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Chapter 1 
 

1.1  Energy and Catalysis  

The generation of cheap, accessible, clean and sustainable energy on a global scale is 

probably the most important scientific and technological challenge of this century. Although 

the first steps towards renewable fuel manufacture from biomass have already been made, the 

main source of energy will still come from fossil fuels in the coming decades. The 

combustion of these fossil fuels leads to emission of vast amounts of greenhouse gases, 

particularly CO2, the primary cause of global warming.  

Recently, energy from less conventional sources, such as shale gas and also methane 

hydrates, are being explored. The reserves of these resources are very large. Shale gas is 

natural gas trapped within shale formations. In recent years it has attracted widespread 

attention because viable technologies for its exploitation have been developed. Currently, 

about 20% of the US natural gas is derived from shale gas [1]. Methane hydrates are also 

being evaluated as a potential natural gas source, with significant projected reserves [2].  

Natural gas, which primarily contains methane, can be converted to liquid fuels, hydrogen 

and other value-added chemicals via the syngas (mixture of CO and H2) platform. Syngas is 

mainly produced by reacting methane with steam at high temperatures and pressures. The 

steam methane reforming (SMR) process is very energy- and capital-intensive, because the 

reaction is highly endothermic [3, 4]. When the purpose is to produce hydrogen, its yield is 

increased by converting CO with steam to CO2 by the water gas shift (WGS) reaction. 

Therefore, it is important to use catalysts that are sufficiently active and structurally stable 

under the reaction conditions. Ni-based catalysts are the main catalysts for commercial SMR 

[5, 6], as they are active and less costly than other precious metal based catalysts such as Pt 

[7], Pd [7-10] and Rh [28], which are typically more active.  

In a chemical reaction, chemical bonds of reactants are dissociated and new bonds are 

formed leading to new products. Catalysts form bonds with the reactants and lower the 

energy barriers of these dissociation and association reaction steps. The catalyst does not 

change the thermodynamics of the reaction, but lowers the overall activation energy of the 

chemical reaction. As a result, the catalytic reaction can be carried out at a lower temperature 
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than the uncatalyzed one (see Fig. 1). Catalysts also help to steer the chemical reaction to 

desired products via an alternative surface reaction pathway that has a lower barrier than 

others leading to undesired products [11]. A typical example underpinning the importance of 

catalysis is the production of ammonia, one of the most highly produced inorganic chemicals. 

Its production is essential for the global food production as nitrogen is an essential ingredient 

for plant growth. Traditionally, ammonia was produced by dry distillation of nitrogenous 

vegetable and animal waste products. With the discovery that iron (Fe) was able to form 

anhydrous liquid ammonia under high pressure and temperature (the Haber-bosch process), 

the industrial era was initiated.  

 Optimum interaction between the catalyst and the reactants is required. If the bond 

between catalyst and reactants is too weak, there will be little or no conversion of the 

reactants; if the bond is too strong, then the product species will stay stable on the surface, 

block the active sites and deactivate the catalyst. This requirement for optimum catalyst 

activity is well known as Sabatier's principle. Successful implementation of a catalytic 

reaction requires understanding of the reaction mechansim and its relation to catalyst 

structure at the molecular level.  

 

Figure 1. Potential energy diagram for catalyzed and uncatalyzed reaction.  

 

1.2  Structure sensitivity  

In heterogeneous catalysis, chemical reactions take predominantly place on the surface of 

nanoparticles. These nanoparticles are very small so as to increase the surface-to-volume ratio 
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and, accordingly, metal utilization. This is particularly important because catalysts often 

contain expensive noble metals. The intriguing aspect of nanoparticle catalysis is that unique 

behavior appears when 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 influence of nanoparticle structure on the reactivity has been a topic of many 

catalysis studies. Back in 1925, Taylor started to notice that active sites associated with 

low-coordinated surface atoms or defects control the surface chemical reactivity [12]. Since 

Boudart introduced the terms “structure sensitivity” and “structure insensitivity” [13], the 

topics’ interest exploded. Somorjai and Yates [14-17] investigated the catalytic activity by 

studying surface reactivity of well-defined single crystal surfaces, which highlighted 

contributions of step sites. The Nobel Prize in Chemistry in 2007 was awarded to Gerard Ertl, 

who showed that the active sites for the dissociative chemisorptions of NO on a Ru(0001) 

surface are the step-edge sites [18].  

Theoretical studies have been very important to determine the direction on the potential 

energy surface of adsorbed reaction intermediates. In essence, electronic structure 

calculations provide an accurate manner to compute kinetic parameters for elementar y 

surface reaction steps. For instance, Hartree-Fock [19] and extended Hückel [20] methods 

have been employed for this purpose. In particular, the advance of density functional theory 

(DFT) has contributed significantly to our understanding of the electronic structure of 

catalysts, their complexes with reactants and the resulting chemo-catalytic pathways. Walter 

Kohn and John Pople were awarded the Nobel Prize in Chemistry in 1998 for their 

contribution to the understanding of the electronic properties of materials. Kohn in particular 

played an important role in the development of DFT, which allowed the incorporation of 

quantum mechanical effects in the electronic density. There are also other fundamental 

concepts such as volcano curves, which allow predicting periodic trends in catalytic activity 

and are closely related to Sabatier’s principle, and Brønsted-Evans-Polanyi (BEP) 

relationships which correlate activation energies and reaction energies for elementary surface 

reactions. Those methods can be successfully applied to predict catalytic activity and 

selectivity of nanoparticles as a function of metal and local structure of catalytic systems 

[21-24].  

Van Santen and co-workers provided a detailed analysis of the activation of small 
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molecules, such as CO, NO, CH4 and NH3, on noble transition-metal surfaces by studying 

electronic structures of these adsorbates on periodic slab models using DFT [21, 25-26]. They 

showed that there are three types of structure-reactivity relationships, which are shown in Fig. 

2. In case I, the turnover frequency (the conversion rate normalized per exposed surface metal 

atom) is independent of the particle size, while in case II it increases with decreasing particle 

size and in case III the reactivity shows a maximum or a strong decrease beyond a minimum 

particle size. These relations are strongly correlated to the presence of edge, corner, step and 

terrace atoms, whose density varies with particle size. Van Santen clearly pointed out that the 

hydrogenation reaction of hydrocarbon fragments on transition metal surfaces is a typical 

case of type I structure sensitivity and the activation of σ-type CH bonds in saturated 

molecules follows type II behavior, because its transition state involves only a single metal 

atom [25]. Type III behavior concerns reactions that require a special ensemble of surface 

atoms giving rise to step-edges. Such step-edges sites require several surface atoms and are 

geometrically not expected to exist on nanoparticles below a certain size. The 

Fischer-Tropsch synthesis and CO methanation reactions belong to this type [25]. These 

reactions require the particle size to be optimized [28]. When the particle size decreases, only 

the dense less-reactive surfaces will be exposed, resulting in an increase of the activation 

energy for CO dissociation. For the steam methane reforming reaction, Jones et al. have 

reported an increase of the reaction rate for Rh particles down to a size of 3.3 nm [27]. 

Ligthart et al. found that this correlation also holds for Rh particles as small as 1.3 nm [28]. 

This behavior is consistent with case II, involving the activation of  C-H bonds.  

The influence of changes in the structure and shape of nanoparticles is also a very 

important issue as these may alter during reaction conditions. One illustrative example is the 

shape change of spherical Pt nanocrystals into more reactive tetrahexahedral nanocrystals 

with 24 {hk0} facets by use of electrochemical methods [29-30].  

 



Chapter 1                                                                                                       Introduction                                                                                         

Page | 5  
 

 

Figure 2. Particle size dependence of catalytic reactions [25]. 

 

1.3 Computational methods   

In the past decades, both experimental and computational approaches have been used to 

explore the surface structure, physisorption and chemisorption of atoms and molecules on 

surface sites, interactions between surface intermediates and activation barriers and reaction 

energies for the elementary surface reactions. Predicting the reaction rate on the macroscopic 

scale is the main study direction in the field of catalysis. The models used in macro-kinetic 

calculations are very flexible functions obtained by fitting of experimental kinetic data. 

However, for deduction of mechanistic information of a macro-kinetic model is not useful 

since these models do not describe elementary reactions at the microscopic level and different 

models can fit the same data [31]. A drawback is also that such empirical models generally 

cannot be used to predict performance at a wide range of conditions. More detailed studies of 

reaction kinetics can be done by microkinetic modeling, where a reaction mechanism and the 

molecular properties of reactants and intermediates are used in simulations of the reaction at 

the macroscopic level. However, to do so, one needs to consider the whole dynamics of the 
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surface and the adlayer as a function of process conditions including temperature, pressure 

and concentrations. All relevant reaction steps such as adsorption, surface reaction, diffusion 

and desorption make up the catalytic cycle and if possible also the structure and composition 

of the catalytic surface should be taken into account. Firstly, ab intio calculations are carried 

out to construct a database of rate constants and energies of the elementary reaction steps 

relevant to the catalytic process. After the potential energy diagram is obtained from DFT 

calculations, a microkinetic model can be built to predict the most likely pathway in the 

process. Secondly, the microkinetic model provides values for the surface coverages, reaction 

rates of all elementary reaction steps and the extent to which they control the rate.   

 

1.3.1 Quantum chemical calculations 

Quantum chemistry is the branch of theoretical chemistry employing quantum mechanical 

methods to study physical systems and chemical experiments. In quantum chemistry, the 

Schrödinger equation is used to describe the quantum state of a system as a function of time. 

One has to solve the time-dependent Schrödinger equation for a particular system as given by: 

  
       

  
         . Herein,   is the time-dependent wave function of the system,   is 

the coordinates of particles, and     
  

  
        is the Hamiltonian operator comprised 

of the kinetic and potential energy operators. By solving the Schrödinger equation, a 

wavefunction is obtained enabling one to calculate the expectation value of an observable of 

interest by letting the operator corresponding to this observable operate on the wavefunction. 

For instance, the Hamiltonian operator is used to calculate the energy of a quantum state. 

Often, we are only interested in the steady-state (i.e. time-independent) solution and the 

time-dependent Schrödinger equation can be simplified to             , where E 

represents the energy.  

Several assumptions are used to further simplify the Schrödinger equation. Commonly, 

the Born-Oppenheimer approximation is employed, which states that the nuclear and 

electronic motions may be decoupled as the mass of the nucleus is much larger than that of 

electrons. As such, the electronic wavefunction only depends parametrically on the nuclear 

coordinates and are no longer a function of their motion. Similarly, the motion of the nuclei 

can be modeled as effected only by the potential of the smeared-out electron density, rather 

than their individual motion. This assumption significantly reduces the dimensional 

complexity of quantum chemical problems [32].  

The Hartree-Fock (HF) method is the approach that assumes that the full N-body 
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electronic wavefunction can be approximated by a single Slater-determinant. Each electron 

can be considered to be present within a mean field of the other N-1 electrons. This leads to a 

set of integro-differential equations, which has to be solved by an iterative procedure leading 

to a so-called self consistent field (SCF). HF can be used with a high numerical precision 

without using any experimental parameters. However, there also are some disadvantages in 

this method. Although HF theory correctly described the exchange interaction, it does not 

fully describe the complete electron correlation. The energetic difference of treating the N-1 

electrons in an average way instead of an instantaneous way results in errors of roughly 80 

kJ/mol per electron pair. Since general chemical reaction energies are in the same order of 

magnitude as the correlation energy, the inaccuracies can lead to serious errors in the 

calculated energies, geometries, and other important factors.  

A number of groups have been working on developing better approaches to treat the 

electronic correlation. Such computational methods include for example Configuration 

Interaction (CI) [33], Møller-Plesset perturbation theory (MPn) [34] and Coupled Cluster (CC) 

[35]. The CI method uses a variational wavefunction with a linear combination of Slater 

determinants, which very accurately handles electronic correlation. However, due to its 

immense calculation costs this method is limited to very small systems. MPn theory adds 

multi-order perturbation to the HF Hamiltonian to treat the electronic correlation which is 

also costly in terms of computing time. MP2 is a cost-effective method that allows recovering 

around 60% of correlation energy. CC method constructs multi-electron wavefunctions using 

the exponential cluster operator to account for electron correlation.  

Density functional theory (DFT) is another approach to solve the electronic structure 

problems [36]. It is based on two fundamental theorems: 

 For non-degenerate ground states, two different Hamiltonians cannot have the same 

ground-state electron density. Therefore, it is possible to define the ground-state energy as 

a functional of ρ(r), the electron density. 

 E[n] is minimal when ρ(r) is the actual ground-state density, among all possible electron 

densities. 

Combined, these two theories suggest that we can express the energy of a system via the 

variational principle. The energy of the system can be expressed as a functional of the 

electron density with E[ρ(r)] =                                                  , 

where the four terms on the right are the kinetic energy, external potential (i.e. from the 

nuclei), the electron-electron repulsion and the exchange-correlation energy. Although the 
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first three terms can be expressed exactly, the latter cannot and one has to be resolved using 

approximations. The most used ones are the local density approximation (LDA) [37] and the 

generalized gradient approximation (GGA) [38, 39].  

LDA 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. The exchange 

correlation potential of LDA is defined as           
                  . This method is very 

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

varies slowly. However, LDA always overestimates bond energies for chemical reactions and 

other properties of molecules, because the electron density at the chemical bond is not 

generally uniform.  

GGA includes the gradient of electron density on the spatial variation to improve its 

performance on the base of LDA, giving for instance a more realistic description of energy 

barriers in the dissociative adsorption of hydrogen on metal and semiconductor surfaces [40, 

41]. GGA functionals depend on the local density as well as on the spatial variation of the 

density:    
                                  

  .     can be evaluated numerically 

and fitted to an analytical expression for practical application. The most widely used GGA 

are the Perdew-Wang (PW91) functional [42] and Perdew-Burke-Ernzerhof (PBE) functional 

[43]. The PW91 is used in the calculations in the thesis.  

Compared to LDA, GGA improves the binding energies, especially when there is 

chemical bonding between the atoms. The description of the geometries, however, is not 

universally better. Similar to LDA, screening of exchange hole is not fully taken into account 

in GGA. Consequently, GGA cannot account for noticeable improvements to the band gap 

problem or to the calculation of the dielectric constants. The chemical accuracy typically is 

better than 50 meV/atom.  

 

1.3.2 Microkinetic modeling 

Microkinetic modeling is particularly useful to obtain insights into the dependence of the 

overall rate of a mechanism based on microscopic information about elementary reaction 

steps. Based on a proposed reaction mechanism, explicit expressions for the transient 

behavior of the surface intermediates can be formulated. By use of the steady-state 

approximation, the steady-state surface coverages can be determined. This will enable to 

predict the rate of all individual forward and backward reaction steps and overall rate. This 

approach does not require the assumption of a rate-controlling step (quasi-equilibrium 

approximation). One can also determine important kinetic data such as reaction orders and 
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apparent activation energy, parameters that can be compared to experimental data. For 

microkinetic modeling, mostly the mean-field approximation is employed [44], essentially 

neglecting lateral interactions between surface species. In case such lateral interactions are 

important and the kinetics may be totally different [45]. One may take the practical approach 

of lowering the adsorption energy of a particular surface intermediate or to make the 

adsorption energy dependent on surface coverage. However, these interactions often have a 

dramatic influence on the kinetics of heterogeneous catalytic reactions. A modern way to take 

into account lateral interactions between surface intermediates and also to account of a 

non-uniform surface is to use kinetic Monte Carlo simulations [46]. 

In order to obtain a realistic microkinetic model, one requires accurate kinetic data by a 

combination of available experimental data (e.g. temperature programmed desorption, 

isotope-tracer studies and spectroscopic studies), theoretical principles and appropriate 

correlations relevant to the catalytic process [47]. The kinetic parameters in the rate 

expressions are required to have physical meaning and should, as much as possible, be 

estimated theoretically or determined experimentally. Based on collision and transition-state 

theory (TST), sticking coefficients, surface bond energies, pre-exponential factors for surface 

reactions, activation energies for surface reactions, surface bonding geometries and active site 

densities and ensemble sizes are used as the input parameters for the modeling.  

The collision theory states that when two particles of the reactants collide each other, only 

a certain fraction of the collisions cause chemical change. Such collisions occur at the right 

energies with proper orientation to break certain chemical bonds and make new ones. This 

energy is also known as activation energy. Increasing the concentration of the reactant or 

raising the temperature will result in more collisions and therefore an increase of the rate of 

reaction. When a catalyst is involved in the collision between the reactant molecules, less 

energy is required for the chemical change to take place, and hence more collisions have 

sufficient energy for reaction to occur. The rate for a gas-phase bimolecular reaction, as 

predicted by collision theory is:  

          
  

    

    
       

   
                                              (1.1) 

where     is the collision factor and    is the steric factor.  
    

    
 is called the average 

relative velocity from Maxwel-Boltzmann velocity distribution with     as the reduced 

mass, and    is the activation energy.  

          
  

    

    
       

   
  is defined as the rate constant for this reaction, where 

http://en.wikipedia.org/wiki/Activation_energy
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 is defined as the pre-exponential factor. For a bimolecular reaction between 

mobile species on the surface, the rate can be modified as: 

           
    

    
       

   
                                              (1.2) 

where    and    are the surface concentrations.  

Before discussing transition-state theory, we first briefly discuss the partition function. A 

partition function describes the statistical properties of a system in thermodynamic 

equilibrium such as how the total energy is partitioned among the molecules. The molecular 

partition function (  ) from a gas-phase species is composed with translational (        ), 

rotational (      ) and vibrational (      ) degrees of freedom which can be expressed as 

                                                                            (1.3) 

Three partition functions are relevant for molecules, describing translation, rotation and 

internal vibrations: 

         
         

 
  

  
                                                      

       
        

    
                                                          

        
 

       
    

   
 

 .                                                     

with    the moment of inertia,    the rotational symmetry number and     the frequencies 

of normal modes of vibration.  

Transition-state theory (TST) is closely related to collision theory and describes the 

reaction in terms of a hypothetical state between reactants and products during a chemical 

reaction. The species formed in this hypothetical transition state is called the activated 

complex. The theory assumes quasi-equilibrium between the reactants and the activated 

complex [48]. The rate is then directly proportional to the concentration of these complexes 

multiplied by the frequency (
   

 
) with which they are converted into products. For 

a bimolecular reaction A +  B       P, the rate of chemical reaction is 

     
   

 

 
   

    
      

    

   
                                                  (1.4)  

where    is the concentration of reactant  , 
   

 
 the frequency factor,      the zero-point 

energy corrected energetic difference between the initial state and the transition state and   

Planck’s constant. This equation is known as the Eyring equation or transition-state theory 

equation. From the above discussion, we can deduce a general expression for reaction rate of 

http://en.wikipedia.org/wiki/Thermodynamic_equilibrium
http://en.wikipedia.org/wiki/Thermodynamic_equilibrium
http://en.wikipedia.org/wiki/Reagent
http://en.wikipedia.org/wiki/Transition_state_theory#cite_note-1
http://en.wikipedia.org/wiki/Chemical_reaction
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an elementary reaction step 

  
   

 

 
   

    
      

    

   
)                                                    (1.5) 

Regarding to surface chemistry, a chemical reaction normally starts by adsorbing a 

reactant molecule from the gas phase to a (catalytic) surface. In the gas phase, any non-linear 

molecule owns three degrees of freedom, translational degrees of freedom, rotational degrees 

of freedom and vibrations degrees of freedom, respectively. However, when the molecule 

adsorbs, it only has vibrational degrees of freedom left. On the contrary when the molecule 

desorbs from the surface to the gas phase, it gains back the lost two degrees of freedom. In 

order to describe the adsorption and desorption process on the surface, we introduce 

Hertz-Knudsen theory which is derived from transition-state theory [49]. Based on this theory 

and assuming ideal gas conditions the rate of adsorption can be written as: 

     
  

       
                                                           (1.6)   

and the rate of desorption is written as: 

      
    

 

  

     

     
 
 
    
                                                     (1.7)     

In these equations,      is the activation energy for desorption (it equals the adsorption 

energy) and A is the surface area of a single adsorption site. P is the partial pressure of the 

molecule in the gas phase. We introduce   as the symmetry number to represent the number 

of indistinguishable orientations of the particular molecule as a result of rotation. 

After reactants adsorb on the surface, surface reactions may take place. The difference 

between initial and transition state is known as the reaction barrier (   ) which is equal to 

the electronic energy difference between initial state and transition state corrected for the zero 

point energy. For many reactions, the zero point energy correction is relatively small (1-5 

kJ/mol) in comparison to the magnitude of reaction barrier (roughly 30-100 kJ/mol) and, 

therefore, negligible for most cases. However, when considering hydrogenation reactions, 

this zero point energy correction is no longer small and becomes important. In the ideal gas 

condition, the vibrational degrees of freedom can be neglected as they approximate unity and, 

on the surface, the other two degrees of freedom no long exist. So the reaction rate can be 

rewritten as 

  
   

 
      

   

   
                                                         (1.8) 

   One of the most important purposes of microkinetic modeling is to determine the 

rate-determining step among all the elementary steps, which can help in understanding 

http://en.wikipedia.org/wiki/Activation_energy
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chemical kinetics in complex reaction mechanisms. Campbell [49, 50] introduced the degree 

of rate control       for elementary step  , which is defined as  

      
  

 
 
  

   
 
       

  
    

     
        

                                         (1.9) 

where the partial derivative is taken holding the rate constants,    and     for all other 

steps.    is the equilibrium constant. Within transition-state theory, this is accomplished by 

changing only the free energy for the transition state of step  , but no other standard-state free 

energies, reactants, products, or intermediates. The larger the numeric value of       is for a 

given step, the bigger the influence of its rate constant is on the overall reaction rate    A 

positive value indicates that increasing    will increase the net rate  , and such steps are 

termed rate-limiting steps. A negative value indicates the opposite, and such steps are termed 

inhibition steps.  

1.4 Scope of the Thesis 

The aim of the present work is to understand the structure sensitivity of catalysis by Pt 

from a fundamental point of view for a number of industrially important reactions i.e. steam 

methane reforming and the water-gas shift reaction. To accomplish this, we used 

quantum-chemical studies to analyze the structure of Pt and Pd surfaces as a function of the 

thermodynamic conditions, the elementary reaction steps that make up the mechanism of the 

reactions and microkinetic simulations to compute macroscopic rates. The work mainly 

focuses on the energetics of relevant reaction paths on high-index Pt surfaces and compare 

these to those for closed-packed surfaces and to various surfaces of other precious metals 

such as Rh and Pd. In general, nanoparticles with open surfaces show superior catalytic 

activity in comparison to ones with closely packed surface atoms. This is related to the 

presence of a high density of low-coordinated atoms in the former. The synthesis of 

nanoparticles with open-structure surfaces is challenging due to their higher surface energies 

[29]. Such shape-controlled particles have recently been obtained by electrochemical 

synthesis – for instance, tetrahexahedral (THH) shaped nanoparticles composed of high-index 

surfaces with varying step-edge site density can be prepared with very high activity in 

electro-oxidation of ethanol [29].  

Using DFT calculations and thermodynamic considerations we studied the equilibrium 

shape of Pt nanoparticles (NPs) under electrochemical conditions in chapter 2. We found that 

at very high oxygen coverage, obtained at high electrode potentials, the 

experimentally-observed tetrahexahedral (THH) NPs consist of high-index (520) faces. Since 

high-index surfaces often show higher (electro-)chemical activity in comparison to their 
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close-packed counterparts, the THH NPs are promising candidates for various 

(electro-)catalytic applications. Chapter 3 explores similar phenomena for Pd nanoparticles. 

Chapter 4 is a study of the oxygen-adsorbate induced reconstruction of the Pt(110) surface. 

Chapter 5 investigates steam methane reforming (SMR) by quantum-chemical DFT 

calculations for planar and stepped Pt surfaces. Three different pathways towards CO 

formation from adsorbed CHad and Oad have been studied. The pathway with CH bond 

breaking prior to CO bond formation is in competition with the pathway involving the formyl 

(CHO) species. The thermodynamics of oxygen formation play an important part in the 

overall rate and catalyst stability. Comparison of microkinetic simulations between Rh and Pt 

shows that its high reactivity towards water activation makes Rh the preferred catalyst in 

SMR.  

The low-temperature water-gas shift (WGS) reaction plays an important role in many 

industrial processes such as steam reforming of methane and other hydrocarbons and alcohols 

for hydrogen production as well as methanol synthesis. While WGS has been extensively 

studied on Cu, Fe, and Ni catalysts, relatively little efforts have been made to understand the 

WGS reaction on Pt surfaces. Recently, it has been experimentally found that the WGS 

activity of a PtRe alloy is significantly higher than that of monometallic Pt and Re surfaces. 

In Chapter 7, we use DFT and microkinetic simulations to model the WGS reaction for 

close-packed Pt, Re and PtRe surfaces. The simulations confirm the synergetic effect of PtRe 

alloys for the WGS reaction. It relates to more favorable water activation on Re as compared 

to Pt.  
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Chapter 2 

Roughening of Pt Nanoparticles Induced by Surface-Oxide 

Formation 

 

 

Abstract 

 

Since high-index surfaces often show higher (electro-)chemical activity in comparison to their 

close-packed counterparts, nanoparticles (NPs) consisting of open surfaces can be promising 

candidates for various (electro-)catalytic applications. Recently, we found that unusual 

tetrahexahedral (THH) nanoparticle terminated by 24 high-index facets can be prepared by 

applying a square-wave electropotential to carbon-supported Pt nanospheres (Sun and 

co-workers, Science (2007) 316). Through a combination of transmission electron microscopy 

(TEM) and density functional theory (DFT) we studied the equilibrium shape of Pt 

nanoparticle under electrochemical conditions. Constructing the electrochemical phase diagram 

for Pt nanoparticle in contact with an oxygen-containing electrolyte, we found that at low and 

medium electrode potentials (<1.1 V) the usually-observed polyhedron shapes dominated by 

low-index Pt(111) faces are stable, while increasing the potential stabilizes the THH shape 

enclosed by high-index Pt(520) facets. At high oxygen coverage, represented by high electrode 

potentials, the (520) faces reconstruct to form oxide-like structures. Higher stability of these 

faces compared to their low-index counterparts results in formation of atomically-rough THH 

NPs with very high (electro-)chemical activity. Our studies suggest that it is possible to 

stabilize atomically rough NPs by tuning the electrolyte composition and electrode potential in 

electrochemical systems. 

