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In recent years, palladium (Pd) has been extensively studied for a possible 

alternative for Pt that has been most commonly used as a catalyst in fuel cells.  

However, Pd shows lower activity than Pt towards the cathodic oxygen reduction 

reaction (ORR) and also exhibits poor tolerance toward carbon monoxide (CO) poisoning 

occurring in the anode process. To improve its performance, alloying Pd with other 

transition metals has been suggested as one of promising solutions as the Pd-based alloys 

have been found to boost the ORR activity and yield significant improvement in the CO 

tolerance.  However, a detailed understanding of the alloying effects is still lacking, 

despite its importance in designing and developing new and more cost effective fuel cell 

catalysts. This is in large part due to the difficulty of direct characterization. 

Alternatively, computational approaches based on quantum mechanics have emerged as a 

powerful and flexible means to unravel the complex alloying effects in multimetallic 

catalysts; such first principles-based computational studies have provided many 
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invaluable insights into the mechanisms of catalytic reactions occurring on the alloy 

surfaces. 

Using first-principles density-functional theory calculations, we have examined 

the surface reactivity of Pd-based bimetallic catalysts with the aim of better 

understanding the alloying effects in association with atomic arrangement, facet, local 

strain, ligand interaction, and effective atomic coordination number at the surface.  

More specifically, this thesis work has focused on examining the following topics: 

 Role of Pd ensembles in selective H2O2 formation on AuPd alloys 

 Effect of local strain and low-coordination number at the surface on the 

performance of Pd monomer in selective H2O2 formation 

 Different facet effects on the activity of Pd ensembles towards ORR 

 Structure of ternary Pd-Ir-Co alloys and its reactivity towards ORR 

 Pd ensembles effects on CO oxidation on CO-precovered Pd ensembles 

 Role of ligand and ensembles in determining CO chemisorptions on AuPd and 

AuPt  

Our first principles-based theoretical investigation of bimetallic alloys offers 

some insights into the rational design and development of alloyed catalysts. 
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Chapter 1: Introduction  

Polymer electrolyte membrane (PEM) fuel cells, also known as proton exchange 

membrane fuel cells, have received much attention in recent years as a promising 

alternative for power generation, especially for automotive applications. PEM fuel cells 

use hydrogen (or hydrogen-rich fuel) and oxygen (from air) to generate electricity, 

thereby achieving near-zero pollutant emissions and high fuel efficiency
[1]

. One of the 

major barriers to their commercialization is the high cost arising largely from the use of 

platinum (Pt)-containing electrocatalysts in the electrodes
[2]

.  In addition, the oxygen 

reduction reaction (ORR) at the cathode, in which molecular oxygen is decomposed and 

combined with protons and electrons supplied by the anode through the membrane and 

external circuit to form water, is currently the rate-limiting step for PEM fuel cells.  Pt-

based electrocatalysts are also susceptible to poisoning by carbon monoxide (CO) and 

other impurities
[3]

, leading to the gradual loss of catalytic activity toward oxidation of 

hydrogen in the anode side. For these reasons, there exists great interest in developing 

alternative catalyst materials.  

One promising avenue is the use of palladium (Pd)
[3-8]

; Pd is cheaper and more 

abundant than Pt, while Pd and Pt exhibit a similar catalytic behavior and long-term 

durability in acidic media.  However, Pd tends to have lower activity toward the ORR 

and less tolerance to CO poisoning compared to Pt
[4, 9, 10]

.  Alloying Pd with transition 

metals has been suggested as one of promising solutions.  For example, Pd-M bimetallic 

alloys (M=Fe, Co, Au) has shown the enhancement of ORR activity 
[7, 8, 11-16]

 and CO 

tolerance
[10, 17]

.  The alloying effect can be attributed to: i) the existence of unique 

mixed-metal surface sites [the so called ensemble (geometric) effect
[18-20]

]; ii) electronic 

state changes due to metal-metal interactions [the so called ligand (electronic) effect
[21-
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23]
]; and iii) strain caused by lattice mismatch between the alloy components [the so 

called strain effect
[24]

].  In addition, the presence of low-coordination surface atoms and 

preferential exposure of specific facets [(111), (100), (110)] in association with the size 

and shape of nanoparticle catalysts [the so called shape-size-facet effect
[25]

] can be 

another important factor for modifying the catalytic activity. Therefore, a clear 

understanding of these alloying effects is essential for the successful development of 

effective electrocatalysts.  However, the quantitative assessment of the relative roles of 

these effects has not yet been made, largely due to the difficulty of direct 

characterization. Computational approaches, particularly the prediction using density 

functional theory (DFT), can be a powerful and flexible alternative for unraveling the role 

of alloying effects in catalysis since those can give us quantitative insights into the 

catalytic systems.  For instance, the reaction pathways on the catalysts can be rigorously 

investigated (which cannot be accessible by experiment alone) in order to find the 

optimal compositions and shapes of bimetallic or mulitmetallic nanocatalysts. 

The primary objective of this research is to answer the following fundamental 

questions.  

 What is the reaction or poisoning mechanism in the ORR or CO-tolerant 

catalyst?   

 What is the role of ensemble, ligand, and strain effects in enhancing ORR 

activity and CO tolerance?  

Based on the fundamental understanding, this research has also attempted to 

provide some guidance on development of Pd-based alloy catalysts that have superior 

reactivity toward the ORR and improved CO tolerance. Toward this end, extensive first-

principles DFT calculations were performed to examine the energetics and reaction 

pathways of the ORR and the underlying mechanisms of CO poisoning on Pd-based 
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alloys, with a particular focus on understanding the relative roles played by the 

ensemble, ligand, and strain effects. 

 

 

 

 

Figure 1-1: Schematic diagram of various alloying effects 
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Chapter 2: Theoretical Background  

2.1 Quantum Mechanical Foundation 

2.1.1 Schrödinger equation for many body electron systems 

The Hamiltonian for the many-body systems is defined as following
[26-28]

, 

 ̂    
  

   
∑   

 
  ∑

   
 

|     |
    

 

 
∑

  

|     |
    ∑

  

   
  

 
  

 

 
∑

     
 

|     |
     (2.1.1) 

Here, lower and upper case subscripts represent electrons and nuclei, respectively. 

Z is a nuclear charge. Due to the difference in masses, the nuclei move much slower than 

the electrons. So we can consider the electrons as moving in fixed nuclei. In other words, 

if we set the mass of the nuclei to infinity, the kinetic energy of nuclei can be ignored (so-

called Born-Oppenheimer assumption). Thus, the Hamiltonian can be expressed as, 

 ̂   ̂   ̂     ̂                         (2.1.2) 

By using Hatree atomic units (               , 

(kinetic energy operator)           ̂   
 

 
∑   

 
                          (2.1.3) 

(potential acting on electrons)       ̂    ∑    |     |                     (2.1.4) 

(electron-electron interaction)      ̂    
 

 
∑

  

|     |
        (2.1.5) 

(nuclear-nuclear interaction)          
 

 
∑

     
 

|     |
                 (2.1.6) 

The fundamental equation governing a non-relativistic quantum system is a time-

dependent Schrödinger equation, 

  
   {  }   

  
  ̂  {  }                      (2.1.7) 

Here, the spin is assumed to be included in the coordinate    . The time-

independent expression for any observable is an expectation value of an operator,  

〈 ̂〉  
〈 | ̂| 〉

〈 | 〉
     (2.1.8) 



 5 

For example, the total energy is the expectation value of the Hamiltonian (Eq. 

2.1.2), 

  
〈 | ̂| 〉

〈 | 〉
 〈 ̂〉  〈 ̂〉  〈 ̂   〉  ∫                    (2.1.9) 

The ground state wave function    is the state with lowest energy, which can be 

determined by minimizing the total energy with respect to all parameters in    {  } , 

with the constraint that   must obey the particle symmetry and any conservation law. 

Excited states are saddle points of the energy with respective to variations in  .  

2.1.2 Coulomb interaction in condensed matter  

In the following, we can define the classical Coulomb energies [energy associated 

with the electrostatic interaction between two or more electron (or nuclei)]. 

              ∫                     (2.1.10) 

where          is the self-interaction energy of the density n(r) treated as a 

classical charge density, 

         
 

 
∫                

|    |
                  (2.1.11) 

Thus, the total energy of Eq. (2-1-9) can be written as followings, 

  〈 ̂〉   〈 ̂   〉                      (2.1.12) 

Here, the  〈 ̂   〉            indicates the difference between the Coulomb 

energies of interacting, correlated electrons with density n(r) and that of a continuous 

classical charge distribution having the same density. Thus, all long-range interactions 

are eliminated in the difference, so that effects of exchange and correlation are short 

ranged.  

2.1.3 Exchange and correlation  

When dealing with the electron-electron interaction in any electronic structure 

calculation, we must properly predict two energies; (1) exchange and (2) correlation 
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energy. The exchange energy is related to the reduction in the Coulomb energy due to the 

antisymmetry of wave function.  Since the electrons are fermions, the wave functions 

must be antisymmetry at the exchange of any two electrons. In other words, any two 

electrons cannot exist in the same quantum states, leading to a spatial separation between 

electrons that have the same spin and in turn the reduction of the Coulomb energy. 

Correlation energy is defined as the difference between the many-body energy of 

an electronic system and the energy of the system calculated by Hartree-Fock 

approximation. This comes from the fact that two electrons having the opposite spins can 

be spatially separated, resulting in the reduction of the Coulomb energy.  

It has been known to be very difficult to calculate correlation and exchange 

energy efficiently and practically. Thus, finding a tractable method for calculating 

correlation and exchange energy is one of important factors for successful calculation of 

electronic structure.  

2.2 Density Functional Theory 

Density functional theory (DFT) has been proposed to be a simple method for 

efficiently calculating the exchange and correlation energy. DFT is a quantum 

mechanical method where the properties of a many-electron system can be determined by 

the functional (functions of another function) of ground state electronic density
[29, 30]

. 

This idea is based on the first and second Hohenberg-Kohn (HK) theorem.  

2.2.1 Hohenberg-Kohn theorem 

The first HK theorem states that for any system of interacting particles in an 

external potential [Vext(r)], the potential Vext(r) is determined by ground state density 

n0(r), except for a constant
[26, 29, 31]

. It follows the fully determination of the Hamiltonian 

(2.2.1) and in turn many-body wave functions for ground and excited states. In other 

http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Function_(mathematics)


 7 

words, all properties of a many-electron system are completely determined if the ground 

state density [n0(r)] is given. 

 ̂    
  

   
∑   

 
  ∑          

 

  ∑
  

|     |
      (2.2.1) 

The second HK theorem
[31]

 states that the universal functional for the energy 

(E[n]) in terms of the density n(r) can be defined, valid for any external potential Vext(r). 

For any particular Vext(r), the exact ground state energy of the system is the global 

minimum value of this functional and the density n(r) that minimized the functional is the 

exact ground state density n0(r). In other words, the functional that delivers the ground 

state energy of the system, delivers the lowest energy if and only if the input density is 

the true ground state density. This is nothing but the variational principle, but this time 

with density and not wave function.  

2.2.2 Kohn-Sham equation 

The Kohn-Sham (KS) approach is to replace the original many-body problem by 

independent particle problem where the complicated problems in the condensed matter 

and large molecular systems can practically be solved. The basic idea in the KS approach 

is that the ground state density can be obtained by solving an independent particle 

equation for non-interacting system and the interacting system-related effects are 

determined by using a proper exchange and correlation functional
[26, 29, 32]

. 

In the KS approach, the Hamiltonian is given by (2.2.2) 

 ̂   
 

 
      

        (2.2.2) 

Here, the KS potential [   
      is defined as followings 

   
                      [      

 [         (2.2.3) 

And then the ground state energy in the KS approach is given by the following 

equation. 
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      [    ∫                       [          [       (2.2.4) 

  [    
 

 
∑ ∑ 〈  

 |  |  
 〉  

     
 

 
∑ ∑ ∫   |   

 |   

       (2.2.5) 

        [   
 

 
∫                

|    |
                (2.2.6) 

Here,   [  , ∫             ,          [   and     indicate an independent 

particle kinetic energy, external potential energy acting on electrons due to nuclei (or any 

other external field), self-interaction energy of electrons and the interaction energy 

among nuclei, respectively.    [   is an exchange and correlation energy that can deal 

with the difficult many-body effects and can be expressed by the following equation, 

   [      [      [           [       (2.2.7) 

    [    〈 ̂〉    [   〈 ̂   〉          [         (2.2.8) 

Where    [   is the Hohenberg-Kohn functional (defined as 

 [                                             [  ). In order to apply the variational 

principle to KS equation, we first take the first derivative of the functional of total energy 

[Eq. (2.2.4)] with respect to the wave function   
  and then use the chain rule for 

∫             ,         [   and     using electronic density n(r) except   [  .  

    

   
     

 
   

   
     

  [
     

       
 

        

       
 

    

       
]

       

 
 = 0       (2.2.9) 

Subject to the orthonomaliztion constraints, 

〈  
 |  

  
 〉               (2.2.10) 

Since the electronic density is sums of squares of the orbitals for each spin (Eq. 

2.2.11), the Eq. (2.2.12) are derived. 

     ∑          ∑ ∑ |   
 |   

      (2.2.11) 

   

   
     

   
 

 
    

    , 
      

   
     

    
             (2.2.12) 

Use the Largrange multiplier method for obtaining the following the KS 

equations. 



 9 

    
    

    
         (2.2.13) 

   
   

 

 
      

           (2.2.2) 

   
                      [      

 [         (2.2.3) 

Where   
  is the eigenvalue,         [   =                   and 

   
 [       =              . 

2.2.3 Functional for exchange and correlation 

The first proposed exchange and correlation functional is the local density 

approximation (LDA) or local spin density approximation (LSDA) where the exchange 

and correlation energy is an integral over all space with the exchange-correlation energy 

density at each point assumed to be the same as in homogeneous electron gas with that 

density
[32]

, 

        
    [      ]   ∫           

   (      )       

      ∫       [  
   (      )   

   (      )        (2.2.14) 

Here,    
   (      ) is the exchange-correlation energy per particle of a uniform 

electron gas of density and can be split into exchange and correlation contributions. 

LDA(or LSDA) has been successfully applied into the solid-state materials since solid 

can be considered as close to the limit of the homogenous electron gas. However, due to 

the ignorance of nearby in-homogeneity at a point r, the large errors in the calculation of 

chemical bonding process have been reported.   

The generalized-gradient approximations (GGA) are one of successful functional 

for significantly improving the accuracy of calculation in chemical bonding process. As 

shown in Eq. 2.2.15, GGA additionally consider the gradient of charge density as 

compared to LDA
[33]

.   

   
   [      ]   ∫          (       |   | |   |   )   
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      ∫          
         (       |   | |   |   )  (2.2.15) 

Where     is dimensionless exchange and correlation enhancement factor and 

  
      [defined as  

 

  
 
  

 
 

 

    , note that    is average distance between electrons]  

is the exchange energy of the un-polarized gas. Here,     can be separated into two 

contributions; (1) exchange and (2) correlation parts. For exchange enhancement factor 

    the following expression have been calculated, 

      
  

  
  
  

   

    
  
                  (2.2.16) 

Here, sm is dimensionless reduced density gradient and is defined as (where,    is 

Fermi wave vector), 

   
|   |

       
 = 

|   |

           
   

 
 

 
       (2.2.17) 

For correlation enhancement factor     the following equations can be used.  

   
  
   

  
                

       (2.2.18) 

2.3 Periodic Systems 

2.3.1 Bloch theorem 

The Bloch theorem implies that under periodic boundary conditions all wave 

functions of KS equations can be expressed as the product of cell-periodic part (      ) 

and a plane-wave like modulation (   [     )[34]
, 

                 [         (2.3.1) 

                ,   ∑     
 
        (2.3.2) 

Where,    is a lattice vector in real space, k is a wavevector (indicating the 

direction of electrons), n is a band index(labeling the different solutions to the 

Schrödinger equations at fixed k) and    is an integer. In addition, the corresponding 

eigenenergies are also periodic in reciprocal space, 

                  (2.3.3) 
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Here, G (a reciprocal lattice vector) is given by, 

  ∑   
 
          (2.3.4) 

        
     

        
 ,      

     

        
,      

     

        
  (2.3.5) 

Where    is a reciprocal lattice.  

2.3.2 K-point sampling 

The evaluation of many important properties such as total energy, density of 

states, and charge density need the integration over the first Brillouin zone (BZ)[defined 

as the primitive cell of the reciprocal lattice and is equivalent to the Wigner-Seitz cell in 

real space; in other words, the planes that are the perpendicular bisectors of the vectors 

from the origin to the reciprocal lattice points
[34]

]. For example, the charge density is 

given by, 

      
 

   
∑ ∫       |   

 |        (2.3.6) 

where     is the volume of the first BZ in reciprocal space and     is the 

number of electrons that occupy state nk (occupation number). Here, the integration in n 

electronic wavefunctions at an infinite number of k-points should be carried out for 

calculating the charge density, indicating that the practical calculation could be 

impossible. However, the wavefunctions at k-points that are close together will be almost 

identical. Thus, we can approximate Eq. (2.3.6) by a weighted sum over a discrete set of 

points. 

      ∑ ∑      |   
 |           (2.3.7) 

The accuracy of Eq. (2.3.7) strongly depends on the choice of k-points. The most 

widely used method for the sampling of k-points is a method proposed by Monkhorst and 

Pack
[35]

 where it leads to a uniform set of points determined by the following formula 

valid for any crystal. 
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          ∑
        

   
  

 
     (2.3.8) 

Where    is the total number of points. For further reducing the calculation for 

the integration over the Brillouin zone, we can exploit the symmetry. For such purpose, 

we define the irreducible Brillouin zone (IBZ)
[26]

, which is the smallest fraction of the BZ 

that is sufficient to determine all the information. Thus, the integrals over the BZ can be 

replaced by integrals over the IBZ by adding a weighting factor into Eq. (2.3.7). 

       ∑ ∑        |   
 |      (2.3.9) 

where    is a weighting factor (the total number of distinguishable k points 

related by symmetry to the given point in the IBZ) divided by the total number of points 

Nk . 

2.3.3 Plane waves 

In Bloch theorem, the cell-periodic part of the electronic wavefunction [see Eq. 

(2.3.1)] can be defined in real space by giving values at an (N1ⅹN2ⅹN3) as following,  

           ,   ∑
  

  

 
        (2.3.10) 

Where ni =0, 1,….,Ni-1. Then, we can expand the cell-periodic part of the 

wavefunction using a basis set consisting of a discrete set of plane wave whose 

wavevectors are reciprocal lattice vectors of the crystal.  

       
 

√ 
∑         [              (2.3.11) 

Where   ∑   
 
     ,    = -Ni/2+1, ….., Ni/2. And we can expand the 

wavefunctions using the sum of plane waves
[26, 36]

. 

       
 

√ 
∑         [             (2.3.12) 

After the substitution of Eq. (2.3.12) into the KS equation [Eq. (2.2.13)] and 

integration over r, the following plane-wave basis set expansion of the KS equations is 

obtained
[26, 30]

. 
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∑[
 

 
|   |                                         ]        

  

 

          (2.3.13) 

In principle, an infinite plane-wave basis set is required to expand the electronic 

wave functions. But, in Eq. (2.3.13), the coefficients with small kinetic energy 

(1/2)|k+G|
2
 play an important role in determining electronic structures. Therefore, the 

plane-wave basis set expansion of        is truncated above a cutoff energy Ecutoff. That 

is, the plane wave terms with a kinetic energy (1/2)|k+G|
2
 below Ecutoff are used for 

approximating the wavefunctions.  

The kinetic energy contribution can be typically calculated in reciprocal space 

while the local potentials such as external, Hartree and exchange/correlations is best 

computed in real space. The transformation between reciprocal and real space are easily 

done by fast Fourier transform(FFT)
[27]

.  

                 ∑         [        (2-3-14) 

                       
 

    
∑         [        (2-3-15) 

Where      = N1ⅹN2ⅹN3 (total number of grid points in the unit cell). 

 

Figure 2-1: The regular grid in real space and the reciprocal space grid [which is related 

to a regular grid by fast Fourier transform(FFT) algorithm].  

FFT

Real Space Reciprocal Space

Ecutoff=G2(cutoff)/2

G
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2.4 Pseudopotentials  

The plane-wave basis set expansion of the electronic wavefunctions require the 

huge computational resources since the large number of plane-wave components needed 

to describe tightly bound or spatially strongly localized states and the rapid oscillations 

(nodal features) of the wavefunctions near nucleus. For overcoming such limitation, the 

frozen core and pseudopotentials approximation have been suggested.  

In the frozen core approximation, core electrons (or atomic orbitals) (tightly 

bound or spatially strongly localized states) are fixed or frozen during the calculation of 

geometrical and electronic structures, leading to the reduction of the number of plane-

wave components and computational time. This is based on the fact that the core 

electrons do not change substantially in the bond formation process and the chemical or 

physical properties are mainly determined by the valence electrons of atoms.  

 

Figure 2-2: True potential (wavefunctions) vs. effective potential 

(pseudowavefurnctions). Over the rc(cutoff radius), effective potential 

(pseudowavefurnctions) is exactly the same as true potential (wavefunctions).  

In the pseudopotential approximation
[30]

, the complicated ionic potential arising 

from the interaction of nucleus and core electrons is replaced by an effective potential 

rc r
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(pseudopotential). Here, the core electrons are eliminated and the valence electrons are 

described by a set of nodeless pseudowavefunctions (its scattering properties are equal to 

the scattering properties of the true ionic potential acting on the true valence wave 

functions)[See Figure 2-2]. In this approach only the chemically active valence electrons 

are dealt with explicitly, while the core electrons are 'frozen', being considered together 

with the nuclei as rigid non-polarizable ion cores.  

Norm-conserving pseudopotentials
[37]

 are derived from an atomic reference state, 

requiring that the pseudo- and all-electron valence eigenstates have the same energies and 

amplitude (and thus density) outside a chosen core cutoff radius rc. Pseudopotentials with 

larger cutoff radius are said to be softer, that is more rapidly convergent, but at the same 

time less transferable, that is less accurate to reproduce realistic features in different 

environments. In pseudopotential approximation, the total external potential in reciprocal 

space is given by, 

       ∑      ̃        (2.4.1) 

Where,        is the local ionic pseudopotentional in reciprocal space. The 

structure factor of atomic spices α (    ) indicates the information about the positions of 

the ions and is given by, 

      ∑    [            (2.4.2) 

  Here, the sum I is over the positions of all the ions(RI) of atomic spices α in a 

single unit cell. 

2.5 Projector Augmented-Wave Method (PAW)  

In the PAW method
[38]

, all-electron (AE) wavefunctions     are derived from 

the linear combination of soft pseudo (PS) wavefunctions (or auxiliary wave functions)  

 ̃  .  
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|   〉  | ̃  〉   ∑  |  〉   | ̃ 〉 〈 ̃ | ̃  〉         (2.5.1) 

Here,    and  ̃  indicates the partial waves (local basis functions) where those 

are nonzero only within PAW (or augmentation) spheres (non-overlapping spheres 

centered on atomic sites) and  ̃  is a projector function which indicates the character of 

specific wave function such as s, p, d orbital. The AE partial waves are chosen to be the 

solutions of the spherical (scalar relativistic) Schrödinger equations. In the interstitial 

region between the PAW spheres, the PS wave functions  ̃   are identical to the AE 

wavefunctions    . Inside the PAW spheres, the PS wavefunctions are only a 

computational tool and a bad approximation to the true wavefuctions, since even the 

norm of the AE wavefunction is not reproduced. The PAW method includes the effects of 

the nodal features of the AE wavefunctions on the quantum mechanical observables (total 

energy, forces), without having to represent the nodal behavior in terms of plane waves.  

 

Figure 2-3: The schematic diagram indicating each contribution to true all-electron wave 

function in the projector augmented wave method. 

True 

wave functions (AE)

True partial wave  in

PAW sphere (TPW)

Pseudowave
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Pseudo partial wave  in 
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(AE) (PS) (TPW) (PPW)
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Figure 2-4: The general procedure for solving the Kohn-Sham equation. 

2.6 Solving KS Equations  

Figure 2-4 shows the flow chart for solving the KS equation in order to calculate 

the electronic structures. This is a self-consistent loop for solution of KS equation. That 

is, if the input and output densities do not agree, a new potential is calculated from the 

output density [n(output) →V(new)], leading to starting a new loop. 

In Figure 2-5, the methods for calculating the total energy used in this study are 

summarized. First, for calculating exchange and correlation energy and replacing the 

ionic potential and core electrons by effective ionic potentials, we used PW91 functional 

and PAW, respectively. In addition, an energy cutoff of 350 eV was applied for the 

planewave expansion of the electronic eigenfunctions.  

 

Initial guess of electronic density, 

Solve KS equation

Calculate new electron density
2

Calculate KS potential, 
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Figure 2-5: The methods for calculating the exchange-correlation energy, approximating 

the wave-functions, replacing the ionic potential. 

