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ABSTRACT 

 
The aim of this work was to investigate changes in the electronic structure of platinum as a result of 

alloying with vanadium, and the effects of these changes on O2 adsorption.  This is important for the 

further development of hydrogen fuel cells, because the oxygen reduction reaction (ORR) presently 

requires O2 adsorption to occur on pure platinum, which is a prohibitively expensive material.  A 

computational study has therefore been undertaken on alloying platinum (which reduces cost) with 

vanadium (for which there is plentiful experimental data) and the consequences for O2 adsorption. 

The first moment of the d-band of platinum alloy DOS was used to represent the d-band centre. The d-

band centre of Pt-PDOS became lower as a result of hybridisation between platinum and vanadium. 

The d-band centre of a pure platinum surface with respect to the Fermi level is -1.99eV, but it is shifted 

to -3.23eV when vanadium atoms are added to the subsurface layer.  

The adsorption energies of O2 are sensitive to a combination of calculation parameters used. In this 

work, the calculations were executed using the CASTEP code. This is a plane wave pseudo potential 

code. The most stabilised geometry of an adsorbed molecule on pure Pt (111) was at the fcc site and 

had an adsorption energy of -1,91eV. The adsorption energy at the bridge site of Pt (111) is -1.81eV. 

When subsurface vanadium atoms were introduced, the equilibrium surface-molecule bond lengths 

increased. The adsorption energy at the fcc site shifted to -1.37eV, -1.43 for the bridge site and -1.45eV 

for the hcp site. 

It was concluded that the presence of vanadium atoms in the surface region destabilises an adsorbed 

oxygen molecule but a more detailed study is needed to show the effect of the solute atoms on the 

thermodynamics and kinetics of the whole oxygen reduction reaction chain. 
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CHAPTER 1 

1.1 Introduction  

Platinum, which has high catalytic efficacy and stability, is widely used as a solid catalyst.  The main 

disadvantage is its price. When it is used in energy technologies, the price of platinum becomes an 

important issue because of the complex nature of energy markets (Gasteiger et al., 2005). Thus, in fuel 

cell technologies utilising platinum as their electrodes, there is a need to reduce the loading of the noble 

metal without compromising performance.  

1.1.1 Catalysis 

Catalysis is a process in which the rate of chemical reactions is altered by using other chemical 

substances. Catalysts themselves are not consumed in the process; they participate in reactions and 

are regenerated at the end of each chain to start another reaction cycle. The action of catalysts is to 

provide alternative reaction pathways with lower reaction barriers (Atkins, 2006). 

Catalysis plays a very important role in natural processes as well as in industry. Enzymes catalyse 

biochemical processes that make life and other natural phenomena possible. Industrial catalytic 

processes are essential in many areas including food production, fuels, pharmaceuticals and 

environmental emissions control. Adams (2009) estimated that the catalysis industry that supports 

manufacturing and refining had an annual turnover of about US$15 billion and produced goods worth 

about US$15 trillion. 

There are three types of catalytic processes: (1) enzyme (biological), (2) homogeneous and (3) 

heterogeneous. Of these three processes, heterogeneous catalysis is the most used in industry. The 

process takes place with reactants and products being in a different state of aggregation to the catalyst. 

A catalysed reaction proceeds through a series of elementary processes. Figure 1.1 outlines the 

elementary processes of a heterogeneous catalytic reaction. First, a gaseous molecule is adsorbed 

onto the catalyst surface yielding adsorbed intermediates. The adsorbed intermediates in turn may 

diffuse across the surface and meet other species with which they may react to form new adsorbed 

species. Upon desorption from the surface, product molecules are formed. A good catalyst should be 

able to perform all the processes efficiently. 
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Figure 1.1: Elementary processes in heterogeneous catalysis (Chorkendorff and Niemantsverdriet, 
2006). 

Two reaction pathways are shown in Figure 1.1: the gas phase reaction (not catalysed) and the surface 

reaction (catalysed).The activation energy needed for the gas phase reaction can be high and as a 

result, it is very slow. For the surface reaction proceeding through a series of elementary steps, the 

overall activation energy may not be that high. However, if any of the elementary processes is sluggish, 

it may become a bottleneck for the whole reaction. The efforts in catalysis research are aimed at 

identifying the bottlenecks for particular reaction pathways and finding ways of eliminating them. 

1.1.2 Fuel cells 

A fuel cell is an electrochemical device that converts chemical energy direct to electricity. It consists of 

two electrodes separated by a medium that conducts ions but not electrons. The electrodes are then 

connected to an external electrical circuit that draws out the power. At the cathode, oxygen is reduced 

and at the anode, hydrogen is oxidised. The overall products of the two half-cell reactions are electrical 

energy and water. However, because of the thermodynamic irreversibility of processes taking place 

during reactions, not all energy is produced as electricity. Some is converted to heat and appears as 

wasted energy. This lowers the efficiency of the fuel cells.  

Energy 
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There are several types of low temperature fuel cells. Figure 1.2 shows a schematic layout of a Proton 

Exchange Membrane (PEM) fuel cell. A common feature in all low temperature electrodes is the 

presence of platinum as catalyst. However, even with the platinum catalyst present, the energy needed 

for the Oxygen Reduction Reaction (ORR) is still significant. The amount of platinum needed to obtain 

practical operating current densities makes the whole fuel cell system uneconomic, yet platinum 

remains the best known catalyst for both half-cell reactions. A publication reviewing state-of-the-art fuel 

cell catalysis in 2005 reported that the lowest platinum loading possible in fuel cell electrodes was 

0.6 to 0.8 mg cm2⁄  at a power density of 0.7 W cm2⁄  (Gasteiger et al., 2005).  This translates to 

72 –  94g of platinum for a 75kW automobile. A five-fold reduction in platinum loading was required to 

make fuel cell economically viable. This issue still remains unsolved. There have been extensive efforts 

to find a catalyst that performs better than platinum. The most successful systems tested to date are 

alloys of platinum itself.  The performance of non-platinum based catalysts is much lower and they are 

not stable in the reaction fuel cell environment (Stamenkovic et al., 2007, Serov and Kwak, 2009, 

Adams, 2009).   

 

 

 

 

 

 

 

 

 

 

(Bashyam and Zelenay, 2006) 

 

Figure 1.2: Basic structure of a proton exchange membrane fuel cell. 
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1.2 Literature review 

Electrochemical measurements of ORR rates on pure platinum and platinum alloy surfaces in 

conjunction with Density Functional Theory (DFT) calculated reaction pathways have been used to 

improve the performance of fuel cell cathode catalysts. The reaction on Pt (111) is the well-studied. The 

initial step of the reaction is adsorption of molecular oxygen.  

1.2.1 Adsorption of oxygen on Pt (111) 

It is believed that the dissociative adsorption of oxygen on Pt (111) is mediated through precursor 

states (Eichler and Hafner, 1997, Zambelli et al., 1997).  A molecular oxygen species exists on the 

surface in physisorbed and chemisorbed states preceding dissociation.  In fact, the trapped molecule 

may either dissociate or desorb depending on the thermal conditions of the substrate. Nolan et al. 

(1998, 1999) proposed an adsorption scheme illustrated by the one dimensional potential energy 

surface (Figure 1.3), showing the local minima as possible precursor states.  
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Figure 1.3: One dimensional potential energy diagram for dissociative adsorption of oxygen on 

platinum. Species with low translational kinetic energy may initially physisorb (Nolan et al., 1999, Nolan 

et al., 1998). 

1.2.2 Dissociative adsorption of oxygen on Fuel Cell electrodes 

There are two possible oxygen reduction mechanisms for fuel cell electrodes, the direct/dissociative 

and the associative mechanisms (Nørskov et al., 2004): 

Dissociative mechanism 

1

2
O2 + ∗ → O∗         (1.1) 

O∗ + H∗ + e− → OH∗         (1.2) 

HO∗ + H∗ + e− → H2O        (1.3) 

Associative mechanism 

O2 + ∗ → O2
∗          (1.4) 

O2
∗ + H∗ + e− → HOO∗        (1.5) 

HOO∗ + H∗ + e− → H2O∗ + O∗       (1.6) 

O2
∗ + H∗ + e− → OH∗         (1.7) 

OH∗ + H∗ + e− → H2O∗        (1.8) 

where ∗denotes the surface. 

It can be seen that in the dissociative mechanism, oxygen dissociation precedes protonation while in 

the associative mechanism, dissociation follows protonation. The question of which mechanism 

dominates depends on several factors. DFT calculations performed by Nørskov and co-workers 

showed that the associative mechanism is dominant at high 𝑂2 coverage (Nørskov et al., 2004). Ford 

et al. also performed calculations to determine energetics of ORR intermediates.  They proposed that 

the intrinsic reactivity of the substrate also contributes to the favoured mechanism and reported that for 

Rh, Ir, Ni and Cu the dissociation mechanism dominates whilst on Pt, Pd, Au and Ag, the dissociative 

mechanism dominates (Ford et al., 2010). 
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1.2.3 Factors affecting adsorption and dissociation of oxygen on platinum surfaces 

Factors that affect adsorption and dissociation energies of oxygen include co-adsorption (presence of 

spectator ions) and the effect of a strong potential due to an electric double layer at the electrode 

surface (Nørskov et al., 2004). Intrinsic reactivity of the surface also plays an important role as 

highlighted by Ford et al. (2010) and is the subject of the present study. The substrate interacts with 

oxygen electronically. Several models have been developed to study this interaction. One early model 

was developed by Newns (1969) using a mathematical technique proposed by Anderson (1961). 

Normally, bonding is explained in terms of molecular orbital theory (Atkins, 2006). It is possible to 

enumerate orbitals in small molecules because there are not many. However, the number of electronic 

states on a metal surface is very large such that it is not practical to count them one by one. A practical 

way to enumerate the large number of surface electronic states is to use a mathematical concept called 

the density of states (Ashcroft and Mermin, 1976). Newns used the density of states to describe 

surface-molecule interactions. 

The Newns-Anderson model 

The Newns-Anderson model clearly distinguishes physisorption and chemisorption. In physisorption, 

each system keeps its electronic states, they are only weakly perturbed and there is no hybridisation. 

Physisorption is a result of Van der Waals attraction due to induced dipoles and the bond is weak. An 

equilibrium physisorption interaction is a bond that only balances induced dipoles and Pauli repulsion. 

Sometimes a molecule is able to reach very close to a surface such that a covalent interaction may 

occur. Covalent bonding involves the formation of new hybrid orbitals. Thus, an equilibrium covalent 

interaction is a bond that balances induced dipoles, hybridisation energy and Pauli repulsion.  

Newns (1969) considered the surface to be a jellium of electrons into which a hydrogen atom was 

embedded (Anderson, 1961). Two simple results of Newns-Anderson analysis relevant to catalysis 

were summarised (Chorkendorff and Niemantsverdriet, 2006): the first case explains the changes to 

molecule electronic states as a result of interacting with a metal that has s and p electrons only and the 

second case considers the interaction of the atom’s states with d states in transition metals. 

The interaction between oxygen molecule states and the substrate s and p states leads to formation of 

a bond in which all molecule states are lowered in energy and broadened as it moves closer and closer 

to the surface (Figure 1.4). All energy levels that fall below the Fermi level automatically become 

occupied with electrons (Chorkendorff and Niemantsverdriet, 2006). This interaction is almost equal in 

all metals, with the hydrogen energy levels being lowered by approximately 5eV. 
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Figure 1.4: Molecule states are broadened and lowered in energy as the molecule approaches a 

surface (Adapted from (Chorkendorff and Niemantsverdriet, 2006)).  

A transition metal has both sp and d-states. The transition metal sp-states will interact with the molecule 

states just like a simple metal. Narrow d-bands with half-filled orbitals and a significant density of states 

at the Fermi level interact strongly with the molecule states. The interaction is covalent, resulting in 

hybridisation of states forming bonding and anti-bonding levels (see Figure 1.5). The formerly molecular 

anti-bonding states now fall below the Fermi level, resulting in weakening of the intra-molecular bond. 