 

 

 

This Chapter has been published as Phys Chem Chem Phys. 2013, 15, 2268-2272. 
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2.1 Introduction                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

High-surface area nanoparticles (NPs) are widely used as industrial catalysts for many 

chemical reactions. Smaller NPs are often more active toward chemical reactions due to their 

larger surface area to volume ratio and higher density of low coordinated atoms at edges and 

corners [1–3]. The shape of NPs also plays a key role in the performance of catalysts [1]:  

NPs with atomically-open (high-index) surfaces are often more active than those with 

close-packed (low-index) surfaces [4]. The metal NPs enclosed by high-index faces are, 

however, unfavorable due to their high formation energy. Hence, it is desirable to find a 

method to synthesize atomically-rough NPs that remain stable during (electro-)catalytic 

reactions.  

Pt NPs are of great interest for the petrochemical industry [5, 6], fuel-cell technology [7], 

and automobile exhaust purification [4]. Pt NPs synthesized in the past are usually enclosed by 

close-packed faces [8]. However, high-index Pt surfaces possess much higher catalytic 

reactivity for (electro-)catalytic reactions: e.g., Pt(210) for electro-reduction of CO2 [9] and 

electro-oxidation of formic acid [10] and Pt(410) for catalytic decomposition of NO [11]. 

Recently, Pt NPs with a tetrahexahedral (THH) shape from Pt nanospheres were prepared 

under electrochemical conditions using a square-wave potential [8]. Transmission electron 

microscopy (TEM) images show that these NPs consist of 24 high-index faces. Furthermore, 

the THH Pt NPs were found to be thermally and chemically stable and have better activity 

toward electro-oxidation of small organic fuels such as formic acid and ethanol in comparison 

with those consisting of low-index (i.e., Pt(111) and Pt(100)) facets) [8].  

Here, by using DFT and thermodynamics consideration we study the structure of Pt NPs 

under electrochemical conditions. We show that the experimentally-observed THH NPs consist 

of (520) faces, which become more stable than low-index faces at high potentials (>1.24 V) 

due to O-induced reconstruction and surface oxide formation. 

2.2 Method  

DFT calculations 

Density functional theory (DFT) calculations were performed with the VASP (Vienna ab 

initio Simulation Package) code [9, 10] using the gradient-corrected PW91 

exchange-correlation functional [11]. The projector-augmented wave (PAW) method [12, 13] is 

used to describe electron-ion interactions. For valence electrons a plane wave basis set is 

employed.  
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The Pt(111), Pt(100) and Pt(110) models are composed of p(3 3) unit cell structures, 

containing five layers of Pt atoms in an fcc arrangement. The Pt(210) model is made up from a 

p(2 2) unit cell structure with 40 Pt atoms. Pt(520) and Pt(730) model calculations are 

performed on p(2 1) unit cell structures with 44 atoms and 80 atoms, respectively. The Pt(210) 

surface consists of two-atom wide (100) terraces with a (110) step. Pt(520) surface is composed 

of two-atom wide and three-atom wide (100) terraces with a (110) step. Pt(730) surface is 

composed of one (210) sub-facet followed by one (520) sub-facet. All the surfaces have the 

same (100) terrace and (110) step, the only difference being the width of the terrace. There is 

synergy of these two surface sites which will form specific structures like a “chair” 

configuration, which implies the presence of more active sites and more possible positions for 

adsorbates. In all cases, the separation distance between the slabs was set at 10 Å. It was 

verified that larger separation distance did not lead to significantly lower adsorption energies. 

For each system, the top three layers of the supercell and the adsorbates, if present, were 

allowed to relax during energy optimization. No symmetry constraints were imposed. The 

relaxation of the electronic degrees of freedom was assumed to be converged when the total 

energy and the band structure energy changes between two electronic optimization steps were 

smaller than 10
-5 

eV and the corresponding interatomic forces below 10
-3 

eV/Å. The energy 

cut-off was set at 500 eV. Calculations were performed with       k-points sampling of 

the Brillouin zone.  

 

Thermodynamical considerations  

In order to predict the stability of various surfaces as a function of temperature, oxygen 

partial pressure and electrochemical potential, we follow the approach outlined before by 

Kaghazchi and Jacob [14] and Reuter and Scheffler [15]. We compare the surface free energy 

(γ), which is the energy required to create a unit surface area from the components (bulk Pt and 

gas phase). The surface free energy with adsorbates can be expressed as  









 

i

iiiiiii pTNNpTG
A

NpT ),(),,(
1

),,(                                  (1) 

in which A is the surface area, G the Gibbs free energy of the system (energy of the slab with 

adsorbates), N the number of the atoms of species i  and ),( ii pT  the chemical potential. 

Here, we assume equilibrium between the Pt surfaces with Pt bulk and O2. In such case, the 

temperature and pressure dependence of the solid phases is small, and Eq. (1) becomes  
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The Gibbs free energy of the surface (G) and oxygen chemical potential are composed of 

internal energy taken as the DFT-calculated total energy, configurational entropy and vibration 

free energy Fvib
. NO is the number of oxygen atoms on the surface. Considering that in this 

work we are only interested in relative stabilities of different adsorbate phases and not in the 

modification in the ordering of surface phases, we can neglect the configurational entropy and 

the vibrational free energy term Fvib
. The last term in Eq. (2) includes the main temperature and 

pressure dependence through the chemical potential of the oxygen reservoir  
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Here, tot
2

OE  is the total energy of an isolated O2 molecule calculated by DFT and 

)( 0

2
O pT,  the standard chemical potential with the ideal gas entropy at 1 atm. We use the 

corresponding )( 0

2
O pT,  values from the JANAF thermodynamics tables [16].  

In order to introduce the electrochemical potential, we assume equilibrium between 

molecular oxygen and water via the water dissociation reaction. The electrode potential U (vs. 

SHE, the standard hydrogen electrode) in a real electrochemical cell is measured as the 

difference between a working electrode ( WE ) and a reference electrode ( RE ). At the working 

electrode, there is equilibrium between oxygen and the electrolyte. ~  is the chemical 

potential under standard conditions.   

  WEeHOHO 22
2

1
22                                             (4)                                                                                                    

→   
W EeHHO u~2~2~~

2

1
022

                                             (5) 

→  WEHHO e 2~2
2

1
022

                                             (6) 

At the reference electrode, a standard hydrogen electrode is considered, which consists of Pt, 

H
+
 and H2 gas in equilibrium with the electrolyte.   

  REeHH2
2

1
                                                     (7) 
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the electrochemical potential of H
+
 in the electrolyte in equilibrium is the same in all places. 

Since both electrodes are made of Pt, we can state that UREWE  and combine Eq. 

(6) and Eq. (9), we find  

eUHOHO 2
2

1
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According to )0,(),(),( KTpTpTp ooo    and Eq. (3), the chemical potential 

can be written as         
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  can be derived from thermodynamic tables [16]. 

Finally, Eq. (12) includes the temperature, pressure and electric potential dependence 

through the chemical potential of the O2 reservoir  
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2. 3 Results and discussion 

2.3.1 DFT calculations  

It is well known that O atom prefers to adsorb in the fcc-hollow site on the planar Pt(111) 

surface [22]. However, there is no report about the adsorption sites on the other three stepped 

surfaces. Adsorption energies of O on Pt(210), Pt(520) and Pt(730) surfaces are investigated as 

a function of the O coverage. As we know that all the three surfaces have similar 
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configurations and active sites, Pt(520) surface can be used as the proper model because it 

contains all the possible adsorption sites for adsorbates. Table 1 shows that O atom prefers to 

sit on the terrace edge es1. This result shows that for O adsorption the most favorable position 

is es1 and followed by es2, ht3, ht1 and ht2 (Fig. 1). Long terrace sites, which have more 

neighbors, are not preferred at low O coverage. We calculated the adsorption energies of O on 

Pt(111), Pt(210), Pt(520) and Pt(730) surfaces with O coverages ranging from 0.1 ML to 1.2 

ML. Optimized structures are shown in Fig. 2. 

 

 

Figure 1. (Left) Illustration of adsorption sites on the (520) surface. The metal rows on the 

surface are classified into five types, namely short terrace edge, long terrace edge, short terrace, 

long terrace-1, and long terrace-2. Adsorption sites are abbreviated as follows: es1: edge site on 

the long terrace; es2: edge site on the short terrace; ht1: hollow site on long terrace close to the 

inside-edge; ht2: hollow site on long terrace close to the outside-edge; ht3: hollow site on short 

terrace. (Right) Side view of (520) surface shows the short terrace and the long terrace.  

 

Table 1. Binding energies and structures for oxygen atoms adsorbed on Pt(520) surface in a 

(2 1) unit cell. 

 

 

 

It has been reported that on the Pt(111) surface it is difficult for O atoms to penetrate the 

first layer due to the high coordination number of the surface [22]. So, the maximum number of 

O atoms on the Pt(111) surface should be 5. From Fig. 2 (II-D), with 7 O atoms on the Pt(210) 

surface, we can see that the first layer metal atoms are disturbed and reconstructed. The same 

Adsorption sites ht1 ht2 ht3 es1 es2 

Binding Energy [kJ/mol] -109 -102 -123 -142 -135 
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situation occurs for structure III-E on Pt(520) with 7 O atoms on the surface. In this case, the 

maximum number of O atoms that can absorb without disturbing the surface structure on the 

(210) and (520) surfaces is 6. 

On the Pt(730) surface, more O can be absorbed. In Fig. 3 (IV-C), with 7 O atoms on the 

surface, the surface structure is still stable. Increasing the number of O adsorbates to 12, the 

Pt(730) surface totally reconstructs. Surfaces with more steps and a more open structure can 

contain more O atoms without substantial reconstruction of the surface. 

 

Figure 2. Optimized structures with different oxygen coverage of Pt(111), Pt(210), Pt(520) and 

Pt(730). Pt and oxygen are marked with grey and red.  

 

2.3.2 Surface stability plot of O/Pt surfaces 

We plot in Fig. 3 the surface free energies as a function of O chemical potential to explore 

the stability of various surface structures under the influence of O. In order to predict the 

stability of Pt surfaces under electrochemical conditions, Fig. 3 also contains the 

electrochemical potential vs. RHE. We will first focus on O adsorption on the pure Pt surface, 
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which is below a binding energy of 0.70 eV/O, before bulk oxide shows up (indicated by grey 

area). For the heat of formation of Pt bulk oxide (PtO2) we use a value Oμ =0.70 eV/O, which 

is very close to the experimental value (0.69 eV/O) [17]. As O adatoms typically have stronger 

interaction with metal surfaces than water or hydroxyl groups [18], we only focus on the 

influence O atoms in this work. We assume here that each O atom comes from the water 

splitting reaction induced by the applied electrode potential, which therefore also determines 

the amount of O adsorbed on the surface.  

 

Figure 3. Electrochemical phase diagram for the electro oxidation of Pt surfaces showing the 

surface stability γ as function of the electrode potential   (vs. RHE) at room temperature. 

The phase diagram shows the conditions under which the different phases are 

thermodynamically stable. The region at which the bulk-oxide (PtO2) is stable is in grey. 

 

For each Pt surface, below a critical   where no O is adsorbed on the surface, the γ 

remains constant (horizontal lines). Above this critical electrode potential, O atoms start to 

bind to the surface, resulting in decreased γ. The O adatom coverage increases gradually with
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 . The higher the coverage is the steeper the slope. 

Expectedly, Fig. 3 indicates that at very low potentials (< ~0.35 V), where no O adsorbs on 

Pt surfaces, the most close-packed surface, namely Pt(111), is the most stable one. The stability 

trend does not change much in the low to medium voltage range of 0.5 V ≤ U ≤ 0.8 V, in which 

low to medium O coverages of 0.2 ML ≤    ≤ 0.5 ML are identified. When the potential 

reaches 1 V, the surface free energy of Pt(520) becomes smaller than that of Pt(111). Although 

PtO2 bulk oxide is thermodynamically stable above ~0.7 V, there is no experimental evidence 

for the formation of PtO2 NPs during the electrochemical treatment outlined in Ref. [8].  

We also notice that the open surfaces with similar topologies such as Pt(520) and Pt(730) 

exhibit similar stabilities at low potentials. Only when the potential increases to 0.85 V, the 

difference of the surface free energy between these two surfaces becomes significant. Fig. 4 

shows the top views of clean and O-covered high-index Pt(520) and (730) for low, medium and 

high potentials. At low potential of 0.5 V, O prefers to bind at four-fold hollow sites on the 

(210) microfacets of (520) and (730) surfaces and pulls together the Pt atoms that share it. This 

phenomenon has also been observed on low-index surfaces of other transition metals [14, 19, 

20]. Since the low-coordinated surface atoms on Pt(520) and (730) are more flexible, the 

O-induced displacements of Pt atoms on these surfaces are expected to be larger than those of 

the close-packed counterparts. By increasing  (  ), more surface atoms relocate on (520) 

and (730). In such condition, optimum bond orientation and maximum bond strength can be 

achieved. At 1.1 V (1 ML), due to the O-induced packing of Pt atoms, the (730) surface 

reconstructs and becomes as stable as the low-index (111) surface. The reconstruction is much 

more drastic on (520), where O ad-atoms form a square overlayer to reduce the O–O repulsions. 

On this surface, Pt atoms of the third atomic layer move outward to form oxide-like PtO2 

structure together with the first atomic layer atoms. 
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Figure 4. Top views of the most stable structures with different oxygen coverages of (a) Pt(520) 

and (b) (730) surfaces at different electrode potentials. The yellow lines indicate the surface 

unit cells that have been used in the calculations. 

 

2.3.3 THH Pt NPs formation  

The equilibrium shape of NPs can be determined by the minimization of the overall Gibbs 

free energy, which is predominantly the sum of surface, edge, corner and strain contributions. 

For large particles (usually > 3-5 nm) the formation energy is dominated by the surface 

contributions only and the equilibrium shape can be obtained by 

         .                                                             [13] 

Here    and    are the surface free energy and the area of the ith facet of the particle, 

respectively. The surface free energies of different facets are evaluated by the extended ab 

initio atomistic thermodynamics approach that we outlined above. The stability of 

electrode/electrolyte interfaces under electrochemical condition is also considered.  

Pt NPs were synthesized by electro-deposition of polycrystalline Pt nanospheres on glassy 

carbon in a solution of 2 mM K2PtCl6 + 0.5 M H2SO4 followed by their treatment with 

square-wave potential (10 Hz, ~-0.2 V ≤ U ≤ 1.2 V) in a solution of 0.1 M H2SO4 and 30 mM 

ascorbic acid for 10 to 60 min. TEM images indicate that most of the NPs obtained by this 
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method have the perfect THH shape as can be seen in Fig. 5. This shape can be bounded by 

(210) or its vicinal surfaces (e.g., (520), (730) and (940)). (520) or (730) orientations are more 

likely to be present upon comparing the measured and calculated angles between facets. In 

addition, some of the synthesized Pt NPs show an irregular THH shape (Fig. 5 (b)), which 

based on our analysis can be enclosed by (100) facets in addition to (520) or (730) facets.  

To study the shape of Pt NPs we took into account the following surfaces in the Wulff 

constructions: (i) the low-index (111), (100) and (110) surfaces that have already been 

described by other group to dominate the surface of Pt NPs in contact with an oxygen 

atmosphere under UHV conditions and (ii) the (210), (520) and (730) surfaces that we propose 

as possible facets of the THH Pt NPs. As surface O is expected to induce strong surface 

reconstruction, we assume that each O atom comes from water splitting reaction induced by the 

applied electrode potential, which also tunes the amount of O that adsorbs on the surface. 

Using the calculated γ for different surfaces we constructed the Wulff shape of Pt satisfying Eq. 

13 as a function of selected   (Fig. 6). The average coverage of O (  ) on the nanoparticle 

for different   are in ML, where 1 ML corresponds to the saturation O coverage (  
    

                    that can be achieved on the nanoparticle at 1.1  V.  

Fig. 6 shows that at low potentials with no O adsorbed, the nanoparticle shape is mainly 

enclosed by close-packed facet (111) surface with the lowest surface free energy among all of 

the surfaces as well as the small contributions from the (100) and (110) facets, which are, 

according to the phase diagram, the second and third most stable surfaces. When the potential 

is above 1 V, the surface free energy of (520) becomes smaller than that of (111) and facet 

dominates the surface of NPs to form the THH shape observed by TEM. At 1.1 V, the (100) 

surface is also more stable than the (111) one. The surface free energies differences between 

     and      is only ~ 4 me V/Å, which is in the range of error arising from technical and 

computational approximations. The coexistence of (520) and (100) facets results in the 

formation of Pt NPs with a truncated THH shape which is very similar to the irregular THH 

shape observed by TEM images in Fig. 5.  
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Figure 5. TEM image of the (a) perfect and irregular (b) THH Pt NP and their measured 

interfacial angles [given in deg.]          and their corresponding average values            . 

Theoretical values of the interfacial angles          that have been obtained by geometrical 

considerations are listed in the tables. 

 

After reduction at low potentials (< ~0.35 V), the displaced Pt atoms on Pt(520) probably 

remain frozen in their reconstructed state, as the synthesis of Pt NPs are carried out at room 

temperature [8]. The density of stepped atoms on reconstructed (520) is 7.2 10
14

 cm
-2

, that is, 

60% of the total number of atoms on the surface. The corresponding percentage of stepped 

atoms on (730) and unreconstructed (520) is 43% and 40%. This result shows that O-induced 

restructuring creates more (electro-)catalytic active sites on the (520) surface. It is reasonable 

to expect that the THH Pt NPs that mainly consist of (520) facets will display high 

(electro-)catalytic activity.  

Our calculations show that the reconstruction is lifted if O ad-atoms are removed from the 

(520) surface. Thus, from the thermodynamic point of view the polyhedron shape should form 
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by decreasing potential below 0.35 V (see Fig. 6 (a)). However, experimental observations 

show that after reduction at low potentials the shape of THH NPs is not affected. This is 

certainly because of the high kinetic barrier throughout the process of formation of the 

polyhedron shape from the THH shape. At room temperature, at which the experiments are 

performed, the surface diffusion of Pt atoms is too slow for the required mass transport to 

occur. The reason why the THH NPs can form from Pt nanospheres is argued to be the 

electrochemical annealing process by O atoms [21] that are adsorbed on the surface at high 

potentials. 

 

Figure 6. The equilibrium shape of Pt NPs at selected low (a)-(b), mediate (c) and high (d) 

value of  are presented. The six different colors represent the six different surfaces of which the 

NPs are composed 

 

2.4 Conclusion  

In this chapter, we have investigated clean and O covered five Pt surfaces including low 

and high index surfaces by DFT calculations combined with thermodynamic considerations, 

which include structure and stability of surfaces with variety of O coverages (from 0 to 1.2 

ML). It shows that at low potentials (< ~0.35 V), with no O adsorbed on Pt surfaces, Pt(111) is 

the most stable surface. Increasing the potential to 1.0 V, Pt(520) with O (~1.0 ML) becomes 

the most stable surface. At 1.1 V, due to the O-induced packing of Pt atoms, the (730) surface 

reconstructs and becomes as stable as the low-index (111) surface. The reconstruction is much 

more drastic on the (520) surface, where O adatom form a square overlayer to reduce the O-O 

repulsions. The Pt atoms of the third atomic layer move outward to form oxide-like PtO2 

structure together with the first atomic layer atoms. 
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We have also shown that the atomically-rough Pt NPs consisting of high-index (520) facets 

can be synthesized in an aqueous electrolyte at high electrode potential. O-induced surface 

reconstruction of (520) creates a higher number of stepped atoms on this surface, leading to a 

high (electro-)catalytic activity of the THH Pt NPs. Furthermore, we could show that by 

combining DFT calculations and thermodynamic considerations we are able to provide 

important quantitative information and physical insights into the morphological changes of the 

NPs with electrode potential in electrochemical conditions. Our study suggests that new 

interesting shape of metallic NPs with high (electro-)catalytic activity might be synthesized by 

tuning the electrolyte composition and electrode potential in electrochemical systems. 
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Chapter 3 

 

Oxide Formation on Palladium Nanoparticles 

 

Abstract  

 

Using DFT calculations and thermodynamic considerations we study the shape and 

thermodynamic stability of Pd nanoparticles in an oxygen-containing atmosphere. We found 

that at very high oxygen coverage, the nanoparticles will have the form of perfect cubes 

dominated by (100) facets. These particles are stabilized due to the formation of a (   

  )R27⁰-O layer on the Pd(100) surface. The comparison between Pd and Pt nanoparticles 

shows that applying high electrode potentials should lead to the formation of well-shaped 

nanoparticles exposing only few types of facets separated by sharp edges.  
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3.1 Introduction 

Several studies have demonstrated that the surface orientations present on nanoparticles 

have a decisive impact on their catalytic activity. Therefore, it is important to be able to 

predict the shape of nanoparticles as a function of the experimental conditions. Adsorbates 

such as O and OH can induce surface reconstructions, which may furthermore influence the 

shape of the nanoparticle. The interaction between oxygen adatoms and single crystal Pd 

surfaces has been studied in detail in recent years [1-15]. Understanding the structures of 

surface oxides, formed under the conditions more relevant for heterogeneous catalysis and 

bulk oxide formation, have improved significantly during recent years [1-15].  

Several studies combined experimental techniques and first principles calculations to 

determine the oxides formed on Pd surfaces as well its bulk oxide [2, 6, 7, 13-15]. For the 

Pd(100) surface, ordered oxygen overlayers such as p(2 2), c(2 2)and (     )R27° have 

been explored [1-6]. The latter one has been argued to hinder formation of the 

thermodynamically favored bulk oxide. The “Persian carpet” O/(     )Pd(111) structure 

with no bulk correspondent was intensively discussed in several papers and has been found to 

be the second stable surface oxide of Pd after the      )R27° one [7-12]. For Pd(110), it 

was demonstrated that its oxidation does not proceed through a kinetically stable surface 

phase and, instead, rapid bulk oxidation occurs [13-20]. There are also studies on the 

equilibrium shape of Pd nanoparticles in an oxygen-rich atmosphere, which demonstrate the 

importance of correlating structure to the thermodynamic conditions (pressure, temperature, 

gas composition) [20-30].  

In general, the catalytic activity of nanoparticles strongly depends on their size and the 

structure of the facets enclosing the particles. Under electrochemical conditions, Sun et al. 

have been able to synthesize different Pd nanoparticle shapes with high-index facets: 

trapezohedral shapes with {hkk} facets, concave hexoctahedral particles with {hkl} facets, 

fivefold-twinned nanorods, and tetrahexahedral particles dominated by {hk0} facets [31]. It is 

proposed that oxygen adsorption/desorption on the surfaces plays an important part in 

stabilizing the high-index facets during nanoparticles formation. However, there is no 

experimental evidence to prove the relation between adsorbed oxygen species and surface 

stabilities. 

Therefore, a systematic study of the dependence of equilibrium shape of nanoparticles on 

oxygen pressure or the electrochemical equivalent the electropotential is required. In this 
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chapter, we studied low- and high-index surfaces of Pd and calculated the dependence of the 

surface free energy for each surface on the chemical potential of oxygen and the 

electrochemical potential. We found that at very high oxygen coverage, cubic particles 

dominated by (100) facets will form.  

 

3.2 Method  

DFT calculations 

Density functional theory (DFT) with the PBE (Perdew-Burke-Ernzerhof) functional [32] 

as implemented in the Vienna ab initio Simulation Package (VASP, version 5.2.11) [32, 33] 

was used. The calculations were non spin-polarized. The projector-augmented wave method 

(PAW) was used to describe the interaction between the ions and the electrons with the 

frozen-core approximation [34-36]. 

The Pd (4p, 5s, 4d) and O (2s, 2p) electrons were treated as valence states using a 

plane-wave basis set with a kinetic energy cutoff of 400 eV. Van der Waals corrections 

(DFT-D2), as implemented by Grimme [37] were taken into account. A calculated lattice 

parameter of 3.905 Å has been used, in good agreement with the experimental value of 3.89 

Å [10]. Integration in the first Brillouin zone was performed on Monkhorst–Pack k-point 

meshes corresponding to a (16 16 1) mesh for the (1 1) surface cell.  

For the surface calculations, the model adopted was that of a periodic slab with 8-10 Pd 

layers (the bottom layers being kept to their bulk positions, see Table 1) with 10-12 Å 

vacuum in between. The conjugate-gradient algorithm was used to optimize the ion positions. 

Atoms were moved until forces were smaller than 10
-3 

eV·Å
-1

. Phonon contributions of the 

surface and the adsorbates to the free energies have been neglected, as their effect on the 

relative stability of surface phases is usually small. 

