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Abstract

In this thesis, the morphology of bimetallic Pt-Ti nanoparticles were investigated.
Scanning Transmission Electron Microscopy (STEM) and X-ray Photoelectron
Spectroscopy (XPS) was used to analyse the nanoparticles. Previously, it has been
demonstrated that fully oxidised Pt-Ti nanoparticle form multi core morphology
as the size of the nanoparticle increases. Here, the nanoparticles were investigated
with minimal oxygen exposure and it was observed that the nanoparticle morphol-
ogy prior to full oxidation is an amorphous alloy structure. Theoretical analysis
through DFT calculation was also employed to investigate the addition of oxygen
to the nanoparticle in a layer by layer manner. The theoretical results confirmed
that the most stable structure after full oxidation is Pt core within the oxide Ti

shell.

The thermal energy provided by the electron beam was used to induce a single core
formation in the larger 90 kDa nanoparticles. Then, annealing of the sample was
used to investigate thermal processing of the nanoparticles. It was observed that
single morphology can be achieved by heating to 600 4+ 100 °C and increasing
the temperature to 900 £ 100 °C induced the segregated morphology of Pt-Ti
nanoparticle. Therefore, it was possible to post process the morphology of the

nanoparticle through heat treatment.

The results obtained from the XPS, demonstrated that the Ti shell is fully oxidised
with mostly in TiOs and small amount of TiyO3. The Pt core consist of pure Pt as

well as a layer of oxide Pt. Thermally heating the nanoparticles to 600 °C resulted

il



Chapter 0 iii

in reduction of Pt core to fully metallic Pt state and also increased the TiyO3 to
TiO, ratio of the Ti shell. The reduction was reverted to its original state after
exposure to air. The XPS results were compared and confirm through Grazing
Incidence X-ray Fluorescence Analysis (GIXRF) and Near-Edge X-ray Absorption

Fine Structure (NEXAFS).
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Introduction

Nanoscience is a relativity new branch of science that connects several disciplines
such as physics, chemistry, biology and engineering together. This field focuses
on materials and phenomena occurring at the nanoscale. The range is considered
to be from 100 nm to a single atom. There are two approaches for structur-
ing and production of nano-materials, Top-Down and Bottom-Up. Methods such
as conventional lithography-etching techniques are categorised as Top-Down ap-
proaches, in this approach one starts out with bulk material and modifies the
material down to the nanoscale. On the other hand, in the Bottom-Up approach,

the nano-structures are built atom by atom or molecule by molecule.

The work presented in this thesis focuses on the morphology of bimetallic Pt-Ti
nanoparticles, physically synthesised in a gas phase and size selected prior to de-
position. In chapter 2, a detailed review of literature is provided. The chapter
starts with a discussion on the importance of bimetallic nanoparticles, in partic-
ular platinum based nanoparticles. The catalytic volcano plot is discussed, this
will highlight the importance of platinum alloying to obtain better catalysts. The
theoretical and experimental motivations behind the Pt-Ti alloying is also pre-

sented. The possible routes for nanoparticle synthesis are also compared including
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gas condensation method used in this work. A detailed review of the morpholog-
ical stability of the bimetallic nanoparticles is given, and the influence of oxygen
and thermal annealing is studied. Finally, the chapter presents an overview of the
literature on the analytical techniques used in this work i.e. X-ray photoelectron

spectroscopy and electron microscopy of nanoparticles.

In Chapter 3, the techniques used to produce and characterise the nanoparticles are
introduced. It starts by describing the magnetron gun cluster source including the
annealing setup and the inert gas transfer glove box. Then, the technical details of
the STEM used in this work is explained as well as the intensity calibration process.
The physics and instrumental properties of the XPS setup is also described and

finally the data analysis software employed for nanoparticle analysis is detailed.

Chapters 4,5 and 6 present the experimental results. Chapter 4 focuses on the
oxidation effects on the structure of Pt-Ti nanoparticles. The size distribution is
provided and the modification through oxygen exposure is explored. The experi-

mental results are also compared to the theoretical calculations.

Chapter 5 demonstrates the electron beam nanoparticle interactions. The single
core morphology induced by the electron beam was achieved in a large scale by
thermal annealing the nanoparticle. It was shown that the thermal energy can be
used to control the morphology of the nanoparticle. The HAADF STEM intensity

was used to determine the position of the core after thermal treatment.

The chemical state of the nanoparticle before and after heat treatment was ex-
plored using XPS and the results are presented in chapter 6. It was observed that
the Pt core reduced to its pure metallic form after thermal treatment. The XPS
intensity was used to determine the shell thickness through use of the T y p method
which utilises relative XPS signal of the present elements, the method is described

in the chapter. Finally GIXRF was used to compare the results with the XPS.
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Finally, chapter 7 summarises all the main findings and describes possible future

work that can be done in this area.



Chapter 2

Literature Review

2.1 Nanoparticles

Nanoparticles are an intermediary stage between the bulk matter and isolated
atoms. It is established that nanoparticles show novel properties compared to
their bulk [1]. Therefore the main aspects of nanoparticles, for instance synthe-
sis, characterisation and applications are among the most important sections of
nanotechnology.[2] These novel properties have been demonstrated to be signifi-

cantly applicable in the fields of catalysis, drug delivery and electronics [3].

The bulk state and individual atom are the two extreme ends of the spectrum
for matter, both have their unique electronic properties, discrete energy states
and bands of energy states, respectively [4]. In between, aggregates of individual
atoms, nanoparticles which exhibit completely different behaviours to the bulk
or single atom exist. The properties of nanoparticles strongly depend on the
number of constituents, which can range from 2 to 10577 atoms [5]. Nanoparticles
can be made from most elements in the periodic table. A single element can be
used to produce pure nanoparticles or a mixture of different elements to obtain

alloy nanoparticles. The size of nanoparticles can be estimated by considering the

4
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packing of hard spheres into a spherical volume. It provides a rather reasonable
mapping of nanoparticle size to diameter and fraction of surface atoms. This

simple model assumes the total volume of a nanoparticle V,, with N atoms to be

[6]

=
I

NV, (2.1)

Where V, is the volume of a single bulk atom. Substituting the equation for

volume gives

dm 4r

—R) = N—R. 2.2

TR, = N RS 22)
The nanoparticle diameter (D,,) is then

D, = NY*2R, (2.3)

Similarly the surface area of the nanoparticle S,, is related to the surface area of

the atom S, by

S, = N33, (2.4)

The properties of the nanoparticle such as catalytic properties and optical proper-

ties depend on the diameter and the surface area of the nanoparticle. Therefore, it
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is crucial to be able to determine the nanoparticle morphology and structure. The
advancement in the field of electron microscopy such as development on spherical-
aberration corrected Scanning Transmission Electron Microscopy, has made elec-
tron beam microscopy a highly useful technique for investigating nanoparticles.

However, the electron beam induced effects must be taken into account.

2.1.1 Platinum Based Nanoparticles

Bimetallic nanoparticles, consist of two different elements such as metals, have
attracted a greater interest than the single element nanoparticles. [7, 8]. This is
due to the additional control parameter on the final properties of the nanoparti-
cle by fine tuning the composition and the morphology. In particular, Pt based
bimetallic nanoparticles have attracted great attention due to the importance of
Pt nanoparticles in hydrogen fuel cells. It is favourable to reduce the loading of
Pt due to great difficulty associated with mining Pt as well as the rarity of the
element. Figure 2.1 shows a volcano plot for the activity of each metal plotted
against oxygen binding energy obtained from Density Functional Theory (DFT)
calculations done by Norskov et al [9]. It is clearly visible that Pt is the closest el-
ement to the ideal point at the peak of the volcano plot [9]. If the oxygen attaches
too strongly to the surface it can dissociate or even result in catalyst poisoning,
this is the case for the elements on the right-hand side. On the other hand if the
oxygen binding is too weak, it will be less likely for the oxygen to attach to the
catalyst surface at the cathode, this is the case for the elements on the left-hand

side. Therefore Pt is the best candidate followed closely by Pd.

It is desirable to move closer to the peak of the volcano plot. Alloying the Pt
nanoparticle is the best option in achieving such an outcome. In addition, the
mixing of another metal with Pt reduces the loading of Pt and the production

costs. Greeley et al [10] demonstrated that alloying Pt with different transition
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FIGURE 2.1: Pt is the closest to the ideal activity against the molecular oxy-
gen binding energy point. This suggest that Pt based catalysts would offer
the best balance of oxygen binding energy. Figure and caption from [9]

metals result into better catalytic performance. Figure 2.2 presents the volcano
plot for Pt based bimetallic metals. Pt3Ni was deduced to be the best with Pt3Y

closely placed as second.

Furthermore Greeley et al [11] also showed that surface structure of the studied
material heavily influences the activity and oxygen binding energy. For instance,
the (211) step edge site on a Pt surface demonstrated the lowest activity and
oxygen binding energy in comparison to the (100) and (111) facets. By reducing
the size of the material to the nanoscale, one can tailor the surface structure to
the most desired morphology which may be energetically unfavourable to form on
the bulk state. The size reduction of the material into smaller particles also makes
the most efficient use of the precious resources. This is achieved by increasing the

surface atom to bulk atom ratio, compared to the bulk state.

In particular, the performance of Pt-Ti nanoparticles in fuel cells was studied by
DFT modelling [12, 13]. The focus of the study was mainly on high symmetry
structures of Pt rich Pt3,Tig nanoparticles. The studied structures are presented in

figure 2.3. The structures were based on Truncated Octahedron(TO): Core-Shell,
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FI1GURE 2.2: A volcano plot demonstrating the activity of Pt based bimetal-
lic metals as a function of molecular oxygen binding energy. The Y scale is
normalised to pure Pt. Pt3Ni and Pt3Y shows the best catalytic performance,
where jk is the kinetic current density. Figure and caption from [10]

Hex and centroid TO configurations. The figure only shows three possible distri-
bution of Ti atoms within the Pt nanoparticle. The calculations were performed
for two different reactions, hydroxyl adsorption and carbon monoxide adsorption.
The DFT results suggested that addition of Ti to the Pt nanoparticle reduces the
binding strength between the hydroxyl molecules. This results to a faster oxy-
gen reduction reaction which is desired for the catalytic reaction. In addition, it
was observed that the carbon monoxide molecules bind to the Pt atom was also
weaker in comparison to the pure Pt nanoparticles, this also improves the catalytic

performance by minimising the catalytic poisoning level within the fuel cell.

The catalytic performance of the Pt3Ti have also been studied experimentally [14—
18]. For example, Hideki Abe et al [17] examined oxidation of formic acid and
methanol by electrocatalysis on Pt3Ti in the form of nanoparticles synthesised
chemically. The experiments consisted of ordered and disordered Pt3Ti structure,
Pt-Ru and pure Pt catalyst. Figure 2.4 presents the CO stripping profile results.

It can be seen that the current densities after CO exposure i.e. full curves on (a)
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FIGURE 2.3: Cross sectional view of studied structures of PtgsTig nanopar-
ticles. The nanoparticle consists of 32 Pt atoms presented by blue marbles
and 6 Ti atoms presented by grey marbles. Core-Shell, Hex and Centroid TO
configuration. (left to right) Figure and caption from [12]

pure Pt and (b) Pt-Ru, are nearly zero relative to the current densities before CO
exposure i.e. dashed curves. This suggest that in both cases, the strong affinity
toward CO adsorption, results in passivation of the catalyst surface by irreversible
adsorption of CO. Similar behaviour is also observed for disordered Pt3Ti, however
in contrast the stripping peak is much weaker than that of either pure Pt or Pt-Ru.
The ordered Pt3Ti nanoparticle shows an even weaker stripping peak than that
of disordered Pt3Ti. It can be deduced that both ordered and disordered PtsTi

nanoparticles have a much lower affinity toward CO adsorption.

Looking from a different perspective, the Pt-Ti mixture has also been reported to
be useful in a different part of fuel cell energy cycle. TiO5 has been known as one of
the best candidates for water splitting which is essential to the energy production
cycle. As without a clean supply of fuel, the application of hydrogen fuel cells
are limited. In order to enhance the photocatalytic properties of TiO,, alloying
of the TiOy nanoparticle with elements such as Pt, Au , Rh, Ni, Cu and Ag have
been reported. [19-29]. The addition of such elements to the TiO, modifies the
absorption of the electromagnetic spectrum, minimises the probability of backward
reaction where hydrogen and oxygen can re-create water or reduces electron - hole
recombination. In particular, it has been demonstrated that addition of Pt to the
TiO, can improve the photocatalytic activity, for instance in photohydrogenation

of CH;CCH with HyO. [30-32]. This is mainly due to the enhanced charge
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FIGURE 2.4: CO stripping profiles of (a) pure Pt, (b) Pt-Ru, (c) atomically
disordered Pt3Ti nanoparticles (d) atomically ordered Pt3Ti nanoparticles.
The dashes curves corresponds to the CV data before and solid line curves are
after CO exposure. Figure and caption from [17]

separation between photo-formed electrons and holes. [30].

2.2 Nanoparticle Synthesis Methods

There are variations routes for producing nanoparticles. These methods are mainly

categorised as chemical and physical methods [33-36]. Chemical synthesis is cur-

rently the most dominant method, mainly due to high production rate, and also

because scaling up the production method is relatively a simple process. However

it also has disadvantages, for example, poor size distribution of the nanoparticles

when in most cases the size of nanoparticle is crucial, lack of precise control on

the elemental composition as well as contamination from chemicals used during

the synthesis process [37]. On the other hand, physical production offers better
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size and elemental composition control and cleaner nanoparticles without contam-
ination from any undesired chemicals. But the production rate is limited and the

scale up process is complex.

2.2.1 Chemical Production Methods

Chemical synthesis is generally performed in liquid phase. Specific chemicals are
added to a reactor at elevated temperature to make certain elements precipitate
to form particles. The particle characteristics is controlled by the initial reac-
tants, reaction time and temperature. The size and compositions can be adjusted
in a more precise manner by following a specific procedure, precursor quantities
and vessel shape. Pt based nanoparticles are generally created with HoPtClg as
the starting material with a reactant agent of potassium sitrate as described by

Cushing et al [38].

Electrochemical reduction is another technique. In this method, electric current
is used to induce and control the reaction. The electric current is passed through
two electrodes with an electrolyte positioned between them. The metallic anodic
sheet is then dissolved and metallic salt formed is reduced by the cathode to
nanoparticles. The nanoparticles are then stabilised by the addition of a ligand

species. [39, 40]

Radiation asisted production is another method, where v radiation is used to initi-
ate the precipitation reaction. Belloni et al [41] reported of successful production

of silver nanoparticles in addition to elements like Cu, Pd, Pt, Pb and Au.

2.2.2 Physical Production Methods

Physical methods for nanoparticle synthesis generally produce dry nanoparticles

which can be simply characterised and investigated by techniques that require
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vacuum to operate, such as electron microscopy, X-ray photoelectron spectroscopy

(XPS) or mass spectroscopy techniques to determine size distribution.

The simplest method is ball milling where ceramic balls are used to grind a material
until a desired size is achieved. It has been demonstrated that nanoparticles can
be produced with an average size of less than 30 nm [42, 43]. An advantage of
this method is that materials that are not compatible under normal condition due
to their thermodynamic equilibrium, can be combined to produce nanoparticles
due to the high pressure created when milling. However the biggest disadvantage
of this method is the polydispersity of the nanoparticles produced. Therefore an
extra step may be needed to filter out the nanoparticles with undesired sizes. The
process may also add contamination from the materials of the milling balls and
vessel. Therefore, numerous sophisticated physical techniques have been developed
to produce nanoparticles with greater accuracy on the size and with minimal

contamination.

Supersonic expansion nozzle sources [44, 45] take advantage of adiabatic expansion
when a gas rapidly expands after entering a vacuum chamber to form a beam of
nanoparticles. Hence, the source material need to be in the liquid form to be
able to mix with the gas, prior to expansion. Figure 2.5 presents a schematic of
super sonic expansion nozzle designed by De Heer and Knight [46]. A nanoparticle
beam is generated when the metal - gas vapour mixture passes through the nozzle
by the supersonic expansion. The control parameters are the pressure inside the
chamber, temperature, nozzle size and gas which can be adjusted to determine the
size and flux of the nanoparticles. The size ranges between 1 to 1000 atoms [46].
Since the nanoparticles travel in a beam where all the different sizes are mixed,
the desired size can be precisely selected through a mass select setup [47]. The
disadvantage of such a system is the low melting point temperature requirement
for the material so that the material can be melted to a liquid state without the

chamber overheating.
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FIGURE 2.5: Setup of a supersonic expansion nozzle. The metal is evaporated
so that a mixture with the gas is possible to form a nanoparticle beam. Fig-
ure and caption from [46].

Laser ablation can be employed to overcome the limiting factor, i.e. melting point
requirements. The laser source can be used to vaporise the metal to produce
nanoparticles. A burst of helium gas is released into the chamber simultaneously
as the metal is vaporised to carry the nanoparticles away from the vaporisation
site. The helium gas injection and the length of the laser pulse can be used to
determine the final nanoparticle size between 2 to 10 nm [48, 49]. Figure 2.6
presents a diagram of a laser vaporisation source. In this particular system, the
laser enters the chamber through the hole on the top and melts the rod at the

bottom of the chamber. The atomic vapour is then pulsed out through nozzle.

