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Abstract

Density functional theory (DFT) calculations have been performed to gain insight into the role
of defects present on the surface of graphene and TiO; based supports on supported metal
clusters. The clusters considered are a Ptss cluster and a bimetallic Pts2Pds alloy. The defects
considered on graphene based supports are monovacancy defective graphene, OH and
COOH functionalised graphene. The defects considered on TiO, based supports are a
partially reduced TiO2(110) surface with a surface oxygen bridge vacancy and hydroxylated
TiO2(110) surface with surface OH groups. The defect free graphene and TiO, surfaces were

also considered.

For both the Ptss and Pts2Pds cluster, and on both defect containing graphene and TiO- (except
on hydroxylated TiO2(110) surface) the binding of the clusters is enhanced relative to binding
on the defect free supports. Enhanced binding at the defects imply that the clusters are bound
strongly to the support and thus less likely to detach from the support material relative to
binding on the defect free supports. Therefore, the defects may improve the durability of the

catalyst by limiting particle detachment.

The electronic properties of the cluster are modified differently depending on the identity of
the defect present on the support. On the graphene based supports, OH functionalisation is
expected to result in weaker binding energy of adsorbate molecules, whereas COOH
functionalisation is expected to result in stronger binding energy of adsorbates for the
supported Ptss cluster. This is due to different shifts in d-band centre of the facets on the cluster
supported on these supports. Therefore, it can be expected that the Ptss cluster supported on
OH functionalised graphene will be more tolerant to poison molecules. This is due to reduced
binding strength of adsorbates on OH functionalised graphene compared to adsorption on
COOH functionalised graphene. For the Pt3;Pds cluster the OH and COOH functional groups
do not appreciably modify the d-band centre of the facets available to reactants, and thus is
expected not to significantly modify the binding strength of adsorbate molecules relative to
binding on the free unsupported Pt3;Pds cluster.

The binding energy of adsorbate molecules on the Ptss cluster supported on defect containing

TiO, is expected to be stronger than on the Ptss cluster supported on defective graphene



based supports, due to higher extent of upward shift of the d-band centre of the exposed
facets. The enhanced binding energy of adsorbates on the Ptss cluster supported on TiO,
supports may be detrimental to catalyst durability and activity. This can be due to strong
binding of poison molecules and reaction intermediates which maybe too strongly bound on
the surface such that they cannot participate in further reaction steps. Overall it might turn out
that the functionalised graphene based supports are better support materials over the TiO»

based materials for particular reactions.

The Nb-doped partially reduced TiO2(110) surface attaches the PtsPds cluster strongly to the
support compared to the functionalised graphene supports. Furthermore, the binding energy
of adsorbate molecules is expected to be weaker on the Pts:Pds cluster supported on the Nb-
doped partially reduced TiO2(110) surface compared to the functionalised graphene supports.
This might be beneficial as poison molecules may be weakly bound to the cluster resulting in

high resistance to poisoning which can also have a positive effect on catalyst activity.

In addition to enhancing binding of the cluster to the support and affecting the binding energy
of adsorbates on the supported clusters, some of the defects can also alter the ordering
pattern of Pd and Pt atoms within the Pt3Pds cluster. OH functionalised graphene and Nb-
doped partially reduced TiO2(110) surface result in segregation of Pd towards the cluster-
support interface, thereby exposing more Pt atoms at the surface facets of the cluster. The
modified arrangement of Pt and Pd atoms may result in modification of the reactivity of the
Pt32Pds cluster.

The results of this study indicate that the defects can play a vital role in determining the activity
and durability of the catalyst. By having the right combination of defects on the support
material, the durability and catalytic activity of the catalyst can be fine-tuned simultaneously.

This can lead to better design of catalysts.
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1.1 Background

Late transition metals Pt and Pd are used as catalysts for a variety of processes such as
hydrocarbon reforming (Yu et al., 2012), electrocatalysts for application in polymer electrolyte
fuel cells (PEFCs) (Markovi¢ et al., 2001), photocatalysts (Campbell, 2012), for pollution
control in car exhaust for the reduction of NOy (Chen et al., 2012) and many other applications.
Pt and Pd catalysts are used as solid catalysts in the form of nanoparticles. Nanoparticles are
attractive due to their high surface area to volume ratio resulting in high catalytic activity in
particular for particle size dependent reactions (Lee et al., 2010). However, nanopatrticles are
inherently unstable due to their high surface energy, this results in a large driving force to
sinter and thereby minimising their surface energy (Fortunelli & Barcaro, 2012). To stabilise
and minimise coalescing, nanoparticles are often supported on materials, such as carbon or
transition metal oxides. It has been observed that support materials do not only act as an inert
material to disperse the active material but can also influence the catalytic activity of the active
material (Haro et al., 1976; Juszczyk et al., 1995; Goodman, 1995; Kesavana et al., 2011;
Campbell, 2012; Edwards et al., 2014; Willinger et al., 2014). The type of support used for a
particular reaction can also have an effect on the activity of the active metal, Edwards et al.
(2014) observed the activity for the Pd-Au bimetallic catalyst for the reaction of H.O-

production to follow the order C > TiO2 > Al,O3 with respect to the support.

Kaneeda et al. (2009) observed a higher activity and resistance to poisoning of the Pd-Pt/Al>O3
catalyst for the reduction of NO, relative to the Pd/Al,O3; and Pt/Al,O3 catalysts. Kakade et al.
(2013) and Zhang et al. (2004) observed higher activity and durability of the Pd-Pt/C catalyst
over the Pt/C and Pd/C for the oxygen reduction reaction in polymer electrolyte fuel cells. The
improved activity of the Pd-Pt bimetallic system over the pure Pd and Pt catalysts is subject
to debate with a variety of explanations being proposed depending on the reaction being
considered. Rousset et al. (2001) suggested that there is no synergistic effect in the Pd-
Pt/Al,O3 system as catalyst for toluene hydrogenation and the activity of the bimetallic system
is just the addition of the activity of the individual pure elements. Other suggestions are that
the improved activity of the Pd-Pt/Al.Os; system as catalyst for the dehydrogenation of
cyclohexane is due to the preference of the Pd atoms to occupy the metal-support interface

(Haro et al., 1976). It has also been proposed that the higher activity of the Pd-Pt/C alloy
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catalyst relative to the pure elements used as oxygen reduction reaction catalyst in PEFCs is

due to the electronic and structural modification of Pt upon alloying (Lopes et al., 2008).
1.2 Carbon supports

Carbon based support materials are amongst the most commonly used support materials
owing to their relatively low cost, availability, light weight and ease of depositing metals
(Burgess et al., 2015). Some of the preparation techniques for carbon supported nanoparticles
involve a pretreatment step of the carbon support with acid e.g. HCl and HNO3 or H2O- prior
to metal deposition (Prado-Burguete et al., 1989; Edwards et al., 2014; Burgess et al., 2015).
The oxidation pretreatment steps using HNOs; and H.O- result in the formation of functional
groups containing oxygen in the surface of the carbon support. The series of papers about
oxygen on acid washed carbon indicating the presence of oxygen surface functional groups
observed through a variety of techniques, includes XPS (Burgess et al., 2015), infra-red
spectroscopy (Prado-Burguete et al., 1989), near edge X-ray absorption fine structure
spectroscopy (NEXAFS) (Kuznetsova et al., 2001) and absorption X-ray spectroscopy (XAS)
(Coleman et al., 2008). The type of oxygen containing surface functional groups identified on
carbon supports upon acid or H20O; treatment include carboxylic acid group —COOH, hydroxyl
—OH, carbonyl —-C=0 group and C-O group (Prado-Burguete et al., 1989; Burgess et al., 2015).
The pretreatment of carbon based support materials is thought to result in defects, which may
be in the form of atomic vacancies to which the surface oxygen functional groups are attached
to (Schniepp et al., 2006; Burgess et al., 2015). The functional groups containing oxygen on
the surface have been observed to result in higher dispersion of the active material deposited
onto the surface of the carbon support (Prado-Burguete et al., 1989; Edwards et al., 2014;
Burgess et al., 2015).

Prado-Burguete et al. (1989) proposed that the order of importance of the oxygen surface
groups in determining a well dispersed catalyst can be arranged in order of decreasing acidity;
the carboxylic acid group —COOH is representative of the most acidic group and the most
important one for attaining good dispersion and the phenolic —OH group representing the least
acidic groups. The carbonyl group (-C=0) and the ether group (-C-O) were found not to play
a dominant role in determining dispersion of the catalyst. These functional groups containing
oxygen have been postulated to be the anchoring sites for metals (Prado-Burguete et al.,
1989; Burgess et al., 2015). Recently it has been observed by Burgess et al. (2015) that for
highly oriented pyrolytic graphite (HOPG) mildly treated with HNO3, the dominant oxygen

surface functional group is the OH group and gold nanoparticles were located around the OH
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functional group on this treated HOPG. Edwards et al. (2014) also observed that the activity
for the production of H,O, on Pd-Au bimetallic catalyst supported on acid pretreated carbon is
higher than the activity on the untreated carbon support. It was concluded that the
pretreatment acid wash step is not only to remove contaminants on the support but also has

an effect on the activity of the catalyst.

Density functional theory (DFT) calculations performed by Burgess et al. (2015) indicated that
the binding energy of a Au atom on OH functionalised HOPG is more exothermic than the
binding energy on pristine HOPG. The higher binding on OH functionalised HOPG was
considered to be indication that the Au atom will be preferentially anchored at the oxygen
functionalised sites not on the pristine sites of HOPG. The OH functionalised HOPG was

modelled as a bilayer graphene with zig zag edges functionalised with OH.
1.3 Metal oxide supports

The activity of metallic and bimetallic nanoparticles supported on transition metal oxides can
be affected by the support material. The interaction between the metal oxide support and the
active metal is expected to alter both the electronic properties of the catalytically active
material and the morphology. In the case of bimetallic particles, the segregation pattern can
be affected as well (Koningsberger & Gates, 1992). The interaction between metal particles
and the oxide support can be unusually strong, leading to what has classically been termed
as strong metal-support interaction (SMSI). This has traditionally been linked to the detrimental
effect of the metal support interaction, e.g. when the TiO; support migrate over the metal
particles thereby blocking the active sites (Tauster, 1987). However, the effect of the strong
metal-support interaction is not only linked to negative effects, but can also have a positive
effect on the activity of the supported active material. Through a combined experimental and
DFT study, Bruix et al. (2012) were able to show that the activity of Pt supported on CeO, and
of Pt supported on CeO; mixed with nanoparticles of TiO, was high for the dissociation of
water. From DFT calculations, the strong chemical bonds between a Pts cluster and the CeO2
support resulted in electronic perturbation of the electronic structure of the Pts cluster. The
electronic perturbation of the Pts cluster facilitated dissociation of water on the supported
cluster. The electronic perturbation of the electronic structure of the supported Ptz cluster has

been termed the electronic metal-support interaction (EMSI) (Campbell, 2012).