2.7 Transition State Searching Algorithms  

The determination of activation barriers is essential for understanding the 

mechanism of chemical reactions occurred on the catalyst surfaces. The nudged elastic 

band(NEB) and climbing image NEM(CI-NEB) methods among various transition state 

searching algorithms is one of promising transition state optimization algorithms. The 

NEB method
[39]

 overcomes two disadvantages of the previously used elastic band (EB) 

method. That is, (1) corner cutting and (2) sliding-down problems. In EB method, the 

object function F [see Eq. (2.7.1)] using the initial, intermediate and final images (an 

elastic band with N+1) is constructed and the N-1 intermediate images are relaxed by the 

optimization algorithm with a spring constant. Here, the used spring force tends to 

prevent the band from following a curved MEP(minimum energy path: an energy 

minimum in all directions perpendicular to the path) because of corner cutting and the 

true force along the path causes the intermediates images to slide down from the high 

energy region to the minim and in turn the density of the images is lowest near the 

highest points of the path. In NEM method, by setting the spring force in direction 

perpendicular to the path equal to zero and by setting the force along the path to zero, 
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corner cutting (the former) and sliding-down (the latter) problems can be solved. Note 

that in NEB method, the total NEB force acting on an image is the sum of spring force 

along the local tangent and the force perpendicular to the local tangent.  

  
      

     
      (2.7.1) 

where    
  is the force component due to the potential perpendicular to the band 

and given by, 

  
                     ̂  ̂    (2.7.2) 

Here,  ̂  is the normalized local tangent at image i. For   
  (the spring force 

parallel to the band),  

  
      |       |  |       |  ̂   (2.7.3) 

Here, k is a spring constant. However, in NEB calculation, it is hard to locate the 

images near saddle point. Thus, the post-interpolation process after the NEB optimization 

is needed for getting the energy of saddle point, leading to a large error for calculating 

activation barrier.  

 

Figure 2-6: The diagram showing the forces acting on the image Ri in the NEB method. 

In the CI-NEB method
[40]

, such uncertainty for calculating the transition state 

energy by the post-interpolation method can be reduced. The identified highest image (hi) 

in the NEB method is made to climb up along the elastic band by making the spring force 

of highest image zero.  
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                 ̂  ̂     (2.7.4) 

2.8 Density of State 

The density of states (DOS) per unit energy E (the number of stats per energy) is 

calculated by, 

      
 

  
∑  (      )  

     

     
∫      
                   (2.8.1) 

where,      is the energy of an electron  

2.9 Bader Charge Analysis 

One of widely used methods for decomposing the electronic charge density into 

atomic contribution is an algorithm proposed by Bader (so-called Bader charge analysis). 

In Bader charge analysis
[41]

, the space is divided into regions by surfaces that run through 

minima in the charge density. That is, the gradient of electron density has no component 

normal to the surface at a dividing surface (      (see Figure 2-7). Here we call the 

regions bounded by dividing surfaces Bader regions. Bader charge analysis is insensitive 

to the basis set used in the electron wavefunction and can be used in plane-wave 

calculations since the calculation using Bader charge analysis is based on only charge 

density. 

 

Figure 2-7: The schematic diagram showing the Bader surface. 
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Chapter 3:  

On the Role of Pd Ensembles in Selective H2O2 Formation on PdAu 

Alloys 

3.1 Introduction 

Bimetallic palladium-gold (Pd-Au) alloys have been found to significantly 

increase catalytic efficiency, compared to the monometallic Pd and Au counterparts, in 

various reactions including direct synthesis of hydrogen peroxide (H2O2) from hydrogen 

(H2) and oxygen (O2)
[42-44]

 and production of vinyl acetate monomers
[45-47]

. Recent 

evidence suggests that the reactivity of bimetallic catalysts can be governed by creation 

of unique mixed-metal surface sites [the so called ensemble effect
[18, 48-50]

] and/or 

electronic structure change by metal-metal interactions [ligand effect
[51-54]

], while 

mechanisms underlying the alloying effect still remain unclear.  

It has been reported that Pd monomers surrounded by Au atoms play an important 

role in boosting catalytic activity for hydrogen evolution
[50]

, vinyl acetate formation
[46, 47]

, 

and carbon monoxide adsorption and oxidation
[48]

.  Very recently the influence of 

surface Au atoms in the Pd/Au surface on the direct H2O2 synthesis has been studied 

using density functional theory calculations
[51]

, yet detailed reaction mechanisms 

associated with Pd atomic arrangements are still lacking.  In this chapter, we present the 

influence of Pd ensembles on the selectivity of the direct H2O2 synthesis based on 

periodic density functional theory calculations of relevant reaction energetics and 

pathways. 

3.2 Computational Details 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91
[55]

), as implemented in the Vienna Ab-initio Simulation Package (VASP)
[56]

.  The 
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projector augmented wave (PAW) method with a planewave basis set was employed to 

describe the interaction between core and valence electrons.  The valence configurations 

employed to construct the ionic pseudopotentials are: 5d
10

 6s
1
 for Au, 4d

9
 5s

1
 for Pd, and 

2s
2
 2p

4
 for O.  An energy cutoff of 350 eV was applied for the planewave expansion of 

the electronic eigenfunctions.  For the Brillouin zone integration, we used a (2×2×1) 

Monkhorst-Pack mesh of k points to determine the optimal geometries and total energies 

of systems examined, and increased the k-point mesh size up to (771) to reevaluate 

corresponding electronic structures.  Reaction pathways and barriers were determined 

using the climbing-image nudged elastic band method (c-NEBM) with eight intermediate 

images for each elementary step.   

For a model surface, we used a super cell slab that consists of a rectangular 

432   surface unit cell with four atomic layers each of which contains 16 atoms (see 

Fig. 3-1).  For each PdAu surface model, the topmost surface layer that is overlaid on a 

three-layer Pd (111) slab contains a selected Pd-Au alloy [indicated by PdAu/Pd(111) 

hereafter].  A slab is separated from its periodic images in the vertical direction by a 

vacuum space corresponding to seven atomic layers. While the bottom two layers of the 

four-layer slab were fixed at corresponding bulk positions, the upper two layers were 

fully relaxed using the conjugate gradient method until residual forces on all the 

constituent atoms become smaller than 510
-2

 eV/Å .  The lattice constant for bulk Pd is 

predicted to be 3.95Å , which is virtually identical to previous DFT-GGA calculations
[57]

 

and also in good agreement with the experimental value of 3.89Å . 

3.3 Stability of Pd Ensembles on the AuPd(111) Surface 

As illustrated in Fig. 3-1, in this work we considered three different Pd ensembles 

such as monomer (indicated by M throughout the paper), dimer (D), trimer (T), along 
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with pure Pd (P) for comparison purpose.  The relative formation energies per Pd atom 

(Ef) of the Pd monomer, dimer, and trimer states are predicted to be 0.07 eV, 0.11 eV, 

and 0.15 eV, respectively, as given by: Ef = [EPdAu – EAu + NPd(EAu-bulk – EPd-bulk)]/NPd, 

where EPdAu, EAu, EAu-bulk, and EPd-bulk represent the total energies of PdAu/Pd(111), 

Au/Pd(111), bulk Au (per atom), and bulk Pd (per atom), respectively, and NPd indicates 

the number of Pd atoms on a given PdAu surface.  The small formation energy variation 

with ensemble may imply that Pd atoms could be randomly distributed on the PdAu alloy 

surface at elevated temperatures, although monomers surrounded by Au atoms are likely 

to be more energetically favored to a certain degree over dimers and larger clusters.  

This is consistent with recent studies.
[49, 58]

   

 

 

Figure 3-1: Side (upper panels) and top (lower panels) views of the model PdAu surfaces 

considered in this work, Pd monomer (indicated as M), dimer (D), trimer (T), and pure 

(P). The green, gold, and gray balls represent surface Pd, surface Au, and subsurface Pd 

atoms, respectively. 

3.4 Selective H2O2 Formation  

3.4.1 Reaction pathway for H2O2 production 

As illustrated in Fig. 3-2, H2O2 can be produced by two successive O2 

hydrogenation reactions, following a Langmuir-Hinshelwood mechanism
[59]

. This is 

possible because of the relative ease of H2 dissociation on typical metal catalyst surfaces 

M D T P
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including Pd and Pd/Au.  One could also expect H2O2 formation through a combination 

of two OH radicals which are generated by O2 dissociation followed by hydrogenation.  

However, the combination reaction is energetically unfavorable on both Pd and Pd/Au 

surfaces, and also H2O formation by OH hydrogenation is kinetically more facile.  

 

 

 

 

 

 

 

 

 

Figure 3-2: Predicted H2O2 formation and competing decomposition steps at a Pd 

monomer site: (A) O2 hydrogenation, (A
/
) O + O scission, (B) OOH hydrogenation, (B

/
) 

O + OH scission, (C) H2O2 desorption, (C
/
) OH + OH scission.  Corresponding 

activation energies (in eV), together with O-O bond lengths (in Å ) are indicated.  Red, 

yellow, green, and small white balls indicate O, Au, Pd, and H atoms, respectively.  

In addition to the hydrogenation reactions leading to H2O2 formation, Pd and 

Pd/Au catalysts can be active for O-O bond scission of adsorbed O2 and OOH, resulting 

in the formation of H2O via subsequent hydrogenation of the dissociated O and OH 

radicals.  Moreover, direct dissociation of adsorbed H2O2 to H2O and O (or 2OH) may 

also take place
[59]

.  Such side reactions will deteriorate the selectivity of H2O2 

formation.  Therefore, we could estimate the performance of chosen catalysts for 

selective H2O2 synthesis from H2 and O2 by looking at differences in the energy cost 

between H2O2 formation and undesirable decomposition reactions. In this work, we 
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examine three H2O2 formation steps and their competing (decomposition) counterparts on 

Pd and Pd/Au model surfaces considered (see Fig. 3-1): (1) O2 hydrogenation [(A)] vs. O 

+ O scission [(A)
/
]; (2) OOH hydrogenation [(B)] vs. O + OH scission [(B)

/
]; and H2O2 

desorption [(C)] vs. OH + OH scission [(C)
/
].  Table 3-1 summarizes the predicted total 

energy changes (E) and activation barriers (Ea) for the hydrogenation and 

decomposition reactions.  The result clearly shows that the reaction energetics and 

barriers are sensitive to the arrangement of Pd and Au atoms in the PdAu surface layer.  

Next we discuss each reaction step.  

Table 3-1: Calculated total energy changes (E) and activation barriers (Ea in parenthesis) 

for hydrogenation and decomposition reactions. All energy values are given in eV.  

 M D T P 

(A)  

O2+H  OOH 

-0.73 

(0.53) 

-0.25  

(0.84) 

0.00  

(0.85) 

0.18  

(0.89) 

(A)
/
 

O2  O+O 

0.25  

(1.55) 

-0.23  

(1.54) 

-0.80  

(1.05) 

-2.08 

(0.51) 

(B)  

OOH+H  H2O2 

-0.86  

(0.37) 

-0.51  

(0.81) 

-0.20  

(0.72) 

0.09  

( - )
a
 

(B)
/
 

OOH  O+OH 

-0.39  

(0.81) 

-0.92  

(0.54) 

-1.29  

(0.22) 

-2.13  

(0.31) 

(C) 

 H2O2  H2O2(g) 

0.17 

(0.17) 

0.18 

(0.18) 

0.21 

(0.21) 

0.24 

(0.24) 

(C)
/
 

H2O2  OH+OH 

-0.90  

(0.31) 

-1.35  

(0.11) 

-1.58  

(0.08) 

-2.09  

(0.01) 

 

a
The OOH hydrogenation results in almost spontaneously HO-OH dissociation with no sizable 

barrier, i.e.,   OOH+H  OH+OH. 
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3.4.2 O2 scission vs. hydrogenation 

First, we find that the O2 binding energy (Eb, with respect to the triplet ground 

state of gas phase O2) in the top-bridge-top (t-b-t) configuration can substantially 

decrease on PdAu [Eb = 0.24eV (M), 0.64eV (D), and 0.75eV (T)] compared to pure Pd 

(111) [0.95eV, close to 0.89 eV from previous DFT-GGA calculations with a smaller 

surface supercell ( 23 ) based on ultrasoft pseudopotentials
17

].  Note that for all Pd 

ensembles here we only consider O2 adsorption in the t-b-t configuration for the sake of 

direct comparison, although the top-fcc-bridge (t-f-b) and top-hcp-bridge (t-h-b) states 

can slightly be energetically more favorable than the t-b-t state in the trimer and pure Pd 

cases
[57]

.  

Likewise, the amount of charge transferred to the adsorbed O2 from the surface 

tends to decrease, albeit to a small degree, i.e., 0.30e (M), 0.44e (D, T), and 0.46e (P), 

which subsequently leads to a slight change in the O-O bond length [1.29Å  (M), 1.33Å  

(D, T), and 1.34Å  (P)].  Note that the transferred charge fills the O2 2p antibonding 

orbitals, and consequently weakens the O-O bond strength.  Here, the atomic charge 

states were estimated using the Bader method
[60]

 with special care for convergence with 

respect to charge density grid. 

For O2 dissociation [(A)
/
], our calculations predict an exothermicity of 2.08eV 

(P), 0.80eV (T), and 0.23eV (D), but on the monomer site the dissociation reaction turns 

out to be endothermic by 0.25eV.  Accordingly, the dissociation barrier (in the b-t-b 

channel) rises from 0.51eV (P) to 1.55eV (M).  The significant changes in the reaction 

energetics are apparently related to the availability of active Pd sites for O2 adsorption 

and dissociation.  

For the O2 hydrogenation reaction [(A)], the monomer site turns out to be most 

favorable with a barrier of 0.53eV (which is substantially lower than 0.89eV on the pure 
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Pd(111) surface).  Our calculations also predict that the hydrogenation barriers (0.53–

0.85eV) are sizably lower than the dissociation barriers (1.05–1.55eV) on the PdAu 

model surfaces considered, whereas the trend is opposite on the pure Pd surface.   

3.4.3 OOH scission vs. hydrogenation 

Looking at OOH hydrogenation [(B)] vs. O + OH scission [(B)
/
], only for the 

monomer case the hydrogenation barrier (0.37eV) is lower than the scission barrier 

(0.81eV).  The results demonstrate that the presence of at least an additional adjacent Pd 

atom will lead to facile O-OH bond scission.  This can be related to the relative binding 

strength of OOH and dissociated O/OH radicals.  The predicted binding energies of O 

(at a hollow site) and OH (at a top site) noticeably vary with Pd ensemble: that is, for 

O/OH, 3.43/1.68eV (M), 3.87/2.05eV (D), 4.21/2.12eV (T), and 4.95/2.31eV (P).  On 

the other hand, the OOH binding energy variation is relatively small, i.e., 0.89 eV (M), 

1.03 eV (D), 1.13 eV (T), and 1.30 eV (P).  This explicitly demonstrates the importance 

of Pd atom arrangement on the surface in direct H2O2 synthesis with H2 and O2.  

3.4.4 H2O2 scission vs. desorption 

Assuming H2O2 is formed, finally we compare the barriers for H2O2 desorption 

[(C)] vs. OH + OH scission [(C)
/
].  As H2O2 desorbs off the surface, the total energy 

monotonically increases.  The H2O2 desorption energies are predicted to vary from 

0.17eV (M), 0.18eV (D), 0.21eV (T) to 0.24eV (P).  On the other hand, the barrier for 

HO–OH bond scission can be as low as 0.1 eV when at least two Pd atoms are adjacent to 

each other, indicating that the H2O2 dissociation is kinetically more facile than the H2O2 

desorption.  This states that the availability of Pd monomers surrounded by Au atoms 

will significantly affect the selectivity towards H2O2 formation. 
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Figure 3-3: Density of states projected onto the outmost d-states of Pd ensembles as 

indicated (lower panel) and their first-nearest Au atoms (upper panel) in the surface layer.  

The dotted line indicates the Fermi level position. 

3.4.5 Electronic structure of Pd ensembles 

To further understand the role played by Pd ensembles in the selective H2O2 

synthesis, we also calculated the electronic structure of the pure Pd and alloy Pd/Au 

model surfaces considered.  As summarized in Fig. 3-3, the projected local density of 

states on surface Pd atoms exhibits a slight shift towards higher binding energy with 

increasing the number of Au neighbors; that is, Pd d-band centers are located at -2.17eV 
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(M), -2.13eV (D, T), and -2.06eV (P).  There is practically no change with Pd ensemble 

in the d-band center positions of the first nearest Au neighbors, i.e., -3.54 eV (M), -

3.49eV (D), and -3.46eV (T), which are slightly lower than -3.59eV (M), -3.56eV (D), 

and -3.54eV (T) for the rest of surface Au atoms.  The Au d-band center values are as a 

whole close to -3.53eV for pure Au(111).  While the d-band center position can be used 

as a general measure of local surface reactivity, the slight alternations imply that the 

activity per surface atom has no significant change by the arrangement of surface Pd and 

Au atoms.  This suggests that the large activity difference between Pd and Au atoms 

may play a major role in determining the selectivity of H2O2 formation. 

3.5 Summary 

We find that the selectivity of direct H2O2 synthesis with H2 and O2 will be 

strongly affected by the arrangement of Pd and Au atoms on a PdAu alloy surface.  In 

particular, the availability of Pd monomers surrounded by less active Au atoms tends to 

play a key role in enhancing the selectivity towards H2O2 formation, by suppressing O-O 

bond scission due to the large activity difference between Pd and Au atoms.  For Au-

based bimetallic catalysts, this work also hints on the importance of properly tailoring the 

activity of surface Au atoms in other to achieve desired reactions while the relative Au 

activity can be a function of subsurface layer composition as well as catalyst geometry 

and topology 
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Chapter 4: Geometric Parameter Effects on Ensemble Contributions to 

Catalysis: H2O2 Formation from H2 and O2 on AuPd Alloys 

4.1 Introduction 

A recent first principles study
[20]

 demonstrated that the selectivity of H2O2 in 

direct oxidation of H2 is a strong function of the arrangement of Pd and Au surface atoms 

in AuPd alloy catalysts.  In particular, isolated Pd monomers surrounded by less active 

Au atoms are primarily responsible for the significantly enhanced H2O2 selectivity by 

suppressing O-O bond cleavage.  It has also been reported that Pd monomers play a 

significant role in enhancing the catalytic activity for hydrogen evolution
[50]

, vinyl acetate 

synthesis
[46]

, and carbon monoxide adsorption and oxidation
[48]

.  The ensemble effect is 

apparently attributed to the large activity difference between Pd and Au.  However, for a 

given ensemble the relative chemical activity of constituent surface atoms can be altered 

by the change of geometric parameters and consequent surface electronic states.  

Therefore, it will be instructive to examine how the change of surface electronic structure 

affects the ensemble effect in alloy catalysts. 

In this chapter, we attempt to understand the interplay between the ensemble and 

electronic contributions associated with changes in the geometric parameters.  We 

consider three different Pd monomer systems in the slab and cluster geometries: 

AuPdM/Pd(111), AuPdM/Au(111), and Au41Pd@Pd13.  Using density functional theory 

calculations, we first look at how the electronic state of Au and Pd surface atoms changes 

with varying geometric conditions, and then examine how the electronic state change 

affects the activity and selectivity toward direct H2O2 synthesis from H2 and O2.  The 

improved understanding will assist in rationally designing bimetallic nanocatalysts. 
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4.2 Computational Details 

A recent The calculations reported herein were performed on the basis of spin 

polarized density functional theory (DFT) within the generalized gradient approximation 

(GGA-PW91
[55]

), as implemented in the Vienna Ab-initio Simulation Package 

(VASP)
[56]

.  The projector augmented wave (PAW) method with a planewave basis set 

was employed to describe the interaction between ion cores and valence electrons
[38]

.  

The PAW method is in principle an all-electron frozen-core approach that considers exact 

valence wave functions.  Valence configurations employed are: 5d
10

 6s
1
 for Au, 4d

9
 5s

1
 

for Pd, and 2s
2
 2p

4
 for O.  An energy cutoff of 350 eV was applied for the planewave 

expansion of the electronic eigenfunctions.  Reaction pathways and barriers were 

determined using the climbing-image nudged elastic band method (c-NEBM) with eight 

intermediate images for each elementary step
[40]

.  

In this work, as illustrated in Fig. 4-1 we considered three different Pd monomer 

systems: (a) AuPdM/Pd(111) in which the surface Au layer with a Pd monomer is 

overlaid on a Pd(111) slab; (b) AuPdM/Au(111) in which the AuPdM layer is on a 

Au(111) slab; and (c) Au41Pd@Pd13 which refers to a 55-atom icosahedral cluster with a 

13-atom Pd core and an Au shell that contains a Pd monomer at the lowest-energy site 

(more details are available in appendix section).  For the AuPdM/Pd(111) [Fig. 4-1(a)] 

and AuPdM/Au(111) [Fig. 4-1(b)] cases, the supercell slab consists of a rectangular 

234 surface unit cell with 4 atomic layers; each  layer contains 16 atoms.  The slab 

is separated from its periodic images in the vertical direction by a vacuum space 

corresponding to seven atomic layers.  The bottom two layers were fixed at 

corresponding bulk positions, and the upper two layers were fully relaxed using the 

conjugate gradient method until residual forces on all the constituent atoms become 

smaller than 510
-2

 eV/Å .  All atoms in the Au41Pd@Pd13 cluster [Fig. 4-1(c)] were 
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fully relaxed with the same force-convergence criterion.  For Brillouin zone integration 

in the slab systems, we used a (2×2×1) Monkhorst-Pack mesh of k points to determine 

the optimal geometries and total energies, and increased the k-point mesh size up to 

(771) to refine corresponding electronic structures.  For the cluster system, one k-

point (Gamma point) was employed for Brillouin zone integration, while the 

Au41Pd@Pd13 cluster was placed in a periodic cubic box of dimension = 25Å 25Å 25Å .  

The lattice constants for bulk Pd and Au were predicted to be 3.95Å  and 4.18 Å , virtually 

identical to previous DFT-GGA calculations
[57, 61]

 and also in good agreement with 

respective experimental values of 3.89Å  and 4.08 Å .  We further checked the 

convergence of our calculation results with respect to k-point mesh size, cut-off energy, 

and vacuum space, which suggests that the chosen values are sufficient for describing the 

surface chemistry of the model systems considered. 

 

 

 

 

 

 

 

 

  

 

                 (a)          (b)         (c) 

Figure 4-1: Model AuPd alloy surfaces considered each of which contains a Pd monomer. 

(a) AuPdM/Pd(111) where the surface Au layer with a Pd monomer is overlaid on a 

Pd(111) slab, (b) AuPdM/Au(111) where the AuPdM layer is on a Au(111) slab, and (c) 

Au41Pd@Pd13 which has a 13-atom Pd core and an Au shell with a Pd monomer at the 

lowest energy position.  The black (blue) and grey (gold) balls represent Pd and Au 

atoms, respectively.   
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4.3 Surface Electronic States 

We looked at variations in the electronic states of Pd monomer and its nearest Au 

neighbors for the three AuPdM surface alloys considered.  For the AuPdM/Pd(111) case 

[(b)], the d states of the surface Pd and neighboring Au atoms are somewhat broadened 

relative to pure Pd(111) and Au(111) [(a)], implying the effective interaction among the 

Pd monomer and Au neighbors.  The Pd d-band center is located at -2.17 eV which is 

lower than -2.06 eV for clean Pd(111), while there is no noticeable shift in the Au d-band 

center [d = -3.54 eV as compared to -3.53 eV for clean Au(111)]. For the 

AuPdM/Au(111) case [(c)], the d states of the Pd monomer and its Au surface neighbors 

exhibit narrower distributions compared to the AuPdM/Pd(111) case.  In addition, both 

Pd and Au d-band centers move upward in energy, i.e., from -2.17 to -2.01 eV and from -

3.54 to -3.44 eV, respectively.  The d-band width-narrowing and up-shift may indicate 

enhanced chemical activity for the surface Pd and Au atoms.  This can be associated 

with the tensily strained surface where the Pd-Au distance is increased to 2.93 Å  

[AuPdM/Au(111)], compared to 2.78 Å  for the AuPdM/Pd(111) case; note that the Pd-Pd 

distance is predicted to be 2.80 Å  on clean Pd(111).  The correlation between surface 

strain and chemical activity has also been evidenced by a series of earlier experimental 

and theoretical studies.
[24, 62]

 For the Au41Pd@Pd13 case [(d)], our calculation shows a 

substantial up-shift in the d-band centers of the outer-shell Pd (d = -1.88 eV) and 

adjacent Au (d = -3.18 eV) atoms as compared to the AuPdM/Au(111) and 

AuPdM/Au(111) cases.  This implies chemical activity enhancement of the skin surface 

Pd and Au atoms, which is apparently associated with their reduced coordination number 

and inherent mechanical strain created in the small cluster.  
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Figure 4-2: Density of states (DOS) project onto the outmost d states of the Pd monomers 

(4d) and adjacent Au (5d) surface atoms in (b) AuPdM/Pd(111), (c) AuPdM/Au(111), and 

(d) Au41PdM@Pd13, together with (a) pure (111) surface atoms for comparison.  The 

dotted line indicates the Fermi level position and d-band center positions are also 

indicated by arrows. 
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Table 4-1:Calculated d-band centers (εd in eV) of Pd and adjacent Au surface atoms and 

distances (dPd-X in Å ) of Pd-Pd [in Pd(111)] and Pd-Au [in the others]. 

