COMPUTATIONAL STUDIES OF MONO-
AND BIMETALLIC NANOCLUSTERS FOR
POTENTIAL POLYMER ELECTROLYTE
FUEL CELL APPLICATIONS
by
PAUL CHRISTOPHER JENNINGS

A thesis submitted to the
University of Birmingham
for the degree of

DOCTOR OF PHILOSOPHY

Centre for Hydrogen and Fuel Cell Research
School of Chemical Engineering

College of Engineering and Physical Sciences
University of Birmingham

April 2014



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

One of the main problems with the Polymer Electrolyte Fuel Cell (PEFC) is the expensive
platinum (Pt) electrocatalyst. This thesis aims to investigate alloying of Pt with cheaper metals
that not only reduce the overall cost but also alter the electronic properties to improve reaction
kinetics. At the cathode, where the Oxygen Reduction Reaction (ORR) takes place, strong
binding of oxygen (O) inhibits PEFC performance.

A Genetic Algorithm (GA) coupled with Density Functional Theory (DFT) approach has
been used to perform structural searches on small Pt clusters doped with early transition metals
(M). Spin effects have been studied and the global minimum structures predicted for the various
spin multiplicities. It is found that varying spin can have significant effects on the pure Pt
clusters, while doping with early transition metals leads to spin quenching.

DFT studies have been performed to predict potential Pt-based alloy nanoparticles that will
result in weaker Pt—O interactions. This is achieved by investigating nanoalloys that lead to
filling of the Pt d-band. When the d-band is filled there is a reduction in the low energy states
available for oxygen to interact, with resulting weakening of the Pt—O bond. Early transition
metals are found to be most promising, where donation of electron density from M to Pt results
in additional filling of the Pt d-band. This filling can be “tuned” based on cluster size, shape
and composition.

The surfaces of pure Pt clusters are found to distort, facilitating fast oxygen dissociation.
Further DFT studies have been performed to investigate the effect of alloying Pt on the early
stages of the ORR. It is found that the strong Pt-M interactions, which lead to filling of the

d-band, can lead to Pt clusters becoming more structurally rigid, which inhibits oxygen dis-



sociation. A search has been performed to find the best compromise for a system that retains
flexibility of the Pt surface, to allow fast dissociation while also allowing M to Pt electron

donation, leading to filling of the Pt d-band.
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Chapter 1

Introduction

1.1 Motivation

The increase in greenhouse gas emissions are an increasing problem, where world power gen-
eration is dominated by hydrocarbons. Security of supply is a cause for concern for various
economic and political reasons. Furthermore, it is currently estimated that around 89% of the
United Kingdom’s energy is supplied by fossil fuels. This can be split into approximately 18%
from coal, 38% from gas and 33% from oil. It is predicted that at current combustion rates
(which are expected to increase) there are over 200 years of coal, 60 years of gas and 40 years
of oil remaining [1]. The need for a clean, more environmentally friendly and sustainable energy
source has been emphasised by many public and governmental bodies.

Along with security of supply, extraction, processing and utilisation of fossil fuels has led
to a dramatic increase in greenhouse gas emissions (e.g. CO,, CHy, N,O) with atmospheric
CO,; concentrations far beyond the natural historical maximum. Historically the maximum
concentration of CO; in the atmosphere was around 300 ppm, whilst the current concentration
is ~390 ppm which is considered to present a significant risk of irreversible climate change [2].

To reduce dependency on hydrocarbons, there are several alternative forms of power gen-
eration: nuclear, biomass, solar, wind, hydroelectric, tidal and geothermal. There are both

advantages and drawbacks to all of these energy sources [3-5]. A further option for energy



production is that of fuel cells, using fuels such as hydrogen or methanol. Fuel cells have the
advantage of being more efficient than internal combustion engines [6], converting chemical
energy directly to electricity [7]. Furthermore, if pure hydrogen is used as the fuel, then the
only outputs are electricity, heat and water. This makes hydrogen significantly more environ-
mentally friendly than hydrocarbon fuels. As fuel cells are powered by a transportable fuel, this
means they are not reliant on environmental factors such as sun, light or wind. Therefore, the
cells can be turned on or off when needed without loss of potential energy generation, negating

problems associated with electrical storage.

1.2 The Hydrogen Economy

The term “hydrogen economy” refers to using hydrogen as a low-carbon energy source. How-
ever, hydrogen is not found in elemental form (H,) on Earth, so it must be produced from other
compounds such as natural gas, biomass, alcohols or water. Energy is therefore required to con-
vert these into pure hydrogen, as well as other products. Hydrogen is therefore an energy carrier
or storage medium rather than an energy source itself. The impact of using hydrogen as an en-
ergy source is dependent on the carbon footprint of the method used to produce it. Hydrogen
can be produced from a diverse range of primary energy sources, with a low carbon footprint,
e.g. by electrolysis [8—10]. It is therefore possible to produce hydrogen and aid balancing the
national grid by using intermittent renewable energy at times when demand is low. For example,
in 2013, energy companies were paid £30 million for wind farms to stand idle either when the
National Grid was unable to cope with the extra power produced during high winds, or during
periods of low demand [11].

Hydrogen does represent a promising clean energy vector as it can be stored, distributed
and converted into energy at point of use and the only by-product when combusted, or reacted
electrochemically with oxygen, is water. While there is an absence of emissions at point of use,
distribution and storage of hydrogen in large volumes represents a significant challenge because

of hydrogen’s low volumetric energy density [12]. Although challenges must be overcome to



realise the potential of a “hydrogen economy”, the most significant benefit is the utilisation
of more efficient energy conversion technologies. The chemical simplicity of hydrogen, when
compared to hydrocarbon compounds, makes it an ideal fuel for electrochemical conversion
technologies, such as fuel cells. Complex hydrocarbon fuels are generally unsuitable for use in

fuel cells, although some simple hydrocarbons can be used in high temperature fuel cells [13].

1.3 Fuel Cells

Welsh Physicist William Grove developed the first crude fuel cells in 1839, producing electricity
from hydrogen and oxygen through a process that he dubbed “reverse electrolysis” [14]. Fuel
cells provide a technology for clean, efficient power generation and show promise for many
applications. Such applications include motor vehicles [15, 16], generators [17] and portable
electronic devices [18]. Fuel cells are a subclass of electrochemical devices known as Galvanic
cells, which also includes batteries. These devices convert chemical energy into electrical en-
ergy, although where a battery has a finite supply of reactants, the fuel cell is supplied by an
external source and will continue to produce energy until the reactants are depleted [14].

Fuel cells generally consist of an anode and cathode (electrodes) separated by an electrolyte.
The fuel cell field has developed with five main types of fuel cell currently being actively re-

searched [19]; these are:
1. Phosphoric Acid
2. Alkaline
3. Molten Carbonate
4. Solid Oxide
5. Polymer Electrolyte

In all cases, a fuel supply, usually hydrogen, is oxidised at the anode, while oxygen is reduced

at the cathode. The electrolytic charge carrier varies for the different fuel cell types. These can



be H* (Phosphoric Acid and Polymer Electrolyte), OH (Alkaline), CO3> (Molten Carbonate)
and O* (Solid Oxide) [20].

Phosphoric acid fuel cells use phosphoric acid as the electrolyte with platinum catalysts
and operate in the temperature range of 150°C to 200°C. This means that they are used for
continuous onsite stationary applications; furthermore, this type of fuel cell is not susceptible
to carbon monoxide poisoning. Alkaline fuel cells utilise a porous matrix saturated with an
aqueous alkaline solution as the electrolyte, such as potassium hydroxide (KOH), and also use
platinum catalysts. The fuel cell can easily become poisoned through conversion of potassium
hydroxide to potassium carbonate (K,COj3). This means that the cell must run on either pure
oxygen or purified air with a “scrubber” fitted. Cells have been developed that can operate at
low or high temperatures. The low temperature cells can operate at temperatures as low as 25°C
to 75°C whilst the high temperature cells operate in the range of 100°C to 250°C.

Molten carbonate fuel cells have an electrolyte composed of a molten carbonate salt mix-
ture which is suspended in a porous, chemically inert ceramic matrix (beta-alumina solid elec-
trolyte). At the high operating temperatures of 650°C and over, non-precious metals can be used
as catalysts, leading to cost reductions. These fuel cells are not prone to poisoning from carbon
oxides and can even use them as a fuel. However, as a result of the high operating temperatures,
components have reduced life expectancies. Solid oxide fuel cells have solid oxide electrolytes,
for example yttria-stabilised zirconia, which are capable of conducting oxygen ions. Operating
temperatures range between 500°C and 1000°C, meaning once again expensive precious metal
catalysts are not required and CO poisoning is not an issue.

Proton exchange membrane (PEM) fuel cells utilise a polymer electrolyte membrane ca-
pable of conducting protons whilst preventing the transport of oxygen ions. PEM fuel cells
run at low temperatures of between 50°C and 100°C. However the precious metal catalyst is
susceptible to poisoning so it requires a pure supply of hydrogen and oxygen. They do have
advantages of high power density, relatively quick start up and rapid response to varying loads.
Direct methanol fuel cells are a subcategory of PEM fuel cells, operating at temperatures be-

tween 50°C and 120°C. Whereas hydrogen is commercially produced through steam methane



reforming, in this fuel cell, methanol is supplied directly. Water is required at the anode as an

additional reactant to form CO,.

1.4 Fuel Cell Systems

When considering implementing fuel cells it is important to consider that a system will most
likely be required to provide the energy when needed. A set of fuel cells is often required, known
as a fuel cell stack, as well as devices to provide fuel supply, cooling, power regulation and
system monitoring [21]. The exact systems implemented will depend on their desired function.
Systems required to be portable will have as few components as possible, whereas stationary
systems will maximise the number of beneficial components for increased efficiency [22]. An
advantage of the utilisation of stacks of fuel cells is that it is possible to scale the size of the
stack to the required energy output. This means that it is not necessary to redesign the cell for
applications requiring a larger output of energy. Instead it will be possible to increase stack size,
or number of stacks, leading to increased output whilst only having to modify certain devices

in the system. There is also interest in researching more efficient stack technologies [23].

1.5 Polymer Electrolyte Fuel Cells

The results in this thesis will be discussed with emphasis on energy production using a PEFC.
A schematic of the basic PEFC is shown in Figure 1.1. Whilst the various types of fuel cell
have slightly different mechanisms, the end products of water and energy are usually the same.
PEFC contain two electrocatalysts and a proton conducting membrane. The fuel cell reaction is
a chemical process, separated into two half-cell reactions.

Electrons produced at the anode continuously flow through an electrical circuit to the cath-
ode. The protons are free to migrate through the cation-conducting polymer (or ionomer) mem-
brane. The polymer separating the anode and cathode may contain mobile protons (the proton
exchange membrane), but will prevent cross-over of oxygen. The membrane is thin (~20 pm)

and light, so PEM fuel cells have high power densities. The membrane material dictates the
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Figure 1.1: Schematic of a basic PEFC.

operating temperature of the cell, with common membranes such as Nafion or Aquivion [24]
limiting temperatures to less than 100°C [21]. Cell operation at low temperatures has disadvan-
tages, as it demands the use of precious-metal catalysts in order to facilitate electrode reactions
(particularly at the cathode). There is therefore much work into the development of membrane
materials that can operate at higher temperatures (up to 200°C) [25,26]. Although precious
metal catalysts would still be required at these operating temperatures, the electrodes would be

less prone to poisoning by contaminants [27].

1.5.1 Anodic Processes

The hydrogen oxidation reaction (HOR) takes place at the anode, where hydrogen gas is oxi-

dised, releasing electrons and creating protons, as shown in Reaction 1.1 [28].

2H,(g)—4H" (aq) + 4e (1.1)

This proceeds by hydrogen (H,) adsorbing onto the surface (*) of the catalyst, breaking the H-H

bond to give adsorbed atomic hydrogen (H*), as shown in Reaction 1.2.

H,(g) + *—H*(ads) (1.2)

1
2



The adsorbed hydrogen is then oxidised, producing a proton, which desorbs from the surface,

as well as an electron, as shown in 1.3.

H*(ads)—H" (aq) + * + e~ (1.3)

The HOR kinetics are very fast on the Pt electrode; this has meant that focus for catalyst im-

provement has been on the reduction of poisoning from CO.

1.5.2 Cathodic Processes

At the cathode, the oxygen reduction reaction (ORR) takes place by the electrons from the

anode reacting with protons from the electrolyte to form water, as in Reaction 1.4.

O,(g) +4e” +4H"(aq)—2H,0(1) (1.4)

The more complicated mechanism of the ORR results in sluggish kinetics, limiting PEFC per-
formance. The corrosive conditions at the cathode present a challenging environment where
the catalyst must be stable but chemically active enough to activate O,. Furthermore, once the
oxygen has been activated, the catalyst must be noble enough to facilitate the release of the
product. Due to the complexity and sluggish nature of the ORR, the cathode typically requires
Pt loading several times higher than that of the anode.

Despite much research, the exact mechanism by which the ORR occurs is unknown, al-
though it can take place by either the dissociative four-electron or associative two-electron path-
way [29,30]. There are three commonly proposed mechanisms by which the ORR is likely to
take place [31-33], these being through O, dissociation, HO, dissociation and H,O, dissocia-
tion [34-37]. The preferred four-electron pathway results in the direct formation of water. This
proceeds via two of the proposed mechanisms, where in the first, O, is adsorbed on the catalyst

surface followed by breaking of the O-O bond, as shown in Reaction 1.5.

% 0,(g) + *—0"(ads) (1.5)



Dissociated O atoms are then protonated by H* and reduced by electrons from the anodic reac-

tion, as shown in Reaction 1.6.

O*(ads) + H" (aq) + e —OH*(ads) (1.6)

OH is then further protonated and reduced producing water that desorbs from the catalyst sur-

face, as in Reaction 1.7.

OH*(ads) + H" (aq) + e~ —H,0(1) + * (1.7)

In the second mechanism, the O—O bond is not broken when it is adsorbed on the catalyst
surface, as in Reaction 1.8.

0,(g) + *—0,"(ads) (1.8)

The ORR will then occur as in Reactions 1.9-1.12.

0,*(ads) + H" (aq) + e”—HO,"(ads) (1.9)
HO,*(ads)—OH*(ads) + O*(ads) (1.10)
O*(ads) + H" (aq) + e~ —OH*(ads) (1.11)
OH*(ads) + H" (aq) + e~ —H,0(1) + * (1.12)

When the O-O bond is not broken it is also possible for the unfavourable two-electron
pathway to take place. O, protonation and reduction leads to the formation of H,O,. This is

possible through Reactions 1.13—1.15.

O,(g) + *—0,"(ads) (1.13)

0,*(ads) + H" (aq) + e”—HO,*(ads) (1.14)



HO,*(ads) + H" (aq) + e~ —H,0," (ads) (1.15)

H,O, can be further reduced, as in Reaction 1.16.

H,0,"(ads) + 2H" (aq) + 2e~—2 H,0(1) (1.16)

However, H,O, can also desorb from the catalyst surface, which is unfavourable as it can then

lead to oxidative degeneration of the membrane.

1.5.3 The Electrocatalyst

Four main characteristics are essential for any PEFC electrocatalyst [38], these are:

* Activity to bind the reactants strongly enough to facilitate a reaction but not too strongly

so that active sites are blocked.

* Selectivity toward maximising the production of the desired product e.g. the dissociative

four-electron reduction.

* Stability to withstand the operating conditions of the PEFC such as corrosive conditions

at the anode.

* Resistance to poisoning from impurities in the fuel supply such as at the anode where CO

can contaminate the hydrogen feed stock.

The activity of an electrocatalyst is related to its ability to adsorb molecules strongly enough
that they become activated, but at the same time, weakly enough that they later desorb. If the
reactants bind too weakly, then the reaction will be slow or possibly not take place at all. If
the reactants bind too strongly, then active sites will be blocked, thereby reducing the rate of
reaction and possibly preventing the reaction even taking place. According to the Sabatier
principle, the rate of a catalytic reaction is maximised when a balance is achieved between the
rate of activation and the rate of product desorption [39]. This principle has been illustrated by

volcano diagrams which plot the catalyst activity against adsorption energy for a given reaction.
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Figure 1.2: Kinetic current density measured for a range of Pt-based electrocatalysts, plotted
against oxygen adsorption energy (AFEp) [41].

For the HOR, it is found that Pt sits close to the pinnacle of the volcano [40]. However, for the
ORR Pt binds to oxygen too strongly. An example volcano plot for the PEFC ORR is shown in
Figure 1.2, where Pt is found to the left of the peak. The Pt—O binding energy is found to be
~2.0 eV too high.

As mentioned in Section 1.5.2, selectivity is particularly important at the cathode. The se-
lectivity of the the electrocatalyst is determined in the first step, where O; is either dissociated
as it is adsorbed on the catalyst surface, or is bound in the molecular form as in Reactions 1.5
and 1.13, respectively. Pt binds O strongly enough that the O—O bond is usually broken, lead-
ing to little production of H,O,, with the four-electron reduction being heavily favoured [42].
However, it is an important consideration that when weakening Pt—O interactions to improve
activity, the selectivity of the electrocatalyst is not compromised.

The presence of strong oxidants, reactive radicals, low pH, high temperatures and rapid
potential fluctuations, especially at the cathode, means that stability of the electrocatalyst is an
important consideration. It is found that very few transition metals are sufficiently noble to avoid

dissolution at the low pH and large electrode potential experienced by the PEFC electrocatalyst.
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Figure 1.3: Breakdown of worldwide hydrogen production [46].

Once again, it is found that Pt is relatively stable at the high cell potential and low pH found at
the cathode, while other stable metals do not tend to exhibit sufficient activity or selectivity [43].

The most problematic poison encountered in the PEFC is CO at the anode and sulphur
species at the cathode [44]. As mentioned in Section 1.2, H, is not found in elemental form
on earth. The majority of H, is produced through steam methane reforming, derived from
natural gas. As seen in Figure 1.3 over 95% of the worlds hydrogen supply is derived from
fossil fuels, with only a small percentage from electrolysis. CO is a side product of the steam
methane reformation process and although much work is done to remove this contaminant [45],
inevitably a small amount remains in the final product.

Whilst it has proved difficult to remove poisons entirely from the feedstock, there are other
methods by which the susceptibility of the electrocatalyst to poisons can be reduced. These
mainly involve alloying Pt with other metals, with certain binary and tertiary systems being
proven to be particularly successful [47]. Oxygen is supplied from ambient air, directly to the
cathode, meaning sulphides will ultimately be present. It is possible to utilise an air intake filter

to remove as many pollutants as possible.

11



Figure 1.4: Projected cost distribution for an 80 kW PEM fuel cell stack at a production volume
of 500,000 units per year [49].

1.5.4 Commercialisation

At present, the most significant barriers to mass-market penetration of PEFC systems are con-
sidered to be issues of cost and durability. Commercialisation of the PEFC will depend on
achieving a high specific power and power density for a cost of $~30 kW' [48]. Fuel cells
must compete cost-effectively with traditional methods of energy production before they will
be considered as an alternative energy source. A breakdown of the projected cost of a PEFC
stack is shown in Figure 1.4. It can be seen that the components contributing most to the overall
cost of the stack are the electrocatalysts. Therefore, the catalyst will ultimately limit the use of
PEFC due to the cost and availability of the precious metals required.

The PEFC catalyst layer usually consists of dispersed platinum group metal (PGM) nanopar-
ticles on a porous carbon support. 34% of the overall cost of the fuel cell is the electrocatalyst;
Pt is responsible for the vast majority of this with the remaining components of the catalyst ink
accounting for a very small proportion. It is therefore the high intrinsic cost of Pt (£900.00 per
ounce as of March 2014 [50]) that forms a barrier to the widespread commercialisation of PE-
FCs. The price of Pt is very susceptible to fluctuations in the global markets, as seen in Figure

1.5, with a significant drop in 2008, which coincided with a significant global financial crisis.
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Figure 1.5: Monthly averaged price of Pt between March 1994 and March 2014 [50].

However, aside from during the financial crisis, the price of Pt has typically increased over time.
A 10-fold decrease in the Pt loading of PEFC stacks is required to make PEFCs a commercially

viable option [51]. There are several ways to do this:
* replace Pt with a non-precious electrocatalyst
* lower the Pt loading by using a Pt alloy
* maximise the effective surface area of the Pt catalyst

The use of a non-precious metal electrocatalyst has the potential to reduce the cost of the
PEFC catalyst significantly [52-54]. However, as mentioned in Section 1.5.3, whilst certain
non-precious metal catalysts have shown activity comparable to that of Pt, as a result of low
selectivity (formation of H,0O,) and poor stability, these materials remain inferior to traditional
Pt-based catalysts [55]. Much work has been done on alloying Pt with other transition metals,
a significant proportion of which are cheaper. The advantages of alloying can be two-fold.
It is possible to reduce the amount of Pt in the electrocatalyst nanoparticles through e.g. the
formation of core shell particles. Through alloying, it is also possible to increase the reactivity

of the electrocatalyst; this can lead to a reduction in the amount of catalyst required at the
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cathode. Finally, loading can be reduced through increasing the surface contact between the
electrode catalyst layers, the carbonaceous electronic conductor-gas diffusion layer, the polymer
electrolyte membrane and the reactants.

As one of the most promising methods of reducing Pt loading, whilst simultaneously in-
creasing reactivity, much research, both theoretical and experimental, is being carried out on
alloyed PEFC electrocatalysts [21,56—85]. A vast array of binary, ternary and even quaternary
systems has been investigated, including Pt-, as well as other platinum group metal (PGM)-
based alloys. These systems exhibit a range of properties, some of which are advantageous
over the pure Pt electrocatalysts. Although an improvement of certain properties is observed, in
many cases a concurrent effect is the inhibition of other characteristics when compared to the

pure Pt system.

1.6 Clusters

Clusters are aggregates of between 2—107 particles, where these particles can be either atoms or
molecules. For the purposes of this thesis, only atomic clusters will be investigated. Clusters in
which the constituent species are identical are termed homo-atomic, while those containing two
or more atoms are hetero-atomic. Atomic clusters are formed by most elements in the periodic
table such as many of the metals [86—93] and even nonmetals [94-98]. In this work, emphasis is
placed on studies of transition metal clusters. Pt-based clusters are amongst the most interesting
and have been widely investigated because of their wide ranging use in heterogeneous catalysis.
The utilisation of Pt for numerous reactions e.g. oxygen reduction reaction (ORR) and hydrogen
oxidation reaction (HOR) in the PEFC, has driven the investigation of small to large Pt clusters
as well as extensive work on bulk Pt [32,99, 100].

Although clusters have been used for thousands of years (e.g. Egyptian makeup, medieval
pottery and stained glass windows from the middle ages), it is only recently that their exact
nature has been discovered. Nano- and sub-nanoscale clusters are of scientific interest because

they have distinct optical, magnetic, and catalytic properties which differ from bulk materials
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[101]. The application of nanoclusters in catalysis is a growing field of research [102]. An area
of particular recent interest is catalysis on bi- and multi-metallic nanoparticles (“nanoalloys”)
[101,103, 104] - where catalytic properties can be tuned by varying the size, shape, elemental
composition and chemical ordering of the nanoparticles.

A major area of scientific research involves the study of size-dependent evolution of geo-
metric and electronic properties and the effect this has on the chemical and physical character
of the cluster. Certain cluster sizes produce closed geometric or electronic shells, resulting in
so-called magic numbers [105-107]. These magic number clusters are of interest as they can
have distinct properties e.g. greater stability. Many traits of the cluster are directly related to
the fraction of atoms lying on the surface. There is typically a high ratio of surface atoms which
have lower coordination numbers. It is these under-coordinated surface atoms that make clus-
ters of interest in catalytic applications where the reactivity of clusters differs when compared
to the bulk surface. In fact, it has been shown that clusters in the size range of 8—10 atoms
(consisting solely of “surface” atoms) are highly catalytically active [102].

The shape of the cluster has been found to play a significant role in the activity of any poten-
tial catalyst [108]. Transition metal clusters present both crystalline (e.g. bulk-like Face Centred
Cubic for Pt) and non-crystalline structures. The stability of different geometric structures is
dependent on the relationship between the exposed surface area, surface energy of the exposed
facets and the internal strain caused by atomic rearrangement compared to the bulk crystal lat-
tice [109]. It is typically found that whilst large clusters tend towards crystalline structures,
smaller clusters tend to occupy the non-crystalline phase space. Cluster reactivity can be de-
pendent on which surface sites are available to reactants and products. This is largely dependent

on the type and size of the facets that are present.

1.7 Nanoalloys

Whilst the size and shape of the cluster can be used to change the characteristics of a catalyst,

the combination of two or more elements to form nanoalloys can result in a range of unique
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properties not observed for the pure cluster [103]. Furthermore, the introduction of another
species allows for existing characteristics to be further tuned by controlling composition and
chemical ordering. For nanoalloys, an expansive range of combinations and compositions are
possible, where A, B,, clusters can be generated with well controlled size (m + n) and com-
position (m:n ratio). Furthermore, segregation can be controlled through the cluster generation
methodology, although this is somewhat dependent on atom types (A & B).

When considering nanoalloys, the presence of additional atom types leads to a sometimes
vast number of homotops. Homotops are isomers with fixed number of atoms and composition,
which have the same geometrical arrangement of atoms but differ in the arrangement of A and
B atom types. The number of possible homotops increases as the total number of atoms (/V)
increases and the m:n ratio approaches the 50:50 composition. For a bimetallic cluster, with N 4
atoms of type A and Ng atoms of type B, the number of possible homotops can be calculated

using Equation 1.17 [110].
N!
~ Na!Ng!

Ny (1.17)

For a 38-atom cluster, with 50:50 composition, there are over 3.5x 10'° possible homotops, al-
though as the symmetry of the isomer increases, the number of symmetry-equivalent homotops
also increases.

The atomic arrangements of A,, B,, clusters conform to a number of mixing patterns (chem-
ical ordering), these exhibit mixed or segregated behaviour. A schematic of several common
mixing patterns is shown in Figure 1.6. Core-shell structures are segregated, where one element
occupies the core positions and the other occupies the shell position. In the schematic repre-
sentation, the shell comprise a single layer (perfect monolayer) of atoms, although in reality,
the shell thickness can vary and defects will most likely be present. Onion-like structures are
similar to core-shell configurations but have a segregated alternating layered shell pattern (e.g.
A-B-A).

Layered (Janus-type) structures are segregated, maximising homometallic bonding (e.g. A—
A, B-B), while minimising heterometallic (e.g. A-B) bonding. Mixed structures, on the other

hand, tend to maximise heterometallic (e.g. A—B) bonding. These mixed nano alloys can either
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Figure 1.6: Schematic representation of some possible mixing patterns.

possess ordered or randomly mixed patterns. The mixing pattern adopted by a cluster will be

determined by a number of factors:

bond strength

* surface energy

e atomic size

* charge transfer

binding strength to ligands and surfactant molecules

The relative strengths of A—A, B—B and A-B bonds play an important role in the formation
of different mixing patterns [101, 103]. If the homometallic A—A or B—B bonds are stronger,
segregation will be favoured, with the element forming the stronger bond typically occupying
core positions. If hetrometallic A—B bonds are favoured over homometallic bonding, the clus-

ters will preferentially form mixed configurations. When comparing surface energies, the metal
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with the lower energy will tend to occupy surface sites. Strain effects are induced by an atomic
size mismatch, where larger atoms will tend to occupy surface sites. For elements with differ-
ing electronegitivities, the more electronegative atom will tend to occupy surface positions but
extensive charge transfer will favour ordered mixing. Finally, for passivated clusters, ligands

can lead to surface stabilisation of the more strongly binding metal.

1.8 Clusters in Catalysis

As discussed in Section 1.5.2, the ORR takes place at the PEFC cathode. It is well established
that the ORR is structurally sensitive [111, 112], meaning certain facets will be more active
than others, as a result of differing adsorption strengths of e.g. OH, on the different sites.
It is found that activity on Pt(hkl) surfaces is as follows: (111) > (110) > (100) in KOH
solution [113], (110) > (111) > (100) in HCIO, solution [111] and (100) > (110) > (111)
in H,SO,4 [114]. For PEFC electrocatalytic applications, there has been extensive interest in
the (111) facet, where under PEM operating conditions, the (111) facet exhibits weaker Pt—O
binding when compared to other facets, leading to an improvement in activity [115]. When
investigating potential electrocatalysts with a cluster based model, it is possible to perform
calculations on clusters with multiple facets in order to study this structural sensitivity. Figure
1.7 shows a representation of the (111) and (100) facets, as well as an octahedral and cube-
octahedral cluster, which vary in the number of (111) and (100) facets present. Through utilising
a model cluster system it is not only possible to investigate different facets, but also a large
number of possible sites on a single system. These can include atop, bridge and hollow sites
both at the centre and at the edge of any facet.

Through modelling slab or cluster systems, it is possible to gain an understanding of the
ORR kinetics and how these are altered when changes are made to the system e.g. formation
of an alloy. Through performing density functional theory (DFT) calculations, it is possible to
investigate free energy changes during the ORR. Two reaction steps are rate-limiting (greatest

positive free energy), these being the first electron and proton transfer to form OOH* (AG)
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(111) Facet (100) Facet

Octahedral Cube-Octahedral

Figure 1.7: Schematic of the (111) and (100) facets, as well as octahedral and cube-octahedral
clusters, where the octahedral cluster exhibits only (111) facets and the cube-octahedral cluster
exhibits both (111) and (100) facets.
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and the final transfer desorbing OH to form H,O (AGy) [41]. Therefore, the reaction rate of the
ORR is dependent on the magnitudes of AG; and AG5, which are in turn related to the stability
of OOH and OH on the metallic surface. The stability of OOH and OH interactions with the
metallic surface scale with one another, meaning that more general trends can be deduced from

studies of single adsorbates.

1.9 Summary

This thesis focuses on investigations of the PEFC electrocatalyst with the aim of improving
catalytic activity and reducing the overall cost of the fuel cell. This is to be achieved through
the theoretical investigation of Pt-based alloys. Through theoretical screening of potential alloys
it is possible to identify key features in order to select intelligently the ideal system. To achieve
these goals, a number of characteristics have been studied for model systems, utilising density
functional theory methodology.

