intermediates have been provided in Figure (5-8) and the 

transition state structures are provided in the appendix. Here, water dissociation at the 

surface-interface has an activation barrier of 0.27 eV which is almost the same as for 

water directly dissociating on the Pt site. However, water dissociation to the surface 

oxygen is more exothermic by 0.5 eV. Since during microkinetic analysis of the previous 

CO-promoted pathway, dissociated water to Pt (COPt-OHint-HPt) was the most important 

reaction intermediate with a coverage of almost one, we might expect that with water 

dissociation to the surface-interface and creation of a more stable COPt-OHint-OHs 

intermediate we obtain a lower rate than 10-6. Consequently, this model pathway would 

also not play any role during the WGS reaction. After water dissociation to the surface-

interface, dissociation of the interfacial OH group to the Pt is endothermic by 0.41 eV 
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and has a 0.89 eV activation barrier. Next, for water assisted hydrogen transfer, the 

adsorption of water is very weak on ceria surface with a binding energy of 0.11 eV. 

However, when water dissociates it creates a more stable species: one extra mono-

coordinated OH group is located on the Ce atom and the hydrogen of water that is 

dissociated to the interfacial oxygen (COPt-HPt-OHint-OHCe-OHs). This reaction is 0.52 

eV exothermic and has a barrier of 0.27 eV. After that, water forms from the extra mono-

coordinated –OH group on Ce and the hydrogen of the surface –OH group. This process 

is almost thermo-neutral, ∆E = -0.10 eV, and has a barrier of 0.19 eV. Next, water 

desorbs that is 0.82 eV endothermic which closes the process of hydrogen transfer from 

surface oxygen to the interface oxygen.  

 

FIGURE  5-7. The (free) energy profile for bringing hydrogens from surface and interface 
oxygens to the interface and Pt in the CO-promoted pathway with water dissociation to 

Os, using water assisted hydrogen transfer. All the energies are with reference to the sum 
of the energies of (COPt-Oint) and (CO,H2O) gas phase molecules (see Figure (5-5)). 
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Analyzing the free energy profile, water adsorption is 1.48 eV endergonic and 

water desorption is 0.77 eV exergonic. For all other reaction steps the difference between 

the energy and free energy profile is negligible.  

 

FIGURE  5-8. The intermediate structures for water dissociation to the surface-interface 
and bringing hydrogens from surface and interface oxygens to the interface oxygen and 

Pt in the CO-promoted pathway with water dissociation to Os, using water assisted 
hydrogen transfer 

 The kinetic parameters for the explained reaction steps have been provided in 

Table (5-5).  

TABLE  5-5. The zero point corrected reaction energies and activation barriers along with 
kinetic parameters at 473 K for the new elementary steps considered for CO-promoted 

redox pathway with water dissociation to the surface-interface. 

 ∆Ezpc 
(eV) 

Eact,zpc 
(eV) 

k f kr 

R18 -1.03 0.28 1.22×1010 1.22×10-2 
R19 0.35 0.85 4.07×103 4.05×107 
R20 0.02  2.34×109 3.23×1017 
R21 -0.56 0.12 6.10×1011 7.38×105 
R22 -0.09 0.09 8.19×1011 6.87×1010 
R23 0.69  5.07×108 2.34×109 
     

The microkinetic model suggests, in agreement with our prediction based on 

relative stability of COPt-OHint-OHs and COPt-HPt-OHint, a very low rate, 3.64 × 10-12 1/s, 

COPt-OHs-OH int COPt-HPt-Oint-OHs COPt-HPt-Oint-H2O(Ce)-OHs

COPt-HPt-OH int-OHCe-OHs COPt-HPt-OH int-H2O(Ce)-Os
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and high activation barrier of 2.24 eV for this pathway while the reaction rate orders 

remained unchanged to the previous mechanism. Consequently, this model pathway is 

not able to explain the experimental observations.  

5.2. CO-Promoted Associative Carboxyl Pathway 

Theoretical investigations suggested the occurrence of the associative carboxyl pathway 

on Pt and Cu metal sites and also at the interface of Au cluster on ceria (111) surfaces. As 

discussed before, this pathway, in contrast to the redox pathways, does not involve the 

creation of an oxygen vacancy during the catalytic cycle and CO is oxidized directly with 

the oxygen of water. Since in the CO promoted model pathways we observed a strong 

CO adsorption at the metal-oxide interface we studied the associative carboxyl pathway 

in the presence of a promotional (interfacial) CO molecule.  

The new reaction steps that we have considered for this pathway are depicted in 

equations (R24) to (R29): 

(R24) COPt-Oint + H2O(g) + *Ce → COPt-H2O(Ce)-Oint 

(R25) COPt-H2O(Ce)-Oint + Os → COPt-OHCe-Oint-OHs 

(R26) COPt-OHCe-Oint-OHs → COOHPt-Oint-OHs + *Ce 

(R27) COOHPt-Oint-OHs → CO2(Pt)-OHint-OHs 

(R28) CO2(Pt)-OHint-OHs → *Pt-OHint-OHs + CO2(g) 

(R29) *Pt-OHint-OHs + CO(g) → COPt-OHint-OHs 
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Reactions (R19-23) and (R12-13) are also needed to close the WGS cycle. Figure (5-9) 

depicts the energy and free energy profile for these reaction steps. Figure (5-10) depicts 

the new intermediate structures.  