 

 dPd-X (X=Pd or Au) εd(Pd) εd(Au) 

Pd(111) or Au(111) 2.80 -2.06 -3.53 

AuPdM/Pd(111) 2.78 -2.17 -3.54 

AuPdM/Au(111) 2.93 -2.01 -3.44 

Au41Pd@Pd13 2.79 -1.88 -3.18 

 

4.4 H2O2 Formation from H2 and O2 

We examined how the electronic state change of the surface Pd monomer and 

neighboring Au atoms affects the energetics of H2O2 formation from H2 and O2.  The 

direct H2O2 synthesis may predominantly occur via two successive O2 hydrogenation 

reactions following a Langmuir-Hinshelwood mechanism
[59]

, as reasoned in our recent 

paper
[20]

.    

 

 

Figure 4-3: Schematic illustration of H2O2 formation and competing decomposition steps 

considered in this study: (A) O2 hydrogenation, (A
/
) O + O scission, (B) OOH 

hydrogenation, (B
/
) O + OH scission, (C) H2O2 desorption, (C

/
) OH + OH scission. 

O2

OH + OH

H2O2

O+ O

OOH

O + OH

H2O2(g) H2 (g)+O2(g) 

(A/) (B/) (C/)

(A) (B)
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As illustrated in Figure 4-3, we examined three H2O2 formation steps and their 

competing (decomposition) counterparts: O2 hydrogenation [(A)] vs. O + O scission 

[(A)
/
]; (2) OOH hydrogenation [(B)] vs. O + OH scission [(B)

/
]; and H2O2 desorption 

[(C)] vs. OH + OH scission [(C)
/
].  Figures 4-4, 4-5, 4-6, 4-7 show the minimum-energy 

paths identified for the hydrogenation and dissociation reactions, together with energy 

variations along the reaction coordinates.  For each energy diagram, the total energy 

prior to H2 and O2 adsorption is set to be zero.  In Table 4-2, we also summarize the 

predicted total energy changes (E) and activation barriers (Ea), for clarity’s sake.  The 

results clearly demonstrate the sensitivity of the reaction energetics and barriers to the 

change in the Pd and Au electronic states.   

Table 4-2:Calculated total energy changes (E) and activation barriers (Ea in parenthesis) 

for hydrogenation and scission reactions (as illustrated in Figure 3) with respect to fully 

separated coadsorbed species
a,b

   

 

 
Pd(111) 

AuPdM/ 

Pd(111) 

AuPdM/ 

Au(111) 

Au41Pd 

@Pd13 

O2+H  OOH  

(A) 

0.18 

(0.89) 

-0.73 

(0.53) 

-0.67 

(0.51) 

-0.50 

(0.72) 

O2  O+O 

(A)
/
 

-2.08 

(0.51) 

0.25 

(1.55) 

-0.86 

(0.93) 

-0.37 

(0.98) 

OOH+H  

H2O2  (B) 

0.09 

( - )
b
 

-0.86 

(0.37) 

-0.71 

(0.71) 

-0.36 

(0.62) 

OOH  O+OH  

(B)
/
 

-2.13 

(0.31) 

-0.39 

(0.81) 

-1.27 

(0.32) 

-1.14 

(0.45) 

H2O2  

H2O2(g)  (C) 

0.24 

(0.24) 

0.17 

(0.17) 

0.23 

(0.23) 

0.40 

(0.40) 

H2O2  

OH+OH (C)
/
 

-2.09 

(0.01) 

-0.90 

(0.31) 

-1.64 

(0.23) 

-2.05 

(0.05) 
 
a
The separation state was evaluated by individually placing each adsorbed species on the 

234 unit surface cell employed in this work. 
b
All energy values are given in eV.  

c
The 

OOH hydrogenation results in almost spontaneous HO-OH dissociation with no sizable 

barrier, that is, OOH+H  OH+OH.  
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Figure 4-4: Predicted potential energy diagram for direct H2O2 synthesis from H2 and O2 

on pure Pd(111), and corresponding intermediate and transition state configurations.  In 

the energy diagram (lower panel), the activation energies for the hydrogenation, scission, 

and desorption reactions considered are given in eV, and IS refers to the infinite 

separation of two adsorbates.  On Pt(111), our calculation shows that the hydrogenation 

of OOH leads to nearly spontaneous dissociation into OH + OH, that is, OOH+H  

OH+OH; and thus no activation energy was obtained for the hydrogenation reaction, as 

indicated by N/A.  In the intermediate and transition states, the O-H and O-O distances 

are indicated in the hydrogen and scission reactions, respectively.  The big black (blue), 

small dark grey (red), and small white balls represent Pd, O, and H atoms, respectively. 
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Figure 4-5: Predicted potential energy diagram for direct H2O2 synthesis from H2 and O2 

at the Pd monomer site in AuPdM/Pd(111), and corresponding intermediate and transition 

state configurations.  In the energy diagram (lower panel), the activation energies for the 

hydrogenation, scission, and desorption reactions considered are given in eV, and IS 

refers to the infinite separation of two adsorbates.  In the intermediate and transition 

states, the O-H and O-O distances are indicated in the hydrogen and scission reactions, 

respectively.  The big grey (yellow) and black (blue) balls represent surface Au and Pd 

atoms, respectively, and the small dark grey (red) and white balls indicates O and H 

atoms, respectively. 
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Figure 4-6: Predicted potential energy diagram for direct H2O2 synthesis from H2 and O2 

at the Pd monomer site in AuPdM/Au(111), and corresponding intermediate and transition 

state configurations.  In the energy diagram (lower panel), the activation energies for the 

hydrogenation, scission, and desorption reactions considered are given in eV, and IS 

refers to the infinite separation of two adsorbates.  In the intermediate and transition 

states, the O-H and O-O distances are indicated in the hydrogen and scission reactions, 

respectively.  The big grey (yellow) and black (blue) balls represent surface Au and Pd 

atoms, respectively, and the small dark grey (red) and white balls indicates O and H 

atoms, respectively. 
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Figure 4-7: Predicted potential energy diagram for direct H2O2 synthesis from H2 and O2 

at the Pd monomer site in Au41PdM@Pd13, and corresponding intermediate and transition 

state configurations.  In the energy diagram (lower panel), the activation energies for the 

hydrogenation, scission, and desorption reactions considered are given in eV, and IS 

refers to the infinite separation of two adsorbates.  In the intermediate and transition 

states, the O-H and O-O distances are indicated in the hydrogen and scission reactions, 

respectively.  The big grey (yellow) and black (blue) balls represent surface Au and Pd 

atoms, respectively, and the small dark grey (red) and white balls indicates O and H 

atoms, respectively. 
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On the clean Pd(111) surface [(A) in Fig. 4-4], O2 preferentially adsorbs in an 

“end-on” configuration where each of the O atoms binds to one of two adjacent Pd 

surface atoms.  The O2 adsorption energy at the top-bridge-top (t-b-t) state is predicted 

to be 0.95 eV.  Here, the adsorption energy (Ead) is given by:  

Ead= |E(O2/M)| - |E(M) + E(O2)| 

where E(O2/M),  E(M),  and  E(O2) represent the total energies of the O2/slab 

(or cluster) system, the slab (or cluster), and an isolated O2 molecule in the triplet state, 

respectively, and |x| indicates the absolute value of x.  For the AuPdM/Pd(111) case [(A) 

in Fig. 4-5], one end of O-O binds to the Pd monomer but the other end weakly interacts 

with an adjacent Au atom, yielding Ead = 0.25 eV.  The O2 adsorption energy at the t-b-t 

state increases to 0.27 eV and 0.75 eV on AuPdM/Au(111) [(A) in Fig. 4-6] and 

Au41Pd@Pd13 [(A) in Fig. 4-7], respectively, yet significantly lower than 0.95 eV for pure 

Pd(111).   We estimated the atomic charge states of the adsorbed O2 and surface Pd/Au 

atoms using the Bader method
[60]

 with special care for convergence with respect to 

charge density grid.  The result clearly demonstrates that there is charge transfer from 

the metal surface to the adsorbed O2; the amount of transferred charge varies from 0.30e 

[AuPdM/Pd(111)] to 0.34e [AuPdM/Au(111)] and 0.45e [Au41Pd@Pd13].  Accordingly, 

the O-O bond is elongated from 1.24Å  [gas-phase] to 1.29Å  [AuPdM/Pd(111)], 1.30 Å  

[AuPdM/Au(111)], and 1.33 Å  [Au41Pd@Pd13].  Note that the (transferred) excess 

charge fills the O2 2p antibonding orbital, which in turn weakens the O-O bond.  

For O2 dissociation, our calculation predicts an endothermicity of 0.25eV on 

AuPdM/Pd(111) [(B) in Fig. 4-5].  However, the dissociation reaction turns out to be 

exothermic by 0.86eV and 0.37eV on AuPdM/Au(111) [(B) in Fig. 4-6] and 

Au41Pd@Pd13 [(B) in Fig. 7], respectively.  The dissociated O atoms are preferentially 

located at two fcc sites adjacent to the Pd monomer.  The dissociation barrier reduces 
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from 1.55eV [AuPdM/Pd(111)] to 0.93eV [AuPdM/Pd(111)] and 0.98eV [Au41Pd@Pd13].  

The enhanced reactivity towards O2 unequivocally indicates that the chemical activity of 

both Pd monomer and Au neighbors is increased.  On clean Pd(111), the O2 dissociation 

is predicted to occur by crossing a barrier of 0.51 eV, with an exothermicity of -2.08eV.        

For O2 hydrogenation, H (in the proximity of O2) is preferentially anchored at a 

hollow site adjacent to the Pd monomer at the initial state (“co-adsorbed”).  The co-

adsorbed state turns out to be less favorable than that the adsorbed H and O2 are fully 

separated (“at infinite separation”).  This indicates that the interaction of O2 and H can 

be repulsive.  Hereafter, the energy required for the co-adsorption from the full 

separation is referred to as the proximity energy.  The predicted proximity energies are 

0.17eV, 0.13eV, and 0.13 eV for AuPdM/Pd(111), AuPdM/Au(111), and Au41Pd@Pd13, 

respectively.  Including the respective proximity energies, the activation energies for the 

O2 hydrogenation are estimated to be 0.53 eV, 0.51 eV, and 0.72 eV on AuPdM/Pd(111), 

AuPdM/Au(111), and Au41Pd@Pd13, respectively.        

For the OOH + H  HOOH and OOH  O + OH reactions, the hydrogenation 

barrier of 0.37 eV (including the proximity energy of 0.17 eV) is noticeably lower than 

0.81 eV for the OOH bond cleavage  on AuPdM/Pd(111).  The OOH scission barrier 

decreases to 0.45 eV and 0.32 eV on AuPdM/Au(111) and Au41Pd@Pd13, respectively, 

while the hydrogenation barrier increases to 0.62 eV (0.09 eV) and 0.71 eV (0.31 eV); 

the respective proximity energies included are indicated in parenthesis.  Expecting that 

the barrier changes are related to the relative binding strength between OOH and 

dissociated O/OH radicals, we also compared their binding energies.  As summarized in 

Table 4-3, the O/OH binding energies noticeably vary from 3.43/2.01eV 

[AuPdM/Pd(111)], 4.00/2.30 eV [AuPdM/Au(111)] to 3.98/2.67 eV [Au41Pd@Pd13], while 

the variation of OOH binding strength is rather insignificant, i.e., 0.89 eV 
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[AuPdM/Pd(111)], 0.98 [AuPdM/Au(111)] and  1.39 eV [Au41Pd@Pd13].  Our results 

clearly demonstrate that the enhanced chemical activity of the Pd and neighboring Au 

atoms leads to facilitating the OOH bond cleavage, thereby deteriorating the selectivity 

of H2O2 formation.      

Finally we compared the barriers for H2O2 desorption vs. OH + OH scission.  

The predicted H2O2 desorption energies vary from 0.17eV [AuPdM/Pd(111)], 0.23eV 

[AuPdM/Au(111)] to 0.40eV [Au41Pd@Pd13].  The barrier for HO–OH bond scission 

also noticeably varies, but in the opposite direction, i.e., 0.31 eV [AuPdM/Pd(111)], 0.21 

eV [AuPdM/Au(111)], and  0.17eV [Au41Pd@Pd13].  The results clearly demonstrate 

that the scission barrier can be higher or lower than the desorption barrier depending on 

the activity of the Pd monomer and its nearest Au neighbors.   

 

Table 4-3:Calculated binding energies (in eV) of O and OH radicals. 

 
Pd(111) 

AuPdM/ 

Pd(111) 

AuPdM/ 

Au(111) 

Au41Pd 

@Pd13 

O 4.95 3.43 4.00 3.98 

OH 2.67 2.01 2.30 2.67 

 

Our study clearly demonstrates that the enhanced chemical activity of the Pd and 

adjacent Au atoms leads to a significant reduction in the scission barriers of adsorbed O-

O, O-OH, and HO-OH, while the barriers for O2 adsorption and hydrogenation reactions 

tend to increase, as summarized in Table 2.  As a consequence, the selectivity of H2O2 

formation will be significantly deteriorated in the Au41Pd@Pd13 and AuPdM/Au(111) 

cases, as compared to the AuPdM/Pd(111) case.  This is consistent with earlier 

experimental studies
[63]

 that show significant enhancement in catalytic activity towards 
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H2O2 synthesis as the AuPd particle size increases.  The tunability of the reaction 

energetics suggests the importance of the interplay between surface electronic state 

alternation (electronic effect) and atomic ordering (geometric effect) in determining 

preferred reaction routes and activation energies.   

4.5 Summary 

Using first principles DFT calculations, we attempted to examine how the surface 

reactivity of bimetallic alloys is influenced by the interplay between ensemble and 

electronic contributions in association with changes in their geometric parameters.  We 

particularly looked at H2O2 formation from H2 and O2 on three different AuPd alloy 

surfaces (each of which contains a Pd monomer) modeled using slab and cluster 

geometries, such as AuPdM/Pd(111), AuPdM/Au(111), and Au41Pd@Pd13.  The Pd 

monomer systems were chosen because isolated Pd monomers surrounded by less active 

Au atoms are likely responsible for promoting H2O2 formation by suppressing O-O bond 

cleavage.  The ensemble effect is primarily attributed to the large activity difference 

between Pd and Au, while the direct H2O2 synthesis may involve two successive O2 

hydrogenation reactions and their competing O-O scission reactions.  Knowing that, in 

this work special attention was paid to examining the impact of changes in the electronic 

states of surface Pd and neighboring Au atoms on the activity and selectivity in the direct 

H2O2 synthesis.  Our analysis of electronic density of states shows that the activity of a 

Pd monomer and its Au neighbors can substantially vary with geometric conditions; 

among those three model systems considered the highest activity occurs in Au41Pd@Pd13, 

followed by AuPdM/Au(111) and AuPdM/Pd(111).  The activity enhancement of the skin 

surface Pd and Au atoms is associated with their reduced coordination number and 

inherent mechanical strain created in the small cluster.  Likewise, the AuPdM/Au(111) 
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case is mainly attributed to the tensily strained Pd site where the Pd-Au distance is 

increased to 2.93 Å , as compared to 2.78 Å  for the AuPdM/Pd(111) case. The enhanced 

chemical activity of the Pd and adjacent Au atoms leads to significant deterioration in the 

selectivity of H2O2 formation by decreasing the scission barriers of adsorbed O-O, O-OH, 

and HO-OH, while the barriers for O2 adsorption and hydrogenation reactions tend to 

increase.  Our study highlights that the ensemble effect on the performance of alloy 

catalysts is subject to surface electronic states that can be greatly altered by the change of 

catalyst’s geometric parameters, particularly related to local strain and effective atomic 

coordination number at the surface.  This might warrant further investigations to the 

effects of catalyst geometry on the arrangement and activity of surface atoms, which will 

allow a better understanding of the interplay between ensemble and electronic 

contributions that are necessary for rationally designing multimetallic nanocatalysts. 
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Chapter 5:  

Pd Ensembles Effects on Oxygen Reduction Reaction in AuPd(111) 

5.1 Introduction 

Low temperature PEM (polymer electrolyte membrane) fuel cells, also known as 

proton exchange membrane fuel cells, have received much attention in recent years as a 

promising alternative for power generation, especially for automotive applications.  

PEM fuel cells use hydrogen (or hydrogen-rich fuel) and oxygen (from air) to generate 

energy, thereby achieving near-zero pollutant emissions and high fuel efficiency 
[1]

.  

One of the major barriers to their commercialization is the high cost arising largely from 

the use of expensive platinum (Pt)-containing electrocatalysts in the electrodes.  In 

addition, the oxygen reduction reaction (ORR) at the cathode, in which molecular oxygen 

is decomposed and combined with protons and electrons supplied by the anode through 

the membrane and external circuit to form water, is currently the rate-limiting step for the 

PEM fuel cell.  Pt-based catalysts are also susceptible to poisoning by carbon monoxide 

(CO) and other impurities 
[3]

.  For these reasons, there exists great interest in developing 

alternative catalyst materials.   

One promising avenue is the use of palladium (Pd)-based bimetallic nanoparticles 

[4]
.  By itself, the activity of Pd toward the ORR has been found to be lower than that of 

Pt 
[4, 9]

. However, a series of recent experimental and theoretical studies have 

demonstrated that Pd alloyed with other metals (Fe, Co, Ni) has an ORR activity 

comparable to or even better than Pt catalysts 
[7, 8, 11, 12]

.  The synergetic effect exhibited 

by Pd-containing and other bimetallic alloys can to a large extent be attributed to the 

existence of unique mixed-metal surface sites [the so called ensemble (geometric) effect 

[18-20]
 and by electronic state change due to metal-metal interactions [the so called ligand 
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(electronic) effect 
[64]

].  Knowledge of the arrangement of atoms in the surfaces of 

bimetallic catalysts is indispensable in elucidating the roles played by the ensemble and 

ligand effects in their activities.  Although progress in this area has been hampered by 

the difficulty of atomic-scale characterization, computational approaches can be a 

powerful and flexible alternative.  

In this chapter, we present the results of a density functional theory (DFT) study 

of the influence of Pd ensembles on the reactivity and selectivity of the ORR on the 

AuPd/Pd(111) surface. We chose to examine the AuPd alloy because it has been found to 

possess significantly enhanced activity compared to monometallic Pd and Au catalysts 

for a host of reactions, such as direct synthesis of hydrogen peroxide (H2O2) from 

hydrogen (H2) and oxygen (O2) 
[20, 42, 43]

, hydrogen evolution 
[50]

 and production of vinyl 

acetate monomer 
[45-48]

.  Although AuPd might not be an effective catalyst for the ORR, 

our results are of value in understanding the nature of the effect of alloying on catalytic 

function. 

5.2 Computational Methods 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91 
[55]

), as implemented in the Vienna Ab-initio Simulation Package (VASP) 
[56]

.  

The projector augmented wave (PAW) method with a planewave basis set was employed 

to describe the interaction between core and valence electrons 
[38]

.  The valence 

configurations employed to construct the ionic pseudopotentials are as follows: 5d
10

 6s
1
 

for Au, 4d
9
 5s

1
 for Pd, and 2s

2
 2p

4
 for O.  An energy cutoff of 350 eV was applied for 

the planewave expansion of the electronic eigenfunctions.  For the Brillouin zone 

integration, we used a (2×2×1) Monkhorst-Pack mesh of k points to calculate geometries 
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and total energies, and increased the k-point mesh size up to (771) to reevaluate 

corresponding electronic structures or to (441) to refine the energies for construction 

of the Cluster Expansion Hamiltonian.  Reaction pathways and barriers were determined 

using the nudged elastic band method (NEBM) with eight intermediate images for each 

elementary step 
[40]

.   

 

 
 

Figure 5-1: Top views of the model PdAu surfaces considered in this work:  Pd 

monomer (indicated as M), dimer (D), and pure (P).  The black (blue), gray (gold), and 

white balls represent surface Pd, surface Au, and subsurface Pd atoms, respectively.   

For PdAu model surfaces, we constructed a four atomic-layer slab with either a 

rectangular 432   (for surface reaction calculations) or a hexagonal 44 (for 

inclusion in the Cluster Expansion training set) unit cell in which a PdAu layer is overlaid 

on a three-layer Pd (111) slab with each layer composed of 16 atoms.  The slab is 

separated from its periodic images in the vertical direction by a vacuum space 

corresponding to seven atomic layers.  The lattice constant for bulk Pd is predicted to be 

3.95Å  (this is in accordance with a DFT result of 3.96Å  
[57]

), close to the experimental 

value of 3.89Å .  While the bottom two layers of the four-layer slab were fixed at 

corresponding bulk positions, the upper two layers were fully relaxed using the conjugate 

gradient method until residual forces on all the constituent atoms become smaller than 

510
-2

 eV/Å .  The adsorption energy (Ead) is calculated by Ead= |E(Adsorbate/M)| - 

M D P
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|E(M) + E(Adsorbate)|, where E(Adsorbate/M),  E(M),  and  E(Adsrobate) represent 

the total energies of the Adsorbate/slab system, the slab, and an isolated adsorbate 

molecule in the gas state, respectively, and |x| indicates the absolute value of x.  

5.3 Oxygen Reduction Reaction: Mechanism Overview 

The oxygen reduction reaction (ORR) is a 4-electron process involving the 

activation and conversion of molecular oxygen (O2) to water (H2O) [equation (1)].  

Catalysts with poor ORR activity can convert the O2 instead to hydrogen peroxide (H2O2) 

by a two-electron reduction reaction as shown in equation (2). 

O2 + 4H
+
 + 4e

-
 = 2H2O    (1) 

O2 + 2H
+
 + 2e

-
 = H2O2    (2) 

H2O2 is largely responsible for membrane deterioration in PEM fuel cells, 

accordingly degrading device performance.  Therefore, suppression of H2O2 formation 

is a critical goal in catalyst design.  At the same time, even if the catalyst shows high 

selectivity for H2O production, it is possible that the H2O formation rate is slow due to a 

high kinetic barrier in the relevant H2O production path.  A second design goal should 

be to reduce the barrier of the rate-determining step in order to enhance the reaction rate 

for H2O formation. 

In what follows, we report the effect of Pd ensembles in the AuPd/Pd(111) 

surface layer on H2O formation reactivity and selectivity.  We evaluated two different 

Pd ensembles, the monomer (indicated by M throughout the paper) and dimer (D), and 

compared them to the pure (111) surface (P); all shown in Figure 5-1.  The H2O/H2O2 

formation pathways that we examined are illustrated in Figure 5-2, in which the nodes 

represent quasi-stable reaction intermediates and the paths between them indicate either 



 50 

hydrogenation (denoted +H) or O-O bond scission.  Note that H atoms are supplied by 

H2 oxidation at the anode in a PEM fuel cell.   

 

 

Figure 5-2: Schematic illustration of H2O/H2O2 formation steps considered in this study.   

Here, the H2O formation pathways are classified by the behavior of O2 absorbed 

on the catalyst surface.  In dissociative pathways (I and II), adsorbed O2  first undergoes 

bond scission, while in associative pathways (III, IV, V), it is directly hydrogenated to 

form OOH 
[9]

.  In pathway I, H2O is produced from dissociated O2 by two successive 

hydrogenation steps, and in pathway II, two OH (resulting from hydrogenation of O 

radicals) combine to form H2O.  In the associative pathways, the adsorbed OOH radical 

either splits to form O + OH before merging with pathway I (pathway III) or pathway II 

(pathway IV), or it undergoes a second hydrogenation to form H2O2  (pathway V) which 

either desorbs or splits into OH+OH prior to H2O formation.  In the following section, 

we examine these pathways in terms of reaction energies (that is, the difference in energy 

of adjacent nodes) and activation barriers (to transition from one node to the next) for the 

pure Pd surface and the Pd monomer and dimer sites. All calculations were performed in 

the gas phase rather than in a solution environment; however, we expect that the solution 
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contributions to the surface reaction energetics and pathways would not be significant 

considering that the weak electrostatic interactions such as hydrogen bonding between 

adsorbed reactants and intermediates (such as O2 and OOH) and solution species (such as 

H2O) can be much weaker than the interaction of the reactants/intermediates with the 

metal alloy surfaces considered 
[9]

.   

Table 5-1:Calculated total energy changes (E) and activation barriers (Ea in parenthesis) 

for hydrogenation and decomposition reactions.  All energy values are given in eV.  

