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ABSTRACT 

Improvements in durability and performance of cathode catalyst layers in polymer 

electrolyte fuel cells require a fundamental understanding of the stability and electrocatalytic 

reactivity of Pt/support systems.  The objective of this Ph.D. work was to investigate the effects of 

geometrical factors defining the properties of the catalyst as well as the impact of the support 

material on the thermal stability and catalytic behaviour of free Pt nanoparticles and Pt/support 

systems. This dissertation consists of three parts, dealing with the following phenomena: i) effects 

of atomic structure on the energetics and adsorption properties of free Pt nanoparticles, ii) effects 

of metal oxide support materials within Pt/NbxOy bilayer systems; iii) effects of the spillover of 

hydrogen from catalyst surface to support on the apparent hydrogen evolution reactivity in the 

systems of Pd nanoislands on an Au support. The first two parts of this work employed ab initio 

calculations based on density functional theory. The third part employed a mean field approach 

based on the Wigner-Seitz cellular method.  

In the study of free Pt nanoparticles, the calculated cohesive energies agree with the 

Gibbs-Thomson relation. These results imply that the cohesive energy of Pt nanoparticles is 

determined primarily by the particle size and not the particle shape. The calculated adsorption 

energies of atomic oxygen showed high spatial variation on all nanofacets. The adsorption 

energies depend on the atom arrangement at the reaction site. In the study of Pt/NbxOy bilayer 

systems, the degree of oxygen incorporation into NbxOy was observed to influence the distribution 

of electronic charge density and the formation of chemical bonds at the Pt|NbxOy interface. These 

results imply that the electronic and geometric structure of Pt is changed by interaction between 

Pt and support. The spillover effect was studied by developing a kinetic model of hydrogen 

evolution on an array of Au-supported catalyst particles. These results imply that the spillover 

effect could be a major cause of the enormous enhancement of the current density observed in 

experimental studies. 

 

Keywords:  nanoparticles; catalyst activity; adsorption energy; cohesive energy; formation 

energy; nanoparticle array; oxygen reduction reaction; hydrogen evolution reaction; coordination 

number; lattice strain; charge transfer; density of state  
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1. BACKGROUND AND MOTIVATION 

Heterogeneous catalysis has played a key role in industrial chemistry, 

environmental chemistry, and energy conversion. Catalysts provide surfaces to 

adsorb reactants and desorb products, which accelerate a desired chemical 

reaction by changing the reaction pathway to lower the activation energy barrier. 

Advances in nanotechnology effectively enhance the catalyst surface area by 

preparing catalysts in the form of ultrafine particles with sizes in the range of 

nanometres. Systematic improvements in the design of the catalyst nanoparticles 

require an understanding of the physical phenomena that underlie their 

performance. 

The catalytic properties of nanoparticles differ strongly from those of the 

same material in the bulk phase. Some of the striking phenomena arise in the 

size range between 2-5 nm [1 , 2 ]. For instance, Peuckert et al. found the 

maximum activity per surface atom of Pt particle is at particle radius between 2-

4nm [3]. Valden et al. found that gold cluster with 3nm diameter exhibit the 

highest activity for the CO oxidation [4]. Therefore, Understanding of the peculiar 

effects of particle size and shape are highly interesting both from the perspective 

of fundamental science as well as for applications in nanotechnology [5, 6].  

One of the most active research areas in nanoparticle electrocatalysis is in 

the design of catalyst layers (CLs) for polymer electrolyte fuel cells (PEFCs). The 
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objective of this work is to explore the effects of geometrical structure of nano-

catalyst and support materials on the durability and performance of CLs.  

The first chapter of this thesis provides the general information on the 

development and challenges in CLs. The second chapter explains the framework 

of density functional theory (DFT) and the super-cell approach that has been 

used to perform the ab initio calculations. By applying ab inito calculations we 

obtained the cohesive energies of free Pt nanoparticle with various particle sizes, 

presented in chapter 3; the oxygen adsorption energies of spatially distinct 

adsorption sites on nanofacets of hemispherical cuboctahedral Pt nanoparticles 

with 37 and 92 atoms, presented in chapter 4; and the geometric and electronic 

structure of Pt/NbxOy bilayer systems, presented in chapter 5. A mean field 

approach (MFA) based on the Wigner-Seitz cellular method is used to develop a 

kinetic model of the hydrogen evolution reaction (HER) at an array of Au-

supported catalyst particles. Chapter 6 presents the effects of the arrangement of 

catalyst particles and kinetic parameters on surface processes, involving the 

spillover of hydrogen from the surface of the catalyst to the Au, on the current 

density are presented. 

1.1 Catalyst Layers in Polymer Electrolyte Fuel Cells 

PEFCs are a very promising new generation of energy converters for 

vehicles and portable devices, which are believed to offer a tremendous potential 

for the mitigation of the deleterious impacts of the looming depletion of fossil 

fuels and a significant reduction in the emission of greenhouse gases [7, 8, 9]. 

PEFCs convert the chemical potential energy stored as hydrogen and oxygen 
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into water, heat, and a flow of electrons, which power electric motors, electric 

lights or other electrical appliances. The main advantages of PEFCs lie in their 

high thermodynamic efficiencies and ideal compatibility with hydrogen. Despite 

numerous promising technical demonstrations [10], large-scale production and 

commercialization of this technology is facing formidable challenges in terms of 

operational flexibility, stability, and cost [11].   

The conventional structure of a PEFC, as illustrated in Figure 1.1, contains 

flow fields (FFs), gas diffusion layers (GDLs), catalyst layers (CLs) and a polymer 

electrolyte membrane (PEM) [12]. The supplied hydrogen gas diffuses through 

the anodic FF and GDL to the anode catalyst layer (ACL), where the hydrogen 

oxidation reaction (HOR) occurs, . The electrons and protons, 

generated at the ACL, travel via an external wire and the PEM, respectively, to 

the cathode catalyst layer (CCL), where they combine with oxygen to complete 

the oxygen reduction reaction (ORR), + -

2 21/2O +2H + H O2e  , that leads to the 

formation of water as the only chemical reaction product.  

 
Figure 1.1: Schematic picture of components in a conventional PEFC [12]. 

At an operation temperature, T , the potential at equilibrium, eq
E ,  can be 

calculated using the Nernst equation[13] 

+ -

2H H2 2e 
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b

eq 0

b
ln ox

red

cRT
E E

nF c
                                    1.1 

where n  is the number of electrons transferred during the reaction. 0
E  is 

the redox potential at standard conditions,
 red

b
c  and b

ox
c  are the concentration of 

the reduced and oxidized species in the bulk solution, respectively, and R  and F  

denote molar gas constant and Faradic constant respectively. 

The general formula that describe the kinetic current density, k
j , of the 

redox reaction at anode, HOR, and cathode , ORR, can be written as the 

difference between the reaction rate of reduction, red
 , and oxidation reactions, 

ox
  [13], 

red ox
( )

k
j nF                                        1.2 

where red
 , and ox

  are determined by rate constants, red

0k  and ox

0k  respectively, 

as well as the electrode potential, E , 

red

0

0
s

red red

( )
exp

nF E E
k c

RT




 
  

 
                          1.3 

and 

0
s

ox 0

( )
exp

ox

ox

nF E E
k c

RT




  
  

 
                         1.4 

In Eqs. 1.3 and 1.4, s

red
c  and s

ox
c  are the concentration of reduced and 

oxidized species on the surface. Experimentally, the electron transfer coefficients 
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  and  can be determined by electrochemical impedance spectroscopy (EIS) 

and harmonic impedance spectroscopy (HIS) [14,15].  

The difference between E  and eq
E is defined as the electrode 

overpotential,  , 
eqE E   . Assuming that there is no limitation in mass 

transport from bulk solution to the surface of the reaction site, one can write, 

s b

ox oxc c and s

red

b

red
c c . The dependence of k

j  in Eq.1.1 on   is described by the 

Butler-Volmer (B-V) equation [16], which can be written in general form as 

red ox

0 0

s s

k red ox
exp exp

nF nF
j nFA k c k c

RT RT

       
     

               

1.5 

where A  is the effective catalyst surface area. The terms that are independent 

of   in Eq. 1.5 are included in exchange current density, *
j , defined as 

* s s

0 red
( ) ( )

ox
j nFAk c c

                                  1.6 

In general, red

0k  and ox

0k
 
are determined by the activation energies, red

G , 

and ox
G  respectively, which are calculated by [17], 

red
red

0 exp
G

k f
RT

 
  

 
     or    

ox
ox

0 exp
G

k f
RT

 
  

 
          1.7 

Here, f  is the vibrational frequency factor. red
G  for the ORR on Pt(111) in acid 

electrolyte is approximately 42 kJ/mol [18]. A small value of ox
G , 18kJ/mol, is  

obtained for the HOR on Pt(111) [19]. As a result, *
j  for the ORR at the cathode 

(~ 1.0x10-10 A/cm-2) is significantly lower than *
j  for the HOR on the anode 
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(~2.5x10-4A/cm-2) [20]. Therefore, the current commercial prospects of PEFC 

technology hinge on the ability to fabricate catalyst layers with significantly 

enhanced *
j

 
for the ORR on the cathode side.  

1.2 Performance of Cathode Catalyst Layers 

According to Eq. 1.6, the increasing of *
j  can be achieved by increasing 

A  and 0
k . For a single particle, A  is calculated as the product of the volume of 

the particle and the surface to volume ratio /S V , which varies with the size and 

shape of particles. Under vacuum conditions, the distributions of particle size and 

shape depend on the thermal stability of the particles. The cohesive energy, an 

energetic parameter depending on the coordination numbers of metal atoms and 

on inter-atomic bonding strengths represents the thermal stability of particles. 

The evolution of the particle size distribution of catalyst nanoparticles in CLs is 

related to their cohesive energies. Therefore, this work explored the correlation 

between the cohesive energy and the shape and size of a nanoparticle, as 

shown in Figure 1.3.       

Catalyst particles in CLs are randomly distributed with various shapes in a 

range of sizes. Not all the catalyst surface areas contribute to current generation 

in the ORR. Only those surface areas that are accessible for protons are utilized 

for reactions. Therefore, the active surface area A  should account for a the 

statistical utilization of the catalyst , S
  ,     

/

S
/

S V

Pt C
A m                                        1.8 



 

7 

 

Here Pt
m  and C

  are the catalyst loading and the mass density of catalyst.  

State-of-the-art CCLs are constructed by Pt particles with sizes of 2-5 nm 

dispersed on a porous carbon support, as shown in Figure 1.2 [12]. Based on Eq. 

1.8, the enhancement of A  could be achieved by increasing S
 , Pt

m , and /S V . 

The increase of Pt
m  is prohibitive due to the high cost and resource limitation of 

Pt. The increase of /S V can be achieved by decreasing the particle size and 

varying the particle shape [21]. 

Maximizing  by reducing the size of nanoparticles is a straightforward 

approach towards improving the mass-specific utilization of the catalyst. However, 

since red
G  for ORR on CCLs is influenced by the particle size and surface 

atomic structure, the measured 
*j  does not increase proportionally with 

decreasing of particle size. Sattler and Ross [22] found that 
*j decreased when 

the Pt particle size decreased to values of less than 3.5 nm. Wilkander et al, [23] 

synthesized Pt nanoparticles between 1.6 and 2.6 nm with a narrow size 

distribution and showed no significant difference in 
*j . In order to distinguish the 

effect of the kinetic activity on 
*j
 
from the geometric effect of , intrinsic 

current density is defined as the exchange current density per catalyst area, 

*

0 /
  

S V

Pt

j
j

m 
 .  

The intrinsic ORR activity of Pt nanoparticles, 0
k , is determined by the 

size and shape of the particle. An experimental comparison of 0
j  for ORR, via 

S/V

S/V
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the rotating disc electrode method, showed a higher value of 0
j  at a 

polycrystalline Pt surface than at a Pt nanoparticle surface [24]. 

 
Figure 1.2: Reaction environment in CCL at nanometer scale [12]. 

In principle, 0
j  for the ORR corresponds to the net rate of the 

electrochemical conversion from molecular oxygen in the gas phase to water. 

This net rate depends on the complex interplay of the formation of various 

surface oxide species and the desorption of product water. The formation and 

removal of chemical bonds between oxygen species, i.e.
 
-O , -OH , and -OOH, 

and surface atoms of the catalyst, are critical processes for the ORR  [25, 26, 27]. 

The 0
j  is strongly correlated with the binding strength of oxygen species on the 

surface of catalyst [28,29]. The binding strength of oxygen species depends on 

the local atomic coordination structure of catalyst surface atoms. Therefore, a Pt 

nanoparticle with heterogeneous surface atom arrangement leads to a significant 

different 0
j  compared to the polycrystalline surface. This work uses adsorption 

energy of a single oxygen atom as a probe to study the surface heterogeneity of 
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Pt nanoparticle, as shown in the model I of Figure 1.3. The investigation on the 

distribution of the adsorption energy of atomic oxygen on the surface of 

nanoparticles provides useful insights into the impact of surface structure on the 

ORR mechanism at Pt nanoparticles.   

 
Figure 1.3: Scope and strategy of the present work on exploring chemical and physical 

phenomena of Pt/support systems.  

1.3 Oxygen Reduction Reaction on Pt Nanoparticles 

The ORR on Pt surfaces is a multistep process that has been widely 

studied in experiment and theory [30, 31, 32, 33]. The two mechanisms proposed 

for ORR are the dissociative and the associative mechanism [30, 34, 35, 36, 37].  

In the dissociative mechanism, the oxygen molecule first adsorbs on the 

free site on the metal surface, M* , and then dissociates by the breaking of the 

O-O  bond. The formation of two adsorbed -OH  species follows the dissociation; 

this involving the transfer of two electrons and two protons, 

O M M-O*

2
2 2                                              1.9 
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                                1.10 

In the associative mechanism, O
2  

first adsorbs on the metal surface, 

followed by the transfer of an electron from the metal to the adsorbed oxygen 

molecule, with the O-O  bond remaining intact, 

O +2M* M-O
2 2

                                           1.11 

+ -M-O +H + M-OOH
2

e                                       1.12 

The adsorbed oxygen species,
 
M-OH  or M-OOH

 
are reduced further to 2H O

2  or 

2H O by subsequent electron transfers,    

+ -

2M-OH+H + H O-Me                                          1.13 

+ -

2M-OOH+H + H O -M
2

e                                        1.14 

The peroxide formed in reaction (1.14), 2H O -M
2 , reduces to 2H O  by exchange of 

two additional electrons, 

+ -

2H O -M+2H +2 HO-M
2

2e                                       1.15 

Nørskov and co-worker‟s [ 38 ] concluded that both associative and 

dissociative reaction schemes may contribute to ORR depending on the metal 

and operational potential. For all possible reaction mechanism, it is essential to 

identify the rate-limiting step, which depends on the binding energy of oxygen-

containing species on the surface of Pt. Chemisorption properties of Pt surface, 

on the other hand, vary with its electronic and geometric structure.  For the 

surface of Pt(111), Rossmeisl et al [39] suggested that the transformation from 

HOO-M to H O-M
2  is energetically most hindered in the associative mechanism, 

+M-O+ H + 2M-OH-
2 2 2e 
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at equilibrium. For the surface of a Pt particle with 35 atoms, Jacob et al [40] 

suggested that the rate-determining step is either the formation of HO-M  or the 

dissociation of HOO-M  for dissociative or associative mechanism, respectively. 

For the surface of a Pt cluster with 4 atoms, Roudgar et al [41] suggested that 

removal of H O
2  is the rate limiting step of the associative mechanism. 

The kinetic rate of the ORR on the catalyst surface depends on the 

electronic structure.  Since ORR involves the transfer of electrons from Pt to 

adsorbed oxygen species, the energy difference between the highest occupied 

electronic state of the catalyst and the lowest unoccupied electronic orbital of 

oxygen species is a major determinant of the bond formation. The transfer of 

electron density from the bulk of the metal to the outside region involves two 

stages: from the inner area to the near surface region, and from the near surface 

region to a distance far away. The Fermi energy, the highest energy level of 

electrons in the bulk metal is a constant value. The energy difference between 

electrons in the near surface region to a position far away from the surface is 

influenced by the surface potential, which depends on the atomic structure of Pt 

surface. The sum of Fermi energy and surface potential is the work function,  , 

describing the total energy required for one electron escaping from the bulk of 

the metal to an infinite distance away from its surface.  

Pt particles with lower Pt  favour the kinetics of the ORR by lowering the 

electron affinity. For free Pt nanoparticles, the difference in Pt  is determined by 

the surface atomic structure, which varies with the size and shape of 
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nanoparticles.  In a Pt/support system, Pt  may be influenced by the support 

material due to the charge transfer at the Pt|support interface. For instance, the 

work function of Pt nanoparticles on TiO2 support is perturbed by a dipole 

moment created at the Pt|TiO2 interface [42]. Therefore, the effect of the support 

material on Pt  of Pt, determined by the electronic structure of Pt, is one of 

interests in this work, as indicated in the model II of Figure 1.3.  

In CCLs, Pt nanoparticles are loaded onto a highly porous support 

material, which guarantees a large value of A  by stabilizing the catalyst 

nanoparticles against agglomeration and coalescence. The support material also 

plays a role in the ORR since it should provide pathways for simultaneous supply 

of electrons, protons and oxygen gas molecules to the reaction sites, as well as 

the simultaneous removal of water from the reaction sites. Therefore, choosing 

an appropriate porous support material that exhibits a sufficient gas porosity, a 

strong binding with catalyst nanoparticles, and good electronic conductivity is 

important to performance of CCLs. 

1.4 Development of Catalyst Support Materials 

Porous carbon materials are the most widely used catalyst supports. 

However, at high potential attained transiently during start up or shut down of fuel 

cell vehicles , carbon corrosion can be severe, causing the loss of effective 

catalyst surface area via catalyst particle sintering or particle detachment from 

the support [43, 44, 45, 46]. The corrosion reaction  

                                 1.16 +

2 2C H O CO H2 4 4e
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depends on the liquid saturation and the oxygen concentration in CCL [47, 

48 ].The oxygen species formed at the Pt|carbon interface are expected to 

enhance the carbon oxidation reaction by promoting the oxidation of intermediate 

species formed in the overall reaction 1.16 such as C-O  and C-OH , although 

such effects have not been clearly understood [49, 50]. 

