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Abstract

This thesis focuses on the atomic structure of platinum-based nanoclusters, and covers two
main areas: Binary platinum-titanium clusters, and pure platinum clusters. In both cases,
the nanoclusters were produced with a magnetron sputtering, gas-aggregation cluster
beam source, and imaged with an aberration-corrected Scanning Transmission Electron
Microscope (STEM) with detailed image analysis.

The key issue in the study of the Pt-Ti clusters is in identifying their overall mor-
phology. For oxidised clusters a Pt core with a TiO, shell is found for smaller clusters,
whereas for larger clusters multiple Pt cores are seen within the TiO, shell. The Pt cores,
for all sizes of nanoclusters, exhibit a preferred core size of 30 £ 6 Pt atoms. The Pt-Ti
clusters have also been transferred between the cluster source and the STEM in a nitrogen
environment, in order to reduce oxidation. Here, the morphology of the clusters is more
amorphous in nature than for the core-shell structure of their counterparts transferred in
air, with the Pt and Ti atoms forming an alloy core within the cluster. A small amount
of oxidation seems to allow a thin shell of TiO, to form around these clusters.

The study of the pure Pt nanoclusters was motivated by the Pt cores found in the
binary nanoclusters transferred in air. Experimentally, clusters were produced containing
between 10 and 600 Pt atoms. The structural motif of these clusters was identified through
aberration-corrected STEM imaging, showing that the large clusters (> 250 Pt atoms)
typically present with a cubic structure which matches that of bulk FCC Pt. The smaller
clusters do not display such a distinct structure, although some have been identified as
icosahedral or decahedral in motif. Additional investigation of the pure Pt nanoclusters
has been performed by examining the structure of the magic number sized clusters of 55,
147, and 309 Pt atoms. This experimental work has been complemented by theoretical
modelling of the most stable structures, to identify dominant motifs within a large size
range from 55 to 10,000 Pt atoms. Empirical potentials were used to study the dominant
motifs of symmetric clusters within this size range. An interpolation scheme, which

predicts the energies of asymmetric clusters, was used to investigate this size regime in



further detail. The results show that there is a persistent switching between the decahedral
and octahedral motifs, with the decahedral having broadly greater dominance at smaller
sizes, and the octahedral becoming dominant at larger sizes. This work was complemented
by performing global optimisations on the magic number clusters, including a 2% size
bracket. This has allowed a detailed study of the small clusters, showing that for 55
atoms the icosahedral and decahedral motifs are dominant, whereas for 147 atoms the
decahedral motif is dominant, and for 309 atoms the octahedral motif is broadly dominant.

Several papers are emerging from this thesis work. The Pt-Ti multiple-core work has
been published in PCCP journal ‘Modular Construction of Size-Selected Multiple-Core
Pt-TiOy Nanoclusters for Electro-Catalysis’ by Caroline E. Blackmore, Neil V. Rees, and
Richard E. Palmer. The latter part of the Pt-Ti chapter is currently being converted
into a manuscript, with collaborative theory work from Keith McKenna’s group at the
University of York. The pure Pt experimental and theory work is due to be combined
into a paper discussing the FCC motif evolution. This paper will contrast the Pt results
with previous work on gold nanoclusters performed by Richard E. Palmer (University
of Birmingham) and Anna L. Garden (University of Otago). A second paper, on the
variations of motif dominance caused by the use of different empirical potentials, is also

being drafted and will also include some of the work on Pt shown in this thesis.
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Chapter 1

Introduction

In this chapter, background material on the topics covered within this thesis is examined.
This includes the motivation for the project as a whole, the limits with the current tech-
nology, and the role that platinum and platinum-based materials play within this setting.
Pure platinum and platinum-titanium are the materials that are focused upon within this
thesis. Nano structuring materials vastly changes their properties, which, when coupled
with the reduction in material, offers a good way to use these materials. Below, the
production, imaging and analysis methods of nanoclusters are discussed.

The background to the theoretical work is discussed in detail in Chapter 5.

1.1 Motivation for the Project

1.1.1 Sustainable Energy

Our planet’s resources are limited, none more so than energy. Useful energy is pre-
dominantly produced from fossil fuels, but as these are limited, alternative methods of
producing, storing, and transporting energy have to be developed. Conservative predic-
tions of power consumption in 2050 show that 30 TW will be needed, with 40-70% being
produced by renewable energy [1]. The two main renewable sources in the UK, solar

and wind, have the capability to meet a lot of the human population’s needs, but both



are often limited by intermittent supply. The nature of human power usage means that
demand fluctuates second by second, hour by hour, and season by season. To address
these fluctuations, technological developments in power production and storage are being
sought. These include the building of hydroelectric dams, investment in battery tech-
nology, and the use of hydrogen as an energy storage medium. Hydrogen, as a gas or a
liquid, has the ability to be stored and transported, which is key to many applications.
The study of nanoclusters, relevant to the hydrogen economy is the focus of this thesis.

Hydrogen, when coupled with fuel cell technology, provides a compact energy source,
particularly useful to the vehicular industry. Vehicles using petrol- or diesel- based engines
not only deplete the limited fossil fuel supply, but also release harmful pollutants into the
atmosphere [2]. The switch to hydrogen fuel for cars, lorries, and buses, offers a solution
to both of these issues, provided that the hydrogen is produced in an environmentally
friendly, green manner. To date, Transport for London runs eight hydrogen fuel cell buses
[3], and is championing hydrogen fuel cell technology. The current fuel cell technology
is well suited to use on buses, as they are capable of carrying large, heavy loads such
as hydrogen canisters, and always return to a single station which can be used as a
refilling point. However, improvements still need to be made to fuel cell technology and
hydrogen production in order to make both practical and economically viable. This leads
to two areas of research connected to this thesis: Improving the efficiency of hydrogen
fuel cells used within small vehicles, and increasing the efficiency of the green production
of hydrogen from water.

Hydrogen can be produced in a multitude of ways with steam reformation, partial oxi-
dation, biomass gasification, and alkaline electrolyser being the four commercial options|[4].
Whilst steam reformation is the most used and the most efficient at 80 % it is not an
environmentally friendly process as it releases carbon, predominantly carbon dioxide, into
the atmosphere and burns fossil fuels. To combat this, greener methods need to be sort
for future hydrogen production. Electrolysis uses electricity to split water, producing hy-

drogen, and can be a green method if a renewable power source is used to generate the



electricity. It is approximately 60 % efficient, and a good way to store excess electrical
energy from unpredictable renewable energy sources [4]. Photoelectrochemical cells are
have an efficiency of approximately 13 % when turning sunlight in to hydrogen [4]. Hy-
drogen can also be produced from sunlight by photobiological material like algae, but this
has an efficiency of less than 0.5 % [4].

The work of this thesis is concerned with materials that could help improve fuel cell
reactions and water splitting efficiency. In-depth studies of these materials, specifically
nanoclusters, allows us to explore novel production methods and the impact of particle
size upon the overall morphology of the nanocluster. This in-turn, will improve their
performance by offering the hope that we can improve the technology by controlling
the materials, thus improving the economics of the hydrogen economy, ready for wider
deployment. Platinum based materials are the main concern for this thesis, as it is

currently widely used as a catalyst, but its high cost due to its rarity limits its future use.

1.1.2 The Hydrogen Economy - Fuel Cells and Water Splitting

Improvements within the hydrogen economy can be made in two areas: Fuel cell tech-
nology for vehicles, specifically cars, or the process of splitting water into hydrogen and
oxygen.

Fuel cells are a technology that allows hydrogen to be used as a fuel to produce energy
by chemical reactions rather than combustion. There are many types of fuel cells, but
for this work Polymer Exchange Membrane Fuel Cells (PEMFC) will be the main focus.
PEM fuel cells operate at low temperatures (<100 °C), and are typically used for mobile
applications, such as vehicles. They react pure hydrogen with oxygen from the air as
inputs, resulting in power and water as outputs. This makes it a very clean technology, as
no pollutants are released. A schematic of a PEM fuel cell is shown in Figure 1.1. The fuel
in, Ho, is split at the anode into hydrogen ions which pass through the polymer membrane
to the cathode. At the cathode, O, is split into ions so that water can be formed with

two hydrogen ions and an oxygen. The splitting of the Oy and recombination into HyO



is the slowest step within the process [5], so a catalyst, typically a layer of Pt, is used to
speed up this reaction. The equations for PEM fuel cells are shown in Equations 1.1 and
1.2. Improving this rate-limiting step by improving the ability of platinum to catalyse

the reaction forms a major part of the work investigated within this thesis.

Hy — 2H 4 2¢~ (1.1)
1 + —
502+ 21" +2¢7 = 1,0 (1.2)

The second main type of fuel cell is a Solid Oxide Fuel Cell (SOFC), which has a
ceramic electrolyte, typically yttria-stabilised zirconia. This type of fuel cell avoids the
need for a precious metal catalyst by running at high temperatures of 800°C. This high
temperature means that the fuel cell can process impure hydrogen, but the increased
temperature can lead to high levels of degradation within the fuel cell. SOFC are typi-
cally bulkier than PEMFCs, thus stationary applications are sought, rather than mobile
applications. This includes setting up SOFC homes, where the fuel cell generates elec-
tricity from natural gas, utilising the excess heat produced to warm water and run the
central heating [6, 7]. Other types of fuel cells include Direct Methanol, Phosphoric Acid,
Alkaline, and Molten Carbonate, all of which have advantages and disadvantages.

Electrolysis can be used to split water into hydrogen and oxygen gas, a schematic of
which is shown in Figure 1.2. A power supply is attached to two electrodes suspended in
an electrolyte. A salt based electrolyte which is used to improve the conductivity of the
solution. This electrical potential allows breakdown of the bonds within water molecules.
At the cathode, the reduction reaction occurs, forming an alkali. This is where hydrogen
ions are stripped from H,O, forming Hy gas and OH™ ions. At the anode, the oxidation
reaction occurs, forming an acid. This is where oxygen ions are stripped from H,O,
releasing H* ions and O, gas. The H" and OH™ ions within the solution recombine to

form water. The balanced half-cell equations for the cathode and anode are shown in
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Figure 1.1: A schematic of a PEM fuel cell with hydrogen and oxygen inputs, and a water
output, producing power through the flow of electrons. The catalyst particles are located
on the anode and cathode. Reproduced from [§].

Equations 1.3 and 1.4.

AH,0 + de~ — 2Hy + 40H ™ (1.3)
2H,0 — Oy + 4AH + de™ (1.4)

The gaseous oxygen and hydrogen products form bubbles which rise to the surface
of the solution. A gas separator is used to aid collection of the Hy gas, which can then
be purified before use within a PEM fuel cell. The PEM fuel cell and water-splitting
electrolysis are in effect opposites of each other, with one using hydrogen to produce
power and the other using power to produce hydrogen.

To make electrolysis a green technology for water splitting, the power used has to

be generated by a renewable source, typically solar power via a photovoltaic array. The
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Figure 1.2: A schematic of an electrolysis cell used to split water and produce hydrogen
and oxygen gas. Reproduced from [9].

alternative to using a solar array to produce electricity is to use Photo Electro-Chemical
(PEC) water splitting, where a semiconducting material is used, in conjunction with
sunlight, to directly split water.

Figure 1.3 shows a schematic of a PEC cell. Incident photons, with energy hr (Plancks
constant times the frequency of the photon), interact with the cell. The energy of the
photon causes an electron to be promoted from the valance band into an excited state in
the conduction band, leaving a positively charged quasi-particle called a hole. The choice
of materials designate the energies at which the valance and conduction bands sit. The
energy of the photon has to match the energy gap between the valance and conduction
bands for it to be absorbed.

The electron released flows, via a circuit, to the counter electrode (cathode), whilst

the hole acts as the positive anode. This potential difference provides the energy to split



water in the same way the power source does in Figure 1.2. Careful design of the cell
allows for the two gasses to be collected independently, with the hydrogen ready for use

within a fuel cell.
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Figure 1.3: A schematic of a PEC cell using photons of light to split water and produce
hydrogen and oxygen. Reproduced from [10].

Typically, TiO, is used as the semiconductor electrode material, but as it has a band
gap of 3.0-3.2 eV it only absorbs in the ultraviolet area of the electromagnetic spectrum
[11]. This means that a large proportion of the energy from sunlight is wasted. To collect
more of the spectrum, dye-sensitised PEC cells are being developed. They often contain
multiple materials, with different band gaps to absorb a wider range of photon energies,
generating more electron hole pairs [12, 13].

TiOs has been shown to produce 0.011 mmol of hydrogen per gram of catalyst in
a bulk form [14]. This improves to 0.36 mmol of hydrogen per gram for TiOs when it
is nano structured[14]. The addition of Ag and Au improve the nanoclusters hydrogen
production to 12.82 mmol per gram[14]. Pt and TiOs nano clusters show the highest rate

for all materials studied at 18.6 mmol of hydrogen per gram of catalyst[14]. This study by



Ahmad et al.[14] shows how nanostructuring a material can vastly improve its reactivity
per gram.

TiO4 also has many properties well suited to the hydrogen economy. It is a relatively
cheap metal, which is widely available. For example approximate metal prices from June
2017 show that gold costs 1250 USD/oz and silver costs 17 USD/oz[15]. Non precious
metals are far cheaper, with tin costing 9 USD/1b, nickel costing 4 USD/Ib, copper costing
2.5 USD/Ib, and titanium costing 1.6 USD/Ib [15]. The mechanical properties of TiOs
are also very good as it is a strong, thermally stable and non-flammable, thus appropriate
for use as a catalyst. TiO, is also a non-toxic and easy to handle material as it is regularly
used in sun cream and paint [16, 17]. Another major benefit of using TiO, is that it is a
well researched material[18, 19, 20].

Pt and TiO, stand out as being the main materials for research and improvement in
the hydrogen economy. Section 1.1.3 details work investigating both materials and their

impact upon the hydrogen economy.

1.1.3 Platinum and Titanium Dioxide - Materials for The Hy-

drogen Economy

Pt forms the base material of many catalysts. It is most commonly used in catalytic
converters, enabling hydrocarbons leaving an engine to be converted into carbon dioxide
and water vapour, reducing the harmful effect upon the environment. Pt is classed as a
critical metal due to its many uses, but limited supply. The mining of platinum group
metals is also a very dirty process using many chemicals to extract and process the ore
[21, 22]. For this reason, reducing the quantity of Pt used within all applications is a key
part of its future. Pt has a multitude of uses which means that research into understanding
the material, particularly at the nanoscale, is very valuable, especially if improvements in
catalysis, focusing upon the hydrogen economy, can be made. Below is detailed literature
on recent studies of Pt, with the main focus being upon the hydrogen economy as an

emerging area which Pt will benefit.



Pt nano clusters have been studied by a number of groups to further understand both
the structure and chemical properties of these clusters. Theoretical studies by Kumar
et al. have indicated that for Pt clusters of less than 9 atoms, a planar structure is
most stable [23]. Between 10 and 20 atoms, these planar structures form into pyramids.
The decahedral motif becomes dominant in the 21 to 24 Pt atom range, followed by an
octahedral motif becoming dominant for all larger sizes. This study found that for Pt
clusters, the triangle (3 atoms) and square (4 atoms) are key shapes for stable clusters
being formed. For bimetallic Pt based clusters there has been work on comparing different
minority metal materials [24, 25]. These alloys have shown promise for increasing activity,
reducing Pt loading, and improving stability and durability of the clusters produced

For fuel cells, Pt is the typical catalyst used [26, 27|, with a lot of work focussing upon
reducing the Pt loading, whilst keeping the reactivity and durability high [28, 29].

To compare the activity of different metals, volcano plots are often used. A volcano
plot shows the activity for each metal plotted against oxygen binding energy. There is
a volcano shaped relationship between the two, with the peak being a sweet spot that
balances the oxygen binding strength. If the oxygen binds too weakly to the material
it does not attach to the catalyst surface at the cathode. If the oxygen is bound too
strongly, it can not dissociate, ready for the reactions to produce water. Ngrskov et
al. [30] conducted a DFT study on different materials calculating the activity of each
material, plotted as a function of oxygen binding energy. The results are shown in Figure
1.4. The tip of the peak represents the ideal binding energy. The left-hand side shows
metals that bind too weakly with oxygen, whilst the right-hand side shows metals that
bound too strongly with oxygen. Pt is therefore classified as the ‘best’” with Pd being
a close second. Greeley et al. [31] showed that the activity and oxygen binding energy
was also highly dependent upon the surface that was being studied. For example, for Pt
the activity and oxygen binding energy for the (211) step edge site is far lower than for
the (100) and (111) facets. These studies enable experimentalists to know which sites are

catalytically most active and thus which structures to try to produce to maximise the



number of ideal facets. For Pt, with the above information, maximising the (100) and

(111) facets is preferential, which means cuboctahedral structures are best.
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Figure 1.4: A volcano plot showing the activity of different metals as a function of molec-
ular oxygen binding energy. Pt has the best balance of oxygen binding energy, which is
neither too strong or too weak. Reproduced from [30].

To improve the catalyst, moving closer to the peak of the volcano plot is desirable.
To move closer to the peak than pure Pt, bimetallic clusters can be formed. Figure 1.5
shows a volcano plot for bimetallic clusters, with Pt3Ni (111) being classed as the best.
Pt3Y is a close second.

To gain the structural control, and preferentially make structures with (111) or (100)
facets, the material has to be tailored at the nanoscale. Scaling the material to the nano
size allows facets to be presented for catalytic reactions that are not present on the bulk
materials surface. Reducing the size of the particle also makes the most efficient use
of all of the material, as the surface to bulk ratio, explained in Section 1.2, is higher.
Nanoclusters between 1 and 10 nm have been reviewed for use in fuel cells [33, 34, 35],
focusing upon how the size and elemental make-up of the clusters influences the structure
and reactivity of the cluster. By making clusters on the nanoscale, the structure does not
always reflect that of the bulk, thus the facets of the clusters are different, with more or
less of a particular facet being presented as a reaction site.

For Pt-Ti nanoclusters in fuel cells, Density Functional Theory (DFT) modelling has
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Figure 1.5: A volcano plot showing the activity of different bimetallic metals as a function
of molecular oxygen binding energy, normalised so that pure Pt is at zero on both scales.
Pt3Ni(111) and Pt3Y have the best binding energies, as they are close to the volcano plot
peak. Reproduced from [32].

been performed to investigate which arrangement of metal atoms is preferential [37, 36].
For this work, high symmetry clusters of Pt3;Tig have been studied, with some possible
arrangements shown in Figure 1.6. The high symmetry clusters shown are truncated
octahedral, with core-shell, hex and centroid configurations. The figure shows three pos-
sible distributions of the Ti atoms within the Pt clusters. The two reactions studied were
hydroxyl absorption and carbon monoxide adsorption. The DFT results show that the
binding between the hydroxyl molecules and the Pt cluster with Ti was weaker than for
a pure Pt cluster. This weaker binding is linked with a faster oxygen reduction reaction,
which would be beneficial for fuel cell catalysts. The results also show a weaker bonding
between the carbon monoxide molecule and the Pt cluster with Ti than for a pure Pt
cluster. This suggests a lower level of poisoning within the fuel cell, which would also be
very beneficial as it allows higher use of each catalytic site. Further work by Jennings et
al. [37] shows similar trends for larger clusters, up to 201 atoms. The conclusions of both
pieces of work show that a Ti cored cluster with a Pt skin 1 or 2 atoms thick would be
more active as fuel cell catalyst than a pure Pt cluster of the same size. This would also

have the added benefit of reducing the quantity of Pt used for the catalyst, as only the
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Figure 1.6: Slice through clusters showing possible arrangements of Ti atoms within a Pt

cluster. 32 of the atoms are Pt(blue) and 6 are Ti(grey) in all cases. Reproduced from
[36].

shell would contain Pt atoms.

The work by Jennings et al. [37, 36] also discusses the fact that if the shell of the
cluster was Ti, the cluster would inhibit the fuel cell reactions. This is because the binding
between Ti and carbon monoxide is far stronger, leading to high levels of poisoning of the
catalyst.

TiO, is very useful for water splitting as described in Section 1.1.2, but the technology
has a number of caveats: The probability of recombination of the electron hole pair, the
low activation of TiOs by sunlight, and the backward reaction where hydrogen and oxygen
return to water. Making this technology efficient is extremely important, as without
the clean supply of fuel, hydrogen fuel cells have limited use. To combat these issues,
developments in TiOy have been focussing upon adding noble metals to the TiO, [38].
For this work, noble metals are those which are either noble in chemistry terms (resistant
to corrosion or oxidation), and those that are noble in physics terms (complete d-band
shells). These metals include Pt [39], Au [39, 40, 41|, Pd [42], Rh [43], Ni [44], Cu [45]
and Ag [46]. Adding each of these materials to a Pt cluster can alter the absorption of the
electromagnetic spectrum, reduce the recombination of electrons and holes, or inhibit the
backward reaction where hydrogen and oxygen form water. The metal added changes the
energy levels within the cluster, thus changing the electromagnetic wavelengths absorbed.

Each additional metal changes the properties of the Pt cluster in differing ways.

12



A number of studies have shown that the inclusion of Pt atoms within TiO, can
improve the production of Hy if an electron donor is present, for example methanol [47, 48].
The presence of iodine can additionally suppress the backwards recombination of hydrogen
and oxygen forming water. The backward reaction uses up hydrogen gas, so reducing this
is beneficial for hydrogen production. In turn, this improves the economics of water
splitting as it increases the yield of hydrogen. Yu et al. [49] found that TiO, loaded
with Pt nanoparticles exhibited higher catalytic activity when compared with pure TiO,
samples. Adding 2% by weight of Pt to the sample produced the highest catalytic activity
for hydrogen production.

Developments in durability of the Pt catalyst have been demonstrated by Mohapatra
et al. [50] who tested carbon doped Pt TiO; nano tubes. These displayed both a high
reactivity and durability whilst being relatively inexpensive to produce, as the Pt loading
was 0.4% by weight when compared with the total TiOy weight.

This work shows promise for fuel cell applications for Ti core Pt shell clusters, and
mixed Pt TiO, clusters for water splitting. These two types of clusters form the basis for
the work undertaken within this thesis. The reduction of the amount of Pt used within
catalysts can thus be achieved in part by using a bimetallic material, for example Pt
mixed with Ti. An alternative way to maximise the use of the Pt is to nano structure
it, making the greater usage of all Pt atoms within a sample. The surface area of nano

structured materials are far higher than that of the equivalent bulk material by weight.

1.2 Nanoclusters

1.2.1 Motivation for Studying Nanoclusters

From the literature it is clear that one way of improving the materials catalytic activity
is to reduce the size of the material to the nanoscale. The properties that change by
scaling to the nano size are the surface to bulk ratio, crystal structure, and quantum

confinement which changes the melting temperature, magnetic properties, and reactivity
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of the material. Nanoclusters are typically classed as a group of atoms which is between
1 and 100 nm.

Au is a prime example of how properties are influenced by the size of the material. As
a bulk material, Au is known for being un-reactive [51], but when reduced to between 2
and 50 nm in size it becomes very useful for many reactions. Examples include Au being
very selective (based on Au cluster size) for partial oxidation of propane to propene oxide,
and for low-temperature CO oxidation [52].

Skulason et al. investigated the catalytic activity of Pt nanoclusters for the formation
of Hy [53]. The study performed showed that B-edges were far more catalytically active
than A-edges for Hy production. The A-edge is formed where a (111) and (100) facet meet,
whilst a B-edge is formed where two (111) facets join. The differing catalytic activity is
attributed to how the H, binds to different sites. These types of study help to identify
the sites most useful for a specific reaction, thus experimentally cluster size and motif can
be produced to maximise the reactivity. In this case clusters with many (111) surfaces
and thus B-edges would be preferential, thus the fully octahedral structure is desirable.
The desirability of a specific structure will be very dependent upon the specific catalytic
reaction required, thus there is no generic rule for improving catalytic reactivity.