 AuPdM/Pd(111) AuPdD/Pd(111) P 

(A)  

O2+H  OOH 

-0.73 

 (0.53) 

-0.25   

(0.84) 

0.18   

(0.89) 

(A)
/
 

O2  O+O 

0.25  

(1.55) 

-0.23  

(1.54) 

-2.08 

(0.51) 

(B)  

OOH+H  H2O2 

-0.86   

(0.37) 

-0.51   

(0.81) 

0.09  

( - )
a
 

(B)
/
 

OOH  O+OH 

-0.39   

(0.81) 

-0.92 

(0.54) 

-2.13   

(0.31) 

(C) 

 H2O2  H2O2(g) 

0.17 

(0.17) 

0.18 

(0.18) 

0.24 

(0.24) 

(C)
/
 

H2O2  OH+OH 

-0.90  

 (0.31) 

-1.35   

(0.11) 

-2.09 

(0.01) 

(D) 

O +H  OH 

-1.37  

(0.67) 

-0.94  

 (0.80) 

0.13   

(1.15) 

(F) 

OH+H H2O 

-1.44 

(0.45) 

-0.99   

(0.85) 

-0.27   

(0.95) 

(G) 

OH+OH H2O+O 

-0.17 

(0.14) 

0.11   

(0.19) 

-0.43   

(0.05) 

 
a
The OOH hydrogenation results in almost spontaneous HO-OH dissociation with no 

sizable barrier, i.e.,   OOH+H  OH+OH.  
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Figure 5-3: Predicted potential energy diagram for H2O formation from H and O2 on 

Pd(111), and corresponding intermediate and transition state configurations.  In the 

energy diagram (lower panel), the activation energies for the hydrogenation, scission, and 

desorption reactions considered are given in eV, and I.S. refers to the infinite separation 

of two adsorbates.  On Pd(111), our calculation shows that the hydrogenation of OOH 

leads to nearly spontaneous dissociation into OH + OH, i.e., OOH+H  OH+OH; thus, 

no activation energy was obtained for the hydrogenation reaction, as indicated by N/A.  

In the intermediate and transition states, the O-H and O-O distances are indicated in the 

hydrogen and scission reactions, respectively.  The big black (blue), small dark grey 

(red), and small white balls represent Pd, O, and H atoms, respectively. 
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Figure 5-4: Predicted potential energy diagram for direct for H2O formation from H and 

O2 at the Pd monomer site, and corresponding intermediate and transition state 

configurations.  In the energy diagram (lower panel), the activation energies for the 

hydrogenation, scission, and desorption reactions considered are given in eV, and I.S. 

refers to the infinite separation of two adsorbates.  In the intermediate and transition 

states, the O-H and O-O distances are indicated in the hydrogen and scission reactions, 

respectively.  The big grey (yellow) and black (blue) balls represent surface Au and Pd 

atoms, respectively, and the small dark grey (red) and white balls indicates O and H 

atoms, respectively. 
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Figure 5-5: Predicted potential energy diagram for H2O formation from H and O2 at the 

Pd dimer site, and corresponding intermediate and transition state configurations.  In the 

energy diagram (lower panel), the activation energies for the hydrogenation, scission, and 

desorption reactions considered are given in eV, and I.S. refers to the infinite separation 

of two adsorbates.  In the intermediate and transition states, the O-H and O-O distances 

are indicated in the hydrogen and scission reactions, respectively.  The big grey (yellow) 

and black (blue) balls represent surface Au and Pd atoms, respectively, and the small dark 

grey (red) and white balls indicates O and H atoms, respectively. 
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5.4 H2O vs. H2O2 Formation: Pathways and Energetics 

5.4.1 Pure Pd(111) 

Figure 5-3 shows the energy changes and activation barriers in relevant reaction 

paths for H2O formation on the pure Pd(111) surface; in Table 5-1, we also summarize 

the energetics and barriers involved in the hydrogenation and scission reactions leading to 

either H2O or H2O2 formation.  Our results suggest that the formation of H2O would 

preferentially follow the dissociative mechanism, as the O2 dissociation barrier is much 

lower, by 0.38eV, than the O2 hydrogenation barrier.  The following O hydrogenation is 

predicted to be endothermic (E = 0.13eV) with a barrier of 1.15eV.  In the final step, 

H2O can be formed by two different reactions: OH hydrogenation (pathway I) or OH+OH 

combination (pathway II).  The OH hydrogenation is calculated to be exothermic by 

0.27eV and has a barrier of 0.95eV.  In contrast, the OH+OH combination reaction has 

much smaller barrier (0.05eV), implying that pathway II is the energetically preferred 

route for H2O formation on pure Pd(111).  The highest barrier occurs at the O 

hydrogenation step, with a height of 1.15eV. 

5.4.2 Pd monomer in AuPd/Pd(111) 

For the monomer case, as shown in Figure 5-4 we find that H2O formation tends 

to occur via an associative mechanism.  According to our calculations, O2 

hydrogenation has a much lower barrier (0.53eV) than O2 dissociation (1.53eV).  The 

barrier for OOH hydrogenation is 0.37 eV, also considerably lower than the O+OH 

scission barrier of 0.81eV.  This suggests that the reaction at the monomer site may 

proceed along pathway V until H2O2 is produced, assuming that H atoms are readily 

available.  However, H2O2 desorption has a lower barrier than OH + OH scission (0.17 

eV versus 0.31 eV), which might indicate that the monomer is a poor surface site for H2O 

formation from H and O2.  Indeed, recent theoretical studies 
[20]

 have demonstrated that 
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isolated Pd monomers surrounded by less active Au atoms are primarily responsible for 

the significantly enhanced selectivity in the direct synthesis of H2O2 from H2 and O2 by 

suppressing O-O bond cleavage.  Here, we should point out that identification of the 

monomer as a poor catalyst site for H2O formation depends on the assumption that H 

atoms are readily available on the cathode surface.  If, despite the difference in their 

barriers, hydrogenation occurs more slowly than O-O (or O-OH) scission due to a 

scarcity of H, H2O selectivity on the monomer may improve. 

An explanation for this dramatic change of selectivity on the Pd monomer 

compared to the pure Pd(111) surface is suggested by differences in the adsorption 

energies of the reaction intermediates.  Compared to the Pd monomer, the pure Pd (111) 

surface stabilizes the O/OH/H radicals much more than OOH/ H2O2.  Specifically, for 

O/OH/H [at a hollow site for (O/H) and at a top site for (OH)], the adsorption energies 

are 3.43/1.68/2.29eV(M) and 4.95/2.31/2.90eV(P), while for OOH/H2O2, they are 

0.89/0.17eV(M) and 1.30/0.24eV(P).  In the reaction pathways illustrated in Figure 5-2, 

these two sets of species are coupled to one another as reactant/product pairs through 

either hydrogenation or O-O bond scission.  Unequal adsorption energy changes in 

reactants and products on the pure surface versus the monomer provides an explanation 

for the energetic preference of one reaction pathway (and final product) over another, 

provided that the activation barriers are directly related to the relative stabilities of the 

reactants and products. 

5.4.3 Pd dimer in AuPd/Pd(111) 

For the dimer case, O2 reduction may follow an associative mechanism as in the 

monomer case.  The barrier for O2 dissociation is larger by 0.70eV than for O2 

hydrogenation.  However, unlike the monomer case, pathway V is unfavorable, as O-O 

bond scission to form O+OH has a lower barrier (0.54 eV) than hydrogenation to form 
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H2O2 (0.81 eV).  Since the barrier changes are connected to the relative binding strength 

between OOH/H2O2 and dissociated O/OH/H radicals, we compared their binding 

energies.  As summarized in Table 5-2, the adsorption energies of O/OH on the dimer 

(3.87/2.05eV) are noticeably increased compared to the monomer case (3.43/1.68eV).  

In contrast, the variation of OOH adsorption energy is relatively small, i.e., 1.03eV (D) 

and 0.89eV (M).  Accordingly, O+OH scission exothermicity increases from 0.39eV 

(M) to 0.92eV (D) and in turn the barrier substantially reduces from 0.81eV (M) to 

0.54eV (D).  On the other hand, in the OOH hydrogenation case, increases in the 

adsorption energies of the reactants H/OOH [2.29/0.89eV (M)  2.51/1.03eV(D)] are 

large compared to changes in H2O2 binding [0.17eV(M)  0.18eV(D)], which partially 

explains an increase in the barrier from 0.37eV(M) to 0.81eV(D). 

In the next O hydrogenation step, our calculation predicts an exothermicity of 

0.94eV and a barrier of 0.80eV, indicating that the O hydrogenation reaction on the dimer 

can occur more easily than in the pure Pd(111) case.  Note that the reaction on the pure 

Pd(111) surface is endothermic by 0.13eV and the barrier is 1.15eV.  

In OH hydrogenation, we calculated the barrier to be 0.85eV, which is slightly 

lower by 0.10eV than on the pure Pd(111) surface. On the other hand, in the OH+OH 

combination reaction, the barrier is predicted to be 0.19eV, indicating that OH 

hydrogenation is more difficult than OH+OH combination.  Therefore, the energetically 

preferred H2O formation route on the Pd dimer is likely reaction pathway IV with a 

maximum barrier of 0.80eV at O2 hydrogenation.  On the pure Pd(111) surface, the 

maximum barrier was 1.15eV, which suggests that the presence of Pd dimers may 

improve the formation rate of H2O. 

This enhancement of H2O formation rate comes from the reduced surface 

reactivity toward adsorbates.  It has been previously reported 
[9, 65]

 that surfaces which 
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strongly bind adsorbates such as O/OH tend to reduce the rate of water formation by 

retarding O/OH hydrogenations, while for surfaces which weakly bind adsorbates, the 

opposite is true (provided that the O-O scission barrier is not increased too much). 

Table 5-2:Calculated binding energies (in eV) of O, H, OH, OOH and H2O2 at a hollow 

site (for O/H) and at a top site (for OH/OOH/ H2O2). 

 

 AuPdM/Pd(111) AuPdD/Pd(111) P 

O 3.43 3.87 4.95 

OH 1.68 2.05 2.31 

H 2.29 2.51 2.90 

OOH 0.89 1.03 1.30 

H2O2 0.17 0.18 0.24 

 

For the pure Pd surface, the ability to bind adsorbates is relatively strong 

compared to the pure Pt surface.  Since the rate-determining step in H2O formation on 

the Pt catalyst is believed to be the O/OH hydrogenation steps, the increase of surface 

reactivity on the Pd catalyst gives rise to a reduction in the kinetics of the H2O formation 

by further suppressing the O/OH hydrogenation reaction.  However, the creation of 

small Pd ensembles (such as dimers) by alloying Pd with Au atoms reduces the surface 

reactivity toward the adsorbate, resulting in a decrease of the adsorption energy of 

adsorbates like O/OH (see Table 5-2).  This results in a reduction of the barriers for 

O/OH hydrogenation compared to the pure Pd(111) surface without significantly 

changing the O-O bond scission barrier as shown in the previous section.  In contrast, on 

the monomer, the adsorbate is not activated sufficiently to break the O-O bond and the 

H2O2 is selectively formed, resulting in the degradation of fuel cell materials.  These 

results suggest that one of the challenges of designing a AuPd catalyst for use in the fuel 
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cell cathode is increasing the population of small ensembles while simultaneously 

suppressing the formation of monomers.  Alternatively, as we pointed out earlier, it 

might be possible to minimize evolution of the by-product (H2O2) by reducing H atom 

coverage on the cathode catalyst surface in order to decrease the rate of OOH 

hydrogenation at monomer sites. 

  

5.5 Summary 

Spin-polarized DFT calculations were performed to examine the effect of Pd 

ensembles on the reaction of O2 with H atoms to form H2O and H2O2 on a AuPd alloy 

surface. Our calculations show that the energetics and barriers of the reduction reactions 

can be considerably affected by the distribution of Pd and Au atoms in the surface layer. 

The most energetically favored reaction pathway at a Pd monomer site results in the 

formation of H2O2 due to the suppression of O–O bond cleavage; this might indicate that 

it is a poor site for H2O formation especially if H atoms are readily available. On the 

other hand, on the Pd dimer, H2O tends to be the preferred product. We calculate that the 

maximum activation barrier for H2O formation on the dimer is lower than for the pure 

Pd(111) surface by about 0.35 eV as a result of reduced hydrogenation barriers. At the 

less active small Pd ensemble sites, the binding energies of O, OH and H are significantly 

lowered compared to the pure Pd(111) surface, which in turns facilitates the 

hydrogenation reactions leading to H2O. This suggests that an AuPd alloy with a large 

population of small ensembles (such as dimers) and few monomers in its surface might 

be beneficial for the ORR. However, according to our Monte Carlo simulations of the 

AuPd surface alloy, monomers are the dominant Pd ensemble for a wide range of 

temperatures and compositions, mainly attributed to the preference in the AuPd surface 
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for the heteronuclear Pd–Au interaction. Hence, to improve H2O selectivity on a AuPd 

alloy surface, one potential strategy might be to limit the surface coverage of H atoms, 

thereby slowing the kinetics of OOH hydrogenation and increasing O + OH scission. It is 

also possible that larger Pd ensembles could be induced to form in the surface by 

adsorbates, which in turn might improve H2O selectivity. For example, our calculations 

indicate that with the addition of a single adsorbed O atom, the Pd dimer becomes around 

0.4 eV more stable than a pair of isolated monomers. This effect will be more fully 

explored in later studies.  
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Chapter 6:  

Unique Catalytic Activity of Pairs of 1
st
 Nearest Pd Monomers on 

AuPd(100) in Oxygen Hydrogenation and Scission 

6.1 Introduction 

The oxygen hydrogenation and scission has been of great importance to 

electrochemistry, corrosion, and heterogeneous catalysis
[66]

. For instance, in polymer 

electrolyte membrane fuel cell (PEMFC), the rate difference between those two reactions 

on the catalysts can greatly affect the reactivity and selectivity of oxygen reduction 

reaction since the enhanced oxygen scission rate over hydrogenation could lead to the 

low production rate of water (H2O) due to the slow removal rate of reaction intermediates 

by hydrogenation, while for the opposite case the hydrogen peroxide (H2O2) could be 

formed
[20, 67]

. Thus, it is important to clearly understand the nature of oxygen 

hydrogenation and scission reactions for the rational design of catalyst.  

The most widely believed relationship between oxygen hydrogenation and 

scission is their inverse energetic (kinetic) association when strain is imposed on the 

catalyst surface by substrate
[7, 12, 68, 69]

. For example, the prior study has showed that on 

the Pd/Pt surface under the compressive strain, the oxygen reduction reaction (leading to 

H2O) can be enhanced by increasing O/OH hydrogenation reaction 

([O+HOH]/[OH+HH2O]) at the cost of O2 scission reaction [O2O+O]
[68]

. Here, 

the subtle control for O2 scission reaction is vital for the complete oxygen reduction 

reaction to H2O since the large increase of O/OH hydrogenation reaction can prevent the 

O2 scission reaction from occurring (instead H2O2 is formed).  

AuPd alloy (which has been one of attractive bimetallic alloy catalysts in various 

catalytic reactions
[46, 59, 70]

) has shown the good performance to enhance oxygen 

hydrogenation. Especially, it has been known that Pd ensembles, particularly Pd 



 62 

monomer, are the good surface site for increasing the rate of hydrogenation reaction over 

the scission reaction
[20]

. However, Pd monomer has found to show extremely slow kinetic 

in O2 scission reaction, leading to the selective formation of H2O2. This result indicates 

that Pd monomer could not be the active surface site for enhancing H2O production in 

PEMFC. But, if we could find a way to enhance the oxygen scission reaction on Pd 

monomer without substantially changing oxygen hydrogenation, Pd monomer could be a 

good surface site for enhancing H2O production.  

In this chapter, using periodic density functional theory calculations, we present 

that pairs of 1
st
 nearest Pd monomers on the AuPd(100) surface play an important role in 

significantly enhancing the O—O bond scission without the substantial suppression of 

O/OH hydrogenation compared to a single Pd monomer. We see that the large 

stabilization of O2/O by being linked to two Pd atoms in the course of O—O scission and 

no significant variation of OH binding energies in O/OH hydrogenation reaction are 

responsible for such nature of oxygen hydrogenation and scission on pairs of 1
st
 nearest 

monomers. We also examine how this characteristic of oxygen hydrogenation and 

scission on pairs of 1
st
 nearest monomers can improve the energetic in the oxygen 

reduction reaction at the solution environments. 

6.2 Computational Details 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91)
[71]

, as implemented in the Vienna Ab-initio Simulation Package (VASP)
[56]

.  The 

projector augmented wave (PAW) method
[38]

 with a planewave basis set was employed to 

describe the interaction between core and valence electrons.  The valence configurations 

employed to construct the ionic pseudopotentials are: 5d
10

 6s
1
 for Au, 4d

9
 5s

1
 for Pd, and 
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2s
2
 2p

4
 for O.  An energy cutoff of 350 eV was applied for the planewave expansion of 

the electronic eigenfunctions.  For the Brillouin zone integration, we used a (2×2×1) 

Monkhorst-Pack mesh of k points to determine the optimal geometries and total energies 

of systems examined, and increased the k-point mesh size up to (771) to reevaluate 

corresponding electronic structures.  Reaction pathways and barriers were determined 

using the climbing-image nudged elastic band method (c-NEBM)
[40]

 with eight 

intermediate images for each elementary step.  

Table 6-1:Calculated formation energies (in eV) of various Pd ensembles on the 

AuPd(100) surface. The green and yellow represent the Pd and Au atoms, respectively.  

1M 1
st
 2MP 1

st
 8MP D T TE 

      
0.39 0.39 0.37 0.42 0.42 0.43 

 

For a model surface, we used a supercell slab that consists of a rectangular 44 

surface unit cell with four atomic layers each of which contains 16 atoms.  For each 

AuPd surface model, the topmost surface layer that is overlaid on a three-layer Pd (100) 

slab contains the selected Pd ensembles such as a single Pd monomer [indicated by 1M], 

a pair of 1st nearest monomers [1
st
 2MP], the perfectly ordered pairs of 1st nearest 

monomers on the 44 surface unit cell [1
st
 8MP], dimer[D], trimer [T] and tetramer [TE] 

states (see Table 1). A slab is separated from its periodic images in the vertical direction 

by a vacuum space corresponding to seven atomic layers. While the bottom two layers of 

the four-layer slab were fixed at corresponding bulk positions, the upper two layers were 

fully relaxed using the conjugate gradient method until residual forces on all the 

constituent atoms become smaller than 510
-2

 eV/Å .  The lattice constant for bulk Pd is 
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predicted to be 3.95Å , which is virtually identical to previous DFT-GGA calculations and 

also in good agreement with the experimental value of 3.89Å .   

Table 6-2:Calculated total energy changes (E) and activation barriers (Ea in parenthesis) 

for hydrogenation and scission reactions. All energy values are given in eV. 

 1M 1
st 

2MP 1
st 

8MP D P 

(A)O2O+O 
0.02 

(1.03) 

-0.52 

(0.48) 

-0.39 

(0.42) 

-0.54 

(0.89) 

-0.89 

(0.15) 

(B)O+HOH 
-1.40 

(0.34) 

-0.92 

(0.48) 

-1.05 

(0.38) 

-0.83 

(0.71) 

-0.55 

(0.54) 

(C)OH+HH2

O 

-0.97 

(0.53) 

-0.86 

(0.52) 

-0.88 

(0.50) 

-0.28 

(1.24) 

-0.23 

(0.80) 

 

6.3 Stability of Pd Ensembles on the AuPd(111) Surface 

Before going into the detail study on the reactivity of various Pd ensembles, we 

first examine the stability of ensembles on the (100) surface.  In Table 6-1, we display 

the formation energy of various Pd ensembles. Here, the relative formation energies per 

Pd atom (Ef) of a single Pd monomer [indicated by 1M], dimer[D], trimer [T], tetramer 

[TE] states are given by: Ef = [EPdAu – EAu + NPd(EAu-bulk – EPd-bulk)]/NPd, where EPdAu, 

EAu, EAu-bulk, and EPd-bulk represent the total energies of PdAu/Pd(100), Au/Pd(100), bulk 

Au (per atom), and bulk Pd (per atom), respectively, and NPd indicates the number of Pd 

atoms on a given PdAu surface. First, we find that the order of ensemble stability on the 

(100) surface is 1M> D> T> TE, indicating that Pd would have a tendency to remain 

isolated, rather than forming aggregates in the AuPd (100) surface. In addition, we 

predict that the formation energy for pairs of 1
st
 nearest monomers such 1

st
 2MP and 1

st
 

8MP is comparable to or even lower than the 1M case, suggesting that pairs of 1
st
 nearest 
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monomers [1
st
  2MP and 1

st
  8MP] can serve the stable surface site for chemical 

reactions. This is also consistent with the recent theoretical and experimental results
[72, 73]

.  

 

Figure 6-1: Predicted molecular configurations of initial, transitions and final states in O2 

scission and O/OH hydrogenation reactions at the 1
st
 2MP site. Red, yellow, green, and 

white balls indicate O, Au, Pd, and H atoms, respectively.  

6.4 Oxygen Hydrogenation versus Scission 

In this work, we examine the following three reactions for understanding the 

nature of oxygen hydrogenation and scission on the AuPd(100) and Pd(100) surfaces: (A) 

O2 scission [O2O+O], (B) O hydrogenation [O+HOH], and (C) OH hydrogenation 
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[OH+HH2O]. Note that these simplified reactions can be also used for the estimation of 

the catalyst efficiency in H2O formation.  

Table 6-2 summarizes the predicted total energy changes (E) and activation 

barriers (Ea) for O—O bond scission and O/OH hydrogenation reactions. The result 

clearly shows that pairs of 1
st
 nearest Pd monomers (1

st
 2MP and 1

st
 8MP) on the 

AuPd(100) surface significantly enhances the O—O bond breaking reaction without the 

substantial suppression of the O/OH hydrogenation compared to a single Pd monomer 

(1M). Next, we will discuss each reaction step in detail. 

 

Figure 6-2: Density of states projected onto the O2 on pairs of 1
st
 nearest monomers in the 

AuPd(100) and AuPd(111) surface 

First, we find that the O2 binding energy (Eb, with respect to the triplet ground 

state of gas phase O2) on the monomers [1M, 1
st
 2MP and 1

st
 8MP] substantially reduces 

[0.48eV(1M), 0.60eV(1
st
 2MP), and 0.67eV(1

st
 8MP),] compared to the pure Pd(100) 

surface (1.65eV), implying that the adsorption of O2 can be suppressed on the monomers. 
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However, based on our calculation for the amount of charge transferred to the adsorbed 

O2 from the surface, we see much greater charge transfer and larger elongation in the O—

O bond length on pairs of 1
st
 nearest monomers [1

st
  2MP (0.63e, 1.39Å ) and 1

st
  8MP 

(0.60e, 1.39Å )] than the single monomer case (0.32e, 1.29Å ) (Note that the transferred 

charge fills the O2 2p antibonding orbitals, and consequently weakens the O—O bond 

strength). Accordingly, for the O2 scission reaction we calculate the exothermicity of 

0.52eV on 1
st
 2MP and 0.39eV on 1

st
 8MP, but for the 1M site we find that the scission 

reaction is endothermic (0.02eV). Consequently, we predict much lower O2 scission 

barriers on 1
st
 2MP (0.48eV) /1

st
 8MP (0.42eV) than the 1M case [1.03eV].  

The enhanced kinetics in O2 scission on 1
st 

2MP/1
st
 8MP over 1M is related to the 

unique arrangement of surface Pd monomers on the (100) surface. As shown in Figure 6-

2, O2 on 1
st
 2MP/1

st 
8MP can be stabilized in the bridge-hollow-bridge (b-h-b) 

configuration by being bonded with two Pd atoms, indicating that pairs of 1st nearest 

monomer can function like a dimer. This is possible because the bond distance of Pd-Pd 

(3.95Å ) in 1
st
 2MP/1

st
 8MP is short enough for two Pd atoms on pairs of 1

st
 nearest 

monomers to successfully participate in O2 adsorption. Note that two Pd atoms on pairs 

of 1
st
 nearest monomers on the (111) surface cannot involve in O2 adsorption due to a 

long distance of Pd-Pd bond (4.83Å ) and instead O2 is adsorbed onto a Pd atom (not onto 

two Pd atoms) with an adsorption energy of 0.25eV.  This different activation of O2 can 

be also supported by the analysis of the density of states (DOS) projected on the O2 

molecule. As shown in Figure 2, for a pair of 1st nearest Pd monomers case on the (100) 

surface, we find the spin paired state, indicating the peroxo-like nonmagnetic 

configuration of O2 on the surface (magnetic monument (μ) -- 0.02). In contrast, for the 

(111) case we see the half-occupied state, showing the superoxo-like paramagnetic 

configuration (μ -- 0.99). In the same way, the oxygen atoms in the transition and final 
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states on 1
st
 2MP/1

st
 8MP can be significantly stabilized by being linked to two Pd atoms, 

leading to reduced activation energy in the 1
st
 2MP/1

st
 8MP compared to the 1M case. 

Note that for the 1M case, one Pd atom is connected to oxygen atoms in the course of O2 

scission reaction. This clearly demonstrate that pairs of 1
st
 nearest Pd monomers on the 

AuPd(100) surface play an important role in enhancing the O—O bond scission reaction.  