In Chapter 2, the general methodologies employed throughout this work are discussed, with
specific parameters and chapter specific methodologies being described in each chapter. In
Chapter 3, discussions of structural searches of sub-nanometre clusters, utilising the GA-DFT
methodology, are presented. In Chapter 4, results from chemisorption studies on pure Pt and
PtTi nanoalloy clusters are shown, studying changes in the d-band density of states on alloying.
O, dissociation studies on pure Pt and PtTi nanoalloys are presented in Chapter 5. Further O,
dissociation studies for all d-block M @Pt core-shell clusters are presented in Chapter 6. Finally,

conclusions are drawn in Chapter 7.
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Chapter 2

Methodology

2.1 Modelling Transition Metal Clusters

The potential energy of a nanoparticle can be represented on a potential energy surface (PES)
of a system [116]. The PES is represented in terms of the atomic coordinates, which has 3N
degrees of freedom as the potential energy does not change on translation or rotation of the
cluster in space. Therefore, the PES is only dependent on the cluster’s internal coordinates and
a PES with 3N + 1 dimensions is found, where the extra dimension is the potential energy. A
local minimum on the PES is defined as a point where all gradients are zero and in which any
displacement will lead to higher potential energy configurations. There are a high number of
local minima on the PES, the lowest of which is the global minimum (GM). As well as minima,
there exist transition states, saddle points which are minima in all dimensions but one. Finally,
there are higher-order saddle points, which are minimum in all dimensions but n, where n > 1.
A representation of the PES can be seen in Figure 2.1.

Calculations can be performed to investigate the PES, although simulations of nanoclusters
present complex issues, especially when modelling transition metals. Several techniques have
been employed to compute quickly and accurately the physical and chemical properties of nan-
oclusters with a range of compositions and sizes. The technique used is generally determined

by a combination of the desired property and the size and composition of the cluster. For exam-
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Figure 2.1: Schematic of a basic PES.

ple, search algorithms can be used to find low energy structures for pure and alloyed systems of
between a few and several hundred atoms. Common search techniques include basin-hopping
algorithms, stochastic-search methods and genetic algorithms coupled with an empirical poten-
tial e.g. Gupta, Sutton-Chen and Murrell-Mottram [117-119].

Genetic algorithms (GAs) are search methods for function minimisation, which are based
on principles akin to natural evolution. The algorithm utilises operators analogous to those
observed in nature (mating, mutation and natural selection) to explore the multidimensional
PES [120]. Empirical potentials, such as those mentioned above, can be used to search for low
energy structures on the PES although they tend to favour 3D structures with high symmetry.
This may be relatively accurate for clusters with sizes of more than 20 atoms, however certain
smaller clusters tend to favour 2D structures [121], making the use of empirical potentials for
small systems questionable.

Ab initio simulations, which are able to treat electrons explicitly, have been used to com-
pute successfully structural properties of transition metal clusters. DFT calculations have been

acknowledged as one of the best methods for performing relatively accurate simulations on
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metallic clusters [122]. DFT can generally describe the PES more accurately than empirical
potentials and so is able to predict the likely low energy structures of small nanoclusters. Aside
from structural searches, the explicit treatment of electrons is required for any investigation
of potential electrocatalysts, where the interactions of reactants and products with the cluster

surface are largely dependent on electronic effects.

2.2 Quantum Mechanics

The Schrodinger equation is shown in its simplest form, in Equation 2.1, for a single particle
of mass m, moving in a one dimensional box. The Schrédinger equation determines how the
wavefunction (1) of the particle evolves over time, where the wave function describes the state
of the system.

B d*y)

— L V() = By @.1)

where 7 is the reduced Planck’s constant (. = h/27), the potential energy, V' is dependent on
the position, x, of the particle and time, ¢. The Schrodinger equation is expanded for multi-

particle systems as in Equation 2.2.

~

HY (a,@, Py, By, Ry, ..Fzm) — EU (FI,FQ, Py, Ry, Ry, ..RM) 2.2)

where H is the Hamiltonian operator of the system, an operator which generates the energy,
of a wavefunction for a certain eigenstate, ¥. The wavefunction of the eigenstate is dependent
on the positions of the electrons (7,75, ...7y) as well as the nuclei (ﬁl, ﬁg, . EM). The
Hamiltonian is a sum of five parts, shown in Equation 2.3; these terms account for the kinetic
energy of each electron (Te) and nucleus (Tn), the electrostatic interaction energy between two
electrons (Vee) and nuclei (Vnn) and the interaction energy between an electron and atomic

nucleus (V,,), respectively.

H:Te+ n+‘>vee+‘7nn+f/en (23)
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The kinetic energy of the the electrons and nuclei are defined as in Equations 2.4 and 2.5,

respectively.
N 2
. h
T, = — Z o V2 (1) (2.4)
M
T,=-> I V2 (Ry) (2.5)
- 2M 4

Coulombic repulsion for electrons and nuclei is treated by Equations 2.6 and 2.7, whilst Coulom-

bic attraction between electrons and nuclei is treated in Equation 2.8.

N N o2
- Z Z dreg |rs — 1| (2:6)
o5 Ameo i — 7y

M M 2

~ ZAZBG

Vi = 2.7
2.2 e Ra Tl 7

A B>A

ZA€
ZZ47T€O|RA—T | (2.8)

In Equations 2.6-2.8, e is the charge of an electron, Z is the atomic number of the nucleus and
go 1s the vacuum permittivity. The Hamiltonian can be simplified to the form shown in Equation
2.9 when expressed in atomic units, with the electron mass m;, charge e, the reduced Planck’s
constant /2 and vacuum permittivity 47e, set to unity. In this form, energy is given in hartrees

(1 hartree = 27.21 eV) and length in bohr (1 bohr = 0.53 A).

_ 2( ZaZn _ S5~ Za
_——ZV T ——ZMAV (Ra) +er1 ZZ Rap _ZZTZ_A

i J>0 A B>A A
(2.9)

When performing calculations, both the positions of the nucleui and the electrons must be

clearly defined. Atomic nuclei are much heavier than individual electrons, with each proton or
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neutron having more than 1800 times the mass of an electron. It is, therefore, assumed that
electrons respond more quickly to changes in their surroundings than the nuclei. It is possi-
ble to firstly solve the equations for electron motion with the atomic nuclei in fixed positions
(described as fixed point charges) and to later move the nuclei in the potential field generated
by the electrons. The separation of the electronic (¥,.) and nuclear (V,,) components of the

wavefunction is know as the Born-Oppenheimer approximation, shown in Equation 2.10.
U (r,R) =Y, (r,{R}) ¥, ({R}) (2.10)

Here, each wavefunction is calculated with respect to the nuclear coordinates {R}. When
the nuclear components of the Hamiltonian are removed to calculate electronic motion, the
Schrodinger equation is solved for the electrons only, as in Equation 2.11.

. 1 N 9 NN 1 M N ZA
Ho=—53V (”HZZE_XA:ZH

i J>i

where:

H. (r,{R}) = E.¥ (r,{R}) (2.11)

Finally, it is possible to add nuclear energies (Tn + Vm) to the electronic energy (ﬁe) to give an
approximation of the total system energy (H=H.+T,+ V).

It is important to note that, in order to completely describe an electron, the spin must be
specified as well as the spatial coordinates. Electrons are indistinguishable fermions, particles
with half-integer spin. The electronic wavefunction represents the probability of electron’s
occupying a point in space, although the Pauli principle states that only one fermion can occupy
a particular quantum state at any given time. However, it is possible for multiple fermions to
have the same spatial probability distribution. As electrons are indistinguishable, if any two
electrons are interchanged, the respective spatial probability distribution must not alter. The

electronic wavefunction must therefore be antisymmetric with respect to the interchange of
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spatial and spin coordinates of any two electrons, as in Equation 2.12.

Whilst there are a number of ab initio methods available to study molecules and clusters
(e.g. Mgller-Plasset perturbation theory and coupled cluster methods), these methods have
limitations because of the computational difficulty of performing accurate calculations with
large basis sets. This becomes particularly problematic when performing calculations on a
large number of atoms or on systems with a large number of electrons e.g. transition metals.
The calculations described in this thesis were performed primarily using Density Functional
Theory, DFT, a method by which the electronic states of atoms, molecules, and materials are

described in terms of the three-dimensional electronic density of the system.

2.3 Density Functional Theory

DFT is based on a reformulation of the Schrodinger equation, which rests on two mathematical
theorems of Hohenberg and Kohn [123] as well as derivation of a set of equations by Kohn and

Sham [124].

2.3.1 Hohenberg-Kohn Theorem

The first Hohenberg-Kohn theorem states that an electronic ground-state wavefunction is de-
termined completely by the ground-state electron density. Electron density uniquely deter-
mines the positions and charges of the nuclei, which is sufficient to determine the Hamiltonian.
Coulombic attraction between electrons and nuclei (f/m) is considered a response of the elec-
trons to a constant external potential (Vm). The Hamiltonian can therefore be written as in

Equation 2.13.

) 1N , N N 1 N )
H=—§ZV (n>+22;j+;vm (2.13)

i g>i

26



Where:

M
- Z
‘/ext = - 4
2 TiA
This can be expressed as in Equation 2.14.
H=F+ Vi (2.14)
Where:
F = Te + ‘766

The electronic kinetic energy, 7., and Coulombic repulsion of two electrons, Ve, is dependent
on only the electron density, meaning that F' is the same for all N-electron systems. The Hamil-
tonian is therefore dependent on only the number of electrons, N, and the external potential,
\A/el,t. The first Hohenberg-Kohn theorem results from the fact that Vm is a functional of the
electron density, p (r), where the ground state electron density, p (¢),as in Equation 2.15, can

be used to calculate any ground state property for an N-electron system.

N:/mww (2.15)

The first Hohenberg-Kohn theorem shows that it is possible to solve the ground state Hamilto-
nian by calculating the electron density with three spatial variables instead of 3N variables for
the wavefunction. This reduces the complexity of solving the Hamiltonian for 100 Pd atom:s,
from 23,000 dimensions to just 3.

Whilst the first Hohenberg-Kohn theorem shows that a functional for the electron density of
any system exists, it does not specify the form of that function. The second Hohenberg-Kohn
theorem states that the functional of the electron density, E [p], that minimises the energy of the
system, is the true electron density corresponding to the ground state energy (E [po] = Ejp). As
the exact form is unknown, the variational principle can be used to approximate the functional

form of the ground state electron density. Equation 2.16 is used to find the ground state energy
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of a trial density, g (7).

By < E(p) = T[p) + Eec [7] + Een [7] (2.16)

Any trial density, p (r), defines its own Hamiltonian, H , and wavefunction, U. The solution
for the Hamiltonian is described by this trial wavefunction, generated from the true external

potential, V., as in Equation 2.17.

<@

2.3.2 Kohn-Sham Equations

q

B = T3+ Ve + [ 509 Vewd? = B 1) = B o) = (w0 |f1] wa)  217)

Kohn and Sham derived a set of equations to describe the Hohenberg-Kohn theorem in terms
of the single-electron orbitals. These collectively define the electron density, p (r), for an N-
electron system. The Kohn-Sham equations express the ground state energy as in Equation 2.18,
for single-electron orbitals, {1;} (r). The form of some of the functionals are known exactly,
Eeract [{1:}] although no explicit form of the exchange correlation functional, . [{1;}], can

be defined.
E [{¢l}] = Eeacact [{77/}2}] + Ea:c [{1/}1}] (218)

The electron kinetic energy, the Coulomb interactions between the electrons and the nuclei and
the Coulomb interactions between pairs of electrons are all known functionals, as in Equation

2.19.

Eewae [{t6}] = Z/w (

/ / drdr
7?

The exchange-correlation functional is a correction required to account for the electron-electron

) 6 (F) dF + / o (F) Vi
(2.19)

approximations made as a result of the non-interacting nature of the Kohn-Sham equations.

The exchange interaction alters the energy when electronic wavefunctions overlap, where the
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Pauli exclusion principle states the wavefunction is antisymmetric. The correlation correction
accounts for the fact that Coulomb correlation, which describes the correlation between the
spatial position of electrons due to their Coulomb repulsion, is not accounted for.

The electron density is constructed over the particle indices, as in Equation 2.20.

N
p(F) = | (M (2.20)

The energy of the single electron Kohn-Sham orbital, ¢;, is constructed as in Equation 2.21.

h
(— o V2 + Vg (f‘)) VY () = ey (7) (2.21)

where the Kohn-Sham potential is:

<—r/2d77 + Vear (7) + Vae (7)

P
VKS = 62/

r—r

and the exchange-correlation potential is:

0 Eye [p]
op (7)

Vae (7) =

The Kohn-Sham equations are solved in a self-consistent fashion with the following steps:

Define an initial, trial electron density, p (7).

Solve the Kohn-Sham equations using the trial electron density to find the single electron

wavefunctions, v; (), as in Equation 2.21.

» Using Equation 2.20 an improved set of orbitals are calculated for the electron density.

Repeat the above steps until convergence is reached, when Equation 2.18 is used to cal-

culate the total energy of the system.

Electronic configurations of atoms are described as wavefunctions, which are the set of basis
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functions that describe the atomic or molecular orbitals. There are two main ways in which to

define these orbitals, the linear combination of atomic orbitals (LCAO) and planewave methods.

2.3.3 Basis Sets

In the LCAO method, it is assumed that the number of molecular orbitals is equal to the number
of atomic orbitals included in the linear expansion, where each orbital, ¢;, is defined as in

Equation 2.22.
N
G =Y Coill (2.22)

where, for a total of /V functions, the contribution of each function, 7, is described by a coeffi-
cient, c. The atomic orbitals are either Slater-type orbitals (STOs), hydrogen-like wavefunctions
that are known analytically, or Gaussian-type orbitals (GTOs). GTOs typically require a greater
number of functions to achieve accuracy similar to that of STOs, as they exhibit an incorrect
density at the nucleus and decay too rapidly at distances away from the nucleus. However, GTOs
are commonly used due to the Gaussian product theorem, where the product of two GTOs is a
finite sum of Gaussians centred on a point along the axis connecting them, which leads to a re-
duction in computational expense compared to STOs. One LCAO based code has been utilised
in the work reported here, this being the NWChem Quantum Chemistry package [125].

Plane waves are functions as in Equation 2.23.
nPW — eikF (223)

The wave-vector k is related to the momentum (p = hE) of the electron. These functions are
not based around a nucleus, but are instead extended throughout the complete space defined by
periodic boundary conditions. A finite number of plane wave functions are used, below a certain
cutoff energy, although a large number of these functions are required to achieve reasonable
accuracy. Plane wave basis sets are used in combination with pseudopotentials, where the
plane waves are used to describe only the valance electrons. Core electrons are concentrated

around the atomic nuclei, resulting in large wavefunction and density gradients that are not well
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described by a plane wave basis set unless a very high energy cutoff is used. Two plane wave
codes have been used in the work reported here, Quantum Espresso [126] and the Vienna Ab

initio Simulation Package (VASP) [127-130].

2.3.4 Exchange-Correlation Functionals

In DFT, the ground state is found by minimising the energy of an energy functional, which is
achieved by finding a self-consistent solution to a set of single electron equations. To solve the
Kohn-Sham equations, the exchange-correlation function, E,. [{1;}], must be defined. How-
ever, the exact form of the exchange-correlation functional is not known, aside from in one case.
In the situation of the uniform electron gas, the electron density is constant at all points in space
so that p (7) is constant. Whilst this assumption is not valid for systems where, e.g., variations
in electron density define chemical bonds, it is possible to set the exchange-correlation potential
at each position to be the known exchange-correlation potential from the uniform electron gas

at the electron density for a given position, as in Equation 2.24.

VEPA () = Veteeronses [ (7) 224

This is known as the local density approximation (LDA), as only the local density is used to
define the approximate exchange-correlation functional. The LDA functional assumes that all
electrons are spin-paired. An extension of LDA to account for unpaired electrons is called the

local spin density approximation (LSDA), as in Equation 2.25.

VESPA(R) = V. [pa (7) , ps (7)] (2.25)

The majority of calculations performed in this thesis utilise a different functional to estimate
exchange-correlation. For this functional, the local electron density and the local gradient of

the electron density is used; this approach is known as the generalized gradient approximation
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(GGA), as in Equation 2.26.

VI () = Vie [pa (7)1 ps (F) , Vpa (7), Vg (7)] (2.26)

There are many GGA functionals as there are many ways in which the gradient of the elec-
tron density can be included in a GGA functional. Two popular GGA functionals are those of

Perdew-Wang 1991 (PW91) and Perdew-Becke-Ernzerhof (PBE).

2.4 Charge Analysis

Throughout this thesis a number of methods have been used to analyse charge transfer. These
are the Mulliken [131, 132], Lowdin [133-135] and Bader [136-139] methods. Mulliken has
been noted to produce questionable results when analysing charge transfer in non-organic sys-
tems [140]. It is therefore noted that this technique is not ideal for the majority of systems
studied but is included in some cases for comparative purposes. Mulliken population analysis
provides a method for determining partial atomic charges, which has been widely used, although
there are a number of weaknesses. Mulliken analysis divides overlap populations equally be-
tween the two corresponding orbital populations (atoms of a bond), although its results tend to
vary with basis set and it yields unnatural values in a number of cases.

The approach of Mulliken also leads to a weakness arising from the fact that it employs
a non-orthogonal basis set; this problem is overcome by Lowdin population analysis, where
atomic orbitals are transformed to an orthogonal basis set. This avoids the problem of violating
the Pauli exclusion principle but also means there is no longer the arbitrary division of shared
electrons. However, as with Mulliken analysis, this method is also dependent on the basis set
being used.

The Bader method is based on the study of the charge density topology. This method subdi-
vides the molecular volume into regions based on the spatial distribution of the electron density
function in terms of its critical points, the points at which the gradient of the density is equal

to zero. Each subsection belongs to a particular nucleus, while each atomic volume contains
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a certain number of electrons, used to assign atomic charges. The Lowdin and Bader methods
have been used extensively to study transition metal clusters but the magnitude of the resulting
charges has been found to vary for different systems. It is therefore suggested that the charge

analysis gives the direction of charge transfer, as opposed to absolute physical charges.

2.5 Energetic Analysis

A number of common calculations are performed throughout this thesis, which have been de-

scribed here. To assess cluster binding energies per atom, Equation 2.27 is used.

Ey = — (AnB, — (m x A) — (n x B)) (2.27)

1
N
where N is the total number of atoms, A,, B,, is the total electronic energy of the cluster, and
A and B are the total electronic energies of the single atoms. Cluster distortion energies are
calculated using Equation 2.28, where the single point energies of distorted species are denoted
by *.

AE(A,By) = A,B,, — A,B;, (2.28)

In order to assess the chemisorption strength of small molecules, the adsorption energy

(E.4s) 18 used, as defined in Equation 2.29.
Feis = Eap — (Ea + Ep) (2.29)

E 4 is the energy of the cluster with the molecule adsorbed, £ 4 is the energy of the relaxed
cluster and E'p is the energy of the relaxed molecule. The interaction energy (F;,;) is used to

calculate the adsorption strength accounting for distortions as defined in Equation 2.30.

Ein = Eap — (E) + E}) (2.30)
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Adsorbate distortion energies are calculated using Equation 2.31.

AE(0,) = Eo, — Ep, 2.31)
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Chapter 3

BCGA-DFT Structural Searches on

Subnanometre Clusters

3.1 Introduction

Structural searches have been performed on sub-nanometre clusters using the Birmingham Clus-
ter Genetic Algorithm (BCGA) coupled with DFT to perform the structural minimisations.
Structural searches have traditionally been performed with an empirical potential (EP) but these
are known to give questionable results for sub-nanometre clusters. Small clusters can have pla-
nar conformations, whilst empirical potentials tend to favour 3D structures. The computational
expense associated with BCGA-DFT searches is very limiting, in this chapter clusters up to 10
atoms in size have been studied. Previous investigations have revealed a number of different
growth patterns of small Pt clusters, as well as disagreement over the size at which the lowest
energy structure changes from 2D to 3D [141-144]. For example, whilst Sebetci found 3D clus-
ter geometries to be favourable as low as Pt, using the Becke, three-parameter, Lee-Yang-Parr
(B3LYP) exchange correlation (xc) functional [145], Bhattacharyya and Majumder predicted
the 2D-3D transition to occur between Pty and Pt;( using the projected augmented wave (PAW)
method implementation for the Perdew Wang 91 (PW91) xc functional [146].

Whilst some theoretical studies have been reported on pure Ti clusters [147, 148], to our
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knowledge, little has been performed on Pt clusters doped with early transition metals. This
is likely to be, in part, a result of the unreliability of coupling EPs for very different transition
metals where electronic effects play an important role. Here, we use a novel Genetic Algorithm
(GA) coupled with Density Functional Theory (DFT) approach to search for Pt clusters with
2—-6 atoms. We then investigate the effects of doping with the early transition metals Ti and
V. The aim of this study is to identify minimum energy structures for clusters that would not
be reliably described by EPs. Promise has also been shown by Pt nanoalloys with other early

transition metals, including Ti and 'V, for catalytic applications [100, 149—-152].

3.2 Methodology

The GA-DFT approach has been successfully employed to study a range of systems [121, 153,
154]. This method uses the BCGA [120, 155] coupled with the PWscf plane wave DFT code
in the quantum chemistry package Quantum-Espresso [126]. An initial generation is produced
by randomly placing atoms in a sphere of size 1.1 - N/3 . 1. In this case, 7 is set to be the
A-A bond distance for a monometallic system or the averaged A—B bond length for a bimetallic
system. The atoms are then transferred to a centre of mass coordinate system and placed in the
centre of the unit cell. The cell is set to be large enough that, when minimised, the clusters are
non-interacting.

The cluster is then locally relaxed until convergence is achieved. In the case that the con-
vergence criteria are not met, a new random structure is generated. After all members of the
generation have been minimised, the energetically lowest members are selected and taken for-
ward. These energetically favourable members of the population are mated and mutated to form
novel structures for the next generation. This process, as presented in Figure 3.1, is repeated
until the energy of the lowest lying isomer is considered to have converged.

Using the GA-DFT method, it is possible to search accurately the PES of the system being
studied. Following the structural search, re-minimisations are performed on all unique struc-

tures, using the quantum chemistry code NWChem [125]. As well as re-minimising, other
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Figure 3.1: Schematic for the GA-DFT approach implemented within the BCGA.
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properties have also been studied using NWChem, e.g. spin effects, investigating multiplicities
up to the nonet. Since there is no guarantee that the structures generated using this approach are
actually local minima rather than transition states or higher rank saddle points, following the
structural search a frequency analysis is performed. Frequency analysis was performed using
NWChem after re-minimisation for varying multiplicities. For the lowest lying isomers, Bader
charge analysis is performed. Bader charge analysis is utilised to elucidate general trends in
charge transfer. This quantitatively suggests the direction of charge transfer, although values
are not suggested to be physically accurate.

In the study presented here, the GA search was performed with a population size of 10
clusters and termination upon convergence was set at five generations. This means that if the
energy of the lowest energy cluster per generation was within 0.01 eV for five generations, con-
vergence was said to have been achieved. All GA-DFT simulations were performed using the
PWscf plane wave DFT code in the quantum chemistry package Quantum-Espresso 4.3.2. The
PWscf calculations were performed using ultrasoft Perdew-Burke-Ernzerhof (PBE) xc func-
tional, accounting for 12 (3s2, 3p®, 3d?, 4s?), 13 (3s%, 3p%, 3d°, 4s%) and 10 (5d°, 6s') valence
electrons for Ti, V and Pt, respectively. Scalar relativistic corrections were employed for all
pseudopotentials, while the Pt potential also contains non-linear core correction and Ti and V
potentials contain semi-core states.

A kinetic energy (Ej) cutoff for the wavefunctions of 55.0 Ry was used, and the supercell
dimensions were taken to be sufficiently large to remove the possibility of interactions with
neighbouring clusters, however not so large as to be detrimental to calculation speed. When
performing structural searches, E; cutoff for the charge density was set at 500.0 Ry. The conver-
gence threshold for self consistency was also set at 10 Ry, whilst Marzari-Vanderbilt Gaussian
smearing was set at 0.002 Ry.

Following the initial structural searches, further structural relaxation and frequency analysis
was performed using the DFT code in the quantum chemistry package NWChem 6.1. This
analysis was performed using the PBE xc functional and spherical Gaussian-type orbital triple-

zeta (TZVP) basis sets. All electron calculations were performed on Ti and V atoms while an
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Table 3.1: Cleri and Rosato Gupta parameters for Pt-Pt interactions. [156]

Pt-Pt
A (V) 0.298
£@EV) 2.695
p 10.612

q 4.004
0 @A) 2775

effective core potential (accounting for 60 electrons) was employed for Pt. To allow for some
comparisons with the traditional GA-EP search, the Gupta potential has been utilised with the

Cleri and Rosato parameters presented in Table 3.1.

3.3 Dimers

A number of dimers was studied, including pure M, (M = Ti, V, Pt) and alloyed Pt-M (M =
Ti, V), the results of which can be seen in Tables 3.2 and 3.3 for the pure and alloyed dimers,
respectively. In all cases, the energies are given relative to the lowest energy structures found
for the lowest spin state (singlet or doublet). When analysing the results for the pure dimers,
several trends become apparent. Firstly, for the Ti, V and Pt dimers, triplet states are found to
be energetically favourable, with higher multiplicities generally being less favourable than the
singlet.

When comparing bond lengths, increasing the spin multiplicity generally results in bond
elongation for the Ti and V dimers. The bond lengths for Pt, remain relatively constant, even
for the high spin multiplicities, although the energetic penalty paid to access these higher spin
states is greater than for Ti, and V,. For the Pt-M dimers, a triplet or quartet is found to be
energetically favourable for PtTi and PtV, respectively, with higher multiplicities being less
favourable than singlet or doublet states. All Pt-M bond lengths are greater than in the cor-
responding M, dimers, though smaller than the Pt, dimer. Once again, as the multiplicity is
increased the bond length also increases.

Results for Pt, are in good agreement with experimental and theoretical work. Experimental

studies have determined a Pt-Pt bond length of 2.33 A [157)], close to the 2.34 A calculated for
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Table 3.2: Relative energies (E,.;) and bond lengths for the pure dimers M,, for varying spin
multiplicities (2S+1).

M 2S+1 E. (eV) M-M(A)

1 0.00 1.93
3 -0.23 1.90
Ti 5 -0.05 1.97
7 0.13 2.39
9 0.50 2.37
1 0.00 1.74
3 -0.23 1.74
\Y% 5 0.25 1.73
7 0.89 1.89
9 0.64 2.52
1 0.00 2.34
3 -0.30 2.34
Pt 5 0.17 2.32
7 2.58 2.36
9 5.18 2.34

Table 3.3: Relative energies (E,.;) and bond lengths for the heteronuclear Pt-M dimers at varying
spin multiplicities (2S+1).

M 2S+1 E, (eV) Pt-M (A)

1 0.00 2.12

3 -0.47 2.13

Ti 5 0.48 240
7 1.81 2.68

9 4.14 2.90

2 0.00 2.14

4 -0.35 2.18

\Y% 6 0.37 2.39
8 1.55 2.66

10 3.76 2.83
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the lowest energy Pt dimer. This is also in good agreement with other DFT studies, which
have predicted the triplet state to be the lowest in energy [158]. It has been found that DFT
calculations tend to underestimate the Ti, and V, bond lengths [159]. Our calculated dimer
bond lengths are 1.90 and 1.74 A for Ti, and V,, respectively, compared with experimental

values of 1.94 and 1.78 A [160, 161].

3.4 Structural Searches

3.4.1 Platinum Clusters

The results of the structural searches performed with the PWsct code, for varying sizes and
compositions, are presented here. Initially, the results of GA-DFT searches are compared to a
GA-EP-Gupta search to demonstrate the poor reliability of the EPs in producing GM structures
at small sizes, the results of which can be seen in Table 3.4. Whilst the Gupta potential favours
3D morphologies for all but Pt; (which cannot form a 3D structure), the GA-DFT method
favours 2D structures in all cases for PBE pseudopotentials. The structures generated by the
Gupta-GA search are found through the GA-DFT search, although these structures are found to
be higher in energy. This demonstrates the importance of utilising DFT geometry minimisation
for small clusters.

Whilst the GM structures are discussed later, a far greater number of low energy isomers
can be explored, such as those shown in Figures 3.2-3.5. The QE GA-DFT search generates
a number of locally stable minima which are then reoptimised at varying spin multiplicities
with NWChem. Two structures are found for Pt;, although the linearity of structure 2 varies
depending on multiplicity. Structure 1 locally minimises at all multiplicities, resulting in a range
of relative energies, depending on the spin state. However, structure 2 only locally minimises
for multiplicities 1-5, but there is little variation in the relative energies.

The Pty clusters in Figure 3.3 are ordered by their energetic favourability according to the
GA search, where structure 1 is found to be most energetically favourable and structure 6 least

favourable. It is found that all structures generated through the GA search, locally minimise for
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Figure 3.2: Relative energies for Pt; structures generated from GA-DFT search at varying mul-
tiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Table 3.4: Comparison between GM structures obtained for the Gupta-GA and PBE-GA meth-
ods.

Gupta DFT

at least one multiplicity when reoptimised with NWChem. However, a slight structural rear-
rangement of cluster 4 occurs. The GA search located a slightly distorted structure (4*) which
locally minimised to the C», butterfly structure (4°) when relaxed with NWChem. This struc-
tural rearrangement makes the C,, butterfly cluster more energetically competitive, bringing the
energy in line with that of structure 1 at a multiplicity of 1.

The majority of structures generated from the GA search are planar (or “bent”), aside from
structure 2, the Ty tetrahedron, which is also the structure generated by the GA-Gupta-EP
search. Structures with low coordinated Pt atoms tend to be higher in energy than those greater
coordination of Pt atoms. For structure 1, reoptimisation at multiplicities of 1-7 result in very
similar relative energies. When the multiplicity is increased to 9 and the structure relaxed, the
relative energy increases significantly (~2.50 eV). For other structures, there is a greater spread
of relative energies when varying spin multiplicity, although multiplicities of 7 and 9 result in

less energetically favourable structures. Finally, relaxations with multiplicities of 3 and 5 result
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Figure 3.3: Relative energies for Pt, structures generated from GA-DFT search at varying mul-
tiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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in lower energy structures than the singlet in all cases.

Pts clusters generated from the GA search are shown in Figure 3.4. It is seen that whilst
there are similar energetic penalties for unfavourable structures or multiplicities (<3.0 eV) of
Pts compared to Pty, there is greater variation of the relative energies with varying spin. Once
again, high spin multiplicites of 7 or 9 tend to result in energetically unfavourable structures,
although the septet is competitive in the cases of structures 1, 2 and 5. Once again, a large
number (8 out of the 11) of planar or “bent” structures are found. Clusters with low coordinated
Pt atoms typically account for the high energy structures. Structure 4 also has a low coordinated
Pt atom, although upon local minimisation at varying spin, this structure is found to be less
favourable than structures 5 and 6. In general, moving from structure 1 to 11 results in an
increase in relative energy. This suggests that there is broad agreement between the NWChem
and QE results, although the inclusion of spin in the NWChem results does complicate this
trend slightly.