Controlling the size, as well as creating alloys by combining the main material with
a dopant has a large effect upon the properties of the material. In the macro world
many materials are alloyed to improve properties of strength, malleability, or corrosion
resistance.

Using both of these methods, nano structuring and alloying of Pt and TiO,, will allow
us to investigate how the properties, specifically structure, varies. The sizes investigated
experimentally will be between approximately 2 and 5 nm for the alloyed materials, and
up to 600 atoms for the pure Pt clusters. Theoretical examination will focus upon the
pure Pt clusters, predicting structural trends in clusters up to 10,000 Pt atoms. A larger
size range for theoretical clusters is being used for two main reasons. A maximum size of 5

nm has been chosen for the experimental work as this is a practical upper limit of cluster
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size for both production and structure identification given the available instrumentation
at the University of Birmingham. For the theory work a far larger size can be investigated,
and is, as it gives a good overview for larger cluster sizes.

Clusters of atoms are said to have magic numbers in the same way as there are magic
numbers for the electronic shell of a single atom. For electronic magic numbers an atom
is most stable with a complete nuclear shell of electrons, with the discrete number of
electrons being classed as the magic number. For clusters, the magic numbers are based
upon the arrangements of the atoms with the cluster, preferentially forming closed shell
clusters. The magic numbers are dependant upon the base motif of the clusters and thus
the material [54]. For example for icosahedral, decahedral, and octahedral motif clusters
the magic number clusters below 1000 atoms are 55, 147, 309, 561, and 923 atoms. This
means that during production of clusters these sizes are likely to be produced in a higher
abundance than those of neighbouring sizes [55]. This is not unique to Pt and can be seen
in other metals, e.g. Au, Ag, and others where the bulk material has a cubic structure.

Clusters of atoms form motifs based upon driving forces within the cluster. These
include strain and surface tension. For each motif an internal strain is based upon the
arrangements of atoms [56]. The icosahedral motif is typically favoured at small size
ranges due to the low energy of the structure. This is typically followed by a region where
the decahedral motif is dominant. This is because, as the icosahedral motif grows in
size the strain contained within the cluster becomes too high. This can be released by
changing to the decahedral motif, or by loosing the central atom within the icosahedral
cluster. Growth of a decahedral cluster is typically followed by a transition to a cubic
structure, to match that of most bulk materials.

For bimetallic clusters the strain contained within a cluster is based upon the materials
used, thus the arrangement of these atoms aims to reduce the strain within the cluster
as a whole [57]. Figure 1.7 shows an example of four bimetallic clusters with increasing
number of minority metal atoms. To release the strain caused by more minority metal

atoms the initially round core of atoms deforms to form an asymmetric core seen offset
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towards one side of the cluster. The properties of the minority metal material impacts

the size at which asymmetric cores start to form.

1.2.2 Nanocluster Size and Structure

The reactivity related to the structure of a particle is based both upon the cluster’s
overall shape, as well as the detailed atomic arrangement. Nanoclusters are produced in
many shapes, including the traditional spherical [58, 59], nano wires [60] and platelets
[61] to name a few. These shapes, along with varying the size, alters the nanoclusters
characteristics changing the way it reacts. Castleman [62] describes a ‘3D periodic table’
where the size of a material adds the third dimension, vastly changing the characteristics
of a material. One of the main reasons for the changes in reactivity of nanoclusters when
compared with bulk it due to the change in the surface to volume ratio. For example, for
a cubic cluster with 64 atoms, 8 would be internal, and 56 would be on the surface, giving
a surface to volume ratio of 7:1 (87%). For a larger cluster of 216 atoms, the ratio would
be 19:8 (70%), whilst for a cluster of 1000 atoms, a ratio would be 61:64 (49%). This is
still a relatively small cluster, thus the surface to bulk ratio tends towards 0% for very
large clusters and the bulk. For catalysts, this means that most of the material in large
clusters and the bulk has mostly inaccessible sites for reactions. Only the top few layers
of the material are useful, thus, reducing the cluster’s size, and increasing the number of
surface atoms would increase the reactivity, whilst keeping the amount of material used
constant. Alternatively, to keep the same surface area far less material would be needed
if the material was nano structured.

When we look at the detailed structure of nanoclusters, the shape and size of the facets
has to be taken into account. Nano structuring a material also results in deformation of
the edges of the material. The majority of a cluster can have a bulk like structure, but
subtle changes in the positions for edge atoms can change the reactivity of the material.
Work by Skulason et al. [53] showed that theoretical, catalytic activity is highly dependent

upon which facets meet along an edge of a cluster. Marks and Peng [63] discuss the fact
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Figure 1.7: Simulations of the lowest strain arrangements of dopant atoms within an
icosahedral cluster containing, 1415 atoms. The minority metal (shaded atoms) areas
contain 13, 55, 147, or 309 atoms. These arrangements show how the cores become
asymmetric to release the strain built up within the cluster, caused by increasing the
number of dopant atoms. Reproduced from [57].
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Figure 1.8: A 2D view of the atomic arrangement of the surface for {100} and {111} facets.
Both facets are seen on the structural motifs of decahedral and octahedral clusters.

that different, but generally spherically shaped clusters, all contain different proportions
of facet structures. For example, a complete cube contains only {100} facets, whilst a
complete octahedron contains only {111} facets. A cuboctahedron therefore contains a
mixture of {100} and {111} facets, dependent upon the size of the truncation. A 2D
representation of the {100} and {111} facets are shown in Figure 1.8. Identifying the
structure allows catalyst manufacturers to aim to preferentially produce the best cluster
shape for their application.

Identifying the most stable structure of the clusters is thus important for knowing
which reactions they are good for. Understanding how the clusters are formed during the
production process, and how they are affected by their environment (storage time and
conditions), helps in identifying possible uses of the clusters, both within and outside of

the hydrogen economy.

1.3 Cluster Production

1.3.1 Overview

Nanoclusters can be produced in a number of ways, with most laboratory setups favour-

ing chemical production. Some chemical methods are detailed in Section 1.3.2, but for
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the work in this thesis physical preparation methods are preferred, mainly due to size
control, detailed in Section 1.3.3. Chemical methods have the advantage of producing a
high yield of clusters, and scaling up production tends to be simple. Disadvantages of
chemical production includes the variation in the size distribution of the clusters, along
with the varying elemental composition of each cluster, when bimetallic clusters are being
produced. Physical production, in a beam cluster source environment, allows users to
select the size of the clusters with additional mass selection apparatus. Using a mass se-
lector gives a trade off between the size accuracy and output volume of the clusters. The
total yield of clusters produced via physical methods is limited in comparison to chem-
ical methods, as deposition on large areas is physically limited. Scale up of physically
produced clusters can also be difficult, however there is ongoing research within this field
[64]. The main reason for this is that by increasing cluster formation material, to produce
more clusters, there is an increase in the average size of the cluster, thus scale up of the
yield of clusters is directly linked to an increase in the average size of the clusters. There
is also a limit to the physical size and power of the pieces of equipment used.
Chemically produced clusters are normally made in an aqueous solution, but physically
produced clusters are typically deposited upon a solid substrate. The applications and the
desired further testing of the clusters can determine the preferred preparation method,

but wet clusters can be dried and dry clusters can be suspended within a solution.

1.3.2 Chemical Methods of Production

Liquid phase chemistry is the main method of producing nanoclusters. This involves
adding specific chemicals to a reactor and typically heating the mixture to make certain
particles precipitate out of the solution. The initial reactants, along with time and tem-
peratures, define the characteristics of the particles that can be retrieved. The specifics of
the procedure, vessel shape, and precursor quantities allow certain sizes or compositions
of nanoclusters to be favoured. To precipitate Pt nano particles a starting material of

H,PtClg was used with a reactant agent of potassium bitartrate by Cushing et al. [65].
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This mixture was heated to 60 °C to form nanoclusters of a size less than 1.5 nm. To
form PtO nanoclusters [66], Pto(dba)s (where dba = bis-dibenzylidene acetone) was used
as a precursor and heated with hydrogen at 75 °C.

Variations on this method include radiation production, where v radiation is used
to induce the precipitation reaction. Belloni et al. [67] summarises achievements in
producing silver based nanoclusters with the addition of elements like Au, Cu, Pd, Pt,
and Pb.

The advantages of both of these methods is that they are typically very scalable in a
lab or industrial setting. This could be done through the use of larger reactors, and more
starting materials, or through the use of multiple reactors. Typically, the setup used is
relatively inexpensive and has low running costs. The biggest disadvantage of chemically
produced nanoclusters is the variation and uncontrollability of the size and composition
of the clusters. The resulting clusters are poly-dispersed, often containing a very wide
range of sizes. The nanoclusters are also typically made in an aqueous solution, thus
there are issues of aggregation. If the material is dried, care has to be taken to prevent
agglomeration of the clusters. For imaging with a microscope, the material has to be

dried, ideally with the clusters well dispersed to enable high quality imaging.

1.3.3 Physical Methods of Production

There are a number of physical methods of production that can be used to generate
nanoclusters. These typically produce ‘dry’ nanoclusters that can be easily studied within
a microscope.

Ball milling involves grinding a material with ceramic balls until it reaches the desired
size. This method has shown that nanoscale clusters can be produced, with reports
of clusters with an average size of < 30 nm [68, 69]. Due to the high pressures created
when milling, multiple materials that are not typically compatible, due to thermodynamic
equilibrium, can be combined to produce clusters. The major issue with this production

method is that the clusters produced have a wide range of sizes, so may need to be
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Figure 1.9: Schematic of a supersonic expansion nozzle designed by De Heer and Knight
1987. A metal is heated and evaporated so that the gas can carry the atoms through the
pinhole nozzle, expanding, and forming a beam of clusters. Reproduced from [70].

filtered depending upon the desired usage. The clusters may also become contaminated
with material from the milling balls or vessel.

Supersonic expansion nozzle sources [71, 72] use the fact that a gas rapidly expands
upon entering a vacuum chamber to form a beam of clusters. The metal cluster material
used has to initially be in a liquid form to be combined with the gas, prior to expan-
sion. The supersonic expansion of this metal vapour, when it passes through the nozzle,
generates a beam of clusters as shown in Figure 1.9. The pressure, temperature, nozzle
size, and gas can be used to tune the size and flux of the clusters. The typical size of
the clusters ranges between 1 and 1000 atoms [70]. As the clusters are in a beam, it is
also possible to mass select them, thus improve their size distribution [73]. This type of
source is limited in material that it can use for cluster generation, as the material needs
to have a relatively low melting point so that it can be melted to a liquid state, without
the chamber overheating.

To overcome the need for low melting point materials, laser ablation sources can be

used. These sources uses a laser to vaporise a rod of the metal of the desired cluster
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Figure 1.10: Schematic of a laser ablation cluster beam source. The laser enters at the
top of the chamber generating an atomic vapour from the rod. This vapour exits the
source via the nozzle with a pulse of gas from the pulsed valve. Reproduced from [70].
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Figure 1.11: Schematic of a gas evaporation condensation cluster beam source. This
source uses a crucible to heat a metal to evaporate atoms. These atoms then condense
into clusters with the aid of liquid nitrogen. Reproduced from [70].

material. The vaporisation coincides with a burst of helium gas, to pulse the clusters
away from the vaporisation site. The timing of the laser pulse and the helium gas jet
allows the user to control the approximate size of the clusters to between 2 and 10 nm
[74, 75]. A schematic of a laser vaporisation source is shown in Figure 1.10. For this
source the laser enters the chamber at the top, vaporising the metal atoms from the rod.
This atomic vapour is pulsed out of the source through the nozzle on the right-hand side.

Gas condensation cluster sources [77, 76] typically use a crucible of material that is
heated until it evaporates or a magnetron to sputter the material. The evaporated or
sputtered atoms are then condensed into clusters through the use of a cooled gas and
high pressures. The gas acts as the third body for collisions, taking excess energy away
from the atoms, allowing the formation of small clusters. This method enables the growth
of clusters from two atoms up to many thousands of atoms, offering the widest scope of
sizes of all cluster sources. A schematic of an evaporation source is shown in Figure 1.11
and a magnetron sputtering source in Figure 1.12. The main disadvantage of this type of
source is that scaling up of production is difficult. This method has previously been used

to produce 4 nm Pt clusters, which were deposited as a film [78].
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Figure 1.12: Schematic of a magnetron sputtering gas condensation cluster beam source.
1 and 2 are the chamber walls, 3 is the output nozzle, 4 is cooling, 5 gas inlet, 6 is a
magnetron, 7 is a metal target, 8 is the power supply, 9 is the plasma, and 10 is the
cluster beam output. Reproduced from [76].
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Figure 1.13: Schematic of a scaled up cluster beam source, the matrix assembly cluster
source. A matrix of rare gas and metal atoms is condensed on to a matrix, with an argon
beam used to sputter clusters from the matrix at a high flux. Reproduced from [64]
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The scale up of cluster beam sources has been of focus for research in recent years
as increased production is critical for real world applications. Keeping the size control
with a high flux of clusters, along with careful deposition of these clusters to keep the
integrity of each cluster is key for their study and uses. One method of scale up involves
embedding metal atoms within a cooled rare gas matrix [64]. This metal gas matrix can
then be sputtered with an ion gun to knock out clusters. A schematic is shown in Figure
1.13. This has shown promise for good size control along with higher cluster yields. The
equipment is also very scalable, as the matrix can be made larger.

The gas condensation technique forms the basis of the machine used for this work, a
magnetron sputtering gas-aggregation cluster source, and is described in detail in Section
2.1. This source has the benefit of producing a reasonably high flux of clusters, with fine
size control, especially when coupled with a mass filter, making the clusters produced ideal
for the study of cluster characteristics. The source is limited to producing thin samples
(less than a mono-layer thick) as the time taken to deposit the clusters is prohibitive at

large sample sizes or thicknesses.

1.3.4 Characterisation of Clusters

The clusters produced have to be characterised in a way that indicates useful properties
such as their size and morphology. There are a number of ways of getting information
from the clusters about their properties, with some main ones detailed below.

A Transmission Electron Microscope (TEM) utilises the same base machine as a
Scanning Transmission Electron Microscope (STEM), but projects a diffraction pattern
through a sample. The electrons from the electron gun interact with the planes within
a crystal sample, interfering constructively and destructively. The spacing and arrange-
ment of the diffraction pattern generated can be used to determine information about
the crystals structure. For samples made of multiple materials there will be a doubling
up of bright spots as each material has a unique diffraction pattern spacing, even if the

structural motif is the same.
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For higher resolution imaging a STEM microscope can be used. This works in a similar
way to a scanning electron microscope, where a focused beam of electrons are swept across
thin samples. Due to the thickness the majority of electrons pass through the sample.
Secondary electrons (SE) and back scattered electrons (BSE) can be collected from a
sample imaged in STEM, but, due to the thickness of the samples, electrons that pass
through contain the most information about the sample. For the analysis of these electrons
Bright Field (BF), Dark Field (DF) and High Angle Annular Dark Field (HAADF) can
be used. These all involve the electrons that pass through the sample, being deflected
by the atoms. In the BF imaging mode the majority of the signal comes from elastically
scattered, and zero loss electrons. Areas of low atomic density appear as high intensity
regions in the images, whilst the high atomic density areas appear as low intensity regions
in the images. This is because the electrons that interact with the material are deflected,
thus thicker areas deflect more electrons. For DF and HAADF the detectors collect
the electrons that have been scattered by the atoms, thus the higher atomic density areas
appear brighter in intensity. The HAADF detector collects the electrons scattered at high
angles, where the scattering is related to the square of the atomic number of the atoms.
This means the intensity of the electrons gives information about either the thickness or
atomic weight of the material that the electrons have passed through. This is detailed
further in Section 2.2.1.

Within the STEM there is also the chance to use spectroscopy techniques to gain
more information. These include Energy Dispersive X-rays (EDX) and Electron Energy
Loss Spectroscopy (EELS). For EELS, electrons that have undergone inelastic scattering,
have an energy which is less than their original energy. This energy loss can be measured
and is related to the material being studied, thus more compositional information can be
generated.

The STEM has been used to image many materials, especially clusters, due to the
thickness of the samples. Gold [79, 80, 81, 82, 83], MoS, [61], palladium [84], and platinum

[85] have all been studied using the STEM available at the University of Birmingham.
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The majority of these studies have focused upon examining the atomic structure of the
clusters, thus the STEM has been used in HAADF mode. This has allowed for motif
determination, and the study of how the structures have changed due to cluster source
parameters, environmental factors, and chemical reactions.

Beyond the University of Birmingham, STEM microscopes are used to study many
materials, including small clusters. The cluster work predominantly focuses upon gold
as a material due to its high atomic number, which makes study in HAADF mode very
accessible. Menard et al. used a STEM in HAADF mode to study samples of ligand
covered gold particles, identifying that the particle core contained 13 gold atoms [86]. Al
Qahtani et al. investigated the orientations of clusters formed with 9 gold atoms. This
research showed that these clusters displayed in either a 3D core shape or a pseudo-2D
shape [87]. Van Aert et al. studied larger gold clusters, using two HAADF STEM images
of the same cluster to produce a 3D visualisation, as show in Figure 1.14 [88]. This
enables study of clusters in a deeper way as it gives height information as well as atomic
arrangement in the X and Y planes. The use of HAADF STEM to identify different
atomic number materials has also been utilised by Di Vece et al.. In this study both gold
and silver cluster of equal size were deposited upon a TEM grid, thus differentiation by
intensity allowed both to be identified and studied individually. Through the use of the
other detectors within STEM chemical information can be gained. For example EELS has
been used by Browning et al. to study boundaries between two differing materials [89, 90].
Privitera et al. has utilised both HAADF STEM and EELS STEM to examine Hf, HfO,
and TiN for resistive switching devices [91]. Reyren et al. also used a combination of
HAADF STEM and EELS STEM to investigate the chemistry of the O-K and Ti-Lo 3
edges close and far from an interface [92].

Currently the most state of the art microscopes are housed in the SuperSTEM lab-
oratory in Daresbury [93]. The machines has spatial resolution of less than 0.7A at 100
kV, accompanied by very small energy spreads of the order of 0.3 eV. These machines are

situated in temperature controlled, vibration stabilised rooms, with the user working in
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Figure 1.14: The left and the right-hand images in a have been used to produce a 3D
representation of the gold cluster (centre image), utilising the fact that the intensity
of each column is proportional to the number of atoms contained within the column.
Reproduced from [8§]

an adjacent room to maximise the resolution of the images. The addition of spectroscopy
techniques like EELs and EDX give additional information about the samples.

These studies show the flexibility of a STEM microscope for identifying size, structure
and compositional information about a sample. For the work within this thesis the main
focus is upon the size and morphology of the clusters, rather than the chemical properties.

The workings of the aberration-corrected STEM used is detailed further in Section 2.2.1.
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Chapter 2

Experimental Methods

The experimental work presented in this thesis was performed predominantly using two
pieces of equipment, a magnetron sputtering gas-aggregation cluster beam source and
a scanning transmission electron microscope (STEM). These two machines were used to
produce and then image the cluster samples before detailed image analysis was performed.
This chapter outlines the way these pieces of equipment work, along with descriptions of

the analysis used for the data.

2.1 Cluster Source

The magnetron sputtering gas-aggregation cluster source is used to produce clusters of
both pure Pt and Pt-Ti for the experimental part of this thesis. Any material that can be
sputtered can be used to produce clusters with such a cluster source. Previous work using
this cluster source has been performed with many materials including gold, silver, copper,
palladium, and molybdenum disulphide [79, 94, 95, 96, 97, 61]. The predecessor of the
cluster source used within this work was developed in the early 1990s, and it was designed
with an evaporator to produce a metal vapour that is condensed into clusters [98]. The
high transmission mass selector was then developed to improve the size control of the
cluster source [99]. The fine size control of clusters is participially useful for studying,

with a microscope, size dependent structural variations. The system was subsequently
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updated again to work with a magnetron sputtering source [100] and is described in more
detail below. This development enables the clusters to be charged by the plasma ready
for the mass selection.

The magnetron sputtering gas-aggregation cluster source is used to generate clusters
from either a single metal or a mixed binary metal target. For this work targets of
pure Pt, and mixed Pt-Ti have been used. The cluster source is split into three main
areas as shown in the schematic in Figure 2.1. The first chamber, Generation, is used to
produce the clusters by sputtering the target material. The second chamber, Ion Optics,
is used to accelerate and collimate the beam of clusters, ready for mass selection. The
third chamber, Mass Selection, is used to select the desired size of the clusters ready for
deposition. The entire cluster source is a high vacuum system, with an average pressure
of 1077 torr. This pressure is attained through the use of rotary (generating 1073 torr)
and turbo pumps (generating 107 torr) and monitored with pirani and penning gauges.
The entire system is vented with liquid nitrogen gas to change the target to either Pt
or Pt-Ti. The liquid nitrogen gas helps to preserve the cleanliness of the chambers, as
it reduces water contamination. After venting and changing the target, it takes upwards
of five hours to pump the system down to a normal operating pressure. As this system
is not required to operate at Ultra High Vacuum (UHV) pressures, the system is not
baked. Although the system is not run at UHV pressures, maintaining a low contaminant
environment is important, thus care is taken whilst performing target changes to minimise
the time that the chambers are open and vented to atmosphere.

Figure 2.1 shows the cluster source schematic with the three sections marked. Each

chamber will be discussed in detail in the following sections of the thesis.

2.1.1 Cluster Generation

The experimental work presented in this thesis includes the production and study of both
pure Pt and mixed Pt-Ti clusters. The clusters are formed within the generation chamber

of the cluster source before being accelerated and mass selected.
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Figure 2.1: Schematic of the magnetron sputtering gas-aggregation cluster source setup,
used to produce samples for this thesis. The source is split into three areas, each of which
is described in detail in Section 2.1. Image adapted from [100]

The two targets used were a pure Pt target and a mixed Pt-Ti target, both 99.95%
pure, supplied by PI KEM [101]. The mixed target was 25 weight percent Pt, 75 weight
percent Ti, which is approximately equivalent to 1 in 13 atoms being Pt with the rest
being Ti. The Pt-Ti target was normally stored in a vacuum to reduce the thickness of
the TiO4 layer which formed on the target’s surface when exposed to air. The thin layer
of TiO4 that inevitably formed was removed through sputtering of the target prior to use.

Both targets are sputtered by a DC argon plasma making an ionised ‘cloud’ of atoms,
some of which may have been sputtered as dimers or trimers instead of single atoms. Three
body collisions occur between two metal atoms and a molecule of helium gas; the cooled
helium gas acts as the third body, enabling the excess kinetic energy to be dissipated
and the two metal atoms to bond. Liquid nitrogen cooling aids this process, by reducing
the temperature of the atoms, and thus their kinetic energy. Without liquid nitrogen
cooling only small clusters form, thus for large clusters cooling is necessary. The three
body collisions form tiny clusters of a few atoms, which can then grow by the addition
of single atoms or other tiny clusters. The sputtered atoms form charged clusters, due to
the sputtered atoms being ionised by the plasma.

Figure 2.2 shows the effect of varying helium pressures upon the size and flux of the

Pt-Ti clusters. As the pressure of He is increased, there is an increase in the flux of clusters
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Figure 2.2: Effect of varying helium pressures on cluster current. As the helium level
increases the cluster flux increases, but the average cluster size decreases.

produced, but a reduction in the average size of clusters from 6,000 to 4,000 Atomic Mass
Units (AMU). The reduction in the size of the average cluster is due to the increased
number of He collisions, causing an increase in cluster flux with a smaller average size.
This reduces the amount by which the clusters can grow through addition of single atoms,
forming more smaller clusters on average than at lower He levels. This also explains the
increased current seen for higher He pressures: The number of sputtered atoms within
the chamber remains constant, but as the size of clusters falls the quantity of clusters
increases.