Looking at the O/OH hydrogenation reaction, we predict the noticeable 

enhancement in the kinetics on monomers [0.34/0.53eV(1M), 0.48/0.52eV (1
st
 2MP) and 

0.38/0.50eV(1
st
 8MP)] in comparison with the pure Pd(100) surface(0.54/0.80eV), 

indicating that all monomers (1M, 1
st
 2MP and 1

st
 8MP) can act as a promoter to enhance 

O/OH hydrogenation. However, unlike O2 scission reaction, we see small change/no 

significant variation of barriers in O/OH hydrogenation between 1M and 1
st
 2MP/1

st 

8MP, suggesting that the 1
st
 2MP/1

st 
8MP can function like a 1M in O/OH hydrogenation 

reaction. Together with the fact that the barriers for 1
st
 2MP/1

st 
8MP are significantly 

reduced in O2 scission reaction compared to the 1M case, as presented above, this 

indicates that the kinetics of H2O formation reaction on 1
st
 2MP/1

st 
8MP is improved 

compared to the pure Pd(100) surface, while for the 1M case the opposite is true. Note 

the decreased maximum barrier on 1
st
 2MP/1

st 
8MP [0.52/0.50eV at OH hydrogenation] 

and increased maximum barrier on the 1M [1.03eV at O2 scission] in H2O formation, 

compared to the pure Pd(100) surface case [0.80eV at OH hydrogenation]. 

The small or no variation in O/OH hydrogenation between 1M and 1
st
 2MP/1

st
 

8MP is connected to the relative binding strength of OH/O/H2O. Our calculation predicts 

no significant variation of OH (2.40--2.44eV at the bridge site)/H2O (0.32--0.34eV at the 

top site) binding energies on the monomers (1M, 1
st
 2MP/1

st
 8MP). Here, OH on 1

st
 

2MP/1
st
 8MP is preferentially adsorbed at the bridge site (Ead=2.40/2.44eV) by being 

bonded with one Pd and one Au atom, as in the 1M case (Ead=2.41eV at the bridge site), 
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rather than at the hollow site (Ead=2.22/2.24eV) by being connected with two Pd atoms.  

In addition, we find the moderate increase of O binding strength (the O at the hollow site 

is bonded with two Pd atoms) on the 1
st
 2MP/1

st
 8MP (3.99/3.96eV) compared to the 1M 

site (3.66eV at the hollow site) (only one Pd atom is bonded to one O atom). As a result, 

for the O hydrogenation we calculate the slightly decreased exothermicities on 1
st
 

2MP/1
st
 8MP (0.92eV/1.05eV) compared to the 1M site (1.40eV) and the almost similar 

reaction energetics in the OH hydrogenations on all the monomers (-0.97eV(1M), -

0.86eV(1
st
 2MP) and -0.88eV(1

st
 8MP)]. This clearly demonstrates that the unique 

surface arrangement of Pd monomers on the (100) surface lead to significantly enhancing 

the O—O bond scission without the substantial suppression of O/OH hydrogenation.  

6.5 Oxygen Reduction Reaction at Aqueous Environment: Energetics 

Next, in Figure 6-3, we presented how the enhancement of O—O bond scission 

without the substantial suppression of O/OH hydrogenation on pairs of 1
st
 nearest 

monomers can improve the energetic in the oxygen reduction reaction at the solution 

environments. For comparison, the pure Pd(100) surface is also presented. We considered 

two reaction pathways for oxygen reduction: (1) O2 is protonated to OOH and then 

reduced to H2O (OOH association mechanism), (2) O2 is dissociated to two O radicals, 

which are reacted with protons, producing H2O (O2 dissociation mechanism). We also 

exclude the possibility of selective H2O2 formation on both surface sites since the detail 

barrier calculation predict the lower barrier in H2O formation path than in H2O2 

formation path (see the supporting materials: Table S1). We find that for pairs of 1
st
 

nearest monomers the O/OH protonation is highly exothermic at a typical operating 

potential of 0.90V, while for the pure Pd(100) surface the protonation is endothermic. On 

the other hand, in two O—O bond breaking steps (O2O+O in O2 dissociation 
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mechanism and OOH+H
+
+e

-
  O+ H2O in OOH association mechanism), we predict the 

exothermicity on both pairs of 1
st
 nearest monomers and pure Pd(100) surface. These 

results clearly suggests that pairs of 1
st
 nearest monomers can energetically improve the 

oxygen reduction reaction by enhancing the O/OH protonation without the substantial 

suppression of O—O bond breaking reactions, compared to the pure Pd(100) surface.  

6.6 Summary 

We present the important role of pairs of 1
st
 nearest Pd monomers on the 

AuPd(100) surface in controlling oxygen hydrogenation and scission. We find that the 

O—O bond scission on pairs of 1
st
 nearest Pd monomers is greatly enhanced without the 

substantial suppression of O/OH hydrogenation compared to a single Pd monomer, which 

leads to the energetically enhanced oxygen reduction reaction at the solution 

environment. This study highlights that when designing the AuPd nanocatalysts, the 

preferential exposure of (100) facet can be one of key requirements to enhance oxygen 

reduction reaction. 
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Figure 6-3: Predicted potential energy diagram for oxygen reduction reaction by the OOH 

association mechanism (lower panel) and by the O2 dissociation mechanism (upper 

panel) on pairs of 1
st
 nearest Pd monomers and Pd(100) surfaces. This is obtained by 

calculating the adsorption energies of reaction intermediates (O2, OOH, O, OH) at the 

solution environments and then the electrode potential is shifted to a typical fuel cell 

operating potential  of 0.90V (with respect to the revisable hydrogen electrode), as 

reported in the previous study
[9]

. (See the supporting materials(S2) for adsorption 

structures of each intermediate at the solution environments).    
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Chapter 7:  

Role of Ir and Co in Pd-based Catalysts in Enhancing ORR in Fuel Cell  

7.1 Introduction 

Palladium (Pd) has been extensively studied as one of alternative catalysts to 

replace the platinum (Pt)-based catalysts in order to simultaneously improve the catalytic 

performance of oxygen reduction reaction (ORR) and reduce the cost of catalysts
[4]

. 

However, the activity of Pd toward ORR and its stability at the fuel cell condition have 

been found to be lower than that of Pt due to the slow kinetics of O/OH hydrogenation 

and high dissolution rate of Pd into acidic media
[3, 74, 75]

.  

Alloying Pd with transition metals have been suggested as one of those solutions 

since the synergetic alloying effects such as the creation of unique mixed-metal surface 

sites [ensemble effect]
[20]

 and electronic structure change by metal-metal interactions 

[ligand effect]
[23]

 can provide an avenue for overcoming the slow kinetics of 

hydrogenation in Pd catalysts and high dissolution rate of Pd. For example, bimetallic Pd-

M alloys (M=Fe, Co) have shown the enhancement of ORR activity where the Pd skin 

formed by the segregation of Co or Fe into the subsurface region make O/OH 

hydrogenation enhanced
[7, 12]

. However, a recent study
[76]

 has also shown that the 

degradation problem of alloy catalysts by the segregation of Co into the surface can 

hamper the long term operation of fuel cell. Thus, it is imperative to find an alternative 

way to improve the activity and stability of Pd or Pd-based alloy catalyst simultaneously. 

Ternary alloy can offer the numerous potentials for enhancing the ORR activity and even 

the stability of catalysts at the fuel cell condition compared to the bimetallic alloy. In this 

work, we added Iridium(Ir) [which has the high reduction potential of 1.16V above a 
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typical operating fuel cell voltage at cathode (0.7V)] into a Pd-Co alloy system to order to 

improve the catalytic activity toward ORR and stability at fuel cell condition.   

Using density functional theory calculation, we predict that Ir in Pd3Co(111) 

substrate stably exists as the form of monolayers at the 2
nd

/3
rd

  subsurface region, 

leading to the substantial suppression of Co segregation toward surface and enhancement 

of ORR activity. By presenting the barriers in O2 scission, O/OH hydrogenation, and 

catalytic performances at acidic fuel cell environment, we find that the substantial 

reduction of O/H binding strength and little change of OH binding strength by the 

combined ligand and compressive strain effect of subsurface Ir monolayer and Pd3Co 

substrate are responsible for the improvement of ORR activity. 

7.2 Computational Details 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91)
[71]

, as implemented in the Vienna Ab-initio Simulation Package (VASP)
[56]

.  The 

projector augmented wave (PAW) method
[38]

 with a planewave basis set was employed to 

describe the interaction between core and valence electrons. An energy cutoff of 350 eV 

was applied for the planewave expansion of the electronic eigenfunctions.  For the 

Brillouin zone integration, we used a (5×5×1) Monkhorst-Pack mesh of k points to 

determine the optimal geometries and total energies of systems examined, and increased 

the k-point mesh size up to (10101) to reevaluate corresponding electronic structures.  

Reaction pathways and barriers were determined using the climbing-image nudged elastic 

band method (CI-NEBM)
[40]

 with eight intermediate images for each elementary step. For 

a model surface, we used a supercell slab that consists of a rectangular 22 surface unit 

cell with five atomic layers each of which contains 4 atoms. A slab is separated from its 
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periodic images in the vertical direction by a vacuum space corresponding to seven 

atomic layers. While the bottom two layers of the five-layer slab were fixed at 

corresponding bulk positions, the upper three layers were fully relaxed using the 

conjugate gradient method until residual forces on all the constituent atoms become 

smaller than 510
-2

 eV/Å .  The lattice constant for bulk Pd is predicted to be 3.95Å , 

which is virtually identical to previous DFT-GGA calculations and also in good 

agreement with the experimental value of 3.89Å .   

 

7.3 Structure of Ir and Co-modified Pd Catalysts 

The clear understanding of structure and composition in the alloy catalyst is 

essential for determining the catalytic performance. In particular, the distribution of alloy 

components at the surface and subsurface layers is one of important factors that can 

significantly affect the surface reactivity of alloy catalysts since the surface arrangement 

of alloy components (so-called ensemble effects) or the interatomic mixing between the 

alloy components (ligand effect) can substantially modify the activity of surface atoms. 

In addition, the bulk composition of alloy catalysts for the substrate of catalyst, which can 

impose a tensile or compressive strain on the surface (strain effect), can be also a crucial 

factor for enhancing or reducing the surface reactivity in various chemical reactions. 

Thus, we should unequivocally know the surface structure and bulk composition of alloy 

catalysts.  

For achieving this purpose in an Ir- and Co-modified Pd alloy catalyst system, we 

first attempted to determine what the bulk composition of alloy catalysts could be 

acceptable for the substrate. The ternary alloy system has been believed to be difficult to 

understand its structure due to the lack of available experimental or theoretical data for 
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the phase behavior compared to the bimetallic alloy system. To alleviate such difficulties, 

in this study, we focus on the specific composition range in the ternary Pd-Ir-Co system 

where Pd is modified by the small amount of Ir and Co (Ir and Co <25at.%) and the 

binary system (such as Pd-Co or Pd-Ir) as the substrate of alloy catalyst. It has been 

experimentally known that a Pd-Co system is completely miscible over the whole range 

of composition, while a Pd-Ir system is partially miscible in the limited composition of Ir 

(<10wt.%)[xx]. This suggests that for a Pd-Co system, the stable formation of bulk 

ordered Pd3Co alloy is possible, while for a Pd-Ir system the opposite is true. Thus, the 

use of Pd3Co as the substrate is more proper than the Pd-Ir case. Note that there is no 

significant change of equilibrium lattice parameter in a Pd-Ir system due to the phase 

separation and in turn little strain effect on the surface.  

Next, we examine how Ir on an ordered Pd3Co alloy substrate behaves at the near 

surface layer. In Figure 7-1, we display the segregation energies of Ir atoms into the top 

(1
st
) surface and bulk regions (3

rd
 and 4

th
 surface layers) when one or two Ir monolayer 

are initially located at the 2
nd

 or 2
nd

/3
rd

 surface layers in Pd3Co(111) slab, respectively 

(the top surface layer is a pure Pd monolayer). Here, the segregation energy is given by 

an equation: SEM(n)=EA(n) — EB where EA is the total energy of slab after the 

segregation of Ir to surface or bulk region, EB is the total energy of slab before the 

segregation, n is the position of Ir in the slab and M is the number of Ir monolayer (M= 1 

for one monolayer and M=2 for two monolayer). First, we find the endothermic energy 

changes [SE1(1)=0.54eV and SE2(1)=0.98eV] when Ir atoms at the 2
nd

 surface layer 

move toward the top surface region, suggesting that Ir is preferentially remained at the 

subsurface layer rather than segregated to the top surface region. This is partially 
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supported by the smaller lattice parameter (3.89Å .) and larger surface energy 

(0.190eV/Å
2
) of Ir compared to Pd (3.95Å  and 0.125eV/Å

2
).  

 

Figure 7-1: Predicted segregation energies of Ir (upper panel) and Co (lower panel) in the 

Pd monolayer modified by Ir layers at 2
nd

/ 3
rd

 subsurface on Pd3Co(111) substrate. Green, 

gray, and blue balls indicate Pd, Ir, and Co, respectively. 

Looking at the migration process of Ir atoms toward the bulk region in the 

Pd3Co(111) slab containing one Ir monolayer (which is performed by swapping Ir in the 

2
nd

 surface layer with Pd(or Co)  in the 3
rd

 surface layer), we see an endothermic energy 

change [SE1(3)=0.08eV and SE1(4)=0.02eV] for the bulk diffusion of Ir. Moreover, this 

tendency is more pronounced when two Ir monolayers exist at the 2
nd

 and 3
rd

 surface 

layers. Note the large endothermic segregation energies [SE2(4)=0.17eV and 
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SE2(5)=0.27eV] as Ir atoms move toward the bulk regions. These results clearly indicate 

that Ir can stably exist at the 2
nd

 surface layer as the form of monolayer. This stable 

existence of Ir monolayer at the subsurface region also results in the prevention of 

segregation of Co atoms from the bulk to the surface region. As shown in Figure 7-1, we 

find the large endothermic segregation energy of Co into surface on the Pd3Co(111) slab 

having Ir monolayer at the subsurface [0.65eV for one Ir monolayer and 0.96eV for two 

Ir monolayer], compared to the Pd3Co(111) slab having one and two Pd monolayer at the 

surface [0.41eV for one Pd monolayer and 0.23eV for two Pd monolayer]. This result 

demonstrates that the segregation of Co atoms toward the surface can be suppressed by 

the existence of Ir and in turn the durability of an Ir- and Co-modified Pd alloy catalyst 

can be improved compared to a bimetallic Pd-Co alloy. 

7.4 Electronic Structure of PdS/Ir/Ir/Pd3Co(111) 

Next, in Figure 7-2, we display the density of states (DOS) projected to surface Pd 

atoms on the above-determined Pd-Ir-Co alloy catalysts [a Pd monolayer modified by the 

subsurface Ir monolayers supported on the Pd3Co(111) substrate, which refers to 

PdS/Ir/Ir/Pd3Co(111)] in order to get an insight about how the activity of surface Pd 

atoms is changed. For comparison, we also showed the DOS for the PdS/Ir/Ir/Pd(111) 

(where an Ir monolayer is located at the 2
nd

 surface layer in the Pd(111) slab) and pure 

Pd(111) surfaces. Here, the DOS in PdS/Ir/Ir/Pd(111) can be used to understand the 

relative contribution of Ir and Co to the change of activity of surface Pd atoms. Note that 

the electronic structure of surface Pd atoms on the PdS/Ir/Ir/Pd(111) slab is changed by 

only Ir monolayer and thus the influence of Pd3Co(111) substrate can be eliminated in 

certain degree. 
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Figure 7-2: Density of states projected onto the surface Pd atoms on Ir/Co-modified Pd 

alloy catalysts 

 

Table 7-1:Calculated adsorption energies on the surfaces. All energy values are given in 

eV. 

 O OH H 

PdS/Ir/Ir/Pd3Co(111) 4.56 2.57 2.60 

PdS/Ir/Ir/Pd(111) 4.57 2.60 2.62 

PdS/Pd/Pd3Co(111) 4.64 2.51 2.80 

Pd(111) 4.74 2.55 2.79 

 

First, looking at the PdS/Ir/Ir/Pd(111) case [here, the effect of Pd3Co(111) is 

removed from PdS/Ir/Ir/Pd3Co(111)], we find the significant modification in the DOS of 

surface Pd atoms by the inter-atomic mixing with the subsurface Ir, compared to the pure 

Pd(111) surface. In particular, the DOS is reduced at the lower binding energy region (—

1eV<E—Ef<0eV) and is shifted far away from the Fermi level at the higher binding 

energy tail. In Table 7-1, we presented the binding strengths of O, OH and H on the 

PdS/Ir/Ir/Pd(111) slab in order to understand how these modifications of DOS affect the 
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surface reactivity. We find that the OH binding strength on the PdS/Ir/Ir/Pd(111) surface 

is increased by 0.05eV compared to the pure Pd(111) surface, while for the O case, the 

decrease by 0.17eV is predicted. This result indicates that Ir at the 2
nd

 surface layer 

makes the surface Pd atoms had a high reactivity toward a hydroxyl moiety than an 

oxygen moiety, compared to the pure Pd(111) surface. In addition, we see the decrease of 

H binding strength by 0.19eV on the PdS/Ir/Ir/Pd(111) surface. After replacing Pd(111) in 

PdS/Ir/Ir/Pd(111) slab by Pd3Co(111) substrate, we see the down-shift of DOS on the 

PdS/Ir/Ir/Pd3Co(111) surface compared to the PdS/Ir/Ir/Pd(111) case, which is related to 

the compressive strain imposed by a smaller lattice parameter in Pd3Co(3.88Å ) than 

Pd(3.95Å ).  Correspondingly, we predict the slight reduction of binding strengths of 

O/OH/H on the PdS/Ir/Ir/Pd3Co(111) surface compared to the PdS/Ir/Ir/Pd(111) surface. 

Note that the compressive strain has been known to reduce the binding strength toward 

adsorbate
[24]

.  

7.5 Reactivity of PdS/Ir/Ir/Pd3Co(111) in Oxygen Hydrogenation and Scission 

Next, we present how this change of reactivity on the PdS/Ir/Ir/Pd3Co(111) 

surface can affect ORR. For such purpose, first we examine the kinetics in the following 

three reactions: (A) O2 scission [O2O+O], (B) O hydrogenation [O+HOH], and (C) 

OH hydrogenation [OH+HH2O]. Although ORR is a highly complex reaction not 

easily being understood, the breaking of O—O bond and hydrogenation (or protonation) 

of O or OH must be occurred for the successful production of H2O. Thus, above reactions 

can indirectly represent the basic nature of ORR and give an insight about the reactivity 

of the catalyst surfaces toward ORR. 

Table 7-2 summarizes the predicted total energy changes (E) and activation 

barriers (Ea) for O—O bond scission and O/OH hydrogenation reactions on the 
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PdS/Ir/Ir/Pd3Co(111) surface. We also displayed the barriers and energetics of 

PdS/Pd/Pd3Co(111) [Pd monolayer supported on Pd3Co(111) slab] and PdS/Ir/Ir/Pd(111) 

and pure Pd (111) surfaces for comparison. Here, as discussed above, the role of 

compressive strain effect by Pd3Co and ligand effect of subsurface Ir in 

PdS/Ir/Ir/Pd3Co(111) can be understood by looking at the reactivity of PdS/Pd/Pd3Co(111) 

and the PdS/Ir/Ir/Pd(111), respectively. The result clearly shows that PdS/Ir/Ir/Pd3Co(111) 

significantly enhances O/OH hydrogenation reactions (which is believed to be the rate-

determining step in ORR), compared to the pure Pd(111) surface. Next, we will discuss 

each reaction step in detail. 

 

Table 7-2:Calculated total energy changes (E) and activation barriers (Ea in parenthesis) 

for O/OH hydrogenation and O2 scission reactions. All energy values are given in eV. 

See the supporting materials for predicted molecular configurations of initial, transitions 

and final states in O2 scission and O/OH hydrogenations. 

 (A) O2O+O (B) O+HOH (C) OH+HH2O(g) 

PdS/Ir/Ir/ 

Pd3Co(111) 
-1.39(0.95) -0.49(0.88) -0.34(0.69) 

PdS/Ir/Ir 

Pd(111) 
-1.41(0.94) -0.49(0.91) -0.29(0.73) 

PdS/Pd/ 

Pd3Co(111) 
-1.50(0.85) -0.15(1.01) -0.20(0.72) 

Pd(111) -1.58(0.82) -0.10(1.02) -0.17(0.74) 

 

First, we find that the O2/O binding strengths on the PdS/Ir/Ir/Pd3Co(111) surface 

[Ead=0.87/4.56eV] at the preferred top-fcc-bridge (t-f-b)/fcc site are slightly reduced 

compared to the pure Pd(111) surface [Ead=1.04eV/4.74]. In addition, we predict the 

smaller exothermicity in O2 scission on the PdS/Ir/Ir/Pd3Co(111) surface by 0.19eV than 

the pure Pd(111) surface. Accordingly, we see that a barrier [Eb=0.95eV] on the 
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PdS/Ir/Ir/Pd3Co(111) surface is slightly increased, compared to the pure Pd(111) surface 

[Eb=0.82eV]. This slight reduction of kinetics in O2 dissociation is related to the 

combined ligand and compressive strain effect of subsurface Ir monolayer and Pd3Co 

substrate. As shown in Table 7-1 and 7-2, both ligand [see PdS/Ir/Ir/Pd(111) case] and 

compressive strain effects [PdS/Pd/Pd3Co(111)] contribute to the reduction of the binding 

strengths of O/O2 compared to the pure Pd(111) surface and in turn leads to the increase 

of barriers to 0.94eV and 0.85eV, respectively. On the other hand, for the O/OH 

hydrogenation reaction, we predict the substantially reduced barriers [Eb=0.88/0.69eV] 

on the PdS/Ir/Ir/Pd3Co(111) surface compared to the pure Pd(111) surface 

[Eb=1.02/0.74eV]. Here, for O/OH hydrogenation, both the ligand effect of Ir and the 

compressive strain effect of Pd3Co substrate act as the promoter (note the reduced 

barriers of O/OH hydrogenation on the Pd/Ir/Ir/Pd(111) [Ea=0.91/0.73eV] and 

PdS/Pd/Pd3Co(111) [Ea=1.01/0.72eV]). The notable enhancement in O/OH hydrogenation 

is related to the change of relative binding strengths of reaction intermediates [O/OH/H] 

after alloying Pd with Ir and Co.  As displayed in Table 7-1, the OH binding strength on 

the PdS/Ir/Ir/Pd3Co(111) surface is slightly increased by 0.02eV compared to the pure 

Pd(111) surface, while for the O/H binding strengths, the substantial decrease by 

0.12eV(O)/0.23eV(H) is predicted. For the O hydrogenation [O+HOH], this change 

indicates the increase of potential energy in reactant side (O+H) and the decrease in 

product side (OH), leading to the enhanced exothermicity in O hydrogenation. Looking at 

the OH hydrogenation [OH+HH2O], the increase of OH binding strength on the 

PdS/Ir/Pd3Co(111) surface contributes to the decrease of potential energy in reactant side. 

However, the weak stability of H on the PdS/Ir/Pd3Co(111) surface compared to the pure 

Pd (111) surface increase the potential energy in reactant side and  ultimately results in 

the enhanced exothermicity in OH hydrogenation.  
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Together with the fact that the barrier for PdS/Ir/Ir/Pd3Co(111) is slightly 

increased in O2 scission reaction compared to the pure Pd(111) case, as presented above, 

this result indicates the enhanced kinetics of H2O formation reaction on 

PdS/Ir/Ir/Pd3Co(111) compared to the pure Pd(111) surface and in turn the improved 

ORR (Note the decreased maximum barrier on PdS/Ir/Ir/Pd3Co(111) [0.95eV at O2 

scission] in H2O formation, compared to the pure Pd(111) surface case [1.02eV at O 

hydrogenation]).  

7.6 Summary 

In summary, we present the important role of Ir and Co in Pd-based catalysts for 

controlling ORR in fuel cell using density functional theory calculation and experimental 

method. We predict the stable existence of Ir monolayers at 2
nd

/3
rd

 subsurface region on 

the Pd3Co(111) substrate, leading to the Pd surface modified by subsurface Ir monolayer 

and Pd3Co substrate where the segregation of Co is substantially suppressed and the 

reactivity toward ORR is greatly enhanced. This study highlights that when designing the 

ternary Pd-based nanocatalysts, understanding the distribution of alloy component at near 

surface region and the bulk composition for the substrate of catalysts is one of essential 

parameters for enhancing oxygen reduction reaction. 
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Chapter 8:  

Effects of Pd Ensembles on CO Oxidation on CO pre-covered 

AuPd(111) 

8.1 Introduction 

Many noble metal-based catalysts are susceptible to activity loss due to carbon 

monoxide (CO) poisoning, in which CO molecules tightly bind to active sites
[10, 17, 70, 77, 

78]
.  In particular, CO poisoning of platinum (Pt)-based electrocatalysts in proton 

exchange membrane fuel cells is a serious problem which has drawn much interest in 

developing CO-tolerant non-Pt catalysts.  Palladium (Pd) is considered a viable 

alternative to Pt because it is more abundant and less expensive, and also has a higher CO 

tolerance, in addition to showing similar catalytic behavior and long-term durability in 

acidic media.  Furthermore, a series of recent studies
[10, 70, 79]

 has provided evidence that 

alloying Pd with other metals can lead to considerable enhancements in catalytic activity 

and CO tolerance.   