  

FIGURE  5-9. The (free) energy profile for the new reaction steps that we have been 
considered for the CO-promoted associative carboxyl pathway 

After water adsorption on Ce (R24) which is exothermic by 0.44 eV (∆Gads = 1.13 

eV), water dissociates on the surface oxygen (Os). This process is 0.12 eV endothermic 

with a 0.18 eV activation barrier. The next step is carboxyl formation that is 0.12 eV 

exothermic and has an activation barrier of only 0.03 eV. After cis- to trans- 

transformation of the carboxyl species, the transformed carboxyl species dissociates to 

the interfacial oxygen. This process is 0.21 eV exothermic and has a 0.15 eV activation 

barrier. The next step is CO2 desorption that is 0.36 eV endothermic (∆Gdes = -1.55 eV); 

followed by CO adsorption with a 2.35 eV binding energy (∆Gads = -0.70 eV). To 

complete the cycle surface, the interface hydrogen atoms should be transferred to Pt and 
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desorb as H2. The energetics of these reaction steps have already been explained in the 

previous sections (see Figures (5-7) and (5-5)).  

 

FIGURE  5-10. The new intermediates structures for the CO-promoted associative 
carboxyl pathway 

The zero point corrected reaction energies of the described elementary steps and 

their activation barriers along with their forward and reverse rate constants at 473 K have 

been provided in Table (5-6). The results of a microkinetic modeling study at 

experimental conditions #1 have been provided in Table (5-7).  

TABLE  5-6. The zero point corrected reaction energies and activation barriers along with 
kinetic parameters at 473 K for the new elementary steps considered for CO-promoted 

associative carboxyl pathway 

 
∆Ezpc 
(eV) 

Eact,zpc 
(eV) k f kr 

R24 -0.33  2.34×109 3.90×1013 
R25 0.17 0.16 1.92×1011 4.02×1012 
R26 -0.03 0.06 5.79×1011 7.20×1011 
R27 -0.25 0.04 2.57×1012 4.91×109 
R28 -0.20  3.05×1022 1.50×109 
R29 -1.79  1.87×109 2.31×100 

     

COPt-H2O(Ce)-Oint COPt-OHCe-Oint-OHs COOHPt-Oint-OHs

CO2(Pt)-OH int-OHs *Pt-OH int-OHs
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TABLE  5-7. Reaction orders (ni), apparent activation energies (Eapp), and turn over 
frequencies (TOF) from microkinetic model for the CO-promoted associative carboxyl 

pathway at experimental condition #1 

 Experimental condition #1 
(PCO=0.07, PCO2=0.085, 

PH2O=0.22, PH2=0.37 atm;  
T = 473 K) 

 Model Experiment a 
nCO 0.00 -0.03 
nH2O 1.00 0.44 
nCO2 0.00 -0.09 
nH2 -1.00 -0.38 
TOF (s-1) 2.21 × 10-7 4.14 × 10-2 
Eapp (eV)b 1.49 0.78 
a see reference (263) 
b Apparent activation energy is calculated in the temperature ranges of 423-523 
K. 
 

Generally, no considerable improvement can be observed compared to the 

previous model pathways except that the reaction orders all display correct trends: 

positive reaction order for H2O, negative reaction order for H2, and zero reaction orders 

for CO and CO2. The apparent activation barrier is still too high and the rate is too low.  

Next, we calculated Campbell’s degree of rate and thermodynamic control. The 

carboxyl formation degree of rate control was 0.69 while carboxyl dissociation and water 

dissociation appeared next with 0.19 and 0.10 degrees of rate control, respectively. 

Intermediate COPt-OHint-OHs was the most important reaction intermediate with 

Campbell’s degree of thermodynamics rate control of -1.00. 

All these results clearly indicate the presence of strongly adsorbed CO at the 

interfacial Pt site under all experimental conditions considered here. The low rates and 

high apparent activation barriers predicted by our microkinetic model of all possible 

pathways suggest that not all CO molecules adsorbed at the interfacial sites are reactive, 



 

especially in the low temperature range, 423 K

presence of CO at one interfacial site could assist the WGS reaction at the neighboring 

interface site by reducing the CO adsorption strength. Thus, we c

with a CO molecule adsorbed at the bridging site of the interfacial Pt atoms and 

investigated the CO-assisted reaction pathways at the neighboring site in the following 

section. The structure of this new model (

note here that the CO adsorption at this bridging site is about 0.4 eV stronger than at the 

linear position we considered earlier which again confirms that the interfacial CO in this 

new model (Figure 5-11) will not be reactive at 

FIGURE  5-11. Modified Pt10

mechanisms that involve creation of vacancy during the cycle. In this model *
is the active site while *

5.3. New Pathways based on Modified Model Catalyst

5.3.1. Redox Pathway –

The following reaction steps have 

model: 

(R30) *Pt-COPt-Oint + CO(g) 

(R31) 2COPt-Oint → CO2(Pt-int)

103 

especially in the low temperature range, 423 K-673 K, considered here. However, the 

presence of CO at one interfacial site could assist the WGS reaction at the neighboring 

interface site by reducing the CO adsorption strength. Thus, we considered a new model 

with a CO molecule adsorbed at the bridging site of the interfacial Pt atoms and 

assisted reaction pathways at the neighboring site in the following 

section. The structure of this new model (*Pt-COPt-Oint) is provided in Figure (5

note here that the CO adsorption at this bridging site is about 0.4 eV stronger than at the 

linear position we considered earlier which again confirms that the interfacial CO in this 

11) will not be reactive at low temperatures. 