 

Table 1. Details of the surface O/Pd structures employed in this study.  

surface  unit cell Nlayers Nfixed-layers surface structure 

Pd(100) (     ) R27° 

  p(2 2) 

  c(2 2) 

9 

8 

8 

4 

4 

4 

(100) 

Pd(111) (     ) 

Ofcc, hpc/p(2 2) 

7 

6 

2 

3 

(111) 

Pd(110) (10 2) 

(1 3) 

(2 1)-2O 

(2 2)-p2mga 

10 

10 

10 

10 

6 

6 

6 

6 

(110) 
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(2 3)-1Db 

(2 3)-deep-Oc 

(3 2) 

(7   ) 

(9   ) 

c(2 4) 

p(2 2) 

10 

10 

10 

10 

10 

10 

10 

6 

6 

6 

6 

6 

6 

6 

Pd(211)  Ofcc/(1 2) 

2 O/(1 2) 

8 

8 

4 

4 

3(111)-(100) 

Pd(311) (2 4)-MR-0.5 MLd 

(2 4)-MR-1 ML 

10 

10 

5 

5 

2(100)-(111) 

Pd(331) 1 O 

2 O 

8 

8 

4 

4 

3(111)-(111) 

Pd(210) 1 O 

2 O 

7 O 

8 O 

5 

5 

5 

5 

3 

3 

3 

3 

2(100)-(110) 

Pd(520) 1 O 

2 O 

4 O 

6 O 

10 O 

5 

5  

5 

5 

5 

3 

3 

3 

3 

3 

3(100)-(110)+2(100)-(110) 

Pd(730) 1 O 

3 O 

9 O 

5 

5 

5 

3 

3 

3 

(520)+(210) 

a
 zig-zag structure; 

b
 double missing-row structure; 

c
 row missing in the next palladium layer; 

d
 missing row. 

 

Thermodynamical considerations  

We are interested in the relative stability of different O/Pd structures in thermodynamic 

equilibrium with an O2 environment at finite temperatures. In order to compare the 

thermodynamic stability of different surface phases, Gibbs surface free energies have been 

calculated by first principles thermodynamics in dependence of the oxygen chemical 

potential, electrochemical potential respectively. The thermodynamic formalism used in this 

chapter is described and applied in several studies [38, 39]. The detailed method we use here 

is explained in the computational methods section of Chapter 2. 

 

3.3 Results and discussions 

3.3.1 Structures and relative stabilities  
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A substantial number of O/Pd structures already discussed before in literature [1-15] were 

constructed and their stabilities were computed using DFT (Table 1). The most relevant 

structures in terms of stability are discussed here. These are all high coverage structures (θ = 

0.5-0.9 ML) with high oxygen adsorption energies, which involve severe reconstruction of 

the first metal layers.   

On the Pd(100) surface the most stable structure is 4O/(     )R27° (Fig. 1a). In the 

unit cell of this structure two O atoms are located below and two higher than the first Pd layer, 

so as to form an O-Pd-O trilayer. This two-dimensional oxide surface has the same lattice as 

the PdO(101) surface (Fig. 1b), but their electronic properties are different. On the Pd(111) 

surface the most stable structure involves a (     ) arrangement of O atoms with the 

Pd4O5 stoichiometry (Fig. 1c). In its unit cell, Pd atoms are also relocated and four O atoms 

coordinate in a planar fashion to the surface Pd atoms. On the Pd(110) surface, there are 

several possible structures and also here the surfaces with higher oxygen surface coverages 

are the more stable ones (e.g., p(10 2), (7   ), c(2 4)) (Fig. 1d). In order to compare these 

structures with the stable ones obtained upon oxygen adsorption on Pt(210), Pt(520) and 

Pt(730) surfaces, we computed similar structures for Pd as well (Fig. 2).  

 

Figure 1. Top views of the most stable structures with different oxygen coverages of (a) 

Pd(100), (b) PdO, (c) Pd(111) and (d) Pd(110) reconstructed surfaces.  
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Figure 2. Optimized structures with different oxygen coverages of Pd(210), Pd(520) and 

Pd(730). Pd and oxygen are marked with blue and red.  

 

3.3.2 Thermodynamics 

In order to determine the stability of the various surface structures under the influence of 

oxygen, we show in Fig. 3 the surface free energies as a function of the oxygen chemical 

potential, ΔμO. The latter is translated into an electrode potential (  ) scale at a temperature 

of 300 K and an oxygen pressure of 1 atm, using eq. (12) from chapter 2. Each line 

corresponds to a particular Pd surface. We mainly focus on O adsorption on the pure Pd 

surface at potentials below -1.09 eV before bulk oxide PdO shows up (indicated by grey area). 

As O adatoms typically have stronger interaction with metal surfaces than water or hydroxyl 

groups [36], we focus in this work on the influence of O atoms. We assume here that each O 

atom comes from the water splitting reaction induced by the applied electrode potential, 

which also determines the amount of O adsorbed on the surface. The assumption on the 

stabilities here is that adsorbate-induced restructuring requires strongly interacting adsorbates 

[40].  

The stability plot shows that for each Pd surface below a critical  , where no O is 

adsorbed on the surface, the surface free energy remains constant (horizontal lines). Above 

this critical electrode potential, O atoms start to bind to the surface, resulting in decreased 

surface free energy (γ). The O coverage increases gradually with  . The higher the 
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coverage is, the steeper the slope is. As expected, among the clean surfaces the most dense 

one has the lower surface free energy, i.e., the (111) surface followed by the (100) one. The 

other surfaces have stabilities in the range of 151 and 157 meV/Å. This is consistent with the 

shapes reported for pure Pd nanoparticles, e.g., tetrahedra, octahedra, decahedra, and 

icosahedra, which are enclosed by {111} facets [41-43]. Moreover, nanoparticles with the 

shape of spherical-like composed of (110) and other high-index (210), (211), (311) and (730) 

facets have been observed [31].  

Above   = -0.39 V, O adsorption starts on the various Pd surfaces (non-horizontal 

lines). Adsorption occurs at the lowest chemical potential for Pd(730) because of the higher 

coordinative unsaturation of the Pd surface metal atoms compared to those in Pd(110) and 

Pd(100) surfaces. The difference is however relatively minor. It is noticed that below   = 

-0.21 V O starts to adsorb on the other surfaces. The clean Pd(111) surface still has the lowest 

surface free energy (Fig. 3). Above  = -0.21 V, O starts to adsorb on the (111) surface 

forming a (     ) surface structure. A further increase of the electrode potential (above 

-0.16 V) results in the (     )R27⁰-O/Pd(100) as the most stable surface structure among 

all the studied O-covered adlayers. The relative stability of the (     )R27⁰-O/Pd(100) 

surface becomes much higher compared to all the other O-covered surfaces upon further 

increasing the potential.  

At high oxygen coverage, the open surfaces still have relatively high surface free energies 

compared with the low-index surfaces. The Pd(210), Pd(520) and Pd(730) surfaces having 

similar topologies exhibit similar stability at low potential, consistent with results reported for 

the same Pt surfaces [45]. Only when the potential becomes positive, the difference between 

these surfaces increases (Fig. 3).  

 

Table 2. Oxygen chemical potential/electrochemical potential variations for the calculated 

O/Pd structures (T = 300 K, P02 = 1 atm) shown in the electrochemical phase diagram (Fig. 3). 

 

Surface ΔμO (eV)   (V) structure 

Pd(100) -2.06 

-1.58 

-0.78 

-0.30 

clean surface 

(     )R27⁰ 

Pd(111) -2.06 -0.78 clean surface 
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-1.49 -0.21 (     ) 

Pd(110) -2.06 

-1.58 

-1.26 

-0.39 

-0.78 

-0.30 

0.02 

0.89 

clean surface 

c(2 4) 

(7   ) 

(10 2) 

Pd(211) -2.06 

-1.19 

-0.3 

-0.78 

0.09 

0.98 

clean surface 

1O 

2O 

Pd(311) -2.06 

-1.34 

-0.78 

-0.06 

clean surface 

(2 4)-MR-0.5 MLd 

Pd(331) -2.06 

-1.52 

-0.78 

-0.24 

clean surface 

1O 

Pd(210) -2.06 

-1.43 

-0.96 

-0.78 

-0.15 

0.32 

clean surface 

2O 

7O 

Pd(520) -2.06 

-1.49 

-1.26 

-0.92 

-0.78 

-0.21 

0.02 

0.36 

clean surface 

2O 

4O 

6O 

Pd(730) -2.06 

-1.67 

-1.34 

-1.02 

-0.78 

-0.39 

-0.06 

0.26 

clean surface 

1O 

3O 

9O 

 

 

Figure 3. Electrochemical phase diagram for the electro-oxidation of Pd surfaces showing the 

surface stability γ as function of the oxygen chemical potential ΔμO as well as electrode 
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potential  (vs. RHE) at room temperature (T = 300 K, P02 = 1 atm). The phase diagram 

shows the conditions under which the different phases are thermodynamically stable. The 

region at which the bulk oxide (PdO) is stable is indicated in grey. 

 

3.3.3 Pd nanoparticles formation  

The shape of a nanoparticle can be determined by the Gibbs-Wulff construction. The 

equilibrium shape of nanoparticles can be determined by minimization of the overall Gibbs 

free energy, which is mainly the sum of surface, edge, corner and strain contributions. For 

large particles (usually > 3-5 nm) the formation energy is dominated by the surface 

contributions only and the equilibrium shape can be obtained by 

                                                                       [1] 

where    and    are the surface free energy and the area of the facet i of the particle, 

respectively. The Wulff construction predicts a particle with a constant ratio between the 

surface energy γi and the distance di from the surface i to the center of the nanoparticle, that is  

γ/di=constant                                                              [2] 

   The stability of electrode/electrolyte interfaces under electrochemical condition is also 

considered. We use the low-index Pd(111), (100), and (110) as well as the high-index (210), 

(211), (311), (331), (520), and (730) surfaces to construct the equilibrium shapes of Pd 

nanoparticles. As surface O adsorbates are expected to stabilize the high-index surfaces 

during nanoparticle formation, we assume that each O atom comes from water splitting 

reaction induced by the applied electrode potential, which also determines the amount of O 

that adsorbs on the surface. Using the computed values of γ we constructed the Wulff shape 

of Pd, satisfying Eq. 2, as a function of selected values of   (Fig. 4).  

We already notice from Fig. 3 that the close-packed clean surfaces have the highest 

stabilities. Fig. 4 shows that at low potentials with no O adsorbed the nanoparticle is mainly 

enclosed by close-packed (111) facets with the lowest surface free energy among all of the 

surfaces as well as small contributions from (100) and (110) facets. These latter facets are the 

second and third most stable surfaces according to the stability plot. After increasing the 

electrode potential above -0.08 V, the (111) and (100) facets with (     )-O and (   

  )R27⁰-O over-layers have the highest contribution to the surface of Pd nanoparticles (Fig. 

4). This result is in agreement with UHV experiments, showing that, after O adsorption, Pd 

nanoparticles reach an equilibrium shape enclosed by (100) and (111) facets [46]. As already 
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mentioned, when the electrode potential increases to -0.16 V, the (     )R27⁰-O/Pd(100) 

structure becomes the most stable one among all studied O-covered ad-layers. In addition, we 

found that the higher the potential is, the larger the difference of the surface free energies 

between (     )R27⁰-O/Pd(100) and other O adsorbed surfaces is. Fig. 4 shows that at 

  = 0.88 V, the shape of the nanoparticle is almost cubic with dominant (100) facets and 

only a small fraction of (111) facets. This result is in agreement with experiment, indicating 

that Pd cubic nanoparticles are mainly enclosed by Pd(100) facets [31]. Although from our 

stability plot, the PdO bulk oxide becomes thermodynamically stable above 0.19 V, there is 

no experimental evidence for the formation of PdO nanoparticles at that potential. Therefore, 

cubic-like Pd nanoparticles represent meta-stable phases, likely stabilized as a result of 

kinetic limitations in the formation of the bulk oxide PdO. 

Fig. 4 shows that none of the recently experimentally observed Pd nanoparticles under 

electrochemical conditions such as trapezohedral, concave hexoctahedral, nanorods, or 

tetrahexahedral are thermodynamically stable. However, trapezohedral, concave 

hexoctahedral, and tetrahexahedral particles with {hkk}, {hkl} and {hk0} facets, respectively, 

have been formed after a treatment of square-wave potential with upper potential of 1.2 V 

and lower potential of -0.2 V [31, 46]. We already discussed in the computational detail 

section that {hk0} facets consist of (100) terraces, as well as {hkk} and {hkl} facets. We 

hypothesize that the formation of kinetically stable tetrahexahedral particles under this 

special square wave potential treatment is possible due to the tendency of formation of 

(     )R27⁰-O layer on the terrace of (100) surface at high potential, which stabilizes the 

high-index surfaces in the formation of nanoparticles. The formation of Pd nanorods enclosed 

by high-index {hkk} and {hkl} facets obtained at potentials between -0.15 V and 0.85 V [31] 

can also be tentatively explained by formation of a (     )R27⁰-O layer. This explains the 

low probability of other high-index surfaces (e.g., Pd(211) and Pd(331)) without (100) 

terraces to show up.  

We predicted the shape of O-covered Pt and Pd nanoparticles (Fig. 4). Clean Pd and Pt 

nanoparticles exhibit similar shape. At higher potential, tetrahexahedral nanoparticles form 

for Pt, while for Pd the cubic form of the nanoparticles is more stable. At very high potential, 

at which adlayers with high O coverage are formed, well-shaped nanoparticles bound with 

only one or two types of exposed facets are most stable.  
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Figure 4. Equilibrium shape of Pd particles in an aqueous electrolyte at different electrode 

potentials. The three different colors represent the three different surfaces of which the 

nanoparticles are composed. 

 

3.4 Conclusions  

In this chapter, we have investigated clean and O covered low- and high-index surfaces of 

Pd by DFT calculations. These data were used in a thermodynamic analysis to predict 

stability and nanoparticle shape as a function of the O coverage in the range of 0-1.2 ML. At 

low electrochemical potential with no O adsorbed on the Pd surfaces, Pd(111) is the most 

stable surface. The shape of Pd nanoparticle is a polyhedron consisting mainly of (111) and 

(100) facets. Upon increasing the potential, an O-covered Pd(100) (θ = 0.8 ML) becomes the 

most stable surface. The reconstruction is much more drastic for the Pd(100) surface than the 

other surfaces taken into account in this chapter. On Pd(100), O adatoms form a square 

overlayer to reduce the O-O repulsions. This surface has the same structure as the first 

surface layer of PdO(101) (Fig. 1.a-b). In this condition, cubic-shaped particles enclosed with 

(100) facets may form as a metastable structure. The formation of kinetically stable 

tetrahexahedral nanoparticles under a special square wave potential treatment is possible due 

to the tendency of formation of (     )R27⁰-O layer on the terrace of (100) surface at 

high potential, which stabilizes the high index surfaces in the formation of nanoparticles. A 

comparison between the shapes of Pd and Pt nanoparticles indicates that for very high 

electrode potentials with only one or two exposed facets nanoparticles will form.   
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Chapter 4 

Reconstruction of Clean and Oxygen-Covered Pt(110) 

Surfaces 

 

 

Abstract 

 

We studied clean and oxygen-covered surfaces of unreconstructed and reconstructed Pt(110) 

by DFT calculations and used these data in thermodynamic considerations to establish the 

stabilities of these surfaces as a function of the oxygen surface coverage. The clean Pt(110) 

prefers to reconstruct into a (1n) missing-row structure with n = 2-4. The surface free 

energies of the three reconstructed surfaces are very similar within the accuracy of our 

calculations. Upon oxygen adsorption, the c(22) with 0.5 ML coverage on the 

unreconstructed surface is equally stable as the 0.5 ML coverage on the Pt(110)-(12) 

reconstructed surface. There is no clear transition between (11) and (12) surfaces. With 

increasing oxygen pressure, the fully oxygen-covered (1 ML) Pt(110)-(12) surface becomes 

the most stable structure. We assume that this structure is relevant to the onset of bulk 

Pt-oxide formation. Compare to Au, we found that the Pt(110)-(12) surface is very stable 

even under very positive electrochemical potential and the ( 13) structure is not stabilized 

by impurities (e.g., oxygen). 

 

 

 

 

 

 

This chapter has been published as Journal of Physical Chemistry. 2013, 117, 11251-11257 
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4.1 Introduction  

The origin of the reconstruction of (110) surfaces of transition metal like Ir, Pt and Au has 

been of great interest to surface science since its first observation 50 years ago [1-7]. Such 

reconstructions may occur for the clean surface. Of particular importance to catalysis are 

surface reconstructions induced by adsorbates [8-11]. For instance, it has been shown that for 

Au and Pt a (12)-missing-row structure has a lower surface energy than the corresponding 

(110) surfaces [12]. A variety of candidate surface structures have been reported among 

which higher-ordered (1n) superstructures are particularly preferred [13]. The structural 

properties of the Pt(110)-(12) surface have been studied in great detail with a variety of 

methods such as low energy electron diffraction (LEED) [1], scanning tunneling microscope 

(STM) [14], atomic resolution transmission electron microscopy (ARTEM) [15], and surface 

X-ray diffraction [16]. Niehus et al. used low energy alkali impact collision ion scattering 

spectroscopy to show that every second close-packed Pt row is missing in this structure [17]. 

Using X-ray diffraction, Robinson et al. reported a (13) structure, in which two missing 

first-layer rows and one missing second-layer row expose the fourth layer from the top and 

cause significant relaxations in the fourth and fifth layer [18]. Such structure can be obtained 

by heating the crystal in an oxygen atmosphere at 1200 K [6]. Recently, a stable (15) 

structure was identified for Pt(110) by Robinson et al. [19], which consists of alternations of 

(12) and (13) unit cells. This specific structure represents an example of a “homometric” 

structure, which can be distinguished by virtue of the different subsurface relaxation patterns.  

Foiles used an embedded atom method (EAM) to determine surface energies and found 

that these were very similar for Pt(110) and (12) and (13) structures [20]. More accurate 

calculations using density-functional theory (DFT) were performed by Hammer and Pedersen 

[21, 22]. In accordance with experimental observations, structures with the first layer of Pt 

atoms shifted up and lower surface free energies were predicted. Besides these interesting 

observations for the clean Pt(110) surface, reconstructions also take place upon adsorption of 

oxygen atoms. Hammer et al. showed by TPD and STM that the Pt(110) surface reconstructs 

into well-ordered surfaces upon annealing or exposure to a high oxygen pressure at elevated 

temperatures [23]. At high oxygen coverage, a Pt(110)-(122)-22O surface oxide has been 

proposed by Li et al.. [24]. 

Till to date, there are no detailed and systematic studies about the more complex surface 

reconstructions of Pt(110) and the influence of oxygen atoms in their formation. In this work, 

we present theoretical DFT calculations of unreconstructed and reconstructed Pt(110) 

surfaces for clean as well as O-covered surfaces. By applying the ab-initio thermodynamics 
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approach of Reuter and Scheffler [25], we predict which surface is stable under particular 

conditions. Electrochemical experiments showed that the reversible transformation between 

(12) reconstructed and (11) unreconstructed Au(110) surfaces appears at a positive 

potential (when the surface is positively charged) [8], while the (12) to (13) 

transformations has been found to occur at negative potentials (negatively charged surface) 

[26]. In contrast, the (12) surface of Pt is found to be very stable in an electrochemical 

environment (from 0 to 1.0 V in OH
-
 or H

+
 solutions) [27]. In an attempt to explain such 

dependencies, we also correlated the surface stabilities of the O-covered unreconstructed and 

reconstructed surfaces to the electrochemical potential. Therefore, we also explore in this 

work the influence of the electrochemical potential on the stability of Pt(110) surfaces.   

 

4.2 Method  

 

4.2.1 DFT calculations 

Density functional theory (DFT) calculations were performed with the VASP (Vienna ab 

initio Simulation Package) code [28, 29] using the gradient-corrected PW91 

exchange-correlation functional [30]. The projector-augmented wave (PAW) method [31, 32] 

is used to describe electron-ion interactions. For valence electrons a plane wave basis set is 

employed.  

The unreconstructed and (12) reconstructed Pt(110) models are composed of slabs 

containing 12 layers, those representing the (13) and (14) reconstructed surfaces of slabs 

containing 14 layers. In all cases, the separation distances between the slabs were set at 10 Å. 

It was verified that larger separation distances did not lead to significantly lower energies. For 

each system, the top five layers of the supercells and the adsorbates, if present, were allowed 

to relax during energy optimization. No symmetry constraints were imposed. The relaxation 

of the electronic degrees of freedom was assumed to be converged when the total energy and 

the band structure energy changes between two electronic optimization steps were smaller 

than 10
-5 

eV and the corresponding interatomic forces below 10
-3 

eV/Å. The Brillouin zones 

of the surface unit cells of Pt(110)-(11), -(12), -(13), and -(14) were performed with 

14141, 10141, 5111, and 3111 Monkhorst-Pack k-points sampling, 

respectively. The energy cut-off was set at 500 eV.  

 

4.2.2 Thermodynamical considerations  

In order to predict the stability of the various surfaces as a function of temperature, 
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oxygen partial pressure and electrochemical potential, we follow the approach outlined before 

by Kaghazchi and Jacob [24] and Reuter and Scheffler [25]. The detailed method we use here 

is explained in the computational methods section of Chapter 2. 

                                                                            

4.3 Results and Discussion  

4.3.1 Clean surfaces 

Figs. 1-4 show the optimized Pt(110)-(11) and the reconstructed Pt(110)-(12), -(13) 

and -(14) surfaces, respectively. The corresponding surface free energies are listed in Table 

1.  

These data show that the reconstructed surfaces are more stable by 6-9 meV/Å
2 

than 

Pt(110)-(11), which is in agreement with experiments [33]. The surface energy differences 

between the three reconstructed surfaces are relatively small, i.e., in the order of 1-3 meV/Å
2
. 

The group of Jacob has observed a strong contraction of the separation of the outermost 

layers for fcc Ir(110) [24]. We observe the same behavior for Pt(110). The contraction of the 

outermost layer is -4 % compared to the bulk layer spacing, followed by a damped oscillatory 

relaxation behavior of the inner layers (+2, +0.3 %, Table 1).  

Compared to Pt(110)-(11), the reconstructed surfaces are more open and the inner 

atoms have more space to move to their optimized position. As a result, the contraction of 

(13) and (14) are smaller (from -2.3 to -1.4 %, Table 1). From Table 1, the two outermost 

layers of Pt(110)-(12), the three topmost layers of Pt(110)-(13), and the four topmost 

layers of Pt(110)-(14) are all contracted compared to the bulk layer spacing. 

 

Table 1. Surface free energies γ and relaxations of the clean unreconstructed and 

reconstructed surfaces. Δdij indicates the change in the distance between layers i and j, given 

as percentage of the bulk interlayer spacing. The buckling within each layer is given by ΔZ, 

also as percentage of the bulk interlayer spacing.  

 

Structure 
unreconstructed 

(11) 

reconstructed 

(12) 

reconstructed 

(13) 

reconstructed 

(14) 

γ [eV/Å2] 0.117 0.110 0.108 0.111 

Δd12 -4 -2.0 -2.3 -1.4 

Δd23 2 -1.5 -1.5 -0.5 
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Δd34 0.3 0.1 0.2 -0.7 

Δd45 -0.6 0 0.4 -0.1 

ΔZ3a  -1.4 -1.8 -2.1 

ΔZ3b  2.5 4.6 1.1 

ΔZ4a   -2.5 -1.4 

ΔZ4b   3.2 3.6 

ΔZ5a    -1.4 

ΔZ5b    -0.7 

ΔZ5c    -1.4 

 

4.3.2 Oxygen-covered surfaces 

The stability of oxygen-covered unreconstructed and reconstructed Pt(110) surfaces was 

also determined. Figs. 1-4 depict all the optimized surface structures as well as different 

oxygen binding sites on Pt(110) surfaces as a function of the O coverage. The particularities 

of these O-covered surfaces are discussed below. The binding energies per O atom are listed 

in Table 2.  

 

Table 2. Calculated binding energies (referenced to 1/2 O2) and bond lengths for oxygen on 

Pt(110) surfaces at different coverages. Only the most stable structure of each coverage is 

listed. Δdij is the change in the distance between Pt-substrate layers i and j (averaged over all 

atoms in the same layers), given as percentage of the bulk interlayer spacing. 

   

Structure 
Coverage 

[ML] 

Ebind[eV] 

(per 1/2 O2) 

Distances 

[Å] 
Δd12 Δd23 Δd34 Δd45 

unreconstructed 

(11) 

1 

0.75 

0.5 

0.25 

0.11 

0.818 

1.14 

1.44 

1.47 

1.46 

Pt-O = 1.95 

Pt-O = 1.95 

Pt-O = 1.94 

Pt-O = 1.94 

Pt-O = 1.94 

1.1 

2.1 

2.1 

2.5 

2.6 

0.6 

1.5 

1.1 

1.5 

3.4 

1.1 

0.6 

0.6 

-1.1 

0.04 

0.2 

0.1 

0.3 

0.4 

0.6 

reconstructed 

(12) 

1 

0.75 

1.16 

1.08 

Pt-O = 2.06 

Pt1-O = 1.95 

15.3 

10.3 

-2.5 

-1.8 

1.7 

0.36 

1.1 

1.7 
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0.5 

0.25 

 

1.19 

1.30 

Pt2-O = 2.03 

Pt-O = 2.02 

Pt-O = 2.05 

 

3.2 

1.7 

 

-0.35.