In this way, the metal surface is able to dissociate molecule bonds. Since the properties of d-bands 

vary considerably across and down the Periodic Table, the interaction of molecule states with metal d-

states is thought to be responsible for variations in catalytic performance of different metals (Hammer 

and Nørskov, 1995).   

 

Figure 1.5: Interaction of molecular states with metal d-states result in formation of hybrid bonding and 

antibonding states (Adapted from (Chorkendorff and Niemantsverdriet, 2006)). 
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Chemisorption on transition metal surfaces can be summarised as having two contributing factors 

(Figure 1.6) (Greeley et al., 2009). The first step is the interaction of molecule states with the metal sp 

states. This interaction results in lowering and broadening of the energy levels of the molecule states. 

The second step is the interaction of molecule states with the metal d-states. This interaction results in 

splitting of molecule states into bonding and anti-bonding levels. Hybridisation of the molecule anti-

bonding states causes them to fall below the Fermi level, weakening the intra-molecular bond.  

 

Figure 1.6: Interaction of a molecule with a transition metal (Greeley et al., 2009). 

It is difficult to find one single electronic descriptor of surface reactivity for a substrate surface with 

electronic states being described by a band structure. For example, Figure 1.7 is a plot of the catalytic 

performance versus d-band filling for the ammonia synthesis. A resulting volcano curve shows that d-

band filling is a factor influencing adsorption and dissociation.  The local density of states at the Fermi 

level and average energy of d-bands were all individually correlated with catalytic performance 

(Feibelman and Hamann, 1985). Hammer and Norskøv (1995) summed up the contributions of the 

three individual factors and proposed a reactivity model called the d-band model.  

 

 

 

 

 

Figure 1.7: Volcano curve of electronic properties for ammonia synthesis (Ozaki, 1981). 
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In formulation of the d-band model, Hammer and Nørskov used the example of a hydrogen molecule 

interacting with a metal surface to develop the approximate relationship in Equation (1.9)  (Hammer and 

Nørskov, 1995): 

∆Ebond = α|Vad|2 − 2(1 − f)
|Vad|2

εd − εa
                                                             (1.9) 

where 

𝛂 is a constant of proportionality, 

𝐕𝐚𝐝 is the coupling matrix element, 

𝐟 is the level of filling for d-orbitals, 

𝛆𝐝 is the average energy of the d-band, 

𝛆𝐚is the energy of the adsorbate states. 

The first term is renormalisation energy (readjustment of states to fulfil Pauli repulsion requirements). It 

increases with the square of the coupling matrix element. The coupling matrix element is a measure of 

the strength of covalent interaction between any two atoms. The second term is the hybridisation 

energy. Hybridisation energy increases with the filling of bonding orbitals and decreases with the filling 

of antibonding orbitals. The approximate relationship in Equation 1.9 completely ignores contributions 

from metal sp states, and hence it was named the d-band model. 

Three factors affecting the value of chemisorption and dissociation can be isolated. These are:  

 Degree of filling of surface-molecule anti-bonding states (𝑓) 

 A measure of coupling strength between the surface states and the molecule states (the 

coupling matrix element (𝑉𝑎𝑑). 

 The position of the surface states relative to molecular states (𝜀𝑑 − 𝜀𝑎). 

Of these factors, the average energy of the d-band (𝜀𝑑) can easily be manipulated by alloying, through 

strain and ligand effects. Strain results when a surface adopts a lattice parameter different from that of 

its parent solid. A change of lattice parameter causes the overlap between d-orbital ligands to change. 

Strained ligands are shown in Figure 1.8. Compressive strain results in a bigger overlap of orbitals. This 

increases the range of energy of electrons in the d-band. The increase of range of energies is 
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manifested by wider bandwidth on a density of states diagram. Tensile strain has an opposite effect 

(Mavrikakis et al., 1998). 

 

Figure 1.8: Strained ligands (Xin et al., 2012). 

Ligand effects result when the orbitals of the solute element have a different spatial extent (Bligaard 

and Nørskov, 2007). Introducing solute elements that have large spatial extent of d-orbitals result in 

wider bandwidth. Conversely, alloying with an element that has small d-orbitals result in a narrower 

bandwidth. In Figure 1.9, the parent atom (in green) has been replaced by an atom that has larger d-

bands (in red) resulting in a bigger overlap. 

 

Figure 1.9: Ligand effect due to a foreign atom (Xin et al., 2012). 

An increase or decrease of d-band orbital overlap changes the range of energies of electrons in the d-

band (the d-band is broadened or made narrower). Each metal maintains its Fermi level (Bligaard and 

Nørskov, 2007). Thus change of bandwidth results in shifting of the average energy (εd in equation 2.1) 
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as shown in Figure 1.10. These effects can be used to explain reactivity trends observed in platinum 

alloy surfaces. 

 

Figure 1.10: The rectangular band model (Bligaard and Nørskov, 2007). 

Thus adsorption properties of the Pt (111) surface can be modified by introducing subsurface solute 

atoms.  

1.3 Objectives of the study 

Novel platinum vanadium surface alloy and nanoparticle alloy systems have been successfully 

synthesized (Leteba, 2013). These systems are being tested for use as fuel cell catalysts. The aim of 

this study is to provide an in-depth insight on the effect of subsurface vanadium atoms on adsorption 

properties of a platinum surface. The study is attempting to answer the following questions: 

How does alloying platinum with vanadium modify its electronic structure? 

What is the effect of subsurface vanadium atoms on the equilibrium geometry of 𝑂2
∗, and adsorption 

energy? 
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CHAPTER 2  

COMPUTATIONAL METHODS 

Modern methods of calculating solid state properties are based on quantum theory. Computation of the 

properties is made complicated by many-body interactions among electrons and nuclei. A special 

technique to resolve the problem is called Density Functional Theory (DFT). Whilst other electronic 

structure methods are highly successful for molecular systems, density functional theory makes the 

solution of Schrodinger’s equation for solid state materials tractable. 

2.1 Schrödinger’s equation 

In classical mechanics, variables are directly related to observable physical properties. In quantum 

mechanics, however, variables are represented by mathematical operators that produce physically 

measurable quantities only when they act on a state function called a wave function, usually 

denoted ψ. The wave function, assuming that it exists, contains all information about a system.  

A Hamiltonian (𝐇) is a total energy operator from which all chemical and physical properties of a 

system can be derived.  Determining microscopic properties of any system requires operating the 

Hamiltonian on the wave function.  

𝚮ψ = εψ                                                                                                                               (2. 1)           

where H is the Hamiltonian operator, ψ is the wave function and 𝜺 is total energy of the system. 

Equation (2.1) is called Schrodinger’s equation.  

For a solid state system, the Hamiltonian that enters Schrodinger’s equation is a sum of kinetic and 

potential energy operators. These operators are for the kinetic energy of the nuclei (𝐓𝐧), kinetic energy 

of electrons (𝐓𝐞), energy from electrostatic interactions between nuclei (𝐕𝐧𝐧), energy from interactions 

between electrons (𝐕𝐞𝐞) and energy from interactions between nuclei and electrons (𝐕𝐞𝐧).  

𝚮 = 𝐓𝐧 + 𝐓𝐞 + 𝐕𝐧𝐧 + 𝐕𝐞𝐞 + 𝐕𝐞𝐧                                                                                       (2. 2) 

The Hamiltonian in equation (2.2) is simplified using the Adiabatic Approximation, also called the Born-

Oppenheimer Approximation, by neglecting the kinetic energy of the nuclei. 

2.2 The Born-Oppenheimer Approximation   

The Born-Oppenheimer approximation allows motion of electrons to be considered independently to 

that of the nuclei. The wave function is separated into a nuclei part (ψn) and an electronic part (ψe). 
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ψ = ψn(𝐑)ψe(𝐫)                                                                                                                  (2. 3) 

This approximation is valid because the nucleus is massive and moves at a velocity much lower than 

that of electrons. For any perturbation on nuclear coordinates, electrons are expected to follow 

instantaneously. For each set of nuclei coordinates R, the potential due to electrons is determined 

independently. When the electronic potential is evaluated for a series of nucleus sets of 

coordinates 𝐑𝟏, 𝐑𝟐, … , 𝐑𝐧, a potential energy surface for the system is mapped and nuclei are said to 

move in a potential determined by the electron distribution. Motion of electrons is considered quantum 

mechanically and nuclei are treated classically. 

The Born-Oppenheimer approximation reduces the dynamical problem to a simpler one of electrons 

moving in a frozen configuration of nuclei. The Hamiltonian is greatly simplified: 

𝑯 = (𝐓𝐞 + 𝐕𝐞𝐧) + 𝐕𝐞𝐞 +    𝐕𝐧𝐧                                                                                          (2. 4) 

2.3 Wave function based calculations 

To obtain the total energy of a system from equation 2.1, the wave function must be evaluated first. The 

wave function can be determined if the external potential (Vext) is known. Thus, the external potential 

specifies the wave function. Once the wave function is known, any property can be calculated by taking 

the expectation value (Figure 2.1).  

 

Figure 2.1: Wave function based methods. 

 

 For example electron density is calculated as follows: 

ρ(𝐫) = ∑ |ψi(𝐫)|2N
i                                                                                                                (2.5)                                                                        

Unfortunately it is not possible to know the exact form of the wave functions due to many-body 

interactions. There are several methods of approximating wave functions. The most successful of these 

is called the Hartree-Fock approximation. This approximation follows from Hartree’s proposition that the 

wave function of a system with many electrons can be written as a product of wave functions for each 

electron present (Hartree, 1928): 

ψ(𝐫𝟏, 𝐫𝟐, … , 𝐫𝐍) =  ψ1(𝐫𝟏) ψ2(𝐫𝟐) … ψN(𝐫𝐍)                                                       (2.6) 
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where 𝐫𝐢 are position coordinates. Each electron is thought to be moving in a potential determined by all 

other electrons. The single electron wave functions generated are called one electron wave functions 

because there are no direct electron-electron interactions. This is an independent electron 

approximation. 

An extension of Hartree-Fock theory may be made by including a non-classical coordinate 𝛔, called 

spin.  

ψ(𝐫𝟏𝛔𝟏, 𝐫𝟐𝛔𝟐, … , 𝐫𝐍𝛔𝐍) =  ψ1(𝐫𝟏𝛔𝟏) ψ2(𝐫𝟐𝛔𝟐) … ψN(𝐫𝐍𝛔𝐍)                                      (2.7) 

where 𝛔𝐢 are spin coordinates to represent either spin up or spin down. Spin introduces two non-

classical effects, correlation and exchange. The effects are both summed up by the Pauli Exclusion 

Principle: two electrons in a system cannot be in the same quantum state. Hartree-Fock theory partially 

fulfils the exclusion requirement by accounting for exchange effects. Being fermions, electrons are 

antisymmetric under exchange: 

ψ(𝐫𝟏𝛔𝟏, 𝐫𝟐𝛔𝟐, … , 𝐫𝐍𝛔𝐍)  =  −ψ(𝐫𝟐𝛔𝟐, 𝐫𝟏𝛔𝟏, … , 𝐫𝐍𝛔𝐍)                                      (2.8) 

All allowed wave functions should fulfil the above requirement (Equation 2.8). A special way of getting 

normalised antisymmetric wave functions is through the use of Slater determinants (1951,1960) 

ψ(𝐫𝟏𝛔𝟏, 𝐫𝟐𝛔𝟐, … , 𝐫𝐍𝛔𝐍) = 
1

√N
 
|

|

ϕ1(𝐫𝟏𝛔𝟏)  ϕ2(𝐫𝟏𝛔𝟏) …  ϕN(𝐫𝟏𝛔𝟏)

ϕ1(𝐫𝟐𝛔𝟐)  ϕ2(𝐫𝟐𝛔𝟐) … ϕN(𝐫𝟐𝛔𝟐)
.
.
.

ϕ1(𝐫𝐍𝛔𝐍) ϕ2(𝐫𝐍𝛔𝐍) … ϕN(𝐫𝐍𝛔𝐍)

|

|
                             (2.9) 

where N is the number of electrons. 