Transition metal alloy particles supported on metal oxide supports have been observed to

undergo preferential segregation of one of the alloy components towards the metal-support
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interface, a few examples of such cases will be briefly highlighted. Preferential segregation of
Pd towards the metal-support interface and the formation of palladium silicites from Pd-
Au/SiO, has been suggested to occur by Juszczyk et al. (1995). Preferential segregation of
Co leading to the formation of CoO as the stable cobalt phase preventing the formation of
surface Pt-O-Al bonds has been suggested to occur for the Pt-Co/Al, O3 catalyst (Zsoldos et
al., 1996). Furthermore, competition between Pd and Pt to occupy oxidizing centres of the
alumina support during reduction has been postulated. Pd is proposed to migrate and occupy
the oxidising centres of the alumina surface for the Pd-Pt/Al,O3 catalyst (Haro et al., 1976).
Using DFT studies Han et al. (2012) observed preferential segregation of Pd towards the
cluster-support-interface, exposing Ag on the surface of a 5 atom Ag.Pd. cluster supported

on anatase TiO»(101) surface.

Freund (2002) indicated that anchoring sites for metal particles on metal oxide surfaces are
defects on the surface; the defects can include surface oxygen monovacancy, surface oxygen
divacancy, steps, kinks and corners. Diebold et al. (2010) and Matthey et al. (2007) have
indicated that the surface oxygen vacancies on TiO, are highly reactive towards the
dissociation of water. Therefore, some of the surface oxygen vacancies can be occupied by
OH groups from the dissociation of water. Little knowledge from fundamental DFT studies
exists on the role of surface OH groups on the surface of the TiO, support in relation to binding

of monometallic and bimetallic nanoparticles to the support.

From the summarised background on carbon supports discussed above, the presence of
surface oxygen functional groups has been identified and proposed to be the anchoring site
for metal deposition on the support. However, knowledge on the two most important surface
oxygen functional groups, i.e. OH and COOH groups on binding of metal nanoparticles and
the effect on the reactivity of the supported nanoparticles is lacking. In addition, for the case
of supported bimetallic nanoparticles the effect of the surface oxygen functional groups on the
segregation pattern of the supported bimetallic nanoparticles, and the resulting effect on the

reactivity of the supported bimetallic nanoparticles is still lacking.

For supported nanoparticles on TiOg, the role of the surface oxygen vacancy and the presence
of surface OH groups on the attachment of metal nanoparticles is not well understood. The
effect of the surface composition (i.e. identity of defects) on the TiO2 support on reactivity of
supported nanoparticles is also not well understood. Moreover, DFT calculations have been
limited to small cluster sizes to investigate ordering in bimetallic metal oxide supported
nanoparticles. Most of the cluster sizes are around 5 atoms and the cluster morphologies

considered are different to those of a real catalyst particle. Hence there is a need to consider
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larger cluster sizes which have morphology close to that of the real catalyst in order to
investigate the ordering arrangement of the bimetallic cluster supported on TiO, based

supports.
1.4 Aims and Obijectives

The aim of the present study is to obtain through DFT calculations a fundamental
understanding of the role of OH and COOH presence on the surface of a carbon based support
on the binding of a Pt and Pt-Pd cluster. The study seeks to understand the effect of the
presence of OH or COOH on the electronic properties of the supported clusters (Pt and Pt-
Pd). Furthermore, the role of OH and COOH on the segregation pattern of the supported Pt-
Pd bimetallic nanocluster will be explored. The model for the carbon based support will be a
single graphene sheet, presence of the OH group will be modelled as a single OH group
attached to the graphene sheet and similarly the COOH group presence will be modelled as
a single COOH group attached to the graphene sheet. Monometallic Pt nanoparticle will be
modelled as a Ptss truncated octahedron cluster and the Pt-Pd bimetallic nanoparticle will be

modelled as a Pt;2Pds truncated octahedron cluster.

The study further seeks to gain insight into the binding of a monometallic and bimetallic
nanoparticle on a pristine TiO2 support surface, partially reduced surface with a surface
oxygen vacancy and the presence of hydroxyl groups on the surface of TiO.. The rutile
TiO2(110) surface will be considered for the TiO2 support. The TiO2 support is investigated
since it is used in many catalytic processes owing to its good mechanical stability, and its
resistance in both acidic and oxidative environments (Liu et al., 2005). Nb-doped rutile

TiO2(110) surface will also be studied as support for the Pt-Pd alloy cluster.

Hypothesis 1

The presence of the oxygen surface functional groups OH and COOH on graphene will lead
to enhanced binding of the Ptss and Pt3;Pds clusters on functionalised graphene relative to
binding on pristine graphene. The enhanced binding on functionalised graphene is due to the
surface oxygen functional groups modifying the electronic properties of the carbon atoms in
the vicinity of the attached functional group, therefore leading to stronger binding of the

clusters.

Hypothesis 2
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The modified electronic properties of the carbon atoms in the vicinity of the surface oxygen
functional group (i.e. OH and COOH) on functionalised graphene will lead to a different
chemical ordering of the Pts2Pds cluster compared to the ordering in the unsupported PtsPds
cluster. The preference of either Pt or Pd to bind to the support is expected to change the

ordering in the Pt32Pds cluster supported on functionalised graphene.

Hypothesis 3

Pd will segregate towards the cluster-support interface when the Pts,Pds cluster is supported
on Nb-doped TiO2(110). Pd will preferentially segregate towards the cluster-support interface
due to its higher affinity for oxygen compared to Pt. The segregation of Pd towards the cluster-

support interface will result in less Pd being exposed on the surface of the Pt3;Pds cluster.
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Chapter 2: Computational Chemistry
Methodology

2.1 Introduction

The most fundamental process in chemistry as well as in catalysis is the process of bond
breaking and bond formation (Becke, 2014). The accurate description of bond breaking and
making processes requires electronic structure methods based on quantum mechanics. The
quantity of interest in the electronic structure description is the energy of the system as a
function of the nuclear coordinates (Burke, 2012), from which other quantities of interest can
be derived such as reaction energies, transition state energies, bond lengths, bond angles,
vibrational frequencies and many other properties. The quantum mechanical description of

the system requires solving the time dependent or time independent Schrédinger equation.
2.2 Schrodinger equation

The total energy of the system of interacting particles can be obtained by solving the time
independent Schrédinger equation (Schrédinger,1926):

HY = EY (2.1)
A=T+7V (2.2)
Where: H is defined as the Hamiltonian operator which is the sum of the kinetic energy
operator T , and the potential energy operator V and ¥ is the wavefunction. The kinetic
energy operator T includes the kinetic energy of the electrons and the nuclei separately. The
potential energy operator V consists of the electrostatic interaction between the electrons and
nuclei, the repulsive electron-electron potential and the repulsive potential of nucleus-nucleus
interactions. The solution of the Schrédinger equation can only be accurately solved for the
one electron system of the H atom, for other systems approximation to the solution of the
Schrédinger equation has to be made.

One such approximation to solving the Schrédinger equation is to make use of the Born-
Oppenheimer approximation (Born & Oppenheimer, 1927). The Born-Oppenheimer

approximation makes use of the difference in mass between nuclei and electrons. In the Born-
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Oppenheimer approximation the wavefunction can be decoupled into the electronic and the
nuclear wavefunction contributions. The Born-Oppenheimer approximation reduces to the
electronic structure problem where the electronic wavefunction is solved for by fixing the
nucleus at fixed positions (owing to their heavier mass relative to the electrons), and in turn
allowing the electrons to move around the fixed nuclear positions, thereby creating a potential
energy surface for the movement of electrons (Fortunelli & Barcaro, 2013). The Schrddinger
equation then reduces to the electronic structure problem defined as:

HerecPetec = EetecPetec (2.3)
Hetee = Te + Voo + Vet (2.4)
with T, being the kinetic energy of the electrons, 1, the potential energy due to the electron-
electron interaction and V,,; the external potential, e.g. due to external filed and due to electron
and nuclear interactions, H,,. is the electronic Hamiltonian operator and ¥, is the
electronic wavefunction. In electronic structure calculations utilising the Born-Oppenheimer
approximation the kinetic energy contribution of the nucleus is neglected and the nuclear-

nuclear interactions are treated as a constant.

The downfall of the electronic Schrédinger equation is that the electronic wave function has a
many-body character (Fortunelli & Barcaro, 2013). Solution of the electronic Schrodinger
equation is cumbersome since it involves solving for ¥ which depends on position and spin of
the N-electrons, thus a function of 6N-dimensional coordinates (Kohn, 1999). Thus if the same
problem would be reformulated in terms of the electron density n(r) which is a function of the
3 dimensional spatial coordinates, then solution of the electronic structure would become less
cumbersome. The reformulation of the electronic structure problem in terms of the electron
density n(r) as opposed to the wavefunction ¥ is at the heart of the density functional theory
(Kohn, 1999). The density functional theory is realised through the Hohenberg—Kohn theorem
(1964) and the Kohn—Sham formalism (1965).

2.3 Density functional theory

The density functional theory (DFT) is derived from the hypothesis that knowledge of the
ground state electron density n(r) for any electronic system, whether it includes or excludes
interactions uniquely defines that system (Kohn, 1999). DFT is derived from its predecessor
the Thomas Fermi Dirac (TFD) theory (Thomas, 1927; Fermi, 1927; Dirac, 1930) which is a
crude electronic structure method based on the electron density distribution. The TFD theory

considers interacting electrons moving in an external potential v,,;(r) and assumes an overly
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simple one to one relation between the external potential v,,.(r) and the electron density

distribution n(r).

2.3.1 Hohenberg—Kohn theorem

The Hohenberg—Kohn theorem is based on the electron density as the basic variable to
describe the electronic structure theory. The Hohenberg—Kohn theorem (1964) is based on
two key concepts. The first key concept is that the ground state density n(r) of a system of
interacting electrons in some external potential v,,;(r) determines the external potential
uniquely. This implies that there is a unique ground state density n(r) associated with the
ground state wavefunction ¥, and if the mapping of v,,;(r) to n(r) is one to one then the
relation n(r) - v, (r) > ¥ should hold (Becke, 2014).

The second key concept of the Hohenberg—Kohn theorem is the variational principle. The
principle states that for a non—degenerate ground state, the minimum energy is obtained when
the electron density n(r) is the ground state density. For the degenerate ground state, the
minimum energy is obtained when the electron density n(r) is any of the ground state
densities. The principle is valid subject to the constraint that the number of electrons is

preserved in the formulations, i.e. N = n(r)dr.