 

10/CeO2 (111) catalyst model for studying the WGS reaction 
s that involve creation of vacancy during the cycle. In this model *

is the active site while *Pt refers to the interfacial bridging site of Pt cluster.

5.3. New Pathways based on Modified Model Catalyst 

– Model II 

reaction steps have been considered for the redox pathway on our new 

 → 2COPt-Oint 

int)-COPt 

673 K, considered here. However, the 

presence of CO at one interfacial site could assist the WGS reaction at the neighboring 

onsidered a new model 

with a CO molecule adsorbed at the bridging site of the interfacial Pt atoms and 

assisted reaction pathways at the neighboring site in the following 

ded in Figure (5-11). We 

note here that the CO adsorption at this bridging site is about 0.4 eV stronger than at the 

linear position we considered earlier which again confirms that the interfacial CO in this 

the WGS reaction 
s that involve creation of vacancy during the cycle. In this model *Pt-COPt-Oint 

refers to the interfacial bridging site of Pt cluster. 

e redox pathway on our new 
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(R32) CO2(Pt-int)-COPt → *Pt-COPt-V int + CO2(g)  

(R33) *Pt-COPt-V int + H2O(g) → *Pt-COPt-H2O(int) 

(R34) *Pt-COPt-H2O(int)  → COPt-HPt-OHint 

(R35) COPt-HPt-OHint + *Pt → COPt-2HPt-Oint 

(R36) COPt-2HPt-Oint → *Pt-COPt-Oint + H2(g) + *Pt 

The energy profile for this pathway has been provided in Figure (5-12) starting 

from our new catalyst model. The first step for this cycle is CO adsorption on the 

neighboring bridge site with a binding energy of -1.20 eV (R30). Then, CO spills over to 

the interfacial oxygen of ceria and creates an adsorbed CO2 structure (R31). The spillover 

is 0.23 eV exothermic and has an activation barrier of 0.54 eV. In the next step, CO2 

desorbs to create an oxygen vacancy at the interface. The desorption process is 0.95 eV 

endothermic and has an activation barrier of 1.19 eV (R32).  

After creation of an oxygen vacancy at the interface water adsorbs and dissociates 

at the vacant site. Both reactions are exothermic by 0.57 eV and 0.50 eV, respectively. 

The barrier for water dissociation is 0.51 eV (R34). The following step is the second H 

transfer from the interfacial –OH to the Pt with an activation barrier of 1.07 eV. This 

process is endothermic by 0.42 eV (R35). The final step to close the cycle is desorption 

of H2 from the Pt cluster (R36) that is 0.42 eV endothermic.  
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FIGURE  5-12. The energy profile for the redox pathway of the WGS reaction at the 
interface of our modified catalyst model (redox pathway (I) – model II) (a) first part of 

the path that is CO oxidation to CO2. (b) second part of the path that is H2O reduction to 
H2. The zero energy state in the profile is the sum of the energies of the initial state (*Pt-

COPt-Oint) and the gas phase reactants. 

Comparison of this redox pathway energy profile (Figure 5-12) with that of our 

earlier model with one linear CO (Figure 5-3) suggests that the CO adsorption is reduced 

by about 0.6 eV (-1.20 eV Vs -1.86 eV) and the oxygen vacancy formation is more 

exothermic by about 0.4 eV (-0.48 eV Vs -0.05 eV) in the presence of an additional CO 
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molecule. The water dissociation process seems to have similar energetics with both 

models, but the second H-transfer from the interface –OH to Pt (R35) seems to have a 

high activation barrier of more than 1 eV in the presence of an additional CO molecule. 

Although, this model seems to take care of some of the difficulties associated with our 

earlier model, we will show below that some very stable intermediate structures are not 

included in this redox pathway that decrease its activity. Since all our earlier calculations 

predicted that the CO adsorption on the interfacial Pt atoms is very strong under many 

different environments, in the following section we have considered the possibility of 

adding another CO molecule whenever the active site becomes empty.     

5.3.2. Second Possibility in Redox Pathway – Model II 

In the redox cycle explained in the previous section (Figure 5-12), the CO2 desorption 

process creates an oxygen vacancy at the interface as well as an empty Pt site. A direct 

H2O dissociation at the oxygen vacancy followed by H-transfer to this empty site were 

considered in this process. However, the presence of an oxygen vacancy at the interface 

could also promote a strong adsorption of CO at the neighboring Pt atoms. Thus, we 

considered the adsorption of another CO molecule at this empty Pt site (*Pt-COPt-V int) in 

this section prior to H2O adsorption and dissociation. The reaction steps considered in 

this section (redox pathway (II) – model II) are as follows: 

(R37) *Pt-COPt-V int + CO(g) → 2COPt-V int 

(R38) 2COPt-V int + H2O(g) → 2COPt-H2O(int) 

(R39) 2COPt-H2O(int) + *Pt → 2COPt-HPt-OHint 

(R40) 2COPt-HPt-OHint + *Pt → 2COPt-2HPt-Oint 
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(R41) 2COPt-2HPt-Oint → 2COPt-Oint + H2(g) + 2*Pt 

  

FIGURE  5-13. The energy profile for the second possibility in the classical redox pathway 
of the WGS reaction derived from modified catalyst model (redox pathway (II) – model 
II). The zero energy state in the profile is the sum of the energies of the initial state (*Pt-

COPt-Oint) and (CO,H2O) in the gas phase. 