Starting with a trial wave function, the solution of Hartree-Fock equations must be sought iteratively 

until self-consistence is attained (the output wave function between consecutive iterations no longer 

changes) (Figure 2.2). The output of a Hartree-Fock calculation is a self-consistent wave function from 

which properties are deduced.  
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Figure 2.2: Hartree-Fock self-consistent procedure (Martin, 2004). 

Although Hartree-Fock theory accounts for exchange, it does not include electron correlation. Efforts to 

include correlation effects to Hartree-Fock equations yields a method called Configuration Interaction 

(Slater et al., 1960). However, the CI method involving many electrons is computationally demanding.  

It is only effective for molecules with few nuclei.  

2.4 Density functional theory 

Density functional theory maps a system of interacting electrons into that of independent electrons 

moving in a fictitious effective external potential.  The theory is exact in principle. It originated with ideas 

by Thomas (1927) and Fermi (1927) who expressed electron density as a functional of the external 

potential. Since the external potential specifies the wave function, Thomas and Fermi sought to solve 

Schrodinger’s equation by expressing electron density in terms of the external potential without 

calculating the wave function.  

Use of electron density instead of wave functions to calculate properties of materials is a great 

simplification. Electron density does not depend on the size of the system, but on symmetry. Modern 

formulations of the density functional theory are based on a framework developed by Hohenberg and 

Kohn (1964) and Kohn and Sham (1965).  
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2.4.1 Hohenberg and Kohn Theory 

Hohenberg and Kohn (1964) proposed two theorems in which they proved that the ground state energy 

of a system is a unique functional of electron density. 

Theorem 1: The external potential is a unique functional of electron density. Since the external potential 

specifies ψ as well as H, it also follows that total energy is a functional of electron density. 

Theorem 2: For any external potential, the electron density that minimises the energy functional is the 

exact ground state density. Thus ground state energy can be determined though variation minimisation. 

Knowledge of the electron density enables one to determine a unique external potential and hence the 

wave function as shown in Figure 2.3:  

 

Figure 2.3: Electron density approach. 

 

The Hohenberg and Kohn theory identifies the electron density as a basic variable for determination of 

total energy of the system. 

E = E[ρ(𝐫), 𝐑]                                                                                                                            (2.10) 

The total energy functional is expanded in terms of the electro-static electro nuclei and a term F[ρ(𝐫) 

as shown in Equation 2.11: 

E[(ρ(𝐫)] = ∫ Venρ(𝐫)dr + F[ρ(𝐫)] .                                                                                      (2.11) 

The functional F[ρ(r)] consists of kinetic energy and an electron-electron interaction term. 

F[ρ(𝐫)] = Te[ρ(𝐫)] + Vee[ρ(𝐫)]                                                                                              (2.12) 

The electron-electron interaction (Vee[ρ(𝐫)]) can be separated into a classical Coulomb term (also 

called Hartree energy) and a non-classical term UC:  

Vee[ρ(𝐫)] =
1

2
∬

ρ(𝐫)ρ(𝐫′)

|𝐫−𝐫′|
d𝐫d𝐫′ + UC[ρ(𝐫)]                                                                           (2. 13) 
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The term UC is called correlation energy. It is non-classical because it arises due to the Pauli exclusion 

requirement: two electrons cannot occupy the same point in space at the same time, so when one 

electron moves, the other electron has to move so that they avoid each other. Exact energy differs from 

Coulomb interaction energy by the correlation term UC. Explicit determination of the correlation energy 

terms remains a great challenge. 

2.4.2 Kohn-Sham Equations 

The unknowns in equation (2.13) are kinetic energy and the correlation term. Kohn and Sham (1965) 

introduced kinetic energy of non-interacting effective electrons, Ts[ρ(𝐫)], defined so that their 

corresponding one particle wave functions generate the exact density of the interacting many-body 

system, 

Ts[ρ(𝐫)] = −
1

2
∑ ⟨Ψi|𝛁

2|Ψi⟩
N
i                                                                                              (2.14) 

where ψi are orbitals of a non-interacting system (Ψi form an orthonormal set of independent particle 

wave functions). 

This energy differs from the exact energy by a non-classical term called exchange energy. Just like 

correlation energy, exchange energy is a result of many-body interactions and restrictions imposed by 

the Pauli Exclusion Principle. The anti-symmetry property of interacting electrons reduces Coulomb 

energy by an amount equal to the exchange energy.  

Having determined major explicit terms, kinetic and potential energies, non-classical many-body 

interaction terms are lumped together into a functional called correlation and exchange ( EXC[ρ(𝐫)]).  

 EXC[ρ(𝐫)] = (Te[ρ(𝐫)] − Ts[ρ(𝐫)]) + (Uee[ρ(𝐫)] − UC[ρ(𝐫)] )                                (2. 15)                                                                                                                                                                                                                                                                                                 

Thus the total energy functional becomes a sum of the kinetic energy of non-interacting particles, 

classical Coulomb energy for electron-electron interactions, energy from Coulomb potential due to fixed 

nuclei, and all non-classical residuals collected into the correlation and exchange functional. 

 E[(ρ(𝐫)] = Ts[ρ(𝐫)] +
1

2
∬

ρ(𝐫)ρ(𝐫′)

|𝐫−𝐫′|
d𝐫d𝐫′ + ∫ Venρ(𝐫)d𝐫 + EXC[ρ(𝐫)]                     (2.16) 

By applying variation minimisation to equation (2.16), the Kohn-Sham equation is obtained: 

(−
𝛁i

2

2
+ VKS) Ψi = ϵiΨi                                                                                                            (2.17) 
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Kohn-Sham theory reduces the many-body Schrödinger’s equation into an equation of independent 

electrons in an effective external potential VKS. The many-body effects are contained in the effective 

external potential through the correlation and exchange potential μXC .   

VKS =
1

2
∫

ρ(𝐫′)

|𝐫−𝐫′|
d𝐫 + Ven + μX                                                                                                 (2.18) 

The correlation and exchange potential is defined by equation (2.19) below: 

μXC =
δEXC[ρ(𝐫)]

δρ(𝐫)
                                                                                                                           (2.19)  

2.4.3 Approximating correlation and exchange 

The benefit of the Kohn-Sham equation is that it contains wave functions of non-interacting particles, 

and terms that can be determined explicitly (kinetic energy and classical Coulomb potential) have been 

separated from the unknown exchange and correlation energy. Non-classical many-body effects are 

gathered together in the correlation and exchange functional. This makes the problem tractable. 

Since EXC[ρ] is the only unknown term, approximations of it can be made to a reasonable degree of 

accuracy.  

Correlation and exchange is so important that it is often referred to as the glue of nature (Perdew and 

Schmidt, 2001). Without it the calculated values of cohesion would be much lower than reality. 

Approximations of exchange and correlations can be arranged into a ladder hierarchy in which 

complexity varies from the simplest at the first rung to the most sophisticated on top of the ladder 

(Figure 2.4). At the lowest level, local densities are used to calculate correlation and exchange. 

Gradients of densities are included at the next level and more improvements are added at each rung 

going up the ladder. It is expected that moving up the ladder the correlation and exchange functionals 

become more accurate.  

Approximating the correlation and exchange functional is still an active area of research. The simplest 

approach is the Local Density Approximation (LDA) (Kohn and Sham, 1965). Improvements by Perdew 

(Perdew, 1986), Becke (Becke, 1988), and Perdew, Burke and Ernzerhof  (Perdew et al., 1996) yielded 

the Generalised Gradient Approximations (GGA). Meta-gradient methods containing higher orders of 

the electron density gradient have recently been added to DFT codes. A brief description of the LDA 

and GGA functionals is given in subsections 2.4.3.1 and 2.4.3.2 
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Figure 2.4: Jacob’s ladder for correlation and exchange (adapted from Perdew and Schmidt, 2001). 

2.4.3.1. Local Density Approximation (LDA) 

In the lowest rung of the ladder is the LDA. Correlation and exchange energy depend on local density 

of particles. If in a volume d𝐫, the electron density is ρ(𝐫), the LDA correlation and exchange energy is 

given by equation (2.20): 

EXC[ρ] = ∫ ρ(𝐫)ϵXC d𝐫                                                                                                           (2.20) 

where the factor ϵXC is the exchange-correlation energy per particle. This factor can be determined 

accurately from Monte Carlo calculations (Ceperley and Alder, 1980). LDA approximations are valid for 

systems that are largely homogeneous. They are not appropriate for systems in which electron density 

gradient changes rapidly. The LDA tends to under-predict ground state energies and ionisation 

energies while over-predicting binding energies (Haas et al., 2011).  

2.4.3.2. Generalised Gradient Approximation (GGA) 

GGA approximations seek to improve on the LDA by including a term that depends on the gradient of 

electron density.  

EXC = EXC[ρ(𝐫), ∇ρ(𝐫)]                                                                                                        (2. 21) 
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They are suitable for systems which are not homogeneous, where electron densities change rapidly like 

molecules and surfaces. There are several variants of the GGA approximations. 

2.4.4 Solving the Kohn-Sham equation 

The Kohn-Sham equation 

(−
𝛁i

2

2
+ VKS(𝐫)) ψi(𝐫) = ϵiψi(𝐫)                                                                                   (2.22) 

is solved self consistently with electron density 

ρ(r) = ∑ |ψi(𝐫)|2.N
i                                                                                                              (2.23) 

The unknown wave function is expanded in terms of a known set of functions called the basis set with 

unknown coefficients. 

Ψi(𝐫) = ∑ cijj ϕj(𝐫)                                                                                                            (2.24) 

To determine the unknown coefficients cij, a matrix of the form 

(H − εS)c = 0                                                                                                                     (2.25) 

is solved using the variation minimisation procedure where H and S are matrix elements  

Hij = ∫ ϕi
∗ (𝐫) [−

𝛁i
2

2
+ VKS(𝐫)] ϕj(𝐫)d𝐫  and  

Sij = ∫ ϕi
∗ (𝐫)ϕj(𝐫)d𝐫 respectively and  

𝛆 is the eigenvalue column vector.  

Two common methods of expanding the wave function into a basis set are the plane wave pseudo 

potential and the tight binding methods. Plane wave expansions are made simple through using Bloch’s 

Theorem. 

2.4.5 Bloch’s Theorem and the plane wave basis set 

In a solid, the number of electrons is extremely large, practically infinity. Accordingly, by the Kohn-Sham 

formulation, there is an almost-infinite number of non-interacting electrons (Ashcroft and Mermin, 1976). 

A wave function must be calculated for each of these electrons. Moreover, since each wave function 

extends over the entire solid, the basis set required to expand it is very large. Different methods vary in 
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the way they expand each wave function into a basis set and also the way they treat valence and core 

electrons. In many cases different methods give complementary information required to build a 

complete picture of the situation. A brief description of two methods, the plane wave pseudo potential 

and tight binding approach, will be presented. First a description is made of how Bloch’s theorem is 

used to reduce the infinite number of wave functions into a finite set. Each wave function is then 

expanded into a basis set depending on the method used and some approximations are employed to 

make the basis set finite. 

The wave function for a system in a periodic potential can be chosen to have the form of a plane-wave, 

multiplied by a function of the periodicity of the Bravais lattice. 

ψn,k(𝐫) = ei𝐤 ∙ 𝐫Un,k(𝐫)                                                                                                                  (2.26) 

Since the function Un,k(𝐫) has the periodicity of the Bravais lattice, it can be expressed as a basis set 

using Fourier expansion, for each wave function 𝐧. 

Un,k(𝐫) = ∑ cn,Gei𝐆 ∙ 𝐫
G                                                                                                                 (2.27) 

G is a lattice vector for the reciprocal space. So each wave function can be written as a sum of plane 

waves.   

ψn,k(𝐫) = ∑ cn,Gei(𝐤+𝐆) ∙ 𝐫
G                                                                                                           (2.28) 

For each electron n there is an infinite number of electronic states. Also, there are infinite electrons, and 

so there are an infinite number of allowed k-points. Applying periodic boundary conditions to equation 

(2.28) results in a discrete set of allowed states (Ashcroft and Mermin, 1976). Considering the variation 

of ψn,k(𝐫) with  𝐤, for a region close to a given  k, the change in the wave function is very small. Thus 

wave functions over a region of k-space can be represented by wave functions at a single point and 

only a finite number of k-points are required for a calculation (Payne et al., 1992). The question of how 

many points are required for a given problem was addressed by Chadi and Cohen (1973) and 

Monkhorst and Pack (Monkhorst and Pack, 1976)(1976). Determination of the proper set of 𝐤-points to 

be used in a calculation is called 𝐤-point sampling. Errors introduced by k-point sampling can be 

reduced by increasing their density.  