From the Rayleigh—Ritz minimization principle and the constrained search method of Levy
(1982) and Leib (1982) it can be shown that the minimum energy functional in a given potential
can be expressed as:

Eymin[n(M] = minne{f v@n()dr + Fn(m)]} (2.5)

Fln(r)] =@, (T + U)¥) (2.6)

F[n(r)] is a universal functional valid for any number of electrons (N) and external potential
v(r). T and U in the definition of F[n(r)] are functionals of the electron density n(r).
Hohenberg and Kohn formulates the problem of the ground state (e.g. energy) of the many
body interacting system entirely in terms of the electron density n(r) and a well defined but
not explicitly known functional of the electron density F[n(r)] (Kohn, 1999). The main
complexities of the many-electron systems rely on the determination of the explicitly unknown
universal functional F[n(r)]. DFT calculations are made physically realisable through the
Kohn—Sham formulation (1965).
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2.3.2 Kohn—Sham theorem

The central theme in the Kohn—Sham formulation is to solve the system of interacting electrons
in an external potential v,,.(r) by using a fictitious system of non-interacting Kohn—Sham
particles in an effective potential v,rr(r) (Mattsson et al., 2005). Thus, the single effective
single-particle potential v,fr(r) of the Kohn—Sham theory can be regarded as that unique,
fictitious external potential which leads for non-interacting particles, to the same physical
density n(r) as that of the interacting electrons in the physical external potential v, (r) (Wang
& Parr, 1993). For a mathematical description for the link between the fictitious effective

potential and the external potential see Appendix A.

The Kohn—Sham equations consists of the following 3 equations:

(—% vz + veff(r)) @;(r) = €, (2.7)
ey (1) = 0() + [ + 0y () (28)

n(r) = i le; (MI? (2.9)
The equations 2.7, 2.8 and 2.9 are collectively termed the self-consistent Kohn-Sham
equations which are solved iteratively until a desired convergence is satisfied. Figure 2.1
illustrates the self-consistent iteration procedure for solving the Kohn Sham equations. The

ground state energy of the system is given by:

E= Y€+ Ex[n()] - [ Vye MIN()dr — %fn(r)n(rr)

[r=r']

drdr’ (2.10)

Where E,.[n(r)] is the exchange correlation energy and v,..(r) = E,.[n(r)] . The Kohn-

5
sn(r)
Sham density functional theory in principle results in an exact electron density and the exact
total energy of any interacting, correlated system (Becke, 2014). The accuracy of Kohn—Sham
density functional theory calculations depend on the accuracy of the approximation of the

exchange correlation energy functional, since there is no known explicit expression for it.

2.3.3 Exchange correlation functional

The exchange correlation energy E,.[n(r)] can be separated into its separate part of
exchange and correlation, i.e. E,.[n(r)] = Ey[n(r)] + E.[n(r)] . The exchange energy is a
consequence of the Pauli exclusion principle, it arises from the fact that same-spin electrons
tend to avoid each other (Capelle, 2006). The correlation energy is described as the additional

energy lowering obtained in a real system of interacting electrons due to the mutual avoidance
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Figure 2.1: Self consistent iteration procedure for solving Kohn—Sham equations
(adapted from Mattsson et al. 2005)

of interacting electrons (Capelle, 2006). The exchange energy can be obtained exactly in
terms of single particle orbitals from Hartree Fock orbitals or Kohn—Sham orbitals, whereas
no exact description of correlation energy can be derived (Capelle, 2006). Correlation effects

are smaller than exchange effects, i.e. |E,| > |E.| (Becke, 2014).
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Two of the most commonly applied exchange correlation functionals are the local density
approximation (LDA) and the generalized gradient approximation (GGA). The LDA
approximation is based on the assumption of a slow varying density n(r). The exchange
correlation functional is given by:

ERAI)] = [n(r)ex (n(r))dr (2.11)
€.c is the exchange and correlation energy per electron of a uniform electron gas of

density n(r). The exchange energy in terms of atomic units is given as (Kohn, 1999):
—0.485

ex(n(r)) = — (2.12)

4mtn(r)
The correlation part €.(n(r)) is obtained from high precision Monte Carlo methods of Ceperly
and Alder (1980) and Ceperly (1978). LDA approximations result in inaccuracies of the order
of 10 — 20 % for some chemical properties such as atomic energies, dissociation energy of
molecules and cohesive energies, and these errors are too high (Kohn, 1999). LDA’s however

give accurate bond lengths and geometries of molecules to an accuracy of 1% (Kohn, 1999).

The generalized gradient approximation (GGA) is a correction to the LDA method which does
not consider the electron density as a constant but also incorporates gradients of the electron
density. The exchange correlation energy functional for the GGA takes the form:

EZE4nm] = [ f(n(r), [Va@)n(r)dr (2.13)
|Vn(r)| is the gradient of the electron density. Different GGA functionals differ in the
construction of the function f(n(r), |Vn(r)| (Kohn, 1999). Some of the commonly used GGA
functionals include the PW91 functional (Perdew & Wang, 1992; Perdew et al. 1992), PBE
functional (Perdew et al., 1996a; Perdew et al., 1996b) and the RPBE functional (Hammer et
al., 1991).

The LDA and GGA functionals inherently suffer from the drawback of self-interaction
correction (SIC), which is an erroneous attribution of correlation energy even to a single
electron system (Perdew & Zunger, 1981). The standard approximations, i.e. LDA and GGA
have well documented shortcomings concerning the prediction of insulators or systems with
wide HOMO-LUMO gaps such as oxides, due to over-delocalizing of the d-electrons (Burke,
2012). To correct for over-delocalization of d-electrons, the DFT+ U method (Anisimov et al.,
1991) can be used where the U term is added to the DFT Hamiltonian. The U term known as
the Hubbard term (Hubbard, 1961) is added as a form of energy penalty for the double
occupation of specific orbitals, thereby improving the description of localized electronic states

in systems such as transition metal oxides (Fortunelli & Barcaro, 2013).
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Hybrid exchange correlation functionals can also be used to correct for over-delocalization of
d-electrons. Hybrid functionals consists of a mixture of a certain fraction of exact exchange
from Hartree Fock with GGA exchange correlation. An example of a hybrid exchange
correlation functional is the PBEO (Perdew et al.,, 1996), which consists of 25 % exact

exchange.

Other exchange correlation functionals beyond the LDA and GGA, include the meta-GGA
functionals. Meta-GGA include the kinetic energy density together with electron density
gradients to the function of the exchange correlation functional. According to Jacob’s ladder
method (Perdew & Schmidt, 2001) of ranking density functionals, approximations above the
meta-GGA are the hyper-GGA methods which consists of exact exchange and exact partial
correlation methods. The highest ranked methods on Jacobs ladder is the random phase
approximation (RPA) method which utilises all the Kohn—-Sham orbitals, i.e. occupied and
unoccupied orbitals. As one moves up the ladder to higher ranking functionals, the

computational time for the methods increases drastically.

2.4 van der Waals interactions DFT methods

Up until recent times the standard LDA and GGA approximations for exchange correlation and
the hybrid functionals were unable to describe long range electron correlation, i.e. electronic
dispersion forces also commonly referred to as van der Waals forces. Van der Waals

interactions are dominant in graphene systems which will be investigated in the present study.

Various methods for the implementation of the van der Waals interaction within DFT are in
existence and are discussed extensively in various references (Cooper et al., 2010;
Tkatchenko et al., 2010; Klimes§ & Michaelides, 2012; Ramalho et al., 2013; DiStasio Jr. et al.,
2014; Berland et al., 2015).

The methods of incorporating dispersion effects are broadly categorised into three main
categories (Berland et al., 2015); namely explicit density functional methods, implicit DFT
extended with atom-pair potential methods and the computationally expensive methods based

on the perturbation theory typically in the random phase approximation.

The so called Cs method of the density functional theory with dispersion (DFT-D), is an implicit

method, where dispersion effects are added to the DFT energy to give a total energy E;,: =
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Eprr + Egisp- Where Ey,; is the total energy, Eppr is the DFT calculated energy and Eg;, is
the dispersion energy. In DFT-D methods the dispersion energy is assumed to be a pairwise
addition of all the pairwise interactions between atom A and B. The dispersion energy is
calculated as:

Egisp = _ZA,B f(up, A B) C6A'B/r6A,B (2.14)
Where Cs"B is the dispersion coefficient between atoms A and B, réa g is the distance between
atom A and B and f (145 , A4, B) is the damping function to correct for the divergence of the
dispersion energy at short interatomic distances. The Cs B coefficients are kept constant
during calculations. An example of a DFT-D method is the Grimme method DFT-D2 (Grimme,
2006). Drawbacks of the DFT-D approach in describing van der Waals interactions are that it
is not clear how to work out or obtain the dispersion coefficients. Moreover, constant
dispersion coefficients in calculations mean different chemical states of the atom and the

influence of the environment are neglected (Klimes & Michaelides, 2012).

An improvement to the constant dispersion coefficient method is methods which consider the
change of the dispersion coefficient with change in chemical environment, i.e. the dispersion
coefficient changes with change in hybridization of an atom. The dispersion energy is obtained
from equation 2.14, with the dispersion coefficients calculated from some reference data such
as the atomic polarizability. Two common methods under this treatment of the van der Waals
interaction is the DFT-D3 of Grimme (Grimme et al., 2010) and the method of Tkatchenko and
Scheffler (Tkatchenko & Scheffler, 2009) which will be referred to as vdW-TS in the present
study.

In the present study the vdW-TS method is used, so a short description of this method is
provided. The vdW-TS method relies on reference atomic polarizability and dispersion
coefficient data from the database by Meath and co-workers (Zeiss & Meath, 1977; Margoliash
& Meath, 1978) to calculate the dispersion energy. The dispersion coefficients as calculated
within the vdW-TS method for an atom in a molecule depends on the effective volume of the
atom. The central theme in the vdW-TS method is that the dispersion coefficient Cg, and the
van der Waals radii are determined from the mean-field ground state density. The electron
density is used to calculate the relative atomic polarizability not the absolute polarizability of
an atom in a molecule. In the vdW-TS method the relation between the polarizability and the
volume of an atom in a molecule termed the effective volume is used, the link between
polarizability and the volume is realised through the Hirschfeld partitioning of electron density
(Tkatchenko & Scheffler, 2009).

KAeff aAEff _ VAEff _ (fTSWA(T‘)Tl(T)d3T) 215
KAfree aAfree - VAfree - fr3nAfree(r)d3r ( : )
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n free Q)
ZpngfTee(r)

(2.16)

wy(r) =

Where the variables are defined as: KAeffZ proportionality constant between volume and
polarizability for atom A in a molecule, KAfTeeZ proportionality constant between volume and
polarizability for free atom A, aAeff: effective polarizability of atom A in a molecule, aAfree:
polarizability of free atom A (obtained from reference data), VAeff: effective volume of atom A
in a molecule, VAfree: volume of free atom A, r: distance from the nucleus of an atom A, w,(r):
Hirshfeld atomic partitioning weight for atom A, n(r): total electron density and nAfTee(r):

electron density for the free atom A.