The corrosion problem drives research into alternative, corrosion-resistant 

support materials, such as metal oxides. Electrocatalysts comprising of Pt 

supported on transition metal oxides MxOy (e.g., M=Nb [51, 52], Ti [53, 54, 55], 

Ta [56, 57], W [58, 59], Ce [60], Ru [61], Ir [62], and Sn [63]) have been 

investigated to a significant extent. To qualify as the support material in CCLs, 

the metal oxide needs to have a good thermal stability and electronic conductivity. 

The formation energy, defined as the average bond strength of M-O , represents 

the thermal stability of the metal oxide. The electron density at the Fermi energy 

level determines the electronic conductivity of the metal oxide. Therefore, the 

formation energy and electron density distribution are parameters of primary 

interest investigated in this work, as illustrate in Figure 1.3. 

Among various tested metal oxides, TiO2 attracts the most attention due to 

its highest formation energy. However, the electronic conductivity of undoped 

TiO2, typically between 0.124 and 0.132 Scm-1 [64], is generally considered to be 

somewhat too low to meet the conductivity target for the standard support 

material in CL, which is approximately 50 Scm-1 at room temperature [65 ]. 

Effective approaches to improve the electronic conductivity of TiO2 employ 

doping to replace Ti atoms by other transition metal atoms or introducing oxygen 
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vacancies. Group V metals (V, Nb and Ta) are suggested as promising substitute 

elements that can be incorporated in the rutile lattice structure of TiO2 [66]. 

Specifically, Nb doped TiO2 has attracted most attention due to the stability and 

promising electrocatalytic effect of NbO2 [51]. NbO2 has similar stability to that of 

TiO2 but exhibits a significantly higher electronic conductivity [67]. As such, Nb 

oxides, Nb doped TiO2, and nonstoichiometric TixOy (Ebonex) drew attention as 

candidate support materials for Pt catalysts [68, 69, 70].  

In order to facilitate the search for new support materials, the effects of the 

support on the electrocatalytic performance of the catalyst should be understood. 

Many studies showed that varying the composition and the structure of 

supporting materials could alter the stability and the activity of catalyst. For 

example, a first principle study showed a significantly enhanced stability of a Pt13 

cluster supported by carbon nanotubes compared to a Pt13 cluster supported by 

a carbon graphite sheet [71]. RDE measurements performed by Adzic et al [51] 

showed that the Pt/NbO2/C electrocatalyst exhibits a three times higher Pt mass 

activity for ORR and improved stability than a commercial Pt/C electrocatalyst.  

The change of catalytic properties of a catalyst upon Pt-support contact is a 

result of modifying the electronic structure of the catalyst. The Pt-support 

interaction is physically exhibited as the bonding formation and transfer of charge 

density at the Pt|support interface. The bonding formation alters the geometric 

structure of Pt via epitaxial growth of Pt. The transfer of charge density alters the 

value of Pt  via shifting the Fermi energy of Pt. Therefore, the scope of studies 

on Pt/support systems in this work included the investigation on Pt-support 
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binding energy and charge density distribution at the Pt|support interface, as 

shown in Figure 1.3. 

The binding energy between catalyst nanoparticles and support, known as 

work of adhesion, is determined by the surface energy of the support and of the 

catalyst 
 
as well as by catalyst-support interfacisal energy contributions [72]. At 

the atomic scale, due to the lattice mismatch between atom arrangements of the 

catalyst and of the support, the Pt growth mode is strongly influenced by the Pt-

support binding energy [73].  

Upon establishing bonds between Pt and support, the hybridization of 

electronic orbitals of Pt and the support material drives electrons to transfer from 

the side with a lower work function to the one with a higher work function. The 

charge transfer between support and Pt modifies the Pt
 
by shifting the Fermi 

energy of Pt to the equilibrium Fermi energy of the Pt/support system [74, 75]. 

Support materials are catalytically inactive, which means that the 

adsorbates bind stronger on the surface of the catalyst than support. Therefore, 

the diffusion of adsorbates from the surface of the catalyst onto the support is 

energetically unfavoured. However, this diffusion energy barrier can be lowered 

upon the catalyst-support interaction and the increasing coverage of adsorbates 

on catalyst surface [76]. The “spillover effect” is specially coined to describe the 

phenomenon that adsorbates diffuse from the surface of catalyst to support.  . 
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1.5 Adsorbate Spillover from Catalyst to Support 

The spillover phenomenon is observed on many surface reactions on 

supported catalyst nanoparticle systems, such as H2, O2, CO, and NO on Pt, Pd, 

Ru, Ph, Ni and Cu, on metal oxide support. [77, 78, 79, 80, 81, 82, 83].  

In electrocatalytic reactions, the measured electrode activity includes both 

the evolution of the adsorbate on the surface of catalyst and support. In 1940, 

Emmett applied the concept of spillover to explain the increasing rate of NH3 

synthesis or decomposition with decreasing catalyst particle size [84]. Recent 

experimental studies on catalytic reactions with spillover and reverse spillover 

effects on supported catalyst nanoparticle arrays revealed the impact of the 

exposed support surface area on the reactivity [85, 86]. Rossmeisl and Bessler 

[87] suggested that the variation of electrocatalytic activity on a metal/zirconia 

electrode is correlated to the spillover of oxygen intermediates. Therefore, for 

heterogeneous catalytic reactions that involve spillover and reverse spillover 

effects, both the geometrical arrangement of catalyst nanoparticles on the 

support and intrinsic catalytic properties of nanoparticles should be accounted for 

[88, 89].   

In view of the ability to design new catalyst systems, theoretical studies on 

Pt/support systems need to address both chemical and physical properties of Pt 

nanoparticles and the role of the support material. However, the intrinsic activity 

of Pt nanoparticles is governed by an interplay of effects of surface heterogeneity 

of catalyst nanoparticles, the support-catalyst interaction, and the spillover of 

adsorbates, which are difficult to be disentangled. The strategy of this work, 
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therefore, is to perform a systemic study on atomic model of free Pt nanoparticles, 

atomic model of Pt/MxOy bilayer systems, and a kinetic model of the HER at an 

array of Au-supported catalyst nanoparticles, as shown in Figure 1.3 and 

discussed in the section that follows. 

1.6 Scope and Strategy 

The investigation on the geometric and electronic structure of Pt/support 

systems focuses on three parts, the bulk phase of support, Pt|support interface 

and Pt catalyst, as illustrated in Figure 1.3.  

Size and shape are the main parameters that define the geometric structure 

of a Pt nanoparticle. The distribution of particle shapes in a range of sizes is 

determined by cohesive energies of particles. Intrinsic ORR activities of Pt 

particles with various shapes and sizes depend on the behaviour of adsorbed 

surface oxygen species.  As a starting point, this thesis presents an atomic 

model of free Pt nanoparticles with various sizes and shapes in the absence of a 

support material. The thermal stability of Pt nanoparticles is explored by 

comparing their cohesive energies. A single oxygen atom is used as a probe to 

investigate the chemisorption behaviour of Pt nanoparticles [90]. 

The thermal stability and electronic conductivity of a support material is 

related to its formation energy and the electronic structure, respectively. The 

second stage of this work focused on the effect of the support on the 

chemisorption behaviour of Pt catalyst. The physical and chemical properties of 

the support and of the Pt|support interface are explored by studying Pt/NbxOy 

bilayer systems [91]. 
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In the case that adsorbates spillover from catalyst to support, the exposed 

surface area of the support contributes to the apparent catalytic activity. The 

coverage and distribution of adsorbates on the support surface depends on the 

geometrical arrangement of catalyst particles. In order to study effects of catalyst 

packing density on the coverage of adsorbate on the support surface and the 

overall turnover rate of the reaction, a kinetic model of nanoparticle array/support 

systems is established and the effect of nanoparticle arrangement on the current 

density of HER is studied [92].  

The modelling approaches, employed in this work to rationalize chemical 

and physical properties of catalysts/support systems, involve self-consistent ab 

initio computer simulations based on density functional theory (DFT) and a mean 

field approach employing a Wigner-Seitz Cellular Method . Theoretical 

background and computational methods of these approaches are introduced in 

the chapter that follows. 
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2. THEORY AND APPROACHES 

The electronic structure of a material, determining physical and chemical 

properties, can be simulated by „ab initio‟ quantum mechanical calculations. For a 

system with N  electrons, the force experienced by each electron is determined 

by the Pauli principle, electron-electron repulsion and electron-nuclei interactions. 

The electronic equation-of-motion depends on 3 N  degrees of freedom and, 

therefore, it is very difficult to be calculated exactly for 3N   at a realistic time 

scale. Density functional theory (DFT) successfully describes an interacting 

electronic system by the density of electrons, which only depends on three 

variables – the spatial coordinates x , y ,  and z . 

This chapter briefly introduces the basics of the DFT approach [93], the 

super-cell approach employed [ 94 ], and the calculation methods that were 

applied to determine the energy level of electrons in the material.  

2.1 Density Functional Theory 

For a system of N  interacting electrons at positions 
i

r  and M  nuclei at 

position IR , the exact ground state energy can be obtained as the solution of the 

Schrödinger equation [95], 

         Ĥ , ,i I i Ir R E r R                            2.1 

with the Hamiltonian operator, Ĥ , given by  
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2.2
 

where e
m  and I

m  are the mass of electrons and nuclei. I
Z  is the charge of nuclei. 

Here, the first two terms represent the kinetic energy operator of electrons and 

nuclei respectively. The last three terms are the potential operators for nucleus-

electron, electron-electron and nucleus-nucleus interactions. 

Unfortunately, the operator for nucleus-electron interaction energies is a 

function of 
i

r  and IR , which prevents us from separating Hamiltonian into 

electronic and nuclear parts. Since the mass of nuclei are much larger than the 

electrons, the velocities of nuclei are much smaller. Thus, electrons rapidly relax 

to the ground-state configuration for a given configuration of the nuclei. In other 

words, this implies that electrons can follow the motion of nuclei instantaneously. 

This principle, which is known as the Born-Oppenheimer approximation, 

decouples the electronic problem from the nuclear problem in Eq. 2.2 [96]. 

2.1.1 Born-Oppenheimer Approximation 

Within the Born-Oppenheimer approximation, nuclei are regarded as fixed 

charges acting as an external potential. Therefore, the wave function of electrons 

is simplified to a function of the set of electron coordinates,  ir   [94] 

       ,i I ir R r                                    2.3 

http://www.tcm.phy.cam.ac.uk/~pdh1001/thesis/node12.html#eq:hamilton
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where   is the wave function of the nuclei. The electronic wavefucntion,   ir , 

satisfies the time-independent Schrödinger equation for the electrons for a fixed 

configuration of nuclei, 

     Ĥ i iel el
r E r  

                              
 2.4 

The Hamiltonian operator for electrons, Ĥ
el , is written as 

2

el

1 1 1 1

1 1 1
Ĥ

2 2

N M N N N

I

i

i I i i i je i I i j

Z

m r R r r    

    
 

  
             

2.5
 

Applying the ground state electronic energy el
E  as a potential energy surface for 

the nuclei, the wavefunction of nuclei,   Inucl
R , obeys a simplified 

Schrödinger equation in the form of 

     2

1

1 1

2 2

M M M
I J

I II el nucl nucl

I I J II I J

Z Z
E R E R

m R R 

 
         

 
           

2.6

 

Therefore, the solution of Eq.2.6 gives the total energy of system. 

Unfortunately, the general solution of Eq. 2.5 cannot be found in neither analytic 

nor numerical form. Therefore, Hohenberg-Kohn theorems relate the electron 

density and the position of nuclei by an external potential generated by positive 

ions [94]. 

2.1.2 The Hohenberg-Kohn Theorems 

Introduced in 1964 by Hohenberg and Kohn [94], the HK theorem is based 

on two statements: 
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1. The ground electron density 0
( )n r  of an N  electron system uniquely 

determines the external potential, 
ext

V̂  .  

The Hamiltonian of the system at ground state, is therefore, 

el ee ext
ˆ ˆ ˆ ˆH = T+ V + V

                                      
 2.7 

where T̂ and 
ee

V̂  are the kinetic energy and electron-electron interaction energy 

operators. 
 

2. The variation principle: the electron density that gives ground state energy, 

0
E , the minimum total energy, is 0

( )n r .  

According to the conventional normalisation,  0
n r  is given by ground-

state wavefunction, 0
  

 0 0 0
n r                                         2.8

 

Thus, 0
  and  0

n r  are functions of N and I
R . For a given ionic configuration, 

DFT allows us to search for  0
n r , which determines the electronic properties of 

the system, such as the density of state (DOS) and the charge density 

distribution [97]. The practical instruction for performing calculations based on 

DFT is provided by the Kohn-Sham scheme [94]. 

2.1.3 Kohn-Sham Scheme 

Based on the variational principle, 0
E  is determined by the ground state 

wavefunction  
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0 0 el 0
ĤE   

                                          
2.9 

where the Hamilton operator defined in Eq. 2.5 is for system with N interacting 

electrons. 

Kohn and Sham [98] introduced a system of non-interacting electrons with 

wavefunction, ( )
i

r , in an effective potential, 
eff

V̂ , to replace the many body 

problem of fully interacting electrons. The non-interacting system possesses the 

same  0
n r  as the interacting system 

2

0
( ) ( )

N

i

i

n r r                                        2.10 

 
The Hamiltonian is thus built as the sum of kinetic and effective potential energy 

of non-interacting particles, 
s

T̂ , and 
eff

V̂ ,  

el s eff
ˆ ˆ ˆH = T + V                                           2.11 

where 

2

s

1

1
T̂

2

N

i

ie
m 

                                          2.12 

Substituting Eq. 2.10 and Eq. 2.11 into Eq. 2.5, gives 

eff Hartree ext xc
ˆ ˆ ˆ ˆV V V V                                     2.13 

where 
Hartree

V̂  is the contribution of the classic Coulomb interaction 

1 2

Hartree 1 2

1 2

( ) ( )1
V̂ [ ]

2

n r n r
n dr dr

r r



                              

 2.14 

and 
xc

V̂  accounts for all energy contributions due to replacing the interacting 

electrons by non-interacting electrons 
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xc

xc

[ ]
V̂ [ ]

E n
n

n




                                        2.15 

The requirement of the minimization of the energy with respect to a 

change in the wavefunction leads to a set of single-particle equations known as 

the Kohn-Sham equations,  

2

s Hartree ext xc

1ˆ ˆ ˆ ˆH ( V V V )
2

i i i i
                               2.16 

This set of equations needs to be solved self-consistently, since the Hamiltonian 

is a functional of wavefunctions and the wavefunctions themselves are the 

solution of the Hamiltonian. A calculation loop starts with an approximate density, 

 'n r , constructs the 
eff

V̂  by Eq. 2.12. and solves Eq. 2.16 to obtain '
i

 . Next, a 

new electron density ''( )n r  can be generated by substituting '
i

 in Eq. 2.15. If 

''( ) '( )n r n r , the next iteration of calculations starts again from Eq. 2.12 with the new 

electron density ''( )n r . This procedure is repeated until the change of el
E  is less 

than 0.01%. 

2.1.4 Exchange Correlation Energy 

The most common approach to calculate xc
V̂  in Eq. 2.14, is the local 

density approximation (LDA) [99, 100]. In the LDA, the nonuniform electron 

density is replaced with an electron density with uniform distribution. The 

expression for exchange and correlation energies based on the LDA is [101] 

LDA 3

xc xc
( ( ))E n r dr                                         2.17 
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Here, xc
( )n is the exchange-correlation energy per particle of a uniform electron 

gas with the electron density, ( )n r . The function xc
( )n  is further split into 

exchange and correlation contributions, 

xc x c
( ) ( ) ( )n n n                                          2.18 

where the exchange part, x
( )n  , was originally derived by Bloch and Dirac [94] 

3
x

3 3 ( )
( )

4

n r
n


 

                                     
2.19 

No explicit expression is known for the correlation part, c
 .  

LDA is exact for a uniform system and it is valid for systems with slowly 

varying electron density. However, in most cases, the cohesive energies of solids 

are systematically overestimated, while lattice constants are systematically 

underestimated by applying LDA [102]. Errors in the structural properties are 

usually small for crystals with covalent or metallic bonds, but it is found that 

hydrogen bonded systems cannot be described accurately within LDA [103].  

In order to account for the energy change by neglecting the non-

homogeneity of the true electron density, the generalized gradient approximation 

(GGA) was developed which represents a significant improvement over the LDA 

by including the dependence on the spatial variance of the electron density, 

( )n r  

GGA GGA 3

xc xc
( ( ), ( ))E n r n r dr                                   

2.20
 

 A number of different functionals have been proposed to describe ( )n r , such 

as BLYP[104], PBE[105], PW91[106]. 
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The computational time required to solve Kohn-Sham equation, Eq. 2.15, 

is proportional to 3

tot
N , where 

tot
N  is the total number of atoms. For a 

macroscopic sample, 
tot

N  is of the order of 1023. Thus, the super-cell approach is 

introduced to reduce the computational time by simplifying the system to a unit 

cell with periodic boundary conditions.  

2.2 Super-Cell Approach 

The atoms in a perfect crystal are arranged in a regular periodic array. 

Thus the crystal can be divided into number of periodically arranged identical 

regions, unit cells. Positions of atoms included in the unit cell, and the periodicity 

of the unit cell describe the position of all atoms in the crystal [94]. 

2.2.1 Bravais Lattice and Unit Cells 

A Bravais lattice provides the position vectors R  of an infinite array of 

discrete points on a regular lattice in the form of [94] 

1 1 2 2 3 3
R n a n a n a  

                                 
 2.21 

where 1
a , 2

a  and 3
a are three vectors not all in the same plane, and 1

n , 2
n , and 

3
n  range through all integral values. Figure 2.1 illustrates a simple cubic three-

dimensional Bravais lattice [94]. 