2.4.5.1. Cut-off energy 

The basis set required to expand each wave function is infinite. However, plane waves with small 

kinetic energy are more significant compared to those with higher kinetic energy. The basis set is made 
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finite by truncating it to include only wave functions with less than a given value called cut-off energy 

(Ecut). 

Ecut =
ℏ2|k+G|2

2m
                                                                                                                            (2.29) 

The error introduced by truncating the basis set this way can be reduced by increasing the cut off 

energy. 

2.4.5.2. Pseudo potentials 

Plane wave expansion is not well suited to express core electrons and valence electrons in the core 

region. Wave functions of valence electrons oscillate rapidly in the core region to maintain orthogonality 

with core electrons and the plane wave basis set required to represent them is extremely large. In the 

pseudo potential approximation, core electrons are removed and replaced with a weaker potential that 

acts on a set of pseudo wave functions of valence electrons. This is reasonable since properties of 

materials mainly depend on interactions of valence electrons. The pseudo-potential and pseudo-wave 

function are constructed in such a way that they conserve the important properties of the true potential 

and the wave functions. Therefore the space is divided into the core region occupied by pseudo-waves 

and pseudo-potential, and the interstitial region where delocalised states are represented by the plane 

wave basis set (see Figure 2.5).  

 

 

 

 

 

 

 

 

Figure 2.5: Pseudopotentials and pseudo wave functions 

(adapted from Payne et al., 1992) 
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2.4.5.3. Tight Binding Approximation 

In the tight binding approximation electrons are strongly bound to the nucleus and interact weakly with 

electrons from neighbouring nuclei. The basis set is expanded in terms of radial functions ϕRmL(r).  

ψn,k(r) = cRml,nϕRml(r)                                                                                                         (2.30) 

The function ϕRmL(r) interacts strongly with nuclei and resembles atomic orbitals and so the tight 

binding approximation is also called the Linear Combination of Atomic Orbitals (LCAO). The subscript R 

is for nuclear coordinates and m and l are quantum numbers. The model is suitable for description of 

properties of tightly bound states like d-bands and covalent interactions. 

2.5 Self-Consistent Field iterative procedure for Kohn-Sham equations 

To obtain eigenvalues, the matrix (H − εS) is diagonalised. The external potential and the correlation 

and exchange potential required for the matrix can be determined if the charge density is known. The 

charge density in turn can be determined from Kohn-Sham independent wave functions, and the wave 

functions are determined by diagonalising the matrix. The problem is cyclic. An iterative technique 

shown in Figure 2.6 is used to break the cycle, starting with a clever guess of the electron density.  

The stages in the iteration process may be described as follows: 

1. Trial densities for initiating the iteration are constructed from superposition of atomic densities. 

Geometrical data about the system obtained in experiments is used to construct the start densities. 

Then for the following iterations, densities from previous calculation are fed back as restart 

parameters until self-consistence is achieved. 

2. The charge densities are then used to construct the potentials, both Coulomb and correlation and 

exchange. 

3. From the potentials the Kohn-Sham equation can now be constructed and matrix elements are 

determined. The matrix is diagonalised to obtain eigenvalues and the basis set coefficients so that 

the Kohn-Sham wave functions can be synthesized. 

4. Synthesised Kohn-Sham equations are used to build a new charge density that is fed back to step 

2. This cycle continues until the change in the new charge density from the previous one is less 

than a predefined tolerance value. This is called self-consistency. 
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5. The output of the iterative procedure is a self-consistent charge density. Ground state properties 

are determined from this charge density. 

 

 

 

Figure 2.6: Kohn-Sham iterative technique (Martin, 2004). 

 

2.6 Calculation of properties 

Total energy of a system is obtained from the charge density through variation minimisation. The 

ground state properties are obtained at minimum total energies. 
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Figure 2.7: Calculation of properties from DFT total energies. 

To determine the ground state value of a property, a series of total energy calculations is made for a 

range of values of that property. The ground state value is the one corresponding to the lowest total 

energy. For example Figure 2.8 is a graph of lattice parameter against total energy, showing the 

equilibrium lattice parameter at the lowest total energy. 

 

Figure 2.8: The value that minimises total energy is the ground state value. 

For any DFT calculation, there is need to verify if model parameters describe the properties of a 

physical system as accurately as possible. The important ones include Brilliun zone parameters, 

exchange and correlation functionals, the potentials and supercell parameters. However, accuracy 

increases with computational costs. Thus, model parameters are chosen by optimising accuracy with 

computational costs.  
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2.6.1 Bulk properties 

Surfaces are obtained by cleaving bulk materials. Surface properties depend on the bulk from which it 

was created. Thus, to have a surface model that accurately describes physical properties, an accurate 

bulk model has to be constructed first. In this work, the following bulk model parameters were 

considered: the number of irreducible k-points, cut-off energy, and exchange and correlation 

functionals. All calculations were performed using the Cambridge Serial Total Energy Programme 

(CASTEP, (Clark et al., 2005).  The chosen model parameters must be fully converged and can be 

verified by comparing calculated properties with values obtained from experiments. The equilibrium 

lattice parameters and bulk modulus were obtained by fitting calculated values to the Birch Murnaghan 

equation (Birch, 1947, Murnaghan, 1944): 

𝐸(𝑉) =
9

16
𝐵0𝑉0 [((

𝑉

𝑉0
)

2

3
− 1)

3

𝐵0
′ + ((

𝑉

𝑉0
)

2

3
− 1)

2

(4 − 6 (
𝑉

𝑉0
)

2

3
)]    (2.30) 

where E is total energy, V is the unit cell volume, B0 the bulk modulus, V0 the equilibrium cell volume, 

and 𝐵0
′ is the first derivative with respect to pressure of the bulk modulus.  

2.6.2 Clean surface properties 

Surface energy and relaxation of surface interlayer distance were used to verify convergence of 

modelling parameters. The surface energy is the energy needed to split an infinite crystal into two semi-

infinite crystals. The surface energy per surface atom (𝜎) is given by: 

𝜎 =
1

2
(𝐸𝑇

𝑠𝑙𝑎𝑏 − 𝑁𝐸𝑇
𝑏𝑢𝑙𝑘)        (2.31) 

where 𝐸𝑇
𝑠𝑙𝑎𝑏  is the total energy per atom of the surface slab, 𝐸𝑇

𝑏𝑢𝑙𝑘 the total energy per atom for bulk 

atoms. N is the number of layers.  

Upon creation of a surface, the topmost atoms may remain at higher energy levels compared to atoms 

buried deep in the material. These atoms may redistribute the excess energy by changing the surface 

geometry. The Pt (111) surface is more stable than other facets and it was found that the surface 

relaxes by increasing the interlayer distance of the topmost atoms (Bøgh and Stensgaard, 1978). 

Creation of a surface destroys periodicity in the direction perpendicular to it. Thus periodicity should be 

imposed in DFT surface models. One way of imposing surface periodicity is to use slabs of material 

separated by layers of vacuum.  The thickness of the slab must enable it to mimic properties of a real 

surface accurately. The vacuum layer must be thick enough to allow the electron density due to the 
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lower surface to tail off to zero before the electron density from the top layer starts. The factor 
1

2
 is used 

in equation (2.31) to account for the existence of two equivalent surfaces.  

 

 

 

 

 

Figure 2.9: Periodicity is imposed on the surface by using layers separated by vacuum space. 

2.6.3 Adsorption 

Convergence of adsorption energies of an oxygen atom with respect to the number of slab layer was 

also investigated. On a Pt (111) surface, there are four special adsorption sites. These are the top, 

bridge, face centred cubic and hexagonal close packing sites. Convergence of adsorption energy was 

considered for the ontop site. 

 

Figure 2.10: Adsorption site on a (111) surface. 

The adsorption energy of the oxygen atom can be calculated as follows: 

𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑙𝑎𝑏+𝑂 − 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑜        (2.32) 

where 𝐸𝑎𝑑𝑠 is the adsorption energy, 𝐸𝑠𝑙𝑎𝑏+𝑂 is total energy of a supercell with an adsorbed oxygen 

molecule, 𝐸𝑠𝑙𝑎𝑏 is the total energy of a clean surface and 𝐸𝑜 the energy of an oxygen atom. 

Slab 

Vacuum 
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2.7 Model parameters results 

Results for calculations to determine model parameters are presented in this section. The results 

include Brillouin zone parameters for bulk platinum, bulk vanadium, and Pt (111) surface, exchange 

and correlation functionals, and supercell parameters for surfaces. 

2.7.1 Bulk properties 

2.7.1.1 Brillouin zone parameters 

Single point energy calculations were performed and plotted to show convergence of total energy with 

respect to the number of irreducible points and cut-off energy. Convergence of k-points was considered 

successful when the difference in energy between successive steps was below 5 𝑚𝑒𝑉 per atom. Total 

energy converged below 5𝑚𝑒𝑉 at 56 irreducible k-points for bulk platinum and 120 irreducible k-points 

for bulk vanadium (Figures 2.11 (b) and 2.12 (b)). Convergence of cut-off energy below 5𝑚𝑒𝑉 per 

atom was at 400 𝑒𝑉 for both bulk platinum and bulk vanadium (Figures 2.11 (a) and 2.12 (a)). Thus, 

120 irreducible k-points and cut-off energy of 500 𝑒𝑉 were chosen for further calculations. 

 

 

 

 

 

 

 

 

 

Figure 2.11: (𝑎)  Convergence of total energy with respect to cut-off energy for bulk platinum. 

The number of irreducible k-points was maintained at 120. (𝑏). Convergence of total energy 

with respect to the number of irreducible k-points for bulk platinum. The cut-off energy was 

maintained at 600 𝑒𝑉 

 

 

(𝑎) (𝑏) 
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Figure 2.12: (𝐚) Convergence of total energy with respect to cut-off energy for bulk vanadium; the 

number of irreducible k-points was maintained at 120 (b). Convergence of total with respect to k-points 

for bulk vanadium; the cut-off energy was maintained at 600 eV 

2.7.1.2 Correlation and exchange functionals 

All functionals available in CASTEP were tested.  These are the LDA and variants of GGA which 

include PBE, RPBE, PW91, WC and PBEsol. The aim of the exercise was to find out how the lattice 

parameters and bulk modulus calculated using the different functionals compare to values obtained 

from experimental measurements.  

Generally, LDA underestimates lattice parameters and overestimates ionisation energies. GGA corrects 

LDA by overestimating the lattice parameter and softening bonds. The overestimation of ionisation 

energies by GGA functionals is not as large as those from LDA. Results of CASTEP calculations for 

lattice constants and bulk modulus for platinum and vanadium are recorded in Tables 2.1 and 2.2 

respectively. The bulk modulus as well as equilibrium lattice constant and volume were determined by 

fitting CASTEP results to the Birch Munaghan equation. 

The Birch Murnaghan fit for GGA PBE results is shown in Figures 2.13(a) for bulk platinum. The 

calculated equilibrium lattice parameter from LDA is 3.92Å; the values from PBE, RPBE and PW91 

were about 4Å while WC and PBEsol gave 3.97 and 3.96 Angstroms respectively. Table 2.1 shows the 

calculated values of the bulk modulus. The bulk modulus value from LDA calculations is 299 GPa, 

about 8% overestimation. The LDA pressure derivative is underestimated. Most GGA values of the bulk 

modulus are much lower than those determined experimentally (See Table 2.1). PBE functionals give a 

value of 244 GPa compared to the measured value of 278 GPa (Ashcroft and Mermin, 1976). In fact, 

the experimental value was measured at 300 K, if extrapolated to 0K, an even higher value is 

expected. The pressure derivative is overestimated by all GGA functionals. The GGA PBEsol functional 
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was specially constructed to give more accurate lattice constants compared to other GGA functionals. 

