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ABSTRACT

Photocatalysis, the catalysis of chemical reactions using energy from solar photons, offers
promising pathways to the production of fuel, chemical storage of solar energy and industrial
catalysis. However photocatalytic materials such as TiO> require improvements to their properties
and performance. The deposition of co-catalysts such as chemically-synthesised, atomically-
precise nanoclusters, which have been shown to improve photocatalytic performance due to their
size-specific properties and quantised energy levels, have been proposed as a pathway to
improving performance and tuning the electronic structure of photocatalytic systems. To facilitate
and improve the design of such systems, it is imperative to develop new methods to better
characterise the physical and electronic surface interactions between metal nanoclusters and their
photocatalytic supports. Ultra-high vacuum based spectroscopic techniques, offer extreme surface
sensitivity, and are uniquely positioned for investigations into the surface interactions of nanoscale

objects and their supporting surfaces.

Obtaining electronic information from nanocluster adorned photocatalytic surfaces has been a
challenge without powerful, specialised equipment and delicate sample preparation technigues.
These factors have meant that isolating the effects of deposited nanoclusters with respect to
surface conditions has been difficult. The approach to improving investigations in such systems
was three-fold. Firstly, an improved method of synthesising photocatalytic TiO, substrates for
surface sensitive spectroscopies was required. Secondly, a deposition method which would allow
for chemically-synthesised metal clusters to be deposited directly onto sample surfaces in-situ
without causing the loss of surface treatments, or introducing unwanted species. Finally, the use of
newly developed technigues was compared against legacy methods and used to investigate and
isolate the electronic structure of nanoclusters, photocatalyst surfaces and the interactions

between them using vacuum spectroscopy.

To build a complete picture of these methods and systems, a combination of scanning probe
microscopy, electron microscopy, surface-sensitive spectroscopies and other methods were
required. Topographical characterisation of surfaces and any deposited nanoclusters was achieved
through a combination of atomic force microscopy, scanning electron microscopy and transmission
electron microscopy, while material phase analysis was performed using x-ray diffraction methods.
Elemental compositions and chemical states were investigated using x-ray photoelectron
spectroscopy, which in turn informed the analysis of meta-stable ion electron spectroscopy and
ultraviolet photon spectroscopy measurements which probe the electronic structure and density of

states of these systems.

The development of a new method of nanoparticulate, amorphous TiO tin film was achieved.

These films were characterised and found to not only reduce undesirable chemical species, but



also enabled simple surface modification through sample heating introducing Ti** defects and
transition to anatase and rutile crystallinity. A method for in-situ deposition of solvated chemically
synthesised metal nanoclusters was developed, allowing for the controlled deposition of disperse
sub-monolayer nanocluster films onto target samples under vacuum conditions. These
photocatalyst and pulsed nanocluster deposition (PNCD) innovations were combined in a
comparison of legacy deposition methods to PNCD samples with PNCD showing improvements in
surface treatment retention, and improvements to XPS and MIES analysis of electronic DOS.
Finally, the concept of an experimental system allowing the deposition of multiple chemically
synthesised nanoclusters into vacuum was explored, showing inter-cluster and cluster-surface

impacts on electronic DOS.

The developments presented in this thesis outline a complete system for the deposition and
spectroscopic study of chemically synthesised metal nanoclusters onto photocatalytic TiO»
surfaces. The results achieved offer pathways for the preparation, investigation, and analysis of the
electronic structure and surface coverage for these photocatalytic systems, as well as pointing to
the possibility for some techniques to find more general utility.

Vi
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1 INTRODUCTION

Solar Energy, Photocatalysis and Semi-conductors

The development of renewable, clean and cheap energy production methods has been identified
as the key challenges facing much of the modern world if the challenges of climate change are to
be met[1]. To meet this challenge, novel methods of energy generation and storage have come to
the fore of the global scientific mind. Current energy production methods, largely based on
hydrocarbon fuels (HCF) such as coal, oil and gas form the bulk of energy production[2] although
this majority is steadily shrinking as countries attempt to reign in CO> emissions[3]. These efforts
take the form of multiple, mixed technologies such as wind, solar (thermal and photovoltaic), and
nuclear generation along with battery storage systems. However, many of these technologies have
drawbacks, either lacking short-medium term reliability, long-term energy storage or high-risk (at
least in the public mind) generation and waste scenarios, as well as critical risks to the supply
chains required to build and maintain their ongoing operation[4]. When considered with some
global regions lacking appropriate sites to capture large scale solar and wind energy, and the
difficulty to efficiently transport the electricity produced by these methods over large distances,
these technologies alone are not currently viable to completely replace HCF infrastructure. Global
energy demands are not only growing in national power grids but for transport demands and more
portable energy solutions, with petroleum and its derivatives accounting for up to 32% of all energy

requirements in 2013[5].