The total electron density n(r) and the free atom electron density n Af "¢¢(r) are calculated
from DFT using the exchange correlation energy functional. With the link between the effective
volume and the electron density established, the dispersion coefficient as a function of electron

density can be calculated from equation 2.17:

7= ,?Afff (]:(Afff) ’ (;Afff) ’ Conn

Coan free (2.17)

Where the variables are defined as: C6AAeff: effective dispersion coefficient for atom A in a
molecule, quff: effective frequency for atom A in a molecule, quree: frequency for free atom

A and C6AAfree; dispersion coefficient for free atom A (obtained from reference data).

The dispersion coefficient between two atoms A and B in a molecule C4, 5 is obtained by

adding Cg 447 and Copp®// since dispersion coefficients are additive. The dispersion
coefficients calculated using the vdW-TS method account for the different hybridization that
an atom can have and calculates the dispersion coefficient without a need of empirical
parameters for the different hybridization states (Tkatchenko & Scheffler, 2009). Tkatchenko
et al. (2009) cautions that the vdW-TS method maybe inaccurate for systems where the atom
in molecules cannot be applied, e.g. in metals where there is delocalised electrons. Systems
which cannot be described with the atom in molecules approach, requires the inclusion of
many-body terms to describe which are non-additive like the pairwise summation which

applies for atom in molecules approach.

The atomic polarizabilities calculated in the vdW-TS method do not include long range
electrostatic screening effects. In addition, the vdW-TS method neglects the non-additive
many-body van der Waals (vdW) energy contribution beyond the pairwise approximation
(Tkatchenko et al., 2012). The two body vdW energy, e.g. pairwise additive methods stem
from an electrostatic interaction of atomic dipolar fluctuations. An atom embedded in a

condensed phase, e.g. solid or in a large molecule experiences dipolar fluctuations different
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to the free atom case. The atom experiences a dynamic electric field generated by surrounding
atoms giving rise to polarization and depolarization effects. Thus the short and long range
effects of the environment act to screen the atomic dipolar fluctuations hence the screening
effects need to be considered in first principles calculations (Tkatchenko et al., 2012). In
materials where there is a sea of delocalized electrons such as metals, screening effects

become important to include in the calculations.

The many-body energy contribution to the van der Waals energy in the vdW-TS method is
accounted for by incorporating long range screening effects (Tkatchenko et al., 2012). The
vdW-TS method including long range screening effects will be referred to as vdW-TS-SCS in
the present study. The equations in the vdW-TS-SCS method are derived from approximations
of the adiabatic-connection fluctuation-dissipation theorem (ACFDT) (Langreth & Perdew,
1977) which is an exact expression for the total electron correlation energy and contains the

full many-body vdW energy (Tkatchenko et al., 2012).

The long range screening effects are included by microscopically modelling the environment
as a dipole field and solving the resultant classical electrodynamics self-consistent screening
(SCS) equation.

a’S(r;iw) = aBS(r;iw) + a™(ryiw) [dr'T(r—1") 55 iw) (2.18)
Where the variables are defined as: a™(r;iw): sum of the vdW-TS effective atomic
polarizabilities, and T (r — r'): dipole-dipole interaction tensor.

The effective frequency dependent dipole polarizability is defined as:

. [n(r)]
au(iw) = —A0L (2.19)
4 1O s

Where a4 [n(r)] is the static polarizability of atom A and w4 [n(r)] is the characteristic excitation
frequency.

The dispersion coefficients are calculated from the Casimir-Polder integral (Casimir, 1948):
Conn = % Jy a3 (iw) a3 (iw)d (iw) (2.20)

Where a3 is the frequency dependent screened polarizability of atom A.

The coefficient a3 consists of both short range (through the vdW-TS method) and long range

(through the SCS equation) electrostatic screening (Tkatchenko et al., 2012).
A second category to approximate van der Waals interactions is the explicit methods in which

the long-range van der Waals energy is calculated ab-initio. The pioneering work in this regard
is the van der Waals density functional (vdW-DF) method of Dion et al. (2004). In the vdW-DF
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method the exchange correlation energy is split into separate exchange and correlation terms,
with the correlation term further split into a local and a non-local component.

Exc[n()] = E, ““n(] + E. [n(r)] (2.21)
Ecln()] = E S PA] + B [n()] (222)
Where the variables are defined as: ECLDA [n(r)]: is the local correlation contribution obtained

from LDA and EC"l [n(r)]: is the non-local long range correlation energy.

Using the adiabatic-connection fluctuation-dissipation theorem approximations the non-local

correlation energy functional in the full potential approximation result in the expression:

oo du ~
EMnm] = [ Etr[ln(l —VX) — In€] (2.23)
Where the variables are defined as: X: density response to a fully self-consistent potential with
long range interfragment spectator contributions omitted, V: inter-electronic Coulomb

interaction, e: approximated dielectric function, and u: imaginary frequency.

In the vdW-DF method of Dion et al. (2004) the exchange energy is obtained from a GGA
functional, and the vdW-DF method depends on the exchange functional. The vdW energy is
a correlation effect and not an exchange effect (Langreth et al., 2005). Therefore, the choice
of the GGA functional for exchange in the vdW-DF method should be such that the functional
does not predict binding in the van der Waals regime when treated with exact change
(Langreth et al., 2005). For the vdW-DF method the exchange energy is calculated using the
revPBE functional (Zhang & Yang, 1998) which was tested on a couple of vdW systems and
did not show a tendency to bind those systems (Langreth et al., 2005). The vdW-DF method
has been found not to be accurate due to a too steep repulsive potential at short distances
(Klimes$ & Michaelides, 2012).

Several modifications to the vdW-DF method are in existence, in the present study we use the
OptPBE functional (Klimes et al., 2010) to approximate the vdW energy. The exchange part
of the energy in the OptPBE-vdW functional is described using the OptPBE functional and the
correlation part is described using PBE (Perdew et al., 1996). The OptPBE-vdW functional is
a GGA functional for exchange which is a combination of PBE and RPBE.

The GGA exchange energy is related to the LDA exchange energy density by the following
relationship:

g (n,s) = stDA(n)Fx(s) (2.24)
Where the variables are defined as: stDA(n) : LDA exchange energy density and F, (s): is the

enhancement factor. The enhancement factor depends on the reduced gradient density s.

s = (2.25)

- kan
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kp® =3n’n (2.26)
The enhancement factor for the PBE and RPBE functionals are of the form:

FxPBE(s)=1+1<—

_x
(1+25)
The OptPBE-vdW functional has the above form for the enhancement factor with u =
0.175519 and k = 1.04804. The composition of the OptPBE-vdW functional is x = 94.5268%

(2.27)

PBE and (100 — x)% RPBE, thus it consists of a single empirical parameter x which is a
mixing ratio of PBE and RPBE (Klimes et al., 2010).

2.5 Practical implementation of DFT

Practical implementation of DFT simulations for electronic structure calculations for materials
such as molecules, solids and surfaces is achieved through various computer packages. In
the present study the computational code employed to perform the DFT calculations is the
Vienna ab-initio simulation Package (VASP) (Kresse & Hafner, 1993; Kresse & Furthmiuiller,
1996a; Kresse & Furthmiller, 1996b; Kresse & Jourbert, 1999). VASP uses the plane wave
basis set to practically solve the Kohn—Sham orbital equations. Some parameters which need
to be considered in performing electronic structure calculations are the k-point density, the

plane wave basis set and the pseudopotentials.

In practice the Kohn—Sham orbitals ¢; () are expanded using basis set functions. The basis
set functions are of two main types, the atom centred functions and the non-atom centred
functions. The atom centred functions includes the linear combination of atomic orbitals
(LCOA), forms of the basis set in this class include the slater type orbitals (STO) and the
Gaussian type orbitals (GTO). The non-atom centred functions are delocalised and extends
over all space. The non-atom centred functions make use of plane waves as the basis set.
The type of basis set used is vital as is sets the accuracy and the computational time for an

electronic structure calculation (Mattsson et al., 2005).

To perform an electronic structure calculation on a solid using the Kohn—Sham formalism
translate to having to deal with an infinite number of non—interacting electrons moving in a
static potential of an infinite number of ions or nuclei (Payne et al., 1992). This amounts to
having to solve the wavefunction for each of the electrons in the system and would correspond
to an infinite basis set for each wavefunction since the wave function extends over the entire

solid (Payne et al., 1992). The above mentioned challenges can be overcome by performing
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calculations on periodic systems and making use of Bloch’s theorem to the electronic
wavefunction (Kittel, 2005).

A crystalline solid consists of lots of electrons which is not practical to include all of them in a
calculation. In a crystalline solid the ions within the crystal are arranged in a regular periodic
arrangement, hence the external potential felt by the electrons is also periodic in nature (Kittel,
2005). By making use of the periodic boundary conditions the system of the crystalline solid
is reduced to a system of a unit cell which is periodically repeated in three dimensions. This
allows for the reduction of the infinite number of electrons in the solid to only the number of

electrons in the single unit cell of the crystal (Mattsson et al., 2005).

2.5.1 Bloch’s theorem

Bloch’s theorem states that in a periodic solid, each electronic wave function can be written
as the product of a cell-periodic part and a wavelike part (Ashcroft & Mermin, 1976).

Vi (r) = X Cikre expli(k + G).7] (2.28)
Where k is the wave vector, G is the reciprocal lattice vectors given by G.l = 2mm , with [ being
the lattice vector of the crystal and m an integer. Each electronic wavefunction is written as a
sum of plane waves. In principle the exact representation of the orbitals, i.e. each wavefunction

requires an infinite number of plane waves (Mattsson et al., 2005).

2.5.2 k-point sampling

By applying the periodic boundary conditions which apply to the solid, the number of k-points
needed to determine the properties of the solid can be reduced from an infinite number to a
finite number. To determine the properties of the solid, e.g. the electronic potential and the
total energy, the number of occupied electronic states at each k-point need to be calculated.
The electronic states are allowed only on a set of k-points determined by the boundary
conditions that apply to the bulk solid (Payne et al., 1992). There is a finite number of occupied

electronic states at each k-point.

The electronic wavefunction at k-points that are very close to each other will be almost
identical, therefore reducing the need to calculate the electronic wavefunction at each k-point
(Payne et al.,, 1992). Thus the electronic wavefunction over a region of k-space can be
represented by the electronic wavefunction at a single k-point. In general, for an insulator or a

semiconductor a few k-points are required to determine the electronic and the total energy of
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the system, whilst for metals a large number of k-points is required in order to precisely define

the Fermi surface (Payne et al., 1992).

Various approximate methods for the sampling of special sets of k-points in the Brillouin zone
from which the electronic potential and total energy can be determined from the occupied
electronic states include methods by Chadi & Cohen, 1973; Joanno-Poulos & Cohen, 1973;
Monkhorst & Pack, 1976; Evarestov & Smirnov, 1983. The amount of error in the total energy
(and other properties of the system under investigation) introduced by insufficient k-point
sampling can be remedied by using a denser set of k-points. The k-point density can be
increased until the property is converged to a desired tolerance, though the downside of an

increase in k-point density is an increase in computational time.