For instance, alloys of Pd with gold (Pd-Au) have been found to exhibit a greater 

resistance to CO poisoning than pure Pd.  While the CO-tolerance mechanism is still 

unclear, in oxidation catalysis it is possible that CO poisoning can be mitigated through 

the catalytic oxidation of CO to CO2.  Pd-Au alloy catalysts have been recently 

demonstrated to boost CO oxidation even at low temperatures.
[70]

  For Pd-Au catalysts, 

the surface distribution of Pd and Au atoms likely plays a critical role in determining 

their catalytic properties.  Recent studies have suggested that contiguous Pd atoms are 

necessary for CO oxidation
[48]

, while isolated Pd atoms are mainly responsible for the 

observed high selectivity in the direct H2O2 synthesis
[20]

.   

In this chapter, we present a first principles study of Pd ensemble size and shape 

on the surface activity of AuPd(111)/Pd(111) toward the oxidation of preadsorbed CO 
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with O2.  We first examine the adsorption structure and energetics of CO on various Pd 

ensembles and then the trapping and activation of O2 in the vicinity of preadsorbed CO, 

followed by calculations of the pathways and barriers for the reaction between 

coadsorbed CO and O2.  Our study unequivocally demonstrates that the CO+O2 reaction 

is very sensitive to the arrangement of Pd surface atoms; small Pd ensembles such as 

dimers and trimers are expected to provide more active sites than larger ensembles while 

Pd monomers are highly unlikely to catalyze the CO oxidation reaction.  We also 

discuss how CO adsorption may affect the distribution of Pd ensembles, and 

consequently the catalytic oxidation of CO with O2.   

 

 

Figure 8-1: Model PdAu surfaces considered in this work, Pd monomer (indicated as M), 

dimer (D), compact trimer (TRC), linear trimer (TRL), compact tetramer (TEC) and 

linear tetramer (TEL).  The green, gray and gold balls represent surface Pd, subsurface 

Pd, and Au atoms, respectively. 

 

TEC TEL

TRC

TRL

DM
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8.2 Computational Details 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91)
[71]

, as implemented in the Vienna Ab-initio Simulation Package (VASP)
[56]

.  The 

projector augmented wave (PAW) method
[38]

 with a planewave basis set was employed to 

describe the interaction between core and valence electrons.  The valence configurations 

employed to construct the ionic pseudopotentials are: 5d
10

 6s
1
 for Au, 4d

9
 5s

1
 for Pd, and 

2s
2
 2p

4
 for O.  An energy cutoff of 350 eV was applied for the planewave expansion of 

the electronic eigenfunctions.   

For a model surface, we used a supercell slab that consists of a rectangular 

432   surface unit cell with four atomic layers each of which contains 16 atoms.  As 

illustrated in Fig. 8-1, the bottom three layers are pure Pd, and the topmost layer is a 

PdAu alloy that contains one of the small Pd ensembles examined: monomer (indicated 

by M throughout the paper), dimer (D), linear trimer (TRL), compact trimer (TRC), linear 

tetramer (TEL), and compact tetramer (TEC).  The slab is separated from its periodic 

images in the vertical direction by a vacuum space corresponding to seven atomic layers.  

While the bottom two layers of the four-layer slab were fixed at Pd bulk positions, the 

upper two layers were fully relaxed until residual forces on all the constituent atoms 

became smaller than 510
-2

 eV/Å .  For the Brillouin zone integration, we used a 

(2×2×1) Monkhorst-Pack mesh of k points to determine the optimal geometries and total 

energies of the systems examined, and increased the k-point mesh size up to (771) to 

refine their electronic structures.  Reaction pathways and barriers were determined using 

the climbing-image nudged elastic band method (c-NEBM)
[40]

 with eight intermediate 

images for each elementary step.  Previous studies
[19, 20]

 demonstrated the calculation 
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conditions chosen to be sufficient for describing the Pd ensemble effect on the surface 

reactivity of the AuPd alloy considered. 

 

 

Figure 8-2: Calculated energy gains and activation barriers (in parenthesis) for each 

configuration during the CO adsorption process on different Pd ensembles.  All energy 

values are given in eV.  Note that at each configuration, the barrier for CO desorption 

can be approximated by the sum of corresponding energy gain upon adsorption and 

adsorption activation barrier.  Yellow and green wireframes represent surface Au and Pd 

atoms, respectively, and red and grey balls indicate respective O and C atoms in CO 

molecules. 

8.3 CO-poisoning on Pd Ensembles 

In this work, we assume that CO oxidation occurs via a Langmuir-Hinshelwood 

(LH) type reaction; that is, co-adsorption of CO and O2 precedes CO oxidation. Note that 

CO oxidation on typical transition metal surfaces including Pd and AuPd has been shown 
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to follow the LH mechanism
[70, 80, 81]

.  In order to study CO oxidation on AuPd in detail, 

it is necessary to determine likely adsorption configurations of the reactants. 

For CO, we considered three types of adsorption sites: on-top (T), bridge (B), and 

hollow (H). On-top sites are located directly above surface atoms, and bridge sites are 

situated midway between nearest-neighbor pairs of surface atoms. Hollow sites lie on the 

3-fold axes at the centers of groups of three surface atoms.  At T, B, and H sites on pure 

Pd(111), CO adsorption energies are predicted to be 1.42 eV, 1.87 eV, and 2.05 eV, 

respectively.  On Au/Pd(111), calculated CO adsorption energies at all three types of 

sites are negligible, less than 0.30 eV. This clearly demonstrates that CO binds strongly 

to the Pd surface, and also that adsorption energy greatly depends on adsorption site type, 

which is consistent with previous studies, although the predicted adsorption energies are 

rather sensitive to the choice of the exchange-correlation functional
[53]

.  

On the AuPd/Pd(111) surface alloy, our calculations suggest that adsorption of 

CO to mixed Au-Pd bridge and hollow sites is unstable. For example, a CO molecule 

initially placed at a B site between a Pd monomer and a neighboring Au atom will 

spontaneously “stand up” to assume an on-top orientation on the Pd atom.  For these 

reasons, we considered only T, B, and H sites in the AuPd surface alloy which are fully 

coordinated by Pd.  Owing to differences in their sizes and shapes, every Pd ensemble in 

the AuPd(111) surface hosts a different assortment of T, B, and H sites which meet this 

criterion.  The monomer, which is completely surrounded by its six Au neighbors, 

provides only an on-top site. The dimer (D), linear trimer (TRL), and linear tetramer 

(TEL) contain not only on-top sites, but also bridge sites between their adjacent Pd atoms. 

The compact trimer (TRC) and compact tetramer (TEC) host sites of all three types. 

The first column of structures in Fig. 8-2 shows the most energetically favorable 

placement of a single CO molecule on each ensemble.  Their adsorption energies and 
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site-types are 1.12 eV [M(T)],  1.39 eV [D(B)], 1.42 eV [TRL(B)], 1.79 eV [TRC(H)], 

1.42 eV [TEL(B)], and 1.82 eV [TEC(H)].  These adsorption energies follow the same 

trend in site-dependence exhibited by the pure Pd(111) surface, T < B < H, with the 

average H site absorption energy (on TRC and TEC) about 0.44 eV more favorable than 

the average B site energy (on D, TRL, and TEL), which is in turn about 0.25 eV more 

favorable than T site adsorption on the monomer. Furthermore, the two H site adsorption 

energies are almost identical, while the three B site energies fall within a range of only 

about 0.1 eV.  It appears that differences in the CO adsorption energies of different Pd 

ensembles may be accounted for mostly in terms of whether, by virtue of their shape, the 

ensembles host H, B, or only T adsorption sites which are fully Pd-coordinated.  

The remaining columns in Fig 8-2 show minimum-energy CO adsorption 

configurations for increasing degrees of coverage up to one CO per Pd atom. The 

adsorption energy of the nth molecule to adsorb on a Pd ensemble [Ead(n)]  is calculated 

with respect to the total energy of both gas phase CO [E(CO)], and the most stable n-1 

absorbed Pd ensemble, Ead((n-1)CO); Ead(n)= [Ead(nCO)  Ead((n-1)CO)  E(CO)].  

As CO coverage increases, adsorption energies are seen to decline. This is partially 

because as CO adsorbs, it is assumed to occupy the most energetically favorable of the 

remaining sites (H, then B, then T). CO-CO and CO-surface-CO interactions may also be 

important. Perhaps the most important factor, however, is that in most cases, an energy 

penalty must be paid to rearrange already-absorbed CO to less favorable absorption sites 

in order to accommodate the addition of more CO.  CO absorbed to the H site on TRC, 

for example, must shift to a less favorable B site to permit a second adsorption. 

Using the configurations in Fig 8-2 as starting and ending points, we also 

calculated activation barriers for adsorption and desorption at each level of CO coverage.  

In all cases, desorption is an activated process with relatively high barriers. Adsorption, 
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on the other hand, occurs almost spontaneously when it does not require substantial 

rearrangement, but only by overcoming a considerable barrier when it does. 

Using the Arrhenius equation, we estimated rate constants from the activation 

barriers in Fig. 8-2, which we then used to approximate the CO coverage on each type of 

ensemble.  Details of this calculation are included in the supplementary materials. The 

upshot is that under many experimentally and technologically relevant conditions, a 

significant fraction of Pd ensembles may be only “partially-poisoned”.  An ensemble is 

partially-poisoned if it has at least one adsorbed CO molecule, but fewer than the full 

number that the ensemble can accommodate. A partially-poisoned dimer, for example, 

has exactly one adsorbed CO, while a partially-poisoned tetramer may have one, two, or 

three. The presence of partially-poisoned Pd ensembles is significant because in LH-type 

mechanisms, reaction is preceded by co-adsorption of the reactants.  As we will explain, 

our calculations show that sites adjacent to partially-poisoned Pd ensembles are capable 

of trapping and activating O2, leading to CO oxidation.  On the other hand, O2 is 

expected to spontaneously desorb from sites near fully-poisoned Pd ensembles without 

reaction with CO. 

 

Figure 8-3: Illustration of oxidation mechanism of preadsorbed CO with O2. [A] O2 

adsorption, O2(g)  O2 [B] OOCO formation, O2+CO  OOCO, [C] CO2 

formation/desorption, OO—CO  CO2 + O. Red, yellow, green, and grey balls indicate 

O, Au, Pd, and C atoms, respectively. 

(A) (B) (C)
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8.4 CO Oxidation on CO-poisoned Pd Ensembles 

Figure 8-3 illustrates the oxidation mechanism of preadsorbed CO that we 

considered. It consists of three steps: (A) O2 adsorption [O2(g)  O2], (B) OOCO 

formation [O2+CO  OOCO], and (C) CO2 formation and desorption [OOCO  CO2(g) 

+ O].  In Table 8-1, we summarize predicted total energy changes (∆E) and activation 

barriers (Ea) for each step.  According to the results, molecular O2 adsorption will be 

endothermic while subsequent reaction steps tend to be highly exothermic.  This 

suggests that the O2 adsorption and activation step is rate-controlling and governs the 

oxidation process.  

In step (A), O2 must be trapped on or near a CO-preadsorbed Pd ensemble in 

order to successfully react with a neighboring CO molecule.  However, we find that 

desorption of O2 from surface sites near poisoned Pd monomers is a non-activated, 

downhill process, implying that O2 residence time on the surface near this ensemble may 

be too short for CO oxidation to occur.  This is consistent with a recent experimental 

observation
[82]

 that isolated Pd sites are unlikely to catalyze O2 dissociation and CO 

oxidation.  Moreover, the facility with which O2 is expected to desorb from sites 

adjacent to fully-poisoned Pd monomers (by definition, the monomer cannot be partially-

poisoned) is characteristic of all the fully-poisoned Pd ensembles that we examined. On 

the other hand, near partially-poisoned Pd ensembles, sizable O2 desorption barriers in 

the range of 0.05-0.23eV are expected to exist; this suggests that these ensembles are 

capable of trapping O2 for reaction with neighboring CO.  In addition, our calculations 

show that the barrier for O2 adsorption may also be a function of ensemble size and 

shape; the predicted adsorption barriers are 0.32 eV(D), 0.35 eV(TRC), 0.50 eV(TRL), 

0.44eV(TEC), and 0.70eV(TEL) [Table 8-1].  In view of the likely importance of trapped 

O2 in CO oxidation, dimers and compact trimers are expected to provide more active sites 
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than the other ensembles we examined since they have the lowest adsorption and highest 

desorption barriers for O2. 

Table 8-1:Calculated total energy changes (E) and activation barriers (Ea in parenthesis) 

in each reaction step. All energy values are given in eV   

 
(A) O2(g)  O2 (B) O2+CO  OOCO (C)OOCO CO2 +O 

M 0.47(0.48) (N/A)
1)

 (N/A)
1)

 

D 0.11 (0.32) -0.15(0.25) -2.39(0.18) 

TRC 0.15(0.35) -0.22(0.26) -2.46(0.26) 

TRL 0.27 (0.50) -0.31(0.17) -2.38(0.25) 

TEC 0.38(0.44) -0.40(0.27) -2.38(0.25) 

TEL 0.49(0.70) -0.50(0.16) -2.02(0.32) 

 

1) O2 on the monomer desorbs off the surface since O2 do not have enough time 

for being reacting with neighboring CO and thus further CO+O2 oxidation cannot be 

occurred. 

In steps (B) [O2+CO  OOCO] and (C) [OOCO  CO2 + O], CO2 production 

occurs through a metastable OOCO intermediate that dissociates into CO2 and O.  A 

similar mechanism has been proposed for CO oxidation on pure Pd(111) and other metal 

surfaces (Au-based metal surfaces) 
[83, 84]

.   The OOCO formation reaction [(B)] is 

predicted to be exothermic by 0.15-0.50eV with activation barriers of 0.17-0.27eV, 

depending on the ensemble.  According to our calculations, dissociation of OOCO into 

CO2 and O exhibits only moderate barriers (0.18-0.32 eV) and very high exothermicities 

(2.02-2.46 eV) and so could occur rather easily at elevated temperatures; note that the 

OO bond in OOCO is considerably stretched nearly to the peroxide state (1.47Å  in 

O2
2-

).  These results reinforce the importance of O2 adsorption and activation. Once O2 

is activated on a CO-preadsorbed Pd ensemble, the subsequent reactions [(B) and (C)] 
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can readily take place.  The atomic O generated in step (C) of the reaction mechanism 

may also go on to participate in an oxidation reaction with absorbed CO.  The predicted 

activation barrier of this reaction on the AuPd surface is 0.34-0.68eV, depending on the 

ensemble. 

8.5 CO-induced Agglomeration of Pd Ensembles 

Our study suggests that CO oxidation on AuPd catalysts may strongly depend on 

Pd ensemble size and shape; given this, it is important to understand the distribution of 

Pd ensembles in the surface.  In the absence of adsorbates, Pd atoms tend to exist as 

isolated monomers surrounded by Au atoms, especially at low Pd coverage
[20, 21]

.  

However, CO can also induce surface segregation due to the large differences in the 

strength of CO binding to various metals
[70, 82, 85]

. As we have seen, on the AuPd surface, 

CO preferentially binds to sites with higher Pd coordination (i.e., the order of CO binding 

strength is H > B > T, as shown in Fig. 8-2).  This site preference may under certain 

conditions provide a thermodynamic driving force for Pd agglomeration that counteracts 

the preference for monomers in the adsorbate-free surface.  Figure 8-4 compares the 

agglomeration energies of small Pd ensembles with and without a single adsorbed CO 

molecule.  Without adsorbed CO, the formation energies (on a per Pd atom basis) of the 

pictured Pd ensembles are seen to grow with ensemble size and also to be higher for more 

compact shapes, consistent with effective Pd-Pd repulsion.  When CO is added, portions 

of this trend are reversed. The two tetramers retain their positive agglomeration energies, 

indicating instability against division into smaller ensembles, but the agglomeration 

energies of D, TRC, and TRL all become negative, with the H site in TRC pushing its 

formation energy below that of TRL.  Admittedly, this result far from constitutes a 

complete description of the sizes and shapes of Pd ensembles we might expect to find in 
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an actual CO-adsorbed AuPd surface. Nonetheless, it does reveal that the presence of CO 

significantly counteracts Pd dispersion in AuPd surfaces, and so we may reasonably 

expect a greater number of dimers and other, larger ensembles to form as a result.  The 

adsorbate-induced agglomeration of Pd coupled with the ability of partially-poisoned Pd 

ensembles (dimers and compact trimers, in particular) to trap and activate O2 point 

toward enhanced CO oxidation activity on AuPd alloy surfaces. The removal of adsorbed 

CO via oxidation may be one mechanism by which AuPd alloys resist CO poisoning. 

 

 

Figure 8-4: Calculated Pd agglomeration energies in the presence (ΔECO) or absence (ΔE 

in parenthesis) of CO.  The agglomeration energy is given by; for M + M → D, ΔECO = 

Eslab(D-CO)+ Eslab(Au/Pd) −Eslab(M-CO)−Eslab(M) and ΔE = Eslab(D)+ Eslab(Au/Pd) − 

2Eslab(M). Here, Eslab(D-CO) and Eslab(M-CO) indicate the total energies of CO-adsorbed 

dimer and monomer, respectively. Eslab(D) and Eslab(M) are the total energies of bare 

dimer and monomer, respectively, and Eslab(Au/Pd) is the total energy of Au overlayer on 

Pd(111). For other agglomeration energies, the similar calculation method can be applied. 

Big green and gold balls represent surface Pd and Au atoms, respectively, and small red 

and grey balls indicate respective O and C atoms in CO molecu les.  All energy values 

are given in eV. 
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8.6 Summary 

We find that the reactivity of CO oxidation on CO-covered Pd ensembles is 

significantly affected by the arrangement of Pd atoms in the AuPd alloy surface. Small 

Pd ensembles such as dimers and trimers are particularly efficacious for CO oxidation. 

Our calculations suggest that the facile adsorption and activation of O2 on CO-covered Pd 

ensembles is an important factor for boosting CO oxidation. We also predict that dimers 

and trimers are the most stable Pd ensembles in a CO environment, which suggests that 

they may be present under real catalytic conditions, and further that they may contribute 

to the experimentally observed resistance to CO poisoning of the AuPd surface. 
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Chapter 9:  

The Different Role of Pd/Pt Ensembles in Determining CO 

Chemisorption on Au-based Bimetallic Alloys 

9.1 Introduction 

Au-based bimetallic alloys have been considered as one of promising catalytic 

materials since those can provide an alternative route to enhance the catalytic activity of 

their monometallic constituents
[46, 86, 87]

. For example, alloying gold with palladium has 

been found to be strikingly enhanced compared to monometallic Pd and Au catalysts in 

various reactions including direct synthesis of hydrogen peroxide (H2O2) from hydrogen 

(H2) and oxygen (O2)
[19, 20, 42, 43]

, oxidation of carbon monoxide at low temperature
[87]

 and 

production of vinyl acetate monomer.
[46]

 The addition of Au into Pt has been also 

suggested to increase the stability of catalysts in oxygen reduction
[88]

 and CO oxidation 

reaction
[89]

. Ensemble [indicates the change of catalytic properties by the creation of 

unique mixed-metal surface sites]
[48]

 and ligand effects [modifications of the electronic 

structure by metal-metal interactions]
[23]

 have been proposed to explain such synergetic 

effect in Au-based bimetallic alloy. CO poisoning on noble catalysts like Pd, Rh, and Pt 

has been known to be one of big issues in anode reaction in the low temperature fuel cell 

since CO can block active sites for oxidation of hydrogen during the fuel cell 

operation
[78]

. The addition of Au into noble catalysts has been suggested to prevent the 

CO poisoning since noble metal ensembles on Au-based bimetallic alloys can expect to 

substantially reduce CO binding strength through the low reactivity of Au toward CO
[17, 

86]
. However, among Au-noble metal alloy catalysts, the Au-Pd bimetallic alloys has 

shown higher CO tolerance and larger CO oxidation kinetics at low temperature, which is 

probably related to the arrangement of surface Au and Pd
[17, 18, 49, 70, 81]

. Thus, it is very 
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imperative to examine the different role of ensembles on Au-based bimetallic alloys in 

order to properly design the CO-tolerant catalysts. 

In this chapter, we attempt to understand why Pd ensembles show bigger 

influence on the change of reactivity toward CO chemisorptions than the Pt ensembles. 

We consider six different Pd/Pt ensembles: monomer, dimer, compact and bent linear 

trimers, compact and bent linear tetramers. Using a first-principles calculation, we first 

see how the CO adsorption properties change on various Pd/Pt ensembles by examining 

the energetic and geometry structure of CO on the ensembles and then investigate the 

different CO-bonding mechanism between Pd and Pt monomers by calculating the orbital 

resolved density of state (ORDOS) and crystal orbital overlap population (COOP). This 

study can provide the valuable insight of CO tolerance on Au-based bimetallic alloy 

catalysts.  

9.2 Computational Details 

The calculations reported herein were performed on the basis of spin polarized 

density functional theory (DFT) within the generalized gradient approximation (GGA-

PW91
[55]

), as implemented in the Vienna Ab-initio Simulation Package (VASP)
[56]

.  The 

projector augmented wave (PAW) method with a planewave basis set was employed to 

describe the interaction between core and valence electrons.  An energy cutoff of 350 

eV was applied for the planewave expansion of the electronic eigenfunctions.  For the 

Brillouin zone integration, we used a (2×2×1) Monkhorst-Pack mesh of k points to 

determine the optimal geometries and total energies of systems examined, and increased 

the k-point mesh size up to (771) to reevaluate corresponding electronic structures. In 

our calculation, we only took the scalar-relativistic corrections into account since spin-

orbit coupling effects are not expected to significantly affect the energetics of structure. 
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Note that relativistic effects such the mass–velocity and Darwin correction terms are built 

into PAW pseudopotentials.   

 

Figure 9-1: The adsorption sites on various Pd/Pt ensembles. The blue and yellow 

represent the Pd/Pt and Au atoms, respectively. 

For a model surface, we used a supercell slab that consists of a rectangular 

432   surface unit cell with four atomic layers each of which contains 16 atoms (see 

Fig. 9-1).  For each PdAu (or PtAu) surface model, the topmost surface layer that is 

overlaid on a three-layer Pd (111) slab [Pt(111) slab] contains a selected Pd-Au alloy (or 

Pt-Au) [indicated by PdAu/Pd(111) or PtAu/Pt(111) hereafter].  A slab is separated 

from its periodic images in the vertical direction by a vacuum space corresponding to 

seven atomic layers. While the bottom two layers of the four-layer slab were fixed at 

corresponding bulk positions, the upper two layers were fully relaxed using the conjugate 

gradient method until residual forces on all the constituent atoms become smaller than 

510
-2

 eV/Å .  The lattice constants for bulk Pd and Pt are predicted to be 3.95Å  and 

3.98Å , which is virtually identical to previous DFT-GGA calculations and also in good 

agreement with the experimental value of 3.89Å  and 3.92Å
[57]

. The d-band center is 
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calculated as the first moment of density of states by integrating the d-bandwidth. [We 

predicted the d-bandwidth to be 5.38eV for the Pd(111) surface, which is close to the 

value (5.33eV) calculated in the tight-binding formulism
[90]

]. Here, we used the Wigner 

Seitz radius, 1.434Å  (Pd), 1.455 Å  (Pt) and 1.503Å  (Au) in order to calculate the atom-

projected density of states. The adsorption energy (Ead) is given by:  Ead= |E(CO/M)| - 

|E(M) + E(CO)|, where E(CO/M),  E(M),  and  E(CO) represent the total energies of 

the CO/slab system, the slab, and an isolated CO molecule in the gas state, respectively, 

and |x| indicates the absolute value of x. The atomic charge states were estimated using 

the Bader method
[60]

 with special care for convergence with respect to charge density 

grid. For the calculation of the crystal orbital overlap population (COOP)
[91]

, which can 

measure the bonding and antibonding character between the Pd/Pt and CO, the SIESTA 

code
[92]

 is used with Troullier-Martins norm-conserving pseudopotentials
[37]

. The 

Perdew-Burke-Ernzerhof (PBE)
[93]

 form of the generalized gradient approximation 

(GGA) functional is employed with a mesh cutoff of 300 Ry. For the approximation of 

the electronic eigenfunctions, a double zeta plus polarization (DZP) basis set is 

implemented with an energy shift of 50 meV. 

Table 9-1:CO Adsorption energies (in eV) and geometries (in Å ) for CO on Pd(111) and 

Pt(111) surfaces. The hM-C, dM-C and dC-O indicate indicate the distance of z-coordinates 

(in Å ) between Pd(or Pt)-C, bond distance between Pd(or Pt)-C and between C–O, 

respectively. The d-band center (d ) and the transferred charge to CO from the surface 

(∆e) are given in eV and e
-
, respectively. 