As well as controlling the He level, and adding enough Ar for the plasma to ignite
and be maintained, the power level of the magnetron can be varied to increase the flux
of clusters. Figure 2.3 demonstrates how varying the power level changes the flux of the
clusters, as well as the average size of clusters produced. The higher the power level, the
more atoms sputtered, and thus the larger the flux and size of clusters, as there are more
collisions within the generation chamber. The cluster size stabilises, and then slightly
shrinks, for power levels 90 W, 110 W and 130 W, due to a trade off between number

of clusters and the size of cluster produced. As more atoms are available for cluster
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Figure 2.3: Effect of varying power levels on cluster current. As the power level is increased
the cluster current increases, along with the average size of clusters.

nucleation events there is a decrease in the number of free atoms within the chamber.
They are then not available for cluster growth, thus the size of the clusters start to
decrease when the density of atoms within the chamber reaches this critical point.

Another parameter recorded was the overall pressure within the generation chamber.
This could be varied using the Ar pressure or the nozzle size. The nozzle is the opening
between the generation and ion optics chamber, and is fitted with an iris valve. Controlling
the size of this opening changes the pressure within the generation chamber, with a
smaller nozzle size increasing the pressure, causing more collisions and thus larger clusters.
Contrary to this, if the nozzle was closed too far, the flux of clusters would dramatically
reduce, as the clusters are prevented from leaving the generation chamber.

The condensation length of the generation chamber can also be varied. The conden-
sation length gives the duration of time that the atoms can condense into clusters, before
passing through the nozzle. A long condensation length has been shown to maximise sta-
bility within the clusters, whereas short condensation lengths lead to a higher proportion
of unstable isomers [81]. This is because the clusters produced using a short condensation

length tend to grow faster and thus are more prone to kinetic trapping effects. This is
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where a cluster becomes stuck in a structural motif because that motif was dominant at
a smaller cluster size. The larger condensation length, the slower the clusters from, giv-
ing each cluster a better chance of finding equilibrium and thus their most stable cluster
structure. For the work within this thesis the maximum condensation length of 250 mm

is used to favour the most stable clusters.

2.1.2 Ion Optics

The ion optics chamber, situated between the generation and the mass selection chambers,
is used to accelerate and collimate the beam of clusters. The positively charged clusters
from the generation chamber are guided with negatively biased plates and einzel lenses.
These are controlled with software, so that the the maximum number of clusters can pass
into the mass selector, and thus reach the deposition chamber and sample. For STEM
samples, a relatively small cluster density is needed for imaging, so a trade off between
time tuning the ion optic parameters and deposition duration has to be made. For low
density samples, tuning is less important as the deposition time is already short, in the
order of a minute. Conversely for very dense samples, approaching a mono-layer, it is very
important to maximise the flux of clusters generated by the cluster source and ensure that
the beam is propagated efficiently through the system.

The beam of clusters also needs to be travelling parallel to the central axis of the ion
optics chamber when it enters the mass selector. This is important in order for the mass
sector to be accurate, as any cluster with a vertical component of momentum initially,
compared with the mass selector, may be incorrectly size selected. This is checked with a
Faraday cup measuring the white beam current before mass selection, and adjusted with

settings not typically varied by the cluster source user.

2.1.3 Mass Selection

The mass selector is situated after the ion optics chamber, and is used to isolate a small

distribution of cluster masses ready for deposition. The mass selector works by acceler-
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ating the clusters vertically, perpendicular to their initial travel direction, using a pulsed
electrical field, seen in a schematic in Figure 2.4. The acceleration experienced by each
cluster is proportional to its mass. The clusters, now travelling vertically and horizontally,
then experience an acceleration free region between pulses which enables the clusters to
spread according to mass in a vertical direction. A second opposite direction, but same
period, pulsed electrical field, is then used to decelerate the clusters in the vertical direc-
tion, meaning only their initial horizontal component of motion remains. As the larger
clusters are accelerated less than the smaller clusters, the clusters are distributed in a ver-
tical direction once the second vertical pulse has been applied. The time between pulses
and the duration of each pulse is used to control which mass of cluster passes through the

aperture, and thus what size of clusters passes into the deposition chamber.

Slit used to select
mass of clusters

Second Vertical Pulse

Acceleration Free Zone

Input Beam ﬂ

Figure 2.4: Schematic of the mass selector used within the cluster beam source. The
beam enters from the lower left-hand side and is accelerated upwards by the first pulse.
It then interacts with a field free region, before a second pulse is applied to counteract
vertical motion. The cluster beam leaves the chamber via a slit at the top right-hand
side. Timing and duration of the pulses are used to control which size of cluster passes
through the slit. Image adapted from [99].

The mass resolution of the cluster source is based upon the convolution of the entrance

and exit aperture, along with the vertical displacement between the apertures [99].
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Vertical Displacement

Mass Resolution = (2.1)

Convolution of Entrance and Fxit Apertures

Within our cluster source, the vertical displacement between the centre of the entrance
and exit apertures is 180 mm. The size of the entrance and exit apertures can be varied
between 2 mm and 8 mm, but typically for this work both apertures were set at 8 mm to

maximise throughput of clusters.

180
Mass Resolution = = 8

=16
AM /82 + 82

For a setting of 100 atoms, the size will range between 94 and 106 atoms. If both

(2.2)

apertures had been set to 2 mm, the resolution would have been 64, thus for a setting of
100 atoms the clusters mass would range between 98.5 and 101.5 atoms.

If the mass selector is ramped across many masses, a plot like Figures 2.2 and 2.3 can
be produced. If a single size is selected only the current from that size is measured or

deposited upon the TEM grid.

2.1.4 Deposition

Once the clusters reach the deposition chamber, they are impacted upon a substrate
using predominant the substrate acceleration voltage. If the substrate is grounded the
clusters still have some kinetic energy, but soft land upon the substrate. The substrate
acceleration voltage controls how the clusters sit upon the substrate surface, whether they
are implanted, pinned, or soft landed [102]. For this work, 1 eV per atom was typically
used so that the clusters were soft landed, but unlikely to move around the surface and
grumose. This voltage also allowed the cluster to be deposited without breaking apart,
which was verified with STEM imaging. Test experiments with small clusters deposited
at higher voltages showed the break up of the cluster, with total disintegration as well
as single atoms peppering the substrates surface. The clusters were also stored for many

weeks and re-imaging showed that the clusters had not agglomeration, thus, the clusters
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are adequately pinned.

The clusters were deposited upon nickel grids covered in a holey carbon film purchased,
from Agar Scientific [103]. The holey carbon film is a good substrate for the clusters, as
it has a low intensity when imaged in dark field STEM. This is because carbon has a
low atomic number and thus does not scatter many electrons. The holey part of the
film also provides a useful feature for easy focussing of the STEM. Clusters can also be
deposited upon other samples within the cluster source, for example graphene oxide grids,
graphite plates or glassy carbon disks, dependent upon the analysis method or further
experimentation desired. The deposition of clusters on differing substrate materials may
cause the clusters to form different shapes. For example, they may bind better or worse
on a graphene oxide grid due to surface interactions between the cluster material and the
graphene layer.

Once the clusters have been deposited upon the grids, they have to be removed from
the cluster source. This is done through the use of a load lock, so that the entire system
does not need venting. This allows multiple samples to be deposited in quick succession,
which is ideal for depositing samples of multiple sizes with little variation within the
cluster source parameters.

The load lock is also fundamental in the design of the nitrogen and argon transfer
box, described in Section 3.3.1. This enables a user to move a sample from the deposition
chamber into the load lock, vent the load lock with nitrogen or argon, and then transfer
the sample into a glove box style setting, or gas bag with minimal air contamination. The
sample grid can then be transferred to the STEM arm, and into the microscope with only
a few seconds of air exposure. This has allowed for the study of the impact of oxidation
upon the Pt-Ti clusters with low levels of air exposure.

Once the clusters had been deposited they were either imaged or stored under vac-
uum. This was to keep the samples as clean as possible, but as it was a communal vacuum
storage system it was often vented, thus the samples were regularly exposed to air during

storage. No change was seen between clusters imaged soon after production, and then im-
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aged again after storage for many weeks, thus the storage conditions were determined not
to have impacted the clusters. The only difference was a small increase in contamination

of the carbon surface.

2.2 Imaging of Clusters

2.2.1 Scanning Transmission Electron Microscope

The probe corrected aberration-corrected STEM available for imaging the clusters at the
University of Birmingham enables users to image samples with atomic resolution. Having
both the STEM and the cluster source within one building allows for reasonably fast
sample transfer, reducing contamination, which enables users to take the best possible
images. The STEM used is an aberration-corrected JEOL 2100F STEM with Cs correction

[104], a photo of which is shown in Figure 2.5.

Figure 2.5: Photograph of the aberration-corrected JEOL 2100F STEM with Cs corrector
used at the University of Birmingham.

The STEM is made up of an electron source, condenser lenses, apertures, aberration

38



I Incident
beam

SE detector
BSE detector

Specimen

A

1DF 1 DF
I'BF  Retractable detectors

HAADF HAADF

Figure 2.6: Detectors that can be used on STEM, including Dark Field (DF), Bright
Field (BF), Secondary Electron (SE), Back Scattered Electron (BSE) and High Angular
Annular Dark Field (HAADF). Reproduced from [105].

corrector, scanning coils, sample stage and detectors. The entire STEM is operated under
a high vacuum, maintained by pumps and liquid nitrogen cooling. It is situated in a
sound proof room to minimise vibrations which can affect the imaging resolution. The
pumps and water cooling system are stored in a separate room, further reducing vibration.
The electron source used in this STEM is a Field Emission Gun (FEG). This works by
applying a strong electric field between a tungsten tip and an anode, situated just below
the FEG, to generate a intense beam of electrons. These electrons are accelerated by a
second anode up to 200 keV. They then pass through the condenser lens, which is used to
focus the beam. An aperture is used at this point to balance the beam quality (inclusion
or exclusion of edge electrons) with the intensity of the beam required.

The aberration corrector used within this STEM is a CEOS double hexapole spherical
corrector. The spherical corrector is designed to compensate for the fact that all lenses
cause rays passing through different areas of a lens to be focused at different points.
Figure 2.7 shows that the rays pass through the outer edge of the lens focus before rays

that passing through the centre of the lens. Correcting for this phenomenon produces a
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Figure 2.7: Ray diagram showing that external rays converge closer to the lens than
internal rays. This leads to spherical aberration.
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Figure 2.8: Image of the software used to correct the aberrations. Image reproduced from
[106].
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Figure 2.9: Diagram of principle aberrations experienced within the STEM, along with
their cause and simulations of the image seen. The first column is the description of the
aberration, the second is its symmetry, the third is the cause, the forth is the correction
mechanism, and the fifth is the simulation of the aberration for an over, perfect, and
under focused beam. Adapted from [107].
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clearer image of the clusters, taking the resolution of the microscope from approximately
1 nm to 1 A for our microscope. State of the art microscopes can reach these limits prior
to aberration correction. The hexapole corrector creates a negative spherical correction
to compensate for the spherical aberration. Figure 2.8 shows the software used to change
the hexapole corrector to correct for the aberrations, whilst Figure 2.9 shows the principle
aberrations seen within the STEM. The tableau seen in Figure 2.8 is used by the software,
in conjunction with the information in Figure 2.9, to recommend adjustments to the
hexapole set-up. By making these adjustments the user can improve the images obtained
from the microscope.

The scanning coils are used to raster the beam across the sample to build up an
image. The sample stage is where the sample is inserted. For this work, TEM grids
with clusters deposited upon the holey carbon film are used as they are thin enough for
electrons to pass through. The detector used for this work is a HAADF detector, so that
both elemental and structural information can be gathered. The collection angle for the
University of Birmingham’s STEM is 62 to 164 mrad. Other detectors that can be used
are EELS and EDX, but they have not been utilised for this work. The schematic in
Figure 2.6 shows where each detector ring is located, including Dark Field (DF), Bright
Field (BF), Secondary Electron (SE), Back Scattered Electron (BSE) and High Angular
Annular Dark Field (HAADF). The SE electrons have a particularly high resolution as
they are produced very close to the samples surface, thus only contain information about
a very localised area to a depth of less than 5 nm.

The images are taken on the STEM using Digital Micrograph software [108]. This
allows for some analysis of data, but for this work the image, along with a scale bar are
taken for post processing. All images are taken in grey scale, with false colours added for
ease of interpretation.

The maximum resolution of the microscope is determined by the accelerating voltage

of 200 keV [105]. For microscopes the resolution limit is:

42



Resolution = 0.61 x \, (2.3)

when the small angle approximation is used. For the electron microscope, A is calculated

using the De Broglie wavelength:

A= =— 2.4
- 2.4)

where h is Planck’s constant, m is the mass of the electron and v is its velocity of the

electrons. The energy of the beam in electron volts is given by:

1
eV = imvz, (2.5)

where V' is the accelerating voltage and e is the elementary electron charge. This is

rearranged to become:

2eV
— = 2.6
o=y (26)
It follows that
h
A= —— (2.7)

V2meV'

Using this equation and an accelerating voltage of 100 keV gives a resolution of 3.88
pm. For 200 keV the resolution would be 2.74 pm, and for 300 keV the resolution would
be 2.24 pm.

This calculation does not take into account the fact that the electrons are approaching

the speed of light, thus relativistic effects have to be taken into account, giving:

)= h i} 1
B V2meV \/1+

Using this equation to calculate A the resolution for 100 a keV accelerative voltage is

(2.8)

eV
2mc?
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3.70 pm, for 200 keV it is 2.51 pm and for 300 keV it is 1.96 pm. These values are far
smaller than the 1 A limit of the microscope as this is the theoretically smallest resolution,
rather than the experimentally obtained resolution. The reality of aberrations within the
microscope mean that this limit is never reached, but technology continuously develops,
moving closer to this limit. These values also show that there is a trade off between
resolution and damage to the sample; the higher the energy, the better the resolution,
but the higher energy electrons damage the sample more. This is particularly important
for clusters as the electrons can cause the cluster to morph between structural motifs or
disintegrate.

The STEM is run in HAADF mode so that the intensity of the images produced relates
to the atomic number of the sample. The large angle of the HAADF detector allow for
almost exclusive collection of electrons scattered by Rutherford scattering. The equation

for Rutherford scattering is shown in Equation 2.9

etZ? ds?

16(4meEo) sints

o, (0) = (2.9)

where the scattering angle is 0, Z is the atomic number of the material, ¢; is permittivity
of free space and €2 is the solid collection angle. This equation shows that the cross
sectional area of scattering is proportional to Z2. In reality screening of electrons reduces
the exponent so that the intensity is proportional to Z%, where o has been experimentally
verified to be 1.46 + 0.18 for a collection angle of 62 to 164 mrad [97]. This calibration
was done using clusters of gold and palladium atoms, both containing 923 atoms. The
intensities of these two types of cluster could be related by Equation 2.10 where I indicates
the intensity of each metal and Z indicates the atomic number. Larger collection angles

result in an « value between 1.2 and 1.8 [109].

Taw _ (Zauya
[Pd ZPd

(2.10)

This relationship has been used to study a number of materials including gold [110,
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111, 112], SrTiO4 [113] and nickel bismuth [114].

The parameters used within STEM are also used later for the QSTEM simulations in
Section 4.3.3. The QSTEM software is designed to simulate the scattering intensity for
STEM images, or the diffraction pattern fo TEM samples. The key parameters are an
accelerating voltage of 200 keV, convergence angle of 19 mrad, HAADF collection angle
of 62 to 164 mrad, spherical aberration corrector of 0.001 mm and the temperature of 300
K.

For the STEM imaging the detector was assumed to be perfect. This includes the
assumption that all electrons that are scattered towards the detector are captured, and
the detector has a uniform collection efficiency. It also assumes that the response of
the detector is linear with respect to increasing atomic number. These assumption have
been made as characterising the response of the detector is complex; ideally, a totally
uniform surface is imaged which should yield a uniform image. The discrepancy between
the resultant image and a uniform surface would then be down to the detector. The
uniform surface could be a surface with a very well known structure, but this means the
comparison is performed with a simulation and thus would be less accurate [115]. As the
STEM is imaging single atoms, creating a uniform surface that could be used to identify
the efficiency of the detector is difficult. To minimise the variation in the detector between
images, the same values for brightness and contrast were used for all studies done in this
thesis. For annular detectors the variation in the detector efficiency should be radial as
shown in Figure 2.10. This figure shows that if small or very large angles are used the
detector efficiency is reduced towards the centre and very edge of the image. To reduce
the chances of this impacting the images the HAADF set-up, with angles between 62 and
164 mrad, was used for this work.

A basic check of the detector efficiency was performed by comparing multiple low
magnification images, to see if there is a regular pattern of bright/dark areas. For areas
of poor efficiency, a dark patch was expected. 150 low magnification images were used for

the calculation, an example of which is shown in Figure 2.11.
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For each pixel the median value from the 150 images was taken. The median value
was used to avoid any clusters present skewing the result (the median pixel is most likely
to represent an image of the substrate). Images with clusters present were used as they
proved that the microscope was set-up correctly and focused in the correct plane. The
median would show a trend of darker/lighter patches as the areas would always measure a
lower or higher value than expected. The median image is shown in Figure 2.12. The figure
shows a reasonably uniform image with the maximum value of 224331 and a minimum
value of 193422, thus the difference is 30909 arbitrary units. This is 13 % of the maximum
intensity. This is reasonably consistent with the 10 % estimate from literature[116, 117],
and would improve further if more images were used. This was shown to be true by

performing the same analysis with only 10 images, which gave a bigger variation of 38 %.
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Figure 2.10: Image of a typical detector plot for a ADF detector. Reproduced from [115].
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Figure 2.11: Low magnification image of 30,000AMU clusters for estimating the detector
efficacy.

Figure 2.12: Median image calculated by taking the median value from 150 images on a
per pixel basis.
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From this analysis it is clear that there is variation across the image which can not be
easily accounted for. If taken in to account this would effect the he intensity measured,
and thus the number of atoms estimated to be within each cluster. From the median
image it appears to be evenly distributed across the image, rather than in patches, so
should not skew the results if some clusters are imaged with the cluster central, and
some imaged with the cluster off centre. A background subtraction method described in
Section 2.2.2 attempts to mitigate some of this error, and uses a ring to reduce the chance
of a gradient across the image impacting the results. This source of error will only effect

numbers of atoms calculated through the intensity method rather than through the area.

2.2.2 Number of Atoms in Each Cluster

The STEM images are taken in HAADF mode so that the intensity of each image can
be converted into a number of atoms. This allows users to calibrate samples or use size
selected clusters as a mass balance for clusters of unknown size, typically those produced
chemically [112]. This is due to the fact that the scattering of electrons at high angles is
proportional to the atomic number of the cluster [109], as described in Section 2.2.1.

There are two distinct methods used for calculating the number of Pt atoms within
the mixed Pt-Ti (including Pt-TiOy) and the pure Pt clusters. For the Pt-Ti clusters, a
volume is calculated for the cores, whilst for the mixed 10-600 atom pure Pt clusters the
intensity is used. Each is detailed with an example below, with each method forming the
basis of analysis within the results chapters.

For the Pt-Ti samples transferred in air, the area of Pt in each core is used to predict a
volume, from which the total number of Pt atoms is calculated. To perform this operation
on many images a program was written that applies a threshold to each of the Pt-Ti
cluster, highlighting all of the Pt atoms. The Pt atoms, which are bright in the black and
white image, are encapsulated by blue outlines. The sum of the pixel value with its four
nearest neighbours is used to determine the application of the threshold. This nearest

neighbour calculation reduces the impact of noise on the threshold application for the
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Figure 2.13: Images of Pt-Ti clusters transferred in air, before and after the application
of the threshold. The Pt is contained within the blue outline, thus the area can be used
to calculate the number of Pt atoms within each core. Reproduced from [85].

image. An example of the threshold application is shown in Figure 2.13, where images C
and D are the result of applying the threshold to A and B respectively. The Pt atoms
within the threshold application area have been coloured black for clarity. Images C and D
both show extra small areas of black outlined in blue, where single atoms have been picked
up. These are ignored by the program if they contain an area of less than two atoms. The
area within the cores that have been outlined by the threshold are then projected into an
equivalent circle. The radius of this circle is then used to calculate an equivalent volume
of a sphere, working on the assumption that the cores are approximately spherical. The
bulk properties of Pt can then be used to calculate the number of Pt atoms that would
fit within the spherical volume, thus giving an approximation for the number of atoms
within each of the Pt cores.

The equation for calculating the number of atoms within the volume is as follows.

20



Volume x Atoms in Unit Cell
Volume of Unit Cell

Number of Atoms = (2.11)

For Pt the number of atoms within the unit cell for the bulk is 4 as it is FCC in
structure. The volume of the unit cell is 392.42 pm cubed as all of the lattice constants

are the same.

Figure 2.14: Example of background subtraction method used for each cluster. The
average intensity between the two rings is used as the average background intensity. This
can then be subtracted form the cluster intensity, leaving only the contribution from the
metal atoms.

To calculate the number of atoms within each of the pure Pt clusters, the intensity of
the cluster has to be taken without the contribution of any background intensity from the
carbon substrate. Figure 2.14 shows an image with two concentric rings drawn around
the cluster. The intensity contained within the rings, between the red and blue line, is
due to the background carbon substrate, and can be divided by the number of pixels
within this area to give an average background intensity. The diameter of the internal
ring was determined manually for each cluster, and aimed to encompass all atoms within
the cluster. This can then be subtracted from the intensity contained within the blue ring,
after accounting for area, to give an intensity due to the Pt atoms only, excluding the
background contribution. For the pure Pt samples, the intensity of known sized samples,

(55, 147 and 309 atoms) was used to calibrate the mixed 10-600 atom samples. A check
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was then performed by comparing the size distribution of the clusters imaged with the
size distribution of the clusters deposited.

These two methods will give an approximation of the number of atoms contained
within the clusters, but will be prone to some errors. For volume calculations approxi-
mating the cluster to an oval and projecting it to a 3D structure ignores variation in the
cluster shape. Assuming a bulk structure for the cluster is only accurate if the clusters
structure is bulk, which, for small clusters is not true. For the intensity measurements,
although the background is subtracted, the intensity can be inaccurate as the substrate
may not have been uniform. Many clusters have been imaged and analysed in this work to
reduce the impact of these errors. Future work on very small clusters could look towards

combining simulations of intensity and shape with experimental results directly.

2.04 nm 4 2.04 nm

Figure 2.15: Images showing both analysis techniques performed on the same pure Pt
cluster. A. original image, B. Image with threshold applied, C. rings for background
subtraction.

To do a direct comparison of the two analysis methods a single Pt cluster was analysed
both ways. These images are shown in Figure 2.15. Image A shows the original pure Pt
cluster. Image B shows the threshold that was automatically applied to the cluster, with

2. This converts to a projected volume of 4.003

the cluster having an area of 2.97 nm
nm?® and 256 Pt atoms. Image C shows the two rings for background subtraction. The
intensity after background subtraction was 14850306 arbitrary units, which gives 262 Pt

atoms. These two values are remarkably close (2.5 % difference), thus both methods were
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deemed appropriate for estimating the number of Pt atoms within each cluster.

2.2.3 Video Analysis of Clusters

Video analysis is used to investigate the impact of the electron beam upon the clusters.
To do this many images were taken in the microscope, and combined to form a time lapse
video, so that the changes could be easily seen.

The images were taken in 30 image sets, with a 2 minute beam shower separating each
set. The beam showers were used to reduce sample contamination [105]. Each of the 30
images were taken as fast as possible, thus a 600 image video took approximately 200
minutes to take. Within this thesis, some images from the video are used to illustrate the
data rather than all of the images from the videos.