To view the relation of Bravais lattice and its reciprocal lattice, a set of the 

points with vectors K  is defined to satisfy the following equation 

1iK Re                                              2.22 
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According to the definition of R  in Eq. 2.21, K can be written as a linear 

combination of reciprocal lattice vectors, 1
b , 2

b  and 3
b , 

1 1 2 2 3 3
K n b n b n b                                   2.23 

where 
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Figure 2.1: A simple cubic three-dimensional Bravais lattice with vectors, 1
a , 2

a , and 3
a . 

A volume of space that contains only one lattice point, P , is called the 

primitive cell. In other words, when the primitive cell is translated through all the 

vectors in a Bravais lattice, no overlapping or void area should be observed. One 

can choose different primitive cells according to the symmetry of the Bravais 

lattice, as indicated in Figure 2.2. The most common choice is the Wigner-Seitz 

cell. The distance, between an arbitrary point, a
P  , and P

 
within the same 

region of the Wigner-Seitz cell, is shorter distance from a
P  to any other lattice 

point out of the Wigner-Seitz cell, 'P  . One can construct the Wigner-Seitz cell by 



 

28 

 

connecting the points, ( 1...6)
i

w i   in Figure 2.2, which have equal distances to 

the nearest lattice points.  The shaded hexagonal area in Figure 2.2 shows the 

Wigner-Seitz cell for a two-dimensional hexagonal Bravais lattice. The unit cell 

could contain more than one primitive cell. Figure 2.2 indicates a 2x2 unit cell 

with vectors '

1
a and '

2
a . 

 

Figure 2.2: Wigner-Seitz cell (shade area) and two dimension primitive cell with vectors 
1

a  and  

2
a  as well as a 2x2 unit cell with vectors 

1
'a  and 

2
'a .

 

Since all ions in the crystal are arranged periodically, the external potential, 

U , produced by ions is also periodic. Bloch‟s theorem expresses the 

wavefunction of all electrons in a crystal in terms of wavefunctions of electrons in 

the unit cell with reciprocal space vectors of a Bravais lattice. 

2.2.2 Bloch’s Theorem 

Due to the periodicity of a crystal, ( ) ( )U r R U r  is true for all R in a 

Bravais lattice. Therefore, the Hamiltonian of the system can be written as [94] 

2

2
Ĥ ( U( ))

2
r

m
                                   2.25 
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where U( ) U( )r R r  for all lattice vectors R . 

 Bloch‟s theorem states that i
  in Eq. 2.15 can be chosen to have the form 

of a plane wave times a function with the periodicity of the Bravais lattice, 

( ) ( )
ik r

i
r e u r 

                                     
2.26 

An alternative form of Bloch‟s theorem is that the eigenstates, k
( )

n
r R  , 

of 
s

Ĥ  can be chosen so that associated with each i
  is a wave vector k  with  

k
( ) ( )

ik R

n i
r R e r  

                                  
2.27 

With this new notation of the wave function, the single-particle Kohn-Sham 

Eq. 2.14 is given by 

2

nk nk Hartree ext xc nk nk nk

1
Ĥ ( V V V )

2
                        2.28 

The wave vector, or k , appearing in Bloch‟s theorem is confined to the first 

Brillouin zone, defined by the reciprocal lattice of a primitive cell, since any  'k  

not in the first Brillouin zone can be written as 'k k K  .  

By applying Bloch‟s theorem to the problem of dealing with an infinite 

number of electrons in a crystal is transformed into a set of wave functions, which 

consist a plane wave times a periodic function. Because for a given k  there are 

many solution to the Schrödinger equation, we can assign the index n  to label 

an infinite family of solutions with discretely spaced eigenvalues. Therefore, the 

quantities like electronic kinetic energy or charge density are transformed into 

integrals over the k-points in the first Brillouin zone. 
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2.2.3 Special K-Points 

Choosing a sufficiently dense mesh of integration points is crucial for the 

accuracy of the results, therefore enough k-points in reciprocal space have to be 

chosen to span the irreducible part of the Brillouin zone.  

For nanocluster studies, the vacuum space is inserted in all three 

dimensions. Since there is no electron dispersion along the direction 

perpendicular to the surface, the Brillouin zone reduces to a single k-point in this 

direction. Therefore,   point (0,0,0) alone is should be considered for the 

summation over the Brillouin zone [107]. 

2.3 Calculation Methods 

Based mainly on the symmetry of the Wigner-Seitz cell, the entire crystal 

volume is filled up with identical polyhedra, with the positively charged metal ion 

at the centre [108]. Since polyhedra are electro neutral, the interactions between 

them are initially neglected. Thus, the potential of ions in the crystal is calculated 

by the Wigner-Seitz cellular method. 

2.3.1 The Wigner-Seitz Cellular Method 

The potential field of the ion is assumed to be zero at the boundaries of 

the Wigner-Seitz Cell due to the symmetry of cell. The wavefunction in Eq. 2.27 

requires the boundary condition [109] 

nk 0

Sr r
r





 
 

 
                                      

2.29 
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where S
r is the radius of a sphere. Wigner and Seitz gave an accurate estimation 

of U( )r by the solution of the one-electron radial Schrödinger equation for 0k   

[108]. 

 2

2 2

1 2
( ) ( ) 0

m
r V r r

r r r
 

   
    

   
                   2.30 

Since the actual potential change at the boundary of the Wigner-Seitz 

cells are smoother than assumed in cellular calculations, as shown in Figure 2.3 

[94]. Therefore, a “muffin-tin” potential is taken to represent an isolated ion within 

a sphere with a specific radius 0
r  (small enough that the spheres do not overlap) 

about each lattice point, and taken to be constant value elsewhere. 

In the core or atomic region,
0

r R r  , the muffin-tin potential is defined 

as 

( ) ( )U r V r R                                      2.31 

while in the interstitial region, 
0

r R r  , the relation 0
( ) ( )U r V r C 

 
is used. 

In order to compute the energy bands in a muffin-tin potential, one needs 

to solve the Kohn-Sham equation, Eq. 2.30, for every state n  and k-point. One of 

the approaches is Augmented Plane Wave (APW) method [94]. 

 



 

32 

 

 
Figure 2.3: Schematic plot of potential calculated by single particle wave function, cellular 

method, Muffin-tin potential and actual crystal potential. [94] 

2.3.2 The Augmented Plane Wave Method 

In the APW method, the wave function nk
 is represented as a 

superposition of a finite number of plane waves by expanding nk
 in a set of 

augmented plane waves. 

,
( ) ( )

nk nk k

n

r c r                                     2.32 

where 
,

( )
ik r

k
r e   is an APW that is continuous at the boundary between atomic 

and interstitial regions and nk
c  is the expansion coefficient. 

The main advantage of the APW method is the simplicity and high 

efficiency.  For any reciprocal lattice vector K  the ,k   satisfies the Bloch 

condition  
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( )( ) n k K r

nk nk

K

r c e                                        2.33 

where the sum is over reciprocal lattice vectors. By taking the energy of the APW 

to be the actual energy of Bloch energy levels, nk
  satisfies the Schrödinger 

equation in the atomic regions. In practice, a large number of APW‟s can be used 

until a good convergence has been achieved. The numbers of plane waves are 

determined by the so-called cut-off energy, cut
E , defined as the kinetic energy of 

the largest frequency or longest K  in the expansion at each k . 

21

2
cut

k K E                                           2.34 

2.3.3 Pseudopotential 

The potential energies increase steeply by approaching to the core region 

of ions, as shown in Figure 2.3. Therefore, electrons at the core level are strongly 

localised and their wavefunctions are difficult to represent computationally. It is 

therefore convenient to attempt to replace the strong Coulomb potential and core 

electrons by an effective pseudopotential, which is much weaker, and replace the 

valence electron wavefunctions, which oscillate rapidly in the core region, by 

pseudo-wave-functions, which vary smoothly in the core region [110]. 

An example of a pseudo potential for a palladium atom is shown in the 

Figure 2.4 [111].The valence configuration of Pd is 5s14d9. The ionic pseudo 

potential consists of a Coulomb attraction of valence electrons, a short-range part 

representing the effect of the orthogonalization of the valence eigenfunction to 

the core ones, the effect of the integration of the valence electron with the 
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electrostatic potential of the core charge and the effect of the exchange-

correlation between valence and core eigenfunctions [112]. 

 

 
Figure 2.4: A pseudo potential of s-, p- and d- electrons of Pd [111]. 

2.4 Computational Details 

The ab initio calculations based on DFT in this work used the Vienna Ab 

initio Software Package (VASP) developed at the University of Vienna by Kresse 

and co-workers [113, 114, 115, 116].  

GGA through the Perdew–Wang 91 (PW91) [117, 118] and APW [119, 

120] were employed for all calculations to describe the exchange-correlation 

energy and the electron–ion interaction, respectively. The ionic cores are 

represented by Kohn-Sham one-electron wave functions, which are expanded in 

a plane wave basis set with the kinetic energy cut-off, cut
E , set to be 250 eV for 

calculations of clean Pt nanoparticles and 400 eV for systems contains oxygen 

atoms.  
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A supercell approach with periodic boundary conditions is employed 

formodels of nanoparticles and Pt/NbxOy bilayer systems. For the study on free 

Pt nanoparticles, the unit cell is chosen as one Pt nanoparticle with the vacuum 

distance of 25 Å in all three dimensions. Only   point sampling of the Brillouin 

zone is considered in nanoparticle calculations.  

For studies on Pt/NbxOy bilayer systems, a Monkhorst–Pack 9x9x1 k-

points mesh in the Brillouin zone is considered. In order to choose the model 

systems that can represent energetic and structural properties with good 

accuracy while the time consumption is in a reasonable range, several 

benchmark calculations have been performed. The difference in total energy per 

atom between slabs with four and five monolayers of NbxOy was 1.2 meV. In 

going from four to five layers of NbxOy, the difference in total density of state 

(DOS) per surface atom at the Fermi level is less than 3%. Increasing the width 

of the vacuum layer from 15Å to 25 Å caused the total energy per atom to 

decrease by 0.8 meV. The thickness of the vacuum layer does not exert any 

significant influence on the electronic structure of NbxOy. Calculated total energy 

and the DOS at the Fermi level per atom increased by 1.5% and 2.4%, 

respectively, when the size of the unit cell increased from 1x1 to 2x2. However, 

the computational time increased by about a factor 10 for the 2x2 unit cell. Based 

on these benchmark calculations, four monolayers of NbxOy with a 1x1 unit cell 

and a vacuum layer thickness of 15Å between periodically repeated NbxOy slabs 

were chosen. The Methfessel-Paxton function is employed to obtain the 

electronic structure of all systems [121]. 

http://www.sciencedirect.com.proxy.lib.sfu.ca/science?_ob=MathURL&_method=retrieve&_udi=B6TWC-4W02H83-1&_mathId=mml91&_user=955653&_cdi=5559&_rdoc=1&_acct=C000049301&_version=1&_userid=955653&md5=e2c1dc1f835b1201d9e2b5efc7c49edb
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A mean field approach based on the Wigner-Seitz cellular method was 

employed for studying the effect of hydrogen spillover on the catalytic activity of 

HER.  
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3. STRUCTURE AND ENERGETICS OF FREE 
NANOPARTICLES 

In this section, an atomic model of free Pt nanoparticles with various 

shapes and sizes up to 2nm (<200 atoms) is presented. The dependency of 

/S V  and cohesive energy on the geometrical structure of particles is 

investigated in order to address effects of nanoparticle shape and size on surface 

area and thermal stability of nanoparticles.   

3.1 Geometric Structure of Nanoparticles 

3.1.1 Size and Morphology of Nanoparticles 

 Two essential factors in maintaining stable catalytic activity are the shape 

and size distribution of the particles. Experimental studies have explored Pt 

nanoparticles with different shapes and sizes [122, 123, 124, 125, 126]. UV−vis 

absorption spectroscopy and transmission electron microscopy (TEM) studies on 

Pt nanoparticles in colloidal solutions pointed out that not only the particle size 

but also the shapes of particles depend on the precursors used during fabrication 

[127].  

Figure 3.1 represents the TEM studies by Susut et al on the shapes and 

size distribution of Pt particles. With the mean size of particles decreasing from 

10nm to 3nm, the shape of particles is seen to change from predominantly cubic 

to octahedral, tetrahedral and cuboctahedral [126].   
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Figure 3.1: TEM images of particle shape and particle size distributions of Pt particles in (A) 

cubic and (B) octahedral configuration at size range of 5–7 nm [126]. Copyright (2008), with 

permission from Elsevier. 

The size and shape of particles determine the atom arrangement at their 

surface, which essentially affects the electronic structure of particles [128, 129, 

130, 131, 132,133]. Experimentally observed effects in stability and catalytic 

behaviour of catalyst particles is determined by their electronic structure, as 

discussed in section 4.1. Therefore, an atomic model of free Pt nanoparticles 

with various shapes and sizes can be established as a starting point to 

investigate the correlation between geometric structure and the chemical 

behaviour of nanoparticles. 

3.1.2 Model Calculations for Free Nanoparticles 

At low temperatures, nanoparticles take shape in the morphologies that 

minimize their free energy. On the basis of geometric considerations, one can 
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find sequences of high symmetry structures in different size ranges. Platinum has 

a face-centred cubic (fcc) crystal structure. The symmetrical cutting of a cluster 

from a bulk fcc crystal results in polyhedral structures, i.e. tetrahedral, cubic, 

octahedral and icosahedral, depending on the cutting angle. Cutting the vertices 

of polyhedron particles yields truncated polyhedron structures. Hemispherical 

octahedron, cuboctahedron, hemispherical cuboctahedron and truncated 

cuboctahedrons are the commonly observed truncated structures for Pt 

nanoparticles [ 134 , 135 , 136 , 137 , 138 ]. Based on the Wulff construction, 

truncated polyhedral Pt particles with large portion of Pt(111) facets is 

energetically favoured [139]. 

Facetted-type stable shapes of free Pt nanoparticles that considered in this 

study in the size range up to around 2 nm are shown in Figure 3.2.  

 
Figure 3.2: The atomic model of free Pt nanoparticles with various shapes.  

 (Reprinted with permission from J. Phys. Chem. C, 2009, 113(42), 17989-17996. Copyright 2009 

American Chemical Society.) 
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3.1.3 Surface to Volume Atom Ratio 

For large “spherical-like” particles, the ratio /S V
 
is proportional to 1 3

N
 . 

The validity of this proportionality is evaluated for the particles with the shapes in 

Figure 3.2 and with atom numbers in the range of 200N  . The plot of S  
as a 

function of N  is shown in Figure 3.3. The dotted lines in this figure correspond to 

the equation  

-1/3

s w N                                             3.1 

where the parameters w  and   could attain different values for different particle 

shapes. The tetrahedral structure, enclosed by four Pt(111) facets, has the 

highest value of /S V . The discrepancy in /S V  is about 15-20% between 

tetrahedral and cuboctahedral particles, corresponding to the highest and lowest 

values, respectively. In general, more non-spherical shapes of nanoparticles 

correspond to larger values of /S V . We find reasonable agreement of the values 

of /S V
 
with Eq. 3.1 for 20N   for most of the considered particle shapes. For 

20N  , Eq. 3.1 becomes inapplicable, since in this size range most 

nanoparticles consist essentially only of one shell, with atoms located 

predominantly at the surface.  

The variation in /S V , seen in Figure 3.3, suggests that shape-control 

could be a significant factor for the mass activity of Pt nanoparticles. Surfaces of 

small, non-spherical nanoparticles possess, however, large fractions of under 

coordinated corner and edge atoms, rendering them physically unstable and 

highly chemical active, including a high propensity for dissolution.  
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Figure 3.3: Surface atom ratio /S V  over total number of atoms, N , for various particle shapes 

(as indicated in Figure 3.2) and sizes. (Reprinted with permission from J. Phys. Chem. C, 2009, 

113(42), 17989-17996. Copyright 2009 American Chemical Society.) 

3.2 Stability 

3.2.1 Cohesive Energy 

In general, the cohesive energy, , the energy required to separate a 

particle into discrete atoms, affects the thermal stability and hence the melting 

temperature. In vacuum,  of a free cluster with total number of atoms, N , 

can be written in the form [140, 141] 

                                     3.2 

where the first term with coefficient a  represents the energy contribution from 

volume interactions of the particle. The remaining three terms with coefficients, 

b , c  ,and d , represent the energy contribution from facets, edges and vertices 

cohE

cohE

coh

2/3 1/3
E aN bN cN d   
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respectively. Theoretical and experimental studies have shown that the Pt(111) 

surface exhibits lower surface energy compared to (100) and (110) planes [142]. 

Higher Miller index Pt surfaces with higher densities of edges, steps and kinks, 

were found thermodynamically less stable. Therefore, Pt particles with quasi-

spherical shape and close-packed (111) facets give the largest value of coh
E  by 

lowering  and surface energies. For clusters with few atoms, the contribution 

of edges and vertices to 
coh

E  is determined by the morphology of clusters. 

However, for particles >10 atoms, 
coh

E  is determined by size and  of 

particles. 

Although several theoretical calculations have explored the importance of 

coh
E in understanding particle stability, few experimental results have 

investigated in this area due to difficulties in making quantitative and direct 

measurements [143, 144, 145]. Indirect measurements that are commonly used 

for evaluating the free energy of particles with various sizes at thermodynamic 

equilibrium involve vapour pressure in capillaries, evaporation rates, particle 

nucleation and melting point depression [ 146 , 147 , 148 , 149 , 150 ]. The 

theoretical approach that describes the chemical potential per metal atom in a 

particle with the particle radius, r ,  relative to the chemical potential   
 
in the 

bulk metal, is the Gibbs-Thompson relation 

or                      3.3 

S/V

S/V

2
( ) ( )r

r


 


  

2
( ) ( )r

r
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where r  is the surface tension and 
 
is the density of the bulk metal [151, 152]. 

The Gibbs-Thompson relation is widely used in current models of particle growth 

and sintering by assuming constant r
 
and   for various sizes of particles [153, 

154]. However, Campbell et al [155] reported that the Gibbs-Thompson relation 

overestimates the free energy of Pd particles with radius of 1nm or lower by 

~60kJ/mol.  