The bulk modulus from the PBEsol functional is 279 GPa. This is the closest to the experimental value.  

Figure 2.13 (b) shows the Birch Murnaghan fit for vanadium using the PBE. Equilibrium parameters 

from different functionals are shown in Table 2.2. LDA, GGA PBE, and GGA PBEsol slightly 

overestimate the bulk modulus. GGA RPBE and GGA WC underestimate the bulk modulus. All lattice 

parameters are overestimated. For vanadium, values from GGA WC and GGA PBEsol are the most 

accurate. 

LDA, GGA PBEsol and PBE WC are able to predict bulk properties more accurately compared to GGA 

PBE and GGA RPBE. However the later functionals (PBE and RPBE) describe surface properties 

better. This project is about interaction of molecules and surfaces, a compromise between bulk 

properties and surface properties is necessary, and the PBE functional was chosen for use in further 

calculations.  
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Figure 2.13: (a) Birch Murnaghan fit for bulk platinum at 120 irreducible k-point and 500 with GGA PBE 
functionals (b) Birch Murnaghan fit for bulk vanadium at 120 irreducible k-point and 500 with GGA PBE 
functionals. 
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Table 2.1: Calculated values of lattice parameter for fcc Pt obtained by fitting Birch Murnaghan 

equation. Values from experiments were taken from Ashcroft and Mermin (1976). 

 

 

Table 2.2: Calculated values of lattice parameter for bcc vanadium obtained by fitting Birch Murnaghan 

equation. Values from experiments were taken from Ding et al. (2007). 
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2.7.2 Surfaces 

Model parameters were also tested for surface properties. The first test was to determine the Brillion 

zone parameters required to accurately describe the surface properties. Then, the vacuum layer 

thickness and the number of slab layers were tested for convergence of total energy and their ability to 

reproduce physical surface properties which include surface energy, surface geometry (interlayer 

relaxation) and adsorption properties. The ability of all functionals available in CASTEP to predict the 

surface properties was tested. 

2.7.2.1 Brillouion zone sampling 

The convergence criteria for the surface Brillouion zone parameters was made more stringent 

compared to that of the bulk model from which it was created. A (Pt111) surface model with a slabs 

consisting of six layers separated by vacuum spaces 12 Angstroms thick was used. Thus, the unit cell 

had six atoms. All atoms were constrained to their fractional positions. Converging total energy below 

10𝑚𝑒𝑉 translates to a convergence criterion of below 2 𝑚𝑒𝑉 per atom (see Figure 2.14). 120 

irreducible k-points and a cut –off energy of 500 𝑒𝑉were chosen. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: (a) Convergence of total energy with respect to the number of irreducible k-points for a 

surface unit cell consisting of six Pt atoms separated by a 12Å thick vacuum layer; the cut off energy 

was maintained at 600 𝑒𝑉 while varying the number of irreducible k-points.  (b) Convergence of total 

energy with respect to the cut-off energy; the number of irreducible k-points was maintained at 120 

while varying the cut-off energy. 

(𝑎) (𝑏) 
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2.7.2.2 Vacuum spacing 

An infinite vacuum slab is always desired. However, computational costs put a restriction on the 

thickness of the vacuum that should be used in a calculation. Figure 2.15 shows convergence of total 

slab energy with respect to the vacuum thickness for a Pt (111) surface. A vacuum layer 12Å thick was 

chosen for use in further calculations. 

 

 

Figure 2.15: Convergence of total energy of Pt (111) with respect to the vacuum layer thickness; a 

layer consisted of six Pt slab layers, and 120 irreducible k-points and a cut off energy of 500 𝑒𝑉 were 

used.  

2.7.2.3 Surface energy 

The value of surface energy of the Pt (111) surface measured by Tyson and Miller (Tyson and Miller, 

1977) using the surface tension method was 2.49 𝐽 𝑚2⁄ . The present calculation gave a value of 

about 0.65 𝑒𝑉 per atom using the PBE functional. A similar value was obtained by Da Silva et al.(0.71 

𝑒𝑉 𝑝𝑒𝑟 𝑎𝑡𝑜𝑚) (Da Silva et al., 2006). These calculated values are 40 to 50 percent smaller than 

experimental values. LDA give more accurate values of the surface energy compared to GGA 

functionals (Da Silva et al., 2006). 
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Figure 2.16: Convergence of surface energy with respect to the number of slab layers using GGA PBE. 

The vacuum thickness was fixed at 12 Å.  120 irreducible k-points and energy of up to 500 𝑒𝑉 were 

used. Top two layers were allowed to relax. 

 

2.7.2.4 Interlayer relaxation 

The top two layers were allowed to relax to mimic surface properties and the rest were fixed to their 

fractional position to mimic bulk properties. Low energy electron diffraction measurements showed that 

the top most interlayer distance expands by up to 1.7% (Somorjai and Li, 2010).   All functionals 

produced Pt (111) with the interlayer distance of the top most surface expanded. PBE and RPBE 

functionals showed higher expansion compared to PBEsol and WC. 
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Table 2.3: Interlayer spacing for Pt (111) surface. The supercell consisted of six slab layers separated 

by a vacuum layer 12 Å thick. 

 

 

2.7.2.5 Adsorption properties 

The final test performed on the surfaces was adsorption of an oxygen atom on Pt (111) for different 

slab thicknesses as shown in Figure 2.17. Adsorption energy of atomic oxygen was computed using 

equation 2.32.The number of slab layers was varied from 3 to 8. The only functional used is the GGA 

PBE. For slab thickness of up to 10 layers, adsorption energy of atomic O converged below 10 𝑚𝑉 at 7 

layers.  
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Figure 2.17: Convergence of adsorption energy of atomic O on Pt (111) with respect to the number of 

slab layers. The vacuum thickness was fixed at 12 Å.  120 irreducible k-points and energy of up to 500 

𝑒𝑉 were used. 

2.7.2.6 Number of layers 

The number of slab layers of the surface model was tested for reproduction of physical properties 

including surface energy, interlayer surface relaxation and adsorption energy.  Strict convergence of 

these properties with respect to the number of slab layers was not possible for the maximum number of 

layers considered. After six layers, the surface energies and adsorption energies converged below 

50𝑚𝑒𝑉. Also, interlayer surface distances had sufficiently converged after six layers (See Table A9 in 

Appendix A). Therefore a slab consisting of six layers was chosen for further calculations. 

2.7.2.7 Selection of correlation and exchange functionals 

Five GGA functionals available in CASTEP were compared for both convergence of total energy and 

reproduction of physical properties for both bulk materials and surface. Convergence of total energy 

was almost similar for all functionals considered.  LDA, GGA PBEsol and GGA WC gave equilibrium 

lattice parameters close to values determined experimentally. However, the bulk modulus estimated 

was much lower than experimental values for all functionals, meaning that the model material is much 

softer than the real material. GGA PBE gave a highest value of 242 GPa compared to the 

experimentally measured value of 278 GPa for pure platinum. For surface energies the predicted 

values were also much lower than measured values. LDA, PBEsol and WC perform well in predicting 



38 
 

properties of bulk materials, and PBE and RPBE perform well for adsorption energies. GGA PBE was 

chosen for further calculations. 

2.7.3 Conclusion 

Although density functional theory is exact in principle, its application is made possible by making use 

of several approximations. For a practical calculation, the Brillouion zone is represented by a finite 

number of k-points and the wave functions are expanded into a finite basis set determined by the cut-

off energy. For platinum surfaces, a k-point mesh of 12 × 12 × 2 corresponding to 120 irreducible k-

point was considered sufficient. The cut off energy chosen was 500𝑒𝑉. The GGA PBE functional was 

chosen as a good compromise between bulk and adsorption properties. A surface was modelled by a 

supercell containing six slab layers separated by a vacuum 12Å thick. 
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CHAPTER 3 

ELECTRONIC PROPERTIES OF PLATINUM VANADIUM ALLOYS 

Studying the electronic structure of alloys is important since adding solute atoms like vanadium to a 

platinum catalyst may change its catalytic performance (Jalan, 1980).  The improved performance may 

be a result of changes in the electronic structure caused by alloying. Main factors affecting the 

electronic structure of alloys are composition and crystal geometry, but these two are interdependent. 

In this chapter, the electronic density of states of stable Platinum-Vanadium phases is analysed. 

3.1 Crystal structure of intermetallic compounds 

Most pure metals crystallise into face centred cubic (fcc), body centred cubic (bcc) or hexagonal close 

packed (hcp) structures. When two or more metallic elements are present, they can form a 

homogenous solid solution to make an alloy depending on their mutual solubility limits (See Figure 3.1). 

If they are miscible, an interstitial or substitutional alloy can be formed. Interstitial alloys form when the 

solute atoms occupy lattice voids because of their small size. Substitutional alloys are usually formed 

when the atomic radii of the metal atoms is almost equal. The atomic radius of platinum is 1.53Å (Xin et 

al., 2012) and that of vanadium is 1.49Å (Xin et al., 2012), hence a substitutional alloy is expected in 

Platinum-Vanadium alloy systems. In substitutional alloys, there is little or no disruption of the original 

crystal structure. Alloys can be ordered or disordered. In disordered alloys, the elements are arranged 

in a random manner. Conversely, in ordered alloys, the atoms of each element are arranged on 

preferred lattice sites.  

 

Figure 3.1:Interaction of two metal species to form metallic compounds 

The likelihood of formation of solid solutions depends on thermodynamic variables, although sometimes 

thermodynamically stable phases do not form because of sluggish kinetics. Alloys crystallise into 
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geometries that minimise their Gibbs free energy. Thus structures with the most negative Gibbs free 

energy are the most stable: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆         (3.1) 

where the formation energy ∆𝐻 is the difference between the average enthalpy per atom in pure form 

and the average energy per atom in alloy form.  At 0K, the Gibbs free energy of formation is equal to 

the enthalpy of formation, which for solids is almost equal to the internal energy and can be calculated 

from the electronic energy (Equation 3.2).  

∆H(AmBn) =  
1

m+n
[Etot(AmBn) − mEtot(Am) − nEtot(Bn)]      (3.2) 

where m is the number of species A atoms in the unit cell, n the number of species B atoms and Etot is 

the total energy of a given unit cell.  

3.1.1. Platinum –vanadium intermetallic structures 

Temperature-composition phase diagrams are usually used to characterise the solid solutions. Ordered 

phases are observed at lower temperatures. The Platinum-Vanadium phase diagram was originally 

constructed by Waterstrat (1973). The solubility of vanadium in platinum is appreciable, but the 

solubility of platinum in vanadium is very small. Several intermediate ordered phases have been 

reported: Pt3V, Pt2V, PtV and PtV3 at composition ranges and temperatures shown in the revised phase 

diagram in Figure 3.2 (Okamoto, 2009). Earlier first principle calculations determined that Pt8V can form 

a stable phase of the Pt8Ti prototype structure  (Turchi et al., 1988) and this structure was successfully 

synthesised (Nxumalo and Lang, 2006).  
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Figure 3.2: Platinum-vanadium phase diagram (Okamoto, 2009) 

3.1.2. Electronic structure of platinum-vanadium alloys 

As the two elements come together, all electronic states adjust themselves in order to maintain 

orthonormality. New states are also created by hybridisation, when new bonds are formed (Atkins, 

1998). The total density of states of the alloy is composed of all states available in the structure. In Pt-V 

alloys these include states in platinum-platinum bonds, vanadium-vanadium bonds, platinum-vanadium 

bonds and states localised on the atoms and delocalised states. Delocalised states are mainly sp-

states (Ashcroft and Mermin, 1976). Platinum localised and platinum-platinum bond states and 

vanadium localised and vanadium-vanadium bond states are displayed on respective PDOS. 

Hybridisation creates states that have a more stable configuration called bonding states. It also creates 

repulsive states called anti-bonding states. Thus, the structures become more stable when the bonding 

orbitals are occupied. They become less stable when anti-bonding orbitals are occupied. The nature of 

created states and the position and filling of states is important in solid state chemistry. 