Whilst spin had a significant effect on the energy of Pts structures, it has less of an effect
on Ptg. From Figure 3.5, it is shown that there is far less energetic variation on inclusion
of spin. There is general agreement between the relative energies from the GA search and
the local relaxations with varying spin. Once again the nonet is generally found to result in
significantly higher energies than the other states. This suggests that for the pure Pt clusters, a
spin multiplicity of 9 is sufficient to capture the energetically competitive structures.

Structure 20 was not located during the initial GA search and instead was found through a
rearrangement of the nonet structure 13. Nine of the Ptg structures were non-planar, meaning
that whilst the majority were still planar or “bent”, a greater proportion were 3D structures when
compared to Pty and Pts. This is to be expected, as the system size increases, moving towards
a 3D GM, a greater proportion of 3D structures are going to be found. As with other sizes,
initially planar structures are favoured, followed by a number of 3D structures. Finally, high
energy structures (predominantly planar) with low-coordinated Pt atoms are found.

The energetically favourable structures for the pure Pt clusters can be seen in Figure 3.6,

with their relative energies displayed in Table 3.5: energetically competitive structures are also
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Figure 3.4: Relative energies for Pts structures generated from GA-DFT search at varying mul-
tiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.5: Relative energies for Pts structures generated from GA-DFT search at varying mul-
tiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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3a*(3) 3b 4a 4b*(3) 4c*(5)

Sa 5b 5c*(5) 5d

6a*(5) 6b

Figure 3.6: Low energy structures found for pure Pt clusters, from Pt; to Pts, with varying spin.
GM clusters for all sizes are specified (*). Numbers in brackets show at which spin multiplicity
the GM is found.

displayed for a more complete discussion. In previous discussions of small Pt clusters, it has
been noted that results do not always converge on the same structures, with different studies
finding different global minimum (GM) clusters. It has been suggested that this is a result of
the use of different pseudopotentials, basis sets, xc functionals and energy cutoffs [141].

GM clusters are discussed with respect to the minimum energy cluster for a given size. It
was expected that the 3-atom clusters would preferentially form triangular D3, structures (3a).
For all spin multiplicities other than 5 this was found to be the case. However, for a spin
multiplicity of 5, the linear conformation (3b) was 0.2 eV lower in energy than the triangular
structure. The GM is still found for the triangular D5}, structure at the triplet state, with a Pt-Pt-Pt

angle of 60.0°, although there is little difference between the singlet and triplet energies.
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Table 3.5: Relative energies (E,;) and average bond distances for the low energy Pt; to Pt
clusters (shown in Figure 3.6), with varying spin multiplicities (2S+1).

2S+1 Cluster E,; Pt-Pt

ev) A
Pt;
1 3a 0.00 247
3 3a -0.09 2.50
5 3b 0.51 2.37
7 3a 1.69 2.51
9 3a 6.04 2.50
Pty
1 4a 0.00 246
1 4c 0.01 2.52
3 4b -0.32  2.60
3 4c -0.29 253
5 4c -0.32  2.52
7 4a -0.04 245
9 4b 1.88 2.61
Pts
1 Sa 0.00 248
1 5b 0.00 247
3 5c -0.15 2.53
5 5c -0.29  2.54
7 5d -0.15  2.58
9 5d 0.66 2.62
Ptg
1 6a 0.00 2.53
3 6a -0.15  2.53
5 6a -0.19 2.54
7 6a -0.03 2.54
9 6b 047 2.64
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For Pt clusters there is competition between the triplet Ty tetrahedron (4b) and the quintet
C,y butterfly (4c), though this structure is only 30 meV higher in energy than the tetrahedron
in the triplet state. For Pts, the GM is found to be the C, W-shaped cluster (5¢) in the quintet
state. This is found to be at least 0.14 eV more stable than other isomers. Finally, the quintet
triangular D3y, structure (6a) is found to be the GM for Pts.

Whilst for Pt;, there is little advantage in increasing the spin multiplicity, for the larger
clusters, higher spin states (up to septet) are favoured. For the nonet states, relatively large
energetic penalties are observed for all the pure Pt clusters, though this penalty decreases with
increased cluster size. From the results obtained in this study, no clear 2D/3D transition can
be identified. Whilst the 3 and 6 atom GM are predicted to be planar (Dsy) triangles, other
structures identified as GM tend to have more deformed (twisted, or puckered) structures. For
the Pt, dimer, there was little change in the Pt-Pt bond length with changing spin. This trend
is continued for Pt; and Pt,. However, for the larger cluster sizes, the average bond length
increases with increasing spin.

As mentioned previously, small differences in the computational methodology can result in
differences in the predicted GM structures. The methodology employed in this work differs
from others [141-146], with the use of a LCAO-based DFT code, TZVP basis set and PBE
XC for the final energetic analysis. All structures noted in previous studies were located in the

GA-DFT search, although in some cases different energetic ordering was observed.

3.4.2 Platinum-Titanium Clusters

3.4.2.1 Singly Doped Clusters

The full range of clusters generated for Pt, Ti to PtsTi are shown in Figures 3.7-3.10. As with
Pt;, two structures are found for Pt,Ti, with a preference for maximising Pt-Ti bonds. Five
structures are found from the GA search for Pt;Ti, all of which are planar or “bent”, shown
in Figure 3.8. However, of the five structures, structure 4 is not locally stable when optimised

with NWChem. During the relaxation, the structure distorts with the low coordinated Pt atom
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Figure 3.7: Relative energies for Pt,Ti structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.

bonding to the Ti to form structure 1. When compared to the pure Pt clusters, it is found that
there are far greater energetic penalties associated with less favourable spin states. The typical
variation in relative energies is below 2.5 eV for Pty, whereas for Pt;Ti, the relative energies
can be as high as 5.0 eV. It is found that maximising Pt—Ti bonding leads to more energetically
favourable structures. The singlet structure 5 is ~3.0 eV higher in energy than structures 1 and
2.

Similar trends to those found for Pt;Ti are also observed for Pt;Ti, as can be seen in Figure
3.9. There are once again significant energetic penalties associated with the higher spin states.
Pt-Ti bonding is maximised, resulting in low energy structures, this can easily be achieved at
the expense of Pt—Pt bonding. This leads to only three out of the seven structures being planar

or “bent”, with the majority being 3D. There is generally little competition between varying
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Figure 3.8: Relative energies for Pt;Ti structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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spin states, with higher multiplicities leading to less favourable structures. This is contrary to
Pts, where significant variation can be seen for different multiplicities and structures.

Structures found for PtsTi are displayed in Figure 3.10. It is found that only five of the
16 structures are planar or “bent”, while the majority of structures discovered for PtsTi are
3D. When compared to the majority of Pts clusters being planar, this suggests that doping Pt
clusters with a single Ti atom favours a move towards 3D structures. It is also seen that with
the increased Pt:Ti ratio, there is a reduction in the energetic penalties associated with higher
spin states. Whilst energetic penalties can be as large as 5.0 eV for Pt;Ti or Pt,Ti, it is found
that energetic penalties are no higher than ~4.0 eV for PtsTi. There is also more variation in
competition between singlet and triplet multiplicities. For PtsTi half the structures are found to
be lower in energy than the singlet. This suggests that for higher Pt:Ti ratios, higher spin states
may start to become more favourable.

The lowest lying structures for the singly doped PtTi clusters are listed in Table 3.6, cor-
responding to the structures in Figure 3.11. For Pt,Ti, the open bent C,, structure (3a) is
favourable for the singlet state, with a Pt-Ti-Pt angle of 124.6°. The bonding angle is reduced in
the triplet state, to 79.6°, producing the closed C,, triangle structure (3b) with a Pt-Pt bond, 0.96
eV higher in energy than the singlet. The closed triangle remains the lowest energy structure for
the quintet and septet states. The cluster then opens up again (3c¢) for the nonet state, producing
a more linear cluster.

Different energetic trends are observed for the Pt; and Pt,Ti clusters. The GM is a triplet
state for Pt; and a singlet state when doped with a single Ti atom. Energetic penalties are
observed for higher spin multiplicities compared to the singlet state. These penalties are found
to be larger for Pt,Ti than Pt;.

For Pt;Ti, the GM is a singlet, with the C,, kite (4a) and C; Y-shape (4b) isomers being
energetically competitive. Significant energetic penalties are associated with increasing spin
multiplicity, in contrast to Pt,Ti and Pt4. For Pt,, the triplet and quintet states produce compet-
itive GM structures, with even the septet state being 40 meV more favourable than the singlet.

Once doped with a single Ti atom, this behaviour changes, making the higher spin multiplies
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Figure 3.9: Relative energies for Pt;Ti structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.10: Relative energies for PtsTi structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.11: Low energy structures found for Pt,_; Ti clusters, from Pt,Ti; to PtsTi;, with varying
spin multiplicities. GM clusters for all sizes are specified (*). Numbers in brackets show at
which spin multiplicity the GM is found.
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Table 3.6: Relative energies (E,;), average bond lengths and average Bader charges for singly
doped PtTi clusers (shown in Figure 3.11), for varying spin multiplicities (2S+1).

2S+1 Cluster E., Pt-Pt Pt-Ti Ave. Pt Ave. Ti
eV) (A) (A) Chargele| Charge e

Pt,Ti
1 3a 0.00 - 214 -0.68 1.41
3 3b 096 283 221 -0.52 1.10
5 3b 242 259 238 -0.46 0.58
7 3b 4.09 240 2.62 -0.32 0.70
9 3c 7.58 231 3.10 -0.06 0.10
Pt;Ti
1 4a 0.00 2.70 2.26 -0.44 1.28
1 4b 0.03 2.56 2.27 -0.45 1.45
3 4a 043 277 225 -0.45 1.37
5 4a 1.67 257 241 -0.39 1.23
7 4c 3.18 248 243 -0.29 0.98
7 4a 3.19 247 2.62 -0.30 1.01
9 4a 5.06 2.56 2.70 -0.24 0.83
Pt,Ti
1 Sa 0.00 2.63 235 -0.36 1.51
3 Sa 0.05 2.60 235 -0.35 1.46
5 5b 0.89 2.62 243 -0.32 1.36
5 5c 0.89 2.68 2.38 -0.32 1.28
7 5b 206 265 249 -0.31 1.24
9 5b 372 2.60 2.65 -0.24 1.07
9 5d 375 264 257 -0.24 1.13
Pt;Ti
1 6a 0.00 262 242 -0.29 1.60
1 6b 0.05 2.65 241 -0.29 1.44
3 6a -0.15 261 242 -0.29 1.43
5 6b 034 262 243 -0.29 1.43
7 6b 1.62 265 247 -0.27 1.42
7 6¢c 1.65 260 243 -0.28 1.54
9 6d 2.67 263 253 -0.23 1.20
9 6e 2.68 2.58 245 -0.24 1.19
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unfavourable. The septet state is 3.18 eV higher in energy than the singlet Pt;Ti.

Once again, for Pt,;Ti the GM is found for the singlet state. A W-shape structure (5a) with
no symmetry is found to be the GM, a similar structure to that of Pt;. However, once again
higher spin multiplies incur an energetic penalty compared to the singlet state, although not as
much as for Pt;Ti.

Unlike the three, four and five atom clusters, the triplet state is found to be most favourable
for PtsTi. This results in the triplet C, twisted pentagonal structure (6a) as the most energetically
favourable structure. For larger cluster sizes, the energetic penalties associated with higher spin
states is reduced. For PtsTi it is then found that the Ti doped clusters behave more like the pure
Pt clusters, with higher spin states (triplet) becoming more favourable.

As a result of charge transfer, the lowest energy homotops tend to maximise the number of
Pt-Ti bonds, with Ti atoms in the most highly-connected sites. As with the pure Pt clusters, the
GM isomers identified for Pt,_;Ti are planar, or “bent-planar” structures for cluster sizes 3-6.
As the multiplicity is increased, there is generally little change in the average Pt-Pt bond length,
though there is a slight increase in the average Pt-Ti bond lengths.

When analysing the Bader charges, significant charge transfer is seen from the Ti, which
becomes highly positive (as high as +1.60), to the Pt atoms, which become negative. As ex-
pected, on increasing the cluster size, the Pt generally becomes slightly less negatively charged,
whilst the Ti generally becomes slightly more positively charged. There is a decrease in charge
transfer as the spin multiplicity is increased. The average Pt charge is 0.25 less negative and Ti

is an average 0.64 less positive.

3.4.2.2 Doubly Doped Clusters

The range of doubly doped PtTi clusters can be found in Figures 3.12-3.15, for PtTi, to Pt;Ti,,
respectively. The energetic penalties associated with higher spin states are reduced with respect
to Pt, Ti clusters, which have penalties as high as ~10.0 eV. Only two structures were located
from the GA search for Pt, Ti,, as shown in Figure 3.13. This is significantly fewer local minima

than for Pty or Pt3Ti, where 6 and 5 minima were located, respectively. Structure 3 was not
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Figure 3.12: Relative energies for PtTi, structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.

located from the GA search but was found through a distortion of structure 2 at high spins.
Structure 3 is not stable for the singlet or triplet states, which explains why it was not located
by the search. However, there is a strong preference for formation of the Ti—Ti dimer, with no
structures being located where the Ti atoms were not bound to one another.

Structures from the GA search for Pt;Ti, are shown in Figure 3.14. Only structures 1-4
were located through the GA; the rest were found through distortions when performing local
geometry relaxations, and these new structures were then further optimised for multiplicities
of 1-9. Of the nine structures investigated, only the first three are locally stable at the singlet,
the multiplicity at which the GA search was performed. Higher spin states lead to more stable
structures, with fewer distortions being observed for nonet state compared to any other. How-

ever, none of these structures are competitive with the singlet structure 1, at any multiplicity.
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subsequent local relaxation.
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Figure 3.14: Relative energies for Pt;Ti, structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.

Once again formation of the Ti—Ti dimer fragment is generally favourable.

Structures from the GA search for PtsTi, are shown in Figure 3.15. Only structures 1—
7 were located by the search, with the remaining structures found through distortions during
locally minimisations at higher spin states. This is similar to the Pt;Ti, system, where distor-
tions of a relatively large number of clusters at higher spin states lead to new structures being
observed. Local relaxations performed on the pure Pt and singly doped PtTi clusters resulted
in few distortions leading to significant structural rearrangement. For the doubly doped PtTi
clusters this is much more common, although in every case, the GM is located through the GA

search. Furthermore, none of the new structures found through structural rearrangements of the
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Table 3.7: Relative energies (E,,;), average bond lengths and average Bader charges for doubly
doped PtTi clusters (shown in Figure 3.16), for varying multiplicities (2S+1).

2S+1 Cluster E. Pt-Pt Pt-Ti Ti-Ti Ave. Pt Ave. Ti
eV) (A (A (A) Chargele| Charge |e|

PrTi,
1 3a 0.00 - 242 2.09 -0.85 0.52
3 3a -0.08 - 243 212 -0.85 0.41
5 3a 0.09 - 245 203 -0.88 0.47
7 3a 0.44 - 218 2.28 -0.95 0.56
9 3a 2.63 - 245 238 -0.68 0.38
Pt,Ti,
1 4a 0.00 - 242 219 -0.89 0.85
3 4a 0.04 - 243 226 -0.91 1.00
5 4a 0.23 - 241 253 -0.89 0.87
7 4b 1.89 271 245 2.54 -0.73 0.69
9 4b 3.60 251 259 246 -0.60 0.66
Pt;Ti,
1 Sa 0.00 - 241 230 -0.79 1.27
3 Sa 0.68 - 239 255 -0.79 1.23
5 5b 1.63 2,67 243 2.65 -0.76 1.08
7 hiv 280 270 248 2.73 -0.68 1.01
9 5d 456 2.63 249 236 -0.46 0.76
Pt,Ti,
1 6a 0.00 - 237 274 -0.86 1.25
3 6b 0.51 2.62 235 2.65 -0.63 1.41
5 6¢ 1.24 260 248 2.60 -0.61 1.30
7 6d 234 260 251 2.65 -0.60 1.28
9 6e 395 265 254 241 -0.42 0.91

original GA structures are stable at the singlet. In general it is found that as the spin multiplicity
is increased, the structures become less energetically favourable. For the vast majority of struc-
tures, 3D geometries are located, with only two planar or bent structures being found. These
two more planar structures are also the only two structures where a Ti—Ti bond is not formed.
There is also a general preference for maximising Pt—Ti bonding.

The lowest lying structures for doubly doped PtTi clusters are listed in Table 3.7, corre-
sponding to the structures in Figure 3.16. The closed C,, triangle (3a) is found preferentially
for all multiplicites for the PtTi, clusters. Unlike for Pt,Ti, the GM is found for the triplet state,

with a Ti-Pt-Ti angle of 51.7°. For PtTi, relatively small energy penalties are found for higher
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Figure 3.15: Relative energies for Pt;Ti, structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.16: Low energy structures found for Pt,_,Ti, clusters, from PtTi, to Pt,Ti,, with varying
spin multiplicities. GM clusters for all sizes are specified (*). Numbers in brackets show at
which spin multiplicity the GM is found.
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spin states.

This situation is different for the larger doubly doped clusters, with the GM being found
for the singlet state in all cases. The observed bonding motifs suggest preferential formation of
Ti-Ti bonds, followed by Pt-Ti bonding, and it appears that greater Pt-Pt bonding results in less
favourable structures. For the C,, butterfly Pt,Ti, GM structure (4a), there are no Pt-Pt bonds.
The C,, tetrahedron structure (4b) with a single Pt-Pt bond is only found to be locally stable at
higher spin multiplicities (5-9).

The singlet D3, structure (5a) is found to be the GM for Pt;Ti,. The lowest energy homotop
again favours Ti-Ti and Pt-Ti bonding, with Pt-Pt bonding found to be unfavourable, with the
same being true for the singlet Cs, structure (6a), which is the GM for Pt,Ti,. With increasing
cluster size, the energetic penalty associated with increasing the spin multiplicity initially in-
creases, although it decreases again for Pt,;Ti,. The lowest penalties (and the triplet state GM)
are found for the three atom clusters, with the largest penalties associated with the five atom
clusters. It is expected that as the cluster size increases and the Pt/Ti ratio increases, higher spin
states will again be lower in energy (as with PtsTi), although this is not seen in the 3—6 atom
range.

For the 3-5 atom clusters, growth occurs with additional Pt atoms bonding to a central
Ti, unit. This minimises Pt-Pt interactions, whilst maximising Pt-Ti interactions. Following
filling of the Ti-Ti bridge positions, additional Pt atoms favour bonding to the Ti top sites, as in
Pt,Ti,. The lack of Pt-Pt bonding makes it difficult to draw conclusions from the average Pt-Pt
bond lengths. However, in general, as the spin multiplicity increases, the Pt-Ti bond length
increases. The same appears to be true for the average Ti-Ti bond length. For Pt,Ti,, as the spin
is increased the average Ti-Ti bond length generally decreases. The doubly doped PtTi clusters,
have a distinct 2D/3D transition between Pt,Ti, and Pt;Ti,.

The Bader charge analysis demonstrates significant charge transfer from Ti to Pt. Once
again, as the spin is increased, the charge transfer decreases, though there is less change in

charge transfer with changing cluster size, compared to the singly doped PtTi clusters.
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3.4.3 Platinum-Vanadium Clusters

3.4.3.1 Singly Doped Clusters

The range of singly doped PtV clusters is shown in Figures 3.17-3.20, for Pt,V to PtsV, respec-
tively. For Pt,V, the same two structures are found as for Pt, Ti, which are shown in Figures 3.17
and 3.7, respectively, although the energetic penalties associated with unfavourable spin stares
are reduced for the PtV clusters compared to the PtTi clusters. The structures generated for
Pt;V are displayed in Figure 3.18, with structures 1-6 generated by the GA search. Structure
7 was not stable for the singlet and was found through a distortion of structure 1 when relaxed
at high spin states. However, structure 2 was generated by the GA search, although it was not
locally stable when relaxed with NWChem. There is a general preference for maximising Pt-V
bonding. The singlet structure 5 is relatively low in energy, although it is unstable at higher
multiplicities.

Pt,V structures generated by the GA search are shown in Figure 3.19. Structures 1-5 were
located by the initial search, with the remainder being found through structural rearrangements
during the local geometry optimisation. The GA search located planar or bent structures, which
are energetically favourable at low spin states. However, at higher spin states, the 3D structures
are typically favoured. Maximising Pt—V bonding typically results in low energies.

For Pts5V, structures 1-9 shown in Figure 3.20, were found by the GA. The remaining five
structures were located through structural rearrangements during local geometry relaxations.
Once again, the structures located through structural rearrangements tend to not be stable at
the singlet. For PtsV, there is a greater mix of planar and 3D structures, when compared to
Pt,V, with no clear preference for one over the other. As with Pt,V, there is a preference for
maximising Pt—V bonding, with particularly high energies for structures 7, 8 and 9. There is
also a general trend that as the spin multiplicity increases, the energy increases.

The lowest lying structures for the singly doped PtV clusters are given in Table 3.8, cor-
responding to the structures shown in Figure 3.21. From the energetic analysis, in all cases a

spin multiplicity of 2 (the lowest possible) is favoured. This differs from the monometallic and
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Figure 3.17: Relative energies for Pt,V structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation. It should be noted that the Pt-V-Pt angle of structure 1 varies with
changing multiplicity.
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Figure 3.18: Relative energies for PtV structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.19: Relative energies for PtV structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.20: Relative energies for PtsV structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.21: Low energy structures found for singly doped Pt,_ |V clusters, from Pt,V; to PtsV,
with varying spin multiplicities. GM clusters for all sizes are specified (*). Numbers in brackets
show at which spin multiplicity the GM is found.
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Table 3.8: Relative energies (E,.;), average bond lengths and average Bader charges for the
singly doped PtV clusters (shown in Figure 3.21), with varying spin multiplicities (2S+1).

2S+1 Cluster E, Pt-Pt Pt-V Ave. Pt Ave. V
eV) (A) (A) Chargele| Charge |e|

PtV
2 3a 0.00 - 213 -0.60 0.69
4 3a 0.94 - 221 -0.48 1.01
6 3b 1.58 2.55 2.39 -0.41 0.79
8 3b 2.87 241 2.60 -0.27 0.37
10 3a 5.46 - 2.66 -0.12 0.36
PtV
2 4a 0.00 2.89 2.16 -0.41 1.12
2 4b 0.07 270 2.25 -0.37 1.12
4 4b 0.40 258 2.33 -0.35 1.09
6 4b 1.15 252 245 -0.32 0.82
6 4¢ 1.17 271 2.35 -0.36 1.16
8 4c 212 263 2.50 -0.29 0.82
8 4d 2.12 248 242 -0.28 0.90
10 4c 3.75 256 2.70 -0.19 0.61
10 4d 375 243 2.60 -0.19 0.71
P,V
2 S5a 0.00 2.59 2.27 -0.33 1.43
2 5b 0.06 271 2.25 -0.31 1.27
4 5b 025 259 234 -0.31 1.32
6 5b 1.05 253 244 -0.26 1.08
8 5b 205 249 2.56 -0.25 1.16
8 5¢c 2.05 258 244 -0.27 1.07
10 5d 2.84 260 2.54 -0.21 0.87
PtV
2 6a 0.00 2.67 2.32 -0.27 0.96
4 6b 0.31 257 235 -0.25 1.38
6 6a 091 256 247 -0.23 1.00
6 6¢C 092 262 241 -0.26 1.34
6 6b 0.93 253 245 -0.23 1.23
8 6d 1.46 258 2.36 -0.20 1.20
8 6e 146 2.61 249 -0.22 0.93
10 6d 2.17 256 2.49 -0.18 1.09
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alloyed dimers, where the triplet or quartet states were the most stable. Furthermore, as the
cluster size increases, the energetic penalty associated with higher spin states decreases.

For Pt,V, the bent C,, open triangle (3a) is the GM, with a Pt-V-Pt angle of 139.3°. Pt-Pt
bonding is not observed for the GM doublet states. This is similar to the Pt,Ti cluster, where
Pt-Pt bonding is also not observed for the GM singlet state. Differences between the singly
doped PtTi and PtV clusters are observed for the four and five atom clusters.

The doublet bent C Y-shape cluster (4a) is found to be the GM for Pt;V, compared with the
C,, kite structure GM of Pt;Ti. The doublet bent C; top-capped rhombus structure (5a) is found
to be the GM for Pt,V, compared with the W-shaped structure for Pt;Ti. These differences
suggest that Pt-Pt bonding is less favourable for PtV clusters than PtTi clusters, although it
appears to be more favourable than for the doubly doped PtTi clusters. A similar C, twisted
pentagonal structure (6a) is found to be the GM for both PtsV (doublet) and PtsTi (triplet).

As with the singly doped PtTi clusters, GM planar and “bent-planar” structures are predicted
for the singly doped PtV clusters for 3—6 atoms. When comparing the average Pt-Pt bond
lengths, few trends are apparent, with variation being structure dependent. However, more
evident trends are observed for Pt-V bonding, where the Pt-V bond length generally increases
with increasing spin.

The Bader charge analysis reveals that once again there is significant charge transfer from
the V, becoming positive, to the Pt, becoming negative. As the spin is increased, generally the
charge transfer decreases as for PtTi clusters, though there is generally less charge transfer than

in PtTi.

3.4.3.2 Doubly Doped Clusters

The range of doubly doped PtV clusters are shown in Figures 3.22-3.25, for PtV, to P, V,, re-
spectively. For PtV,, the same two structures are found as for PtTi,, which are shown in Figures
3.22 and 3.12, respectively. Furthermore, the energetic penalties associated with unfavourable
spin states are similar for the PtV, and PtTi, clusters. The structures generated by the GA search

for Pt,V, are shown in Figure 3.22. Structure 4 was found through a distortion of structure 1,
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Figure 3.22: Relative energies for PtV, structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.

but was only stable at the nonet state. In all cases a V-V bond is formed and maximising Pt—V
bonding results in lower energies. Structure 4 also maximises Pt—V bonding, but is unstable at
low spin multiplicities where 3D structures are destabilised.

Pt;V, structures generated from the GA search are shown in Figure 3.24, where structures
1-7 are located by the search and the remainder through structural rearrangements during local
relaxation. As with the other systems studied, the structures located by rearrangements are not
local minima for the singlet state. A mixture of planar and 3D structures are identified, with
no clear trend for preferences of one over the other, although the majority of structures are
3D. As for the smaller clusters, V-V bonding, as well as maximising Pt—V bonding results in
favourable structures. Structures 6 and 7 are found to be particularly high in energy, although

similar energies are found for the singlet state. A V-V bond is not formed for structure 6, while
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Figure 3.23: Relative energies for Pt,V, structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Table 3.9: Relative energies (E,.;), average bond lengths and average Bader charges for the
doubly doped PtV clusters (shown in Figure 3.26), for varying multiplicities (2S+1).

2S+1 Cluster E., Pt-Pt Pt-V V-V Ave. Pt Ave. V
@V) ((A) (A (A) Chargele| Charge |e|

Pt;V,
1 3a 0.00 - 241 1.80 -0.68 0.21
3 3a -0.03 - 243 1.79 -0.74 0.33
5 3a 0.60 - 245 1.76 -0.77 0.30
7 3b 1.74 - 215 246 -0.71 0.27
7 3a 1.77 - 245 197 -0.71 0.46
9 3b 1.00 - 215 249 -0.83 0.60
PV,
1 4a 0.00 - 238 1.95 -0.74 0.77
3 4a -0.21 - 241 1091 -0.75 0.62
5 4a 0.34 - 240 2.19 -0.83 0.86
7 4a 0.34 - 239 270 -0.81 0.86
9 4b 1.33 2777 244 280 -0.70 0.62
Pt;V,
1 S5a 0.00 - 239 201 -0.67 0.99
3 S5a -0.31 - 240 2.02 -0.69 1.14
5 S5a 0.15 - 239 247 -0.70 1.06
7 5b 049 270 244 253 -0.66 0.76
9 5c 1.51 270 247 3.06 -0.59 0.89
9 5d 1.56 262 245 2.68 -0.54 0.83
Pt,V,
1 6a 0.00 286 233 233 -0.55 1.15
3 6b -0.08 - 234 258 -0.56 1.19
5 6¢ 033 2.60 237 2.6l -0.53 0.96
7 6d 0.62 258 244 252 -0.51 1.07
9 6e 1.35 263 244 272 -0.51 1.10

there is very little Pt—V bonding in structure 7 compared with e.g. structure 1.

Structures found for Pt V; are shown in Figure 3.25. Structures 1-12 were found by the GA
search, whilst 13—16 were found through structural rearrangements during local relaxations.
For Pt,V,, the majority of clusters are 3D. The formation of the V-V bond, with maximised
Pt—V bonding, generally results in lower energy structures. Where singlet and triplet states are
locally stable, the triplet tends to be more energetically favourable. This differs from the Pt,Ti,
system, where in general the singlet is lower in energy.

The lowest lying structures for doubly doped PtV clusters are listed in Table 3.9, correspond-
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Figure 3.24: Relative energies for Pt;V, structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.25: Relative energies for Pt,V, structures generated from GA-DFT search at varying
multiplicities. All energies relative to the singlet structure 1, the GM calculated from the PWscf
calculation. Missing data points indicate that there was structural rearrangement during the
subsequent local relaxation.
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Figure 3.26: Low energy structures found for Pt, , V; clusters, from Pt; V, to Pt, V,, with varying
spin multiplicities. GM clusters for all sizes are specified (*). Numbers in brackets show at
which spin multiplicity the GM is found.
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ing to the structures in Figure 3.26. In contrast to the singly doped clusters, GM structures for
the doubly doped clusters are all triplets. This is similar to the dimers, where the triplet and
quartet states (for V, and PtV, respectively) are lowest in energy. Furthermore, energetic penal-
ties associated with higher spin states are reduced compared to the singly doped clusters.

The GM structures for the doubly doped PtV clusters are similar to those for doubly doped
PtTi clusters. The 3-atom closed C,, triangle (3a), with a Ti-Pt-Ti angle of 43.3°, 4-atom bent
C,, thombus (4a), 5-atom D3, (5a) and 6-atom C;, (6b) structures are identified as GM for
Pt,,V, clusters. As mentioned previously, cluster growth leads to maximisation of V-V and
Pt-V bonding and minimisation of Pt-Pt bonding. Once again, due to the low number of Pt-Pt
bonds, it is hard to draw trends from the average Pt-Pt bond lengths. Average Pt-V and V-V
bond lengths show that generally, as the spin increases, so do the bond lengths. As for PtTi, the
doubly doped PtV clusters exhibit a distinct 2D/3D transition. This occurs between the 4-atom
bent C,, rhombus and 5-atom D3}, structures.