Nanoparticle formation through gas condensation is also another well known method
[50, 51]. Generally, a crucible of material is heated to evaporate the source mate-
rial or a magnetron sputtering device is employed to eject atoms out of the target.
The evaporated or sputtered atoms are then cooled by an injected gas and high
pressure inside the chamber. The gas is needed to take away the excess energy of
the atoms through three body collision, which results in the nanoparticle forma-
tion. There is no limit on the growth of the nanoparticle, therefore any size from

two atoms to thousands of atoms is achievable. Figure 2.7 presents a schematic for
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FIGURE 2.6: An example diagram of a laser ablation nanoparticle source.
The entrance at the top is where the laser enters the chamber and heats the
rod at the bottom. The pulsed valve releases gas to transfer the gas - material
mixture through the nozzle. Figure and caption from [46].
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FIGURE 2.7: Schematic for a gas evaporation condensation nanoparticle beam
source. A hot crucible is used to heat metal. The evaporated atoms are then
condensed with the aid of liquid nitrogen. Figure and caption from [46].

an evaporation setup. Figure 2.8 presents an example for magnetron sputtering

gas condensation source.
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FIGURE 2.8: An example of a magnetron sputtering gas condensation
nanoparticle beam source. The sputtered atoms are cooled and form nanopar-
ticles which can be deposited on a substrate. Figure and caption from [51]

2.2.3 Bimetallic Nanoparticle Production

As mentioned earlier, the simplest method for nanoparticle synthesis in large quan-
tities is through chemical preparation, this is also the case for bimetallic nanopar-
ticles [52]. However, the size of the nanoparticle is crucial for any intended applica-
tion, which highlights the importance of size control during the synthesis process.
This is generally not achievable in a chemical process, hence it results in large
size distribution. In addition, in most cases the nanoparticles are covered by or-
ganic molecules in order to passivate and prevent aggregation during the synthesis
process [6]. The passivation through ligand achievements is highly likely to affect
the properties of the nanoparticle and therefore undermine their potential use. In
order to eliminate such issues, one can use physical methods to produce highly
monodisperse nanoparticles with clean surface, since nanoparticles deposited on

solid substrate are less likely to aggregate in comparison to colloidal suspension.

There are many benefits in production of nanoparticles with more than one ele-
ment. The most important is the cost reduction due to the ability of mixing with
a cheaper and more abundant material. The alloying can also lead to property

enhancement. However, there is no guarantee that the final product is a core-shell
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structure. The final nanoparticle might have half element A and half element B

or mixtures to different degrees.

The combination of two or more elements opens more possibilities for production
of more advanced materials by enhancing or even developing new properties. Here,
the focus is mainly on metals. There has been a huge interest for the production
of bimetallic or even trimetallic nanoparticles for a variety of applications [52—
54]. The significant interest in these nanoparticles has resulted in many different
techniques for production being investigated. In particular, gas-phase methods
have become popular due to lacking the aforementioned challenges of chemical
methods. There are mainly two distinct techniques, the first method is the use
of mixed source targets or multiple targets with different materials. Secondly,
coating of the nanoparticles with a second or third material after deposition on a

substrate [6].
Coating and Annealing after Deposition of Supported Nanoparticles

Bimetallic nanoparticles can be produced by coating already deposited nanopar-
ticles using various vapour deposition techniques in situ. Initially, the material
with stronger bonding to the substrate is deposited. This results in initial single
element nanoparticles on the surface which then can act as seed nuclei for further
bimetallic nanoparticles. In order to permit diffusion and aggregation of deposited
atoms during deposition, the substrate is heated to high temperature. The core-
shell nanoparticle can be formed in this way by not only taking into account the
substrate bonding but also the surface free energies and the miscibility of the

involved elements [6].

Chen et al [55], reported formation of Pt-Au nanoparticles on the TiO, substrate
by this method. Initially Pt nanoparticles were formed on the substrate surface,
then Au atoms were deposited at room temperature to from bimetallic Pt and

Au nanoparticles. STM imaging before and after of gold deposition showed the
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formation of alloy nanoparticles, since the particle surface coverage density stayed
the same before and after Au deposition but the overall size of the nanoparticles
increased after. Low energy ion scattering experiments were then employed to
confirm the presence of AuPt nanoparticles in an intermixed state rather than a
core-shell morphology. Platinum has a higher surface energy than gold in the bulk.
Therefore one might expect thermodynamically for Pt to form the core and Au to
make up the shell. This was not clearly the case. This is a perfect example that

the nanoparticle properties are quite different to the bulk properties [6].

One disadvantage of this method is the broad size distribution of the final product.
However it has been shown that by employing size-selected nanoparticles with
narrow size distribution as the seed, the final bimetallic nanoparticles will inherit

the narrow size distribution to an acceptable extend [56].

This method is relatively straightforward. However, it does suffer from lack of
precise size control on the final product. It can be improved by utilising size-

selected nanoparticles as seeds.
Bimetallic Nanoparticles by Sputtering of Mixed or Double Targets

Production of bimetallic nanoparticles by the use of double target or an alloy
target is the most common physical technique. It is straight forward and feasible
if one already has a sputtering source. As discussed earlier, the laser ablation
is the most widely used method for this purpose. There can be either a single
laser on a single alloy target or two lasers for two adjacent targets [6]. The binary
mixture produced by the lasers is then further cooled using an inert gas so that

nanoparticles formation takes place, which are then directed onto a substrate.

Bi-elemental nanoparticles other than metal-metal combination have also been
generated through laser vaporisation such as metal-oxide and metal-semiconductor.

These type of nanoparticles have not been constraint to only small sizes. But, it
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has been demonstrated that control of the size distribution and the elemental

composition is more challenging than in the case of metal-metal particles.

Laser ablation has been a popular method mainly for the advantage of mate-
rial versatility. However, the pulse operation becomes a massive drawback when
a great continuous output of nanoparticles is needed [6]. The magnetron sput-
tering technique offers high throughput and continuous operation. For instance,
Sumiyama et al [57] demonstrated that for metal nanoparticles, the target can
be operated in either DC glow discharge or in RF glow discharge. However, for
production of semiconductor and insulator material, one has to set the target to

RF glow discharge.

Bimetallic nanoparticles in core-shell structure of Co-Si and Fe-Si were produced
by sputtering method. Alloy structure of CoPt and CoAl have also prepared with
this system. The two targets can be separated by positioning a plate between
the targets [57]. It was observed that when a plate was positioned in-between the
targets, no bimetallic nanoparticles were detected. This shows the importance of

the vapour mixing of the two materials.

Jose-Yacaman group [58] have demonstrated that a commercial uni-target mag-
netron sputtering source can be used to produce AuPd alloy nanoparticles from
AuPd alloy target. The size was tuned using adjustments on the evaporation

conditions.

Nanoparticles with a diameter of 1.10 4+ 0.44 nm, 3.00 + 0.30 nm and 5.00 4+ 0.07

nm were generated.
Bimetallic Nanoparticles by In-flight Coating

Another interesting method of production of bimetallic nanoparticle is in-flight
coating of the single element particles with an additional element. The feasibility

of this method was proven by Harbich’s group [59-61]. The aim was to condense
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solid rare-gas matrix films onto a substrate cooled to temperatures around helium
liquid. Then a thin film of the desired material such as gold is evaporated on
top of the matrix. Finally size-selected nanoparticles can then travel through the

mixture to be coated in flight before deposition on the substrate.

In order to demonstrate the method, silver atoms were condensed on a frozen layer
of rare gas to investigate the porosity of the film. Atomic Force Microscopy (AFM)
and Scanning Electron Microscopy (SEM) were used to image and characterise
the self supporting metal film replica of the frozen solid rare gas matrix surface
structure. By varying the condensation time different thicknesses were produced.
The pore sizes and density could also be adjusted through varying the temperature

of the condensation.

2.3 Morphology of Bimetallic Nanoparticles

2.3.1 Morphological Stability

Nano-alloys or bimetallic nanoparticles offer great tunability of the physical and
chemical properties through material choice as well as size control and morphology.
The morphology of the nanoparticle is crucial in determination of final properties.
Therefore, the stability of the desired morphology is greatly important in the real

world use of bimetallic nanoparticles.

The morphology of a bimetallic nanoparticle is determined through its geometric
structure and its chemical ordering. The chemical ordering is the arrangement of
two different elements within a geometric structure [62]. The stability of nanopar-
ticles for both single and multi elemental composition are generally determined by
the surface energies and in particular interface energies for bimetallic nanoparti-

cles and strain within the nanoparticle as well as quantum effects i.e. electronic
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FIGURE 2.9: (A)polyicosahedra-5, (B)polyicosahedra-6 and (C)anti-Mackay
are three different structure. On the left-hand side is the pure Ag nanopar-
ticle and on the left is the same nanoparticle but the inner Ag atoms are re-
placed by Cu atoms.It is clear than all structures are locally relaxed after al-
lying. Pressures are in GPa. Figure and caption from [62]

shell effects. Ferrando et al [62] demonstrated using SMTB potential calculations
how mixing of Cu and Ag can enhance the stability of Ag nanoparticles. Figure
2.9 shows the pressure map of pure Ag on the left for three different structure.
The Cu atoms are smaller than Ag atoms, therefore, when the internal Ag atoms
are substituted by Cu atoms the strain within the nanoparticle is released as it is

clear on the left-hand side figure.

In particular, it has been demonstrated by DFT calculations that relative sta-
bility of bimetallic Pt-TM nanoparticles (TM = Fe, Co, Ni, Cu, Zn) with 55-
atoms increases with respect to their parent compounds with alloying .[63] The
report considered one of the key parameters involved in the stability of bimetallic

nanoparticles, the excess energy Eey.. Figure 2.10 shows the excess energy as a
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FIGURE 2.10: Excess energy against composition for Pt,-TMss5 —, . The
coloured curved line connects lowest energy configuration for each case, the
black symbols on each panel demonstrates the excess energy for different pos-
sible configuration

. The black curved line was obtained by a parabolic fitting of the lowest energy
curves i.e the coloured lines. Figure and caption from [63].

function of composition.

It can be seen that the formation of the bimetallic Pt,-TMss ., nanoparticles is
energetically favourable for all systems and compositions since the excess energy
is negative for all cases. The excess energy has a parabolic behaviour and it
decreases as the Pt atoms are replaced by TM atoms. This suggests that bimetallic
nanoparticles, when both metals are miscible, should be expected to be more stable

when forming alloy nanoparticles.
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FIGURE 2.11: Lowest-energy configuration of Cu@Ag, CoQAg Co@Au and
Ni@Ag nanoparticles. As the core size increases, the symmetry of the struc-
ture is also broken. The core areas contain 13, 55, 147, or 309 atoms from top
to the bottom accordingly. The symmetry breakage is mainly due to build up
of strain within the nanoparticle as the core size increases. Figure and caption
from [64]

Bimetallic nanoparticles do not always preserve the symmetrical morphology, in
other words, it has been shown that the lowest energy i.e. the most theoreti-
cally stable structure for bimetallic nanoparticles sometimes is the one without
a symmetry. For instance, Bochicchio et al [64], demonstrated that for icosahe-
dron structure of Cu@Ag, CoQAg Co@QAu and Ni@QAg, with 1415 atoms in total
(@ represent Core@Shell structure), when the core is small, the lowest energy is
the structure with symmetrical core-shell structure, however as the core size in-
creases, the development of irregular shapes and asymmetrical structure is more
favourable. Figure 2.11 presents the results. This is mainly caused by the accu-
mulation of strain as the core size increases. If the number of atoms in the shell

is increased, the morphological instability is gradually suppressed.
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The theoretical stability of the bimetallic nanoparticles provides an insight into the
potential final structure of the nanoparticle, however in any real world application
the conditions are far from the zero kelvin - clean environment that the nanopar-
ticles are generally considered in. In reality, the environment is far more complex
than the ideal environment for the use of nanoparticles. The first issue is the
presence of abundance oxygen in the air, which can have huge impact on the final
structure of the nanoparticle in particular in metal-metal bimetallic nanoparticles.

This leads to the oxidation effect on the morphology of the nanoparticles.

2.3.2 Oxidation Effect

Oxygen effect consideration is crucial in the production of stable bimetallic nanopar-
ticles. No matter what the original arrangement of elements was during the pro-
duction of the nanoparticles, it is believed that the more reactive elements to

oxygen always transfer to the surface due to the presence of oxygen in air [65, 66].

For instance, previous work in our group performed by Feng et al [65, 66] demon-
strated that Cu-Au core-shell nanoparticles can be generated and the final mor-
phology of the nanoparticles can be controlled using production parameters. When
the Ar and He gas flow were roughly equal a Au core and Cu shell nanoparticle
was observed in figure 2.12(a). Figure 2.12(c) demonstrates the intensity line pro-
file from the STEM HAADF image. However, reducing the He flow resulted to a
Cu core and Au shell nanoparticle as shown in figure 2.12(b) with the line profile

shown in figure 2.12(d).

The Au core and Cu shell structure was stable over a long period of time. In
contrast, in the Cu core and Au shell structure the Cu atoms migrated to the
surface over time and the morphology was changed to a Au core and Cu shell, this
was due to the higher tendency of Cu atoms to react with oxygen, therefore the

presence of the oxygen made the initial structure unstable.
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FiGURrE 2.12: HAADF STEM images of Au-Cu nanoparticles produced with
two different set of production parameters. (a) presents Au core with Cu shell
(b) presents Cu core with Au shell, (¢) and (d) are the intensity line profiles
respectively. Both morphologies can be confirmed from the line profiles. Fig-
ure and caption from [66]

Oxygen effect on the morphology of nanoparticles is not always undesirable. The
oxygen reaction with the nanoparticle can be used to derive the formation of a
specific structure. For instance, Dai et al [67] demonstrated that the initially
disordered structure of Pt3Co nanoparticles can be changed to a Pt shell - Co
core structure using thermal annealing under oxygen environment. The process
took two steps, in the first step the disordered Pt3Co nanoparticle changed to
an ordered inter-metallic Pt3Co structure while being annealed under the oxygen
atmosphere. In this step,initial thin layer of Pt shell is formed through surface
segregation. This thin layer effectively blocks Co oxidation. In the next step,
the temperature is lowered, this allows the migration of Pt atoms from other

nanoparticles to attach onto the Pt surface of the ordered Pt3Co nanoparticles,
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FIGURE 2.13: Layer by layer growth of Pt shell through annealing under oxy-
gen atmosphere. (a)-(c) STEM images taken at 0, 64 and 128 while annealing
at 300 C under oxygen, scale bar is 2 nm. (d)-(f) corresponding magnified
surface of the nanoparticle. yellow marble presents Pt and blue marbles are
Co. Figure and caption from [67]

resulting into further growth of Pt layer under the oxygen environment. The layer

by layer growth process is demonstrated in figure 2.13.

The oxygen effect on the morphology of the nanoparticle and the use of oxygen to
induce a specific structure has been discussed. However, it was seen annealing of
nanoparticles can play a crucial role in the final morphology. The next section is

focused on post processing through annealing of bimetallic nanoparticles.

2.3.3 Annealing Effect

Annealing of the bimetallic nanoparticles can induce morphology changes as well
as enhance the properties. It is crucial to investigate the morphology of bimetallic
nanoparticles, since most application of this type of particles involve operating at

elevated temperatures, such as catalysis.

For instance, Keewah Chan et al [68], examined the annealing effects on the struc-

ture and optical properties of embedded Au nanoparticles in silicon suboxide films.
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Au-SiO, films were produced through sputtering using a RF magnetron. It was
observed that annealing the sample increases the diffusion of the embedded Au
nanoparticles towards the surface of SiO, film. The surface plasmon resonance
peak position and intensity could also be modified through annealing, since it is
greatly affected by inter-particle distance and size of the Au nanoparticles on the

surface.

The magnetic properties of core-shell nanoparticles with maghemite core and
amorphous silica shell were also enhanced by annealing for 3 hrs at 300 C [69]. The
enhancement was due to a decrease in the blocking temperature and the weaken-
ing of the inter-particle interactions. The thermal decomposition of the organic
surfactant on the surface of the nanoparticle at elevated annealing temperatures

results in the formation of amorphous carbon inside the nanoparticle.

The morphology of the bimetallic nanoparticles could also be determined through
annealing. Guisbiers et al [70], investigated the response of Cu-Ni bimetallic
nanoparticles to annealing. They performed the annealing during the synthesis
through wet chemistry. Figure 2.14(b) demonstrates STEM image of as created
nanoparticles, figure 2.14(d) shows the EDX line scan across the nanoparticle.
It is clear that as created nanoparticles are in Janus structure. However when
the annealing temperature increases a different morphology was observed. Figure
2.14(a) presents the nanoparticles synthesised at an elevated temperature, It can
be seen from the EDX line profile in figure 2.14(c) that the morphology is in an
alloy format. Therefore the final structure can be controlled through annealing in

the synthesis process.

The invention of TEM and STEM holders capable of heating the nanoparticles un-
der the electron beam has opened new doors into annealing effect on the nanopar-
ticles. As such, one can follow precisely every step of the annealing experiment
live with a precise control of the annealing temperature. For example, NiAu

nanoparticles synthesised through wet chemical methods, have been heated under
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FIGURE 2.14: (a) STEM HAADF image of Cu-Ni nanoparticle in alloy con-
figuration synthesised at elevated temperatures. (b) STEM HAADF image
of Cu-Ni in janus structure. (c) and (d) present the EDX single line data as
demonstrated by the red arrow of the nanoparticles. Figure and caption from
[70]

the electron beam [71]. Figure 2.15 presents TEM of the nanoparticles at four
different temperature. It was observed that to minimise their total energy during
the annealing process, the particles undergo a sequence of thermal transforma-
tions. At temperatures below 250 °C, the core-shell morphology was stable, as
the temperature increases to 250-300 °C the cobalt atoms in the shell begin to
diffuse and reorganise to eliminate grain boundaries as seen in figure 2.15(a)-(b).
As the annealing temperature was increased even further to 350 °C, the Au core

begins to migrate to the side as seen in figure 2.15(d). Finally, when the heating
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FIGURE 2.15: (a) Image of Au-Co nanoparticle in alloy configuration synthe-
sised at elevated temperatures. (b)-(d) the cobalt atoms in the shell begin to
diffuse and reorganise to eliminate grain boundaries . (e) the strain and in-
terface energies are minimised by forming a segregated core-shell morphology.
Figure and caption from [71]

temperature reaches to 400 °C, the strain and interface energies are minimised by

forming a segregated core-shell morphology.