To check that the changes seen were induced by the beam rather than by other factors,
a lower magnification image of the area was taken before and after video imaging for

comparison.
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Chapter 3

Platinum-T1itanium Clusters

3.1 Introduction

Within this chapter, we will investigate Pt-Ti clusters produced by the cluster source.
They are transferred to the STEM in two distinct ways: With air exposure, and within a
nitrogen atmosphere to minimise air exposure. This enables us to investigate the impact
of oxygen within the air on the clusters, as Ti is a very reactive metal [118, 119]. With
the samples transferred under nitrogen, two different phenomena are investigated: The
influence of oxygen upon the clusters is studied by comparing samples of the same size
transferred in air and nitrogen, whilst the impact of the beam is investigated by taking
video images of the clusters.

The early work within this chapter, along with the preliminary electrochemistry has
been published in PCCP ‘Modular construction of size-selected multiple-core Pt-TiO,
nano clusters for electro-catalysis’ by Caroline E. Blackmore, Neil V. Rees and Richard
E. Palmer [85]. The section ‘Pt-Ti Clusters Transferred in Nitrogen’ is forming part of a
manuscript currently under development. The experimental work displayed here will be
accompanied by results for the annealing of samples, as well as theoretical work conducted

by the University of York.
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3.2 Pt-Ti Clusters Transferred in Air

The Pt-Ti clusters are produced in the gas-aggregation magnetron sputtering cluster
source (Section 2.1). They are removed from the cluster source and either transferred to
STEM for imaging, or stored in a desiccator, at a vacuum pressure of 1072 torr, until
the STEM is available for imaging. A wide range of samples have been made which
range in size between 20,000 and 90,000 AMU. Three repeats have been performed to
check consistency, by producing new samples of the same size, and repeating the STEM
imaging and analysis process. All repeats have shown the same results, independent of
the settings used with in the cluster source. For each size, a minimum of 50 clusters have
been imaged and analysed.

Once all of the images had been taken, analysis of the Pt core size was undertaken.
This analysis was performed by applying a threshold to the image, and summing the Pt
pixels within each core. This area was used to determine an approximate radius, from
which a spherical volume can be calculated. The number of Pt atoms that fit within this
volume is calculated using the lattice constants for bulk Pt. Assuming that these Pt cores
have the same structure as bulk Pt is a source of error for this work, but will give the best
approximation when the structure is unknown. The process is described in more detail
in Section 2.2.2.

Figure 3.1 shows an overview of the appearance of the false coloured clusters. The
yellow is the Pt (along with TiOy and background carbon), pink being TiO, (along with
background carbon) and the purple is the background (a holey carbon film). Two mag-
nifications are shown for each size of cluster, so that a detailed version can be seen as
well as an overview of multiple clusters. A and E show the large, 120,000 AMU, clusters
with 4 cores. The smaller clusters, D and H, 30,000 AMU, show that only a single Pt
core is present in the TiO, shell. The lower magnification images show that the majority
of larger clusters have multiple cores (E and F), whilst the smallest (H) all have a single
core. These clusters were made and have been transferred directly to the STEM, although

re-imaging of the samples after some weeks showed no change in structure seen. The Pt
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Figure 3.1: Pt-TiO, clusters are shown, with yellow being Pt (along with TiO, and
background carbon), pink being TiO, (along with background carbon) and purple being
the background carbon only. Two different magnifications of the clusters are shown with
A and E, the largest clusters, showing 4 cores and D and H, the smallest clusters, showing
a single core. Da are equivalent to AMU. The scale bar is 4 nm for images A to D and
20 nm for E to H.

cores were stable, and did not aggregate over time.

A software script was written to automatically process these images. The analysis
method used means that the relative number of atoms between clusters is correct, but
the absolute number may be incorrect. The majority of this error originates from the
use of the bulk lattice constants for Pt, to calculate the number of atoms within each
core. Being that the core is very small it may not have the bulk structure of cubic, thus
the number of atoms could be inaccurate. The images have been examined to identify
any structure in the Pt core, in a similar way to the identification process in Chapter 4,
however, no structure has been positively identified. The second main cause of error is in
using the assumption that the cores are approximately spherical, and that the projection
seen is that of a sphere. An attempt to use the intensity of the Pt core was made, but
the varying contribution from the TiOy shell made this very inaccurate.

The results of the number of Pt atoms within each core are plotted in Figure 3.2. The

full width half maximum of the first Gaussian peak fit is approximately 45 atoms, and
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Figure 3.2: This histogram shows the number of Pt atoms contained within each core for
all Pt-Ti clusters transferred in air. They are categorised based upon the number of cores
present within the whole cluster.

for the second Gaussian in approximately 100 atoms. These results contain all sizes of
clusters produced from 20,000 up to 90,000 AMU. Each core is analysed separately and
categorised dependant upon the number of cores that the initial cluster contained. This
means that the cluster observed in Figure 3.1D contained one core (categorised as blue)
and each core observed in Figure 3.1B would be categorised green, as the cluster contained
three cores. From the categorisation, it can be seen that the cores from multiple cored
clusters (generally those deposited at a higher AMU) tend to be smaller. This is because
the 2 and 3 cores (red/green) tend to be seen at a lower number of Pt atoms per core. It
can also be seen from this figure that there are two peaks in the distribution, one at 30
+ 6 Pt atoms, and a second broader peak at 126 + 6 Pt atoms.

To investigate this two peak distribution, the clusters were split into small and large
clusters. Small clusters are classed as clusters between 20,000 and 50,000 AMU, whilst
large clusters are those between 55,000 and 90,000 AMU. The crossover size of 50,000
AMU was chosen as the majority of clusters below this size contained a single core, whilst

those above tended to contain two or more cores.
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Figure 3.3: This histogram shows the number of Pt atoms within each of the cores for
small clusters, those containing less than 50,000 AMU which typically a single core. They
are categorised by the size of the original cluster.

Figure 3.3 shows the data for small clusters only, those that contained less than 50,000
AMU. 92% of these clusters were found to contain only a single core. The colours have
been used to differentiate the deposited cluster sizes. From the overall plot it can be seen
that the peak is at 30 £ 6 atoms, consistent with the results from Figure 3.2. The colours
show that the peak core size for most of the cluster sizes is at 30 & 6 Pt atoms. This
data shows that the preferential core size of 30 4+ 6 is forming independent of the overall
cluster size.

To investigate the larger clusters, they were split into two categories: Ones with a
single core and those with two or more cores, shown in Figures 3.4 and 3.5 respectively.
Figure 3.4 shows us that the larger clusters contain a single larger core with 126 £ 6
Pt atoms, the same peak position as that seen in Figure 3.2. The colour coding on this
figure also shows that the smaller clusters, 55,000 and 60,000 AMU tend to fall towards
the left-hand side of the distribution, whilst the larger 75,000 and 90,000 AMU clusters

tend to fall towards the right-hand size of the distribution. This may be caused by the
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55,000 and 60,000 AMU cluster ideally containing 2 cores, whilst the 75,000 and 90,000
AMU cluster should ideally contain 3 cores. This would mean that the combined mass of
the 75,000 or 90,000 AMU clusters cores would be greater than the combined mass of the
55,000 or 60,000 AMU cluster cores.

For the larger multi-cored clusters, show in Figure 3.5, the size of the Pt core is far
smaller, peaking around 42 + 6 Pt atoms, which is reasonably consistent with Figures 3.2
and 3.3, which show a peak at 30 £ 6 Pt atoms. For Figure 3.5, there is no correlation
between cluster size and the peak core size. This is consistent with the preferential core
size theory. This figure also shows a small peak at 126 + 6 Pt atoms, where clusters that
should have three cores actually contain two, one large (made of two cores) and one small
core.

From these figures it is clear that a core size of 30 4+ 6 Pt atoms is preferential for all
cluster sizes. For small clusters, the single core is seen, whilst for larger clusters these cores
either display as multiple individual or single aggregated cores. This preferential core size
could be due to this size of cluster forming a structure that is very stable. This would
mean that as a core grows to 30 & 6 atoms a structure is reached, which is preferentially
more stable than neighbouring sizes. It is thus energetically favourable for an atom to
remain on its own, rather than join this stable core. These seed atoms are then likely to
form a new core which can, in turn, repeat the process and grow to this critical size. This
would generate multiple Pt clusters of approximately 30 atoms, which are then seeds for
the Ti atoms to grow around. There is no conclusive literature that specifies that 30 Pt
atoms would be more stable than that of its neighbours. Theory suggests that it would
be decahedral in motif[23], but attempts to identify this motif within the clusters imaged
has been unsuccessful. There has been no positive identification of any structure within
the Pt cores, although they generally tend towards circular.

The Ti has been assumed to be TiO,. This is because full oxidation of the sample is
expected as it has been exposed to air for prolonged periods of time. It is possible that

the clusters are not completely oxidised, and the oxidation state may not be TiOs. An
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attempt was made to perform EELs analysis on the sample, but the results for the small
clusters was non-conclusive. An example EELs spectra for carbon and TiO, are shown
in Figure 3.6. The C peak is at approximately 285 eV, the Ti is at approximately 455 eV
and the O peak is at approximately 530 eV. Figure 3.7 shows the EELs spectra for a Pt-Ti
cluster transferred in air. Peaks for C and Ti can be seen, but it is difficult to distinguish
an O peak. This was repeated with a number of clusters on a number of samples, with
similar results. Due to the fact that the O peak could not be identified, but the Ti atoms
were expected to have undergone some oxidation during transfer, the oxidation state was
assumed to be TiOs.

A short study was also performed examining the quantity of Pt in the shell, and TiO,
in the core. From the images it is clear that there was rarely any Pt present in the
shell of the clusters, as bright spots were seldom observed. To analyse the percentage of
Pt within the cores, a model of two concentric spheres was used. The inner sphere was
modelled as containing Pt and TiO,, and the outer sphere was modelled as containing
only TiO,. The theoretical intensity was calculated by taking an intensity profile through
the spheres’ centre. For the experimental data, a 5 pixel wide slice was taken across the
imaged cluster. This gave an average pixel value in the x direction. Figure 3.8 shows an
example of the experimental data, along with the calculated intensity for a cluster core
with either 100 %, 80 %, and 60 % Pt, with the remained being TiO,, along with an
image of the cluster modelled. For all of the clusters that this analysis was performed
upon, the best fit line was the 100 % Pt line. From this analysis it was concluded that
the core was most likely pure Pt, and if there was TiO5 present it was at a low percentage
that was unlikely to effect the main results.

The following sections of this thesis investigate a further way that the multiple cores

could form, by studying the oxidation of the Ti atoms of the clusters.
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Figure 3.4: This histogram shows the number of Pt atoms within each of the cores for
large clusters, those containing more than 55,000 AMU. These clusters all contained a
single core, and are categorised by the size of the original cluster.
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Figure 3.5: This histogram shows the number of Pt atoms within each of the cores for large
clusters, those containing more than 55,000 AMU. These clusters all contained multiple
cores, and are categorised by the size of the original cluster.
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Figure 3.6: EELs spectra showing where different elements would be found. The C peak
is at approximately 285 eV, the Ti is at approximately 455 eV and the O peak is at
approximately 530 eV.
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Figure 3.7: EELSs spectra of a Pt-Ti cluster transferred in air. A carbon and titanium
peak can be seen in the EELs spectra, but it is difficult to distinguish any oxygen peak.
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Figure 3.8: Plot of intensity of a cluster shown with crosses. The projected intensity of
the cluster modelled as two concentric spheres with 60 %, 80 % or 100 % Pt in the core.
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3.3 Pt-Ti Clusters Transferred in Nitrogen

3.3.1 Nitrogen Transfer Method

To investigate the effect of oxygen upon the Pt-Ti clusters, an oxygen reduced method
of transporting the clusters from the cluster source to the STEM had to be designed.
Initially, a glove bag was used to perform the transfer as it was flexible, easy to manoeuvre,
and light weight. The large glove bag was filled with nitrogen and wrapped around the
load lock opening on the cluster source, whilst the load lock was still closed. This allowed
the load lock to be vented with nitrogen and the samples moved into the nitrogen filled
gas bag with little oxygen exposure. The gas bag was then removed from the load lock and
sealed for transportation between the two labs. Once it had been carried to the STEM
room, the STEM arm was placed within the bag, minimising air ingress and nitrogen loss
through the opening. After loading of the sample into the STEM arm, it was removed
from the bag and inserted into the microscope, only exposing the sample directly to air for
1 to 2 seconds. Imaging then commenced as soon as the sample had settled sufficiently,
approximately 15 minutes after loading. Attempts were made to image samples before
this time, but the sample drifted in the X, Y and Z planes, resulting in poor quality
images.

The gas bag worked reasonably well for transferring the samples, but had some limi-
tations. It worked well as a proof of concept design, as the clusters seen in the microscope
clearly showed a different morphology. The insertion of the STEM arm into the gas bag
was difficult and always resulted in some air contamination and nitrogen loss. The bag
was also quite cumbersome to manage, always requiring two people to work in close part-
nership. This was predominantly due to bag’s gloves requiring the operator to don a
second pair of latex gloves in order to preserve the original set. This meant that it was
impractical to take them off during the transfer of the sample, and thus one user always
had to have their hands within the glove bag. Through many uses, the bag also became

damaged, which led to a number of temporary repairs being performed. The reducing

64



integrity of the bag led to increasing air exposure through small leaks. To overcome these
limits, I designed a gas transfer box, which the physics workshop has built.

This gas transfer box, seen in Figure 3.9, allows for the transfer of samples in either
a nitrogen or argon atmosphere between the cluster source and microscope. When the
load lock is vented prior to use, the nitrogen box is attached rather than the typical
flange cover, via a gate valve which is closed. The load lock is then pumped down to
enable transfer of the sample from the deposition chamber to the load lock. Whilst this
is happening, the STEM arm is placed inside the gas box and it is flooded with nitrogen
(or argon). As nitrogen is slightly lighter than air, it will tend to rise, so the nitrogen is

pumped in at the top of the box and the air is vented from the bottom. The opposite

direction would be used for argon, as it is heavier than air.

Figure 3.9: A photo of the gas transfer box attached to the cluster source. On the left-
hand side the box is connected to the cluster source by a gate valve. On the right-hand
side there is the large opening for inserting and removing the STEM arm. The gas inlet
and outlet can be seen at the top left and bottom right corners of the box.

Once the sample is in the load lock (with the load lock pumps turned off), and the
gas box has been filled with nitrogen, the load lock can be vented with nitrogen and the

sample transferred through the gate valve into the gas transfer box. The gate valve can
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then be closed and disconnected from the load lock, ready for transporting to the STEM
room. The box can be over-pressured with nitrogen or argon to reduce any flow of air
into the box through any potentially leaky seals. Using the gloves, the sample can then
be transferred into the STEM arm with no oxygen contamination as it is already inside
the gas box. The very large opening on the right-hand side of the box can then be opened
for the arm to be removed, and inserted into STEM. Currently, a tube with two large iris
valves is being constructed to enable the STEM arm to be moved closer to the microscope
before insertion, in order to further reduce air exposure. This method vastly reduces the
oxygen contamination when compared with the gas bag, as the first contact with oxygen
is when the STEM arm is being inserted into the microscope. Further developments of
this method would include manufacturing a load lock for the microscope to further reduce

air contamination and oxygen exposure.

3.3.2 Results for Pt-Ti Clusters Transferred in Nitrogen

To study the effect of oxygen from the air interacting with the Ti in the Pt-Ti nanocluster,
a comparison was made between clusters of the same mass transferred through air and
clusters transferred in the gas transfer box filled with nitrogen.

Example images are shown in Figure 3.10. The top row of images are the clusters
transferred under nitrogen with minimal air exposure, whilst the bottom row of clusters
have been exposed for at least 24 hours. The yellow is the Pt (along with TiOs and
background carbon), pink being TiO, (along with background carbon) and purple being
the background holey carbon film only.

It is clear from the images that the clusters that are transferred in the nitrogen atmo-
sphere show a more dispersed distribution of Pt atoms when compared with the samples
transferred in air. There is some air exposure during the transfer, which can be seen as
a ring of TiOy around the amorphous core. This is particularly apparent in the 30,000
AMU sample, as it shows a mostly Pt core within a Ti shell very similar to the cluster

transferred in air. The larger samples show a small amount of shell with a mixed Pt and
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Figure 3.10: Comparison of multiple sizes of Pt-Ti clusters transferred in nitrogen and
air. The yellow is the Pt (along with TiO, and background carbon), pink being TiO,
(along with background carbon) and purple being the background holey carbon film only.
The clusters transferred in air show a multiple Pt core within a TiOy shell, whilst the
clusters transferred in nitrogen show a more amorphous core of mixed Pt and Ti atoms.
Ti core.

To investigate the amorphous nature of these clusters Fast Fourier Transforms (FFT)
of some clusters have been performed. For clusters where structure is apparent the FFT
shows pattern and structure, but for amorphous samples structure is not seen. Figure
3.11 shows example images, where A has structure and thus the resultant FFT in B has
more structure than that of D, which is the FFT of image C. To quantise the amorphous
nature of the core of the clusters an analysis method is described below.

To investigate the larger clusters in more detail, and compare the clusters transferred
in air with those that have been transferred under nitrogen, a frequency histogram of
intensity is produced. This is done by recording an average intensity of a 20 by 20 pixel
region of interest in every position upon the image. In the histogram, the background
intensity will show as the dominant peak (Figure 3.12). Above the background intensity

peak, there is a region which shows the contribution from the titanium and platinum atoms

(inset). The positioning and definition of these areas helps to identify whether the sample
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Figure 3.11: Images showing a cluster and its corresponding FFT. A is a cluster transferred
in air, B is its FF'T showing some structure, C is a cluster transferred in nitrogen, D is
its FF'T showing no identifiable pattern.

is predominantly mixed atoms of Pt and Ti, or if it is more segregated in structure. The
absolute intensity values measured may be inaccurate due to variations between samples,
particularly the carbon substrate thickness and the contamination experienced by each
sample, and sample area. For this reason the main analysis is looking at the shapes of the
curves and comparison over time of the same areas, aiming to minimise the impact of the
beam damage and contamination. This analysis method does not take in to account the
differing Ti oxidation states that may be present with the clusters. The varying quantity
of O present would skew the intensity seen for the clusters. Further research determining
the oxidation state would be very useful for direct comparison.

For samples transferred either in air or in nitrogen, the intensity from the background
will generate similar profiles, but the contribution from the Pt and the Ti will produce
different profiles at higher intensities. For the clusters transferred in air, which show

multiple Pt cores within each TiO, shell, the intensity profile will contain contributions
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Figure 3.12: Plot of the intensity from Pt-Ti clusters transferred in air and nitrogen.
The insert shows an enlarged version of the area of the graph dominated by Ti and Pt
intensity. A large peak from the intensity due to the background can be seen.
predominantly from pure Ti and pure Pt as each region of interest typically only contains
one type of atom. For the clusters transferred under nitrogen, the more amorphous
structure will give rise to a range of intermediate intensities, consistent with the region of
interest capturing both Pt and Ti atoms. This principle is illustrated in Figure 3.13.

This is seen to be true for the results shown in Figure 3.12, where the insert shows
the intensity from the Pt and Ti in more detail. The sample transferred in air is shown
in blue, whilst the sample transferred in nitrogen is shown in red. These results are the
averaging of the intensities from 12 samples transferred in either air or nitrogen. These
results match the expected profile for both types of cluster. This method allows for a
more quantitative investigation of the dispersion of the Pt within the Ti/TiOg shell. This
analysis method will be used in Section 3.4 for analysis of the videos taken from both
types of clusters.

Research performed by a collaborator, Keith McKenna, from York University uses

theoretical modelling to predict that for small clusters, there are different atomic ar-
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Figure 3.13: Schematic showing the intensity which occurs from different combinations of
atoms within the region of interest. The high intensity seen in Figure 3.12 is generated
by the 20 by 20 pixel region of interest containing predominantly Pt atoms, whilst the
lower intensity peak is from predominantly background atoms. The combination of atoms
within each region of interest indicated whether the region contains a mix of Pt and Ti
atoms or if it is predominantly one element only.

rangements of the Pt and Ti dependent upon the amount of oxygen present [120]. For
mixed Pt and Ti clusters, it is energetically favourable for the core to be Ti and the
Pt atoms to be present on the outside corners of the modelled icosahedral cluster. For
clusters with a single layer of oxygen present over the entire surface of the cluster, it is
energetically favourable for the internal structure to be a random mixture of Pt and Ti
atoms. For a fully oxidised cluster, the Pt aggregates together to form a core within the
cluster. The clusters that have been modelled are very small, far less than the 30,000
AMU experimentally produced, thus this model matches favourably with the small clus-
ters forming a single Pt core within a TiO4 shell. Further theory work is being undertaken
to investigate the possibility of the formation of multiple Pt cores to see if they have a
similar energy to that of the single cored clusters. The model does not take into account

the energy required to rearrange the atoms, thus this energy barrier could prevent a sin-

gle Pt core forming in larger clusters within an experimental setting, if the single core is
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theoretically preferential. The prediction of a single Pt core within the shell is consistent

with calculations performed by Keith MeKenna[120].
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3.4 STEM Beam Induced Structural Changes within
Pt-Ti Clusters Transferred in Air and Nitrogen

During imaging of the Pt-Ti clusters transferred in a nitrogen atmosphere, changes in the
structures were observed. To study this in more detail, videos were created by taking
multiple images of the same cluster. This was undertaken for Pt-Ti clusters transferred
in both air and nitrogen to study the similarities and differences.

Figure 3.14 shows representative images of the 100 image video taken over 30 min-
utes of a Pt-Ti cluster transferred in air, deposited at a size of 90,000 AMU. The video
procedure, including beam showers, is described in Section 2.2.3. Six images from the 30
minute, 100 image, video are shown to give an overall impression of any of the cluster
changes. From the stills and the video, the clusters do not to change significantly under
the beam during imaging. The single cored examples remain as single cores, whilst the
multiple cored clusters remain multiply cored. There are slight changes in the overall
shape of each Pt core, with each tending towards a slightly more spherical shape. When
higher magnifications are used, imparting more energy to the clusters, the clusters tended

to disintegrate, with atoms dispersing across the surface of the holey carbon film.

0 minutes # 30 minutes

Stills taken
from a 100
image video
10nm scale

Figure 3.14: Stills from a video of the Pt-Ti clusters transferred in air, deposited at
90,000 AMU. The yellow is the Pt (along with Ti and background carbon), pink being
TiO, (along with background carbon) and purple being the background holey carbon film
only. No distinct change in the clusters is seen during the video.

Figure 3.15 shows a Pt-Ti cluster, transferred in nitrogen, at a size of 100,000 AMU.
600 images were taken over the course of 200 minutes, including beam showers. The images

and video show that the clusters change from reasonably amorphous Pt-Ti distributions
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to single Pt cored clusters. An image of the area before and after the video was taken, is
shown in Figure 3.16. This shows that the area that has been irradiated displays single Pt
cored clusters, whilst the external clusters show the amorphous starting structure. This
leads us to conclude that it is the beam irradiation that is changing the morphology of
the clusters. This could be occurring through the gentle annealing of the clusters as the
electron beam imparts energy through collisions warming the sample. This would allow
the atoms within the cluster to move around and reach a lower energy state, and as the
lowest energy state would be a single Pt core within the shell (as shown theoretically)
the Pt atoms start aggregating together forming tiny multiple clusters which tend to join

into ‘C’ or ‘U’ shapes before rearranging to form the single core.

0 minutes

Stills taken
from a 600

image video B
——— |
10nm scale

100 minutes * 200 minutes

Figure 3.15: Stills from a video of clusters transferred in nitrogen, deposited at 100,000
AMU. The yellow is the Pt (along with Ti and background carbon), pink being TiO,
(along with background carbon) and purple being the background holey carbon film only.
During imaging the clusters have changed from an amorphous mix of Pt and TI to single
Pt cores within a Ti shell.