3 

 

1.1 

0.35 

 

0.36 

0.6 

reconstructed 

(13) 

1 

 

 

 

0.66 

 

 

0.33 

1.01 

 

 

 

1.17 

 

 

0.861 

Pt1-O =1.96 

Pt2-O =2.00 

Pt3-O =2.01 

Pt4-O =2.12 

Pt1-O =1.95 

Pt2-O =2.03 

Pt3-O =2.06 

Pt1-O =2.04 

Pt2-O =2.07 

8.7 

 

 

 

6.5 

 

 

1.7 

-5.3 

 

 

 

-2.5 

 

 

-2.5 

6.4 

 

 

 

3.2 

 

 

4.2 

1.7 

 

 

 

1.7 

 

 

1.1 

reconstructed 

(14) 

1 

 

0.75 

 

0.5 

 

0.25 

0.902 

 

1.03 

 

1.22 

 

1.12 

 

Pt1-O =1.95 

Pt2-O =2.04 

Pt1-O =1.97 

Pt2-O =2.03 

Pt1-O = 2.03 

Pt2-O = 2.07 

Pt1-O =2.05 

Pt2-O =2.07 

16 

 

12.3 

 

6.5 

 

0.89 

-6.8 

 

-3.9 

 

-2.5 

 

-2.6 

1.7 

 

1.5 

 

1.7 

 

2.8 

1.1 

 

0.36 

 

1.1 

 

1.7 

 

4.3.2.1 Oxygen on Pt(110)-(11) 

On the unreconstructed Pt(110) surface, we investigated 6 different O coverages ranging 

from 0.11 to 1 ML. All the configurations are the most stable ones with O sitting on the 

bridge sites, which is consistent with the literature [6]. We find that at relatively low O 

coverages (0.11-0.5 ML) the binding energies of the O atoms are relatively high. The 

differences are smaller than 6 kJ/mol. This points to relatively small repulsive interactions 

between O adatoms at these low coverages. Expectedly, these lateral interactions become 

more important with increasing O surface coverage. The binding energy for a surface 

coverage of 0.75 ML (-1.14 eV) is 0.3 eV less than for a surface coverage of 0.5 ML. At the 

monolayer coverage, O adsorption on the bridge site is still favored with a binding energy of 
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-0.82 eV, lower by 0.3 eV at 0.75 ML coverage due to increased O-O repulsion. The 

geometry of the most stable configuration at 0.5 ML c(22) is in agreement with that 

reported for other fcc (110) surfaces [35]. 

Considering the changes in the surface relaxation, we observe a strong correlation with O 

coverage, which can be explained by the interaction between the surface and the adsorbates. 

On the clean surface, the spacing between the top surface layers was contracted by 4% 

compared to the bulk. Increasing adsorption of oxygen atoms decreases the contraction until 

the coverage reaches 1 ML with a noticeable expansion of +1% of the spacing. The 

oscillatory relaxation behavior of the underlying substrate layers are also influenced by the 

increasing amount of O. Somorjai and van Hove [35] found that upon adsorption the 

contractions are reduced to less than 4% relative to the bulk value, which is much less 

compared to the clean fcc (110) surfaces, consistent with our results.  

 

Figure 1. Top and side view of the Pt (110)-(11) surface and the most stable structures at 

different oxygencoverages (B, T and H denote bridge, top and hollow sites, respectively). 

 

4.3.2.2 Oxygen on Pt(110)-(12) 

The reconstructed Pt(110)-(12) surface exhibits a missing-row type structure. On this 

surface, O coverages of 0.25, 0.5, 0.75 and 1 ML have been studied. Compared with the 

unreconstructed surface, O moves from the bridge site (B site) to the hollow site (H site). The 

energy difference is 0.2 eV. At 0.25 ML, the binding energy of O is 1.30 eV, which is 0.17 eV 

lower than on the unreconstructed surface. This indicates that removing one row of Pt atoms 

at the surface affects both the location where O binds as well as the stability of O on the 

surface. We found that by addition of one more O atom on the other side of the row (Fig. 2) a 

zigzag shape is formed on the surface. The binding energy only decreases by 0.11 eV. 

However, compared to 0.25 ML the change in the distance between layer 1 and 2 (Δd12) 

increases about twofold. Expectedly, the strong O-substrate interaction weakens the 
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interaction between the Pt atoms to which the O atoms bind and the other Pt atoms. The 

effect becomes significant at higher O coverages. With the coverage reaching to 1 ML, two O 

atoms are bound at H sites. Whilst Δd12 was -2 % on the clean surface, it increases to +15.3 % 

at monolayer coverage. In this case, O atoms penetrate between the first and second layers 

and as a result the first layer gets lifted up.  

 

Figure 2. Top and side view of Pt(110)-(12) surface also the most stable structures for the 

different coverages (B, T and H represent the bridge site, top site and hollow site on the first 

layer, respectively; M represents the bridge site on the second layer; R and P represent the top 

site and bridge site on the third layer, respectively). 

 

4.3.2.3 Oxygen on Pt(110)-(13) 

Considering the periodicity of (13)-reconstructed Pt(110), O coverages of 1/3, 2/3 and 1 

ML have been studied. At low coverage, similar to the Pt(110)-(12) surface (0.25 ML), O 

prefers to sit on the hollow site with a binding energy of 0.86 eV, which is higher than on the 

bridge site (0.69 eV). However, the binding energy is significantly lower (by 0.44 eV) than 

on the Pt(110)-(12) surface at 0.25 ML. Table 2 also shows that the distance between the 

second and third layer (Δd23) on the (13) structure (-2.5%) are opposite to that of 

Pt(110)-(12) (5.3%). This indicates that on the Pt(110)-(13), the second layer of metal is 

compressed by this one layer of O atoms on the second row of Pt atoms. The weak binding 

energy at a 1/3 ML O coverage on the Pt(110)-(13) relates to the strong repulsive metal-O 

force from the second layer of Pt atoms.  

Adding one more O atom (2/3 ML), a symmetric structure is formed that has the same 

configuration as the 1 ML coverage on Pt(110)-(12). Also the binding energies for these 
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cases are comparable. A third O atom added to the unit cell to reach the 1 ML coverage 

prefers to be located in the bottom layer (R site). The binding energy of this atom is 0.15 eV 

higher than the binding energy at lowest surface coverage (1/3 ML) due to the special 

symmetrical arrangement of O atoms along the line of metal atoms. The 0.15 eV lower 

binding energy is the result of the stronger O-O repulsion.  

 

Figure 3. Top and side view of Pt(110)-(13) surface also the most stable structures for the 

different coverages (B, T and H represent the bridge site, top site and hollow site on the first 

layer, respectively; Q represents the hollow site on the third layer; M represents the bridge 

site on the third layer; R and P represent the top site and bridge site on the fourth layer, 

respectively). 

 

4.3.2.4 Oxygen on Pt(110)-(14) 

For the (14)-reconstructed Pt(110) surface, coverages of 0.25, 0.5, 0.75 and 1 ML were 

considered. Similar to the other surfaces, a single O atom per unit cell prefers the H site with 

a binding energy of 1.12 eV, which is 0.18 eV lower than on the Pt(110)-(12) surface. Table 

2 shows that except for the 1 ML coverage, the binding energies for 0.25, 0.5 and 0.75 ML 

coverages on the (14)-reconstructed surface are comparable to those found for 

Pt(110)-(12). The differences in binding energies increase with increasing coverage. The O 

atom added to reach the 1 ML coverage is located in the M site. The stronger O-O repulsion 

is expected to decrease the metal-oxygen bond strength.  

By comparing the results of O adsorption at different coverages, we found that the H site 

is favored for the first O atom to be adsorbed on the reconstructed Pt(110)-(1n) surfaces (n 

= 2-4). However, binding energy is higher on the Pt(110)-(13) surface than on the other 
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reconstructed surface due to its higher coverage of O (1/3 ML vs. 0.25 ML). As expected, on 

the unreconstructed surface the binding energy at the most stable position (bridge site) 

decreases significantly when the coverage increases from 0.75 to 1 ML. However, on the 

reconstructed surfaces, threefold-coordinated sites stabilize the O atoms and the binding 

energy difference between different coverages decreases. Compared to the clean surfaces, the 

relaxation behaviors of the surfaces are enhanced and involve oscillations in the distances 

because of the strong interactions between adsorbates and substrates. Due to binding to O 

atoms, the metal-metal bonds in the first and second layer are weakened and, as a 

consequence, the corresponding layer spacing increases. Table 2 shows that the spacing 

between the other surfaces is also affected by O adsorption.  

 

 

Figure 4. Top and side view of Pt(110)-(14) surface also the most stable structures for the 

different coverages (B, T and H represent the bridge site, top site and hollow site on the first 

layer, respectively; M represents the bridge site on the third layer; R and P represent the top 

site and bridge site on the fifth layer, respectively). 

 

4.3.3 Surface stability plot of O/Pt(110) 

In order to explore the stability of the various surface structures in the presence of O2, we 

discuss the surface stability plot as a function of temperature and the oxygen partial pressure 

(Fig. 5). Each line represents one of the clean or oxygen-covered Pt(110) surfaces. We mainly 

focus on oxygen adsorption on the pure Pt surface, which is below a binding energy of 0.70 

eV/O, before bulk oxide shows up (indicated by grey area). For the heat of formation of Pt 

bulk oxide (PtO2) we use a value for Oμ of 0.70 eV/O, which is very close to the 
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experimental value (0.69 eV/O) [34]. As O adatoms typically have stronger interaction with 

metal surfaces than H2O or OH groups [32], we only focus on the influence of O atom in this 

work. We assume here that each O atom comes from the water splitting reaction induced by 

the applied electrode potential, which also determines the amount of O adsorbed on the 

surface.  

The surface stability plot shows that at low O chemical potential the clean reconstructed 

Pt(110)-(13) is the most stable structure. The (12) and (14) structures are only 

marginally less stable (2-3 meV/Å
2
), which implies that all these three reconstructed Pt(110) 

surfaces may show up under experimental conditions. As expected, the unreconstructed 

Pt(110) surface is the least stable one of all the surfaces without O. With increasing O surface 

coverage (lower temperature, higher electrochemical potential or higher oxygen partial 

pressure), we identified a transition from reconstructed Pt(110)-(13) to a c(22)-O adlayer 

(0.5 ML) on Pt(110)-(11) between 04.1 ou eV and 22.1 ou  eV (Fig. 5). When 

Oμ increases to -1.04 eV and the temperature is lower than 450 K, the 1 ML O coverage of 

Pt(110)-(12) becomes the most stable structure. A further increase of the oxygen chemical 

potential to the one corresponding to bulk PtO2 formation ( 70.0O μ eV) will result in Pt 

oxide formation instead of oxygen-covered reconstructed surfaces.  

In the following we compare these findings to experimental data, which are mostly 

obtained under ultra-high vacuum conditions. In order to do this, Fig. 5 also shows how the 

stability of the different phases depends on temperature at given oxygen partial pressures of 

10
-3

 and 1 atm. It is well known that due to its poor stability it is difficult to generate a clean 

unreconstructed Pt(110) surface [33, 34]. Experimental results do not evidence a clear (11) 

→ (12) phase transition during O adsorption [35]. This is in accordance with our data, 

because the computed stabilities of unreconstructed Pt(110) and Pt(12) with 0.5 ML O 

coverage are very close (shown in Fig. 5 with red solid and dashed purple lines). A further 

increase of the O chemical potential results in the Pt(12) structure with 1 ML O coverage 

becoming the most stable. This occurs at chemical potentials at which bulk oxide formation is 

expected. Although Fery et al. proposed that there should be a possibility to find a direct 

phase transformation from (11) to (13) by CO adsorption [6], this has not been 

experimentally confirmed yet. By this argument, Fery et al. concluded that the (13) does 

not represent to a stable surface structure of the clean surface. Fig. 5 shows that the surface 

free energy () of Pt(13) with adsorbed oxygen is much higher than that of Pt(12) which 
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also proves that the (13) structure is not stabilized by impurities [6]. 

Electrochemical experiments have shown that reconstructed Pt(12) surface is stable, 

even at positive potential (i.e., higher than 0.55 V vs. SCE and > 0.80 V vs. SHE) [36]. Fig. 5 

shows that Pt(12) appears in the phase diagram at a potential 0.71 V vs. SHE. This implies 

that below that potential the unreconstructed Pt(110) is stable consistent with the 

experimental data. It is known that when the electrode potential increases above 1.0 V vs. 

SHE the irreversible adsorption of OH species on Pt(hkl) electrodes results in irreversible 

roughening of the surface [27]. This is usually considered as the first step in formation of Pt 

oxide. Our computational investigations show that the first steps towards formation of Pt 

oxide start at 0.88 V vs. SHE with O adsorption. Lucas et al. showed that in solutions 

containing 0.1 M KOH, H2SO4 or HClO4 there was no sign of any other ordered 

superstructures such as the (13) one [27]. This is consistent with our calculations showing 

that in the present of adsorbed O the (12) surface is more stable than other reconstructed 

surfaces such as (13) and (14). 

 

Figure 5. Surface stability plot showing the surface free energy as function of ou . The 

dependence on the oxygen chemical potential is converted to temperature scales at pressures 
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of 1 atm and 10
-3

 atm. The corresponding surface morphology is indicated below each solid 

line in the diagram. The possible reconstructed clean surface at different potential region is 

shown below the diagram with (1n) representing the Pt(110)- (1n) surface. 

4.4 Conclusion  

We studied clean and O-covered surfaces of unreconstructed and reconstructed Pt(110) by 

DFT calculations and used these data in thermodynamic considerations to establish the 

stabilities of these surfaces as a function of the O surface coverage. The clean Pt(110) prefers 

to reconstruct into (1n) missing-row structures with n = 2-4. The surface free energies of 

the three reconstructed surfaces are very close. Upon O adsorption, the c(22) with 0.5 ML 

coverage on the unreconstructed surface is equally stable as the 0.5 ML coverage on the 

Pt(110)-(12) reconstructed surface. There is no clear transition between (11) and (12). 

With increasing O pressure, the fully O-covered (1 ML) Pt(110)-(12) becomes the most 

stable structure. We assume that this structure is relevant in the onset of the formation of bulk 

Pt-oxide. It is predicted that the Pt(110)-(12) structure is very stable, even at very positive 

chemical potential (~1 V). 
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Chapter 5 

 

The CO Recombination Reaction in the Steam Methane 

Reforming by Pt Catalysts 

 

Abstract  
 

The most important elementary reaction steps for the steam methane reforming (SMR) 

process are investigated by DFT calculations for planar and stepped Pt surfaces. Firstly, the 

formation of CO is investigated. To this purpose, three pathways for CO formation from CH 

and O surface intermediates are compared: the conventional pathway involves breaking of the 

CH bond before CO bond formation. Competing pathways involve CHO and COH surface 

intermediates. Pre-adsorption of oxygen plays an important part in CH dissociation and H2O 

dissociation. For both planar and stepped Pt surfaces, CO formation via recombination of C + 

OH is favored because of the low O coverage. At higher temperatures, deactivation may 

occur due to poisoning by carbonaceous species because the rate of OH/O formation becomes 

too low compared to the rate of CH formation. 

 

 

 

 

 

This Chapter has been published as Journal of Catalysis, 2013, 297, 227-235.  
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5.1 Introduction  

Synthesis gas, the mixture of carbon monoxide and hydrogen, is becoming increasingly 

important as a feedstock to produce liquid hydrocarbons and other useful organic chemicals 

[1-3]. Steam reforming is one of the principle routes to produce synthesis gas from natural 

gas by use of transition metal based catalysts [4]. In the steam methane reforming (SMR) 

process, a range of surface-catalyzed processes take place in a consecutive as well as in a 

parallel manner. Ni-based catalysts are preferred in commercial units, although precious 

metals such as Rh, Ru, Pd and Pt also display high activity [1, 4-10]. In the last decade, a 

large number of studies have been carried out to understand the elementary surface reaction 

steps that constitute the SMR reaction [9-15].  

One of the most intriguing and important questions in heterogeneous catalysis is the 

dependency of the activity and selectivity of chemical reactions on the size of catalytic metal 

nanoparticles [6, 8, 10, 15]. On the one hand, it is by now well established that reactions 

involving cleavage of C-H bonds exhibit a rapid increase of the reaction rate with decreasing 

particle size, whereas when C-H bonds are formed in the course of the catalytic reaction the 

overall rate does not depend on the particle size. On the other hand, the rate of a reaction, in 

which the CO triple bond is broken or formed, decreases along with the particle size. It has 

been recognized that low-coordinated surface metal atoms on corrugated surfaces including 

edge, kink and step sites are more reactive for bond-breaking and -forming reactions than the 

more saturated coordination surface atoms that make up the terraces [6-15]. 

Of specific interest to the topic to be discussed here is the current debate whether Pt or Rh 

is the most active steam reforming catalyst [8-10]. Jones et al. [10] found that Pt is less active 

than Ru and Rh. However, this contrasts the experimental result obtained by Iglesia’s group 

[8]. Whereas the latter group argues that the rate controlling step for Pt, Rh, Ru and Ir is 

dissociative methane adsorption, the opinion of Nørskov’s group is that  at low temperature 

dissociative methane adsorption competes with formation of the CO intermediate. The 

activation of water has not been considered as a limiting factor by these groups. It is not 

immediately obvious why Pt should be less active than Ru and Rh, because methane 

activation also has a low activation energy barrier on Pt.  

From previous studies [15, 16], it is known that the activation of the C-H -bond in CH4 

takes place over a single surface metal atom. As a result, the activation barrier for CH4 

activation will decrease with the decrease of the metal-metal coordination number of the 

surface atoms. We will limit the quantum-chemical part of this study to (i) the CO formation 
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by reaction of the CH surface intermediate, (ii) the activation of water and (iii) the activation 

of CH4 to adsorbed CH3 and H fragments to three Pt surfaces. Although the dehydrogenation 

of CH4 to CH has already been extensively addressed in literature [16-20], a proper 

comparison of the rates of dissociative methane adsorption requires the computation of 

barriers for this step for the various surfaces at similar accuracy. For the CO formation step, 

an important question is whether a CHO intermediate is involved [15, 21]. There are three 

potential pathways to produce CO from CH, namely (i) recombination of adsorbed C and O  

fragments after initial C-H bond cleavage, (ii) reaction of the CH surface intermediate with 

adsorbed O to give a CHO intermediate towards CO and (iii) the formation of a COH 

intermediate. Earlier, we have shown that the latter pathway is unfavorable for Rh surfaces. 

As a consequence, the direct and formyl pathway compete in the SMR reaction [15]. The 

recombination of adsorbed CH and O fragments takes preferably place over step-edge sites. 

This is due to the absence of surface metal atom sharing of the recombining fragments in the 

transition state and the more favorable topology of this site compared to terrace surface atoms 

[17].  

Besides CH4 activation and CO recombination, a third important pathway in SMR is 

water activation to provide the necessary O-containing surface intermediates to remove 

carbon from the surface. To produce CO, the adsorbed CHx fragments have to react with O 

adatoms resulting from dissociative water adsorption. We have recently carried out DFT 

calculations to investigate the structure dependence of Rh in the dehydrogenation of CH4 to 

adsorbed C [16], the activation of H2O to OH [9] and the recombination reaction of adsorbed 

CH and O to form CO [15]. In accordance with earlier literature [11, 14], these calculations 

evidence a pronounced surface structure dependency of the activation barriers for the 

recombination reaction. The dependency on the type of metal is only weak though, which is 

in line with the Brønsted-Evans-Polanyi (BEP) concept for surface recombination reactions 

[16]. H2O dissociation proceeds with a low barrier when pre-adsorbed O atoms are present at 

the surface [18]. Such as O-assisted water dissociation mechanism yields adsorbed OH 

species. This reaction also shows only a weak dependence on the metal type, because it 

involves simultaneous formation of a new metal oxygen bond and the weakening of another 

one. These two elementary processes effectively compensate each other. Direct and 

O-assisted water activation depends only slightly on the surface structure. O adatoms are 

generated by further dissociation of adsorbed OH species. The activation barriers for this 

reaction depend strongly on the strength of the metal-oxygen surface bond, in other words, on 

the affinity of a particular metal towards oxygen. The weaker this bond, the more difficult the 
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OH bond cleavage [9]. For this reason, OH cleavage is preferred on step-edges over terrace 

surfaces.  

Clearly, the strong structure dependence of the CH-O recombination implies that, based 

on a comparison of the calculated activation energies, catalytic nanoparticles that expose 

more open surfaces with step-edges will exhibit higher reactivity in this reaction. Because 

these corrugated surfaces are characterized by higher surface energies, they are expected to 

be present with a reasonable probability only for larger particles. Thus, when the particle size 

decreases, only the dense less-reactive surfaces will be exposed, resulting in an increase of 

the activation energy for the recombination reaction. Accordingly, one predicts a decrease of 

the catalytic activity when particles become very small. This expected particle size 

dependence is inconsistent with the observed increase of the overall rate of the steam 

methane reforming reaction with increasing dispersion of the transition metal particles [10, 

11]. Jones et al. have reported an increase of the reaction rate of Rh particles down to a size 

of 3.3 nm [10]. Ligthart et al. found that this correlation also holds for Rh particles as small 

as 1.3 nm [11]. The experimental trend supports the conclusion that the initial methane 

activation is the rate controlling step because of the high activation free energy of this 

reaction. Since the activation of methane is a reaction between a gas phase molecules with a 

surface, there is a large entropy loss associated with the loss of translational and rotational 

degrees of freedom upon the surface reaction. The contribution of the activation free entropy 

change for dissociative methane adsorption is approximately 100 kJ/mol at a temperature of 

773 K. This indeed increases dramatically the activation free energy as compared to the free 

activation energy, which are generally in the order of 35-70 kJ/mol for Rh [1]. On the 

contrary, the values of activation entropies and activation free entropies for elementary 

reaction steps on a catalyst surface are usually similar. Thus, it is of lesser importance to 

explicitly take into account the entropic contributions to reaction free energies for surface 

reactions as compared to adsorption or desorption reaction steps. 

In this chapter, we investigate the role of the intermediates involved (C, CHO and COH) 

in the formation of CO for three different Pt surfaces, namely Pt(111), Pt(533) and Pt(210). 

The close-packed surface represents facets of nanoparticles. The stepped surfaces are 

expected to be the sites for low barrier CO recombination. As they contain coordinatively 

unsaturated surface atoms, these two surfaces are also representative for the edge sites of 

nanoparticles [15]. We will also present barriers for water dissociation to form adsorbed OH 

and O surface intermediates and for the initial C-H bond cleavage step of methane on these 

surfaces. 
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5.2 Computational details 

Density functional theory (DFT) calculations are performed with the VASP (Vienna ab 

initio Simulation Package) code [24, 25] using the gradient-corrected PW91 

exchange-correlation functional [26]. The projector-augmented wave (PAW) method [27, 28] 

is used to describe electron-ion interactions. For valence electrons a plane wave basis set is 

employed.  

Periodic models are employed for the Pt(111), Pt(533) and Pt(210) surfaces (Fig. 1). The 

unit cells for the respective surfaces are p(3 3), p(2 2) and p(2 2) in size and are 

constructed from the bulk fcc lattice. The Pt(111) unit cell model contains 45 Pt atoms. The 

coordination number of the surface atoms is 9. The Pt(533) surface contains a (100) step one 

and a 4-atom wide (111) terraces. The super cell contains 66 Pt atoms and the coordination 

numbers of the terrace and step edge surface atoms are 9 and 7, respectively. Because of the 

stepped surface, there are fourteen different sites of interest in this structure. The Pt(210) unit 

cell is composed with 40 Pt atoms and consists of 2-atom wide (100) terraces with a (110) 

step. Pt(210) has more active sites than Pt(533) corresponding with the low coordination 

numbers of the terrace and step edge surface atoms are 8 and 6, respectively.  

The vacuum space above all slab models was chosen to be 10 Å. Larger separation 

distances did not lead to a significantly lower energy. The top three layers of the supercells 

were allowed to relax during energy optimizations, and no symmetry constraints were 

imposed. The relaxation of the electronic degrees of freedom was assumed to be converged 

with the total energy and the band structure energy changes between two electronic 

optimization steps were both smaller than 10
-5 

eV and forces below 10
-3 

eV/Å for all ions 

were used as the criterion for convergence of ionic relaxation. The energy cut-off is set to 500 

eV. Calculations were performed with       k-points sampling of the Brillouin zone 

[29].  

Adsorption energies have been calculated according to                       in 

which E is the adsorption energy of a molecule A on the surface and               

and         represent the total energies of the adsorbate system, of the bare Pt surface and of 

the free adsorbent in gas phase, respectively.  
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Figure 1. Schematic presentation of the three Pt surfaces. The unit cells for the respective 

surfaces are p(3 3), p(2 2) and p(2 2) with a vacuum of 10 Å.  

 

5.3 Results and discussion 

We will first compare the three possible reaction pathways of CO formation from 

co-adsorbed CH and O on the Pt(111), Pt(533) and Pt(210) surfaces, followed by a discussion 

of H2O dissociation on these Pt surfaces. It should be first noted that the applied DFT 

methodology does not do well in predicting the preferred adsorption site for CO on Pt [30, 

31]. However, this will only slightly influence the results because the energy difference 

between different adsorption sites is around 10 kJ/ mol, which is close to the accuracy of the 

computations. It will only have minor influence on the surface reaction barriers due to 

cancellation of errors.  

 

5.3.1 CO formation on Pt(111) 

Formation of CO from CH and co-adsorbed O needs the initial dissociation of CH into 

atomic C and H, which is considered as the rate determine step in the methane steam 

reforming process [7]. CH dissociation can be carried out directly or assisted by the 

co-adsorbed O atom in two different pathways. In these three mechanisms the initial state (IS) 

is considered to be the CH intermediate co-adsorbed with O (Oinf) at infinite separation. This 

indicates that there is no repulsive interaction between the co-adsorbed CH and O in the IS. 