2.5.3 Plane wave basis set

The plane wave representation of the Kohn—Sham orbitals is given by equation 2.28, and the
exact representation of the orbitals would need an infinite number of plane waves. The

expansion coefficients c; ;¢ in equation 2.28 for the plane waves with small kinetic energy

E = (%) |k + G|? are in general more important than those with large kinetic energy (Payne

et al., 1992). For practical applications, the plane wave basis set is truncated to include only
plane waves that have kinetic energies less than some particular cutoff energy E < E_,;. Thus
by truncating to a certain cutoff energy, the basis set is reduced from an infinite size to a finite
size. Truncation of the plane wave basis set at a finite cutoff energy will lead to an error in the
computed properties of the system, this error can be minimised by increasing the value of the
cutoff energy until the calculated property is converged to a desired tolerance. Like for the

case of the k-point set, increasing the cutoff energy result in an increase in computational time.

2.5.4 Pseudopotentials

To perform an all electron calculation would require an extremely large plane wave basis set,
also it would require vast amounts of computational time in order to calculate the electronic
wavefunction (Payne et al., 1992). Most physical properties of the solids are dependent on the
valence electrons and to a lesser extent to the core electrons which are tightly bound and
closest to the nucleus. The pseudopotential approximation (Phillips, 1958; Yin & Cohen, 1982)
freezes the core electrons and replaces the strong Coulomb potential of the nucleus and the
effects of the tightly bound core electrons by an effective ionic potential acting on the valence

electrons (Troullier & Martins, 1991). By using the pseudopotential approximation, the number
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of electrons that need to be described in the system is decreased, thus a smaller number of
plane wave basis set and therefore large systems with many atoms can be simulated. Various
types of pseudopotential approximations are in existence and include projector augmented
waves PAW (Bloch, 1994; Kresse & Joubert, 1999), norm-conserving pseudopotentials

(Hamman et al., 1979), and ultrasoft pseudopotentials (Vanderbilt, 1990).
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Chapter 3: Chemical ordering in
unsupported Pt32Pds cluster

3.1 Introduction

The surface composition of bimetallic nanoclusters can be different from the bulk composition
as a result of segregation processes (van der Oetelaar et al., 1998). Knowledge of the surface
composition of bimetallic nanoclusters is vital since the chemical reactivity and its
effectiveness as a catalyst depends critically on the surface composition. Furthermore, the
surface composition of the bimetallic nanoalloy also plays a crucial role in relation to its
catalytic properties such as selectivity and lifetime/durability of the catalyst (van der Oetelaar
et al., 1998). The chemical properties of the nanoalloy which are of significance for catalytic
applications may be fine-tuned by varying the nanocluster size, composition and chemical
ordering of the constituents of the bimetallic nanoalloy (Johnston, 2003). Knowledge of the
chemical ordering in unsupported bimetallic nanoparticles can be used to assess if the support
material modifies the chemical ordering of bimetallic nanoparticles, which subsequently may

affect the chemical reactivity of the supported bimetallic nanoparticles.

The kind of mixing or atom arrangement in nanoalloys can be categorised into three general

groups (Johnston, 2003) depicted in Figure 3.1: mixed, segregated and core shell.

Mixed Segregated Core-Shell

Figure 3.1: Different structures for the ordering in bimetallic alloys.

Mixed nanoalloys: This type of arrangement can consist of either randomly mixed (solid
solution) or ordered mixing of the alloy constituents.

Segregated: This type of arrangement consists of atom type A and atom type B subclusters.
The subclusters may share a mixed interface or have only a small number of A-B bonds.
Core-shell: In this type of arrangement a shell of atom type A surrounds a core of atom type

B. There may be some mixing between the shell and interior.
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Several factors are known to affect the ordering of the constituents of a nanoalloy. Depending
on the size, geometry, composition of the cluster, chemical identity of the alloy constituents,
preparation and experimental conditions the factors can enhance or counter each other
(Massen et al., 2002; Lloyd et al., 2004; Ferrando et al., 2008a). The factors affecting the
ordering in nanoalloys are (Ferrando et al., 2008a): maximisation of the strongest interatomic
interactions, minimisation of the cluster surface energy, minimisation of bulk strain, charge
transfer between alloy constituents, specific electronic or magnetic effects, strength of binding
to surface ligands and the preference of one of the alloy constituent to bind a particular
reactant, e.g. water, hydrogen, carbon monoxide or oxygen. In addition, van der Oetelaar et
al. (1998) proposed that the metal-support interaction may influence surface segregation
within supported nanoclusters by preferential anchoring of one of the alloy constituents at the

cluster-support interface.
3.2 Modelling of binary nanoalloys as clusters

The main aim of structural search strategies is to obtain the arrangement of atoms
corresponding to the lowest energy (i.e. global minimum) on the potential energy hypersurface
(Johnston, 2003). The ability to predict the structure of binary alloys becomes a complicated
exercise as the size of the cluster increases due to the many possible arrangements of the
alloy constituents (Johnston, 2003). Therefore, the use of a high level of theory such as DFT
to determine all the possible structural arrangements becomes prohibitive as the cluster size

increases.

To overcome this complexity the possible low energy structures are identified using a low level
theory such as a semi-empirical method to locate the minimum energy structures. The
minimum energy structures obtained at the semi-empirical level are further refined using the
DFT technique to obtain the absolute local minimum structures (Ferrando et al., 2008a). In the
semi-empirical approach the metal-metal interactions are described using empirical potentials
such as the many-body Gupta potential. The disadvantage of the semi-empirical methods
such as the one employing the many-body Gupta potential is that the results obtained are

dependent on the fitting parameters used to generate the potentials (Massen et al., 2002).

Different search approaches are used for determining the atomic arrangements in both
monometallic and bimetallic nanoclusters. The search techniques include: genetic algorithm

methods which mimic the biological mutating process to locate structures low energy
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structures (Wales & Doye, 1997; Johnston, 2003) and Basin Hopping Monte Carlo algorithms
which uses Monte Carlo steps to determine the lowest energy arrangement structures (Wales
& Doye, 1997; Rossi & Ferrando, 2009). The Basin Hoping Monte Carlo can be coupled with
a structure recognition algorithm and parallel excitable walker algorithm (Rossi & Ferrando,

2009) and many more structural search algorithms.
3.3 Symmetry as a tool for structural search of nanoclusters

One way to minimise the number of structural arrangements for a binary nanocluster is to use
symmetry as a criterion for structural search. Wales (1998) and Oakley et al. (2013) have
shown qualitatively that structures with high or approximate symmetry are expected to lie at
the extremes of the potential energy distribution, i.e. global minima often have a significant

number of symmetry elements.

High symmetry structural search makes use of magic structures, i.e. high symmetry structures
which result in geometric shell closure. The number of atoms in a cluster resulting in a magic
structure is referred to as a magic number. For the case of a binary nanocluster the
composition resulting in a magic structure is termed a magic composition. Symmetry
considerably reduces the number of compositional isomers (homotops)! to be investigated.
For a binary nanocluster consisting of N, atoms of type A and N atoms of type B with total
atoms N, the number of homotops ignoring point group symmetry is given by (Wilson &
Johnston, 2002):

N!
NPA’B = m ~ 2N (31)

By including symmetry constraints, the number of homotops is reduced significantly, e.g. for
the Pt;,Pds cluster considered in the present study, the number of possible homotops = 238 =
2.75 x 10! and by including symmetry constraints the homotops are reduced to 25 = 23 = 8.
Where S is the number of atomic orbits of the cluster. For high symmetry constraint methods,
the cluster is divided into a set of symmetry equivalent atoms which are referred to as atomic
shells or orbits (Wilson & Johnston, 2002; Paz Borbén et al., 2007). The different atomic shells
or orbits in a 38 atom truncated octahedron cluster (this cluster will be used in the present
study) are illustrated in Figure 3.2, where the green atoms represent the core orbit which

consists of 6 atoms. The second orbit is represented by the blue atoms consisting of 8 atoms

" Homotops are defined as isomers which have the same geometrical arrangement of atoms, but
differ in the way in which type A and B atoms are arranged (Jellinek & Krissinel, 1996).
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on the centre of the hexagonal (111)-like facets. The third orbit is represented by the yellow

atoms consisting of 24 atoms at the corners.

Figure 3.2: Different atomic orbits in a 38 atom truncated octahedron cluster, the three different orbits
are represented by the green (coordination number 12), blue (coordination number 9) and yellow atoms
(coordination number 6).

Ferrando et al. (2008a) and Massen et al. (2002) cautions that it can never be guaranteed that
the absolute lowest energy homotops have been found for a particular geometry, but search

methods should enable structures close to the global minimum structure to be obtained.
3.4 Previous studies on ordering in Pt-Pd clusters

Generally the search for the chemical ordering of the elements Pd and Pt in Pt-Pd nanoalloys
can either follow a symmetry constrained search or a non-symmetry constrained search. In
symmetry constraint search techniques the particle/cluster morphology/shape is known apriori
whereas in non-symmetry constraint search techniques the particle morphology is not known

beforehand.

Several computational studies have been undertaken to investigate the ordering in the
unsupported Pt-Pd nanoalloy. The main conclusion is that the ordering of the elements is
found to be independent of the cluster size and shape investigated. The preferred ordering in
the unsupported Pt-Pd nanoalloy is the Pt core—Pd shell arrangement with the surface
enriched in Pd and Pt preferring the interior. In the present study we make use of the high
symmetry Pts2Pds cluster hence the literature survey on the arrangement of the Pt-Pd

nanoalloy is biased towards the symmetry constrained search methods.

Symmetry constrained search methods
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The truncated octahedron shape has been used to study ordering in the Pt-Pd nanoalloy.
Using the empirical potential coupled with Monte Carlo simulations, Rousset et al. (1998)
investigated ordering in the truncated octahedron cluster using the magic numbers 201, 586,
1289 and 2406 atoms. These magic numbers corresponded approximately to 1.8 nm, 2.6 nm,
3.4 nm and 4.2 nm particle sizes respectively. For both Pd and Pt rich compositions there was
a strong tendency of Pd to migrate to the surface, with the surface composition of Pd being
above 90 % regardless of the cluster size. For small cluster sizes the surface Pd occupies the
low coordination sites, i.e. corners and edges. Whereas, for larger cluster sizes the Pd

migrates/segregates to the planar (111) and (100) facets.

Barcaro et al. (2011) used DFT to investigate ordering in the Pt-Pd nanoalloy using the
truncated octahedron of cluster size 38, 79, 116 and 201 atoms. The tendency of Pd to surface
segregate was obtained wherein a single Pd dopant atom preferentially occupied the surface
relative to the interior with an energy difference of 0.23 eV. A similar result has been obtained
by Lloyd et al. (2004) where a single Pd dopant atom in 13 atom, 55 atom and 147 atom
icosahedral and cuboctahedral clusters occupied a surface site. For the 38 atom cluster the
composition Pds;Pts was calculated by Barcaro et al. (2011) to result in a perfect core shell
arrangement with Pd on the shell and Pt in the core. A similar result was obtained by Paz
Borbdn et al. (2008).