2.4 Electron Microscopy of Nanoparticles

The nanoparticles must be characterised in order to underpin their useful proper-
ties. This characterisation is mainly for the size and morphology of the nanopar-
ticles, since these factors are crucial in determination of their properties. There
are many new techniques that have been developed in the past decades to charac-
terise nanoparticles, however electron beam microscopy techniques have proven to
be the most powerful technique in nanoparticles characterisations. For instance,
in High Angle Annular Dark Field (HAADF) imaging in the Scanning Transmis-

sion Electron Microscope (STEM) with aberration correction, the measured image
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FIGURE 2.16: (a) HAADF-STEM images of a TEM grid simple with
co-deposited Pdspg and Pdy47. (b) Integrated HAADF intensity over Pd
nanoparticle against the cluster size. Figure and caption from [74]

intensity (I) has a simple relationship with the sample thickness (t) and atomic

number (Z) [72].

[ ~tz° (2.5)

This relationship is valid in the limit of sufficiently thin samples. The exponent
a is 2 for pure Rutherford scattering , this value is reduced by the electronic
screening of the nuclear charge [73]. In practice, the value for this exponent de-
pends on the microscope setup and the experimental parameters, such as the inner
collection angle. The « exponent is crucial for chemical composition analysis in
bimetallic nanoparticles. Sample thickness is difficult to determine inside the mi-
croscope, however, nanoparticles are ideal candidate for this purpose. Size-selected
nanoparticles produced in our group have been used to calibrate the intensity of
the HAADF-STEM microscope [72, 74]. Figure 2.16(a) presents a HAADF STEM
image of a TEM grid with Pdsg and Pdi4; co-deposited. The intensity contrast
is clearly visible. Figure 2.16(b) presents a plot of HAADF intensity against the

nanoparticle size, the linear relation is demonstrated as expected.
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However, as it is well known the act of measurement on any system is likely
to affect the state of the system. The electron beam effects on nanoparticles
is no exception. It is essential to understand the effects of the electron beam
on the nanoparticle in order to obtain an un-biased and true understanding of
nanoparticles. The electron beam - nanoparticle interactions are believed to be
through electron beam-induced heating effect, defect formation in the particles,
charging of the particle and excitation of surrounding gases. However it is difficult
to establish the dominating effect. This is still an ongoing debate in the scientific
community [75, 76]. For instance, Wang et al [77] reported electron beam induced

thickening of the protective oxide layer around Fe nanoparticles.

Fe nanoparticles with a thin layer of oxide were imaged with TEM for prolong
periods of times. It was observed that the oxide layer around the Fe nanoparticle
thickens as the imaging time increases, shown in figure 2.17. This effect was inves-
tigated in order to pin point which of the mentioned electron beam-nanoparticles
interaction mechanism is the dominating factor for this phenomenon. When the
electron beam was focused on only half of the nanoparticle the oxide layer only
progressed where the electron beam was placed. This suggested that the effect
cannot be due to heating since if that was the case, Fe is a good heat conductor
therefore the oxide layer should thicken at all edges. The electron beam was also
placed at the vicinity of the nanoparticle but the oxide layer did not thicken, this
proved that the thickening is also not due to the excitation of surrounding gases.
The team concluded that the thickening is not due to the temperature rise caused
by electron bombardment, neither due to the charging of the particles nor ioni-
sation of the oxygen. The thickening is dominated by the electron beam-induced

defect mediated transport process.|77]

The electron beam induced morphology change of nanoparticles have also been
investigated. It has been shown [78] that when Ag-Au nanoparticles were imaged

under the electron beam for long period, the oxidation of Ag is accelerated and the
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FiGUurE 2.17: TEM images of Fe nanoparticles, bright field image on the left
and the corresponding dark field image on the right. The images are taken
at (a) 0, (b)0.5 and (c)1.0h. The progressive thickening of the oxide layer is
clearly visible. (d) present 3D morphology of the nanoparticle. (e) and (f)
show experimentally obtained CBED and computer simulated CBED. Figure
and caption from [77]

morphology is changed from alloy structure to a hollow structure demonstrated
in figure 2.18 (a to f) with Ag oxide as the outer shell and Au as the inner shell.
In order to determine what aspect of the electron beam-nanoparticle interaction
induces the morphology change, nanoparticles were heated in situ to temperatures
up to 400 C. This resulted in small changes on the surface of the nanoparticle, how-
ever it retained its alloy morphology. This suggests that the morphology change
is due to beam induced creation of oxidising species rather than beam induced

heating of the sample.



Chapter 2 32

FicUre 2.18: HAADF-STEM images of Au-Ag nanoparticles. It can be seen
that the nanoparticle transforms from an alloy structure to a hollow Au-core
Ags0 shell structure, note the formation of a void in the centre i.e. the kirk-
endall effect.(g) to (i) EDX spectrum images at different stages showing the
elemental composition and their distribution across the nanoparticle at differ-
ent stages. Figure and caption from [78]

Other important phenomena observed under electron microscope is the coalescence
of the nanoparticles induced by the electron beam. It has been demonstrated that
many times in the literature [79-82]. For instance, Kumawat et al [83], demon-
strated glutathione-capped red-fluorescent gold nanoparticles embedded on cop-
per grid, transform into clean larger gold nanoparticles under high energy electron
beam of Emission Gun Transmission Electron Microscope (FEG-TEM). Figure
2.19 shows merging of the two smaller nanoparticles under electron beam irradia-
tion. The migration of grain boundaries through diffusion of atoms occurs in the
nanoparticle with a loose crystal packing followed by coalescence and restructuring
to form combined larger size Au nanoparticles. The organic ligand is removed by

secondary electrons.

The organic ligand protection is weak and destroyed by the electron beam. How-
ever, Niu et al [84], from our group have demonstrated that mixing of Au with Ti

to produce Au-Ti bimetallic nanoparticles reduced the sintering of nanoparticles
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F1cURE 2.19: TEM image of Au nanoparticles being irradiated by the elec-
tron beam. (j) 30 s of irradiation (k) 31 s of irradiation and (1) 35 s of irradi-
ation. The migration of grain boundaries through diffusion of atoms occurs in
the nanoparticle with a loose crystal packing followed by coalescence and re-
structuring to form combined larger size Au nanoparticles. Figure and caption
from [83]

t=0'00"

t=13'00"

FicUure 2.20: HAADF STEM images of bimetallic Au-Ti nanoparticles over
time. The sintering process is significantly slower due to the reactive Ti in the
nanoparticle. The time is shown on the top left side of each image. Figure
and caption from [84]

under the electron beam on SiO, substrate. It was observed that pure nanopar-
ticles coalesce quickly under the electron beam irradiation as one would expect.
However bimetallic Au-Ti nanoparticles are significantly more stable. Figure 2.20
demonstrates HAADF STEM images of the bimetallic Au-Ti nanoparticles over
a period of time. The bimetallic Au-Ti nanoparticles showed an anchoring effect
against sintering due to the inclusion of highly reactive Ti atoms. It was concluded

that this was mainly due to strong alloying of Ti to the SiO, substrate.
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2.5 X-ray Photoelectron Spectroscopy of Nanopar-

ticles

X-ray Photoelectron Spectroscopy (XPS) is a powerful tool to investigate the
electronic and geometric structure of molecules, solids and surfaces [85]. The ever
growing interest in nanostructured materials such as nanoparticles deposited on
surfaces, due to their enhanced properties i.e. high catalytic activity, highlights the
important question of how the XPS of deposited nanoparticles can be employed to
obtain information about their electronic and geometric structure. The advantage
of techniques such as XPS over electron microscopy is that the electron microscopy
provides vast amount of information about a single or a few nanoparticles at a
time, so in order to obtain a complete picture, great amount of acquisition and data
analysis needs to be carried out. However, XPS is an ensemble method i.e. a great
size of specimen can be investigated in a relatively short time scale. Obviously,
each technique has its own strong points and can provide extra information to

obtain a full understanding of nanoparticle properties.

2.5.1 Nanoparticle Size Effect on XPS

The XPS provides a direct insight into the electronic structure of the material. As
the size approaches to smaller scale, i.e. nanoscale, the size of the nanoparticle has
a direct and strong influence on the electronic structure, due to the strains induced
within the nanoparticle and quantum effects becoming more relevant. Therefore,
high sensitivity of XPS to changes in the electronic structure can be employed to
probe the sample in ensemble. The most well known effect is the binding energy
shift due to changes in nanoparticle size [86-89]. For instance, Lopez-Salido et
al [87], investigated Ag nanoparticles grown on HOPG and characterised using

Scanning Tunnelling Microscopy (STM) and XPS. It was observed that Ag 3d
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FIGURE 2.21: Ag 3d peak agains the size of the nanoparticles. The smaller
nanoparticles the peak is shifted to higher energies, however as the particles
sizes increases the binding energy approaches the bulk value. Figure and cap-
tion from [87]

states shift to the bulk states at a particles size of 6 nm and higher (shown in
figure 2.21). However, this threshold value varies depending on the substrate as

well as the particle geometry.

Similar study on Co nanoparticles on insulating supports, shows similar trend.
Co nanoparticles on AlyO3 films were investigated for initial and final state shift
as the nanoparticle size was increased [85]. Figure 2.22 demonstrate a plot of
energy change for final and initial state against the particle size. It is clear that
both values increase as the nanoparticle size increases, as expected. Theoretical
analysis on the structure of the Co nanoparticles suggested the energy shift to be

mainly due to a lattice contraction that is induced through growth process.

The broadening of the XPS peaks is also another phenomenon that depends on the
nanoparticle size. For instance, Peters et al [86], study the size effect of small Au
clusters between 1 to 34 atoms on silica substrate by XPS. An overall high energy
shift of the 4f peak was observed, which increases linearly with inverse cluster ra-

dius. The liquid drop model explains such a behaviour through electrostatic final
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FicUrk 2.22: Co 3p initial Ae and final state AR as a function of the mean
cluster radius. Figure and caption from [85].

state effect. According to the model the positive charge remained on the cluster is
confined by the small radius, hence interacts with the escaping photoelectron, on
contrary, in the metallic bulk phase the charge is spread to an infinitely large vol-
ume. The broadening of the peak is demonstrated in figure 2.23. It was deduced
that as the size of the nanoparticle decreases, the photon - nanoparticle interaction
becomes more and more important, hence the broadening of the phonon broad-
ening. The authors argue this is due to a final state effect, because according to
the electrostatic drop model the positive charge left on the cluster is confined by
the radius (R) and therefore interacts with the escaping photoelectron in contrast
to the metallic bulk phase for which the charge is spread to an infinitely large

volume.

The binding energy of a core electron of an element can be affected by the chemical
bonding of that element. Qualitatively, the electrostatic interaction between the
electrons is reduced by the electrostatic shielding of the nuclear charge from all
other electrons in the atom. Removal or addition of electronic charge as a result
of change in bonding also alters the shielding. Therefore withdrawal of valence
electron charge i.e. oxidation, increases the binding energy and addition of valence

electron charge, decreases the binding energy [90].
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FIGURE 2.23: XPS spectra of Au clusters on silica. The peak position shifts
to higher bonding energy as the cluster size decreases and the broadening of
the peak is observed. Figure and caption from [86].

The sensitivity of XPS to chemical state of nanoparticles, makes the technique
highly useful in chemical and reaction analysis. For instance, the interaction of Pt
nanoparticles on TiOy substrate was investigated using XPS [91]. NO, was used
to examine the reactivity of the nanoparticles to oxygen at room temperature. It
was observed that initially the nanoparticle is in a subsurface/dissolved oxygen
Pt-Oy, state, then it transformed into PtO and finally PtO,. It was also observed
that all three state of oxidised Pt nanoparticle can be reduced by annealing under
vacuum. First PtOs is reduced to PtO and then Pt-Og,, and finally pure Pt.
Figure 2.24 demonstrated the XPS spectra as the Pt nanoparticles were oxidised

by exposure to NOy and then were reduced through heating under vacuum.

XPS has also proven to be a reliable technique for characterisation of core-shell

nanoparticle [92-95]. For instance, it can be employed to establish the chemical
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FIGURE 2.24: Pt 4f photoelectron spectra of the Pt/TiO9 sample in the ini-
tial state and after corresponding exposures to NO» at different temperatures.
Second derivatives of the functions describing the Pt 4f; /5 line. Figure and
caption from [91].

state of the shell. Lewera et al [93], made advantage of this feature to report that
the oxidation state of Pt-Ru nanoparticle can influence the catalytic activity of

the nanoparticles. The chemical state of bimetallic AgNi nanoparticles was also

investigated using XPS.
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Experimental Techniques

All the work presented in this thesis, was performed by mainly three pieces of
equipment. Mass-selected nanoparticles were produced using a magnetron sput-
tering gas aggregation cluster source [96]. The samples were characterised using
STEM and XPS. In-situ heating of the samples was performed by DENS Solutions
Wildfire heating holder. In order to transfer the samples with minimum air ex-
posure, a glove box was modified and filled with inert gas. In addition, a heating
stage attached to the cluster source was used to heat the samples in situ. XPS
located at the National Physical Laboratory (NPL) was used for the XPS analysis
of the particles. The equipments used are explained in this chapter as well as the

analysis techniques used to characterise the nanoparticles.

3.1 Magnetron Sputtering Gun Cluster Source

The magnetron sputtering gas-aggregation cluster source was employed to gener-
ate bimetallic Pt-Ti nanoparticles investigated in this thesis. The magnetron gun
can be loaded with single or mixed metal target. For production of nanoparticles

for this work, an alloy target of Pt-Ti was used. Figure 3.1 presents a schematic

39
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FIGURE 3.1: Schematic diagram of the Magnetron Gun Cluster source. (a)
Metal target on the magnetron gun, (b) Adjustable nozzle, (c) skimmers, (d)
high voltage lens, (e),(g) and (h) einzel lenses, (f) deflector plates for spatial
control. Image adapted from [97].

diagram of the cluster source. The source consists of three main sections: (i) sput-
tering and cluster formation chamber, (ii) Ion optics and beam focussing chamber
and (iii) time of flight based mass selection chamber. The cluster source is dif-
ferentially pumped to pressures around 10~7 mbar. The cluster formation occurs
in the inner first chamber of sputtering in addition to cluster formation chamber.
This chamber is cooled with liquid nitrogen to enhance cluster formation of sput-
tered atoms. The second chamber consist of ion optics to accelerate and collimate
the beam of clusters. The third chamber is known as the mass selection section,
where the desired size of the nanoparticles is selected for deposition. The vacuum
is achieved and maintained through continuous operation of the rotary and turbo
pumps. The rotary pumps are capable of achieving 10~ mbar and turbo pumps
bring the pressure further down to 10~7 mbar. The pressures was also continuously

monitored by using pirani and penning gauges.

3.1.1 Magnetron Sputtering and Gas Condensation

A commercially available magnetron gun is used for sputtering. A target material,

for instance Pt-Ti in Figure 5.1 is inserted in the chamber. Ar gas is injected
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through a small inlet into the chamber, an Ar plasma is created in front of the
target by applying a RF or DC high voltage.[96] For Pt-Ti target a DC voltage was
used. A dense vapour of atomic ions and small clusters is formed in front of the
target. The plasma potential is slightly more positive than the positive confining
surface due to the screening effect therefore a large electric field is created between
the biased target and the plasma to accelerate Ar ions sputtering. The cluster
formation is enhanced further in this vapour by injecting He gas into the chamber.
Both the Ar and He gas flow are regulated. The gas mixture containing clusters
leaves the inner chamber of this section through an adjustable nozzle indicated as
(b) in figure 5.1. The clusters-gas mixtures undergoes a supersonic expansion by
going through two conical skimmers indicated by (c¢) before entering the ion optics
chamber. The advantage of plasma sputtering techniques over other methods is
that since the clusters are created in plasma a significant portion of the clusters

are ionised therefore no further ionisation is needed.

A magnet is placed behind the target to intensify the plasma and enhance ioni-
sation. Alloy Pt-Ti target, supplied by PI-KEM with purity of 99.95% was used
for this work. The Pt to Ti mass ratio was 25% to 75%,corresponding to 13 Ti
atoms for every Pt atom. The helium atoms act as the third body in a three body
collision, so that the excess kinetic energy of the metal atoms are dissipated and
aggregates are formed. Liquid nitrogen is also used to cool the plasma further so

the aggregation is more efficient.

3.1.2 Ion Optics

A well formed cluster beam is crucial for mass selection and deposition. The cluster
source is designed to measure positively charged particles therefore a negative
biased voltage is applied to the ion optics lenses. After entering the ion optics

chamber the beam is accelerated by the extraction lens (d) to a high voltage. The
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cluster beam is focused at two stages (e) and (g) by a pair of einzel lenses into
the time of flight mass selector. A set of deflection plates (f) is used to adjust the

trajectory of the beam entering the mass selection chamber.