Unlike Pt atoms in the bulk phase, which are fully-coordinated with 12 

neighbouring atoms; Pt atoms on the surfaces, edges or corners are under-

coordinated. Large fractions of corner and edge atoms on the small, non-

spherical nanoparticles result in a low average coordination number, which 

increases the surface energy of particles. The contribution of surface energy to 

the total energy increases as particle size decreases.   

3.2.2 Evaluation of Gibbs-Thompson Relation for Nanoparticles 

From optimization calculations, the cohesive energy of Pt nanoparticles with 

the shapes shown in Figure 3.2 is obtained by dividing the total energy of the 

optimized particle conformation by N ,  

  gas

coh tot totE E N E                                       3.4  

where the total energy of one Pt atom in the gas phase gas

totE
 
serves as a 

reference.  

Lin et al [ 156 ] tested the relation between 
cohE  and 1 3

N


 for Pt 

nanoparticles with less than 25 atoms. Although their data could be represented 

reasonably well by a linear relation, the considered particle sizes were too small 
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for a meaningful extrapolation to the bulk limit. Figure 3.4 depicts the calculated 

cohE  as a function of 1 3
N

  for particles with up to 92N    atoms, which include 

particles introduced Figure 3.2 and data from the work of Lin et al [156]. Two 

regions are identified in Figure 3.4 with a transition occurring at 9N  , 

 coh

 eV  eV  for 

 eV  eV  for 

1 3

1 3

6.64 6.61 9

5.83 4.93 9

N N
E N

N N





   
 

  
.                 3.5 

In the range of 9N  , 
cohE  scales linearly with the relative portion of surface 

atoms, i.e., with 1 3
N

 . It is interesting to note that the purported scaling of 

cohesive energy with the specific nanoparticle surface area extends to clusters 

with as few as 9 atoms, which corresponds to a size of ~  Å7 . 

Since the density of Pt over the considered range of particle sizes changes by 

<1%, it is reasonable to assume for simplicity that the density is independent of 

particle size. Therefore, we obtain the following relation 

 

   

1
1

3
3

2 3

4
2

3
r N

  
      

 
                            3.6 

We, furthermore, assume that entropy contributions to free energy due to 

vibrations of atoms in the nanoparticle are small and change very little with 

particle size. Under these assumptions, we expect the relation  coh
E r   to be 

valid for the range of particle sizes, for which the spherical particle approximation 

applies. In a plot of 
cohE  vs. 1 3

N


, the intersect with the ordinate ( N  ) is 
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expected to give the bulk value of the chemical potential of the metal,    , and 

the slope should correspond to 
2 3




.  

 

Figure 3.4: Average cohesive energy per atom vs. 
1/3N for Pt nanoparticles with less than 150 

atoms and various morphologies shown in Figure 3.2. (Reprinted with permission from J. Phys. 

Chem. C, 2009, 113(42), 17989-17996. Copyright 2009 American Chemical Society.) 

Extrapolation of cohE  in Eq. 3.6 to N   provides an estimate of the 

bulk cohesive energy,  coh  eV5.83E N   , which is close to the value of 

 eV
coh

6.04E   for a five layer Pt(111) slab calculated by using the same method. 

The value  coh  eV5.83E N    agrees, moreover, surprisingly well with the 

experimental value for the cohesive energy of bulk Pt,  exp  eV5.85    [157]. 

Overall, these comparisons confirm that these results are meaningful and can 

predict relations between particle stability and particle size with reasonable 

accuracy. 
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 In the phenomenological theory of Ostwald ripening, the radius 

dependence of the chemical potential, cf. Eq. 3.5 is the driving force of the 

ripening process [158]. This theory is applied in the modeling of degradation 

phenomena in PEFC catalyst layers, for which the dissolution of Pt nanoparticles 

and the associated loss of electrochemically active surface area is a major cause 

of performance degradation [143]. The precise knowledge of the dependence of 

cohE  on particle size or atom number, provided by Eq. 3.6, is of vital importance 

in this context.  

From the slope of the graph and with the calculated bulk density of Pt, 

22 -3ρ 10 cm6.49   we obtained an estimate of the surface tension, -2

np  J m  4.0 , 

which agrees reasonably well with the experimental value for the surface tension 

of Pt in vacuo,  -2

Pt  J m3.2   [159]. These findings suggest that metallic bonding, 

mediated by delocalized electrons, persists down to the sizes of these small 

metal clusters. For 9N   the data of Lin et al still provide a reasonable linear fit, 

but it is evident that the bonding mechanism deviates from metallic bonding.  

The dependence shown in Figure 3.4 seems to be insensitive to the 

particle shape. At a given N , variations in 
cohE  for different particle 

morphologies are less than 0.07 eV . In particular, the significantly enhanced 

value /S V
 
for tetrahedral particles does not translate into a noticeable effect in 

cohE . This shape degeneracy indicates that one should expect a statistical 

distribution of shapes and, moreover, it suggests that small excitations could 

suffice to incur shape fluctuations in any given narrow interval of N  [160]. 
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The variation of 
cohE

 
with N  implies, as a general trend, a drift in 

statistical particle size distributions towards larger sizes. However, particle 

growth is a kinetic phenomenon. In the reactive environment of a fuel cell it 

involves (electro)chemical Pt particle dissolution and growth processes (Ostwald 

ripening), which depend on the applied electrode potential and on surface oxide 

formation (Pt-O and Pt-OH) [161]. Energetic and kinetics of these interfacial 

phenomena are affected by the properties of the catalyst support material and by 

the surrounding electrolyte. Although the trend that we found in the cohesive 

energy is an important factor in studying the stability of particles with various 

shapes, it is not sufficient to predict the changes in particle size distributions and 

corresponding electrochemically active surface area in operational catalyst layers.  

3.3 Effect of Geometric Parameters on the Cohesive Energy 

The changes of inter-atomic distances are quantified by the lattice strain, 

np cryst

cryst

a a

a



 , where npa  is the Pt-Pt bond length in the nanoparticle and  crysta

 

is the Pt-Pt bond length of the extended crystal, respectively [ 162 , 163 ].  

Coordinative undersaturation of surface atoms causes a strong dependence of   

on particle size and shape. Both the coordination number and the lattice strain in 

a nanoparticle will be functions of atom position in the particle. In order to identify 

general trends of variations in particle size and shape, we evaluate these effects 

using effective coordination number, z , and lattice strain,  , which are obtained 

as averages over all Pt atoms and all Pt-Pt bonds in the particle, respectively.    
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Figure 3.5 shows experimental data [164] of   as a function of particle size 

for a range of 3 – 30 nm. The black solid line in Figure 3.5 depicts the lattice 

strain obtained from a simple thermodynamic model that assumes particles with 

spherical shape [ 165 ] Predictions for the lattice strain based on the 

thermodynamic model are in very good agreement with experimental data from 

Ref [164]. Calculations in this work considered particles with sizes below 3 nm. In 

this range, the lattice contraction strongly increases with decreasing sizes, as 

shown in Figure 3.5.  It is surprising that lattice strains obtained from DFT 

calculations for particles with sizes < 1.5 nm and various non-spherical shapes 

are still in good agreement with the thermodynamic model.  

 

Figure 3.5: Average lattice strain,  , in nanoparticles as a function of particle size, C
r , in 

comparison with experimental data [164] and a thermodynamic model of particle formation 

[165165]. Calculation results in this work are highlighted in red. (Reprinted with permission from J. 

Phys. Chem. C, 2009, 113(42), 17989-17996. Copyright 2009 American Chemical Society.) 

Upon decreasing the size, the increasing undercoordination of surface 

atoms weakens metallic bonding; this effect competes with the impact of the 

lattice contraction that enhances the average bond strength.  
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Figure 3.6: Absolute value of cohesive energy,

 cohE  , as a function of average coordination 

number z  and lattice strain   (%) for various Pt nanoparticle morphologies in the particle size 

range 1-2 nm. (Reprinted with permission from J. Phys. Chem. C, 2009, 113(42), 17989-17996. 

Copyright 2009 American Chemical Society.) 

In Figure 3.6, we show the absolute value of the cohesive energy, Ecoh
 

plotted as a function of z  and  ,  

 coh ,E g z  .                                         3.7 

cohE  increases with increasing z  and with decreasing  . The net effect 

of reducing the particle size is a destabilization of the particle conformation. The 

effect of under coordination supersedes the effect of lattice contraction. For 

7% 6%    , corresponding to a size range from 0.5-1 nm, we find a large 

variation of z , 5 8z  . cohE  is strongly dependent on the particle morphology 

in this range. For 6%   , cohE  decreases monotonically with decreasing z .  
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The variation of  z  and   for different particle sizes also affects the 

electronic structure, which determines the catalytic behavior of Pt nanoparticles. 

In the following chapter, the oxygen atom is used as a probe to investigate the 

adsorptive property of Pt nanoparticles. 

In this part of work, we found the linear correlation between cohE  and 1/3
N


 

for particles with >9 atoms, which can be explained by the Gibbs-Thompson 

relation for spherical particles. The values of  cohE  and   depend only on the 

size of particles; they are insensitive the shape of particles. Therefore, for a given 

size of particle, all morphologies included in this model possess the same 

thermal stability. On the other hand with decreasing particle size, the surface 

heterogeneity is more pronounced due to the spatial variation of the atom 

configuration. In order to explore the surface heterogeneity of Pt nanoparticles, in 

the next part of work, we calculated the adsorption energies of a single oxygen 

atom on all possible adsorption sites of hemispherical cuboctahedral Pt 

nanoparticles with 92 and 37 atoms. 
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4. OXYGEN ADSORPTION ON NANOPARTICLES 

The intrinsic catalytic activity, characterized by the reaction rate of a 

heterogeneous surface reaction, consists of at least three elementary steps: 

adsorption, interaction between adsorbed species and desorption [166]. Based 

on the transition state theory, the speed of an elementary reaction step is 

dependent on the activation energy barrier, encountered during bond-making and 

bond-breaking processes [167]. Chemical bonds are formed through transferring 

or sharing of electrons between nearest neighbour (coordinated) atoms [168]. 

The chemisorptive bonds between adsorbate and crystalline surface atoms 

involve electron donation or back-donation [169, 170]. Free energy change and 

electron accumulation/depletion on the metal surface directly reflects the strength 

of adsorption interaction [171,172]. The rationalization of adsorption reaction on 

nanoparticles requires the fundamental understanding of the electronic structure 

of nanoparticles. 

The interaction between a single oxygen atom and Pt nanoparticle is 

chosen as a probe to explore the surface heterogeneity of Pt nanoparticles. On 

the other hand, adsorbed oxygen species are the most important intermediate in 

ORR. Therefore, mapping the distribution of adsorption energy of an oxygen 

atom on the surface of the Pt nanoparticle provides a fundamental insight into 

electrocatalytic behaviour of Pt nanoparticles with relevance for the ORR. 
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4.1 Electronic Energy Levels of Nanoparticles 

Metal nanoparticles with small particle size (less than 13 atoms) are found 

to lose their conductive metallic character and become non-metallic or semi-

conductive, this is the so called “quantum size effect” [2, 173]. For example, gold 

nanoparticles show a pronounced change of physical properties from bulk to the 

nanosize regime. Valden and Lai reported that gold clusters with a thickness of 

two layers exhibit a band gap uncharacteristic of bulk metals. They surmised that 

the uncharacteristic band gap is responsible for the yet unexplained catalytic 

properties of nanosize Au clusters [174]. 

Kubo initially addressed this problem by proposing that the gap between 

adjacent conduction energy level increases inversely with the number of atoms in 

the particle [175]. In bulk metals, the energy level of valence electrons exhibits a 

band structure. In contrast, energy levels of electrons in atoms and molecules 

are discrete. In the case of nanocrystals, electrons are confined three 

dimensionally and thus, are constrained to occupy allowed discrete energy states.  

On the other hand, electron density on the surface of nanoparticles is strongly 

localized, due to the bond loss of surface atoms encountered by termination of 

lattice periodicity [176].  

4.2 Adsorption Energy 

From a quantum mechanical point of view the interaction between 

adsorbate and metal is due to the hybridization of electronic states between 

adsorbate and metal surface [ 177 ]. During the hybridization, the electronic 

structure of the metal surface is strongly perturbed by electron donation/back-
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donation from the adsorbate. The modification of the electronic structure of the 

metal upon chemisorption is described by the Newns-Anderson model [178].  

The d-band model of Hammer and Nørskov, an adaptation of the Newns-

Anderson model, relates trends in chemisorption energies for various adsorbates 

on transition metal surfaces to the position of the d-band d , which is the first 

moment of the DOS from the Fermi-level [ 179,180]. In this model, the interaction 

between an adsorbate and a transition metal is split into a contribution arising 

from the s- and p- states of the metal and a second contribution coming from the 

d-band. Hammer and Nørskov relate d  with the interaction between adsorbate 

and the metal surface. Figure 4.1 shows calculated CO adsorption energy as a 

function of the d  for the adsorption sites at a Pt surface with various crystal 

orientations [181].  

For a specific adsorption site, I, the projected d-band centre, d,I ,
 
can be 

calculated from [182] 

=2,m,I
m

d,I

=2,m,I
m
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l

n d

n d

  



 














                              4.1 

where l  and m  are the quantum numbers for angular momentum and z-

projection of angular momentum. =2,m,I( )
l

n  , is defined as the DOS projected onto 

one of 5 localized d-orbials ( =2,m=-2,-1,0,-1,2l
 ) at site I. 
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Figure 4.1: Adsorption energy of CO as a function of d-band center, d , for adsorption site on 

Pt(100), Pt(111), Pt(211) and Pt(11 8 5) surfaces. (Reprinted by the permission of Catal. Lett., 

1997, 46, 31-35. Copyright 1997 by Springer Netherlands.) 

The rationalization of the correlation between adsorption energy and 

surface electronic structure is difficult in the case of nanoparticles. On the surface 

of metal nanoparticles the bonding behaviour between adsorbate and surface 

atoms is dependent on the size of the particle and atom arrangement at the 

adsorption site. Therefore, the catalytic activity exhibits spatial fluctuations at the 

atomistic scale. Claus and Hofmeister [183] suggested that the catalytic activity 

of nanoparticles depends on the local environment of surface sites, viz. the local 

electronic structure and the coordination environment [ 184 ]. Invariably, the 

surface heterogeneity of nanoparticles calls for more detailed spatial maps of the 

energetics and kinetics of elementary surface processes in relation to particle 

size and shape. 
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4.3 Oxygen Adsorption on Pt92 and Pt37  

In this part of the work, the effect of spin polarization is neglected in 

calculating the oxygen adsorption energy. The error in adsorption energy that 

results from neglecting spin polarization effects is around 40 meV for Pt37. This 

systematic error lies within the accuracy of DFT calculations and it wanes with 

increasing particle size. On the other hand, the gain in computational speed by 

performing calculations without spin polarization is about a factor of 2. 

4.3.1 Adsorption Sites 

Among the shapes in Figure 3.2, hemispherical cuboctahedral 

nanoparticles with a (111) basal plane provide 5 distinct coordination structures 

of surface sites. Other particle shapes possess smaller numbers of different 

coordination structures. Due to this wide variability of the local surface structure, 

hemispherical cuboctahedral nanoparticles are a suitable starting point for 

exploring correlations between surface morphology, surface electronic structure, 

and adsorption energy. Figure 4.2 shows the three distinct surface facets, viz. 

one (111) top facet, three equivalent (111) side facets and three equivalent (100) 

side facets and their different coordination structures. The (111) basal plane is 

not considered.  

Hemispherical cuboctahedral nanoparticles with 37N   (size ~ 1 nm ) and 

92N   (size ~ 1.5 nm) are selected in this work to perform calculation on the 

potential energy associated with the dissociative chemisorption of oxygen at the 

particle surface. An oxygen atom can form two covalent bonds of its two unpaired 

valence electrons with d-electrons of the metal. If situated at a 3-fold hollow site 
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the remaining lone pair of the O adatom forms a longer and weaker donor-

acceptor bond directed to the third neighbouring Pt atom [169]. Variations of the 

nearest neighbour structure of different adsorption sites on the metal (number of 

neighbouring Pt atoms, bond distances, spin states) creates the well-known 

selectivity of O adsorption surfaces between fcc, hcp, bridge and top sites on 

Pt(111) and of on-top, bridge and four-fold hollow sites on Pt(100) [185, 186, 

187 ]. The topological heterogeneity of nanoparticle surfaces is expected to 

amplify this site-selectivity.  

 
Figure 4.2: Hemispherical cuboctahedral Pt92 nanoparticle with distinct facets and distinct local 

coordination structures of surface atoms, indicated by their nearest neighbour atom numbers. 

(Reprinted with permission from J. Phys. Chem. C, 2009, 113(42), 17989-17996. Copyright 2009 

American Chemical Society.) 

For an extended surface, the electron density on the metal surface is lattice 

periodic. Upon adsorption the charge distributions in the metal as well as in the 

adsorbate reorganize resulting in a lowering of the total energy. During 

adsorption, in order to lower the total energy further, metal atoms rearrange, 

resulting in additional charge reorganization. In comparison to extended surfaces, 



 

57 

 

on nanoparticles the relaxation of the Pt bonding structure upon oxygen 

adsorption is more pronounced. Depending on different adsorption sites, 

adsorbate coverage, and particle sizes, the surface relaxation could vary 

dramatically [188]. The major objective of this part of the work is to employ the 

adsorption of a single oxygen atom at a clean Pt nanoparticle surface as a probe 

for mapping out the heterogeneity of the surface electronic structure. For this 

purpose, the adsorbate-induced variation of the particle shape and the effect of 

oxygen coverage are initially neglected [189,190].  

4.3.2 Site-Specific Adsorption Energy 

In order to distinguish the effects of electronic structure reorganization and 

nanoparticle relaxation on the adsorption energy, calculations on oxygen 

adsorption energies are performed in two steps. In the first step, we locked the 

positions of Pt atoms at the optimum configuration of the relaxed bare particle. 