The d-band filling at the Fermi level and average energy of d-electrons are important for gas-solid 

reactions that take place in catalysis. The aim of this chapter is to analyse the way these properties are 

modified when platinum is mixed with vanadium to form ordered alloys. 
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3.2 Calculation details 

Ordered structures of known substitutional Pt-V were considered. Ordered phases are naturally suited 

to be studied using DFT calculations since they are less computational demanding compared to 

disordered phases. Another motivation in studying the electronic structure of alloy ordered phases is 

that catalytic properties of metal surfaces were found to correlate with the level of ordering (Xiong and 

Manthiram, 2005). 

Geometry optimisation calculations were performed by minimising forces (See Chapter 2).GGA PBE 

functionals for exchange and correlation and ultrasoft pseudopotentals were used throughout. The unit 

cell volume varied according to the crystal structure and the number of k-points was adjusted 

accordingly. First, the stability of phases was verified by comparing formation energy (Equation 3.2) of 

related crystal structures. Since platinum is fcc and vanadium is bcc, for each of the ordered phases, 

Pt8V, Pt3V, Pt2V, PtV, and PtV3, bcc and fcc superstructures were considered. Then, the DOS was 

calculated and presented for the most stable phases. The DOS was plotted against the electronic 

energy relative to the Fermi level (E-EF). The d-band centre was calculated by determining the first 

moment and the d-band width is represented by the second moment. The reported values of the d-

band centre are relative to E-EF. The Fermi energy was computed for all stable phases. 

  

3.3 Results and discussions 

The formation energies of platinum-vanadium alloy at vanadium compositions 11% (Pt8V), 25% (Pt3V), 

50% (PtV), 25% (PtV3) are displayed in Figure 3.3. Generally fcc superstructures (D022, L12, D019) are 

more stable at high platinum concentrations and bcc superstructures are more stable at high vanadium 

concentrations. This is in agreement with experimentally determined structures (Wang et al., 2008). 

This implies that the experimentally determined structures are the actual thermodynamically stable 

phases, and not quasistable ‘frozen’ structures. 
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Figure 3.3: Ground state formation energies of platinum vanadium structures at stoichiometric ratios 
Pt3V, Pt2V, PtV, PtV3. 

 

3.3.1. Pure elements: platinum and vanadium 

3.3.1.1. Platinum 

Platinum is a 5d transition metal in group VIIIC of the periodic table. It is silvery-white in colour and 

lustrous.  The crystal structure of solid platinum is face-centred cubic. The calculated value of the 

optimised lattice parameter is overestimated by 2% compared to the experimental value (Predel, 1998). 

The valence d-orbital of platinum is almost fully occupied. The DOS for platinum is shown in Figure 3.4. 
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Figure 3.4: (a) Face centred cubic crystal structure for pure platinum; (b) the valence d-band of 

platinum. 

 

(a) 

(b) 
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Table 3.1: Optimised properties for pure platinum 

Property CASTEP Experiment 

Lattice parameter (Å) 3.99 3.92* 

Crystal structure (Strukturbericht) A1  

d-band centre(eV)** -2.068  

d-band width (eV) 3.130  

Fermi energy (eV) -11.96  

*(Predel, 1998) 

**The value of the d-band centre is relative to E-EF. 

 

3.3.1.2. Vanadium 

Vanadium is a 3d transition element. It exhibits a bright white colour, and has a body centred cubic 

crystal structure. Its valence d-orbital has fewer electrons compared to that of platinum as shown in the 

DOS (Figure 3.5). Thus, there are many empty d-band states in a pure vanadium structure.  
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Figure 3.5: (a) Body centred cubic crystal structure for pure vanadium; (b) the valence d-band of 

vanadium. 
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Table 3.2: Optimised properties for pure vanadium 

Property CASTEP Experiment 

Lattice parameter (Å) 3.00 3.00* 

Crystal structure (Strukturbericht) A2  

d-band centre(eV) -1.630  

d-band width (eV) -2.610  

Fermi energy (eV) 9.50  

*(Predel, 1998) 

3.3.2. Pt8V 

A8B compounds like Pt8V are few in nature and all known structures order into a crystallographic 

configuration shown in Figure 3.6. This is a bcc tetragonal structure of space group 139. However, to 

show relationship with the parent pure platinum structure, an fcc superstructure can be described by 

considering unit cells with faces lying on the (110) plane as shown in Figure 3.6. Optimised properties 

for Pt8V are displayed in Table 3.3 and the electronic DOS is shown in Figure 3.7. Although there are 

two symmetrically different positions for platinum atoms, the difference between their electronic 

populations is very small and their projected DOS are similar. The total DOS for the alloy is dominated 

by platinum states. The empty d-band states contributed by hybridisation between platinum and 

vanadium are shown in Figure 3.7(c). The d-band centre of electrons in Pt8V has a value of average 

energy -2.165 eV, 0.097 lower than that of pure platinum. 
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Figure 3.6: The fcc superstructure for Pt8V can be viewed by looking on the (110) projection. 

Table 3.3: Optimised properties for Pt8V 

Property CASTEP Experiment 

Lattice parameter (Å) 10.16 

2.77 

- 

Crystal structure (Strukturbericht)   

Atomic position (fractional) Pt:
1

3
, 

1

3
, 0 

Pt:
1

3
, 0, 0 

V: 0, 0, 0 

 

Formation energy (eV) -0.16 - 

d-band centre (Pt PDOS) (eV) -2.165  

Shift in average energy of the d-band (Pt PDOS) (eV) -0.097  

d-band width (eV) 3.14  

Fermi energy (eV) -9.64  
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Figure 3.7: Density of states for Pt8V is dominated by states from platinum, (a) total DOS, (b)  

 PDOS platinum; (c) PDOS vanadium. 
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3.3.3. Pt3V 

The formation energies of face centred cubic superstructures (D022, L12), bcc based superstructures 

(D03 and A15) and hcp superstructure D019 is compared in Figure 3.3. The D022 structure has the most 

negative formation energy. This is in agreement with experimental results (Waterstrat, 1973). The D022 

structure is shown in Figure 3.8. It belongs to space group 139. Optimised properties of the structure 

were recorded in Table 3.4. The calculated lattice parameters in Figure 3.4 are overestimated by 1.8% 

and 1.9% respectively, compared with experimental data (Predel, 1998). 

The DOS for D022 structure is shown in Figure 3.9. The PDOS for a platinum atom in Pt3V has a d-band 

121 meV wider than that of an atom in a pure platinum crystal. The average energy of d-electrons 

centred on the platinum atom in Pt3V is 0.205 eV lower than those in pure platinum.  

 

 

Figure 3.8: The Pt3V D022 superstructure 
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Table 3.4: Optimised properties for Pt3V  

Property CASTEP Experiment 

Lattice parameter (Å) 3.91 

7.95 

3.84 

7.80* 

Crystal structure (Strukturbericht) D022  

Atomic positions (fractional) Pt: 0, 0, 
1

2
 

Pt: 0, 
1

2
, 

1

4
 

V: 0, 0, 0 

 

Formation energy (Pt PDOS)(eV) -0.48 - 

d-band centre (eV) (Pt PDOS) -2.27  

Shift in average energy of the d-band (eV) -0.21  

d-band width (Pt PDOS) (eV) 3.25  

Fermi energy (eV) -6.85  

 

*(Predel, 1998) 
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Figure 3.9: (a) The DOS of the DO22 structure for Pt3V; (a) total DOS; (b) Pt projected; (c) V projected. 
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3.3.4. Pt2V 

The Pt2V alloy crystallises in a structure described by the Pearson symbol oI6. The structure belongs to 

space group number 71. This is also the most stable structure from DFT energies (See Figure 3.3). The 

crystal structure is displayed in Figure 3.10. The calculated lattice parameters are overestimated by 

1.5%, 1.7% and 0.8% respectively (Predel, 1998).  

DFT optimised properties and DOS are displayed in Table 3.5 and Figure 3.11 respectively. The d-

bandwidth of platinum atoms in Pt2V is 90 meV greater compared to platinum in a pure crystal. The d-

band centre is 0.22 eV lower in Pt2V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: The Pt2V oI6 superstructure 
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Table 3.5: Optimised properties for Pt2V structure 

Property CASTEP Experiment 

Lattice parameters (Å) 2.76 

8.49 

3.82 

2.72 

8.35 

3.79* 

Crystal structure (Pearson symbol) oI6  

Atomic positions (fractional) Pt: 0, 
1

3
, 0 

V: 0, 0, 0 

 

Formation energy (eV) -0.58 - 

d-band centre (Pt PDOS) (eV) -2.29  

Shift in average energy of the d-band (Pt PDOS) (eV) -0.22  

d-band width (eV) 3.22  

Fermi energy (eV) -5.194  

*(Predel, 1998) 
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Figure 3.11: (a) The Pt2V DOS (a) total; (b) Pt projected; (c) V projected. 
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3.1.1. PtV 

The L10 and B19 structures are the most stable of PtV. In practice, the B19 (space group 51) is most 

stable and the L10 (space group 123) is metastable. However, from the present calculations, the 

formation energy of L10 is more negative compared to that of the B19 by 4 meV. Calculated properties 

are recorded in Table 3.6. The B19 structure and their DOS are displayed in Figures 3.12 and 3.13 

respectively.   

The calculated lattice parameters for the B19 structure are 0.5%, 0.7% and 0.8% larger than 

experimental values. The Fermi level lies exactly on the pseudogap, and the d-band centre of the 

platinum atom in PtV is 0, 27 eV lower. 

 

  

 

 

 

Figure 3.12: Stable PtV structures (a) the L10 structure and (b) the B19 crystal structure 

(a) 

(b) 
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Table 3.6: Optimised properties for PtV  

Property CASTEP Experiment 

Crystal structure (Strukturbericht) B19  

Lattice parameters (Å) 4.43 

2.71 

4.81 

4.41 

2.69 

4.77* 

Atomic positions (fractional) Pt: 0, 0, 
1

8
 

V: 0, 0, −
3

8
 

 

Formation energy (eV) -0.59 - 

d-band centre (eV) -2.34  

Shift in average energy of the d-

band (eV) 

-0.27  

d-band width (eV) 3.22  

Fermi energy (eV) -1.57  

 

*(Predel, 1998) 
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Figure 3.13: (a) DOS for the PtV B19 structure (a) total; (b) Pt projected; (c) V projected 

(a) 
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3.1.2. PtV3   

PtV3 crystallises into an A15 structure. The A15 polyhedron is basically a bcc skeleton structure and is 

displayed in Figure 3.14. It belongs to space group 223. The contribution to the DOS from Vanadium 

states is very significant as shown in Figure 3.15. The d-band centre is 0.31 eV lower. Optimised 

structural and electronic properties are shown in Table 3.7. 

 

 

 

 

Figure 3.14: Crystal structure of PtV3 A15 structure 
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Table 3.7: Optimised properties for PtV3  

Property CASTEP Experiment 

Lattice parameters (Å) 4.82 4.81* 

Crystal structure (Strukturbericht) A15  

Atomic positions (fractional) Pt:
1

4
, 0, 

1

2
 

V: 0, 0, 0 

 

Formation energy (eV) -0.46 - 

d-band centre (eV) -2.38  

Shift in average energy of the d-band 

(eV) 

-0.31  

d-band width (eV) 3.20  

Fermi energy (eV) 4.09  

 

*(Predel, 1998) 
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Figure 3.15: DOS of the A15 PtV3 structure (a) total; (b) Pt projected; (c) V projected 

(a) 

(b) 
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3.4 Summary and conclusion 

The density of states diagrams displayed in the preceding section shows the changes that result in the 

electronic structure upon alloy formation. By considering the relative positions of energy levels on the 

total and PDOS, it is likely that the alloy valence DOS is composed of states from platinum and anti-

bonding states from vanadium. Platinum states in the 5-d band react with vanadium states in the 3-d 

band to produce anti-bonding orbitals that overlap with platinum 5-d states.  

The d-band centres for the stable configurations were calculated by determining the first moment. The 

d-band centres for Pt DOS in eV for platinum vanadium structures become stabilised as the 

concentration of vanadium increases as shown in Figure 3.16. Thus, alloying can be used effectively to 

manipulate the electronic structure of parent metal, platinum in this case.  