Once again, there is generally reduced charge transfer for the PtV clusters, compared with
the PtTi clusters. Furthermore, for the doubly doped PtV clusters, there is greater overall charge
transfer to the Pt and a reduction in the positive charges on the V atoms, compared to the singly
doped PtV clusters. A general reduction in the amount of charge transfer is also seen as the spin
is increased, as for the other systems. However, PtV, is anomalous, as an increase in charge
transfer is observed as the spin is increased. Generally as the cluster size increases, the average
Pt negative charge decreases (as there are a greater number of Pt atoms), whilst the average

positive charge on the V atoms increases.

3.5 Conclusions

From the results presented in this study, it is apparent that, whilst spin has a significant effect
on pure Pt clusters, varying effects are found for the doped PtTi and PtV clusters. Favourable
energies are observed up to the septet state for pure Pt clusters. GM structures are found to be

planar or “bent-planar” for Pt cluster sizes 3—6. However, partial spin quenching is observed
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when Pt clusters are doped with Ti or V.

Increasing the spin of PtTi clusters generally results in higher energies. The triplet state is
favourable for PtsTi and PtTi,; however, the GM structures are singlets for all other PtTi clusters
studied. For the singly doped clusters, again planar and “bent-planar” structures are located as
the GM for the 3—-6 atom clusters. For the doubly doped PtTi clusters, initially more planar
structures are favoured, however the GM for 5-6 atom structures adopt 3D conformations.

The GM structures for 3—6 atom singly doped PtV clusters are all doublets. However, the
doubly doped clusters, all have triplet GM. As for the PtTi clusters, planar and “bent-planar”
structures are found for the 3—6 atom singly doped PtV clusters, although different GM struc-
tures are proposed for the 4-5 atom clusters. Similar GM structures are found for the PtV and

PtTi clusters, exhibiting the same 2D/3D transition between the 4- and 5-atom clusters.
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Chapter 4

Chemisorption Studies on PtTi Clusters

4.1 Introduction

As mentioned in Section 1.5.2, it has been suggested that OH bonds particularly strongly to
the Pt surface during the oxygen reduction reaction (ORR) at the cathode. It is also known
that CO bonds strongly to the Pt surface during the hydrogen oxidation reaction (HOR) at the
anode when impure hydrogen streams are used. To study the effects of alloying, adsorption
searches are performed and compared for varying sizes and compositions. The ultimate aim is
to reduce the adsorption energy of the OH or CO species. The initial study focuses on inves-
tigating chemisorption at different facet sites on the cluster, as well as comparisons between
monometallic and bimetallic Pt/Ti clusters.

In the second part of the study, to understand better the reasons for the changes in adsorption
energies, electronic density of states (DOS) analysis was performed. The average energy of the
d-band (d-band centre) was linked to the adsorption properties of small molecules investigated
in the initial studies. Adsorption energies are dependent upon the filling of the d-band, where
the occurrence of more unoccupied d-states allows for stronger binding of small molecules.
Therefore, an upshift in the d-band centre toward the Fermi energy (Er) gives rise to stronger
binding; conversely, a downshift, away from the Er, results in weaker binding arising from

greater filling of high-lying d-states [162,163]. It would be beneficial for the alloyed Pt-majority
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clusters to exhibit a downshift in the d-band centre compared to the pure Pt cluster.

4.2 Methodology

Most calculations were performed using the PWsct plane wave DFT code in the quantum chem-
istry package Quantum-Espresso 4.2.1 [126]. The PWscf calculations were performed using the
ultrasoft Perdew-Wang (PW91) xc functional, accounting for 10 (54°, 6s'), 12 (3s2, 3p®, 3d?,
45%), 4 (257, 2p1), 6 (255, 2p4) and 1 (1s;) valence electrons for Pt, Ti, C, O and H, respectively.
Scalar relativistic corrections have been employed for all pseudopotentials, as well as non-linear
core correction for Pt and Ti. A kinetic energy (E;) cutoff for the wavefunctions of 26.0 Ry was
used, and the E; cutoff for the charge density (p) was set at 208.0 Ry as ultrasoft pseudopoten-
tials were used; furthermore, Fermi-Dirac smearing was used with Gaussian smearing of 0.007
Ry. The quantum chemistry package NWChem 6.0 [125] was used to analyse the electron den-
sity and calculate atomic charges employing the Lowdin and Mulliken methods. A separate
program was used to analyse the atomic charges with the Bader method [137].

The DOS was analysed in terms of average band centre as well as band width. The energy

of the d-band centre () is given by Equation 4.1.

_f,oE’ dE

=B (4.1)

&d

where p is the d-band density, E is the d-band energy, and pd E is the number of d-states. The

root-mean-squared d-band width (W;) is given by Equation 4.2.

E2dE
Wy = /%—M (4.2)

When calculating p; and W, for a specific fraction of a cluster (e.g., the core or shell atoms),
Equations 4.1 and 4.2 were applied for the relevant subset of atoms, i.e., by summing over atoms

in the appropriate fraction of the cluster.
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4.3 Results and Discussion

4.3.1 Model System

Simulations have been carried out on TO clusters of varying sizes and compositions. Complete
TO structures are obtained for 38, 79, 116, 140, 201, 260, etc. atoms [164], where the odd-
numbered TOs are atom-centred and the even-numbered TOs have a central Mg octahedral core.
A more detailed overview of cluster sizes can be found in Table 4.1. The diagonal shows the
sizes of complete true TO clusters, the top right section results in more cube-octahedral (CO)
type structures, while the bottom left section results in more octahedral (Oh) type structures.
Upper right CO-type clusters have a greater proportion of (100) facets whilst bottom left Oh
clusters have a greater number of (111) facets. The magic numbers can be calculated using

Equation 4.3.

(n+2m+1)

3 2(n+2m +1)* + 1] — m(m + 1)(2m + 1) (4.3)

Nro(n,m) =

N 1is the total number of atoms for the cluster, which consists of n/m atomic shells. For exam-
ple, the 309-atom CO-type cluster consists of four atomic shells, on a single core atom, or an
additional shell on the 147-atom cluster.

Table 4.1: Magic numbers for producing TO, CO and Oh type clusters. Those highlighted in red
represent complete TO clusters. Those in green represent magic numbers for CO type clusters
and those in blue, Oh type clusters.

. ™o 1 2 3 4 5 6 7 8 9 10 11 12
0 55 147 309 561 923 1415 2057 2869 3871 5083 6525 | CO
1 116 260 490 826 1288 1896 2670 3630 4796 6188 7826
2 201 405 711 1139 1709 2441 3355 4471 5809 7389 9231
3 314 [ 586 976 1504 2190 3054 4116 5396 6914 8690 10744
4 459 807 1289 1925 2735 3739 4957 6409 8115 10095 12369
5 640 1072 1654 | 2406 3348 4500 5882 7514 9416 11608 14110
6 861 1385 2075 2951 | 4033 5341 6895 8715 10821 13233 15971
7 1126 1750 2556 3564 4794 | 6266 8000 10016 12334 14974 17956
8 1439 2171 3101 4249 5635 7279 | 9201 11421 13959 16835 20069
9 1804 2652 3714 5010 6560 8384 10502 12934 15700 18820 22314
10 2225 3197 4399 5851 7573 9585 11907 14559 17561 20933 24695
1 2706 3810 5160 6776 8678 10886 13420 16300 19546 23178 27216
12 3251 4495 6001 7789 9879 12291 15045 18161 21659 25559 29881
TO
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Initial calculations are performed on the 38-atom TO cluster, that being the smallest com-
plete TO. For bimetallic 38-atom PtTi clusters, three high symmetry model structures were
studied based on the TO: “core-shell”, “hex” and “centroid” configurations have been simu-
lated, as shown in Figure 4.1. Calculations performed on the larger cluster sizes were restricted
to the core-shell configurations, rather than exploring a wider range of chemical ordering pat-
terns. However, with cluster sizes >79-atoms it is possible to also investigate “onion-like”
structures.

The 79-atom clusters have a complete core-shell structure at the AgB19 composition, al-
though it is also possible to study the AggB; composition for this atom-centred cluster. A7gBig
and A;9B¢ compositions result in complete core-shell structures for the 116-atom clusters, with
shells composed of one and two layers of species A, respectively. The 140-atom cluster has
complete core-shell structures at AgsB44 and Ay34B¢ as well as an onion structure for A;p;B3g
(AgsB3gAg). The A12,B79 and A, B9 compositions result in complete core-shell structures for
the 201-atom clusters. The A4;Bgo (A122BsoA19) composition is an onion structure, although it

is possible to create an A14Bg; (A1220BgoA1sB1) onion structure as the cluster is atom-centred.
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Figure 4.1: Pt3,Tig core-shell, hex and centroid TO configurations.

The TO conformation was studied as a model of the face-centred cubic (FCC) bulk struc-
ture; the TO structure also allows the study of both (111) and (100) facets on a single cluster.
The purpose of computing these structures was to allow the study of adsorption of relevant

molecules onto various cluster surfaces whilst retaining a constant composition, and investigat-
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ing the effects of mixing and segregation. The core-shell structure provides a pure surface for
adsorption, the hex structure simulates a segregated cluster and the centroid is a mixed config-
uration. For comparative purposes, the core-shell, hex and centroid structures were modelled
with a constant A3;;Bg composition. This composition was chosen as it produces a complete
core-shell arrangement (6 core and 32 shell atoms) whilst still allowing the hex and centroid
geometries to be easily constructed [165].

It was observed that the presence of the titanium in the Pt3,Tig core-shell TO structure leads
to a “hollow” core after relaxation. The core titanium atoms had a bond length of around 3.29
A for the TO structure calculated by PWscf compared with ~2.7 A for pure Tisg. Furthermore,
distortion of the Pt3;Tig hex TO was also observed, producing Ti—Ti bond lengths of over 3.36
A. The increased Ti—Ti bond lengths for the hex structure likely arise from the fact that the Ti
atoms have fewer constraints on the surface of the cluster. In the core positions the atoms are
unable to expand as much as surface atoms because of the presence of the Pt shell. No distortion
of the Pt;,Tig centroid TO structure was observed, suggesting that there is sufficient distance
between Ti atoms to alleviate the cause of cluster distortion. As this bond increase is only
present for the minority-Ti structures it is believed that charge effects could be responsible. If
the Ti atoms gain sufficient positive charge then Ti—Ti repulsion could account for the structural
distortion.

In order to test this, various forms of charge analysis were performed on all structures.
Lowdin, Mulliken and Bader charges were calculated to allow comparisons to be made. The
calculated charges for core-shell Pt;;Tig and PtgTis, clusters are listed in Table 4.2. It was ex-
pected that platinum, with an electronegativity of 2.28 on the Pauling scale, would gain electron
density, becoming more negatively charged compared with the titanium (1.54 on the Pauling
scale). Lowdin analysis resulted in the expected trend, the platinum atoms gain extra electron
density to become slightly negative, thus the titanium atoms are slightly positive. Compositional
effects were observed showing Ti charges in the minority Ti system to be more positive than in
the majority-Ti system. This same trend was observed for Pt, with less negatively charged Pt

atoms in the Pt-rich system compared to the minority-Pt system.
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Table 4.2: Average Bader, Lowdin and Mulliken charges of Pt and Ti for 38-atom core-shell
clusters.

Pt32Ti6 Pt6 Ti32
Pt Ti Pt Ti
Bader -0.22 123 -1.44 0.05
Lowdin  -0.05 025 -0.36 0.07
Mulliken 0.44 -2.35 -1.33 0.25

The Bader charge analysis agreed with the Lowdin analysis, especially for the Pt-rich clus-
ters. Mulliken charges disagreed with the Lowdin and Bader results for the Pt-rich clusters,
suggesting that platinum became positive and titanium negative, although they generally agreed
with Lowdin for the Ti rich clusters. We note, that Mulliken population analysis is known to
be unreliable when calculating charges for transition metal systems [140]. It was found that
the average difference in charge density from the neutral atom for Lowdin analysis was up to
+0.5 |e| compared with unrealistically high values of up to +1.9 and +2.4 |e| for Bader and
Mulliken, respectively.

There was generally little distortion observed in the Pts-Tiz, TO structures, although a dis-
tortion was observed for the centroid structure. This distortion is most likely because the con-
figuration is not stable rather than because of the charge effects observed for Pt;;-Tig. The Tisg
TO structure, when optimised, resulted in distortion tending towards an icosahedral (Ico) struc-
ture instead of TO. This shows that the presence of platinum stabilises the TO structure in the
core-shell and hex conformations, though not for the centroid conformation. This indicates that
it is the Pt—Pt interactions which stabilise majority-Ti TO structures.

When the Pt3,Tig structures are optimised using PWscf, the core-shell conformation is the
most stable isomer and the distorted hex the least stable. For PtgTis,, whilst the core-shell isomer
is the least stable, the distorted centroid isomer is the most stable, as seen in Figure 4.2. Both the
distorted centroid and hex isomers are more stable than the Pt;,Tig core-shell isomer. Although,
the core-shell Pt;,Tig is more stable than the Pty Tis, structure, all of the Ti-rich clusters are more
stable than both the Pt3,Tis centroid and hex isomers. It is beneficial to have a Pt skin covering
the underlying alloyed metal for use in PEFC electrocatalysts [166—169]. It is encouraging that

the core-shell isomer is found to be the lowest lying of the Pt-rich structures investigated.
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Figure 4.2: Binding energies of the Pt;,Tig and PtsTis, clusters with chemical ordering as de-
picted in Figure 4.1.

In the study of larger cluster sizes, calculations have been restricted to high symmetry core-
shell and onion-like configurations, rather than exploring a wider range of chemical ordering
patterns similar to those investigated for the 38-atom clusters. The 79-atom clusters have a
complete core-shell structure at the AgyB9 composition, although it is also possible to study
the AggB; composition for this atom-centred cluster. A;sB3g and A;;0Bg compositions result
in complete core-shell structures for the 116-atom clusters, with shells composed of one and
two layers of species A, respectively. The 140-atom cluster has complete core-shell structures
at AgB44 and A 34Bg as well as an onion structure for A;g;Bsg (AgB3gAg). The Aj,,B79 and
Ai3,B 19 compositions result in complete core-shell structures for the 201-atom clusters. The
A141Bgo (A122BeoA19) composition is an onion structure, although there is the possibility of
creating an A40Be; (A122BeoA1gB1) onion structure as the cluster is atom-centred.

Once again, cluster binding energies (E;'“*") are used to give an indication of the relative
cluster stability. More negative energies suggest that the structure is more stable than those with

less negative energies. Figure 4.3 shows the binding energies associated with pure and alloyed
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Figure 4.3: Binding energies (£,) calculated for pure Pt and Ti and bimetallic Pt-Ti monolay-
ered core shell clusters, studying compositional as well as size effects.

core-shell TO structures for varying sizes and compositions. This shows that the most negative
binding energies, thus the most stable structures, are obtained for the Pt-majority core-shell
clusters, with the least negative, least stable structures obtained for the pure Pt clusters. There
is also a noticeable shift to more negative binding energies as size increases. This is because the
larger clusters studied in this work have increased average atomic coordination numbers than
the small 38-atom clusters. The stability of the Pt-majority core-shell isomer is advantageous
for PEFCs as they benefit from a Pt shell on which the ORR and HOR can take place.

Figure 4.4 shows the calculated binding energies for all 140 and 201-atom cluster com-
positions investigated. This reveals that the Pt-rich core-shell and onion structures had very
similar stabilities. For the Ti-rich clusters, the onion structure is slightly more stable than both
core-shell structures. The Pt-rich clusters remain most favourable for the onion or monolayered
core-shell composition. It can also be seen that the bilayer Pt shell (Pt;3,Tis and Pt;g,Tiy9) clus-
ters are less stable than for the Pt-rich monolayer and onion structures. For the Ti-rich clusters,

the bilayer conformation is slightly more favourable than the monolayer. This suggests that the
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Figure 4.4: Binding energies (£},) calculated for the onion and bilayered core shell structures
for the 140- and 201-atom clusters.

larger Pt core induces more strain within the clusters, making them slightly less stable.

4.3.2 Adsorption Search

A study of OH and CO adsorption onto cluster surfaces was performed, with a view to in-
vestigating how structure and composition can affect bonding energies. There are eight non-
symmetrically equivalent sites on the surface of the 38-atom TO cluster for consideration. These
consist of two atop, three bridge and three hollow sites, shown in Figure 4.5. When setting up
the initial geometries, approximate Pt—O and Pt—C bond lengths were used.

Pt3,Tig TO core-shell clusters were studied and compared with the pure Ptsg TO cluster.
Adsorption energies were calculated of single hydroxyl molecules adsorbed onto specific sites

for comparisons between pure and bimetallic clusters. This involved investigating both the

(111) and (100) faces as well as the bridge, hollow and atop sites.
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Figure 4.5: Adsorption sites for 38-atom TO clusters, showing atop (A), bridge (B) and hollow
(H) sites. In the case of, e.g. A(x,y), x denotes either the (100) where x = 0 or (111) where x =
1 facets.

4.3.2.1 Hydroxyl Adsorption

The PWscf results, shown in Figure 4.6, revealed slightly weaker hydroxyl binding to the
bimetallic cluster Pt3;Ti¢ than to pure Ptzg. Migration of the OH molecule to the edge-bridge-
(100) site was observed for the bimetallic Pt;,Tig cluster. This is most likely because the edge-
bridge-(100) site produces the strongest interaction energy for the Pt3;Tig cluster. Migration
was also observed from the hollow-(111)/(111) to the edge-bridge-(111) site. Although the
edge-bridge-(111) site is not particularly low in energy, this migration most likely results from
the hollow-(111)/(111) site’s being higher in energy with a relatively simple path between the
two sites.

For the pure Ptsg cluster, migration of the hydroxyl molecule from the hollow-(100) to the
edge-bridge-(100) site occurred. Once again, the edge-bridge-(100) site was found to result in
strongest OH binding for the pure cluster. The calculated interaction energy difference between
the edge-bridge-(100) sites for the Pt3,Tig and Ptsg clusters is only 0.02 eV. This indicates little
difference in ORR kinetics at this site for bimetallic PtTi and pure Pt nanoparticles.

For both the pure and bimetallic clusters, the atop-(111) site was the least stable. The
bimetallic Pt3,Tig cluster gave rise to weaker interaction energies than the pure Ptsg cluster.
This resulted in a slightly larger interaction energy difference of ~0.5 eV. Other binding sites
lead to weaker binding of OH to the bimetallic cluster with energy differences around 0.2 eV.

Whilst there may not be a noticeable improvement in the ORR kinetics associated with the
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Figure 4.6: Binding energy of hydroxyl adsorption on (i) Ptsg and Pt3,Tig (Core-Shell) TO, (ii)
Tizg and Pt Tiz, (Core-Shell) TO and (iii) a comparisson between Ptsg, Pt3;Tig, PtgTis, and Tisg
(Core-Shell) TO, on the sites shown in Figure 4.5. Missing data points indicate migration of
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hydroxyl during optimisation, leading to an interconversion of isomers.
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site of strongest binding, the edge-bridge-(100), other sites may exhibit slight improvements.
After these initial studies, the bimetallic PtsTiz, TO core-shell and pure Tizg TO clusters were
examined, although these structures are not ideal for use in a PEFC because of strong Ti—O
bonds. As mentioned, when performing the geometry optimisations of the Tisg TO structure, the
cluster distorted slightly. However, it was still possible to investigate the same site as previously
shown in Figure 4.5. PWscf calculations revealed that binding OH to the Ti surface resulted
in stronger interaction energies than for both bimetallic Pt;;Tig and pure Ptsg clusters. When
studying the resulting hydroxylated PtsTis, TO core-shell structures it was possible to see Pt-Ti
bond stretching associated with the OH binding site.

As for the Pt-rich core-shell cluster, the weakest site of binding on the majority-Ti core-
shell structure was the atop-(111). The same was not true for the site of strongest binding, the
edge-bridge-(111) site for the majority-Ti cluster, compared to the edge-bridge-(100) site for
the Pt-rich cluster. The edge-bridge-(100) site still remains preferable over many of the others
investigated in the majority-Ti case. Far less OH migration was observed for the majority-Ti
cluster, with the only site of migration being from the cent-bridge-(111) to the edge-bridge-
(111) site.

Calculations on the pure Ti cluster revealed, in general, weaker binding of the OH when
compared with the majority-Ti cluster. As for the other systems studied, the site with the weak-
est interaction energy was the atop-(111), with the site of strongest binding found to be the
hollow-(111)/(111). This is different from all other systems, although the deformation of the
TO structure led to distortion of the hollow-(111)/(111) site which is likely to have resulted in
the stronger interaction energy. Once again the only migration observed was away from the
cent-bridge-(111), this time to the hollow-(111)/(100). The interaction energy associated with
the edge-bridge-(111) site of the majority-Ti cluster relative to the hollow-(111)/(111) of the
pure Ti cluster is approximately 0.4 eV.

The Pauling electronegativities of O, Pt and Ti are in the order, O (3.44) < Pt (2.28) < Ti
(1.54). In the previous charge calculations on core-shell Pt;,Tig, the Pt shell became slightly

negatively charged and the Ti core became slightly positive. For the PtsTis, core-shell cluster,
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the Pt core becomes negative and the Ti shell positive. Considering the electronegativities
above, the oxygen in the hydroxyl molecule will be negatively charged. This means that it will
exhibit stronger binding to the slightly positively charged Ti shell than to either the neutral Pt,
or Ti for the pure clusters, or the negatively charged Pt shell for the Pt-rich bimetallic cluster.
The average interaction energy associated with the Pt-rich clusters is calculated to be ~2.6 eV

weaker than those for the majority-Ti clusters.

4.3.2.2 Carbon Monoxide Adsorption

For studies of CO adsorption, the same sites are compared as those for OH adsorption, with
the results shown in Figure 4.7. From Figure 4.7a, we observe that edge-bridge-(100) is the
site of strongest binding of CO on the pure Ptsg cluster. This disagrees with experimental and
theoretical data, which show atop sites on the (111) facet exhibiting strongest CO binding (a
common problem when calculating at the DFT level). Instead, the atop-111 site is found to
have the weakest binding to the CO molecule, although because of the size of the clusters being
studied, this is not a true (111) facet site. Migration is observed from the hollow-(100) to the
edge-bridge-(100) site for the pure Ptsg cluster, differing from the migration observed for OH
from the hollow-(111)/(111) site.

Once again, the bimetallic Pt3,Ti¢ core-shell cluster exhibits weaker CO binding than the
pure Ptsg cluster. For the Pt;, Tig bimetallic core-shell cluster, the strongest CO binding site was
again calculated to be the edge-bridge-(100). There was significant migration to this site, from
the cent-bridge-(111), hollow-(100) and hollow-(111)/(100) site. Comparing the interaction en-
ergy difference between the edge-bridge-(100) site of the bimetallic and pure clusters revealed
an energy difference of ~0.2 eV. The site of weakest binding for the Pt;,Tig core-shell cluster
was again the atop-(111) site. The interaction energy difference between the pure and bimetal-
lic clusters for the atop-(111) site was larger (~1.1 eV). From the previous studies of charge
distribution, the centroid site of the (111) facet gained more electron density than other sites on
the Pt shell. This resulted in the CO molecule at the atop-(111) site binding to a very negative

Pt atom, which suggests why the site may be so unfavourable when comparing the bimetallic to
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Figure 4.7: Binding energy of carbon monoxide adsorption on (i) Pt3g and Pt3,Tis (Core-Shell)
TO, (i1) Tizg and PtgTiz, (Core-Shell) TO and (iii) a comparison between Ptsg, Pt3,Tig, PteTis,
and Tisg (Core-Shell) TO, on the sites shown in Figure 4.5. Missing data points indicate migra-
tion of carbon monoxide during optimisation, leading to an interconversion of isomers.
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Figure 4.8: Observed bonding motifs of Ti—-CO. Carbon monoxide bond lengths (A) are shown.
Atoms are coloured as follows: Ti - Silver, C - Black, O - Red.

the pure cluster.

When simulating CO adsorption on the pure Tisg and bimetallic core-shell PtsTis, clusters,
unusual CO binding motifs were observed, as seen in Figure 6.4. Ti bonding to both the carbon
and oxygen, in a side-on (1)) fashion, instead of forming an axial (') bond to only the carbon,
was observed for the Ti-rich systems. The mode of coordination to the metal surface is denoted
1, where z ranges from 1 to 4. Ti still favourably binds to carbon initially; if attempting to
bond to the oxygen first, bond destabilisation occurs, preventing binding of CO to the cluster.
This is also observed when adsorbing CO on a Pt surface. From the previous calculations it is
possible to see strong Ti—O bonding which is likely to favour this side-on bonding.

The bimetallic Pt¢Tis, clusters exhibited, in general, stronger binding to CO than the pure
Tisg clusters, as seen in Figure 4.7b. The two structures resulting in the strongest interaction
energies for the bimetallic and pure clusters are the 114-n*> motifs seen in Figure 4.8c. The site
resulting in the weakest interaction energy is the p-n* motif seen in Figure 4.8a for both the

bimetallic and pure clusters. Bond distances are also displayed in Figures 4.8a—4.8c. These
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reveal slightly longer C-O bond lengths when adsorbed in this n? fashion, compared with axial
atop, bridge and hollow sites. The C—O bond length associated with these 7' sites is approxi-
mately 1.1 A. Whilst C—O bond elongation corresponds to weakening of the C—O bond, overall
molecular stability is achieved through the increased interaction with the cluster surface ob-
served for the n? coordinated systems. Comparisons of the interaction energy for the majority-
Ti clusters shows average stronger binding by approximately 1.3 eV when compared with the
Pt-rich clusters. It is likely that the stronger interaction energies arise from the increased inter-
action (via Ti—O bonding) with the Ti surface.

It is noted that for the 38-atom TO clusters the presence of a Ti shell produced significantly
stronger interactions with OH and CO molecules. This would inhibit the ORR; in other words,
the electrocatalyst would be less efficient than pure Pt. Also, the electrocatalyst would be more
susceptible to CO poisoning, thus leading to more blocking of active sites on the catalyst sur-
face. When studying the larger clusters, emphasis is placed on the energetically favourable
bimetallic Pt-rich clusters, although Ti-rich clusters are also investigated for completeness.
Comparisons are made with the currently used pure Pt clusters to establish any advantages

which may occur due to alloying.

4.3.3 Electronic Effects

4.3.3.1 Density of States

DOS calculations have been performed to determine the d-band characteristics for varying TO
cluster sizes and compositions. Following geometry optimisation, a projected DOS (PDOS)
analysis was performed on the bare clusters. In conjunction with the PDOS calculations,
Lowdin charge analysis on the various structures was also performed to give an indication of
electron transfer within the cluster. This allows us to link charge effects to changes in the PDOS,
which is discussed later. Unless otherwise stated, when quoting PDOS values, only the outer
shell of atoms is considered. The values are not divided to give data per atom; the values are for

the entire outer shell. This is because it is at the outer layer of atoms that the electrochemical
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Figure 4.9: Relationship between d-band centre (¢,) and d-width (W,) for the 38 (blue), 79
(red), 116 (green), 140 (orange), and 201 (purple) atom pure Pt (diamond), Pt-rich monolayer
(square), Ti-rich monolayer (triangle), and Ti pure (circle) clusters. The data has a least squares
regression (R?) fitness of 0.96.

reactions will occur, so changes in shell properties can have significant effects on the catalytic
activity of a cluster. Averaging over the entire outer shell removes variations due to site specific
changes, e.g., centroid or edge sites gaining greater charge.

Figure 4.9 shows a plot of d-band centre (¢,) and d-width (W) for the 38, 79, 116, 140, and
201-atom clusters, for which the raw data can be found in Table 4.3. As expected, this reveals
the trend that a more negative d-band centre coincides with an increase in d-band width. As a
result of constant d-band occupancy, the d-band centre shifts to more negative values (relative
to the Fermi energy (£r)) as a consequence of the wider d-band. If the d-band were to become
more narrow, this would result in the d-band centre shifting to a more positive value. The d-
band centre of the pure and majority-Pt clusters are found to be more negative than for the pure
and majority-Ti clusters. This is because Pt has nine d-band valence electrons while Ti has only
two.

The d-band centre of the bimetallic Pt-rich clusters is also found to be slightly more negative
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Table 4.3: Calculated values of Fermi Energy (Er), d-band centre (¢;), d-width (W;), and
average charge of various clusters (data for outer shell atoms) as well as OH and CO adsorption
energies.

N %};Zgﬁagl Pt, Er@EV) c4@EV) Wy(eV) Sheli |S|})large O%ds (e\é)o
38 pure 0 -2.75 -0.38 1.05 +0.03 -5.12 -2.87
38 monolayer 6 -2.71 -0.51 1.34 +0.06 -5.14  -3.10
38 monolayer 32 -4.59 -2.32 291 -0.02 -2.26  -0.79
38 pure 38 -4.95 -2.02 2.72 +0.02 -2.78 -1.85
79 pure 0 -2.48 -0.39 1.05 +0.03 -5.85 -3.48
79 monolayer 19 -2.40 -0.40 1.40 +0.07 -5.96 -3.25
79 monolayer 60 -3.98 -2.38 2.98 -0.03 -244 -1.08
79 pure 79 -4.35 -2.11 2.82 +0.02 279 -1.77
116 pure 0 -2.14 -0.16 1.01 +0.04 -6.05 -3.29
116 monolayer 38 -1.95 0.04 1.39 +0.09 -6.15 -3.53
116 monolayer 78 -3.44 -2.46 3.01 -0.04 -2.38  -1.04
116 pure 116 -3.80 -2.08 2.78 +0.02 -2.79 -1.80
140 pure 0 -1.83 -0.39 1.09 +0.03 -6.11 -3.25
140 monolayer 44 -1.73 -0.41 1.44 +0.08 -5.26  -3.78
140 monolayer 96 -3.04 -2.60 3.15 -0.04 -2.54 -0.92
140 pure 140  -3.49 -2.16 2.89 +0.02 -2.69 -1.61
201 pure 0 -1.19 -0.33 1.04 +0.04 -5.12 -3.46
201 monolayer 79 -1.00 -0.32 1.47 +0.10 -6.07 -1.74
201 monolayer 122  -2.26 -2.55 3.09 -0.05 234 -0.71
201 pure 201 -2.64 -2.12 2.83 +0.02 -2.64 -1.52

than for the pure Pt clusters. This trend is observed for all cluster sizes, suggesting that the
formation of a Ti@Pt cluster results in broadening of the d-band. Although the Ti@Pt bimetallic
system has fewer electrons than the pure Pt system, the Ti levels are located higher in energy
than those of Pt (as Ti is more electropositive than Pt) and so broadening occurs upon alloying.
This broadening then results in the observed downshift in d-band centre. It is also possible to
see size effects with, in general, a slight downshift in d-band centre and a broadening of the
d-width as the cluster size increases.