Let us first consider the direct path for CH activation on Pt(111) which is represented 

below by reaction Ia and Ib. The reaction configurations are shown in Fig. 2.  

CHads + Oinf  → Cads + Hads + Oinf                                             (Ia) 

Cads + Oads + Hinf  → COads + Hinf                                           (Ib) 

On the Pt(111) surface, in the IS the CH intermediate prefers to adsorb on the hcp-hollow 

site as shown in Fig. 1. In the transition state (TS), CH bends with the H atom interacting 

with the top site and shares the metal atom with C (Fig. 2). In the final state (FS) H migrates 
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to fcc-hollow site with C atom staying at the same position. The activation barrier and 

reaction energy correspond to 110 and 58 kJ/mol, respectively. This is in good agreement 

with previous studies [32]. The CO formation is shown in the lower panel of Fig. 2. In the IS 

C and O atoms are co-adsorbed in the fcc-holllow sites. In the TS, O moves from the fcc site 

to C. In the FS, CO stays in the fcc-hollow site. The barrier for the formation of CO is 117 

kJ/mol and the reaction barrier is -198 kJ/mol (Fig. 3).   

 

Figure 2. Upper and lower panels are CH dissociation and CO formation on Pt(111) surface 

respectively. Pt, C, O and H atoms are represented in white, gray, and red, respectively. Initial 

state (left), transition state (middle) and final state (right). 

 

Now we consider two other mechanisms, where the CH bond cleavage is assisted by 

co-adsorbed O. One pathway (II) involves formyl (CHO) as the intermediate to CO formation 

and proceeds via 

CHads + Oinf → CHads+ Oads                                               (IIa) 

CHads+ Oads → CHOads                                                     (IIb) 

CHOads → COads + Hads                                                                             (IIc) 

On the Pt(111) surface, we find that formation of CO through initial CH dissociation and 

combination of C atom and O atom compete with the formation of CO through CHO as an 

intermediate. Inderwildi et al. proposed that for the formation of CO with CHO as an 

intermediate is more favorable than the direct path [29]. Fig. 3 shows the potential energy 

diagram for the formation of CO via the CHO intermediate. It requires 35 kJ/mol to bring CH 

and O in favorable positions for CHO formation. In the TS, O atom moves toward the CH 

fragment, and forms CHO species (Fig. 4), the reaction barrier corresponds to 108 kJ/mol in 

agreement with the results by Inderwildi et al. [29]. The barrier with respect to the Oinf is 143 
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kJ/mol (Fig. 3). This is 33kJ/mol higher than the barrier required for direct CH bond cleavage.  

Although the initial path for the formation of CO + H via the CHO intermediate (II) is higher 

than the direct path (I). The overall barrier for the formation of CO + H via the CHO 

intermediate is 39 kJ/mol lower than the direct path (Fig. 3). Fig. 3 contains the activation 

energies for all three pathways on the planar surface, respectively. Fig. 4 gives the 

configurations of all the states. 

An alternative reaction pathway (III) can also be considered where the H atom of the CH 

intermediate is abstracted by the co-adsorbed O as shown in Fig. 5. The IS is the same as that 

in the earlier path. In the TS CH bends and the H atom interacts with the co-adsorbed O (Fig. 

5). In the FS the CH bond cleaves and the OH bond is formed (IIIb). The barrier corresponds 

to 147 kJ/mol with respect to the co-adsorbed O. However, with respect to the Oinf the barrier 

is 182 kJ/mol (Fig. 3).     

CHads + Oinf → CHads + Oads                                                (IIIa)  

CHads+ Oads → Cads + OHads                                                (IIIb)  

Cads+ OHads → COHads                                                    (IIIc) 

COHads → COads + Hads                                                   (IIId)  

In the next step the C interacts with the O of the OH intermediate formed in the earlier 

path to form COH intermediate (IIIc). The TS is very unstable and requires high energy 

barrier (204 kJ/mol), which means that the pathway with COH as an intermediate is not 

favorable. However, COH is very stable in the fcc site compared to CHO intermediate. The 

formation of CO + H from the COH intermediate corresponds to a barrier of 71 kJ/mol.  
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Figure 3. Reaction energy diagram for CO formation pathways I(black), II(red), III(blue) on 

Pt(111) in kJ/mol. The pathways are described in the text. 

 

Figure 4. Upper and lower panels are formation of CO with CHO as the intermediate on 

Pt(111) surface respectively. Pt, C, O and H atoms are represented in white, gray, and red, 

respectively. Initial state (left), transition state (middle) and final state (right). 

 

Figure 5. Upper and lower panels are formation of CO with COH as the intermediate with C, 
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O and H atoms in gray, red and white, respectively. Shown are the initial state (left), 

transition state (middle) and final state (right). 

 

5.3.2 CO formation on Pt(533) 

In this section, we discuss the CO formation from CH and O on the stepped Pt(533) 

surface. The CH species is initially adsorbed in the threefold-hollow site on the lower terrace 

of the step (Fig. 6). During dissociation process the C-H bond stretches and in the TS, H atom 

is interacting with the bridge of the upper terrace. In the FS, C and H atoms are stable in the 

tree-fold hollow and bridge sites respectively (Fig. 6). The CH activation barrier is 116 

kJ/mol, while the reaction energy is 66 kJ/mol (Fig. 7). Formation of CO takes place with the 

O atom on the bridge site over the step edge site and C atom remains in the hcp-hollow site 

below the step as shown in Fig. 6. During the reaction, O moves over the bridge site and 

forms a C-O bond with the C situated in the hcp-hollow site. In the finial state, CO is in the 

hcp-hollow site (Fig. 6). This route only costs 35 kJ/mol and the reaction energy is 4 kJ/mol 

lower than on the surface Pt(111). The formation of CO on the Pt(533) surface is 82 kJ/mol 

lower than that on the Pt(111) surface discussed earlier. This difference can be attributed to 

the non-sharing of the metal atoms of the C and O co-adsorbed species in the TS on the 

Pt(533) surface. This configuration on the stepped surface reduces the repulsive interaction 

between the co-adsorbed species in the TS [32]. One should note that although there are B5 

active sites for CO dissociation on the stepped Pt(533), the CO molecule is not pre-activated 

unlike that on the Ru and Co surfaces [33]. 

It takes 1 kJ/mol to bring the O on the bridge site of upper terrace with CH sitting in the 

lower fcc site (Fig. 6). The formation of CHO species has a low activation energy of 90 

kJ/mol compared with the same reaction on the Pt(111) surface. However, the CHO 

intermediate is 48 kJ/mol less stable on the stepped surface than on the terrace due to the 

steric hindrance on the step. In the FS the C-H bond of the CHO intermediate cleaves with a 

barrier of 9 kJ/mol (Fig. 7). We found that this pathway with O assisted CH dissociation is 

more favorable than the direct CH dissociation, especially on the stepped surface like Pt(533). 

In this process, C-H bond does not need to break at the first step which causes the high 

energy barrier. Instead, on the stepped surface, it is easy to bring CH and O in positions 

favorable for H transfer, which makes the O-assisted cleavage of C-H the most favorable 

initial step. Also on the stepped surface Pt(533), TS does not need to share the same metal 

atom during the reaction which also makes the CH dissociation, followed by CO formation 

relatively at low barrier. Fig. 6 gives the configurations of pathway II on Pt(533). 
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Figure 6. Upper and lower panels are CH dissociation and CO formation on Pt(533) surface 

with C, O and H atoms are represented in gray, red and white, respectively. Initial state (left), 

transition state (middle) and final state (right). 

 
Figure 7. Energy diagram for CO formation pathways I(black), II(red), III(blue) on Pt(533) 

in kJ/mol. The pathways are described in the text 
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Figure 8. Formation of CO with CHO as the intermediate on Pt(533) with C, O and H atoms 

in gray, red and white, respectively. Shown are the initial state (left), transition state (middle) 

and final state (right). 

 
Figure 9. Formation of CO with COH as the intermediate on Pt(533) with C, O and H atoms 

in gray, red and white, respectively. Shown are the initial state (left), transition state (middle) 

and final state (right). 



Chapter 5                          The CO Recombination Reaction in the Steam Methane Reforming by Pt Catalysts 

Page | 71  
 

5.3.3 CO formation on Pt(210) 

Unlike Pt(533) surface, Pt(210) has a 2-atom wide (100) terraces and (110) step. There is 

synergy effect of these two surface sites which forms a 6-fold hollow site or we also can call 

it “chair” site. This 6-fold hollow site consists of four fcc-hollow sites on step and one 4-fold 

hollow site on the terrace.  

For the first direct pathway, CH stays on a 4-fold hollow site on the terrace with H 

pointing to the edge in the IS, and during the TS H atom moves up and finally stays stable on 

the bridge site at the edge of the step (Fig. 10). O atom in another way does not move, just 

sticking to the 4-fold hollow site on the terrace (Fig. 10). The reaction barrier corresponds to 

122 kJ/mol which is 7 kJ/mol (Fig. 11) higher than on Pt(533). During the CO forming on the 

Pt(210), O atom migrates from the bridge site to the edge site, so C atom can react with it. In 

the FS the CO molecule is adsorbed on the bridge site of the lower terrace (Fig. 10). The 

formation of CO along this path corresponds to a barrier of 75 kJ/mol. And C atom needs to 

move from the hollow site to more stable site for CO adsorption which consumes more 

energy than on Pt(533). Fig. 10 gives the configurations of pathway I. 

 

Figure 10. Formation of CO through CH dissociation on Pt(210) with C, O and H atoms in 

gray, red and white, respectively. Shown are the initial state (left), transition state (middle) 

and final state (right). 
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Figure 11. Energy diagram for CO formation pathways I(black), II(red) on Pt(210) in kJ/mol. 

 

It takes 1 kJ/mol to bring O atom from infinite distance and locates on the bridge site of 

upper terrace (Fig. 12). Formation of CHO needs 107 kJ/mol (Fig. 11) and CH species moves 

out of the hollow site to reach O atom. The FS product CHO sits in the 4-fold hollow site 

with O pointing to the step and H pointing to the opposite direction. The CHO intermediate is 

more stable on Pt(210) than on Pt(533) and needs 24 kJ/mol (Fig. 11) more to split to form 

CO and H. Final position for CO is still on the bridge site of lower terrace.  

The third pathway with COH as an intermediate has a very high energy barrier (291 

kJ/mol) corresponding with what we find on Pt(111) and Pt(533). The IS of CH and O is the 

same as pathway II. In the TS the H moves away from C and close to O. C stays at the hollow 

site on the lower terrace. In the FS OH stays on upper stair with H pointing to the lower 

terrace (Fig. 13). This pathway is not favorable just like the other surfaces. 
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Figure 12. Formation of CO with CHO as the intermediate on Pt(210) with C, O and H 

atoms in gray, red and white, respectively. Shown are the initial state (left), transition state 

(middle) and final state (right). 

 
Figure 13. Formation of CO with COH as the intermediate on Pt(210) with C, O and H 

atoms in gray, red and white, respectively. Shown are the initial state (left), transition state 

(middle) and final state (right). 
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5.3.4 H2O dissociation on Pt  

Following the work of van Grootel et al. for H2O dissociation on Rh surfaces [9], we will 

compare here the direct and O-assisted dissociation of H2O. The formation of O from OH is 

also investigated as it is required for CO formation (vide supra). Thus, we discuss the 

following reactions for the three different surfaces: 

H2Oads       → OHads+Hads                                         (IVa) 

H2Oads + Oinf  → 2OHads                                              (IVb) 

OHads         → Oads+Hads                                   (IVc)  

 

5.3.4.1 H2O dissociation on Pt(111) 

Based on literature [35], H2O adsorbs on the top site and during the TS, one OH bond 

stretches to the hollow site (Fig. 14). The barrier is 87 kJ/mol (Fig. 15) in accordance with 

reference [35] and in the FS the OH and H occupy the adjacent hollow sites. It seems that 

direct H2O dissociation is not a favorite process on the Pt(111) surface. When we introduce O 

with the H2O molecule, two OH are generated. In the FS, O atoms stay on top with H 

pointing to the other O atom (Fig. 14). The barrier for dissociation is only 13 kJ/mol which is 

much lower than the value computed for the pathway without O. The reverse reaction barriers 

are similar, 22 kJ/mol and 21 kJ/mol, respectively. The cleavage of OH bond is very difficult. 

It takes 96 kJ/mol to conquer the barrier which is consistent with literature [35]. OH species 

prefers to adsorb on the bridge site in the IS, and during the TS, OH bond stretches a bit with 

H moving to the top site. In the FS, O moves back to the hollow site and H shifts to the 

bridge site. 
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Figure 14. Dissociation of H2O on Pt(111) with O and H atoms in red and white, respectively. 

Shown are the initial state (left), transition state (middle) and final state (right). 

 

 
Figure 15. Energy diagram for H2O dissociation on Pt(111). Black (red) line without (with) 

pre-adsorbed oxygen.  
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5.3.4.2 H2O dissociation on Pt(533) 

H2O prefers to adsorb on the top edge site on Pt(533), and during the TS, H moves 

backwards to the lower terrace and OH moves a bit to the bridge site on the edge (Fig. 16). In 

the FS, OH stays on the bridge site with H pointing to inside and H remains in the lower 

terrace hollow site. It takes 69 kJ/mol to dissociate H2O to OH species (Fig. 16). Reverse 

reaction needs 58 kJ/mol to overcome the barrier. OH bond breaking is also difficult on the 

Pt(533) surface which takes 109 kJ/mol. O and H species are very unstable and easy to 

combine to form OH species. 

We now study O-assisted H2O dissociation. In the IS, O sits on the bridge site of the step, 

and H2O stays on the top site lower terrace. H2O moves up a bit during the TS and in the FS 

the former OH remains on the upper terrace with H pointing to the O atom on the lower 

terrace. The new formed OH species moves to the top site at lower terrace. The barrier for 

H2O splitting is low (9 kJ/mol). And the reverse reaction energy is very close also only 10 

kJ/mol. The barrier for OH bond cleavage is lower than the system without O-assisted (99 

kJ/mol). However, the reverse reaction of OH formation energy barrier is much lower, only 

18 kJ/mol. It consists with what we expected that with so high OH dissociation barrier, there 

will be no oxygen on the Pt(533) surface.   

  
Figure 16. Dissociation of H2O on Pt(533) with O and H atoms in red and white, respectively. 

Shown are the initial state (left), transition state (middle) and final state (right). 
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Figure 17. Energy diagram for H2O dissociation on Pt(533). Black (red) line without (with) 

pre-adsorbed oxygen.  

 

5.3.4.3 H2O dissociation on Pt(210) 

The most favorable adsorption site for H2O on Pt(210) is the bridge site on the edge with 

OH bonds parallel to the surface (Fig. 18). During the TS, H facing to the terrace stretches 

down and splits from H2O molecule and OH stays at the edge site with H pointing the 

opposite (Fig. 18) and the barrier for this is 41 kJ/mol. In the FS, H at the terrace moves to 

the bridge site and OH turns a bit to the left (Fig. 18). But the barrier of the reverse reaction 

from H+OH to H2O is very low only 14 kJ/mol (Fig. 19), which means that H is unstable on 

the surface and easily reacts with OH. This agrees with the low thermodynamic stability of 

adsorbed O with respect to non-dissociated H2O. The OH bond dissociation barrier is high 

(127 kJ/mol) compared with the barrier of H2O dissociation, which is reasonable that OH is 

very stable on the surface and there is no O available.  
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Figure 18. Dissociation of H2O on Pt(210) with O and H atoms in red and white, respectively.  

Shown are the initial state (left), transition state (middle) and final state (right). 

 

 

Figure 19. Energy diagram for H2O dissociation on Pt(210). Black (red) line without (with) 

pre-adsorbed oxygen.  
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The barrier of H2O dissociation with pre-adsorbed O is very similar to the direct 

dissociation 42 kJ/mol, but OH species is very stable (-55 kJ/mol) on the surface compare to 

H+OH. In the IS, H2O molecule sits at the same position as the direct dissociation, O atom is 

on the bridge site lower terrace. In the TS, H2O moves out a bit to reach O atom on the 

terrace and H is closer to the O at the lower terrace and forms another OH bond. In the FS, 

the former OH remains on the upper terrace and newly formed OH fragment moves to the 

hollow site with H pointing to the step. OH species is so stable on the surface that the bond 

breaking barrier is even higher (37 kJ/mol) than non-O-assisted system (Fig. 19). 

 

5.3.5 Dissociative CH4 dissociation on Pt surfaces 

As it will turn out that the rate of dissociative CH4 adsorption is of crucial importance in 

predicting the overall SMR reaction rate, we computed the dissociation of the first C-H bond 

in CH4 for the three Pt surfaces at the same accuracy as done for the Rh surfaces [15]. The 

transition states for the dissociation of CH4 involve a single surface atom. The activation 

barrier for CH4 dissociation decrease in the order Pt(111) > Pt(533) > Pt(210) with values of 

75, 55 and 47 kJ/mol, respectively. The activation barrier decreases with decreasing 

coordination number of the surface Pt atom involved in the dissociation step. The difference 

between Pt(111) and the stepped surfaces is significantly larger than the difference between 

the stepped surfaces.  

The two barriers for the reactions CH3 → CH2 → CH are not conclusive compare to the 

barrier of first CH bond breaking of CH4.  

 

Figure 20. CH4 dissociation on the Pt(533) surface with C and H atoms in grey and white, 

respectively. Shown are the initial state (left), transition state (middle) and final state (right).  
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Figure 21. CH4 dissociation on the Pt(210) surface with C and H atoms in grey and white, 

respectively. Shown are the initial state (left), transition state (middle) and final state (right). 

5.4 Conclusions  

Activation barriers for dissociative CH4 adsorption, CH-O recombination via various 

pathways and H2O dissociation were calculated for Pt(111), Pt(533) and Pt(210) surfaces. 

The barrier for dissociative CH4 adsorption decreases with decreasing coordination number 

of the surface metal atom. For Pt(111) and Pt(533), CO formation via C+O is preferred over 

formyl (HCO) and alcoholate (COH ) pathways, whereas the alcoholate pathway is preferred 

for Pt(210). This may be attributed to the difference in surface topology: stepped surfaces 

reduce the repulsive interaction between the co-adsorbed species in the TS. Our results are 

coincident with experiment, which show that CO dissociation is very difficult on Pt, even on 

B5 site or more open site like 6-hollow site on the Pt(210) surface. The barrier for H2O 

dissociation is related to the pre-adsorption of oxygen. Dissociation of adsorbed H2O into OH 

and O is strongly endothermic for the Pt surfaces. This is in contrast to H2O dissociation on 

Rh surfaces, which is more favorable. In conclusion, pre-adsorbed O on Pt is expected to be 

crucial to obtain a high steam methane reforming rate.  

 

 

References  

[1] Rostrup-Nielsen, J. R.; Sehested, J.; Norskov, J. K. Adv. Catal., 2002, 47, 65. 

[2] Hildebrandt, D.; Glasser, D.; Hausberger, B.; Patel, B.; Glasser, B. J. Science, 2009, 323, 1680. 

[3] Bartholomew, C. H.; Farrauto, R. J. “Fundamentals of Industrial Catalystic Processes”, USA, 2006. 

[4] Wei, J. M.; Iglesia, E. J. Phys. Chem. B, 2004, 108, 4094. 

[5] Rostrup-Nielsen, J. R.; Bak Hansen, J. H. J. Catal., 1993, 144, 38. 

[6] Wei, J. M.; Iglesia, E. Angew. Chem. Int. Ed., 2004, 43, 3685. 

[7] Wei, J. M.; Iglesia, E. J. Phys. Chem. B, 2004, 108, 7253. 

[8] Wei, J. M.; Iglesia, E. J. Catal., 2004, 225, 116. 

[9] Hensen, E. J. M.; van Santen, R. A. Surf. Sci., 2009, 603, 3275.  

[10] Jones, G.; Jakobsen, J. G.; Shim, J. G.; Kleis, S. S. J.; Andersson, M. P.; Rossmeisl, J.; Abild-Pedersen, 

F.; Bligaard, T.; Helveg, S.; Hinnemann, B.; Rostrup-Nielsen, J. R.; Chorkendorff, I.; Sehested, J. J.; 

https://venus.tue.nl/ep-cgi/ep_detail.opl?taal=NL&rn=19941571


Chapter 5                          The CO Recombination Reaction in the Steam Methane Reforming by Pt Catalysts 

Page | 81  
 

Nørskov, K.; J. Catal., 2008, 259, 147. 

[11] Ligthart, D. A. J. M.; van Santen, R. A.; Hensen, E. J. M. J. Catal., 2011, 280, 206. 

[12] Inderwildi, O. R.; Jenkins, S. J.; King, D. A. J. Am. Chem. Soc., 2007, 129, 1757. 

[13] Bunnik, B. S.; Kramer, G. J. J. Catal., 2006, 242, 314. 

[14] Liu, Z. P.; Hu, P. J. Am, Chem. Soc., 2003, 125, 1961. 

[15] van Grootel, P. W.; Hensen, E. J. M.; van Santen, R. A. Langmuir, 2010, 26, 21, 16339. 

[16] Hickman, D. A.; Schmidt, L. D. Science, 1993, 259, 343. 

[17] Sven, N.; Bret, J.; J. Chem. Phys., 2009, 130, 054701. 

[18] Moussounda, P. S.; Haroun, M. F.; Rakotovelo, G.; Légaré, P. Surf. Sci., 2007, 601, 3697. 

[19] Anghel, A. T.; Wales, D. J.; Jenkins, S. J.; King, D. A. Phys. Rev B, 2005, 71, 113410.  

[20] Ishikawa, A.; Neurock, M.; Iglesia, E. J. Am. Chem. Soc., 2007, 129, 13201.  

[21] van Grootel, P. W.; van Santen, R. A.; Hensen, E. J. M. J. Phys. Chem. C, 2011, 115, 13027. 

[22] Au, C. T.; Ng, C. F.; Liao, M. S. J. Catal., 1999, 185, 12. 

[23] Wang, G. C.; Tao, S. X.; Bu, X. H. J. Catal., 2006, 244, 10. 

[24] Kresse, G.; Furthmuller, J. Comput. Mater. Sci., 1996, 6, 15. 

[25] Kresse, G.; Furthmuller, J. Phys. Rev. B, 1996, 54, 11169. 

[26] Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J.; Fiolhais, C. 

Phys. Rev. B, 1992, 46, 6671.  

[27] Blochl, P. E. Phys. Rev. B, 1994, 50, 17953. 

[28] Kresse, G.; Joubert, J. Phys. Rev. B, 1999, 59, 1758. 

[29] Inderwildi, O. R.; Jenkins, S. J.; King, D. A. Angew. Chem. Int. Ed., 2008, 47, 1. 

[30] Orita, H.; Itoh, N.; Inada, Y. Chem. Phy. Lett., 2004, 384, 271. 

[31] Feibelman, P. J.; Hammer, B.; Nørskov, J. K.; Wagner, F.; Scheffler, M.; Stumpf, R.; Watwe, R.; 

Dumesic, J. J. Phys. Chem. B, 2001, 105, 4018.  

[32] Shetty, S. G.; Jansen, A. P. J.; van Santen, R.A. J. Phys. Chem. C, 2009, 113, 46, 19749. 

[33] van Santen, R. A.; Neurock, M.; Shetty, S. G. Chem. Rev., 2010, 110, 2005. 

[34] Andersson, M. P.; Abild-Pedersen, F.; Remediakis, I. N.; Bligaard, T.; Jones, G.; Engbæk, J.; Lytken, 

O.; Horch, S.; Nielsen, J. H.; Sehested, J. J.; Rostrup-Nielsen, R.; Nørskov, J. K.; Chorkendorff, I. J. 

Catal., 2008, 255, 8. 

[35] Qi, L.; Yu, J. G.; Li, J. J. Chem. Phys., 2006, 125, 054701. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://venus.tue.nl/ep-cgi/ep_detail.opl?taal=NL&rn=19991620
https://venus.tue.nl/ep-cgi/ep_detail.opl?taal=NL&rn=19941571
https://venus.tue.nl/ep-cgi/ep_detail.opl?taal=NL&rn=19991620
https://venus.tue.nl/ep-cgi/ep_detail.opl?taal=NL&rn=19941571


Chapter 5                          The CO Recombination Reaction in the Steam Methane Reforming by Pt Catalysts 

Page | 82  
 

 

 

 

 

 

 

 



Chapter 6                      Microkinetics of Steam Methane Reforming on Platinum and Rhodium Metal Surfaces 

Page | 83  
 

Chapter 6 

 

Microkinetics of Steam Methane Reforming on Platinum 

and Rhodium Metal Surfaces  

 

 

Abstract  

 

We have investigated the most important elementary reaction steps in the steam methane 

reforming (SMR) process for planar and stepped Pt surfaces (dissociative CH4 adsorption, 

CH-O recombination, H2O activation) and compared activation barriers of Rh surfaces. 

Microkinetic simulations show that Rh nanoparticle catalysts will be more active than Pt ones. 