Figure (5-13) depicts the energy profile for these steps. As expected, CO adsorbs 

strongly at the empty interfacial Pt site in the presence of an oxygen vacancy with an 

adsorption energy of -1.68 eV (R37). Then, water adsorbs on the vacancy and dissociates 

in 0.64 and 0.51 eV exothermic processes, respectively. The barrier for water dissociation 

is 0.57 eV (R39). Following water dissociation, the interfacial –OH group dissociates 

which is a 0.80 eV endothermic process that has a barrier of 1.39 eV (R40). The final step 

to close the cycle is H2 desorption which is 0.59 eV endothermic (R41).  

Here again, the transfer of hydrogen from the interface oxygen to the Pt cluster 

(R40) seems to be a difficult process. The energy profile clearly indicates that the 

reaction might proceed through second CO adsorption (downhill) at the empty Pt site 
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(R37) instead of direct H2O dissociation (R33-R36). On the other hand, the presence of 

an additional CO molecule at the interface Pt prohibits the transfer of H-atoms from the 

interface oxygen to the Pt cluster. In order to overcome this difficulty, we considered the 

possibility of transferring the H atom through the formation of an associative carboxyl 

intermediate in the following section.  

5.3.3. Associative Carboxyl Pathway with Redox Regeneration – Model 

II 

In the redox pathway (II) – model II, it is possible for the adsorbed water at the interface 

(2COPt-H2O(int)) to dissociate to the surface oxygen to create (2COPt-OHint-OHs).  

(R42) 2COPt-H2O(int) + Os → 2COPt-OHint-OHs 

This process is 1.13 eV exothermic and has a barrier of 0.19 eV. Compared to water 

dissociation to Pt (R39), water dissociation to Os is more exothermic by 0.62 eV and has 

a smaller activation barrier by 0.38 eV. Thus, we can expect that this process would have 

a higher rate. As a result, we designed an associative carboxyl pathway with redox 

regeneration starting from 2COPt-OHint-OHs: 

(R43) 2COPt-OHint-OHs → COOH(Pt-int-I)-COPt-OHs 

(R44) COOH(Pt-int-I)-COPt-OHs → CO2(Pt-int)-COPt-OHHs 

(R45) CO2(Pt-int)-COPt-OHHs → COOH(Pt-int-II)-COPt-OHs 

(R46) COOH(Pt-int-II)-COPt-OHs + *Pt → CO2(Pt-int)-COPt-HPt-OHs 

(R47) CO2(Pt-int)-COPt-HPt-OHs → *Pt-V int-COPt-HPt-OHs + CO2(g) 
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(R48) *Pt-V int-COPt-HPt-OHs + CO(g) → 2COPt-V int-HPt-OHs 

(R49) 2COPt-V int-HPt-OHs + H2O(g) → 2COPt-H2O(int)-HPt-OHs 

(R50) 2COPt-H2O(int)-HPt-OHs + *Pt → 2COPt-2HPt-OHint-OHs 

(R51) 2COPt-2HPt-OHint-OHs → 2COPt-OHint-OHs + 2*Pt + H2(g) 

Figure (5-14) depicts the energy and free energy profiles for this cycle and the 

intermediate structures are shown in Figure (5-15). The first step in this cycle is carboxyl 

formation from the interfacial –OH group and the adsorbed CO at the interface (R43). It 

is worth noticing that by water dissociation, one of the bridging adsorbed CO molecules 

has moved to the linear position on Pt (2COPt-OHint-OHs). The process for carboxyl 

formation is 0.50 eV endothermic and has a 0.74 eV activation barrier. Next, COOH(Pt-int-

I) dissociates to the nearby surface –OH to create –OHHs (adsorbed water at the surface 

oxygen vacancy) and an adsorbed CO2 species at the interface (R44). Subsequently, the 

H in –OHHs  is transferred back to the free oxygen of the CO2 to form a more stable 

COOH(Pt-int-II) (R45). We note here that this step also involves the –OH rotation (not 

shown here) that corresponds to the cis-trans isomerization of the adsorbed COOH 

intermediate. Reaction steps (R44) and (R45) basically represent the H-transfer between 

the two oxygen atoms within the –COOH species which leads to the formation of a more 

stable intermediate and permits at the same time the dissociation of COOH directly to the 

metal cluster. NEB calculations suggested that the direct transfer of the H atom between 

these two oxygen atoms has a barrier of more than 1 eV. However, the presence of a 

nearby surface –OH group facilitates this H-transfer with barriers of less than 0.2 eV.   
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FIGURE  5-14. The (free) energy profile for the associative carboxyl pathway with redox 
regeneration – model II starting from dissociated water at the interface to Os (2COPt-

OHint-OHs) 

The trans-COOH intermediate then dissociates to Pt in a thermo neutral process 

(0.03 eV exothermic) and an activation barrier of 1.16 eV. The next steps are CO2 

desorption and CO adsorption that are 1.12 eV endothermic and 1.70 eV exothermic, 

respectively. Free energy wise, CO2 desorption and CO adsorption are both exergonic by 