A replacement energy source would preferably be carbon neutral, renewable, easily storable and
transportable[6]. Solar energy, the harnessing of which has been a great success story and future
hope of global energy production, is a practically inexhaustible, carbon-neutral energy source
meeting the first two requirements but not the third[2, 7]. |. Ganesh observed that” The Department
of Energy (DoE), USA, predicted that if the solar irradiance of 1% of the Earth’s surface is
converted into a storable energy with 10% efficiency, it would provide a resource base of 105 TW
that is equal to the several times of the estimated world energy requirement in the year 2050” [7].
However the conversion of solar energy into an easily storable medium would make this method
viable, especially if it provided a pathway to reducing existing CO, emissions due to petroleum
fuels[8].

The conversion of solar energy into chemical fuel is evidenced in nature through photosynthesis,
the abundant atmospheric CO; and incident light allowing plants leaves to synthesise their own
fuel with nearly 100% quantum efficiency[9]. A synthetic “artificial leaf” with even a fraction of this

efficiency would provide human civilisation with similarly renewable fuel sources, or Solar Fuels.
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Taking the “artificial leaf” to its extreme example has been proposed through the use of Proteins
films[10] and Microbial pathways[11] and while the harnessing of naturally occurring photosensitive
proteins has shown successes, they often require integration with artificial interfaces as electrodes
and are delicate and are difficult to produce at scale[9]. Their efficiencies are also reliant on large
solar irradiation areas and require large arrays of infrastructure to ensure the biological

components survival, reducing durability and increasing cost.

o nS

SOLAR ENERGY INDUSTRIAL PLANT
WITH CO, CAPTURE cO

2

L

J

H

2

DISSOCIATION OF
H,0

2

t

Figure 1-1 The production of solar Fuel hydrocarbons is proposed above. The system illustrates how
this system would fit into existing energy production systems.
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The conversion of solar energy to hydrocarbon fuels provides is one pathway being explored
globally for solar-to-fuel energy production as seen in Figure 1-1. Hydrocarbon fuels offer
advantages in their high energy density (33 GJ/m?3for gasoline)[2], stability and available existing
global infrastructure. Fuels such as methane are ideally desired for their high energy density and

its common usage throughout much of Europe, Asia and America’s heating and energy systems.

The pathway for producing hydrocarbons from solar energy involves capturing CO-» and H0O,
dissociating into CO and H,, using Solar or another source of energy[12] to finally recombine into a
hydrocarbon fuel such as CH4 [8, 12].
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Figure 1-2 Photocatalytic H2 production showing solar photons incident on TiO2 (yellow Sphere) and
the excitation process. Attached metal clusters (green spheres) can improve catalytic performance
as n-type electron sinks, reducing electron-hole recombination.

Solar-fuelled hydrogen production is another promising potential pathway for solar fuel production
shown in Figure 1-2. Hydrogen has been produced and used for much of the 20" century but
would require extensive new global infrastructure to be used at the increased scale being
investigated by many countries. Hydrogen is also difficult to store[7] due to its gaseous state at
standard temperatures and steel embrittlement effects[13]. However, these challenges have not
stopped hydrogen from being considered a key technology in global renewable transitions,
particularly for heavy industry and large-scale transport applications.

The primary current source of Hydrogen is hydrocarbon fuels, which produce hydrogen by
releasing the abundant hydrogen found in their molecules through a range of partial oxidations or
gasifications[14]. Renewable hydrogen has been proposed and piloted in commercial projects
through electrolysis, with renewable electricity supplying the energy required to break H,O
bonds[15]. Development and improvement of electrolysers to facilitate these water-splitting
processes have occurred over the past 200 years[16] with efficiencies now reported to reach 70-
80% for the generation step [17]. However, long-term storage, handling and transport still pose

issues for electrolysis at scale[18].