At other cluster sizes, i.e. 79 and 116 atoms Barcaro et al. (2011) results indicated that at low
Pt concentrations, Pt prefers the interior. At high Pt concentrations the Pd atoms prefers to
segregate to the (100) facet or the corner atoms. For the 201 atom cluster an onion-like type
arrangement was obtained around a composition of 50:50. The onion-like
arrangement/multilayer was such that the centre of the surface (111) facets is occupied by Pt
atoms whereas the Pd atoms were on the surface (100) facets and the edges. In the sublayers
the arrangement was reversed with the Pd at the centre of the (111) facets and the Pt atoms
atthe (100) facets and edges, the arrangements alternated from shell to shell within the interior
of the cluster. Barcaro et al. (2011) postulated that a probable explanation for the peculiar
chemical ordering is due to the different behaviour of site energetics of the Pd and Pt atoms
as a function of the coordination number, i.e. preferential strengthening of Pt-Pt (Pt-Pd)

intrasurface and Pd-Pd (Pt-Pd) surface—subsurface bonds.

Tan et al. (2012) investigated using DFT Pt-Pd segregation in a 55 atom cuboctahedron
cluster. The ground state was found to exhibit Pt core Pd shell properties across all
compositions. At composition Pt13Pds. the lowest energy structure was obtained which was a

perfect core shell structure with all 13 Pt atoms in the core. For Pd rich compositions the
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preferred Pd sites were the surface edges followed by face centre sites. Conversely, for Pt
rich compositions, Pt preferred the core followed by inner shell sites before the surface sites
can be occupied. With further increase in Pt concentration the surface edges become
occupied. In addition, Rubinovich & Polak, (2009) using empirical potentials coupled with the
free energy concentration expansion method (FCEM) calculated Pd surface segregation in a

923 atom cuboctahedral cluster of composition Pt24Pdsgs.

A recent study by Ishimoto & Koyama (2016) employed a 711 atoms cuboctahedron cluster
(approximately 3nm particle) to investigate the ordering in a Pt-Pd alloy using DFT. The study
revealed that for Pt rich compositions, a solid solution (mixed alloy) is the preferred
arrangement. Whereas for Pd rich compositions a core shell arrangement with Pt in the core
is the preferred arrangement and for intermediate compositions there is competition between
the core shell and the solid solution arrangements. The configurational entropy contribution
was found to be vital in determining whether the core shell or the solid solution arrangement
is dominant. In addition, electron transfer between Pt and Pd atoms at the interfacial layers

was found to play a dominant role in the ordering pattern.
3.5 Model description

In the present chapter the chemical ordering in the unsupported Pt-Pd nanoparticle will be
investigated. The Pt-Pd nanoparticle will be modelled as a high symmetry 38 atom truncated
octahedron cluster. The aim of this chapter is not to perform a thorough investigation of the
ordering of Pt and Pd atoms in a binary cluster of these elements, but to use high symmetry
and non-symmetry arrangements to investigate the preferred arrangement of Pt and Pd atoms
at a fixed composition (Pt32Pds) and shape (truncated octahedron). The Pt3,Pds composition
is chosen as the inverse Pt-rich composition of the PtsPds, composition which results in a
perfect core shell arrangement (Paz Borbdn et al., 2008; Barcaro et al., 2011). In addition, the
magic composition of 32:6 in a previous study by West et al. (2010) was chosen as a
composition which allowed for the study of the different mixing patterns (i.e. mixed, core—shell

and segregated) within the 38 atom truncated octahedron shape.

3.6 Computational methodology

DFT spin-polarised calculations were performed using the Vienna ab-initio Simulation
package (VASP) (Kresse & Hafner, 1993; Kresse & Hafner, 1994; Kresse & Furthmiiller,
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1996a; Kresse & Furthmiller, 1996b). Periodic boundary conditions were utilised in the
calculations by placing the cluster into a periodic supercell. The 38 atom truncated octahedron
clusters, i.e. Ptss, Pdss and Pt;2Pds were placed in a periodic asymmetric box of dimensions
(15x15x27) A. The exchange and correlation effects were described using the PW91
functional (Perdew et al., 1992) within the generalised gradient approximation GGA method.
The electron-ion interactions were described using the plane wave based projected
augmented wave (PAW) pseudopotentials (Blochl, 1994; Kresse & Joubert, 1999). A plane
wave basis set cut off energy of 400 eV was used for the geometry optimisation of the clusters.
The gamma centred single k-point was utilised because the clusters are isolated from periodic
images so that there is no need for reciprocal space representation of the band structure

states.

All atoms of the cluster were allowed to relax to their lowest energy state during the geometry
optimisation calculations. The atoms were relaxed to their ground state energy using the
conjugate gradient algorithm (Press et al., 1986). The convergence criteria for the geometry
optimisation calculations were energy differences below 1x10° eV and forces below 0.03 eV
/ A. To speed up convergence the method of Methfessel Paxton (Methfessel & Paxton, 1989)

with a smearing width o = 0.2 eV was used.

The excess energy as defined by Ferrando et al. (2005) is used to assess if the mixing or
chemical ordering of the Pts;Pds cluster is energetically favourable. The excess energy
represents the energy gain or loss upon forming the bimetallic cluster relative to the pure
metallic clusters of the same size and geometry. The excess energy is synonymous to the
enthalpy change upon mixing at 0 K. The excess energy for the Pt:,Pds cluster is calculated
using the equation:

6 32

Eexcess = Epty,pag ~ 35 X Epdgg — 35 X Eptag (3.2)
With Ept,,pa, the energy of the optimised Pt32Pds cluster, Epa,g the energy of the optimised
Pdss cluster and Ept,g the energy of the optimised Ptss cluster. An exothermic excess energy
indicates that mixing or the chemical ordering of the structure is favoured relative to the
separate state of the pure clusters of the same size. A highly exothermic excess energy

corresponds to a more energetically stable chemical ordering.

3.7 Results and Discussion
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A few select high symmetry arrangements of the Pt3,Pds cluster are presented in Figure 3.3,
whilst the rest of the investigated arrangements of the Pt;;,Pds cluster are presented in
Appendix B.1. The least preferred arrangement of the Pt and Pd atoms in the Pt3;;Pds cluster
is the perfect core shell arrangement with all 6 Pd atoms in the core. This arrangement has
the most endothermic excess energy of 0.82 eV. This result is consistent with previous studies,
and the unfavourable arrangement has been explained to be due to the preference of Pd to
be on the surface due to its lower surface energy compared to Pt (Lloyd et al., 2004; Cheng
et al., 2006; West et al., 2010).

Figure 3.3: Structures of the different arrangements of the Pts2Pds truncated octahedron cluster with
the calculated excess energy. The green atoms represent Pt atoms and the maroon colour represents
Pd atoms.

From Figure 3.3 and Figure 3.4 (a) and (b) it is observed that the excess energy for

arrangements in which some of the Pd atoms remain in the core region whilst the rest are on
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Figure 3.4: Plot of excess energy: (a) excess energy as a function of number of Pd atoms on centre of
hexagonal facet, (b) excess energy as a function of number of Pd atoms at the corner site, (c) excess
energy as a function of the distribution of Pd atoms at the corner and centre of hexagonal facet.
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the surface (i.e. 2 Pd-core segregated and 3 Pd-core segregated structures) have
endothermic excess energies. As the surface concentration of Pd atoms increases and the
core concentration decreases the excess energy becomes less endothermic. The decrease
in endothermicity of the excess energy with increase in surface concentration of Pd indicates
the preference of Pd to be on the surface. In previous studies it has also been calculated that
Pd surface segregate in Pt-Pd alloys in which Pt is the majority element (Rousset et al., 1998;
Johnston, 2003; Lloyd et al., 2004; Rossi et al., 2005; Cheng et al., 2006; Paz Borbon et al.,
2007; Rubinovich & Polak, 2009; Barcaro et al., 2011; Ishimoto & Koyama, 2016).

Structures in which all Pd atoms are located on the surface have exothermic excess energies
(see Figure 3.4 (c) and Appendix B.1). This indicates that these are energetically preferred
arrangements. The extent of the exothermicity of the excess energy depends on the location

of the Pd atoms on the surface.

The structure which has the highest exothermic excess energy of -0.68 eV is the one in which
all six Pd atoms are located at the centre of the hexagonal facets (mixed arrangement
structure), i.e. coordination number 9. The arrangement in which all Pd atoms are located at
the corner sites and far away from each other (corner segregated structure) has an excess
energy of -0.32 eV. Comparing the lowest energy structure in which all Pd atoms are at the
centre of the hexagonal facet (mixed structure) and the structure in which the Pd atoms are at
the corner sites and away from each other (corner segregated structure) indicates that the
stability and excess energy of the Pt32Pds cluster is dependent on the site of location hence
the coordination number of the site. Previous studies have also observed that the stability in
Pt-Pd alloys depends on the site of location of the Pt or Pd atoms (Barcaro et al., 2011; Tan
et al., 2012).

Structures in which the Pd atoms on the surface are distributed between the corner site and
the centre of the hexagonal facet site have lower excess energies than the lowest energy
arrangement where all Pd atoms are at the centre of the hexagonal facet. Arrangements in
which all surface Pd atoms occupy the corner sites, are in close proximity to each other and
maximises the number of surface Pd-Pd bonds have more exothermic excess energies than
when all 6 Pd atoms are at the corner sites without any surface Pd-Pd bonds (See Fig. 3.3
square segregated structure (-0.44 eV), hexagonal facet segregated structure (-0.48 eV) vs (-
0.32 eV) corner segregated structure). This observation seems to contradict a previous study
by Lloyd et al. (2004) which indicated that the preferred arrangements are the ones in which

surface Pd-Pd bonds are minimised. In the present case the maximisation of surface Pd-Pd
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bonds seems to compensate for the location of Pd at a low coordination site. Location at the

low coordination site has a destabilising effect on the calculated excess energy of the cluster.

From Figure 3.4 (c) it is observed that the excess energy of structures in which Pd on the
surface is distributed between the corner and the centre of the hexagonal facet sites depend
on the concentration in the respective sites. Structures in which there is a higher concentration
of Pd at the centre of the hexagonal facet sites than at the corner sites have slightly more
exothermic excess energies than the cases where the concentration at the corner sites is
higher. Arrangements in which the Pd atoms are at the corner sites and have a higher number
of surface Pd-Pd bonds have slightly more exothermic excess energies than arrangements
where there are few surface Pd-Pd bonds with Pd located at the corner sites. This is indicated

in Figure 3.4 (c) by the data points represented by rectangles.

