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Introduction and scope 

1.1 Basic concepts of catalysis  

The phenomenon of catalysis was first recognized by Berzelius in 1835. In 1895, 

Ostwald defined a catalyst as a material that will increase the rate of a particular reaction 

without itself being consumed in the process. The field of catalysis developed at the end of 

the nineteenth century when the influence of metals and oxides on the decomposition of 

organic compounds was studied more intensively. Fundamental understanding of catalysis 

commenced with the works of scientists such as Ostwald, Faraday, Van’t Hoff, Arrhenius, 

Sabatier, Langmuir, Taylor and Rideal [1]. Amongst others, these systematic investigations 

and a concomitant effort in chemical reaction engineering led to the first large-scale 

industrial catalytic process in 1909, the continuous synthesis of ammonia from nitrogen 

and hydrogen (Haber-Bosch process). This process is one of the most studied industrial 

catalytic reactions and it acts as the prototype reaction that has been used to develop many 

key concepts in the field of heterogeneous catalysis [2]. 

Working principles of a catalyst 

Catalysis is the science and technology of the control of the change in the molecular 

structure of reactants to products (“chemical reaction”) by functional materials (“the 

catalyst”). Not only does a good catalyst accelerate the chemical reaction, but it also 

determines the direction of chemical transformation on the energy landscape and therefore 

directs selectivity. Besides being active and selective towards desired products, a third 

requirement for a good catalyst is high stability. A catalyst accelerates chemical reactions 

by forming bonds with the reactants and by allowing these to react to a product. The 

product then desorbs from the catalyst surface. Accordingly, the catalytic reaction can be 

described as a cyclic event in which the catalyst participates and is recovered in its original 

state at the end of the reaction cycle converting the reactant to the product. As the catalyst 

does not alter the thermodynamics of the reaction, the overall change in free energy of the 

reaction it catalyzes remains the same. As illustrated in the potential energy diagram in 
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Figure 1.1, the contact between a successful catalyst and the reactants results in an 

energetically more favorable pathway compared to the uncatalyzed reaction. Usually, the 

maximum catalytic rate will be found for optimum interaction between the adsorbate and 

catalyst surface. If the reactants are too weakly bonded to the catalyst, the conversion of 

reactants to products will be low. Because the desorption of the reactants will compete 

with the reaction. On the contrary, too strong binding will lead to strongly bonded surface 

intermediates or products that do not desorb from the surface so that the catalyst is 

poisoned. The optimum of the reaction rate as a function of the interaction strength 

between the catalyst and reactants and products is known as Sabatier’s principle. 

 

 
Figure 1.1: Potential energy diagram for catalyzed and uncatalyzed reaction (adapted from 

ref.1). 

Examples of industrial applications of catalysis  

Catalysts have been used for large-scale production of chemicals and fuels since the 

beginning of last century. Important examples from that era include catalytic coal 

liquefaction (1913) for the production of basic organic chemicals and fuels, 

Fischer-Tropsch synthesis to convert synthesis gas (syngas, a mixture of hydrogen, carbon 

monoxide and carbon dioxide) obtained from coal gasification to motor fuels and 

chemicals (1923) and catalytic cracking of heavy oil (1936). After the Second World War, 

oil became the most important source of transportation fuels and chemicals in the 

developed world. With the rapid development of the petrochemical industry, catalysis 

played a crucial role in producing products to enhance the quality of life such as plastics, 

pharmaceuticals and specialty chemicals [3]. In large petroleum refineries, other valuable 

products such as gasoline, kerosene (jet fuel), diesel, wax, lubricants, bitumen (asphalt) 
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and petrochemicals from a crude oil feed of variable composition are produced. Different 

physical and catalytic processes such as distillation, alkylation, reforming, extraction, 

hydrogenation, isomerization, aromatization, cracking, hydrotreating and blending are 

utilized to efficiently produce high yields of these high-energy-density products. A major 

driver for catalysis has also been the environmental concern associated with the 

combustion of sulfur-containing fuels (hydrotreating processes in refineries), undesired 

emissions from Otto engines (automotive three-way catalyst) and the decrease of NOx 

emissions from industry and diesel engines (deNOx catalysis).  

1.2 Cerium oxide as support 

Over the past decades cerium oxide has attracted enormous interest as an active 

component and catalyst support for a wide variety of heterogeneous reactions [4,5]. As a 

support material ceria helps to improve mechanical and thermal stability as well as to 

increase the activity and selectivity of supported metal phases in catalytic reactions. 

Typical catalysts contain transition metals such as Pd, Rh, Pt and Au or transition metal 

oxides such as those of V, Mn and Cu. Technologically, ceria is relevant in abatement of 

toxic gas emissions, for removal of soot from diesel engine tail gases, for removal of 

organics from wastewater, as an additive to combustion catalysts, and in redox and 

electrochemical reactions. The best-known application of ceria is in car exhaust catalysts. 

Moreover, due to its relatively high oxygen ion conductivity at intermediate temperatures 

(800-1100 K) ceria finds application as solid electrolyte in solid oxide fuel cells. This 

widespread applicability mainly originates from the outstanding oxygen storage capacity of 

ceria. This is causally related to the ease in forming and healing oxygen vacancies at the 

surface of ceria. 

Cerium oxide has the fluorite (CaF2) structure (Figure 1.2a), consisting of a cubic 

close-packed array of Ce ions with all tetrahedral holes filled by oxygen ions. The 

coordination number of the oxygen atoms is four (CN = 4) so that the structure contains 

O-Ce4 tetrahedra (Figure 1.2b). The coordination number of the Ce cations is eight (CN = 

8), so that the crystal can also be viewed to be made up from Ce-O8 cubes (Figure 1.2c). 
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Figure 1.2: Crystal structure of (a) the cubic fluorite-type ceria CeO2, (b) highlighting the 

O-Ce4 tetrahedra and (c) the Ce-O8 cubes (adapted from ref. 5). 

 

 

Figure 1.3: Bulk truncated structures (side view) of CeO2: (a) (111), (b) (110) and (c)(100) 

surfaces. 

 

In the past decades, remarkable progress has been achieved in the preparation of ceria 

nanostructures with different morphologies. The most common surface terminations of 

ceria in such materials are (111), (110) and (100) as shown in Figure 1.3, because these 

have the lowest surface free energies. The surface energies increase in the order (111) < 

(110) < (100). The CeO2(111) surface exposes three-fold O and seven-fold Ce atoms. The 

CeO2(110) surface also exposes three-fold O as well as six-fold Ce atoms. The CeO2(100) 

surface exposes two-fold O and six-fold Ce atoms. It is noted that CeO2(111) has a 

compact structure consisting of an uninterrupted Ce-O bonding network all over the 

surface, whereas the CeO2(110) and (100) surfaces contain separated rows of CeO2 units. 
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These structural differences are consistent with the fact that the (111) facet is the most 

stable one, followed by the (110) and (100) surfaces.  

The influence of the ceria surface termination of TM/CeO2 (TM = transition metal) on 

their catalytic performance has been reported for such reactions as CO oxidation [6,7], the 

water-gas shift (WGS) reaction [8,9], CO2 reforming of methane [10], methanol and 

ethanol reforming [11] and soot oxidation [12]. Gold supported on ceria is a case in point 

and the influence of the support morphology on the rate of CO oxidation [7] and the WGS 

reaction [9] was investigated in detail. It has been found that the activity of gold on 

rod-like CeO2(110) is higher than that of Au on CeO2(111) and CeO2(100). The 

nanorod-supported catalyst is also more active than conventional polycrystalline Au/CeO2 

catalysts, in which ceria will most likely expose predominantly its (111) surface. The 

origins of this morphology dependence of the ceria surface on the catalytic performance of 

the supported metal phase have not been resolved yet. It is reasonable to assume that it 

relates to the reactivity of the ceria surface. Indeed, many experiments have shown that the 

oxygen atoms of the ceria support surface are involved in oxidation catalysis [5], yet 

computational studies mostly focussing on the most stable CeO2(111) surface have not 

been able to confirm this yet [13,14]. 

1.3 Catalytic reactions involving ceria 

1.3.1 The automotive three way catalyst (TWC) 

Table 1.1: Typical concentrations of the exhaust gas constituents of gasoline-fuelled 

engines.  

HC1 750 ppm CO2 13.5 vol% 

NOx 1050 ppm O2 0.51 vol% 

CO 0.68 vol% H2O 12.5 vol% 

H2 0.23 vol% N2 72.5 vol% 

 1 hydrocarbons. 

Transportation is one of the most important sources of air pollution. Table 1.1 lists a 

typical composition of the exhaust gas of a gasoline combustion engine. CO, the most 

immediately toxic exhaust component, is formed due to incomplete oxidation of 

hydrocarbons. Hydrogen is usually present at approximately 1/3 of the concentration of 

CO and originates from thermal cracking of hydrocarbons. Nitric oxide (almost exclusively 

NO) is formed due to radical reactions in air combustion processes at high temperatures. 
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NO is equilibrated with NO2 in the atmosphere, which forms nitric acid, a major source of 

acid rain, upon hydrolysis. Unburnt gasoline and cracked hydrocarbons such as ethylene 

and propylene are also substantial constituents of exhaust gas [1,3]. 

Three-way catalysts (TWC) are essential components in catalytic convertor technology 

used to control emissions from petrol engines. It lowers the emissions of CO, NO and 

unburnt hydrocarbons from automotive tail gases. The TWC enables the removal of the 

three pollutants by the following overall reactions  

CO + O2  CO2 

CxHy + (x + y/4) O2  x CO2 + y/2 H2O 

NO + CO  N2 + CO2 

 

Additionally, NO can also be reduced by H2 and hydrocarbons in the exhaust gas. The 

ideal operating temperatures for the TWC is between 350 and 650 °C.  

The TWC uses a ceramic substrate with a coating incorporating alumina, ceria and other 

oxides and combinations of platinum, palladium and rhodium as the catalytically active 

noble metals. Three-way catalysts operate in a closed-loop system including a lambda 

sensor to regulate the air-to-fuel ratio. The catalyst can then simultaneously oxidize CO 

and hydrocarbons to CO2 and water while reducing NOx to nitrogen. The importance of 

ceria is to cope with oscillations in the air-to-fuel raio. When the air to fuel is on the lean 

side, the oxygen atoms of the ceria will be used to complete the oxidation reactions and 

vice-versa. Ceria plays an important role in balancing the effect of oscillating feed gas 

composition. Another function of ceria is to stabilize the high surface area of the γ-Al2O3 

by inhibiting its phase transformation to the α-phase. It is also known that ceria impedes 

the agglomeration of the noble metals via strong metal-support interaction. Platinum serves 

as the catalyst for oxidation of CO and hydrocarbons. Rhodium is the crucial ingredient for 

NO dissociation. Palladium can be present in addition to Rh and Pt but may also replace 

them. Pd is as good for oxidation as Pt but it is less active for NO reduction than Rh. 

 

 

 

 



Introduction and scope 

7 

CO oxidation reaction 

 

Figure 1.4: Reaction energy diagram for CO oxidation on a palladium surface (adapted 

from ref. 16).  

 

Catalytic oxidation of carbon monoxide has been exhaustively investigated not only 

because of its importance in environmental cleanup, but also as a reaction prototypical to 

heterogeneous catalysis [15]. The oxidation of CO on metal surfaces is usually described 

by the following set of elementary reaction steps:  

CO + *  CO* 

O2 + 2*  2O* 

CO* + O*  CO2 + 2* 

 

An example reaction energy diagram of CO oxidation reaction is illustrated in Figure 1.4. 

The reaction proceeds via a Langmuir-Hinshelwood mechanism involving surface 

intermediates. In this particular mechanism it is assumed that CO2 only weakly interacts 

with the surface. The activation energy of the homogeneous gas phase reaction (not shown) 

between CO and O2 would be largely determined by the energy needed to break the O-O 

bond of O2 (around 500 kJ/mol). Metallic surfaces can easily dissociate O2 and the 

rate-controlling step is usually assumed to be the surface reaction between CO* and O*. A 

typical barrier for this process is around 100 kJ/mol on palladium. At low temperatures, the 

surface is predominantly covered by CO, which explains the negative reaction order in CO. 

At temperature above the desorption temperature of CO, oxygen tends to build on the 

surface and the influence of CO partial pressure becomes less significant. At high 

temperatures, the reaction proceeds on a nearly empty surface.  
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In addition to the extensive studies on metal surface model systems, much interest has 

also been focussed on technologically important metal oxide supported metal nanoparticle 

catalysts. Among various transition metals, supported gold nanoparticles have received 

special attention in the last decades due to their high activity at low temperature, especially 

for preferential oxidation of CO in H2-rich streams [17]. Two key issues arising from such 

studies pertain to the active form of gold and the reaction mechanism. The group of Gates 

reported that a mononuclear La2O3-supported AuIII complex is highly active and stable for 

CO oxidation at room temperature [18]. Hutchings and co-workers showed that Au3+ in 

Au/Fe2O3 catalysts is an important component contributing to high CO activity [19,20]. In 

contrast to these studies pointing to the possibility of a single site Au atom as the active 

site, others suggested that the active sites are part of clustered Au up to the limit of 

nanoparticles. In the excellent work of Goodman [21], STM images showed bilayers of 

about 10 gold atoms with a diameter less than 1 nm, which are more active for CO 

oxidation than single atoms or large Au particles in the Au/FeOx systems [22]. The Gates’ 

group showed that aggregation of mononuclear Au resulted in a strong increase of the CO 

oxidation activity of Au/CeO2 [23]. A large number of theoretical works have been 

performed to understand the performance of Au/CeO2 for low temperature CO oxidation. 

Nørskov’s group has performed a systematic study on the influence of Au particle size in 

the CO oxidation reaction [24]. They proposed that low-coordinated Au sites are essential 

to the reactivity of Au nanoparticles. Recent theoretical studies provide more insight into 

the role of oxygen atoms of the metal oxide support in the reaction cycle, which forms a 

step towards the understanding of the importance of the metal-support interface in 

mechanistic terms [13,14,25-28].  

NO reduction 

The NO reduction is a key step in automotive exhaust gas conversion. In TWC, rhodium 

is the crucial ingredient for NO reduction. The high activity of Rh is usually attributed to 

its high activity in NO dissociation as evidenced from surface science studies. Rh is 

preferred over Pt and Pd [29]. The precise mechanism of NO reduction depends on the 

surface coverage of the reacting species. Temperature-programmed desorption (TPD) 

analysis [1] suggests the following elementary steps to make up the mechanism:  

NO + *  NO* 

CO + *  CO* 

NO* + *  N* + O* 

CO* + O*  CO2 + 2* 
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N* + N*  N2 + 2* 

 

In this reaction mechanism, the cleavage of the N-O bond by rhodium is assumed to be the 

most important step. The dissociation of NO on a Rh(111) surface along the reaction 

coordinate is schematically shown in Figure 1.5. Starting from its threefold position, 

adsorbed NO first bends across a Rh atom to the next threefold site. By stretching over the 

central rhodium atom, the antibonding NO orbitals develop a strong interaction with the Rh 

d-orbitals, and the N-O bond is efficiently weakened. The schematic shows that NO 

requires an ensemble of several Rh atoms in order to dissociate [3]. 

 

 

Figure 1.5: Schematic representation of NO dissociation on an ensemble of seven atoms on 

the Rh(111) surface (adapted from ref. 30). 

   

From the above, it would be reasonable to expect that this reaction is strongly structure 

dependent, i.e. the rate will strongly depend on the topology of the Rh surface. A 

comparative study by Oh et al. [31] of the kinetics of the NO+CO reaction over 

single-crystal Rh(111) and Rh(l00) surfaces and over Rh/Al2O3 catalysts revealed a strong 

difference in kinetic behavior between the single crystals and supported Rh catalysts. The 

reaction on the Rh single crystals proceeded with substantially lower apparent activation 

energies and higher specific rates than those on Rh/Al2O3. Surface science studies have 

provided kinetic barriers for different Rh surfaces. The NO dissociation energy barrier on 

Rh(100) is only 37 kJ/mol in the limit of zero coverage [32,33] and 44 kJ/mol at a 

coverage of 0.15 ML [33]. On the Rh(111) surface, the barrier is between 65 kJ/mol and 80 

kJ/mol at coverages of 0.15-0.20 ML [34]. The dissociation of NO on Rh surfaces has also 

been studied extensively using quantum-chemical methods. Loffreda et al. determined 

using DFT methods that NO dissociates on Rh(100) and Rh(111) surfaces with barriers of 

48 and 155 kJ/mol, respectively [35]. Similar findings were reported for Rh(100) by Van 

Bavel et al. [36]. Consistent with the latter value, Hermse et al. reported a barrier of 157 

kJ/mol for NO dissociation on the close-packed surface [37]. Tian et al. computed a barrier 
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of 64 kJ/mol for the Rh(110) surface [38]. Rempel et al. found that NO dissociation is 

more facile on the stepped Rh(211) surface than on the close-packed surface and 

contended that dissociation on step-edge sites may dominate the overall reaction rate [39]. 

The lower barriers on the more open surfaces of Rh relate to the lower surface metal atom 

coordination in these surfaces compared to the close-packed one. The above computational 

studies allow to conclude that NO dissociation on Rh is indeed a strongly structure 

sensitive reaction.   

  The effect of ceria on the NO and CO conversion by supported Rh nanoparticles has 

been well observed in many experiments [5,40-42]. Temperature programmed desorption 

(TPD) studies on Rh/CeO2/Al2O3 show that ceria promotes NO conversion to N2 at much 

lower temperature than samples without ceria [41,42]. The formation of N2 following NO 

adsorption implies reoxidation of ceria by oxygen from NO. Due to the lack of available 

oxygen vacancies on the ceria surface, re-oxidized ceria becomes much less effective in 

promoting NO dissociation [41]. TPD experiments on the same sample without precious 

metal showed no appreciable desorption of nitrogen-containing species. This points to an 

important role of the interface between the metal and the ceria support [42]. It is proposed 

that NO adsorbs near the perimeter of ceria islands in such a fashion that the nitrogen end 

of the molecule is attached to Rh, and the oxygen end to an oxygen-deficient cerium 

species (oxygen vacancy), thus weakening the N-O bond. It is interesting to realize the 

dual effect of ceria addition on CO oxidation and NO reaction. For CO oxidation, ceria 

helps CO oxidation by reaction of CO adsorbed to the metal with oxygen from the ceria 

support. For the NO reduction, ceria is argued to work as an oxygen acceptor during NO 

dissociation. In both cases, the reaction mechanism involves an important role of the 

metal-ceria interface. These phenomena have not yet been investigated in detail by 

computational methods. 

1.3.2 Water-gas shift reaction (WGS)  

The WGS reaction is industrially important for the upgrading of hydrocarbon-based fuel 

reformate streams [43]. As this reaction is limited by the WGS equilibrium at typical 

reaction temperatures, it has become custom to carry out the WGS reaction at the industrial 

scale in two stages: one at higher temperature with typically iron and the other one at lower 

temperature with copper as the main catalytic metal. However, for generation of CO-free 

H2 as for instance required for PEM fuel cell applications the activity of these commercial 

catalysts is too low [16]. In the past decade, metal oxide supported gold nanoparticle 

catalysts have been explored as potential WGS catalysts. Intensive research was dedicated 
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to the nature of the catalytically active gold species under WGS reaction conditions. Fu et 

al. [44] found that the WGS rate for Au/CeO2 was not affected by cyanide leaching of 

metallic Au nanoparticles and asserted that atomically dispersed Au cations instead of 

nanocrystalline gold catalyzes the WGS reaction. Recently, Yang et al. [45] employed UV 

treatment to stabilize isolated gold atoms on TiO2 and contended that these catalyze the 

WGS reaction at low temperature. For Au/Fe2O3, Allard et al. [46,47] showed that atomic 

gold species are strongly bound to the support, even after redox heat treatments and 

exposure to the WGS reaction conditions. In contrast to these studies, other experimental 

works provide compelling evidence for the opposite conclusion, namely that the WGS 

reaction is catalyzed by metallic Au clusters or nanoparticles. Kim et al. [48] performed a 

similar leaching procedure as Fu et al. and found that the reaction rate before leaching was 

significantly higher than after leaching. On this basis, they argued that nanocrystalline gold 

plays an important role in the WGS reaction. A similar conclusion was reached by Behm’s 

group [49]. Rodriguez and co-workers studied Au/Ce(Gd)O2 and Au/CeOx/TiO2 by in situ 

time-resolved X-ray absorption spectroscopy [50,51] and observed transformation of 

cationic gold to metallic gold under WGS conditions. Au/TiO2 prepared by a 

deposition-precipitation technique of gold was recently investigated for the WGS reaction 

[52,53]. On the basis of kinetic data and geometric arguments, it was proposed that the 

corner atoms on the gold cuboctahedron nanoparticles with fewer than seven neighboring 

gold atoms are the dominant active sites. The total rate is proportional to the number of 

gold particles, yet it does not depend on their size. This view was recently further 

supported by halide poisoning of the active sites [53].  

Three main mechanisms have been proposed for the WGS reaction, i.e. redox, formate 

and carboxyl mechanisms. The ceria support itself is well known to exhibit the ability to 

store and release oxygen under oxidizing and reducing conditions. Basing on this, 

Flytzani-Stephanopoulos and co-workers prefer to describe reactivity of Au/CeO2 in terms 

of the redox mechanism with CO being adsorbed to gold and oxidized by an O atom of 

ceria followed by reoxidation of the support by water to give hydrogen [44] (Figure 1.6). 

The formate mechanism was first proposed by Shido and Iwasawa and involves the 

reaction of CO with surface OH groups to form the HCOO group intermediate [54,55]. 

However, following operando diffuse reflectance infrared Fourier Transform spectroscopy 

shows that the rate of formate decomposition was 60-fold smaller than the rate of CO2 

formation, pointing to the minor role of surface formate in the reaction mechanism [56]. 

Accordingly, it may be expected that formate is a spectator species. As an alternative, 
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There are two important restrictions to the solutions of the Schrödinger equation. First, the 

wave function Ψ must be normalizable. Second, because electrons are Fermions its wave 

function must be antisymmetric if we exchange any pair of electron spin-coordinates. The 

second requirement is the same as the Pauli Exclusion Principle: no two electrons of the 

same spin can occupy the same space point. This implies that two electrons of the same 

spin are automatically kept away by the antisymmetry requirement and they do not move 

independently of each other. The central aim of the molecular electronic structure 

calculation is to find the nuclear coordinates at which the energy E of the whole system is 

minimum. The resulting energy is called the ground state energy, and the resulting 

structure the ground state molecular geometry.  

At present, there are two ways to solve the above equation: wavefunction based method 

and density functional theory method. In wavefunction based methods, the standard 

treatment is the Hartree-Fock (HF) method [65,66]. In this method, the wavefunction is 

expanded as the antisymmetric combination of one-electron orbital which replaces the 

exact Hamiltonian of equations (1-2) for a set of non-interacting electrons. Each of the 

electrons moves in the average field of the rest of them. The orbitals obey non-linear 

integro-differential Fock equations, thus only an iterative method can be employed to get a 

self-consistent solution. In practice, the HF spin-orbitals are expanded in a pre-chosen 

basis set. Then we employ the variational technique to find the suitable values of the 

expansion coefficients to minimize the energy functional. Because of the antisymmetric 

nature of Slater determinant, the Hartree-Fock method satisfies the exchange requirements 
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exactly. However, it misses completely the other electron correlation effects, which causes 

significant error. To obtain chemical accuracy, post-Hartree-Fock methods must be used 

such as Moller-Plesset perturbation theory [67], Configuration Interaction [68] or Coupled 

Cluster methods [69]. However, these methods are computationally very expensive, 

limiting their usage to small size system.  

The other method to solve the time-independent Schrödinger Equation is density 

functional theory. Since the very beginning of the Quantum Mechanics, scientists have 

been exploring possibilities to avoid the need to solve the complex wavefunction. In 1964, 

Hohenberg and Kohn demonstrated that the electron density can be used to obtain the 

ground state properties [70]. The reason is that the electron density, for any molecular 

system, is a function of only three spatial coordinates, while the wavefunction is a function 

depending on spin, spatial coordinate of all electrons, and the spatial coordinates of all 

nuclear. We first define electron density as 

 

 ρ(r1) = N 2
1 2 1 1 2| ... ... | ...N Nn Nx x x R R d dx dxσΨ( , , , ; , , )

     
              (1-4) 

 

This is the integral over all electron Cartesian and spin coordinates, except the Cartesian 

ones of electron 1, of the probability distribution defined by the wave function, multiplied 

by the number of electrons in the system. The integral of the density over all space equals 

N. Below we will give the Hohenberg-Kohn theorems: 

Theorem 1:  The external potential is determined, up to an additive constant by the 

electron density.  

Theorem 2:  Variational Principle: the electron density obtained by minimization of the 

energy of the overall energy functional is the true density of a system.  

 

Suppose we have a trial density ρ’. Then this density defines its own wave function Ψ’, 

and the expectation value of the true Hamiltonian satisfies the variational principle: 

  

<Ψ’|Η|Ψ’> = Τ[ρ] + Vee[ρ] +  rdrVr 
)()(ρ = Ε[ρ’] ≥ E0[ρ0] = <Ψ0|H|Ψ0>     (1−5) 

 

Thus, the correct density is the one that produces the minimum energy, namely the ground 

state density.   
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Now, we introduce the Kohn-Sham Equations. First, we construct a fictitious reference 

system of non-interacting electrons. They have the same electron density as the system 

under study [71]. The potential that these reference electrons experience includes (i) the 

actual forms of electron correlation and (ii) the difference of the kinetic energy functional 

between the reference system and the real system. The reference system has an exact 

solution in terms of single electron wave functions. These are called the Kohn-Sham 

orbitals. Thus, we can express the kinetic energy exactly for the reference system as the 

sum of the expectation value of the Laplacian for each electron. 
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. Then, 

the energy functional of the real system is written as: 

 

 E[ρ] = TS[ρ] + J[ρ] + Vnn + Exc[ρ]            (1-7) 

 

All the unknown information is collected in the Exchange Correlation energy,   

 

Exc[ρ] =  Τ[ρ] − ΤS[ρ] + Eee[ρ] − J[ρ]                              (1−8) 

 

in which the first two terms of the right side of equation represents the difference in the 

kinetic energy, the third term represent the electron correlation effects, and the last term the 

correction for the self-interaction of the electron that has been included in the classical 

Coulomb integral J. 

The variational technique can then be used to solve this equation. The variables to be 

adjusted are the KS orbitals themselves. In practice, this is done like in the HF method: a 

basis set expansion is used to represent the KS orbitals. We now write the entire energy 

functional in terms of the KS orbitals: 
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Setting the functional derivative of this expression to zero yields the equations that the KS 

orbitals must satisfy to provide the same density for both systems: 
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where the effective KS potential in which the non-interacting particles move contains the 

classical electrostatic interaction, the Exchange-Correlation potential and the electron 

nucleus attraction 
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We can see that that equation (1-10) actually is identical in mathematical form to the HF 

equations satisfied by the Hartree-Fock orbitals. Since the unknown density is required to 

write out the KS potential, the equations are also pseudo-eigenvalue equations so that they 

can only be solved by an SCF method. The fundamental difference between KS and HF 

equation lies in the form of the VKS potential versus the VHF potential. Both of them have 

the ordinary Coulomb repulsion term and an Exchange term. The difference is that in the 

HF method the Exchange terms are known and exact for the model, while the Coulomb 

correlation term is missing. In the DFT method, in principle the Vxc term includes all 

unknown functional forms for the Coulomb and Exchange correlation and the correction to 

the kinetic energy. However, the exact form of this functional is not easily obtained, if at 

all it can be. Accordingly, one usually makes a number of approximations for the exchange 

correlation functional. The most extensively used ones include local density approximation 

(LDA) [72] and generalized gradient approximation (GGA) [73,74]. LDA simply assumes 

that each electron’s exchange correlation energy at a given position is equivalent to that in 

a homogeneous electron gas at the same position. It has been successfully used for 

predicting bulk properties of solid materials, in which the valence electron density varies 

slowly. While for chemical reactions and many properties of molecules, LDA by itself 

does not contain sufficient accuracy for chemical applications. The formulation of 
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functionals within the Generalized Gradient Approximation (GGA) is what made good 

accuracy density functional theory possible. GGA improves LDA’s description of the 

electron density by including the gradient of electron density on the spatial variation. In 

this case, the exchange correlation energy is the functional of both the density and its 

gradient.  

  For chemical reactions, ab initio methods can be applied not only to investigate the 

thermodynamic properties like enthalpy, entropy and free energies associated with the 

reaction intermediates, but also to determine kinetics of chemical reactions. For the latter 

purpose, usually use is made of transition state theory which approaches the problem of 

calculating a reaction rate for a rarely occurring elementary reaction by separating space 

into two regions called the reactant region and the product region. The reactant region 

defines the general region in which the system can be found before reacting, and the 

product region defines what is thought of as a product of the elementary reaction in 

question. The border between the two regions is referred to as the transition state. The 

lowest energy configurations in the reactant and product regions are referred to as the 

initial state and final state, respectively [75]. The reaction proceeds via the transition state, 

located at the top of the energy barrier between initial state and final state. Reacting 

molecules are activated to the transition state by collisions with surrounding molecules. 

Crossing the barrier is only possible in the forward direction. The reaction can thus be 

visualized as a journey over a potential energy surface where the transition state lies at the 

saddle point [1]. When applying transition state theory to potential energy surfaces, 

quantum tunneling effects are assumed negligible and the Born-Oppenheimer 

approximation is also invoked. Besides, two key assumptions are made in transition state 

theory. The first is that the atoms in the reactant state have energies that are Boltzmann 

distributed. This should be satisfied if the system has had enough time to thermally 

equilibrate. The other assumption is that once the system attains the transition state, with a 

velocity towards the product configuration, it will not reenter the initial state region again. 

Transition state theory is very often used in its harmonic approximation. The harmonic 

approximation is applicable under the normal assumptions of transition state theory, but 

further demands that the potential energy surface is smooth enough for a harmonic 

expansion of the potential energy to make sense. The procedure for determining the 

harmonic transition state theory rate constant follows a series of well-defined steps. First, 

an initial state is determined as the lowest energy point in the reactant region. Then a 

first-order saddle point on the potential energy surface needs to be determined. A 
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first-order saddle point is a stationary point on the potential energy surface but in which 

one eigenmode is negative and all the other eigenmodes are positive. They are based on 

force analysis of atoms and can be categorized into two types. One is the so-called “surface 

walking” which only needs an initial guess for the transition state structure and then 

optimization identifies the saddle point based on the local force and curvature information. 

An example is the dimer method [76]. The advantage of the “surface walking” methods is 

that only a guess is needed and the calculation cost is comparable to that of geometry 

optimization. However, proper checks need to be done to verify that a saddle point has 

been found by calculating accurately the Hessian matrix and inspect its eigenvalues. The 

other approach is the so-called “chain of states” which needs a series of structures between 

the initial state and the final state of the reaction. An example is the climbing image 

nudged elastic band method [77,78]. These states are connected via a chain of structures, 

which are optimized mutually with neighbor states by specified potentials. The advantage 

of the chain-of-states methods is that a reaction pathway is obtained to ensure the correct 

transition state of the specified reaction.   

1.5 Scope of the thesis  

The goal of this thesis is contribute to the understanding of the factors that control the 

catalytic reactivity of reducible oxide supported metal catalysts for several important 

technological reactions. In this work, the focus is on the identification of the nature of the 

active sites in such catalysts, the reaction mechanism and the influence of the morphology 

of the support on these two aspects. The work is divided in three parts. The first one deals 

with ceria-supported Rh for CO oxidation and NO dissociation (chapter 2-5), the second 

one with ceria-supported Au for CO oxidation and the water-gas shift reaction (chapter 6 

and 7) and the final one deals with a MgCuCr2O4 supported gold catalyst for selective 

oxidation of alcohols (chapter 8).   

In Chapter 2, we explored the structure of Rh clusters supported on CeO2(111) surface 

as a function of the thermodynamic conditions. It was found that under reducing conditions 

Rh atoms tend to form three-dimensional clusters, whereas under oxidizing conditions a 

two-dimensional Rh-oxide film tends to be most stable. A thermodynamic analysis shows 

that under typical CO oxidation conditions the Rh-oxide film is the dominant phase, which 

is accordingly speculated to be the active phase for this reaction. 

Chapter 3 aims to determine the reaction mechanism for CO oxidation for the 

Rh3Ox/CeO2(111) candidate model for the active site identified in Chapter 2. Essentially, 
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the reaction mechanism is composed of the following steps: CO oxidation takes place on 

the Rh-oxide cluster, a facile oxygen spillover process re-oxides the Rh-cluster by O of the 

ceria support, and O2 is activated at the interface between Rh oxide and ceria support. This 

mechanism explains the absence of CO poisoning found experimentally, which is in sharp 

contrast with CO oxidation on Rh metal. 

In literature, the complete dispersion of metal atoms supported on ceria has been 

discussed because of the strong metal-support interaction. Accordingly, we explored the 

relevance of isolated Rh atoms dispersed on ceria for CO oxidation. In Chapter 4, the 

influence of ceria support termination on the mechanism and rate of CO oxidation will be 

investigated. The results indicate that a single Rh atom can also be active for CO oxidation 

but the activity depends strongly on the support termination. The reaction between 

adsorbed CO and O atoms of the ceria is facilitated by formation of dicarbonyl species. 

The calculations predict that Rh/CeO2(110) is the most active for CO oxidation because of 

the low Ce-O binding energy in the CeO2(110) surface. Rh/CeO2(111) is less active 

because it is more difficult to desorb the generated CO2, while Rh/CeO2(100) has the 

lowest activity because of geometric constraints during reaction of adsorbed CO with the O 

atoms of the support. 

Ceria-supported noble metal based catalysts are critical components in three-way 

catalytic converters which help curb emissions from gasoline engines. NOx reduction is 

one of the key reactions in this process, which is usually catalyzed by Rh present in small 

amounts in catalytic converters. It is conventionally believed that the reactions relevant to 

NO dissociation are catalyzed by metallic Rh. In chapter 5, we explored the possibility of 

an alternative mechanism of NO dissociation on the planar surface Rh-oxide film stabilized 

on ceria surface. Direct NO dissociation was found to be unfavorable compared to NO 

dissociation on the metallic Rh(100) surface. It is shown that H-assisted NO dissociation is 

kinetically favourable. Overall, the barrier for N2 formation from NO is lower for the 

Rh-oxide on ceria than for the Rh metal surface. These results allow to speculate that 

ceria-supported Rh-oxide can be the active phase in NO reduction in the three-way 

catalyst. 

We then extended our approachs to the study of the heterogeneous Au/CeO2 system for 

CO oxidation in Chapter 6. Despite a lage number of experimental studies, many debates 

exist concerning (i) the active site (single site Au vs. clustered Au), (ii) the role of the 

support in the reaction, i.e. does it participate in the reaction with its O atoms and (iii) the 

influence of the support termination on the reaction mechanism. We have constructed two 
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models, a single Au atom and a Au nanorod on the CeO2(110) surface to represent the two 

proposed nuclearities of gold. By a thorough comparison to experimental and theoretical 

studies, our work brings further understanding on the influence of ceria support 

termination for Au/CeO2 catalyzed CO oxidation.  

Chapter 7 deals with the mechanism of the water-gas shift reaction using Au/CeO2. The 

aims are similar to those formulated in Chapter 6, namely to identify the active site, 

reaction mechanism and the influence of ceria surface termination on the WGS activity. 

Two main proposals for the mechanism, redox vs. carboxyl, were examined. For both 

models, the calculations predict that the redox mechanism will have have a very low rate 

because of the strong O-H bond. The carboxyl mechanism is the likely mechanism at 

relatively mild conditions. Two key elementary steps were indentified for the WGS 

reaction: oxygen vacancy formation and COOH formation from adsorbed CO and OH. The 

two steps were found to be much more favorable on the Au nanorod than on a single Au 

atom. This provides evidence that the active site for WGS is made up from cluster metallic 

gold, in accordance with spectroscopic investigations under in-situ conditions. The 

problem with the isolated Au atom is that CO adsorption is inhibited. Comparing 

Aun/CeO2(111) and Aun/CeO2(110), the two candidate rate-controlling steps are predicted 

to be more favorable on CeO2(110). The reason is that higher reactivity of surface O and 

OH group on this surface.   