We positioned the oxygen atom above a well-defined adsorption site on the 

particle and kept its lateral position fixed. In the DFT-based optimization 

calculation for a given adsorption site, the oxygen atom was allowed to relax only 

in the direction perpendicular to the surface. This procedure was repeated for all 

relevant adsorption sites on each of the distinct surface facets, including on-top, 

bridge and four-fold hollow sites on the Pt(100) facet and top, bridge, hpc, and 

fcc sites on the  Pt(111) facets. These sites are known as high symmetry sites on 

extended single crystalline surfaces [191]. From these results, we generated 

contour plots of the potential energy of oxygen adsorption for the unrelaxed 

particles. In the second step, full optimizations were performed with relaxation of 
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all atoms in the system. Initial position of the oxygen atom corresponded again to 

all high symmetry sites on the surface. Thereby we could quantify the 

contribution of particle relaxation to the total potential energy of adsorption.  

The potential energy of adsorption after either of these steps is calculated 

with respect to the energy of the free O2 molecule,  

2ads Pt-O Pt O

1

2
E E E E                                      4.2 

where Pt-OE is the total energy of the Pt particle with the adsorbed oxygen , 
PtE  

is the calculated total energy of the pristine Pt particle ( Pt  eV479.5E    for Pt92 

and 181.61E  Pt  eV  for Pt37) and 
2O

E is the total energy of the oxygen molecule 

in the gas phase. Due to the complicated electronic structure of O2, the binding 

energy of O2 cannot be determined precisely by using DFT, as mentioned in Ref. 

[39]. The total energy of O2 is found to be  eV9.975  by using the experimental 

reaction Gibbs energy of the reaction 2 2H O H  O
2

1 2   , eV2.46G 
 [16], and 

the Gibbs energies of H2O and H2 in the gas phase, which can be readily 

obtained from DFT, 
2H O  eV14.28G  , 

2H eV6.83G  .  

Values of adsE  for fixed particle configuration are calculated for 20 

adsorption sites on each facet of the Pt37 particle and 40 sites on each facet of 

the Pt92 particle. Contour plots, as shown in Figure 4.3, were generated by a 

Delaunay triangulation with linear interpolation for the set of adsorption sites 

[192]. The complex topological distribution of adsorption energies reflects the 

underlying periodic arrangement of surface atoms as well as the pronounced 
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surface heterogeneity effects due to the nanoconfinement. The highest absolute 

values of adsorption energies are found at the edges.  

 
Figure 4.3: Contour plots of oxygen adsorption energies for the distinct surface facets of 

hemispherical cuboctahedral Pt nanoparticles with 37 and 92 atoms. (Reprinted with permission 

from J. Phys. Chem. C, 2009, 113(42), 17989-17996. Copyright 2009 American Chemical Society. 

4.3.3 Effect of Geometric Parameters on the Adsorption Energy 

In order to test correlations of the potential energy of adsorption with the 

local spatial environment of adsorption sites, we defined local site-averaged bond 

distance, 
l

d , and coordination number, l
z , calculated as averages over bond 

distances and coordination numbers of all Pt atoms that form bonds with the 

adsorbed oxygen. For example, for an oxygen adsorbed at a bridge site that 

forms bonds with two atoms Pt1 and Pt2, l
d  is calculated as 1 2

1 2

1 2

NN NN

l

d d

d
z z






 
, 

where summations run over the nearest neighbours of each atom and 1
z  and 2

z  
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are the coordination numbers of Pt1 and Pt2. The average coordination number is 

calculated as 
1 2

2
l

z z
z


 .  

Figure 4.4 shows the distinct values of adsE for each possible adsorption 

site on Pt(111) and Pt(100) facets of Pt92  as a function of l
z

 
and 

l
d . The plot 

exhibits a wide range of variation of 
adsE with l

z
 
and 

l
d ,

 
but no clearly discernible 

trend, which attests to the strong spatial fluctuations of the local electronic 

structure on the particle surface. 

 

Figure 4.4: Potential energy of oxygen adsorption (without relaxation), adsE , plotted as a 

function of the average Pt-Pt bond length, 
l

d , and the average Pt coordination number, l
z , of 

distinct surface sites on Pt92. The most (B,C,D) and least (A) favorable adsorption sites are 

indicated on the particle model. (Reprinted with permission from J. Phys. Chem. C, 2009, 113(42), 

17989-17996. Copyright 2009 American Chemical Society.) 

From studies at extended surfaces it is well-known that under-coordination 

of surface atoms induces a narrowing of the d-band, which causes an increase in 
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the adsorption energy. A lattice contraction on the other hand induces a 

broadening of the d-band, which causes a decrease in the adsorption energy. 

Both of these effects compete on nanoparticle surfaces [193]. However, the 

depiction of the two effects in Figure 4.4 does not reveal any systematic trend for 

the net effect. It is therefore necessary to show the full surface maps, i.e., 

contour plots like those shown in Figure 4.3, of chemisorption energies for 

oxygen as well as other intermediate species in order to rationalize kinetic 

mechanisms and reactivity of ORR at nanoparticle surfaces. 

4.4 Nanoparticle vs. Extended Surface 

On extended Pt(111)
 l
z  and 

l
d  

are constants for one type of high 

symmetry site (top, bridge, hpc, or fcc sites), corresponding to a single value
 

adsE . In order to compare the calculated results for adsorption energies on 

unrelaxed hemispherical cuboctahedral particles with the values for an unrelaxed 

extended Pt(111) surface, we performed DFT-GGA based calculations of oxygen 

atomic adsorption on a 3x3 unit cell of Pt(111) with 4 layers with oxygen 

coverage of 0.1 ML.  

Figure 4.5 shows the normalized site density distribution of geometrically 

equivalent adsorption sites vs. the potential energies of oxygen adsorption for 

Pt92(111). The dashed lines correspond to adsorption at the same topological 

sites on an unrelaxed extended Pt(111) surface. 
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Figure 4.5: Normalized density distribution of sites with distinct geometry over potential energies 

of adsorption for Pt92(111). The dashed lines correspond to adsorption on the corresponding 

sites of an extended Pt(111) surface without surface relaxation. (Reprinted with permission from J. 

Phys. Chem. C, 2009, 113(42), 17989-17996. Copyright 2009 American Chemical Society.) 

Surface heterogeneity causes a pronounced shifting and broadening of 

the adsorption site density distributions. The site-preference for adsorption 

changes from the fcc site on extended Pt(111) to bridge and hcp sites on 

Pt92(111). The shift in adsorption energies between nanoparticle and extended 

surface is particularly striking for the fcc site, which becomes a less favourable 

site for adsorption on the nanoparticle. However, for a number of bridge, hcp, 

and on-top sites, nanoscale effects lead to significantly stronger adsorption, i.e., 

enhanced adsE , in comparison to the corresponding site on the extended 

surface. The maximal nanoscale enhancements of adsE  are 0.62 eV, 0.33 eV, 

and 1.11 eV for bridge, hcp and on-top sites, respectively, rendering bridge sites 

the most favourable adsorption sites. We expect that the density distributions in 
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Figure 4.5 will become narrower with increasing particle size, approaching the 

limiting values for the analogous sites on an extended surface.   

The projected d-band density of states for the different types of adsorption 

sites are used determined their corresponding d-band centres. In plots of 

adsorption energy versus these site-specific d-band centers we did not observe 

any correlation. The d-band model, originally developed and applied to single 

crystalline surfaces with a single type of surface sites, is applicable to 

heterogeneous catalyst surfaces with a regular, viz. periodically repeated, 

arrangement of electronically equivalent surface sites. This condition is not 

fulfilled on nanoparticles with atom number <100. On nanoparticle surfaces, the 

irregular spatial variation of the local electronic structure obliterates electronic 

band structure effects. In general, catalytic properties of nanoparticles can, thus, 

not be inferred from the properties of regularly structured surfaces of the same 

material.   

4.5 Particle Relaxation 

Finally, we allowed for the full relaxation of Pt particles and extended 

surface in the presence of the adsorbed oxygen atom. Thereby, we determined 

the maximum oxygen adsorption energy for every facet and rationalized the 

contribution due to particle relaxation. For Pt37 the most favourable adsorption 

site, shown in Figure 4.6, is at the top corner of the Pt(100) facet; for Pt92 it is at 

the bottom corner of the side facet Pt(111). The absolute effect of particle 

relaxation is smaller for Pt37 than for Pt92 because of the larger number of atoms 

that are involved in the geometry relaxation of Pt92.  However, the particle 
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distortion seen in Figure 4.6 is more pronounced for Pt37 than for Pt92. Due to 

relaxation, adsE  on Pt(100) facet, side Pt(111) facet, and top Pt(111) facet of the 

Pt37 particle increased by 0.62 eV (34%), 0.52 eV (40%) and 0.14eV (11%), 

respectively. For the Pt92 particle, these increases are 0.28eV (15%), 0.74eV 

(40%) and 0.41eV (39%), respectively. 

 
Figure 4.6: Fully relaxed geometry corresponding to the maximum adsorption energy on each 

distinct facet of Pt37 and Pt92 nanoparticles. (Reprinted with permission from J. Phys. Chem. C, 

2009, 113(42), 17989-17996. Copyright 2009 American Chemical Society.) 

The relaxation of Pt nanoparticles upon oxygen adsorption is more 

significant for smaller particles. However, in CCLs, the nanoparticles are 

stabilized by the support material. The Pt-support interaction alters the electronic 

structure of Pt nanoparticles, and hence the stability and the ORR activity. In the 

following chapter, the effect of support material on the geometric and electronic 

structure of Pt is investigated by studying on the model of Pt/NbxOy bilayer 

systems. 
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In this part of work, we found a strong spatial variation of adsorption 

energy of an oxygen atom. This implies that the intrinsic ORR activity on surface 

of Pt nanoparticles also exhibits a strong spatial variation. Upon the adsorption of 

an oxygen atom, smaller particles show a more significant particle relaxation. 

Therefore, we expect that consecutively adsorbed oxygen atoms will see a 

significantly changed surface structured due to already existing adsorbate 

species. In CCL, Pt particles are highly dispersed on the support material. The 

interaction between Pt particles and the support material influence the stability 

and adsorption behavior of Pt particles. In the next part of work, we simulated a 

Pt/NbxOy bilayer thin film model system to rationalize the effects of the support on 

the physical and chemical properties of Pt layers. 
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5. EFFECTS OF METAL OXIDE SUPPORT MATERIAL 

The physical and chemical characteristics in a support material, such as 

pore volume, pore size distribution, electron conductivity, crystalline structure, 

electronic structure, contribute to the formation, catalytic performance and 

stability of catalyst. Understanding the physical properties of catalyst-support 

systems is crucial for controlling the structure of the catalyst, as well as for 

achieving the optimal catalytic performance under the relevant operational 

conditions. Over the past 20 years, the impact of the support material on the 

catalytic properties has been often investigated by studying systems of supported 

catalyst thin films.  

In order to study electronic structure effects on chemical and physical 

properties of support, Pt|support interface, and the Pt surface, we examined a 

model of a Pt/NbxOy bilayer system. NbxOy is chosen as the support material for 

several reasons: (i) NbO2 has similar stability to that of TiO2 but exhibits a 

significant higher electronic conductivity [67]; (ii) the ORR activity on Pt/NbxOy 

bilayer systems has been studied experimentally by group the group of David 

Mitlin at the University of Alberta [91].  

5.1 Model of Pt/NbxOy Bilayer Systems 

The experimentally prepared Pt/NbxOy bilayer catalysts by the Mitlin group 

consist 5 nm thick Pt layers (ca. 0.01mg/cm2), sputtered onto 5 to 10 nm thick 
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NbO, NbO2 and Nb2O5 and backed by glassy carbon (GC) electrodes [91]. The 

simplified model for computational studies in this work is constructed by a 1nm 

thick Pt film with smooth surface, deposited on 1 to 2 nm thick NbxOy (y/x=1, 2, 

2.5), as shown in Figure 5.1. The electrocatalytic properties of Pt/NbxOy bilayers 

were studied experimentally in HClO4 solution. However, first principle 

calculations assumed Pt/NbxOy bilayers in vacuo. Overall, the simplified 

computational model neglected the surface roughness of Pt, the impact of 

thickness of catalyst and support, and the acidic reaction environment.   

 
Figure 5.1: Side view schematic of experimentally measured system (left) and the simplified 

model for calculation (right). 

Initially, we performed calculations for slabs of bare NbxOy support layers 

(without deposited Pt), separated by a vacuum layer between periodically 

repeated images. Simulated slabs represent NbO(111), NbO2(100) and 

Nb2O5(001) surfaces, which have shown the highest intensities in XRD studies 

[91].   
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5.2 Oxygen Incorporation Effect  

5.2.1 Formation Energy 

In order to study the physical properties of Pt|NbxOy bilayer systems, we 

considered an initial configuration with four layers of NbxOy and three layers of 

Pt. Pt atoms at NbO(111) and Nb2O5(001) are located at hollow sites of oxygen; 

they form bonds with three neighboring under-coordinated surface O atoms. At 

NbO2(100), Pt atoms are located at bridge sites, each forming bonds with two 

under-coordinated surface O atoms. The structure of the additional Pt atoms was 

constructed in such a way that it will form an fcc structure. 

The degree of oxygen incorporation, y/x, is a vital parameter of metal 

oxide support materials. In the thin-film bilayer systems of Pt|NbxOy, studied here, 

it influences catalytic properties through a hierarchy of effects. As we will see, y/x, 

determines the stability and electronic conductivity of the bulk material of NbxOy; 

we will evaluate these properties by calculating formation energies, Fermi 

energies and density of states (DOS) at the Fermi level. Next, y/x determines the 

structure of the interface between Pt and NbxOy, which can be characterized by 

type, number and strength of interfacial bonds, as well as by the charge 

distribution in the interfacial region that establishes in order to balance the 

mismatch between pristine work functions (or electrochemical potentials of 

electrons) of Pt and NbxOy. Finally, we can characterize the resulting work 

function and electronic band structure at the Pt surface, specifically the d-band 

structure, in order to evaluate the effect of y/x on interaction of Pt with 
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chemisorbed –O and –OH species that play a key role in mechanism and 

reaction pathway of the ORR.   

 
Figure 5.2: Formation energies of NbxOy as a function of the degree of oxygen incorporation, y/x 

(Reprinted with permission from J. Phys. Chem. C, 2009, 114(39), 16463-16474. Copyright 2010 

American Chemical Society.) 

Considering the oxidation reaction of Nb,  

2 x yNb O Nb O
2

y
x                                          5.1 

the formation energy of NbxOy can be calculated from the following expression 

x y 2form Nb O Nb O
2

y
E x                                      5.2 

where 
x yNb O is the chemical potential of NbxOy, and Nb and 

2O are the 

chemical potentials of Nb and oxygen molecules in the gas phase. The formation 

energies of NbO, NbO2 and Nb2O5 were found as -4.15eV, -2.47eV and -0.16eV. 

The calculated formation energy for NbO2 is in good agreement with the 

measured value of -2.76eV that was reported in Ref. [194]. The absolute value of 
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the formation energy increases with y/x, singling out Nb2O5 as the most stable 

system in the considered series of metal oxides, as can be seen in Figure 5.2. 

5.2.2 Electronic Structure of NbxOy 

Oxidation of Nb occurs through covalent bonding between O and Nb 

atoms. Since oxygen has a higher electron affinity, electron density is transferred 

from d-orbitals of Nb into unoccupied p-orbitals of O atoms. With increasing y/x, 

the d electron occupancy, therefore, reduces from d4 for bare Nb to d3 in NbO, d1 

in NbO2 and d0 in Nb2O5, leaving no conduction electrons in the d-band in the 

last case. 

 
Figure 5.3: Fermi energies and density of states (normalized to number of atoms) at the Fermi 

level of NbxOy as a function of the degree of oxygen incorporation, y/x.  (Reprinted with 

permission from J. Phys. Chem. C, 2009, 114(39), 16463-16474. Copyright 2010 American 

Chemical Society.) 

The Fermi energy, F , is determined as the energy difference of the 

highest occupied electronic state in NbxOy to the electrostatic potential in the 
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centre of the vacuum layer between periodically repeated slabs. The values 

obtained are -4.15eV, -5.15 eV, -5.62 eV and -6.55 eV for Nb, NbO, NbO2, and 

Nb2O5 respectively. Figure 5.3 illustrates the effect of y/x on F .  

The electronic conductivity of the metal oxide material depends on the 

electronic DOS at F . In NbxOy, the conduction band is formed by d-electrons of 

Nb atoms. The valence band below F  is formed by hybridized s- and p-electrons. 

Figure 5.4 depicts the effect of oxygen incorporation on the total DOS and 

projections of the DOS on s, p, and d orbitals, plotted as a function of FE   for 

each case. With increasing y/x more electron density in d-bands with higher 

energy is transferred to the hybridized s- and p- orbitals, which are allocated 

below F . This transfer of electronic charge from states at the Fermi level into 

lower lying states decreases the DOS at F . For Nb2O5, F  lies in the band gap 

between valence band (s- and p-dominated) and conduction band (d-dominated), 

as expected since this material is known as an insulator [52]. The observed trend 

in the DOS at the Fermi level upon increasing y/x is consistent with the 

decreasing electronic conductivity in this series, observed in experiment. [52] 
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Figure 5.4: Total density of states (DOS) and DOS projected onto s, p and d orbitals of NbxOy 

(normalized to number of atoms), as a function of electron energy relative to the Fermi energy. 

(Reprinted with permission from J. Phys. Chem. C, 2009, 114(39), 16463-16474. Copyright 2010 

American Chemical Society.) 

5.3 Pt-NbxOy Interactions 

In contrast to main group oxides (Al2O3, MgO and SiO2), which usually 

have van der Walls interactions with supported metals, transition metal oxides 

may possess very strong metal-metal bonding with supported metals due to the 

overlap of d orbitals. Tauster et al [195] suggested the concept of a strong metal-

support interaction (SMSI) for these systems. The first mentioning of SMSI 

behaviour was in the context of a dramatic reduction of the adsorption capacity of 

CO and H2 on noble metals supported on TiO2 catalyst reduced at 773K [196].  