Photoelectrochemical water-splitting has also been investigated extensively as a pathway to solar
fuel, with reports showing efficiencies as high as 12-20% are possible in a Hydrogen-production
set-up depending on the intensity of the solar source [19-21]. Considering the relatively low
efficiencies when compared to traditional electrolysis scaling, such technologies require further
development to improve its solar-to-hydrogen efficiencies and protect against photoconversion and
photoelectrode stability [22].
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One of the most promising pathways for commercially relevant photocatalysis is seen in semi-
conductor-based photocatalysis. Discovered originally in 1972 by Akira Fujishima, Titanium
Dioxide was shown to be capable of “splitting” water into H, and O, under ultraviolet irradiation[23].
These properties are due to TiO;’'s semiconductor nature causing incident light to excite electrons
from the higher energy states of the valence band (HOMO) to the conduction band (LUMO) across
the bandgap, leading to the separation of charges, which on reaching the surface can interact with

adsorbed molecules.

TiO2 has many positive characteristics, such as its low toxicity and cost, high photo-corrosion
resistance[17], and earth-abundance. Its major drawback is the relatively wide bandgap of its two
major forms, Anatase (3.2 eV, see fig. 1) and Rutile (3.0eV). These characteristics result in a
limited percentage of the solar spectrum being of appropriate wavelength, with only around 6% of
solar light (UV region) being harvestable[24]. This restriction limits the possible quantum efficiency
of unmodified TiO», the ratio of collected photons to electrons excited by the cell.

The balance of these attributes has resulted in extensive efforts to utilise TiO, while narrowing its
bandgap through doping with N, F, C or S[25, 26]. Although this can lead to new valence states by
forming Ti®* sites, which have proved useful in some catalytic processes[27], extreme doping can
cause excess recombination sites within the bulk, reducing crucial surface charge availability[28].
Optimisations of TiO- crystal size have also been explored as changes in particle size and
morphology, such as nanoscale crystals[28] and cuboid or pyramidal structures[29]. Electron beam
treatment has also been used to decrease the band gap but compromises the integrity of surface

constituents[27].

Metal Clusters and Catalysis

While doping and size control can lead to greater quantum efficiency for photocatalysis on TiO, by
narrowing the bandgap, the matter of ensuring charge recombination does not occur before the
desired catalytic reaction takes place will remain. A co-catalyst, being a species deposited on the
photocatalytic surface that would “trap” excited charges at the surface is desirable to maximise
electron lifetime and optimise surface reactions. Metal clusters within the range of 0.2-2nm, when
attached to TiO2, have shown dramatically improved catalytic performance while acting as
‘electron sinks’ for catalysis[30] [31]. Au and Ru clusters have been of specific interest for
photocatalytic production of hydrogen and other solar fuels as part of nanocluster-modified surface
systems [32]. Metal clusters have shown promise in areas other than photocatalysis, with Aus
clusters on MgO substrate reducing the reaction temperature for CO oxidation from 400-500K for
Pd/Pt catalyst to 150Kk[33].
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Figure 1-3 Au9(PPhs)s nanocluster simulations, yellow atoms represent Au and the grey represent
triphenylphospene (PPh3) ligands. Note the closed structure created by PPhs orbitals in the right-
most simulation, creating a steric hindrance for reactant species to reach the nanocluster core. Used
with permission for the Andersson research group.

Catalytic performance improvements when using metal clusters have been seen across various
reactions, using elemental clusters including Ni, Pd, Pt and Ru[34, 35] and oxide supports. The
improved efficiencies observed, both solar-to-hydrogen and for alternative catalytic pathways, are
strongly linked to several key factors. Firstly, nanocluster size is crucial to performance. The
above-reported results for CO oxidation using Aus proved drastically less effective when repeated
using Au; or Aug[33]. Other results have also pointed to the idea that a specific nanocluster size,
where a specific number of atoms bring unique morphologies and electronic states, is crucial for

optimal catalysing specific reactions[36].

Metal nanoclusters have vastly different valence structures to bulk materials, influenced by their
more amorphous structure. The type of substrate the NC is attached to is also important affecting
charging and geometric arrangement and adsorption sites for catalysis[33]. Substrate defect sites
have also been observed to increase catalytic activity by introducing new, more favourable valence
states [37]. However, they have also led to an increase in agglomeration effects, impacting

nanocluster size homogeneity in some cases[38].