The rate controlling step is dissociative CH4 adsorption occurring on low coordinated surface 

atoms (edges, corners, step-edges). The stepped surfaces are much more reactive than planar 

surfaces of the corresponding metals. For stepped Pt surfaces, CO formation via 

recombination of C + OH is favored because of the low O coverage. At higher temperatures, 

deactivation may occur due to poisoning by carbonaceous species because the rate of OH/O 

formation becomes too low compared to the rate of CH formation. This occurs at lower 

temperature for Pt than for Rh because of the lower Pt-O bond energy.  
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6.1 Introduction  

Steam methane reforming (SMR) is widely applied to produce hydrogen and syngas 

(CO + H2) [1]. Syngas is one of the most probable substitutes for crude oil as a feedstock to 

produce liquid hydrocarbons and other useful organic compounds via the Fischer-Tropsch 

reaction [1-3]. SMR is one of the principle routes to produce synthesis gas from natural gas 

by use of transition metal based catalysts [4]. The most frequently used metal for SMR is 

Ni-based catalysts, although precious metals such as Rh, Ru, Pd and Pt also display high 

activity [1, 4-9]. The details of the reaction mechanism of transition metal catalyzed steam 

methane reforming have been the subject of several careful studies in the last decade [9-15]. 

However, due to the complex molecular chemistry occurring on metal surfaces and the 

complex composition of the catalyst system, it remains a challenge to formulate consistent 

structure-activity relationships for the SMR reaction. One specific topic of interest is the 

debate whether Pt or Rh is the most active SMR catalyst [8-10]. Jones et al. [10] found that Pt 

is less active than Ru and Rh. However, this contrasts the experimental result obtained by 

Iglesia’s group [8]. Whereas the latter group argues that the rate controlling step for Pt, Rh, 

Ru and Ir is dissociative methane adsorption, the opinion of Nørskov’s group is that 

dissociative methane adsorption competes with formation of the CO intermediate.  

The dehydrogenation from CH4 to CH has already been extensively addressed in 

literature [17-22]. There are three potential pathways to produce CO from CH, namely (i) 

recombination of adsorbed C and O fragments after initial C-H bond cleavage, (ii) reaction of 

the CH surface intermediate with adsorbed O to give a CHO intermediate towards CO and (iii) 

the formation of a COH intermediate. For the Rh surface, the direct and formyl pathways 

compete in the SMR reaction [15]. The recombination of adsorbed CH and O fragments takes 

preferably place over step-edge sites. This is due to the absence of surface metal atom sharing 

of the recombining fragments in the transition state and the more favorable topology of this 

site compared to terrace surface atoms [16].  

Besides CH4 activation and CO recombination, a third important pathway in SMR is 

H2O activation to provide the necessary O-containing surface intermediates to remove C from 

the surface. For Pt H2O dissociation assisted by O adatoms has a lower barrier than direct 

H2O dissociation [18]. Direct and O-assisted H2O activation depend only slightly on the 

surface structure. O adatoms are generated by further dissociation of adsorbed OH species. 

The activation barriers for this reaction depend strongly on the strength of the metal-oxygen 

surface bond, in other words, on the affinity of a particular metal towards O. The weaker this 
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bond, the more difficult the OH bond cleavage [9]. For this reason, OH cleavage is preferred 

on step-edges over terrace surfaces.  

By using quantum chemical calculations one can unravel the detailed picture of the 

mechanism of surface-catalyzed reactions as well as compute individual energy parameters 

for elementary reaction steps. However, this information is not enough to directly compare 

the mechanistic details derived from quantum chemical modeling with the actual 

experimentally determined rates of catalytic reactions. Thus, we will here continue our 

modeling work of the Pt-catalyzed SMR reaction [done by chapter 5] by illustrating the 

consequences of differences in metal surface reactivity for the actual kinetics. In microkinetic 

modeling, as will be employed here, rate constants of elementary reaction steps are used in 

the mean field differential equations that describe the kinetics of the reaction. The output of 

such a simulation is reaction rate and surface coverage. Earlier, the groups of Vlachos [23] 

and Nørskov [10] have carried out microkinetic simulations of the SMR reaction for a 

number of transition metals. The work of Vlachos is hampered by the quality of the input 

because of the use of the less accurate UBI-QEP method to determine the activation energies 

and the use of pre-exponential factors to fit their model to experimental results. In the work 

of Nørskov the activation energies are determined via a BEP-relation to a barrier of around 

160 kJ/mol for a stepped Ru surface. However, Shetty and van Santen found a barrier for CO 

recombination well below 100 kJ/mol for the stepped Ru(11-21) surface due to the choice of 

a different reaction path [24]. In the work of Nørskov, H2O and OH dissociation reactions 

were assumed to be quasi-equilibrated.  

In the present theoretical study, we investigate the role of the intermediates involved (C, 

CHO and COH) in the formation of CO for three different Pt surfaces, namely Pt(111), 

Pt(533) and Pt(210). We will also present barriers for H2O dissociation to form adsorbed OH 

and O surface intermediates on these surfaces. These data form the basis of a set of reaction 

parameters (activation barriers, pre-exponential factors) for the SMR reaction. The set is 

completed by literature data for Pt and Rh(211) and Rh(111) surfaces [9,15,17]. A 

microkinetic model is used to establish differences in reactivity in the SMR reaction between 

Rh and Pt. 

 

6.2 Computational details 

The microkinetic model is based on 15 elementary reactions (Table 1), which include the 

dehydrogenation of CH4 to CH, C and H, H2O adsorption and dissociation to O and H and C 
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and O recombination to CO as well as desorption of H2 and CO. Additionally, we took into 

account the formation of CO via a formyl (CHO) intermediate [25] and via a COH 

intermediate and the O-assisted dissociation of adsorbed H2O.  

The parameters of the surface and desorption reaction steps were computed by use of 

transition state theory from the activation energy barriers and the partition functions, which 

are mainly determined by the vibrations of the ground and transition state. For unimolecular 

adsorption the reaction rate constant is calculated from     
  

         

        
  with 

Asite the area of the adsorption site, Pi the partial pressure of component i, i the sticking 

coefficient of component i, m the mass of component i, kB Boltzmann’s constant and T the 

temperature. The sticking coefficients of H2O, H2 and CO are taken to be unity. We took a 

value of 0.01 for CH4 for all surfaces. As a consequence the sticking coefficient S (T) 

computed by          
      

        
   

 

     
         equals 3.7 10

-6
 at 773 K, which is 

close to the value reported for a stepped Ru surface [10]. 

 The approach for the microkinetic simulations was as follows. The steady-state surface 

coverages were calculated by solving the differential equations describing the coverage of 

each of the surface intermediates. These steady-state surface coverages were then used to 

compute the rates of the individual elementary reaction steps and the overall rate per surface 

atom. Lateral interactions and their influence on activation barriers were not taken into 

account in this study. From the rates as a function of partial pressure of the reactants and the 

temperature, the reaction orders and apparent activation barriers were computed over a large 

temperature range. Finally, it was determined which step was rate controlling by known 

procedures [11]. The kinetics database used as input for the kinetic simulations is shown in 

Table 1.   

Table 1. Reaction energies for the formation of CO from CH4 and H2O dissociation on 

different surfaces of Pt and Rh. 

Elementary reaction step Pt(111) Pt(210) Pt(533) Rh(111) Rh(211) 

Ei (  ) Ei (  ) Ei (  ) Ei (  ) Ei (  ) 

CH4 + 2* → CH3* + H* 

CH3* + H*→ CH4 + 2* 

75  

(5.910
5
)

a
 

82  

(2.710
10

)
a
 

47 

(5.310
5
)

a
 

55 

(5.110
10

)
a
 

55  

(5.310
5
)

a 

69  

(5.110
10

)
a
 

58 

 (8.510
4
)

a 

107  

(6.710
10

)
a
 

40  

(5.110
5
)

a
 

112  

(6.710
10

) 

CH3* + * → CH2* + H* 56 

(2.410
12

) 

52 

(2.410
12

) 

49 

(2.410
12

)
a
 

41  

(6.710
12

) 

60  

(2.410
12

)
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CH2* + H*→ CH3* + * 
74 

(3.210
12

) 

60 

(3.210
12

) 

73 

 (3.210
12

) 

104  

(2.510
12

) 

115  

(3.210
12

) 

CH2* + * → CH* + H* 

CH* + H*→ CH2* + * 

53 

(3.410
12

) 

88 

(4.110
13

) 

43 

(3.410
12

) 

47 

(4.110
13

) 

41  

(3.410
12

) 

81  

(4.110
13

) 

3 

 (3.410
12

)
 

62  

(2.810
13

) 

25 

 (3.410
12

)
 

157  

(4.110
13

) 

CH* + * → C* + H* 

C* + H* → CH* + * 

110 

(2.810
13

) 

58 

(3.410
13

) 

122 

(2.810
13

) 

115 

(3.410
13

) 

116 

(2.810
13

) 

50 

 (3.410
13

) 

98  

(3.810
13

)
 

97  

(3.210
13

) 

76 

 (2.810
13

) 

94  

(3.410
13

) 

H2O + * → H2O* 

H2O*→ H2O + * 

0 

(1.710
8a 

)
 

32 

(3.210
15

)
a
 

0 

(1.410
8
)

a 

53 

(1.010
16

)
a
 

0 

 (1.410
8
)

a 

39 

(1.010
16

)
a
 

0  

(1.310
8 
)

a 

39  

(8.010
15 

)
a
 

0  

(1.410
8 
)

a
) 

70  

(8.010
18 

)
a
 

H2O* + *→ OH* + H* 

OH* + H*→ H2O* + *  

87 

(6.210
11

)
a
 

22 

(3.910
12

)
a
 

53 

(6.210
11

)
a
 

14 

(3.910
12

)
a
 

69 

(6.210
12

)
a
 

58 

(1.310
13

)
a
 

63 

(2.310
12

)
a 

80 

(5.310
13

)
a
 

61 

(6.210
11

)
a
 

77 

(3.910
12

) 

OH* + * → O* + H* 

O* + H* → OH* + * 

96 

(1.610
13

) 

84 

(1.610
13

) 

130 

(1.610
13

) 

90 

(1.610
13

) 

67 

 (1.610
13

) 

31  

(1.610
13

) 

95 

(1.110
13

)
 

125 

(2.710
13

) 

72 

(1.610
13

)
 

90 

(1.610
13

) 

H2O* + O* → 2 OH* 

2 OH*  → H2O* + O*  

13 

(6.210
11

) 

21 

(2.910
13

) 

15 

(6.210
11

) 

11 

(2.910
13

) 

9 

(1.310
13

) 

11 

(1.310
13

) 

47 

(3.810
12

)
 

34 

(3.510
13

) 

60 

(6.210
11

)
 

54 

(2.910
13

) 

C* + O*  → CO* 

CO*  → C* + O* 

117 

(6.310
12

) 

315 

(5.010
12

) 

75 

(6.310
12

) 

302 

(5.010
12

) 

44 

(1.310
13

) 

231 

(1.610
13

) 

180 

(2.410
12

) 

280 

(2.310
12

) 

127(6.310
12

) 

150 

(5.010
12

) 

C* + OH*→ COH* + * 

COH* + *→ C* + OH*  

204 

(5.010
12

)
b
 

361 

(5.010
12

)
b
 

62 

(5.010
12

)
b
 

135 

(5.010
12

)
b
 

108 

(5.010
12

)
b
 

222 

(5.010
12

)
b
 

160 

(5.010
12

)
b 

140 

(5.010
12

)
 b

 

109 

(5.010
12

) 

102 

(5.010
12

) 

CO* + H*→ COH* + * 

COH* + *→ CO* + H* 

102 

(5.010
12

)
b
 

71 

(5.010
12

)
b
 

250 

(5.010
12

)
b
 

122 

(5.010
12

)
b
 

50 

(5.010
12

)
b
 

23 

(5.010
12

)
b
 

257 

(5.010
12

)
b
 

108 

(5.010
12

)
b
 

27 

(5.010
12

)
b
 

106 

(5.010
12

)
b
 

CH* + O*→ CHO* + * 

CHO* + *→ CH* + O*  

110 

(5.010
12

)
b
 

223 

(5.010
12

)
b
 

107 

(5.010
12

)
b 

212 

(5.010
12

)
b
 

89 

(5.010
12

)
b
 

86 

(5.010
12

)
b
 

184 

(5.010
12

)
b 

125 

(5.010
12

)
b
 

93 

(5.010
12

)
b 

98 

(5.010
12

)
b
 

CO* + H*→ CHO* + * 121 

(5.010
12

)
b
 

146 

(5.010
12

)
b
 

102 

(5.010
12

)
b
 

187 

(5.010
12

)
b 

96 

(5.010
12

)
b 
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CHO* + *→ CO* + H* 55 

(5.010
12

)
b
 

32 

(5.010
12

)
b
 

9 

(5.010
12

)
b
 

29 

(5.010
12

)
b
 

29 

(5.010
12

)
b
 

CO*  → CO + * 156 

(1.010
16

)
a
 

232 

(3.210
16

)
a
 

170 

(3.210
16

)
a
 

225 

(2.510
16 

)
a
 

225 

(2.510
16 

)
a
 

2 H*→ H2 + 2* 
82 

(1.010
13 

)
a
 

86 

(3.510
13 

)
a
 

83 

(3.510
13 

)
a
 

100 

(2.710
13 

)
a
 

127 

(2.710
13 

)
a
 

a) Pre-exponential factors of adsorption and desorption steps at 773 K. Partial pressure of 

CH4 and H2O are 0.25 and 0.75 bar. 

b) From Ref. [23]. 

6.3 Results and discussion   

Before discussing in detail the results of the microkinetic simulations for the various Pt 

and Rh surfaces, we first show the potential energy diagrams for the Pt surfaces and Rh(211) 

(Fig. 1). From these diagrams, which represent the enthalpies along the reaction pathway 

from CH4 + H2O to CO + 3 H2, it is immediately clear that the highest activation barriers are 

encountered for CH dissociation and CO formation. However, to firmly conclude which step 

is rate controlling one needs to include the entropic differences between the ground and 

transition states. These differences are typically very small when surface recombination or 

dissociation reactions are concerned, but tend to become large when adsorption or desorption 

steps are considered. Henceforth, one should instead compare free energies as done before 

[10, 15]. As an example, van Grootel et al. [15] have predicted that the activation free energy 

barrier for dissociative CH4 adsorption on Rh(211) is greater than the corresponding barrier 

for CO recombination. This is due to the large entropy loss during the dissociative adsorption 

of CH4.  
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Figure 1. Potential energy diagrams for Pt(111), Pt(210), Pt(533) and Rh(211) with the 

enthalpies along the reaction pathway from CH4 + H2O to CO + 3 H2. 

 

6.3.1 The kinetic of the steam reforming reaction on the Pt surfaces 

6.3.1.1 Influence of temperature 

We present the rates of CH4 conversion as a function of temperature for Pt. We employ 

a ratio of H2O and CH4 to 3, which is consistent with experimental practice. As the 

temperature rises, the yields of products pass through a maximum. Fig. 2 shows the surface 

atom based SMR activity (turnover frequency, TOF) for the various Pt surfaces as a function 

of temperature. 

Fig. 2 shows that on the Pt(210) and (533) surfaces the temperatures of maximum 

activity are 923 K and 1023 K with predicted TOF values of 950 and 865 s
-1

, respectively. 

Pt(210) is more active than Pt(533) and the activity of Pt(111) is negligible over the whole 

temperature range considered here. We focus on the difference of adsorbed species at 

equilibrium on the different Pt surface structures. The surface of Pt(111) is fully covered by 

carbon species at all temperatures, i.e., mainly CH species at low temperature and C species 

at high temperature. The difference in poisoning species as a function of temperature is in 

line with the endothermicity of the CH + *   C + H step. The reason is the low steady-state 
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surface coverages of OH and O due to the endothermicity of their formation, so that the 

C-containing surface intermediates cannot be removed effectively. These findings of low O 

coverage are in keeping with the unfavorable adsorption of O and OH predicted for Pt (Fig. 3 

in Ref. [10]).  

Pt(210) has more active sites than Pt(533). On the more open Pt (210) surface, at low 

temperature, the dominant species are adsorbed C and CO. When temperature increases, the 

CO molecules are desorbed from the surface. This generates enough vacant sites on the 

surface for the CH bond to split, H2O to decompose and C to react with O. At 923 K, C starts 

to poison the surface due to lack of adsorbed O atoms. Fig. 3 shows that the O coverage is 

negligible, so we assume that O generation is the rate limiting step. 

The most abundant reaction intermediate for the Pt(533) surface is carbide. At low 

temperature, CO and CH occupy half of the surface. When temperature rises, vacancies are 

increasing due to CO desorption. At 1023 K, CH and C again dominate the surface due to 

lack of O adatoms. 

The microkinetic simulations show that CO is predominantly formed via the direct 

reaction of C + O intermediates for Pt(533). However, for Pt(210) CO formation is found to 

predominantly take place via the alcoholate intermediate (C + OH → COH → CO + H). The 

reason is the favorable geometry of the more open Pt(210) stepped surface for this reaction 

channel. For the less reactive Pt(533) surface the barrier for the alcoholate pathway is 

substantially higher than for the direct recombination of adsorbed C and O atoms. Since OH 

dissociation is not favorable on the Pt surfaces, adsorbed O atoms is rather less and the 

pathway of direct recombination of C and O is less preferable. The case is different for 

Pt(210) because the reaction path via COH is preferred. 
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Figure 2. Effect of temperature on forward CH4 activation yield at equilibrium on Pt (111), Pt 

(210) and Pt (533) surfaces.  

 

Figure 3. Coverage of species at equilibrium on Pt (111), Pt (210) and Pt (533) surfaces.  
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6.3.1.2 Reaction order and apparent activation energies of the reaction on the Pt surfaces 

Here we discuss the reaction orders of H2O and CH4. For Pt(210), the reaction order in 

CH4 is positive and increases towards unity with increasing temperature when the surface 

becomes emptier. The reaction order with respect to H2O is positive for Pt(210), which can 

be traced back to the high barrier activation of H2O on the Pt(210) surface. For Pt(533), when 

temperature is below 700 K, we find that the reaction order in CH4 is negative which is 

consistent with the fact that below 700 K, surface is covered with CO and CH. We assume 

that at low temperature H2O dissociation compare to CH4 decomposition is more difficult and 

becomes the rate limiting step. When the temperature increases, the order of CH4 increases 

towards unity and the order in H2O decrease to 0.1. The surface becomes vacant at the 

meantime and when the temperature is above 1000 K, the surface is poisoned by carbide.     

We also investigate the apparent activation energies. At low temperature the apparent 

activation energy for Pt(210) decreases more strongly than for Pt(533) (Fig. 5). When 

temperature reaches 723 K, the activation energies for these two surfaces become 

overlapping. Above 750 K, the activation energy for Pt(533) is higher than for Pt(210) and 

the values are consistent with experimental data [9].  

 

Figure 4. Reaction orders of water (circle) and methane (square) on the Pt (210) and Pt (533) 

surfaces respectively. Experimental data are indicated in figures from dispersed particle 

measurements.  
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Figure 5. Apparent activation energies on Pt (210) and Pt (533) surfaces, respectively. The 

triangle blocks indicate the experimental data from dispersed particle measurements.  

 

6.3.2 The kinetic of the steam reforming reaction on the Rh surfaces 

6.3.2.1 Influence of temperature 

Fig. 6 shows the surface atom based SMR activity for the Rh surfaces as a function of 

temperature. The stepped Rh(211) surface has a higher activity than the Rh(111) surface. Fig 

7 shows that the surface of Rh(111) is covered by O (~0.8 ML), not like Pt(111) fully covered 

by carbon species (Fig. 3). The reason for this significant difference is the much stronger 

Rh-O bond as compared to the Pt-O bond, which will lead to different surface coverages with 

O-containing intermediates [15]. For Rh(111) the rate of CH4 dissociation is low compared to 

the rate of O formation, so that the surface coverage with O is high. On the contrary, Pt(111) 

is poisoned during the SMR reaction by adsorbed C and CH species because of the 

endothermicity of the formation of OH and O. The activation barrier of CH4 dissociation is 

lowest for Rh(211) followed in increasing order by Pt(210), Pt(533), Rh(111) and Pt(111).  

The ratio between the rates of CH4 dissociation and O formation is smaller for Rh(211) than 

for Rh(111). In this case, CO formation is much easier on the Rh(211) surface than on the 

other surfaces. At high temperature (> 900 K), Rh(211) surface is poisoned by C species and 

deactivated (Fig. 7).  
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The main reaction channel for the formation of CO on the Rh(211) surface formed via 

the direct reaction of C + O intermediates the same as on the Pt(533) surface which has the 

same surface topology. However, the TOF value of Rh(211) is much higher than of Pt(533). 

As the ratio between the rates of dissociative CH4 adsorption and O formation is much 

smaller for Rh(211) than for Pt(533), mainly due to easier H2O activation for the Rh surface, 

poisoning by carbon-containing species will occur at lower temperature for the Pt surface. 

 

Figure 6. Effect of temperature on forward CH4 activation yield at equilibrium on Rh (111), 

Rh (211) surfaces, respectively.  

 

Figure 7. Coverage of species at equilibrium on Rh (111), Rh (211) surfaces. 
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6.3.2.2 Reaction order and apparent activation energies of the reaction on the Rh surfaces 

The reaction order in CH4 for Rh(111) is positive when the temperature is below 600 K 

which is consistent with the fact that below 600 K, surface is covered with O and the rate 

limiting step is CH4 dissociation at low temperature. When temperature increases above 600 

K, O coverage decreases and C occupies the surface. The reaction order in CH4 is negative 

and order of H2O is positive. When temperature reaches 773 K, the order of H2O decreases to 

zero which fits well with the experimental data [9]. CH4 dissociation becomes the 

rate-limiting step. Above 773 K, the reaction order in CH4 increases towards unity and the 

order of H2O is negative. For Rh(211), the order of CH4 is positive and increases towards 

unity with increasing temperature when the surface becomes emptier. This is in agreement 

with the identification of dissociative CH4 adsorption as the rate-controlling step until 

poisoning occurs. The reaction order with respect to H2O is negative for Rh(211), which can 

be traced back to the easy activation of H2O on the Rh(211) surface.  

The activation energy for Rh(111) is higher than Rh(211) and the experimental data fits 

well with the data for Rh(211) [9]. 

 

Figure 8. Reaction order of water (circle) and methane (square) on Rh(111) and Rh(211) 

surfaces. Experimental data are indicated in figures from dispersed particle measurements.  
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Figure 9. Apparent activation energies on Rh(111), Rh(211) surfaces. The triangle blocks 

indicate the experimental data.  

 

6.3.3 Comparison of Pt and Rh catalyst    

Here we compare the TOF values of all the metal surfaces, the stepped Rh(211) surface 

shows the highest activity followed by Pt(210) and Pt(533). Rh(111) has a much lower 

activity and the activity of Pt(111) is negligible over the whole temperature range considered 

here. Another observation is that some of the surfaces, i.e. Rh(211), Pt(210) and Pt(533), 

become deactivated above a certain temperature. The stepped surfaces exhibit a much higher 

activity than the close-packed surfaces. The rate controlling step for all surfaces is 

dissociative CH4 adsorption, except for the cases that a particular surface deactivates. The 

activity differences between these surfaces are therefore dominated by differences in the 

activation barrier for CH4 dissociation. It follows from Table 1 that this barrier is lowest for 

Rh(211) followed in increasing order by Pt(210), Pt(533), Rh(111) and Pt(111). As is well 

established, the activation barrier for CH4 dissociation depends on (i) the coordination 

number of the surface metal atoms and (ii) the metal-carbon bond strength. The lowest 

barriers for CH4 activation are expected for the open surfaces of the more reactive transition 

metals. This trend holds for this data set since Rh is more reactive than Pt and Pt(210) is a 

more open surface than Pt(533).  
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Comparing the surface coverages of all the surfaces, the Pt(111) surface is fully covered 

by C species and for Rh(111) the surface is completely covered by O. The reason for this 

significant difference is the much stronger Rh-O bond as compared to the Pt-O bond, which 

will lead to different surface coverages with O-containing intermediates [15]. To exemplify 

these differences, Table 2 lists the reaction energies for formation of OH and O from H2O. 

Whereas the formation of O is strongly endothermic of Pt surfaces, it is close to 

thermoneutral of Rh. For Rh(111) the rate of dissociative CH4 dissociation is low compared 

to the rate of O formation, so that the surface coverage with O is high. On the contrary, Pt(111) 

is poisoned during the SMR reaction by adsorbed C and CH species because of the 

endothermicity of the formation of OH and O. It shows that poisoning by C-containing 

species is the main cause for catalyst deactivation. The onset of carbon poisoning occurs at 

slightly lower temperature for Rh(211) than for Pt(210). The kinetics for these two most 

active surfaces is different (Figs. 2 and 6). In both cases the reaction order in CH4 is positive 

and increases towards unity with increasing temperature when the surface becomes emptier. 

This is in agreement with the identification of dissociative CH4 adsorption as the 

rate-controlling step until poisoning occurs. The reaction order with respect to H2O is positive 

for Pt(210) and negative for Rh(211), which can be traced back to the more difficult 

activation of H2O on the former surface. The apparent activation energy for Pt(210) decreases 

more strongly with temperature than for Rh(211) (Figs. 5 and 9). This is the consequence of 

the lower binding energy of Pt resulting in lower surface coverages: coverage of the surface 

with C- and O-containing species (including CO), i.e. the surface intermediates after the rate 

controlling dissociative CH4 adsorption step, will increase the apparent activation energy.  

 

Table 2: Reaction energies for the formation of Oads and OHads on Pt and Rh surfaces. 