The relationship between d-band centre and d-width for the Ti-rich and pure Ti clusters is
less regular. Pt@Ti bimetallic clusters have slightly broader d-widths than the pure Ti clusters.
This can again be explained by considering the effect of alloying with Pt. The Pt d-band char-

acter is found below that for the Ti d-band. Upon alloying with Pt, broadening occurs due to
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interactions of the lower Pt d-band character with the higher Ti d-band. For the pure Ti and
Ti-rich clusters size effects seem to have little effect on d-band characteristics. The lack of
correlation between ¢, and W, for the pure Ti and Ti-rich clusters is most likely a result of
structural effects. Contraction of Ti—Ti bonds would result in a downshift of the d-band centre,
while elongation would lead to an upshift.

The relationship between the d-band character for Pt and Ti at the 116 cluster size can be
seen in Figure 4.10. This clearly demonstrates that, upon alloying Pt with Ti, the d-band levels
below Er are generally dominated by the Pt orbitals; conversely, the levels above the Er tend
to be dominated by Ti. This likely results from two effects: charge transfer and orbital overlap.
Charge transfer resulting in donation of electron density from Ti to Pt will lead to filling of the
higher d-band states, causing an increase in £/ and a consequent downward shift of the d-band
centre related to Ep. It is likely that orbital overlap will increase as a result of interactions
between the Pt and Ti, resulting in broadening of the d-band and thus a downshift in d-band
centre.

Through the study of larger clusters, it is also possible to investigate compositional effects in
more detail. The 38-atom clusters allows for four high symmetry configurations: two pure and
two core-shell — as does the 79-atom cluster if changes to the single central atom are ignored.
The larger 116-atom cluster allows for the study of six high-symmetry structures: two pure and
four core-shell. The 140 and 201-atom clusters allow for the generation of further structures:
two pure, four core-shell, and two onion. A breakdown of the d-band characteristics for these
larger clusters is given in Table 4.4.

The bimetallic Pt;gTisg cluster has a more negative d-band centre than the pure Pt; 4 cluster.
The Pt;(Tig cluster has a slightly less negative d-band centre than the pure Pt; ¢ cluster. Split-
ting the cluster into layers (inner core, outer core, and shell) reveals the reason for this. For the
pure Pt; 6 cluster the ordering of the d-band centre, with ascending negativity, is inner core (Pt)
> outer core (Pt) > shell (Pt), with a difference of 0.69 eV between the outer core and the shell.
The Pt Ti¢ cluster has altered ordering because of the presence of the Ti core to: outer core

(Pt) > shell (Pt) > inner core (Ti). There is a slightly larger difference between the outer core
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Figure 4.10: Relationship between d-band character for (i) Pty, (i1) Pty1oTie, (ii1) Pt;gTisg,
(iv) PtsgTiqg, (V) PtgTij o and (vi) Tiji6. d-band PDOS is evaluated for fractions of the clusters,
comparing the inner core, outer core, and shell. This demonstrates that the higher orbitals, closer
to the Fermi energy (Er), have predominantly Ti character, whereas the lower-lying orbital are
mostly Pt in character.
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Table 4.4: Calculated Values of d-band centre (¢;) and d-width (IW,;) for Pure, Monolayer,
Bilayer, and Onion Compositions at Varying Sizes Showing the Relationship between Cluster
Inner Core, Outer Core, and Shell Atoms total.

Chemical gq (V) Wy (eV)

Ordering " inner core outer core shell inner core outer core shell
116 pure 0 -0.46 -0.52 -0.16 1.18 1.25 1.01
116  bilayer 6 -3.08 -0.54 -0.11 3.38 1.43 0.99
116 monolayer 38 -2.19 -2.97 0.04 2.87 3.45 1.39
116 monolayer 78 0.14 -0.22 -2.46 1.25 2.12 3.01
116  bilayer 110 0.54 -2.93 -2.01 2.48 3.69 2.68
116 pure 116 -2.90 -2.78 -2.08 3.65 3.56 2.78
140 pure 0 -0.44 -0.55 -0.39 1.16 1.26 1.09
140  bilayer 6 -3.40 -0.70 -0.31 3.70 1.46 1.05
140 onion 38 -0.82 -3.47 -0.35 2.18 3.86 1.39
140 monolayer 44 -2.54 -3.42 -0.41 3.12 3.84 1.44
140 monolayer 96 0.04 -0.26 -2.60 1.22 2.10 3.15
140 onion 102 -3.23 -0.24 -2.60 3.65 2.17 3.17
140  bilayer 134 0.50 -2.86 -2.15 241 3.60 2.86
140 pure 140 -2.73 -2.58 -2.16 3.48 3.36 2.89
201 pure 0 -0.54 -0.64 -0.33 1.20 1.31 1.04
201 bilayer 19 -3.19 -0.71 -0.28 3.54 1.57 1.04
201 onion 60 -0.55 -3.44 -0.29 1.91 3.83 1.42
201 monolayer 79 -2.50 -3.31 -0.32 3.11 3.76 1.47
201 monolayer 122 0.04 -0.29 -2.55 1.25 2.04 3.09
201 onion 141 -3.17 -0.33 -2.64 3.59 2.19 3.18
201  bilayer 182 0.64 -2.93 -2.07 2.35 3.66 2.74
201 pure 201 -2.73 -2.72 -2.12 3.48 3.51 2.83

and shell of 0.92 eV in this case. This shows that the Pt d-band broadening occurs most signif-
icantly at the Pt-Ti interface; in the Pt;oTi¢ case the outer core is able to shield the shell from
the same broadening effects as with the Pt;gTisg cluster. Chen et al. [170] reported experimental
results showing favourable ORR properties when Pt forms a near monolayer on the underlying
nonprecious metal. This supports the results presented here, where the most significant changes
in d-band character happen at the Pt-Ti interface. The same trend can be seen for the larger
clusters in all cases.

The relationship between d-band centre, d-width, and composition for the Ti-rich clusters is
slightly more complex. The pure Ti;;¢ and the bimetallic PtsTi; o clusters have similar d-band

centres. This suggests that the six inner core Pt atoms in the bimetallic PtsTij o cluster have
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little effect on the shell because of the shielding effects of the outer core. For the pure Tijy
cluster the d-band centre ordering, with ascending negativity is outer core (Ti) > inner core (T1)
> shell (Ti). For the bimetallic PtsTi;o the ordering is inner core (Pt) > outer core (Ti) > shell
(Ti). However, the shell of the bimetallic Pt;gTizg cluster has a slightly positive d-band centre
coupled with a larger d-width; the ordering in this case is outer core (Pt) > inner core (Pt) >
shell (Ti). A narrowing of the d-width and a slight upshift in d-band centre were expected to
result from interactions between the Pt core and Ti shell. There is a broadening of the d-band
and a dramatic upshift in d-band centre to a slightly positive value. This suggests that charge
transfer from the Ti shell to the Pt core leads to a positive d-band centre. The same trends are
true for the larger clusters.

The 140 (AysB3gAg) and 201 (A122BgoA19) atom onion clusters result in the cluster shells
having similar d-band centres to those for the AgsB4y and A;25B79 clusters. For the PtogTisgPtg
and Pt TigoPty9 clusters, the d-band centre ordering, with ascending negativity, is inner core
(Pt) > shell (Pt) > outer core (Ti). For the TiggPt33Tis and Tij»PteoTi9 clusters, the d-band
centre ordering, with ascending negativity, is outer core (Pt) > inner core (Ti) > shell (Ti). This
is in line with the previously investigated core-shell structures, showing large changes in d-band
centre at the Pt-Ti interface.

A search of the literature shows that the bulk Pt surface has a calculated d-band centre of
-2.44 eV while bulk Pt;Ti has a calculated d-band centre of -3.16 eV. [171] This demonstrates
the trend of a downshift in d-band centre when Pt is alloyed with Ti, also suggesting weaker
adsorption of e.g. OH to the bulk Pt;Ti system compared with the pure Pt bulk. These results
fit well with the trends observed in this study; as the cluster size increases, tending toward
the bulk, the d-band centre becomes more negative. For the pure Pt clusters, the d-band centre
ranges from -2.02 eV (38-atom) to -2.16 eV (140-atom). For the monolayered bimetallic Pt-rich

clusters, the d-band centre ranges from -2.32 eV (38-atom) to -2.60 eV (140-atom).
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Figure 4.11: Charge density plots showing net atomic charges, with negative charge in blue and
positive charge in red. The scale remains constant across varying compositions and sizes.
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4.3.3.2 Charge Analysis

The results of the Lowdin charge analysis are shown in Figure 4.11, giving composition, average
outer shell charge, and a colour-coded image of the charge distribution. This shows the charges
on clusters of constant size, plotted on the same scale, to investigate how the charge changes
with composition. This clearly demonstrates that most clusters have an outer shell with an
average positive charge, apart from the Ti @Pt core-shell structures. The shell of the Ti-majority
clusters becomes significantly more positive than other compositions. This shows that alloying
Pt and Ti results in a loss of electron density from the electropositive Ti atoms and a gain of
charge density by the electronegative Pt atoms. It also shows that for the pure clusters there is
slight donation from the shell to the core of the cluster.

It is expected that loss of electron density results in a downshift of the £ and a narrowing
of the DOS. This is coupled with the previously discussed observation that a narrowing of the d-
band would result in an upshift in the d-band centre. The overall charge of the clusters remains
neutral (with only the core or shell atoms gaining charge) and the DOS is plotted with respect
to the F/r. This normalisation results in only narrowing or broadening of the d-band: changes
in atomic charge have an observable effect on the d-band centre.

This is clearly demonstrated through studying charged Pt;g TO clusters. The DOS charac-
teristics were studied for the entire cluster as electron density was altered for the whole system.
The neutral cluster was compared with Ptsg” clusters where x = -2, -1, +1, and +2. Figure 4.12a
shows the relationship between the £ and d-band centre, demonstrating that changes in the E'r
due to charge have no effect on the d-band centre. Instead, the d-band centre changes, because
of broadening or narrowing of the d-band, as seen in Figure 4.12b. It is apparent that as the
cluster becomes more positive, the E'r decreases, the d-width decreases and there is an upshift
in the d-band centre energy, the reverse is found for negative clusters.

Changes in charge distribution are plotted in Figure 4.12c. The figure shows the average
number of electrons in the s-, p-, and d-bands. The partial charges are normalised to the values
calculated for the neutral cluster. A negative value indicates gain of electrons and positive

values represent loss of electrons. When the cluster becomes negative, the p-band gains more
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Figure 4.13: Relationship between d-band centre (¢;) and charge for the 38 (blue), 79 (red),
116 (green), 140 (orange), and 201 (purple) atom pure Pt (diamond), Pt-rich (square), Ti-rich
(triangle), and Ti pure (circle) clusters. The data has a R? fitness of 0.71.

electron density than the s- or d-bands. Conversely, when the the cluster becomes positive, it is
the d-band that loses the most electron density.

Figure 4.13 shows the relationship between charge and d-band centre for various cluster
sizes with varying compositions. For the Pt-rich clusters, a loss of charge density results in
the d-band centre becoming more negative. Also, as the cluster size increases, there is greater
transfer of negative charge to the outer shell. The same is not true for the Ti-rich clusters, where
gain of positive charge results in a downshift in the d-band centre. This is likely because of
structural effects, (e.g., bond strain) cancelling out the various charge effects through opposing

changes in d-band characteristics.

4.3.3.3 Chemisorption Studies

In the second set of chemisorption studies, calculated adsorption energies are linked to previ-
ously discussed DOS values. This enables an indication of how changes in the composition and

size of clusters affects adsorption energies brought about by changes in the electronic structure
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of the cluster. The adsorption energies reported in Table 4.3 are for the atop-(111) facet site
only. It should be noted that this site is not actually the most favourable for these types of
systems. In the study on the smaller 38-atom clusters (see Section 4.3.2), it was found that the
site of strongest binding (the edge-bridge site between the (111) and (100) facets) demonstrated
little difference between absorption on the pure or bimetallic clusters. When comparing ad-
sorption energies for the other sites, more significant differences were observed. As the cluster
size increases, the number of strongly binding edge-bridge sites decreases relative to the other
sites where differences in the adsorption energies were observed. It was thought that the atop-
(111) site would be most suitable to allow relevant comparisons between the pure and bimetallic
clusters. This site also has the advantage of being a locally stable binding site; no barrierless
migration from the site was observed in the previous study of the 38-atom clusters.

Figure 4.14a shows the OH adsorption energy decreasing, as the d-band centre became more
negative, shifting down relative to the Er. This trend is generally observed across varying clus-
ter sizes and compositions suggesting a close relationship between the calculated d-band centre
and the adsorption energy which has been extensively discussed in the literature. [171-173]
This explains the slight weakening of OH adsorption on the bimetallic Pt-rich clusters com-
pared with other cluster compositions. The d-band centre characteristics help to explain the
differences in binding energy for the pure and bimetallic clusters investigated in this study.
Stronger binding is observed for the pure Pt clusters compared with the bimetallic Pt-rich clus-
ters. This can be attributed to the downshift observed in d-band centre when comparing the
pure with the bimetallic. This downshift results from filling of orbitals in the Pt shell through
donation of d-band density from the Ti core.

The adsorption energy associated with CO bonding has also been studied in order to assess
the susceptibility of the electrocatalyst to CO poisoning. From the previous studies (in Section
4.3.2), it was found that reducing the Pt—C bond strength results in a reduced susceptibility to
CO poisoning. [174] This study is aimed at establishing the strength with which a CO molecule
binds to the cluster surface. The previous investigations demonstrated unusual CO bonding to

the Ti-rich clusters, where both the C and O are bound to the Ti surface. This is once again
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109



observed for the larger cluster sizes. This unusual binding motif results in stronger CO bonding
than would be observed for the more common axial binding motif, with M-C binding only. As
previously mentioned, this binding motif was attributed to the particularly strong Ti—O bonds
that formed.

The Blyholder model [175] is commonly used to describe CO bonding to metal surfaces
through a donor-acceptor mechanism. Bonding occurs with electron transfer from the highest
filled (50) molecular orbital of the CO, to unoccupied metal orbitals and back-donation from the
occupied metal orbitals to the lowest unfilled (27*) orbital of the CO. Hammer et al proposed a
quantitative model for relating changes in the CO chemisorption energy to shifts in the energy
of the d-band centre [176], as in Equation 4.4.

—2(1—f) B, B

AEq py = —2f +2(1+ f) 5085, + 2fyorBan 4.4)
leqd — €56] lear — €4l

In Equation 4.4, the first two terms account for attractive interactions, while the second two
are repulsive terms. For transition metals, the d-band couples much more strongly to the 27*
orbital than the 50 orbital. It is therefore possible to simplify this expression and describe
M-CO interactions as in Equation 4.5 [177].

B

AEd—hyb ~ _2f|52 — €d|

+ 2 fY2r o (4.5)

When the d-band is narrow and the d-band centre (¢4) is small, the attractive term dominates.
For a wide d-band, with a corresponding downshift in the d-band centre, resulting in a large
4, the first attractive term is smaller meaning meaning the second repulsive term will have a
greater effect.

Results for CO adsorption energies are presented in Figure 4.14b. A similar trend is ob-
served for CO adsorption as with OH adsorption. As the d-band centre upshifts towards Fr,
the adsorption energy becomes more negative resulting in stronger binding, in agreement with
Equation 4.5. This suggests electronic effects contribute significantly to the weaker binding

energy of CO to the bimetallic Pt-rich cluster compared with other compositions. The CO
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adsorption energy for the Pt;9Ti 5, cluster is significantly higher in energy than for the other Ti-
rich clusters. This is because the calculation reaches convergence with the CO still in the axial
position. When setting up all chemisorption calculations, a slightly longer M-CO bond length
was generated for the initial structure. The idea behind this was to avoid favouring the planar
binding motif. In all other calculations, the M-CO bond length reduced throughout the geometry
optimisation cycles until the oxygen was close enough to the cluster surface that a switchover
between the axial and planar geometries occurred. While this did not occur for the Pt;9Ti 5,
cluster, with the oxygen remaining too far away from the Ti surface, it does demonstrate the
significantly stronger binding exhibited by the CO in the planar conformation compared with

the axial conformation.

4.4 Conclusions

In this study, DFT calculations have indicated that bimetallic core-shell Pts;,Tig clusters exhibit
slightly weaker hydroxyl binding compared with pure Ptsg clusters. Weaker Pt—O bonding has
been linked to improved ORR kinetics in PEFCs as discussed previously. This suggests that
alloying Pt with Ti may provide small improvements to the PEFC electrocatalyst reactivity.
If Ti were to form the cluster skin, the Ti—O bond would be significantly stronger. Hydroxyl
binding is found to be stronger for the bimetallic PtsTis, cluster than the pure Tisg cluster, most
likely because of charge effects.

The same trend can be seen for CO, with weaker binding to core-shell Pt3,Tig than to the
pure Pt cluster and stronger binding to the majority-Ti clusters. CO binding to the bimetallic
Pt¢Tis; cluster was found to be stronger than to the pure Tisg cluster. This probably results from
the unusual binding motifs observed, involving Ti—O as well as Ti—C binding. This suggests
that the Pt3;Tig core-shell clusters should provide reduced susceptibility to CO poisoning. This
is particularly useful at the anode where CO poisoning is a prevalent problem.

The initial study focused on 38-atom TO clusters, whilst later work investigated size effects

for the bimetallic PtTi system. It should be noted that the Pt3,Tig clusters contain roughly 85%
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Pt and 15% Ti. This would not lead to a dramatic reduction in Pt loading. As cluster size
increases, there is a significant decrease in Pt content for the core-shell TO nanoparticles. For
example, the 1.7 nm 201-atom TO cluster with a complete Pt;,,Tiy9 core-shell structure results
in 61% Pt and 39% Ti loading. Larger sized nanoparticles would lead to further reductions in Pt
content. This demonstrates that significant reductions can be made in Pt loading for core-shell
TO nanoparticles compared with the 38-atom clusters investigated in the initial study. This also
demonstrates that the clusters can result in significant reductions in cost when compared with
the Pt3Ti bulk system.

From the results presented in the DOS study, it was found that compositional and size effects
can have a significant effect on the d-band properties of the PtTi nanoparticles. Shifts are
observed in the d-band centre when comparing pure and bimetallic clusters, with downshifts
observed for the Pt-rich bimetallic clusters compared with the pure clusters. For Pt-rich clusters,
this downshift has been previously noted in other systems such as bulk Pt;Ti. In this study,
when comparing the nanoparticles to the bulk system, this shift seems to vary with size and
composition.

Changes in the d-band centre are ascribed to changes in electron density, with electron
donation from Ti to Pt. This accounts for the downshift observed for the shell of the Pt-rich
cluster with donation from the Ti core to the Pt shell, resulting in greater filling of the d-band.
These changes in d-band characteristics were found to have an effect on the binding energies
of OH and CO. It was also shown that where a downshift in d-band centre occurs, leading to
more occupied orbitals, this results in weaker binding. An upshift in d-band centre, suggesting
more unoccupied orbitals, results in stronger binding. This suggests that while the bulk Pt;Ti
system results in a slightly weaker Pt—O bond than would be desired, nanoparticles may result
in slightly stronger binding. From the calculations performed here, it is possible to see that
while slightly stronger adsorption is observed compared with the bulk system, weaker binding
is observed compared with the pure Pt clusters. This means that the nano PtTi alloy system

should present advantages over both bulk Pt;Ti and pure Pt nanoparticles.
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Chapter 5

Oxygen Dissociation on Pt and Ti@Pt

Nanoparticles

5.1 Introduction

In the work presented in this chapter, oxygen dissociation is studied for pure Pt clusters as well
as core-shell Ti@Pt clusters. As stated in Section 1.5.2, oxygen dissociation is one of the initial
stages of the ORR. The studies presented in Chapter 4 have demonstrated the potential for the
alloyed PtTi system to form improved PEFC electrocatalysts for anodic and cathodic reactions.
Whilst it has been suggested that the rate limiting step in the ORR is due to particularly strong
Pt—OH bonding, it is a necessity that the formation of any alloyed system does not have too
much of a detrimental effect on other stages of the ORR.

Initially focusing on 38-atom clusters, barrier-free dissociation is observed for the Ptsg clus-
ter on the (111) surface. However, dissociation barriers are observed for the (100) surface as
well as both (111) and (100) surfaces on the Pt3;Tig cluster. This behaviour is explained through

an in depth study of cluster stability and is further investigated for larger clusters.
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5.2 Methodology

5.2.1 Nudged Elastic Band

The nudged elastic band (NEB) method is a technique commonly used to calculate reaction
pathways. This is achieved through relaxation of an estimated pathway to find the minimum
energy path (MEP) between known initial and final states. A number of intermediate images
along the reaction path are optimised with each image finding the lowest energy possible while
maintaining equal spacing to neighbouring images. This constrained optimisation is achieved
by adding spring forces along the band, between images and by projecting out the component
of the force resulting from the potential perpendicular to the band.

An elastic band with N — 1 images can be denoted by [Ry, Ry, Rs, ..., Ry|, where the end
points, Ry and Ry, are fixed and given by the energy minima corresponding to the initial and
final states, the vector [?; has the Cartesian coordinates of the atoms for image 7. The N — 1
intermediate images are subject to projected forces and adjusted by the optimisation algorithm
to find the MEP.

FiNEB _ FZ-S” 4+ EQL (5.1)

Ff” are spring forces acting along the local tangent to the path 7;, where k is the spring constant

used to keep the images equally spaced along the path.
FYly =k (|Ris1 — Ri| = [Ri — Ria) 7 (5.2)

F? * is the true force arising from the potential which acts perpendicular to the path.

Fo = F, — (F,-7)7 (5.3)

)

Convergence is reached when all images lie on on a steepest descent (SD) path.
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5.2.2 Dimer Method

In some simple systems, reaction endpoints can be guessed and the nudged elastic band can
be used to find reaction pathways. In more complex systems, it has been shown that reactions
often take place via unexpected mechanisms. The dimer method is designed to deal with this
problem by searching for saddle points corresponding to unknown reaction mechanisms. The
dimer method is a min-mode following method that allows any initial configuration to be used
as a starting point to search for a nearby saddle point. The method can also search in random
directions for a saddle point when starting from a minimum basin.

In the dimer method, the gradients ¢g; and g, of the “dimer”, two close-lying points (z; and
x9) of distance 2A on the PES, are calculated. With the dimer direction 7 = (1 — x5)/2, the
dimer is rotated around its midpoint, against gradients g; and g,. With 7 = 7/|7| the rotational

force Fg is equivalent to a torque of 7' = —7 X (g1 — go)-

Fr=—(g1—92) + (91 — g2) - 7|7 (5.4)

When F is minimised, the dimer aligns along the eigenmode of the Hessian with the lowest
eigenvalue, thus the softest vibrational mode. This results in a minimisation of the dimer end
points and the curvature of the energy surface along 7. Once rotational convergence has been
achieved, the dimer is translated to maximise the energy with respect to 7 and to minimise the
energy in all directions perpendicular to it. Translational force is calculated with g, being the

gradient at the dimer midpoint.

Fr=—go+2(go - 7)7 (5.5

Alternating rotational and transitional steps are taken, assuming Fi finds the global softest

mode, iterative translations along F7 allow for convergence on first order saddle points.
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5.2.3 Computational Details

Calculations were performed using the Vienna Ab initio Simulation Package (VASP) 5.2 [127-
130]. The 5d°, 6s' of Pt, 3d°, 4s' of Ti and 2s%, 2p* of O were treated as valence electrons,
while the ionic cores have been represented by the projected augmented wave (PAW) method
[178,179]. Electronic exchange and correlation were described using the generalised gradient
approximation (GGA) using the Perdew Wang 91 (PW91) formula [180, 181]. The Methfessel-
Paxton smearing method has been used with a width of 0.1 eV and an energy cutoff of 415.0
eV was employed. All clusters were placed in the centre of a large enough supercell to ensure
sufficient separation between periodic images, the I" point is used to sample the Brillouin Zone.
Atoms were then relaxed according to the calculated atomic forces, with convergence criteria for
energies and forces required to be better than 1.0 x 10* eV/atom and 0.02 eV/A, respectively.
Electron spin is restricted to the lowest possible multiplicity, as spin unrestricted calculations
resulted in little difference at considerable computational expense.

Geometry optimisations were performed using the standard VASP code. Dissociation path-
ways were investigated using the VTST implementation of the VASP code, by first generating
an approximate pathway using the Nudged Elastic Band (NEB) method [182], as described in
Section 5.2.1, with further refinements achieved using the Dimer method [183], as described in
Section 5.2.2. Bader charges [136] were calculated using the standard VASP code, with analysis

performed using the Bader code [184] also from the Henkelmen Group.

5.3 Results and Discussion

5.3.1 Bulk Pt

Large metal nanoparticles are often approximated in computational studies of catalysts by in-
finite slab models of (111) surfaces [185]. Hence, the study starts with the investigation of O,
dissociation on slabs. There are four non-symmetry equivalent sites on the surface of the infi-

nite (111) slab, the atop, bridge, fcc and hcp sites. It is found that the bridge and fcc sites are
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energetically competitive, the £ for O, at the bridge site being -0.87 eV, while it is -0.86 eV
for the fcc position. This is in good agreement with experimental and theoretical studies, which
have found both sites favourable for O, chemisorption [186—190]. The Acp site is 0.1 eV higher
in energy than the fcc site (at -0.76 eV), while migration occurs when locally minimising O, at
the atop position, resulting in O, bonding to the more favourable fcc site.

For the Pt(111) system, the oxygen molecule is initially adsorbed on a three-fold fcc hollow
site, before dissociating, resulting in each O atom being bound to fcc hollow sites. The disso-
ciation barrier on the Pt(111) slab is found to be 0.45 eV, in agreement with other calculations,
which find a barrier of between 0.4 and 0.6 eV, presented in the literature [191-195] as well
as experimental studies. [196] An O-O distance of 2.10 A is found at the transition state (TS)
structure; this compares to an O—O distance of 1.40 A for the initial state (IS) and 1.24 A in
the gas phase O,. Significant elongation of the O—O bond suggests a late transition state. The
average Pt—Pt bond lengths in the fcc sites below the adsorbate for the IS, TS and final state
(FS) structures are close: 2.94, 2.98 and 2.97 A, respectively. However, the average Pt—Pt bond
length for the pure Pt(111) surface is found to be 2.82 A for the fcc hollow. This shows slight
elongation of the Pt—Pt bond length when O, is adsorbed, by < 0.15 A. This is reflected in the
relatively low RMSD values of 0.03, 0.05 and 0.05 A, respectively, for IS, TS and FS struc-
tures. It was expected that a shortening of the Pt—O bond would be observed, corresponding to
increased interactions with the Pt surface as O, dissociates. Indeed, average Pt—O bond lengths
are 2.14, 1.95 and 2.05 A for the IS, TS and FS, respectively.

The distortion energy of the bulk slab (AE(Pt,,)) is found to be 0.17, 0.25 and 0.39 eV
for the IS, TS and FS, respectively. Greater distortion of the surface is generally expected as
the system progresses from the IS to the FS due to greater Pt—O interactions and a reduction in
O-0 interactions. AE(O,) values calculated for the IS, TS and FS are 0.64, 5.72 and 6.34 eV,
respectively. The average charge on the Pt atoms directly below O, are +0.18, +0.34 and +0.29
le| for the IS, TS and FS, respectively, while overall average charges on O, are -0.34, -0.57 and
-0.76 |e| for the IS, TS and FS, respectively. For all states, electron density is withdrawn from

Pt by O, with increased charge transfer as the system progresses from the IS to the FS. There is
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greater Pt charge transfer when comparing the TS to the FS because O, is bonded to one 3-fold
fcc hollow site in the TS and two in the FS.

The PtTi(111) alloyed system was also considered with a model (which has been studied
before [171]) where the second layer of the slab was set as Ti and the top three layers (Pt - Ti -
Pt) were allowed to fully relax. During the geometry optimisation, however, it shows instability
and surface and subsurface layers can no longer be identified as (111). In order to study a more
realistic model of the PtTi(111) alloyed system, Ti@Pt nanoparticles were considered, with Ti
cores, where the effect of edges, larger flexibility, etc. can be taken into account. Three model

clusters have been studied, consisting of 38, 79 and 116 metal atoms.

5.3.2 38-Atom Clusters

5.3.2.1 Oxygen Adsorption

On the surface of the 38-atom TO cluster there are eight symmetry inequivalent sites for a
pure surface composition of the monometallic and alloyed core-shell clusters, shown in Figure
5.1. Adsorption studies of atomic and molecular oxygen were performed on all non-symmetry
equivalent sites. [, values were then calculated, the results of which can be found in Table
5.1. Two possible bonding orientations were studied for O, adsorption, axial and planar. The
axial configuration has O, bound to the surface through one O atom. The planar configuration
is bound parallel to the surface, where the adsorbate position is defined in the following by the
position of the middle of the O—O bond. It was found that the planar conformation is favourable
in all cases, hence only those values are listed in Table 5.1.

For the pure Ptsg cluster, three-fold hollow positions 6 and 7 on the (111) facets, as well as
the edge bridge position 5 between the (111) and (100) facets are the most stable for adsorption
of atomic oxygen, -5.21, -5.12 and -5.12 eV, respectively. Interestingly, on Pt3,Ti¢, three-fold
hollow positions are no longer locally stable and move to bridge sites (4 and 5). Position 5 is
the most stable site, with an E, value of -4.78 eV, a decrease of 0.34 eV with respect to the same

position on the pure Ptsg cluster.
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Figure 5.1: Top view of the surface (dark grey) and subsurface (light grey) metal atoms at a
(111) facet sites on the 38 (left) and 79 (right) atom TO clusters.

Q
O-
@

O G

o
O‘
o

Table 5.1: Calculated binding energies ([}) for atomic and molecular oxygen on all non-
symmetry equivalent sites of the 38-atom clusters, shown in Figure 5.1. Missing values are
the result of oxygen migration to other sites during relaxation, as labelled. All energies are
given in eV.

Site Position Pt3z—O Pt3g—O, Pt3Tig—O Pt3;Tig—0O,

1 top -4.17 -0.51 -8 -b
2 top -4.48 -0.77 -4.16 -0.59
3 bridge -b -1.66 -8 -0.57
4 bridge -4.72 -1.67 -4.39 -1.02
5 bridge -5.12 -2.01 -4.78 -1.75
6 hep -5.21 -1.84 -¢ -0.73
7 fec -5.12 -1.80 -8 -0.37

4-fold c c
8 hollow -4.79 - -4.25 -

# Adsorbate migration to position 4.
b Adsorbate migration to position 6.
¢ Adsorbate migration to position 5.
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For O, adsorption, position 5, the edge-bridge site between (111) and (100) facets is most
stable on both Pt3g and Pt3,Tie, £}, values are -2.01 and -1.75 eV, respectively. Hollow positions
6 and 7 are next in stability, -1.84 and -1.80 eV, on Ptg, while on Pt3,Tig other bridge positions
are more favourable. Edge-bridge sites are also found to be positions of favourable O, bonding
in other studies. Step sites on Pt(111) surfaces have been reported to result in particularly sta-
ble oxygen bonding. [197, 198] Furthermore, studies of Pt TO clusters has revealed favourable
bonding at the edge-bridge sites. [199] Calculations on the Pt(100) surface have favoured bond-
ing to bridge sites, in line with the results presented here. [200] As with the previous OH and
CO adsorption studies [201,202], weaker bonding for O, and O is calculated for the bimetallic
Ti@Pt cluster when compared with the pure Pt cluster.