The catalytic oxidation of bio-ethanol to acetaldehyde entails a promising route for 

valorization of biomass into many important chemicals that are currently mainly being 

produced from fossil-based ethylene feedstock. Recently, our group identified a highly 

efficient and robust catalyst consisting of Au nanoparticles supported on a MgCuCr2O4 

support for gas-phase oxidation of ethanol to acetaldehyde. In Chapter 8, we employ 

density functional theory calculations to understand the substantial synergy between gold 

clusters on the MgCuCr2O4 spinel support for ethanol oxidation. The mechanism points to 

the importance of the interface between the gold cluster and the subjacent support. 

Dissociative adsorption of ethanol is facile and takes place by cooperative action of a gold 

atom at the metal-support interface and a basic oxygen atom of the support. The most 

difficult step is the recombinative desorption of water from the surface. The oxygen 

vacancy formation energy is found to be a good performance descriptor for ethanol 

oxidation for a set of Au/MgMeCr2O4 (Me = Cu, Ni, Co) catalysts. The high selectivity 

towards acetaldehyde stems from the facile desorption of acetaldehyde as compared to the 

cleavage of the remaining -C-H bond in the product. The opposite holds for methanol 
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oxidation, explaining why experimentally we observe complete methanol oxidation over 

Au/MgCuCr2O4 under conditions where ethanol is selectively converted to acetaldehyde.  

This thesis is concluded with a summary of the work and outlook on important issues to 

be tackled in future experimental and theoretical investigations on these and related 

systems in which the metal-support interface plays an important role. 
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Chapter 2 
 

Formation of a Rhodium Surface Oxide Film in Rhn/CeO2(111) 

Relevant for Catalytic CO Oxidation: A Computational Study  

 

 

The structure of small Rhn (n = 1-10) clusters and corresponding Rh-oxide (RhnOm) clusters 

(n = 1-4; m = 1-9) supported on a stoichiometric CeO2(111) surface has been investigated 

using density functional theory corrected for on-site Coulombic interactions (DFT+U) with 

the goal to identify a realistic model for Rh/CeO2-based CO oxidation catalysts. Rhn 

clusters on ceria prefer to adopt a three-dimensional morphology. The adsorption of 

oxygen leads to the reconstruction of such clusters into a two-dimensional Rh-oxide film. 

The stability of RhnOm species is determined by evaluating the reaction energy for the 

stepwise oxidation of Rhn, which is to be compared with data for the experimental fresh 

catalysts. It is found that with increasing cluster size the surface oxide phase becomes 

increasingly stable against the isolated RhO3 form under oxidative conditions. The 

Helmholtz free energy change for RhnOm clusters with varying m was determined for the 

reduction by CO and oxidation by O2. In this way, it was found that Rh-oxide species are 

more stable than the corresponding pure Rh clusters when supported on CeO2(111). This 

suggests that the active site for CO oxidation is a Rh surface-oxide.  
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2.1 Introduction 

CO oxidation is one of the most investigated catalytic reactions due to its importance for 

CO removal from effluent streams, in particular from car exhausts, and as a model reaction 

for heterogeneous catalysis [1,2]. It is also becoming increasingly important as a method to 

remove CO from reformate streams to obtain PEM fuel cell grade hydrogen [3,4]. Owing 

to their high activity, ceria supported noble metals such as Pt, Pd, Rh and Au have been the 

subject of many works [5-18]. However, the oxidation state of the catalytically active 

nanoparticles remains unclear. A case in point is the oxidation state of the active species in 

ceria-supported gold nanoparticle catalysts. It was found by IR spectroscopy that Au/CeO2 

catalysts contain Au3+, Au+ and Au0 species under CO oxidation conditions [5]. Whereas it 

was therein argued that Au3+ species are the active sites, other studies have claimed that 

high activity relates to the simultaneous presence of metallic and ionic gold [18]. Different 

models for the active sites of CO oxidation have been explored by DFT modeling of 

metallic Au13 clusters on clean and defect CeO2(111) surfaces [11] and substitutional Au3+ 

and supported Au+ adatoms [12].  

For ceria-supported Rh nanoparticles, the importance of metallic Rh has been generally 

assumed [6-8]. Despite this, several authors have pointed out that cationic Rh species may 

be implicated in catalytic reactivity, especially in cases that cerium oxides are part of the 

carrier material [13-17]. Recently, we found that ceria-supported Rh nanoparticles smaller 

than 2.5 nm become oxidized and highly dispersed under catalytic CO oxidation conditions. 

Their intrinsic activity is almost two orders of magnitude higher than that of nanoparticles 

larger than 4 nm, which remain in the metallic state [9]. Thus, the preferred active sites for 

CO oxidation in Rh/CeO2 are highly dispersed Rh oxide particles or clusters. Rhodium 

oxide clusters have also been suggested to be the active site for N2O decomposition [10].  

In order to understand catalytic CO oxidation with metal supported on ceria it is of 

paramount importance to understand metal-support interactions. Nearly all computational 

studies on the Rh/CeO2 system have focused on metallic Rh clusters [20,21]. It has been 

generally observed that larger clusters develop three-dimensional structures on model ceria 

surfaces [19,20]. Lu et al. performed a DFT study on Rh and Rh4 adsorbed on a CeO2(111) 

surface [21]. For a single Rh adatom, it was found that Rh is oxidized by surface Ce4+. The 
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self-consistently by Fabris et al. [30] using the linear response approach of Cococcioni and 

de GironIoli [31]. This value is within the 3.0-5.5 eV range reported to provide localization 

of the  electrons left upon oxygen removal from CeO2 [32]. For all the surface 

calculations, the model was a periodic slab with a (33) surface unit cell (Figure 2.1). For 

the Brillouin zone integration, a Monkhorst-Pack 221 mesh was used. The CeO2(111) 

model includes three cerium layers and six oxygen layers, i.e. three stoichiometric O-Ce-O 

trilayers with a cell composition (CeO2)27, and a vacuum space of 13 Å. For simulations of 

a Rh7Om cluster on CeO2(111), a larger (44) unit cell was employed. Two stoichiometric 

O-Ce-O trilayers were used in analogy with recent work work.11 For this case, a 111 

k-point mesh was employed. The bulk equilibrium lattice constant (5.49 Å) previously 

calculated by PBE+U (Ueff = 4.5 eV) was used [33,34]. To find the most stable adsorbate 

structure for a given composition RhnOm/CeO2(111), the RhnOm clusters were placed on 

one side of the ceria slab in all possible positions (above surface and subsurface oxygen 

atoms) and in different orientations. The conjugate-gradient algorithm was used to 

optimize the ion positions. The RhnOm clusters and the six top atomic layers of the ceria 

slab were allowed to relax, while the three bottom layers were kept fixed to their bulk 

position. Atoms were relaxed until forces were smaller than 0.01 eV·Å-1.  

2.3 Results  

The results section in this paper is organized in the following manner. Firstly, we will 

discuss possible structures of RhnOm with n in the range 1-4 with emphasis on the structure 

of the most stable ones. Secondly, for each value of n, the corresponding structures 

containing an increasing number of O adatoms will be compared in terms of stability and 

interaction with the ceria support. Also the presence of reduced surface Ce atoms will be 

highlighted. The most stable structures of larger Rhn clusters for n = 5-10 are also provided 

for completeness. In this case, we did not add oxygen atoms because the number of 

possible structures would become too large.  
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Figure 2.2 (i): The most stable structures for RhOm/CeO2(111) (perspective and top views) 

with the top three layers shown. Coloring scheme: red (surface O), pink (subsurface O), 

dark red (adsorbed O), white (Ce4+), green (Rh), yellow (Ce3+). This color scheme applies 

to all of the following figures.  

 

Figure 2.2 (ii): The less stable structures for RhOm/CeO2(111). 
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Table 2.1. Structural parameters for the most stable structure RhnOm/CeO2(111). 

Cluster m ΔEox (eV)1 CNRh-O
2 dRh-Rh (Å) dRh-Os (Å) dRh-Oa(Å) 

RhOm 0  3  2.15  

1 -1.08 4  2.14-2.27 1.76 

2 -2.83 3  1.90 1.72; 1.81 

3 -3.38 4  1.92 1.74-1.82 

4 -3.14 5  2.02 1.79-2.09 

Rh2Om 0  2; 3 2.62 2.00-2.20  

1 -2.42 2; 4 2.64 1.94-2.19 1.85; 1.87 

2 -3.75 3; 4 3.52 1.96-2.11 1.78-1.83 

3 -4.05 3; 5 3.56 1.94-2.21 1.78-2.07 

4 -4.15 4; 5 3.80 1.96-2.14 1.75-1.79 

5 -4.76 4; 5 4.12 1.96-2.22 1.73-2.32 

6 -6.23 4; 4 6.17 1.92 1.74-1.82 

7 -6.00 5; 4 6.16 1.92,2.02 1.74-2.08 

8 -5.76 5; 5 6.12 2.02 1.79-2.08 

Rh3Om 0  1; 1; 1 2.39-2.50 1.90-1.98  

1 -3.21 2; 2; 2 2.42-2.43 1.94-1.95 2.00-2.02 

2 -4.84 2; 3; 2 2.43-2.62 1.95-1.98 1.79-2.00 

3 -5.84 3; 3; 3 2.56-2.65 1.96-1.98 1.78-2.03 

4 -7.88 4; 4; 4 2.53-2.55 2.00 1.98-2.07 

5 -8.63 4; 5; 4 2.44-2.67 2.00-2.02 1.78-2.05 

6 -9.01 4; 5; 5 2.59-2.95 2.02-2.03 1.78-2.08 

7 -8.95 4; 5; 5 2.76-3.30 1.95-2.05 1.71-2.04 

8 -8.98 5; 5; 5 2.90-3.60 2.04-2.15 1.77-2.04 

9 -8.60 5; 5; 5 3.68 2.11 1.75-2.13 

Rh4Om 0  1; 1; 1; 0 2.33-2.55 1.94-1.95  

1 -2.59 1; 2; 2; 2 2.39-2.54 1.94-1.98 2.01-2.03 

2 -3.84 2; 3; 2; 3 2.43-2.68 1.94-1.96 1.91-2.06 

3 -5.80 2; 3; 3; 2 2.48-3.54 1.94-2.05 1.83-2.02 

4 -7.11 3; 4; 3; 2 2.52-2.98 1.98-2.03 1.84-2.02 

5 -8.08 4; 4; 4; 2 2.51-2.88 1.97-2.07 1.88-2.08 

6 -10.16 4; 4; 4; 3 2.50-3.27 1.95-2.09 1.83-2.00 

7 -10.34 3; 5; 4; 3 2.52-3.13 1.94-2.07 1.80-2.14 

8 -10.72 5; 5; 3; 5 3.11-3.93 1.94-1.97 1.75-2.13 

9 -11.22 5; 5; 5; 4 3.16-3.97 1.94-2.02 1.74-2.14 

10 -10.99 5; 5; 5; 5 3.15-3.90 1.94-1.97 1.74-2.12 

11 -11.06 5; 5; 5; 4 3.62-4.33 1.96-2.12 1.77-2.07 

12 -10.70 4; 6; 6; 5 3.18-4.07 1.91-2.13 1.73-2.18 

13 -10.14 5; 6; 6; 6 3.14-4.13 1.90-2.14 1.73-2.20 

14 -9.91 5; 6; 6; 6 3.10-3.87 2.00-2.14 1.75-2.17 

1Adsorption energy of O as defined by eq. 2-4. 2The coordination number of Rh to O. 
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2.3.1 Structure of RhOm/CeO2(111) (m=0-4)   

The stable structures for each composition in this category and their key structural 

parameters are shown in Figure 2.2 (i) (most stable ones) and (ii) (less stable ones). The 

structural parameters of the most stable structures are listed in Table 2.1. For figures and 

data on less stable structures, the reader is referred to the supporting information. The 

structures are labeled as a, b, c and so forth in order of decreasing stability.  

Rh/CeO2(111): The adsorption of a single Rh atom on CeO2(111) surface has been 

extensively studied before [20,21,35]. In accordance with these studies, we find that the 

most stable adsorption position for a Rh atom is the oxygen hollow site resulting in three 

Rh-O bonds with a bond length of ~2.15 Å (Figure 2.2 and Table 2.1). For the Ce4+ ion, the 

spin magnetic moment is 0, while it is 1 for the reduced Ce3+. Based on this analysis, we 

conclude that one electron is transferred to the ceria support, generating a single Ce3+ ion. 

In accordance with previous studies for Rh/CeO2(111) [21] and V/CeO2(111) [34], the 

transferred electron is located in the next nearest Ce neighbor to Rh.  

RhO/CeO2(111): The most stable structure for this composition corresponds to a 

O=Rh(Os-)3 species (Os refers to O atoms of the ceria surface) on CeO2(111) surface, with 

the Rh=O group positioned in a three-fold hollow site above the surface oxygen atoms and 

atop of a subsurface oxygen atom of the ceria surface. The short double bound O atom 

strongly interacts with the Rh atom leading to slightly elongated Rh-Os bonds (Figure 2.2 

and Table 2.1). There is again one Ce3+ located in the next nearest neighbor position to Rh. 

Structure b with the O atom on the bridge site between Rh and surface Ce is less stable by 

0.34 eV than structure a. Rh migrates from the initial three fold hollow site to the bridge 

site. For structure a electrons of Rh are transferred to the adsorbed O atom as well as one 

Ce atom in the surface. For structure b, in contrast, we find that the electrons are 

completely transferred to the O adatom and no surface Ce3+ was formed.  

RhO2/CeO2(111): RhO2 was obtained by adding an additional oxygen atom to the most 

stable RhO structure. Four different structures were identified in this manner. For none of 

these structures Ce3+ was identified, showing that Rh is completely oxidized by the O 

adatoms. The most stable structure corresponds to RhO2 coordinated to one surface O atom 

of the CeO2(111) with one O adatom located on the bridge site between Rh and Ce and the 
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other one located on top site of Rh resulting in a O=Rh(O-)2 moiety. Structure b with the O 

atop Rh slightly inclined to the ceria surface has almost the same energy. When this O 

atom is coordinated to the Ce atom, structure c is obtained. It is 0.17 eV less stable than 

structure a. The difference between structures a, b and c is the position of the second O 

adatom. The closer this O atom is to the Ce atom, the less stable the structure. This 

demonstrates that the interaction between Rh-O is stronger than between Ce-O.  

RhO3/CeO2(111): The most stable structure for this composition is a RhO3 unit attached to 

the ceria surface with two-fold symmetry. It coordinates to one surface O atom and two 

surface Ce atoms, resulting in a O=Rh(O-)3 surface species with an inclined Rh=O group.     

RhO4/CeO2(111): There are two structures for this composition. Structure a with a RhO4 

unit containing a superoxo group is more stable (0.58 eV) than structure b with RhO3 

parallel to the ceria surface and the fourth O adatoms on top of Rh. Although the 

interaction of the superoxo group with the cluster is not very strong, it is the strong O-O 

bond in the superoxo group which results in the preference for structure a.  

2.3.2 Structure of Rh2Om/CeO2(111) (m=0-8)   

The most stable structures for each composition in this category and their key structural 

parameters are shown in Figure 2.3. The structural parameters of the stable structures are 

listed in Table 2.1. 

Rh2/CeO2(111): The four structures for this composition can be divided into two groups, 

namely monomers and dimers. The dimer clusters are more stable than the isolated single 

Rh adatoms, in accordance with previous theoretical studies [20,21,35]. The most stable 

structure corresponds to two Ce3+ ions as next nearest neighbours to the Rh dimer. One of 

the Rh atoms is on the hollow site of surface O atoms and the other on the bridge site of 

two surface O atoms, resulting in a Rh(Os-)3-Rh(Os-)2 unit. For clarity, the two Rh atoms 

are numbered as Rh#1 and Rh#2 from top to bottom, respectively. The second most stable 

structure b (+0.23 eV compared with structure a) has the same Rh2 dimer structure but 

differs in the position of Ce3+ ions. In this case, the Ce3+ ions are in the nearest neighbors 

to the Rh dimer. The less stable structures c (+0.44 eV) and d (+0.76 eV) have similar 

structures except for the location of the two Ce3+ ions and correspond to the two isolated 

Rh atoms each located on the hollow sites of the ceria surface. The result confirms that Rh 
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atoms prefers to aggregate into clusters on a clean ceria surface in agreement with previous 

studies [20,21,38].    

 

 

Figure 2.3 (i): The most stable structures for Rh2Om/CeO2(111).  
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Figure 2.3 (ii): The less stable structures for Rh2Om/CeO2(111).  

 

Rh2O/CeO2(111): For this composition, two adsorption positions of the O atoms were con-

sidered, i.e. the bridge site between two Rh atoms and atop one of the Rh atoms. The 

bridge adsorption structures (a and b) are the most stable structures. Accordingly, structure 

a is made up from a (Os-)3RhO-Rh(Os-) unit. The Rh-Rh bond distance is slightly 

elongated to 2.64 Å (table 2.1). It is interesting to notice that Rh#2 migrates from the initial 

bridge to the top site of the surface O atoms. In structure b (+0.17 eV), both Rh atoms 

coordinate to two surface O atoms, while the adsorbed O is again on the bridge site so that 

effectively a (Os-)2Rh-O-Rh(Os-)2 unit is obtained. The different locations of Ce3+ also play 

a role to explain the energy differences between a and b. For structure a, the two Ce3+ ions 

are separated, whereas they neighbor for b. The lower stability of the latter configuration is 

expected as the large Ce3+ ions tend to repel each other. The two structures c (+1.27 eV) 
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and d (+1.61 eV) in which O takes the top position are very close, except that in structure c 

((Os-)3Rh-Rh(Os-)2(=O)) the O adatom is still atop of Rh, whereas in structure d 

((Os-)3Rh-Rh(Os-)2(O-)) O adatom is also connected to a surface Ce. The energy difference 

between structure c and d again corresponds to the preference of O to bind to Rh.  

Rh2O2/CeO2(111): Based on the most stable structure a from Rh2O, the second O atom 

prefers to adsorb on the top site of the Rh#2 atom. After geometry optimization the second 

O adatom tilted to the bridge site between the Rh atom and a surface Ce atom, resulting in 

a (Os-)3Rh-O-Rh(Os-)2 unit.  

Rh2O3/CeO2(111): Based on structure a of Rh2O2/CeO2(111), the third oxygen prefers to 

adsorb on top of the Rh#1 atom. The corresponding (Os-)3(O=)RhO-Rh(Os-)2 unit is 

positioned in such a way that the Rh=O group is in a three-fold hollow site above the 

surface O. This structure leads to two Ce3+ ions in the surface.  

Rh2O4/CeO2(111): The fourth O atom is adsorbed on the top site of Rh#2, resulting in a 

structure corresponding to (Os-)3(O=)Rh-O-Rh(Os-)2(O=) unit with the two Rh=O groups 

positioned in a three-fold hollow site above the surface O atoms and atop a surface O, re-

spectively. There is one Ce3+ ion in this case.  

Rh2O5/CeO2(111): The structure for this composition corresponds to a O=Rh(Os-)3 species 

connected with a O=Rh(Os-)2 species via an O adatom, i.e. (Os-)3(O=)Rh-O-Rh(Os-)2(O=). 

One of the Rh=O groups is positioned in a two-fold hollow site above a surface O atom 

and the other one is inclined to a surface Ce atom. There is one Ce3+ ion for this 

composition.  

Rh2O6/CeO2(111): The most stable structure for this composition corresponds to two 

isolated RhO3 species on CeO2(111). This implies two O=Rh(Os-)3 with the Rh=O group 

positioned in a three-fold hollow site above surface oxygen atoms. As follows from Table 

2.1, the structural parameters for the two RhO3 species are nearly identical. This 

significantly shows that the initial Rh2O6 cluster is dispersed to form two isolated RhO3 

clusters. There are no Ce3+ ions for this case, i.e. no electron is transferred from Rh to 

surface Ce, implying that Rh is completely oxidized by O adatoms.  

Rh2O7/CeO2(111): The two possible structures for this composition correspond to two 

separate RhOx clusters with RhO4 and RhO3 compositions. As for the single RhO4 cluster, 
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two structures are identified, namely one with a superoxo group and the other with RhO3 

lying parallel on the surface plus one atop O adatom. The one with the superoxo group is 

the most stable structure. 

Rh2O8/CeO2(111): The structure for this composition corresponds to two separated RhO4 

species on CeO2(111). Expectedly, both of the RhO4 species take the stable structure with 

superoxo groups.  

 

 

Figure 2.4 (i): The most stable structures for Rh3Om/CeO2(111). 
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Figure 2.4 (ii): The less stable structures for Rh3Om/CeO2(111). 

2.3.3 Structure of Rh3Om/CeO2(111) (m=0-9)   

The stable structures and the structural parameters of Rh3Om/CeO2(111) are shown in 

Figure 2.4. The complete structural parameters of the most stable structures are listed in 

Table 2.1.  
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Rh3/CeO2(111): The most stable structure a corresponds to a Rh trimer cluster (Rh-Rh bond 

distance 2.39-2.50 Å) with each Rh atop surface O atoms of the ceria. Due to electron 

transfer from Rh, two Ce4+ ions are reduced to Ce3+, which are located in the next nearest 

neighbor shell to the Rh cluster. This is similar to the earlier result for Rh/CeO2(111) and    

Rh2/CeO2(111). There is no clear correlation between the number of metal surface atoms 

and the number of surface Ce3+ ions generated as a result of the oxidation of the metal 

cluster. This is in accordance with results of previous theoretical studies for Cu1−4 [36], Rh4 

[21], Au3 [37] and Au1−10 [38] adsorbed on CeO2(111) surface. For clarity, the three Rh 

atoms of structure a are numbered as Rh#1, Rh#2 and Rh#3 from top to bottom and left to 

right.  

Rh3O/CeO2(111): Starting from structure a of Rh3/CeO2(111), the O adatom prefers to 

adsorb on the hollow site of the Rh trimer resulting in a O=[Rh(Os-)]3 unit. The adsorbed O 

forms bonds with the Rh cluster, accumulating electrons from Rh cluster. Thus, the number 

of Ce3+ decreases to one. Rh3O2/CeO2(111): The most stable structure for this composition 

corresponds to one O adsorbed on the hollow site of the Rh trimer and the other one atop 

of one of the Rh atoms (hollow+top). The number of Ce3+ remains one.  

Rh3O3/CeO2(111): The third O adatom was found to be adsorbed on the bridge site of the 

Rh cluster, which is also coordinated to a surface Ce atom. There is again one Ce3+ ion.  

Rh3O4/CeO2(111): The most stable structure for this composition corresponds to a 

symmetrical configuration: one O adatom adsorbed on the hollow site, the other three 

adsorbed on the bridge sites of the Rh3 cluster, which are also connected to surface Ce 

atoms. For this structure, there are no surface Ce ions being reduced, indicating that the Rh 

cluster is oxidized completely by the O atoms. Similar to the conclusion reached for the 

Rh/CeO2(111) and Rh2/CeO2(111) models, the cluster is oxidized by the ceria surface only 

when the amount of additional oxygen atoms is insufficient.  

Rh3O5/CeO2(111): Following the most stable structure of Rh3O4, only one adsorption 

position remains. The most stable structure for this composition corresponds to the fifth 

oxygen being adsorbed atop one of Rh atoms.  

Rh3O6/CeO2(111): The most stable structure for this composition is similar to that obtained 

for Rh3O5 with the sixth O adatom on the top site of Rh.  
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Rh3O7/CeO2(111): Based on the most stable structure for Rh3O6, the seventh oxygen was 

placed on the top site of Rh#2 atom. The final optimization leads to the relocation of the O 

originally on the hollow site of the three Rh atoms to the bridge site of two Rh atoms 

(Rh#1 and Rh#3). The distances between Rh#2 and the other two Rh atoms are around 

3.20Å (Table 2.1), indicative of the tendency to dispersion of the cluster. 

Rh3O8/CeO2(111): The structure for this composition was based on structure of Rh3O7, with 

the eighth O atom adsorbed on the top site of Rh#1 atom. The O atom, which is initially 

adsorbed on the bridge site between Rh#1 and Rh#3, moved to the bridge site between 

Rh#2 and Rh#3.   

Rh3O9/CeO2(111): The most stable structure corresponds to a symmetrical model of three 

single Rh oxide (O=Rh(Os-)4) connected by bridging O adatoms with the Rh=O groups 

atop surface O atoms. It is noticed that the distances between the Rh atoms are around 

3.7Å (Table 2.1), much larger than that in the Rh trimer cluster, suggesting that dispersion 

of the Rh3 cluster to form the Rh oxide. It was attempted to place more O atoms to 

Rh3O9/CeO2(111), but this always led to desorption of O during geometry optimization.  

2.3.4 Structure of Rh4Om/CeO2(111) (m=0-14)   

For Rh4Om/CeO2(111), the stable structures and their some of key structural parameters are 

shown in Figure 2.5. The complete structural parameters of the most stable structures are 

listed in Table 2.1.  

Rh4/CeO2(111): To predict the most stable structure of a Rh4 cluster, both three dimensional 

(3-D) pyramids and two dimensional (2-D) planar models were considered. It can be seen 

that all the 3-D models (structures a-d) are more stable than the 2-D model (structure e), in 

accordance with previous theoretical studies [20,21]. The most stable structure a is a 3-D 

pyramidal cluster located on the hollow site of surface oxygen and atop of subsurface 

oxygen. This generates two Ce3+ located in the nearest neighbor shell to Rh cluster. In 

contrast, structures b (+0.26 eV) and c (+0.32 eV) with two Ce3+ ions located in the next  

nearest neighbor shell to Rh cluster is less stable. This difference is in accordance with 

previous theoretical studies on Rh4/CeO2(111) [21] and Au3/CeO2(111) [37]. It can be 

noticed that the distribution model of Ce3+ for a 3-D metal cluster on ceria is different from 

that of a single metal atom [21,36]. Although the energy difference arising from the 
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different locations of Ce3+ is small, it remains to be further studied why the configuration 

of Ce3+ depends on the morphology of Rhn clusters. The 2-D planar structure is the least 

stable structure (+0.47 eV). Each of the Rh atom atop surface O atoms. Two Ce3+ ions are 

identified for this case, located in the next nearest neighbor shell to the Rh cluster. 

 

 

Figure 2.5 (i): The most stable structures for Rh4Om/CeO2(111). 
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Figure 2.5 (ii): The less stable structures for Rh4Om/CeO2(111). 
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Figure 2.5 (iii): The less stable structures for Rh4Om/CeO2(111). 

 

Rh4O/CeO2(111): To determine the most stable structure for this composition, one O atom 

was adsorbed on various pyramids and planar structures of Rh4. It is interesting to notice 

that the planar structure with oxygen on the hollow site of three Rh atoms becomes more 

stable than the pyramidal models, suggesting the cluster morphology will change 
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depending on the exact conditions. This has indeed been discussed in similar terms both 

experimentally [9,39-42] and theoretically [43,44]. Thus, in the following, only the planar 

models of Rh4 oxides are discussed. For Rh4O, two Ce3+ ions were generated, which are 

located in the next nearest neighbor shell to the Rh4 cluster. For clarity, the four Rh atoms 

for the planar model were numbered as Rh#1-4 from left to right and top to bottom, 

respectively.  

Rh4O2/CeO2(111): For this composition, both of the two O atoms occupy the hollow site of 

the Rh cluster. Two Ce3+ ions are present, which are located in the next nearest neighbor 

shell to the Rh cluster. 

Rh4O3/CeO2(111): The preferred location of the third O adatom is the top site of one of the 

four Rh atoms. The third O adatom is also coordinated with a surface Ce atom.  

Rh4O4/CeO2(111): The most stable structure for this composition is obtained by locating 

the additional O adatom in the bridge site between Rh#3 and Rh#4. This O adatom also 

coordinates to a Ce surface atom. There is one Ce3+.  

Rh4O5/CeO2(111): For this composition the preferred structure is same as Rh4O4 with the 

additional O adatom located in the bridge site between Rh#1 and Rh#3 and coordinating 

also to a surface Ce atom. For this case, no Ce3+ ions were found, suggesting that the Rh 

cluster is completely oxidized by adsorbed O.  

Rh4O6/CeO2(111): The sixth O atom prefers to adsorb in the bridge site between Rh#1 and 

Rh#2. The optimization leads to relocalization of the O initially from the hollow site to the 

bridge site.  

Rh4O7/CeO2(111): Based on the most stable a structure of Rh4O6, the seventh oxygen atom 

is adsorbed on the top site of the Rh#4, which is the most stable structure for this 

composition.  

Rh4O8/CeO2(111): Based on structure a from Rh4O7, the eighth O was placed on the top 

site of Rh#3 atom. The bond distances between Rh atoms are further elongated, forming a 

symmetrical monolayer oxide film.  

Rh4O9/CeO2(111): Following structure a of Rh4O8, the ninth oxygen was placed on the top 

side of the Rh#2 atom with the lowest coordination number to O. The optimization leads to 

the configuration in which O is on the bridge site between Rh#2 and its neighboring Ce.  
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Rh4O10/CeO2(111): Following structure a from Rh4O9, it was attempted to place the tenth 

oxygen on top site of Rh#1 and Rh#2 Rh, of which the latter one was the most stable. It 

corresponds to a symmetrical model with each Rh atop surface oxygen and coordinated to 

four adsorbed oxygen (i.e. Rh(O-)s(O-)4).  

Rh4O11/CeO2(111): The most stable structure for this composition corresponds to Rh3O9 

connected to RhO3 unit via one shared oxygen atom.  

Rh4O12/CeO2(111): Starting from structure b of Rh4O11, O was placed on the top site of 

Rh#4, from which we obtained the most stable structure a for the current configuration.  

Rh4O13-14/CeO2(111): Following structure a of Rh4O12 structure, O atoms were adsorbed on 

the top site of Rh#2 to obtain the structure of Rh4O13. A superoxide will form for Rh4O14 

species when a further O adatom was placed on top of Rh#3. Accordingly, no additional O 

atoms were adsorbed to this cluster. 

 

 

Figure 2.6: The most stable structures for Rhn/CeO2(111) with n = 5-10.  

2.3.5 Structure of Rhn/CeO2(111) (n = 5-10) 

We further explored the structure of larger clusters with 5 to 10 Rh atoms. Our approach 



Formation of rhodium surface oxide for catalytic CO oxidation: a computational study 

43 

consisted of identifying the most preferable position of a Rh atom added to a Rhn clusters 

(starting from n = 4). The most stable structures are depicted in Figure 2.6. Two Ce3+ ions 

were observed for the Rh5, Rh6 and Rh7 clusters, four for Rh8, Rh9 and Rh10 clusters. 

Accordingly, it was found that the fifth Rh adsorbs on the ceria surface next to the Rh4 

cluster. The sixth Rh adsorbs in the second layer, the hollow site of three bottom layer Rh 

atoms. The seventh Rh again adsorbs on the ceria surface next to the Rh6 cluster. Both Rh 

atoms in the second layer sit on the hollow site of bottom layer Rh. The preferred 

configuration of the Rh8 cluster consists of seven Rh atoms located on the ceria surface 

with each Rh atom coordinated to a surface O atom. The eighth Rh adsorbs in a four-fold 

site of the first Rh layer. The ninth and tenth Rh adatoms are also preferentially 

coordinated in the second layer.  

 

 

Figure 2.7: Average binding energy (defined by Eq. 1) as a function of the number of Rh 

atoms in the cluster Rhn/CeO2(111). 

2.4 Discussion  

We start our discussion by comparing the structure and stability of Rhn clusters on 

CeO2(111). To investigate the tendency of clustering of the Rh atoms, we define an average 

binding energy  

             Ebinding = {E(CeO2) + nE(Rh) - E(Rhn/CeO2)}/n               (2-1)   
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for the adsorbed Rhn cluster. In this equation, E(CeO2), E(Rh) and E(Rhn/CeO2) are the 

electronic energies of the ceria unit cell, a free Rh atom, and the fully relaxed 

Rhn/CeO2(111), respectively. The average binding energy contains two components: the 

adhesive energy between the Rh cluster and the CeO2 support and the cohesive energy 

within the Rh cluster. The results are summarized in Figure 2.7. The average binding 

energy of a Rhn cluster adsorbed on the stoichiometric CeO2(111) surface increases with 

cluster size. This is a result of the stronger Rh-Rh bond as compared to the Rh-Os bond. 

This causes the aggregation of Rh atoms into clusters on CeO2(111). The larger the cluster, 

the higher its stability. It is more beneficial to form a 3-D pyramidal structure than planar 

2-D structures for clusters with more than 3 Rh atoms. This conclusion agrees with results 

of theoretical works on Rh clusters on CeO2(111) [20,21] as well as experimental findings 

[20]. It is interesting to compare the relative stability of clusters with different numbers of 

Rh atoms. As employed before for this purpose [45], we define an energy difference (δEn) 

as  

δEn = E(Rhn+1/CeO2) + E(Rhn-1/CeO2) – 2E(Rhn/CeO2)           (2-2) 

in which δEn is the relative binding energy of a cluster with n atoms with respect to those 

with n+1 and n-1 atoms. In this way, stable clusters (large δEn) can be distinguished from 

less stable clusters (small δEn). A plot of δEn as a function of the cluster size (Figure 2.8) 

shows that Rh4, Rh6 and Rh9, and to a lesser extent Rh2, are the stable clusters. The 

stability of these clusters relates to their geometries. In essence, the Rh atoms in the first 

layer on top of the ceria surface are organized in an hexagonal arrangement commensurate 

with the hexagonal structure of the O surface atom layer of CeO2(111). Without additional 

O adatoms, the clusters tend to minimize their surface free energy by increasing the Rh-Rh 

coordination number. As an example, the average coordination number of the Rh atoms in 

Rh4 is higher than in Rh3 and Rh5. This is because the fourth Rh atom is preferentially 

adsorbed in the three-fold site of the Rh3 cluster instead of adjacent to the cluster, again 

because of the higher Rh-Rh bond strength than that between Rh and a ceria surface 

oxygen atom. 

With the adsorption of O adatoms, the three-dimensional morphology of the Rh4 cluster 

will change. The planar morphology is preferred over the 3-D one. Similar  
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Figure 2.8: Energy difference △En (defined by Eq. 2) as a function of the number of Rh 

atoms in the cluster Rhn/CeO2(111). 

 

morphological changes have been reported for O adsorption on Pd4/TiO2(110) [46]. In 

these cases, the morphology of the supported metal cluster is determined by two competing 

factors: (i) the intracluster Rh-Rh interactions, which are the result of s- and d-orbital 

hybridization and favor a 3-D morphology and (ii) interactions with surface O atoms which 

favor a 2-D planar arrangement of the Rh cluster. As outlined above, for the Rhn clusters 

the stronger Rh-Rh bonds as compared to the Rh-Os bonds favor the 3-D morphology. 

Binding of O atoms to the Rh atoms will lead to weakening of the Rh-Rh bonds. This 

Rh-Rh bond weakening is a result of the oxidation of the Rh surface atoms by the O 

adatoms. With the availability of O adatoms it becomes possible to saturate the 

coordinatively unsaturated Rh atoms in the Rh3 cluster by an O adatom instead of a Rh 

atom so that, in the example of adding a Rh atom to a Rh3 cluster, the fourth Rh atom is 

preferentially placed in the same plane as the other Rh atoms. The formation of a thin 

metal oxide film on late transition metal surfaces consisting of one or few monoatomic 

layers is often found to precede bulk oxide formation. Such low-dimensional oxide films 

have been observed for Rh, Ru, Pd and Pt single crystal surfaces [47]. The present results 

show that the formation of a thin Rh-oxide film is also possible on a ceria surface. This 

result agrees with the conclusion of a molecular dynamics simulation on a 
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CeO2(111)-supported Rh cluster [20]. The therein reported Rh-O bond lengths 1.9-2.1 Å 

are close to those found in the present work.  

 

 

Figure 2.9: Reaction energy (defined by Eq. 4) for the oxidation of RhnOm/CeO2 for n = 

1-4 with the reference state set to Rhn and O2 (: Rh1Om/CeO2; : Rh2Om/CeO2; : 

Rh3Om/CeO2; : Rh4Om/CeO2). 