The same analysis method can be used on the videos as described in Section 3.3.2.
This allows for a plot to be made to see how the clusters are developing during imaging.
Figure 3.17 shows that all 6 of the images appear to have very similar intensity for the
Pt and Ti intensity (inset), thus the clusters change very little during imaging. This is in
contrast to Figure 3.18, which shows that over time the shape of the Ti and Pt intensity

areas of the plot changes quite dramatically. The first image (blue profile) shows a peak at
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Before video for 200 minutes After video for 200 minutes

Figure 3.16: Images taken before and after the 200 minute video, for the 100,000 AMU
Pt-Ti clusters transferred in nitrogen seen in Figure 3.15. The yellow is the Pt (along with
TiOs and background carbon), pink being Ti (along with background carbon) and purple
being the background holey carbon film only. The bright square in the right-hand image
shows the beam damaged area where the video was taken at a higher magnification.
an intensity lower than the peak expected for Pt, but higher than the intensity expected
for Ti alone. This is because the Pt is very dispersed within the clusters, thus the 20 by
20 pixels region of interest includes a mix of the Pt and Ti atoms, thus has an intensity
between the two metals. As the Pt atoms form a core this peak disappears, and a peak for
Pt becomes apparent. This is seen in the final image histogram (green profile), where there
is an increase at an intensity of 450,000. The changes seen in the shape of the background
peak are due to contamination and beam showers affecting the overall contrast of the
images. This has the effect of reducing the height of the peak as well as broadening its
distribution.

The changes in the clusters seen within the video of the Pt-Ti clusters transferred under
nitrogen, show that the beam is imparting energy to the cluster. This electron beam
energy is either gently annealing the cluster of causing a chemical reaction to happen

within the cluster, altering its structure. Work in Section 4.4 discusses the impact of

heating by the electron beam upon small Pt clusters. This work shows that the rise in
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temperature for the clusters due to the STEM electron beam is unlikely to melt clusters
of the size of the Pt-Ti clusters discussed here. At a temperature lower than that of
melting, the electron beam could be warming the cluster to a level that allows atomic
rearrangement, towards energetically favourable cluster structures. This would be seen
as atoms swapping positions within the clusters, with each swap aiming to reach a more
favourable site. The electron beam could also be driving chemical reactions within the
cluster. Due to the transfer method allowing some oxygen to reach the sample, there is
always a low level of oxidation of the sample. The electron beam may be influencing this
chemical reaction [121]. To investigate this possibility further an environmental STEM or
an environmental cell attached to the STEM arm would be needed for experimentation.
This would enable different gasses to come into contact with the sample during imaging,
thus the reactions could be studied. If the same rearrangement of atoms happens with
multiple gas types, the heating due to the electron beam is likely to be the cause of the
rearrangement. If the rearrangement is unique to air contamination, a chemical reaction
induced by the electron beam is driving the rearrangement. To totally rule out other
possible causes of cluster changes the contamination and beam damage aspects of imaging
method need to be removed. If the gently heating or exposure it to gases, didn’t trigger the
same rearrangement of atoms, it would point towards the beam damage or contamination
being the driving forces for the changes. The contamination and the beam damage present
could also change the quantitative results but it is unlikely to change the interpretation

of the data.

3.5 Preliminary Electrochemistry Results

To study the catalytic properties of the Pt-TiO5 nanoclusters preliminary electrochemistry
was performed. The following results are used to indicate an improvement in catalytic
reactivity, but far more research is needed to draw quantitative results for the catalytic

nature of the particles.

75



The electrochemistry experiments were performed with a standard three electrode
setup, with a glassy carbon (GC) working electrode, a saturated Ag/AgCl reference elec-
trode, and a bright Pt mesh counter electrode. The clusters, TiOy and Pt-TiO,, were
deposited upon the GC electrode to give a coverage of less than 5 %. The potentiostat
was an Autolab 128N from Metrohm[122], running Nova version 6.1. The solution used
was 2.0 mM perchloric acid and 0.10 M sodium perchlorate dissolved in ultrapure water
of resistivity not less than 18.2 M(2 cm.

The control experiment was performed by recording voltammograms at a scan rate of
25 mVs~! with a clean GC electrode. The same scan rate was used for the electrodes with
TiO, and Pt-TiOg clusters. The results of these scans are shown in Figure 3.19. This
figure shows that the pure GC and the GC with TiOy nanoclusters show similar results, as
both have the same position for the reduction peak (approximately 1.5 V). The Pt-TiO,
clusters on GC show different behaviour, indicative of catalytic activity. They show a
lower overpotential for both the onset of the reduction wave and peak position. Further
work needs to be performed to unambiguously conclude that the shift seen is due to
changed kinetics at the Pt-TiO, clusters and not due to subtle mass transport effects.
However, these preliminary observations at such low cluster coverages strongly suggest
that accelerated kinetics are the dominant reason for the changes in overpotential and
indicate that these clusters would be useful for catalysis.

Further investigation would also be required for identifying the cluster structure upon
the GC surface. These samples were deposited in the same way as those used within
the microscope with an impact energy of 1 eV per atom. On this substrate that impact
energy may have pinned the clusters or caused them to disintegrate. If the clusters had
disintegrated the Pt atoms may be exposed, and could be changing the electrochemistry
results.

Detailed studies of the size and morphology of the clusters with the highest catalytic
activity would also help in identifying which structures or facets of a cluster is most

catalytically active. The use of nano structuring these clusters offers hope that very small
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quantities of Pt could be used for water splitting, making the process economically viable.

3.6 Conclusions and Further Work for Platinum-Titanium
Clusters

Overall, a large number of Pt-Ti clusters have been produced with the gas-aggregation
magnetron sputtering cluster source, with all the clusters imaged with STEM. These
clusters have been transferred in air, forming Pt-TiOs clusters, or in nitrogen, as Pt-
Ti clusters with a thin TiOy shell. The work shows that for air transferred clusters, a
preferential Pt core of size 30 £ 6 atoms forms, whilst for nitrogen transferred clusters, a
more amorphous cluster is seen. The larger clusters transferred in air often show multiple
or agglomerated cores. Both types of clusters have been studied by taking multiple images
to build up a video of the changes in structure induced by the STEM beam. This shows
that the clusters transferred in air do not change, whilst the clusters transferred in nitrogen
form Pt cored clusters. The STEM beam appears to either be slowly annealing the
clusters, or inducing a chemical change. The annealing would be imparting enough energy
to the clusters transferred in nitrogen to rearrange the atoms, but the amount of energy
is too low to change the structure of the clusters transferred in air.

Continued work on Pt-Ti clusters could include further reductions in oxygen exposure
during transfer of the samples. This could potentially be done with a graphene cell. Total
oxygen prevention would enable comparison with the University of York prediction, that
the clusters would form with a Ti core, with the Pt atoms upon the surface. It may be
possible to do this by adding a protective layer to the clusters that would prevent oxygen
reaching the cluster, but a material that does not change the structure of the cluster would
need to be chosen. Alternatively, further development of the STEM arm insertion, so that
it can be placed into the microscope through a load lock, would further reduce or prevent
air exposure. The theoretical work could be developed to investigate larger clusters, or to

model multiple Pt cores within the Ti and TiO, shell to see which is theoretically more
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stable. This could answer the question as to whether the large Pt-TiOy clusters should
have a single core or multiple cores. This would also show whether the clusters do not
have enough energy to rearrange, or if the 30 £ 6 Pt atom core is very stable.

Experimentation with an environmental STEM or cell would allow further work to
be done on the driving mechanism for atomic rearrangement under the electron beam.
This would help differentiate whether the rearrangement is purely due to heating by the
electron beam or if a chemical reaction was taking place.

Long term goals should include performing rigorous electrochemical testing upon the
samples, investigating the impact of a TiO, shell on the Pt core. The electrochemistry
results would prove what uses these clusters have for both fuel cells and water splitting.
Preliminary testing has shown promise that these clusters are active, and that the TiO,

shell acts as a protective layer around the Pt cores, thus making it a useful catalyst for

PEM fuel cells [85].
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Figure 3.17: Plot of the intensity from the video images of Pt-Ti clusters transferred in
air as seen in Figure 3.14. The insert shows an enlarged version of the area of the graph
dominated by Ti and Pt intensity. Within this region, there is no change between image

1 and image 6.
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Figure 3.18: Plot of the intensity from the video images of Pt-Ti clusters transferred in
nitrogen as seen in 3.15. The insert shows an enlarged version of the area of the graph
dominated by Ti and Pt intensity. The change in profile seen within this region between
image 1 and image 7 shows how the cluster has become less amorphous over time.
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Figure 3.19: Preliminary electrochemistry results showing the results for clean GC (dots),
GC with TiOy (dashes), and GC with Pt-TiOy (solid). The lower overpotential for both
the onset of the reduction wave and peak indicates catalytic activity.
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Chapter 4

Pure Platinum Clusters

4.1 Introduction

Within this chapter, experimental investigations into pure Pt nanoclusters will be per-
formed to identify the dominant structure across a range of cluster sizes. This involves
the production of clusters with the gas-aggregation magnetron sputtering cluster source,
detailed in Section 2.1. Once deposited upon a nickel TEM grid, with a holey carbon film
coating, the clusters are transferred to the STEM for imaging, as detailed in Section 2.2.1.
Using the HAADF image intensity, corrected for background contributions, the number
of atoms within the cluster can be calculated. This enables the clusters to be sorted by
size, which, when combined with the structural information, allows for a broad look at
the dominant structure trends. A detailed look at the 309, 147 and 55 atom Pt clusters
allows us to further identify the cluster motifs, which is of particular use for clusters not
initially identified as the traditional icosahedral, decahedral, or octahedral motif. The use
of structures identified through global optimisations in Chapter 5 allows new simulations
of HAADF STEM intensity to be made with QSTEM in order to aid identification of the
structures.

Additionally the 309 atom Pt clusters are being used to verify that the clusters do

not break up when they are landed upon the TEM grid within the cluster source. This
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is done by using the radius of the clusters, then converting the radius into a number of

atoms, as described in section 2.2.2.

4.2 Intensity Measurements

To calculate the number of atoms within each cluster, the STEM is used in HAADF mode.
This enables us to use the intensity from the images as a way to calibrate the number of
Pt atoms within each cluster (Section 2.2.1).

Once each image has been taken, two concentric rings are drawn around the cluster to
enable calculation of the background intensity from the carbon film. This is then removed
from the cluster intensity (Section 2.2.2), giving the intensity of the cluster without any
background contribution. The background intensity, averaged over all clusters imaged,
can be used to calibrate between samples. Combining this with the knowledge of what
size of clusters were deposited on the grid allows the number of atoms within each cluster
to be calibrated. This is particularly useful for the mixed sized samples. This allows
the images of each cluster to be sorted by number of atoms within the cluster ready for

identification.

4.2.1 Verification of the Number of Pt Atoms

To verify the number of Pt atoms within the clusters deposited at 309 atoms, the radius is
used and compared with the bulk parameters for Pt. This helps to prove that the clusters
are not breaking up when deposited upon the holey carbon TEM grid. It also serves as a
check to see whether the clusters are deforming to a pancake shape when deposited within
the cluster source.

The check is performed on the clusters deposited at 309 atoms as they tend to contain
the cubic structure so will match most closely to the bulk parameters. Results showing
that these clusters are predominantly cubic in structure are presented in Section 4.3.

To do this, two radius measurements were taken from each of the 100 images of 309
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Figure 4.1: Plot showing the distribution of diameters of the Pt clusters deposited at 309
atoms. An average of 2.07 £+ 0.2 nm is calculated.

atom clusters, the largest diameter and the smallest diameter. These results were then
averaged to give a diameter of 2.07 £ 0.2 nm as seen in Figure 4.1. The error is calculated
as the standard deviation of the data. This diameter is then used to calculate the spherical
volume of 4.65 nm?, which equates to 308.0 £ 0.28 atoms. This is remarkably close to the
expected 309 atoms, and confirms that the clusters keep their shape when deposited. It
is also notable that the distribution shows a single peak, rather than a double peak which
would have been expected if the clusters tended to be oval in projection. This would have
been caused by the largest and smallest diameters being taken and plotted, rather than
the average of the pair of measurements being used. The emergence of two peaks would
have indicated a big difference between the smallest and largest measurements, giving the
cluster a high epitaxy. In this instance epitaxy refers to the difference in perpendicular
directions e.g. the cluster would be oval. It is clear from the images and these results,
shown in Figure 4.1, that this is not the case, and the clusters are mostly spherical.

If the clusters had lost their integrity when deposited upon the TEM grid surface
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external atoms would have been seen and the calculation would have predicted a cluster
with far less than 309 atoms. If the cluster had flattened as it impacted the TEM grid
the radius measured would have been larger, and thus the cluster size calculated would
have contained more than 309 atoms. This is good evidence that the carbon surface is
not having a significant impact upon the shape of the cluster. If the cluster had been
deforming due to interactions between the Pt and the carbon substrate atoms a flatter
cluster would have been expected. Carbon is often used as the substrate material, and thus
was used for this work [72; 123]. For growing nanoclusters and thin films the structure of
the base substrate is very important for growing the structure, thus materials like quarts

are used[124, 125].

4.3 Structure Identification

To identify the cluster’s structure, QSTEM simulations were made for visual comparison.
QSTEM v2.31 is an open source software package, released under the General Public
Licence, used to simulate TEM and STEM intensities from clusters or bulk surfaces [126].
The atlases are produced by generating xyz co-ordinate files (text files that specify the ele-
ment and the position of each atom within the cluster or surface) for each cluster structure
and simulating an image. The parameters used by the QSTEM software replicate those
used by the experimental STEM, detailed in Section 2.2.1. QSTEM simulations have
previously been used to identify cluster structures for a number of metals [127, 84, 80].
The three base structures modelled are octahedral, decahedral and icosahedral.

For each simulation atlas, the clusters are rotated through multiple angles, so that a
wide range of possible projections are generated. This means that the orientation of the
real cluster upon the TEM grid is inconsequential in the identification process, as it can
be matched with a simulated virtual cluster of a similar rotation. The rotation angles are
limited to prevent duplicate simulations of the same cluster projection being made. We

produce simulated intensity atlases for the magic number structures (147, 309 and 561
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atoms) with the 147 example shown in Figure 4.2. After the real clusters are imaged with
STEM, the intensity patterns seen are matched against the simulated QSTEM atlases.

The matching process involves picking out distinctive patterns or features of the clus-
ter and atlas for comparison. For example, the octahedral atlases often show parallel
planes of atoms, thus identifying parallel lines in a cluster implies that it is most likely
to be octahedral. The decahedral clusters often show curved lines as well as areas of
more distinct dots, while icosahedral clusters show more spherical contours often with
the patterns radiating out from the centre of the cluster. These distinct patterns allow
identification of clusters with an intermediate number of atoms, rather than solely the
magic number sizes. If no positive identification can be made, the cluster is classed as
unidentified / amorphous. Clusters that are unidentified / amorphous do not match any
of the three typical structures, but occasionally have identifiable features.

Whilst imaging, care has to be taken to irradiate the clusters as little as possible, as the
beam can alter the structures observed (similar to that seen in Section 3.4) [128, 129]. For
the 55 atom clusters, prolonged imaging caused the cluster’s atoms to disperse, therefore
a ‘one attempt’ imaging policy was adopted. If the first image of the cluster taken was not
in focus, or contained a scanning artefact (typically occurring when acoustic noise within
the STEM room caused vibrations), the cluster was abandoned and a new cluster imaged.
For consistency, the same process was followed for the 147 and 309 atom clusters, although
these were less prone to damage from the beam. An alternative way of imaging would
have been to take repeated images of the same cluster to study which structure motif was
present in each frame. This would have allowed a picture to be built up about which motif
was most stable. This would have been done either by calculating a percentage of time
the cluster spent in each motif, or by looking at the final motif of each cluster, assuming
it had morphed to the most stable configuration. This was not performed here as the
damage to the 55 atom clusters caused them to disintegrate rather than morph between

motifs.
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Figure 4.2: Example octahedral, decahedral and icosahedral QSTEM atlases for clusters
with 147 Pt atoms, showing the rotation angles.



4.3.1 Alternative Methods of Structure Identification

The method used to identify the cluster structure within this work is identification by
sight. It is done by directly comparing each cluster image with each simulated image,
and the closet match chosen. This process is often repeated with each of the clusters, and
positive matches are only made when the same identification was made repeatedly. This
was further checked by a second person performing the same analysis. For these results
Dawn Foster[130] was the second person.

Alternative methods of identification have been investigated by the group with little
success. These include FF'T, cross-correlation and learning algorithms. For these types of
analysis to be used they need to identify the structure of clusters as reliably as a human,
without a bias towards one motif over another. The first method tested was to use FFT on
the clusters, with the hope that each cluster structure would show different symmetries.
To test the methods a good example cluster of each motif was chosen and used as an
example. A good cluster was chosen for its clarity and non ambiguity of structure. This
gives the computerised methods the best chance of success.

Figure 4.3 shows an example of the FFTs generated from an octahedral, decahedral
and unidentified /amorphous cluster. For the octahedral cluster the resultant FFT has
some identifiable pattern which could make it distinct from a decahedral, icosahedral or
unidentified/amorphous cluster. Looking at the resultant FFT images for the decahedral
and unidentified/amorphous cluster there are very few features that would make them
distinct. This is the main issue with trying to use FFTs to identify the cluster structures.
In each FF'T, aring is formed reflecting the definition of each of the atoms, but the patterns
seen within the FFT images are not identifiable with a cluster motif. This analysis was
repeated with many clusters, showing the same trends, that identification of a motif was
very difficult. For this reason it was decided that identification of the structure manually
by eye was still the better method. It is possible that for large clusters, of 1000 atoms
and more, this approach would be more successful as the patterning is more distinct.

This is shown in Figure 4.4 where larger gold clusters were imaged, and clearly display
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Octahedral Decahedral Unidentified/Amorphous

Figure 4.3: Images of 3 clusters with defined motif, octahedral, decahedral and unidenti-
fied/amorphous with their associated FFT image.
an octahedral or decahedral motif. The FFT’s show more distinct patterning than for
smaller clusters, but identifying the specific structure from the FFT alone may be difficult,
especially identifying the subtle differences between octahedral and decahedral clusters.
A number of cross-correlation methods were attempted for the clusters. Initially clus-
ters were cross-correlated with simulation images, but this proved unsuccessful for a num-
ber of reasons. The number of simulated images was in general small, thus inevitable
there was never a simulation to perfectly match the rotation of the cluster imaged as the
step size on the simulations is typically 10°. A possible improvement on the results may
have been made if the simulation atlas was modelled with angle changes of 0.5°, but as
simulating the atlases is very computer intensive, and would need repeating for each motif
it was deemed not appropriate when matches could be made manually by eye.

The second attempt at cross-correlation was used to try and group similar clusters
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Figure 4.4: Images of 4 large gold clusters, two images with an octahedral motif, and two
with a decahedral motif, with their associated FFT image.
together. For example, if a cluster was positively identified manually as octahedral it
was then cross-correlated against all other clusters imaged to see if any similar clusters
could be identified. This approach had some success, but only helped identify clusters
which were easily identifiable manually by eye, and a large data set was needed. This still
left many clusters without identifications, and, for clusters that were less distinguished
in structure, made incorrect identifications. As all of the identifications made had to be
manually checked it was also slower than doing the identification manually.

The learning algorithm method was attempted by a student, Alex Pattison[131], during
a summer placement with the group. He used a method that attempted to match a new
cluster to a close previous cluster to help with cluster identification. The method he
attempted had little success and was very computer intensive.

The results from the above methods were deemed poor, thus the clusters were identified
manually. T believe that for small clusters the presence of edge atoms has a huge impact
on a computer’s ability to identify the structure, whereas a human can look past these.

Thus for larger clusters computerised methods may be more successful, but these clusters
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tend to be easier to identify as they are more distinct in motif. Other possible methods of
motif identification could include single particle analysis, where multiple similar images
are used to build up a detailed image of a particle. This would generate a resultant image
with higher signal to noise ratio that could help in identifying the structure. Alternatively
the use of a 3-axis microscope arm would allow in-depth study of a single cluster, thus

enabling better structure identification.

4.3.2 Dominant Motif at Each Pt Cluster Size

Initially, samples of mixed cluster sizes were made so that the distribution of cluster
motifs could be investigated across a wide range of sizes. For this, three samples were
made covering the 10 to 600 atom range. Three samples were made so that the density of
clusters could be kept low, preventing aggregation, whilst still having enough clusters at
each size to image. To do this, the cluster source was run with mass spectrum ramping
across the size ranges, as opposed to single size mass selection. An equal amount of time
was spent at each cluster size to help deposit an even number of each cluster size upon
the grids. This meant that during imaging there was approximately an even distribution
of each cluster size.

To analyse the data, 700 images of clusters were taken from the three samples. They
were then individually identified as octahedral, decahedral, icosahedral or unidentified /
amorphous. This was followed by the sorting of the clusters by size, and a histogram
plotted with a bin width of 20 atoms. The results of this can be seen in Figure 4.5.
The blue areas show the octahedral motif, red decahedral, and purple unidentified /
amorphous. The green icosahedral motif was never seen, which is most likely due to
icosahedral motifs being typically high [132] in energy, and is explored in more detail
in Chapter 5. At large sizes of clusters, 250 atoms or more, the octahedral structure is
seen as the dominant motif, whilst in the smaller size range, less than 250 atoms, most
clusters are unidentified / amorphous. The decahedral motif is occasionally seen, but the

icosahedral motif was not identified as present in any of the 700 clusters imaged. The

90



% of Clusters

Figure 4.5: Overview of the dominant motif for Pt clusters between 10 and 600 atoms. At
larger sizes > 250 atoms the octahedral motif is dominant, whilst at smaller sizes < 250
atoms there is no distinct motif easily identifiable, thus most are classified as unidentified
/ amorphous (Unid/A).

dominance of the octahedral motif at larger sizes is consistent with the bulk structure of
Pt being FCC.

Figure 4.5 shows that there is a transition around 250 atoms to the cubic bulk structure
of Pt from an unidentified / amorphous structure at lower sizes. To further investigate the
unidentified / amorphous structures, magic number 55, 147, and 309 atom clusters were
produced and imaged, ready for structural identification. These three sizes were chosen
so that we could investigate two regions that were mostly unidentified / amorphous and
a one region that was mostly octahedral in motif.

Figures 4.6, 4.7, and 4.8 show representative images from the 300 magic number
clusters imaged (100 at each magic number size). The small inserts seen in Figure 4.6 are
the QSTEM simulated images that best match the STEM images for 309 atom clusters.
66% of these clusters were identified as octahedral in structure, with 34% were categorise
as unidentified / amorphous. Within this sample, no clusters were identified as decahedral

or icosahedral in motif. For the 147 and 55 atom clusters, all were categorised as being
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unidentified / amorphous, but some common distinct features could be seen. There are
small areas of parallel lines and the appearance of rings with dots in both Figures 4.7 and
4.8. These features were noted when an area of a cluster could be identified manually by
eye as having a pattern (rings, dots, or lines). These patterns are used to confirm that
there may be the possibility of an underlying structure, but that this structure is not
easily identifiable as the traditional octahedral, decahedral or icosahedral motif.