3.1.3 Time of Flight (ToF) Mass Selection

The principal behind the ToF is previously discussed by Issendorft et al [98]. Here
the summary in the form of a basic idea is presented. The idea is to displace
the well focused cluster ion beam laterally by accelerating a portion of the beam
perpendicular to its initial direction. This is achieved by applying a pulsed electric
field, enabling the beam to drift in the perpendicular direction for some time.
Later the perpendicular movement is stopped by applying an electric pulse in
the opposite direction. The lateral displacement of the ion beam depends on
the magnitude and timing of the electric pulse and also on the mass of the ions.
Therefore in this way the ions with different masses are dispersed into parallel
beams with different displacements. A small exit aperture can be used to only

select a small portion of the mass distribution of the beam.

The necessary parameters required to describe the process are presented in figure
3.2. This process requires a homogenous electric field, therefore the length [ deter-
mined by the opening in plate 2 only allows ions that experience the homogeneous
field to pass throw i.e. ions which experienced the distorted field just before the
opening are blocked. This is length s of the cluster beam in addition to the clusters
that enter the chamber while accelerating, also deflected onto plate 2. Distance
a which is the distance covered by ions during the acceleration should be large
enough so that the selected cluster size does not reach plate 2. On the other hand
it should not be much smaller than dI between plates 1 and 2 so that too high

voltage is not needed for the pulse.
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FIGURE 3.2: Schematic diagram of the mass selector. Plates 1 and 4 are used
to apply short voltages pulses so that the ion beam drifts in vertical direc-
tion. [: length of displacement, x: total displacement, b: field free region, a:
beam offset traveresed during high voltage pulse, d1-d2: plate separations,

s: blocked portion of the beam due to field distortion, L total length. Image
adapted [98]

The resolving power achieved by the mass selector attached to the cluster source
is derived from the mass dependence of the vertical displacement. If m, and v,,,
are the mass and the perpendicular velocity of the transmitted ions, an ion with

mass m acquires the velocity:

U, = Uppy — (3.1)

The lateral displacement is then calculated using the known values for the voltage
pulse time and also the total displacement of the transmitted ions x. The exit
aperture only allows certain range of masses Am pass, out of the laterally dispersed
mass distribution. If the full width half maximum of the convolution of the exit
slit opening and the ion beam profile is defined as Az then the mass resolution is

given by
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R=—=—— (3.2)

Therefore the resolution depends on the ratio of the lateral displacement and the
exit slit width. [98]. The vertical displacement in the mass selector used for this

work was 180 mm and the exit aperture was set to 8 mm.

3.1.4 Deposition

Finally the size-selected nanoparticle beam enters the deposition chamber where
the particles are deposited on the desired surface. The deposition energy can
be controlled through applying a bias voltage to the deposition stage. Three
deposition regimes have been investigated before [99] soft-landing, pinning and
implantation. The soft-landing of nanoparticle is achieved by low deposition ener-
gies around 1 eV per atom, this regime avoids fragmentation of the nanoparticle
however the particles are free to move around at room temperature. The pinning
can be achieved by deposition at the pinning energy threshold which results in
self-pinning of the clusters due to creation of surface defects. Implantation can
be achieved by deposition at energies much higher than that of the pinning en-
ergy. In this work the Pt-Ti nanoparticles were deposited with 500 V applied to
the deposition stage which corresponds to the soft-landing regime. Therefore the
nanoparticles are assumed to retain as created structure. The nanoparticles were
deposited on Cu TEM grids with amorphous Carbon film for STEM and for the
XPS samples, nanoparticles were deposited on Si and HOPG. The samples are
loaded and unloaded through a load lock. This enables the user to transfer and

store the samples with minimum air exposure.



Chapter 3 45

F1GURE 3.3: The glove box used to transfer the sample from the cluster
source to the STEM room.

3.1.5 Mobile Inert Atmosphere Glove Box

In order to prevent oxidation of the nanoparticles, it was necessary to transfer the
samples under an inert gas. A small size glove box was purchased from Sigma
Aldrich and was modified. Figure 3.3 presents a picture of the glove box in the
lab.

The glove box was modified so that it can be attached to the cluster source directly
through a gate valve. Inlet and outlet valves were also installed to flow an inert
gas into the glove box. Argon gas was used to fill the box before sample transfer.
The Ar flow was started about an hour before the transfer.The oxygen level was
measured using an Oxygen detector inside the box. The samples were taken out
of the cluster source and placed on the STEM arm inside the box. The glove box
was detached from the connections and taken to the STEM room. Samples were
exposed to the atmosphere for a brief time when taken out of the glove box to
insert in the STEM. Therefore it is reasonable to assume that the nanoparticles

formed a thin oxide surface.
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FIGURE 3.4: A systematic diagram of the electron bombardment annealing
stage.

3.1.6 Annealing Setup

Electron bombardment heating stage was developed to anneal the samples in situ
after deposition. The thermal stage was placed in a different chamber attached to
the deposition chamber. The sample could be moved using a linear transfer drive
to the annealing stage. The electron bombardment was achieved by allowing 3.5A
current with 9.8 V through a wire behind the sample stage and applying a bias
voltage of 500V between the wire and the sample stage to reach temperatures of
up to 900 °C Figure 3.4. The temperature reading was done using a thermocouple
attached to the vicinity of the sample and also a high temperature pyrometer.
The annealing temperature could be controlled by adjusting the parameters. The

annealing time was 20 minutes.

3.2 Scanning Transmission Electron Microscopy

The STEM mainly consists of electron source, lenses, aberration corrector and

imaging system. Figure 3.5 presents an image of the Cg corrected JEOL 2100F
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FI1GURE 3.5: The Cg corrected JEOL 2100F STEM, capable of producing 200
keV electron beam.

STEM used in this work.

The advantage of electron beam techniques is that the electrons are an ionising
radiation, therefore the electron beam is capable of removing tightly bound inner-
shell electron from the atom by transferring some of its energy to the atoms in
the specimen. This strong interaction results in a wide range of secondary signals
from the specimens which could be detected and analysed. Some of these signals

are presented on figure 3.6.

The STEM used for this work is also capable of performing electron energy-loss
spectrometry (EELS) and X-ray energy-dispersive spectrometry (XEDS). Both
these methods use the secondary signals to obtain chemical information about the

sample being imaged.



Chapter 3 48

Incident

e ) Secondary
high-kV beam electrons (SE)
Backscattered

electrons (BSE) Characteristic
X-rays

Auger Visible

electrons \ / Light

‘Absorbed’ Electron-hole
electrons p—T paite
/ \ Bremsstrahlung
Specimen X-rays
Elastically Inelastically
scattered Direct scattered
electrons Beam electrons

FIGURE 3.6: Signals generated as a result of high energy electron beam inter-
acting with a relatively thin specimen.Figure and caption from [100]

3.2.1 Electron Source

The quality of the electron beam is crucial, since in order to obtain the best
signal from the specimen, the input signal must be fine tuned. There are mainly
two types of electron sources: thermionic source and field-emission source. In
thermionic sources as the name suggested the electrons are emitted as the source
is heated. The second type, field-emission source generates electrons by applying
a strong electric field between the source and an anode. The heating and field-
emission method can be combined together to produce Schottky source which is
the source in the STEM used for this work, in short the Schottky source is called

the electron gun.

In thermionic gun, the heating of the source overcomes the workfunction needed
to the electrons to leave the source. Generally this type of sources are cheaper
to maintain and easier to run. On the other hand the field emission guns (FEG)
produce better monochromatic electrons. In FEG a cathode is made with respect
to two anodes. The first anode is charged positively with a few kV to extract the

electrons from the tip. This increase in the electric field must be done slowly in
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FIGURE 3.7: The field-emission gun tip with a diagram of the electron paths
showing the two anodes needed to form the electron beam. Figure and cap-
tion from [100]

order to avoid thermo-mechanical shock to the gun that could potentially fracture
the tip [100]. Figure 3.7 presents an image of the FEG tip and also a simple

diagram for the beam generation.

The electrons extracted from the tip using the first anode are then accelerated to
higher voltages through the second anode. These two anodes also act as the first
set of electrostatic lens to refine the electrons into a beam. The FEG sources are
maintained and used under ultra high vacuum conditions in order to keep the tip
surface clean, however due to the build up of contamination on the surface even
in UHV conditions the gun needs to be flashed to remove the contaminant. This
problem does not exist with Schottky FEGs as they are continuously heated during
operation. The beam current and the acceleration voltage for the JEOL F2100
microscope used for this experiment were 170 yA emission current on average with

200 kV acceleration voltage.

3.2.2 Lenses and Aberration Correction

Magnetic lenses are used to form an electron beam. Figure 3.8 demonstrate a

diagram of the magnetic lens. It consists of a cylindrically symmetrical core made
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of magnetically soft material such as iron. This core is called the polepiece. Then
a hole is drilled through the Fe core that is called the bore. The second part
of the lens is a coil of copper wire which is wrapped around the Fe core. When
there is a current going through the Cu foil a magnetic field is created in the bore.
The lenses must be cooled since the resistance of the current produces heat. The
electron beam trajectory can be controlled through varying the strength of this

magnetic field.
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FIGURE 3.8: Schematic diagram of a magnetic lens.Figure and caption from
[100]

Similar to real lenses the magnetic lens is also prone to many kinds of defects, the
main defects compromising the image quality in microscopes are spherical aberra-
tion, chromatic aberration and astigmatism. The spherical aberration correction
(Cs) is explained, this feature of the JEOL F2100 is the most unique feature avail-
able to this experiment. Figure 3.9 presents a diagram of the spherical aberration
defect in the lens. Spherical aberration is caused when the lens bends the rays
that go through the lens further away from the optic axis more strongly than those
close to the axis. This will result in a disk shaped image of the point source in

the plane of least confusion and a larger disk image in the Gaussian-image plane.
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This effect can be compensated by applying a negative Cg to the beam after the

lens which is perfomed in the Cg correction part of the STEM.
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FIGURE 3.9: Spherical aberration effect when a beam passes through a lens.
This can be compensated by applying a negative Cg correction. Figure and
caption from [100]

3.2.3 Imaging System

Unlike TEM where the electron beam is static, the STEM images the surface
by focusing the electron beam onto a point and scanning the surface pixel by
pixel.The electrons interact with the specimen and are detected after the inter-
action. These interactions could be either weak elastic interactions resulting in
small angle elastic scattering or strong inelastic interactions resulting in higher

angle inelastic scattering of the electrons. Figure 3.10 presents different type of
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detectors used for collecting such scattered electrons. The Bright Field Detector

(BF) detects elastically scattered electron that are scattered under small angles.

Incident
convergent
beam

Specimen

8, >10-550 mrads 0 >50 mrads off axis

03 <10 mrads

HAADF
detector  ADF ADF detector
detector RBF detector

detector

FIGURE 3.10: Schematic diagram of detectors in STEM.Figure and caption
from [100]

On the other hand the Annular Dark Field detector (ADF) is positioned to detect
inelasticly scattered electrons at higher angles. High Angle Annular Dark Field
(HAADF) detector that is capable of detecting even more strongly scattered elec-
trons. Since the interaction is stronger when it is inelastic, HAADF images provide
a much better contrast and resolution compared to the BF imaging. The HAADF
detector was used for imaging Pt-Ti for this experiment. HAADF detector has
the shape of a hollow disc, therefore it only detects scattered electrons within a

specific range. This range can be adjusted using the camera length.

The maximum resolution of the microscope is determined mainly by electron en-
ergy i.e. acceleration voltage [100]. The resolution limit using the small angle

approximation for the microscope is:
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Resolution ~ 0.61 x A (3.3)

The wavelength A can be calculated using the De Broglie wavelength:

A= — (3.4)

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

The electron velocity can be calculated using:

v=4]— (3.5)

where V is the acceleration voltage and e is the electron charge. Finally, using

equation 3.4 and addition of the relativistic effect the final equation becomes:

h 1
X
V2meV 14+ -

2mc?

\ =

(3.6)

Therefore, for 200 kV acceleration voltage the resolution would be 2.51 pm. This
is the theoretical limit, the actual experimental value will be larger. It should be
noted that there is a compromising relation between increasing the electron energy

to obtain better resolution and the electron beam damage on the specimen.

The intensity collected by the detector is directly proportional to the Rutherford
scattering cross section. The equation below shows the differential cross section

for this high angle scattering:

etZ? ds?
16(4megE,)? sinté

or(0) = (3.7)
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FiGure 3.11: HAADF-STEM image of Augss and Pdges deposited on the
same surface, the intensity difference is clearly visible.

Where e is electron charge, Z is atomic number, € is solid angle and Fjy is the

electron energy. It can be seen that o o< Z2, as a result:

[ x (2)° (3.8)

where I is the HAADF STEM intensity. However in practice the value is not pre-
cisely two, due to the electron screen effect making the nucleus appear somewhat

less positive.

It is crucial to calibrate HAADF intensity recorded by the STEM in order to
relate intensity and atomic number. It has been demonstrated before that size-
selected nanoparticle can be used to calibrate the intensity [101]. The intensity

for 8 collection angles was calibrated as follow.

Au and Pd size selected nanoparticles with 923 atoms were deposited on the amor-
phous carbon film on copper TEM grid. Figure 3.11 shows a HAADF-STEM im-
age of the sample. The intensity difference between the two nanoparticle is clearly

visible, this is due to widely different atomic number( Au, 79 and Pd, 47).
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FiGure 3.12: HAADF-STEM integrated intensity against the inner collec-
tion angles. It can be seen the intensity decreases with increasing collection
angles. An example of the histograms is also provided.

The detector is a hollow plate of inside diameter 3 mm and outside diameter 8 mm.
The inner collection angles are only mentioned when explaining the results since

the outer collection angle can be caluclated using the geometry of the detector.

In total 8 inner acceptance angles were investigated, 20 HAADF-STEM images
were taken with the same scanning parameters for all images (shown in figure 3.11)
for each inner collection angle. A program was developed within Fiji to measure
recorded total integrated HAADF intensity, subtracting the background for each
nanoparticle. A histogram of these values was created for every inner collection
angle for both Augss and Pdgo3. The peak value for each histogram was taken as
the intensity for the cluster for that collection angle. Figure 3.12 presents a plot
for all the intensity values against the inner acceptance angle, a histogram example
is also given on the figure. The errors are the standard deviations obtained from

histograms.

It is obvious that the signal intensity decreases as the collection angle increases.

By taking the ratio of the integral intensity for Pd and Au, the exponent n in

180
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FIGURE 3.13: a) The value of the exponent « as a function of the inner col-
lection angle. The solid line is a log fit on the data. b) 30000 amu Pt-TiO9
clusters (bright core Pt, halo shell TiO2), top is an image taken with inner
collection angle of 62 mrad and bottom is 30 mrad, even though the exponent
is closer to the theoretical value at higher collection angles but the image con-
trast is better at 30 mrad due to the higher signal-to-noise ratio.

equation 3.8 can be calculated. Figure 3.13 presents a plot of exponent n against
inner acceptance angle. It can be seen that the value of n increases as the inner
collection angle increases from 30 to 168 mrad. The solid line is a logarithmic fit
on the data, which shows a reasonable fit with the least square fitting R = 0.985.
The trend suggest that due to partially shielding of the bound electrons on the
nucleus charge, this value is always smaller than the theoretical value of 2. It can
also be deduced that the value gets closer to the perfect Rutherford scattering
value of 2 as the collection angle increases. However it should be noted that for
larger collection angles the signal-to-noise ratio decreases. Therefore, there is a

compromise between Z contrast and signal-to-noise ratio.
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FIGURE 3.14: A diagram of the DENS solutions heater chip design demon-
strating the contact points as well as the experiments windows where the tem-
perature is uniform. Figure adapted from [102]

3.2.4 STEM In-Situ Heating

The thermal annealing under the electron beam was conducted using a DENS solu-
tions wildfire heating holder. The DENS chip consist of a metal heater embedded
in silicon nitride with imaging windows. The silicon nitride thickness is roughly 20
nm. Four connections are made to the the heating chip, two for power delivery and
the other two connections for measurements. A diagram of the chip is presented in
figure 3.14. Two contacts deliverying current and the voltage is measured through
the other two connections to allow the resistance to be calculated. This provides
an accurate method for temperature measurements as well as feedback control of
the applied current to maintain a steady temperature. The initial calibration was
done by the manufacturer and calibration values are provided to be entered in the
control software. The software is also capable of recording the temperature log for

analysis after the experiment.

3.3 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a standard technique used for sur-

face analysis. XPS can provide quantitative information about the composition,
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chemical and electronic structure of a surface region of a sample. It takes advan-
tage of the photoelectric effect, first introduced by A. Einstein in 1905 [103]. The
method involves using a monochromatic electromagnetic radiation (photons) to
excite bound electrons above the vacuum level. The intensity of emitted electrons
over a range of kinetic energies are measured and spectra are obtained. the inten-
sity peaks in the spectra can be identified to correspond to a specific electron shell
of elements present and further analysis such as peak quantification and chemical
state identification can be performed. The probing depth can be between 2 to 10

atomic layers [90].

3.3.1 The Principle of XPS

When the surface of the sample is irradiated by photons with sufficient energy,
the excitation of electrons due to the photoelectric effect takes place. This process

can be simply explained by the equation

Ey = Ek:inetic + Ebmding + ¢ (39)

where E, is the energy of the photons, Fynesc is the kinetic energy of the emitted
electron, Epinging is the binding energy of the electron and ¢ is the work function
of the material [104]. In order to simplify the calculation for the electron binding
energy, normally an electrical contact between the sample and the spectrometer is
made so that the Fermi levels of the two are at the same energy. The advantage
of such a setup is that only the work function of the spectrometer need to be

considered when calculating the binding energy. [104].