 

To compare the relative stabilities of RhnOm clusters in the presence of O2, we define the 

reaction energy for the oxidation of Rhn species referenced against gas-phase O2 via  

Rhn + m/2 O2 → RhnOm                        (2-3) 

as               △Eox = E(RhnOm/CeO2) – E(Rhn/CeO2) – m/2.E(O2)           (2-4) 

The reaction energies for the various cluster sizes are shown in Figure 2.9. Only the most 

stable structures for each RhnOm species were taken into account. For increasing values of 

n, RhO3, Rh2O6, Rh3O6, Rh4O9 are found to be the most stable structures. Within this series, 

Rh2O6 corresponds to the isolated RhO3 model, because the optimized structure consists of 

two isolated Rh-oxide species. In contrast, Rh3O6 and Rh4O9 represent a two-dimensional 

surface oxide of Rh-oxide on CeO2(111). It is clear, however, from Figure 2.9 that the 

energy differences between the various Rh3Om states for m = 5-9 and Rh4Om for m = 7-12 

are relatively small so that such species may co-exist on the surface. These clusters consists 
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of a hexagonally arranged Rh layer covered with O adatoms in the three-fold sites and 

terminated at its edges by bridging and terminal O adatoms. In order to understand why 

specific RhnOm/CeO2(111) structures are more stable than their counterparts, the electronic 

structure and charge density difference of RhOm/CeO2 were analyzed. The d-band center 

value is a qualitative standard for the reactivity of metal catalyst [48]. The closer the 

d-band center is to the Fermi level, the more reactive and, accordingly, less stable the metal 

is. We examined the electron density of states (DOS) of RhOm clusters (Figure 2.10a). It 

can be seen that the d-band center for Rh/CeO2(111) is closest 

 

 

Figure 2.10: (a) Electronic density of states (DOS) projected on the d-orbital of Rh atoms 

for RhOm/CeO2(111) with d band center value inside. The Fermi level is set 0. (b) Charge 

density difference for RhOm/CeO2(111) as defined by                             △ρ =ρ(RhOm/CeO2)-ρ(Rh/CeO2)-ρ(Om). The yellow and green volumes represent zones of 

electron depletion and accumulation, respectively.   

 

to the Fermi level in agreement with the tendency to become oxidized in the presence of O2. 

It is also seen that with increasing number of O adatoms, the d-band center decreases in 

energy. This implies that the stability (reactivity) of RhOm increases (decreases) with 

increasing m. The value of the d-band center is lowest for RhO3/CeO2(111) in accordance 

with our prediction that it is the most stable species in the presence of O2. From the charge 

density difference (Figure 2.10b), it can also be seen that there is strong accumulation of 

electron density between the Rh and O atoms pointing to strong bonding overlap of  
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Figure 2.11: The most stable structures for selected structures of Rh7Om/CeO2(111). 

 

electrons. This provides further evidence for the high stability of the RhO3 structure. To 

verify that the formation of such a thin surface oxide film on ceria will also occur for larger 

less reactive clusters, we considered the oxidation of the Rh7 cluster. There is a high 

computational demand associated with these simulations due to the many possibilities for 

such structures and the need to involve a much larger unit cell of ceria. Thus only selected 

representative structures are studied, which are listed in Figure 2.11. At relatively low 

O/Rh ratios (Rh7O and Rh7O2) the 3-D morphology of the initial Rh7 cluster is retained. 

The O atoms are located at bridge sites of the low coordinated Rh atoms of the cluster. 

Already for the Rh7O3 cluster the preferred morphology is a 2-D planar oxide film, 

consisting of a hexagonally arranged layer of 7 Rh atoms with the three O atoms adsorbed 

in the three-fold hollow sites. As expected, further added O atoms are located at the bridge 

sites at the periphery of the Rh7 hexagon. Following similar considerations as above, it is 

predicted that the most stable structure with respect to O2 is Rh7O9.  

A relevant question to answer is whether the Rh-oxide film is stable against complete 

dispersion into RhO3 species. We found that the Rh dimer will disperse into two RhO3 
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species upon oxidation. The energy difference between Rh2O6/CeO2(111) and 

2RhO3/CeO2(111) is very small (-0.07 eV) because they essentially represent the same 

configuration. It is observed that the energy difference for Rh3O6/CeO2 is very small (0.04 

eV in favour of the cluster) so that this configuration should co-exist with the isolated one. 

For Rh4O9/CeO2, the surface oxide is more stable than the dispersed counterpart by 0.27 eV. 

This is the consequence of the strong Rh-Rh bond. Therefore, for larger clusters typically 

present in heterogeneous Rh/CeO2 catalysts the surface oxide is proposed to be a more 

suitable model than the highly isolated form of Rh. It is interesting to point out an 

experimental study of Rh clusters on a CeO2(111) model support [8], which shows that 

interaction of oxygen with the edges of the Rh cluster leads to the formation of isolated Rh 

atoms. In a recent experimental study, it was found by temperature programmed surface 

reduction with CO the atomic O/Rh ratio of well-reduced Rh/CeO2 that was subsequently 

exposed to O2 at room temperature [9]. For the best dispersed Rh/CeO2 catalyst, a value of 

O/Rh of 3.4 was found. The predicted composition of the cluster (2 for Rh3O6 and 2.25 for 

Rh4O9) is in reasonable agreement with experiment, considering (i) the possibility that 

clusters, partially reduced by their reaction with CO, can be reoxidized by O atoms of the 

ceria surface and (ii) the stability of clusters with a higher O/Rh ratio.  

In order to evaluate the relative stability of the various compositions of RhnOm clusters 

under CO oxidation conditions, we calculated the Helmholtz free energy change for the 

oxidation and reduction of each species by O2 and CO, respectively. For the oxidation of a 

RhnOm cluster via  

RhnOm + 1/2 O2 → RhnOm+1               (2-5) 

we compute the Helmholtz free energy change as △A = △U - TS(O2) = E(RhnOm+1) – E(RhnOm) – 1/2E(O2) – 1/2TS(O2)  (2-6) 

in which E is the electronic energy and S(O2) is the entropy of molecular oxygen. We 

neglect the entropy of the solid compounds. Likewise, we compute for the reduction 

reaction 

            RhnOm + CO → RhnOm-1 + CO2                   (2-7)  △A = △U - TS(CO) = E(RhnOm-1) + E(CO2) - E(RhnOm) + E(CO) – TS(CO) (2-8) 

in which we again neglect the entropies of the solid compounds and also the contribution  
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Figure 2.12: Helmholtz free energy change for the oxidation () and reduction () of 

RhnOm species (a: Rh1Om/CeO2(111); b: Rh2Om/CeO2(111); c: Rh3Om/CeO2(111); d: 

Rh4Om/CeO2(111)).  

 

of the gas phase entropy of CO2. This represents the experimental situation of relatively 

low CO conversion. By comparison of the Helmholtz free energy changes of these two 

processes, we can determine whether a certain RhnOm cluster will be reduced by CO or 

oxidized by O2. If the corresponding values for reduction by CO and oxidation by O2 are 

close, we have identified a species which is stable under CO oxidation conditions. The 

experimental conditions considered here for CO oxidation are a temperature of 300 K and 

partial pressures of CO and O2 of 0.045 atm [9]. Under these conditions, the entropies of 

CO and O2 are 172 J.mol-1.K-1 and 179 J.mol-1
.K

-1, respectively. Figure 2.12 shows the 

Helmholtz free energies of the respective oxidation and reduction processes. Although the 

two curves are not very well behaved, we can conclude that under reaction conditions we 

should consider for increasing number (n) of Rh atoms the following species as candidate 

active sites for CO oxidation: (n = 1) RhO and RhO2; (n = 2) Rh2O, Rh2O2 and Rh2O5; (n = 

3) Rh3O2, Rh3O3 and Rh3O4; (n = 4) Rh4O2, Rh4O3, and Rh4O5. These results show that in 

the Rhn/CeO2 system Rh-oxide clusters are the dominant species under CO oxidation 
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conditions, which are therefore the most likely active sites for this reaction [9]. Note that 

the experimental conditions under which CO oxidation reaction is carried out is far from 

equilibrium. This means that in order to identify the RhnOm species relevant for CO 

oxidation one needs to take into account the various species around the predicted optimum 

one in a kinetic analysis. This is part of our current work. 

 

 

Figure 2.13: Electronic density of states (DOS) projected on the Rh atom, surface O atom 

(Os), Ce atom and O adatom (Oa) of the Rh3/CeO2(111) and Rh3O4/CeO2(111). The Fermi 

level is set 0.  

 

Structure analysis by EXAFS of a highly dispersed and oxidized Rh/CeO2 catalyst, 

which exhibited a very high TOF in CO oxidation, provided a value for the Rh-Rh 

coordination number around 3.8. If we assume the morphology of the Rh clusters to be that 

of the predicted surface oxide, the average number of Rh atoms per cluster will be in the 

order of 8-20 Rh atoms. The optimized Rh7O9 model provides support for such 

speculations. The Rh3Om cluster presents a small and suitable model for active site for CO 

oxidation in highlyg active Rh/CeO2 catalysts, because it contains the basic motif of the 

surface oxide predicted to be stable under CO oxidation conditions. Accordingly, we also 

examined the electron density of states (DOS) for Rh3O4 as a model for the active site of 

CO oxidation and compared it to the DOS for Rh3/CeO2(111). Figure 2.13 shows that for 

Rh3/CeO2(111), there is an overlap between the DOS projected on the Rh 4d, the O 2p and 

especially the Ce 4f orbitals below the Fermi level. As a result of the hybridization between 

these orbitals, the electron is transferred from the Rh 4d to the vacant Ce 4f orbital. This 
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result is consistent with the development of a magnetic moment on the Ce atom. The band 

gap between the Ce 4f orbitals points to the insulating properties of Rh3/CeO2(111). 

Formation of the surface oxide phase leads to the disappearance of the band gap, indicative 

of the metallic properties of the ceria-supported Rh-oxide film. This finding is consistent 

with the metallic properties observed in the trilayer Rh-oxide film on a Rh metal surface 

[47]. It significantly shows that the thin oxide film grown on the ceria support shows 

similar electronic properties as on the Rh metal surface. This view concurs with the 

conclusions drawn in the study of Pd-oxide supported on TiO2 [46]. As a consequence of 

the presence of O adatoms, the electrons are transferred to these adsorbed O atoms (Oa) via 

hybridization of the Rh 4d and the Oa 2p orbitals. Therefore, we do not observe any Ce3+ 

atoms for the surface oxide films in this Rh/CeO2(111) model system. 

2.5 Conclusions  

Small clusters of up to ten Rh atoms supported on CeO2(111) have been investigated 

using the DFT+U approach. Because of the stronger interaction between Rh atoms than 

between Rh and surface O atoms, these clusters will aggregate into three-dimensional 

clusters on the clean ceria surface. Upon the adsorption of O, Rh will become increasingly 

oxidized thereby weakening the metal-metal interactions. As a result, the three-dimensional 

cluster geometry will change into a two-dimensional planar one. Whereas Rh2O6 will 

disperse into RhO3 isolated species, it is found that increasing cluster sizes will lead to the 

stabilization of the surface oxide for Rh on ceria. In order to evaluate the stability and 

composition of Rh clusters under CO oxidation conditions, we calculate the Helmholtz free 

energy for reduction and oxidation by CO and O2, respectively. In this way, it is found that 

during CO oxidation Rh-oxide clusters are more stable than the corresponding Rh metal 

clusters. Thus, small Rh-oxide clusters supported on ceria are the candidate active sites for 

CO oxidation. This is confirmed by a comparison to experimental data for Rh/CeO2. A 

density of states analysis confirms that (i) the thin film surface oxide phase has metallic 

properties as opposed to very small Rhn clusters on ceria and (ii) the O adatoms related to 

the surface oxide oxidize the Rh layer.  
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Chapter 3 
 

A Computational Study of the Mechanism of CO Oxidation by a 

Ceria Supported Surface Rhodium Oxide Layer 

 

 
Ceria-supported noble metal based catalysts are critical components in three-way 

catalytic converters which help curb emissions from gasoline engines. Here we report on 

the mechanism of CO oxidation by a planar surface rhodium oxide stabilized on ceria. By 

combination of density functional theory and kinetic Monte Carlo simulations, we show 

that a rhodium oxide film on ceria is more stable than a metallic Rh3 cluster during CO 

oxidation. The reaction mechanism involves oxidation of adsorbed CO by an O adatom of 

a Rh3O4 cluster followed by its reoxidation by O atoms of ceria. The ceria vacancy is 

healed by reaction of O2 adsorbed at the interface between the partially reduced Rh3O3 

cluster and the ceria surface. This mechanism explains the absence of CO poisoning under 

experimental conditions and how oxygen atoms of the ceria are involved in CO oxidation. 

The Raman spectroscopy results give further support to the picture. 
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3.1 Introduction  

Supported noble metal nanoparticles are widely used in several technological settings 

because of their ability to catalyze a range of important chemical reactions. In three-way 

catalysts used for pollution abatement, noble metals supported on ceria or mixed 

cerium-zirconium oxides are of utmost importance [1-4]. The principal role of ceria is to 

store and release oxygen ensuring efficient conversion of CO and hydrocarbons into CO2 

in reducing conditions. It is also essential in maintaining high dispersion of the noble metal 

nanoparticles via strong metal support interactions [5]. Such catalyst systems are also 

promising for the preferential oxidation of CO in a hydrogen stream to produce PEM fuel 

cell grade H2. A variety of ceria-supported catalysts based on noble metals show excellent 

activity in CO oxidation [2-4]. To design better catalysts, it is necessary to identify the 

nature of the active site and the reaction mechanism. This remains a considerable challenge 

for ceria-supported noble metals [6,7]. 

Catalytic oxidation of carbon monoxide has been extensively studied not only because 

of its industrial importance, but also as a reaction prototypical for heterogeneous catalysis 

[8]. It is widely accepted that CO oxidation on noble metals occurs according to a 

Langmuir-Hinshelwood mechanism involving the reaction of CO and O surface 

intermediates. The reaction is typically inhibited by CO and it is first order with respect to 

O2. Accordingly, it is assumed that O2 adsorption is strongly inhibited on the CO-covered 

surface. This conventional view about noble metal catalyzed CO oxidation is increasingly 

being challenged by reports about the formation of the corresponding metal oxides, usually 

as a thin film, e.g. for Pt [9], Pd [10] and Rh [2,11,12]. Somorjai and co-workers attributed 

high CO oxidation activity of Rh nanoparticles to formation of a thin surface oxide [11]. 

Ligthart et al. evidenced that ceria-supported Rh nanoparticles smaller than 2.5 nm are 

oxidized during CO oxidation and become highly dispersed as an oxide film. These 

clusters exhibit a much higher CO oxidation activity than metallic Rh particles greater than 

4 nm which remain metallic [2]. Cationic Rh species dispersed on ceria have been 

implicated in the CO oxidation reaction before [13-15]. Our computational study in the last 

chapter based on small Rh clusters of up to seven Rh atoms supported on CeO2(111) has 

shown that a surface oxide film is indeed more stable under CO oxidation conditions than  
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Figure 3.1: Rh3O6/CeO2(111) and (b) Rh3O4/CeO2(111) as stable in O2 and CO oxidation 

conditions, respectively. (color scheme: white: Ce4+; red: surface and adsorbed O; pink: 

subsurface O; blue: Rh; the first O-Ce-O trilayer shown in small spheres, Rh and adsorbed 

O in large spheres). 

 

three-dimensional metallic Rh clusters [16]. A Rh3O6 cluster was found to be the smallest 

model representative for this surface oxide film on CeO2(111) (Figure 3.1). Till to date 

most theoretical studies have used small metal clusters [6,7] and isolated metal ions 

substituting Ce surface ions [7] as models for the reactive centers for CO oxidation. These 

works do not satisfactorily explain (i) the participation of ceria O atoms [4,17] and (ii) the 

absence of CO inhibition for CO oxidation [2]. Here we resolve these issues by introducing 

analternative mechanism for CO oxidation based on a thin surface metal oxide on ceria. 

We employ kinetic Monte Carlo simulations using activation barriers predicted by density 

functional theory (DFT) to compute kinetic parameters. The findings of the modeling work 

are supported by studying formation of ceria surface O vacancies by in-situ Raman 

spectroscopy. 

3.2 Methods   

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) functional [18] 

as implemented in the Vienna Ab Initio Simulation Package (VASP) [19-21] was employed. 

A Hubbard U term was added to the PBE functional (DFT+U) employing the rotationally 

invariant formalism by Dudarev et al., [22] in which only the difference (Ueff= U – J) 

between the Coulomb U and exchange J parameters enters. The spin-polarized calculations 

were performed. The projector augmented wave method (PAW) [23-25] was used to 

describe the interaction between the ions and the electrons with the frozen-core 

approximation [24]. The Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p), and Rh (4p, 4d, 5s) electrons 
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were treated as valence states using a plane-wave basis set with a kinetic energy cut off of 

400 eV. For Ce, a value of Ueff= 4.5 eV was used, which was calculated self-consistently by 

Fabris et al. [26] using the linear response approach of Cococcioni and de Gironcoli [27]. 

This value is within the 3.0 - 5.5 eV range reported to provide localization of the electrons 

left upon oxygen removal from CeO2 [28]. For all the surface calculations, the model was a 

periodic slab with a (33) surface unit cell and, for the Brillouin zone integration, a 

Monkhorst-Pack 221 mesh was used. The CeO2 (111) model includes three cerium 

layers and six oxygen layers, i.e. three stoichiometric O-Ce-O trilayers with a cell 

composition (CeO2)27, and a vacuum space of 13 Å. The bulk equilibrium lattice constant 

(5.49 Å) previously calculated by PBE+U (Ueff = 4.5 eV) was used [29]. The Rh3Ox 

clusters and the six top atomic layers of the ceria slab were allowed to relax, while the 

three bottom layers were kept fixed to their bulk position. Atoms were relaxed until forces 

were smaller than 0.05 eV·Å-1. The location and energy of transition states were calculated 

with the climbing-image nudged elastic band method [30]. 

  It can be shown from first principles that an exact description of the kinetics is given by 

the master equation [31] 

[ ]. −=
β

ββαααβ
α PWPW

dt
dP

 

Here α and β are all possible configurations of the system, the P’s are their probabilities, 

and the W’s are rate constants. We have solved this equation using kinetic Monte Carlo 

(kMC) [32]. Usually the number of configurations for surface reactions is huge, but here 

there are only limited configurations for a single rhodium oxide cluster plus adsorbates and 

a small part of the ceria support. This means that it is also possible to solve the master 

equation with a numerical solver for the ordinary differential equations. As the rate 

constants differ by many orders of magnitude, there are many reaction conditions at which 

numerical problems are encountered. We have therefore used kMC as it is more robust. 

Raman spectra were acquired using a Jobin-Yvon T64000 triple-stage spectrograph at a 

spectral resolution of 2 cm-1. The laser line at 325 nm of a He-Cd laser (KIMMON Electric, 

Japan) was used as the excitation source with an output power of 30 mW. The power of the 

laser on the sample was 3.0 mW. For the UV-Raman measurements the samples were 
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placed in a home-made controlled environment in-situ Raman cell. The total gas flow rate 

was kept at 50 ml/min. Prior to CO oxidation, the catalyst was calcined at 450 °C in 

artificial air and subsequently reduced at the same temperature in 20 vol% H2 in He. The 

sample was cooled to room temperature and subsequently exposed to 4 vol% CO and O2 in 

He (CO/O2 = 1) or He at increasing temperatures up to 400 °C. 

3.3 Results and Discussions 

We have earlier established by a free energy analysis that Rh3O4 (Figure 3.1) is a 

candidate reaction intermediate in the catalytic cycle of CO oxidation [16]. The reduction 

of Rh3O6 to Rh3O5 and Rh3O5 to Rh3O4 by gas phase CO via an Eley-Rideal mechanism 

does not present substantial barriers (33 and 41 kJ/mol, respectively). The catalytic cycle of 

CO oxidation by the Rh3O4/CeO2(111) model surface is shown in Figure 3.2. CO adsorbs 

with an energy of 174 kJ/mol on Rh3O4/CeO2(111). The activation barrier for the reaction 

of COads with one of the bridging O atoms of Rh3O4 is 88 kJ/mol, similar to values reported 

for Mars-Van Krevelen CO oxidation by RuO2(110) (86 kJ/mol) [33] and PdO(101) (64 

kJ/mol) [34]. Importantly, after CO2 desorption (45 kJ/mol) the preferred reaction is the 

reoxidation of the Rh3O3 cluster by an O atom of the ceria surface. The barrier for this 

reaction is 69 kJ/mol. The migration of an O atom of the ceria surface to the Rh3O3 cluster 

is exothermic, which implies that the newly formed Rh-O bond in the Rh3O4 cluster is 

stronger than the Ce-O bond. The reoxidation reaction creates a ceria surface vacancy. CO 

will bind to Rh3O4/CeO2-x with an energy of 158 kJ/mol, slightly lower than the value for 

the same structure without the vacancy (Rh3O4/CeO2). The activation barrier for formation 

of a second CO2 molecule is similar to that of the first one (87 kJ/mol). After CO2 

desorption (80 kJ/mol), O2 adsorbs very strongly (238 kJ/mol) at the interface between two 

Rh atoms of Rh3O3/CeO2-x and the vacancy. The Rh-O and O-O bond lengths are 2.18 and 

1.50 Å, respectively. The O-O bond is substantially longer than in gas-phase O2 (1.23 Å). A 

further indication for activation of O2 is its partial reduction as follows from the 

reoxidation of two of Ce3+ ions in the partially reduced Rh3O3/CeO2-x model. Subsequent 

dissociation of O2 occurs with a negligible barrier and reforms the initial Rh3O4/CeO2(111) 

model. 
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Figure 3.2: CO oxidation reaction mechanism on Rh3O4/CeO2(111).  

 

We also explored the possibility that strong CO adsorption on Rh3O3/CeO2-x would 

hinder O2 dissociation, essentially deactivating the catalyst. The adsorption energy of CO 

on Rh3O3/CeO2-x is 242 kJ/mol. Further reduction of Rh3O3 to Rh3O2 by adsorbed CO will 

not occur. This reaction is endothermic and proceeds with a very high barrier of 163 kJ/mol. 

Adsorption of a second CO molecule is also possible (Figure 3.3) and the average CO 

adsorption energy is 212 kJ/mol. Although the comparable adsorption energies for CO and 

O2 might suggest competitive adsorption, we found that O2 adsorption on 

CO*Rh3O3/CeO2-xand (CO)2*Rh3O3/CeO2-x is still possible with energies of 172 and 157 

kJ/mol, respectively (Figure 3.3). Thus, we conclude that CO adsorption does not hinder 

O2 adsorption. The reason is that O2 adsorbs at the interface between Rh and the oxygen 
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vacancy of ceria support, whilst CO prefers to bind to Rh sites. To complete the picture, we 

also computed the barrier for dissociation O2 adsorbed on (CO)2*Rh3O3/CeO2-x and found 

that it is very facile (Eact = 33 kJ/mol) and exothermic (-173 kJ/mol). These values are to be 

compared to the absence of a barrier and a reaction energy to be -184 kJ/mol for O2 

dissociation on Rh3O3/CeO2-x [35]. Significantly, these results confirm that for the 

Rh3Ox/CeO2(111) there is no competitive adsorption of CO and O2, which is very different 

from the metal nanoparticle case. This is consistent with the difference in kinetic 

parameters found for oxidized and metallic Rh/CeO2 catalysts [2]. 

 

Figure 3.3: Adsorption structures of CO and O2 on Rh3O3/CeO2-x. 

 

Based on the kinetic parameters (see Table 3.1 for pre-exponential factors), we carried out 

kinetic Monte Carlo simulations of CO oxidation (T = 60 °C, p(CO) = p(O2) = 0.045 atm) 

[2]. The computed reaction rate of ~500 h-1 for mechanism I is significantly higher than the 

experimental value (~ 10 h-1) at same conditions. The rate-controlling step is the surface 

reaction of adsorbed CO with a bridging O atom of Rh3O4. The reaction orders with 

respect to CO and O2 are zero for this case. The zero order CO dependency points to the 

absence of competitive adsorption of CO and O2 and strongly contrasts the inhibiting effect 

of CO on metallic surfaces (negative CO reaction order) [2]. The predicted zero order with 

respect to O2 is inconsistent with the experimentally observed first-order dependency, 

usually reported for noble metal catalysts. Experimentally, we found that the O2 reaction  
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Table 3.1: Kinetic parameters as employed in the kMC calculations (T=333k, PCO=0.045 

atm, PO2=0.045 atm). The pre-factor for O2 adsorption process adjusted using experimental 

obtained activation barrier is employed.  

Elementary reaction steps Eact 

(kJ/mol)

μ k 

Rh3O6/CeO2 + CORh3O5/CeO2 + CO2 44.37 4.75x102 5.21x10-5 

Rh3O5/CeO2+CORh3O4/CeO2+CO2 55.94 6.44x102 1.08x10-6 

Rh3O5/CeO2+O2O2*Rh3O5/CeO2 0.00 2.59x10-3 2.59x10-3 

O2*Rh3O5/CeO2 + CORh3O6/CeO2 + CO2 74.27 4.46x103 1.00x10-8 

CO*Rh3O4/CeO2CO2*Rh3O3/CeO2 83.91 3.22x1012 2.22x10-1 

Rh3O4/CeO2+COCO*Rh3O4/CeO2 0.00 1.24x107 1.24x107 

Rh3O4/CeO2+O2O2*Rh3O4/CeO2 0.00 2.59x10-3 2.59x10-3 

O2*Rh3O4/CeO2+CORh3O5/CeO2+CO2 84.88 4.21x103 2.05x10-10 

CO2*Rh3O3/CeO2CO*Rh3O4/CeO2 60.76 1.00x1012 2.94x102 

CO2*Rh3O3/CeO2 Rh3O3/CeO2+CO2 46.00 1.44x1018 8.80x1010 

Rh3O3/CeO2 Rh3O4/CeO2-x 69.44 5.99x1012 7.67x101 

Rh3O4/CeO2-xRh3O3/CeO2 93.56 6.10x1013 1.29x10-1 

Rh3O4/CeO2-x+COCO*Rh3O4/CeO2-x 0.00 1.24x107 1.24x107 

CO*Rh3O4/CeO2-xCO2*Rh3O3/CeO2-x 80.05 1.02x1013 2.83 

CO2*Rh3O3/CeO2-xCO*Rh3O4/CeO2-x 67.52 8.74x1011 2.25x101 

CO2*Rh3O3/CeO2-x Rh3O3/CeO2-x+CO2 80.00 1.44x1018 4.09x105 

Rh3O3/CeO2-x+O2 Rh3O4/CeO2 0.00 2.59x10-3 2.59x10-3 

Rh3O4/CeO2+O2O2*Rh3O4/CeO2 0.00 2.59x10-3 2.59x10-3 

O2*Rh3O4/CeO2Rh3O4/CeO2+O2 112.23 2.84x1017 7.06x10-1 

O2*Rh3O4/CeO2+COCO*O2*Rh3O4/CeO2 0.00 1.27x107 1.24x107 

CO*O2*Rh3O4/CeO2CO2*O2*Rh3O3/CeO2 80.00 1.00x1013 2.83 

CO2*O2*Rh3O3/CeO2 CO*O2*Rh3O4/CeO2 82.41 1.00x1013 1.18 

CO2*O2*Rh3O3/CeO2 O2*Rh3O3/CeO2+CO2 14.00 1.00x1013 6.39x1010 

O2*Rh3O3/CeO2O2*Rh3O4/CeO2-x 103 1.00x1013 6.98x10-4 

O2*Rh3O4/CeO2-x O2*Rh3O3/CeO2 100 1.00x1013 2.06x10-3 

O2*Rh3O4/CeO2-x+COCO*O2*Rh3O4/CeO2-x 0.00 1.24x107 1.24x107 

CO*O2*Rh3O4/CeO2-xCO2*O2*Rh3O3/CeO2-x 87.00 1.00x1013 2.26x10-1 

CO2*O2*Rh3O3/CeO2-x CO*O2*Rh3O4/CeO2-x 81.00 1.00x1013 1.97 

CO2*O2*Rh3O3/CeO2-x O2*Rh3O3/CeO2-x+CO2 50.00 1.44x1018 2.08x1010 

O2*Rh3O3/CeO2-xRh3O4/CeO2 27.00 1.00x1013 5.82x108 

 

 

orders for small oxidic Rh as well as sufficiently largemetallic Rh particles on CeO2 are 

close to one [2]. It implies that O2 adsorption is rate controlling in CO oxidation. 

Accordingly, the high rate predicted represents an upper bound to the activity, neglecting 
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limitations in the O2 adsorption rate. Currently, a quantitative treatment of O2 adsorption 

on metal surfaces is not possible due to the complex nature of the quenching of the 

spin-triplet ground state of O2 into a singlet state upon adsorption [36]. This will 

significantly reduce the sticking coefficient and may lead to activated adsorption of O2. For 

substrates with a low density of states at the Fermi-level as is the case for Rh-oxide [2], 

one predicts an even lower sticking coefficient. An additional factor is the very low density 

of Rh-oxide clusters on the ceria surface. As an approximation, we used the experimental 

apparent activation energy for CO oxidation on oxidized Rh/CeO2 (~65 kJ/mol) [2] to 

adjust the unimolecular O2 adsorption rate. In such simplified case, the reaction becomes 

first order in O2 with a turnover frequency (TOF) per Rh atom of 7 h-1 (T=333 K, 

PO2=PCO=0.045 atm), of the same magnitude as the experimental value. The comparison 

is also reasonable at higher temperatures, i.e. the predicted rates at 110 and 140 °C are 150 

and 660 h-1, respectively, comparable to the experimental rates of 200 and 800 h-1. The 

most abundant reaction intermediate is Rh3O3/CeO2-x (98%), consistent with O2 adsorption 

being rate controlling.  

Two important aspects of this CO oxidationmechanism are: (i) the involvement of a 

surface oxide layer of the noble metal stabilized by CeO2 and (ii) the migration of ceria O 

atoms to the surface Rh-oxide layer when it is partially reduced by CO. Concerning (i), it is 

noteworthy that Scheffler and co-workers have distinguished, besides a metallic regime 

involving a surface fully covered with CO and a regime in which the surface is oxidized, a 

regime at intermediate CO/O2 ratio in which a thin metal oxide film is formed on Pd 

surface [37]. Although not explicitly reported for Rh [38], thin metal oxide films have been 

reported to be more active in CO oxidation than the metal surface [12]. For the metallic 

surface, the rate of O2 adsorption is lower because the process involves O2 dissociation on 

a fully CO covered surface. Concerning (ii), our model shows how O atoms of ceria can be 

implicated in CO oxidation, even in absence of O2 [4,17]. This issue has also been 

successfully addressed for Pt and Ag on ceria by the Illas [39] and Campbell [40] groups, 

respectively. Here, we show that ceria O migration can also occur to an oxidized Rh cluster 

for which the metal-O bond is weaker than for the corresponding metal cluster. 
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Figure 3.4: In-situ Raman spectroscopy of Rh/CeO2 catalysts. a, Raman spectra of 

Rh/CeO2 catalysts containing after reduction on average 2.1 nm (top left graph, sample A) 

and 5.2 nm (top right graph, sample B) Rh particles during CO oxidation as a function of 

temperature. The dominant band around 460 cm-1 is the first-order F2g peak of ceria, whose 

shift correlates to the oxygen deficit of the ceria surface. b, The Raman shift of the F2g peak 

is smaller for sample A than for sample B during CO oxidation in the temperature range 

60-400 °C, evidencing a greater oxygen deficit of the ceria surface in the former sample. A 

blank experiment in He shows a much smaller variation in the concentration of oxygen 

vacancies in sample A, similar to that of a blank ceria support. 

Finally, we carried out in-situ Raman spectroscopy of two reduced Rh/CeO2 catalysts 

with average metal Rh particle sizes of 2.1 (sample A) and 5.2 nm (sample B). The Rh 

atoms in sample A become significantly more oxidic than those in sample B during CO 

oxidation. The activity of sample A is significantly higher (TOF = 10 h-1) than that of 

sample B (TOF = 2 h-1) [2]. Figure 3.4 shows the shift of the ceria F2g Raman peak as a 

function of temperature. The downward peak shift for ceria with temperature is due to 

thermal expansion of the lattice and phonon decay [41]. The additional shift for the 

Rh-containing ceria catalysts is greater than for ceria itself and correlates to the density of 

O vacancies of the ceria surface [17]. At a reaction temperature of 60 °C the Raman shift 
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for the large particle metallic Rh/CeO2 catalyst is negligible and similar to the shift for 

ceria evidencing that no additional O vacancies are created during CO oxidation. In 

contrast, the significant shift for the highly active, small particle oxidic catalyst points to 

the presence of O vacancies during CO oxidation. Their presence is consistent with the 

proposal that O2 adsorption is the rate controlling step in the overall CO oxidation reaction 

mechanism.  

3.4 Conclusions 

In summary, we propose an alternative reaction mechanism for CO oxidation by a Rh 

surface oxide layer stabilized on ceria, which is able to explain the absence of 

self-inhibition by CO and the involvement of ceria O atoms in the catalytic cycle. Our 

mechanism points to the creation of O vacancies in ceria due to reoxidation of a thin 

surface metal oxide film partially reduced by CO. The presence of O vacancies is 

confirmed by in-situ Raman spectroscopy and the correlation between their density and CO 

oxidation activity is consistent with the proposal that O2 adsorption is the rate controlling 

step in catalytic CO oxidation. We expect that this mechanism is also relevant for other 

reactive metals such as Ru, Pt and Pd, with Au being a possible exception because ofits 

low metal-oxygen bond energy. 
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Chapter 4 
 

A computational study of the influence of the ceria surface 

termination on the mechanism of CO oxidation of isolated Rh 

atoms 

 

The reaction mechanism for CO oxidation by isolated Rh atoms stabilized on CeO2(111), 

CeO2(110) and CeO2(100) surfaces is investigated by a combination of Density Functional 

Theory and kinetic Monte Carlo calculations. On Rh/CeO2(111), one adsorbed CO 

molecule on Rh was found to form a stable intermediate structure with surface O. The 

reaction cycle cannot be closed because of the strong adsorption of the CO2 complex. The 

presence of a second adsorbed CO significantly decreases the desorption energy, thus 

opening a possible reaction path. On Rh/CeO2(110), adsorbed CO can easily react with a 

ceria surface O atom due to the lower Ce-O bond energy. Since surface O atom migration 

is much more facile on Rh/CeO2(110) than on Rh/CeO2(111), CO2 desorption is also more 

easy for the former surface. Molecule oxygen will adsorb on the resulting vacancy. After 

desorption of the second CO2 product molecule by reaction of adsorbed CO with another 

surface O atom, the adsorbed oxygen molecule migrates spontaneously to the vacancy 

site and dissociates with negligible barrier. The Rh/CeO2(100) model was found to be 

inactive for CO oxidation, mainly because of the geometric constraints for the adsorbed 

CO molecule to react with one of the surface O atoms, despite the low Ce-O bond energy 

of the CeO2(100) surface. The particularities of the CO oxidation mechanism for isolated 

Rh atoms on these ceria surfaces are in agreement with the experimental activity trends.  

 

 

 

Published as Faraday Discussion, 2013, 162, 281-292. 



Chapter 4 

68 

4.1 Introduction 

Transition metal-based catalysts are indispensible in modern chemical industry and also 

serve in many environmental catalysis applications. In recent decades, much attention has 

been devoted to the understanding of the catalytic reactivity of transition metal 

nanoparticles. With the advance of computational chemistry, significant insights have been 

obtained in the structure sensitivity of these nanoparticles for particular elementary 

reaction steps [1]. Usually, transition metal nanoparticles are supported on an oxide carrier 

material that serves the purpose to maintain a high dispersion of the metal. Recently, the 

attention in catalysis is shifting from nanoparticles to sub-nanometer and atomically 

dispersed transition metals stabilized on oxide supports [2,3]. This is especially useful in 

order to understand the interaction of the transition metal with the oxide support. There are 

many indications that the support may play an active role in the catalytic cycle [2]. In this 

respect, the transition metal-catalyzed reaction between CO and O2 has been investigated 

in great detail, not only as a model reaction but also because of its industrial relevance. 