  Ead hM-C dM-C dC-O d ∆e 

Pd(111) t 1.42 1.87 1.87 1.16 -1.75 0.09 

 b 1.87 1.40 1.99 1.18  0.19 

 h 2.05 1.28 2.07 1.19  0.21 

Pt(111) t 1.68 1.85 1.85 1.16 -2.23 0.02 

 b 1.77 1.45 2.02 1.18  0.18 

 h 1.81 1.32 2.11 1.19  0.21 
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Table 9-2:CO adsorption energies (in eV) and d-band centers (d in eV) on Pd ensembles. The hPd-C, dPd-C 

and dC-O indicate the z-coordinates distance (in Å ) between Pd-C, bond distance between Pd-C and bond 

distance between C–O, respectively.  

   Ead hPd-C dPd-C hAu-C dAu-C dC-O d(Pd) 

M 1 t 1.12 1.91 1.91   1.15 -1.80 

 2 b 0.79 1.55 2.02 1.61 2.19 1.17  

 3 h 0.69 1.43 2.07 1.52 2.26 1.18  

D 1 t 1.13 1.91 1.91   1.15 -1.81 

 2 bPdPd 1.39 1.49 2.03   1.18  

 3 bPdAu 0.88 1.52 2.02 1.58 2.14 1.17  

 4 hPdPdAu 1.21 1.39 2.09 1.44 2.22 1.18  

 5 hPdAuAu 0.68 1.41 2.07 1.51 2.24 1.18  

TRC 1 t 1.20 1.89 1.90   1.16 -1.80 

 2 bPdPd 1.55 1.48 2.09   1.18  

 3 bPdAu 0.90 1.52 2.01 1.58 2.15 1.17  

 4 hPdPdPd 1.77 1.33 2.08   1.19  

 5 hPdAuAu 0.71 1.41 2.08 1.49 2.23 1.18  

TRL 1 tPd-1 1.18 1.90 1.90   1.15 -1.79 

 2 tPd-2 1.15 1.90 1.90   1.15 -1.80 

 3 bPdPd 1.42 1.49 2.02   1.18  

 4 bPdAu-1 1.03 1.50 2.00 1.55 2.12 1.17  

 5 bPdAu-2 0.91 1.52 2.01 1.56 2.14 1.17  

 6 hPdPdAu 1.21 1.37 2.08 1.42 2.21 1.18  

 7 hPdAuAu-1 0.72 1.41 2.07 1.48 2.29 1.18  

 8 hPdAuAu-2 0.71 1.41 2.07 1.50 2.25 1.18  

TEC 1 tPd-1 1.21 1.90 1.90   1.16 -1.77 

 2 tPd-2 1.15 1.90 1.90   1.15 -1.76 

 3 tPd-3 1.21 1.90 1.90   1.16 -1.77 

 4 bPdPd-1 1.56 1.47 2.01   1.18  

 5 bPdPd-2 1.43 1.47 2.02   1.18  

 6 bPdAu 0.80 1.52 2.02 1.56 2.16 1.17  

 7 hPdPdPd 1.82 1.32 2.08   1.19  

 8 hPdPdAu 1.26 1.36 2.07 1.41 2.20 1.18  

 9 hPdAuAu 0.74 1.42 2.07 1.46 2.22 1.18  

TEL 1 tPd-1 1.21 1.90 1.90   1.15 -1.77 

 2 tPd-2 1.15 1.91 1.91   1.15 -1.77 

 3 tPd-3 1.15 1.90 1.90   1.15 -1.78 

 4 tPd-4 1.15 1.91 1.91   1.15 -1.77 

 5 bPdPd 1.42 1.47 2.02   1.18  

 6 bPdAu-1 0.88 1.51 2.01 1.57 2.14 1.17  

 7 bPdAu-2 1.01 1.49 2.00 1.55 2.13 1.17  

 8 bPdAu-3 0.90 1.51 2.00 1.57 2.14 1.17  

 9 hPdPdAu-1 1.26 1.37 2.08 1.42 2.21 1.18  

 10 hPdPdAu-2 1.22 1.36 2.08 1.42 2.21 1.18  

 11 hPdAuAu-1 0.69 1.40 2.07 1.49 2.24 1.18  

 12 hPdAuAu-2 0.70 1.40 2.06 1.50 2.25 1.18  
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Table 9-3:CO adsorption energies (in eV) and d-band centers (d in eV) on Pt ensembles. The hPt-C, dPt-C 

and dC-O indicate the z-coordinates distance (in Å ) between Pt-C, bond distance between Pt-C and bond 

distance between C–O, respectively. 

   Ead hPd-C dPd-C hAu-C dAu-C dC-O d 

M 1 t 1.62 1.87 1.87   1.16 -2.14 

 2 b 0.97 1.59 1.99 1.51 2.20 1.17  

 3 h 0.76 1.50 2.06 1.45 2.27 1.18  

D 1 t 1.61 1.87 1.87    -2.18 

 2 bPtPt 1.56 1.49 2.03     

 3 bPtAu 0.99 1.56 2.00 1.52 2.16 1.17  

 4 hPtPtAu 1.20 1.41 2.10 1.35 2.24 1.19  

 5 hPtAuAu 0.81 1.50 2.04 1.43 2.27 1.18  

TRC 1 t 1.59 1.86 1.87   1.16 -2.22 

 2 bPtPt 1.60 1.50 2.03   1.18  

 3 bPtAu 1.03 1.58 1.98 1.49 2.18 1.17  

 4 hPtPtPt 1.66 1.37 2.11   1.19  

 5 hPtAuAu 0.87 1.47 2.03 1.44 2.27 1.18  

TRL 1 tPt-1 1.64 1.86 1.86   1.16 -2.23 

 2 tPt-2 1.65 1.87 1.87   1.16 -2.17 

 3 bPtPt 1.60 1.49 2.03   1.18  

 4 bPtAu-1 1.09 1.55 1.99 1.49 2.15 1.17  

 5 btAu-2 1.03 1.58 1.99 1.50 2.20 1.17  

 6 hPtPtAu 1.25 1.41 2.10 1.33 2.23 1.19  

 7 hPtAuAu-1 0.82 1.46 2.04 1.44 2.27 1.18  

 8 hPtAuAu-2 0.85 1.51 2.04 1.42 2.27 1.18  

TEC 1 tPt-1 1.59 1.86 1.86   1.16 -2.24 

 2 tPt-2 1.64 1.86 1.86   1.16 -2.16 

 3 tPt-3 1.60 1.86 1.86   1.16 -2.20 

 4 bPtPt-1 1.62 1.49 2.04   1.18  

 5 bPtPt-2 1.59 1.48 2.04   1.18  

 6 bPtAu 0.99 1.51 2.01 1.48 2.14 1.18  

 7 hPtPtPt 1.66 1.36 2.12   1.19  

 8 hPtPtAu 1.27 1.40 2.09 1.40 2.25 1.19  

 9 hPtAuAu 0.81 1.46 2.03 1.44 2.27 1.18  

TEL 1 tPt-1 1.62 1.87 1.87   1.16 -2.22 

 2 tPt-2 1.65 1.87 1.87   1.16 -2.18 

 3 tPt-3 1.62 1.87 1.87   1.16 -2.22 

 4 tPt-4 1.64 1.87 1.87   1.16 -2.17 

 5 bPtPt 1.60 1.47 2.03   1.18  

 6 bPtAu-1 1.01 1.56 2.00 1.48 2.16 1.17  

 7 bPtAu-2 1.05 1.56 2.00 1.50 2.15 1.17  

 8 bPtAu-3 1.00 1.54 2.00 1.51 2.16 1.17  

 9 hPtPtAu-1 1.24 1.40 2.10 1.33 2.24 1.19  

 10 hPtPtAu-2 1.23 1.41 2.11 1.36 2.23 1.19  

 11 hPtAuAu-1 0.83 1.47 2.03 1.43 2.28 1.18  

 12 hPtAuAu-2 0.85 1.50 2.04 1.43 2.28 1.18  
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9.3 CO Adsorption on Pd and Pt Ensembles: Energetics 

In this study, as displayed in Figure 9-1, we consider four different Pd/Pt 

ensembles such as the monomer (indicated by M throughout the paper), dimer (D), 

trimers (TR) and tetramers (TE), along with pure surface (P) in order to understand the 

different role of Pd/Pt ensembles in determining CO adsorption. For trimer and tetramer 

cases, we chose two specific ensembles that can represent the properties of large-sized 

ensembles; that is, the compact (TRC, TEC) and bent-linear (TRL, TEL) ensembles where 

those also show the largest population among the compact and linear ensembles, 

respectively, as reported in a previous study
[21]

.  

Table 9-1~9-3 and Figure 9-2 show the CO adsorption energies and their 

geometrical parameters at high symmetric adsorption sites on various Pd/Pt ensembles. 

We find that both Pd and Pt ensembles reduce CO adsorption energies, compared to 

corresponding pure Pd(111) and Pt(111) surfaces. However, our calculation shows that 

the alloying effect on the reduction of CO adsorption is more pronounced in Pd 

ensembles than in Pt ensembles. 

This striking difference in alloying effects between AuPd and AuPt surfaces can 

be explained by two factors. That is, (1) ensemble
[48]

 and (2) ligand
[23]

 effects. The first 

(ensemble effect) is related to the change of the CO adsorption energy by the creation of 

unique mixed metal surface sites and the second (ligand effect) is connected to the 

variation of the CO adsorption energy by the modification in electronic structures of 

Pd/Pt ensembles through the overlapping of orbitals between Pd/Pt and neighboring Au 

atoms.   
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Figure 9-2: The CO geometry at the preferred adsorption site on Pd/Pt ensembles. The 

value (in e
-
) for selected Pd/Pt ensembles indicates the transferred charge to CO from the 

surface. The blue (green), grey, red and yellow represent the Pd(Pt), C, O and Au atoms, 

respectively. 

 

To better understand the alloying effects, particularly difference between AuPd 

and AuPt, it is necessary to detangle two alloying effects. However, it is very difficult to 

determine how much each alloying effect is contributed to the reduction of CO 

adsorption energy on Pd/Pt ensembles since those effects are highly correlated each 

other. Thus, instead of trying to split two alloying effects completely, first we identify the 

sources inducing the change of CO adsorption energy on Pd/Pt ensembles compared to 

the corresponding pure Pd(111)/Pt(111) surfaces and then attempt to understand which 

alloying effect is mainly linked to one of such sources. 
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Figure 9-3: Density of states projected onto the outmost d states of Pd/Pt monomer as 

indicated (lower panel) and their first nearest Au atoms (upper panel) in the surface layer. 

The dotted line indicates the Fermi level position. (a) AuPd (b) AuPt 

As will be explained in detail later, two sources are involved in reducing CO 

adsorption energy on Pd/Pt ensembles. One is the switch of site preference for CO 

adsorption (we called this the site switch effect throughout the paper) and the other is the 

reduction of CO adsorption energy on Pd/Pt ensembles compared to the pure 

Pd(111)/Pt(111) surfaces even though the CO adsorption site between Pd/Pt ensembles 

and pure Pd(111)/Pt(111) surfaces is the same (indicated by the same site effect). The 

former (the site switch effect) is mainly attributed to the spatial distribution of Pd/Pt 

-8 -6 -4 -2 0 2

 

 

 

 

  

 

D
en

si
ty

 o
f 
st

at
es

 (
a.

 u
.)

E – Ef (eV)

(a) AuPd

(b) AuPt
P

TEL

TEC

TRL

TRC

D

M



 104 

atoms on the AuPd/AuPt surfaces. Because of large activity difference between Pd/Pt and 

Au and in turn the preferential binding of CO to a Pd/Pt atom
[20, 21]

, the arrangement of 

Pd/Pt atoms on the AuPd/AuPt surfaces can change the site preference for CO adsorption. 

Thus, we can consider that the change of adsorption energy by the site switch effect is 

mainly related to the ensemble effect. Here, we can calculate the contribution of the site 

switch effect to the total reduction of CO adsorption energy (indicated by EE) as the 

following: EE= |Ead (the CO adsorption energy of pure Pd(111)/Pt(111) surfaces at the 

adsorption site corresponding to the most preferred adsorption site on the Pd/Pt 

ensembles) - Ead (the CO adsorption energy at the most preferred adsorption site (hollow) 

on the Pd/Pt (111) surface)|.  

On the other hand, the second source (the same site effect) is mainly related to the 

different inter-atomic mixing between Pd-Pd (Pt-Pt) and Au-Pd (Au-Pt), resulting in the 

activity change of Pd/Pt ensembles toward adsorbates. Note that if there were no 

modification in the activity of Pd/Pt ensembles, CO adsorption energy at the same 

adsorption site as pure Pd/Pt surface cases would not be changed. Thus, we can take into 

account that this is related to the ligand effect. The contribution by the same site effect 

(EL) can be calculated by EL = |Ead (the CO adsorption energy on the Pd/Pt ensembles at 

the most preferred adsorption site) - Ead (the CO adsorption energy on the pure 

Pd(111)/Pt (111) surfaces at the same adsorption site as the Pd/Pt ensembles)|. Next we 

will examine how the site switch and same site effects in each Pd/Pt ensemble play a role 

in determining the properties of CO adsorption in detail. 

First, looking at the Pd monomer case, we find that CO is preferentially adsorbed 

at the top site on the Pd monomer with the adsorption energy of Ead = 1.12eV, which is 

considerably lower than the adsorption energy at the most preferred adsorption site (Ead = 

2.05eV at a three-fold hollow) on the pure Pd(111) surface. Here, we see the switch of 
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site preference for CO adsorption from a hollow-site on the pure Pd(111) surface to a top 

site on the Pd monomer and then its contribution (EE) is calculated to be 0.60eV 

[=|1.40eV (at the top site on the pure Pd (111) surface) - 2.00eV (at the hollow site on the 

pure Pd(111) surface)|], indicating that the creation of Pd monomer play an big role in 

substantially reducing the CO adsorption energy. 

For the same site effect, we calculate EL to be 0.28eV [=|1.12eV (at top site on the 

Pd monomer) – 1.40eV (at top site on the pure Pd(111) surface)|], which is related to the 

reduced activity of Pd monomer. As displayed in Figure 9-3, the d-band of Pd monomer 

is calculated to be broadened compared to the pure Pd(111) surface [note that the onset of 

the high binding energy tail shifts down below −6 eV (from around −5 eV in Pd(111)), 

while the peaks near the Fermi level (−1 eV < E − Ef) appear to be reduced]. 

Correspondingly, we calculate that the mean-squared d-bandwidth of Pd monomer is 

increased from 4.64eV
2
 to 5.17eV

2
, indicating the increased overlap of d-orbital between 

Pd and neighboring Au atoms. Note that the d-bandwidth is proportional to the 

interatomic matrix element between metal and neighboring atoms
[90]

. According to the d-

band model
[52]

, the increased d- bandwidth will lead to the down-shift of d-band to 

preserve the filling of d-band electrons. Thus, we predict that the d-band center of Pd 

monomer is located at -1.82 eV, which is lower than -1.75 eV for clean Pd(111) surface. 

Since the d-band center could be used as a general measure of local surface reactivity
[18, 

22, 52]
, the activity of Pd monomer is reduced as compared to the pure Pd (111) surface, 

which lead to the reduction of CO adsorption energy at the top site as explained above.  

In contrast, for the Pt monomer case, our calculation predicts that CO 

preferentially adsorbs at the top site of Pt atom with Ead =1.62eV, which is slightly lower 

by 0.23eV than the most preferred adsorption site (Ead = 1.81eV at the three-fold hollow 

site) on the Pt(111) surface, indicating that the alloying effect on the reduction of CO 
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adsorption energy is much smaller in Pt monomer than in Pd monomer. This is associated 

with the reduced site switch and same site effects on the reduction of CO adsorption 

energy in Pt monomer. We calculate the contribution of site switch (EE) and same site 

(EL) effects to be 0.13eV and 0.06eV, respectively. For the site switch effect, the Pd 

monomer (EE=0.60eV) has much greater impact on the reduction of CO adsorption 

energy than the Pt monomer case (EE = 0.13eV). This is mainly related to the difference 

in the potential energy surface (PES) of CO molecule on the surface between Pd(111) and 

Pt(111) surfaces. For the pure Pd(111) surface, the CO adsorption energy varies largely 

from a three-fold hollow (Ead = 2.05eV) and a two-fold bridge (Ead = 1.87eV) site to a 

one-fold top site (Ead = 1.40eV) (see Table 9-1), which indicates that the Pd(111) surface 

has the steep PES of CO. On the other hand, for the pure Pt(111) surface, the variation of 

adsorption energy at different symmetrical adsorption sites is relatively small [a three-

fold hollow (Ead = 1.81eV), a two-fold bridge (Ead = 1.77eV) and a one-fold top (Ead = 

1.68eV)], implying that the Pt(111) surface has the smooth PES of CO molecule. 

Therefore, the change of CO adsorption energy due to the switch of site preference on the 

Pd monomer is strikingly large, while this effect is small on the Pt monomer although 

both ensembles have the same switch of site preference for CO adsorption. Note that the 

relative flat PES of CO in Pt (111) over Pd(111) is also observed experimentally and 

theoretically
[94]

.  

Looking at the same site effect, the contribution in the Pt monomer case 

(EL=0.06eV) to the reduction of CO adsorption is calculated to be smaller than the Pd 

monomer case (EL=0.28eV). This is related to the weaker hybridization in Pt-Au than in 

Pd-Au. Our calculations predict the decreased overlap between Pt and neighboring Au 

atoms compared to the pure Pt (111) surface, which is contrasted with the increased 

overlap in the Pd monomer system. Notice the decreased d-bandwidth of Pt monomer 
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from 7.72eV
2
 to 7.36eV

2 
and the up-shift of d-band of Pt monomer (d = -2.14 eV) as 

compared to the pure Pt (111) surface (d = -2.23 eV).  

Here, we want to point out that the Pt monomer system do not follow a d-band 

model since the CO adsorption energy on the Pt monomer at the top site is expected to 

increase by the up-shift of d-band compared to the corresponding pure Pt (111) surface 

but was slightly reduced. This is probably related to the different behavior of d-band shift 

on the Pt monomer system compared to the strained overlayer system which has been 

known to follows a d-band model very well
[24]

. As shown in Figure 3, in the Pt monomer, 

the up-shift of d-band occurs by the internal redistribution of d-band states without 

narrowing or broadening of d-band, while in the overlayer system, the d-band is shifted 

through the band narrowing or broadening.  

For the Pd/Pt dimer cases (D), we also find that alloying effect on the reduction of 

CO adsorption is larger in Pd dimer than in Pt dimer. For the Pd dimer, we predict that 

the CO adsorption at the bridge site is the most favorable with Ead =1.39eV, which is 

reduced by 0.66eV compared to the adsorption energy at the most preferred adsorption 

site (Ead = 2.05eV at a three-fold hollow) on the pure Pd(111) surface. For the site switch 

effect, we calculate EE to be 0.13eV, which is much smaller by 0.47eV than the Pd 

monomer case. This is related to the smooth PES between the hollow and bridge site on 

the pure Pd(111) surface. Notice the small difference of CO adsorption energy between a 

three-fold hollow (Ead = 2.05eV) and a two-fold bridge (Ead = 1.87eV) on the pure 

Pd(111) surface. For the same site effect, our calculation shows that its contribution (EL) 

to the reduction of CO adsorption energy is 0.48eV, which is associated with the reduced 

activity of Pd dimers. Notice, as displayed in Figure 3 and Table 2, the down-shift of the 

d-band center of the Pd dimer due to the broadening of d-band compared to the pure 

surface, i.e., from -1.75 eV(P) to -1.81eV(D).  
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On the other hand, for the Pt dimer case, we predict that the CO preferentially 

adsorbs at the top site [Ead =1.61eV], which is slightly reduced by 0.20eV compared to 

the adsorption energy at the most preferred adsorption site (Ead = 1.81eV at a three-fold 

hollow) on the pure Pt(111) surface. We find that the contribution of site switch effect 

(EE) is 0.13eV, which is related to small PES difference between three-fold hollow (Ead = 

1.81eV) and one-fold top (Ead = 1.68eV) site on the pure Pt(111) surface. For the same 

site effect, we calculate EL to be 0.07eV, which is considerably smaller by 0.41eV than 

the Pd dimer case. This substantial difference in the same site effect can be related to the 

opposite shift of the d-band center. Note that the up-shift of the d-band center in Pt dimer 

from -2.23eV (P) to -2.18eV(D) owing to the internal redistribution of d-band, while the 

down-shift in Pd dimer due to the broadening of d-band, as shown in Figure 9-3. 

For the bent linear Pd/Pt trimer cases (TRL), we see the similar alloying effects on 

the reduction of CO adsorption to the Pd/Pt dimer cases. For the Pd TRL, we find that CO 

is preferentially adsorbed at the bridge site with an adsorption energy of 1.41eV, which is 

close to the Pd dimer case (Ead =1.39eV). This is related to slightly different same site 

effect. Note that EL =0.46eV on the Pd TRL is smaller by 0.02eV than the Pd dimer case 

(EL=0.48eV). For the Pt TRL, we find the similar adsorption behaviors to the Pt dimer 

case. The adsorption energy [Ead =1.65eV] at the preferred top site on the Pt TRL is 

slightly smaller by 0.04eV than the Pt dimer case[Ead =1.61eV at the preferred top site], 

which mostly comes from the reduced same site effect of Pt TRL (EL=0.03eV) compared 

to the Pt dimer case(EL = 0.07eV). In addition, we examined the activity variation of 

constituent Pd/Pt atoms on the Pd/Pt TRL since such Pd/Pt atoms are under the different 

number of 1
st
 nearest-neighboring Au atoms (hereafter we refer this to as Au1

st
NN). For 

the Pd/Pt TRL cases, our calculation shows that the d-band centers of Pd/Pt atoms are 

located at -1.80/-2.17eV (Au1
st

NN = 5) and -1.79/-2.23 eV(Au1
st

NN=4), respectively, 
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suggesting that the activity variation of surface atoms in the bent linear Pd/Pt trimers is 

small. 

For the compact Pd/Pt trimers cases (TRC), we see the substantial decrease of 

alloying effects compared to small-sized ensembles like monomer and dimer. For the Pd 

TRC case, we find that CO prefers to adsorb onto a three-fold hollow site with the 

reduction of adsorption energy by 0.26eV compared to the pure Pd(111) surface. In 

addition, the site switch and same site effects are calculated to be 0.0eV and 0.26eV, 

respectively. This result indicates that the strong ligand interaction between Pd and 

neighboring Au atoms play an important role in reducing the CO adsorption energy in the 

compact Pd trimer case. Note that the d-band centers (d = -1.80eV) due to the 

broadening of d -band move downward in energy compared to the pure Pd(111) surface 

(d = -1.75eV). 

For the Pt TRC case, we find no site switch effect (EE≈0) since CO is 

preferentially adsorbed at the hollow site with Ead =1.66eV as in the pure Pt(111) surface 

case. For the same site effect, we see smaller impact on the reduction of CO adsorption 

energy by 0.11eV in Pt TRC than in Pd TRC. This is related to the slight up-shift of d-

band center in Pt TRC (d = -2.22eV) due to the internal redistribution of d-band of Pt 

atoms, compared to the pure Pt(111) surface (d = -2.23eV). Notice the up-shift of d-band 

center in the Pd TRC case. 

For the bent-linear Pd/Pt tetramer cases (TEL), we also see the similar site switch 

and same site effects [EE=0.18eV (0.13eV), EL= 0.45eV (0.03eV) for Pd (Pt) TEL] on the 

reduction of CO adsorption energy to the bent-linear Pd/Pt trimer and dimer cases.  
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Figure 9-4: The orbital resolved density of state (ORDOS) for CO adsorption at the top 

site on Pd monomer and pure Pd(111) surface. The gray background filled, red upper 

horizontal, black solid and blue dotted lines indicate the s+p band of adsorbed CO, the 

s+p band of gas phase CO, d-band of Pd for the CO-adsorbed Pd and d-band for the bare 

Pd, respectively. The dotted line indicates the Fermi level position. 
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Figure 9-5: The orbital resolved density of state (ORDOS) for CO adsorption at the top 

site on Pt monomers and pure Pt(111) surface. The gray background filled, red upper 

horizontal, black solid and blue dotted lines indicate the s+p band of adsorbed CO, the 

s+p band of gas phase CO, d-band of Pt for the CO-adsorbed Pt and d-band of Pt for the 

bare Pt, respectively. The dotted line indicates the Fermi level position. 
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In addition, as displayed in Table 9-2 and 9-3, we see the slight variation of d-

band centers in the surface Pd/Pt atoms [-1.77eV ~ 1.78eV for Pd TEL and -2.17~-2.22eV 

for Pt TEL] under the different Au1
st

NN. For the compact Pd/Pt tetramer cases (TEC), we 

also find the same alloying effects as in the compact Pd/Pd trimer cases. We calculate 

that the CO is preferentially adsorbed at the hollow site with Ead =1.67eV(Pt TEC) and 

Ead =1.82eV(Pd TEC), indicating that the same site effect is mainly related to the 

reduction of CO adsorption energy. We calculate the slightly larger same site effect 

(EL=0.18eV) in Pd TEC than the Pt TEC case (EL= 0.14eV). This is also associated with 

the opposite shift of d-band centers between Pd and Pt TEC [d =-1.76 ~ 1.77 for Pd TEC 

(pure Pd(111); -1.75eV) and d= -2.24~2.16 for Pt TEC (pure Pt(111); -2.23eV)]. 