Two mechanisms have been proposed to explain the origin of SMSI effect: 

(i) a charge transfer model describing the perturbation of electronic structure by 

electron transfer between metal cations in support and atoms in catalyst; (ii) a 
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decoration/encapsulation model based on geometric factors. In spite of the 

enormous amount of work on metal support interactions, the physical principles 

underlying this interesting phenomenon are still under debate.  

5.3.1 Oxygen Incorporation at Pt|NbO2 Interface 

In order to investigate the effect of surface reduction of metal oxide 

support on the metal-metal oxide interaction, we compared the Pt-support 

interaction and charge transfer at the Pt|support interface for Pt/NbO2 and 

Pt/NbO2-a bilayer systems. 

 
Figure 5.5: Atomic structure of (a) NbO2 with under-coordinated O atoms on the surface and (b) 

NbO2-a with undercoordinated Nb atoms on the surface. 

In Figure 5.5a the NbO2 support is fully oxidized and covered by 

geometrically undercoordinated oxygen atoms and in Figure 5.5b NbO2-a support 

possesses a reduced surface of NbO2 with under-coordinated Nb atoms. 

Comparison of charge density distribution and interaction energy at Pt|NbO2 and 

Pt|NbO2-a interfaces can provide useful insight in the nature of bonds at 

metal|metal-oxide interfaces. 
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5.3.2 Charge Density Redistribution at Pt|NbxOy Interface 

Electrochemical potentials of surface electrons of NbxOy depend on the 

ratio y/x and on the surface morphology (atomic arrangement). The work function 

of an uncharged metal, M , is related to the Fermi energy and the surface 

potential, 
s , via 

s

F 0

M
e                                            5.3 

where 0
e  is the elementary charge.  

 

Figure 5.6: Work function of NbxOy as a function of the degree of oxygen incorporation, y/x. 

(Reprinted with permission from J. Phys. Chem. C, 2009, 114(39), 16463-16474. Copyright 2010 

American Chemical Society.) 

Since both F  and 
s , refer to the electrostatic potential in the centre of 

the vacuum layer between two neighbouring slabs, V , the work function can be 

expressed as 

 M V S

F 0e      
                                

5.4 
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The values of M  for Nb(111), NbO(111), NbO2(100) and Nb2O5(001) 

determined in calculations in this work are 3.99 eV, 5.13 eV, 5.64 eV, 6.58 eV 

respectively. These values are plotted as a function of y/x in Figure 5.6. The work 

function of the substrate material increases markedly with increasing y/x. 

Upon establishing an electrical contact between catalyst and support, 

corresponding to the formation of a metal|metal oxide interface, equalization of 

the Fermi levels to attain thermodynamic equilibrium drives electron transfer from 

the side with lower work function to the one with higher work function. This 

interfacial charge transfer phenomenon has been quantitatively studied on 

metal|TiO2 systems. A well defined single crystal surface with crystalline 

orientation Pt(111) is known to have 6.1
M  eV   [197]; this value is indicated as 

a dotted horizontal line in Figure 5.7. Upon establishing contact at the 

Pt(111)|NbxOy interface, electronic charge will therefore flow from NbxOy to Pt for 

0,1,2y x  ,  generating a negative charge on Pt. For Pt(111)|Nb2O5 the direction 

of electron transfer upon contact is reversed, leaving a net positive charge on Pt.  
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Figure 5.7: Average charge density per volume for position perpendicular to the Pt|NbxOy 

interface. (Reprinted with permission from J. Phys. Chem. C, 2009, 114(39), 16463-16474. 

Copyright 2010 American Chemical Society.) 

The normalized charge density distribution along the direction 

perpendicular to surface is plotted in Figure 5.7. The integral of the electronic 

excess charge density per volume in the Pt region along the normal direction to 

the interface gives the net excess surface charge density per unit surface area of 

Pt. The obtained values of net excess charge per Pt atom at Pt|NbxOy interface 

and per unit area are listed in Table 5.1. The net charge density on Pt at the 

interface is positive for 0,1,2y x   and negative for 2.5y x  . This finding is 

consistent with the differences in the work function. The corresponding shifts in 
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Fermi energy, Pt

F , and the work function of Pt resulting from the interfacial 

charge flux are given in Table 5.1. 

5.3.3 Formation of Bonds at Pt|NbxOy Interface 

The interfacial charge transfer between Pt and NbxOy is accomplished by 

interactions between Pt atoms and under-saturated O atoms at the Pt|NbxOy 

interface. Due to the difference in surface morphology, the adsorption site for Pt 

changes from bridge site on Nb2O5 to on-top site on NbO2 surface, as shown in 

Figure 5.8. We calculated the adsorption energy of Pt on NbxOy , adE , by  

ad Pt/sub sub PtE E E E                                    5.5 

where totE , Pt/subE  and PtE  are the total energies of the Pt/NbxOy system and of 

free NbxOy and Pt slabs, respectively. The calculation results of adE  normalized 

by the number of NbxOy-Pt bonds along with the type and abundances of bonds 

for different systems are shown in Table 5.1. In calculations, we determined the 

weakest interaction of the Pt film with NbO and the strongest interaction with 

Nb2O5.  

At thermal equilibrium, in order to lower the surface free energy, atoms 

exhibit strain relaxation – rearrangement of atoms with respect to their bulk 

positions.  Upon the strain relaxation, atoms at the catalyst-support interface may 

form ionic bonds, covalent bonds or weak polar bonds. The rearrangements of 

atoms on the catalyst surface and bond formation at the catalyst-support 

interface enable one to tune the electronic structure of catalyst and thereby the 
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catalytic properties. Through STM measurements and DFT calculations, J. Meier 

et al [198] reported enhanced catalytic activity towards electrochemical proton 

reduction on palladium nanoparticles supported on a gold surface, which is 

primarily attributed to the Pd-Pd bond stretch induced by lattice mismatch with Au 

substrate.  

5.4 Oxygen Reduction Reaction on Pt/NbxOy 

The interaction between NbxOy and Pt strongly influences the morphology 

of the Pt film, as shown in Figure 5.8. 

 
Figure 5.8: Side views (top) and top views (bottom) of relaxed Pt layers deposited on NbxOy 

support. Black dash lines indicate the boundary of unit cells. (Reprinted with permission from J. 

Phys. Chem. C, 2009, 114(39), 16463-16474. Copyright 2010 American Chemical Society.) 

5.4.1 Geometric Structure 

In the simulation, Pt atoms were allowed to relax within the unit cell 

defined on the NbxOy substrate. The average coordination number and Pt-Pt 



 

79 

 

distance, two essential geometrical parameters for the characterization of the 

optimized bi-layer model, are listed in Table 5.1 for different systems.  

Table 5.1: Excess charge, shift of Fermi energy, work function, normalized adhesive energy and 
lattice parameters of Pt film in different systems. 

  Pt/Nb2O5 Pt/NbO2 Pt/NbO Pt/NbO2-a Pt 

Pt|NbxOy 

interface 

excess charge per 
unit area [e0/nm

2
 ] 

+0.0132 -0.813 -0.0169
 

-0.780 --- 

excess charge per 
Pt atom [e0] 

+0.001 -0.08 -0.003 -0.077 --- 

adE per bond [eV] -4.306 -0.066 -0.005 -1.16 --- 

number of NbxOy-Pt 
bonds 

2 1 0 3 --- 

Pt adsorption site 
on NbxOy 

bridge of O top of O none 
hollow of 

Nb 
--- 

Supported 
Pt film 

Pt

F [eV] -0.28 +0.1 +0.28 +0.95 --- 

Pt  (V) 5.12 5.62 5.71 7.05 
6.10 
[197] 

coordination 
number of Pt at 

Pt|solution interface 
3 5.33 6 5 6 

average Pt-Pt 
distance [Å] 

2.6 2.8 2.8 2.78 2.8 

d F
   (eV) -3.25 -3.94 -3.26 -3.08 

-2.25 
[199] 

bE  (eV) -1.43 -1.32 -1.40 --- 
-1.63 
[200] 
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With decreasing /y x , average coordination number and Pt-Pt distance of 

relaxed Pt layers increase. Pt deposited on Nb2O5, which shows the lowest 

average coordination number for the optimized geometry, undergoes the 

strongest reconstruction due to strong Pt-Nb2O5 interactions. At the oxidized 

NbO2 surface, Pt atoms form bonds with undercoordinated oxygen atoms through 

hybridization of d- orbitals of Pt atoms and p-orbitals of oxygen atoms. At the 

reduced NbO2 surface, due to the high electron density in d-orbitals, Pt atoms 

form bonds with Nb atoms through hybridization of d- orbitals of Pt and Nb. The 

side view of optimized geometries of Pt on oxidized and reduced NbO2 is shown 

in Figure 5.9. The interaction energy between Pt and the oxidized NbO2 surface 

is much smaller than between Pt and the reduced NbO2 surface. 

5.4.2 Electronic Structure 

The different Pt surface morphologies, NbxOy-Pt interactions, and charge 

distribution at the Pt|NbxOy interface affect the surface electronic structure of the 

Pt layer, that is, the width, DOS and occupancy of the d band of Pt. In general, 

effects of increasing the degree of oxygen incorporation, y/x, on the d-band 

structure of Pt can be attributed to the interplay of several trends: (i) decreasing 

average coordination number and increasing average Pt-Pt bond distance 

reduce the overlap between d-orbitals of neighbouring Pt atoms, which causes a 

narrowing of the Pt d-band; (ii) electron transfer between Pt and support results 

in a change in the d-band occupancy; (iii) in the absence of Nb atoms at the 

Pt|NbxOy interface, electron-deficient p-orbitals of O atoms form partially ionic 

covalent bonds with d-orbitals of Pt; hybridization between p-orbitals of O and d-
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orbitals of Pt effectuates the splitting of the DOS in 2z
d  by producing antibonding 

orbitals above the Fermi level and bonding orbitals below the Fermi level;  this 

splitting greatly increases the number of free DOS in 2z
d , while shifting the energy 

of occupied states downward [201].  

The d-band structure of Pt supported on NbO, NbO2 and Nb2O5 emerges 

from the interplay of all of the above effects; the net effect is represented by the 

value of  d,I  in Eq. 4.1.  

The binding energy of atomic oxygen, bE  at a specific surface site, relative 

to the energy of a free O2 molecule, is calculated from, 

2b O-Pt/sub Pt/sub O

1

2
E E E E                               5.6 

where O-Pt/subE is the total energy of the Pt/NbxOy systems with adsorbed atomic 

oxygen, and 
2OE is the energy of an oxygen molecule in the gas phase.  

For all high symmetry sites (top, bridge, hollow and fcc) on fixed Pt/NbxOy 

surface, we calculated d,I  and bE . On Pt/NbO, Pt/NbO2 and Pt/Nb2O5 surfaces, 

the adsorption site with largest absolute value of adsorption energy of atomic 

oxygen, 
bE  is chosen as the most favourable site. For all three surfaces, the fcc 

site is the preferred adsorption site. We further calculated bE  for the relaxed 

Pt/NbxOy surface to rationalize the surface relaxation contribution to the 

adsorption energy. Results are listed in Table 5.1.
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5.4.3 Oxygen Adsorption Energy 

The observed ORR activity at the Pt|solution interface of the bilayer 

systems is determined by the substrate conductivity, the resulting work function 

of Pt supported on NbxOy, as well as by the surface charge density and the 

electronic structure at the Pt surface. A low degree of oxygen incorporation 

corresponds to high electronic conductivity of the support, which is a critical 

condition for maintaining a high electrochemical activity of the ORR at the Pt 

surface. Nb2O5 fails to pass this primary hurdle. Conductivity competes with 

stability, the latter being the highest for large y/x.  

The work function of the Pt surface increases with increasing degree of 

oxygen incorporation; the work function is known to be proportional to the 

potential of zero charge (PZC) at the Pt|solution surface [202]. The proton and 

potential distribution in the solution near the interface (at the position of the 

Helmholtz layer) are closely related to the PZC. Thereby, the work function can 

exert a significant effect on the apparent ORR activity. The Pt|NbO2 system 

exhibits formation of the largest negative surface excess charge due to the 

contact of Pt with the support, which is expected to be beneficial for the ORR 

reaction.  

The competing requirements of the adsoprtion of oxygen intermediates 

are responsible for the typical volcano shape in plots of electrocatalytic rates of 

ORR studies as a function of the adsorption Gibbs energy of oxygen species. 

Trends between the position of the transition metal d-band center relative to the 

Fermi level,  d F  , and kinetic currents density, kj , for ORR at 0.8V for ORR 
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on the Pt layers supported on different metals in 0.1M HClO4 solution were 

systematically explored in Ref. [182]. The data for kj  are shown as a function of 

calculated values of   d F   in Figure 5.9, extracted from Ref. [199].  

 

 

Figure 5.9: Measured current density of ORR, k
j , (solid square), and the calculated atomic 

oxygen binding energy, bE , (open circle), versus the calculated d-band center relative to the 

Fermi energy,  d F  , for Pt monolayers on various support materials [199], including the 

Pt/NbxOy systems studied in the present work. The data for Pt[111] is taken form ref. [182] for 

comparison. (Reprinted with permission from J. Phys. Chem. C, 2009, 114(39), 16463-16474. 

Copyright 2010 American Chemical Society.) 

Figure 5.9, also shows bE  for the most preferred adsorption site obtained 

from this study. This mixed experimental/theoretical representation of results 

from this study in Figure 5.9 is a crude attempt of rationalizing support effects on 
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electrocatalytic activity. It ignores the significant discrepancy between 

comparatively thick and irregular bi-layer structures evaluated in experiment and 

highly simplified structures considered in modelling, which may obscure 

systematic correlations. 

The results in Figure 5.9 demonstrate that support effects cannot be 

reduced to simple electronic structure effects at the transition metal surface. 

Variation of the degree of oxygen incorporation causes systematic trends in 

stability and conductivity of the support, bonding and electronic charge 

redistribution in the Pt|NbxOy interfacial region, and the electronic band structure 

at the Pt surface, as discussed above. Much more detailed studies into the 

impact of oxygen incorporation on these properties are needed in order to 

understand their concerted effect on reactivity.  

In Figure 5.9, Pt/NbO lies closest to the interpolated volcano curve; 

Pt|Nb2O5 exhibits a strongly suppressed electrocatalytic activity due to the poor 

support conductivity; the activity of Pt|NbO2 seems to be enhanced, compared to 

the expectation based on the (  d F  ) position. Calculated binding energies of 

atomic oxygen, bE , are plotted in Figure 5.9 as a function of  d F  , together 

with reference data for oxygen adsorption at Pt(111). The values of bE  for the 

bilayer system follow roughly a linear trend with  d F  , which is consistent with 

the d-band model proposed by Hammer and Nørskov. At present, we cannot 

explain the apparent enhancement of electrocatalytic activity of Pt with the NbO2 

support material relative to the value that corresponds to the calculated  d F  ; 
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this discrepancy is probably due to a significant difference in the surface 

structure of Pt considered in calculations from the surface structure of the 

experimental sample. We expect that the  d F 
 
position will depend on film 

thickness and surface morphology of Pt.  We will have to conduct systematic 

calculations for Pt layers with various thicknesses and surface structure in order 

to explore this further.  

A strong bonding between metal cations on surfaces of oxides and the 

metal atoms (metal-metal interaction) was suggested to explain observed 

changes in catalytic and chemisorption properties and the morphology of the 

supported metal. The decreasing degree of oxygen incorporation is known to 

enhance metal-metal oxide interactions in the theory of SMSI. As we observed 

from the dramatically increased Pt-support binding energy at a Pt|NbO2-a 

interface, the SMSI is expected to occur on systems of Pt nanoparticle supported 

NbO2-a . Considered the particle size effect, the interaction at the Pt 

nanoparticles|metal oxides interface has a stronger impact on the atomic 

structure and catalytic properties of Pt nanoparticles. On the other hand, the alloy 

formation at Pt nanoparticles|metal oxides interface may lower the energy barrier 

for spillover of accumulated oxygen species from surface of catalyst to support. 

In this part of work, we found that increasing the oxygen incorporation in 

NbxOy support materials leads to an enhancement of the support stability but a 

decrease of the electronic conductivity. The charge redistribution and bond 

formation at the Pt|NbxOy interface depends strongly on the degree of oxygen 

incorporation and the surface oxidation state of NbxOy. NbxOy supports affect the 
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intrinsic ORR activity of Pt/NbxOy systems by tuning the d-band structure and 

work function of Pt as well as changing the electronic conductivity. Moreover, the 

support material may contribute to the overall reactivity by the spillover of 

adsorbates from the surface of the catalyst to the support. The following section 

discusses the effect of reactant spillover on the current density by studying a 

kinetic model of the hydrogen evolution reaction at an array of catalyst 

nanoparticles supported on Au. 
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6. SPILLOVER EFFECT IN NANOPARTICLE ARRAY 

 Spillover was found to play a major role in determining the overall HER 

activity at catalyst nanoparticles on a catalytically inactive support. A kinetic 

model of HER at a single Pd nanoparticle supported on Au was developed by 

Eikerling et al. [203]. It rationalized the effect of particle size on the turnover 

frequency of hydrogen. Up to now, there is no theoretical model to explain the 

relationship between the enhancement of HER activity and the catalyst coverage 

on the support. The work presented in this thesis is an extension of Eikerling‟s 

single particle model [203] to an array of supported nanoparticles. The model 

enabled us to investigate the effects of the packing density and arrangement of 

catalyst nanoparticles as well as the effects of kinetic parameters on the current 

density of the HER.  

6.1 Array of Supported Catalyst Nanoparticles 

The random distribution of supported nanoparticles or nanoislands is 

mapped onto a 2D regular square lattice, as shown in Figure 6.1. Round flat 

disks with identical radius represent nanoparticles with radius C
r , which are 

cantered at the lattice points.  
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Figure 6.1: Two-dimensional model of a regular array of catalystnanoparticles on the support. 

The left side indicates the disk-shaped area used to represent the support area per catalyst 

nanoparticle. (Reprinted by the permission of Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by 

Springer Netherlands.) 