The excitation of electrons by the XPS process, results in production of Auger
electrons. The Auger process takes place when a core electron leaves an atom

through photoelectric effect and an empty state is formed. An electron from
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FIGURE 3.15: Energetic scheme of the Auger Process carried out using X-
ray radiation. Left diagram demonstrate the initial state, then the ionisation
process is demonstrated in the middle. One electron from a higher level drops
to the vacancy in K level, the energy released is captured by the electron in
Ly 4 level and is sufficient to expel the electron from the atom. On the right
the final state of the atom is demonstrated, note the atom is doubly ionised.
Figure and caption from [90, 105]

a higher electronic state then drops to the newly created empty state. As the
electron originated from a higher energy state and is moving towards a higher
potential, an amount of energy equal to the energy difference between the two
state is released. This energy can either be emitted as a photon or excite another

electron in to leave the atom. The process is demonstrated in figure 3.15.

The energy of the Auger electron is independent of the X-ray source and it purely
depends on the specific atomic energy levels of the atom. The Auger peaks usually

rise with broader and more complex structure than photoemission peaks.

The majority of the excited electrons experience inelastic collision as they are leav-
ing the sample. Such electrons are known as secondary electrons, these electrons
are the main source of the background signal observed in a spectrum. On the

other hand, the electrons which do not experience inelastic collisions are known
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as primary electrons, such electrons provide the core information about the sam-
ple. This background signal can be removed by curve fitting, however, it may
inevitably introduce some error in quantitative intensity determination and peak
positions. The X-ray radiation employed in photoemission experiments has pene-
tration depth orders of magnitude larger than the depth from which electrons can
escape. Therefore the X-ray intensity is almost uniform across the depth of the
sample where the primary electrons originate. The sample is then approximately
considered as an electron source with fixed intensity, [y originating from a thin
layer (d) of the sample which attenuate the emitted electrons [90]. Hence, the
Beer’s Law can be employed to describe the intensity loss over the depth of the

sample

Ip = Ipe~YAcos? (3.10)

where Ir is the transmitted electron intensity, A is the inelastic-mean-free-path
(IMFP), and 0 is the angle between the path of the electron and the normal to the
sample surface. It can be deduced that the probing depth is primarily dependent
on the IMFP within the specimen. This is defined as the depth of sample over
which the photoelectron intensity is decreased to 1/e of its original value. Figure
3.16 presents a figure of electron kinetic energy against the IMPF. It is clear that

this value is strongly dependent on the kinetic energy of the electrons.

It should be noted that over most of the energies probed by XPS, from 10 to 1500
eV, the electrons with higher kinetic energy are capable of further penetration. The
significant increase of IMPF at values below 10 eV is most likely due to the fact
that electrons lack the required energy to interact with valence electron plasmons,
hence decreasing the probability of inelastic collision. Above the minimum at 50
eV, it can be concluded that electrons with higher kinetic energy will be detected

from deeper depths. This is useful in depth profile analysis.
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F1cURE 3.16: A plot demonstrating electron kinetic energy against inelastic-
mean-free-path. Figure adapted from [90, 106]

3.3.2 Analysis

XPS spectra contain many information on the sample characteristics. As discussed
previously, the background of the spectra is mainly a result of inelastic collision
of the photoelectrons with the sample. Therefore, an increase in intensity towards
the lower end of the spectrum is observed with a step increase after each recorded
peak. The main photoelectron peaks can be fitted by a Lorentzian and a Gaus-
sian lineshape. The Gaussian part depends on the instrumental factors and the
Lorentzian contribution is from the core hole lifetime of the state. As a result, the
full-width-half-maximum (FWHM) of the Lorentzian portion of the peak must be

altered by an amount by the uncertainty principle

(3.11)

NS
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where I' is the FWHM, h is the planck’s constant, and 7 is the core hole lifetime.
Different chemical and electronic state of the elements being studied can often
overlap, thus deconvolution is necessary to to analyse the proportion of various
state in the spectrum. Normally, the process of fitting the peak is a lot easier
using an automated fitting software such as CasaXPS. However, one needs to be

careful as the fitting results do not always makes physical sense.

Another phenomena is the splitting of the peaks into doublets. This is due to
the spin-orbit coupling of a certain state, the interaction between the electron’s
orbital angular momentum [, and its spin s. Based on quantum mechanics [ can
take any value of real integer up to n — 1, where n is the electron shell number
with sub-shell number s,p,d etc. The electron spin s is 1/2, thus the total angular

momentum j of the electron is

j=|l+s] (3.12)

Therefore, for [ values greater than 0, the total angular momentum can take [4+1/2.
The doublets occurs in ratios related to the degeneracy of the states, for instance
for a p state, j can take values of 1/2 and 3/2 and degeneracy of 2j + 1, thus the
peak valued will be in a ratio of 1:2. As the peak position and relative intensity
is known, these values in addition to the FWHM can be used as constraints when

fitting the XPS peaks.

Satellite peaks are unwanted features observed in XPS spectra. The satellite peaks
are smaller copies of the primary peaks at fixed separation from them. They are
caused by an X-ray source that is not monochromatic. A result of photoelectrons
excited by additional characteristic lines from the X-ray anode. However, it is
usually easy to remove them from the data and automatically done by the analysis
software since their position and intensities in comparison to the primary peaks

are well known.



Chapter 3 63

3.3.3 XPS Setup

A typical laboratory XPS setup consist of an X-ray source, monochromator and
an analyser. All the equipment must be attached to a chamber with base pressure
at ultra-high vacuum (& 107 mbar). This is to ensure the surface does note react
during data acquisition. In simple terms, the X-ray gun is an electron emitting
filament with an anode at the opposite end. The electrons are accelerated towards
the anode and after the collision their energy is emitted as X-rays. The anodes
are typically made of aluminium or magnesium. A dual anode configuration is
also possible. This type of setup is useful for much easier identification of Auger
peaks in the spectra, since the X-rays would have two different energies, 1253.6
eV for magnesium Koy lines and 1486.6 ¢V from the aluminium Kaj o lines.
However since Auger peaks are independent of the X-ray energy, their position

will be unchanged for both sources.

A monochromator is used to remove as much unwanted Bremsstrahlung radiation
as possible as well as any characteristic lines other than the Ko; or even Ko o for
a better signal to noise ratio. It normally consist of a quarts crystal with a well
known diffraction pattern. Positioned at a specific point so that only radiation
of the required wavelength is diffracted through the system. The XPS analyser
is a complicated equipment since the accurate energy of the electrons must be
measured. Most common analyser is a concentric hemispherical analyser (CHA).
As it is implied by the name, two conductive hemispheres positioned concentrically
to one another with each set to a specific potential. Photoelectrons are allowed
to enter the space between the hemispheres through a small slit. Figure 3.17

demonstrate a diagram of the setup.

The potential between the plates deflects the electrons in a way that only elec-
trons with a specific energy i.e. pass energy will be able to pass through the entire

analyser to be detected and amplified by a channeltron or micro-channel plate.
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FIGURE 3.17: Cross sectional view of the concentric hemispherical analyser.
R1 and R2 are the radii of the hemispheres and V1 and V2 are the potentials
applied to them. Figure and caption from [90, 106]

These devices are electron multipliers , working very similarly to a standard pho-
tomultiplier tube. An electrostatic lens is then used to focus the electrons into the
entrance of the analyser which also retards the electrons as they arrive. There are
two methods for resolving the electron energy. The analyser can either operate
at a fixed retardation potential and vary the potential of the hemispheres during
a scan known as Fixed Retardation Rate (FRR) mode or the pass energy is kept
fixed and the retardation potential can be varied known as Constant Analyser FEn-
ergy (CAE) mode. CAE is more popular, mainly due to the fact that the relative

energy resolution of the analysis is defined as

AE
Eq

(3.13)

where E,, is the energy of the electron at the point it passes through the analysis,
therefore by keeping this value fixed, the energy resolution of the analyser also

remains fixed.

Kratos Analytical AXIS X-ray XPS setup with an Aluminium source of Ka radi-
ation with 1486.6 eV photon energy was used for this work. The pass energy was

set to 20 eV for narrow scans and 120 eV for survey scans.
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3.4 Sample Preparation

Copper TEM grids with amorphous carbon film or DENS heating Chips with
SiNx films were used for the STEM analysis. The substrates were loaded into the
load lock mounted on a flag style sample plate. The cluster source was tuned to
obtain the highest nanoparticle current. The surface coverage was set between 5%
to 10% depending on the sample, the coverage was controlled by the deposition
time required for a specific coverage. The beam current was rastered across the

substrate to ensure coverage uniformity.

For the samples which needed to be protected from oxidation, the mobile inert gas
glove box discussed earlier, was used. It was attached to the load lock, filled with
argon while oxygen level constantly monitored. The load lock was then vented
using Ar and the samples were transferred into the box where then they were
loaded on the STEM sample holder, either on the standard TEM grid single tilt
holder or the DENS heating holder, depending on the experiment. The box was
then carried to the STEM room, and the holder was inserted swiftly into the
STEM column.

The best effort was made to keep the scanning parameters constant throughout
the project, however minor adjustments were required to enhance image quality
from session to session. The majority of the images were recorded with collection

angle of 62 mrad to preserve consistency.

For the XPS samples, Si was the main substrate used, however the particles were
also deposited on HOPG for the project. The substrate was sonicated in iso-
propanol (IPA) for 15 mins and then in acetone for another 15 mins to ensure
cleanness of the substrate. The nanoparticles were the soft-landed on the sub-
strate with coverage of 10% with rastering during deposition. The samples were
then transferred to the National Physical Laboratory for XPS measurements. The

XPS setup was capable of in situ thermal annealing samples to 600 C.
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3.5 Data Analysis

FIJI [107] was used for data analysis of the HAADF STEM images, this includes
statistics and videos for heating experiments. For detailed intensity and size distri-
bution a plug-in for FIJI was written in Java programming language. The program
was capable of measuring the approximate core and shell size of the Pt-Ti nanopar-
ticles. Information such as total HAADF intensity for the core and shell as well as
the background in the vicinity of the nanoparticle was provided. (see figure 3.18).
The XPS data was analysed using CasaXPS§S [108]. The spin orbital splitting ratio
between the doublet of electronic subshell f 5/2 and 7/2 is 3:4, therefore the ratio
of areas between Pt 4f5/,, and Pt 47/, peaks was constrained accordingly . The
peak separation was constrained to 3.3 eV when fitting the Pt peaks. Similarly
the spin orbital splitting ratio between the doublet of electronic subshell p 1/2 and
3/3 is 1:2, therefore the ratio of areas between Ti 2p;/, and Ti 2p3/, peaks was
constrained accordingly . The peak separation was constrained to 5.7 eV when
fitting the Ti peaks. Typical peak width for the Pt doublets and the Ti 2p3/, was
1.2 4 0.1 eV and for broader Ti 2p; /3, the peak width was 2.4 &= 0.2 eV.
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FIGURE 3.18: An example of the FIJI program output used for nanoparticle
analysis. Red circle estimates the core size, yellow total nanoparticle size and
green circle calculates the background in near vicinity of every nanoparticle.
The values are then outputted in a text file for further data analysis.
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Oxidation Effect on Morphology
of Pt-Ti Nanoparticles

4.1 Introduction

In this chapter, theoretical and experimental results of oxidation effect through air
exposure on the morphology of Pt-Ti nanoparticles are presented. The magnetron
gun sputtering cluster source with time-of-flight based mass filter was used to
size select the nanoparticles. An inert gas transfer box was designed and built
to transfer the samples with minimal air exposure. The study focuses on two
particular masses of Pt-Ti nanoparticles, 30 kDa and 90 kDa. The chapter includes
a brief description on the methodology of the experiments. The HAADF STEM
images of fully oxidised samples are presented and discussed followed by results
on surface oxidised Pt-Ti nanoparticles. A detailed description of the theoretical
results are provided in order to obtain an in depth understanding of the system,

followed by conclusions on comparison of the theoretical and experimental results.

The production of Pt-Ti samples, STEM imaging and data analysis was performed

and designed by the author. The theoretical work was performed by Shih-Hsuan
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Hung and Keith McKenna (Department of Physics, University of York), in col-
laboration with the author. The majority of the this work is already published by
the author [109].

Morphology of bimetallic nanoparticles is strongly affected by oxidation of one
or both metallic component. It is highly challenging to pin point the oxidation
effect in both experimental and theoretical studies. The experimental work require
careful handling and procedure to minimise oxygen exposure. The theoretical
works generally require significant processing power to only apply the theoretical
model to the two elements involved to determine nanoparticle structure, let alone
introducing an extra element such as oxygen effect into the calculation. In this

chapter, we have attempted to address to some extent both of these issues.

4.2 Method

Pt-Ti nanoparticles were created under vacuum through sputtering of the Pt-Ti
alloy target with the ratio of 13 Ti atoms for every Pt atom within the condensation
gas. A beam of nanoparticles was formed using ion optics and directed to the
mass selector. Pt-Ti nanoparticles with two different masses i.e. 30 &+ 2 kDa and
90 £+ 5 kDa were selected and deposited through soft landing on copper TEM
grids covered with amorphous carbon film. The sample coverage was kept at 5%
to minimise coalescence between the particles. At least 10 samples were made
throughout the project to ensure the repeatability of the results. To ensure full
oxidation of the particles for oxidised samples, the samples were exposed to air for
24 hours. The samples were then transferred to the STEM and imaged. At least

100 nanoparticles were imaged on average to obtain enough data for analysis.
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4.3 Morphology of Pt-Ti after Exposure to the

Air

Figure 4.1 present HAADF STEM images of Pt-TiO, nanoparticles i.e. Pt-Ti
nanoparticles after air exposure. In figure 4.1(a)-(b) 90 kDa nanoparticles are
shown and 4.1(b)-(c) demonstrates smaller size 30 kDa nanoparticles. The grey
halo in the images is the oxidised Ti shell, the Pt core is demonstrated by the
bright central spot. The scattering intensity is strongly dependent on the atomic
number Z of elements in HAADF imaging [101]. Figure 4.1(e) demonstrates the
average line profile of the red rectangle in 4.1(c), where the background is carbon
HAADF intensity, the shoulders are TiOy and carbon intensity and the main peak
is TiOo, Pt and carbon intensity. The large difference between the atomic number
of Pt (78 amu) to Ti (22 amu), there is a significant contrast between Pt and Ti
atoms. On the other hand, the low scattering intensity of Ti becomes an issue
when compared to the carbon film, hence an ImageJ plugin was written in Java to
quantify the core and shell size. The higher magnification images demonstrate the
interior structure of both nanoparticles. The single core structure of 30 kDa Pt-Ti
nanoparticle is clearly visible from the STEM images, a single bright core covered
by TiOs shell. In contrast the 90 kDa nanoparticle demonstrates a multi-core

structure with cores scattered around the centre of the nanoparticle and covered

by TiOg shell.

Figure 4.2 presents a statistical analysis on the core and the total diameter size
for 30 kDa and 90 kDa Pt-TiO, nanoparticles. Figure 4.2(a)-(b) presents (a) core
and (b) shell size distribution for 30 kDa Pt-TiOs, the core size was measured to
be 1.0 & 0.2 nm in diameter with a shell thickness of 0.8 £ 0.4 nm, resulting to a
nanoparticle with diameter of 2.6 £+ 0.8 nm. In 90 kDa nanoparticles, the program
calculated a single core size of 0.9 + 0.4 nm in diameter with a total diameter of

3.5 £ 1 nm, shown in figure 4.2(d)-(c). It was difficult to define a shell thickness
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FIGURE 4.1: (a),(b) are STEM HAADF images of 90 kDa Pt-TiOy with
different magnification. (c),(d) 30 kDa Pt-TiO2. Pt is demonstrated by
bright spots at core of the nanoparticle and the halo around and inside each
nanoparticle is TiOy. The higher magnification image demonstrates the inte-
rior. The single and multi core structure in each size is clearly visible. (e) is
an average line profile of the red rectangle demonstrated on (e), the shoulders
are TiOo HAADF intensity on carbon and the peak is TiO9, Pt and carbon
HAADF intensity. [image and caption taken from [109]]
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in multi-core morphology, therefore total nanoparticle size is given. The core sizes
in single and multi-core morphology are comparable which suggest the mechanism
behind the core formation is identical. Hence, the multi-core morphology is mostly
due the size difference between the two nanoparticles. The nanoparticle in both
samples were fully oxidised due to Ti being one of the most reactive elements to

oxygen and also long air exposure.

4.4 Morphology of Surface Oxidised Pt-Ti

In order to investigate the morphology of, as deposited nanoparticles and analyse
the oxygen effect, it was crucial to image the nanoparticles morphology prior to
oxidation. Therefore a portable glove box was modified so that it was attachable to
the magnetron cluster source sample loading chamber, through the load-lock. The
glove box was filled with Ar gas and the oxygen level was measured throughout
the process. The oxygen level was below the detection limit of the device. The
samples were then transferred inside the box to the STEM room and loaded in
the STEM column. Due to the design of the electron microscope’s load-lock a 2-3

second exposure of the sample to the air was inevitable.