The size-dependant properties of these clusters as catalysts have led to two main pathways of
proposed size control. The major method in the past 10 years has been gas-phase nanocluster
formation, using sputtering and mass spectrometers resulting in highly size-selective nanocluster
production[39]. However effective at size-control these methods have proved, unclear pathways to
scalability for such a technique could be a major roadblock to commercialisation. Chemically-
synthesised nanoclusters have shown great progress in refining the synthesis process towards
producing a comparable range of sizes to gas-phase[40, 41] with the added benefit of ligand or
polymer protection, as seen in the simulations is Figure 1-3 with Aug nanocluster cores protected
by PPhs ligands, which increases nanocluster stability and provides synthetic pathways to large-
scale production. These chemically synthesised clusters also have a variety of synthetic pathways

and ligands available for tailoring catalytic properties, owing to a variety of surface features such as
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active perimeter sites, excess electronic charge and non-metallic quantum size effects[42] as

represented in Figure 1-4.

Clusters from both methods have been seen to have size-specific properties attributed to unique
electronic structures appearing as nanocluster size goes below 3.5nm[43]. These changes in
electronic structure have been explored using XPS techniques, and shifts in binding energy
characteristic of nanoclusters have been found, especially in the Au 4f7;, region where clusters
show binding energies of the order of 1.1eV higher than bulk counterparts[44]. Experimental
results showing these electrically unique properties have built on theoretical models and
investigations suggesting that at these small numbers of constituent atoms, the density of states
(DOS) changes, and the electrical properties and available energy levels in both conduction and
valence bands can exhibit large shifts with small changes in constituent atoms.

Figure 1-4 Cartoon representation of Au catalysts displaying a variety of observed surface and
electronic features in Au nanoparticles and nanoclusters which lead to higher catalytic activity and
tuneable properties [42].

1.1 Synthetic Methods and Approaches

1.1.1 Chemical Synthesis

Nano-sized gold particles have been known and used by humans for quite some time, but Faraday
is credited with the first scientific investigations into their properties and synthesis. His colloidal
solutions of gold were readily obtained from metal salts in an aqueous solution, and he observed
that “the state of division of these [gold] particles must be extreme; they have not as yet been seen
by any power of the microscope”. The stability of Au colloidal particles meant that modern analysis
of these substances shows gold particles averaging 6-30nm depending on the solution[45].
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While Faraday’s clusters were charge stabilised, leading to polydispersity of resulting sized
particles and limited candidate metals (Ag and Pt cannot be used this way), the recent explosion in
research focusing on catalytic activity in nanostructured Au, Ru, Pt and Ag, the chemical route to
synthesising nanostructures in general and nanoclusters, in particular, has been one of many novel
advances [46] [47].

It has been relatively recent developments utilising steric control to control these reactions. This
was first achieved using the thermolysis of organometallic precursors to create Co colloids through
dispersion with polymers[48]. This technique was useable to create colloids in the range of 1-
100nm through the attachment of polymers to the metal’s surface, preventing aggregation through
collision. This technique can be considered the basis for most modern efforts to synthesise and
isolate size-specific clusters in non-agueous media. While this technique has led to patentable
technology[49] the issues of unwanted metal films, air sensitivity, and the lack of organometallic
precursors for many metals make this approach impractical for many nano-catalytic contenders.

While organometallic decomposition has proved unsuitable for the large-scale production of
monodisperse nhanoclusters, one area of this synthesis resulted in the crucial development of
nanocluster understanding. Schmid et al. managed to produce monodisperse metal clusters
through the reduction of Au, Co and Ru precursors in reducing agents such as benzene or methyl
chloride to form Mss clusters[50]. The specific number of constituent atoms (55) represented a
highly stable and favoured “magic number” nanocluster around an M3 nanocluster core. This
nanocluster’s stability is explained through its spherical jellium potential, denoting a full outer
shell[51, 52]. Schmid used these magic numbers similarly to polymer synthesis, “seeding” the
larger nanocluster size with the smaller to achieve clusters with constituent atoms numbering up to
the thousands[53]. These larger clusters were facilitated through the use of PPh; ligands as
capping agents on the inorganic nanocluster core. Though this technique was limited in its
efficiency in producing catalysts, it established the role of ligands as effective steric capping agents
and showed that they could be used with Cu, Pd, and Pt as well as to form nano-alloys[54]. These

developments fueled investigations into the next generation of chemical nanocluster synthesis.