Ceria is a widely used oxide support for transition metals, especially for CO oxidation 

[4-12]. Recently, evidence is growing that the active phase of some transition metals when 

supported on ceria during CO oxidation is not metallic but oxidic [4,5,7]. Toyota 

researchers found indications for a reversible structural rearrangement of Pt-Ox-Ce species, 

reducing (oxidizing) conditions destabilizing (stabilizing) the Pt-Ox-Ce ensemble [7]. 

Raman spectroscopy also shows that rhodium, iridium, palladium, and platinum form 

surface-phase metal oxide (M-O) structures that interact strongly with the surface of CeO2 

[12]. 

Recently, Ligthart et al. reported that the composition of the active phase in Rh/CeO2 

catalysts strongly depends on the reaction conditions and the particle size. Whilst typically 

under conditions of steam reforming the Rh nanoparticles are metallic, very small particles 

tend to become slowly oxidized leading to deactivation [13]. Applied in CO oxidation, Rh 

nanoparticles smaller than 2 nm become fully oxidized and are significantly more active 

than larger particles which remain metallic. There are indications that the oxidation of 

small Rh nanoparticles on ceria leads to a strongly dispersion of Rh over the support [4]. 

The formation of a surface oxide film of Rh commensurate with the CeO2 surface under 
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oxidative conditions is confirmed by quantum-chemical DFT calculations [14]. In essence, 

under reducing conditions Rh tends to form three-dimensional metallic clusters on 

CeO2(111), whereas a two-dimensional film is more stable in the presence of oxygen. It 

was found that a Rh dimer will disperse into atomic Rh species on ceria under these 

conditions. This suggests that a Rh-oxide film may disperse into isolated Rh species. This 

is supported by an experimental model study of Rh/CeO2 showing that oxygen adsorption 

at edges of Rh clusters results in isolated Rh species [15]. All these studies point to the 

possibility that atomically dispersed Rh species supported on ceria may play a role in CO 

oxidation. Therefore, the first motivation of the current contribution is to investigate 

whether a single site Rh atoms stabilized on ceria can be active in the CO oxidation 

reaction.  

Another related topic of interest is the influence of the support surface structure on the 

catalytic activity. It is now possible to control the crystallographic surface planes of ceria 

nanocrystals [16,17]. Used as catalyst itself, ceria nanocrystals exposing (110) and (100) 

planes are more active in CO oxidation than crystals predominantly exposing (111) facets. 

This structure sensitivity has been related to the oxygen vacancy formation energy, which 

increases in the order (110) < (100) < (111) [18,19]. Recently, Chen et al. systematically 

studied by DFT calculations the possible reaction paths for CO oxidation via ceria lattice 

oxygen on CeO2(111) and (110) surfaces [20]. Indeed, lattice oxygen atoms are more 

reactive on CeO2(110) than on CeO2(111) surfaces in CO oxidation. Several recent reports 

confirm the influence of nanosized ceria on the catalytic activity of metal nanoparticles. 

Guzman et al. showed that smaller CeO2 crystals increase the CO oxidation activity of Au 

[5]. By combination of computational and experimental methods, the Illas group found a 

lower vacancy formation energy for nanosized CeO2 [8]. They also showed how oxygen 

atoms of the ceria support are supplied to supported Pt nanoparticles. Ligthart et al. 

reported that the catalytic activity of Rh supported on ceria nanocrystals decreases in the 

order: Rh/CeO2(110) > Rh/CeO2(111) > Rh/CeO2(100) planes [4]. A recent theoretical 

paper proposed a mechanism of CO oxidation with lattice oxygen atoms via a Mars-van 

Krevelen mechanism on a stepped-CeO2(111) supported Au nanocluster [21]. Such 

mechanism was found to be impossible on a planar CeO2(111) surface [22]. These result 
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shows the importance of the structure of the ceria surface in CO oxidation catalysis. 

Therefore, the second motivation of the current contribution is to study the influence of the 

ceria surface plane on the CO oxidation activity of isolated Rh atoms.  

The mechanism for CO oxidation on ceria-supported transition metals has been 

extensively studied [21-24]. Previous theoretical works proposed a molecular reaction path 

way: CO reacts with adsorbed O2 [22], similar to what has been suggested for CO 

oxidation on Pt-oxide [25] and other oxide-supported metals [26]. The main role of the 

ceria support is believed to maintain a particular particle size and geometry of the metal 

conducive to adsorption of CO and O2. We consider this mechanism to be insufficient to 

account for the influence of the support structure. Firstly, CO2 can be detected when 

ceria-supported catalysts are exposed to CO in the absence of O2, evidencing the 

involvement of oxygen atoms of the ceria [5,9]. Secondly, the density of Ce3+ increases 

with the CO oxidation temperature [9]. These experiments provide strong evidence that 

ceria provides reactive oxygen atoms partaking in CO oxidation reaction. This is in 

accordance with the notion that ceria has a high oxygen storage capacity. Theoretically, 

this mechanism was first examined by Camellone and Fabris employing substitutional and 

supported Au on CeO2(111) surface [23]. Their results show that both supported and 

subsitutional Au atoms promote CO oxidation via O vacancy formation. These vacancies 

can be efficiently healed by molecular oxygen for the substitutional case, completing the 

reaction cycle. However, the stability of the substitutional system is still an issue of debate 

[27]. For the supported case, the O vacancy formed during the reaction attracts positively 

charged Au, turning them into negative Au species that prevent further CO and O2 

adsorption. It leads to catalyst deactivation. The authors then suggested that the Au-Au 

cohesive energy in supported cluster of larger size can prevent the deactivating diffusion 

process. This mechanism was recently examined by Kim et al. [22] in their Mars-van 

Krevelen mechanism. However, the relatively low desorption energy of CO2 from the 

Au-COO* surface complex is caused by the diffusion of the gold atom in the oxygen 

vacancy site [23]. For the larger cluster model employed in Kim et al., in which the Au 

diffusion process is indeed hindered, the energy of CO2 desorption is the same as the sum 

of the energies for the removal of a single oxygen atom from CeO2 and the oxidation of 
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CO to CO2. Very recently, the same authors proposed a possible Mars van Krevelen 

mechanism based on the on a stepped-CeO2(111) supported Au nanocluster [21]. The 

study shows a rather promising way to explain the role of ceria support in CO oxidation. 

Our previous contribution on ceria supported Rh3Ox cluster for CO oxidation suggests a 

new mechanism involving oxygen spillover from the ceria surface to the Rh cluster [24]. 

The mechanism takes advantage of the well-known oxygen storage properties of ceria and 

explains the experimental observation that CO can react with O from ceria surface, 

generating Ce3+. Here, we investigate the mechanism of CO oxidation by isolated Rh 

atoms supported on different CeO2 surfaces. The main focus is to understand the role of 

surface O atoms from ceria support in the reaction mechanism and the reactivity 

differences between Rh atoms dispersed on different termination of ceria.    

 

 
Figure 4.1: Bulk truncated structures (side view) of CeO2 (a) (111), (b) (110) and (c) (100) 

surfaces.  

4.2 Calculation details 

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) functional [28] 

as implemented in the Vienna ab Initio Simulation Package (VASP) [29-31] was employed. 

A Hubbard U term was added to the PBE functional (DFT+U) employing the rotationally 

invariant formalism by Dudarev et al. [32], in which only the difference (Ueff=U – J) 

between the Coulomb U and exchange J parameters enters. Spin-polarized calculations 

were performed. The projector augmented wave method (PAW) [33-35] was used to 

describe the interaction between the ions and the electrons with the frozen-core 

approximation [34]. The Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p), and Rh (4p, 4d, 5s) electrons 

were treated as valence states using a plane-wave basis set with a kinetic energy cut off of 

400 eV. For Ce, a value of Ueff= 4.5 eV was used, which was calculated self-consistently 
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by Fabris et al. [36] using the linear response approach of Cococcioni and De Gironcoli. 

[37] This value is within the 3.0-5.5 eV range reported to provide localization of the 

electrons left upon oxygen removal from CeO2 [38]. The CeO2(111), CeO2(110) and 

CeO2(100) surfaces were modeled as periodic slabs with three, five and four CeO2 trilayers, 

respectively and a vacuum space between the slabs larger than 10 Å. In Figure 4.1, we 

provide the bulk truncated structures of the three surfaces, respectively. Bulk CeO2 

contains four-fold coordinated O and eight-fold coordinated Ce. The CeO2(111) surface 

exposes three-fold O and seven-fold Ce atoms. The CeO2(110) surface also exposes 

three-fold O as well as six-fold Ce atoms. The CeO2(100) surface exposes two-fold O and 

six-fold Ce atoms. It is noted that CeO2(111) has a compact structure consisting of 

uninterrupted Ce-O bonding network all over the surface, whereas the CeO2(110) and (100) 

surfaces contain separated rows of CeO2 units. These structural differences are consistent 

with the fact that the (111) facet is the most stable one, followed by the (110) and (100) 

surfaces. For CeO2(111) and (100), a 3×3 surface cell was utilized and a 2×3 cell for 

CeO2(110). Due to the large size of the surface cells (~ 121 Å2 for each surface cell), only 

1×1×1 k-point mesh was used for the Brillouin zone integration. The use of higher 2×2×1 

k-point mesh did lead to negligible energy differences. As an example, the difference for 

CO adsorption on Rh/CeO2(111) using the different k-point setting is 0.014 eV. The bulk 

equilibrium lattice constant (5.49 Å) previously calculated by PBE+U (Ueff = 4.5 eV) was 

used [39,40]. The bottom layers were kept fixed to their bulk position. Atoms were relaxed 

until forces were smaller than 0.05 eV·Å-1. The location and energy of transition states 

were calculated with the climbing-image nudged elastic band method [41]. 

It can be shown from first principles that an exact description of reaction kinetics is 

given by the master equation [42] 

[ ]. −=
β

ββαααβ
α PWPW

dt
dP

 

Here, α and β are all possible configurations of the system, the P’s are their probabilities, 

and the W’s are rate constants. We have solved this equation using kinetic Monte Carlo 

(kMC) [43]. Usually, the number of configurations for surface reactions is very large, but 

in the present case there are only limited configurations for a single Rh adatom plus 
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adsorbates and a small part of the ceria support. This means that it is also possible to solve 

the master equation by use of a numerical ODE-solver. Because the rate constants differ by 

many orders of magnitude, there are many reaction conditions at which numerical 

problems are encountered. We have therefore used kMC as it is more robust. 

4.3 Results and Discussion  

4.3.1 Rh/CeO2 (111) 

The potential energy diagram and structures of the surface intermediates and the 

transition states for the reaction on this model are shown in Figure 4.2 and 4.3, respectively. 

Our previous work showed that a single Rh atom prefers to adsorb on the three fold hollow 

site formed by the surface oxygen atoms of CeO2(111) [14]. The Rh atom is oxidized by 

surface cerium with the resulting reduced Ce3+ ion being in the next nearest neighbor 

position to the Rh ion. CO adsorbs on the ionic Rh site with an adsorption energy of -216 

kJ/mol. During CO adsorption, Rh migrates from its initial three-fold hollow site to the 

neighboring bridge site (state ii, Figure 4.3). Rh is not only coordinated to two surface O 

atoms with bond distances of 2.08 and 2.13 Å, but also to one subsurface O atom present at 

a distance of 2.13 Å from Rh. The distance of the C atom to Rh is 1.85 Å. The bond 

distance of C-O is 1.16 Å, only slightly affected with respect to the computed gas-phase 

value (1.14 Å). The subsurface O anion coordinating to the Rh atom is slightly lifted up 

comparing to its original position. The adsorbed CO then migrates to form an intermediate 

structure with the C also connected to a surface O (state iii, Figure 4.3). As will be 

described later, desorption of this CO2* complex is difficult, hindering the likelihood of 

reaction path I. Thus, we did not try to locate a transition state for this CO migration 

process. For the adsorbed CO2* complex, the Rh-C bond distance was elongated to 1.94 Å. 

The Rh was pulled out slightly being only coordinated to two bridge O atoms at a distance 

of 2.13 Å, while the bond with the subsurface O is broken. It takes 138 kJ/mol to desorb 

CO2. Similar to findings in previous theoretical work on Au13/CeO2 [22], the desorption 

energy is equivalent to the sum of the energies for the removal of a single oxygen atom 

from CeO2 and the oxidation of CO to CO2. Even when we consider the contribution of the 

entropy for CO2 desorption (TS= -64 kJ/mol at 298 K), the rate of this elementary step will  
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Figure 4.2: Reaction energy diagram for CO oxidation on Rh/CeO2(111). 

 

Figure 4.3: The structures of the intermediate and transition state structures on 

Rh/CeO2(111) with the top slab layer and the cluster shown. Color scheme: red sphere 

(surface O), white sphere (Ce4+), blue sphere (Rh), black sphere(C) and yellow 

sphere(Ce3+). The subsurface O atoms are represented by small spheres. 
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be very low at temperatures typically employed for CO oxidation. Recently, the 

corresponding mechanism was also explored for Pt1/FeOx, in which CO2 desorption is 

relatively easy (76 kJ/mol); the reaction is exothermic by -19 kJ/mol [3]. The significant 

difference stems from the lower Fe-O bond energy as compared to the Ce-O bond energy. 

To make a comparison between the reaction mechanism for Rh/CeO2(111) with that 

proposed for Au/CeO2(111) [23], it is important to note that in the latter study desorption is 

facilitated by the migration of Au into the oxygen vacancy site. After migration, however, 

the Au atom will become negatively charged which hinders further adsorption of CO and 

O2, essentially deactivating the catalyst. For Rh, the mechanism is different. The Rh ion is 

still strongly bound to the bridge site formed by two surface oxygen atoms (two Rh-O 

bond distances are 2.04 Å and 1.99 Å, respectively), inhibiting migration of the Rh ion to 

the oxygen vacancy site. This result is explained by the much stronger metal-O bond for 

Rh than for Au. It can also be understood by considering the different electronic properties 

of Rh and Au. For Au, the 6s orbital can take up electrons, making Au negatively charged. 

This is causing the migration of Au to the vacancy site, leading to the formation of a 

covalent bond with surface Ce and electron transfer from Ce to Au. In contrast, Rh prefers 

to bind to oxygen anions and remain positively charged. Accordingly, Rh will not migrate 

to the vacancy site. In summary, the proposed path I is difficult because of the high 

desorption energy of the CO2* complex, consistent with conclusions of previous work [22]. 

The authors of that work suggested that doping of ceria will lower the oxygen vacancy 

formation energy, thus possibly opening this reaction path. However, considering the 

stability of substitutional ceria systems is an issue of debate [2,7], we explored here 

alternative pathways for CO oxidation. 

In this study we also considered the formation of Rh(CO)2 species, which is well 

documented in experimental literature [15,44]. Abbet et al. carried out a theoretical study 

of CO oxidation by isolated Pd(CO)2 supported on MgO [45]. Thus, it would be interesting 

to examine if two adsorbed CO molecules on Rh would open a reaction path for CO 

oxidation. A second CO molecule can adsorb on Rh/CeO2 with an adsorption energy -158 

kJ/mol, which is much lower than the adsorption energy of the first CO (-216 kJ/mol). This 

can be understood from the bond order conservation principle. After optimization, the C 
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from the second adsorbed CO is connected to a surface O (1.31 Å), with the surface O 

slightly pulled out of the surface (state v, Figure 4.3). The distance of C to Rh is 2.01 Å. It 

takes only 90 kJ/mol to desorb CO2, much less than CO2 desorption in path I (138 kJ/mol). 

After desorption, one O vacancy on the ceria surface is generated. At the same time, one 

more surface Ce ion is reduced. The reaction further proceeds by adsorption of molecular 

O2 from the gas phase with one O atom going to the vacancy site, the other O being 

connected to both Rh and a surface Ce. The bond distance of the adsorbed O2 is elongated 

to 1.47 Å, suggesting the bond activation of adsorbed O2. Upon adsorption of O2, one of 

the surface Ce3+ is re-oxidized to Ce4+. The barrier for O2 dissociation is only 40 kJ/mol. 

For the transition state structure, the O-O bond distance is elongated to 1.90 Å. The final 

state structure is 20 kJ/mol more stable than the initial state. One of the dissociated O 

atoms sits on the bridge site between Ce and Rh, with bond distances of 2.25 Å and 1.91 Å, 

respectively, while the other O atom heals the surface vacancy site. The remaining surface 

Ce3+ is re-oxidized to Ce4+. The O atom on the interface between Rh and Ce then reacts 

with adsorbed CO to form CO2, which desorbs into the gas phase. The barrier for this 

process is 77 kJ/mol and releases 51 kJ/mol. The single Rh ion migrates back to the 

three-fold hollow site of the ceria surface, completing the reaction cycle. The adsorption of 

a second CO on Rh plays an important role in the whole reaction cycle for the 

Rh/CeO2(111) model. By comparing the structures of the Rh(CO)/CeO2 (state iii, Figure 

4.3) and Rh(CO)2/CeO2 (state v, Figure 4.3), we can identify two factors influencing the 

desorption energy of CO2: (i) the bond strength of O from CO2 to surface Ce and (ii) the 

bond strength of C from CO2 to Rh. For Rh(CO)/CeO2, the O from CO2 is connected to 

three surface O, and Rh connects only to one C atom. Accordingly, the bond strength of O 

to Ce and Rh to C are larger than that of Rh(CO)2/CeO2. 

 
Figure 4.4: Reaction energy diagram for CO oxidation on Rh/CeO2(110). 
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Figure 4.5: Structures of the intermediates and transition state structures for CO oxidation 

on Rh/CeO2(110). 
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4.3.2 Rh/CeO2 (110) 

The potential energy diagram and structures of the surface intermediates and the 

transition states for the reaction on CeO2(110) are shown in Figure 4.4 and 4.5, 

respectively. The preferred adsorption site for Rh on this surface is the four-fold hollow 

site formed by the surface O atoms. The binding energy of Rh is much stronger than on the 

(111) surface (140 kJ/mol more stable). This corresponds to a much shorter Rh-O bond 

(2.01 Å) as compared to Rh/CeO2(111) surface (2.15 Å). Two electrons are transferred to 

the ceria surface, generating two Ce3+ ions. A CO molecule adsorbs on the top site of Rh 

with an adsorption energy of 103 kJ/mol, which is much lower than on Rh/CeO2(111) 

(-216 kJ/mol). This can be understood from the bond order conservation principle: the 

coordination number of Rh to surface O are three and four for Rh/CeO2(111) and 

Rh/CeO2(110), respectively. The distance of the C atom of CO to Rh is 1.87 Å. The bond 

distance of CO* is 1.17 Å. These parameters are consistent with weak adsorption of CO 

compared with that on Rh/CeO2(111). The adsorbed CO then tilts to a surface O atom with 

negligible barrier, forming an intermediate structure (state iii, Figure 4.5), which is more 

stable by 54 kJ/mol. For this intermediate structure, one of the surface O atoms is slightly 

shifted to the Rh, and one subsurface O atom below Rh adatom is lifted to the Rh (Rh-O: 

2.15 Å). In this structure, Rh is five-fold coordinated, namely to four surface O atoms 

(Rh-O: 2.07-2.12 Å) and a subsurface O atom (Rh-O: 2.14 Å). Subsequently, CO* reacts 

with the slightly pulled out O atom to form a CO2* complex. The barrier for this process is 

47 kJ/mol and releases 55 kJ/mol. One more surface cerium is reduced to Ce3+ in this 

process, which arises from the generated oxygen vacancy. For the TS, the bond length of C 

to the O atom is 1.94 Å. The CO2 desorption energy is 76 kJ/mol, much smaller than the 

corresponding value for the (111) surface (138 kJ/mol). During the process of the CO2 

desorption, the nearby surface O spontaneously migrates to the generated oxygen vacancy 

site, forming a new bond with Rh (state v, Figure 4.5). Accordingly, the generated vacancy 

migrates to the next nearest neighbor of Rh adatom.  

The oxygen vacancy migration mechanism has been mentioned as one of the main 

reasons for the high catalytic activity of ceria. However, Esch et al. reported that diffusion 

of a single oxygen vacancy on CeO2(111) is very slow at room temperature [46]. A recent 
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theoretical work by the group of Hu predicts a high barrier for the direct vacancy hopping 

mechanism (1.6 eV) [47], consistent with the experimental findings. Our results show that 

oxygen migration is much more easy for CeO2(110).The facile migration of the surface O 

to fill the generated vacancy site close to the Rh site makes CO2 desorption possible. To 

provide evidence for this conclusion, we also computed the desorption energy without the 

migration of the O atom (based on state v, Figure 4.5). In this case, adsorbed CO further 

reduces the additional O atom and no surface O migration is available. The desorption 

energy is now much higher (167 kJ/mol).This confirms that the migration of the surface O 

on the CeO2(110) surface is crucial to facilitate CO2 desorption and to explain the high 

reactivity.  

After CO2 desorption and oxygen vacancy generation, an O2molecule adsorbs to the 

vacancy with an adsorption energy of 175 kJ/mol. The O-O bond distance is elongated 

slightly to 1.46 Å. This is because of the electrons transfer from the ceria support to the 

anti-bonding orbital of O2. Accordingly, one of the Ce3+ ions was oxidized to Ce4+. CO 

adsorbs on the Rh site with adsorption energy of 95 kJ/mol. The adsorbed CO tilts to the 

surface O atom, forming intermediate structure state ix in Figure 4.5. The Rh adatom is 

coordinated to four surface O and one subsurface O (Rh-O distance: 2.13 Å). Oxidation of 

CO occurs with a barrier of 70 kJ/mol. In the transition state, the distance of C to O is 1.93 

Å. It only takes 7 kJ/mol to desorbCO2*, much smaller than the desorption energy of the 

first CO2 molecule. During desorption of CO2, the adsorbed O2* spontaneously migrates to 

the generated vacancy site close to the Rh, forming a new bond with Rh (Rh-O: 2.16 Å) 

(state xi, Figure 4.5). The bond distance of O-O is further elongated to 1.52 Å. 

Subsequently, O2* dissociates with negligible barrier and releases 137 kJ/mol, with one of 

the O atom filling the vacancy site and completing the reaction cycle. 

4.3.3 Rh/CeO2(100) 

The most stable adsorption site for Rh on CeO2(100)is the bridge site between the 

surface O atoms. One surface Ce4+ is reduced to Ce3+ via an electron transferred from Rh. 

CO adsorption occurs on the top site of Rh with an adsorption energy 159 kJ/mol. Various 

possible reaction paths were explored to react the adsorbed CO react with surface O atoms, 

namely the surface O atoms attached to Rh and neighboring to Rh (Figure 4.6). 
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Exploration of a reaction pathway involving the adsorbed CO molecule with the O atoms 

bound to Rh always led to the initial CO adsorption state. The distance of the other (four) 

surface O atoms to CO is too large (4.65 - 5.60 Å, Figure 4. 6) for the reaction with CO. 

The adsorption of a second CO molecule does not change these findings. The conclusion is 

therefore that the structure of the Rh/CeO2(100) model is such that CO adsorbed to Rh 

cannot be oxidized. This provides a tentative explanation for the low activity of Rh 

supported on ceria nanocubes, exposing mainly (100) planes [4]. 

 

 
Figure 4.6: The structures of CO adsorbed on Rh/CeO2(100). 

4.3.4 Kinetic Monte Carlo simulations 

Kinetic Monte Carlo calculations were performed for the Rh/CeO2(111) and 

Rh/CeO2(110)model systems. The Rh/CeO2(100) system was not further considered, 

because no reasonable reaction pathway has been identified. Under experimental 

conditions (PCO=PO2=0.045 atm, T=333 K), the kMC simulation predicts much higher 

activity in CO oxidation for Rh/CeO2(110) (TOF=210 s-1) than Rh/CeO2(111) (17 s-1). The 
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higher reactivity of the former system is in accordance with experimentally observed 

differences [4]. The much higher activity of Rh/CeO2(110) arises from more facile 

migration of surface oxygen as discussed above. Note that these simulations predict 

reaction orders with respect to CO and O2 of zero for both structural models. As discussed 

in detail in our previous work [24], this is at odds with experimental results showing 

oxygen reaction orders of unity. This discrepancy is due to the low sticking coefficient for 

oxygen adsorption, which is difficult to predict [24]. 

Instead of directly participating in the CO oxidation, molecular oxygen adsorbs at the 

interface between the oxygen vacancy and the Rh atom followed by facile dissociation. 

This conclusion is similar to the one at the basis of a previously proposed mechanism 

involving Au-doped ceria [22] and the mechanism for a Rh3Ox cluster [24]. This new 

mechanism can successfully explain why experimentally CO2 is detected even without 

addition of O2 [5,9], in contrast to earlier models [22]. The oxygen vacancy is generated 

via desorption of the CO2 from the support surface, accompanied by reduction of Ce4+ to 

Ce3+. This is in accordance with results from Raman spectroscopy that show that the Ce3+ 

density increases with the CO oxidation reaction [9]. Ce3+ ions were suggested to play a 

critical role for various reactions employing ceria as the support [48,49]. Kim et al. 

assumed a mechanism involving molecular oxygen adsorption on a Ce3+ site close to the 

metal [22]. In their mechanism, adsorbed molecular oxygen reacts with adsorbed CO. In 

our mechanism, in contrast, Ce3+ formation is due to the generation of an oxygen vacancy 

during the CO oxidation process. Our mechanism and the previous proposed mechanism 

for Au-doped ceria [23] suggest that Ce3+ ions are formed during the CO oxidation reaction. 

That is, Ce3+ formation is the result instead of the reason of the CO oxidation reaction. In 

line with this, Raman spectroscopic experiments show that the density of Ce3+correlates 

that the rate of CO oxidation reaction [9]. 

4.4 Conclusions 

In this chapter, possible reaction paths of CO oxidation were studied for isolated Rh 

atoms supported on three CeO2 surfaces with (111), (110) and (100) terminations. On 

Rh/CeO2(111), the reaction only proceeds when two CO molecules are adsorbed on the Rh 
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ion. The presence of a second CO molecule facilitates the desorption of CO2. Gas phase 

oxygen adsorbs on the vacancy site followed by dissociation. The other CO molecule then 

reacts with one of the O atoms leading to CO2 desorption, completing the reaction cycle. 

On Rh/CeO2(110), adsorbed CO can easily react with a ceria surface O atom due to the 

lower Ce-O bond energy. The facile migration of surface O atoms facilitates the CO2 

desorption process, which is much easier for Rh/CeO2(110) than for Rh/CeO2(111). 

Molecular oxygen will adsorb on the resulting vacancy. After desorption of the second 

CO2 product molecule by reaction of adsorbed CO with another surface O atom, the 

adsorbed oxygen molecule migrates spontaneously to the vacancy site and dissociates with 

negligible barrier. The role of molecular oxygen is to heal the oxygen vacancy rather than 

being involved in a direct reaction with adsorbed CO. The Rh/CeO2(100) model was found 

to be inactive for CO oxidation, mainly because of the geometric constraints for the 

adsorbed CO molecule to react with one of the surface O atoms, despite the low Ce-O 

bond energy of the CeO2(100) surface. The main reason is the large distance between the C 

of adsorbed CO and the ceria O surface atoms. The particularities of the CO oxidation 

mechanism for isolated Rh atoms on these ceria surfaces are in agreement with the 

experimental activity trends.  
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Chapter 5 
 

A novel mechanism for NO reduction by a ceria supported surface 

rhodium oxide layer 

 

Ceria-supported noble metal based catalysts are critical components in three-way 

catalytic converters which help curb emissions from gasoline engines. NOx reduction is 

one of the key reactions in this process, which is mainly catalyzed by Rh. Here we 

examined the possibility of NO reduction on a ceria-supported Rh-oxide model 

(Rh3O3/CeO2). Thermodynamic calculations show that small Rh clusters on ceria tend to 

be oxidized by NO in a mixture containing NO and H2. The barrier for direct NO 

dissociation on such Rh-oxide is much higher than on the Rh(100) metal surface. However, 

a H-assisted pathway via the HNO intermediate on Rh3O3/CeO2compares favorably with 

the metal-catalyzed direct NO dissociation step. The support is involved as an accepted of 

O atoms during HNO dissociation and, subsequently, during dissociation of the N2O 

intermediate. Comparison of the reaction diagrams for NO reduction with H2 shows that 

the reaction should be more favorable on Rh3O3/CeO2 than on Rh(100), because of the 

high barrier for N-N bond formation on the metal. Catalytic activity measurements of NO 

reduction with H2 at 125 °C confirm that small particles of Rh on ceria are much more 

active in N-O bond cleavage than large particles. Consistent with the mechanistic proposal 

of H-assisted NO dissocation, the rate increases with the H2/NO feed ratio for the small 

particles. The main product on the small, presumably oxidized Rh particles is N2O, while 

the large metallic particles mainly produce N2. The slow decomposition of N2O is argued 

to be due to the low density of oxygen vacancies, consistent with thermodynamic 

predictions. It is argued that the interface between Rh-oxide and ceria may play an 

important role in NO reduction in three-way catalysis. 
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5.1 Introduction 

The US Clean Air Act of 1970 has led to the development of widespread catalytic 

technology for the clean-up of automotive exhaust gases [1]. In Table 5.1 a typical 

composition of the exhaust gas of a gasoline combustion engine is listed. Catalytic 

convertors are used for abatement of harmful gases from internal combustion engines. The 

three-way catalyst (TWC) technology was first implemented in petrol-fueled cars to 

combat undesired CO, NOx and unburnt hydrocarbon emissions [1,2]. The TWC catalyst 

usually comprises a mix of precious metals. Platinum is most widely used for oxidation 

and reduction purposes. Rhodium is usually present in small amounts because of its high 

catalytic activity in NOx reduction to N2 [1,2]. The precious metals are contained on a 

stable alumina-based washcoat, designed to retain high surface area and prevent sintering 

of the catalytic materials. The catalytic metals are often in close contact with ceria or 

ceria-zirconia components. Cerium oxide improves the performance of the catalysts by 

storing and releasing oxygen [3-8] and also contributes to maintaining high dispersion of 

the precious metal nanoparticles via strong metal-support interactions [9].  

 

Table 5.1: Typical concentrations of the exhaust gas constituents of gasoline-fuelled 

engines. Air-to-fuel ratio contributes significantly to these concentrations [2]. 

HC1 750 ppm CO2 13.5 vol% 

NOx 1050 ppm O2 0.51 vol% 

CO 0.68 vol% H2O 12.5 vol% 

H2 0.23 vol% N2 72.5 vol% 

 1 hydrocarbons. 

 

The high activity of Rh for NOx reduction is usually attributed to its high activity in NO 

dissociation as evidenced from single-crystal surface science studies. The NO dissociation 

energy barrier on Rh(100) is only 37 kJ/mol in the limit of zero coverage [10,11] and 44 

kJ/mol at a coverage of 0.15 ML [11]. On the Rh(111) surface, the barrier is between 65 

kJ/mol and 80 kJ/mol at coverages of 0.15-0.20 ML [12]. The dissociation of NO on Rh 

surfaces has also been studied extensively using quantum-chemical methods. Sautet et al. 
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determined using the DFT method that NO dissociates on Rh(100) and Rh(111) surfaces 

with barriers of 48 and 155 kJ/mol, respectively [13]. Similar result on Rh(100) was 

obtained by Niemantsverdriet et al [14]. Consistent with the latter value, Hermse et al. 

reported a barrier of 157 kJ/mol for NO dissociation on the close-packed surface [15]. Tian 

et al. computed a barrier of 64 kJ/mol for the Rh(110) surface [16]. Rempel et al. found 

that NO dissociation is more facile on the stepped Rh(211) surface than on the 

close-packed surface and contended that dissociation on step-edge sites may dominate the 

overall reaction rate [17]. The lower barriers on the more open surfaces of Rh relate to the 

lower surface metal atom coordination in these surfaces compared to the close-packed one. 

It implies that the NO dissociation reaction is strongly structure sensitive.  

A usual assumption made in all of these studies is that the NO dissociation reaction is 

catalyzed by metallic Rh. It has recently been shown that Rh-oxides in close proximity to 

ceria are much better catalysts for CO oxidation than Rh metal nanoparticles [5]. CO 

oxidation has been extensively studied because of its industrial importance and as a 

reaction prototypical for heterogeneous catalysis [18]. It has been conventionally assumed 

that CO oxidation occurs on noble metal surfaces, with CO oxidation on Pt being the 

textbook example for kinetics, according to a Langmuir-Hinshelwood mechanism 

involving reaction between CO and O surface intermediates. This traditional view about 

noble metal catalyzed CO oxidation is increasingly challenged by reports about formation 

of corresponding metal oxides, usually as a thin film on metal nanopartciles, e.g. for Pt 

[19], Pd [20], and Rh [4,21,22], under CO oxidation conditions. Somorjai and co-workers 

attributed the high CO oxidation activity of small Rh nanoparticles to formation of a thin 

surface oxide [21]. Ligthart et al. evidenced that ceria-supported Rh nanoparticles smaller 

than 2.5 nm oxidize during CO oxidation and form a highly dispersed film on the ceria 

support. These clusters exhibit a much higher CO oxidation activity than Rh particles 

greater than 4 nm, which remain metallic under CO oxidation conditions [5]. Cationic Rh 

species dispersed on ceria have been implicated in the CO oxidation reaction before 

[23-25]. A computational study based on small Rh clusters of up to seven Rh atoms 

supported on CeO2(111) has shown that a surface Rh-oxide film is indeed more stable 

under CO oxidation conditions than metallic three-dimensional Rh clusters [26]. A 
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subsequent modeling study proposed an alternative mechanism for CO oxidation based on 

a thin surface Rh-oxide on ceria [27]. By combining experimental and theoretical results 

[4,26,27], a thin Rh-oxide film on the ceria surface may be proposed as the highly active 

phase for CO oxidation, one of the key steps in three-way catalysis.  

In the light of these considerations for CO oxidation catalyzed by Rh/CeO2, we asked 

ourselves the question whether such a Rh-oxide film stabilized by ceria could also be 

active in NO reduction. For this purpose, we explored several reaction pathways for the 

reduction of NO with H2 to N2 and H2O and compared it to the corresponding overall 

reaction on the metallic Rh(100) surface.  

5.2 Computational details 

All the calculations were carried out by VASP code. The reader is referred to chapter 3 

for detailed information about the Rh3Om/CeO2(111) surface model and computational 

details. To model the Rh(100) surface, a 3x3 unit cell of Rh(100) surface with four slab 

layers was employed. The top two layers were relaxed and the bottom two layers were 

frozen to simulate the bulk. The vacuum thickness was taken 10 Å. A 3x3x1 k-point mesh 

was employed in the Rh slab calculations. 

 

 

Figure 5.1: Helmholtz free energy changes for the oxidation by NO () and reduction by 

H2 () of Rh3On species at two different temperatures (the partial pressures of NO and H2 

are 0.01 atm). 
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5.3 Results and Discussions 

In chapters 2 and 3, Helmholtz free energy calculations have been carried out to show 

that a two-dimensional RhnOm layer on the CeO2(111) surface is more stable under CO 

oxidation conditions than three-dimensional Rhn clusters on the same support surface [26]. 

It was established that Rh3O6 is a representative cluster for such a surface oxide film 

stabilized by ceria. In order to evaluate the relative stability of Rh3Om clusters under NO 

reduction conditions, we calculated the Helmholtz free energy changes for the oxidation 

and reduction of Rh3Om clusters by NO and H2, respectively. For the oxidation of a Rh3Om 

cluster via  

                Rh3Om + NO → Rh3Om+1 + 1/2 N2              (5-1) 

we computed the Helmholtz free energy change as △A = △U - TS(NO) = E(RhnOm+1) + 1/2 E(N2) – E(RhnOm) – E(NO) – TS(NO)  (5-2) 

in which E is the electronic energy and S(NO) is the entropy of NO in the gas phase. We 

neglect the entropy of the solid compounds and the contribution of the gas phase entropy 

of N2. This represents the experimental situation at low NO conversion. The result that Rh 

will be oxidized by NO when supported on ceria is consistent with the results of Padeste et 

al. [28].  