Mean Field Approach (MFA) has been employed in studies of the physical 

properties of 2D particle ensembles [204, 205, 206, 207, 208]. Considering the 

array of islands as a many-body system, the basic idea of MFA is to represent all 

interactions and correlations by a single particle that has effective interactions 

with the surrounding continuous medium. Because of the periodic arrangement, 

the effective interaction environment for every nanoparticle is similar to a Wigner-

Seitz cell [9494]. Employing the simplest variant of a cellular method, the area 

occupied by the cell is approximated by disk-shaped area as shown in Figure 6.1 

[209]. For the square lattice array in Figure 6.1, the separation distance L  

between two neighboring catalyst nanoparticles and the radius of the effective 

disk area per catalyst nanoisland on the support, Rr , are related by 
RL r . In 

this model, the catalyst coverage of the support is defined by . In the 

treatment of experimental data,  is adjusted to reproduce the correct 

experimental value of c . 

2 2

c c R/r r 

Rr
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6.2 Reaction Processes 

6.2.1 Hydrogen Evolution Reaction vs. Hydrogen Oxidation Reaction 

The reaction processes of HER at Pd nanoparticles supported on Au(111), 

presented in Figure 6.2, employed the spillover effect to explain the high turnover 

rates at the smallest Pd nanoparticles. A bare Au surface does not promote the 

hydrogen evolution reaction, since the chemisorption of hydrogen on Au is a 

strongly endothermic process. The Pd nanoparticles are the sources of Had. Due 

to the relatively weak binding of Had to Au, the surface mobility of chemisorbed 

hydrogen is high, with an activation energy in the range . The 

expansion of the Had diffusion front on the substrate is controlled by the ratio of 

surface diffusion rate to desorption rate. Thereby, the support provides a large 

storage capacity for adsorbed hydrogen. 

 
Figure 6.2: Illustration of the HER processes on the surface of catalyst and support. 

Based on the studies of Au(111)-supported single Pd nanoparticle, S. 

Pandelov and U. Stimming [ 210 ]  performed measurements on the 

electrochemical reactivity  for HER and HOR at Pd monolayers and 

submonolayers on an Au(111) support. In their work, the reactivity per real 

catalyst surface area at submonolayer coverage of Pd was found to increase 

d  eV0 1 0 2 E . .
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strongly with decreasing Pd coverage from 0.25 to 0.018. The coverage effect is 

particularly pronounced for HER.  

So far, it has not been determined whether this enhancement in reactivity 

is caused by intrinsic single cluster effects, viz., electronic structure effects due to 

variation of Pd cluster size and cluster–support interactions, or whether it could 

be explained on the basis cluster–cluster correlations mediated by spillover and 

surface diffusion of adsorbed hydrogen. For HOR, the modest reactivity 

enhancement with decreasing coverage could be explained on the basis of single 

cluster effects since support surface processes should be insignificant in this 

case. For the HER, a scenario that would be based entirely on intrinsic single 

particle effects can be readily discarded by considering the low “storage capacity” 

of the nanoclusters for adsorbed hydrogen [203, 211].  

6.2.2 Assumptions in Hydrogen Evolution Reaction Mechanism 

For HER, two possible mechanisms are commonly distinguished, viz. the 

Volmer-Tafel (V-T) and the Volmer-Heyrovsky (V-H) mechanism [212,213]. In 

both mechanisms, the adsorbed hydrogen is formed by the Volmer reaction   

c c ad
H M e M -H

a
ck    .                               6.1 

where c
M  represents an adsorption site on the catalyst.   

 Since chemisorption of hydrogen on bare Au is strongly endothermic, 

exhibiting the highest activation barrier for adsorption among metals [ 214 ], 

primary hydrogen adsorption will only occur at the catalyst, which thus acts as a 
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source of Had for the whole surface. In the Tafel step, two adjacent adsorbed 

hydrogen atoms react to form H2, 

ad 2
2M-H M+H                                     6.2 

In the Heyrovsky step, a proton is discharged over an adsorbed hydrogen 

atom and H2 is formed, 

+ -

ad 2
M-H +H +e M+H                                  6.3 

 For HOR, on the basis of the Tafel-Heyrovsky-Volmer mechanism, there 

are three elementary reaction steps  

2 ad
H 2H

                                          
6.4 

+

2 ad
H H +H +e

                                      6.5 

+

ad
H H +e

                                        6.6 

For the HER, diffusion of Had over the catalyst/support boundary and 

subsequent diffusion on the support surface constitutes a classical case of the 

“spillover effect”  

c ad s ad
M -H M -H                                    6.7 

The activation barrier for surface diffusion Had is known to correlate with 

the strength of the M-Had bond [215]. On the active catalyst surface, H atoms 

diffuse with a low diffusion energy barrier [216, 217]. For instance, Paul and 

Sautet [218] found the lowest barrier for Had surface diffusion on a Pd (111) 

surface between two fcc sites via a bridge and an hcp site and calculated it to be 
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14.5 kJ mol-1, which gives a surface diffusion coefficient Pd cm s9 2 1
1.47 10D

  . 

Therefore, on a catalyst nanoparticle with radius smaller than 2 nm, adsorbed 

hydrogen attains a homogeneous distribution within a relaxation time of 

c c c

2 5
/ 10r D s  .  In this model, the coverage of Had on the catalyst surface is 

assumed to be spatially invariant.  

From an energetic point of view, spillover of chemisorbed hydrogen atoms 

from catalyst surface to support is unfavorable because of a large hydrogen 

adsorption energy difference [219, 220]. However, partial alloying at the rims of 

the islands could significantly reduce this barrier. The binding energy of hydrogen 

on Pd and Au surfaces as a function of hydrogen coverage,  , has been studied 

by Karlberg and Nørskov through DFT calculations [221]. Their results show that 

the hydrogen adsorption energy on Pd at 1   is very similar to the hydrogen 

adsorption energy on Au. Moreover, the hydrogen adsorption energy on Pd at 

1   is higher than the hydrogen adsorption energy on Au for of submonolayer 

coverage ( 1  ). Therefore, for sufficiently small electrode potentials, for which 

1   (or larger) can be assumed, excess hydrogen formed on the Pd surface is 

more likely to spillover onto Au than to accumulate further on Pd.   

6.3 Kinetic Model 

6.3.1 General Formulation 

The change in hydrogen coverage,  ,r t , expressed as the number of 

adsorbed hydrogen atoms per site on the support surface, is balanced by 
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diffusion and desorption. The change of  ,r t  as changing the time t , is the 

balance between surface diffusion and desorption from surface to solution,  

   
 ds

s

, ,
,

r t r tD
r k r t

t r r r


 


  

  
                        

6.8 

with 1   for the V-H mechanism and 2   for the V-T mechanism, respectively. 

Here  ,r t  is the hydrogen coverage on the support as a function of radial 

coordinate r , sD  is the surface diffusion coefficient of Had on the support and d

sk  

is the desorption rate constant of hydrogen from the support. For V-H mechanism, 

the transfer of electron is involved, therefore 
d

sk  depends on the Gibbs energy of 

desorption, d

sG , and overpotential,  ,  

( 2)
exp

G F
k A

RT

   
  

 

d d
d d s s
s s

  
                       6.9 

where d

sA  is the Arrhenius pre-exponential factor or frequency factor, and d

s  
is 

the charge transfer coefficient. The dependence of   vanishes for the V-T 

mechanism. The values of d

sk  are different depending on the prevalence of V-H 

or V-T mechanism.   

6.3.2 Boundary Conditions 

The amount of hydrogen spillover from catalyst to support is balanced by 

the adsorption on catalyst islands and direct removal from catalyst (via Tafel or 

Heyrovsky steps). On the catalyst surface, we assumed hydrogen atoms to be 
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distributed uniformly, i.e.,    c, ,r t r t   for cr r . Therefore, the boundary 

condition at the circumference of the catalyst particle is 

 
   

c

a ds c
c b c c c

s s

,
1 , ,

2 2
r r

r t r r
k c r t k r t

r D D




 




     

        

6.10

 

where bc  is the proton concentration in the bulk solution and a

ck  is the rate 

constant of hydrogen adsorption on the catalyst surface, which accounts for the 

Volmer-step on the catalyst surface, 

a a
a a c c
c c exp

G F
k A

RT

   
  

                              

6.11 

with pre-exponential factor a

cA , activation Gibbs energy of adsorption a

cG  and 

charge transfer coefficient a

c .  

The desorption rate constant d

ck  in Eq.6.10 accounts for the Tafel or 

Heyrovsky step on the catalyst surface,  

d d

c c
c c

( 2)
exp

d d G F
k A

RT

     
  

 
                       6.12 

with pre-exponential factor c

d
A , activation Gibbs energy of desorption, d

cG , and 

charge transfer coefficient d

c  of the Heyrovsky-reaction on the catalyst surface. 

 Symmetry of the regular nanoparticle array requires that the flux of 

adsorbed hydrogen at the boundary of the Wigner-Seitz cell around each 

nanoparticle is zero. In our simplified approach, we replaced the Wigner Seitz 
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cell by a circular, disk-shaped area with radius , as shown in Figure 6.1, and 

we assumed that the adsorbate flux at the circumference of this disk area is zero,   

 

R

,
0

r r

r t

r









                                     

6.13 

This approximation of the boundary condition introduces a small, yet 

tolerable error in adsorbate fluxes and, thus, in kinetic rates determined from the 

analysis of experimental data using the model. The mathematical simplification 

that comes along with the introduction of radial symmetry by far outweighs the 

significance of this error. Sources of equally significant, yet uncontrollable 

experimental errors, which are ignored in the model, are due to the dispersion in 

particle radius distributions and irregularities in particle arrangement on the 

support.  

6.3.3 Transient Solution 

For the V-H mechanism, the Laplace transformation method yields an 

analytical solution for  ,r t  [222,223],   

     
d
s

s

2( )

1

, ( ), ( )nk t

n n

n

r t r e f J r Y r
 


 



 
                  

6.14 

The derivation of this solution is given in the Appendix.  s r  is the 

steady state hydrogen coverage. Time-dependent terms are contained in the 

exponential factors
d
s

2( )nk t
e

 
, where n

  are roots of Eq.(A8) in the Appendix. 

Rr
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The factors  ( ), ( )
n n

f J r Y r  are composed of Bessel functions of the first and 

second kind [224]. 

Hydrogen coverage as a function of dimensionless radial coordinate at 

different times is shown in Figure 6.3.  

 
Figure 6.3: Hydrogen coverage on the surface of support at various radial coordinates,  , at 

times in the range from 0.05 to 10s. (Reprinted by the permission of Electrocatal., 2010, 1(1) 60-

71. Copyright 2010 by Springer Netherlands.) 

For a radial coordinate R0.5r r , the plot of coverage as a function of time 

is shown in Figure 6.4. Hydrogen coverage on the support surface reaches to a 

stationary state within a relaxation time s , which depends on a

ck , d

sk , cr  and Rr . 

Among these parameters, d

sk  exerts the predominant effect. Depending on the 

electronic structure of the metal surface, the desorption rate constant of 

chemisorbed hydrogen (via Tafel step) is found in the range of 10-3-103 s-1 [225]. 

Hydrogen coverage is plotted as a function of time for different d

sk  in Figure 6.4. 
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In general, the relaxation times on the support are s 0.5s  , which implies 

s c  .  

 
Figure 6.4: Hydrogen coverage as a function of time at ρ=0.5 for different desorption rates on 

support (indicated in legend). (Reprinted by the permission of Electrocatal., 2010, 1(1) 60-71. 

Copyright 2010 by Springer Netherlands.) 

By comparison of relaxation times, transient measurements offer a means 

to assess the importance of the support for the overall HER activity. Relaxation 

times in the range of seconds suggest an eminent role of the support, whereas 

relaxation times would be several orders of magnitude shorter if the 

electrochemical kinetics were entirely controlled by processes on the catalyst. 

6.3.4 Steady State Solution for V-H and V-T Mechanisms 

At steady state, the hydrogen coverage,  s
r , on the support is constant. 

It is found from  
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with boundary conditions 

   
c

a ds c c
c b s c c s c
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and 
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s
0

r r
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r
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For the V-H mechanism, the analytical solution for the steady state 

coverage is 
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where 
d

s
d

2
S

k
s

D
 . Details of the calculation are given in Appendix B. For the V-T 

mechanism, the equations could be solved only numerically. 

6.4 Current Density of Hydrogen Evolution Reaction  

The total current from HER is the sum of currents generated at the 

catalyst surface, ci , and at the support, si . The Faradic current density 
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normalized to catalyst surface area is c s

c

0 2

i i
j

r


 . The contribution from the 

catalyst surface, accounting for V-H or V-T mechanism, is  

      a d

c c c c b s c c s c

2
1 2i e r k c r k r                       

6.19 

where c  is the surface atom density on the catalyst. On the support, charge 

transfer only occurs in the Heyrovsky step ( 1  ) and si  is given by 

   
R

c

d

s s s s2 2
r

r
i e k r rdr     

                          
6.20 

where s  is the surface atom density on the support. Eq. 6.19 and Eq. 6.20 show 

that  ci  and si  are functions of geometric parameters, cr  and R
r , and of kinetic 

parameters, a

ck , d

ck , d

sk and sD , which are discussed in the following sections. 

6.4.1 Geometric Parameters 

The coverage of catalyst nanoparticles in our model is determined by the 

radius of and separation distance between nearest neighbour particles. By 

employing constant values for kinetic parameters, we can investigate effects of 

geometrical parameters, i.e., cr  and Rr .  

Figure 6.5 shows the effect of cr  on 0
j (at R nm5r  ). The current 

contributions from catalyst surface and support surface, normalized to the 

catalyst surface area, are indicated by dashed and dotted lines. For an array with 

a fixed Rr , 0
j  decreases strongly with increasing cr .  
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Figure 6.5: Effect of particle radius, cr , on the current density per catalyst surface area. Solid, 

dashed, and dotted lines indicate the total current density, the contribution from the support 

surface, and the contribution from the catalyst surface, respectively. (Reprinted by the permission 

of Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer Netherlands.) 

On the catalyst surface, if an intrinsic nanoparticle size effect on reactivity 

is not accounted for, the current density per catalyst surface area is constant. 

The decrease of 0
j  with increasing cr  is due to the decrease in the available 

support surface area. In this range of Rr , a larger available support area 

enhances the total surface reactivity.  

The effect of Rr  on 0
j   is shown in Figure 6.6 for various fixed values of cr . 

It can be seen that at R nm40r  , 0
j  increases steeply with the increase of Rr . In 

this range, dispersion of adsorbed atomic hydrogen on the support due to 

diffusion strongly enhances the apparent surface reactivity.  
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Figure 6.6: Effect of separation distance, Rr , on the current density per catalyst surface area for 

different nanoparticle radii. (Reprinted by the permission of Electrocatal., 2010, 1(1) 60-71. 

Copyright 2010 by Springer Netherlands.) 

The optimum separation, max

Rr , corresponding to the peak in 0
j , 

embodies the geometric effect of particle arrangement on the reactivity of the 

supported nanoparticle system. The optimum separation distance shifted from 40 

nm to 30 nm when cr  was reduced from 2nm to 1nm. The maximum in 0
j  at 

max

Rr  is a result of a trade-off between two effects: (i) for max

R Rr r , the prevailing 

effect is the increase of the spillover flux of adsorbed Had 
due to the increase of 

R
r , which enhances the net rate of adsorption at the catalyst surface; (ii) for 

max

R Rr r , the prevailing effect upon increasing Rr  is a dilution of Had on the 

support due to the decreasing overlap of diffusion fields from neighboring catalyst 

particles, which diminishes the net rate of desorption from the support. In the limit 
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Rr  , nanoparticles are independent of each other and 0
j  becomes 

independent of Rr . 

6.4.2  Kinetic Parameters  

For HER, kinetic parameters include a

ck , d

ck , d

sk and sD . DFT calculations 

show that the adsorption energy of hydrogen molecules at metal catalyst 

nanoparticles increases with decreasing particle size due to intrinsic electronic 

structure effects [226, 227]. However, a high rate of proton adsorption, a

ck , would 

cause a rapid reduction of the fraction of free sites for proton adsorption on the 

catalyst surface. The relationship between a

ck  and the surface fraction of free 

sites is shown in Figure 6.7. 

For a catalyst array with various cr  and Rr , the effect of a

ck  on 0
j  is shown 

in Figure 6.8. The enhancing effect of increasing a

ck  on the reactivity of particles 

is rather pronounced for particles with c nm2r  . 

Under steady state conditions, the total rate of Had production via Eq. 6.1 

is balanced by the sum of reaction rates corresponding to Eq. 6.2 and Eq. 6.3. 

For c Rr r , the rate-determining step in HER is adsorption on the catalyst, Eq. 

6.1, which has the rate constant a

ck . The increase of a

ck  results in a decrease of 

free adsorption sites on the catalyst nanoparticles, which further decreases the 

adsorption rate. Therefore, we observed a diminished enhancement of current 



 

103 

 

density at large a

ck . For c Rr r , the rate determining step is Eq. 6.2 or Eq. 6.3 on 

the catalyst surface, which has the rate constant a

c
k . 

 
Figure 6.7: Fraction of free sites for proton adsorption on catalyst surface as a function of the 

proton adsorption rate constant. (Reprinted by the permission of Electrocatal., 2010, 1(1) 60-71. 

Copyright 2010 by Springer Netherlands.) 

The desorption rate constant on the support, d

sk , has a significant effect 

on 0
j . As shown in Figure 6.9, for varying cr and fixed Rr , 0

j  increases with 

increasing d

sk . However, when d

s
k  , we have   0r  on the support and 

hydrogen adsorption on the catalyst surface is the rate determining step. With 

increasing cr , the effect of d

sk  on 0
j  diminishes due the reduced support surface 

area. The surface diffusion coefficient of atomic hydrogen on the support is the 

key parameter that determines the optimum separation distance of nanoparticles. 

Effects of sD  on max

Rr  on 0
j are shown in Figure 6.10. 
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Figure 6.8: Effect of particle radius, cr , on the current density per catalyst surface area for 

distinct adsorption rate constants on the surface of catalyst. (Reprinted by the permission of 

Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer Netherlands.) 