It was expected that oxygen dissociation will occur preferentially at sites with higher Ej
values, where oxygen is most likely to adsorb on the surface of the cluster. Due to the small
size of the cluster, it would be relatively easy for molecular oxygen to dissociate and migrate to
any of the other seven sites, or an equivalent site in a different location on the surface. It was
therefore assumed that dissociation will also likely result in atomic oxygen being adsorbed on
the most energetically favourable sites. The energetic ordering of adsorption for molecular oxy-
gen was similar to that of atomic oxygen, making the proposed dissociation pathways relatively
straightforward.

The most stable sites, the edge site 5, as well as hollow sites 6 and 7 were studied. For each
pathway, O, dissociation proceeds from one site to an adjacent position at an equivalent site
(e.g. O, bound to position 5 dissociates to atomic oxygen bound to separate 5 sites). Data for
each dissociation pathway are presented in Table 5.2. In each case, distortion energies of the

cluster and O, at each step of the dissociation pathway are presented.

5.3.2.2 Distortion and Interaction Energies

Representations of the minimised geometries for the IS, TS and FS can be found in Figures
5.2-5.7. Studies of the IS show that the distortion energy values (AE(Pt,,_,,T,,)) associated

with Ptsg clusters are higher than those for the Pt3;Tig clusters. The distortion energies associ-
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IS(side-view) TS(side-view) FS(side-view)

Figure 5.2: IS, TS and FS structures for O, dissociation on Pt;g, when O, is located at position
5. Only the top two layers of metal atoms are shown.

IS(side-view) TS(side-view) FS(side-view)

Figure 5.3: IS, TS and FS structures for O, dissociation on Pt3;Tig, when O, is located at
position 5. Only the top two layers of metal atoms are shown.
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IS(side-view) TS(side-view) FS(side-view)

Figure 5.4: IS, TS and FS structures for O, dissociation on Pts;g, when O, is located at position
6. Only the top two layers of metal atoms are shown.

TS(top-view) FS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.5: IS, TS and FS structures for O, dissociation on Pt;,;Tig, when O, is located at
position 6. Only the top two layers of metal atoms are shown.
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IS(side-view) TS(side-view) FS(side-view)

Figure 5.6: IS, TS and FS structures for O, dissociation on Pt;g, when O, is located at position
7. Only the top two layers of metal atoms are shown.

IS(side-view) TS(side-view) FS(side-view)

Figure 5.7: IS, TS and FS structures for O, dissociation on Pt3;Tig, when O, is located at
position 7. Only the top two layers of metal atoms are shown.
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ated with both clusters are also found to be greater than those for the pure slab, in most cases.
O, distortion energies (AE(O-)) show greater distortions of the O, molecule adsorbed on Ptsg
compared with Pt3,Tig for the IS structures. However, as mentioned previously, larger in mag-
nitude adsorption energies are observed for the Ptsg clusters than for the Pt3,;Tig clusters. This
suggests that the increased interaction energy of O, with the Pt surface of the pure cluster, over-
comes the distortion energies to a greater extent than for the bimetallic clusters. Furthermore,
the stronger Pt—O binding will likely aid in distorting both oxygen and the Ptsg cluster to a
greater degree than the Pt3,; Tig cluster. AFE(O,) values calculated for the bulk system are found
to be greater than those on the (100) facet of both clusters but these are smaller than on the (111)
facet. The greater distortions on the cluster (111) facets than those on the slab probably result
from the increased binding energies on the clusters.

Distortion energies in the TS structures show, in general, that there is a greater distortion
energy associated with the Pt3;Tig clusters. The one exception is where distortion occurs on
site 7 of the Pt;,Tig cluster, because different types of TS structures are possible. In this case,
a “straight” dissociation pathway is located over the central atop position (site 1) of the Pt3;Tig
cluster. For dissociation on site 6, however, a more curved pathway is preferred, avoiding the
atop position and instead progressing over the hollow sites of the alloyed cluster. However, the
fact that the distortion energies for the Pt;,Tig clusters are significantly higher than for the Ptsg
clusters suggests that the presence of the Ti core in the alloyed cluster stabilises (makes more
rigid) the Pt shell. Nevertheless, the alloyed cluster is still distorted by the adsorbate. In all
cases, the cluster distortion energies are greater than that of the slab, suggesting that the slab
is significantly harder to distort than both clusters at the TS, leading to little change in the slab
structure. Similarly to IS, data for the FS show the distortion energies associated with the Ptsg
clusters are higher than those for the alloyed Pt3,Tig clusters in all cases. Once again, there are
generally greater distortion energies associated with the clusters than the slab. This was found
to be the case also for positions 5 and 6.

For the pure Pt clusters, the IS and TS have similar distortion energies and the FS is found

to have slightly greater distortion energies. This is consistent with atomic oxygen’s having a
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greater effect on the Pt surface than the single O, molecule. For the Pt3,Tig clusters, it is found
that the TS generally has greater distortion energies than the IS or FS. The exception to this is
dissociation occurring at position 7, where a relatively small distortion energy is found at the
TS compared to a relatively high energy at the FS. In summary, this energetic ordering suggests
that at sites 5 and 6 greater distortions occur at the TS, not the FS as with the pure Pt clusters.

RMSD of the metal atoms are also listed in Table 5.2 but it is important to note that O,
distortions are not accounted for. These indicate the geometric distortion of the metal particle
as a result of adsorption of the O, molecule. Data on distortions to specific facets of the cluster
are described later. For RMSD analysis, the geometry of the distorted cluster, with O, removed,
is compared to the geometry of the relaxed gas phase cluster, with higher values suggesting
greater distortion. For the Ptsg clusters, there is a larger RMSD associated with O, adsorption
on the (111) facet, compared to the (100) facet, an average of 0.19 and 0.09 A, respectively.
For the Pt3,Tig clusters, there is less difference between O, adsorption on the (111) and (100)
facets, 0.03 — 0.11 A vs. 0.06 — 0.10 A. Furthermore, it is found that smaller RMSD values
for the bimetallic clusters can lead to greater distortion energies than for the pure Pt clusters.
This shows that even though there is less overall distortion, there is a greater energetic cost
associated with it for the Pt3,Tig clusters. This is expected, as the Pt, dimer binding energy is
found to be -4.11 eV, which is destabilised over both the PtTi and Ti, dimers, -6.08 and -5.34
eV, respectively. Compared with the values calculated for the bulk system (<0.05 A), there
are significantly greater RMSD values associated with the Ptsg clusters and marginally greater
values for the Pts, Tig cluster.

AE(Pt,_,Tiy)/RMSD has been calculated, showing the energy needed to achieve RMSD
of 1.00 A. An average of 1.71, 3.17 and 1.63 eV A"! more energy is required to distort the Pt3, Tig
cluster than the Ptsg cluster at the IS, TS and FS, respectively. This demonstrates the significant
energy barriers that need to be overcome in order to distort the Pt;,Tig cluster compared to the
Ptsg cluster.

A high dissociation barrier (A E7) is found for site 5, on the (100) facet of the Pts, Tig cluster,

0.62 eV, this being approximately twice that of the pure Ptsg cluster, 0.32 eV (Table 5.2). When
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Figure 5.8: Bond numbering on the 38 (left) and 79-atom (right) TO clusters.

considering the (111) facet of the Pt;,Tig cluster, the dissociation barriers for sites 7 and 5 are
equal, 0.62 eV, while for site 6 the barrier, 0.34 eV, is about half that of the other two sites. The
Ptsg cluster is found to exhibit barrier-free dissociation on the (111) facet, which dramatically
differs from the 0.45 eV barrier found on the Pt(111) slab. On the (100) facet of the Ptsg cluster

(site 5), comparable dissociation barriers are found to site 6 on the Pt;,Tig cluster.

5.3.2.3 Geometric Analysis

Analysis of the system geometries can be found in Table 5.3. O—O bonds, in general, are shorter
for the IS adsorption on the (100) facet. However, at the TS, generally shorter bond lengths are
associated with the (111) facet. When studying the average Pt—O bond length, as the system
moves from the IS to the TS, the average bond length gets smaller. The average Pt—Pt bond
lengths are found to be 2.65, 2.70 and 2.70 A for bond types 1 to 3, respectively for the bare
Ptsg cluster, while for the bare Pt3,Tiq cluster, the corresponding Pt—Pt bond lengths are slightly
larger, 2.69, 2.71 and 2.74 A for sites 1 to 3, respectively.

Once oxygen is adsorbed on the (100) facet of the Ptsg cluster, significant elongation of
bond type 2 by up to 0.54 A is observed, although there is less overall distortion of the cluster
geometry. Following oxygen adsorption on the (100) facet, the average distortion of the Pt—Pt
bonds calculated from the data in Table 5.3 is 0.43, 0.53 and 0.78 A for sites 5, 6 and 7 on the

Ptsg cluster, respectively. When O, is adsorbed on the (111) facet, there is a slight elongation of
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Figure 5.9: Splitting the cluster into top and bottom portions to analyse relevant movement of
the plane defined to measure distortions. Pink atoms are at the top of the cluster, whilst green
are at the bottom. The plane passes through the centre of the adjoining (111) surfaces to that at
which the O, is adsorbed, in this case depicted by the orange atoms.

bond type 1 by up to 0.29 A, although not as much as for bond type 3 by up to 0.85 A, which is
significantly elongated. There is generally a slight contraction in the bond length of type 2 by up
to 0.06 A. This suggests that the majority of the distortion that occurs when O, is adsorbed on
the (111) facet of the Ptsg cluster is due to changes in the bond length of type 3, bonding to the
central (111) atom. For the Pt3,Tig cluster significant elongation is observed of bond type 2 by
up to 0.57 A, when O, is adsorbed on site 5 of the (100) facet. However, there is considerably
less distortion of the other bond types when O, is adsorbed on the (111) facet, the maximum
distortion observed being <0.37 A.

Pt-Xc"" yalues were only calculated for dissociations on the (111) facet. From the values
presented, there are few well-defined trends when comparing initial, transition and final states.
However, the point of these values is to demonstrate the differences between the Ptsg and Pts3;Tig
clusters. Pt-X®"" was calculated by defining a plane through the cluster, parallel to the (111)
facet on which oxygen is adsorbed and then measuring Pt distortions along the y-axis from that
plane. The plane passes through the central atoms of the (111) surfaces surrounding the facet
on which the O, is adsorbed, as shown in Figure 5.9.

Following O, adsorption, Pt-X“""* distances are presented in Table 5.4. This reveals small

distortions, < 0.14 and < 0.08 A for the Ptsg and Pts,Tig clusters, respectively, measuring
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Table 5.4: Pt-X""® distances relative to those of the bare clusters. Positive values show atoms
being drawn out of the plane, leading to elongation of the cluster in the y-direction, whilst
negative values show compression of the cluster in the y-direction. All values are given in A.

IS TS FS
Top Bottom Top Bottom Top Bottom
Ptss-6 0.83 0.13 0.82 0.14 051 0.14
Pt;;Tig-6  -0.12  0.07 0.42 0.04 -0.23 0.08
Ptsg-7 0.83 0.00 0.82 0.00 091 0.00
Pt;,Tig-7 -0.18  0.03 -0.07 004 -0.19 0.02

distances from the plane to the bottom of the cluster. More significant changes are seen at the top
of the cluster, < 0.91 and < 0.42 A for the Pts3 an Pts, Tig clusters, respectively. Furthermore,
it is found that there is considerably stronger distortion of the Ptsg cluster, with the atop central
(111) atom being pulled out of the plane. The relationship between Pt-X"" and distortion

barriers can be seen in Figure 5.10 for the IS and TS.

5.3.2.4 Bader Charge Analysis

Previously studied charge transfer between Pt and Ti atoms within alloyed systems [202] is
discussed in Chapter 4. For reference, the electronegativities of Pt, Ti and O are 2.28, 1.54
and 3.44 on the Pauling scale, respectively. For the bare clusters, there is significant electron
donation from Ti to Pt, which likely results in the strong core-shell interactions that stabilise the
Pt surface. The average charges for the Pt;,Tig cluster are found to be -0.36 and +1.94 |e| for Pt
and Ti, respectively. Following this, an analysis was performed of the effect of the adsorbate on
the atomic charges, as shown in Table 5.5.

When O, is adsorbed on the surface of the pure Ptsg cluster, the Pt atoms on which the
oxygen is adsorbed have a positive charge +0.22 — +0.31 |e|. It is generally found on Ptsg
and Pt;,Tig clusters, that the Pt becomes more positively charged as the system moves from
the initial to final states, while the O atoms become more negatively charged at the same time.
Furthermore, more positive Pt charge values are observed for O, adsorption on the (100) facet.
This charge transfer is found to be comparable between the slab and cluster models. In the case

of the Pt3,Ti¢ cluster Pt has positive and negative charges depending on the state of the system,
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Figure 5.10: Plot of Pt-X""® against dissociation barrier at the TS for 38-atom clusters.
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Table 5.5: Average charges (|e|) of the initial (IS), transition (TS) and final (FS) state structures
of O, dissociation on the 38-atom clusters.

Pt Charges?® Ti Charges® O Charges
IS TS FS IS TS FS IS TS FS
Ptsg-5 0.31 046 045 - - - -033 -0.51 -0.74
Pt;,Tig-5 0.04 022 021 197 197 1.88 -034 -0.55 -0.75
Pt3g-6 022 029 028 - - - -039 -047 -0.76
Pt;;Tig-6  -0.22 0.02 0.11 195 1.87 194 -038 -0.50 -0.79
Ptsg-7 025 026 033 - - - 043 -045 -0.74
Pt3,Tig-7 -0.23 -0.10 0.09 195 193 194 -0.37 -0.58 -0.76

4Pt atoms interacting directly with O atoms.
°Ti atoms interacting directly with O bound Pt atoms.

slightly positive (+0.04 |e|) when O, is adsorbed on the (100) facet and negative on the (111)
facet (-0.22 — -0.23 |e|). At the same time, charges on the Ti atoms, which are remote from the
adsorbates, do not change notably. They also do not change when the system progresses from
IS to FS. Not surprisingly, the charges on the oxygen atoms get significantly more negative as
the system progresses from the initial to the final states. This charge seems unaffected by the
site at which oxygen is adsorbed, or whether it is the pure or alloyed cluster. Hence, one can
conclude that O atoms have local effects on the withdrawal of electron density from the closest
Pt atoms only. When O, is adsorbed on the (111) facet of the alloyed Pt3, Tig nanoparticle, Pt is
found to have a negative charge at the initial state and a positive charge at the final state, while

on the (100) facet, the Pt atoms are positive for all states.

5.3.2.5 Conclusions

There are several conclusions that can be drawn from the 38-atom system. It is evident that
there are significant differences in the Pt;g and Pt3;Tig systems, not only in adsorption energies
but also in the way dissociation proceeds. Larger dissociation barriers are observed for the
Pt;,Tig system. This is to be expected because oxygen is more weakly adsorbed onto the Pt
surface of the alloyed cluster, hence the O—O bond is less activated and it takes more energy
to dissociate the O, molecule. Furthermore, for the Ptsg cluster, a higher dissociation barrier is

observed for the (100) facet whereas for Pt;,Tig there are similar barriers on the (111) and (100)
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facets. Once again, this coincides with the larger values of adsorption energies associated with
the (111) facet for the Pt3g system and the (100) facet for the Pt3,Tig system.

Finally, barrier-free dissociation is observed on the (111) facet of the Ptsg cluster, which
appears to result from significant distortions of the facet. There are greater energetic costs as-
sociated with distorting the Pt3,Tis cluster, compared with the Ptsg cluster (Table 5.2), although
according to the cluster geometries there is greater distortion of the Ptsg cluster. This suggests
that the presence of the octahedral Ti core in the Pt3,Tig cluster stabilises the Pt shell and makes
the structure more rigid, while the Pt;g nanoparticle is more flexible and the surface Pt atoms
become more easily distorted, hence more reactive. When compared to the Pt(111) bulk system,
the barrier for O, dissociation is found to be 0.45 eV; however, very little distortion of the (111)
surface is observed. This supports the suggestion that it is the distortion of the (111) facet on

the cluster that leads to barrier-free dissociation.

5.3.3 79-Atom Clusters

5.3.3.1 Oxygen Adsorption

Following the calculations on 38-atom clusters, studies progressed to larger 79-atom TO clus-
ters, considering the pure Pt;9 and core-shell PtgyTij9 systems. On the surface of the 79-atom
TO cluster there are 13 non-symmetry equivalent sites for a pure surface composition, depicted
in Figure 5.1. As with the 38-atom clusters, studies of these 13 sites were performed, looking
at atomic and molecular oxygen. Binding energies are listed in Table 5.6.

For the pure Pty cluster, the hollow site on the (111) facet is no longer as favourable as
the edge-bridge sites on the (100) facet for O, and O adsorption. However, the site resulting in
strongest bonding is the edge-bridge site of the (111) facet, labelled as site 7. For the PtgyTijo
cluster, in all cases, the edge-bridge site on the (100) facet results in strongest bonding. This
was also the case for Pt3;Tig.

In a similar fashion to the 38-atom system, O, dissociation has been investigated at various

sites on the (111) and (100) facets of the 79-atom clusters (8, 9, 10 and 11 in Figure 5.1).
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Table 5.6: Calculated binding (F}) energies for atomic and molecular oxygen on the various
sites of the 79-atom clusters. Values which have not been presented are the result of oxygen
migration to other sites during relaxation, as labelled. All energies are given in eV.

Site  Position Pt79—O Pt79—02 Pt60Ti 19—0 Pt60T119—02

1 top A b -2.69 -2
2 top < 041 . -0.41
3 top 436 -071 424 -
4 bridge -¢ -1.07 - -0.09
5 bridge -8 -1.45 -¢ -0.77
6 bridge -8 -1.21 -¢ -0.68
7 bridge  -5.04 -1.83 -4.60 -1.15
8 bridge -4.94 -1.81 -4.93 -1.85
9 hcp -4.93 -1.13 d -0.71
10 fec -4.98 -1.39 -¢ -0.69
11 hep -4.74 -0.99 -3.79 -0.63
12 fec -4.93 -0.88 -3.32 0.07
4-fold d d
13 hollow -4.83 - -4.56 -

? Adsorbate migration to position 9.
b Adsorbate migration to position 5.
¢ Adsorbate migration to position 7.
4 Adsorbate migration to position 8.
¢ Adsorbate migration to position 12.
 Adsorbate migration to position 11.
€ Adsorbate migration to position 10.
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Due to the increased size of the (111) facet, it is no longer beneficial to allow dissociation
pathways from a certain site to an identical adjacent site, as this would span the entire facet.
Following dissociation, any further barriers observed would be due to migration of the oxygen
atoms over the surface, which was not the aim of this study. Therefore, for the 79-atom clusters,
the pathways on the (111) facet terminate at the central site 12. As with the 38-atom clusters,
dissociation on the edge-bridge site of the (100) facet proceeds from position 8 to two adjacent
8 sites.

The central positions on the (111) facet were also investigated, the hollow site 12 for the
Pty cluster and site 4 on PteTijo. However, relatively weak O, binding energies, particularly
on the Pty Ti9 cluster, are associated with these sites. Hence, finding TS for O, dissociation
proved difficult on these sites. The terrace site is unlikely to be active for oxygen dissociation
due to the weaker Pt—O interactions associated with this position. On the 79-atom clusters, the
central three-fold hollow site is surrounded by more favourable edge hollow and bridge sites.
This means that it is far more likely that O, dissociation will occur at the edge sites of the facet,
where stronger Pt—O bonding is observed. Furthermore, low-coordinated edge sites are able to
distort to a greater extent (see below) than the central three-fold hollow site, hence facilitating

lower barriers to O, dissociation.

5.3.3.2 Distortion and Interaction Energies

Representations of the minimised geometries for the IS, TS and FS can be found in Figures
5.11-5.18. Table 5.7 shows distortion energies for the cluster and oxygen as well as interaction,
binding energies and dissociation barriers. The IS studies revealed slightly greater energetic
penalties (by an average of 0.11 eV) associated with distorting the Pt;9 cluster compared to the
PtgoTig cluster. This same trend is observed for the FS, with greater distortion energies located
for the Pt;9 cluster. These trends were also found for the smaller 38-atom clusters. However, the
trends for the TS structures differ from those for the 38-atom clusters. For the 79-atom clusters,
sites 8 and 11 result in greater distortion energies associated with the alloyed PtgyTi 9, whilst

for sites 9 and 10, greater distortion energies are associated with Pty.
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IS(top-view) TS(top-view) FS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.11: IS, TS and FS structures for O, dissociation on Pt;9, when O, is located at position
8. Only the top two layers of metal atoms are shown.

TS(top-view) FS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.12: IS, TS and FS structures for O, dissociation on Pty Tij9, when O, is located at
position 8. Only the top two layers of metal atoms are shown.
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IS(side-view) TS(side-view) FS(side-view)

Figure 5.13: IS, TS and FS structures for O, dissociation on Pt;9, when O, is located at position
9. Only the top two layers of metal atoms are shown.

IS(side-view) TS(side-view) FS(side-view)

Figure 5.14: IS, TS and FS structures for O, dissociation on Pt Tij9, when O, is located at
position 9. Only the top two layers of metal atoms are shown.
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IS(side-view) TS(side-view) FS(side-view)

Figure 5.15: IS, TS and FS structures for O, dissociation on Pt;9, when O, is located at position
10. Only the top two layers of metal atoms are shown.

IS(top-view) TS(top-view) FS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.16: IS, TS and FS structures for O, dissociation on Pty Tij9, when O, is located at
position 10. Only the top two layers of metal atoms are shown.
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IS(side-view) TS(side-view) FS(side-view)

Figure 5.17: IS, TS and FS structures for O, dissociation on Pt;9, when O, is located at position
11. Only the top two layers of metal atoms are shown.

IS(top-view) TS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.18: IS, TS and FS structures for O, dissociation on PtgTij9, when O, is located at
position 11. Only the top two layers of metal atoms are shown.
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As with Ptsg, there are greater distortion energies associated with the FS compared to the IS
or TS. This once again suggests that the strongly interacting atomic oxygen has a greater ability
to distort the Pt;9 surface. For PtgTi9, there are greater distortion energies associated with
the TS and FS compared to the IS. RMSD analysis demonstrates that for the Pt;9 cluster, there
is generally least structural distortion when O, is adsorbed on position 9 on the (111) facet.
Although, there is little difference between positions 8 on the (100) facet and 9 on the (111)
facet, there is significant distortion of Pt;o when oxygen is adsorbed on sites 10 and 11. As with
the 38-atom clusters, there is greater distortion of the pure Pt clusters, compared to the alloyed
ones. For Pty Ti9, there is generally little difference between the RMSD for the cases when O,
is adsorbed on (111) and (100) facets, suggesting again that Ti@Pt structures are more rigid as
a result of the strong interaction between Ti core and Pt shell.

When comparing the (111) and (100) facets, it is found that the Pty9 cluster distortion energy
associated with site 8 on the (100) facet is greater than that for site 9 on the (111) facet of the
Pty IS structure (Table 5.7). However, the distortion energy becomes equal at the TS and is 0.95
eV greater on site 9 for the FS structure. For sites 10 and 11 on the (111) facet, the distortion
energy is greater than for site 8 in all cases. The A F/(Pt79) values for sites 9, 10 and 11 correlate
with the differences between the dissociation barriers between sites. The smallest AE(Ptq)
value is for site 9 which also has the largest barrier, whilst site 10 has the largest AE(Pt)
value and smallest barrier. There is less correlation between cluster distortion energies, surface
sites and dissociation barriers for the PtgyTi9 system.

AE(Pty,_,Ti,)/RMSD has also been calculated for the 79-atom clusters. An average
of 1.62, 4.05 and 0.64 eV A more energy is required to distort the PtgyTi9 cluster than the
Ptyy cluster at the IS, TS and FS, respectively. This further demonstrates the significant energy
barriers that need to be overcome in order to distort the PtgyTi9 cluster compared to the Ptyg
cluster.

Oxygen distortion values for the IS are greater for the Pt;9 system than the Pty Ti 9 system,
in all cases. However, at the TS, significantly greater distortion energies are associated with the

PtgoTi9 clusters. This suggests that, initially, when oxygen is adsorbed on the surface of the Pt;g
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cluster, because of the stronger Pt—O interactions, the O, molecule is distorted to a greater extent
than on the alloyed system, where weaker bonding is observed. However, at the TS, on the more
weakly bound Pt Ti9 system, greater distortion of the O, molecule is required, compared to the
Pt;9 system. This greater distortion requires more energy and can rationalise larger dissociation
barriers on Ti@Pt compared to the pure Pt nanoparticle. The same discussion is also valid for
Pt;g and Pt3;Tig nanoparticles. O, distortion energies correlate with the corresponding O—-O
distances. Furthermore, the smaller difference in the O-O distances between the IS and TS for
the Pt;9 clusters compared to PtgyTio clusters show that TS are “earlier” on Pt;9. Earlier TS are
known to have lower barriers, which is found to be the case in this study.

Very similar dissociation barriers on the (100) facet are located for the 79- and 38-atom
clusters (Tables 5.2 and 5.7). The dissociation barriers for the alloyed clusters (0.62 and 0.66
eV for the Pt;,Tig and PteyTijg clusters, respectively) are about twice those of the pure clusters
(0.32 and 0.34 eV for the Ptsg and Pty9 clusters, respectively). However, for the dissociation
barriers located on the (111) facet the relationship becomes a little more complicated.

For the Ptsg cluster, barrier-free dissociation was observed on sites 6 and 7 on the (111)
facet. For the Pt;9 cluster, once again almost barrier-free dissociation is located on sites 10
and 11. However, a dissociation barrier of 0.21 eV is found for dissociation on site 9. When
comparing binding energies at sites 9 and 11, there is a small difference of 0.12 eV. Probably
this difference is not simply a matter of different Pt—O bonding strengths but is related more
to differences in the sites. Sites 9 and 11 are hcp whilst site 10 is fcc. This suggests that the
difference in dissociation barriers is probably a consequence of the neighbouring surfaces to
which the sites are adjacent. Whilst site 9 is neighbouring a (100) facet, sites 10 and 11 are both
neighbouring (111) facets, implying that the adjacent (100) facet distorts less than an adjacent
(111) facet and results in the small dissociation barrier for site 9 on the Pt;q cluster (see Pt-Xre
values in Table 5.8). Finally, dissociation barriers on the (111) facet of the PtgyTig clusters are
similar to that of the (100) facet. Here again, correlation between barriers and Pt-X""® values

is found since Pt-X"" values are also similar at both types of facets.
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5.3.3.3 Geometric Analysis

Again, it appears that the more easily distorted shell on the Pty cluster results in the observed
barrier-free dissociation. Similar measurements to those performed for the 38-atom clusters, to
quantify differences in distortions, are compiled in Table 5.8. Roughly comparable O—O bond
lengths are observed for all initial states on the 79-atom clusters, 1.39 — 1.44 A for the pure Pty
nanoparticle and 1.37 — 1.41 A for PtgTio. At the TS, there are significantly shorter O—O bond
lengths associated with the Pty cluster compared to those for the Pty Ti9 clusters, 1.42 — 1.79
A vs 1.71 -2.05 A. Studying Pt—O bond lengths reveals a similar trend to those for the 38-atom
clusters, where in general, shorter bond lengths are observed as the system progresses from the
initial to the transition state.

The Pt—Pt bond lengths for the bare Pty cluster are 2.66, 2.73, 2.70, 2.75, 2.68 A for bond
types 1 to 5, respectively (Figure 5.8). For site 8 on the (100) facet, significant distortion (by an
average of 0.33 A) of bond type 2 is observed. However, for the initial and transition states this
is unsurprising as O, is interacting with the one bond. Therefore, although there is significant
elongation of bond type 2, there is less overall distortion of the cluster. Bond types 3 and 4 are
distorted (by an average of 0.42 and 0.56 A, respectively) to the greatest extent for O, adsorption
on the (111) facet. The elongation of bonds surrounding the hollow sites at which oxygen is
adsorbed on the (111) facet leads to greater overall distortions of the cluster.

The Pt—Pt bond lengths of the alloyed PtgyTi9 cluster are 2.68, 2.84, 2.73, 2.75 and 2.73 A
for bond types 1 to 5, respectively. Once again, significant elongation of bond type 2 is observed
on the (100) facet when O, is adsorbed, 0.34 A, although as with the Pty cluster, little overall
distortion of the cluster is observed, <0.10 A. There is far less distortion of other bond types
when studying dissociation on the (111) facet. This is expected as there appears to be far less
distortion of the overall cluster geometries upon adsorbing O,.

Pt-X°*""® values for the bare pure Pty cluster are 3.15 and 6.29 A for the top and bottom of
the cluster, respectively. For the bare PtgoTij9 cluster, these values are 3.02 and 6.05 A. Once
again, there is considerable distortion of the Pty cluster when O, is adsorbed on the (111) facet,

with Pt-X""® distances elongated by up to 1.07 A (Table 5.9). There is less distortion of the IS
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Figure 5.19: Plot of Pt-X"" against dissociation barrier at the IS (left) TS (right).
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Table 5.9: Pt-X"" values relative to the bare clusters. Positive values show atoms being drawn
out of the plane, leading to elongation of the cluster in the y-direction, whilst negative values
show compression of the cluster in the y-direction. All values are given in A.

IS TS FS
Top Bottom Top Bottom Top Bottom
Pt79-9 0.06 -0.07 0.15 -0.11 1.07 -0.12
PteoTi;o-9 -0.06 0.01 -0.02 0.01 -0.07 -0.01
Pt79-10 08 005 086 004 078 -0.11
PteoTip-10 -0.11  0.00 -0.06 0.00 -0.11 -0.01
Ptyo-11 026 -013 024 -0.19 075 -0.10

PteTijo-11 -0.08 0.00 0.09 -0.02 -0.11 -0.01

(111) facet (Pt-X°"" - 0.06 A) associated with site 9, where a small dissociation barrier of 0.21
eV is observed. Less distortion is also observed for the PtgTi g clusters, with generally even
a slight contraction in the Pt-X""® values. More detailed analysis of the changes in Pt-X°""
can be found in Table 5.9, once again showing little deviation in distances from the plane to the
bottom of the cluster. The relationship between Pt-X°""* and dissociation barriers can be seen
in Figure 5.19 for the IS and TS, again allowing for further comparisons between the 38- and

79-atom clusters.