 

 

 

 

 

 

 

 

Figure 3.16: D-band centre as a function of Vanadium concentration in Pt-V alloys. 

 

Figure 3.17 shows the change in the Fermi energy as a function of vanadium concentration in Pt-V 

alloys. Fermi energy is the energy difference between the highest occupied and the lowest orbitals. 

Figure 3.17 shows a linear variation of the Fermi level as vanadium concentration increases.  
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Figure 3.17: Fermi energy as a function of vanadium concentration in Pt-V alloys. 

 

The calculations reported in this chapter show the changes to the electronic structure caused by 

alloying in bulk structures.  However, to understand the effect of changes caused by solute vanadium 

atoms on catalytic properties of platinum, interaction of the surface with each of the involved gaseous 

species should be studied. Also creation of a surface introduces more restrictions, and the new 

boundary conditions result in formation of electronic states that do not appear in bulk solids called 

surface states. The next chapter discusses the adsorption of an oxygen molecule with platinum 

surfaces containing vanadium solute atoms.  
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CHAPTER 4 

Pt (111) SURFACES MODIFIED BY SUBSURFACE VANADIUM ATOMS 

4.1. Introduction 

The electronic and geometrical structures of a metal surface are expected to be perturbed by the 

presence of foreign subsurface atoms (Stamenkovic et al., 2006). A platinum surface supercell in which 

the second layer has been replaced by vanadium atoms was used to investigate the modification of 

surface properties caused by solute elements. The properties investigated are the electronic structure, 

surface geometry and adsorption on an oxygen molecule.   

4.1.1. Pure metal surfaces 

The electronic structure of surfaces differs in one prominent way to that of bulk materials. Bulk crystals 

are considered to extend infinitely in all directions. Thus, the solution for electronic states is determined 

by periodic boundary conditions in which all solutions are real. However, creation of a surface distorts 

periodicity in the direction perpendicular to it. In this case, imaginary solutions have to be considered 

also (Ashcroft and Mermin, 1976). As a result, there exist electronic states confined to the surface 

region only, called surface states. The electronic density of states for surfaces is much higher 

compared to that of bulk materials.  

The change in electronic structure upon creation of surfaces modifies the surface geometry. Surface 

atoms are left at a higher energy level compared to their bulk counterparts. To redistribute the excess 

energy, relaxation and reconstruction may result. In relaxation, the interlayer distance between surface 

layers change, some layers contracts whilst other layers expand. Reconstruction is a process in which 

the two dimensional surface geometry changes totally.   

The Pt (111) was found to be stable. It does not reconstruct at temperatures below 1329.25K (Sandy et 

al., 1992). The bulk interlayer distance for platinum in the [111] direction is 2.26Å. The surface layer 

relaxes by expanding to 2.30Å (Somorjai and Li, 2010). 

4.1.2. Alloy surfaces 

When solute elements are present in the surface region, segregation and enrichment may result. These 

processes can be explained by defining segregation energy. This is the energy required to take a solute 

element form the bulk to the surface of the host. If segregation energy is negative, then the solute will 

segregate to the surface, and the second layer will be rich with host atoms. Conversely, if the 
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segregation energy is positive, then the surface is a pristine layer of host atoms whilst the solute atoms 

segregate to the subsurface layer. Thus the electronic structure of the host surface is modified both by 

change of geometry and the presence of a foreign atom. 

A database for segregation energy of solute-host pairs was constructed (Ruban et al., 1999). It was 

confirmed that for a system in which platinum is a host and vanadium a solute, vanadium segregates to 

the subsurface layer and the surface is mainly composed of platinum atoms (Greeley and Mavrikakis, 

2004). 

The presence of solute atoms also perturbs the surface geometry and may cause reconstruction. There 

are many studies for geometric structures of pure metals (Da Silva, 2005). However, alloys are 

complicated, and description of their surface structures in literature is rare. DFT calculations can be 

used for determining surface relaxations. Such calculations are only efficient for determining the local 

minima. Reconstruction requires determination of global minima and is computationally expensive.  

4.1.3. Adsorption of O2 on Pt (111) 

Adsorption is a process in which a chemical bond is formed between a solid surface and a molecule. 

Surface adsorption may induce reconstruction. On alloy surfaces, adsorption may also cause 

segregation of solute from the subsurface layer to the top. Pt (111) is stable in the oxygen environment 

and is not likely to reconstruct. Also for platinum vanadium surfaces, vanadium is stable in the 

subsurface layer and is not attracted to the surface by the adsorbate (Greeley and Mavrikakis, 2004).   

Adsorption is always exothermic, and configurations that minimises the Gibbs free energy are 

preferred. Equation 4.1 can be used to calculate the adsorption energy (Eads) using total energies from 

DFT data: 

𝐸𝑎𝑑𝑠 = (𝐸𝑠𝑙𝑎𝑏+𝑂2
+ 𝑍𝑃𝐸) − 𝐸𝑠𝑙𝑎𝑏 − (𝐸𝑜2

+ 𝑍𝑃𝐸)      4.1 

where 𝐸𝑠𝑙𝑎𝑏+𝑂2
is the total energy of the slab with an adsorbed molecule, 𝐸𝑠𝑙𝑎𝑏 the total energy of the 

clean slab, 𝐸𝑜2
 the total energy of the free oxygen molecule supercel and ZPE the zero point energy.  

The values of adsorption energy of molecular oxygen on Pt (111) from various surface science 

experimental techniques are in the range 0.3-0.5 eV (See Table 4.1).  Most of these values were 

measured at high oxygen coverage.  
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Table 4.1: Experimental adsorption energies of O2 on Pt (111). 

Experiment Binding energy (eV) 

Temperature programmed desorption (Parker et al., 1989) 0.38 

Electron Energy Loss Spectroscopy (Steininger et al., 1982) 0.50 

Thermal desorption (Gland et al., 1980) 0.30 

 

Adsorption energy values calculated using DFT based techniques from literature surveyed vary 

between 0.1 to 1.95 eV (Keith et al., 2010). The computational DFT models themselves vary in the 

combination of calculation settings used. These include exchange and correlation functionals, 

supercells, energy cut-off and the basis set.  Some results from these calculations are displayed in 

Table 4.2. The differences in the calculated values emphasise the importance of specifying calculation 

parameters when reporting.  

Table 4.2: Calculated adsorption energies of O2 on Pt (111) 

Reference Binding energy (eV) 

(Eichler et al., 2000) bridge 0.72 

fcc 0.68 

hcp 0.58 

(Ou et al., 2009) bridge 0.45 

fcc 0.42 

hcp 0.34 

(Sha et al., 2010) bridge 0.41 

fcc 0.48 

hcp 0.36 

 

4.2. Calculation details 

Self-consistent DFT calculations were performed to determine the total energy of all supercells. The 

total energies were calculated for optimised geometries.  Electronic settings determined in Chapter 2 

were used. A p (2 × 2) surface supercell with the oxygen molecule adsorbed on the bridge, fcc and 

hcp sites was used. The k-points were adjusted according the unit cell volume. Vanderbilt ultrasoft 



66 
 

pseudopotentials (Vanderbilt, 1990) were used to model core electrons and the exchange and 

correlation was described by GGA PBE functional (Perdew et al., 1996). 

The surface was cleaved consisting of seven layers. Three top layers were used to represent the 

surface and were allowed to relax while four bottom layers were used to represent the bulk material and 

were not allowed to relax. The slab layers were separated by vacuum gaps 12 Å thick. Dipole 

corrections were implemented. The alloy surface was modelled by a pure platinum host in which the 

second layer was replaced by vanadium atoms.  

Adsorption was tested on the bridge, hcp and fcc sites. The geometry with minimum energy was 

considered the equilibrium geometry. Equation 4.1 was used to calculate the adsorption energy. 

However, zero point energy corrections were not performed. The difference between zero point energy 

of oxygen molecules adsorbed on pure and modified surfaces is expected to be negligible.  

The oxygen molecule was modelled with a k-point mesh of 3 × 3 × 3 and cut off energy of 500 eV. 

The cubical supercell of side length 10Å was used. 

All calculations were performed used the Cambridge Serial Total Energy Programme (CASTEP) (Clark 

et al., 2005). 

4.3. Results and discussion 

4.3.1. The Oxygen molecule 

The bond length of the model oxygen molecule was recorded in Table 4.2 and the DOS is displayed in 

Figure 4.1. The valence 𝜋2𝑝
∗  is partially filled and the 𝜎2𝑝

∗  orbital above it is completely empty. Further 

occupation of these anti-bonding orbitals makes the oxygen bond weaker. 

Table 4.3: O-O bond length in Angstroms 

CASTEP  Experiment  

1.238 (Å) 1.207 (Å)* 

*(Lide, 2004) 
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Figure 4.1: The energy levels for an oxygen molecule. 

 

4.3.2. Pure platinum surface         

Table 4.4 shows the geometrical and electronic properties of a Pt (111) surface. The surface layer show 

an expansion of about 1.1%, in agreement with experimental results (Somorjai and Li, 2010). The 

second and the third interlayer distances were found to contract. The electronic density of states for a 

Pt (111) surface is displayed in Figure 4.2. The main difference to the bulk platinum is the high density 

of electronic states for each energy level, owing to the presence of surface states. The d-band centre 

and width for the surface is almost equal to that of the bulk.  

Table 4.4: Surface relaxation and electronic properties of Pt (111) surface. (d1-d2 is the vertical distance 

between layer I and layer 2). 

Property CASTEP (This study) Experiment 

 d1-d2 2.326 2.30*  

Interlayer distance (Å) d2-d3 2.289  

 d3-d4 2.285  

 bulk 2.310 2.26* 

d-band centre (eV) -1.994  

d-band width (eV) 3.050  
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Figure 4.2: The electronic density of states for Pt (111) surface. 

4.3.3. Platinum with subsurface vanadium atoms 

When the subsurface layer is occupied with vanadium, the first (d1-d2) and the second (d2-d3) interlayer 

spacing is reduced. However, the interlayer distance between the third and the fourth layers is 

increased as shown in Table 4.5. 

Table 4.5: Surface relaxation and electronic properties of Pt (111) with a subsurface vanadium layer. 

(d1-d2 is the vertical distance between layer I and layer 2). 

 

The density of states diagrams for platinum with a subsurface vanadium layer is displayed in Figure 

4.3. The presences of solute vanadium atom cause the bandwidth of the d-band to widen, resulting in a 
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more negative d-band centre (see Table 4.2). The shifting of the d-band centre is caused by both the 

contraction of the surface layer and the presence of a foreign atom in the surface region.   
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Figure 4.3: The electronic density of states for Pt (111) surface with a vanadium subsurface layer (a) 
total, (b) Pt-projected and (c) V-projected. 

(a) 

(c) 

(b) 
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4.3.4. Adsorption of molecular oxygen on Pt (111) 

Equilibrium adsorption geometries and energies for the bridge, hcp and fcc site are shown in Tables 

4.3, 4.4 and 4.5 respectively. The density of states graphs for oxygen molecules adsorbed on Pt (111) 

are displayed in Figures 4.5, 4.6 and 4.7 for bridge, hcp and fcc sites respectively. The relationship 

between the equilibrium surface-molecule distances and the O-O bond length may be worth noting. It is 

believed the strong adsorption leads to a shorter surface molecule bond and a weaker and longer O-O 

bond (Xin et al., 2012). 

The bridge oxygen molecule is bound to the surface by two covalent bonds 2.056Å above the surface. 

The O-O bond on the bridge site is 1.36 and the adsorption energy is -1.81 eV.   

 

Figure 4.4: Geometry of O2 adsorbed on the bridge site. 

Table 4.6: Geometry and adsorption energy for an oxygen molecule adsorbed on the bridge site  

Adsorption geometry Bond length (Å) 

 a 2.056 

b 2.056 

c 1.360 

Adsorption energy (eV) -1.81 
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Figure 4.5: The electronic density of states for Pt (111) surface with an adsorbed oxygen molecule on 

the bridge site (a) total and (b) O2 projected. 