For 309 atoms, 34% of clusters have been assigned as amorphous / unidentified in
structure. Figure 4.9 shows the two types of amorphous / unidentified clusters seen.
These are possible twin clusters and clusters that have no distinctive structure. Twinned
clusters are clusters which appear to be two FCC clusters that have joined together, thus
their planes are non continuous. These have been studied previously for gold clusters
[133, 134, 135]. These twin clusters could be forming in the growth phase of the clusters
within the gas-aggregation magnetron cluster beam source. This could happen when two
smaller clusters, of approximately 150 Pt atoms, collide and join to form a single cluster.
If both initially had an FCC structure a twin structure like those seen in Figure 4.9 could
be formed. An alternative to the twinned FCC based clusters is that the cluster has
formed with a dislocation in one set of planes. An example of this (discussed in further
detail in Section 4.3.3) where the octahedral 147 QSTEM atlas shows the projected STEM
intensity from a dislocated octahedral cluster. The remaining amorphous / unidentified
clusters seem to have no distinct identifiable structure, but may still be crystalline. These
clusters may have melted under the STEM beam. This would be consistent with the 55
and 147 Pt atom clusters being all identified as amorphous / unidentified when compared
with the traditional QSTEM simulations. Some of the 55 and 147 atom clusters are
identified as distorted motifs in Section 4.3.3, but the proportion of clusters is still very

low. Melting of the clusters is discussed in Section 4.4.
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Octahedral Octahedral Octahedral Octahedral Qctahedral

Octahedral Octahedral Unid/A Unid/A Unid/A

Figure 4.6: Ten experimental STEM images of clusters with 309 Pt atoms, accompanied
by their QSTEM simulations. 66% of these clusters were identified as octahedral, whilst
the remainder was categorised as unidentified / amorphous.

Parallel Lines Parallel Lines Parallel Lines Ring Dot Ring Dot

Ring Dot Ring Dot

Figure 4.7: Ten experimental STEM images of clusters with 147 Pt atoms. All clusters
of this size were identified as unidentified / amorphous.

Parallel Lines Parallel Lines Parallel Lines Ring Dot Ring Dot

Ring Dot Ring Dot Unid/A Unid/A Unid/A

Figure 4.8: Ten experimental STEM images of clusters with 55 Pt atoms. All clusters of
this size were identified as unidentified / amorphous.
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Possible twinned particles

Unidentified / Amorphous

Figure 4.9: Examples of two distinct 309 Pt atom clusters seen in the amorphous /
unidentified category. The top row shows the pair of 309 Pt atom clusters that show
possible twinned particles, whilst the pair on the bottom row shows two examples of
clusters with no distinct structure.
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4.3.3 QSTEM Simulations of Clusters with 55 and 147 Atoms

To identify some of the 55 and 147 atom clusters, simulated clusters, found through global
optimisation in Section 5.4.5, were used to generate QSTEM atlases. The extra atlases,
made from non-perfect structures, give different simulated intensity alases. These new
atlases generate more images from the slightly distorted clusters that are more likely to be
matched to the real STEM images. To produce these atlases the lowest energy octahedral,
decahedral, and icosahedral structure generated by the global optimisation was used for
55 Pt atoms, and the lowest energy octahedral and decahedral structure was used for 147
Pt atoms. The icosahedral motif was not simulated for 147 atoms as the lowest energy
structure generated was almost identical to the perfect icosahedral structure. The global
optimisations also put the icosahedral structure relatively high in energy when compared
with the decahedral and octahedral motifs. The simulation atlases for 55 atoms are
shown in Figures 4.10, 4.11, and 4.12. Each motif was rotated in two dimensions between
0° and 90°. As the clusters produced by global optimisation in Section 5.4.5 had an
arbitrary rotation, the cluster had to be manually rotated so that the 0°, 0° rotation was
symmetric. This minimised the number of angles through which the cluster had to be
rotated for QSTEM simulations, as it maximised the number of rotations that had the
same QSTEM simulation. A 10° interval was chosen to maximise variation in patterns,
whilst minimising the time taken for simulation and matching the QSTEM projections
with the real STEM images. The clusters shown top left, top right and bottom left are

the clusters for the 0°, 0°, the 90°, 0°, and the 0°, 90° projection respectively.
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Figure 4.13 shows the six matches for 55 atom clusters with the new icosahedral
QSTEM simulation. The STEM image is designated by a blue edge, whilst the QSTEM
simulation is shown next to the image rotated to the matching angle. For the icosahedral
identification each STEM image and simulation show either a ring, line, or a pair of
dots that can be used to match the two images. Figure 4.14 shows the matches between
the STEM images, and the new decahedral QSTEM atlas. Four clusters were matched,
with the overall shape of the cluster being considered along with the internal pattern.
Figure 4.15 shows the five matches between the new octahedral QSTEM atlas and the 55
atom STEM images. These are matched with the parallel plane pattern along with their
external shape. The matches seen for these clusters are not perfect, but are the closest
match with the simulation atlases, and they show a closer match than the standard
octahedral, decahedral, and icosahedral atlases.

Out of the 100 clusters imaged at 55 atoms, 15 have been positively identified with the
new QSTEM atlases generated from the global optimisations described in Section 5.4.5.
The additional simulation angles, and the fact that each globally optimised structure is
slightly different to the perfect magic number structure, has allowed more identifications,
but the majority of clusters remain unidentified / amorphous. From this analysis there is
no dominant structure at the 55 atom size, as there is an approximately even distribution
of motifs. To improve the identification the atlases would need to be simulated with
smaller angle changes, but this result implies that the atlases based on the simulations
are a better match to experimental results than the standard octahedral, decahedral, and

icosahedral atlases.
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Figure 4.13: STEM images of 55 Pt atom clusters (blue edge) with matching new icosa-
hedral QSTEM simulation. 6 of the 100 clusters were identified as icosahedral in motif.

Figure 4.14: STEM images of 55 Pt atom clusters (blue edge) with matching new deca-
hedral QSTEM simulation. 4 of the 100 clusters were identified as decahedral in motif.

Figure 4.15: STEM images of 55 Pt atom clusters (blue edge) with matching new octa-
hedral QSTEM simulation. 5 of the 100 clusters were identified as octahedral in motif.
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The QSTEM atlases for the lowest decahedral and octahedral structure produced
from global optimisation for clusters with 147 atoms are shown in Figures 4.16 and 4.17.
The octahedral atlas is of particular interest, as the slightly deformed octahedral structure
gives rise to twin like cluster simulations. Figure 4.18 shows a larger image of four clusters
that have an intensity which each look like a twinned cluster. Twinned clusters are
nanoclusters that appear to be made up of two smaller cubic clusters that have joined
together [136, 137]. In this case they occur in the simulation atlas as the initial structure
is a slightly distorted octahedral structure. In some rotations the intensity appears to be
that of a traditional octahedral cluster, but alternative rotations give rise to the twinned
cluster intensity pattern. This slightly distorted octahedral cluster offers an alternative
production mechanism, rather than two distinct octahedral clusters joining together as
explained in Section 4.3.2. No twin examples were seen in the STEM images of the 147
atoms for the Pt clusters, but two have been seen in the 309 amorphous / unidentified

clusters.

101



“Apanyoadsar wonalord (06 50 OU) PUR ‘o) 506 9UI ‘o0 ‘60 I 10] SINSND ) oIe J9]
wo}joq pue s doy ‘3301 doj WMOYS SISIST[D O], "SWOIR 1 LF] YIM SINIONIIS [RIPSYRIDP }S0MO] JO uoryenuuls N I,SY) 91 F 2Insig

Hﬁk..,.n,.
18

006
008

i

009
00§
o0F
o0t
o0C

=,

00T

'-.' =

o0

- :I.ri’ n- r‘ll:. -H-..

. 1

o0L o009 o0S oOF o0E o002 oOT

(=]
-
=)}
(=]
o
+ 4}
=]
-
y

102



“Afoaryoadsar monpalord 06 ‘o0 O PUR ‘0 506 OUY ‘60 ‘o0 OUY I0] SINSND O} oTe 1
wo90q pue s doy ‘9301 doy uMoys S10)sn[d oY [, "SWOIR 3J LT [IIM 9INIONI)S [RIPSYRIIO0 JS9MO] JO uoTyenuus NH [,SO) A1 F oInsig

P
Frre

ey

b

o

E {{{’&:.

=l fulallalale

=
[ ;
: EEE000RaAR

!
o

006 o0L 09

103



Figure 4.18: Four clusters from the 147 Pt atom octahedral QSTEM atlas (Figure 4.17)
that all show features of twinned clusters. Twinned clusters are identified when two areas
of the same cluster show different octahedral patterns, for example areas of lines and dots.

Figures 4.19 and 4.20 show the identifications for the 147 atom clusters. The icosahe-
dral motif is not considered here, as it is far higher in energy than the lowest decahedral
or octahedral structures, and the globally optimised structure was almost identical to the
perfect icosahedral structure. Out of the 100 clusters imaged, six clusters are identified
as decahedral, with one being identified as octahedral. This shows that the decahedral
motif is the more dominant structure, but only 7 out of the 100 clusters were positively

identified with the new QSTEM atlases.

Figure 4.19: STEM images of 147 Pt atom clusters (blue edge) with matching new deca-
hedral QSTEM simulations. 6 of the 100 clusters were identified as decahedral in motif.

The identifications for 55 and 147 Pt atom clusters have been checked by an inde-
pendent observer who has extensive experience with matching gold and silver clusters of

multiple sizes, to QSTEM simulated atlases. This helps reduce false matches.
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Figure 4.20: STEM image of a 147 Pt atom cluster (blue edge) with matching new
octahedral QSTEM simulation. 1 of the 100 clusters were identified as octahedral in
motif.
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4.4 Electron Beam Heating of the Pt Samples

It is possible that the Pt clusters studied are melting under the STEM electron beam, thus

identification of the structural motif is difficult. It is generally accepted that the melting

point of a nano material scales as —-— for particles over 500 atoms [138, 139, 140].
This means that all nanoclusters have a melting point below that of their respective bulk
material[141]. For clusters smaller than 500 atoms in size, the relationship between cluster
size and melting temperature becomes more complicated as both the geometry and the
electronic structure of the cluster impacts upon its melting point [142, 143].

Experiments studying the STEM electron beam heating for a 28 nm cluster were done
by Asoro et al. [144]. These studies estimated that their STEM was heating the clusters
to approximately 100°C. Experimentation with a STEM heating arm preformed by Foster
et al. at the University of Birmingham showed that gold clusters were being heated to less
than 150°C by the electron beam [130]. This estimation was made based upon the study
of structural fluctuations of gold clusters under the electron beam. For the fluctuations
induced by the electron beam, only octahedral to decahedral motif changes were seen.
These results were compared with structural proportions seen when the clusters were
imaged on the STEM heating arm that was ramped over multiple temperatures. For
heating below 150°C only octahedral to decahedral structural changes were seen, whilst
above this temperature decahedral to octahedral structural changes started to occur. This
study leads to an upper limit of the heating temperature of the STEM electron beam of
150°C.

A molecular dynamics study on the melting of Pt clusters by Ping et al. discusses
the temperatures at which the surface of the cluster starts to melt, the temperature that
total melting happens, and the temperature at which the cluster solidifies upon cooling
[145]. They have shown that for a cluster of 256 atoms, an octahedral cube cluster
exhibits surface melting at 600 K (326°C), full melting at 1000 K (726°C) and re-solidifies
on cooling at between 900 - 1000 K (626 - 726°C). Experiential work by Wang et al.

demonstrates surface and total melting for a Pt cluster with a radius of 4 nm [146]. For
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this size the surface begins to melt at 300-450°C and full melting appears at temperatures
above 600°C. These two sets of data are reasonably consistent in approximating the
surface melting temperature to 350°C and full melting occurring at 650°C. The melting
temperature for bulk Pt is 1750°C, therefore these melting temperatures are consistent
with clusters melting at temperatures far below that of the bulk.

From the comparison of the STEM temperature (150°C) and the surface and total
melting temperatures of small Pt clusters (300 - 650°C) it is clear that the 309 atom
clusters are most likely solid during imaging. This is consistent with what has been
observed, as the 309 atom clusters appeared to remain stable, even when multiple images
are taken. For the smaller clusters of 55 and 147 atoms it is quite possible that the
melting temperatures (particularly the surface melting temperature) for these clusters is
below the temperature to which the STEM electron beam heats. The surface melting
temperature is also likely to be more influential on these smaller clusters, as the surface
area is larger. If the surface atoms of these small clusters have melted, and thus move
positions, the STEM image is unlikely to match any of the QSTEM simulations, as a very
large percentage of the cluster’s atoms will be distorted within the image. This could lead

to the very low identification percentage seen in the 55 and 147 Pt atom cluster results.

4.5 Comparison Between Experimental and Theoret-
ical Pt Magic Number Clusters

The above results can be contrasted with the results found from the theoretical calcula-
tions performed in Chapter 5.

From the above results it is clear that for sizes above 250 atoms the dominant structure
is the octahedral motif, whilst below this size the structure is classed as amorphous
/ unidentified. The magic number results from the experimental data show that the
309 structure is dominant as 66% of the clusters were identified as octahedral. This is

consistent with the results found through global optimisation (Section 5.4.5) which showed
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that for the size range of 303 - 315 Pt atoms, 76% of the lowest structures found were
octahedral (10 out of the 13 sizes). The theory predicted that the other 24% would be
decahedral, but experimentally no clusters of this size have been positively identified as
decahedral. This may be due to the decahedral motif being inherently harder to identify
as the patterns seen are less distinct.

For the 147 atom clusters 6 of the 100 are identified as being decahedral in motif,
with 1 being identified as octahedral. Although these numbers are very low, they match
favourably with the theoretical calculations which show a decahedral dominance in the
size range of 144 - 150 Pt atoms. The theory also shows that the octahedral motif is very
close in energy to the decahedral, thus is likely to be second in dominance. This matches
well with the decahedral structure being identified more than the octahedral.

For the 55 Pt atom experimental data, clusters from all motifs have been identified
with reasonably equally occurrence, thus no single motif is most dominant. From the
theoretical data the icosahedral motif is dominant for clusters of 54 and 55 atoms, whilst
the decahedral motif is dominant for 56 atoms. From the theoretical data for 54 - 56 atom
Pt clusters it can be seen that the three motifs are particularly close in energy. For all
sizes, an example of each structural motif can be seen within 0.32 eV of the lowest energy
structure. This closeness in energy would lead to a higher probability of structures which
are not the absolutely lowest in energy being found, especially if the beam is heating the
clusters and causing them to switch between low energy structures prior to melting.

These results show that there is some agreement between the theoretical and the ex-
perimental results, but the results are limited by the low number of experimental clusters
that have been positively identified. If the clusters that have been identified at 55 and
147 atoms are representative of all of the experimental cluster results then the data has
reasonably good agreement, but further identification may vastly change the trends of the
experimental data at these two sizes. To positively identify more clusters further QSTEM
simulation atlases may be useful, particularly for clusters that are not magic number in

size.
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4.6 Conclusion and Further Work for Platinum Clus-
ters

From the experimental work, it can be seen that for clusters with more than 250 Pt atoms
they display a cubic structure. This is consistent with the bulk structure of Pt, identifying
250 atoms as the point where Pt clusters start representing bulk FCC Pt in structure.
Below this size, the motifs remain mostly unidentified / amorphous.

The use of extra QSTEM simulation atlases and further simulation rotation angles has
made it possible to identify a small proportion of the unidentified / amorphous clusters
for both 55 and 147 atom clusters. These extra identifications match 55 Pt atom clusters
to non-perfect octahedral, decahedral and icosahedral clusters, whilst for 147 Pt atom
clusters most of the matches have been made to the decahedral motif.

For the smallest clusters (10 - 250 atoms) further investigation into the melting tem-
peratures of these clusters could be done. This would involve using a STEM heating arm
to experimentally investigate the temperature at which these clusters melt. It would be
useful to investigate the smallest structure which does not melt under the STEM beam
as this would give information about the structural motif of this smallest, stable cluster.
Further investigation into melting could be used to investigate the loss of cubic domi-
nance below 250 atoms. This would clarify whether the loss of cubic identification is due
to melting or if there is a motif switch between cubic and a different structure as predicted
theoretically.

Further work within this area should focus upon identifying more clusters below 250
atoms by producing further QSTEM simulations. These could include the creation of
more atlases for extra globally optimised structures at the magic number sizes, or looking
at the simulations for intermediate sizes. Above 250 atoms, further Pt clusters could be

produced to identify the size at which all clusters show the bulk structure of Pt.
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Chapter 5

Platinum Theory

5.1 Introduction

This thesis chapter will address the theoretical modelling of pure platinum clusters. This
work will complement the work undertaken in Chapter 4, as structures identified herein
are matched to the experimentally produced and STEM imaged clusters.

Within this chapter, we will use both local and global optimisation techniques to inves-
tigate the relative energies of different structures and motifs of Pt clusters. In particular,
we will be investigating which structural motif is theoretically dominant for a wide range
of cluster sizes (55 - 10,000 atoms), followed by the explicit calculation of energies for
the magic number sized clusters (55, 147, and 309 atoms) within a 2% size range. Along
the way, comparisons between different empirical potentials used to describe the Pt-Pt
interactions will be performed.

Theoretical modelling of Pt clusters will allow us to investigate the clusters in more
detail than experimental methods alone. We are able to examine a wider range of sizes
theoretically than we are experimentally, due to the time it takes to produce and then
image many clusters for a given level of statistical accuracy. The wider range of sizes also
allows for a broader interpretation of the data, identifying trends that may not be apparent

in smaller experimental datasets. The explicit calculations for magic number sized cluster
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allows comparison between the theoretical and experimental data, as these are the sizes
that the experimental data focusses upon. The theoretical modelling can also give more
information, than STEM imaging alone, with regards to the atomic arrangement of each

cluster.

5.2 Computational Details

To specify each cluster, a set of indices are used that uniquely defines the cluster. For
icosahedral clusters, ¢ is used to indicate the number of shells, with ¢ = 1 being a single
atom. For octahedral clusters, the index ¢ is used to specify the edge length of the
corresponding complete octahedral cluster, while j indicates the depth of the truncation
at the corners of the octahedron. For decahedral clusters, p, ¢, and r are used. p and
q specify the size of the (100) facet perpendicular and parallel to the principle axis of
rotation, respectively. r specifies the depth of the re-entrant corner. Examples of these
are shown in Figure 5.1. These indices are limited to certain ranges, to produce clusters
that are approximately spherical . For example, in decahedral clusters ¢ is limited between
1 and p+ 3 which prevents unstable rod style clusters being produced, which would occur
when ¢ is much greater than p. For the octahedral clusters, the truncation (j) is related
to the edge length, so that it ranges from 0 to [(¢ — 1)/2] when ¢ is odd, and [i/2 — 1]
when i is even. Only indices that produce clusters with 10,000 atoms or less are included
within this study. Some examples of various truncations are shown in Figures 5.5 and 5.6.

Two different computational approaches will be used to investigate the clusters, and
to calculate the energy of each cluster. These calculations will be hereafter referred to as
simple and explicit calculations.

In the simple calculations, the interactions between atoms are described using a par-
ticular functional form, as opposed to describing the electronic structure of the system.
The parameters of these so-called empirical potentials are obtained by fitting the function

to real world measurements of a material, i.e. the potentials function is calibrated using
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Figure 5.1: Schematic of clusters indicating where the (i,j) and (p,q,r) values are measured
against.

the experimentally measured specific heat capacity of the material. This fast approach to
modelling a system is often utilised for clusters [147], and as such will be used to calculate
the energies of clusters for the wide size range of 55 - 10,000 atoms. The two potentials
explored here will be the Gupta potential [148] and the Effective Medium Theory (EMT)
potential [149]. The Gupta potential was first used in the 1980s to describe the interac-
tions between atoms within transition metals [148]. It is a widely used potential for FCC
materials, particularly for nanoclusters [150, 56, 151, 152, 25]. The EMT potential is also
used to calculate the energies of FCC materials [149], often for Pt [153, 154]. The dif-
ferences between the two potentials are described in Section 5.3.3. Alternative potentials
that are suitable for FCC bulk materials would be the Embedded Atom Model (EAM)
[155, 156, 157] or the Sutton-Chen potential [158, 159], but further investigation of these
potentials was beyond the scope of this work.

Explicit calculations refer to two types of calculations that either explicitly explore
the Potential Energy Surface (PES) (using global optimisation techniques) or explicitly
describe the electronic structure (using DFT) [160]. Global optimisation will be used to
look in-depth at the smaller size ranges around the magic number clusters at 55, 147, and
309 atoms. The Global Optimisation Using Saddle Traversal (GOUST) (Section 5.4.5)

algorithm will be applied to low energy structures identified by the simple calculations,
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and will explore the PES in more detail by traversing saddle points. Future work will
look at using DF'T to explicitly calculate the energies of these clusters.

All of the cluster structures are generated using the Atomic Simulation Environment
(ASE) version 3.9.1 [161]. The simple calculations (using the Gupta and EMT poten-
tials) are performed with As Soon As Possible (ASAP) version 3.8.4 [162]. The global
optimisations are performed using the EON software package revision 2310 [163] with the
GOUST algorithm [164, 165].

For the analysis of cluster stability, we define two values: Excess energy per atom in
eV, E.,, and Delta, A. E,, is defined by Equation 5.1, where E;, is the energy of the
cluster, F,,, is the cohesive energy of the bulk, and N is the number of atoms within the
cluster. This means that the absolute stability of clusters of different sizes can be directly

compared.

Eem = (Etot - NEcoh)/N (51)

A is defined by Equation 5.2, and is used to represent excess energy per atom once
the surface area to volume ratio has been removed. This allows for a detailed comparison

of structural stability.

A = (Eyy — NE,) /N3 (5.2)

5.3 Motif Dominance of Pt Clusters Between 55 and

10,000 Atoms

To achieve a broad overview of the Pt cluster morphology, we investigate the motif dom-
inance of clusters across a large size range for both symmetric and asymmetric clusters.
Symmetric clusters are those which are defined by the indices ¢, 7, p, ¢, and r,where

as asymmetric clusters are not as the have non-complete facets. Symmetric clusters are
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those where all exposed facets of the cluster are the same size and complete (with no
missing atoms). Figure 5.2A shows a symmetric octahedral cluster with indices (5,2)
with some of the corner atoms marked for reference. Asymmetric closed shell clusters are
those where the exposed facets are of different sizes, but all are complete. Figure 5.2B
highlights atoms that would have to be removed from Figure 5.2A to form an asymmetric
closed shell cluster. This is because all of the atoms from a facet need to be removed
to form an asymmetrical cluster. Asymmetric open shell clusters are those where there
are incomplete facets. Figure 5.2C shows the atoms which could be removed to form an

asymmetric open shell cluster.

A) Symmetric B) Asymmetric Closed C) Asymmetric Open

Figure 5.2: A) A symmetric cluster with some of the corner atoms marked in orange for
reference. B) and C) A example of atoms (blue) which could be removed to form an
asymmetric closed or open shell cluster, respectively.

The energies of a large size range (55 - 10,000 atoms) of symmetric clusters will be
calculated to allow an initial assessment of which motifs are dominant within each size
region. This will allow us to identify ‘crossover’ sizes where the most stable cluster motif
changes. To investigate the stability of asymmetric clusters, an interpolation scheme will
be used (Section 5.3.2). This will give a more accurate estimate of which motif dominates
at which size range, but negates the need to explicitly calculate each and every asymmetric

cluster, as this process would be very time consuming.
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5.3.1 Symmetric Clusters

Symmetric Pt clusters are generated for all combinations of structure indices (i, i, j,
p, q, and r) defined in Section 5.2. The energy of each of these clusters is calculated by
performing a local minimisation where the Pt-Pt interactions are described by an empirical
potential. In this section, only calculations with the Gupta potential are shown, with a
comparison between the Gupta and EMT potentials made in Section 5.3.3.