0.33 and 0.53 eV, respectively. After CO adsorption, H2O adsorbs at the interfacial 

oxygen vacancy in a 0.37 eV exothermic process (∆Gads = 1.27 eV). Next, water 

dissociates to create a 2COPt-2HPt-OHint-OHs site. This process is 0.50 eV exothermic and 

has a 0.31 eV activation barrier. The final step for this cycle is H2 desorption that is 0.71 

eV endothermic (∆Gdes = -0.31 eV). 
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FIGURE  5-15. The intermediates structures for the associative carboxyl pathway with 
redox regeneration – model II starting from dissociated water at the interface to Os 

(2COPt-OHint-OHs) 

The zero point corrected energies of the reaction steps and their activation barriers 

along with the forward and reverse rate constants at 473 K for this pathway have been 

provided in Table (5-8). The results of this microkinetic model at experimental reaction 

condition #1 have been provided in Table (5-9). At experimental condition #2 the results 

were quite similar. For this microkinetic model we combined the Redox pathways (I) and 

(II) and the associative carboxyl pathway with redox regeneration.  

 

 

2COPt-OH int-OHs COOH (Pt-int-I) -COPt-OHs CO2(Pt-int)-COPt-OHH s

COOH(Pt-int-II) -COPt-OHs CO2(Pt-int)-COPt-HPt-OHs COPt-V int-HPt-OHs

2COPt-V int-HPt-OHs 2COPt-H2O(int)-HPt-OHs 2COPt-2HPt-OH int-OHs



 

112 

TABLE  5-8. The zero point corrected reaction energies and activation barriers along with 
kinetic parameters at 473 K for the elementary steps considered for the associative 

carboxyl pathway with redox regeneration – model II and also R42 for creation of the 
starting structure (2COPt-OHint-OHs). 

 
∆Ezpc 
(eV) 

Eact,zpc 
(eV) k f kr 

R42 -1.04 0.14 5.17×1010 1.88×100 
R43 0.54 0.70 4.62×105 3.41×1011 
R44 -0.22 0.06 1.18×1012 7.04×109 
R45 -0.23 -0.02 8.22×1012 5.86×1010 
R46 -0.12 0.94 1.80×103 7.37×101 
R47 1.02 1.47 7.49×102 2.20×104 
R48 -1.61  1.87×109 2.07×100 
R49 -0.20  2.34×109 2.29×1015 
R50 -0.58 0.08 2.69×1012 3.06×106 
R51 0.56  4.10×109 7.02×109 

     
TABLE  5-9. Reaction orders (ni), apparent activation energies (Eapp), and turn over 

frequencies (TOF) from microkinetic model for the combined pathways Redox (I) and 
(II), and the Associative carboxyl with redox regeneration, all derived from the modified 

catalyst model, with the individual pathways’ contribution in the rate at experimental 
condition #1. 

 Experimental condition #1 
(PCO=0.07, PCO2=0.085, 

PH2O=0.22, PH2=0.37 atm;  
T = 473 K) 

 Model Experiment a 
nCO 0.00 -0.03 
nH2O 0.74 0.44 
nCO2 0.00 -0.09 
nH2 -0.69 -0.38 
TOF (s-1) 1.06 × 101 4.14 × 10-2 
Redox I 1.32 × 10-11  
Redox II 3.14 × 10-7  
Associative carboxyl pathway with redox 
regeneration   

1.06 × 101  

Eapp (eV) 0.98 b 0.78 
a see reference (263) 
b Apparent activation energy is calculated in the temperature ranges of 423-673 
K. 
 

The calculated TOF at 473 K is about 3 orders of magnitude higher than the 

experimental TOF. Considering that the experimental TOFs are normalized by the total 
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number of Pt atoms while our TOFs are based on interfacial Pt atoms, it is encouraging 

that our computed TOFs are larger than the experimental ones. The dominant path is the 

associative carboxyl pathway with redox regeneration. The pathway has the highest rate 

and predicts the lowest apparent activation barrier compared to our other redox models of 

0.98 eV. The reaction orders are also displaying correct trends: zero reaction orders for 

CO and CO2, positive reaction order for water and negative reaction order for hydrogen. 

Campbell’s degree of rate control analysis at 473 K suggests that the COOH dissociation 

process (R46, ΧRC = 0.77) together with the CO2 desorption process (R47, ΧRC = 0.23) are 

the most important steps that affect the overall rate of the reaction. The surface coverages 

of all intermediates obtained from our microkinetic modeling and Campbell’s degree of 

thermodynamic rate control analysis suggest that the oxygen vacancy structure (2COPt-

V int-HPt-OHs) is the dominant species throughout the temperature range considered here 

and the stability of this intermediate has a significant effect on the overall rate of reaction. 

It has to be noted here that we also created oxygen vacancies at different steps of the 

redox pathways, but only this particular intermediate (2COPt-V int-HPt-OHs) that is created 

during the associative pathway with redox regeneration becomes the dominant 

intermediate. The structure of this intermediate (Figure 5-15) suggests that it is possible 

to form multiple oxygen vacancies at the Pt/CeO2 interface and that all the Pt sites 

neighboring the vacancy will be covered by CO and all the surface oxygen atoms 

adjacent to the vacancy will be covered by hydrogen under WGS reaction conditions. 