Having established that the excess energy is highly dependent on the location of Pd atoms,
the excess energy was quantified depending on the location of the Pd atoms. The least
energetically preferred arrangement of the core shell arrangement with all Pd atoms in the
core region is found to have the most endothermic segregation energy per site, the excess
energy per Pd atom occupying the core region is calculated to be 0.14 eV/ Pd atom. For the
most energetically preferred arrangement where all the Pd atoms are located at the centre of
the hexagonal facet (mixed structure), the excess energy per Pd atom occupying the centre

of the hexagonal facet site is calculated to be -0.11 eV/Pd atom.

The calculated excess energy per corner site depends on whether the Pd atom at the corner
site is bonded to another surface Pd atom. For the case where the Pd atoms are located at
the corner site but without bonding to other surface Pd atoms (corner segregated structure)
the excess energy per corner site is calculated to be -0.05 eV/Pd atom. This indicates why
there is a strong preference of Pd atoms to occupy the central sites on the hexagonal facet
compared to the corner sites, since at the central site the excess energy per atom is twice that
at the corner site. The excess energy for the Pd atoms at the corner site slightly increases
when the Pd atoms at the corner sites form Pd-Pd bonds with other surface Pd atoms at corner
sites (see square facet segregated and hexagonal facet segregated structures in Figure 3.3).
For the square facet segregated structure and hexagonal facet segregated structures in Figure

3.3 the excess energy per Pd atom are -0.07 eV/ Pd atom and -0.08 eV/Pd atom respectively.

In Tables 3.1 — 3.3 the bond lengths of the unique facets of the core shell structure, hexagonal
facet segregated structure and mixed structure are presented. These structures are taken as

representative examples to elucidate the effect of relaxation on the final structure of the
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cluster. The facets are unique in the sense that the other facets of the cluster have identical
bond lengths to the unique facet hence they are representative of those other identical facets.
A description of labelling of the unique facets in the mixed structure is presented in Appendix
B.2. This structure is the most stable arrangement of the Pt32Pds cluster which will be used in

other chapters of this study.

Table 3.1: Bond lengths of the unique facets for the core shell structure (structure A).

core shell (structure A)
Square Facet Hexagonal facet
Side length Diagonal length

2.70 2.69

2.71 2.66 2.69

dptpt (A) 2.71 dptpt (A) 2.71 dptpt (A) 2.70
2.70 2.66 2.69

2.70 2.71 2.69

2.66 2.70

Structures in which Pd atoms are located at the centre of the hexagonal facet appear to be
somewhat distorted and swelling out upon relaxation. The central Pd atom is pushed out of
plane relative to the Pt atoms making up the hexagonal facet. Structures in which the Pd atoms
are not occupying the central site on the hexagonal facet retain the almost perfect truncated

octahedron shape without bulging upon structural relaxation.

Of all investigated structures of the Pt3>Pds cluster, the structure which undergoes the highest
extent of structural change upon relaxation is the lowest energy structure with an excess
energy of -0.68 eV. The structural change in this structure is clearly visible as evidenced by
distortion from the perfect truncated octahedron cluster to a ball like structure, with central Pd

atoms elevated out of plane relative to other Pt atoms of the hexagonal facet.

To quantify the extent of distortion upon relaxation the bond lengths reported in Tables 3.1 —
3.3 are compared. Comparison of hexagonal facets bound by Pt atoms in all three structures
indicates that in the core shell structure (structure A) and hexagonal facet segregated structure
(structure G), the side lengths of these hexagonal facets are almost identical. Juxtaposing
these side bond lengths (for Pt only bound hexagonal facets in core shell structure (structure
A) and hexagonal facet segregated structure (structure G)) to the side lengths for facet C in

the mixed structure (structure F), it is observed that on facet C the side lengths are slightly
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contracted. Thus, location of Pd atoms at the centre of the hexagonal facet in facet C results
in compressive strain on the Pt-Pt side bond lengths as evidenced by the shorter Pt-Pt bond

lengths.

Table 3.2: Bond lengths of the unique facets for the hexagonal facet segregated structure (structure
G)

hexagonal facet segregated structure (structure G)

Square Facets

dpera (A) 2.73 2.66
dpepg (A) 2.73 2.71
deert (A) 2.67 dpert (A) 2.71
dra-pa (A) 2.77 2.71
Hexagonal Facets
Side length Diagonal length Side length Diagonal length
2.77 2.75 | dptpa (A) 2.73 | dptpa (A) 2.71
2.71 2.75 2.73 2.71
2.77 2.75 | dpara (A) 2.71 2.69
deara (A) [ 271 | detea (A) 2.75 2.66 2.71
2.77 2.75 | dpert (A) 2.66 | drert (A) 2.71
2.71 2.75 2.66 2.69
Side length Diagonal length
2.66 2.67
2.71 2.73
2.64 2.69
deert (A) 2.71 dpert (A) 2.69
2.66 2.73
2.67 2.67

The compressive strain can be rationalised by the difference in atomic size between Pt (1.77
A) and Pd (1.69 A) (Clementi et al., 1967). Placing the smaller Pd atom at the centre of the
hexagonal facet consisting of Pt atoms only will contract the Pt-Pt side bond lengths. The
effect of compressive strain is the central Pd atom is pushed out of plane in order to relieve
the strain. This in turn results in elongation of diagonal Pt-Pd bond lengths leading to observed
structural distortion and swelling. Distortion upon locating the Pd atom at the centre of the

hexagonal facet bound by Pt atoms only is also observed from the shorter Pt-Pt side bond
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lengths of facet D in the mixed structure (structure F) compared to those in the core shell

structure (structure A) and hexagonal facet segregated structure (structure G).

Table 3.3: Bond lengths of the unique facets for the mixed structure (structure F)

mixed structure (structure F)
Square Facets
Facet A Facet B
2.64 2.65
2.64 2.65
dptpt (A) 2.66 dptpt (A) 2.70
2.66 2.70
Hexagonal Facets
Facet C Facet D
Side length Diagonal length Side length Diagonal length
2.64 2.78 2.57 2.75
2.56 2.79 2.66 2.74
2.65 2.79 2.61 2.76
deept (A) 257 | detra (A) 2.78 | dert (A) 2.65 | deera (A) 2.75
2.64 2.77 2.60 2.76
2.57 2.77 2.66 2.74
Facet E
Side length Diagonal length
2.61 2.70
2.68 2.70
2.61 2.70
dprt (A) 2.69 dptpt (A) 2.70
2.62 2.70
2.69 2.69

The Pt-Pt side bond lengths in facet D of the mixed structure (structure F) are shorter than the
side lengths for the hexagonal facets bordered by Pt atoms only in the core shell structure
(structure A) and hexagonal facet segregated structure (structure G).

Furthermore, structural distortion in the mixed structure (structure F) is evident from the Pt-Pt
bond distances on facet E which consists only of Pt atoms. The side lengths in facet E are

slightly shortened relative to those of the hexagonal facet in the core shell structure (structure
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A) whilst the diagonal bond length in facet E are similar to those in the core shell structure
(structure A). Moreover, the Pt-Pt bond lengths of the square facets in the mixed structure
(structure F), i.e. facets A and B are shorter than the calculated Pt-Pt bond lengths of the
square facets consisting only of Pt atoms in the core shell structure (structure A) and
hexagonal facet segregated structure (structure G). This further strengthens the observation

that there is compressive strain on the Pt-Pt bonds in the mixed structure (structure F).

The Pd-Pd side bond lengths of the hexagonal facet bound by Pd atoms only in structure G
(hexagonal facet segregated structure) are longer than the Pt-Pt side bond lengths for
hexagonal facets bound by Pt atoms only in structures A (core shell structure) and F (mixed
structure). This is rationalised by the slightly bigger Pt atom occupying the centre of the
hexagonal facet consisting of smaller Pd atoms. The effect of the bigger Pt atom is to elongate
the Pd-Pd side lengths. Therefore, the Pd-Pd bonds on the hexagonal facet bound by Pd
atoms are under tensile strain. The diagonal Pt-Pd bond lengths of the hexagonal facet bound
by Pd atoms only in the hexagonal facet segregated structure (structure G) (see Table 3.2)
are slightly shorter than the diagonal Pt-Pd bond lengths of facet C (see Table 3.3) and almost
identical to the diagonal bond lengths of facet D (see Table 3.3) in the mixed structure
(structure F). Tensile strain on the hexagonal facet bound by Pd atoms only in the hexagonal
facet segregated structure (structure G) does not result in the central Pt atom being elevated
out of plane relative to other atoms of the hexagonal facet. Thus, there is no observable

structural change and swelling of the structure upon relaxation.

3.8 Conclusions

The preferred arrangement for the Pt32Pds cluster is the solid solution arrangement where the
Pd atoms are mixed with Pt atoms and are located on the surface. The least preferred
arrangement of the Pt32Pds cluster is the core shell arrangement with all the Pd atoms located
in the core. Distribution of Pd atoms on the surface between the corner and centre of

hexagonal facet site lowers the excess energy of the cluster.

On the surface, Pd atoms prefer to be at the centre of the hexagonal facet where the excess
energy per site is more exothermic than at the corner site. The excess energy per site is
exothermic for the surface sites, i.e. centre of hexagonal facet and corner sites whilst for the
interior site the excess energy per site is endothermic. This indicates that the interior site is

the least stable site for Pd location.
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The structural arrangement with all Pd atoms located at the centre of the hexagonal facet
undergoes the highest extent of structural change and distortion upon relaxation. The high
degree of structural change is due to compressive strain experienced by Pt atoms bounding
the hexagonal facet which has a Pd atom at the centre. The compressive strain is relieved by

pushing the central Pd atom out of plane relative to Pt atoms of the facet.
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Chapter 4: Ptss cluster interaction with
pristine, monovacancy and
functionalised graphene

4 .1 Introduction

Carbon in its different forms can be utilised as a support for the active metal in heterogeneous
catalysts (Rodriguez-Reinoso et al., 1986; Kou et al., 2011). In some applications carbon is
preferred as a support material because it does not interact strongly with the active material
as a metal oxide support would (Rodriguez-Reinoso et al., 1986). Further, in other applications
such as polymer electrolyte fuel cells, carbon is preferred as a support material because of its
high surface area and electrical conductivity (Wissler, 2006; Shao et al., 2009; Kou et al.,
2011). Different forms of carbon which are used as support material include: carbon black,
e.g. Vulcan, Ketjen Black etc., single walled or multi walled carbon nanotubes, carbon

nanospheres, graphene and graphitized carbon (Shao et al., 2009).