5.3.3.4 Bader Charge Analysis

Charge analysis was performed, the results of which are given in Table 5.10. The charges for
the bare PtgTi9 cluster are -0.45 and +1.43 for Pt and Ti atoms, respectively. For the pure Ptyg
cluster, similar to the Ptsg case, a positive charge is found on the Pt atoms interacting with the
oxygen. These charges generally get more positive as the system progresses from the initial to
final state. Again, this coincides with the charge on the oxygen becoming more negative.

For the PtgTiy9 clusters, the charges on the Pt atoms bonded to oxygen generally become
less negative as the system progresses from the initial to final state. Only for dissociation on
the (100) facet are the Pt atoms positively charged for both the transition and final states. In all
cases, the Ti atoms remain positive, generally gaining greater positive charge than Ti atoms in
the bare PtgyTij9 nanoparticle. This is consistent with electron donation from Ti to Pt which in

turn donates to O, following the increase in electronegativity. The situation here differs from
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Table 5.10: Average charges (|e|) of the initial, transition and final states of O, dissociation on
the 79-atom clusters.

Pt Charges?® Ti Charges® O Charges
IS TS FS IS TS FS IS TS FS
Pt79-8 028 025 044 - - - -033 -0.38 -0.74
PteoTi;o-8 -0.03 0.19 0.11 187 186 1.83 -0.33 -0.59 -0.74
Pt79-9 020 0.29 0.32 -0.36 -0.51 -0.83

PteoTio-9 -0.28 -0.16 -0.16 159 1.62 147 -037 -0.58 -0.74
Pt79-10 0.27 030 0.33 - - - -037 -046 -0.78
PteoTi1o-10 -0.26 -0.12 -0.14 138 150 1.49 -0.36 -0.60 -0.78
Ptyy-11 024 024 041 - - - -037 -040 -0.79
PteoTijo-11 -039 -0.22 -0.15 125 135 147 -034 -0.50 -0.78

2Pt atoms interacting directly with O atoms.
bTi atoms interacting directly with O bound Pt atoms.

that on the Pt3,Tig cluster, where the charge on the Ti atoms does not change appreciably when
an O, molecule is adsorbed. This is likely a result of the greater Ti:Pt ratio in the 79-atom
clusters. The greater ratio of Ti:Pt in the PtgyTi9 clusters results in similarly negative charges
on the Pt atoms but smaller positive charges on the Ti atoms. This will mean that more charge
can be drawn from the Ti core as the system progresses to the FS, which would not be possible

for the Pts3,Tig clusters.

5.3.3.5 Conclusions

For most of the investigated features of the the larger 79-atom clusters, it is possible to see
similar trends to the 38-atom clusters. This implies that the present trends can be generalised
also to somewhat larger nanoparticles, approaching the size of particles present in common
experimental catalytic studies. For the pure Pty clusters, essentially barrier-free dissociation
barriers are observed on the (111) facet for sites 10 and 11. This coincides with significant
distortions of the (111) facet. However, for site 9, less distortion of the (111) facet is observed
and a small dissociation barrier of 0.21 eV is found. This difference is attributed to stabilisation
effects of the neighbouring (100) facet. As with the 38-atom cluster, a similar dissociation
barrier of 0.34 eV is found at site 8, for the Pt;9 and site 5 for the Pt;g models, on the less

distorted (100) facet. Once again, dissociation barriers are observed for all sites on the Pt Tijg
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Figure 5.20: Top view of the surface (dark grey) and subsurface (light grey) metal atoms at a
(111) facet sites on the 116-atom TO clusters.

cluster, which are attributed to a notably more structurally rigid outer Pt shell when the Ti core

is present.

5.3.4 116-Atom Clusters

5.3.4.1 Oxygen Adsorption

Whilst the Pty cluster showed similar trends to the Ptsg cluster, further site dependent trends
were observed for the larger cluster that were not present on the limited (111) facet of the 38-
atom cluster. Therefore, one further cluster size was studied for the pure Pt system; the PtTi
system was not investigated in this instance as the system does not show promise for fast O,
dissociation. On the surface of the 116-atom TO cluster there are 15 non-symmetry equivalent
sites which are depicted in Figure 5.20. The results of atomic and molecular oxygen adsorption
on Pt;¢ are presented in Table 5.11.

Atomic oxygen is preferentially adsorbed to site 9, the edge-bridge position between the
(111) and (100) facets, with a binding energy of -5.02 eV. This is in agreement with the studies
on the Pt;9 cluster. Whilst the atomic oxygen preferentially binds to the Acp hollow site (by
>0.09 eV compared to edge-bridge sites) on the 38-atom cluster, favourable binding is observed
to the edge-bridge position between two (111) facets (by >0.06 eV compared to hollow sites).

This shows there is competition between atomic oxygen adsorption on the edge-bridge and
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Table 5.11: Calculated binding energies (£}) for atomic and molecular oxygen on all non-
symmetry equivalent sites of the 116-atom cluster, shown in Figure 5.20. Values not presented
are the result of oxygen migration to other sites during relaxation, as labelled. All energies are
given in eV.

Site Position Ptl 16_0 Ptl 16_02
a b

1 top - -

2 top -4.26 -0.66
3 top -3.92 -¢
4 top -3.58 -d
5 bridge -¢ -0.83
6 bridge -f -0.93
7 bridge -8 -1.17
8 bridge -4.92 -1.87
9 bridge -5.02 -1.68
10 bridge -4.76 -1.34
11 hcp -4.66 -0.99
12 fee -4.65 -0.88
13 hep -4.42 -0.68
14 fec -4.79 -1.07
15  4-fold hollow -¢ -d

2 Adsorbate migration to position 14.

b Adsorbate migration to position 13.

¢ Adsorbate migration to position 9.

4 Adsorbate migration to positions 9 and 10.
¢ Adsorbate migration to position 12.

f Adsorbate migration to position 11.
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hollow sites on the 38- and 79-atom clusters. However, on the 116-atom cluster, the edge-
bridge site between the (111) and (100) facets are found to be >0.23 eV when compared to the
hollow positions. This shows that, as the cluster size increases, there is a move away from the
hollow sites being favoured towards the edge bridge sites. The exact edge-bridge position also
varies as seen when comparing the 79-atom cluster, where the edge-bridge position between
two (111) facets is favourable, to the 116-atom cluster, where the edge-bridge site between the
(111) and (100) facets is favourable.

O, is preferentially adsorbed at position 8, the edge-bridge site between the two (111) facets.
This is in agreement with results obtained for the 79-atom cluster, although it is found that the
edge-bridge site between the (111) and (100) facets is favourable for Pt3g. The edge-bridge site
is found to be >0.17 eV lower in energy than hollow sites on the 38-atom cluster, suggesting
more site preference for O, binding when compared with atomic oxygen. This is also seen
for the 79- and 116-atom clusters, where the preference for binding to edge-bridge sites over
hollow sites is >0.70 and >0.80 eV, respectively. This also shows size dependence, where the
energy difference between the edge-bridge and hollow sites increases as cluster size increases.

Once again, O, dissociation is investigated for sites on both the (111) and (100) facets. For
the 116-atom cluster, bridge sites 8, 9 and 10 have been investigated as well as hollow sites
11, 12 and 14. As with the 79-atom clusters, O, dissociation proceeds from an initial site and
terminates at the central hollow position on the (111) facet (site 13). Any further migration
of the atomic oxygen to other positions on the cluster would lead to small barriers associated
with moving between different sites but would have little importance. As with the 79-atom
cluster, the central hollow site of the (111) facet was also investigated, although found to be

unfavourable for O, dissociation, which is likely due to the small O, binding energies.

5.3.4.2 Distortion and Interaction Energies

Representations of the minimised geometries for the IS, TS and FS can be found in Figure 5.21-
5.26. For Pt;;¢ a greater range of facet sites were studied, these included similar (111) hollow

sites to those investigated previously (positions 11, 12, 13 and 14) but also a greater range of
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TS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.21: IS, TS and FS structures for O, dissociation on Pt;;4, when O, is located at position
8. Only the top two layers of metal atoms are shown.

IS(top-view) TS(top-view) FS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.22: IS, TS and FS structures for O, dissociation on Pt;;4, when O, is located at position
9. Only the top two layers of metal atoms are shown.
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TS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.23: IS, TS and FS structures for O, dissociation on Pt; 4, when O, is located at position
10. Only the top two layers of metal atoms are shown.

IS(top-view) TS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.24: IS, TS and FS structures for O, dissociation on Pt;;, when O, is located at position
11. Only the top two layers of metal atoms are shown.

152



IS(top-view) TS(top-view)

IS(side-view) TS(side-view) FS(side-view)

Figure 5.25: IS, TS and FS structures for O, dissociation on Pt;;5, when O, is located at position
12. Only the top two layers of metal atoms are shown.

IS(side-view) TS(side-view) FS(side-view)

Figure 5.26: IS, TS and FS structures for O, dissociation on Pt;;4, when O, is located at position
14. Only the top two layers of metal atoms are shown.
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bridge sites (positions 5, 6, 7, 8, 9, and 10). As with the 79-atom cluster, the (111) hollow site
at the centre of the (111) facet, position 13, is found to exhibit weak Pt—O binding. This means
that the attempted O, dissociation studies were not successful, where the O, molecule migrates
away from the facet position, towards a more favourable one, instead of dissociating.

For bridge positions 5, 6 and 7, once again relatively low binding energies are found for
these sites. Instead of O, dissociation barriers being located for these positions, small barriers
are found for O, migration to a preferential e.g. hollow site. This suggests that, where possible,
O, migrates to favourable binding sites prior to dissociation. Details for the positions at which
dissociation barriers were located are found in Table 5.12.

For Pt} it is found that, as with the smaller clusters, there are very low dissociation barriers
for hollow positions 11, 12 and 14, at 0.08, 0.07 and 0.14 eV, respectively. Although the barrier
at position 14 is slightly higher than those for 11 and 12, it is significantly lower than that of the
bulk (~0.40 eV). Furthermore, it is comparable with that of position 9 on Pt;9, which was found
to be 0.21 eV. Whilst position 9 on Pty is the hcp hollow site adjacent to a (100) facet, position
14 on Pt; 4 is the fcc hollow site adjacent to another (111) facet site. There are few similarities
between the two sites that could lead to this slightly higher dissociation barrier aside from the
fact that they are both adjacent to the “short” edge of the (111) facet. On Pty9, there are two
hollow positions adjacent to (111) facets and only one adjacent to the (100) facets. For Pt
there are two hollow sites adjacent to the (100) facets but only one adjacent to the (111) facets.
It is therefore likely that the facets on the “short” edge are slightly more difficult to distort,
with the bridge bond between facets being more ridged. However, as the central atoms of the
(111) facet are more flexible, favourable distortions of the (111) facet are still possible, leading
to these slightly higher dissociation barriers compared to other hollow positions on the (111)
facet, but still lower than the Pt slab.

Studies of the IS reveal few trends in the cluster distortion energies observed upon adsorp-
tion of O,. Compared to other positions, there is a small distortion energy for Pt;;s when O; is
adsorbed on position 8, the edge-bridge between two (111) facets. When compared to the Pt

slab, sites 8, 11 and 14 have similar distortion energies (< 0.07 eV difference). For Ptsg, none
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of the cluster distortion energies are close to that of the slab (> 0.25 eV difference). For Pty,
site 9 1s 0.04 eV lower in energy than the slab; however, other sites are > 0.14 eV higher in
energy. This shows the cluster system trending towards the slab model as cluster size increases.
The greatest distortion energy is found for position 12, although the distortion energies for the
various sites are generally in line with those for the 38- and 79-atom clusters of < 0.50 eV.

At the TS, position 8 once again has the lowest cluster distortion energy associated with
it. The cluster distortion energy for site 8 is similar to that of the slab: 0.21 and 0.25 eV,
respectively. However, all other sites have significantly higher distortion energies associated
with them, 0.44-0.84 eV. The greatest distortion energies are found for positions 11 and 12
which are indicative of the low O, dissociation barriers. The cluster distortion energy for site
14 is found to be similar to those of positions 9 and 10, although a significantly lower O,
dissociation barrier is found for 14 than for 9 and 10. It should be noted that the dissociation
barrier for position 14 lies between the other low barrier (111) hollow sites and the high barrier
bridge sites. There is a slight increase in the cluster distortion energies when comparing the IS
and TS clusters, where the TS clusters tend to have greater distortion energies associated with
them. Furthermore, the cluster distortion energies at the TS for Pt tend to be greater than
those for the Ptsg and Pty TS clusters.

At the FS, the cluster distortion energies are all found to be greater than for the Pt slab.
Furthermore, positions 8 and 9 have comparable cluster distortion energies, both ~0.10 eV
higher in energy than the slab model. The cluster distortion energies for positions 8 and 9 are
lower than other sites as adsorption on the bridge positions typically leads to less distortion
of the cluster. Positions 10 has a larger distortion energy than the other bridge positions. At
position 10, O, dissociation occurs over the central atom of the (100) facet. This leads to similar
distortions to the (111) facet, with the central atom being pulled out of the plane. However, for
the (100) facet, this distortion does not lead to the very low dissociation barriers observed for
the (111) facet; instead, a very large barrier of 0.69 eV is calculated. Position 14 has a higher
distortion energy than the bridge sites, although this is lower than the distortion energy for the

other hollow sites. As discussed previously, there is less distortion of the “short” facet edge,

156



leading to a reduced distortion energy compared to positions 11 and 12.

The calculated RMSD values for Pt;;¢ are smaller than those for the 38- and 79-atom sys-
tems. This is because when cluster size increases, the average displacement of atoms will
decrease as the interaction between the cluster and O, molecule is affecting a smaller propor-
tion of the cluster’s atoms. However, it is found that there are generally greater displacements
associated with the TS and FS. This is expected as the oxygen binds more strongly to the Pt
surface as the system progresses from the IS to the FS. There are fewer trends when comparing
the various sites being studied. Generally, there is a large RMSD associated with sites 11 and
12, which have larger cluster distortion energies than other sites.

AE(Pt, ,Tin)/RMSD gives the energy associated with a RMSD of 1.0 A. It is found
that at the IS, there is generally no trend between AE(Pt,,_,,Ti,,)/ RM SD and site, although
site 8 is found to have the lowest displacement energy while site 12 has the highest. For
the TS and FS there is a more general trend that there are greater displacement energies as-
sociated with the hollow sites compared to the bridge site. As the cluster size increases,
AE(Pty,_,Ti,,)/ RMSD also increases. This shows that as the size increases, it is more diffi-
cult to displace the atoms to this degree. However, it is still possible to displace a small subset
of atoms, interacting with O,, in order to give the low dissociation barriers at the hollow sites,
even with the larger clusters.

At the IS, the oxygen distortion energy shows that there is greater distortion of the of O, for
the hollow sites, positions 11, 12 and 14. This shows that at the positions for which there are
very low dissociation barriers, there is greater distortion, away from the gas phase structure, of
O,. Conversely, at the TS, this trend inverts, where higher O, distortion barriers are found for
the bridge sites, 8, 9 and 10. This shows that at the TS, there is less distortion of the O, on the
hollow sites

E;,; gives an idea of the strength of the O, bond to the cluster surface. From the IS studies, it
is found that there is little difference between the interaction energies for the various sites. This
trend changes at the TS, where greater interaction energies are found for the bridge sites than

for the hollow sites. This shows that at the bridge sites, where there is typically less distortion
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of Pt;;¢ and greater distortion of O, there is a stronger Pt—O interaction. This is the opposite
trend to that of the hollow sites, where there is greater distortion of Pt;,¢ and less of O,. Similar
trends to this are found for the binding energy, although in this case the trends are not as obvious

because I, includes the energetic contributions of distortions from gas phase structures.

5.3.4.3 Geometric Analysis

Analysis of the system geometries can be found in Table 5.13. At the IS, there is generally
little difference in the O—O bond length for the various sites. However, at the TS, shorter O—O
distances are found on the hollow sites, compared to the bridge sites. On the hollow sites, the
0-0 distances are on average only 0.25 A longer at the TS compared to the IS. This compares
to an 0.84 A average increase in the O—O distances when comparing the TS to the IS on the
bridge sites. This trend is in good agreement with Pt;g and Pt;9 and once again shows that
early transition states are located on the (111) facet where O, dissociation results in very small
energetic barriers. As the system progresses from the IS to the TS, the Pt—O bond length are
shortest at the TS. Pt—O bond lengths are increased when comparing the FS to the TS, although
those at the FS are generally still shorter than at the IS. This is due to the increased binding
energies observed as the system progresses from the IS to the FS, leading to the reduction in the
Pt—O bond length. Longer Pt—O bond lengths are observed when O, is adsorbed on the hollow
sites than on the bridge sites.

When comparing Pt—Pt bond lengths, several trends become apparent. On the bridge sites,
the Pt—Pt TS bond length is increased when compared to the IS, whilst the FS bond length is
generally shorter than the IS and TS. The TS will have the longest Pt—Pt bond lengths because
of the stronger Pt—O interactions when compared to the IS. The Pt—Pt bond lengths are then
generally reduced for the FS because, whilst the Pt—O binding is stronger, it is only a single O
atom occupying the site. The trends are less well defined for the hollow sites, although in this
case, there are a greater number of bonds that can be distorted. This can lead to less overall
distortion of a certain bond type, compared to the bridge sites where < 2 bonds are being

distorted. Pt-X°""® values are calculated for all hollow sites. In all cases, there is a greater
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distortion of the central (111) facet atom at the TS and FS when compared to the IS. This shows

that as the Pt—O interaction energy increases, the (111) facet distorts to a greater extent.

5.3.4.4 Bader Charge Analysis

Results from the Bader charge analysis can be seen in Table 5.14. As with Ptsg and Ptyo, it is
once again found that there is significant charge transfer from the Pt, which becomes positively
charged, to the O, which becomes negatively charged. At the IS it is found that there is less
charge transfer from Pt for site 8 compared to sites 9 and 10. Instead, it is found that site 8 is
comparable to the hollow sites, which are slightly less positively charged. When studying O,
charge, it is found that there is a greater charge to the O associated with the hollow sites. For
the hollow sites, charge is transfer is investigated for the three Pt atoms directly bonded to O,,
instead of the two of the bridge sites. This means that, although there is typically less charge
transfer away from the Pt, as there are more Pt atom interacting with O, the average charge on
the O is greater.

The charge transfer at the TS is greater than tat at the IS. As the O, dissociates, the interac-
tion energy increases, coupled with a greater transfer of charge from the Pt to the O. At the TS,
there is greater charge transfer at the bridge sites which is due to the coordination number of the
O, where each O atom is bonded to a single Pt atom. For the hollow sites the charge transfer
is spread over three Pt atoms, which results in the smaller transfer of charge per Pt. A similar
trend is found for the FS, where once again, greater charge transfer is found than at the IS or
TS. Each O atom is now strongly bonded to the Pt surface and able to extract a greater charge
than the molecular O,. At the FS, there less difference in charge transfer between the bridge
and hollow sites. This is because the charge transfer is spread over a greater number of atoms

at each site.

5.3.4.5 Conclusions

Trends observed for the 38- and 79-atom cluster are also seen for the larger Pt ;¢. The expansion

of the study to larger systems has enabled a more detailed study of size effects. It is seen that the
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Table 5.14: Average charges (|e|) of the initial (IS), transition (TS) and final (FS) state structures
of O, dissociation on Pt;¢.

Pt Charges?® O Charges
IS TS FS IS TS FS
Pt;16-8  0.19 046 032 -033 -0.54 -0.75
Pt;-9 029 0.51 044 -033 -0.58 -0.72
Pt;16-10 0.28 045 -0.31 -0.73
Pt;6-11 020 0.28 031 -036 -045 -0.77
Ptj6-12 024 031 039 -0.38 -048 -0.75
Pt;6-14 0.19 0.28 030 -037 -0.49 -0.76

4Pt atoms interacting directly with O atoms.

presence of the small O, dissociation barriers first observed on Pt3g was not because calculations
were performed on a small cluster. For Pt very small dissociation barriers are observed on
the (111) facet, when compared to the Pt (111) slab. A slightly larger dissociation barrier is
found for site 14 (the fcc hollow), although this is significant lower than for the Pt slab, or other
bridge sites on the 116-atom cluster.

For Pt; 4 other sites were also investigated: these included bridge sites on the (111) facet as
well as the (111) facet edge bridge site. When studying the bridge sites on the (111) facet, it
was found that O, did not dissociate on these sites, but would instead overcome small barriers
to migrate to hollow sites. The edge bridge site exhibited similar characteristics to the edge
bridge site of the (100) facet. An additional bridge site on the (100) facet was also investigated,
this being the central bridge site. It was found that there was a larger dissociation barrier for
this site, than for the edge bridge sites. This demonstrates the advantages of clusters made with

greater numbers of (111) facet sites compared to (100) facet sites.

5.3.5 Nanoparticles vs Slab Models

The three-fold fcc site on the Pt(111) slab has similar binding energies to the central three-fold
fec site (position 12) on the Pty cluster, -0.86 and -0.88 eV, respectively, though, as mentioned
previously, position 12 on Pt;9 is not favourable for O, dissociation. It is therefore probable

that the central three-fold fcc site on Ptyg is unlikely to facilitate oxygen dissociation, because
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binding to edge hollow and bridge sites is much more favourable. These sites are absent on the
slab Pt(111) model (as no steps or defects are included in the model) so it is more likely that
dissociation will occur at these three-fold fcc hollow sites, however with a notable barrier of
0.45 eV. The rigidity of the bulk slab generally leads to weaker Pt—O bonding compared to the
majority of sites on the Ptsg and Pt;g clusters. However, Pt—O bonding is generally found to be
stronger than on the clusters where alloying leads to changes in electronic effects that results in
the weaker bonding, as discussed earlier. Hence, the dissociation barrier on the slab model is
found to lie between the Pt clusters, with low dissociation barriers coupled with stronger Pt—O
bonding and the Ti@Pt clusters with higher dissociation barriers and weaker Pt—O bonding.

It is once again possible to study the central hollow site on Pt;¢ (position 13) to compare to
the 79-atom cluster and Pt slab. On the Pt;;¢ central hollow sites, weaker O, binding energies
are observed, -0.68 eV compared to -0.86 and -0.88 eV for the slab and Pt;q, respectively. This
means that it is more likely that the O, molecule will migrate to a site resulting in stronger bind-
ing prior to dissociation. As position 13 is in the centre of the (111) facet, all of the surrounding

hollow sites result in stronger O, binding.

5.3.6 Surface Flexibility

From the discussion in subsections 5.3.2.3, 5.3.3.3 and 5.3.4.3, it is seen that the surface flexi-
bility has a profound effect on the potential of catalysts for activation of O, dissociation. It is
therefore of interest that the bulk Pt(111) surface lacks the ability to distort and therefore dis-
plays very different properties for oxygen dissociation when compared to pure Pt nanoparticles.
It has further been shown that surface flexibility is not inherent in nanoparticles. Core-shell
interactions stabilise the Pt shell of Ti@Pt clusters, thereby reducing flexibility. Calculating
AE7/RMSD gives an idea of the dependence of the dissociation barrier on surface flexibility.
Values for this ratio are presented in Table 5.15 for the 38- and 79-atom clusters. The relation-
ship between the RMSD at the TS and dissociation barrier AE7 is plotted in Figure 5.27, while
AE7/RMSD against E, is presented in Figure 5.28.
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Figure 5.27: Plot of RMSD against dissociation barrier at the TS for 38 atom (top) and 79 atom
(bottom) clusters.
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clusters.
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Table 5.15: Dissociation barrier AE7 against RMSD (eV A1) for the 38- and 79-atom clusters
at theTS. The value for the Pt(111) slab has also been calculated for comparisons.”

38-Atom Cluster 79-Atom Cluster
Site AE7/RMSD  Site AE#/RMSD
Pt3g-5 4.00 Pt79-8 3.40
Pt3,Tig-5 6.20 PtgoTijo-8 13.20
Pt33-6 0.21 Pt79-9 2.63
Pt3;Tig-6 3.09 PteoTi19-9 20.00
Ptsg-7 0.00 Pt;9-10 0.00
Pt3, Tig-7 8.86 PteoTijo-10 11.50
Pto-11 0.33
PteoTio-11 7.70

*AE7 /RMSD for the Pt(111) surface is 9.00 eV A,

Significantly lower AE7 /RM SD values were obtained for the 3-fold hollow sites on the
Ptsg (111) facet, at which barrier free dissociation occurs. Higher values are found for all
positions on Pt3,Tig as well as position 5 on Ptsg. This shows a strong relationship between the
dissociation barrier and cluster distortion. For Pt;9, significantly lower values are obtained for
the 3-fold hollow sites 10 and 11, at which barrier free dissociation occurs. AE7 /RM SD for
positions 8 and 9 on Pt;9 are higher than those for 10 and 11 on Pty but lower than all positions
on PteyTijo. In general, values for Pt;9 were comparable with those for Ptsg, one more indication
that dissociation barrier and cluster distortion are strongly related.

The AE7#/RMSD for the Pt(111) surface is 9.00 eV A!. This is greater than that for all
positions on Ptzg or Pt3;Tig. The AE#* /RMSD for the Pt(111) slab is greater than those for
Pty9. This once again demonstrates the very important differences between the Pt clusters and
slab. For the PtgTiq cluster, the majority of the AE7 /RM S D values are greater than those
for the slab (excluding position 11), due to the reduced oxygen adsorption energy, coupled with

the lack of flexibility in the Pt shell.
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5.4 Conclusions

When the adsorption strength of the O, molecule on the cluster surface increases, the dissocia-
tion barrier decreases. Hence, dissociation barriers on the alloyed Ti@Pt clusters are found to
be greater than those for the pure Pt clusters that exhibit larger £, values. Pure Pt clusters are
easily distorted when O, is adsorbed on the (111) facet. Furthermore, sites which are relatively
easily distorted facilitate barrier-free dissociation of O,, a trend which is not only seen for the
small 38-atom clusters but also the larger 79- and 116-atom clusters. As for the alloyed Ti@Pt
clusters, in all cases significant barriers are observed for all sites, which are greater than the
barriers found for the pure Pt clusters.

The presence of the O, dissociation barriers for the Ti@Pt clusters is attributed to rigidity
enhancement of the Pt shell by the Ti core. Significant electron donation is observed from Ti
to Pt, suggesting strong interactions between the two, which coincides with significantly less
distortion of the Ti@Pt clusters upon binding O, when compared to the pure Pt clusters.

The presence of the barrierless distortion on the (111) facet of the pure Pt cluster suggests
that small Pt clusters would efficiently dissociate O,. However, the relatively strong adsorption
strength of oxygen to the Pt surface, compared to the alloyed Ti@Pt cluster found in previous
studies, means that it would be difficult to remove the resulting oxygen species from the pure
Pt cluster surface. Therefore, whilst O, dissociation would require greater energetic input on
the surface of the Ti @Pt clusters, the resulting species (following further transformations to e.g.
H,O or H,0,) would be easier to remove from the surface due to the weaker Pt—O interactions
compared to the pure Pt cluster.

A very attractive development in the direction of optimum catalyst properties, resulting
from findings of the present study, would be substitution of Ti in the core of Pt-based bimetallic
particles by another metal (M). The ideal M core would weaken adsorption of atomic oxygen
compared to pure Pt, to allow for fast ORR kinetics in the later stages of the reaction (as Ti does)
but forms Pt-M bonds which are weaker than Pt-Ti bonds, thereby keeping the advantageous Pt

shell flexibility for fast O, dissociation.
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Chapter 6

Comparison of M@Pt Core-Shell Systems
for 3d, 4d and 5d Transition Metals

6.1 Introduction

In this chapter, a range of possible d-block cores (groups 3—-12 and 3d-5d metals of the pe-
riodic table) have been considered for the model M@Pt system discussed in Chapters 4 and
5. Initially, the focus has been on 38-atom clusters, although studies have also progressed to
79-atom systems. In Chapter 4 it has been determined that charge transfer, resulting in filling
of the d-band, is important for reducing Pt—OH binding energies, thus improving kinetics for
the latter stages of the ORR. However, strongly interacting systems have a negative impact on
O, dissociation, where the Pt shell is no longer able to distort, as discussed in Chapter 5. In
this chapter, the aim is to investigate the relationship between shifts in the d-band centre and
core-shell interactions. The ideal electrocatalyst will have a downshift in the d-band centre to
weaken Pt-OH interactions while having a weakly interacting core and shell to allow for shell

distortions.
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6.2 Computational Details

Calculations have been performed using the Vienna Ab initio Simulation Package (VASP)
5.2 [127-130]. Ionic cores were represented by the projected augmented wave (PAW) method
[178,179]. Electronic exchange and correlation was described using the generalised gradi-
ent approximation (GGA) using the Perdew Wang 91 (PWO91) xc functional [180, 181]. The
Methfessel-Paxton smearing method was used, with a width of 0.1 eV and an energy cutoff of
415.0 eV has been employed. All clusters were placed in the centre of a supercell large enough
to ensure sufficient separation between periodic images, the I' point was used to sample the
Brillouin Zone. Atoms are relaxed according to the calculated atomic forces, with convergence
criteria for energies and forces required to be better than 1.0 x 10 eV/atom and 0.02 eV/A,
respectively.

Geometry optimisations were performed using the standard VASP code. Dissociation path-
ways were investigated using the VIST implementation of the VASP code, by first generating
an approximate pathway using the Nudged Elastic Band (NEB) method [182], with further re-
finements achieved using the Dimer method [183]. Bader charges [136] were calculated using
the standard VASP code, with analysis performed using the Bader code [184] also from the

Henkelman Group.

6.3 Results and Discussion

6.3.1 Geometric Analysis

The investigation of complete 38-atom M @Pt core-shell TO clusters is presented, with analysis
of the data presented in Table 6.1. From the previous studies presented in Chapter 5, it is
apparent that weak core-shell interactions give rise to the surface flexibility that is beneficial for
fast O, dissociation. Therefore, when considering a wider range of M@Pt d-block core-shell
clusters, it is likely to be beneficial for the M core to have a similar electronegativity to Pt. From

Figure 6.1 it is seen that Pt has an electronegativity of 2.28 on the Pauling scale, compared with
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Figure 6.1: Plot of electronegativity [203,204] across the range of d-block metals being inves-
tigated.

1.54 for Ti. With Pt and Ti having very different electronegativities, it is to be expected that
there will be particularly strong core-shell interactions with large charge transfer.