Figure 5.3 shows the excess energy (E.;) of symmetric clusters plotted against cluster
size for the three motifs, icosahedral, octahedral, and decahedral. It shows that for all
motifs, as the cluster gets larger the energy decreases. This is due to the surface area to
volume ratio decreasing, increasing cluster stability. To identify the most stable clusters,
a minimum energy front is constructed. A cluster belongs to the minimum energy front
if it has a lower energy than all smaller clusters. This is done separately for each motif.
It is then possible to compare which minimum energy front (i.e. icosahedral, decahedral,
or octahedral) is lower within a given size range. This information is displayed in the
colour bar shown below each plot. Red indicates that the decahedral minimum energy
front is lowest in energy, whilst blue indicates that the octahedral minimum energy front
is lowest. The colour bar indicates which structure should be the more dominant motif
in a given size range, and thus is the one which we are most likely to find experimentally.

To be able to inspect the difference between the motifs more closely, a plot of A against
cluster size is shown in Figure 5.4. Figures 5.3 and 5.4 effectively show the same data.
The minimum energy front (shown by a solid line) for each motif is calculated using excess
energy per atom, so the same clusters are connected in both figures, therefore the two
colour bars are identical. These figures also highlight the magic number clusters using
square boxes.

Figure 5.4 shows that the icosahedral structure is never dominant, as it is always far
above the octahedral and decahedral minimum energy fronts. This is consistent with

work that shows icosahedral motifs to be only stable at small sizes [166]. It also shows
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Figure 5.3: Plot of the excess energy of symmetric Pt clusters calculated with the Gupta
potential for 55 - 10,000 atom clusters. It shows that the icosahedral motif is higher in
energy than the decahedral or octahedral motif. The colour bar indicates the most stable
motif at each size. Magic number clusters are denoted by large squares.

that the magic number structures are relatively unstable when compared with the lowest
energy fronts, as they sit high up on the A scale. The colour bar shows that, initially,
decahedral (red) and octahedral (blue) clusters are reasonably equal in dominance, but
as the size increases the octahedral motif becomes more favoured. This is logical, as the
bulk structure of Pt is FCC cubic and the octahedral clusters are simply truncations of
the FCC crystal. This figure also highlights the fact that the two structures, decahedral
and octahedral, are both similar in energy, with constant motif switching, although the
frequency of the switching begins to decrease after 5,000 atoms.

These results are in contrast to a paper published in 2002 by Baletto et al., [147] which
reports a crossover in dominance from icosahedral to decahedral at clusters with < 100
atoms, and a crossover from decahedral to octahedral at 6,500 atoms. The paper does

show some consistency with our results: The icosahedral motif being non-dominant, and
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Figure 5.4: Plot of delta values for symmetric Pt clusters calculated with the Gupta
potential for 55 - 10,000 atom clusters. It shows that the icosahedral motif is higher in
energy than the decahedral or octahedral motif. The colour bar indicates the most stable
motif at each size. This figure shows the same data as Figure 5.3, but on a delta scale
rather than excess energy. Magic number clusters are denoted by large squares.

the octahedral motif being dominant at far larger sizes. However, here we show that there
is multiple switching between motifs, rather than two discrete crossover sizes. Although
the results contrast with ours, which show multiple motif switching, the results published
by Baletto et al., [147] may not have modelled as many cluster sizes, thus being too course
to see the intricacies of the motif swapping.

The minimum energy front in Figures 5.3 and 5.4 simply connects low energy clusters,
rather than representing energies of clusters at intermediate sizes (asymmetric clusters).
This limits its usefulness, thus to improve this, we need to connect the clusters in a more
meaningful way. We turn our attention to asymmetric clusters to obtain an estimate of the
energies of intermediate sized clusters. In Section 5.3.2 we detail a method of interpolation
that allows us to estimate the energy of the asymmetric clusters. The asymmetric cluster

predicted energies are then added to Figure 5.4 to give a more detailed overview of the
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55 - 10,000 atom size range.

5.3.2 Asymmetric Clusters

In order to try and connect the minimum energy fronts from Figure 5.3 in a more physical
way, investigations of the energies of a selection of asymmetric closed and open shell
clusters are performed for the decahedral and octahedral motifs. It is hoped that the
energies of asymmetric clusters can be estimated based upon the energy of symmetric
clusters, as explicitly constructing and calculating each cluster’s energy would be very
time consuming. Intermediate icosahedral structures are not investigated as they already
have very high excess energies. To make a sensible selection of asymmetric clusters that
represent the most stable clusters we first investigate the feature of asymmetric clusters
that tend towards stability. The first step involves investigating the order of removing
whole planes of atoms that yield the most stable asymmetric closed shell cluster. This is
followed by investigation of the individual atom removal orders yielding the most stable
asymmetric open shell clusters. Using this information, investigation into how to estimate
the energies of low energy asymmetric clusters, will be performed.

Successive removal of all planes of a cluster represents a transition between two sym-
metric clusters. Figure 5.5 shows the transition of an octahedral cluster from (13,4) to
either (13,5) or (11,3) depending upon whether planes are removed from the (100) or (111)
facets. Figure 5.6 shows a decahedral cluster of (8,8,0) in which planes are removed from
the (100), (111) or the corner giving either a (7,9,0), (8,6,0), or (6,8,1) decahedral cluster.
Several of each type of facet are present on a single cluster, thus there are many orders
in which these planes can be removed. The order of removal impacts the excess energy of
the asymmetric closed shell clusters, thus, we investigate the order of plane removal that
results in the most stable intermediate asymmetric closed shell clusters.

The energies of the clusters generated by different removal orders are shown in Figures

5.7, 5.8, and 5.9. Each figure shows multiple panels, corresponding to the different removal
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Figure 5.5: A) and B): Atoms that are removed (blue) to transition from a (13,4) oc-

tahedral cluster to a (13,5) or (11,3) octahedral cluster by the (100) or (111) removal
mechanisms, respectively.
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Figure 5.6: A), B) and C): Atoms that are removed (blue) to transition from a (8,8,0)
decahedral cluster to a (7,9,0), (8,6,0), or (6,8,1) decahedral cluster by the (100), (111)

or corner removal mechanisms, respectively.
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Figure 5.7: Multiple plane removal orders are shown for the removal mechanisms from the
(100) and (111) facets from an octahedral (13,4) cluster. A smaller max delta difference
implies a better, lower energy plane removal order.
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Figure 5.8: Multiple plane removal orders are shown for the removal mechanisms from the
(100) and (111) facets from a decahedral (8,8,0) cluster. A smaller max delta difference
implies a better, lower energy plane removal order.
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Figure 5.9: Removal of corner planes from a decahedral (8,8,0) cluster. A smaller max
delta difference implies a better, lower energy plane removal order.



orders of the planes, indicated by the numbers seen in the top left of the panel. The larger
starting symmetric cluster is on the right-hand side of each panel, and the final smaller
symmetric cluster is on the left-hand side. The large red dots are the symmetric clusters,
while the green dots indicate the energy of the cluster where a plane has been removed.
Each structure has been manually generated and then minimised to calculate the energy.
All unique combinations of plane removal orders have been calculated. A straight line
has been used to connect the symmetric clusters. The difference between the line and
the green points is used to calculate the max A difference of the asymmetric clusters
above the line. This value is displayed in the top right-hand corner of each panel. A
value of zero means that all of the asymmetric closed shell clusters fall on or below the
symmetric-symmetric line. The best removal order will minimise the A of the closed shell
asymmetric clusters, as it produces the lowest energy configuration for the clusters. For
the octahedral clusters, there are six plane removals for the (100) facet (Figure 5.7A),
as there are six (100) facets in a truncated octahedral cluster. Similarly, for the (111)
removal order (Figure 5.7B) there are 8 points as there are 8 (111) facets in an octahedral
cluster. For the decahedral cluster, there are 5 (100) facets, 10 (111), facets and 5 corners
which can have planes removed.

For the octahedral clusters, the removal order for the (100) planes is inconsequential.
This is because the energy of all of the clusters falls on the symmetric-symmetric line,
as the max A for all removal orders is zero. For the (111) planes, almost any removal
order is acceptable. The slight exception to this is the 16384725 removal order, which
represents non-touching facets being removed. For the decahedral cluster, the removal
order of the (100) facets is again unimportant, but for the (111) facet, removal of one side
(plane numbers 1 - 5) before the second side (plane numbers 6 - 10) is preferential, giving
a max A difference value of 0.02. From the figures, it can be seen that in general, the
removal order does not influence the energy of the cluster if the facets are not initially
connected. For facets that are initially connected, removal from one area first is associated

with a lower energy than removal of opposing or unconnected facets. This is because the
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removal of opposing facets leads to more exposed edge sites being formed.

A similar process was used for the asymmetric open shell clusters, where the removal
order of the atoms from one plane is investigated. Figures 5.10, 5.11, and 5.12 illustrate
how removing atoms in various orders from one plane impacts the energy of the cluster.
The red dot shows the starting symmetric cluster on the right-hand side, and the green
dot shows the asymmetric closed shell final structure with one plane removed on the left-
hand side of each panel. The black dots indicate where a single atom has been removed
and the energy calculated. The red line connects the symmetric-symmetric cluster, with
the smaller symmetric cluster not seen in the figures, whilst the max A difference is a
measure of the maximum energy above the line an asymmetric open shell cluster is. The
word in the top left-hand corner describes the order of atom removal. For example the
spiral removal starts removing atoms from an external edge, in a circular manner.

From the figures, it can be seen that randomly removing atoms from a facet generates
a cluster with a high energy. This is expected, as removing an atom from the centre of a
facet, which has a large coordination number, is likely to increase the excess energy. Re-
moving atoms with low coordination numbers is thus preferential, implying that removal
in an spiralling manner from the outside inwards generates clusters with lower energies.
This holds in most cases, except with the decahedral (8,8,0) where parallel lines of atoms
removed from the edge of the cluster towards the point yields a slightly lower max A
difference and thus excess energy.

From the investigation of the best removal orders for both planes and atoms, we know
that removal of connected planes first, and removing atoms in a spiral manner, typically
keeps the energy of the asymmetric cluster low. This is important information, as the
main goal of the project was to identify stable clusters. We will use these removal orders
to generate a test suite of clusters from which we will investigate ways in which the energy
can be estimated.

Using starting octahedral clusters of (13,0) and (13,3), we create asymmetric clusters

by removing atoms one by one from the (100) facet and calculating the energy (Figure
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Figure 5.10: Removal mechanisms (100) and (111) from an octahedral (13,4) cluster. A
smaller max delta difference implies a better, lower energy atom removal order.
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Figure 5.11: Removal mechanisms (100) and (111) from a decahedral (8,8,0) cluster. A
smaller max delta difference implies a better, lower energy atom removal order.
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Figure 5.12: Removal of corner atoms from a decahedral (8,8,0) cluster. A smaller max
delta difference implies a better, lower energy atom removal order.
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5.13, green). The same was done for the (111) facet (Figure 5.13, blue). For the decahedral
cluster we started with three clusters, (8,8,0), (7,5,1), and (6,3,2). We then remove the
(100) (green), (111) (blue) and the corner atoms (pink) shown in Figure 5.14. The clusters
get smaller as atoms are removed from right to left. The large dots are the symmetric
clusters, the small dots are asymmetric closed shell clusters, and the shaped line connects
the atom removals for each plane, removed in a spiral manner. Atoms from all initially
exposed facets of a given type are removed, eventually producing a different symmetric
cluster. A linear interpolation of the energy of these clusters is made, shown in Figures
5.13 and 5.14.

Considering first the asymmetric closed shell clusters (large dots on Figures 5.13 and
5.14), the energies of most of these clusters lie reasonably close to the interpolation lines
and would thus be approximated moderately well by points evenly spaced between two
symmetric clusters, for both the octahedral and the decahedral motifs. There are two
notable exceptions. Firstly, the removal of the decahedral (111) facets (Figure 5.14 blue),
shows higher energies than the interpolation line due to the exposure of twin boundaries,
which are high in energy. This is seen in the figure where the cluster blue line is always
above the straight line connecting the two clusters. Removing only some of the (111)
facets results in a none symmetrical cluster that is high in energy. Secondly, removal of
the (100) facets from the (p,q,0) decahedral clusters results in energies significantly lower
than the interpolation line for clusters between the magic number sizes. This is because
unfavorable corners of the ino-decahedral are truncated into a more Marks decahedral
type corner, and a less balanced cluster. Figure 5.6 demonstrates the atoms that would
be removed in removing the (100) planes. However, as these clusters are always high in
energy, the poor fit is inconsequential.

The energies of the asymmetric open shell clusters are more complex, as although the
energies of the (100) and corner removal mechanisms are approximated reasonably well
by the interpolation (green and pink), the interpolation poorly represents the energies

of the (111) removal mechanism (blue). To this end, it is only appropriate to use the
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Figure 5.13: A plot showing the energies of clusters generated by removing atoms, and
thus planes, from octahedral clusters in the optimal way. Green indicates the energy of
the removals from the (100) facets, whilst blue indicates the energy for the (111) removal
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Figure 5.14: A plot showing the energies of clusters generated by removing atoms, and
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mechanism and pink indicates the corner removal mechanism.
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interpolation for the (100) and corner removal from symmetric clusters.

The ability to use the interpolation scheme to estimate the energies of the asymmetric
clusters produced by the (100) and corner removal mechanisms, allows the energies of
many more clusters to be included within the motif dominance study. This will allow us
to plot a more accurate minimum energy front, and thus produce a more representative
colour bar for motif dominance. Asymmetric open shell clusters, where the (111) facets
have been removed, are not included in the interpolation, and hence the minimum energy
front and colour bar.

To apply the interpolation method to Figure 5.4, a list of relations needed to be
derived to correctly connect symmetric clusters, as removal of one plane from one specific
symmetric cluster generates a new symmetric cluster with specific indices. For example,
removing the (111) facets from a decahedral (5,1,2) cluster produces a (7,1,0) cluster [(p,
q, r) goes to (p + 2, ¢,  — 2)] whilst the same removal from a decahedral (5,2,2) results
in a cluster defined by (6,1,1) [(p, ¢, ) goes to (p+ 1, ¢ — 1, r — 1)]. In the interest of
brevity, not all relations are listed but to eliminate any errors in index matching, many
examples were tested for both octahedral and decahedral clusters, before the connections
were made.

A secondary use of Figures 5.13 and 5.14 is to identify structural features that yield
particularly stable clusters. For the (100) removal mechanism from the octahedral cluster,
it can be seen that no truncation of the corner (13,0) is less stable (higher in energy) than
any degree of truncation e.g. (13,3) or (13,4). For decahedral clusters, the same can
be seen for the re-entrant corner e.g. changing from (8,8,0) to (6,8,1) or from (7,5,1) to
(5,5,2) the energy reduces. These types of structure has been seen as a stable structure
in previous studies [147]. These are useful to note in order to see if the globally optimised
structures examined later show any of these features.

For now, the interpolation is limited to removing a single type of facet of atoms, as
well as removing a single external layer from the cluster at a time. Future work with

this interpolation method could investigate removing two stacked planes instead of one,
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creating greater asymmetry or removing atoms from multiple facets at the same time.
Both of these may produce clusters with a lower energy.

Figure 5.15 shows Figure 5.4 with the interpolation scheme, including points for the
energies of asymmetric cluster produced using the (111) removal mechanism and lines for
energies of asymmetric clusters produced using the (100) and corner removal mechanisms.
The colour bar again looks at the most stable structure for each size, taking into account
the asymmetric cluster line connections, but excludes the points for the (111) removal.
The figure looks similar to Figure 5.4, but the octahedral dominance appears earlier. It
also shows a clearer decahedral dominance between 55 and 2,000 atoms, with small pockets
of octahedral dominance. The figure also shows a more regular trend in the switching

between motif dominance.

2000 4000 6000 8000 10000
Number of Atoms

Figure 5.15: Plot of delta values for symmetric and interpolated asymmetric Pt clusters
calculated with the Gupta potential for 55 - 10,000 atom clusters. It shows that the
icosahedral motif is higher in energy than the decahedral or octahedral motif. The colour
bar indicates the most stable motif at each size. Magic number clusters are denoted by
large squares.
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5.3.3 Influence of the Interaction Potential

To investigate the generality of the interpolation scheme, all steps in the above sections
have been repeated using the EMT potential, allowing for comparison with the Gupta
potential.

The Gupta potential is a simple model used to simulate FCC metals using the second

moment approximation. It is based upon the following functional form [148]:

E - A(;'exm—zq(fzj - Ro»)é - fwg(;'exm—p@ - R)),  (53)

where N is the number of nearest neighbours, R; - Rg is the distance between atom j
and the minimum in the interaction potential, whilst p and q describe the short distance
repulsive and attractive ranges respectively.

The EMT potential determines the energy of a system by calculating the energy of
a known reference system (the effective medium, typically FCC) and applying a small

correction to mimic the real system being modelled. The potential has the form [149]:

FE = Z (El(nl) + AEa5<i>>, (54)

where E; is the energy of the atom embedded within an FCC crystal with electron density
n;, and AFE, is the atomic sphere correction. This correction is the difference in energy
between the real and reference system.

The parameters used for the Gupta potential were p=10.710, ¢=3.845, a=0.277443,
Xi=2.6209 and r0=2.77 [167]. For the EMT potential the parameters were £0=-5.82286,
S0=1.55073, V0=2.69717, £2=2.41957, K=3.86730, L=4.02350 and n0=0.05412 [161].

These two potentials were chosen as they have both been carefully parametrised for
transition metals and used for clusters [147, 168]. Additionally, the difference in functional
forms means that any structural bias can be identified.

Figure 5.16 shows the results obtained for Pt clusters calculated with each potential.
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The overall trends were found to be the same, but the absolute energies between the
two potentials differ. For this work, identification of the dominant motif within each size
range is the overarching concern, thus the relative energies between motifs is key. This
absolute energy deviation is due to the differences between the two potential forms. The
icosahedral structure is shown by both potentials to be highly unstable at large cluster
sizes. The decahedral and octahedral motifs alternate in dominance, with an octahedral
dominance at larger sizes, and a decahedral dominance in the smaller size range. The
two colour bars, showing the most dominant structure at each size, are also very similar,
demonstrating consistency between the potentials. There is slight variation in the size
of the decahedral dominance windows, with the Gupta potential showing slightly larger
decahedral dominance windows. The differences in the results from these two potentials
are minimal, and the success is that they both show the same trends. There are no studies
that conclusively show that one potential is better than the other, and thus both are used
in conjunction to check consistency. Being that the differences between the two potentials

is very small it is impossible to say which would fit the experimental data better.

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
MNumber of Atoms. MNumber of Atoms
(a) Gupta (b) EMT

Figure 5.16: Comparison of motif dominance for Pt clusters as calculated using the Gupta
and EMT potentials for 55 - 10,000 atoms. Red is decahedral, blue is octahedral and black
is icosahedral. The colour bar indicates which motif is most stable at each size. Magic
number clusters are denoted by large squares.
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5.4 Explicit Modelling of Magic Number Clusters

To investigate the magic number sized structures in more detail, focus is placed upon
the 55, 147, and 309 atom clusters. A global optimisation algorithm will be utilised to
identify, for each size, low energy structures with the aim of identifying the most stable
structure. The interpolation method, developed in Section 5.3, will be used to generate
the clusters from which to initiate the global optimisation algorithm. Clusters within a
2% size range will be used to replicate experimental precision, thus for 147 atoms clusters
of 144 - 150 atoms will be studied. Global optimisation is often performed for small
nanoclusters (typically 10 - 150 atoms), as they are small enough systems to be modelled
[25, 79]. In principle, the lowest energy structure should be able to be located from a
number of unique stating guesses, however, even the clusters considered here have a very
complex PES so we introduce a large number of starting guesses to obtain a confident
estimate of the most stable cluster for each motif. The 309 atom clusters are classed as
large clusters for global optimisation, thus there is a limit to the PES that can be studied.
Even with many starting guesses, it is not always possible to identify the absolute lowest

energy cluster for each motif.
5.4.1 The Global Optimisation Problem

To find the lowest energy structure, we need to examine the PES associated with each
cluster. Each cluster size has a unique PES that is made up of peaks (maximum energy
areas) and troughs (minimum energy areas). The troughs, known as minima, may appear
in groups on the PES, forming funnels which are areas with many similar minima. The art
of finding the lowest minima upon the PES is known as global optimisation. For clusters
of hundreds of atoms it is computationally very difficult, so many types of optimisation
algorithms exist. It is impossible to visit all minima on a PES, so the optimisation

methods aim to maximise the probability of finding the global minimum, whist using the

130



smallest amount of computing resources. Once a minima has been reached, a decision as
to whether this minima is the global minimum has to be made. It is impossible to know
if the minima found is the global minimum of the system; it can only be compared with
previously found minima. Each time the optimisation is run it may find different minima,
due to the statistical nature of the methods.

For clusters, there are a number of common global optimisation methods, including
basin hopping, simulated annealing, and genetic algorithms. These are all discussed
with specific reference to clusters in Section 5.4.2. For the clusters investigated in this
thesis, a new algorithm will be used, called Global Optimisation Using Saddle Traversals
(GOUST), developed by A. Pedersen and H. Jonsson [164, 165], and implemented through
the EON software.

5.4.2 Global Optimisation Methods for Clusters

For clusters in the size region of interest within this work, the PES tends to be very
detailed with many minima. For example, for a cluster of 147 atoms there are in the
order of 10%° minima [169, 170]. The minima tend to cluster on the PES as funnels, as
variations based upon each motif. This can lead to optimisations becoming ‘stuck’ in a
single motif funnel, or allow the optimisation to totally skip past a motif. This means
that some optimisation methods are better suited to this style of problem than others.
For clusters, basin hopping, simulated annealing, and genetic algorithms are often used
[171].

Basin hopping [170, 134, 172] is a method of optimisation that involves passing from
one minimum to another minimum that is expected to be lower. It is done by deforming
the PES to form an approximation that is easier to identify a minimum from. A local
minimisation is performed after each step to identify low energy structures. This is shown
in Figure 5.17. This optimisation method is good for investigating the more immediate
PES, but it is difficult to induce a large structural change, which may be necessary for

clusters to swap between motifs.
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Figure 5.17: An example of the basin hopping algorithm that smooths the PES. The
initial PES is shown with a red line, and the final is shown by the blue. Reproduced from
[172].

Simulated annealing [173, 174] is a method of increasing the energy of the system in
order to change and smooth the PES. This makes it easier to find minima, which when
cooled, theoretically fall to low minima. This has the advantage of being reasonably easy
to do, but does cause searches to become stuck in minima that are preferential at higher
temperatures. It is not guaranteed that minima at high temperatures fall to minima at
low temperatures. The lowering of the energy of the system has to be performed slowly to
reduce the probability of it becoming stuck in a high energy minima, thus this algorithm
requires very long simulation times.

Genetic algorithms [150, 172, 25] are a method of taking two structures that have
‘eood’ characteristics (low energy in the case of finding the most stable cluster) and
‘mating’ them to form a new cluster with, in theory, even better characteristics (lower
energy). This is typically combined with local minimisation to find low energy structures.
This method would increase the chance of generating clusters with very varied structures.
This algorithm can easily move between funnels, but does not study the local minima
particularly well. It is highly dependent upon the initial structures ‘mated’. In addition

to low energy, further definitions of good characteristics for clusters could be the size of
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truncation, and the completeness of facets, however if two very different structures were
mated, e.g. an octahedral and an icosahedral, the final structure is likely to be very high
in energy and very unstable. Genetic algorithms can be computationally intensive and
time consuming, as the number of possible mating combinations is very large, thus only
some mates are made, but is comparable in efficiency to basin hopping when both are
coupled with local minimisation.

We have chosen to use the GOUST algorithm as it has all the benefits of basin hopping,
as it chooses moves based upon low minima, but locates these minima by finding saddle
points. This has been shown to enable multiple atom transitions, dramatically changing
the structure and thus motif of a cluster. This helps to prevent the optimisation becoming

stuck in a single funnel or motif [175].