 

Surface H2O(g) → Oads + H2(g) (kJ/mol) H2O(g) → OHads + ½H2(g)(kJ/mol) 

Pt(111) 127 74 

Pt(210) 112 29 

Pt(533) 91 14 

Rh(111) 14 -6 

Rh(211) -23 -23 

 

6.4 Conclusion 

The main conclusions from the present microkinetic analysis are that (i) dissociative CH4 

adsorption is the rate determining step in the SMR reaction for Rh and Pt, (ii) Rh is more 
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active than Pt due to a lower barrier for CH4 activation consistent with the stronger 

metal-carbon bond strength for Rh, (iii) low-coordinated Rh surface atoms are the active sites 

for dissociative CH4 adsorption and (iv) step-edge sites are required for low-barrier CO 

formation. Conclusions (i) and (iii) are fully consistent with the experimentally determined 

particle size dependence for the SMR reaction by Rh and Pt nanoparticle catalysts [6-8, 10, 

11]. In our simulations we have used stepped surfaces to model the most active sites of 

catalytic Pt and Rh nanoparticles. For nanoparticles, the ratio of step-edge sites over edge and 

corner sites will strongly decrease with their size. When these sites for facile CH-O 

recombination vanish, one expects that the rate control of the SMR reaction shifts to CO 

formation. Accordingly, the rate is expected to decrease strongly because CO recombination 

occurs with high barrier on planar surfaces. Experimentally, this regime has not been 

observed. A possible explanation for this discrepancy is that the presence of only a very few 

sites for low barrier CO recombination is sufficient to remove adsorbed CH and C species 

from a catalytic nanoparticle. Note, that the barrier for CO recombination on Pt(111) is 

relatively low so that one does not expect CO recombination to become rate controlling in 

contrast to the case of Rh [15].  
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Chapter 7 
A DFT Modeling and Microkinetics Simulation 

Study of Pt-Re Synergy in the Water-Gas Shift 

Reaction 

 

 

Abstract 

 

The water-gas shift (WGS) reaction is investigated by quantum-chemical DFT 

calculations for pure Pt and Re metals as well as a RePt alloy. Three different pathways 

towards CO2 formation from CO and H2O are compared. The direct CO oxidation from CO + 

O is the main pathway on the Re surface. For Pt CO oxidation via the carboxyl intermediate 

(COOH) is the main reaction channel towards CO2. On RePt alloy, the main reaction pathway 

shifts from COOH decomposition to direct CO oxidation with increasing temperature 

(550-650 K). As H2O dissociation on the Re surface is exothermic, but endothermic on the Pt 

surface, the main role of Re in the alloy appears to provide a route for low-barrier OH and O 

formation. The rate of COOH formation from CO adsorbed on Pt and OH adsorbed on Re is 

very high; however, the net rate is decreased by facile decomposition of COOH on 

neighboring Re-Re sites, which relates to the high stability of OH on Re. With increasing 

temperature, the rate of CO2 formation via direct CO oxidation increases and finally exceeds 

the rate of COOH formation due to much higher O coverage on the Pt sites than OH coverage 

on the Re sites.  
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7.1 Introduction  

The water-gas shift (WGS) reaction, CO + H2O  CO2 + H2 (       
         kJ/mol), 

is a key step in producing and upgrading hydrogen from carbon-based fuels [1-9]. In 

hydrogen manufacture, two types of catalytic materials are most frequently used to catalyze 

the WGS reaction. In the first stage and at relatively high temperature, Fe3O4 stabilized by 

Cr2O3 is used, whereas in the second stage nearly full CO conversion can be achieved at 

lower temperature using more active Cu catalysts [8, 9].  

For hydrogen upgrading purposes relevant to low-temperature fuel cell operation, 

attention has shifted again to the use of platinum-group metals because of their high activity 

in a large temperature window, their non-pyrophoric nature and inherent stability in transient 

operation [10]. The most widely investigated catalyst systems include Au, Pd and Pt 

supported on reducible oxides such as CeO2, ZrO2 and TiO2 [11-16]. Substantial debate 

persists concerning the nature of the active sites in such catalysts. Flytzani-Stephanopolous 

and co-workers have asserted that cationic Au and Pt species on reducible supports are the 

active sites [17, 10], whereas the more traditional view is that nanoparticles are required for 

the WGS reaction [18, 19]. It is clear that the activity of noble metals on reducible oxides is 

much higher than on irreducible oxides [20]. The mechanism of the WGS reaction is also 

prone to considerable speculation, with proposals involving the importance of a formate 

(HCOO) or carboxyl (COOH) intermediates or simple redox chemistry [21-27]. The group of 

Mavrakakis has shown the importance of a carboxyl intermediate for Cu and Pt surfaces [26, 

27]. 

Recently, bimetallic catalysts have received widespread attention for the valorization of 

biomass via aqueous phase reforming (APR) of polyols such as ethylene glycol, glycerol and 

sugars [28]. For hydrogen production, the PtRe combination is much more active than its 

monometallic Pt counterpart [28, 29]. The synergy has in part been attributed to improved 

WGS activity of the PtRe alloy, because the reaction removes CO from the surface during 

low-temperature APR reactions [30]. Although in general it is understood that Re in the alloy 

should be in the reduced state to achieve high APR activity, another way of understanding 

improved WGS activity is the reduction of ReOx with CO to produce CO2 [31]. Recently, 

Ciftci et al. have shown a strong synergy between Pt and Re in carbon-supported catalysts for 

the WGS reaction [32]. Fig. 1 shows the overall WGS reaction rate of Pt, Re and PtRe alloys 

in the gas-phase. This preliminary work also showed that Pt and Re remain in the metallic 

state during the WGS reaction. Maximum activity is observed for Re-rich PtRe bimetallic 

catalysts. Notably, the trend in the WGS activity with PtRe composition correlated well with 
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the trend in the aqueous phase reforming activity of glycerol. The major current use of 

rhenium in catalysts is in petroleum reforming, i.e., in bimetallic Pt-Re catalysts for 

production of high-octane hydrocarbons and also in hydrogenation reactions [33].  

 

Figure 1. WGS reaction rate measured at 250°C in the gas phase on carbon-supported PtRe 

catalysts as function of the Re content (PM= Pt+Re) [32]. 

 

The high activity of carbon-supported PtRe catalysts for the WGS reaction prompted us 

to carry out a DFT modeling study of its mechanism and compare it to the reaction 

mechanism for monometallic Pt and Re surfaces. The mechanism of the WGS reaction for Pt  

has already been investigated in detail by the group of Mavrakakis [27]. For Pt(111), it was 

found that the dominant CO2 formation pathway involves a carboxyl intermediate. We 

extended such studies by investigating the most important elementary reaction steps using 

three surface models: (i) the Re(0001) surface, (ii) the Re(0001) surface in which one of 9 

surface atoms in a p(3x3) unit cell was replaced by a Pt atom so as to simulate a Re-rich 

surface alloy and (iii) the Pt(111) surface. The choice to study a particular PtRe alloy surface 

with high Re/Pt ratio is motivated by the experimental finding that the WGS activity is 

highest for Re-rich compositions (Fig. 1). The most important elementary reaction steps were 

recomputed for the Pt(111) surface to have energy barriers for all three surface models at the 

same computational accuracy. We will employ microkinetic simulations to compare the 
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overall activity of Pt, Re and PtRe alloys and investigate in detail the origin of the synergy 

between Pt and Re in terms of surface coverages and reaction pathways. 

 

7.2 Computational details 

DFT calculations 

All quantum-chemical Density Functional Theory (DFT) calculations were performed 

with the VASP (Vienna ab initio Simulation Package) program [34, 35] using the 

gradient-corrected PW91 exchange-correlation functional [36]. The projector-augmented 

wave (PAW) method [37, 38] is used to describe electron-ion interactions. For valence 

electrons a plane wave basis set is employed.  

The Re(0001) surface is represented by a five-layer slab, periodically repeated in a 

supercell geometry with 10 Å of vacuum between metal slabs. We employ a p(3 3) unit cell, 

implying a 1/9 ML coverage of a single adsorbate. The PtRe alloy was modeled by replacing 

one Re atom in the surface layer of the Re(0001) model with a Pt atom. For Pt(111), we use 

the model also used by Mavrakakis and co-workers [27] with the same p(3 3) unit cell as the 

other surfaces. The surface structures of these models are shown in Fig. 2. The top three 

layers of the supercells and the adsorbates, if present, were allowed to relax during energy 

optimization. No symmetry constraints were imposed. The relaxation of the electronic 

degrees of freedom was assumed to be converged when the total energy and the band 

structure energy changes between two electronic optimization steps were smaller than 10
-5 

eV 

and the corresponding interatomic forces below 10
-3 

eV/Å. The energy cut-off was set to 500 

eV. Calculations were performed with 3 3 1 k-points sampling of the Brillouin zone.  

Adsorption energies were calculated according to Eads = Emetal-adsorbate – Emetal – Eadsorbate, in 

which Eads is the adsorption energy, and Emetal-adsorbate, Emetal and Eadsorbsate the electronic 

energies of the metal-adsorbate system, the bare surface model and the adsorbate in vacuum, 

respectively. Minimum energy pathways and corresponding activation energy barriers were 

calculated using the climbing image nudged elastic band method [39]. Transition states were 

confirmed by verifying occurrence of a single imaginary frequency along the reaction 

coordinate. 
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Figure 2. Schematic presentation of the top layer of the Pt(111), Re(0001) and Re(0001-Pt 

models. 

 

Microkinetic simulations 

We present a microkinetic model for the WGS reaction using 14 elementary reaction steps 

(Table 1), taking into account formate and carboxyl surface intermediates. We did not make 

assumptions regarding the reaction mechanism other than that the CO+OH and CO+O 

reactions on the bimetallic surface proceed via CO adsorbed on Pt and O or OH on Re sites. 

In studying the influence of alloy composition, we considered Pt and Re to be randomly 

distributed over the surface. To compute the rate constants for the surface reactions, we used 

the Eyring equation. The pre-exponential factors can be determined from entropy differences 

between ground and transition states of the respective elementary reaction step. These 

pre-exponential factors are typically of the order 10
13

 s
-1

. For calculation of the adsorption 

and desorption rate constants, we used Hertz-Knudsen kinetics [40, 41]. Sticking coefficients 

of all species were set to unity. As DFT calculations overestimate the CO binding energy to 

metal surfaces, the adsorption energies of CO were set to lower values, i.e., 110 and 95 

kJ/mol for Re(0001) and Pt(111) surfaces, respectively. These values were determined by 

fitting experimental literature TPD data [42, 43]. The migration of species between Pt and Re 

in the alloy surfaces was considered to be fast with pre-exponential factors set to 10
14

 s
-1

. The 

difference in adsorption enthalpy was taken into account in computing the rate constants for 

these migration steps. 

The microkinetic simulations involved calculation of the steady-state surface coverages, 

which were used to compute the rates of the elementary reaction steps. In addition, the 

reaction orders with respect to reactants and products were computed as well as the degree of 

rate control (DRC) for all elementary reaction steps by the method outlined by Stegelmann et 

al. [44]. The degree of rate control       for elementary step  , which is defined as  
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where the partial derivative is taken holding constant the rate constants and the equilibrium 

constant,   , for step  . Within transition-state theory, this is accomplished by changing only 

the free energy for the transition state of step   but no other standard-state free energies, 

reactants, products, or intermediates. The larger the numeric value of       is for a given step, 

the greater is the influence of its rate constant on the overall reaction rate    A positive value 

indicates that increasing    will increase the net rate  , and such steps are said to be more 

rate controlling than steps that affect the net rate to a smaller extent. A negative value 

indicates the opposite, and such steps are termed inhibition steps.  

 

Table 1. Reaction energies for all elementary reaction steps relevant for the WGS reaction 

computed by DFT for Pt(111), Re(0001) and Re(0001)-Pt surfaces.   

 

Elementary reaction step 

 

Re(0001) 

Eact (kJ/mol) 

Pt(111) 

Eact (kJ/mol) 

Re(0001)-Pt 

Eact (kJ/mol) 

H2O + * → H2O*  45 30 48 

CO + * → CO*  110 95 110 

2 H* → H2 + 2 * 144 72 82 

CO2* + → CO2* + * 0.7 11 0.5 

H2O* + * → OH* + H* 

OH* + H* → H2O* + * 

73 

161 

86 

89 

86 

129 

OH* + * → O* + H* 

O* + H* → OH* + * 

86 

203 

105 

242 

85 

166 

H2O* + O* → 2 OH* 

2 OH* → H2O* + O* 

93 

180 

76 

58 

74 

152 

CO* + OH* → COOH* 

COOH* → CO* + OH* 

170 

12 

37 

80 

35 

16 

COOH* + O * → CO2* + OH* 

CO2* + OH*→ COOH* + O * 

49 

15 

34 

60 

67 

45 

COOH* + OH * → CO2* + H2O* 

CO2* + H2O*→ COOH* + OH* 

37 

38 

12 

80 

60 

43 

COOH* → CO2* + H* 

CO2* + H* → COOH*  

36 

122 

75 

76 

93 

137 

HCOO* → CO2* + H* 

CO2* + H* → HCOO* 

146 

122 

150 

134 

33 

65 

HCOO* + O* → CO2* + OH* 

CO2* + OH* → HCOO* + O* 

212 

68 

113 

171 

236 

41 

CO*+ O* → CO2* 

CO2* → CO* + O* 

141 

111 

93 

162 

134 

78 
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Table 2. Binding energies (BE) and site preferences of WGS reaction intermediates 

calculated from DFT calculation of Pt(111), Re(0001) and Re(0001)-Pt surfaces.   

species Pt(111) Re(0001) Re(0001)-Pt 

site BE (kJ/mol) site BE (kJ/mol) Site BE (kJ/mol) 

CO2  11  0.7  0.5 

CO top -176 top -183 top on Re -176 

COOH top -235 top -200 top on Pt -207 

HCOO top-top -223 top-top -326 top-top on Re -220 

OH top -282 top -346 top on Re -335 

O fcc -360 fcc -368 fcc on Re -352 

H fcc -256 fcc -292 fcc Re-Pt -261 

H2O top -30 top -45 top on Re -48 

 

7.3 Results and discussion 

To develop a consistent microkinetic model, we investigated with DFT the energies of 6 

adsorbed and 4 gas phase species as well as the activation barriers for 14 elementary surface 

reaction steps. We will first present the results of these DFT calculations, followed by the 

results of the microkinetic simulations.  

 

7.3.1 DFT results 

The calculations for the thermodynamic and kinetic parameters of the elementary reaction 

steps relevant to the WGS reaction were carried out on the close-packed surfaces of Pt and Re. 

The motivations of this choice are the thermodynamic stability of these facets and the 

absence of experimental indications for a strong particle size effect for the WGS reaction, 

which would require the introduction of defect sites such as step-edges, steps and corners in 

the surface models.  

Table 2 contains the binding energies and preferred adsorption sites of all relevant species. 

The binding energy for the adsorbates on Re(0001) tend to be higher than on Pt(111) 

consistent with the lower filling of the d-band for Re. For example, OH and H adsorbates 

bind stronger on the Re surface than on Pt and the difference for O is relatively small. The 

differences in molecular adsorption of H2O and CO between the various surfaces are 

expectedly much smaller. It can also be seen that adsorption of COOH is stronger in all cases 

than of CO on the respective surfaces, in line with the result of Grabow et al. [27]. Formate 
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(HCOO) binds with its two O atoms to two surface metals atoms. Again, the binding of 

formate in this way to two adjacent top sites on the Re(0001) surface is much stronger than 

on the Pt(111) surface. When HCOO is adsorbed on two Re sites adjacent to a Pt substitution 

in the Re(0001) surface, the binding energy is significantly lowered and close to the binding 

energy of HCOO with Pt(111). These findings already show that there is a strong influence of 

the substitution of Re by Pt on the binding energies of adsorbates on Re sites close to this 

substitution. CO2 weakly adsorbs to the three model surfaces.  

 

7.3.1a Water dissociation 

The mechanism of the WGS reaction proceeds through adsorption of CO, activation of 

water and reaction of OH or O surface intermediates with adsorbed CO to form COOH* or 

CO2 directly. Considering that activation of water to produce intermediates to oxidize CO is 

kinetically important [45], we explicitly included all possible reaction pathways for water 

dissociation for Re(0001) and Pt(111). 

 

H2O + *    H2O*                                                       (1) 

H2O* + *    OH* + H*                (2) 

OH* + *    O* + H*                                                    (3) 

2 OH* + *   H2O* + O*                                               (4) 

 

The preferred adsorption site for water is top for Re(0001) in correspondence with 

literature [46], similar to the preferred site for Pt(111) [27, 47]. The adsorption energies are 

45 and 30 kJ/mol for Re(0001) and Pt(111), respectively. The difference is consistent with the 

higher binding energy of OH atom on the Re surface. Water binds at similar strength to Re 

sites adjacent to the Pt substitution in Re(0001)-Pt. Fig. 3a shows the initial, transition and 

final states for the direct dissociation of H2O on Re(0001). The corresponding reaction energy 

diagram for reactions of adsorbed water is given in Fig. 4. The barrier for the reaction H2O* 

→ OH* + H* is 73 kJ/mol. The OH and H fragments are adsorbed in top and hollow sites, 

respectively. The corresponding barrier for Pt(111) is 86 kJ/mol. Thermodynamically, the 

reaction is more favorable on the Re (E = -88 kJ/mol) than on the Pt surface (E = -3 

kJ/mol).  

The next step is the formation of O* by dissociation of the adsorbed hydroxyl fragment 

(Fig. 3c). Direct O-H cleavage on the Pt(111) surface has a barrier of 105 kJ/mol. The 

respective barrier is slightly lower for the Re(0001) surface at 86 kJ/mol (Fig. 3), but the 
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reaction is strongly exothermic (E = -117 kJ/mol). Whereas in the case of the Pt surface 

OH* is adsorbed bridged in the initial state and the O* atom in a hollow site in the final state, 

OH* prefers to adsorb three-fold on the Re(0001) surface. This is most likely the 

consequence of the lower filling of the d-band for Re compared to Pt. Overall, the reaction 

energies for the processes H2O(g) + * → OH* + ½ H2(g) is endothermic for Pt(111) with values 

of +3 kJ/mol. The corresponding values for Re(0001) are much more favorable at -61 kJ/mol.  

The other relevant pathways involve O*-assisted water dissociation into two OH* and the 

reverse reaction between 2 OH* fragments to produce O* and H2O* (Fig. 2b). For the Pt(111) 

surface, the barrier for H2O dissociation assisted by O* is only 13 kJ/mol from the initial state 

with H2O adsorbed top and O* in an adjacent bridge site. The overall barrier of 76 kJ/mol 

consists mainly of bringing O* in a favorable configuration for reaction to occur. We 

explored a similar reaction sequence for Re(0001): in the initial state, O* is located in a 

hollow site and H2O* on a top site. The adsorption of water adjacent to the O* adsorption site 

is weaker. In the transition state, a bond is formed between the O adsorbate and one of the H 

atoms of adsorbed water. In the final state, one of the OH fragments is on top and the other 

one in the hollow site. The activation barrier for this process is 66 kJ/mol, higher than the 

respective value for Pt(111). We assume that this is due to the stronger binding of the O atom 

to the hollow site of Re(0001), making OH bond formation less unfavorable. Also, the 

reverse reaction involves a high activation barrier. Overall, O* formation will proceed via 

direct H2O* and OH* dissociation.  
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Figure 3. Dissociation of water on Re(0001) with oxygen and hydrogen atoms in red and 

white, respectively. Shown are the initial state (left), transition state (middle) and final state 

(right). 

 

Figure 4. Energy diagram for H2O dissociation on Re(0001). Black (red) line without (with) 
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pre-adsorbed oxygen.  

 

7.3.1b CO oxidation 

The need to include carboxyl and formate intermediates as CO2 production pathways 

derives from the relatively high barrier for the recombination of CO and O surface 

intermediates on various metal surfaces [30, 31]. Mavrakakis and co-workers have stressed 

the importance of a carboxyl intermediate for the WGS reaction [26, 27]. Formate species 

have typically been observed during the WGS reaction, although likely these are spectator 

species adsorbed on the support [1, 4, 18, 27]. As already discussed in Mavrakakis’ work, 

direct formation of formate from CO is unlikely and, instead, HCOO* is mainly formed 

through reaction of adsorbed CO2 with H*. 

 

CO* + O*     CO2*               (5) 

CO* + OH*     COOH* + *              (6) 

COOH* + *    CO2* + H*              (7) 

COOH* + O*    CO2* + OH*              (8) 

COOH* + OH*    CO2* + H2O*              (9)                

 

The formate (HCOO) intermediate is considered in the following steps: 

 

HCOO* + *     CO2* + H*                                             (10) 

HCOO* + O*   CO2* + OH*                                        (11) 

 

On the Re(0001) and Re(0001)-Pt surfaces, the direct oxidation of CO via reaction (5) 

proceeds by reaction of top-adsorbed CO with an O adatom on an adjacent top site. On the 

latter surface, the CO molecule is bound to the Pt site. It costs 116 kJ/mol to move the O atom 

from the most stable fcc site to the top site on the Re(0001) surface. During the CO2 

formation reaction, O* moves towards C*, thereby pushing the C atom to a bridged 

configuration (Fig. 5). The overall barriers for this process for Re(0001) and Re(0001)-Pt are 

quite similar with values of 141 and 134 kJ/mol, respectively. The corresponding barrier for 

the Pt(111) surface is 95 kJ/mol consistent with literature [27]. The reaction diagrams for 

Re(0001), Re(0001)-Pt and Pt(111) for all CO2 formation reactions are shown in Figs. 10-12, 

respectively.  
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Figure 5. Direct CO oxidation (a) on Re(0001) and (b) on Re(0001)-Pt surface with Re, Pt, C, 

and O atoms in blue, gray, brown and red, respectively. Shown are the initial state (left), 

transition state (middle) and final state (right). 

 

The CO oxidation via carboxyl (COOH) intermediate starts by reaction of top-adsorbed 

CO with an OH adatom on an adjacent top site. Although in principle CO can absorb on the 

Pt atom or on one of the other Re atoms of the Re(0001)-Pt surface, same as the OH*. 

However, the configuration with CO* on Pt and OH* on Re is preferred by 161 kJ/mol to the 

other possible configuration. Therefore, we only considered this reaction channel for the 

bimetallic surface. During formation of the OC-OH bond, the C atom moves to an adjacent 

bridging site (Fig. 6). Due to the strong Re-OH bond, the barrier for COOH formation for 

Re(0001) is substantially higher at 170 kJ/mol than for the respective reaction on the Pt(111) 

surface (37 kJ/mol). The barrier for this reaction on Re(0001)-Pt is 35 kJ/mol, because the 

binding energy of OH* to Re adjacent to the Pt site to which CO binds is much lower than on 

the pure Re(0001) surface. This finding shows that on Re(0001) the COOH surface 

intermediate is very unstable, whereas it is much more stable on the Pt(111) surface. On the 

alloy surface, it can more easily form than on Re(0001) and it is also more stable. During the 

calculations, we found that there are two COOH adsorption configurations, one with the H 

atom pointing down to the surface and one with the H atom pointing upward from the surface. 

The energy difference between these two adsorption states is small (~ 6 kJ/mol), which is 

lower than the accuracy of the energy predictions of our DFT calculations.  

Decomposition of COOH* to CO2* and H* (reaction 7) proceeds with a relatively small 

barrier of 36 kJ/mol on the Re(0001) surface. It is considerably more difficult to decompose 

COOH* on Pt(111) and Re(0001)-Pt surfaces with activation energies of 75 and 93 kJ/mol, 

respectively. This is a consequence of the different reaction pathways involved. During the 

formation of CO2 on the Re(0001) surface, it is found that the Re-carbon bond and the O-H 
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bond break simultaneously. Differently, COOH remains bound to Pt through the C atom when 

the O-H bond breaks with H moving to the fcc site. This mechanism for Pt(111) did not yield 

reasonable results for Re(0001). The adsorption of CO2 is very weak and of the physisorption 

type with values of 11, 0.7 and 0.5 kJ/mol for Pt(111), Re(0001) and Re(0001)-Pt. This 

reaction is strongly exothermic for Re(0001) (-86 kJ/mol) and Re(0001)-Pt (-44 kJ/mol) and 

thermoneutral for Pt(111).  

In addition to direct decomposition of COOH*, this intermediate can also react with O* 

(reaction 8) or OH* (reaction 9) adsorbates on adjacent sites. The reaction barrier for COOH* 

+ O* on Re(0001) is 49 kJ/mol, slightly higher than the barrier without O* assistance. 

Assisted by OH*, the barrier is very similar to the direct pathway (37 kJ/mol). Whereas direct 

COOH* decomposition to form CO2 is strongly exothermic, the corresponding reactions 

assisted by O* and OH* are less favorable on the Re(0001) surface because formation of O-H 

bonds is unfavorable. This is consistent with the reaction energies for the H2O* and OH* 

dissociation reactions on this surface. For Pt(111), the reverse applies as it is now more 

favorable to make additional O-H bonds. The different nature of the transition states is also 

evident from these data. For Pt, the transition state is late so that the stabilization of the 

products lowers the activation barrier for COOH* decomposition. The reverse holds (early 

transition state) for Re(0001) with the barrier for CO2* formation being rather insensitive to 

the stability of the products. The case for Re(0001)-Pt appears to be intermediate to those for 

the monometallic surfaces. The barriers for the Re(0001)-Pt surface are all higher. Similar to 

Re(0001), the reaction energy shifts from exothermic for direct decomposition to slightly 

endothermic for O* and OH* assisted pathways.  
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Figure 6. CO oxidation via carboxyl (COOH) intermediate on Re(0001) surface with C, O 

and H atoms in brown, red and white respectively. Shown are the initial state (left), transition 

state (middle) and final state (right) with from top to bottom COOH* formation, direct 

COOH* decomposition and O*- and OH*-COOH* decomposition. 
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Figure 7. CO oxidation via carboxyl (COOH) intermediate on the Re(0001)-Pt surface with 

Re, Pt, C, O and H atoms in blue, grey, brown, red, and white respectively. Shown are the 

initial state (left), transition state (middle) and final state (right) with from top to bottom 

COOH* formation, direct COOH* decomposition and O*- and OH*-COOH* decomposition. 