Only after including these stable structures in the pathway was our model able to predict 

the experimentally observed activation barriers, reaction orders, and rate determining 

steps.  
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5.3.4. Associative Carboxyl Pathways – Model II  

In the previous section, we have shown that our new model with additional CO at the 

interfacial Pt could predict experimental observations for the associative carboxyl 

pathway with redox regeneration. In this section, we used the same model to investigate 

the associative carboxyl pathway at the Pt/CeO2 interface that does not include the 

formation of oxygen vacancies.   We note here that our Model I with only one linear CO 

adsorbed at the interface predicted a very high apparent activation energy and a low rate 

(section 5.2). The reaction steps that have been considered for the first cycle after 

reaction step (R30) (CO adsorption) are as follows: 

(R52) 2COPt-Oint + *Ce + H2O(g) → 2COPt-H2O(Ce)-Oint 

(R53) 2COPt-H2O(Ce)-Oint + *Pt → 2COPt-OH(Ce-Pt)-OHint 

(R54) 2COPt-OH(Ce-Pt)-OHint → COPt-COOHPt-OHint + *Ce 

(R55) COPt-COOHPt-OHint + *Pt → COPt-CO2(Pt)-HPt-OHint 

(R56) COPt-CO2(Pt)-HPt-OHint → *Pt-COPt-HPt-OHint + CO2(g) 

Reaction steps (R35) and (R36) are also needed to close this cycle. Since the active site 

becomes empty after CO2 desorption in reaction step (R56), we have also considered the 

possibility of another CO adsorption at the active site before H-transfer. The reaction 

steps considered are as follows: 

(R57) *Pt-COPt-HPt-OHint + CO(g) → 2COPt-HPt-OHint 

(R58) 2COPt-HPt-OHint + *Pt → 2COPt-2HPt-Oint 
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(R59) 2COPt-2HPt-Oint → 2COPt-Oint + 2*Pt + H2(g)  

Figure (5-16) depicts the energy and free energy profiles for these cycles and the new 

intermediate structures are shown in Figure (5-17).  

   

FIGURE  5-16. The energy and free energy profiles for the associative carboxyl pathways 
– model II, derived from the modified catalyst model (the dashed line shows the extra 

steps that are needed to close the CO-promoted associative carboxyl pathway – model II) 

For the first cycle, after initial CO adsorption (R30), water adsorbs on the Ce 

metal of the ceria surface in a 0.59 eV exothermic process (R52: ∆Gads = 1.08 eV). Next, 

it dissociates to the interfacial oxygen. Due to the orientation of adsorbed water, the OH 
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group of the dissociated water can make bonds with both Ce and Pt (2COPt-OH(Ce-Pt)-

OHint). The dissociation process is 0.64 eV exothermic with an activation barrier of 0.17 

eV. The next step is carboxyl formation that is 0.52 eV endothermic and has an activation 

barrier of 1.00 eV. After cis- and trans- transformation of the carboxyl species, it 

dissociates to the Pt cluster in a 0.50 eV endothermic process with a 0.70 eV activation 

barrier. Next, CO2 desorbs which is 0.14 eV exothermic (∆Gdes = -1.56 eV). After CO2 

desorption the interfacial –OH dissociates to the Pt cluster and finally H2 desorbs. These 

reactions are (R35) and (R36) and have previously already been explained. 

 In a second cycle (CO-promoted path) after CO2 desorption, CO adsorbs which is 

1.74 eV exothermic (∆Gads = -0.49 eV). Next, the interfacial –OH group dissociates 

which is 1.12 eV endothermic and has a 1.34 eV activation barrier. The final step to close 

this catalytic cycle and to get back to its initial structure (2COPt-Oint), H2 desorbs which is 

0.25 eV endothermic (∆Gdes = -0.73 eV). 

 

FIGURE  5-17. The new intermediate structures for the associative carboxyl pathways – 
model II 

2COPt-H2O(Ce)-Oint 2COPt-OH (Ce-Pt)-OH int COPt-COOHPt-OH int

COPt-CO2(Pt)-HPt-OH int 2COPt-HPt-OH int 2COPt-2HPt-Oint
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The energetic and kinetic parameters for the explained reaction steps are provided 

in Table (5-10). The microkinetic modeling’s results at experimental reaction condition 

#1 are provided in Table (5-11). 

TABLE  5-10. The zero point corrected reaction energies and activation barriers along with 
kinetic parameters at 473 K for the new elementary steps considered for the associative 

carboxyl pathways – model II, derived from the modified catalyst model  

 ∆Ezpc 
(eV) 

Eact,zpc 
(eV) 

k f kr 

R52 -0.41  2.34×109 1.93×1013 
R53 -0.65 -0.02 4.89×1013 5.99×106 
R54 0.43 0.92 2.65×103 7.80×107 
R55 0.44 0.63 1.22×106 2.97×1010 
R56 -0.17  2.87×1019 1.50×109 
R57 -1.61  1.87×109 2.73×100 
R58 0.98 1.15 7.44×100 2.80×1010 
R59 0.15  1.83×1013 7.02×109 

     
TABLE  5-11. Reaction orders (ni), apparent activation energies (Eapp), and turn over 
frequencies (TOF) from microkinetic model for the associative carboxyl pathways – 

model II at experimental condition #1 

 Experimental condition #1 
(PCO=0.07, PCO2=0.085, 

PH2O=0.22, PH2=0.37 atm;  
T = 473 K) 

 Model Experiment a 
nCO 0.00 -0.03 
nH2O 1.00 0.44 
nCO2 0.00 -0.09 
nH2 -1.00 -0.38 
TOF (s-1) 1.66 × 10-2 4.14 × 10-2 
Eapp (eV)b 1.18 0.78 
a see reference (263) 
b Apparent activation energy is calculated in the temperature ranges of 423-673 
K. 
 