9.4 CO Adsorption on Pd and Pt Monomers: Electronic Structure 

To better understand the difference in the chemical reactivity between Pd and Pt 

ensembles, we calculated the orbital resolved density of state (ORDOS) for CO 

adsorption on Pd/Pt monomers at the top site; for comparison, the pure Pd/Pt surface 

cases are also presented. As displayed in Figure 9-4, we find that the dz
2
 and dxz+ dyz 

orbital are mainly interacted with CO molecular orbitals (MOs: 4σ, 1π, 5σ, 2π) on both 

Pd/Pt cases. Note that we cannot see any CO-related peaks in dxy + dx
2
- y

2
 orbital and the 

peak intensity in s orbital is relatively small.  

Looking at the dz
2
 DOS (solid line) of Pd on the CO-adsorbed Pd monomer, we 

find the broadening of dz
2
 orbital of Pd compared to the bare Pd case (blue dotted line) 

and the two strong peaks at the energy states of -7.0eV and -9.5eV, which are exactly 

overlapped with 5σ and 4σ MOs of adsorbed CO on Pd monomer (gray background filled 

line), respectively. This result indicates that 5σ and 4σ are mainly interacted with dz
2
 

electrons of Pd in the CO adsorption at the top site on Pd monomer. Here, 5σ (which is 
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called the highest occupied molecular orbital [HOMO]) and 4σ refer to the lone pair 

electron in a carbon atom and in an oxygen atom in the gas phage CO, respectively. 

 
 

Figure 9-6: Total electron density differences for CO adsorption on Pd monomer 

(isosurface = ±0.02e
-
/A

3
), (a) charge accumulation (white) (b) depletion (blue) 

As a result of this interaction, the covalent-like σ - dz
2
 bonding is formed, which is 

identified in the total charge density difference at the top site of Pd atom(see Figure 9-6). 

Note the charge accumulation between Pd – C at the cost of electrons in Pd, C and O. To 

gain a measure of bonding strength between σ - dz
2
, we present the crystal orbital overlap 

population (COOP) between C and dz
2
 orbital of Pd to measure the antibonding and 

bonding character (see Figure 9-7). Our calculation predicts that the characteristic peak of 

4σ/5σ - dz
2
 anti-bonding orbital on the Pd monomer is located just below the Fermi level, 

suggesting the repulsive interaction between 4σ/5σ - dz
2
 orbital. Note that since both 

4σ/5σ and dz
2
 orbital are almost fully occupied, there will be a repulsive interaction 

between 4σ/5σ - dz
2
 orbital if the hybridization does not push 4σ/5σ - dz

2
 anti-bonding 

orbital above the Fermi level
[95, 96]

. For the Pd(111) surface, we also see the similar 

O

C

Pd
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interactions between dz
2
 orbital and 4σ/5σ MO, except that in COOP plot, 5σ bonding 

peak is calculated to be slightly increased compared to the Pd monomer case. This result 

suggests that as compared to the Pd(111) surface, the electronic density in 5σ - dz
2
 

bonding region on Pd monomer is slightly decreased and in turn the bonding strength on 

the Pd monomer is reduced.  

 

 

Figure 9-7: The crystal orbital overlap population (COOP) (a) between C and dxz+dyz 

orbital of Pd (b) between C and dz
2
 orbital of Pd (c) between C and dxz+dyz orbital of Pt 

(d) between C and dz
2
 orbital of Pt. + and – sign means the bonding and antibonding 

contribution, respectively.  The dotted line indicates the Fermi level position.  
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For the Pt monomer and pure Pt(111) surface cases, we predict the same bonding 

mechanism of dz
2
 – CO as the Pd monomer and Pd(111) surfaces. That is, the main 

interaction of 5σ/4σ with dz
2
 and the significant broadening of dz

2
. In COOP plot, unlike 

the Pd monomer/Pd(111) surface, we see that the 5σ - dz
2
 anti-bonding orbital is located 

above the Fermi level for Pt monomer/Pt(111) surface, indicating the attractive 

interaction between 4σ/5σ - dz
2
 orbital. Here, we cannot see the any substantial difference 

of COOP plot between Pt monomer and Pt(111) surface, suggesting that there is little 

electronic effect of Pt monomer on the bonding of 4σ/5σ - dz
2
. 

Turning to the dxz+dyz DOS (solid line) of Pd for the CO-adsorbed Pd monomer, 

we find that 1π [π bonding electrons between C and O] and 2π* [consist of two anti-

bonding orbitals and so called lowest occupied molecular orbital (LUMO)] of adsorbed 

CO are strongly interacted with dxz+dyz orbital of Pd. Note that two peaks at the energy 

states of -6.7eV and +3.1eV in the dxz+dyz orbital of Pd for the CO-adsorbed Pd monomer 

are located at the same energy states of 1π and 2π* orbitals of adsorbed CO. For the pure 

Pd (111) surface, the similar bonding mechanism (1π/2π* and dxz+dyz orbital is mainly 

interacted) is found as in the Pd monomer, but we see the big difference in the peak of 

2π* orbital. In both Pd monomer/pure Pd(111) surface, we see the noticeable broadening 

of 2π* LUMO above the Fermi level compared to 2π* of gas phage CO, suggesting that 

2π* orbital is strongly hybridized with dxz+dyz orbital. This is related to the back donation 

of electronic charge from Pd to 2π* LUMO
[97]

. However, as shown in Figure 9-4, we 

calculated that the peak of 2π* LUMO (at 2.7eV) for the pure Pd(111) surface is located 

at sizably lower energy state than the Pd monomer case (at 3.1eV), suggesting the weaker 

bonding strength in the Pd monomer than in the pure Pd(111) surface case. This result is 

also supported by the COOP plot between C and dxz+dyz orbital of Pd. As shown in 

Figure 9-7, the peak of 2π*— dxz+dyz bonding orbital on the Pd monomer is located 
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above the peak on the pure Pd(111) surface, indicating weaker bonding strength in Pd 

monomer than the Pd(111) case. Correspondingly, we see that the bond distance of C—O 

on the pure Pd(111) surface [1.16Å (P)] is slightly larger than the Pd monomer case 

[1.15Å (M)]. In contrast, for the Pt monomer and pure Pt(111) surface, we predict the 

similar peak positions of 1π and 2π* orbital, indicating that both Pt monomer and pure 

Pt(111) surface have the similar bonding strength between 1π/2π* and dxz + dyz orbital. 

This result is also corresponded to the fact that the similar COOP plot between Pt 

monomer and Pt(111) surface and the same bond distance of C—O on both Pt monomer 

and Pt(111) [1.16Å (M/P)].  

 

Figure 9-8: The contribution of site switch (EE) and same site (EL) effects to the reduction 

of CO adsorption energy at different Pd/Pt ensembles. Grey and white box indicate the 

site switch and same site contribution to the reduction of CO adsorption energy, 

respectively. Ead(Pure) and Ead (Alloy) are the CO adsorption energy at the preferred 

adsorption site on the pure and surface alloys, respectively. 
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Figure 9-9: The availability of free Pd/Pt sites at a given pressure of 0.1 atm CO as a 

function of temperature. The blue (green), grey, red and yellow represent the Pd(Pt), C, O 

and Au atoms, respectively. 

9.5 CO Tolerance on Pd and Pt Ensembles 

Our study clearly demonstrates that the synergetic alloying effect in the Pd 

ensembles (particularly, by the switch of site preference and the shift of d-band) leads to 

the high CO tolerance, while for the Pt ensemble case the alloying effect is relatively 

small, as shown in Figure 9-8. Notice that the CO chemisorption energy on Pd ensembles 

is substantially reduced at the decrease of ensemble size, while there are no significant 
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size and shape effects in Pt ensembles.  Figure 9 compared the availability of CO-free 

Pd/Pt atoms on small-sized ensembles like monomer and dimer as a function of 

temperature. Here, we estimated the free Pd/Pt sites by considering the barriers for CO 

adsorption and desorption (see Table 9-4) and solving the kinetic equations at steady state 

condition
[98]

. We find that a free Pd site on Pd ensembles is easily available at much 

lower temperature than the Pt case. Notice that for the Pt ensembles CO block all free 

sites up to 700K, while for the Pd ensembles a free Pd site can be available at very low 

temperature of 400K for a catalytic reaction. 

Table 9-4:Calculated Activation Barriers (Ea in eV) for Adsorption and Desorption. 

 1CO 2CO 

 Adsorption Desorption Adsorption Desorption 

M (Pd/Pt) 0.0/0.0 1.12/1.62   

D (Pd/Pt) 0.0/0.0 1.39/1.61 0.25/0.0 0.95/1.42 

 

9.6 Summary 

In summary, using spin-polarized DFT calculations, we showed that the Pd 

ensembles, particularly monomer and dimer, show the high CO tolerance due to the 

synergetic alloying effect, as compared to the Pt ensembles. We found that the steeper 

PES of CO in Pd (111) than in Pt (111) and the down-shift of d-band in Pd ensembles and 

the up-shift of d-band in Pt ensembles as compared to the corresponding pure 

Pd(111)/Pt(111) surfaces are responsible for the large enhancement of CO tolerance in 

small-sized Pd ensembles. We also displayed through the analysis of ORDOS and COOP 

that the Pd monomer reduce CO binding strength by mainly decreasing the interaction of 

2π*— dxz+dyz bonding orbital, while for the Pt monomer case, there is no any substantial 

change of 2π*— dxz+dyz and 4σ/5σ - dz
2
. This work hints on the importance of the 
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interplay of the ensemble and ligand effects in achieving the high CO tolerance on Au-

based bimetallic catalysts. 
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Chapter 10:  

Summary and Future Work 

The main objective of this dissertation is to develop a better understanding of the 

alloying effects of Pd-based bimetallic catalysts using first-principles density-functional 

calculations, particularly the relative role of the ensemble, ligand, and strain effects in 

their ORR activity and CO tolerance.  The main scientific achievements presented in the 

PhD thesis are summarized below. 

We found that the direct synthesis of H2O2 from O2 and H2 is strongly affected by 

the arrangement of Pd and Au atoms on an AuPd(111) surface.  In particular, the 

availability of Pd monomers surrounded by less active Au atoms tends to play a key role 

in enhancing the selectivity towards H2O2 formation, by suppressing O-O bond scission 

due to the large activity difference between Pd and Au atoms.  The Pd monomers are 

predicted to be energetically more favorable than larger ensembles on the AuPd(111) 

surface.  

We also examined how the ensemble effect on the performance of AuPd catalysts 

is affected by the change of surface electronic structure associated with their geometric 

parameters such as local strain and presence of low-coordinated atoms at the surface. We 

particularly compared the energetics and barriers for H2O2 formation from H2 and O2 on 

three different Pd monomer systems including AuPd adlayers with a Pd monomer each 

on Pd(111) [AuPdM/Pd(111)] and Au(111) [AuPdM/Au(111)] and a 55-atom icosahedral 

cluster with Au41Pd shell and Pd13 core [Au41Pd@Pd13].  Our calculations predicted the 

enhanced activity of a Pd monomer and its Au neighbors with local strain and presence of 

low-coordinated atoms at the surface and in turn significant deterioration in the 
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selectivity of H2O2 formation by decreasing the scission barriers of adsorbed O-O, O-OH, 

and HO-OH in comparison with the AuPdM/Pd(111) case.  The activity change is related 

to their reduced coordination number and inherent mechanical strain created in the small 

cluster for the Au41Pd@Pd13 case and the tensily strained surfaces where the Pd-Au 

distance is increased to 2.93 Å , as compared to 2.78 Å  in the AuPdM/Au(111) case. 

We investigated the Pd ensemble effect on H2O formation from O2 and H on the 

AuPd(111) surface.  Unlike H2O2 formation, we also need to consider O and OH 

hydrogenation after O—O bond scission.  Our calculations show that the energetics and 

barriers of the H2O formation can be also considerably affected by the arrangement of Pd 

and Au surface atoms. The Pd monomer site may be a poor site for H2O formation 

especially if H atoms are readily available, as it tends to favor H2O2 formation by 

suppressing O–O bond cleavage. On the other hand, on the Pd dimer, H2O tends to be the 

preferred product rather than H2O2.  Our calculations predict that the maximum 

activation barrier for H2O formation at the dimer site is lower compared to the pure 

Pd(111) case by about 0.35 eV as a result of reduced hydrogenation barriers. At the less 

active small Pd ensemble sites, the binding energies of O, OH and H are significantly 

lowered compared to the pure Pd(111) case, which in turns facilitates the hydrogenation 

reactions leading to H2O.  This suggests that an AuPd alloy with a large population of 

small ensembles (such as dimers) and only a few monomers in its surface layer might be 

beneficial for the ORR.  However, according to Monte Carlo simulations, monomers are 

the most dominant Pd ensemble in the AuPd(111) surface layer for a wide range of 

temperatures and compositions..  

To improve the selectivity and activity toward H2O formation on the AuPd 

surface, we examined the stability of small Pd ensembles and their reactivity toward 

oxygen hydrogenation and scission on the AuPd(100) facet.  We found that the 
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formation of Pd monomers is energetically more favorable than larger ensembles, like the 

AuPd(111) case. In addition, our calculations show that the O—O bond scission on pairs 

of 1
st
 nearest Pd monomers in the (100) facet is greatly enhanced with no substantial 

suppression of O/OH hydrogenation compared to the isolated Pd monomer case.  The 

large stabilization of O2/O by being linked to two Pd atoms in the course of O—O 

scission and no significant variation of OH binding energies in O/OH hydrogenation 

reaction are responsible for such nature of oxygen hydrogenation and scission on pairs of 

1
st
 nearest monomers.  In addition, we examined how this characteristic of oxygen 

hydrogenation and scission on pairs of 1
st
 nearest monomers can improve the energetics 

in the ORR in solution environment.  We found that for pairs of 1
st
 nearest monomers 

the O/OH protonation is highly exothermic at a typical operating potential of 0.90V, 

while for the pure Pd(100) surface the protonation is endothermic.  On the other hand, in 

two O—O bond breaking steps (O2O+O in O2 dissociation mechanism and 

OOH+H
+
+e

-
  O+ H2O in OOH association mechanism), our calculations predict the 

exothermicity on both pairs of 1
st
 nearest monomers and pure Pd(100) surface. These 

results clearly suggest that pairs of 1
st
 nearest monomers can energetically improve the 

ORR by enhancing O/OH protonation without substantial suppression of O—O bond 

breaking reactions, compared to the pure Pd(100) case.  

We examined the structure of Pd-Ir-Co trimetallic catalysts and their reactivity 

toward oxygen hydrogenation and scission.  Ir shows high stability under fuel cell 

conditions and Co has strong ligand interactions with Pd.  For Pd-Ir-Co catalysts, we 

chose Pd3Co as the bulk composition (or substrate) rather than Pd3Ir given the formation 

of stable ordered Pd3Co, while PdIr alloys often undergo phase separation. Consequently, 

we can exploit the compressive strain effect by Pd3Co on the ORR.  We also examined 

how Ir on ordered Pd3Co behaves at the subsurface layers, showing that Ir prefers to exist 
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at the 2
nd

 and 3
rd

 subsurface layers while Pd favorably remains at the surface layer (i.e., 

Pd/Ir…Ir/Pd3Co).  The presence of Ir sublayers turns out to affect the reactivity of the 

Pd surface and also prevent Co in the deeper layers from diffusing out to the surface.  

Looking at the oxygen scission and hydrogenation, our calculations demonstrate that the 

Pd/Ir/Ir/Pd3Co(111) system significantly enhances O/OH hydrogenation, compared to the 

pure Pd(111) case, which is thought to be rate determining in the ORR.  

We calculated the adsorption structure and energetics of CO on various Pd 

ensembles and the trapping and activation of O2 in the vicinity of preadsorbed CO, along 

with the pathways and barriers for the reaction between coadsorbed CO and O2.  Our 

study clearly demonstrates that the CO+O2 reaction is very sensitive to the arrangement 

of Pd surface atoms; small Pd ensembles such as dimers and trimers are expected to 

provide more active sites than larger ensembles while Pd monomers are highly unlikely 

to catalyze the CO oxidation reaction.  In addition, our calculations show that the 

presence of CO significantly counteracts Pd dispersion in AuPd surfaces, and so we may 

reasonably expect a greater number of dimers and other, larger ensembles to form as a 

result.  The adsorbate-induced agglomeration of Pd coupled with the ability of partially-

poisoned Pd ensembles (dimers and compact trimers, in particular) to trap and activate O2 

point toward enhanced CO oxidation activity on AuPd alloy surfaces. This study suggests 

that the removal of adsorbed CO via oxidation may be one possible mechanism by which 

AuPd alloys resist CO poisoning.  

 

10.1 Future Direction for Research  

Using DFT calculations, our studies have unequivocally demonstrated the role of 

alloying effects, particularly ensemble effects, in enhancing the ORR and resisting CO 
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poisoning in Pd-based alloy catalysts.  However, the following should be still 

investigated for further understanding of alloying effects. 

Understanding the role of strain effects on the activity of Pd ensembles:  

In this dissertation, we have only examined the tensile strain effect (about 4.4%) 

on the reactivity of Pd monomers towards H2O2 synthesis. For better understanding of the 

reactivity of highly strained catalysts such as nano-sized particles, a systematic study of 

the compressive or tensile strain effect on the activity of ensembles is needed. For 

example, surface reaction energetics/pathways on alloy surfaces can be examined as a 

function of strain to clearly understand the change that is imposed by strain on the 

reactivity of surface atoms. 

Shape effect on the activity of AuPd alloy: 

In large-sized ensembles like trimer and tetramer, there might be a difference in 

reactivity towards ORR and CO oxidation between different Pd ensembles in which the 

arrangement of Pd atoms differ in shape (example, a trimer can have the arrangement of 

Pd atoms in a bent linear shape or a compact shape). Thus, it is necessary to investigate 

the shape-dependent reactivity of large-sized Pd ensembles and the stability of different 

shapes.  

Effect of the addition of early-transition metals into Pd: 

In this dissertation, we mostly examined the Pd-M alloys (M is the late transition 

metal like Au, Ir and Co) to understand the alloying effect on the reactivity towards ORR.  

In recent years, alloying Pt or Pd with the early-transition metals such as Lanthanum 

(La), Scandium (Sc), and yttrium (Y) has been reported to significantly enhance ORR 

activity
[69]

. However, the structure of Pd-M alloys and its mechanism for enhancing ORR 

activity still remains unclear. Thus, we should determine the near-surface configurations 

of such Pd-M alloys by calculating relevant mixing energies and surface segregation 
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energies, followed by determination of Pd-M surface ensembles (if Pd and M are alloyed 

in the surface layer). Then, we can focus on identification of important active sites and 

reaction energetics/pathways for O2 dissociation and hydrogenation on chosen Pd-M 

alloy surfaces.  

Charging effect on the catalytic activity: 

In this dissertation, we mainly examined the kinetics of ORR at the gas phase 

condition in order to understand the role of alloying effects in Pd-based alloys. But, the 

fuel cell reactions normally occur under solvent environments and involve the charge 

transfer in elementary surface reactions. The calculation at the gas phase condition might 

not be transferable to the electrochemical environments.  
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Appendices 

A.1 Molecular Geometry for H2O2 Formation Step on Various Pd Ensembles  
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Figure A1-1: Reaction steps for H2O2 formation and competing decomposition at a Pd 

dimer site(I), trimer(II) and pure surface(III)  (A) O2 hydrogenation, (A
/
) O + O scission, 

(B) OOH hydrogenation, (B
/
) O + OH scission, (C) H2O2 desorption, (C

/
) OH + OH 

scission. 
a
The OOH hydrogenation on pure surface results in almost spontaneously HO-

OH dissociation with no sizable barrier, i.e.,   OOH+H  OH+OH. The corresponding 

activation energies (in eV), together with O-O bond lengths (in Å ) are indicated.  Red, 

yellow, green, and small white balls indicate O, Au, Pd, and H atoms, respectively. 
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A.2 Structure of a 55-atom Icosahedral Cluster 

The 55-atom icosahedral cluster twenty triangular plane faces on the surface, as 

illustrated in Figure A2.  The Pd monomer prefers the corner site of Au41Pd@Pd13 (see 

supporting information) rather than the edge site; the corner site is predicted to be 0.18eV 

more favorable than the edge site.   For a 55-atom cluster, the icosahedral geometry 

configuration is energetically favorable, perhaps more stable than the cubo-octahedral 

geometry
1
.  We considered the PdcoreAushell structure since Au is preferentially 

segregated to the surface.  Note that Pd has larger surface energy (131 meVÅ
-2

) and 

smaller atomic radius (1.38Å ) than Au (96.8 meVÅ
-2

 and 1.44 Å )
2
.  Earlier theoretical 

studies
3
 also predicted the energetic preference of PdcoreAushell over AucorePdshell.  

 

           

         (a)       (b) 

Figure A2-1: (a) Corner site and (b) edge site for a Pd monomer on Au41Pd@Pd13. The 

blue and gold balls represent Pd and Au atoms, respectively. 
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A.3 Calculated Barriers in Each ORR Steps via OOH on AuPd(100)  

Table A3-1:Calculated total energy changes (E) and activation barriers (Ea in 

parenthesis) for the H2O/H2O2 formation steps (see Figure A3).  All energy values are 

given in eV.  

 1
st
 8MP 1

st
 2MP Pd(100) 

(A)  

O2+H  OOH 

-0.28 

 (0.51) 

-0.73 

 (0.53) 

0.57 

(1.18) 

(A)
/
 

O2  O+O 

-0.39 

(0.42) 

0.25  

(1.55) 

-0.89 

(0.15) 

(B)  

OOH+H  H2O2 

-0.54 

( - )
 a

 

-0.86 

(0.37) 

0.05  

( - )
a
 

(B)
/
 

OOH  O+OH 
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a
The OOH hydrogenation results in almost spontaneous HO-OH dissociation with no 

sizable barrier, i.e.,   OOH+H  OH+OH.  

 

 

Figure A3-1: Schematic illustration of H2O/H2O2 formation steps considered in this study 
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A.4 CO Populations and Molecular Geometries in CO+O2 Oxidation Steps 

 

 

Figure A4-1: Predicted the partially-poisoned fraction of each type of ensemble at 400K 

and CO pressures between 10
-4

 and 100 torr  

 

 

 

 

 

Figure A4-2: Predicted CO+O2 oxidations steps at Pd dimer site; [A] O2(g)  O2, [B] 

O2+CO  OOCO, [C] OO—CO  CO2 + O. Corresponding barriers (in eV) together 

with O-O bond length (in Å ) are indicated. All energy values are given in eV. Red, 

yellow, green, and grey balls indicate O, Au, Pd, and C atoms, respectively. 
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Figure A4-3: Predicted CO+O2 oxidations steps at Pd linear trimer site; [A] O2(g)  O2, 

[B] O2+CO  OOCO, [C] OO—CO  CO2 + O. Corresponding barriers (in eV) 

together with O-O bond length (in Å ) are indicated. All energy values are given in eV. 

Red, yellow, green, and grey balls indicate O, Au, Pd, and C atoms, respectively.  

 

 

 

 

 

 

Figure A4-4: Predicted CO+O2 oxidations steps at Pd compact trimer site; [A] O2(g)  

O2, [B] O2+CO  OOCO, [C] OO—CO  CO2 + O. Corresponding barriers (in eV) 

together with O-O bond length (in Å ) are indicated. All energy values are given in eV. 

Red, yellow, green, and grey balls indicate O, Au, Pd, and C atoms, respectively.  
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Figure A4-5: Predicted CO+O2 oxidations steps at Pd inear tetermaer site; [A] O2(g)  

O2, [B] O2+CO  OOCO, [C] OO—CO  CO2 + O. Corresponding barriers (in eV) 

together with O-O bond length (in Å ) are indicated. All energy values are given in eV. 

Red, yellow, green, and grey balls indicate O, Au, Pd, and C atoms, respectively.  

 

 

 

 

 

 

Figure A4-6: Predicted CO+O2 oxidations steps at Pd compact tetramer site; [A] O2(g)  

O2, [B] O2+CO  OOCO, [C] OO—CO  CO2 + O, [D] CO + O  CO2. 

Corresponding barriers (in eV) together with O-O bond length (in Å ) are indicated. All 

energy values are given in eV. Red, yellow, green, and grey balls indicate O, Au, Pd, and 

C atoms, respectively.  
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