Figure 6.1 shows that in general, moving from early to late d-block metals is coupled with an
increase in electronegativity (except group 12 metals which all decrease relative to the previous
group), while moving from 3d-5d results is less well defined trends. This suggests that late
d-block metals are likely to result in the desirable weaker core-shell interactions. Studies have
shown that alloys formed between platinum and early transition metals are particularly stable, a
result of the strong Pt—M interactions [41]. To test this, dimer binding energies were calculated
for Pt-M dimers. From Figure 6.2 it is possible to see a strong correlation between metal
group and the Pt-M binding energy. It is evident that late d-block metals have significantly
reduced binding energies compared to early metals. Furthermore, there appears to be little
period dependence.

When performing geometry optimisations on the bare 38-atom clusters, all M@Pt compo-
sitions apart from the Co@Pt system locally minimised to the TO structure. It is possible that a
number of these systems could form clusters with a TO structure [206-210]. However, in this
study the TO structure is used as a model and is not suggested to be the most favourable exper-

imentally. The RMSD for the Pt shell was calculated comparing Pt shell of the pure Ptsg cluster
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Figure 6.2: Pt—M dimer binding energies, relative to Pt,, calculated for the range of d-block
metals investigated.

with the Pt shell of the M@Pt core-shell cluster, the results of which are plotted in Figure 6.3.
It is seen that there is a general reduction of the RMSD for late d-block metals. Furthermore,
moving from 3d to 5d leads to a reduction in the RMSD. With the vast majority of clusters
minimising to the TO structure, this gives a viable model to analyse Pt shell flexibility when
related to varying core composition.

The RMSD will not only be influenced by the Pt—M binding energy, but also by the atomic
radii of the alloyed element. It is likely that deviation from the approximate atomic radii of
Pt (177 pm) will result in strain because of the size mismatch between the core and the shell
atoms. The atomic radii of the various elements are shown in Table 6.1, where it is seen that
progression from early to late transition metals leads to a general decrease in atomic radii.
Furthermore, moving from 3d to 5d metals, results in a general expansion of the atomic radii.
Strain also has an effect on the binding energy of adsorbates, where an increase in the Pt—Pt
bond length will result in stronger binding and a decrease will lead to a weakening of adsorbate
binding [211-214].

The relationship between the electronegativity and the binding energy is presented in Figure
6.4a. This shows the general trend that as the electronegativity increases, towards that of Pt, the

relative binding energy decreases. However, there are a lot of outliers on this data set, so whilst
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Figure 6.3: RMSD values calculated for the Pt shell of the 38-atom M @Pt clusters for the range
of d-block metals investigated.

it is possible that the electronegativity has an effect on the binding energy, it is not possible to
select potential metals based on this property alone because geometric effects, such as strain,
also play an important role. In Figure 6.4b, the relationship between binding energy and the
RMSD is plotted. It is possible to see that for stronger binding energies, RMSD is increased.
This suggests that, as expected, weaker core-shell interactions result in less distortion of the

outer Pt shell, when compared to the Ptsg cluster.

6.3.2 O, Chemisorption Studies

Sites 6 and 7 on the 38-atom M @Pt TO clusters were investigated. For 3d metals, it is found that
there is slight distortion of the (111) facet for the Sc@Pt cluster, while there is little distortion
of the (111) facet for groups 4-8. In the initial study, Co was not investigated due to the fact that
during the relaxation of the bare cluster, the structure distorted from the TO. For groups 10-12,
similar distortions of the (111) facet to those of the pure Pt cluster are observed. For groups
10-12, when O, is adsorbed on site 7, there is spontaneous dissociation of the O, molecule.
In the studies presented in Chapter 5, O, dissociation barriers on the Ptsg cluster are < 0.04
eV. In fact, the exact dissociation barriers are 0.04 and 0.00 eV, for sites 6 and 7, respectively.

This shows that for the Ptsg cluster, the dissociation barrier on site 7 is slightly smaller than that
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for site 6. It could therefore be expected that the dissociation barriers at sites 7 on the M@Pt
clusters are also lower than those for site 6. It follows that, where the Pt—-M binding energies
are reduced compared to those for Pt—Pt, the dissociation barrier at site 7 results in spontaneous
dissociation, while heavy distortion of the (111) facet is observed at site 6.

4d M@Pt clusters exhibit similar behaviour to 3d metals, although now group 9 can be
investigated, with Rh@Pt locally minimising to the TO structure. One interesting difference
between 3d and 4d metals is that, whilst the Y @Pt cluster distorts from the TO structure, with
the core atoms occupying surface sites to form a Y-O bond, the Zr@Pt alloy exhibits the same
(111) facet distortions as the Ptsg cluster. The behaviour of the Zr@Pt cluster is in stark contrast
to the Ti@Pt cluster. From Section 6.3.1 it is found that Zr has a strong dimer binding energy,
at -4.40 eV, which is in fact stronger than that of the Pt—Ti binding energy of -4.18 eV. The
other early d-block metal clusters exhibit similar properties to those in row 4, where there is
little distortion of the (111) facet upon adsorption of O,. The (111) facet of the Rh@Pt clusters
are found to distort, as is the case with groups 10—12. Once again, spontaneous O, dissociation
is observed on site 7 for group 9-12 metals, as well as Zr. Some distortions are observed for
earlier metals, although these seem to be related to instabilities in the TO structures, with some
tending towards e.g. Ico structures. However, these distortions do not provide the favourable
(111) facet distortions that are of interest in this study.

Similar trends to those observed for 3d and 4d metals are also observed for 5d metals.
Distortions to the central atom of the (111) facet are observed for the later d-block metals
(groups 9-12) while little distortion is observed for earlier d-block metals. The La@Pt cluster
distorted upon O, binding in a similar fashion to Y @Pt, where the core atoms are pulled to
surface sites forming a La—O bond, although once again, it appears that adsorbing O, on some
TO structures allows for an energetic barrier to be overcome for cluster distortions away from
the TO. For 5d metals, it is also found that the Hg@Pt cluster distorts away from the TO when
O, is adsorbed on site 6. In this case, an Hg atom is drawn to the surface which has been seen
experimentally, where surface stabilised Hg atoms form on Pt nanoparticles [215]. Spontaneous

O, dissociation occurs on site 7 for Ir@Pt, Au@Pt and Hg@Pt, although this spontaneous
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Figure 6.5: O, adsorption on site 6 for 3d M@Pt clusters. Co@Pt is not shown as the bare
cluster distorts away from the TO structure.

dissociation was not observed for Ptsg.

From the study of O, adsorption on the 38-atom M @Pt clusters, several trends become ap-
parent. The late d-block metals from groups 9-12 appear to be the most promising candidates
for fast O, dissociation. It is found that where weaker Pt-M binding energies are found, com-
pared to that of Pt—Pt, distortions of the (111) facet are observed in all cases. However, it is
also found that the Rh and Ir systems, with stronger Pt-M binding energies by < 0.62 eV, also
exhibit surface distortion by O,. However, clusters with Pt—-M binding energies > 1.07 do not
exhibit this behaviour. All structures can be found in Figures 6.5 — 6.10.

The binding energies for sites 6 and 7 are presented in Table 6.2. In general, later d-block
metal systems, for which Pt shell distortions are observed, have greater O, binding energies than

for earlier d-block metal systems, where distortions to the (111) facet are not observed. This is
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Figure 6.6: O, adsorption on site 7 for 3d M@Pt clusters. Co@Pt is not shown as the bare
cluster distorts away from the TO structure.
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Figure 6.7: O, adsorption on site 6 for 4d M@Pt clusters. Y @Pt is not shown as O, adsorption
results in large cluster distortions away from the TO structure.
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Pd

Figure 6.8: O, adsorption on site 7 for 4d M@Pt clusters. Y @Pt is not shown as O, adsorption
results in large cluster distortions away from the TO structure.
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Pt

Figure 6.9: O, adsorption on site 6 for 5d M@Pt clusters. La@Pt and Hg@Pt are not shown as
O, adsorption results in large cluster distortions away from the TO structure.
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Figure 6.10: O, adsorption on site 7 for 5d M @Pt clusters. La@Pt is not shown as O, adsorption
results in large cluster distortions away from the TO structure.

180



Table 6.2: O, binding energy (£}) for sites 6 and 7 on the range of M@Pt clusters. All values
are in eV.

3d 4d 5d
M@Pt Site6 Site7 M@Pt Site6 Site7 M@Pt Site6 Site7
Sc -1.22 -0.79 Y - - La - -

Ti -0.77  -0.40 Zr -1.11 -2.46 Hf -095 -0.43
v -0.89  -0.77 Nb -0.79  -0.67 Ta -0.77  -0.66
Cr -0.96 -0.64 Mo -2.01  -2.14 W -191 -0.91
Mn -2.06 -1.69 Tc -1.69  -3.03 Re -3.75  -3.09
Fe -091 -0.48 Ru -1.34  -1.40 Os -1.54  -1.10
Co - - Rh -1.26  -2.21 Ir -1.24 222
Ni -1.99  -4.00 Pd -1.26 234 Pt -1.80 -1.76
Cu -1.18  -2.56 Ag -1.18  -2.20 Au -1.36  -2.34
Zn -1.52 -2.55 Cd -1.55 -2.26 Hg -5.16  -2.48

likely due to two effects, firstly, the distorted (111) facet will provide a more favourable surface
for O, to bind. Secondly, it is likely d-band characteristics will have an effect on O, binding
energy. As the d-band is filled, the corresponding downshift in the d-band centre will result in
weakening of the O, binding energy, a result commonly seen for early transition metals [216].
Pt alloyed with later d-block metals does not yield a downshift in the d-band centre, and will
more likely result in an upshift. This upshift in the d-band centre will therefore likely also play
arole in the increased binding energies for later M@Pt clusters.

As with the studies in Chapter 5, RMSD as well as Pt-X"" of the cluster upon adsorption
of O,, have been studied. The calculated values for RMSD and Pt-X®""® associated with O,
adsorption are listed in Table 6.3. Several systems exhibit large RMSD values associated with
structural rearrangements away from the TO structure upon O, adsorption, e.g. Y, Mo, La,
Re, Hg. Particularly strong M—O binding is found for a number of these metals, which could
partly responsible for the structural distortions where oxygen binding draws core atoms to the
surface [163]. For those structures which do not distort away from the model TO system, the
later d-block metals tend to have larger RMSD values associated with them. This is largely a
result of the distortions of the (111) facet, particularly around the central atom. There also tend
to be larger RMSD values associated with site 7 compared to those for site 6. This is because
of the heavy distortions associated with the spontaneous O, dissociation found at site 7.

In Table 6.3, negative Pt-X“""® values show that there has been a contraction of the central
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Table 6.3: RMSD of the whole cluster following O, adsorption and Pt-X“""® for the bare cluster
as well as relative Pt-X""* following O, adsorption on sites 6 and 7 for the range of M@Pt
clusters. All values are in A, a negative Pt-X°""® value corresponds to cluster contraction,
whereas a positive value shows cluster expansion.

Row 4
RMSD pp-xcentre
MePt Site 6 Site 7 Bare Site6 Site 7
Sc 019 024 238 062 -038
Ti 003 006 227 -0.08 -0.15
V005 007 213 -004 -0.06
Cr 005 008 227 -010 -0.15
Mn 007 009 224 006 00l
Fe 004 007 224 -001 -0.04
Co - - - - -
Ni 034 070 227 010 -
Cu 030 048 224 114 128
Zn 028 040 225 121 134
Row 5
RMSD pp-xcentre
M@PL Gite6 Site7 Bare Site6 Site7
Y 066 051 248 - -
Zr 017 046 238 036 -
Nb 004 007 227 -010 -0.08
Mo 020 029 225 001 -0.10
Te 008 053 227 007 -
Ru 004 022 231 -001 003
Rh 005 026 236 020 1.12
Pd 022 029 237 098 113
Ag 007 027 237 032 108
cd 021 030 240 089 1.09
Row 6
RMSD pp-xcentre
M@PL Gie6 Site7 Bare Site6 Site7
La 061 077 256 -
Hf 016 017 268 033 -0.18
Ta 004 007 225 -009 -0.09
W 035 007 219 -007 -0.05
Re 049 053 229 - ;
Os 005 006 230 -0.01 -003
Ir 004 027 238 005 1.11
Pt 019 0.9 244 082 083
Au 0.8 026 241 079 1.02
He 095 030 246 - 101
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atom of the (111) facet, which has moved closer to the core. Conversely, a positive Pt-Xc""
value shows that the central atom has moved away from the cluster core. Distortions of the (111)
facet resulting in a positive Pt-X"" value are of interest for fast O, dissociation. Generally,
when O, is adsorbed on early M@Pt clusters, there is a contraction in Pt-X*""¢, For the later
M@Pt clusters, there is generally an expansion of Pt-X“"", comparable to Pt3g. Clusters with
strong core-shell Pt—-M binding energies show a contraction of the Pt shell upon adsorption of
O,, whereas when M @Pt systems with weaker core-shell interactions are investigated there is
an expansion of the Pt shell, a trend that has been observed before [217].

Figure 6.11 shows the relationship between Pt-X°"" and the binding energy. For site 6,
there is no clear trend, suggesting that distortions of the (111) facet do not lead to significantly
stronger O, binding. For site 7 there is a more obvious trend: in this case, the M @Pt clusters that
result in spontaneous O, dissociation exhibit significantly stronger binding energies. However,
the values of Pt-X "' for those clusters where distortions of the (111) facet are observed do
not vary significantly for O, adsorbed at site 6 or 7. Whilst there is generally little difference
in binding energies between sites 6 and 7 for the early d-block metals, there are significant
differences for the later d-block metals, where stronger binding energies are found at site 7.

The relationship between RMSD and the binding energies are shown in Figure 6.12. Aside
from two outliers (Re and Hg, where distortions away from the TO were observed) there is
no general trend for site 6. Once again, for site 7 there is a general trend that as the RMSD
increases, the binding energy is stronger. When comparing sites 6 and 7, there is a greater range
of RMSD values for site 7 than for site 6, if the outliers are excluded. This shows that when O,

is adsorbed on site 7 the structure of the cluster is distorted to a greater amount than for site 6.

6.3.3 Density of States Analysis

As in Chapter 4, it is possible to calculate the d-band centre to give an indication of ORR kinet-
ics. In this chapter, there is not only an interest in the initial stages of the ORR, O, dissociation,
but also in the latter stages, where OH binding too strongly to the Pt surface will result in slow

reaction kinetics. It is expected that a downshift in d-band centre will result in weakening of
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that of Pt.

molecular (e.g. OH, O,) interactions to the Pt shell. Conversely, an upshift in the d-band centre
will probably result in strengthening of these interactions. It is known that stronger Pt—O inter-
actions lead to lower dissociation barriers [218-220], which is contrary to the need for reduced
Pt—O binding to allow for desorption of oxygen containing species and formation, for example
of H,O from OH + H.

In Figure 6.13, the d-band centre of the Pt shell for varying compositions is plotted relative
to that of the pure Ptsg cluster shell. It is possible to see that, in general, when Pt is alloyed with
early d-block metals, such as Ti, significant downshifts in the d-band centre are observed. A
number of Pt based alloys with early transition exhibit favourable ORR kinetics [221]. For the
later d-block metals (around group 9) the shifts in the d-band centre become positive, showing
an upshift. Shifts in the d-band centre arise from electronic and geometric effects. For the
early d-block metals, it is likely that electronic effects dominate the changes in d-band char-
acteristics, where significant charge transfer is observed between the M core and the Pt shell;
charge transfer has been found to correlate with the Pt-M binding energy [222]. For the later
d-block metals, where there is less charge transfer, it is likely that geometric effects dominate
the changes in the d-band centre.

However, there are three exceptions to this general trend, where alloying Pt with group 12
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elements leads to a significant downshift in the d-band centre. From the Bader analysis, charge
transfer from the M core to the Pt shell is less than for early d-block metals. On average the
core gains a charge of +0.63, +0.60 and +0.37 |e| for Zn, Cd and Hg, respectively, while the Pt
shell has an average charge of -0.09, -0.08 and -0.04 |¢|. This compares to an average charge of
+1.81 and -0.34 for the W @Pt core and shell, respectively (W @Pt results in the most negative
d-band centre for group 3—11 metals). The Pt shell of W@Pt has a relative d-band centre of
-0.29 eV, this compares to relative d-band centres of -0.71, -0.82 and -0.53 for Zn, Cd and Hg,
respectively.

It also seems unlikely that geometric effects could account for this dramatic shift in d-band
centre. The RMSD of the Pt shell is calculated to be 0.14, 0.08 and 0.09 A for Zn, Cd and
Hg, respectively relative to the Pt shell of the pure cluster. This suggests that there is not a
significant deviation in the geometry of the Pt shell that might result in such a shift in d-band

centre.

6.3.4 PtCo System

As mentioned in Section 6.3.1, the bare 38-atom Co@Pt TO cluster is “unstable” when op-
timised at the DFT level. During the geometry optimisation, the bare cluster distorts away
from the TO structure towards the octahedral-icosahedral (Oh-Ih) structure as shown in Figure
6.14 [223]. As this was the only composition that resulted in significant structural rearrange-
ment of the bare cluster, a GA search was performed on CogPt3;, using the Gupta empirical
potential with Cleri and Rosato parameters presented in Table 6.4. The GA search resulted
in TO clusters being energetically favourable, suggesting they are stable when compared to
other structural motifs. Furthermore, the GA search favours complete core-shell configurations,
where structures with Co occupying surface positions result in higher energies. The fact that
the Gupta-GA generates the Co@Pt TO cluster as the GM suggests that, in this case, perhaps
the parameters are not reliable for the alloyed system.

DFT calculations reveal that Pt—Co is more weakly interacting (£, = -2.98 eV) than the

Pt-Ti dimer (£, = -4.18 eV), but has a slightly stronger binding energy than Pt, (£, = -2.38
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Figure 6.14: Distorted bare Pt;,Cog cluster with Oh-Ih structure.

Table 6.4: Cleri and Rosato potential parameters for Pt-Pt and Co-Co interactions, Pt-Co inter-
actions are taken as the arithmetic mean. [156]

Pt-Pt Pt-Co Co-Co
A@V) 0298 0.196 0.095
£@V) 2695 2092 1.488
P 10.612 11.108 11.604
q 4004 3.145 2.286
0(A) 2775 2641 2506

eV). However, as distortions of the (111) facet are found for Rh@Pt and Ir@Pt, which also
have slightly stronger Pt—M dimer binding energies than the Pt—Co dimer, Co@Pt may be a

promising candidate if a more suitable model system could be found.

6.3.5 Summary

Pt-Cu alloys have been demonstrated to give favourable ORR reaction kinetics [56, 100]. In
the initial O, chemisorption studies, there was significant distortion of the (111) facet. The O,
dissociation barrier on site 6 is 0.06 eV, while spontaneous O, dissociation was found at site 7
during geometry relaxation. This is in line with the O, dissociation barrier at position 6 on Ptsg,
which is 0.04 eV. It is therefore confirmed that the Cu@Pt cluster displays favourable properties
for O, dissociation as for the pure Pt system. However, from the investigations of d-band centre,
an upshift of 0.25 eV is found suggesting that there will be increased Pt—O binding. It should

be noted that copper is significantly cheaper than platinum, at a cost of around £0.06 g! (as of
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June 2014 [224]) and £27.25 g! (as of June 2014 [224]), respectively. This means considerable
cost reductions could be made through forming Cu@Pt electrocatalysts.

Pt-Rh alloys have been considered for fuel cell applications, [225], although Rh costs £21.06
g (as of June 2014 [224]) so there would be relatively little cost reduction through alloying.
As stated in Section 6.3.2, RhgPt;, demonstrates favourable (111) facet distortions when O, is
adsorbed. When a transition state search is performed on site 6, a dissociation barrier of 0.07
eV is found. Again, this is in line with the O, dissociation barrier of position 6 on the Ptsg
cluster. When investigating site 7, as the RhgPt3,—0,; system is locally relaxed, the O, molecule
dissociates. This suggests that the distortion of the (111) facets spontaneously overcomes the
small O, dissociation barrier which has been observed previously. As with other late M@Pt
systems, there is an upshift in the d-band centre, although in the case of Rh@Pt, the upshift is
small (0.06 eV).

A similar trend is found for Pt alloyed with Pd and Cd, where the O, dissociation barriers at
site 6 are 0.04 and 0.01 eV, respectively. At site 7 spontaneous dissociation is observed for both
systems. For Pd@Pt, there is a slightly larger upshift in d-band centre, of 0.19 eV, compared
to Rh@Pt although this is reduced slightly compared to Cu@Pt. Unlike the other late d-block
metals, the Cd@Pt system results in a significant downshift in the d-band centre by 0.82 eV.
Furthermore, whilst the cost of Pd is £15.42 g'1 (as of June 2014 [224]), Cd costs significantly
less at £0.02 g'!' (as of June 2014 [226]). PtPd nanoparticles have been investigated for use in
PEFCs and have been found to exhibit improved catalytic activity when compared to pure Pt
electrocatalysis [227,228].

The Pt-Ir system is slightly different from the others, with an O, dissociation barrier of
0.27 eV for site 6 and spontaneous dissociation observed at site 7. A barrier of 0.27 eV is still
significantly below that for the bulk Pt system (~ 0.40 eV), although it is not as low as for other
systems that have been investigated. However, the Ir@Pt system does have a slight downshift
in the d-band centre, which could suggest that the alloyed system has advantages over the pure
Pt system. Furthermore, the price of Ir is £11.38 g'! (as of June 2014 [224]), which could still

provide a reduction in the cost of the electrocatalyst. Furthermore, the formation of Ptlr alloys
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has previously been found to improve ORR kinetics [229].

6.4 Conclusions

It has been shown that favourable distortions of the (111) facet to facilitate O, dissociation are
not confined to the pure Pt clusters. It has been found that late d-block metals with relatively
weak Pt—M interactions also exhibit this behaviour. Furthermore, the weakened core—shell
interactions facilitate O, dissociation to give very low dissociation barriers of < 0.10 eV. Weak-
ening of the Pt—M core-shell interactions can have an adverse effect on cluster stability, where
under-coordinated surface atoms are already less stable in clusters than the bulk [230]. This
means that of the systems studied, each has distinct advantages and disadvantages associated
with it, meaning the most promising system will have to be a compromise between the different

characteristics being investigated.
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Chapter 7

Concluding Remarks

7.1 Conclusions

The research presented in this thesis was aimed at investigating potential electrocatalysts for
PEFCs. Beginning in Chapter 3, it was shown that global optimisation searches could be per-
formed on potential sub-nanometre electrocatalysts. Utilising a combined GA-DFT approach
yielded more accurate results than the traditional GA-EP method. This methodology is particu-
larly important for systems that exhibit strong electronic effects upon alloying (charge effects),
or have significantly different elemental properties (atomic sizes). This is particularly true for
late transition metals alloyed with early transition metals, such as the PtTi and PtV systems.
Furthermore, the importance of investigating spin effects was shown, where for small clusters
spin can play an important role, changing the GM structure compared to the singlet.

In Chapter 4, chemisorption studies were performed on clusters of sizes up to 201-atoms.
Alloying Pt with Ti results in significant shifts in the d-band properties with respect to the
pure clusters. For the Ti@Pt core-shell cluster, these shifts are found to result in favourable
weakening of Pt—OH and Pt—CO binding, where weakening of the Pt—Oh bond results in faster
ORR kinetics and weakening of Pt—Ti binding results in reduced susceptibility to CO poison-
ing. However, these favourable sifts in the d-band are found for the monolayered Pt-shell, with

bilayered shells leading to little deviation in d-band characteristics from the pure cluster. Fur-
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thermore, it is found that the d-band shifts associated with the onion-like structures are also
reduced with respect to the complete monolayered core-shell structure. If Ti were to occupy
the surface sites, this would result in significantly stronger binding of both OH and CO and
thus would not be desirable for a PEFC electrocatalyst. For the latter stages of the ORR, Ti@Pt
clusters exhibit superior properties to the pure Pt clusters.

Oxygen dissociation on Ti@Pt clusters, up to the size of 116-atoms, was studied in Chapter
5 and compared with results for the Pt(111) slab. Very low dissociation barriers (typically below
0.1 eV) are found for the hollow sites on the (111) surface of the pure Pt cluster. These low
dissociation barriers are attributed to the flexibility of the Pt shell, where binding of O, leads
to distortions of the (111) facet that facilitate dissociation. These distortions of the (111) facet
were not observed for the Pt(111) slab, where the surface infinite surface is constrained, thus a
higher dissociation barrier was found (~0.4 eV). Significantly higher O, dissociation barriers
were found on the (111) facet of the Ti@Pt clusters. The strong electronic effects observed in
Chapters 3 and 4 resulted in a more rigid Pt-shell. This meant that favourable distortions of the
(111) facet upon binding of O, were not possible, which resulted in higher dissociation barriers
(>0.4 eV). Higher dissociation barriers (>0.3 eV) were also found on the (100) facet, for both
the pure Pt and Ti@Pt clusters, where significant distortions were not observed. For the early
stages of the ORR, the pure Pt cluster has significant advantages over the Ti@Pt cluster, where
lower dissociation barriers will aid fast ORR kinetics.

Finally, in Chapter 6 some of the studies from Chapters 4 and 5 were expanded to the full
range of d-block metals. Favourable distortions of the (111) facet are found for a number of
M@Pt late d-block metals, which in turn facilitate O, dissociation with low barriers. However,
for the majority of these M @Pt systems, where distortions of the (111) facet are observed, there
are less significant shifts in the d-band. This means that a compromise must be found where
competition between the weak M—Pt interactions to facilitate early stages of the ORR must be
weighed up against the advantages of strong M—Pt interactions affecting the later stages of the

ORR.
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Table 7.1: CO stretching frequencies for binding sites on the Pts cluster. The sites are displayed
in Figure 7.1.

Frequency (cm™)

25+1 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9
Pt;
1 2019.41 2021.28 2020.68 1748.47 - 1832.17 - 1716.44 1732.59
3 2021.80 2018.24 2016.81 1826.17 1837.64 1823.52 - 1743.30 -
5 2024.89 2032.65 2025.09 1829.54 - 1871.65 - 1745.95 -
7 - 2029.41 2013.28 1834.80 1847.23 1804.79 1830.34 - -
9 - - - 1835.80 1835.05 1827.39 - - -

7.2 Further Work

From the GA-DFT searches performed in Chapter 3, it is possible to extend the work in several
directions. Firstly, it is possible to widen the size range being studied to include larger clusters.
This will give a better idea of the size effects, which were briefly discussed within the Chapters
4 and 5. Secondly, it is possible to perform chemisorption studies on the sub-nanometre clusters
in order to locate favourable binding sites as well as study the effect of chemisorption on the
spin effects already investigated. An example of such a study is shown in 7.1, where CO adsorp-
tion is studied on all sites of the Pts5 cluster at varying spin multiplicities. For CO chemisorption,
it is also possible to probe CO stretching frequencies. The CO vibrational frequency has long
been used as a structural probe, as it is susceptible to its local environment [231, 232]. CO
stretching frequencies are influenced by coverage, particle size, charge, and structural rear-
rangement [233]. Results for the CO stretching frequencies for all sites at all multiplicities are
shown in Figure 7.1. It would also be possible to expand the study to look at a greater array of
alloys. The GA-DFT methodology has shown great promise for performing accurate searches
on the PES but has only been used for a small set of alloyed systems.

The O, dissociation studies presented in Chapter 6 can be progressed in a number of direc-
tions. It is possible to study larger cluster sizes, in a similar fashion to the studies presented
in Chapter 5. This would allow for the study of size effects, as well as the possible stabili-
sation of certain compositions that are not stable for the M¢Pt;, structure. Furthermore, for a

number of that late transition metal systems, it would be possible to perform GA-EP structural
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searchs, to allow for the study to progress on more realistic structures. Finally, a promising
direction that has recently been gaining increased interest is the investigation of tri-metallic
systems [234-239]. Through the inclusion of a third metal, it may be possible to produce struc-
tures with a compromise between core—shell interaction strength, whilst simultaneously shifting

the d-band centre to slightly weaken Pt—OH binding.
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A theoretical investigation is presented of alloying platinum with titanium to form binary Pt-Ti
nanoalloys as an alternative to the expensive pure platinum catalysts commonly used for Proton
Exchange Membrane Fuel Cell cathode electrocatalysts. Density Functional Theory calculations
are performed to investigate compositional effects on structural properties as well as Oxygen
Reduction Reaction kinetics and poisoning effects. High symmetry Az,—Bg clusters are studied to
investigate structural properties. From these structures binding energies of hydroxyl and carbon
monoxide are studied on a range of sites on the surface of the clusters. Promising results are
obtained suggesting that the bimetallic Pt-Ti nanoalloys may exhibit enhanced properties
compared to pure platinum catalysts.
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ABSTRACT: Theoretical investigations of Pt—Ti nano-
particles are presented using density functional theory
(DFT) to study clusters up to sizes of 1.7 nm (201 atoms).
Several compositions have been studied for varying sizes, and a
projected density of states analysis has been performed.
Changes in d-band properties have been correlated with
differences in OH and CO binding energies with relation to
changes in composition. It was found that a Pt-rich Pt—Ti alloy
shows promise for potential use in a PEMFC with the alloy
resulting in a downshift in d-center, compared to pure Pt
clusters, which correlates with a weakening of the OH and CO adsorption energies. Furthermore, it was observed that varying the
size of the cluster gives rise to changes in the d-band center with larger clusters typically having a more negative d-band center,
although values obtained are not as negative as the d-band center for bulk Pt;Ti reported in the literature.
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A DFT study of oxygen dissociation on platinum
based nanoparticlest

Paul C. Jennings,® Hristiyan A. Aleksandrov,”® Konstantin M. Neyman®®
and Roy L. Johnston*®

Density functional theory calculations are performed on 38 and 79 metal atom truncated octahedron
clusters to study oxygen dissociation as a model for the initial stage of the oxygen reduction reaction.
Pure platinum and alloyed platinum—titanium core-shell systems are investigated. It is found that
barrierless oxygen dissociation occurs on the (111) facet of the pure platinum clusters. A barrier of
~0.3 eV is observed on the (100) facet. For the alloyed cluster, dissociation barriers are found on both
facets, typically ~0.6 eV. The differences between the two systems are attributed to the ability of oxygen
to distort the (111) surface of the pure platinum clusters. We show that flexibility of the platinum shell is
crucial in promotion of fast oxygen dissociation. However, the titanium core stabilises the platinum shell
upon alloying, resulting in a less easily distortable surface. Therefore, whilst an alloyed platinum-titanium
electrocatalyst has certain advantages over the pure platinum electrocatalyst, we suggest alloying with a
more weakly interacting metal will be beneficial for facilitating oxygen dissociation.
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