Although the calculated TOF is in close agreement to the experimental value, it is 

about 3 orders of magnitude smaller than the TOF calculated for the “associative 

carboxyl pathway with redox regeneration” (10.6 s-1). Also, we note that the modeling 



 

118 

TOFs are computed based on interface sites while experimental TOFs are normalized by 

the total number of Pt surface sites.  In the associative pathway the reaction proceeds as 

expected through the lowest energy pathway which involves a second CO adsorption 

after CO2 desorption (R57). The apparent activation barrier is still high compared to 

experiment observations as well as the “associative carboxyl pathway with redox 

regeneration”. However, compared to the previous model for the associative carboxyl 

pathway (CO-promoted associative carboxyl pathway: Eapp = 1.49 eV) the barrier of the 

new model has improved by 0.31 eV. Next, the reaction rate orders of the new model can 

predict the correct trends of the experimental observations: positive order for H2O, 

negative order for H2, and zero orders for CO and CO2.  

By calculating the degree of rate control, carboxyl dissociation is found to be the 

most important reaction step (R55) with a degree of rate control of 0.93 followed by 

carboxyl formation (R54) with 0.07 degree of rate control. The degree of thermodynamic 

rate control of -1.00 is found for 2COPt-HPt-OHint which shows that this species is the 

most important reaction intermediate. 

5.4. Conclusion 

We investigated the activity of small Pt clusters supported on a CeO2 (111) surface for 

the low temperature WGS reaction. The challenges we faced in choosing an appropriate 

catalyst model for this study are evident from the results presented in sections 5.1-5.2. 

Although our initial thermodynamic analysis suggested an appropriate model for the 

mechanistic study, further microkinetic modeling using Model I suggested the possibility 

of the presence of more CO molecules at the interfacial Pt atoms. Meaningful results 

could be obtained only after including additional CO at the interface (Model II). It is 
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generally believed that the strong adsorption of CO could poison the metal surface 

(blocking of active sites) which consequently reduces the rate of reaction. However, our 

results suggest that these strongly adsorbed CO molecules could assist the WGS reaction 

at neighboring sites by reducing the CO adsorption strength. Combined microkinetic 

modeling of the “Redox” and “Associative carboxyl with redox regeneration” pathways 

suggest that the latter is the most dominant pathway. This pathway predicted the highest 

rate and lowest activation barrier compared to the redox pathway. Since CO adsorbs 

strongly on the interfacial Pt atom, especially in the presence of an oxygen vacancy, the 

traditional redox pathway does not operate at the Pt/CeO2 interface. H2O prefers to 

dissociate at the vacancy by transferring an H atom to neighboring surface oxygen rather 

than transferring the H atom to Pt. Only when all the neighboring surface oxygens are 

already covered by hydrogen can H2O dissociation occur at the metal-oxide interface. 

Because of the strong adsorption of H on the surface oxygen atoms, a direct H transfer 

from interface –OH to Pt becomes energetically unfavorable, especially in the presence 

of CO on Pt (Redox II). Thus, the reaction proceeds through the formation of a carboxyl 

(COOH) intermediate. The dissociation of this intermediate is facilitated by the presence 

of neighboring surface –OH groups.  

 The “Associative carboxyl” pathway (section 5.3.5) which does not involve the 

formation of oxygen vacancies also predicted non-negligible rates compared to the 

“Associative carboxyl pathway with redox regeneration”. The higher rates obtained for 

the latter pathway manifests the importance of the oxygen vacancy for the low-

temperature WGS reaction. Our results also suggested the vacancy structure to be the 

dominant intermediate in this process which facilitates H2O activation and dissociation. 
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The lower rates obtained for the WGS reaction on the Pt (111) surface and Pt on 

irreducible oxide supports can be explained by the difficulty in dissociating H2O on these 

surfaces. Our calculations show that compared to the Pt (111) surface, the improved 

WGS activity of the TPB can be explained by an increased number of oxygen vacancies 

at the TPB, and a significantly facilitated water activation and dissociation. 
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Appendix 

Summary of the reaction steps that are explained in the text and the transition states 

structures for reactions 

(R1) *Pt-Oint + CO(g) → COPt-Oint  

(R2) COPt-Oint → CO2(Pt-int) 

(R3) CO2(Pt-int) → *Pt-V int + CO2(g) 

(R4) *Pt-V int + H2O(g) → H2O(Pt)-V int 

(R5) H2O(Pt)-V int → HPt-OHint  

(R6) HPt-OHint + *Pt → 2HPt-Oint 

(R7) 2HPt-Oint → *Pt-Oint + H2(g) + *Pt 

(R8) CO2(Pt-int) + *Pt + CO(g) → COPt-CO2(Pt-int) 