The HAADF STEM images of the Ar transferred 90 kDa Pt-Ti nanoparticles is
presented in figure 4.3. As it can be seen, the morphology is significantly different
to the morphology of the oxidised Pt-Ti through prolong exposure to the air. It is
clear that the initial state prior to full oxidation is a mixture of Pt and Tii.e. alloy.
However, as mentioned earlier the nanoparticles experienced a brief exposure to
air during transfer. This resulted into a thin Ti oxide layer which can be observed
as a thin halo around every nanoparticle, demonstrated more clearly in higher
magnification images figure 4.3(b) and (c¢). From this point onward, the samples
imaged in this process i.e. Ar transferred, will be referred to as surface oxidised

Pt-Ti in contrast to the fully oxidised Pt-TiOy nanoparticles. The dispersion of
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FIGURE 4.2: Size distribution for Pt core and total diameter of nanoparticle
Pt-TiO3. (a) and (b) presents 30 kDa core and total diameter respectively.
(b) and (c) represent 90 kDa core and total diameter respectively. | (a) taken
from [109]]
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() (b)

FI1GURE 4.3: 90 kDa Pt-Ti nanoparticle prior to air exposure. The nanopar-
ticles demonstrates an alloy morphology. The higher magnification image (c)
shows the amorphous structure with greater details. Image form [109]

Pt atoms within the nanoparticle is also clearly visible in higher magnification

images.

The difference in morphology of the surface oxidised Pt-Ti nanoparticles and the
fully oxidised samples, suggests that the formation of core-shell structure is driven
by the oxidation process. There are two possible routes for this process at the
atomic level. Either the oxygen penetrates through the nanoparticles to oxidise
the Ti or the Ti atoms migrate towards the surface of the nanoparticle to be oxi-
dised. Generally the consequence of the second process is formation of Kirkendall
effect (void formation). However, due to the small size of the nanoparticles and
poor contrast of Ti in HAADF imaging, it is difficult to confirm or exclude void
formation. In any case, the experimental observation confirm that the core-shell
formation is primarily driven by oxidation. In the case of 30 kDa nanoparticles
the particles are small enough for the Pt atoms to diffuse and form a single core.
In larger 90 kDa particles the diffusion length of Pt atoms inside the TiO, matrix
is insufficient to from a single Pt core, in this case the multi-core structure i.e.
several local Pt cores is formed within the nanoparticle. Further investigation on
the morphology of surface oxidised Pt-Ti nanoparticles concluded that there is no
particular structure within the alloy nanoparticle. This is clearly demonstrated in

the high magnification image in figure 4.3(c).
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4.5 Theoretical Results

Many different morphologies are observed in small metallic nanoparticles, these
can range from octahedral (Oh), truncated-octahedral (t-Oh), decahedral (Dh),
Ino-decahedral (I-Dh), Marksdecahedral (M-Dh), and icosahedral (Ih) [110, 111].
However, in the small nanoparticles i.e. number of atoms around 100, the strained
Ih is the most stable structure, due to the low surface energies. Hence, for this
study Th Pt-Ti nanoparticles are investigated under the influence of oxygen expo-
sure. Th structure demonstrates twenty facets in closed packed (111) orientation
that has twelve vertices on the surface. The Th magic number 147 was chosen for
this study as it offered balanced nanoparticle size and computational feasibility.
The total number of atoms was divided to 13 Pt and 134 Ti to approximately
match the experimental 1:13 ratio of Pt to Ti. The chosen number of Pt atoms
matches the magic number Ih morphology which means it can form a stable single
core in the computational analysis. The stability of 5 different configurations was
investigated. (I) A random arrangement of Pt and Ti atoms in the nanoparti-
cle (random), (II) one Pt atom positioned at the centre of the nanoparticle with
other 12 sitting on the vertex sites (vertex), (III) a single core morphology with
Pt atoms all residing at centre (single-core), (IV) double core morphology i.e. Pt
atoms forming two separate cores (double-core), (V) Three core morphology i.e. Pt
atoms forming three separate cores (triple-core). Each aforementioned morphol-
ogy was covered with four different coverage and the total energy was calculated
to assess the stability. The coverages were as follow 0 ML, 0.5 ML, 1 ML and 2

ML. 0 ML represents the unoxidised nanoparticles.

Figure 4.4 represents the most stable configuration for different coverages. Figure
4.4(a) presents the most stable structure without any oxygen exposure, the ran-
dom arrangement was only slightly less stable. As the oxygen coverage increases
the stability of the vertex arrangement becomes dominant, as shown in Figure

4.4(b). Further increase of the oxygen coverage to 1 ML results to a triple core
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FIGURE 4.4: The most stable (Pt-Ti);47 nanoparticle morphology obtained
from DFT calculations.The Most stable structure with (a) zero oxygen expo-
sure, (b) 0.5 ML of oxygen, (c) 1 ML of oxygen, (d) the three Pt cores in the
centre, (e) 2.0 ML of oxygen with (f) (g) demonstrating oxygen configuration
in sub-surface layer and the central Pt core. Blue spheres are Ti, silver repre-
sents Pt and red is oxygen. Figure and caption from [109].

morphology being the most stable structure, shown in 4.4(c) and finally fully ox-
idised nanoparticles i.e. 2 ML oxygen coverage demonstrates a single core as the

most stable structure as shown in 4.4(e).

TABLE 4.1: Diameters and bond lengths for the (Pt-Ti)147 nanoparticles with
the most energetically stable arrangement for different oxygen coverages.Table
from [109]

Oxygen Arrangement Diameter of Average bond length (A)
coverage (ML) nanoparticle (A) Ti-Ti Pt-Ti Pt-Pt Ti-O
0.0 vertex 15.58 2.85 273 - -

0.5 vertex 15.66 295 295 - 1.95
1.0 triple-core 16.68 3.05 3.0 295 1.95
2.0 single-core 16.75 3.06 275 305 215

Table 4.1 presents the average bond length as well as the nanoparticle diameter for
the most stable configuration in each case. The diameter is defined as the distance
between two diagonal vertices passing through the centre of the nanoparticle.
There is an increasing trend on almost every parameter suggesting that the oxygen
adsorption induces an expansive strain in the nanoparticle. The only exception is

in the Pt-Ti bond length where the Pt atoms form a single core at the centre, the
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FIGURE 4.5: Free energy of the Pt-Ti nanoparticle as a function of oxygen
chemical potential. The vertical line at po = —6.0 eV represents the point
where the reduction of TiOg to hep-Ti occurs. Figure and caption from [109]

decrease is expected as the arrangement is more compact due to the location of

the cores.

In order to understand the influence of oxygen on the morphology in a continues
manner. The free energy as a function of the oxygen chemical potential was
calculated, presented in Figure 4.5. The free energies were computed using the
total energy of the most stable morphology for four different coverages. The upper
limit of oxygen chemical potential was defined as half the energy of the oxygen
molecule i.e. puo = FEp,/2 = 0 eV. The most stable morphology is the vertex
arrangement for po = —6.0 eV. The most stable structure is maintained as the

same vertex arrangement between —6.0 eV < po < —4.9 eV with 0.5 ML coverage.

For oxygen chemical potential values higher than -4.9 eV the most stable structure
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is the single core morphology with 2 ML oxygen coverage. It is also clear that the
1 ML oxygen coverage is not thermodynamically stable at any oxygen potential in
the calculation. The chemical potential at which rutile TiOs is reduced to metallic
hep-Ti is also demonstrated on Figure 4.5. This suggests that the surface and
subsurface of the Ih nanoparticles are fully oxidised at oxygen chemical potentials
lower than the bulk reduction limit, leading to the conclusion that the nanoparticle
is more readily oxidised than the bulk TiO,. The finding are in agreement with
the experimental observations for 30 kDa Pt-Ti forming a Pt core with TiO; shell

after oxygen exposure.

4.6 Discussion

It has been demonstrated that oxygen exposure through the ambient air or by other
means has a crucial impact on the morphology of the Pt-Ti bimetallic nanopar-
ticles. HAADF STEM observations showed that fully oxidised nanoparticles by
prolong exposure to the air, results in formation of TiO, accompanied by Pt core
formation. In the case of smaller 30 kDa nanoparticles a single core formation
was observed whereas increasing the mass of the particles to 90 kDa, result in
a multi-core morphology. In order to capture the morphology before any oxida-
tion, 90 kDa nanoparticles were transferred under Ar gas, although there were still
a brief exposure to air but this provided an insight into the morphology before
any oxidation as close as possible with the available experimental setup. The re-
sults demonstrated a mixture morphology for Pt-Ti nanoparticle, i.e.Pt dispersed
within Ti. In the case of smaller 30 kDa nanoparticles, the diffusion length of the
Pt atoms within Ti is sufficient for the Pt atoms to coalesce as a single Pt core.
On the other hand, increasing the size of the nanoparticle to 90 kDa results in
insufficient diffusion length of Pt atoms within nanoparticle to form a large single

core, rather several local cores are observed.
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The most stable theoretical structural was deduced by considering 10 different
arrangements covered by 4 different oxygen coverages. The lower symmetry ran-
dom and multiple core morphologies may have other possible arrangements, but
it is not feasible to examine all possibilities by DFT due to the high computa-
tional power required. It is also important to note that real adsorption of oxygen
may reduce the symmetry, whereas in the calculation it was assumed that oxygen
atoms adsorb homogeneously and symmetrical on all facets of the nanoparticle.
Nevertheless, the subset of configuration studied is sufficient to demonstrate the

structural trends on oxidation.

The general trends observed experimentally and theoretically are in close agree-
ment. Both trends are towards core formation as the level of oxidation increases.
For instance, experimentally, it was observed that oxidation is mainly responsible
for nucleation of Pt atoms to form single cores, similar trend is also observable in
theoretical calculation. The agreement is particular strong in the smaller size 30

kDa nanoparticles, where the single core morphology is observed.

This is expected due to the size of the simulated nanoparticles being much closer
to 30 kDa nanoparticles. However, there are also differences, for instance, one
might say that the most stable structure with 0.5 ML or zero coverage of oxy-
gen was theoretically shown to be the vertex configuration i.e. majority of Pt
atoms residing on the surface, this morphology was not seen in the experimental
analysis. The important point to note when making this correlation is that exper-
imental results did not show an oxygen free nanoparticle or even 0.5 ML oxidised
nanoparticle, due to the brief exposure of the samples to the air during electron
microscope sample loading. Thus, all the samples analysed, most likely had at
least the first full layer of Ti, oxidised. Therefore, a better approach would be
to correlate theoretical results for oxygen coverages greater than or equal to 1.0
ML with the experimental results. In this case, the morphology of Ar transferred

Pt-Ti nanoparticles fits very closely to the theoretically calculated structure. In



Chapter 4 80

addition, the experimental observation of the multi-core structure could be mainly
due to the increased flexibility in the size and shape and the ability of the nanopar-
ticle to accommodate strain fields associated with the multi-core structure, as well
as the inability of Pt atoms to diffuse fast enough to form a single core at room

temperature.
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Post Processing of Pt-Ti
Nanoparticles Through Thermal

Annealing

5.1 Introduction

In this chapter, the focus is on thermal effects on the morphology of Pt-Ti nanopar-
ticles. The aim was to show that it is possible to modify and control the mor-
phology of bimetallic nanoparticles after production stage i.e. post processing. In
the first section, the surface oxidised nanoparticles were modified through electron
beam heating. To further investigate the thermal effect and the electron beam
interaction, DENS Wildfire heating stage was used to perform the heating under

the electron beam.
The first section of this chapter is from a published paper by the author.

Many chemical reactions require high temperature to take place or elevate the

sample temperature due to exothermic properties of the reaction. In other cases
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other than chemical reactions, high temperature treatments may be utilised to
overcome potential barriers from a low state to a lower state. Therefore firstly it
is important to investigate the rule of temperature on the morphology of nanopar-
ticle. Secondly, the thermal treatment of nanoparticle may be utilised to post
process nanoparticles. In this chapter we attempt to address both possible affect

of temperature on Pt-Ti nanoparticles.

5.2 Method

Samples were made in the magnetron cluster source through sputtering of the
Pt-Ti target. The nanoparticles were size selected through time-of-flight based
mass filter. The nanoparticles were then deposited on TEM grids or DENS heat-
ing nanoChips for the experiments. Soft landing regime was used to deposit the
nanoparticles, this corresponds to landing energies of 1 to 2 eV per atom. The in-
ert gas glove box was used to transfer the samples from the cluster source room to
the STEM to minimise oxygen exposure through air. HAADF ac-STEM imaging
was employed to collect data. The electron beam current was 30 pA. Temperature
measurements were done through the software provided by DENS for the DENS
wildfire holder.

5.3 Beam Induced Pt-Ti Morphology

In order to examine the electron beam - nanoparticle interactions, initially 90
kDa Pt-TiO, nanoparticles on TEM grids were loaded in the microscope. Numer-
ous experiments were performed to examine the effect on the morphology of the
nanoparticles. For instance, exposing a single nanoparticle to high dose of electron
radiation by focusing the electron beam on the nanoparticle for a short period,

or long scanning of a nanoparticle to achieve small dose but persistent exposure
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FIGURE 5.1: Sequential modification of two individual surface oxidised Pt-Ti
90 kDa nanoparticles using a focused electron beam. Initial state is an amor-
phous alloy Pt-Ti, however the interactions with the electron beam at 30 pA
current creates a single Pt core. The time direction is from left to right. Red
circle indicate the nanoparticle before modification and blue circles indicate
the same nanoparticle after modification. Figure and caption from [109]

to the electron radiation. However the nanoparticles were unresponsive to any

electron beam effect.

On the other hand, when Pt-Ti nanoparticles were transferred under the Ar gas
to the electron microscope to achieve only surface oxidised morphology , the out-
come was different. A high dose of electron radiation was provided to a single
nanoparticle with an alloy structure through focusing the electron beam on the
nanoparticle. This induced aggregation of the Pt atoms within the nanoparticle
to form a single core. The procedure and the experiments results are presented in

Figure 5.1.

This radiation was achieved by zooming the electron beam to a magnification of
xb0M. Figure 5.1(a) shows the start of the experiment, the nanoparticles are in
an alloy morphology. The red circle indicates the selected nanoparticle in its pre-
exposure state. After applying the electron dose radiation for 5 seconds, image
presented in Figure 5.1(b) was taken. The blue circle indicates the same nanopar-
ticle after the exposure. It is clear that the exposed nanoparticle has transformed
to a single core morphology from the original alloy structure. The procedure was
repeated on the second nanoparticle indicated by the red circle in figure 5.1(b) and

the outcome is represented in figure 5.1(c), similar outcome was observed. The
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procedure was repeated on many different nanoparticles of different samples and

the outcome was reproducible.

The electron beam - nanoparticle interaction mechanism is generally believed to
be through electron beam induced heating effect, defect formation in the particles,
charging of the particle and excitation of surrounding gases. To examine which
mechanism is primarily causing the single core formation, the electron beam was
focused adjacent to the particle, the electron beam had no affect on the nanopar-
ticle. This eliminated the possibility of excitation of surrounding gases. Then the
electron beam was focused on an off-centred location on the nanoparticle, the sin-
gle core formation was observed however the location of the core did not depend

on the position of the electron beam, which also eliminates defect formation.

It should also be noted that the absence of single core formation when Ti is
fully oxidised in multi-core structure, suggests that the electron beam reduction
is inactive, it is reasonable to assume that the effect of charging is also negligible.

Hence, the only remaining interaction is the electron beam induced heating.

The contradicting final morphology in the presence of electron beam versus expo-
sure to oxygen i.e. single against multi-core configuration, suggests that the extra
thermal energy provided by the electron beam is sufficient to increase the diffusion
length of Pt within the nanoparticle to form a single core which is, as discussed
in section 4.5, the most energetically favourable configuration. In contrast, in the
absence of this thermal energy, several local Pt cores are formed rather than a

single core.

5.4 Thermal Annealing

An electron bombardment heating stage was developed to anneal samples in situ

after deposition. The annealing temperature was measured by a pyrometer focused
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10 nm

10 nm

FIGURE 5.2: HAADF-STEM image of 90 kDa Pt-Ti nanoparticle. a) single
Pt core with Ti shell induced by annealing the sample using laser, b) multiple
core formed by exposing sample to the oxygen without annealing.

on the sample. 90 kDa nanoparticles were deposited on two TEM grids, positioned
next to each other. However, only one was annealed by the annealing stage, the
annealing temperature was measured to be around 600 + 100 °C. Then both
samples were transferred under Ar gas for STEM imaging. The annealed sample
was loaded first into the microscope, while the other sample was allowed to oxidise
through exposure to the ambient air and was imaged the next day. Figure 5.2

presents the data obtained.

Figure 5.2(a) presents two STEM images of the annealed sample, it is clear that

the single core morphology is formed by the 90 kDa nanoparticles. However, the
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sample that had not been annealed prior to oxidation demonstrated multi-core
morphology. In order to investigate the stability of the single core formation, the
sample was stored under the ambient air and re-imaged in the electron microscope
within two weeks. It was observed that the single core morphology was retained

after full oxidation of the Ti shell.

Previously the Pt core size was measured to be 1.0 & 0.2 nm in diameter for single
core 30 kDa Pt-Ti nanoparticles and the core size was measured to be 0.8 £+ 0.4
nm in diameter for Pt cores in 90 kDa multi-core morphology. Figure 5.3 presents
statistical analysis on the core and total particle diameter for 90 kDa single core
induced through annealing. It was deduced that the particles form a core size
of 1.7 & 0.4 nm. The increase of the core size in respect to the 90 kDa multi
core morphology and single core 30 kDa morphology, confirms that it is the total
coalescence of Pt atoms within the nanoparticles that creates the larger Pt core.

In contrast, the total size of the nanoparticle stays constant.

Further investigation was carried out by increasing the annealing temperature.
The temperature was increased to 900 + 100 °C without changing the annealing

time or the sample production parameters.