In a similar way, we computed the reduction of oxidized Rh species 

            Rh3Om + H2 → Rh3Om-1 + H2O                     (5-3) △A = △U - TS(CO) = E(RhnOm-1) + E(H2O) - E(Rh3Om) – E(H2) – TS(H2)     (5-4) 

in which we again neglect the entropies of the solid compounds and also the contribution 

of the gas phase entropy of H2O. By comparison of the Helmholtz free energy changes of 

these two processes, we can determine whether a certain Rh3Om cluster will be reduced by 

H2 or oxidized by NO. When the corresponding values for reduction by H2 and oxidation 

by NO are close, we identify a species that is stable under NO reduction conditions. The 

conditions considered here are a temperature of 298 K and partial pressures of NO and H2 

of 0.01 atm. Under these conditions, the entropies of NO and H2 are 172 J.mol-1.K-1 and 92 

J.mol-1
.K

-1, respectively. Figure 5.1a shows the Helmholtz free energies of the respective 

oxidation and reduction processes. These results show that Rh-oxide clusters, in particular 

Rh3O4 and Rh3O5, are stable species under NO reduction conditions. The Helmholtz free 
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energies depend only slightly on the temperature (Figure 5.1b), so that these predictions 

also hold at higher, more relevant reaction temperatures. We also found that gas 

compositions corresponding to high NO conversion did not lead to changes in these 

conclusions.  

  The oxidation of CO oxidation on such a small metal oxide cluster occurs by CO 

adsorption on a Rh cation, its reaction with one of the O atoms of the Rh3Om cluster, CO2 

desorption and re-oxidation of the cluster by one of the O atoms of the ceria support. The 

latter re-oxidation step of the cluster is favorable because the Rh-O bond energy of the 

cluster is higher than the Ce-O bond energy in the CeO2(111) surface. After another CO 

molecule is oxidized, molecular O2 adsorbs at the interface and heals upon dissociation the 

oxygen vacancy on the ceria support, completing the reaction cycle [27].  

An obvious reaction mechanism for NO reduction on a similar surface model would 

include the dissociation of adsorbed NO with O reoxidizing the oxygen surface vacancy in 

the ceria support. Thus, we investigated NO dissociation on the Rh3O3/CeO2-x(111) model, 

which contains one oxygen vacancy in the ceria support adjacent to the Rh-oxide cluster. 

The adsorption of NO on Rh3O3/CeO2-x(111) is very strong (ΔE = -256 kJ/mol), with its N 

and O atom binding to two Rh atoms and the ceria surface vacancy, respectively (state ii, 

Figure 5.2). The barrier for NO dissociation with the O atom healing the surface oxygen 

vacancy is 120 kJ/mol with an exothermic reaction energy of 11 kJ/mol. In the final state 

the N atom is coordinating to the two Rh atoms. This activation barrier is significantly 

higher than values reported for direct NO dissociation on metallic Rh surfaces, e.g. 38 

kJ/mol for the Rh(100) surface [13-17]. 

The exhaust gas from gasoline combustion engines will contain a small amount of H2. 

Hydrogen may also be formed in the water-gas shift reaction under TWC conditions. 

Accordingly, we explored the dissociation of the NO bond following hydrogenation of the 

NO molecule. For CO dissociation, it has been shown that dissociation of the C-O bond in 

the formyl (HCO) intermediate is more facile than direct CO dissociation [28]. Typically, 

the pathway involving the alternative alcoholate (COH) intermediate has a higher 

activation barrier [28]. To the best of our knowledge, H-assisted NO dissociation has not 

been explored with quantum-chemical methods on Rh surfaces before. To have a basis for 
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comparison, we compared H-assisted NO dissociation on the Rh3O3/CeO2-x(111) and 

Rh(100) surface models.  

 

 

Figure 5.2: Potential energy diagram of NO dissociation on Rh3Ox/CeO2(111). The black 

pathway follows the sequence of structures shown. The red pathway represents the 

unfavorable direct NO dissociation step. The blue pathway represents N2O desorption. 

Only the top tri-layer of ceria support is shown (color scheme: white: Ce4+; cyan: Ce3+; red: 

surface and adsorbed O; blue: Rh; bright white: H; green: N).   
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  The adsorption energy of molecular H2 on NO*Rh3O3/CeO2-x(111) is 66 kJ/mol (state iii, 

Figure 5.2). The hydrogen molecule coordinates to a single Rh cation. The bond distance in 

adsorbed H2 is 0.87 Å, slightly elongated compared to the value in the gas phase (0.75 Å). 

The H2 dissociation step has a barrier of 85 kJ/mol and is exothermic by 17 kJ/mol. In the 

transition state, the H-H bond is 1.98 Å, indicative of a late transition state. In the final 

state, one of the H atoms adsorbs to the Rh atom, while the other one binds to the N atom 

of NO forming a HNO species (state iv, Figure 5.2). The N-O bond distance in this 

intermediate is 1.38 Å, slightly longer than the bonding distance in adsorbed NO (1.25 Å), 

suggesting enhanced activation of the N-O bond. This is consistent with the much lower 

barrier of 51 kJ/mol for the cleavage of the N-O bond in adsorbed HN-O (cf. 120 kJ/mol 

for N-O bond cleavage in adsorbed NO). The N-O bond distance increases from 1.38 Å in 

the initial state to 1.92 Å in the transition state. The final state involves the healing of the 

surface oxygen vacancy of the ceria support by the O atom and a HN species coordinating 

to Rh (state v, Figure 5.2). This state is more stable by 50 kJ/mol than state iv. The 

oxidation of the support converts two Ce3+ ions to two Ce4+ ions. After dissociation of the 

N-O bond, N-H dissociation proceeds through formation of a OH group on the ceria 

support (state vi, Figure 5.2). The activation barrier for this process is 46 kJ/mol and the 

configuration with OH is more stable by 29 kJ/mol than the one with NH. This process 

leads to reduction of one of the Ce4+ ions in the support. To facilitate water formation, the 

other H atom on Rh migrates to the N atom (Eact = 46 kJ/mol and ΔE = 72 kJ/mol) to give 

state vii. The N-H bond then dissociates to form adsorbed water. One more surface Ce4+ 

was reduced to Ce3+. The water formation step has negligible barrier and is endothermic by 

80 kJ/mol. It then takes 116 kJ/mol energy to desorb water into the gas phase (state ix, 

Figure 5.2). This step regenerates the oxygen vacancy, which was present in our starting 

model (state i, Figure 5.2). N-N bond formation occurs through adsorption of NO to the N 

atom, leading to N2O formation (state x, Figure 5.2). This species is very strongly adsorbed 

(ΔE = 180 kJ/mol). The weakest bond in N2O is the N-O bond and, accordingly, we found 

that nitrous oxide will easily dissociate into adsorbed N2 and O, the latter healing again the 

nearby oxygen vacancy in the ceria surface (state xi, Figure 5.2). The reaction proceeds 

with negligible barrier and the final state is 178 kJ/mol more stable than the initial one. It 
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takes 112 kJ/mol to desorb N2 into gas phase. The surface then has the composition 

Rh3O3/CeO2(111) and, as shown earlier in chapter 3 [27], the O atom from the ceria 

support will reoxidize the Rh cluster with an activation barrier of 69 kJ/mol. For a next 

catalytic cycle of NO decomposition, the Rh3O4 cluster needs to be reduced again to Rh3O3. 

Under practical conditions this will occur by reduction with CO as part of the CO 

oxidation cycle or with H2 or hydrocarbons, which are also present in exhaust gas mixtures 

[1]. The presence of defects in the ceria surface in the presence of CO has been observed, 

for instance, by operando Raman spectroscopy [27]. Alternatively, it is known that NO 

oxidizes ceria at relatively low temperatures [28] so that the defect density under actual 

reaction conditions may be considered to depend on the exact gas composition. 

  

 

Figure 5.3: (a) NO dissociation on the Rh(100) surface. (b) H-assisted NO dissociation via 

HNO path on the Rh(100) surface. Only the top two layers of Rh(100) surface are shown, 

with the first layer and second shown in big and small spheres, respectively.  
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Figure 5.4: Potential energy diagram of NO direct dissociation (red line) and H-assisted 

NO dissociation via HN-O path (black line) on the Rh(100) surface.  

 

Figure 5.5: N2 and H2O formation steps on Rh(100) surface: (a) N2 formation, (b) N2O 

formation, (c) OH* formation and (d) H2O formation.   
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Fig. 5.3a shows the reaction pathway for NO dissociation on the Rh(100) surface. We 

obtained a value of 38 kJ/mol for the activation barrier of N-O dissociation, consistent with 

literature values [12-16]. The low barrier relates to the nature of the transition state. Firstly, 

the N and O atoms do not need to share Rh surface atoms because of the specific square 

arrangement of the (100) surface. Secondly, the Rh atoms in the (100) surface have a 

coordination number of 7, which means that they are more reactive than the surface metal 

atoms in the close-packed (111) surface with coordination number 9. We also explored the 

possibility of H-assisted NO dissociation on the Rh(100) surface. Dissociation of H2 on 

Rh(100) is exothermic by 110 kJ/mol. The activation energy for HNO formation by 

reaction of adsorbed H with adsorbed NO is 97 kJ/mol (Fig. 5.3b). This reaction is 

thermoneutral. The relatively high barrier for HNO formation is attributed to the sharing of 

the same Rh atom by the N atom of NO and H in the transition state [29]. The activation 

barrier for HN-O dissociation on Rh(100) surface is 19 kJ/mol, lower than the direct N-O 

dissociation step. The difference stems from the weakening of the N-O bond by the 

presence of a N-H bond (Fig. 5.4). However that may be, the overall barrier for N-O bond 

dissociation for the HNO pathway is much higher than the overall barrier for direct N-O 

dissociation because of the high barrier for HNO formation (97 kJ/mol). Accordingly, we 

predict that on the metallic surface NO dissociation will proceed via the direct dissociation 

pathway. This conclusion is similar to what has been observed for CO dissociation on the 

Ru(11-21) surface [30]. We also examined the alternative pathway of H-assisted NO 

dissociation, namely via an NOH intermediate. During geometry optimization, the NOH 

adsorbate spontaneously dissociates into N and OH adsorbates. The dissociated state is 

much more stable than the initial co-adsorbed state of NO and H. Subsequent NEB 

calculations carried out in order to locate the transition state between these two states 

showed that the reaction consists of direct NO dissociation followed by formation of OH 

by hydrogenation of the O adsorbate. Accordingly, this pathway is smilar to the direct NO 

dissociation pathway followed by O hydrogenation to OH. It can be inferred that on a 

metallic Rh surface the N-O bond will be cleaved via direct dissociation.  

  Despite the suspected importance of Rh metal surfaces for NO reduction, we did not 

find any computational studies that describe the complete catalytic cycle of the NO+H2 
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reaction on metallic Rh surfaces. Relevant studies have mainly focused on the NO 

dissociation step [12-16]. Here, we also examined the subsequent N2 and H2O formation 

steps on the Rh(100) surface. The results are given in Figure 5.5. The N+N recombination 

step has an activation barrier of 148 kJ/mol and is endothermic by 12 kJ/mol. The high 

barrier of N recombination is consistent with results from a surface science study reporting 

an activation barrier in the 180-225 kJ/mol range for a Rh(100) single crystal [10]. It takes 

84 kJ/mol to desorb the N2 molecule into the gas phase. The alternative pathway is via the 

N2O intermediate. The reaction energy for formation of adsorbed N2O from adsorbed N 

and NO is 173 kJ/mol, which is less favorable than direct N+N recombination. The 

adsorption energy of the product N2O with N and O attached to the surface is only 10 

kJ/mol. Surface science study has shown that N2O decomposition on Rh(100) surface is 

also easy [31]. Thus, although experiments show that N2O to N2 and adsorbed O is facile 

[31], its formation is thermodynamically unfavorable. In several studies another reaction 

path towards N2 formation has been proposed, namely via N* + NO* → N2 + O* [31-33]. 

A NEB calculation to determine the possibility and energetic of such an elementary 

reaction step showed the expected result that this step is made up from two elementary 

steps. Firstly, NO* will dissociate and then the two N* intermediates will recombine. Thus, 

we argue that the overall kinetics are determined by N* recombination as described above. 

This interpretation is consistent with the observation that N2 formation takes place above 

350 K [34]. The removal of the O atom from the metal surface occurs via sequential 

hydrogenation of O to OH and H2O. The activation barriers for OH formation (O* + H*  

OH*) and H2O formation (OH* + H*  H2O*) are 70 and 89 kJ/mol, respectively, for the 

Rh(100) surface. Finally, it takes 23 kJ/mol to desorb water into the gas phase, completing 

the catalytic cycle. The overall barrier for water formation from O* is 84 kJ/mol, which is 

similar to computed values for the Rh(211) surface [35]. 

The overall potential energy diagram for the reaction 2NO + 2H2  N2 + 2H2O on the 

Rh(100) surface is shown in Fig. 5.6. Adsorbed NO will dissociate on this surface with low 

barrier. The N atoms recombine to form N2. The oxygen is removed as H2O by H atoms 

from H2 dissociation. For the Rh(100) surface the N+N recombination step is the most 

likely rate-limiting step with an activation barrier of 148 kJ/mol. In comparison, NO 
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dissociation is one of the more facile steps in the overall mechanism. For Rh/CeO2 

thermodynamic calculations predict that a Rh-oxide film will be more stable than the 

corresponding metallic cluster in a gas atmosphere containing NO and H2. On such 

Rh-oxide model, the most difficult step is the dissociation of H2 with a barrier of 85 kJ/mol. 

Overall, we predict that a small Rh-oxide cluster in interaction with the ceria support will 

be more active in NO reduction with H2 than a Rh metal nanoparticle.  

 

Figure 5.6: Potential energy diagram for the reduction of NO with H2 on the Rh(100) 

surface. 

 

We then measured the catalytic activity in NO reduction with H2 for a set of Rh/CeO2 

catalysts. The catalysts were similar to those used in a previous study [36], which 

displayed high CO oxidation activity when the particle size of the reduced catalyst was 

smaller than 2.5 nm and low CO oxidation activity for larger particles. This difference was 

found to be correlated to the nearly complete oxidation of Rh for the highly active, small 

Rh nanoparticles. Similarly, we find that small Rh nanoparticles are much more active in 

NO reduction than larger ones (Fig. 5.7a). The NO conversion rate for the smaller particles 

depends strongly on the H2/NO ratio, whereas it does not vary much for the larger particles. 

Another important kinetic difference is seen in the product selectivity. While N2 is the 

dominant product on the large Rh particles, the smaller ones mainly produce N2O. 

Realizing that N2O formation requires cleavage of one NO bond and N2 formation two NO 

bonds, the rate of NO dissociation for the small particles is still much higher than for the 
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larger ones. This activity difference becomes larger with increasing H2/NO ratio. It is 

consistent with the proposal of H-assisted NO dissociation for the small Rh-oxide particles 

on ceria. On contrary, the NO conversion rate does not depend strongly on the H2/NO ratio, 

because N2 formation is the most difficult step. H atoms are only involved in the removal 

of O as water, which is facile compared to N+N recombination. The alternative 

interpretation that the increasing H2/NO ratios would result in a higher fraction of reduced 

Rh metal is not supported by the activity and selectivity trends. Although the present 

experimental data clearly show a strong influence of Rh particle size on the kinetics of NO 

reduction with H2, in situ characterization is required to confirm the predicted stability of 

Rh-oxide in interaction with ceria under these conditions.  

 

 
Figure 5.7: NO hydrogenation (left) activity (closed symbols) and (middle) selectivity 

(open symbols) as a function of Rh particle size and (right) small-over-large Rh 

nanoparticles activity and selectivity as function of feed composition over supported Rh 

catalysts (reaction conditions: T = 125 oC, GHSV = xx h-1, H2/NO = 2 (cube), 1 (triangle), 

0.5 (circle). 

 

Although these experimental data show increased rate of NO dissociation for Rh-oxide 

on ceria, N2O is the main reaction product which is undesired. As in the reaction 

mechanism identified in Fig. 5.2 N2O is an intermediate, the reason for its high selectivity 

may be its low conversion rate. As dissociation of adsorbed N2O is predicted to proceed 

with a very low barrier, yet involves an oxygen vacancy in the ceria support, it may be 
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speculated that under the reaction conditions the density of oxygen vacancies is low. This 

is consistent with the report that re-oxidized ceria is less active in promoting NO 

dissociation [37]. Literature also shows that Rh/CeO2 catalysts are much more active in 

N2O decomposition than Rh/Al2O3 [38]. Electron spin excess spectroscopy of Rh/CeO2 

catalysts suggested that the N2O decomposition reaction involves sites with electron excess 

[37]. These sites are most likely Ce3+ sites associated with oxygen vacancy in the ceria 

surface. Furthermore, isotopic experiments using 15N2
18O evidence that ceria support is 

actively involved in the low temperature N2O decomposition [38]. Thus, we hypothesize 

that under the reaction conditions of NO reduction with H2 at 125 °C the further 

conversion of N2O to N2 is limited by the low concentration of oxygen vacancies. To 

obtain insight into the stability of oxygen vacancies we calculated the Helmholtz free 

energy for the following processes 

Rh3O3/CeO2-x + 2 NO → Rh3O3/CeO2 + N2O          (5-5) 

Rh3Ox + H2 → Rh3Ox-1 + H2O                (5-6) 

The assumptions for the calculation of the Helmholtz free energy are the same as discussed 

above (equation 5-2 and 5-4). The results are shown in Table 5.2 and clearly show that at a 

H2/NO ratio of unity the oxidation of the ceria surface is preferred over its reduction. Thus, 

we argue that the low concentration of oxygen vacancies is causing the high selectivity to 

N2O for the Rh-oxide/CeO2 catalyst. We note in passing that a similar analysis using CO as 

reductant instead of H2 results in the same conclusion that the fully oxidized surface is 

more stable than the reduced one. These results are consistent with those of Paredis et al., 

who showed during NO reduction with H2 for Pd/ZrO2 that NO induced redispersion of 

large Pd nanoparticls into smaller ones, which tended to be in the oxidic state and produce 

more N2O than the metallic phase [39].  

 

Table 5.2: Helmholtz free energy changes for the oxidation of Rh3O3/CeO2-x (one oxygen 

vacancy in the ceria surface) by NO and reduction of Rh3O3/CeO2 by H2 at two different 

temperatures (pNO = pH2 = 0.01 atm). 

Reaction 
ΔA (kJ/mol) 

T = 300 K T = 600 K 

Rh3O3/CeO2-x + 2 NO → Rh3O3/CeO2 + N2O -301 -171 

Rh3O3/CeO2 + H2 → Rh3O3/CeO2-x + H2O 20 60 
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5.4 Conclusions 

We examined the possibility of NO dissociation on a ceria-supported Rh-oxide model 

(Rh3O3/CeO2). The activation barrier for NO dissociation is significantly higher at the 

interface of the Rh-oxide and ceria than on open Rh metal surfaces. However, in the 

presence of H2 it is found that hydrogenation of NO adsorbed to a Rh atom at the interface 

between Rh-oxide and ceria is facile, substantially decreasing the barrier for subsequent 

HN-O dissociation. The overall barrier for H-assisted NO dissociation is comparable to the 

barrier for NO dissociation on open Rh metal surfaces. This H-assisted pathway for the 

metal surfaces involves high activation barrier for HNO formation. Reaction energy 

diagrams for the reaction 2 NO + 2 H2  N2 + 2 H2O are constructed for the Rh3O3/CeO2 

and Rh(100) model surfaces. With NO dissociation on the open metal surface being very 

favorable, formation of N2 via the N + N association reaction is the more likely 

rate-limiting step. Also, removal of oxygen as water from this surface has a high overall 

barrier. N2O formation is unfavorable. In contrast, for the Rh3O3/CeO2model the most 

difficult step is the dissociation of adsorbed H2. N2 formation on this surface involves 

intermediate formation of N2O which further dissociates by reaction with a ceria surface 

vacancy. The kinetics of NO reduction with H2 on Rh3O3/CeO2 are more favorable than on 

Rh(100). A first experimental indication for the role of Rh-oxide in NO dissociation is 

observed when the rate of NO reduction with H2 for ceria-supported Rh is examined as a 

function of Rh particle size. The rate of NO dissociation is much higher for small Rh-oxide 

particles on the ceria surface than large Rh metal nanoparticles. At the relatively low 

temperatures employed in these experiments, N2O is the main product for the small 

Rh-oxide particles and N2 for the Rh metal. The difficulty in dissociating the N2O 

intermediate is argued to be due to the low concentration of ceria surface defects as 

confirmed by a Helmholtz free energy analysis. We speculate that at higher reaction 

temperature N2O will easily dissociate. The findings show that the interface of Rh-oxide 

and ceria may play an important role in the NO reduction reaction in automotive three-way 

catalysis. 
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Chapter 6 
 

Density functional theory study of the CO oxidation reaction on 

Au/CeO2: elucidation of active sites, reaction mechanism and 

influence of ceria surface morphology 

 

Density functional theory was employed to study the CO oxidation reaction for structural 

models, encompassing a single Au atom and a Au cluster supported on the (110) surface 

of ceria. The two comparative models could represent the currently proposed active sites: 

single site Au or Au cluster, which is strongly debated experimentally. The Mars van 

Krevelen mechanism in which CO reacts with surface O directly was examined on the two 

models. A reaction energy analysis shows that reaction proceed at a higher rate on the Au 

cluster. CO adsorption is inhibited for the single Au atom as a consequence of its charge 

state. A comparison to literature data shows that the CO oxidation is preferred for a gold 

cluster on the CeO2(110) surface over the CeO2(111) one, because of the lower binding 

energy of O on the more open surface. These results are discussed in the light of a large 

number of experimental and theoretical studies of the Au/CeO2 catalyzed CO oxidation.  
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6.1 Introduction 

Supported transition metal-containing catalysts are important for the modern chemical 

industry and are also extensively used in environmental cleanup operations. Catalytic 

oxidation of carbon monoxide has been exhaustively investigated not only because of its 

importance in environmental clean-up, but also as a reaction prototypical for 

heterogeneous catalysis [1]. Among various transition metals, supported gold nanoparticles 

have received considerable attention in the last decades. Despite many significant 

contributions aiming to unravel the origin of the high activity of the most inert transition 

metal [2-23], the nature of the active site and the reaction mechanism for CO oxidation are 

still heavily debated for gold catalysts. The central point of the discussion concerns the 

oxidation state and size of the active form of gold. On the one hand, there are many 

excellent reports showing the importance of cationic gold. The group of Gates have 

reported that a mononuclear La2O3-supported AuIII complex is highly active and stable for 

CO oxidation at room temperature [2]. Hutchings and co-workers showed that Au3+ in 

Au/Fe2O3 catalysts is an important component contributing to high CO activity [3,4]. The 

work of Flytzani-Stephanopoulos demonstrated the importance of cationic gold for the 

water-gas shift (WGS) reaction [5]. This is relevant because the WGS reaction mechanism 

most likely involves oxidation of adsorbed CO to form another C-O bond. On the other 

hand, scientific literature also supports the opposite view, namely that metallic gold atoms 

in the form of clusters or nanoparticles form the reaction centers. Following the excellent 

work of Goodman [6], STEM images suggest that a bilayer of 10-atom gold clusters with a 

diameter less than 1 nm is more active for CO oxidation than single atoms or large Au 

particles in the Au/FeOx system [7]. The Gates’ group showed that aggregation of 

mononuclear Au resulted in a strong increase of the CO oxidation activity of Au/CeO2 [8]. 

Several groups have also shown that under WGS conditions Au cations strongly interacting 

with the ceria support will be reduced into small metallic gold clusters [9,10]. 

The mechanism of gold catalysis for CO oxidation has been extensively studied for 

various model systems. Nørskov’s group has performed a systematic study on the influence 

of Au nanosize on CO oxidation [11-13]. They proposed that low-coordinated Au sites are 

essential to the reactivity of Au nanoparticles. The identification of a reaction pathway 
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involving only gold shows that there is at least one reaction channel open for all supported 

gold nanoparticle catalysts, independent of the ability of the support to provide oxygen 

species or to stabilize reaction intermediates. Despite its importance to understand the 

effect of nanoparticle size, this model does not account for the role of specific carrier 

materials, which has been highlighted by experimental studies [14-16]. These studies point 

to the importance of the interface between Au and support. Recent theoretical studies 

focusing on supported Au nanoparticles conclude that CO and O2 are co-adsorbed near the 

gold/support interface, followed by a CO-assisted O2 dissociation process [16-21]. In this 

view, the role of the support is to maintain high Au nanoparticle dispersion and, possibly, 

to facilitate the co-adsorption of CO and O2. It does not involve the direct participation of 

O atoms of the support itself, which has been evidenced by several experimental studies 

[22,23]. Corma and co-workers observed the formation of CO2 during the CO adsorption 

experiments on Au/CeO2, even though the gas stream did not contain oxygen [22]. By use 

of in situ Raman spectroscopy, Herman’s group monitored the oxygen vacancy 

concentration on ceria during CO oxidation for Au/CeO2 catalysts [23]. The intensity of the 

first-order CeO2 F2g peak near 460 cm-1 was observed to decrease during CO oxidation. 

This spectral change is explained by the lattice expansion resulting from replacement of 

Ce4+ by Ce3+ during oxygen vacancy formation. These elegant experiments provide direct 

evidence for the participation of surface oxygen atoms of the support in CO oxidation. To 

our knowledge, Carmellone and Fabris were the first to investigate this mechanism by 

theoretical modeling [24]. Two structural models were employed, one involving a Au ion 

adsorbed on the CeO2(111) surface and the other one involving replacement of a Ce ion in 

the same surface by Au. It was found that supported and substitutional atomic Au can 

promote CO oxidation by O vacancy formation. These vacancies can also be healed by 

adsorption of molecular oxygen for the substitution case, completing the catalytic reaction 

cycle. However, the stability of a gold ion substituting for Ce remains questionable [25]. 

Metiu and co-workers systematically investigated doped ceria for CO oxidation [26]. 

Besides the relevance of lattice substitutions in the ceria support, TEM investigations 

clearly evidence the presence of Au clusters and nanoparticles on ceria [5-7]. The current 

work focuses on supported gold atoms and clusters. For a model consisting of a single Au 
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atom on CeO2(111) [24], the O vacancy will be filled by the Au adatom. As a result, the Au 

atom will become negatively charged, which prevents adsorption of CO and O2 and 

deactivates the catalyst. Carmellone and Fabris suggested that the high Au-Au cohesive 

energy in supported Au clusters will prevent diffusion of Au into such vacancies. This 

possibility was explored in detail by Kim et al. [20]. These authors found that CO 

oxidation by a Au13 cluster supported on CeO2(111) is unfavorable because of the high 

desorption energy of CO2. This CO2 intermediate is formed by reaction of CO adsorbed on 

Au with a lattice O atom of ceria. This relates to the high Ce-O bond strength in the 

CeO2(111) surface. Therefore, the mechanism of CO oxidation by Au/CeO2 via lattice 

oxygen remains unresolved.  

It is well known that nanostructuring of ceria can improve the catalytic activity 

[22,27,28]. Guzman et al. showed that oxygen atoms are involved in the catalytic cycle for 

CO oxidation by highly active nanosized CeO2 [22]. Vayssilov et al. reported a lower 

vacancy formation energy of nanosized CeO2 and showed that lattice O atoms can spillover 

from the ceria surface to supported Pt nanoparticles [27]. Ceria forms, in which the (110) 

facets are preferentially exposed, make more active supported gold catalysts than other 

forms with the (111) and (100) facets exposed [28]. It should be mentioned that ceria with 

preferential (100) exposure shows the lowest activity [29]. This implies that the activity 

differences are not completely related to the decreasing trend in Ce-O bond energy 

CeO2(111) > CeO2(110) > CeO2(100). Without a transition metal, the CO oxidation activity 

increases with decreasing Ce-O bond energy [28]. Our recent computational work on a 

single Rh atom on these three CeO2 surfaces showed that the reason for the low activity of 

Rh/CeO2(100) is the unfavorable geometry for the reaction of CO adsorbed to Rh with the 

surface O atoms [29]. In line with experiment, it was found that Rh/CeO2(110) is more 

active that Rh/CeO2(111). The difference is due to easier migration of O in the former case. 

In agreement with the results of Vayssilov et al. [27], it was reported that a partially Rh3Ox 

cluster can become oxidized by an O atom of the support [30]. One should realize, 

however, that Pt and Rh are more reactive metals than Au, so that the formation of 

oxidized Au is less likely. 
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6.2 Computational details  

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) functional [31] 

as implemented in the Vienna Ab Initio Simulation Package (VASP) [32-34] was employed. 

A Hubbard U term was added to the PBE functional (DFT+U) employing the rotationally 

invariant formalism by Dudarev et al. [35], in which only the difference (Ueff= U – J) 

between the Coulomb U and exchange J parameters enters. Spin-polarized calculations 

were performed. The projector augmented wave (PAW) method [36-38] was used to 

describe the interaction between the ions and the electrons with the frozen-core 

approximation [37]. The valence electrons were treated using a plane-wave basis set with a 

kinetic energy cut off of 400 eV. For Ce, a value of Ueff= 4.5 eV was used, which was 

calculated self-consistently by Fabris et al. [39] using the linear response approach of 

Cococcioni and De Gironcoli [40]. This value is within the 3.0-5.5 eV range reported to 

provide localization of the electrons left upon oxygen removal from CeO2 [41]. For the 

single Au model, a 2×3 cell was used for CeO2(110). For the Au nanorod model, a 3×3 cell 

was used for CeO2(110). Due to the large size of the surface cells, a 1×1×1 k-point mesh 

was used for the Brillouin zone integration. The bulk equilibrium lattice constant (5.49 Å) 

previously calculated by PBE+U (Ueff = 4.5 eV) was used [42]. The slab was five layers 

thick and the vacuum gap was set at 25Å. The three top atomic layers of the ceria slab were 

allowed to relax, while the bottom two layers were kept fixed to their bulk positions. 

Atoms were relaxed until forces were smaller than 0.05 eV·Å-1. The location and energy of 

transition states were calculated with the climbing-image nudged elastic band method [43]. 

All transition states were verified by the existence of a single imaginary frequency along 

the reaction coordinate.  

6.3 Results of Au1/CeO2(110) for CO oxidation  

In Figure 6.1, we provide the bulk truncated structures of the three surfaces, respectively. 

Bulk CeO2 contains four-fold coordinated O and eight-fold coordinated Ce. The CeO2(111) 

surface exposes three-fold O and seven-fold Ce atoms. The CeO2(110) surface also 

exposes three-fold O as well as six-fold Ce atoms. The CeO2(100) surface exposes 

two-fold O and six-fold Ce atoms. It is noted that CeO2(111) has a compact structure  
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Figure 6.1: Bulk truncated structures (side view) of CeO2 (a) (111), (b) (110) and (c)(100) 

surfaces.  

 

 

Figure 6.2: Structures of Au adsorbed on the CeO2(110) surface: (a) a symmetrical 

structure which has been reported earlier as the stable one and (b) a more stable structure 

involving migration of an O atom towards Au. Color scheme: red sphere (O), white sphere 

(Ce4+), yellow sphere (Au), black sphere (C) and blue sphere (Ce3+). The atoms in the 

subsurface layer are shown as small spheres. 

 

consisting of uninterrupted Ce-O bonding network all over the surface, whereas the 

CeO2(110) and (100) surfaces contain separated rows of CeO2 units. These structural 

differences are consistent with the fact that the (111) facet is the most stable one, followed 

by the (110) and (100) surfaces. The adsorption of Au on CeO2(110) has been extensively 

studied recently [44,45]. In line with these studies, we identified a stable adsorption site for 

Au on the bridge site between two surface O atoms (structure a, Figure 6.2). The calculated 

structural parameters are very close to those reported earlier. The adsorption energy of the 
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Au atom is 2.11 eV (2.07 eV [44]; 2.19 eV [45]), the bond distance to the O anions is 1.98 

Å (1.98 Å [44]; 1.97 Å [45]) with the Ce3+ ion being located below the Au adatom. We 

found that CO adsorption to the Au atom is not possible. To explore the possibility of CO 

oxidation, we performed a Nudged-Elastic Band calculation for the reaction between CO 

close to the surface with one of the O atoms of the ceria surface connected to Au. 

Surprisingly, we identified another more stable structure for Au/CeO2(110) in this way 

(structure b, Figure 6.2). In this structure one of the surface O atoms initially bonded to Au 

has moved to a bridging position between Ce and Au (dCe-O=2.14 Å; dAu-O=1.98 Å, 

structure b, Figure 6.2). This less symmetric configuration is more stable by 41 kJ/mol than 

structure a. The location of the Ce3+ ion remains the same. The barrier for this migration 

process is negligible. Accordingly, we anticipate that the latter more stable structure is a 

more likely candidate for catalytic CO oxidation on the CeO2(110) surface. The calculated 

potential energy diagram and the corresponding structures are shown in Figures 6.3 and 6.4, 

respectively. It should be noted that CO adsorption to the Au atom in structure b is also not 

possible. Accordingly, we computed the barrier for the reaction between gas-phase CO and 

an O atom of the ceria lattice and found a value of 45 kJ/mol. The reaction is exothermic 

by 28 kJ/mol. For the transition state of this Eley-Rideal-type mechanism, the C-O bond 

distance is 1.78 Å, while that of O to the support atoms are slightly elongated (dO-Ce from 

2.13 to 2.31 Å; dO-Au from 1.97 to 2.01 Å). This result provides direct theoretical support 

for the speculation made in several experimental studies that the reactive oxygen species is 

located at the interface between gold and nanostructured CeO2 [46]. Earlier, Vayssilov et al. 

showed how oxygen spills over from a ceria support to a cluster of the more reactive metal 

Pt [27]. 

 

Figure 6. 3: Reaction energy diagram.  
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Figure 6.4: Structures of intermediate and transition states for CO oxidation on 

Au/CeO2(110) (only the top two layers of the ceria model are shown). The calculated 

Bader charges for the selected structures are also specified. Color scheme: red sphere (O), 

white sphere (Ce4+), yellow sphere (Au), black sphere (C) and blue sphere (Ce3+). The 

atoms in the subsurface layer are shown as small spheres. 

 

 



CO oxidation on Au/CeO2: active site, mechanism and influence of ceria morphology 

111 

Two possible paths exist to desorb the resulting CO2 molecule. The first one involves 

direct desorption of CO2, which is spontaneous and releases 72 kJ/mol energy. The energy 

gain is largely related to the transformation of the initially bend CO2 molecule into a linear 

one. The second process involves the migration of CO2 over the surface to state v (Figure 

6.4). In this configuration, both O atoms are connected to a surface Ce cation (dCe-O=2.58 

and 2.45 Å). This migration step is also barrier-less and releases 191 kJ/mol. It takes two 

consecutive steps for CO2 to desorb: in the first step, an intermediate structure (state vi, 

Figure 6.4) is formed with the Ce-O bonds elongated to 2.98 and 3.73 Å, essentially 

representing weakly adsorbed CO2. The second step is the desorption of CO2 into the gas 

phase. The energy costs for these two steps are 91kJ/mol and 28 kJ/mol, respectively. Also 

in these cases, no significant barriers were identified. After CO2 desorption, one O vacancy 

is present generated on the ceria support. 

 

Table 6.1: Calculated Bader charges for selected states within the reaction path. The 

number of the states is in line with that of Figure 6.4.     
Species  Bader charge (e) 
Au/CeO2 (i) +0.23 
Au/CeO2-x (iv) -0.65 
O2*Au/CeO2-x (vii) +0.25 
O*Au/CeO2 (ix) +0.63 
Au/CeO2 (xiii) -0.14 

 

Before proceeding, it is useful to discuss the issue of CO adsorption on Au. For a single 

Au atom supported on CeO2(111), it was found that CO can adsorb very strongly (Eads = 

-239 kJ/mol) [24]. However, for the intermediate Au/CeO2-x state in which the Au atom is 

located on the vacancy site, CO did not adsorb anymore. It has been shown that the strong 

differences in CO adsorption energies are related to the oxidation state of gold [24,47]. The 

more electrons on Au, the weaker CO adsorption becomes. To understand the influence of 

the oxidation state of Au, we performed a Bader charge analysis on some selected 

structures along the reaction pathway (states i, iv, vii, ix and xiii, Figure 6.4). The Bader 

chargers of Au in these different states are +0.23 e (i), -0.65 e (iv), +0.25 e (vii), +0.63 e (ix) 

and -0.14 e (xiii). A study of CO adsorption on these states shows that only state ix with a 
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strongly positive charge of +0.63 e is able to absorb CO. None of the other states will 

adsorb CO.  