Carbon materials can have a variety of functional groups, the source of which can vary, some
are naturally occurring within the material whilst others are a result of the synthesis method of
the carbon materials (Rodriguez-Reinoso et al., 1986; Prado-Burguete et al., 1989) and some
can be intentionally added to the material via functionalisation (Chen et al., 1998; Kuznetsova
et al., 2001; Schniep et al., 2006; Coleman et al., 2008; Kou et al., 2009; Burgess et al., 2015).
For the present study we will only focus on the oxygen surface functional groups.
Spectroscopic techniques have indicated that the surface oxygen functional groups on the
carbon framework can be in the form of the following groups, OH, C-O, C=0, COOH, epoxides
and many other forms (Prado-Burguete et al., 1989; Chen et al., 1998; Kuznetsova et al.,
2001; Coleman et al., 2008; Burgess et al., 2015). The synthesis of supported catalysts
involves deposition of the catalytically active material onto the support via e.g. incipient
wetness impregnation or deposition of a colloid of the active metal onto the support. The
functional groups present on the surface of the carbon support have been postulated to act as
nucleation sites or anchoring sites for the deposition of the active metal and hence assist in
the dispersion of the catalytically active material on the catalyst support (Prado-Burguete et
al., 1989).

50



Chapter 4: Ptsg interaction with pristine and functionalised graphene

One of the steps in the synthesis of carbon supported catalysts can involve a pretreatment
step where the carbon support is treated with HNO3 acid and or H,O,. The treatment step
results in the formation of surface defects in the form of atom vacancies which are occupied
by functional groups (Balasubramaniam & Burghard, 2005; Coleman et al., 2008). Recently a
study by Burgess et al. (2015) has shown that mild treatment with low concentration of HNO3
of highly oriented pyrolytic graphite HOPG results in the generation of OH groups on the
HOPG surface. Treatment of the HOPG with higher concentrations of HNO3 was observed to
result in formation of the COOH functional group. Burgess et al. (2015) further investigated
the influence of the functional groups on the growth of gold nanoparticles on functionalised
HOPG, and observed that gold nanoparticles grew close to the OH functional group which
were located on the terrace of the basal graphene plane and not at the edges. Edwards et al.
(2014) observed that a Pd-Au/C catalyst for H2O2 synthesis whose carbon support had been
pretreated with acid showed higher catalytic activity than the catalyst whose carbon support
was not pretreated in acid. It was proposed that the pretreatment step of the carbon support
is not only to remove contaminants but also affects the activity of the catalyst (Edwards et al.,
2014). Therefore, there is need to investigate further the role of the surface oxygen functional

groups in relation to the activity of supported clusters.

Density functional theory studies have been performed to study interaction between graphene
and Pt particles. Most of the studies are limited to small size clusters ranging from a single
atom to n = 13 atoms (Kong et al., 2006; Okamoto, 2006; Okazaki-Maeda et al., 2010; Lim &
Wilcox, 2011; Fampiou & Ramasubramaniam, 2012; Fampiou & Ramasubramaniam, 2013).
Pt interaction with pristine graphene is found to be weak due to the high cohesive energy of
Pt and thus Pt-Pt bonds are stronger compared to Pt-C bonds (Maiti & Ricca, 2004). Defective
graphene with a monovacancy has been observed to bind Pt clusters stronger than pristine
graphene (Lim & Wilcox, 2011; Fampiou & Ramasubramaniam, 2012). The strong binding
energy on monovacancy graphene is due to the formation of strong Pt-C bonds at the vacancy
site between Pt and carbon atoms which are coordinatively unsaturated at the vacancy

(Fampiou & Ramasubramaniam, 2012).

DFT studies which investigate the binding of Pt clusters on oxygen functionalised graphene
have focussed on edge functionalisation and not on terrace functionalisation. However, the
experimental study of Burgess et al. (2015) has shown that the functional groups can be
located on the terrace. The oxygen functional groups were calculated to stabilise binding of Pt
clusters relative to pristine graphene (Vedala et al., 2011; Kou et al., 2011; Chutia et al., 2014).
Vedala et al. (2011) observed through DFT calculations that edge epoxide functionalised

graphene has a stronger stabilising effect on the Ptz7 cluster than OH-edge functionalised
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graphene. However, the study did not elucidate further what was the source of the difference

in stabilising effect between the epoxide and OH functional groups.

Denis & Iribarne (2013) showed using DFT calculations that monovacancy graphene is the
most reactive type of defect towards functional group addition compared to other types of
defects such as 585 double vacancy, 555-777 reconstructed double vacancy, Stone-Wales
defect, hydrogenated zig zag and hydrogenated armchair edge (see Figure 4.1). Therefore,
we believe that despite monovacancy defective graphene binding the Pt cluster strongly, the
monovacancy is unlikely to exist in isolation under reaction conditions. Surface oxygen
functional groups will attach to the monovacancy site since it is highly reactive. Hence, it is
vital to investigate the interaction of the Pt cluster with the oxygen functional group attached

to the vacancy site on graphene as model for the functionalised graphene support.

Figure 4.1: Different type of defects on graphene.

Vanin et al. (2010) observed through GGA calculations utilising the revPBE functional that the
was no binding of graphene to a Pt (111) slab. However, experimental observations for
graphite monolayer (which is equivalent to a graphene sheet) on metal (111) surfaces
including Pt (111) indicates that there is weak interaction between graphene and the Pt (111)
surface (Preobrajenski et al., 2008; Sutter et al., 2009). Prediction of non-binding at the GGA
level has been described to be due to the absence of non-local correlation effects in local and

semi-local GGA functionals (Vanin et al., 2010). Long range correlation effects are important
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for weak interacting systems such as graphene on metal surfaces since these systems are
dominated by weak dispersion forces such as the van der Waals forces (Fuentes-Cabrera et
al., 2008; Vanin et al., 2010).

The weak interaction between graphene and the Pt (111) surface has been experimentally
observed from the C 1s spectrum from NEXAFS. The C 1s peak of highly oriented pyrolytic
graphite (HOPG) was found to be the same as the C 1s peak of graphene atoms bound to the
Pt (111) surface (Preobrajenski et al., 2008). The similarity of the electronic structure of the
bare HOPG and that of the graphene atoms bonded to the Pt (111) was considered an
indication of no orbital interaction between the C 2p states and the Pt 5d states, hence the

weak interaction between graphene and Pt (111) (Preobrajenski et al., 2008).

LDA calculations have been performed to investigate the binding of graphene to Pt (111), the
LDA method is known to result in overestimation of the binding energy (Vanin et al., 2010).
van der Waals density functional vdW-DF (Dion et al., 2004) which incorporates non-local
correlations effects was used to determine the binding of graphene to Pt (111) and an

exothermic binding energy was obtained (Vanin et al., 2010).

From the literature survey it is evident that the Pt-graphene interaction is dominated by van
der Waals interactions due to the weak interaction between graphene and Pt. Moreover,
standard DFT calculations have been found to be inadequate to account for van der Waals
interactions, thus DFT methods incorporating van der Waals interactions are sought to
describe the Pt-graphene interaction. Standard DFT and DFT incorporating van der Waals

corrections will be utilised in this chapter.

In this chapter the interaction of the Ptss cluster with different graphene based support
materials will be investigated with the aim of gaining more insight into the metal—substrate
interaction for carbon supported materials. The graphene based supports to be investigated
are pristine graphene, monovacancy defective graphene, OH and COOH functionalised
graphene. The carbon support is represented by a single graphene layer. The functional
groups (i.e. OH and COOH) in the present study will be positioned on the terrace of the
graphene and not at the edges as in previous DFT studies. The rationale for placing the
functional groups on the terrace is from the study by Burgess et al. (2015) which indicated that
for HNO3 mildly treated HOPG, the OH groups are located at the terrace sites and Au clusters
deposited at the terrace sites. The Pt nanoparticle will be represented by a 38 atom truncated

octahedron cluster. The truncated octahedron cluster is utilised since it has face centre cubic
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packaging which is the bulk crystal structure packing of metallic Pt (Paz-Borbén et al., 2008).

The Ptss truncated octahedron cluster is approximately 1 nm in diameter.

4.2 Methodology

4.2.1 Models for the support materials

Pristine graphene is represented by a single graphene sheet of periodicity (6 x 6). To create
a monovacancy defective graphene, a single carbon atom at the centre of the graphene sheet
is removed resulting in three dangling bonds at the vacancy site. The OH and COOH
functionalised graphene are generated from the monovacancy defective graphene. OH
functionalised graphene is generated by adding a single OH group to one of the 3 carbon
atoms with dangling bonds with the two remaining carbon atoms saturated with atomic

hydrogen each.

Different combinations of the OH and the H atoms at the vacancy site were investigated and
relaxed through geometry optimisation. The investigated combinations are: OH group and
one H atom on one side of the graphene pointing out of plane with the other H atom on the
opposite side of graphene and pointing in the opposite direction, the OH group and the two H
atoms located on the same side of the graphene and pointing in the same direction and the
final configuration was where the OH group was on one side of the graphene pointing out of
plane with the two H atoms on the opposite side of the graphene plane and pointing in the

opposite direction as the OH group.

COOH functionalised graphene was constructed the same way as the OH functionalised
graphene with the COOH functional group replacing the OH group. As for the case of OH
functionalised graphene, different starting configurations similar to those for OH were

investigated for the COOH functionalised graphene support.

4.2.2 Pt nanoparticle model

The Pt nanoparticle is represented by a 38 atom truncated octahedron cluster which has been
optimised in an asymmetric box of dimensions (15 x 15 x 28) A. The Ptss cluster consists of

square (100)-like facets and hexagonal (111)-like facets shown in Figure 4.2.
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Figure 4.2: Ptss cluster with hexagonal and square facets highlighted

4.2.3 Ptsg interaction with the different graphene support materials

For adsorption of the Ptss cluster on the different graphene supports, the only investigated
geometries of approach of the cluster to the support is through the facets not through edge or
corner atoms. According to Ramos-Sanchez & Balbuena (2013) the facet approach is
expected to be a stable adsorption state. However, we are aware that the facet approach may
not necessarily lead to a global minimum adsorption state, but may result in a local minimum
adsorption state. Approach of the Ptss cluster to the support was investigated through the

square (100)-like facet and the hexagonal (111)-like facet of the Ptss cluster.

4.2.3.1 Ptss interaction with pristine and monovacancy defective graphene

For adsorption on both pristine and monovacancy graphene, two adsorption configurations
were investigated. One adsorption geometry was adsorption via the square facet and the other
geometry was through the hexagonal facet. Adsorption was investigated on only one side of
the graphene sheet since adsorption from the top and from underneath should be the same
owing to symmetry of the graphene sheet. The initial geometries were such that the atoms on
the facet of the cluster approaching the support were placed atop the carbon atoms of the

support.

4.2.3.2 Ptss interaction with OH and COOH functionalised graphene

For adsorption on OH and COOH functionalised graphene two different adsorption
approaches were investigated. The first approach was approach from the atop position of the
graphene on the side bearing the OH or COOH functional group. For the atop position the
investigated geometry of interaction was limited to the case where the cluster is directly atop
the oxygen atom of the OH or COOH functional group, with a bond formed between the metal

cluster and the OH or COOH functional group. Adsorption geometries where the cluster was
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close by but not interacting with the functional group were not investigated, since t