 

Figure 6.9: Effect of particle radius, cr , on the current density per catalyst surface area for 

various desorption rate constants of the surface of support. (Reprinted by the permission of 

Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer Netherlands.) 

When sD
 
is small ( s cm s9 2 1

10D
  ) the Had coverage on the support tends 

to zero and, therefore, 0
j

 
is independent of Rr . With the same values of other 
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kinetic parameters, when sD  increases to a sufficiently large value, i.e., 

s cm s6 2 1
10D

  , a significant coverage of Had on the support stems from spillover 

and surface diffusion of Had that is generated on the catalyst surface in the 

Volmer step.  At max

Rr , the amount of Had on the support reaches to a maximum 

that generates the peak current density.  With increasing sD , 
max

Rr  increases due 

to the more pronounced spillover effect of Had on the support.   

 
Figure 6.10: Effect of separation distance of catalyst particles on current density per catalyst 

surface area for varying diffusion rate constant on support surface. (Reprinted by the permission 

of Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer Netherlands.) 

6.4.3 Validation of the Model 

For model evaluation, we employed experimental results from the group of 

U. Stimming for HER and HOR on Pd nanoislands supported on Au(111) [210]. 

From reported histograms of island perimeters we obtained values of average 

island radii and separation distances. Geometrical parameters, cr  and Rr , 
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determined for samples with Pd coverages of 0.035, 0.091, 0.18 and 0.23 and 

extrapolated for Pt coverage of 0.2, 0.3 and 0.5, are plotted in Figure 6.11 [210]. 

 

Figure 6.11: Calculated (solid circle) and extrapolated (open circle) geometrical parameters cr  

and Rr  for different Pd coverage explored in Ref [210]. (Reprinted by the permission of 

Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer Netherlands.) 

For results in Ref. [210], we extracted cj  at different c  and different 

overpotentials,  . These data are replotted in Figure 6.12.  We employ the 

values of cr  and Rr  in Figure 6.11 to fit the experimental activity data at different 

Pd coverage. The calculation results marked in Figure 6.12 as solid diamonds 

show that most data can be reproduced closely within the model. 
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Figure 6.12: Comparison of model results and experimental data [210] for HER current density 

per catalyst surface area at varying catalyst coverage. (Reprinted by the permission of 

Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer Netherlands.) 

For Pd coverages between c 0.091   and 0.18, the separation distances 

of islands remains almost unaltered (2.0 nm and 1.9 nm) while the radius of 

islands increased from 0.64 nm to 0.8 nm. The measured 0
j  decreases with 

increasing radius, which is in agreement with the expectation of our model. For 

Pd coverage from 0.035 to 0.091, the radius of Pd islands remains constant, 

while the separation distance between neighbouring islands decreases from 3.4 

nm to 2.1 nm. In this range the current density decreases strongly with increasing 

Pd coverage. Because the radius of Pd islands is constant, there is no intrinsic 

particle size effect to be expected in this region; the observed change in reactivity 

could only be due to the spillover effect on the support, as suggested by our 

model. Interestingly, the impact of catalyst coverage c  on cj  is most 

pronounced in this region of low c
 . For example, in Figure 3.12, at c

0.035   



 

108 

 

the current density cj  
increases by 160 mA/cm2 when the overpotential 

increases from 100mV to 150mV; at c 0.18   the current increases only by 30 

mA/cm2 for the same variation in  . This suggests that the support reaction 

involves a charge transfer process, as accounted for in the V-H mechanism.  

 

Figure 6.13:  Tafel plot of adsorption rate,  a

clog k , on catalyst surface as a function of applied 

potential (reference electrode was Mercury/Mercury Sulfate in 0.1 M H2SO4). (Reprinted by the 

permission of Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer Netherlands.)  

The V-T mechanism has been known to occur on Au [228]. However, up 

to date, to the best of our knowledge, there is no work that evaluated the kinetics 

of the V-H mechanism on Au, since hydrogen adsorption on the bare Au surface 

is energetically prohibited. In case of the Au surface decorated with catalyst 

nanoparticles, hydrogen spillover from the catalyst acts as a source of adsorbed 

hydrogen on the Au support, which allows studying the V-H mechanism on Au.  
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We used Tafel plots, shown in Figure 6.13 to determine rate constants 

and transfer coefficients of adsorption and desorption steps on catalyst and 

support in the V-H mechanism. The reference electrode in experiment was 

Mercury/Mercury Sulfate in 0.1M H2SO4 [210].  For adsorption and discharge of 

protons at the catalyst, Eq. 6.1, we determined a transfer coefficient of a

c 0.51   

and a rate constant of a

c s8 1
3.2 10k

  , which agrees well with the reported value 

in the literature of s8 1
10



 for proton adsorption at a thin film of Pd [229].  This 

suggests that the intrinsic rate of the Volmer step on the nanopartice catalyst 

surface exhibits only a slight increase over the rate at the thin film.  

 

Figure 6.14: Desorption rates,  d
log k , on support surface and catalyst surface as functions of 

applied potential (reference electrode was Mercury/Mercury Sulphate in 0.1 M H2SO4). 

(Reprinted by the permission of Electrocatal., 2010, 1(1) 60-71. Copyright 2010 by Springer 

Netherlands.) 

The potential-dependent rates of hydrogen desorption from catalyst and 

support surface are plotted in Figure 6.14. The corresponding charge transfer 
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coefficients for the Heyrovsky step on Pd and Au are d

c 0.57   and d

s 0.48  , 

respectively. The comparison of hydrogen desorption rate constants suggests 

that hydrogen desorption from the Au support is approximately 30 times faster 

than from the catalyst, reflecting the weaker bonding of Had on Au. 

In this part of work, the transient solution of our model implies that H 

atoms on surface of Au to reach the steady state take longer relaxation time than 

H atoms on surface of Pd. At steady state, for a fixed packing density of catalyst 

nanoparticles, the decrease of particle radius leads to a dramatic increase of 0
j . 

The possible explanations to this observations are: i) the enhancement of 

intrinsic activity of Pd nanoparticles due to decreasing of particle size and ii) the 

contribution of spilllovered H atoms on Au surface due to increasing of support 

area. On the other hand, for a fixed catalyst particle radius, which means the 

constant intrinsic activity of Pd, the decrease of packing density also leads to a 

dramatic increase of 0
j  . Thus, the contribution of spillover effect to the increase 

of 0
j  is highly probable. By comparing results of our model with experimental 

values, the desorption rate constants of H atoms on Pd and Au surfaces exhibit 

the Tafel relation with   . Therefore we expect the Heyrovsky reaction 

mechanism for the desorption of H atoms.  
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7. CONCLUSIONS 

Geometry optimizations of various Pt nanoparticle morphologies with 

different surface atom fraction have been performed based on DFT. The stability 

of particles with sizes < 2nm was assessed by calculating average cohesive 

energies per atom. At a given size, nanoparticles with tetrahedral structure 

exhibited the maximum surface atom fraction and moderate average cohesive 

energy. For particles with more than approximately 9 atoms, a consistent linear 

scaling of cohesive energies with the relative portion of surface atoms, i.e. with 

1/3
N

 , was obtained. The extrapolation of this linear trend agrees well with the 

cohesive energy of bulk Pt in vacuo. The cohesive energies are rather insensitive 

to the particle shape. This suggests that thermally equilibrated particle size 

distributions will be statistical averages over distinct shapes, which as a general 

trend drift to larger sizes over time.  

In the second part, the spatial variation of oxygen adsorption energies was 

explored at the particle surface for distinct particle sizes in comparison to the 

extended Pt surface. As expected, adsorption energies increase with deceasing 

particle size. Moreover, a marked influence of particle relaxation upon adsorption 

was found. Adsorption energies of distinct geometric surface sites, as defined on 

extended surfaces, fan out into wide distributions on nanoparticles. Surface 

heterogeneity of nanoparticles leads to a high site-selectivity of adsorption, which 

favours adsorption at bridge sites at the particle edges.  
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The main argument in favour of using nanoparticles in fuel cell catalyst 

layers is the high surface-to-volume atom ratio, which is a key factor for 

improving the mass-specific (electro-)catalytic activity. In addition to this simple 

geometric effect, nanoparticles introduce peculiar surface heterogeneity. The 

impact of the site selectivity (or functional distinction of surface sites) that the 

surface heterogeneity induces on reaction mechanisms and activity is rather 

unexplored. A potentially fruitful route for achieving improvements in catalytic 

activity could be the manipulation of the surface structure at atomistic scale, to 

achieve desired site selectivity for intermediate steps of the total reaction 

sequence. Coined specifically for the oxygen reduction reaction this means: 

improved activity should be sought among catalysts with heterogeneous surface 

structure, which provide well-attuned amounts and distributions of (a) sites that 

get oxidized easily and (b) sites with low affinity for oxide formation, i.e., 

exhibiting weak bonds with oxygen. We need to develop reactivity models for 

nanoparticles that account for their detailed surface structure and evaluate the 

resulting mass-specific activity in order to draw meaningful conclusions on the 

benefits and drawbacks of their use in technical applications. 

In another chapter, effects of oxygen incorporation on stability, electronic 

structure, and electrochemical activity of Pt|NbxOy systems were evaluated. 

Calculated bulk properties of NbxOy are consistent with data on stability and 

conductivity. At the Pt|NbxOy interface, we observed a transfer of electronic 

charge density from Nb, NbO and NbO2 to Pt; the direction of charge transfer is 

reversed for Nb2O5. The resultant ORR activity of Pt|NbxOy entails the interplay of 



 

113 

 

bulk electronic properties of the support, Pt|NbxOy interfacial properties and 

surface electronic structure of Pt. 

The reactivity of hydrogen evolution reaction on supported nanoparticle 

arrays was investigated by a simple two-dimensional model. The model analysis 

focused specifically on the contribution of hydrogen spillover to the current 

density, which accounts for effects of to size variation and geometrical 

arrangement of catalyst nanoclusters on the support. Fitting of experimental data 

for the hydrogen evolution reaction with the model validated the proposed model 

and revealed the feasibility of hydrogen spillover from the surface of Pd to Au. 

The solution of the kinetic model for HER shows that hydrogen coverage reaches 

to a stationary state after a relaxation time that depends on the desorption rate of 

Had from the support. At low particle density, relaxation times of hydrogen 

coverage on the support are much longer than on the catalyst particle. This effect 

provides a means for distinguishing the support and particle contributions to 

overall reactivity in transient measurements. The calculation of current density, 

normalized to the Pd surface area, vs. particle separation distance reveals the 

optimum separation distance, at which the highest current density is obtained. 

The maximum is due to the correlation of neighboring particles that depends on 

the overlap of their Had diffusion fields. We found that the current density, 

normalized to Pd surface area, increases strongly with decreasing particle size 

for fixed particle separation distance, which agrees with trends observed in 

experiment.  
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According to the calculation, desorption rate and hydrogen diffusion 

coefficient on the support are the key kinetic parameters that influence the 

current density. Hydrogen diffusion determines the optimum separation distance 

between Pd clusters. From the application of the model in the treatment of 

experimental data we noticed that the current density enhancement with 

increasing overpotential is most significant for the lowest catalyst coverages. This 

behaviour could only be explained by involving the Volmer-Heyrovsky 

mechanism on the support. The comparison to experimental data yielded kinetic 

parameters and charge transfer coefficients of processes involved in the 

hydrogen evolution reaction at the supported nanoparticle system. 
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8. OUTLOOK 

The study of stability and surface heterogeneity of nanoparticles was 

conducted in vacuo and without support material. However, under operation 

condition of cathode catalyst layer, Pt nanoparticles are covered by Pt oxides 

and they are surrounded by acid electrolyte with an electrode potential. The 

impacts of electrolyte and catalyst-support interactions on the stability catalytic 

reactivity of Pt particles are not fully understood yet. Therefore, continued 

research should focus on the understanding of the effects of surface oxide 

formation, acidic solution and applied potential on the physical and chemical 

behaviour of supported catalyst nanoparticles. 

An atomic model system including charged support material, Pt 

nanoparticles, surface oxygen atoms, and water layers could provide insight into 

the physical and chemical phenomena occurring inside of the cathode catalyst 

layer. However, such a model system contains more than hundreds of atoms, 

which requires an unreasonable amount of computation time. Combination of 

analytic model at micrometer scale and ab initio calculation at nanometer scale 

can be a feasible approach to systematically rationalize the observed stability 

and catalytic activity of Pt nanoparticles in catalyst layers.  

The model systems of free nanoparticles and thin film bilayers of Pt/NbxOy 

in this study could be considered as a starting point. The objective of next model 

system may be to understand the effect of surface oxides on the stability and 
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surface heterogeneity of Pt nanoparticles. According to the distribution of the 

adsorption energy of a single oxygen atom on Pt92 and Pt37 atoms, edges of 

particles possess stronger adsorption energy than facets. Therefore, we can 

obtain the thermal stability and adsorption behaviour of partially oxidized Pt 

particles by performing calculations on the cohesive energies and surface 

electronic structures of Pt particles with partially oxygen-covered surface. 

The Pt/NbxOy bilayer thin film model system in this work neglected the 

effects of thickness and roughness of Pt layers. A further understanding of the 

Pt-support interaction can be achieved by studying the electronic structure and 

oxygen adsorption behaviour of monolayer, bilayers and trilayers of Pt atoms on 

NbO2 support. Pt/NbO and Pt/Nb2O5 systems are excluded due to the weak 

interaction of Pt-NbO and zero electronic conductivity of Nb2O5. In order to gain 

further understanding of the contribution of support material on the catalytic 

activity of Pt, Pt/TiaNb1-aO2 bilayer systems can be investigated. Formation 

energies of TiaNb1-aO2, charge redistribution and bond formation at Pt|TiaNb1-aO2 

interfaces and surface electronic structure of Pt are the foremost interesting 

physical properties for rationalization of the effects of Ti doping. 

 The kinetic model of the hydrogen evolution reaction on Pd/Au nanoarray 

systems in this study shows that inactive support surface will enhance the 

catalytic activity by spillover of adsorbate from Pd to Au surface. However, the 

viability of the spillover scenario has not yet been demonstrated unambiguously. 

Since hydrogen adsorbed on Au surface is energetically unfavoured, the spillover 

of hydrogen from Pd surface to Au surface requires H atom at edges of Pd 
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particles to overcome the energy barrier of diffusion, which depends on the 

atomic structure of Pd|Au interface and electrical field at the inner Helmholtz 

double layer. The kinetic parameters of spillover processes can be obtained by 

performing ab initio calculations on the model systems, consisting of Au 

supported Pd sub-monolayer in present of water layers, for various coverages of 

H atoms on the surface Pd and applied potentials.  
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APPENDIX A  

Roman symbols 

a  inter-atomic distance (nm) 

b  Tafel slope 

s

ox
c  concentration of oxidizer at surface of reaction site (mol mL-1) 

s

red
c  concentration of reductant at surface of reaction site (mol mL-1) 

b

ox
c   concentration of oxidizer at bulk (mol mL-1) 

b

red
c   concentration of reductant at bulk (mol mL-1) 

sD  diffusion coefficient (cm2 s-1)  

b
E

 binding energy (eV) 

coh
E

 cohesive energy (eV) 

elec
E  energy of a electron (eV) 

eq
E  equilibrium potential (eV) 

0
E  standard redox potential (eV) 

formE
 formation energy (eV) 
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F


 Fermi energy (eV) 

*

0
j  exchange current density (mA cm-2 ) 

0
j  specific current density (mA cm-2) 

k
j  kinetic current density normalized to per catalyst surface area (mA 

cm-2) 

 a

ck   hydrogen adsorption rate for Volmer step in HER (s-1 ) 

 d

ck   hydrogen desorption rate on catalyst surface (s-1 ) 

 d

sk   hydrogen desorption rate on support surface (s-1 ) 

L  separation distance (nm) 

n  electronic charge density 

N  number of electrons  

 cr  nanoparticle radius (nm) 

 Rr  effective area radius (nm) 

z  effective coordination number 
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Greek symbols 

a

c   charge transfer coefficient for Volmer reaction on catalyst 

d

c  charge transfer coefficient for Heyrovsky reaction on catalyst 

d

s  charge transfer coefficient for Heyrovsky reaction on support 

/S V  surface-to-volume atom ratio 

d
  position of d-band center 

  effective lattice strain 

s  atomic density on support surface (cm-2 ) 

 c  
atomic density on catalyst surface (cm-2 ) 

S
  statistical limitations of catalyst utilization 


 overpotential (mV) 

s  hydrogen coverage at stationary state 

   reaction order (Heyrovsky mechanism: 1, Tafel mechanism: 2) 

  dimensionless radial coordinate 

c  hydrogen relaxation time on catalyst surface (s) 
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 s  hydrogen relaxation time on support surface (s) 

  c  catalyst coverage 

M  work function (eV) 

S  surface potential (eV) 

V  electrostatic potential in the center of vacuum (eV) 
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 APPENDIX B 

Using performing a Laplace transformation of Eq.(6.8) for 1 

gives 

d

s

1 ( , )
( , ) ( , 0) ( , )

s
s s t k s
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The general solution is  

   d d

s s0 0
( , )s s AK s k BI s k                         (A2) 

The Laplace transform of the boundary condition at c c /
R

r r  , Eq. 3.23, is 
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where the second step follows from Eq.(A2).  

The Laplace transform of the boundary condition at , Eq. 3.26, is 

   1 1                  
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From Eq.(A3) and Eq.(A4) we obtain 
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where 
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Inverse Laplace transformation of Eq.(A5),  1
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The integrand is a single-valued function of s with a simple pole at 0s  , and 

simple poles at d 2

s ns k   , where n  
are the roots of  
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The residue at the pole  gives the stationary solution, 
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To find the residues at 
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According to the properties of Bessel function, the recurrence formulae (A8) and 

the Wronskian relation,  

0s 
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Using the definition 
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 in Eq.(A13) gives  
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Finally, we obtain Eq.(A14) in the form of  Eq.(14), 
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where the function  n n( ) ( )f J r Y r  is composed of Bessel functions of the first and 

second kind, 
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