Figure 5.4 presents the HAADF STEM images of the data acquired. Increasing
the annealing temperature induced the segregated Pt-Ti morphology, where the Pt
core is adjacent to a larger Ti nanoparticle. The stability of both single core and
segregated morphology was examined by exposing the samples to oxygen through
air and re-imaged under the electron microscope. It was observed that the samples

retain the morphology after oxygen exposure.
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FIGURE 5.3: Histogram of the core (a) diamater and total particle diameter
(b) for 90 kDa single core induced through annealing.

5.5 Annealing Under the Electron Beam

In order to further develop the understanding on thermally induced morphology
of the Pt-Ti, the DENS Wildfire heating stage was employed to perform live
annealing under the electron beam. 90 kDa nanoparticles were deposited on the
DENS heating chips with 5% surface coverage. The samples were transferred
under Ar gas inside a glove box to the STEM room and loaded into the STEM

with minimal oxygen exposure.

Figure 5.5 demonstrates the experimental procedure. Following the green arrow
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A) B)

FicURE 5.4: HAADF-STEM image of 90 kDa Pt-Ti nanoparticle annealed in
situ to a higher temperature. A) presents a low mag and b) is a higher mag
image.

T=23C T=50C T=200C T=250C
"LO0 1S ) 140 mins

T=500C T=600C T=700C

F1GURE 5.5: HAADF-STEM of thermally annealed Pt-Ti nanoparticles under
the electron beam. The green arrow demonstrates the direction of time and
the recorded temperature is demonstrated at the bottom of each image. It
can be seen that as the temperature increases the morphology of the nanopar-
ticle changes from an alloy to single Pt core.
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which indicates the direction of time, the nanoparticles start in an alloy structure.
The temperature was then increased in 50 °C increments. There was a 10 minutes
settling period after each temperature increment.It can be seen that the morphol-
ogy of the nanoparticle varied from a dispersed Pt within Ti to a single Pt core.
It seems that the thermal energy supplied was enough to enhance diffusion of Pt

atoms within the nanoparticle to form a single core morphology.

To establish that the morphology change was solely due to the thermal annealing
process and not a combination of the electron beam induced effect (thermal and
charging) and thermal energy supplied by the DENS holder. The following steps
were taken. The annealing was stopped to prevent further changes after single core
observation and the sample temperature was brought back to room temperature
i.,e. 23 °C. Then the location of the imaging was changed to observe whether
nanoparticles on the substrate which had not been exposed to the electron beam
prior to this stage, showed the same morphology change. It was observed that the
morphology change was uniform across the sample, regardless of electron beam

presence.

Figure 5.6 demonstrates the three stages of the experiment. Figure 5.6(a) presents
the surface oxidised Pt-Ti nanoparticles at room temperature before any thermal
processing. Figure 5.6(b) presents the same sample, heated to 700 °C under the
electron beam. Single core morphology across the sample is clearly visible. There-
fore, this rules out the possibility of the nanoparticles charging through the electron
beam for single core formation. Finally the annealing temperature was increased
to 900 °C, figure 5.6(c) shows images after increasing the temperature. It is clear
that at higher temperatures the segregated core-shell morphology was formed, as
expected. It should be noted that thermally annealing the samples to high tem-
peratures affected the ability of obtaining atomic resolution in the STEM. This
could be mainly due to the shake up of the nanoparticle and the sample substrate

due to high thermal energies.
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FicURrE 5.6: HAADF STEM images of surface oxidised 90 kDa Pt-Ti at
different temperatures. (a) demonstrates the morphology at room temper-
ature, It is clear that Pt atoms are dispersed within the nanoparticle.(b)
presents nanoparticles at 700 C, it can be seen that a single core morphology
is formed, (c) presents images at 900 C where a segregated Pt-Ti is formed.
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80 mins T=23 C

T=800C T=900C T=1100C

FiGURE 5.7: HAADF-STEM of thermally annealed Pt-Ti nanoparticles under
the electron beam. The blue arrow demonstrates the direction of time and the
recorded temperature is demonstrated at the bottom of each image. It can

be seen that as the temperature increases the morphology of the nanoparticle
changes from multi-core to single segregated core-shell.

The same process was repeated for fully oxidised Pt-TiO, nanoparticles. 90 kDa
Pt-Ti nanoparticles were deposited on DENS heating chips. Then the sample was
exposed to oxygen through the air for more than 24 hours to ensure full oxidation.

The sample was loaded into the microscope.

Figure 5.7 presents the process as well as the nanoparticles morphology at different
temperatures. The temperature was increased in 50 °C increments and every
temperature increment was followed by 10 minutes of stabilisation period. The
multi-core morphology of the nanoparticles is clearly visible at the beginning of
the process. As the sample temperature was elevated, the aggregation of the Pt

atoms within the nanoparticles is visible. However, unlike the surface oxidised



FIGURE 5.8: HAADF STEM image of 90 kDa Pt-TiOy nanoparticles. (a)
demonstrated as oxidised morphology of the nanoparticle at room tempera-
ture. a multi core structure. (b) the same sample after annealing to 1100 C
under the electron microscope, a segregated Pt-TiOs nanoparticle.

nanoparticles presented in figure 5.5, the process lacked the uniform single core
formation stage. As mentioned earlier, aggregation of Pt atoms was observed.
But the process was rather disordered for formation of single core. When the
sample temperature increased even further to around 900 °C, the movements of
the Pt aggregate to the sides of the nanoparticle was observed similar to the
surface oxidised Pt-Ti. Finally ramping up the temperature to 1100 °C which was
the maximum temperature achievable by the DENS heating setup, an entirely
segregated core-shell morphology was observed with Pt positioning itself adjacent

to the TiO,.

Figure 5.8 presents a before and after image of the sample. Figure 5.8(a) demon-
strates the morphology of fully oxidised Pt-TiO5 at room temperature, the parti-
cles show a multi core structure as expected. In figure 5.8(b) the particles were
annealed to the maximum temperature of 1100 °C, the thermal energy provided

induced a Pt-TiO, segregated morphology.

In order to determine if the Pt core in segregated morphology is exposed or buried
under a Ti shell, two nanoparticles with similar size were chosen having similar Pt

core size. Both nanoparticles are presented in figure 5.9. Figure 5.9(a) is the single
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core and figure 5.9(b) is the segregated structure. Further, the average line profile
of a rectangle shape area on the core was obtained. The blue and red rectangles
indicate the area. The results were then normalised for comparison. Figure 5.9(c)
shows the results from the line profiles. The plot shows similar intensity for both
Pt cores. In single core morphology the Pt core was covered by a Ti shell. The Pt
core intensity in segregated morphology demonstrates similar overall intensity, this
suggests that even in the segregated morphology the Pt core was not completely

exposed and still covered by Ti.

It was noticed that heating the nanoparticles produced an ordered structure of

Pt and Ti shell as it can be seen in figure 5.10(a). The HAADF STEM image

presents two 90 kDa Pt-TiO9 nanoparticles annealed to 1100 °C.

In figure 5.10(a), the right hand-side nanoparticle is on-axis with the electron beam
and it can be clearly identified as the (111) plane of the FCC structure. On the
other hand, the left hand-side shows a particle that was slightly off axis to the
electron beam, hence the structure was blurred. Both particles were exposed to air
after annealing. In both cases an average line profile was obtained. The coloured
rectangles indicate the area. Figure 5.10(b)-(c) presents the results of each line
profile. The colour of the plot corresponds to the colour of the rectangle. The
plots were then used to determine the atomic spacing for the Pt and TiOy atomic
rows. Similar procedure was repeated for Pt-TiOy annealed to 1100 °C without

any further air exposure as well as single core Pt-Ti.

Table 5.1 presents the measured values for the atomic spacing in every case. It was
deduced that the spacing is similar between all cases. However Pt atomic spacing

is smaller than the bulk value of the atomic spacing in (111) plane, this value

was obtained using % where a is the lattice constant. This could be an induced
effect due to a combination of the higher strain present in a nanoparticle, an effect
imposed by presence of Ti or an affect due to the accuracy of the calibration in

the STEM.
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FicURrE 5.9: HAADF STEM image of 90 kDa Pt-TiO9 nanoparticles with
different morphology. (a) single core and (b) segregated. The blue and red
rectangle indicate the area chosen for line profile. (c) average line profiles with

matching colour to the rectangles. Total intensity over the core were compara-
ble.
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FIGURE 5.10: (a) HAADF STEM image of 90 kDa Pt-TiO2 nanoparticles
after annealing. The green and brown rectangle indicate the area chosen for
line profile. (b)-(c) show the results for each line profile. The colour of the
plot corresponds to the colour of the rectangle.
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TABLE 5.1: Segregated (A) Argon transferred - annealed, Segregated (B)
oxygen exposure - annealed - oxygen exposure. Segregated (C) oxygen ex-
posure - annealed. Pt and Ti bulk atomic spacing values obtained from [112]
and [113] respectively.

| Type | Pt (nm) | Ti (nm) |
Single Core 0.21 £ 0.02 -
Segregated (A) 0.23 £0.02 0.28 £ 0.03
Segregated (B) 0.22 £ 0.01 0.28 £ 0.01
Segregated (C) 0.21 £ 0.01 0.25 £ 0.02
Bulk 0.277 0.295

5.6 Discussion

It was demonstrated that the electron beam can be used to modify the structural
configuration of Pt-Ti nanoparticle. The nanoparticle was manipulated by the
electron beam to form a single Pt core morphology. An investigation was per-
formed to determine what aspect of the electron beam was the main driving force
of the observed behaviour. It was concluded that the additional thermal energy

transferred to the nanoparticle by the electron beam is the main interaction.

This led to thermal annealing investigation of the nanoparticles. It was demon-
strated that identical results can be achieved by thermal annealing of the nanopar-
ticle in situ after deposition and prior to oxygen exposure. Statistical analysis on
the core and total nanoparticle size showed that the total size of the nanoparticle
is unaffected, however the size of single Pt core of 90 kDa Pt-Ti nanoparticles
increases to 1.7 £ 0.4 nm. It was also observed that elevating the annealing

temperature to 900 4+ 100 °C, induced a segregated core shell morphology.

This phenomenon was investigated in real time using the DENS heating stage.
The sample was heated gradually and the structural change was recorded under
the electron beam. It was also established that the additional thermal energy is
the main cause of the morphology change. Due to the nature of the experimental
i.e. gradual change of the morphology it is difficult to determine a precise onset

temperature. However, it can be estimated by reviewing the videos to be 700
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FIGURE 5.11: Schematic of modification process through either oxidation of
Pt-Ti nanoparticle or thermal annealing.

High T annealing

+ 100 °C for single core formation and 900 + 100 °C for formation of segregate
morphology. Similar experiment was performed after allowing the nanoparticles
to fully oxidise prior to annealing in the STEM. Figure 5.11 presents a schematic

of the processes observed in the experiment.

The initial state of the nanoparticle is a mixed Pt-Ti morphology, this configu-
ration can be used as a template for any desired structure. For instance, oxygen
exposure can force core formation, low temperature annealing single core forma-
tion and high temperature annealing segregated core configuration. It is clear that
thermal energy provided to the nanoparticle enhances the aggregation of Pt atoms
within the nanoparticle, hence a single core is formed in the centre. It is less likely
to form single core after full oxidation due to formation of smaller Pt cores at an

off-centred location.

This can be explained using measured atomic spacing for Pt and Ti, presented
in figure 5.1. The atomic spacing for Ti atoms is more or less close to the bulk
value, however the spacing between Pt atoms is lower than the bulk value. This
suggest that the Pt atoms are under strain compared to their bulk state. The Pt

core attempts to release some of this strain by shifting to an off-centre location. It
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was also shown that even in a segregated morphology the Pt core is covered with

Ti layers.
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X-ray Analysis of Fully Oxidised
Pt-Ti

6.1 Introduction

In this chapter, the chemical states of the Pt-TiO5 were investigated as an ensem-
ble. X-ray Photoemission spectroscopy (XPS) was used to investigate the chemical
and morphological states of nanoparticles. The focus was on two different sizes,
90 kDa and 30 kDa. The XPS measurements were used to estimate the core and
shell sizes using the relative intensities of Pt and Ti element. The chemical states
of both Pt and Ti were determined. Post processing method i.e. in situ annealing
was used to investigate the heating effect on the chemical states and morphology

of nanoparticles.

The XPS results were compared to GIXRF results obtained by PTB in Germany

to obtain a better understanding of the nanoparticle state.

The figures presented in this chapter are not transmission function corrected, how-

ever, for quantification, the data were corrected by the transmission function.

99
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Electronic structure and precise chemical composition of nanoparticles are cru-
cial in their properties. These could naturally directly affect the catalytic and
optical properties of the particles but more importantly, clear understanding of
the mentioned characteristics of nanoparticles may be utilised to fine-tune desired
properties and further examine the characteristics with greater certainty at various
stages of application of such nanoparticles. In this chapter, we attempt to address
analysis of the aforementioned characteristics using a combination of traditional

methods of analysis.

6.2 Method

Kratos Analytical AXIS X-ray XPS setup with an Aluminium source of Ka radi-
ation with 1486.6 eV photon energy was used. The Pt-Ti nanoparticles with two
sizes of 90 kDa and 30 kDa were deposited on Si substrates through soft landing.
The surface coverage was 10%. Samples were then allowed to oxidise by exposure
to the ambient air. The nanoparticles were irradiated by the X-ray beam and
the spectra were measured. Then samples were heated in situ to 600 °C for 20
mins and the XPS measurements were repeated to determine the chemical and
morphological states. Finally the samples were exposed to the air to achieve full

oxidation and the XPS measurements were repeated once more.

6.3 Chemical States

Figure 6.1(a) presents the spectrum of the Pt core in 30 kDa Pt-TiOy nanoparti-
cles. Deconvolution of the recorded spectrum reveals the presence of two separate
doublets. The measured binding energy of the Pt 4f;/, was 71.23 eV which corre-
sponds to the pure Pt state. The asymmetric shape of the peak also confirms this

observation. The 4f;/; peak at the higher binding energy was measured to be at
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72.04 €V, this is close to the oxide Pt binding energy reported in the literature.
Therefore it was deduced that the surface of the Pt core is in an oxide state. Fig-
ure 6.2(a) presents the spectrum of the Ti core in 30 kDa Pt-TiOs nanoparticles.
The main observed peak is Ti 2ps/, that appears at the binding energy of 458.49
eV, this is equal to the binding energy of TiOs reported in the literature, as ex-
pected. However the presence of an extra doublet with lower binding energy was
also observed. The Ti 2p3/, peak for this doublet appears to be at 456.87 eV, this
is close to the binding energy reported for TisO3. Therefore, it was deduced that
the Ti shell consists of mainly TiOy with a small amount of TiyO3. The surface
and interface core level shift for pure Pt, Ti and Pt-Ti is reported to be from 0.3
to 0.5 eV [114-116]. The measured values lack a specific trend within this range,
it is difficult to extract the binding energy shift due to this phenomenon. The
binding energies for the acquired spectra are presented in table 6.1 and table 6.2

for 30 kDa and 90 kDa nanoparticles respectively.

Figure 6.3(a) shows the spectrum of the Pt core for larger 90 kDa Pt-TiO5 nanopar-
ticles. Similar to the 30 kDa nanoparticles, two doublets are observed on the spec-
trum. The bonding energy of Pt 4f;/; for the lower metallic peak was 71.12 eV
with the higher peak appearing at 72.07 eV. This suggests similar chemical struc-
ture of the Pt core to that of the 30 kDa nanoparticle. 6.4(a) shows the chemical
composition of the Ti shell. Once again, two doublets appear to exist with TiO,
at 458.55 eV and Ti,03 peak at 457.25 eV, the values are in agreement with values
reported in the literature. They are also close to the values observed in 30 kDa

Pt-TiO5 nanoparticles.

Figure 6.5(a) and 6.6(a) demonstrate the acquired data for the Carbon 1s of both
30 kDa and 90 kDa samples respectively. The peak deconvolution reveals presence
of C-C , C-C=0 and C-O-C peak with the dominant peak being C-C, as expected.
Figure 6.7 presents the spectrum of oxygen 1s for 30 kDa Pt-TiOs. The most

intense peak is the SiO, due to substrate, in addition to further peaks indicating
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presented in Appendix A.

the presence of organic C-O and C=0 as well as metal oxide. Table 6.3 presents
Pt and Ti signal ratio. It can be seen that values are close to the Pt to Ti ratio

in the sputtering target.

6.3.1 Ensemble Core-Shell Calculations Using T yp Method

It has been demonstrated previously that the XPS data contains useful information
about the structure. The method is explained by Shard [117, 118|, a summery
of which, as it applies to the present thesis, is provided here. To simplify the

argument, dimensionless terms can be derived as follows:
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tra of 90 kDa Pt-TiOs nanoparti-
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cle. (a) fully oxidised nanoparticle
before heating. (b) after in situ
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TABLE 6.1: Binding energy values for 30 kDa Pt-TiOy nanoparticles.