 

HCOO* as a spectator species prefers to bind to the Re atoms on both Re(0001) and 

Re(0001)-Pt surfaces through its oxygen ends on adjacent top sites (Figs. 8 and 9). This 

adsorption mode was also reported for the Pt(111) surface [27]. Attempts to identify 

adsorption modes with one O and one C atom attached to metal surface atoms were not 

successful. During the HCOO* decomposition reaction on Re(0001), the O atoms move away 

from the surface with H pointing down to form a tilted triangular shape slightly above the 

surface. In the transition state, C-H bond breaks with H moving down to the fcc hollow site 

and CO2 desorbs. The activation energy barrier for this reaction is 146 kJ/mol, which is 

similar to the barrier on the Pt(111) surface (150 kJ/mol). This is likely because in both cases 

the metal-O bonds have to break before the C-H bond is broken in the transition state [27]. 

The corresponding transition state on the Re(0001)-Pt surface is very different from the one 

identified for Re(0001). In this case, firstly the C-H bond breaks by tilting the formate species 
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with the C-H vector towards the surface. In the final state, CO2 weakly adsorbs on the surface 

and H stays on the top of Pt atom (Fig. 9). The activation energy for this reaction is only 33 

kJ/mol, which is much lower than on the Re(0001) surface. We also investigated HCOO* 

decomposition assisted by O*. On Re(0001) and Re(0001)-Pt surfaces, the barriers are higher, 

as expected due to the strong Re-O bond. For Pt(111), the barrier is lowered. The reverse 

reaction of formation of HCOO* through CO2* and H* is difficult on the monometallic Pt 

and Re surfaces, but easier on the alloy surface, with barriers of 122, 134, and 65 kJ/mol, 

respectively.  

 

Figure 8. CO oxidation via formate (HCOO) intermediate on Re(0001) surface with C, O and 

H atoms in brown, red and white respectively. Shown are the initial state (left), transition 

state (middle) and final state (right). 

 

Figure 9. CO oxidation via carboxyl (HCOO) intermediate on Re(0001)-Pt surface with Re, 

Pt, C, O and H atoms in blue, grey, brown, red, and white respectively. Shown are the initial 

state (left), transition state (middle) and final state (right) for the direct (top) and O*-assisted 

HCOO* decomposition. 
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7.3.2 Microkinetic simulations 

A microkinetic model was developed based on the DFT-calculated binding energies, 

activation and reaction energies of the elementary reaction steps discussed above. As 

calculated pre-exponential factors for all surface reaction steps for Pt(111) deviated less than 

one order of magnitude from kBT/h, all pre-exponential factors for the surface reactions in the 

model were set to 10
13

 s
-1

. Pre-exponential factors for the elementary steps involving 

adsorption or desorption were computed for reaction temperatures of 550, 600 and 650 K. 

Lateral interactions were not explicitly taken into account in our modeling. As CO will be the 

most abundant surface reaction intermediate during the WGS reaction, we used CO 

adsorption energies obtained by fitting TPD data to experimental data for Re(0001) [42] and 

Pt(111) [43] surfaces. The respective CO binding energies determined in this way were 95 

and 110 kJ/mol for Pt(111) and Re(0001). For CO adsorption to the Pt atom in Re(0001)-Pt 

we used the same value as for CO adsorption to Pt(111). The value for Pt(111) is comparable 

to the value used by the Mavrakakis group in their WGS microkinetic simulations [27]. The 

overall potential energy diagrams along the reaction coordinate used for the microkinetic 

simulations for the Pt, Re and RePt surfaces are shown in Figs. 10-12. These diagrams 

represent the enthalpies along the reaction pathways from CO + H2O to CO2 + H2. The 

formation of formate was not included in these diagrams, because it is most likely a spectator 

species as outlined above. Its formation through reaction of adsorbed CO2 and H and 

decomposition is included in the microkinetic model. 

The purpose of the microkinetic modeling is to determine whether a relatively simple 

model can predict the experimentally observed synergy between Pt and Re. We assume that 

the distribution of Pt and Re in the surface is random so that the number of Pt-Pt, Pt-Re and 

Re-Re neighbors directly follows from the Pt/Re ratio. For the surface reactions occurring 

between like atoms, the corresponding DFT reaction data of the monometallic surfaces are 

employed. For the surface reactions involving Pt and Re atoms, the data for the Re(0001)-Pt 

surface are included in the microkinetic model.  

 

Table 3. Kinetic parameters for all elementary reaction steps included in the microkinetic 

model describing the WGS reaction for PtRe alloys.  

Elementary reaction step 

 

pre-exponential 

factor 

Re-Re 

Eact (kJ/mol) 

Pt-Pt 

Eact (kJ/mol) 

Re-Pt(a) 

Eact (kJ/mol) 

H2O + * → H2O*  

H2O* → H2O + * 

1.5 109(a) 

3.3 1014(a) 

 

45 

 

30 

 

48 
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CO + * → CO*  

CO* → CO +* 

4.0 108(a) 

6.9 1016(a) 

 

110 

 

95 

 

H2 + 2 *→ 2 H* 

2 H* → H2 + 2 * 

4.9 108(a) 

6.9 1016(a) 

 

144 

 

72 

 

82 

CO2 + *→ CO2* 

CO2* → CO2 + * 

1.0 109(a) 

3.2 1014(a) 

 

0.7 

 

11 

 

0.5 

H2O* + * → OH* + H* 

OH* + H* → H2O* + * 

1 1013 

1 1013 

73 

161 

86 

89 

86 

129 

OH* + * → O* + H* 

O* + H* → OH* + * 

1 1013 

1 1013 

86 

203 

105 

242 

85 

166 

H2O* + O* → 2 OH* 

2 OH* → H2O* + O* 

1 1013 

1 1013 

93 

180 

76 

58 

74 

152 

CO* + OH* → COOH* 

COOH* → CO* + OH* 

1 1013 

1 1013 

170 

12 

37 

80 

35 

16 

COOH* + O * → CO2* + OH* 

CO2* + OH*→ COOH* + O * 

1 1013 

1 1013 

49 

15 

34 

60 

67 

45 

COOH* + OH * → CO2* + H2O* 

CO2* + H2O*→ COOH* + OH* 

1 1013 

1 1013 

37 

38 

12 

80 

60 

43 

COOH* → CO2* + H* 

CO2* + H* → COOH*  

1 1013 

1 1013 

36 

122 

75 

76 

93 

137 

HCOO* → CO2* + H* 

CO2* + H* → HCOO* 

1 1013 

1 1013 

146 

122 

150 

134 

33 

65 

HCOO* + O* → CO2* + OH* 

CO2* + OH* → HCOO* + O* 

1 1013 

1 1013 

212 

68 

113 

171 

236 

41 

CO*+ O* → CO2* 

CO2* → CO* + O* 

1 1013 

1 1013 

141 

111 

93 

162 

134 

78 

(a) Pre-exponential factors for adsorption and desorption steps at 550 K. 
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Figure 10. Potential energy diagrams for Pt(111) with the enthalpies along the reaction 

pathway from CO + H2O to CO2 + H2. 

 

Figure 11. Potential energy diagrams for Re(0001) with the enthalpies along the reaction 

pathway from CO + H2O to CO2 + H2.  
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Figure 12. Potential energy diagrams for Re(0001)-Pt with the enthalpies along the reaction 

pathway from CO + H2O to CO2 + H2. 

 

Figure 13. WGS Reaction rate predicted by the microkinetic model as a function of the Re 

content at 550 K (square), and 600 K (triangle) and 650 K (circle).  



Chapter 7           A DFT Modeling and Microkinetics Simulation Study of Pt-Re Synergy in the Water-Gas Shift Reaction 

Page | 121  

 

Fig. 13 shows the surface-atom based WGS activities as a function of Re content at 

reaction temperatures of 550, 600 and 650 K. As the Re(0001)-Pt surface used to compute 

DFT values for the alloyed surface represents a Re-rich surface composition, we focus on 

Re-rich compositions in the microkinetic simulations. The data at relatively low Re content 

should be interpreted with care. Nevertheless, our microkinetic model qualitatively captures 

the key feature of the experimental trend in WGS activity with Re content in the sense that 

the PtRe alloys are substantially more active than Pt and Re in the WGS reaction. At 550 K, 

the maximum activity of PtRe is 35.8 s
-1

 for a Re/(Pt+Re) ratio of 0.5 and 0.07 and 0.09 s
-1

 

for Re and Pt catalysts. The synergetic effect is larger at higher temperatures. The maximum 

activities at 600 and 650 K are observed for a PtRe alloy with Re/(Pt+Re) = 0.6 and 0.9 with 

TOF of 126 s
-1

 and 400 s
-1

, respectively. While the values for Re and Pt are 0.6 and 0.8 at 600 

K and 0.9 and 2.0 s
-1

 at 650 K. The synergetic effect at 650 K is closer to the experimental 

data than lower temperatures.  

 

Figure 14. Steady-state surface coverages as a function of the ratio of Re content: (a) surface 

coverages on Re at 550 K, (b) on Pt at 550 K, (c) on Re at 600 K, (d) on Pt at 600 K, (e) on 

Re at 650 K and (f) on Pt at 600 K. Surface intermediates with coverages smaller than 0.01 

are not included. 
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We will first discuss the results for Pt and Re monometallic surfaces. The reaction on 

Pt(111) proceeds exclusively through the surface reaction of CO* with OH*, the latter 

derived from direct H2O* dissociation. The carboxyl intermediate decomposes to weakly 

bound CO2* and H*. The rate-controlling step for the Pt surface is dissociation of adsorbed 

H2O* to OH* and H* at three reaction temperatures. These results are consistent with the 

results reported by Mavrakakis’ group [27]. For the Re surface, it is found that the dominant 

reaction pathway for CO2 formation is the surface reaction between CO* and O*. For Re at 

550 K, the degree of rate control of the CO* + O* step is XRC ≈ 0.5, followed by H2O* 

dissociation and H2 desorption (XRC ≈ 0.3 and 0.1, respectively). At 600 and 650 K, the rate is 

completely controlled by the CO* + O* formation step (XRC ≈ 2). In the latter cases, the O 

coverage is above 0.76. The difference in CO2 formation pathways between these two 

surfaces is related to thermodynamics of water dissociation to adsorbed OH* and O*. The O* 

coverage for Re is higher than the OH* coverage, while the reverse holds for Pt. As water 

activation is more favorable for Re than for Pt, the total OHx coverage is much higher for the 

former surface. Indeed, the O* coverage for Re is typically much higher than the OH* 

coverage on Pt. This difference in surface coverage essentially compensates for the 

substantially higher barrier for the CO* + O* reaction on Re compared to the CO* + OH* 

step on Pt.  

The situation is more complex for the alloy surface. The main channel for CO2 formation 

for all alloys shifts from COOH* decomposition to direct CO* oxidation with increasing 

temperature. Due to the strong Re-OH bond, the reaction enthalpy of carboxyl formation on 

Re-Re sites is strongly endothermic at 158 kJ/mol as compared to the reactions on the Pt-Pt 

sites (-43 kJ/mol) and on the Re-Pt sites (19 kJ/mol). The rate of COOH* formation from CO 

adsorbed on Pt and OH adsorbed on Re is much higher than the overall rate. Its rate at 550 K 

shows a maximum at a Re/(Pt+Re) ratio of 0.5, which is consistent with the random 

distribution of Pt and Re. The rate of COOH* formation on neighboring Pt-Pt sites decreases 

with increasing Re content. The net rate of COOH* formation on Re-Re neighboring sites is 

strongly negative (COOH* decomposes to CO* and OH*). This is consistent with the higher 

stability of the OH surface intermediate on the Re surface. The highest rate for COOH* 

decomposition is observed for the Re/(Re+Pt) = 0.5 composition, because at this composition 

the rate of its formation on neighboring Pt-Re sites is the highest. At 550 K, the dominant 

pathway to CO2* is decomposition of COOH* on neighboring Re-Re sites to CO2* and H*. 

This finding is consistent with the substantially lower barrier for COOH* decomposition on 

the Re surface than on the other two surfaces. Concerning water activation, at low Re content 
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the rate of water dissociation on neighboring Re-Re and Re-Pt sites contributes equally to the 

H2O* dissociation, while it dominates on Re for the higher Re content. These trends are 

qualitatively similar when the reaction temperature is increased to 600 and 650 K. However, 

with increasing temperatures the CO coverage becomes lower. As a consequence, there are 

more vacant sites for water dissociation, which leads to higher coverage with O adatoms on 

Pt and Re sites compared to the surface overlayer composition at 550 K. The O* coverage on 

Pt sites increases, while the OH* coverage on Re sites decreases with increasing temperature. 

This leads to a shift of the preferred reaction route to CO* + O* reaction at higher 

temperature. A DRC analysis for the alloys shows that H2O* dissociation on neighboring 

Re-Re and Pt-Re sites is the most difficult step. The XRC for H2O* dissociation increases 

(decreases) with Re content for neighboring Re-Re (Pt-Re) sites. These trends are similar at 

higher temperatures with CO adsorption also being of significant importance in the overall 

degree of rate control.  

The main reason for the higher reactivity of PtRe alloys is as follows. Compared to Pt, the 

rate of water dissociation on PtRe and Re ensembles is much higher, resulting in a higher 

surface coverage of OH* and O*. This increases the rate of COOH* formation and direct 

CO* oxidation significantly. On Re, the dominant pathway to CO2 is via CO* + O* because 

of the ease of formation of O* and the low stability of COOH* on a pure Re surface. With the 

OH surface intermediate being much more stable on Re than on Pt sites, the dominant 

pathway for the alloy surface at 550 K is via CO adsorbed to Pt with OH adsorbed to Re. The 

reaction rate on these bimetallic sites is very high yet countered by the decomposition of 

COOH* on Re ensembles at the surface. At higher temperature, without CO poisoning the 

surface, O* is more easily generated on Pt-Re and Re-Re neighboring sites. Those O atoms 

will mainly react with CO on neighbouring Pt-Pt sites. This is consistent with much higher 

O* coverage on the Pt sites than OH* coverage on the Re sites. The dominant pathway of 

CO2 formation shifts to direct CO* oxidation with increasing temperature. Whilst at 600 K 

about half of the product CO2 comes from the direct CO* + O* reaction, its contribution 

increases to 90 % at 650 K.  

Finally, we stress that the predictions of our microkinetic simulations are subject to a 

large number of assumptions. The DFT calculations have been carried out for a very simple 

model of a real alloy. The assumption of a random distribution of Pt and Re on the surface 

has a strong influence of the reaction rate. In reality, one of the two metals may preferentially 

be present and the surface and this may depend also on the composition of the adsorbed layer. 

This may explain the deviations from the experimental data. Migration is considered to be 
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fast in the current simulations. Inclusion of heterogeneity in the distribution of Pt and Re in 

the surface and diffusion of adsorbates would require kinetic Monte Carlo simulations. 

Despite, the model captures the main aspect of the use of the alloy, which is the higher 

reaction rate of the bimetallic PtRe surface compared to their monometallic counterparts. 

 

7.4 Conclusion  

All reaction pathways for CO2 and H2 formation from adsorbed CO and H2O as relevant 

to the water-gas shift reaction were studied by DFT calculations on Pt(111) and Re(0001) 

surfaces as well as a Re(0001)-Pt surface in which one surface Re atom had been substituted 

by a Pt atom. For Re(0001) surface, CO2 formation is found to predominantly take place via 

the direct CO* + O* formation. Instead, CO oxidation via carboxyl intermediate is the main 

reaction for CO2 production on Pt(111). On RePt surfaces, the main reaction pathway shifts 

from COOH* decomposition to direct CO* oxidation with temperature increasing from 550 

to 650 K. As H2O dissociation on the Re surface is exothermic, but endothermic on the Pt 

surface. The main role of Re in the alloy appears to provide a route for low-barrier OH and O 

formation. The rate of COOH* formation with CO adsorbed on Pt and OH adsorbed on Re is 

very high; however, the net rate is decreased by easy decomposition of COOH* on 

neighboring Re-Re sites, which relates to the high stability of OH on Re. With increasing 

temperature, the rate of CO2 formation via direct CO oxidation increases and finally exceeds 

the rate of COOH formation due to much higher O coverage on the Pt sites than OH coverage 

on the Re sites.  
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Summary  

Structure Sensitivity in Pt Nanoparticle Catalysis  
 

 

Catalysis has been playing a pivotal role in meeting the demand for clean transportation 

fuels and chemicals in the past and will continue to be important for utilizing a more diverse 

spectrum of renewable sources of energy and carbon in the coming decades. Progress in our 

understanding of reactivity of catalytic materials on the scale of molecules has been 

enormous due to progress in the synthesis of model systems and their application in surface 

science investigations supported by computational methods. One of the most challenging 

aspects in the design of improved catalyst systems is to understand the relation between the 

structure and reactivity. With such knowledge, it would be possible to design catalysts with 

the optimal activity, selectivity and stability for desired chemical products. 

 

This thesis aims at developing fundamental understanding about the structure sensitivity 

of catalysis by Pt nanoparticles for several technologically important reactions such as steam 

methane reforming and the water-gas shift reaction. The approach involves prediction of 

surface reconstruction as a function of the thermodynamic conditions, quantum-chemical 

studies of the reaction mechanism, and microkinetic simulations to compute macroscopic 

rates. The starting question was related to the appearance of high-index Pt surfaces such as 

Pt(210), Pt(520) and Pt(730) surfaces on Pt nanoparticles and was extended to study such 

effects as adsorbate-induced surface reconstruction, the mechanism and prediction of 

performance of Pt and Rh in steam methane reforming and the effect of alloying Pt with Re 

in the water-gas shift reaction.  

 

Shape-controlled particles have recently been obtained by electrochemical synthesis. For 

instance, tetrahexahedral (THH) shaped Pt and Pd nanoparticles composed of high-index 

{210}, {520} and {730} facets with varying step-edge site density can be prepared by such 

approaches. Adsorbates such as O and OH can induce surface reconstructions and also 

change orders of surface stability between low-index and high-index facets. High-index 

facets are less stable than low-index ones and, accordingly, bind adsorbates stronger. 
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Therefore, O-covered high-index facets may be more stable than O-covered low-index ones. 

In Chapter 2 and 3, using DFT calculations we investigated clean and O-covered low- and 

high-index Pt and Pd surfaces. We employed thermodynamic considerations to investigate 

the stability of surfaces as a function of O coverage. The equilibrium shape of nanoparticles 

was determined by use of the Gibbs-Wulff theorem. Chapter 2 shows that at low and 

intermediate electrode potentials (< 1.1 V) the usually-observed polyhedron shapes 

dominated by low-index Pt(111) faces are most stable. With increasing potential (high oxygen 

coverage) O-induced surface reconstruction of Pt(520) shows the lowest surface free energy, 

providing a tentative explanation for formation of THH Pt nanoparticles. Unlike Pt surfaces, 

Chapter 3 shows that on Pd surfaces at high O coverage to be related in aqueous electrolytes 

to positive electrode potentials, O-covered (100) facets will dominate. On the nanoparticle 

level this translates into cubic shapes being predominant. The comparison between Pd and Pt 

nanoparticles shows that applying high electrode potentials should lead to the formation of 

well-shaped nanoparticles exposing only few types of facets (e.g. orientations) separated by 

sharp edges.  

 

The Pt(110) surface is well known to undergo adsorbate-induced reconstruction. In 

Chapter 4, we studied clean and oxygen-covered surfaces of unreconstructed and 

reconstructed Pt(110) by DFT calculations and used these data in thermodynamic 

considerations to establish the stabilities of these surfaces as a function of oxygen surface 

coverage. The clean Pt(110) prefers to reconstruct into a (1n) missing-row structure with n 

= 2-4. The surface free energies of the three reconstructed surfaces are very similar within the 

accuracy of our calculations. Upon oxygen adsorption, the c(22) with 0.5 ML coverage on 

the unreconstructed surface is equally stable as the 0.5 ML coverage on the Pt(110)-(12) 

reconstructed surface. There is no clear transition between (11) and (12) surfaces. With 

increasing oxygen pressure, the fully oxygen-covered (1 ML) Pt(110)-(12) surface becomes 

the most stable structure. We assume that this structure is relevant to the onset of bulk 

Pt-oxide formation. We also found that the Pt(110)-(12) surface is very stable, even under 

very positive electrochemical potential and the (13) structure is not stabilized by impurities 

(e.g., oxygen). 

 

Quantum-chemical investigations can provide potential energy diagrams of complex 

reactions consisting usually of a large number of elementary reaction steps. Often, different 

reaction pathways contribute to the final product. Using microkinetic simulations, one can 
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predict for a number of increasingly complex reactions the overall rate as well as kinetic 

parameters. Such studies provide insight into the dominant reaction pathway and also 

possible deactivation routes. It is shown that in several cases entropic effects are very 

important in predicting the overall rate. The structure-sensitive reactions studied by DFT 

calculations combined with microkinetic modeling are methane steam reforming in Chapter 5 

and 6 and the water-gas shift reaction in Chapter 7.  

 

In Chapter 5, we investigated steam methane reforming (SMR) for Pt(111), Pt(533) and 

Pt(210) surfaces. Three different pathways towards CO formation from adsorbed CHad and 

Oad have been studied. For Pt(111) and Pt(533), CO formation via C + O is preferred over 

formyl (HCO) and alcoholate (COH ) pathways, whereas the alcoholate pathway is preferred 

for Pt(210). This may be attributed to the difference in surface topology: stepped surfaces 

reduce the repulsive interaction between the co-adsorbed species in the transition state. 

Pre-adsorbed O on Pt surfaces lowers the barrier for H2O activation and is expected to be 

crucial to obtain a high steam methane reforming rate.  

 

In Chapter 6 we used microkinetic simulations to further investigate the SMR reaction by 

comparing macroscopic reactivity for planar and stepped Pt and Rh surfaces. Microkinetic 

simulations predict that Rh nanoparticle catalysts will be more active than Pt ones. The 

rate-controlling step is dissociative CH4 adsorption occurring on low coordinated surface 

atoms (edges, corners, step-edges). The higher catalytic performance of Rh catalysts is 

consistent with the higher Rh-C bond strength, which translates in a lower barrier for C-H 

dissociation of methane during its adsorption. The proposal of dissociative methane 

adsorption being rate controlling is consistent with the large loss of entropy. The stepped 

surfaces are much more reactive than planar surfaces of the corresponding metals. For 

stepped Pt surfaces, CO formation via recombination of C + OH is favored because of low O 

coverage. At higher temperatures, deactivation may occur due to carbonaceous species  

poisoning because the rate of formation of OH and O surface intermediates becomes too low 

compared to the rate of CH formation. This occurs at lower temperature for Pt than for Rh 

because of the lower Pt-O bond energy.  

 

The low-temperature water-gas shift (WGS) reaction plays an important role in many 

industrial processes such as steam reforming of methane and other hydrocarbons and alcohols 

for hydrogen production as well as methanol synthesis. In Chapter 7 we use DFT and 
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microkinetic simulations to model the WGS reaction on Pt(111), Re(0001) as well as RePt 

alloy with three different pathways towards CO2 formation from adsorbed CO and H2O. The 

direct CO oxidation from CO + O is the main pathway on the Re surface. For Pt CO 

oxidation via the carboxyl intermediate (COOH) is the main reaction channel towards CO2. 

On RePt alloy, the main reaction pathway shifts from COOH decomposition to direct CO 

oxidation with increasing temperature (550-650 K). As H2O dissociation on the Re surface is 

exothermic, but endothermic on the Pt surface, the main role of Re in the alloy appears to 

provide a route for low-barrier OH and O formation. The rate of COOH formation from CO 

adsorbed on Pt and OH adsorbed on Re is very high; however, the net rate is decreased by 

facile decomposition of COOH on neighboring Re-Re sites, which relates to the high stability 

of OH on Re. With increasing temperature, the rate of CO2 formation via direct CO oxidation 

increases and finally exceeds the rate of COOH formation due to much higher O coverage on 

the Pt sites than OH coverage on the Re sites.  

 

This work has developed detailed understanding of adsorbates-induced surface 

reconstructions on Pt nanoparticles synthesis as a function of thermodynamic conditions. The 

shape was predicted as a function of oxygen surface coverage and related to the temperature 

and oxygen partial pressure as well as to the electrochemical potential. Such knowledge 

provides a first step towards predicting shape and surface topology of nanoparticles in the 

presence of a gas. Compared with Pd surfaces, O-covered high-index Pt facets are more 

stable at higher potentials than low-index facets resulting in the possibility of synthesizing Pt 

nanoparticles enclosed by high-index facets. Such understanding is important, because 

high-index surfaces contain a significant fraction of surface atoms with a lower coordination 

number, which are considered as catalytically active sites exhibiting dramatically different 

activities and selectivities from close-packed surfaces. This molecular understanding on Pt 

nanoparticles formation and its extension towards surface structure sensitivity will provide 

constructive suggestions for the design of novel tailor-made Pt nanoparticle catalysis for 

particular catalytic reactions in the future. Such description of nanoparticle shape is 

essentially a thermodynamic one. It correctly describes nanoparticle shape in case one 

particular reaction intermediate would be predominantly present on its surface. As catalytic 

reactions evolve out of equilibrium, methods have to be developed to follow the dynamic 

evolution of nanoparticle shape and in particular the surface topology under the influence of a 

reactive surface overlayer. 
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