The next step in the reaction mechanism involves O2 adsorption at the interface between 

Au and the vacancy site. The adsorption energy is 194 kJ/mol. The oxidation state of the 

Au atom changes from -0.65 to +0.25 e, pointing to the donation of electrons from Au to 

adsorbed O2 (O2*). This charge transfer is consistent with the elongation of the O-O bond. 

The charge on Au in this state is close to that of state i (Figure 6.4). Accordingly, no 

adsorption mode of CO was found for O2*-Au/CeO2-x(110). The barrier for dissociation of 

adsorbed O2 is 88 kJ/mol and the reaction energy is exothermic by 31 kJ/mol. One of the O 

atoms fills the earlier created vacancy, while the other one is finally located on the bridge 

site between a surface Ce atom and the Au adatom. Importantly, the Bader charge of Au in 

the resulting state ix is +0.63 e, which is much more positive than in all the other states. 

Indeed, CO will adsorb on this positively charged Au atom with an adsorption energy of 65 

kJ/mol. The bond distance between Au and C is 1.90 Å. The adsorbed CO molecule then 

reacts with the O atom on the bridge site between Au and Ce with an energy barrier of 28 

kJ/mol. This oxidation process is strongly exothermic (163 kJ/mol). In the transition state 

(TS3, Figure 6.4), the C-O bond distance is 2.05 Å. Finally, it takes two steps for CO2 to 

desorb. Firstly, the Au-C bond is elongated from 2.05 to 3.53 Å. The O-C-O angle changes 

from 133 to 180°, the final C-O bond distance becoming 1.18 Å. This process which 

decreases the interaction of CO2 with Au but results in a linear CO molecule costs 55 

kJ/mol and does not have a significant activation barrier. Finally, it takes 21 kJ/mol to 

desorb CO2 in to gas phase. Note that these steps are very similar to what has been 

described above as the second route for desorption of CO2. The result of CO2 desorption is 

the formation of a metastable Au adsorption structure (state xiii, Figure 6.4) with two Au-O 

bonds of 2.18 and 2.94 Å. No Ce3+ was observed, consistent with the Bader charge of -0.14 

e on Au. This structure will reconstruct to the more stable adsorption structure (state i, 

Figure 6.4). The reaction cycle is then closed.  
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Figure 6.5: (a) Electron density difference upon adsorption of an Au atom on CeO2-x(110) 

(yellow and blue colors represent increasing and decreasing electron densities, 

respectively); (b) total DOS and atom-resolved projected DOS analysis (reference energy 

is the Fermi level marked by the vertical dash line). 

 

 
Figure 6.6: Structure of Au adsorbed on ceria surfaces containing one O vacancy for (a) 

CeO2-x(110) and (b) CeO2-x(111) (only the top two layers of the ceria model are shown; see 

caption of Figure 6.4 for color scheme); (c) electron density difference after and before 

adsorption of O2 on Au/CeO2-x(110) (yellow and blue colors represent increasing and 

decreasing electron densities, respectively). 
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The crucial question to be answered is why this mechanism does not work for 

Au/CeO2(111) [24]. The key step in our proposed CO oxidation mechanism is the 

adsorption of O2 on Au/CeO2-x(110), which essentially prevents the deactivation that 

occurs in the case of Au/CeO2-x(111). Therefore, we compared the (electronic) structures of 

Au adsorbed close to the vacancy sites of CeO2(110) and CeO2(111). On the CeO2(110) 

surface, the Au atom slightly migrates towards the vacancy site. As discussed above, the 

oxidation state of Au is negative (-0.65 e) as determined by Bader charge analysis. The 

binding of the Au atom on the O vacancy site results in a strong rearrangement of the 

charges at the Au-CeO2 interface. Detailed analysis for this state (Figure 6.5 a) shows that 

charge transfer occurs from the reduced ceria surface to the Au atom. The result is a 

partially reduced ceria surface with one Ce3+ ion. The transferred electron is localized in 

the Au 6s orbital (Figure 6.5 b). This results in a negatively charged Au atom and 

formation of a directional Au-Ce covalent bond (Figure 6.5 a). The electronic state of Au of 

Au/CeO2-x(111) is similar to that of Au/CeO2-x(110): the Bader charge of Au is -0.59 e, 

close to the value reported in a previous study (-0.60 e) [48]. Indeed, CO can also not 

adsorb on Au in Au/CeO2-x(111). This is in sharp contrast with the strong adsorption of O2 

(194 kJ/mol) at the interface site in Au/CeO2-x(110). The elongation of the O-O bond from 

1.21 Å in gas phase to 1.46 Å points to its strong activation. The two O atoms are 

coordinated to Ce (dO-Ce=2.24Å) and Au (dO-Au=2.01Å). Based on our new findings and in 

the light of those obtained for Au/CeO2(111) [24], we can now conclude that the geometry 

of the ceria surface has a strong influence on its ability to be involved in O2 adsorption at 

the interface between Au and Ce. The CeO2-x(110) surface is more open than the 

CeO2-x(111) surface. In the former the surface Ce and O atoms lie in the same plane, 

whereas in the latter the Ce atoms are in the second layer (Figure 6.6 a, b). As a result, O2 

can adsorb at the interface between Au and surface vacancy site by coordination to a Ce 

surface atom in CeO2-x(110). The charge density difference analysis shows that there is 

strong accumulation of electrons between O2* to Au and Ce3+ (Figure 6.6 c), indicative of 

formation of a strong bond. This bonding is not possible on Au/CeO2-x(111), essentially 

because of the repulsive force between O2 and the surface O in the top layer. The result is 

that O2 adsorption is inhibited on Au/CeO2-x(111). 
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Figure 6.7: (a) Side and top views of structure of CeO2(110) with top two layers shown. 

The second layer was indicated in smaller area. (b) Side view of the structure of Au 

nanorod supported on CeO2(110) surface. Color code: red (oxygen), white (cerium) and 

yellow (gold).  

 

 

Figure 6.8: Adsorption structures of CO on Au nanorod/CeO2(110). Color code: gray 

(carbon).  

6.4 Results for Aun/CeO2(110) for CO oxidation reaction 

The Au/CeO2 system was simulated by a Au nanorod supported on a CeO2(110) surface 

(Figure 6.7 b). All of the Au atoms were allowed to relax in the y- and z-directions. This 

approach has been employed before by the groups of Neurock [16] and Hammer [17,18] to 

identify plausible reaction mechanisms and locate active sites. The benefit of this model is 

that the Au nanorod structure is computationally tractable and contains gold surface sites 
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with different coordination numbers. It has been mentioned that the results may 

underestimate the actual catalytic reactivity because of the absence of corner atoms on the 

nanorod [16]. 

Figure 6.7b shows the optimized structure of the Au nanorod on the CeO2(110) surface. 

The two sides of Au nanorod contain two different interfaces between the nanorod and the 

support. It can be seen that various adsorption sites exist on the Au phase. As our focus is 

on potential reaction paths involving the interface of Au nanoparticles and the ceria support, 

only the bottom and middle Au layers were considered in this study. We expect that for the 

other atoms the mechanism of CO oxidation proposed by Nørskov and co-workers should 

be followed [11-13]. We first examined all the possible adsorption sites for CO on the Au 

nanocluster/CeO2(110) model. The resulting stable adsorption structures and energies are 

shown in Figure 6.8 CO can adsorb on the Au nanocluster in top, bridge and hollow sites. 

The adsorption of CO is strongest on the bridge site of the step of the Au nanorod 

(structure c, Figure 6.8), consistent with the lower coordination number of these atoms. 

 

Mars van-Krevelen mechanism  

The Mars-van Krevelen mechanism involves reaction of adsorbed CO with a lattice O 

atom. A reasonable CO adsorption state for this mechanism is on the Au sites in the first 

layer closest to the ceria surface. We explored this for three candidate adsorption structures 

(structure a, f, g in Figure 6.8). In structure f, CO adsorbs at the bridge site between Au and 

the ceria support with an adsorption energy of -41 kJ/mol. The Au-C and Ce-C distances 

are 2.17 and 2.95 Å, respectively. The distances of the C of CO to the surface atoms of the 

ceria support are between 3.38 and 3.87 Å, which is too far for direct reaction between 

adsorbed CO and surface O atoms to occur. Similar results were identified for structure g. 

A Mars-van Krevelen mechanism is, however, possible starting from structure a. The 

potential energy diagram and the intermediate structures are shown in Figure 6.9. For 

structure a, CO adsorbs on top of a Au atom with an adsorption energy of 26 kJ/mol. The 

reaction with a neighboring O atom of the ceria support, which results in adsorbed CO2, 

proceeds with a negligible barrier. This reaction is strongly exothermic by -146 kJ/mol 

(Figure 6.9). The removal of one surface O atom from ceria results in reduction of one of 
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the surface Ce4+ ions to Ce3+. It should be noted that Ce3+ may be located at various 

positions in the ceria surface. The energy of state iii (Figure 6.9) should be considered as 

an approximation and slightly more stable states might exist. The groups of 

Ganduglia-Pirovano [49,50] and Hu [51] have investigated this issue in more detail.  

 

 

Figure 6.9: Reaction energy diagram with intermediate structures of path 1. Color code: 

green (reduced cerium, Ce3+), blue (adsorbed O2 molecule). The energies are relative to 

Au/CeO2+2CO(g)+O2(g). 

 

The product CO2 is only weakly adsorbed to the interface between Au nanorod and ceria 

support by -3 kJ/mol. Since desorption of CO2 results in an oxygen vacancy in the ceria 

support, one more Ce4+ ion was reduced to Ce3+. Molecular oxygen from the gas phase 

adsorbs on this vacancy site with an adsorption energy of -135 kJ/mol. The bond distance 

in the adsorbed O2 molecule is slightly elongated to1.45 Å (gas-phase O-O distance 1.23Å). 

No spin magnetic moment was observed for adsorbed O2, pointing to the formation of O2
2-. 

This means that electrons were transferred from the ceria support to the anti-bonding 
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orbital of adsorbed O2. In accordance with this, one Ce3+ was oxidized to Ce4+. Two 

possible reaction pathways were studied for the involvement of adsorbed O2 in the 

catalytic cycle for CO oxidation. The first path consists of dissociation of O2 into two O 

atoms, one filling the vacancy in the ceria surface and the other one occupying a site at the 

interface between the Au nanocluster and the ceria support (Figure 6.9). The barrier for this 

reaction is 56 kJ/mol and the reaction energy is -5 kJ/mol. In the transition state, the O-O 

bond distance is elongated to 1.85 Å. The atomic O atom will react without barrier with a 

further CO molecule adsorbed on the bottom layer, releasing 312 kJ/mol. The high 

reactivity of the O atom adsorbed on Au is consistent with results of previous theoretical 

studies [16-21]. The second pathway involves direct reaction of adsorbed O2 with adsorbed 

CO as proposed in previous studies [16-21]. In the present work, we explored reaction of 

CO adsorbed at several Au sites close to the adsorbed O2 molecule. We found that a CO 

molecule adsorbed on the bottom layer of the Au cluster will spontaneously react with an 

O atom of the ceria surface instead of adsorbed O2. To establish whether adsorbed O2 can 

react with CO adsorbed to the second gold layer, another transition-state calculation was 

carried out. Again, we found that the transition state identified in this case represents the 

one for the dissociation of adsorbed O2 into a lattice O atom filling the ceria vacancy and 

an O atom adsorbed to the bottom layer of the Au cluster. The CO molecule adsorbed to 

the second layer will react spontaneously with the latter O atom, thus confirming that also 

in this case a two-step process is preferred over direct reaction of adsorbed CO with 

adsorbed O2.As the adsorption energy of CO in structure a is relatively small compared to 

that of the other sites, we also studied the diffusion of CO over the gold nanocluster. The 

results (Figure 6.10) show that the diffusion steps are all very easy, indicating that the 

suggested reaction route will not be limited by the weak adsorption of CO (structure a). 

The spontaneous reaction of adsorbed CO with a ceria surface O atom is to be compared to 

the direct reaction of gas phase CO with surface O atoms. This has been explored by the 

group of Hu for CeO2(110) [52]. The barrier for this process is 24 kJ/mol. Besides the 

higher barrier compared with present work, we expect that entropic considerations will 

favor the mechanism involving adsorbed CO. 
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Figure 6.10: Reaction energy diagram of CO migration on Au cluster. 

 

 

 

Figure 6.11: Adsorption structure of O2 molecule on Au nanorod/CeO2(110).  
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Figure 6.12: Reaction energy diagram with intermediate structures of path 2. The energies 

are relative to Au/CeO2+2CO(g)+O2(g). 

 

CO*+O2* co-adsorption mechanism 

To investigate reaction mechanisms involving adsorbed CO and O2, we first determined 

possible adsorption sites for O2 on the bottom and second Au layers of the Au/CeO2(110) 

model. The stable adsorption structures are shown in Figure 6.11 Some sites are excluded 

because they are not close enough to the ceria surface. The most stable adsorption structure 

(structure a, Figure 6.11) involves binding of O2 to the interface between the Au nanorod 

and the ceria surface with an adsorption energy -84 kJ/mol. The O2 molecule is bound to 

two Au and two Ce atoms. Based on this structure, we studied the possible reaction paths 

with adsorbed CO (Figure 6.12). The barrier for adsorbed CO to react with adsorbed O2 is 

40 kJ/mol. The reaction is exothermic by -60 kJ/mol. The product is a CO-OO complex. In 

the transition state the distance of C to O2 is 1.90 Å and the O-O distance is slightly 

elongated to 1.43 Å. The CO-OO* complex spontaneously dissociates into CO2, which is 

not bound anymore to the surface and an O atom adsorbed at the interface of Au and the 
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ceria surface (structure v, Figure 6.12). This reaction is exothermic by -233 kJ/mol. The 

remaining atomic O then reacts with CO adsorbed on the bottom layer of Au nanorod. This 

reaction does not involve a barrier and releases a further -226 kJ/mol. 

 

 
Figure 6.13: Reaction energy diagram with intermediate structures of path 3. The energies 

are relative to Au/CeO2+2CO(g)+O2(g). 

 

 

Figure 6.14: Charge density difference of O2*Au/CeO2(110) after and before O2 adsorption 

(green and yellow represent electron accumulation and depletion, respectively). 
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Stepwise mechanism 

The third mechanism involves adsorption of O2 followed by dissociation and reaction 

with adsorbed CO. We started from the most stable structure of adsorbed O2 (structure a, 

Figure 6.11). The reaction cycle is shown in Fig.ure 6.13. The barrier for O2 dissociation 

into two O atoms is 48 kJ/mol and releases 94 kJ/mol of energy. These O atoms can be 

easily reduced by CO to CO2, completing the reaction cycle. As bulk Au is well known to 

be inert towards O2 dissociation [53], we argued that the plausible mechanism identified 

here must be related to the presence of ceria. In order to evaluate this, we removed the 

ceria support from our model and kept the bottom Au layer fixed at the positions they 

would have if the oxide were present. O2 dissociation for this case was found to be very 

difficult with a reaction barrier of 200 kJ/mol. The reaction only involves a very small 

energy change (5 kJ/mol). These results suggest that facile O2 dissociation on the 

Au/CeO2(110) model is due to the involvement of Ce4+ ions, which are present in the top 

surface layer of the support, in binding molecular oxygen. The Bader charges of two Au 

atoms to which O2* are contacted are -0.16 e for the Au/CeO2(110) model and -0.06 e for 

the Au-only model. The charge density difference for O2*Au/CeO2(110) before and after 

O2 adsorption (Figure 6.14) points to significant accumulation of electron density between 

O2 and the interface of Au/CeO2(110). In accord with this, the O atoms in adsorbed O2 are 

more negatively charged (-0.47 and -0.51 e) for the Au/CeO2(110) model than for the 

Au-only model (-0.25 and -0.30 e). The larger number of electrons donated into the 

anti-bonding orbital of O2* is consistent with the lower barrier for O2 dissociation for O2 

adsorbed on Au/CeO2(110). For supported gold, it has been reported that O2 dissociation 

on a Au nanorod model on TiO2(110) has a barrier of 38 kJ/mol [16]. In contrast, for a Au 

nanorod model on MgO(100) [17], the O2 dissociation was reported to be higher than 100 

kJ/mol. It is important to stress here that the adsorption of O2 on the Au nanorod model on 

TiO2(110) [16] and on CeO2(110) as presented here differ considerably from the O2 

adsorption on Au/MgO(100) [17]. In the former two cases, O2 adsorption involves 

coordination to Lewis acidic cationic sites, whereas for Au/MgO(100) adsorption takes 

place on the gold cluster. Thus, the strong adsorption and electron donation into the 

anti-bonding O2 orbitals for Au/TiO2(110) and Au/CeO2(110) cause bond activation and 
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facile dissociation. This is consistent with the finding that if the CeO2(110) support is 

removed, O2 dissociation become very slow. As will be highlighted below, O2 will not 

adsorb on the CeO2(111) surface because it cannot bind to the Ce4+ ions, indicating the 

sensitivity to the morphology of the ceria surface.  

6.5 Discussions 

On the basis of the present work and literatures [16-21], we can discuss the dependence 

of CO oxidation of the surface termination of the ceria support to which the Au 

nanoparticle is attached. The Mars-van Krevelen mechanism successfully explains the 

direct participation of lattice O in the CO oxidation as observed in several experimental 

works [22,23]. For the present model it is found that CO2 desorption proceeds without 

barrier and with a slightly exothermic desorption energy (-3 kJ/mol). This is due to the 

strain in the adsorbed CO2 molecule. These data are to be compared to previous studies on 

Au/CeO2 models [20,24,30,54]. For a single Au atom on CeO2(111), CO adsorbs to the Au 

atom and then reacts with a lattice O atom of the ceria surface [24]. The product CO2 

desorbs into gas phase with an exothermic desorption energy of 23 kJ/mol. However, after 

desorption of CO2 the Au atom migrates into the oxygen vacancy site created upon CO2 

formation and desorption, thus becomes negatively charged. Then, the gold atom cannot 

adsorb CO or O2 anymore. For CeO2(111) surface supported Au clusters as explored by 

Kim et al. [20], the desorption energies of CO2 were found to be very large, amounting to 

122 kJ/mol for a clean ceria support up to 209 kJ/mol for a defective ceria support. Thus, 

on CeO2(111) the Mars-Van Krevelen mechanism will not occur for neither atomic Au nor 

Au clusters. In contrast, we found that CO2 desorption is exothermic by 72 kJ/mol for a 

single Au atom on CeO2(110) [30]. The main difference with the CeO2(111) surface is that 

the Au atom will not migrate into the oxygen vacancy and, instead, O2 will be strongly 

adsorbed the top layer is composed of both Ce and O ions. The attractive interaction 

between surface Ce and O2 molecule makes the adsorption possible. This inhibits catalyst 

deactivation. The present work shows that CO adsorbed to a Au nanocluster on CeO2(110) 

can easily react with a lattice O atom of the underlying support. The product CO2 is only 

very weakly bound to the surface. A recent paper by Kim et al. shows that desorption of 
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CO2 is also facilitated when a Au13 cluster is supported on a stepped CeO2(111) surface 

(Edes=40 kJ/mol) [54].The corollary of these findings is that the mechanisms explored for 

single Au and Au clusters on CeO2(111) cannot explain the occurrence of a Mars-van 

Krevelen mechanism in which the ceria support O atoms are involved. For the more open 

CeO2(110) surface, we find that both single Au atoms and Au nanoparticles can catalyze 

CO oxidation using the O atoms of the underlying ceria support. Thus, it can be concluded 

that not the nuclearity appears to be the dominant feature explaining the observation that 

CO oxidation involves a Mars-van Krevelen mechanism but the morphology of the 

support. 

The co-adsorption mechanismfor CO oxidation has been shown to be possible on pure 

Au [11] as well as supported Au nanoparticles [16-21]. The values reported in literature 

and in the present work for the barriers for CO-OO formation are all below 50 kJ/mol. A 

comparison of data for Au/CeO2(110) (Eads,O2 = 84 kJ/mol, Eact = 40 kJ/mol) and values for 

Au/CeO2(111) (Eads,O2 = 54 kJ/mol, Eact = 12 kJ/mol) and the corresponding surface having 

three vacancies (Au13/CeO2(111)-3VAC) [20] (Eads,O2 = 76 kJ/mol, Eact = 31 kJ/mol) shows 

that the barrier compared to gas-phase O2 is around 45 kJ/mol for all three models, 

implying a strong compensation effect due to differences in O2 binding energies. 

The stepwise mechanism involves dissociation of O2 followed by fast reaction with CO. 

The key step is O2 dissociation. From computational studies on Au/MgO [17] and Au/TiO2 

[16,18] as well as the present work on Au/CeO2, it can be concluded that the structure of 

the underlying support and, specifically, the availability of metal cations for addition 

binding of O2 is essential to active molecular oxygen. This will facilitate O2 dissociation 

process via transfer of electrons into the anti-bonding orbital of O2. It can be concluded 

that this reaction path is sensitive to the support properties. Our present work is based on a 

CeO2(110)-supported Au cluster and is to be compared with a CeO2(111)-supported Au13 

cluster [20]. In the work of Kim et al., the Au13 cluster was made to interact with clean 

CeO2(111) an defective Au13/CeO2(111)-3VAC surfaces. On the Au13/CeO2(111) model, O2 

adsorption was only observed on the Au cluster without interaction with the ceria surface. 

The interface sites did not yield stable adsorption sites for dioxygen. This is in strong 

contrast with the present result for the Au/CeO2(110) model, in which the most strong 
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adsorption of dioxygen was observed at the interface between Au and CeO2(110). For the 

Au13/CeO2(111)-3VAC, Kim et al. identified that O2 adsorption occurs at the interface 

between the gold cluster and the defective surface. The adsorption energy in this case is 60 

kJ/mol, which is comparable to the value of 80 kJ/mol for O2 adsorption on Au/CeO2(110). 

The adsorption of O2 at the interface is determined by two competing contributions: the 

attractive interactions are made up between the Au and surface Ce atoms and O2, the 

repulsive ones between the surface O atoms and O2. On the CeO2(111) surface, the top 

layer of the surface is made up by surface O atoms, while the Ce atoms are in the second 

layer. Therefore, the repulsive interactions of O2 with the lattice O atoms are larger than the 

attractive ones with Ce atoms. The surface termination is different from the CeO2(110) 

surface with both Ce and O atoms being part of the top layer. Indeed, the distance between 

the O atoms of adsorbed O2 with the Ce atoms is much shorter for O2 adsorbed on the 

Au/CeO2(110) than for the Au13/CeO2(111)model. With vacancies present on the latter 

model (Au13/CeO2(111)-3VAC)the adsorbed O2 molecule can interact with a reduced Ce3+ 

cation. This explains the possibility for O2 adsorption at the interface in 

Au13/CeO2(111)-3VAC, which is not possible in Au13/CeO2(111). 

 

 

Figure 6.15: Reaction energy diagram for O2 migration and dissociation on 

Au13/CeO2(111).  

 

In consultation with Kim [55], we used the structure of O2 adsorbed on 

Au13/CeO2(111)-3VAC [20] to determine the reaction barrier for O2 dissociation. Oxygen 

dissociation takes place in two steps (Figure 6.15). Molecular oxygen is adsorbed with an 

adsorption energy of 60 kJ/mol on the interface between the Au13 cluster and the defective 

CeO2(111) surface coordinating to a Ce3+ ion. The adsorption energy is consistent with the 
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value reported by Kim and Henkelman [20]. During calculation of the transition state for 

O2 dissociation, we identified a more stable adsorption state (additional energy gain of 124 

kJ/mol) with one of the O atoms moving closer to one of the three vacancies in the ceria 

surface. A NEB calculation shows that the barrier for this process is negligible. Upon facile 

and exothermic O2 dissociation (Eact = 32 kJ/mol, ΔE = -87 kJ/mol), one of the O atoms 

ends up at the interface of the Au cluster and the ceria surface and will be susceptible to 

facile CO oxidation. The other O atom will heal one of the three O vacancies in the ceria 

surface. Thus, although CO oxidation on the defective Au13/CeO2(111) surface is possible, 

we argue that subsequent O2 dissociation will lead to healing of the O vacancies, which 

will essentially deactivate the catalyst because O2 does not adsorb on Au13/CeO2(111) [20]. 

From the above discussion, we understand that on CeO2(110), both single Au and Au 

nanocluster showed much higher activity than the correspondence on CeO2(111) surface. 

On Au1/CeO2(110), no CO adsorption was found. This can be understood from the charge 

state of Au. So CO could only reacts with support oxygen via Eley-Rideal mechanism. The 

calculated reaction barrier is 45 kJ/mol. On Aun/CeO2(110), CO can absorb on the interface 

between Au nanocluster and ceria support. The adsorbed CO then reacts with surface 

oxygen via Langmuir-Hinshelwood mechanism with negligible barrier. Thus, we could 

tentatively conclude that the active site for low temperature WGS reaction is metallic Au 

nanocluster, instead of atomically dispersed single site Au.   

6.5 Conclusions 

We have investigated in detail by DFT calculations the possible reaction pathways for 

CO oxidation on a single Au adatom and Au nanorod supported on CeO2(110). On 

Au1/CeO2(110), we propose a new reaction mechanism by which a single Au adatom 

supported on the CeO2(110) surface promotes the oxidation of CO involving O atoms of 

the ceria surface. An important step is the migration of the O atom towards the Au atom, 

resulting in a very facile reaction with gaseous CO. In this way, CO oxidation takes 

advantage of the oxygen atoms, which can be removed from the ceria surface. Different 

from the Au/CeO2(111) system, the Au atom at the vacancy site of CeO2(110) can absorb 

and activate O2. This difference between the two ceria surfaces has a geometric 

explanation. The more open CeO2(110) surface allows for the coordination of O2 between 
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Au and the vacancy site. This configuration is not possible for CeO2(111) because the Ce 

cations are located in the second layer. For the Au/CeO2-x(110), the catalytic cycle is closed 

by CO adsorption and reaction with one of the O atoms following dissociation of O2. The 

proposed mechanism is the first to provide a theoretical explanation for the catalytic 

activity of Au/CeO2 and specifically the involvement of ceria O atoms. For Au nanorod 

supported on CeO2(110) model, the candidate mechanisms all involve the interface of the 

Au nanorod representing a gold nanoparticle and the ceria surface. Three different reaction 

paths were identified. The first one involves a Mars-van Krevelen type mechanism in 

which CO adsorbed on the bottom layer of the Au nanorod reacts with a ceria lattice O 

atom. It is argued that CeO2(110) is more reactive for this reaction than CeO2(111) because 

of the lower oxygen vacancy formation energy. The generated oxygen vacancy is healed by 

adsorption of O2 from the gas phase and facile dissociation into a lattice O atom and a very 

reactive O atom, which is removed by CO. This reaction path provides an explanation for 

the experimentally observed participation of ceria surface oxygen atoms in CO oxidation. 

The other two reaction paths start with O2 adsorption on the interface between Au nanorod 

and ceria support. The adsorbed oxygen molecule can directly react with adsorbed CO 

(co-adorption mechanism), or dissociate first into an O atom and then react with CO 

(stepwise mechanism). In both cases, the ceria support facilitates O2 adsorption, and for the 

stepwise mechanism also dissociation of adsorbed O2. It is concluded that all three 

pathways contribute to the CO oxidation activity of Au nanoparticles supported on 

CeO2(110). The Mars-van Krevelen mechanism is not possible for the CeO2(111) because 

of the higher oxygen vacancy formation energy. Besides, the different terminations of the 

CeO2(111) and CeO2(110) surfaces prevent O2 adsorption on the interface between Au and 

the ceria support. We show that, even in the case that O2 adsorption can occur on the 

interface with a defective CeO2(111) surface, closure of the catalytic cycle will result in 

catalyst deactivation.  
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Chapter 7 
 

Mechanistic aspect of the water-gas shift reaction on isolated and 

clustered Au atoms on CeO2(110): a density functional theory 

study 

 

Density functional theory was employed to study the water-gas shift (WGS) reaction for 

two structural models, namely a single Au atom and a Au nanorod, supported on the (110) 

surface of ceria. The carboxyl mechanism involving a COOH intermediate is strongly 

preferred over the redox mechanism, which would require O-H bond cleavage of 

ceria-bound hydroxyl groups. Two candidate rate-controlling elementary reaction steps 

were identified in the carboxyl mechanism: oxygen vacancy formation and COOH 

formation from CO and OH adsorbed to Au and the ceria support, respectively. A reaction 

energy analysis shows that both steps are more favourable on clustered Au atoms than on 

a single Au atom. CO adsorption on a single Au atom is hindered because of its negative 

charge. Comparison to literature data shows that the WGS reaction is preferred for a gold 

cluster on the CeO2(110) surface over the CeO2(111) one, because of the lower binding 

energy of OH on the former surface. These results are discussed in the light of a large 

number of experimental and theoretical studies of the Au/CeO2 catalyzed WGS reaction. 
 
 
 
 
 
 
 
 
 
 
 
 

Published as ACS Catalysis, 2014, 4, 1885-1892.   
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7.1 Introduction 

The water-gas shift (WGS) reaction is industrially important for the upgrading of 

hydrocarbon-based fuel reformate streams. As this reaction is limited by the WGS 

equilibrium at typical reaction temperatures, it has become custom to carry out the WGS 

reaction at the industrial scale in two stages: one at higher temperature with typically iron 

and the other one at lower temperature with copper as the main catalytic metal. However, 

for generation of CO-free H2 as for instance required for PEM fuel cell applications the 

activity of these commercial catalysts is too low [1-3]. In the past decade, metal oxide 

supported gold nanoparticle catalysts have been explored as potential WGS catalysts [1-3]. 

Despite intensive research, the nature of the catalytically active gold species under WGS 

reaction conditions (single site Au atoms vs. clustered Au atoms; ionic vs. metallic) 

remains strongly debated [1-3]. Fu et al.[4] found that the WGS rate for Au/CeO2 was not 

affected by cyanide leaching of metallic Au nanoparticles and asserted that atomically 

dispersed Au cations instead of nanocrystalline gold catalyzes the WGS reaction. Recently, 

Yang et al.[5] employed UV treatment to stabilize isolated gold atoms on TiO2 and 

contended that these catalyze the WGS reaction at low temperature. For Au/Fe2O3, Allard 

et al.[6,7] showed that atomic gold species are strongly bound to the support, even after 

redox heat treatments and exposure to the WGS reaction conditions. In contrast to these 

studies, other experimental works provide compelling evidence for the opposite conclusion, 

namely that the WGS reaction is catalyzed by metallic Au clusters or nanoparticles. Kim et 

al.[8] performed a similar leaching procedure as Fu et al. and found that the reaction rate 

before leaching was significantly higher than after leaching. On this basis, they argued that 

nanocrystalline gold plays an important role in the WGS reaction. A similar conclusion was 

reached by Behm’s group [9]. Previous experimental work from our group showed that the 

cationic gold in leached Au/CeO2 will (partially) reduce and form very small metallic gold 

clusters active for the hydrogenation of 1,3-butadiene, CO oxidation and the WGS reaction 

[10,11]. Rodriguez and co-workers studied Au/Ce(Gd)O2 and Au/CeOx/TiO2 by in situ 

time-resolved X-ray absorption spectroscopy [12,13] and observed transformation of 

cationic gold to metallic gold under WGS conditions. Au/TiO2 prepared by a 

deposition-precipitation technique of gold was recently investigated for the WGS reaction 
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[14,15]. On the basis of kinetic data and geometric arguments, it was proposed that the 

corner atoms on the gold cuboctahedron nanoparticles with fewer than seven neighboring 

gold atoms are the dominant active sites. The total rate is proportional to the number of 

gold particles, yet it does not depend on their size. This view was recently further 

supported by halide poisoning of the active sites [16].  

Three main mechanisms have been proposed for the WGS reaction, i.e. redox, formate 

and carboxyl mechanisms. The ceria support itself is well known to exhibit the ability to 

store and release oxygen under oxidizing and reducing conditions. Basing on this, 

Flytzani-Stephanopoulos and co-workers prefer to describe reactivity of Au/CeO2 in terms 

of the redox mechanism with CO being adsorbed to gold and oxidized by an O atom of 

ceria followed by reoxidation of the support by water to give hydrogen [4]. The formate 

mechanism was first proposed by Shido and Iwasawa and involves the reaction of CO with 

surface OH groups to form the HCOO group intermediate [17,18]. Based on spectroscopic 

investigations, several groups have provided further support for this mechanism [9,19]. 

However, Meunier et al.[20] investigated the WGS activity of Au/Ce(La)O2 by operando 

diffuse reflectance infrared Fourier Transform spectroscopy and found that the rate of 

formate decomposition was 60-fold smaller than the rate of CO2 formation, pointing to the 

minor role of surface formate in the reaction mechanism. Accordingly, it may be expected 

that formate is a spectator species. As an alternative, Buch proposed the carboxyl 

mechanism [2], although no clear experimental evidence for involvement of the COOH 

intermediate in the WGS reaction has been presented yet. The carboxyl mechanism was 

explored using theoretical methods by several groups. Based on a Au4/CeO2-x(111) model, 

Liu et al.[21] proposed the dissociation of H2O to adsorbed H and OH, CO reaction with 

OH to give adsorbed COOH, COOH dissociation to give CO2 and adsorbed H and, finally, 

recombination of the two H atoms on Au to form H2. Rodriguez et al. explored the same 

mechanism on a larger Au29 cluster [22]. Water dissociation was found to be the 

rate-limiting step and the authors suggested that a reduced ceria support facilities H2O 

dissociation. Following this line, the authors performed extensive work on oxide supported 

metals to show the importance of the metal-support interface in the WGS reaction [23]. It 

is worthwhile mentioning that for Cu(111) Gokhale et al. explored the same mechanism, 
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except for the COOH dissociation step: instead of direct dissociation of H to the Cu surface, 

COOH dissociates its H to form a OH surface intermediate [24]. A similar dissociation step 

was studied by Liu et al. for Au(111) [25]. Based on a Aun/CeO2(111) model, Chen et al. 

compared redox and formate mechanisms [26]. They found that it is energetically 

unfavorable to break the O-H bond of the ceria-adsorbed OH group, which is a key step in 

both mechanisms. Their following work proposed a feasible alternative carboxyl 

mechanism [27]. From the above, we conclude that the mechanisms essentially can be 

divided into two groups: one involves OH bond cleavage (redox and formate mechanisms), 

the other one involves OH reacting with CO to form COOH (carboxyl mechanism). 

Considering the similarity between redox and formate mechanisms in the key step of OH 

bond cleavage, we will focus in the present study on the redox mechanism and compare it 

with the carboxyl mechanism to identify the dominant reaction path under low temperature 

conditions.   

The influence of the ceria surface termination of Au/CeO2 catalysts on the WGS 

performance has been reported in several experimental works [10,28]. To this purpose, 

gold-ceria catalysts are typically prepared by depositing gold on the surface of ceria 

nanorods, nanocubes, or polyhedra. The WGS activity strongly depends on the crystal 

plane of the CeO2. Ceria powder catalyst mainly exposes {111} surface. Rod-like ceria 

enclosed by {110} and {100} planes was found to be most active for gold 

stabilization/activation. Similar synergistic effects have been reported for such reactions as 

CO oxidation [29], CO2 reforming of methane [30], methanol and ethanol reforming [31] 

and soot oxidation [32]. Theoretical studies [33-35] suggest that the more open nature of 

the surface of CeO2(110) provides a good explanation for the high CO oxidation activity. 

To the best of our knowledge, no systematic theoretical study has been carried out on the 

effect of ceria surface termination on the Au/CeO2-catalyzed WGS reaction. Accordingly, 

in the present work we investigate the WGS reaction mechanism for two structural models 

of gold, namely a single Au atom and a Au cluster, both supported on CeO2(110) with the 

aim to understand (i) the active site (atomically dispersed Au vs. metallic Au cluster), (ii) 

the dominant reaction mechanism at low reaction temperatures (redox vs. carboxyl) and (iii) 

the influence of ceria surface termination. For the latter, we compare our results to data 
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reported for Au supported on CeO2(111) surfaces [21,26,27]. For the latter purpose, we 

carried out additional calculations using a Au3 cluster on the defective CeO2(110) surface 

and compare our results to data reported for Au supported on the CeO2(111) surface21,26,27. 