‘ Species ‘ Initial (eV) ‘ After Heating (eV) ‘ After Air Exposure (eV) ‘ Literature (eV) ‘
TiO 2p3/; 458.55 458.68 458.51 458.5
TiO, 2p1/2 464.25 464.38 464.21 464.2
TizO3 2pg/s 457.09 456.89 - 457.8
Tiy O3 2p1/2 462.79 462.59 - 463.5

Pt 4f; 5 71.12 71.16 71.44 71

Pt 4f5/2 74.42 74.46 74.74 74.35
PtO 4f7/2 72.07 - 72.71 72.4
PtO 4f; ) 75.37 - 76.01 75.75

C-C 1s 284.88 284.79 284.93 284.8
C-0-C 1s 288.34 288.58 288.59 286
O-C=0 1s 286.12 286.25 286.12 288.5
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TABLE 6.2: Binding energy values for 90 kDa Pt-TiOy nanoparticles.

| Species [ Initial (eV) | After Heating (eV) | After Air Exposure (eV) | Literature (eV) |
TiO; 2ps3/2 458.49 458.64 458.54 458.5
TiO;2 2py /2 464.19 464.34 464.24 464.2
Ti,O3 2py )2 462.57 462.54 - 463.5
Pt 4f7/; 71.23 71.16 71.73 71
Pt 4f; 74.53 74.46 75.03 74.35
PtO 4f; ), 72.04 - 72.75 72.4
PtO 4f; ) 75.34 - 76.05 75.75
C-C 1s 284.88 284.83 284.85 284.8
C-0-C 1s 288.08 288.22 288.02 286
0-C=0 1s 286.14 286.49 286.47 288.5
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FIGURE 6.5: Carbon XPS spectra
of 30 kDa Pt-TiO5 nanoparticle.
(a) fully oxidised nanoparticle be-
fore heating. (b) after in situ heat-
ing and (c) after re-exposure to
the atmospheric air.
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FIGURE 6.6: Carbon XPS spectra
of 90 kDa Pt-TiO5 nanoparticle.
(a) fully oxidised nanoparticle be-
fore heating. (b) after in situ heat-
ing and (c) after re-exposure to
the atmospheric air.

TABLE 6.3: Pt to Ti ratio from XPS spectrum of Pt-TiO5 nanoparticles.

’ Ratio of Pt to Ti ‘ Initial ‘ After Heating ‘ After Air exposure ‘
30 kDa nanoparticle | 14.67£0.53 | 15.65+0.93 15.11£1.1
90 kDa nanoparticle | 16.0040.45 17£0.94 17.01£0.78
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FIGURE 6.7: Oxygen XPS spectra of 30 kDa Pt-TiO9 nanoparticle. (a) fully
oxidised nanoparticle before heating. (b) after in situ heating and (c) after
re-exposure to the atmospheric air.

LI

A= 6.1
S (6.1)
Lla

B=— 6.2
Lns (6.2)
Lla

C=— 6.3
it (6.3)

where I; is the measured XPS intensity and I is the measured or calculated

intensity for the pure material of the unique photoelectrons from the shell, i = 1,
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and the core i = 2. L;; is the attenuation length of photoelectrons arising from
material i travelling through material j, where j = a represents the shell and j =
b represents the core. The core radius of the particle, R, and shell thickness, T,
are expressed in units of L; ,. For microscopic spherical particles where R is much
larger but not large enough for the X-ray shadowing effects become significant,

the thickness of the overlayer can be calculated using

 0.75A435In(A)B~%9 4 4.3AB 704
Rmoo = A36 189

(6.4)

For very small values of R and T where the product of ABCR approaches zero,

the value T can calculated by

Ty = R[(ABC +1)'/? — 1] (6.5)

However, when the size of the nanoparticle and the attenuation length are compa-
rable, equations 6.4 and 6.5 are not suitable. The relationship between T and R
for fixed values of A,B and C and moderate values R is described by the empirical

relations shown below

(6.6)

where « is a function of A,B and C and it can be found by fitting the numerical
data. The accurate value for very small particles provided from equation 6.5 can be
used combined with equation 6.6 to provide a suitable estimate of shell thickness

over a range of R,

_ Tro + BTh
1+
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where the numerical analysis can be used to obtain an equation for o and 3 as

shown

1.8
© = Joipeaced (68)
0.13a%5
8= e (6.9)

The HAADF STEM images acquired from the Pt-TiO5 nanoparticles provide a
significantly more accurate value on the average Pt core size than that of the TiO,
shell thickness. This is due to fact that STEM imaging is heavily dependent on
the atomic number of elements. However, the empirical Ty p calculation can be
used to verify and examine the STEM analysis. On the other hand, comparison
of the two data set can be used to put the T yp method to a further experimental
test. The single Pt core size of 30 kDa Pt-TiO, nanoparticle was calculated to be
1.0 £ 0.2 nm using the HAADF STEM data. This value was used as the Pt core
size for the Tp method. The total Pt and Ti intensity was measured from the
spectra and used to calculate the thickness of the TiOy shell. The Ty p calculation
provides a shell thickness of 1.0 £ 0.2 nm. This value is slightly larger than the
shell calculation obtained from the analysis of the STEM data (0.8 £ 0.4 nm).

The Typ calculation is based on a perfectly centred core. In order to examine
the core position in 30 kDa Pt-TiO, nanoparticles, FIJI was used to determine
the distance between the centre of the core to the centre of the shell. Figure 6.8
presents a histogram of the statistical analysis. It can be seen that in majority
of the nanoparticles the distance between the centre of Pt core and shell was less

than 0.1 nm.
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FIGURE 6.8: Histogram of the distance between the centre of the core to the
centre of the shell.

6.4 Thermal Annealing Effect

The available in situ heating feature of the XPS setup was used to investigate
chemical configuration of the nanoparticles after thermal manipulation. In order
to achieve this 30 kDa and 90 kDa Pt-TiO, nanoparticles samples were loaded into
the XPS, then the samples were thermally annealed at 600 °C for 20 mins. Figure
6.1(b) presents the Pt 4f spectrum of 30 kDa nanoparticle. The spectrum shows
disappearance of the PtO peak, the asymmetric shape of the peaks also confirms
the presence of the metal Pt only. The metal Pt 4f7/, doublet binding energy
was 71.16 eV which is close to the binding energy before annealing. (see table
6.1). Similar chemical reduction was observed for the oxide Ti shell. The relative
intensity of TiyOs peak was increased after annealing, demonstrated in figure
6.2(b). The binding energies were also consistent with the initial state. Figure
6.5(b) shows a relative reduction in the C-C peak which suggests that during
annealing carbon contamination was evaporated off the sample. The oxygen 1s
spectrum after anneal indicates reduction of Si and oxidation of carbon on the

surface, shown in figure 6.7(b).

Similar observation was made for 90 kDa nanoparticles. Figure 6.3(b) presents
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the Pt 4f spectrum of the heavier 90 kDa nanoparticles, the Pt is fully reduced to
its metal state, and the binding energy is consistent to the initial metallic binding
energy. The TiOs shell also shows reduction after heating, as demonstrated in
figure 6.4(b), the relative intensity of Ti,0O3 doublet was increased in comparison
to the initial state. The carbon also demonstrate similar features to the 30 kDa
nanoparticles, (see figure 6.6(b)). It is clear that in both 30 kDa and 90 kDa
nanoparticle samples a reduction process was taking place. The Pt was reduced
to the pure metallic Pt and a small portion of the Ti shell was reduced to a less

stable Ti,05 state.

The samples were then exposed to the atmospheric air for prolong time. Figure
6.1(c) presents the spectrum of Pt 4f after air exposure, it is clear that the Pt
core formed an oxide layer once again. The binding energy was consistent to the
initial state. Figure 6.2(c) shows the spectra of the Ti shell. It can be seen that
the less stable Ti;O3 state has disappeared and the Ti shell is in a fully oxidised
state. Analysis on the spectra of Pt 4f and Ti 2p of the 90 kDa nanoparticles
suggests similar behaviour. Figures 6.3(c) and 6.4(c) presents the spectra of Pt
4f and Ti 2p of 90 kDa nanoparticles accordingly. The presence of oxide states is
clear on the Pt core and also the fully oxidised state of the Ti shell. Figure 6.5(c)
and 6.6(c) present the carbon 1s spectra after air exposure for both samples.
It can be seen that the C-C peak has the highest intensity which suggest the
carbon contamination recovered after handling and exposure to air. The oxygen
also recovered its original state as it is demonstrated in figure 6.7(c). Table 6.3
presents the Pt to Ti ratios at every stage. The initial value is close to the Pt to
Ti ratio of the sputtering target. The value stays constant after heating and after

storage. It can be deduced that there was no loss of material due to the heating.
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6.5 Grazing Incidence X-ray Fluorescence Anal-

ysis

In collaboration with Physikalisch-Technische Bundesanstalt(PTB), 30 kDa Pt-
TiO, nanoparticles were also investigated by Grazing Incidence X-ray Fluorescence
Analysis (GIXRF) for surface coverage and equipment tuning in addition to Near-
Edge X-ray Absorption Fine Structure (NEXAFS) for probing the binding state

of the titanium shell.

Figure 6.9 presents a schematic drawing of the experimental setup used for XRF
and GIXRF. The samples were aligned using translations and rotation motors to
the pivot point of the chamber with respect to the incident excitation radiation. A
radiometrically calibrated photodiode was used to measure the flux of the excita-
tion radiation. GIXRF measurements are a variation of the incident angle around
the critical angle of total external reflection when the fluorescence radiation is
detected. The signal detected is strongly dependent on the angle of incident. The
shape of the fluorescence line intensity is also different for nanoparticles, thin films

or implantation profiles.

The excitation energy of 12.5 KeV was used in reference-free GIXRF, since this
is above the titanium Ko and the platinum L3 edges. Figure 6.10 demonstrates
the fluorescence spectrum for the sample with surface coverage of 5.0 %. The Ti
Ka and Kf fluorescence lines are clearly visible as well as the Pt La line. The Si
from the substrate is also visible in addition to minor contamination such as Ca,
Fe, Ni, Cu and Zn. These contaminants could be from the cleaning or handling
process. The mass ratio Ti:Pt obtained from reference-free XRF measurements
was 0.63:0.37 which is reasonably close to the mass ratio of the sputtering target

0.75:0.25 as well as values form the XPS measurements.
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FIGURE 6.9: Scheme of the experimental setup used for the measurements
of the X-ray fluorescence lines in various geometries. The direct beam, the
reflected beam and (if the sample allows for transmission of the excitation ra-
diation) the transmitted beam can be detected using calibrated photodiodes.
Figure and caption from PTB.
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FIGURE 6.10: GIXRF-spectrum of a sample with nominal 5 % surface cov-

erage as an example of the determination of the elemental composition. Tita-

nium and platinum can be identified. Figure and caption from PTB.
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FIGURE 6.11: Ti L3,2 NEXAFS measurements of sample with 5 % surface
coverage. The incidence angle was chosen to be below the critical angle of
total reflection in order to receive information about the core-shell nanoparti-
cles, located at the surface of the substrate. The shape of the curves are sim-
ilar and suggests the same chemical binding state, titanium dioxide. Figure
and caption from PTB.

Figure 6.11 presets the Ti L3,2 NEXAFS spectra of the samples with a surface
coverage of 5 %. The incidence angle was set below to the critical angle of total
reflection. There are dominant peaks of the L3 absorption edge at 458 eV, 459.6
eV, and 460.4 eV, which are due to splitting caused by the crystal field surrounding
the oxygen atoms. This behaviour can also be observed at the L2 edge, but these
peaks are broadened due to the shorter lifetime. Thus, one can conclude that

titanium dioxide is the dominant state of the Ti shell.

6.6 Discussion

The XPS provided valuable insight into the chemical composition of the Pt-TiO,
nanoparticles. The two sizes demonstrated significantly similar chemical charac-

teristics. It was shown that the initial state of the fully oxidised nanoparticle
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contains a Pt core which consists of metallic Pt with a Pt oxide surface layer.
This was verified by comparing the binding energies to binding energies reported
in the literature. The Ti shell was almost fully TiO,, however small traces of
Ti,O3 was observed in the initial state. in situ annealing of the samples demon-
strated oxygen reduction. The Pt core was fully reduced to pure metallic state. A
portion of the TisO3 were also increased after annealing, it should be noted that
the annealing temperature was lower than the bulk TiOy reduction temperature
which is reported to be above 1000 °C. Analysis of the carbon and the oxygen

spectra also demonstrated oxygen reduction on the samples induced by annealing.

The binding energies are also consistent between the two samples as well as after
and before annealing. The size of the nanoparticles influence the binding energies
at the nano range, mainly due to the strains induced in the nanoparticle by a much
higher surface atom to bulk ratio compared to bulk. Therefore, the consistent
binding energies between the two sizes confirms previous STEM analysis that the
average core size is similar between the two samples. In addition, the binding
energies are consistent before and after thermal manipulation which suggests that

the heating did not induce aggregation of the nanoparticles on the substrate.

The XPS data was used to complete the analysis obtained from the HAADF STEM
data. The HAADF STEM imaging is a powerful tool in analysis of heavy metals.
However, due to the nature of the technique, it is not as reliable for light elements.
Therefore, XPS quantification methods such as the Typ used in this work, can
complete the analysis. In addition both methods can be used for mutual verifi-
cation. For instance, the core size value obtained from the STEM data was used
with the T yp method to obtain a value for the total size of the nanoparticle. The
thickness calculation from both methods agreed within the errors. The relative
position of the core inside the nanoparticle was also investigated. It was observed
that statistically the Pt core positions in the centre of the 30 kDa nanoparti-
cles. The XPS measurements as well as the GIXRF and NEXAFS measurements
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demonstrated that the Pt to Ti ratio of the nanoparticles is consistent to the ratio

of the two metals in the sputtering target.
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Conclusion

The aim of this work was to address two main issues, firstly the importance of
oxygen on the morphology of metallic nanoparticles and secondly the ability of
morphological modification through thermal annealing of the nanoparticles. Ini-
tially, Pt-Ti nanoparticles were investigated after exposure to air. It was observed
that the 30 kDa nanoparticles demonstrate single core morphology, however in-
creasing the size to 90 kDa, results in a multi core morphology. The nanoparticles
were then examined with minimal air exposure, this resulted in an alloy morphol-
ogy. This highlighted the effect of oxygen on the final morphology of this bimetallic
system. DFT calculation was performed to further develop the knowledge of the
system. The results show that as the oxidation level increases, core formation was
more stable. The fully oxidised Pt-Ti nanoparticle demonstrates single core mor-
phology. This is in agreement with observation of single core structure in smaller
30 kDa nanoparticle. This was expected, as the size of smaller nanoparticle is

more comparable to theoretically analysed nanoparticle.

The effect of the electron beam on the nanoparticle is often neglected in analysis
of both pure or bimetallic nanoparticle.It was demonstrated that the interaction

of the electron beam with the nanoparticle prior to air exposure, induces a single
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core morphology in the 90 kDa nanoparticle. The additional energy provided by
the electron beam, drives nucleation of the Pt atoms within the nanoparticle. This
was confirmed by thermal annealing of the nanoparticle to modify the structure
to single core morphology. The morphology was also modified to a segregated
core-shell by increasing the thermal energy. The process was investigated in great
detail using the DENS heating stage under the electron beam. The induction of
single core morphology requires a surface oxidised nanoparticle. The single core

formation was not observed in the case of heating multi-core morphology.

Finally, X-ray analysis was used to determine the electronic structure of the sys-
tem. Both 30 kDa and 90 kDa Pt-TiO, nanoparticles, demonstrate identical chem-
ical structure. The majority of the Pt core is in pure metallic state, with a small
traces of oxide states. On the other hand, the Ti shell was almost fully in TiOq
state with small amount of lower oxide state i.e. Ti;O3. heating of the nanoparti-
cle under vacuum induced chemical reduction of both Pt and Ti. The Pt core was
changed to pure metallic after the heating process. The ratio of TiyO3 to TiO,
was also increased. However, this reduction was reversed after re-exposure to the
atmospheric air. The relative XPS intensity of Pt to Ti was used in the Typ
method to calculate the shell thickness of the single core 30 kDa Pt-TiO,. The
shell thickness obtained from the HAADF STEM intensity and the XPS intensity
were comparable within the errors. The chemical state of the nanoparticles was
also investigated using GIXRF and NEXAFS measurements to confirm the results
obtained by the XPS.

In conclusion, the outcome of this work highlights the importance of oxygen ex-
posure in the stability of multi-metallic nanoparticles. This information is crucial
for any large scale application of such particles. In addition, it was demonstrated
that the final morphology of the nanoparticle can be modified and manipulated
through thermal heating. The findings of this work could be expanded by varying

the ratio of Pt to Ti in the oxidised state. The inert atmosphere transfer system



Chapter 117

could also be improved in the STEM loading part to fully eliminate oxygen expo-
sure. In this way the theoretical work becomes even more strongly comparable to

experimental results.

For instance, the ratio of Pt and Ti can be varied more precisely if a dual mag-
netron sputtering setup is utilised whereby two pure Pt and Ti target could be
used to finely determine the ratios by individually adjusting sputtering power.
Furthermore, if the the inert atmosphere system is improved to eliminate expo-
sure to oxygen completely, utilising a STEM arm that is capable of introducing
gas during the imaging process would allow imaging the formation of multi core
structure in real time. Additionally this setup allows introduction of hydrogen gas
at high temperatures to potentially reverse the oxidation process by reducing the

nanoparticle to a fully unoxidised state in real time.

A further improvement could be employing an XPS setup that is capable of direct
connection to the cluster source so that the samples can be transferred directly
without any oxygen exposure between the two steps, this would allow XPS analysis

of the nanoparticles prior to any oxygen exposure which is currently unavailable.

Finally, as the system is highly relevant to various catalytic reactions as discussed
in earlier chapters, the dependence of catalytic properties of the studied system
can be examined by methods such as electro-chemistry to determine whether any
of the induced structures in this work provide and improvement or deterioration

of the known catalytic properties of the system.
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Residuals of Data Presented in

Figure 6.1
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FIGURE A.1: Residual of the fit presented in figure 6.1 of platinum XPS spec-

tra of 30 kDa Pt-TiOs nanoparticle.

(a) residual of fully oxidised nanoparticle

before heating. (b) after in situ heating and (c) after re-exposure to the atmo-

spheric air.
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