(R9) COPt-CO2(Pt-int) → COPt-V(int) + *Pt + CO2(g) 

(R10) COPt-V int + H2O(g) → COPt-H2O(int) 

(R11) COPt-H2O(int) + *Pt → COPt-HPt-OHint 

(R12) COPt-HPt-OHint + *Pt → COPt-2HPt-Oint  

(R13) COPt-2HPt-Oint → COPt-Oint + H2(g) + 2*Pt 

(R14) COPt-HPt-OHint → COOH(Pt-int)-HPt  

(R15) COPt-HPt-OHint → CHO(vert,Pt)-Oint-HPt 
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(R16) CHO(vert,Pt)-Oint-HPt → CHO(horiz,Pt)-Oint-HPt 

(R17) CHO(horiz,Pt)-Oint-HPt → HCOO (Pt,int)-HPt 

(R18) COPt-H2O(int) + Os → COPt-OHs-OHint 

(R19) COPt-OHs-OHint + *Pt → COPt-HPt-Oint-OHs  

(R20) COPt-HPt-Oint-OHs + *Ce + H2O(g) → COPt-HPt-Oint-H2O(Ce)-OHs 

(R21) COPt-HPt-Oint-H2O(Ce)-OHs → COPt-HPt-OHint-OHCe-OHs 

(R22) COPt-HPt-OHint-OHCe-OHs → COPt-HPt-OHint-H2O(Ce)-Os 

(R23) COPt-HPt-OHint-H2O(Ce)-Os → COPt-HPt-OHint + Os + *Ce + H2O(g) 

(R24) COPt-Oint + H2O(g) + *Ce → COPt-H2O(Ce)-Oint 

(R25) COPt-H2O(Ce)-Oint + Os → COPt-OHCe-Oint-OHs 

(R26) COPt-OHCe-Oint-OHs → COOHPt-Oint-OHs + *Ce 

(R27) COOHPt-Oint-OHs → CO2(Pt)-OHint-OHs 

(R28) CO2(Pt)-OHint-OHs → *Pt-OHint-OHs + CO2(g) 

(R29) *Pt-OHint-OHs + CO(g) → COPt-OHint-OHs 

(R30) *Pt-COPt-Oint + CO(g) → 2COPt-Oint 

(R31) 2COPt-Oint → CO2(Pt-int)-COPt 

(R32) CO2(Pt-int)-COPt → *Pt-COPt-V int + CO2(g)  
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(R33) *Pt-COPt-V int + H2O(g) → *Pt-COPt-H2O(int) 

(R34) *Pt-COPt-H2O(int)  → COPt-HPt-OHint 

(R35) COPt-HPt-OHint + *Pt → COPt-2HPt-Oint 

(R36) COPt-2HPt-Oint → *Pt-COPt-Oint + H2(g) + *Pt 

(R37) *Pt-COPt-V int + CO(g) → 2COPt-V int 

(R38) 2COPt-V int + H2O(g) → 2COPt-H2O(int) 

(R39) 2COPt-H2O(int) + *Pt → 2COPt-HPt-OHint 

(R40) 2COPt-HPt-OHint + *Pt → 2COPt-2HPt-Oint 

(R41) 2COPt-2HPt-Oint → 2COPt-Oint + H2(g) + 2*Pt 

(R42) 2COPt-H2O(int) + Os → 2COPt-OHint-OHs 

(R43) 2COPt-OHint-OHs → COOH(Pt-int-I)-COPt-OHs 

(R44) COOH(Pt-int-I)-COPt-OHs → CO2(Pt-int)-COPt-OHHs 

(R45) CO2(Pt-int)-COPt-OHHs → COOH(Pt-int-II)-COPt-OHs 

(R46) COOH(Pt-int-II)-COPt-OHs + *Pt → CO2(Pt-int)-COPt-HPt-OHs 

(R47) CO2(Pt-int)-COPt-HPt-OHs → *Pt-V int-COPt-HPt-OHs + CO2(g) 

(R48) *Pt-V int-COPt-HPt-OHs + CO(g) → 2COPt-V int-HPt-OHs 

(R49) 2COPt-V int-HPt-OHs + H2O(g) → 2COPt-H2O(int)-HPt-OHs 
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(R50) 2COPt-H2O(int)-HPt-OHs + *Pt → 2COPt-2HPt-OHint-OHs 

(R51) 2COPt-2HPt-OHint-OHs → 2COPt-OHint-OHs + 2*Pt + H2(g) 

(R52) 2COPt-Oint + *Ce + H2O(g) → 2COPt-H2O(Ce)-Oint 

(R53) 2COPt-H2O(Ce)-Oint + *Pt → 2COPt-OH(Ce-Pt)-OHint 

(R54) 2COPt-OH(Ce-Pt)-OHint → COPt-COOHPt-OHint + *Ce 

(R55) COPt-COOHPt-OHint + *Pt → COPt-CO2(Pt)-HPt-OHint 

(R56) COPt-CO2(Pt)-HPt-OHint → *Pt-COPt-HPt-OHint + CO2(g) 

(R57) *Pt-COPt-HPt-OHint + CO(g) → 2COPt-HPt-OHint 

(R58) 2COPt-HPt-OHint + *Pt → 2COPt-2HPt-Oint 

(R59) 2COPt-2HPt-Oint → 2COPt-Oint + 2*Pt + H2(g)  
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