7.2 Computational details  

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) functional [36] 

as implemented in the Vienna Ab Initio Simulation Package (VASP) [37-39] was employed. 

A Hubbard U term was added to the PBE functional (DFT+U) employing the rotationally 

invariant formalism by Dudarev et al.[40], in which only the difference (Ueff = U – J) 

between the Coulomb U and exchange J parameters enters. Spin-polarized calculations 

were performed. The projector augmented wave (PAW) method [41-43] was used to 

describe the interaction between the ions and the electrons with the frozen-core 

approximation [41]. The valence electrons were treated using a plane-wave basis set with a 

kinetic energy cut off of 400 eV. For Ce, a value of Ueff  = 4.5 eV was used, which was 

calculated self-consistently by Fabris et al.[44] using the linear response approach of 

Cococcioni and De Gironcoli [45]. This value is within the 3.0-5.5 eV range reported to 

provide localization of the electrons left upon oxygen removal from CeO2 [46]. For single 

Au on CeO2(110) model, a 2×3 cell was used. The Au atom was placed on the clean 

surface of CeO2(110). Another relevant state of this Au atom is on an oxygen vacancy site 

of the defective CeO2(110) surface. The alternative location of the gold atom on a Ce 

vacancy was not considered here, because a previous theoretical study suggests that it is 

not stable [47]. For the Au nanorod on CeO2(110), a 3×3 cell was used for CeO2(110). Due 

to the large size of the surface cells for both models, a 1×1×1 k-point mesh was used for 

the Brillouin zone integration. The bulk equilibrium lattice constant (5.49 Å) previously 

calculated by PBE+U (Ueff = 4.5 eV) was used [48]. The slab was five layers thick and the 

vacuum gap was set to 25 Å. The three top atomic layers of the ceria slab were allowed to 

relax, while the bottom two layers were kept fixed to their bulk positions. Atoms were 

relaxed until forces were smaller than 0.05 eV·Å-1. The location and energy of transition 

states were calculated with the climbing-image nudged elastic band method [49]. All 

transition states were verified by the existence of a single imaginary frequency along the 
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reaction coordinate. For the Au nanorod model, all of the Au atoms were allowed to relax 

in the y- and z-directions. This model has been employed before by several groups to 

identify plausible reaction mechanisms and identify active sites to represent supported Au 

particles [50]. The benefit of this model is that the Au nanorod structure is computationally 

tractable and represents the interface between Au nanoparticles and the support. For the 

single Au model, the Au atom was allowed to relax in all three directions. For the latter 

purpose, we also repeat the energy analysis of the most important reactions steps for a Au3 

model.  

7.3 Results and Discussion 

The reaction mechanism for the WGS reaction for a CeO2(110) supported single Au 

(denoted as Au1/CeO2(110) throughout this paper) and a CeO2(110) supported Au nanorod 

(denoted as Aun/CeO2(110)) will be explored extensively in sections 7.3.1 and 7.3.2, 

respectively. In section 7.3.3, we will compare the results for these two different models 

and also discuss the influence of surface termination of the ceria surface, i.e. CeO2(110) vs. 

CeO2(111).   

 

Figure 7.1: Elementary reaction steps in the WGS reaction on Au1/CeO2(110). For the ceria 

surface slab, only the top two layers are shown with the second layer in small spheres. 

Colors scheme: red (oxygen), white (cerium), bright white (hydrogen), yellow (gold), 

green (reduced cerium) and black (carbon).  
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7.3.1 WGS reaction on Au1/CeO2(110) 

As follows from our recent work [33], a single Au atom prefers to adsorb on the bridge 

site between two surface O atoms on CeO2(110). One of these surface O atoms 

spontaneously migrates to the bridge site between Ce and Au, generating a highly reactive 

Au-Os species, which may be easily reduced by CO. This will generate a surface oxygen 

vacancy neighboring to Au. Such oxygen vacancies may play an important role in the 

water activation step at the interface between the Au adatom and ceria surface [23,27]. 

Thus, we start our exploration of the WGS mechanism from this defective Au1/CeO2-x(110) 

surface. The relevant elementary reaction steps and the involved energy changes are shown 

in Figure 7.1. Water adsorbs at the interface between Au and the defective ceria surface 

with an energy of 61 kJ/mol. This value is comparable to previously reported adsorption 

energies for water on defective ceria surfaces (82 kJ/mol [27] and 62 kJ/mol [51]). Water 

dissociation proceeds with barrier of 45 kJ/mol to produce a H atom on the Au atom and an 

OH group attached to the Ce3+ site from ceria support (state iii, Figure 7.1). This reaction is 

exothermic by 20 kJ/mol. The redox mechanism for H2 formation involves the reaction of 

ceria-bound OH with Au-bound H to give H2. The barrier for this step is 209 kJ/mol with a 

positive reaction energy of 113 kJ/mol. On Aun/CeO2(111) [26], the reaction energy for the 

H2 formation step was reported to be between 108 kJ/mol and 134 kJ/mol. The reason for 

the high barrier of this step is the strong O-H bond energy. The same argument was put 

forward by Hu and co-workers [26] to explain the unfavorable energetics for CO inserting 

into the OH group to form HCOO (formate mechanism). This reaction also involves O-H 

bond cleavage. The proposed high strength of the O-H bond is consistent with the 

experimental observations of Rodriguez and colleagues [52]. Water was adsorbed on a 

CeO1.75/Au(111) surface at 100 K followed by thermal annealing. The OH species are 

stable on the surface up to 600 K. The high barrier for H2 formation suggests that the redox 

mechanism is only relevant at high temperatures, supporting speculations based on 

experiment [2]. To sum up, the strong O-H bound makes the direct redox mechanism 

difficult at low temperatures. The same applies to the formate mechanism as it also 

requires O-H bond cleavage [26], which was therefore not explored further herein.  

The alternative carboxyl mechanism in which the ceria-adsorbed OH group reacts with 
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CO was also examined for the Au1/CeO2(110) model. However, no CO adsorption state 

could be identified for the isolated Au atom (state iii, Figure 7.1). This result can be 

understood from the negative charge state of the single Au adatom, which has been 

discussed in detail in our previous work [33]. The higher the negative charge on the Au 

atom is, the weaker the bond energy with CO (repulsion with the 5σ HOMO of CO). 

Alternatively, the Eley-Rideal mechanism in which CO from the gas phase directly reacts 

with the surface OH group to form COOH was examined. It turns out the barrier for this 

step is 84 kJ/mol with the final state being less stable by 49 kJ/mol than the initial one. If 

we take into consideration the effect of entropy loss for this mechanism starting from CO 

in the gas phase, the free energy barrier for this process would be much larger than this 

value. For example, taking into account the entropy of CO at room temperature (196.67 

J/mol.K, T = 298 K), we predict an overall barrier for this process of 143 kJ/mol. On this 

basis, we exclude the possibility for this mechanism to the WGS reaction at low 

temperatures. 

To conclude, for the Au1/CeO2(110) model the redox mechanism will only be operative 

at relatively high temperatures because of the strong O-H bond of the hydroxyl bound to 

ceria. This precludes recombinative H2 formation with the H atom adsorbed to the single 

Au atom. The same reasoning applies to the formate mechanism. As a single Au atom 

cannot adsorb CO due to its support-induced negative charge, we predict that the WGS 

reaction will not proceed via the carboxyl mechanism for isolated Au atoms at low 

temperatures. Although in principle such isolated Au atoms may be involved in the WGS 

reaction at high reaction temperatures, one has to keep in mind that typically isolated Au 

atoms will sinter at high reaction temperatures. For CeO2(111), sintering of isolated gold 

atoms has been explored computationally [53].  
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Figure 7.2: Reaction scheme of (a) the redox mechanism and (b) the first part of the 

carboxyl path for the WGS reaction on the Aun/CeO2(110) model. 

 

Figure 7.3: Reaction scheme of the catalytic cycle of carboxyl pathway for the WGS 

reaction on the Aun/CeO2(110) model. 

 

 

Figure 7.4: Potential energy diagram for the WGS reaction on Aun/CeO2(110). The states 

with Roman numerals refer to the structures in Figs. 7.2 and 7.3. The red and black line 

represent the redox and carboxyl paths, respectively. 
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7.3.2 WGS reaction on Aun/CeO2(110) 

For the gold cluster model on the CeO2(110) surface, we start from CO adsorption at the 

interface between the gold cluster and the support surface. This leads to spontaneous 

reaction of CO with a ceria surface O atom and desorption as CO2, generating one oxygen 

vacancy at the interface [34]. Similar to the case described above, we use this state to start 

the catalytic cycle. The relevant reactions are depicted in Figures 7.2 and 7.3, while the 

corresponding potential energy diagram is given in Figure 7.4. Water adsorbs molecularly 

at the interface between the oxygen vacancy and the Au cluster with its two H atoms 

pointing to a surface O atom and the Au cluster, respectively. The adsorption energy is 38 

kJ/mol. It takes only 5 kJ/mol to dissociate one of the OH bonds, forming two hydroxyl 

groups on the ceria support. The final state is 14 kJ/mol more stable than the adsorbed state 

of water. Direct formation of H2 from this state costs a prohibitive energy of 220 kJ/mol. 

This result is consistent with the difficulty in cleaving O-H bonds in the monoatomic 

Au/CeO2(110) model. An alternative path involves migration of the H of OH to the Au 

cluster followed by reaction with OH on the ceria support. The barrier for H migration is 

112 kJ/mol and it is endothermic by 102 kJ/mol. The migrated H atom is located at the 

bridge site of two Au atoms. It then reacts with the other OH group of the ceria support to 

form H2 with a reaction barrier of 144 kJ/mol and a reaction energy of 118 kJ/mol. These 

barriers for H2 formation are relatively high, so that we predict that this pathway would 

also require relatively high reaction temperatures. An important corollary of these 

calculations is that the redox mechanism will only be relevant at higher reaction 

temperatures and it does not depend on the size of the gold phase, i.e. single site Au, small 

Au3 [26], Au10 [26] or large Au clusters would have quite similar barriers for the most 

difficult step, namely H2 formation.  

Instead of direct OH bond cleavage, we then considered the carboxyl mechanism for the 

Au cluster model. In this pathway, CO first adsorbs on the Au cluster neighboring to the 

OH group with an adsorption energy of -38 kJ/mol. The reaction proceeds by COOH 

formation between adsorbed CO and OH fragments. The barrier for this process is 31 

kJ/mol with favorable exothermic reaction energy of -25 kJ/mol. Two possible paths exist 

for COOH decomposition. The first one is dissociation of the COOH to CO2 and H, the 



Mechanistic study of water-gas shift on Au/CeO2(110) 

141 

former desorbing and the latter moving to the Au cluster. The barrier for this process is 76 

kJ/mol and the corresponding reaction energy is 11 kJ/mol. The reaction barrier for COOH 

dissociation is lower than a previous reported value (104 kJ/mol) for a planar Au4 cluster 

supported on CeO2-x(111) [21]. The difference can be attributed to the lower coordination 

number of Au in the present work, making it more reactive in this step. A second pathway 

involves dissociation of the COO-H to the OH group locating at ceria support, thus 

forming a COOH-OH complex. The barrier for this path is only 13 kJ/mol, significantly 

lower than the first one. The final state is more stable by 3 kJ/mol than the initial one. This 

finding is consistent with previous studies on Cu(111) [24], Au(111) [25] and 

Aun/CeO2(111) [27], in which it was found that COOH prefers to dissociate its proton to 

the OH group instead of the metal surface. It takes 23 kJ/mol to desorb the CO2 molecule 

into the gas phase, leaving water on the two surface oxygen vacancies at the interface 

between the Au cluster and ceria. Water will then dissociate one of its H atoms to the Au 

cluster, leaving an OH group behind on the ceria support. The barrier for water dissociation 

is 41 kJ/mol and the reaction energy is -22 kJ/mol. The values are very close to those for 

the same process on Au1/CeO2-x(111) (Eact = 45 kJ/mol; Ereact = -20 kJ/mol), in which water 

dissociates H to Au and leaving behind the OH group on the defective ceria support. The 

process becomes easier when water dissociates its H to the surface O to form two OH 

groups on the ceria support (Eact = 5 kJ/mol; Ereact = -14 kJ/mol) as described above. The 

reaction continues by adsorption of another CO at the Au cluster site (Eads = 31 kJ/mol). 

CO will then easily react with this remaining OH group, forming COOH with activation 

and reaction energies of 24 and -25 kJ/mol, respectively. The H atom of COOH points to 

the H dissociated from H2O in the previous step (state xii). These two H atoms form H2, 

leaving CO2 attached to the ceria support. The barrier for this last step is 20 kJ/mol and the 

final state is 40 kJ/mol more stable than the initial state. It takes 101 kJ/mol to desorb H2 

and CO2 into the gas phase. From state xii, one can imagine another possible reaction path: 

firstly, the H atom migrates to another site on the Au cluster and then COOH dissociates its 

H atom to the Au cluster and CO2 desorbs into the gas phase. Finally, the two H atoms 

adsorbed on gold form H2. As shown above, the barrier for the COOH dissociation step is 

76 kJ/mol, which is much larger than the barrier for direct COOH dissociation (Eact=20 
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kJ/mol). Accordingly, we did not consider this alternative. After desorption of H2 and CO2, 

two oxygen vacancies are present on the ceria support. Water then adsorbs at the interface 

site between the Au cluster and the defective ceria support, closing the catalytic cycle. 

From the above discussion, it can be deduced that the reaction cycle proceeds from state ix 

(water adsorbed at the interface between the defective ceria support with two oxygen 

vacancies and the Au cluster) and state xiv (Au cluster supported on defective ceria support 

with two oxygen vacancies) shown in Figure 7.3. Accordingly, we infer that the active site 

is formed by the Au cluster supported on a defective ceria support with a proximate oxygen 

vacancy. Earlier, Tabakova et al. used X-ray photoelectron spectroscopy to show that the 

Ce3+ content of the surface layer is about 30% during the WGS reaction [54], suggesting 

that these vacancies are in close contact with the nanosized metallic gold clusters and 

associated with the high WGS activity. The mechanism explored in the present study 

supports this speculation.   

7.3.3 General discussion  

A significant debate has arisen in the scientific literature on the nuclearity of the gold 

phase (single Au atom vs. clustered Au atoms) in Au/CeO2 WGS catalysts [1-11]. The 

present theoretical study helps to better understand this issue. Two key elementary steps 

may be distinguished in the WGS reaction. The first one is the formation of oxygen 

vacancies on the ceria surface, which are essential for the activation of water. In our model, 

oxygen vacancies are generated by reduction with gas phase CO. For the Au1/CeO2(110) 

model, this poses a problem as the Au adatom cannot adsorb CO. An alternative way of 

removing the surface oxygen is by an Eley-Rideal mechanism (Eact = 45 kJ/mol; Ereaction = 

-28 kJ/mol), whose reaction rate is expected to be low, however, due to its low reaction 

probability. For a Au1/CeO2(111) model [55], CO adsorption may occur as long as the gold 

is positively charged. This study showed that upon CO2 formation and desorption the Au 

ion will migrate to the resulting oxygen vacancy site to block site for water activation. 

Moreover, the Au atom will become negatively charged at this location, preventing further 

CO adsorption. This initiating step will proceed much more easily on the Aun/CeO2(110) 

model, because CO can adsorb on the gold phase and it will react with negligible barrier 

with a ceria surface oxygen atom to form CO2. Thus, for the oxygen vacancy formation 
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step, gold clusters are expected to be more active than a single gold atom. The second key 

step in the WGS reaction is the reaction of CO with OH to form COOH. On the 

Au1/CeO2(110) model, water dissociation leads to one H atom on gold and one in the form 

of OH on ceria. Similar to the initial Au1/CeO2(110) model, no CO adsorption was found 

on Au after water dissociation. The reaction barrier via Eley-Rideal mechanism is 84 

kJ/mol and the reaction energy is 49 kJ/mol, implying low reaction rate at relatively low 

temperatures. CO can adsorb on the Au cluster in Aun/CeO2(110) after water dissociation, 

so that the reaction of adsorbed CO will proceed with the OH group of the ceria support. 

By analyzing the two key steps in WGS, we predict that a Au cluster should be much more 

reactive than a single site Au atom. In essence, this difference is related to the charge state 

of a single Au atom. It precludes CO adsorption, which is a prerequisite for both oxygen 

vacancy formation and COOH formation. 

The current proposed mechanisms for WGS can be categorized into two groups: one 

involving O-H bound cleavage (redox mechanism and formate mechanism), the other one 

involving COOH as an intermediate (carboxyl). Alternatively, OH reacts with CO to form 

COOH. In the present contribution, we considered the redox mechanism as representative 

for the first type. All the available theoretical studies predict high barrier for the OH*+H* 

step to form H2, which is the key step in the redox mechanism: 130 kJ/mol for 

Au3/CeO2(111) [26], 106 kJ/mol for Au10/CeO2(111) [26] and, in the present work, 209 

kJ/mol for Au1/CeO2(110) and 144 kJ/mol for Aun/CeO2(110). On the contrary, the barrier 

for the COOH formation step are typically much lower: 10 kJ/mol for Au4/CeO2(111) [21], 

62 kJ/mol for Au3/CeO2(111) [26] and 31 kJ/mol for Aun/CeO2(110). Based on these data, 

we conclude that the dominant reaction path of WGS under low temperature conditions is 

the carboxyl mechanism.     

An essential part of this work is the comparison of two key elementary steps for the 

WGS reaction: oxygen vacancy formation and COOH formation. By comparing the 

kinetics of these two steps for different ceria surface terminations, we may contribute to 

understand experimentally observed reactivity trends as a function of ceria morphology. 

For a Aun/CeO2(111) model, a previous study has shown that the Mars-van Krevelen 

mechanism in which adsorbed CO reacts with ceria surface O is inhibited by high 
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desorption energy (Edes = 122-209 kJ/mol) because of the strong Ce-O bond strength in 

CeO2(111) surface [56]. With the weaker Ce-O bond in Aun/CeO2(110), the enthalpy 

change associated with CO2 desorption is -3 kJ/mol, generating one oxygen vacancy [34]. 

Such vacancy formation mechanism has been observed in several experimental studies 

[57,58]. It was observed that the CO oxidation rate strongly depends on the morphology of 

the ceria support. Thus, we expect that the nature of the ceria surface termination will 

significantly influence oxygen vacancy formation, and thus, indirectly the water activation 

step. The COOH formation step involves reaction of adsorbed CO with ceria surface OH. 

On Aun/CeO2(110), the activation barrier for this step is 31 kJ/mol with a reaction energy 

of -25 kJ/mol. On Aun/CeO2(111) [27], the activation barrier is 63 kJ/mol with a reaction 

energy of 27 kJ/mol. The substantial difference in kinetics is consistent with the 

experimental observation that gold supported on nanorod ceria, which mainly exposes (110) 

and (100) surfaces, is much more active than gold on polyhedra with mainly exposed (111) 

and (100) surfaces [28]. The authors explained these differences in terms of oxygen 

vacancy formation energies. A lower energy for oxygen vacancy formation will lead to 

more oxygen vacancies and more ionic gold stabilized on the surface. Our results indicate 

that both the oxygen vacancy formation energy and the OH reactivity contribute to 

differences in the WGS activity. Facile oxygen vacancy formation leads to facile water 

activation and, accordingly, to easier formation of COOH. Recently, we also studied CO 

oxidation on a single Rh atom supported on CeO2(111) and (110) [35]. It was found that 

the desorption energy of CO2 formed from CO reacting with ceria surface O is much lower 

for Rh/CeO2(110) than for Rh/CeO2(111). The difference relates to the lower coordination 

number of surface O in CeO2(110) compared with CeO2(111). On the former surface, 

oxygen is more weakly bound to the surface cerium ions. Consequently, CO2 can desorb 

more easily. The same argument is useful to explain the different reactivity of surface OH 

group on different ceria surfaces: the lower the coordination number of the OH group to 

the cerium cation, the higher the reactivity towards CO. The dependence of OH group 

reactivity towards CO on ceria surface was also observed for a pure ceria support [59]. It is 

thus reasonable to conclude that it reflects the intrinsic reactivity differences of OH groups 

on different ceria surface terminations. The identification of the exposed facets of different 
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ceria morphologies is still under debate [28-32,60]. In Datye’s recent work [60], it was 

found that ceria nanorods are mainly composed of CeO2(111) surfaces, and not of 

CeO2(110) terminations as usually proposed [28,32]. In accordance with this, no 

significant activity differences between ceria rod and ceria polyhedra were observed. We 

point out that others observed substantial activity differences between such ceria 

morphologies [28-32]. The work of Trovarelli et al.[32] pointed out that the exact 

termination of ceria nanoparticles may be controlled by proper choice of experimental 

conditions. Our theoretical results predict that Au clusters supported on the CeO2(110) 

surface exhibit much higher activity in the WGS reaction than Au clusters on the CeO2(111) 

surface.  

 

 

Figure 7.5: Mechanism and energetics of the oxygen vacancy formation and COOH 

formation on a Au3/CeO2(110) model. 

To verify that the above conclusions are not influenced by the gold nuclearity in the 

surface model, we carried out additional calculations using a Au3/CeO2-x(110) model and 

compared it to literature data available for the Au3/CeO2-x(111) model27,53b. We examined 

the two key processes in the WGS mechanism, namely oxygen vacancy generation by CO 

reduction of the surface and COOH formation (Figure 5). The Au3 structure resembles that 

of the structure reported by Fabris et al.53b The first step involves reaction of CO adsorbed 

to gold with a surface O atom to form CO2 followed by CO2 desorption. On the 

Au3/CeO2-x(110) model the CO2 formation step has a negligible barrier and the reaction 
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energy is -119 kJ/mol. The desorption energy of CO2 is only 6 kJ/mol. On 

Au3/CeO2-x(111)53b the kinetics are less favorable with a barrier of 63 kJ/mol for the CO2 

formation step and an exothermic reaction energy of -17 kJ/mol. Compared to the nearly 

thermoneutral value for Au3/CeO2-x(110), the desorption energy of CO2 is also less 

favorable at 56 kJ/mol. The difference is however less pronounced as in the comparison 

between Au3/CeO2(110) and Aun/CeO2(111), because migration of the Au3 cluster closer to 

the oxygen vacancy for the Au3/CeO2-x(110) stabilizes the final state following CO2 

desorption. Importantly, these results confirm that it will be much easier to form oxygen 

vacancies in the Au3/CeO2-x(110) model than in the Au3/CeO2-x(111) one. This conclusion 

is essentially similar to what we inferred from the above comparison of the oxygen 

vacancy formation energetics between Aun/CeO2(110) and Au13/CeO2(111) models. The 

barrier for the COOH formation step is 57 kJ/mol for Au/CeO2-x(110) with an exothermic 

reaction energy of 15 kJ/mol. The values reported for Au3/CeO2-x(111)27 are a barrier of 62 

kJ/mol and an endothermic reaction energy of 27 kJ/mol. Accordingly, this comparison of a 

Au3 cluster on a CeO2(110) and CeO2(111) supports our conclusion that the higher activity 

of gold on the CeO2(110) surface compared to gold on the CeO2(111) surface is mainly due 

to the easier oxygen vacancy formation on the more open surface. 

7.4 Conclusions 

Density functional theory was employed to study the WGS activity of gold supported on 

a CeO2(110) model surface with the aim to identify the active site (single Au atom vs. 

clustered Au) and reaction mechanism (redox vs. carboxyl). For both structural models, it 

was found that the redox mechanism requires high reaction temperatures, because it 

involves direct cleavage of an O-H bond of the ceria hydroxyl groups. In comparison, the 

carboxyl mechanism presents a low energy pathway towards formation of CO2 and H2. 

Two candidate rate-controlling elementary reaction steps were identified in the WGS 

reaction: oxygen vacancy formation and COOH formation from CO and OH, respectively 

adsorbed to gold and the ceria support. Both steps proceed at higher rate on clustered Au 

than on a single site Au atom. The most important reason for this difference is the negative 

charge of the single Au atom, which inhibits CO adsorption. These two elementary reaction 
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steps were also found to be preferred on Aun/CeO2(110) over Aun/CeO2(111), essentially 

because of the lower binding energy of the OH on the more open surface. This provides an 

explanation for the experimentally observed surface termination dependence of ceria 

supports for the gold-catalyzed WGS reaction.  
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Chapter 8 
 

A Mechanism of Gas-Phase Alcohol Oxidation at the Interface of 

Au Nanoparticles and a MgCuCr2O4 Spinel Support 

 

The catalytic oxidation of bio-ethanol to acetaldehyde entails a promising route for 

valorization of biomass into many important chemicals that are currently mainly being 

produced from fossil-based ethylene feedstock. We employ here DFT calculations to 

understand the unprecedented synergy between gold clusters and a MgCuCr2O4 spinel 

support, which shows excellent catalytic performance for the oxidation of ethanol to 

acetaldehyde (space-time yield of 311 gacetaldehyde.ggold
-1.h-1 at 250°C). The investigations 

support a mechanism involving catalytic reactions at the gold-support interface. 

Dissociative adsorption of ethanol is facilitated by cooperative action of a gold atom at the 

metal cluster-support interface and a basic oxygen atom of the support. The most difficult 

step is the recombinative desorption of water from the surface. The oxygen vacancy 

formation energy is found to be a good performance descriptor for ethanol oxidation of 

Au/MgMeCr2O4 (Me = Cu, Ni, Co) catalysts. The high selectivity towards acetaldehyde 

stems from the facile desorption of acetaldehyde as compared to the cleavage of the 

remaining -C-H bond in the product. The opposite holds for methanol oxidation, 

explaining why experimentally we observe complete methanol oxidation over 

Au/MgCuCr2O4 under conditions where ethanol is selectively converted to acetaldehyde.  
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8.1 Introduction 

Selective oxidation of alcohols over recyclable heterogeneous catalysts is an area of 

growing importance in green organic chemistry with the aim to replace stoichiometric 

reagents [1]. Many efforts have been geared towards the use of molecular oxygen as the 

oxidant generating water as the only by-product. The most promising results have been 

obtained using metals such as Ru [2], Ag [3], Cu [4], Au [5] and Pd [6]. Au-Cu alloy 

catalysts have also been explored for this purpose [7,8]. Among these, the use of supported 

gold nanoparticles has become preferred with many appealing examples of aerobic 

oxidation in the gas and liquid phase [9,10]. Acetaldehyde is an important bulk chemical 

for the production of peracetic acid, pentaerythritol, pyridine bases, butylenes glycol and 

chloral, with a worldwide production over 106 tons per year [11]. Currently, the main 

industrial process for production of acetaldehyde is the Wacker process, which uses fossil 

ethylene feedstock [12]. At smaller scale, the Veba-Chemie process may be employed, 

which involves gas-phase oxidation of ethanol over a silver catalyst at temperatures in the 

range 500-650 °C [13]. Traditionally, ethanol dehydrogenation processes were employed 

for instance using copper chromite as the catalyst, requiring frequent catalyst regeneration 

[14]. Recently, we have reported about a highly efficient and robust heterogeneous system 

consisting of Au nanoparticles supported on a MgCuCr2O4 spinel-phase support material 

for aerobic ethanol oxidation to acetaldehyde. This catalyst is able to convert ethanol to 

acetaldehyde with a space-time-yield of 311 gethanol/gAu/h at 250 °C with over 95% 

acetaldehyde yield and no sign of deactivation after 500 h on stream [15]. The 

unprecedented performance of this catalyst is hypothesized to derive from the synergy 

between metallic Au nanoparticles and surface Cu species stabilized in the spinel support. 

The topic of catalysis at the interface between metallic nanoparticles and the subjacent 

support material is gaining in importance, especially in the field of heterogeneous gold 

catalysis [16-19]. In this contribution, we used state-of-the art density functional theory 

method to investigate the reaction mechanism of the catalytic oxidation of ethanol to 

acetaldehyde on a small Au cluster adsorbed on a model MgCuCr2O4 support. Specifically, 

we focus on the interface region between the Au cluster and the support and attempt to 

identify the crucial role of Cu substitutions for Mg in the spinel support. As the results 
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appeared to suggest that this catalyst would also be able to oxidize methanol to 

formaldehyde, another important aldehyde currently produced by gas-phase oxidation with 

silver catalysts in excess of 600 °C or with Fe-Mo-V oxides at 250-400 °C [20], we 

evaluated the potential of the Au/MgCuCr2O4 catalyst in this reaction. Further calculations 

were carried out to explain the results.  

 

 

Figure 8.1: (a) Side view and top view of the slab model of MgCr2O4 (111) surface. (b) 

Model of Au10/MgCr2O4 (111). Color scheme: red: O; yellow: Au; green: Mg; blue: Cr; 

orange: Cu.   

8.2 Methods 

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) functional [21] 

as implemented in the Vienna Ab Initio Simulation Package (VASP) [22-24] was employed. 

A Hubbard U term was added to the PBE functional (DFT+U) employing the rotationally 

invariant formalism by Dudarev et al. [25], in which only the difference (Ueff = U – J) 

between the Coulomb U and exchange J parameters enters. Spin-polarized calculations 
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were performed. The projector augmented wave (PAW) method [26-28] was used to 

describe the interaction between the ions and the electrons with the frozen-core 

approximation [27]. Computations were done on the MgCr2O4 spinel in which one out of 

four Mg cations were replaced by Cu. The formation of the MgCuCr2O4 spinel was earlier 

confirmed [15]. A bilayer cluster of 10 gold atoms was place on the (111) surface of the 

MgCr2O4 and MgCuCr2O4 spinels. The energy cut-off was set to 400 eV, similar to the 

value used in a previous study of MgCr2O4 as a bulk material [29]. For Cr, we used the 

on-site repulsion U = 3 eV and the exchange parameter J = 0.9 eV [29]. For all the surface 

calculations, the model was a periodic slab with a 22 surface unit cell with lattice 

constants of 11.7811.78 Å. We verified that energies computed using 22 and 32 unit 

cells gave similar results. The larger unit cell size was chosen such to exclude that 

interactions between the organic adsorbate with the gold cluster in the neighboring periodic 

images influenced the energy. A Monkhorst-Pack 111 mesh was used for the Brillouin 

zone integration. To verify that this mesh size is adequate we computed the vacancy 

formation energy of MgCuCr2O4 at a higher k-point setting of 221. The difference with 

the standard setting was less than 2 kJ/mol. Based on our earlier experimental study we 

chose the (311) and (111) surface terminations of MgCr2O4 to build the surface model [15]. 

The large unit cell size required to construct the (311) surface model is computationally 

prohibitive. Accordingly, we used the (111) surface termination of MgCr2O4. This surface 

contains in the second layer Cu and Mg cations and in the first layer O atoms binding to Cu 

cations. Although other cuts will lead to different surface geometries the Cu cations in the 

spinel structure are all four-fold coordinated, so that we do not expect a significant effect 

of the geometry of the surface on the Cu-O binding, which will turn out to be the main 

parameter to explain catalytic reactivity.  

The details of the model are shown in Figure 8.1. It includes two stoichiometric layers 

(Figure 8.1a) with the bottom layer kept frozen. The vacuum spacing between two slabs is 

15 Å. For the Au cluster model, we first optimized a bilayer Au10 cluster on the 

MgCr2O4(111) surface and froze a selection of the Au atoms at their optimized positions 

during subsequent calculations (Figure 8.1b). This choice is made to have a suitable model 

for the Au nanoparticle-support interface. Inclusion of a rigid nanoparticle or other suitable 
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models thereof is not possible given the required size of the unit cell. The gold atoms in the 

cluster close to the surface are fully relaxed during the computations. The approach 

involving a partially frozen model for the Au cluster has been used before in theoretical 

studies to study reactions at the interface between metal clusters and oxidic supports [30].  

Additional calculations were done for Cu(111) and Au(111) surfaces. To model these 

surfaces, 33 unit cells with dimensions 7.677.67 Å for Cu and 8.87 x 8.87 Å for Au 

containing four metal layers were employed. The top two layers were relaxed and the 

bottom two layers were frozen to. The thickness of the vacuum between the slabs was 10 Å. 

A 331 k-point mesh was employed for these calculations. The most stable hcp site was 

considered for O adsorption on Cu(111). For the H migration on the Au(111), the most 

stable three-fold hollow sites, i.e., fcc and hcp, were considered.  

In all calculations, atoms were relaxed until forces were smaller than 0.05 eV·Å-1. The 

location and energy of the transition states were calculated with the climbing-image 

nudged elastic band method [31].  

8.3 Results and discussion 

The reaction energy diagram and key intermediates towards acetaldehyde formation are 

shown in Figure 8.2 (the complete set of structures is shown in Figure 8.3). The reaction 

cycle for ethanol oxidation starts with the adsorption of ethanol on one of the Au atoms 

located at the interface between the gold cluster and the MgCuCr2O4 support. During 

geometry optimization, it was found that the hydroxyl group of the ethanol adsorbed with 

the O atom coordinating to an interfacial Au atom spontaneously dissociates into an ethoxy 

fragment coordinated to the gold cluster and a H atom coordinated to an O atom of the 

support bridging between Cu2+ and Mg2+ (state ii, Figure 8.2). The final structure is more 

stable by 117 kJ/mol compared to ethanol in the gas phase. It has been argued that the low 

activity of Au/SiO2 catalysts lies in the difficulty to activate ethanol on gold itself [32]. 

Indeed, the spontaneous dissociative adsorption of ethanol at the interface between the 

gold cluster and MgCuCr2O4 compares favorably to the high barriers reported for O-H 

bond cleavage of adsorbed ethanol, i.e. 204 kJ/mol for Au(111) [9], 80 kJ/mol for a Au38 

[33], 101 kJ/mol for a Au nanorod [33] and 117 kJ/mol for Au(511) [33]. 
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Figure 8.2: Mechanism of oxidation of ethanol to acetaldehyde for the Au10/MgCuCr2O4 

model: (center top) reaction energy diagram, (center bottom) most important transition 

state structures and (periphery) reaction mechanism. 
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Figure 8.3: Complete set of structures of Figure 8.2.  

 

Figure 8.4: Adsorption sites of H on Au(111) surface: (a) fcc hollow site, (b) hcp hollow 

site. Top two layers are shown with second layer in small sphere (color scheme - yellow: 

Au; white: H). 
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Molecular adsorption of ethanol on Au surfaces is weak with typical values of 12-50 

kJ/mol [33]. The spontaneous dissociation of ethanol on Au/MgCuCr2O4 is due to the 

basicity of the surface O atoms of the support and the presence of the Au cluster, which 

provide adsorption sites for the ethoxy group. The oxidation reaction proceeds after 

rotation of the adsorbed ethoxy group such that one of the α-C-H atoms points to the Au 

cluster (state iii, Figure 8.2). The dissociation of the α-C-H bond proceeds with a barrier of 

44 kJ/mol. This reaction, which results in adsorbed acetaldehyde (state iv, Figure 8.2), is 

thermoneutral. In the transition state, the C-H bond distance is elongated to 1.8 Å. The 

activation barrier for the C-H bond cleavage step of 44 kJ/mol is very close to previously 

reported values of 46 kJ/mol for Au(111) [9], 42 kJ/mol for Au(511) [33], 57 kJ/mol for the 

Au-rod model [33] and 40 kJ/mol for a Au38 cluster [33]. It is illustrative of the structure 

insensitivity of the α-C-H bond cleavage step [33]. Acetaldehyde is only weakly bound to 

the surface with an adsorption energy of 17 kJ/mol. 

To close the first part of the catalytic cycle the H atoms need to be removed as water. For 

water formation, the H atom on the Au cluster first migrates close to the interface with the 

support (state vi, Figure 8.2) with a nearly negligible reaction energy (ΔE = 7 kJ/mol). The 

barrier for this process is rather high because some of the Au atoms in the cluster were 

frozen. To obtain a reasonable value for the activation barrier, we studied H migration from 

a fcc to a hcp site on the Au(111) surface, representative of the stable surfaces on Au 

nanoparticles. The barrier for this H migration step is 10 kJ/mol (Figure 8.4). Before its 

reaction with this H atom, the OH group on the support migrates from the initial site 

connected to the Cu cation (state vi, Figure 8.2) to an adjacent site connected to a 

neighboring Mg cation (state vii, Figure 8.2). This reaction is endothermic by 45 kJ/mol 

and it does not involve a notable activation barrier. Formation of water adsorbed to the 

support requires overcoming a barrier of 45 kJ/mol. The reaction is thermodynamically 

very favorable and releases 123 kJ/mol. Desorption of water into the gas phase takes 115 

kJ/mol. Thus, the overall water formation process from the H atom on the Au cluster with 

the support OH group is thermodynamically favorable.  