5.4.3 GOUST Algorithm

The GOUST algorithm is based on an Adaptive Kinetic Monte Carlo (AKMC) algorithm,
with a few variations to favour finding minima for clusters. In AKMC, saddle points are
located on the fly, and from these nearby minima can be reached. A key feature of GOUST
is that although the saddle points are used to explore the PES, new minima are selected
based upon the system energy of the minima, without the energy of the saddle point
being used. For global optimisation with GOUST, there are a number of parameters that
can be varied, detailed later in this section. Each optimisation procedure for a cluster
takes many hours (on current high performance desktop computers), so optimizing the
parameters and reducing the number of repeats is key to generating the maximum amount
of useful data with limited resources.

The first step of the GOUST algorithm is to randomly displace the system from the
minimum. This is done by sampling a displacement value from a Gaussian distribution,
the standard deviation of which is specified by an input parameter. The larger the dis-

placement value, the further from the current minima the optimisation starts, thus the
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greater the chance of leaving the current minimum or funnel. This input parameter is
hence forth refereed to as the ‘kick’. A kick of 0.15 is taken as the default value, and tends
to favour local investigation of the PES. For this work, additional values of 1.00 and 1.50
were used to encourage funnel hopping and major structural changes.

Once the displacement has been generated, the program starts saddle searching. This
is where it ‘climbs’ to the saddle point and investigates reachable minima from the saddle.
The program performs four saddle searches before choosing which minima to proceed to.
The choice of minima to proceed to is selected based upon the relative energies of the
minima. If the new minimum is lower in energy than the system minimum it is chosen.
If all minima are higher in energy than the system, it moves on with a probability based
upon Boltzmann statistics. This is the main difference between GOUST and AKMC, as
AKMC would use a low saddle point as the driving force for moving, rather than minimum
comparisons.

The Boltzmann statistics lead to an important feature implemented within GOUST:
The algorithm has the ability to remain in a funnel when few minima have been found,
but it is encouraged to move to a new funnel when many minima in the funnel have been
explored. This is done by incorporating a ‘fill’ factor which modifies the probability of
moving to a new area. This is a ratio based on the current minimum value and the lowest
one already found in the funnel. The larger the difference, the larger the fill factor. This
means that there is a higher the probability exploring a different funnel, as most minima
within the current funnel will have already been explored. When the difference is low, or
the new minimum is below a previously found minimum, the ratio favours remaining in
the funnel, as more low lying minima can probably be found.

As mentioned previously, the cluster sizes investigated here are large, thus full global
optimisation is difficult. As such, to further improve the GOUST algorithm and explore
more of the PES, the interpolation scheme will be used to generate a wide selection of
predicted low lying structures. These will be used as starting guesses for the algorithm to

explore from. This will give the GOUST algorithm the best chance of minimising at least
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one of the structures to the lowest energy structure. The main concern with this is the
possibility of using two starting guesses that are structurally very similar. To reduce the
occurrence of these, the local minimisation energies can be used to identify any clusters
with very similar energies, those which may have very similar structures, always leaving
the lower of the two options. However, caution has to be exercised, with each removal
manually checked, as octahedral and decahedral clusters can show very similar energies
whilst still having very unique structures. The starting guesses also allow us to investigate

each motif separately.

5.4.4 Generation of the Low Energy Starting Guesses

To generate the initial starting guesses for the GOUST algorithm, the interpolation
method detailed in Section 5.3.2 is used. For each size, possible asymmetric clusters
are first identified by the interpolation scheme. For example, for a given size there may
exist a (100) removal line connecting a larger and smaller symmetric cluster. The clusters
at each size upon this line are then explicitly constructed, using the optimal order of atom
and plane removal as identified in Section 5.3.2. A local minimisation is then performed.
This allows us to generate structures across all sizes within the 2% size ranges which are
likely to have a low energy.

Figure 5.18 shows the interpolation lines, with (100) removals as solid lines and the
(111) removal as dotted lines. The value of A from the local minimisation has been
overlaid. The figures show that the interpolation method estimates the (100) removal
very well (panels A, C, and E), as the dots lie close to the lines. It is not as accurate for
the (111) and corner removal mechanisms seen in panels B, D, and F, in accordance with
Section 5.3.2. To maximise the chances of finding the global minimum for each size, all of
the interpolation lines will be used to generate the starting guesses, independent of how

close the interpolation and minimisation energies are.
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Figure 5.18: These graphs show zoomed versions’ of Figure 5.15 in the regions of 54 - 56,
144 - 150 and 303 - 315 atoms. Figures on the left-hand side show the (100) removals
with solid lines, whilst figures on the right-hand side show the (111) and corner removal
mechanisms with dotted lines. The lines (solid or dotted) show the predicted A from the
interpolation scheme, whilst the solid circles show the A from local minimisation. Red
denotes decahedral clusters, whilst blue denotes octahedral clusters. The black lines are
the icosahedral motif for reference.
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5.4.5 GOUST Results

For small clusters, it is possible to use all of the starting guesses, generated by the in-
terpolation method, for the global optimisation simulations. Therefore, for 54, 55, and
56 atom clusters all of the starting guesses will be optimised. For these sizes there were
eight starting guesses. Due to the computing time taken to calculate larger clusters, it is
not feasible to run the global optimisations for all starting guess clusters because there
are more guesses and each simulation is much slower. For the magic number sizes, 147
and 309, all of the possible starting guesses will be used, but for the 2% size ranges, 144
- 146, 148 - 150, 303 - 308, and 310 - 315 atoms, only some of the starting guesses will
be used. The ones chosen will be those with the lowest energy, as obtained from the local

optimisation, described in further detail below.

55 Atom Clusters

To investigate the structural dominance near 55 atoms, 54, 55, and 56 atom clusters were
optimised with the GOUST algorithm. This represents the 2% size range for a cluster
with 55 atoms. Initially, the focus is on the magic number sized cluster with 55 atoms.
For the 55 atom clusters, eight starting guesses were used, with kicks of 0.15, 1.00
and 1.50, for each. Figure 5.19 shows the initial (crossed) and final (circle) energy of
each of the starting clusters, where the initial energy is from the local minimisation, and
the final energy is obtained from GOUST. Red crosses are decahedral starting clusters,
and blue crosses are octahedral. The black dots are final states that are icosahedral in
structure, whilst the green dots are assigned to clusters significantly higher in energy
than the global minimum, investigated further in Figure 5.21. 0 eV has been set as the
energy of the lowest state found. The clusters in each panel have been ordered from left
to right with increasing initial energy. It can be seen that for almost all starting guesses
and kicks the same structure has been found, thus this indicates that a successful global

optimisation has been performed. Figure 5.20 shows the lowest energy structure found,
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at two different rotations. It is a structure similar to the typical icosahedral cluster.
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Figure 5.19: Initial (crosses) to final (dots) energies of the 55 atom clusters with each kick
size. Red is decahedral, blue is octahedral, and black is icosahedral. Green dots show
high energy final states.

Figure 5.20: Two rotations of the lowest globally optimised energy structure found for 55
atoms.

To investigate other structures which have low energies, but are not the absolute lowest
energy structure, all data produced during the global optimisations can be analysed.
Taking all kicks, and all states for all of the starting clusters, the clusters with energies up
to 0.5 eV are analysed. These are shown in Figure 5.21, and include the structures of the

green dots seen in Figure 5.19. After the icosahedral structure, a decahedral structure is
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next lowest (0.25 eV higher) in energy. This decahedral, and the most stable octahedral
cluster (0.32 eV), give some indication of structural features that are more sable. For the
decahedral (0.25 eV) cluster, the facets are complete. The octahedral (0.32 eV) cluster
also shows complete facets, with some of them being truncated. These are used for
the QSTEM simulations seen in Section 4.3.3. The higher energy icosahedral structures
seen in Figure 5.21 are non-standard structures (e.g. the 0.49 eV cluster is a standard

icosahedral motif with an atom missing from the centre and placed externally).

Dev 0.25eV 032eV 0.33 eV 0.35eV 0.36 eV
“h-" > - -
*
lcosahedral Decahedral Dctahedral Decahedral No base structure Octahedral
0.40eV 0.44 eV 0.46 eV 0.47 eV 0.49 eV 0.51eV
% %3‘
leosahedral leasahedral lcosahedral leosahedral lcosahedral

Figure 5.21: Low energy clusters found during global optimisation for 55 atoms. They
have been categorised, by visual inspection, based upon the base shape of the struc-
ture. No base structure means that the structure does not fit in either the decahedral,
octahedral, or icosahedral motif.

Figures 5.22 and 5.23 show the lowest energy structures seen for 54 and 56 atoms
respectively. For 54 atoms, the lowest structure has an icosahedral motif with the central
atom missing, which has been seen in previous studies [132]. The decahedral structure
seen is based upon the decahedral seen for 55 atoms. For 56 atoms, the icosahedral
motif becomes unstable, as a single atom added to the 55 atom icosahedral would make
it particularly high in energy. The lowest energy icosahedral for 56 atoms is at 0.22 eV
which is an approximately half of an icosahedron with an additional shell. The lowest

structure seen is the decahedral motif common across all of the cluster sizes.
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This analysis of the motif dominance at each size shows that different structures can be
dominant within a very small size range. For 54 and 55, the icosahedral motif is expected,
whilst for 56 atoms the decahedral motif is energetically most stable. Another key result
is that the lowest decahedral and octahedral motif for 54, 55, and 56 atoms are very close
in energy, thus almost equally stable. This fits very well with the motif switching seen in

the earlier results.

147 and 309 Atom Clusters

For 147 and 309 atom clusters, including the 2% ranges, it is impractical to use all of the
starting guesses as the computation time is too high. To further reduce the computation
time, it is also practical to limit the number of kicks. The test case for this will be the
147 atom clusters: All starting guesses and kicks will be investigated for this data set,
but all subsequent data will be limited in terms of starting guesses and kick sizes.

The three kicks used are the same as for 55 atom clusters, 0.15, 1.00, and 1.50. The
results for 147 atom clusters are shown in Figure 5.24 where initial energies, from local
minimisation (crosses), are refined to a final energy obtained from GOUST (solid). The
initial starting guess clusters were 9 decahedral, 5 octahedral, and 1 icosahedral clusters.
The filled shapes are the final energies, with red being decahedral, blue being octahedral,
and black being icosahedral. The shape gives the specific structure which is visualised in
Figure 5.25. The green dots are cluster with energy of more than 1 eV above the lowest
energy cluster. The first point to note is that the lowest energy cluster is only located in
11 of the 39 GOUST runs. This indicates that the algorithm is not performing as well
for these larger clusters when compared with the 55 atom clusters. Additionally in the
majority of cases, the initial structure of the clusters are preserved, indicating that the
GOUST algorithm does not enable hoping between motif funnels. It can also be seen
that the final energies are always equal to, or lower than, the initial energy, indicating
favourable refinements to the structure which have been made using GOUST. There also

appears to be some success in identifying the lowest energy structure for each motif. With
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the decahedral motif the lowest energy structure was found 11 out of 22 runs, whilst within
the octahedral motif the lowest energy structure was found 4 out of 9 times. The three
kicks are large enough to explore the funnel of the starting motif, but are not large enough
to climb into a funnel of another motif on the PES.

The structure of the low energy 147 atom clusters are shown in Figure 5.25, categorised
by motif where small variations in each motif are classed as a single structure. The lowest
energy shape found is the decahedral D1, thus all energies are normalised to this cluster.
The decahedral clusters, D1 to D4, are all based upon the (3,2,1) cluster with varying
numbers of external atoms moved. D5 is a taller cluster loosely based upon the (2,4,1)
cluster, with a closed shell as all facets are complete. For the octahedral clusters, the O1
structures are the typical octahedral motif, but have some planes displaced with respect
to the standard positioning. O2 and O3 are the standard octahedral clusters with varying
truncations, with O2 having larger truncations, sometimes accompanied by missing atoms.
The only icosahedral structure present is the standard 147 atom icosahedral, I1.

These results can be compared with the results seen for the 54, 55, and 56 atom
clusters. It is clear that the icosahedral dominance for 54 and 55 atoms is not seen
for 147 atoms as the icosahedral cluster is high in energy. This agrees with previous
results that show that the icosahedral motif is only favoured at small sizes. In terms of
decahedral motif, complete facets are less preferential for the 147 atom clusters, but a
rentrant corner of 1 atom occurs frequently. For the octahedral clusters complete facets
are a still preferable.

Using the results for the 147 atom clusters, areas for computational time savings can
be identified: Reducing the number of kicks calculated, or reducing the number of starting
structures used. Firstly, considering the kick size, the 0.15 kick is classed as the standard
kick size, used to study the more immediate PES, so a choice between the 1.00 and 1.50
kicks has to be made. Both of the kicks find the lowest energy for decahedral, octahedral,
and icosahedral (filled circles), but the 1.00 kick finds more distinct structures than the

1.50 kick (7 compared with 5), so it is sensible to take the 0.15 and 1.00 kick for future
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calculations.

To further reduce the number of calculations, the higher energy starting clusters can
be removed, e.g. optimising only the lowest 3 or 4 decahedral and octahedral clusters
would reduce the number of starting guesses by approximately 50%. A choice between 3
and 4 starting guess can be made based upon the starting energies for each cluster size,
maximising the chance of finding the ground state. When the third and fourth decahedral
or octahedral clusters are very similar in energy, both will be used for global optimisation.

For all further calculations, only the 0.15 and 1.00 kick sizes, and the 3 or 4 lowest
energy starting guesses will be used to reduce the computational cost. The results for the
144 - 150 and 303 - 315 atom clusters are discussed within the rest of this section.

To investigate the 144 - 150 range, 3 or 4 starting structures for both the decahedral
and octahedral motif at each size have been taken and optimised using GOUST. The
results are shown in Figures 5.26 and 5.27. These each show the initial (crosses) to final
(circles) energy of the clusters. The images below each figure are the structures of the
low energy clusters, with the top row being decahedral, the second octahedral, and the
third icosahedral (only applicable for 146 and 147 atoms). This allows for comparison of

the structure types across the size range.

142



OeV 0.30eV 0.36eV 0.39eV 0.43 eV 0.47 eV

Icosahedral Decahedral Octahedral Mo base structure Icosahedral |cosahedral

Figure 5.22: Low energy clusters found during global optimisation for 54 atoms. They
have been categorised, with visual inspection, based upon the base shape of the struc-
ture. No base structure means that the structure does not fit in either the decahedral,
octahedral, or icosahedral motif.

0.02 eV 0.06 eV D.11ev 0.12eV 0.22 eV
Decahedral Octahedral No base structure Decahedral Decahedral leosahedral
0.25 eV 0.31eVv 0.32 eV 0.33 eV 0.35eV
Decahedral lcosahedral No base structure Octahedral lcosahedral

Figure 5.23: Low energy clusters found during global optimisation for 56 atoms. They
have been categorised, with visual inspection, based upon the base shape of the struc-
ture. No base structure means that the structure does not fit in either the decahedral,
octahedral, or icosahedral motif.
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Figure 5.24: Initial (crosses) to final (filled shapes) energies of the 147 atom clusters with
kicks of 0.15 (A), 1.00 (B), and 1.50 (C). Red is decahedral, blue is octahedral, and black
is icosahedral. The various shapes are used to identify the different styles of each motif,
explained in Figure 5.25. Green dots show high energy final states; those more than 1 eV
above the ground state.
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Figure 5.25: Schematic showing the variation between final energy structures, grouped
by similarities. 0 eV is set to be the lowest structure, D1.
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Looking at the structures found, the decahedral structure based upon the (3,2,1)
decahedron is in all cases most stable. It is a perfect structure at 146 atoms, thus smaller
sizes lose atoms, either from the edge or the vertex where (111) planes meet. For sizes
larger than 146 atoms the decahedral (3,2,1) is seen with extra atoms either on the (100)
facet or at corner sites, preventing some re-entrant corners.

For octahedral clusters, the structures found have mostly complete facets and tend
towards spherical clusters. The majority of clusters also show large truncations at the
corners, with the only exception being the octahedral seen at 149 atoms.

The icosahedral structure seen in at 147 atoms is the standard structure, and for 146
atoms the outer most shell is missing an atom, which has allowed for a small rearrangement
of the surface.

For the 309 data, a similar procedure was used as for the 147 Pt atom data. Initially
the clusters within the 309 atom bracket (303 - 315) were built from the interpolation
scheme. This generated a selection of structures that were all locally minimised. For 309
Pt atoms only, all of the structures found from the interpolation scheme were optimised
using GOUST. The lowest few (minimum of 3) for each of the decahedral and octahedral
structures were optimised using GOUST for the 303 - 308 and 310 - 315 Pt atom ranges.
For all clusters within the 309 bracket, the 0.15 and the 1.00 kick were used, with the
lowest energy structure generated from these two kicks displayed.

The results for all of the starting guesses for 309 atoms are shown in Figure 5.28. It
shows consistency with the 147 results that all of the final globally optimised energies
are equal to or smaller than the initial local minimisation energies, thus the clusters have
rearranged to new, more stable, configurations. This figure also helps to justify again
only using a few of the lowest locally minimised clusters, as the lowest decahedral and
octahedral structure found are generated from low energy locally minimised structures.
The clusters that have a high locally minimised energy tend to fall to higher globally
minimised energies. It is difficult to know whether the global optimised has been found

for these clusters as although they all fall to a lower energy structure, the lowest energy
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Energy (eV)

Figure 5.28: This figure shows the initial (crosses) and final (solid circles) energies for
each cluster with 309 Pt atoms. Red indicates the decahedral motif, whilst blue indicates
the octahedral motif.

structure observed only occurs once, for both the octahedral and decahedral motif. This is
unsurprising as the 309 atom clusters are very large for global optimisation calculations.
The lowest motif found for 309 Pt atom clusters is an octahedral structure, shown in

Figure 5.34.
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The results in Figures 5.29, 5.30, 5.31, and 5.32 show that the final energy calculated
by global optimisation is always lower than or equal to the local minimisation for each of
the starting guess clusters. They also show that for the octahedral clusters, the lowest
locally minimised structure always falls to the lowest globally optimised structure. For the
decahedral clusters this happens 9 times out of the 13 sizes studied. There is switching in
dominance between the octahedral and the decahedral motif, with the octahedral motif
being dominant in at 10 sizes and decahedral at 3 sizes (303, 306 and 315). The data
also shows that the energy gap between the two motifs is always small (< 0.62 eV). The
lowest decahedral and octahedral motifs are shown in Figures 5.33 and 5.34 respectively.
The number of Pt atoms within each cluster is shown, along with the globally optimised
energy of each cluster relative to the lowest structure found. If the energy is 0.0 eV, it is
the lowest energy structure found. For all sizes the decahedral clusters are all based upon
the (4,3,1) decahedral cluster with some displaced atoms. All of the octahedral clusters
are based upon the (8,2) octahedral structure with atoms removed (303 - 313 atoms) or
added (315 atoms).

It is clear from the decahedral structure seen that the re-entrant corner is preferable
for low energy structures, as it is a very common feature of clusters at all sizes. For the
octahedral clusters, stable clusters are formed when the facets are complete, which is seen
twice in these results, once for the cluster with 305 atoms and a second time for a cluster
with 314 atoms. This means that the clusters one atom larger than each of these sizes are
particularly unstable and high in energy. This gives rise to the decahedral motif being
the most stable structure for the sizes of 306 and 315 atoms.

The results for the 309 bracket show that the octahedral motif is dominant for the
majority of the sizes, but that the decahedral motif is very close in energy at most sizes.
As the 303 - 315 atom clusters are very large, we may not be examining the PES in as
much detail as we would ideally like to. This means that we may not find the absolute
lowest energy structure, but the starting guesses definitely help improve the number of

low lying structures found.
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In summary, the 54 and 55 atom Pt clusters form with an icosahedral base structure.
The 54 atom cluster is missing its central atom, making it more stable. For 56 atom
clusters, the dominant motif is decahedral. For the 144 - 150 Pt atom size range, the
dominant motif is always decahedral. For the 303 - 315 size range, most of the dominant
structures are octahedral in motif, but when the octahedral is unstable due to the addition
of a single atom to a symmetric cluster, the decahedral motif becomes dominant. We
have identified for 55 atoms clusters that the traditional magic number cluster for the
icosahedral motif, where ¢ = 3, is present. For the decahedral and the octahedral motifs,
the magic number sized clusters have formed as non-magic shapes. The decahedral has
typically presented as a flatter, wider version, whilst the octahedral motif typically exhibits
truncations of varying degrees. This means that the traditional magic number cluster
shapes are unstable.

The most stable structures have been formed when the decahedral clusters are flat,
and exhibit re-entrant corners. For the icosahedral motif, complete shells, including or
excluding the central atom appear to be favoured. For octahedral clusters, complete

facets, and some truncation, has led to high stability clusters.
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Figure 5.33: The lowest energy structure for the decahedral motif for clusters size between
303 and 315 Pt atoms. The energy is 0.0 eV if it is the lowest globally optimised structure
found, and greater than 0.0 eV if the lowest octahedral structure was lower in energy.
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Figure 5.34: The lowest energy structure for the octahedral motif for clusters size between
303 and 315 Pt atoms. The energy is 0.0 eV if it is the lowest globally optimised structure
found, and greater than 0.0 eV if the lowest decahedral structure was lower in energy.
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5.5 Conclusions and Further Work for Platinum The-

ory

The work within this chapter has identified that for a size range of 55 - 10,000 atoms,
the motif dominance swaps between decahedral and octahedral. The decahedral motif is
more dominant at the smaller size, with the octahedral being dominant at larger sizes,
which is consistent with the fact that bulk Pt is FCC in nature. The motif dominance
constantly switches between the two motifs, which is in contrast to a paper by Baletto
[147] which stated that there was a crossover between the decahedral and the octahedral
motif at 6,500 atoms. From the overview of structures the icosahedral motif is never the
dominant structure for Pt, which contrasts with other metals like silver or copper where
the motif is expected to be icosahedral at small sizes,and decahedral at medium sizes,
before becoming octahedral at larger clusters sizes.

The interpolation scheme investigated is good for predicting the energy of asymmetric
clusters, especially when the (100) facet is being removed. This approach enables more
information to be gained from the calculation of the symmetric clusters, without many
hours being spent manually generating each cluster. This method is limited to the removal
of a single shell from a cluster. It may be possible to investigate how the energy of
the clusters are impacted when multiple layers from one facet of a cluster are removed,
making very unbalanced clusters. This could be particularly important when looking at
octahedral clusters and the re-entrant corner, as the clusters that have been found via
global optimisation are not always balanced, with a single cluster often containing very
varying degrees of corner truncations. Further work could look at building more test cases
for larger truncations, looking for non-spherical clusters. Including these would improve
the knowledge of motif dominance at different sizes.

Further work comparing more potentials may also be useful, as although the trends are

the same, different potentials would place the relative energies between different motifs at
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different values. This may have an impact upon the crossover sizes between the decahedral
and octahedral motifs, with the octahedral motif becoming more dominant earlier or later
in cluster size.

The global optimisation has allowed for an in-depth look at the motifs that are domi-
nant around the magic number sized clusters. For the 55 atom cluster bracket, the 54 and
55 atom clusters show an icosahedral motif, whilst the 56 atom show a decahedral motif
being most stable. For the 147 atom cluster bracket, the decahedral motif is always most
stable. For the 309 atom cluster bracket, 3 out of 13 sizes have a decahedral dominance,
but 10 out of 13 sizes have a octahedral dominance. Comparisons on this data with the
experimental results are made in Section 4.5.

The GOUST optimisations has generated clusters which are low lying in energy, giving
the approximate energy relations between the icosahedral, decahedral and octahedral
motifs, but this algorithm still has limitations. Future work would include verifying the
relationship between these motifs using DFT simulations. This would be done by taking
the globally optimised structures and performing DFT simulations to calculate a more
accurate energy for each structure. This would enable a check of the relative energies
to be made, as a slight shift in the energy of one motif with reference to another could

change the dominant structure at each cluster size.
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