 

The geometry of the hcp oxygen molecule is shown in Figure 4.5. The equilibrium O-O bond for this site 

is 1.372Å. Bond lengths and adsorption energy is shown in Table 4.7.  

(a) 

Hybrid states 

between Pt surface 

states and 𝜎2𝑝
∗  

(b) 
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Figure 4.6: Geometry of an oxygen molecule bound on the hcp site. 

 

Table 4.7: Geometry and adsorption energy for an oxygen molecule adsorbed on the hcp site  

 

 

 

 

 

 

 

Adsorption geometry Bond length (Å) 

 a 2.082 

b 2.256 

c 2.256 

d 1.372 

Adsorption energy (eV) -1.78 
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Figure 4.7: The electronic density of states for Pt (111) surface with an adsorbed oxygen molecule on 
the hcp site (a) total and (b) O2 projected. 

 

The equilibrium geometry of an oxygen molecule adsorbed on the fcc site is displayed in Figure 4.8. 

The bond lengths are recorded in Table 4.8. The adsorption energy of the fcc site is -1.91eV is the most 

stable configuration. 

(b) 

(a) 
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Figure 4.8: Geometry of an oxygen molecule bound on the fcc site. 

 

Table 4.8: Geometry and adsorption energy for an oxygen molecule adsorbed on the fcc site  

 

 

 

 

 

 

 

Adsorption geometry Bond length (Å) 

 a 2.063 

b 2.200 

c 2.200 

d 1.385 

Adsorption energy (eV) -1.91 
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Figure 4.9: The electronic density of states for Pt (111) surface with an adsorbed oxygen molecule on 
the fcc site (a) total and (b) O2 projected. 

 

(b) 

(a) 
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4.3.5. Adsorption of molecular oxygen on Pt (111) with a vanadium subsurface layer 

The adsorption geometries and energies for and oxygen molecule adsorbed on a Pt (111) surface with 

subsurface vanadium atoms is shown in Tables 4.9, 4.10 and 4.11 for the bridge, hcp and fcc sites 

respectively. The density of states graphs are displayed in Figures 4.10 to 4.12. The fcc has the 

weakest adsorption energy, followed by the bridge site and the hcp site is the most stable. The 

adsorption energies range from -1.37 eV for the fcc to -1.45 for the hcp site. The adsorption energies 

for platinum surface with subsurface vanadium solute are lower than those of pure platinum and the 

surface-molecule bonds are longer.   

The surface-molecule bonds of the Pt (111) surface perturbed by subsurface vanadium atoms for the 

bridge site are 0.148Å longer compared to a molecule on a pure Pt (111) surface. The O-O bond length 

for the platinum with vanadium surface is 1.349Å, compared to 1.360Å for a pure surface. The 

adsorption energy for the modified surface is -1.43eV, which is lower than that of a pure surface, -

1.81eV. 

 

 

Figure 4.10: Geometry of an oxygen molecule bound on the bridge site of a Pt (111) surface with 

subsurface vanadium atoms. 
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Table 4.9: Geometry and adsorption energy for an oxygen molecule adsorbed on the bridge site  
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Figure 4.11: The electronic density of states for Pt (111) with a subsurface vanadium layer plus an 

adsorbed oxygen molecule on the bridge site (a) total and (b) O2 projected. 

Adsorption geometry Bond length (Å) 

 a 2.204 

b 2.204 

c 1.349 

Adsorption energy (eV) -1.43 

(b) 

(a) 
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Comparing the modified surface with the pure Pt (111) surface at the hcp site, the surface molecule 

bonds are 2.18Å, 2.40Å and 2.40Å compared to 2.08Å, 2.25Å and 2.25Å respectively for the pure Pt 

(111) surface. The O-O bond for the modified surface is 1.370Å, and 1.372Å for the pure surface. The 

adsorption energy is -1.45eV for the modified surface and -1.78eV for a pure surface.  

 

Figure 4.12: Geometry of an oxygen molecule bound on the hcp site of a Pt (111) surface with 

subsurface vanadium atoms. 

Table 4.10: Geometry and adsorption energy for an oxygen molecule adsorbed on the hcp site  

 

 

 

 

 

Adsorption geometry Bond length (Å) 

 a 2.18 

b 2.40 

c 2.40 

d 1.37 

Adsorption energy (eV) -1.45 
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Figure 4.13: The electronic density of states for Pt (111) surface containing a vanadium subsurface 

layer and an adsorbed oxygen molecule on the hcp site (a) total and (b) O2 projected. 

 

(b) 

(a) 
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The surface-molecule bonds for the fcc site were increased from 2.06Å, 2.20Å and 2.20Å on pure Pt 

(111) to 2.179, 2.468 and 1.395 on a surface modified by vanadium atoms respectively. The O-O bond 

changed from 2.385 on a pure surface to 2.366 on a modified surface. The adsorption energy changed 

from -1.91 eV on pure Pt (111) to -1.37 on modified Pt (111). 

 

Figure 4.14: The geometry of O2 on the fcc site of Pt (111) containing subsurface Vanadium atoms. 

 

Table 4.11: Geometry and adsorption energy for an oxygen molecule adsorbed on the fcc site  

 

 

 

 

Adsorption geometry Bond length (Å) 

 a 2.179 

b 2.468 

c 2.395 

d 1.366 

Adsorption energy (eV) -1.37 
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Figure 4.15: The electronic density of states for Pt (111) with a subsurface vanadium layer plus an 

adsorbed oxygen molecule on the fcc site (a) total and (b) O2 projected. 

(b) 

(a) 
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4.4. Summary and conclusion 

When vanadium atoms are added into the subsurface layer, both the geometrical and electronic 

structures are modified.  A pure Pt (111) does not reconstruct at lower temperatures, but present 

calculations have confirmed that it relaxes by expanding the top interlayer distance and contracting the 

distance between the second and the third layers. Adding vanadium to the second layer causes 

contraction of the distance between both the topmost and the second layer and the second and the 

third layers. 

The resulting modification of the electronic structure is a result of both change in geometry and 

hybridisation between platinum and vanadium atoms. Hybridisation brings more unoccupied d-orbitals 

to the platinum structure. The d-band width is widened and the d-band centre is stabilised from a value 

of -1.99 to -3.22eV. 

Also, the presence of vanadium in the subsurface region of a Pt (111) surface repels adsorbed oxygen 

molecules. Surface-molecule bonds on a modified surface are longer compered to bonds on pure Pt 

(111) surface, and the adsorption energies is lower on modified compared to pure surfaces. For a pure 

platinum surface, adsorption is favoured at the fcc site with an adsorption energy of -1.91 eV. The 

adsorption energies for the bridge and the hcp site are -1.81 and -1.78 eV respectively. On a surface 

containing subsurface vanadium atoms, the adsorption energy is lower than that of pure platinum. For 

platinum with vanadium surfaces, the hcp site is the most stable, and the fcc has the weakest binding.  
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CHAPTER 5 

SUMMARY AND CONCLUDING REMARKS 
 

Model platinum vanadium alloys and their surfaces were created by using a Density Functional Theory 

method implemented in the CASTEP code. The accuracy of the models was tested by comparing their 

equilibrium lattice parameters and relative phase stability with experimental values reported in the 

literature. Lastly, model surfaces were used to investigate the effect of putting vanadium atoms into the 

subsurface region of platinum on its chemisorption and hence catalytic properties.  

5.1 Electronic structure of Platinum-Vanadium alloys 

DFT total energies of various bcc, fcc, and hcp Pt-V superstructures were used to calculate and 

compare formation energies. All experimentally determined ordered Pt-V phase had the most negative 

calculated formation energies, showing that these structures are the real stable geometries, not frozen 

quasistable structures.  

 

The calculated DOS for Pt-V alloys show hybridisation between platinum and vanadium atoms. The 

pure platinum valence band is almost fully occupied, with few empty d-states. Hybridisation between 

platinum and vanadium brings in more empty d-states to the Pt PDOS. The number of empty valence d-

states increase with concentration of vanadium atoms. 

 

The first moment of the d-band was used to represent the d-band centre. Pt PDOS d-band centres 

were calculated. The values of the d-bands centre became more stabilised (more negative) as the 

concentration of vanadium increased (Figure 3.16). Thus alloys can be used to engineer and modify 

electronic properties of other metals, platinum in this case.  

 

5.2 Pt (111) modified with subsurface vanadium atoms 

Subsurface solute vanadium atoms modify both the geometric and electronic structures of the surface. 

A pure Pt (111) surface relaxes by expanding its topmost interlayer distance. However, when the 

second layer is occupied with vanadium atoms, the first topmost and the second interlayer distances 

contract. Calculations to determine whether the surface will not reconstruct were not performed.  

 

Hybridisation between vanadium and platinum creates more empty states in the valence band of Pt 

PDOS. The d-band width is widened and the d-band centre lowered.  An oxygen molecule on the 
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surface is repelled by the presence of subsurface vanadium atoms. Surface-molecule bonds increase 

and the adsorption energy is lowered.  

 

5.3 The effect of alloying platinum catalysts with vanadium 

It was shown in this study that presence of vanadium in the surface region of Pt (111) causes it to bind 

an oxygen molecule less strongly. However, as highlighted in Chapter 1, catalysis involves a number of 

processes and several adsorbed intermediates. To fully understand the effect of alloying on the 

catalysts, a detailed study of interaction of modified surface with all intermediates is needed.  
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Appendix A 
Table A 1: Convergence of total energy with respect to the number of irreducible k-points for pure 

platinum. The cut off energy was maintained at 600𝒆𝑽. 

 

Table A2: Convergence of total energy with respect to the number cut off energy for pure platinum. The 
number of irreducible k-point was maintained at 120.

 

Table A3: Convergence of total energy with respect to the number of irreducible k-points for pure 

vanadium. The cut off energy was maintained at 600𝒆𝑽. 

 

Table A4: Convergence of total energy with respect to the number cut off energy for pure platinum. The 
number of irreducible k-point was maintained at 120. 
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Figure A1: Birch Murnaghan fit for (a) LDA, (b) GGA PBE, (c) GGA RPBE, (d) GGA PW91, (e) GGA WC and (d) GGA PBEsol  data for 
platinum 

(𝑎) (𝑏) 

(𝑑) (𝑐) 

(𝑒) 
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Table A 5: Convergence of total energy with respect to the number of irreducible k-points for pure platinum surface. The cut off energy 
was maintained at 600𝒆𝑽. 

 

Table A6: Convergence of total energy with respect to the number cut off energy for a pure platinum surface. The number of irreducible k-
points was maintained at 120. 

 

Table A7: Convergence of total energy with respect to the vacuum layer thickness.

 

 

  

 

 

 

 

 

Figure A2: Birch Murnaghan fit for (a) LDA, (b) GGA PBE, (c) GGA RPBE, (d) GGA PW91, (e) GGA WC and (d) GGA PBEsol  data for 
platinum 
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Figure A3: Convergence of surface energy with respect to the number of slab layers 
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Table A8: Surface interlayer relaxations 

 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bulk Surface 3-2 Surface 2-1

3 2.325 2.325

4 2.308 2.284 2.318

5 2.308 2.293 2.333

6 2.308 2.337 2.301

7 2.308 2.285 2.322

8 2.308 2.290 2.325

Interlayer relaxation (PBE)

No. of Layers

Bulk Surface 3-2 Surface 2-1

3 2.312 2.335

4 2.313 2.280 2.317

5 2.313 2.305 2.339

6 2.313 2.297 2.338

7 2.313 2.286 2.326

8 2.313 2.316 2.314

No. of Layers

Interlayer relaxation (PW91)

Bulk Surface 3-2 Surface 2-1

3 2.306 2.306

4 2.295 2.271 2.300

5 2.295 2.272 2.310

6 2.295 2.284 2.315

7 2.295 2.278 2.309

No. of Layers

Interlayer relaxation (WC)

Bulk Surface 3-2 Surface 2-1

3 2.301 2.301

4 2.289 2.263 2.293

5 2.289 2.266 2.302
6 2.289 2.283 2.310
7 2.289 2.278 2.305

8 2.289 2.278 2.306

No. of Layers

Interlayer relaxation (PBEsol)
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