These reaction events generate one oxygen vacancy on the support surface close to the 

Au cluster and suggest that ethanol can be oxidized by the support oxygen atoms. This is 
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consistent with the experimental finding that ethanol can also be converted to acetaldehyde 

and water in the absence of oxygen [15]. It results, however, in catalyst deactivation, which 

should at least in part be due to the depletion of the O atoms of the support. Under aerobic 

reaction conditions, one O2 molecule will reduce two ethanol molecules to two 

acetaldehyde molecules. We found that O2 adsorbs on the oxygen vacancy site with an 

energy of 42 kJ/mol (state x, Figure 8.2). The O-O bond distance in adsorbed O2 is 

elongated to 1.33 Å compared to the gas-phase value of 1.23 Å. It points to formation of 

O2
-. In contrast, we did not find any other adsorption sites for O2 close to the interface 

between the Au cluster and the stoichiometric MgCuCr2O4 support. The reason is that Cu 

is fully coordinated by O atoms.  

The adsorption energy of ethanol on the Au atom located close to the interface is 73 

kJ/mol. Ethanol reacts with the O2
- species to dissociate its hydroxyl group, forming an 

OOH* group on the support and an ethoxy group on the Au cluster (state xii, Figure 8.2). 

This reaction has again a negligible barrier and is endothermic by 24 kJ/mol. The bond 

distance of O-O after formation of OOH* is further elongated to 1.47 Å. The enthalpy 

change starting from ethanol in the gas phase to dissociated ethoxy and OOH* (from state 

x to state xii, Figure 8.2) is -49 kJ/mol, which is not as favorable as for the ethanol 

activation process by surface O (from state i to state ii, Figure 8.2) is -117 kJ/mol. Bader 

charge [34] analysis of the O atoms on the pristine surface and of the top O atom of 

adsorbing O2 molecule on the defect surface predicts charges of -0.99 e for the former and 

-0.21 e for the latter. The difference underpins the higher basicity of the pristine surface, 

explaining the more exothermic activation step of gas-phase ethanol. Similar to the earlier 

explored pathway, the ethoxy group dissociates one of its α-C-H atoms to the Au cluster 

and, subsequently, desorbs as acetaldehyde. 

Two different reaction pathways exist for the OOH* group adsorbed on the support. The 

first one involves its migration to the Au cluster and further recombination with H 

adsorbed to Au, whereas the second one involves O-OH dissociation and OH 

recombination with the H atom adsorbed to Au to close the reaction cycle. The migration 

of OOH from the support to the Au cluster is highly endothermic (ΔE >100 kJ/mol) and 

can therefore be excluded. During geometry optimization the OOH group adsorbed on Au 
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migrates spontaneously to the support vacancy. The preference for adsorption on the 

support is the much stronger Cu-O bond compared to the Au-O bond. In contrast, the 

alternative dissociation of OOH is spontaneous and exothermic by 147 kJ/mol energy. The 

resulting OH group bridges between two Mg ions of the support (state xvi, Figure 8.2) and 

recombines with the H atom from the Au cluster with a barrier of 45 kJ/mol. This water 

formation reaction is again strongly exothermic by 123 kJ/mol and it takes 98 kJ/mol to 

desorb water into the gas phase, closing the whole reaction cycle.  

As it was experimentally observed that substituting Mg with Cu in the spinel support is 

essential to obtain highly active catalysts (Au/MgCuCr2O4 exhibits an order of magnitude 

higher activity than Au/MgCr2O4 [15]), we investigated in more detail the role of Cu for 

the reaction mechanism of ethanol oxidation. For Au/MgCr2O4 we found that the 

dissociation of ethanol to ethoxy and OH surface species is spontaneous and exothermic by 

-118 kJ/mol. This value is the same as the one computed for Au/MgCuCr2O4. It implies 

similar basicity of the O atoms in both support materials. The α-C-H bond cleavage to form 

acetaldehyde takes place on the Au cluster and we therefore do not expect any influence of 

Cu substitution in the support. We then found that the water formation step from H on the 

Au cluster with OH on the support is strongly dependent on the presence of substitutions in 

the support surface. Whereas the overall reaction energy for water formation is +37 kJ/mol 

for Au/MgCuCr2O4, it amounts to +136 kJ/mol for Au/MgCr2O4. This substantial energy 

difference suggests that regeneration of the active site by removal of water is facilitated by 

the presence of Cu. It can be understood by the stronger binding of OH to Mg2+ than to 

Cu2+. We should like to note here that the Au cluster is close the oxygen vacancy site. This 

may influence the binding energy of surface O atoms of the support, as elegantly shown by 

Wahlström et al.[35] As we will show below, the substitution of Mg for Cu is the dominant 

factor for the decreasing of the oxygen vacancy formation energy.  

On this basis, we speculated that the oxygen vacancy formation energy might be a useful 

descriptor for the reactivity in ethanol oxidation. To explore this, we defined the oxygen 

vacancy formation energy as E(vacancy formation) = E(defective surface) + 0.5E(O2) – 

E(pristine surface). This provides values for MgCr2O4 and MgCuCr2O4 of 160 and 102 

kJ/mol, respectively, correlating well with the difference in the energy for water formation.  
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Table 8.1:  Rate of acetaldehyde formation1 and oxygen vacancy formation energy for Au 

nanoparticles on MgMeCr2O4 supports with Me = Mg, Co, Ni and Cu.  

Catalyst 
dAu 

(nm)

Ratea  

(10-7 mol/s)

TOFb 

(s-1) 

Evacancy 

(kJ/mol) 

Au/MgCr2O4 3.3 3.8 0.20 160 

Au/MgCoCr2O4 3.2 4.2 0.21 153 

Au/MgNiCr2O4 3.3 3.4 0.18 170 

Au/MgCuCr2O4 3.1 17.2 0.89 102 
a Reaction conditions: 0.1 g catalyst, ethanol/O2/He = 1/3/63, T = 250 oC, GHSV = 100,000 mL 

gcat
-1 h-1. b Turnover frequency (TOF) based on acetaldehyde yield and gold dispersion (D = 

1.3/dAu),13 and given in molaldehyde molsurface Au
 −1 s−1. 

 

Substitutions of Mg in the MgCr2O4 support with Ni or Co only had a very minor effect on 

the ethanol oxidation activity, much less than observed for the Cu-substituted support.15 

Consistent with this, we compute oxygen vacancy formation energies of 170 kJ/mol for 

MgNiCr2O4 and 152 kJ/mol for MgCoCr2O4, respectively. Table 8.1 lists the oxygen 

vacancy formation energies of Au nanoparticles on substituted MgMeCr2O4 with Me = Co, 

Ni, Cu, Mg and experimentally measured catalytic activities of gold nanoparticles on such 

supports for oxidation of ethanol to acetaldehyde. When the energy to vacate the support 

surface is high, the catalytic activity is low. It relates to the removal of water as a difficult 

step in the overall reaction mechanism. We then attempted to apply this concept to 

understand the synergetic effect in Au-Cu alloy catalysts for selective alcohol oxidation 

[7,8]. The synergy is attributed to the presence of reduced Au and Cu, the latter being 

possibly present as a thin CuOx film [7]. Such Au-Cu catalyst systems typically deactivate, 

which has been correlated to the deep oxidation of Cu to bulk CuO. Our simple concept is 

able to explain the Au-Cu synergy and the deactivation. The binding energy for an O atom 

on the Cu(111) surface amounts to 120 kJ/mol (Figure 8.5), which is only marginally 

higher than the energy for MgCuCr2O4. We speculate that O atoms adsorbed on the Cu 

metal surface will act as basic sites for ethanol activation, followed by further reaction on 

the Au cluster and OH removal as water. It is likely that O2 adsorption on the vacated Cu 

surface will be dissociative. However, the oxidative reaction conditions will lead to 
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formation of CuO. Formation of CuO leads to very high vacancy formation energy. For 

oxygen vacancy formation energy on CuO(111) surface, we turn to the very recent results 

reported by Maimaiti et al [36]. The value is in the range 258-340 kJ/mol based on same 

functional (GGA-PBE). Although the combination between Au and CuO will be able to 

activate ethanol into an ethoxy group and OH, the recombinative removal of OH with H as 

water will be prohibited by the strong binding of O in CuO. This is consistent with the 

experimentally observed deactivation of Au-Cu alloys due to formation of CuO [7]. 

 

 

Figure 8.5: (a) Surface model of Cu(111) surface; (b) Adsorption of O atom on the fcc 
hollow site of Cu(111) surface. Top two layers are shown with second layer in small sphere 
(color scheme - pink: Cu; red: O). 

 

 

Figure 8.6: (a) Mechanism of oxidation of methanol to formaldehyde for the 

Au10/MgCuCr2O4 model. From state v the recombinative desorption of water is similar to 

the mechanism found for ethanol oxidation (states v-ix in Figure 8.2); (b) -C-H bond 

cleavage in adsorbed formaldehyde and (c) -C-H bond cleavage in adsorbed acetaldehyde. 
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Given the industrial importance of the oxidation of methanol to formaldehyde, we 

explored the reaction path from methanol to formaldehyde on Au/MgCuCr2O4 by 

computational modeling. We found that a similar pathway as found for ethanol oxidation to 

acetaldehyde is viable. Dissociative adsorption of methanol on the Au atoms located at the 

interface with the support (state ii, Figure 8.6a) is strongly exothermic (-118 kJ/mol) and 

barrierless. The reaction energy is similar to the dissociative adsorption of ethanol on this 

surface model. After rotation, the methoxy group dissociates one of its C-H bonds on the 

Au cluster (state iv, Figure 8.6a) with a barrier of 38 kJ/mol (ΔE = 31 kJ/mol). The 

adsorption energy of formaldehyde is 28 kJ/mol, which is higher than that of acetaldehyde 

(17 kJ/mol). The further reaction sequence leading to closure of the reaction cycle by water 

formation and desorption is similar to the ethanol oxidation case. Thus, we tested the 

optimized Au/MgCuCr2O4 catalyst for methanol oxidation but found that, instead of 

formaldehyde, CO2 is the main product at 250 °C. Figure 8.7 shows methanol conversion 

and product selectivities as a function of the reaction temperature. At very low conversion 

at low reaction temperatures the main products formed are formaldehyde and methyl 

formate. Formation of the latter product indicates that further oxidation of formaldehyde to 

formic acid occurs, consistent with the formation of formic acid at intermediate reaction 

temperatures. With increasing temperature the formaldehyde selectivity decreases and the 

methyl formate selectivity goes through a maximum. The decreasing selectivities of 

desirable products are caused by complete oxidation of methanol to CO2. These results are 

very different from what was observed for ethanol oxidation, where acetaldehyde was the 

main product, even at a high temperature as 250 °C. 

To understand better the significant difference between methanol and ethanol oxidation, 

we explored further decomposition of adsorbed formaldehyde (Figure 8.6b) and 

acetaldehyde (Figure 8.6c) by quantum-chemical modeling. The cleavage of the remaining 

α-C-H bond in adsorbed formaldehyde has a barrier of 19 kJ/mol and is exothermic by 18 

kJ/mol. These energetics are more favorable than desorption of formaldehyde, explaining 

the preference for its further oxidation. Comparatively, the cleavage of the α-C-H bond in 

adsorbed acetaldehyde is much more difficult. The activation energy is 37 kJ/mol. 

Consistent with the higher activation energy, the reaction energy is endothermic by 15 
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kJ/mol. 
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be a good descriptor for the performance in ethanol oxidation of Au/MgMeCr2O4 (Me = Cu, 

Ni, Co) catalysts. It also provides a satisfactory explanation for the Au-Cu alloy synergy 

and deactivation in alcohol oxidation reported in literature. Finally, we found that the high 

selectivity towards acetaldehyde stems from facile desorption of acetaldehyde as compared 

to cleavage of its remaining α-C-H bond. The opposite holds for methanol oxidation, that 

is formaldehyde decomposition is favorable compared to its desorption, explaining why 

experimentally we observe complete methanol combustion over Au/MgCuCr2O4 under 

conditions where ethanol is selectively converted to acetaldehyde.  
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Summary and outlook 

Computational Studies of Catalytic Reactivity at the Metal-Reducible Oxide 

Support Interface 

9.1 Summary 

The progress in the understanding of catalysis as a surface phenomenon has been driven 

by important developments in surface science, computational chemistry and the ability to 

synthesize nanosized objects in an increasingly controlled manner. The challenge of 

designing improved or novel catalysts for existing or new desired reactions lies in 

identifying structure-performance relations. Determining the exact structure of a catalyst is 

no easy task as there are many aspects of a catalytic material that contribute to its final 

performance. As an example of issues arising at relatively large length scales, textural 

properties may influence mass transport and hence performance. At the molecular level the 

main aspect of catalysis research involves the identification of the active site. In catalysis 

research, the notion that “seeing is believing” is usually seriously limited by two factors. 

Firstly, more often than not we will probe with spectroscopic and microscopic techniques 

parts of the catalyst or surface intermediates that are not involved in the catalytic reaction,  

because they are spectators. Secondly, the usual assumption that the catalyst acts in the 

reaction in a state pre-defined by its treatment prior to reaction has proven wrong in many 

instances and, in fact, the catalytic surface and sometimes the catalyst as a whole should be 

seen as a system dynamically evolving as a function of gas composition, temperature and 

pressure. This calls for in-situ studies as a far as experiment is concerned and the use of as 

realistic as possible models for catalysts under reaction conditions when computer 

simulations are used.  

A large number of chemical processes are catalyzed by metal nanoparticles. The 

nanoscale dimensions of metal particles in catalysts result in a very high reactive surface 

area. The intriguing aspect of nanoparticle catalysis is that unique behavior appears when 
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they become smaller than 10 nm. In this regime their surface contains a significant fraction 

of surface atoms with a lower coordination number (corners and edges) than terrace atoms, 

exhibiting a dramatically different activity and selectivity. On nanoparticles the surface 

atoms may also form unique topologies, e.g. step-edge sites, which affect catalytic 

behavior. The role of these particular surface sites in catalyzing common elementary 

reaction steps is well understood now, enabling to optimize particle size for particular 

reactions. While conventionally the role of the support has been thought to be limited to 

disperse the nanoparticles, there is now increasing evidence that the support can have a 

profound effect on the catalytic performance by controlling the size, shape and also 

composition of the supported metal phase. Although the progress in the understanding of 

the relationship between catalytic site structure in metal nanoparticles and catalytic 

reactivity has been significant, its merits in predicting optimal catalysts has been quite 

limited in practice. This is in part because such description usually does not involve the 

support.  

This thesis is dedicated to better understand the factors that control structure and 

reactivity of reducible oxide supported metal catalysts for several important technological 

reactions, i.e. CO oxidation, NO reduction, the water-gas shift reaction and selective 

alcohol oxidation. The focus is on ceria as a reducible support and Rh and Au as the 

catalytically active metals. Quantum-chemical calculations within density-functional 

theory (DFT) are used to predict the thermodynamic stability of candidate catalyst 

structures, to determine the stability of surface intermediates and compute transition state 

energies so as to determine the most likely reaction mechanism. The work is divided in 

three parts. The first part deals with ceria-supported Rh for CO oxidation and NO 

dissociation (chapters 2-5), the second one with ceria-supported Au for CO oxidation and 

the water-gas shift reaction (chapters 6 and 7) and the final one deals with a MgCuCr2O4 

supported gold clusters for selective oxidation of alcohols (chapter 8).   

The structure and stability in different gas atmospheres of small clusters of up to ten Rh 

atoms supported on the CeO2(111) surface was investigated using DFT calculations in 

Chapter 2. Because of the stronger interaction between Rh atoms themselves than between 

Rh and O atoms of the ceria support, Rh atoms will aggregate into three-dimensional 
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clusters on the clean ceria surface. These represent the preferred structures under reducing 

conditions. Upon adsorption of O, Rh will become increasingly oxidized, thereby 

weakening the metal-metal interactions. As a result, the three-dimensional cluster geometry 

will not be stable anymore and these clusters will transform in change into a 

two-dimensional planar Rh-oxide film strongly interacting with the ceria support. This 

situation is relevant under oxidizing conditions. Whereas Rh2O6 will disperse into RhO3 

isolated species, it is found that increasing cluster sizes will lead to stabilization of larger 

surface oxide patches on ceria. In order to evaluate the stability and composition of Rh 

clusters under CO oxidation conditions, we calculated the Helmholtz free energy for 

reduction and oxidation by CO and O2, respectively. In this way, it is found that during CO 

oxidation Rh-oxide clusters are more stable than the corresponding Rh metal clusters. Thus, 

small Rh-oxide clusters supported on ceria are candidate active sites for CO oxidation. 

This conclusion is supported by comparison of the computed structures to experimental 

EXAFS data for Rh/CeO2.  

In Chapter 3 we proposed an alternative reaction mechanism for CO oxidation by a Rh 

surface oxide layer stabilized on ceria. It involves oxidation of adsorbed CO by an O 

adatom of a Rh3O4 cluster followed by its reoxidation by O atoms of ceria. The ceria 

vacancy is healed by reaction of O2 adsorbed at the interface between the partially reduced 

Rh3O3 cluster and the ceria surface. This mechanism can explain the absence of 

self-inhibition by CO and the involvement of ceria O atoms in the catalytic cycle, noted for 

highly active CO oxidation Rh/CeO2 catalysts. It involves the formation of O vacancies in 

the ceria surace as a consequence of reoxidation of the thin surface metal oxide film 

partially reduced by CO. The presence of O vacancies is confirmed by in-situ Raman 

spectroscopy and the correlation between their density and CO oxidation activity is 

consistent with the proposal that O2 adsorption is the rate controlling step in catalytic CO 

oxidation. We expect that this mechanism may also be relevant for CO oxidation by other 

reactive metals supported on ceria, such as Ru, Pt and Pd with Au being the likely 

exception because of its low metal-oxygen bond energy. 

In Chapter 4 we explored reaction paths of CO oxidation of isolated Rh atoms 

supported on three different terminations of CeO2 namely the (111), (110) and (100) 
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terminations. The aim of this work was to examine (i) whether isolated Rh atoms 

supported on ceria should be considered as the active sites for CO oxidation and (ii) how 

the ceria surface termination influences the CO oxidation activity of isolated Rh atoms. On 

Rh/CeO2(111) the reaction only proceeds when two CO molecules are adsorbed on the Rh 

ion. The presence of a second CO molecule facilitates the desorption of product CO2. Gas 

phase oxygen molecule adsorbs on the resulting oxygen vacancy site followed by 

dissociation. The other CO molecule then reacts with one of the O atoms leading to CO2 

desorption, completing the reaction cycle. On Rh/CeO2(110), adsorbed CO can easily react 

with a ceria surface O atom due to the lower Ce-O bond energy on this surface. Migration 

of surface O atoms facilitates the CO2 desorption process, which is much easier for 

Rh/CeO2(110) than for Rh/CeO2(111). Molecular oxygen will adsorb on the resulting 

vacancy. After desorption of the second CO2 product molecule by reaction of adsorbed CO 

with another surface O atom, the adsorbed oxygen molecule migrates to the vacancy site 

and dissociates with negligible barrier. The role of molecular oxygen is to heal the oxygen 

vacancy rather than being involved in a direct reaction with adsorbed CO. The 

Rh/CeO2(100) model was found to be inactive for CO oxidation, mainly because of the 

geometric constraints for the adsorbed CO molecule to react with one of the surface O 

atoms, despite the lowest Ce-O bond energy of the CeO2(100) surface among the ceria 

surfaces considered. The main reason is the relatively large distance between the C atom of 

adsorbed CO and the ceria O surface atoms. The particularities of the CO oxidation 

mechanism for isolated Rh atoms on these ceria surfaces are in agreement with the 

experimental activity trends.  

In chapter 5 we examined the possibility of NO dissociation on the ceria-supported 

Rh-oxide model. The activation barrier for NO dissociation is significantly higher at the 

interface of the Rh-oxide and ceria than on open Rh metal surfaces. However, in the 

presence of H2 it is found that hydrogenation of NO adsorbed to a Rh atom at the interface 

between Rh-oxide and ceria is facile, substantially decreasing the barrier for subsequent 

HN-O dissociation. The overall barrier for H-assisted NO dissociation is comparable to the 

barrier for NO dissociation on open Rh metal surfaces. This HNO pathway is not favorable 

for the metal surfaces because of the high activation barrier for its formation. Reaction 
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energy diagrams for the reaction 2 NO + 2 H2  N2 + 2 H2O were constructed for the 

Rh3O3/CeO2 and Rh(100) model surfaces. With NO dissociation on the open metal surface 

being very favorable, formation of N2 via the N + N association reaction is the more likely 

rate-controlling step in the mechanism. Also, removal of oxygen as water from this surface 

has a high overall barrier. N2O formation is unfavorable. In contrast, for the ceria 

supported Rh-oxide model the most difficult step is the dissociation of adsorbed H2. N2 

formation on this surface involves intermediate formation of N2O which further dissociates 

by reaction with a ceria surface vacancy. The overall barrier for NO reduction on 

Rh3O3/CeO2 is much higher than that on Rh(100). A first experimental indication for the 

role of Rh-oxide in NO dissociation is observed when the rate of NO reduction with H2 for 

ceria-supported Rh is examined as a function of Rh particle size. The rate of NO 

dissociation is much higher for small Rh-oxide particles on the ceria surface than large Rh 

metal nanoparticles. At the relatively low temperatures employed in these experiments, 

N2O is the main product for the small Rh-oxide particles and N2 for the Rh metal. The 

difficulty in dissociating the N2O intermediate is due to the low concentration of ceria 

surface defects as confirmed by a Helmholtz free energy analysis. We speculate that at 

higher reaction temperature N2O will easily dissociate. These findings show that the 

interface of Rh-oxide and ceria may play a more important role in the NO reduction 

reaction in automotive three-way catalysis than considered hitherto.  

In Chapter 6 we investigated by DFT calculations the size effect of gold for CO 

oxidation on a CeO2(110) model surface. Various reaction pathways are explored for a 

single Au atom and a Au nanorod model representing a nanoparticle. On Au1/CeO2(110), 

we propose a new reaction mechanism by which a single Au adatom supported on the 

CeO2(110) surface catalyzes the oxidation of CO involving O atoms of the ceria surface. 

An important step is the migration of the O atom towards the Au atom, resulting in a very 

facile reaction with CO. In this way, CO oxidation takes advantage of the oxygen atoms, 

which can be removed from the ceria surface. Different from literature findings for 

Au/CeO2(111), the Au atom at the vacancy site of CeO2(110) can still absorb and activate 

O2. This difference between the two ceria surfaces has a geometric explanation. The more 

open CeO2(110) surface allows for the coordination of O2 between Au and the vacancy site. 
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This configuration is not possible for CeO2(111) because the Ce cations are located in the 

second layer. For the Au/CeO2-x(110), the catalytic cycle is closed by CO adsorption and 

reaction with one of the O atoms following dissociation of O2. The proposed mechanism is 

the first to provide a theoretical explanation for the catalytic activity of Au/CeO2 and, more 

specifically, the involvement of ceria O atoms. For the model involving a Au nanorod 

supported on CeO2(110), the candidate mechanisms all involve the interface of the Au 

nanorod representing a gold nanoparticle and the ceria surface. Three different reaction 

paths were identified. The first one involves a Mars-van Krevelen type mechanism in 

which CO adsorbed on the bottom layer of the Au nanorod reacts with a ceria lattice O 

atom. It is argued that CeO2(110) is more reactive for this reaction than CeO2(111) because 

of the lower oxygen vacancy formation energy. The generated oxygen vacancy is healed by 

adsorption of O2 from the gas phase and facile dissociation into a lattice O atom and a very 

reactive O atom, which is easily removed by CO. This reaction path provides another 

explanation for the experimentally observed participation of ceria surface oxygen atoms in 

CO oxidation. The other two reaction paths start with O2 adsorption on the interface 

between Au nanorod and ceria support. The adsorbed oxygen molecule can directly react 

with adsorbed CO (co-adorption mechanism), or dissociate first into an O atom and then 

react with CO (stepwise mechanism). In both cases, the ceria support facilitates O2 

adsorption, and for the stepwise mechanism also dissociation of adsorbed O2. It is 

concluded that all three pathways contribute to the CO oxidation activity of Au 

nanoparticles supported on CeO2(110). The Mars-van Krevelen mechanism is not possible 

for the CeO2(111) because of the higher oxygen vacancy formation energy. Besides, the 

different terminations of the CeO2(111) and CeO2(110) surfaces prevent O2 adsorption on 

the interface between Au and the ceria support. We show that, even in the case that O2 

adsorption can occur on the interface with a defective CeO2(111) surface, closure of the 

catalytic cycle will result in catalyst deactivation. 

In Chapter 7, Density functional theory was employed to study the WGS activity of 

gold supported on a CeO2(110) model surface with the aim to identify the nature of the 

active site (single Au atom vs. clustered Au) and reaction mechanism (redox vs. carboxyl). 

For both structural models (single Au atom and Au nanorod), the results show that the 



Summary and outlook 

171 

redox mechanism requires high reaction temperatures, because it involves direct cleavage 

of an O-H bond of the ceria hydroxyl groups. In comparison, the carboxyl mechanism 

presents a low energy pathway towards formation of CO2 and H2. Two candidate 

rate-controlling elementary reaction steps were identified in the WGS reaction: oxygen 

vacancy formation and COOH formation from CO and OH, respectively adsorbed to gold 

and the ceria support. Both steps proceed at higher rate on clustered Au than on a single 

site Au atom. The most important reason for this difference is the negative charge of the 

single Au atom, which inhibits CO adsorption. These two elementary reaction steps were 

also found to be preferred on Aun/CeO2(110) over Aun/CeO2(111), essentially because of 

the lower binding energy of the OH on the more open surface. This provides an 

explanation for the experimentally observed surface termination dependence of ceria 

supports for the gold-catalyzed WGS reaction.  

In Chapter 8 we investigated for the first time the mechanism of catalytic alcohol 

oxidation for the recently reported highly active and selective Au/MgCuCr2O4 catalyst. Our 

findings underpin the importance of the interface between gold and the subjacent support. 

Dissociative adsorption of ethanol is facile taking place by cooperative action of gold and 

the basic oxygen atoms of the support. It is much more easy than on the gold surface itself. 

The cleavage of the C-H bond in the adsorbed ethoxy product takes place over the gold 

cluster followed by desorption of acetaldehyde and recombinative H2O desorption on the 

support surface. A second ethanol molecule is oxidized in the same manner with O2 

adsorbed on the oxygen vacancy acting as the basic site. The resulting OOH intermediate 

dissociates and the catalytic cycle is closed by recombination of the OH intermediate with 

the hydride atom adsorbed on gold followed by water desorption. The oxygen vacancy 

formation energy is found to be a good descriptor for the performance in ethanol oxidation 

of Au/MgMeCr2O4 (Me = Cu, Ni, Co) catalysts. Finally, we found that the high selectivity 

towards acetaldehyde stems from its facile desorption as compared to cleavage of its 

remaining C-H bond. The opposite holds for methanol oxidation, that is formaldehyde 

decomposition is favorable compared to its desorption, explaining why experimentally we 

observe complete methanol combustion over Au/MgCuCr2O4 under conditions where 

ethanol is selectively converted to acetaldehyde.  
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9.2 Outlook 

This work has focused on the catalysis at the interface between a metal or metal oxide 

active phase and the reducible oxide support. Although it is long known that the support 

can have a profound influence on the catalytic performance of the active phase through 

strong metal-support interactions [1], there are only relatively few studies investigating the 

consequences of these interactions in terms of the active metal phase shape and 

composition and catalytic reactivity at the molecular and mechanistic level. Most attention 

has been devoted to catalysis by supported gold catalysts [2,3], most likely because of the 

assumed low reactivity of gold. Other important contributions involve catalysis by isolated 

atoms on reducible supports such as CO oxidation by isolated Pt atoms on iron oxide [4]. 

With the ever increasing computational power, accurate DFT calculations of larger, more 

realistic models involving atoms, clusters and metals and their oxides including the support 

that stabilizes them become possible. The present work is a first step in this direction 

contributing to a more model-based understanding of the involvement of the metal-support 

interface in heterogeneous catalysis. A bird’s eye view on the main findings and possible 

directions for further research are as follows:  

1) A major finding of this work is that a thin Rh-oxide film (Figure 9.1), possibly 

highly dispersed, on the ceria support is much more active in CO oxidation than Rh 

metal particles. It explains experimental findings by Ligthart et al. [5]. This work 

expands the present realization in scientific literature that dispersed metal oxides or 

metal oxide overlayers on nanoparticles may have very interesting catalytic 

properties. When supported on ceria, the Rh-oxide active phase is very active in CO 

oxidation. CO partially reduces the Rh-oxide cluster, but becomes re-oxidized by the 

ceria support. In essence, this is because the Rh-O bond energy is stronger than the 

Ce-O bond energy. Finally, when two oxygen atoms have been removed, the vacancy 

is healed by adsorption on oxygen at the interface. This step does not compete with 

CO adsorption, explaining the experimentally observed shift in the CO reaction 

order from -1 for metallic Rh (large Rh particles on ceria) to zero for the Rh-oxide 

(small Rh particles on ceria). We predict that the oxidation of the supported metal 

will also occur for other metals depending on their metal-oxygen binding energy. 
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While it is evident that gold will not become oxidized, as confirmed by calculations 

done in our laboratory, the oxidation of Pd and perhaps Pt may also occur. It will 

also depend on the ceria surface to which the metal is adsorbed as this strongly 

influences the Ce-O binding energy. A combined theoretical and experimental 

approach to study the oxidation state and morphology of a series of transition metals 

on ceria supports with controlled shape would therefore constitute a timely effort. 

 

 
Figure 9.1: Most stable structure of a cluster of 7 Rh atoms on the CeO2(111) surface (a) 

under reducing conditions and (b) under oxidizing conditions.  

 

2) Building on the realization that CO oxidation might be catalyzed on oxidized noble 

metal clusters on ceria, it was hypothesized that NO reduction might then also occur 

on such Rh-oxide film. Indeed, it was shown that such a mechanism is possible, also 

involving the interface with the ceria support. Specifically, a mechanism involving 

H-assisted NO dissociation was identified. Overall, the barrier for N2 formation on 

such ceria-supported Rh-oxide model is lower than for the well-known and 

presumed most active Rh(100) surface. Preliminary experiments confirm that the 

former is more active in NO reduction with hydrogen, although the main product is 

N2O. The explanation that the ceria surface is oxidized under these conditions, 

preventing efficient dissociation of the N2O involving oxygen vacancies finds 

support in thermodynamic calculations but needs to be validated by experiment. It 
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requires in situ spectroscopic characterization, Raman spectroscopy being the 

obvious choice as it can probe the defect structure of ceria [6]. This work calls for a 

deeper analysis of the active phase composition of Rh on ceria under conditions 

relevant to three-way catalysis. Automotive exhaust gases contain oxidizing and 

reducing gases in varying composition. Our work indicates that the composition of 

the active Rh phase will strongly depend on the gas composition and also on reaction 

temperature, which usually strongly varies under actual TWC conditions. A common 

approach in literature is to compute the thermodynamically most stable phase for a 

given gas composition [7]. Although appealing, this analysis does not take into 

account the out-of-equilibrium state of the chemical reaction. More refined kinetic 

methods are needed to explore the large compositional space of relevant structures 

under the widely varying gas and temperature conditions occurring in three-way 

catalysis. Experimentally, more work is needed to confirm the importance of 

Rh-oxide in strong interaction with ceria for NO reduction at high temperature and 

with CO is the main oxidant. 

3) We also investigated the nature of the active site and the associated reaction 

mechanisms for Au/CeO2 to be used for CO oxidation and WGS reactions. Our work 

shows that clustered Au should be the more active state of gold than isolated Au 

atoms. Although the CO oxidation reaction may also occur on gold itself, both 

reactions can benefit from the ability of ceria to provide O and OH atoms. 

Considering the general appeal of single atom catalysis with e.g. Au, Pd and Pt, we 

surmise that gold may not be the most relevant for this purpose. The essential 

difference between Au and other noble metals lies in their different electronic 

structures. The HOMO for Au is the 6s orbital, which can become filled rendering 

Au negatively charged. It precludes the CO adsorption step relevant to CO oxidation 

and the WGS reaction. Negatively charged gold is formed when the isolated gold 

atom interacts with the oxygen vacancy on the ceria surface. The question remains 

then what is the optimal size of gold clusters, as interactions of very small clusters 

with the ceria support may also render them negatively charged. High dispersion is 

however beneficial in order to, at least for the WGS reaction, maximize the 
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perimeter surface of gold with the support. Our DFT calculations in Chapter 7 for a 

Au3 cluster predict that such a very small cluster would already display high WGS 

activity. This work adds to a considerable debate in literature with opposing views of 

the need for isolated gold ions vs. gold clusters for the WGS reaction. Our viewpoint 

is that clustered metallic gold of a few atoms is optimal for this reaction, thus calling 

for highly sophisticated experimentation (EXAFS, aberration-corrected STEM) to 

study the exact nuclearity of gold in ceria-supported catalysts.  

4) So far, most of the theoretical works on metal phases supported on ceria have only 

investigated the freshly cut surfaces. In reality, we expect that these ceria surfaces 

are hydroxylated as usually observed by experiment [8]. Only few studies have 

explored the stability of different hydroxyl termination as well as the formation of 

formates and carbonates [9]. In our work, we consider the involvement of hydroxyl 

groups on ceria for the WGS reaction, yet more detailed studies of, for instance, the 

support morphology influence are needed. Knowledge on the actual termination of 

the ceria surface may also aid in our understanding about metal nanoparticle growth. 

For instance, it is usually observed that CeO2(110) surfaces can disperse Pt and Pd 

very well into small clusters or even atoms, whereas the more reactive CeO2(100) 

surface appears to have low metal-support interaction, typically resulting in 

nanoparticles several nanometer in diameter. An important topic and ensuing debate 

in literature is also on the influence of the ceria surface termination. This thesis 

clearly shows how the higher reactivity of the CeO2(110) surface compared to the 

CeO2(111) surface affects catalysis. It provides good explanation for the 

experimentally observed higher reactivity of gold on CeO2(110) as encountered in 

nanorod-shaped ceria than on CeO2(111) as presumed to be dominant in 

polycrystalline ceria [10]. However that may be, recent work of Datye and 

colleagues [9] showed that ceria nanorods are enclosed by (111) surfaces (Figure 

9.2), shedding doubt on earlier interpretations of Li et al. [11]. It calls for deeper 

analysis using techniques like aberration-corrected STEM and also investigations of 

the formation mechanism of ceria.  
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Figure 9.2: Aberration-corrected TEM images of ceria rods at two different magnifications. 

Insets in the figures are fast Fourier transforms of the boxed region in the images. The 

lattice fringes (c) confirm that the surfaces are {111} and the growth direction is <110>. 

The other images likewise show only {111} surface facets [9]. 

 

5) The final part of this thesis has explored the importance of the gold-support interface 

for a more complex reaction, i.e. selective alcohol oxidation. In this case, the support 

is a Cu-containing spinel structure. It is found that the role of the support is to 

provide basic sites for alcohol activation. The role of Cu substitutions is to lower the 

binding energy of oxygen so as to remove the H atoms of the alcohol in the form of 

water. Correlations were made between the activity and the oxygen vacancy 

formation energy, essentially showing the preference for Cu. Thus, by tuning cation 

substitution in mixed oxides one can finely tune the oxygen binding energy, as can 

be achieved for ceria by changing its morphology. The DFT calculations also 

enabled us to explain why ethanol can be selectively oxidized to acetaldehyde on 

this catalyst, whereas under similar conditions methanol is completely oxidized.  

 

These examples clearly underline the importance of cooperation between experimentalists 

and theoreticians in understanding catalysis at the interface with the goal to design better 

catalysts.  
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