While some organometallic investigation is an ongoing field, most recent innovations in chemical
methods for nanocluster synthesis can be grouped into two methods; Inverse micelle synthesis

and chemical reduction of metal salts in stabilisers.

1.1.2 Inverse Micelle and Micro-emulsion Synthesis

The first technique distinguishes itself from gas and liquid-phase reactions by using simple metal
salts as nanocluster feedstock and droplet-like inverse micelles or micro-emulsions to control
nanocluster size and growth. Several reported methods have utilised this technique [55-59] using a

range of metal salt precursors, with HAuUCl, or NaAuCl, being the most common.
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The concept behind this technique is to use “nanoreactors” formed by thermodynamically stable
nano-dispersions of ail in water (or vice versa) stabilised by some surfactant film. In a
microemulsion system, several factors, including the surfactant, thermodynamic conditions and any
additives (alcohols, electrolytes. Etc.), determine the size and shape of the nanodroplets. The
dispersal and interaction of these droplets are determined through Brownian motion, with colliding
droplets fusing briefly to allow reactant exchange. Internal micro-environments allow the particle
and nanocluster-forming reactions to proceed. The adjustable variables for this control include
reactant concentration, predicted to increase patrticle size and the range of polydispersity with
increasing concentration [56]. These effects have been demonstrated in synthesising magnetite

nano-particles [60].

Surfactant species also play a large effect in determining the micellar shape, with evidence from Pt
nano-particle synthesis showing that using either alcohol ethoxylates or sodium bis(2-
ethylhexyl)sulphosuccinate allowed control of reaction rates, as well as some coarse tuning of
particle size[61]. The water-to-surfactant ratio has also been crucial to a final particle size with
minimum stable sizes predicted for surfactant in excess, with increasing particle size for
decreasing surfactant concentration[57]. The addition of co-surfactant species has also been
investigated regarding particle size and has proven effective at reducing patrticle size through
increasing inter-micellar exchange and increased droplet curvature[62].

Methods of particle size control in micro-emulsions are poor compared to the other methods
described in this review. The polydispersity of microemulsion synthesised nano-species is

undesirable when dealing with catalytic applications.

The exclusion of water (necessary for a micro-emulsion) in inverse micellar synthesis has proven
to allow a greater range of synthetic options and products in these systems. Where water-
containing systems are limited in useful reducing agent options (NaBH4, hydrazine), the cationic
surfactants used in inverse micelles directly solubilise a wider range of metal salts, eliminating the
need for water within the micelle. The removal of water also opens up pathways of stronger
chemical-reducing agents such as LiBhs, Toluene and LiAH4[63]. This approach has been shown
to work for Au, Pd, Ag, Rh, Ir, Ni, Pt and Md salts[64].

These micelles are considered “inverse” as when added to apolar solvents, they expose
hydrophobic tails to the solvent, shielding the polar groups and surfactant counter-ions in a
nanoscale cavity. These inverse micelles can stabilise the decomposed metal salt ions and form
them into clusters [65]. As these micellar species usually contain around 1-4 ions, limited by the
solubility of the precursor salts, the final sizes observed are dependent on micellar diffusion,
collision, and atomic interchange. The diffusion rate of micelles, therefore, controls the nanocluster

growth rate. This is an order of magnitude slower than for metal atoms in the continuous liquid
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phase[63] and so allows for structural adjustments to clusters, leading to nanocrystalline
products[66]}.

The choice of strongly binding ligands, such as alkyl thiols, has resulted in smaller clusters and a
narrower size dispersion. These thiol ligands will compete with the higher concentrations of longer-
chain surfactants used to initiate micellar growth and effectively cap the newly formed clusters,
facilitating purification and characterisation through liquid chromatography[63]. It should be noted
that synthesis of specific clusters of Pt, Rh, Pd and Ir in the 2-5nm range does exhibit near
independence from surfactant and reactant concentration effects [67]. So the usefulness of this
technique to control final size does have intrinsic limits that the use of ligands as stabilising agents

can overcome.

1.1.3 Chemical Reduction of Metal Salts in the presence of Stabilisers

The power of strongly interacting ligands to control and restrict the growth of clusters to very small
sizes is the basis of the second major technique for the chemical synthesis of clusters. The first
direct report of chemical reduction leading to nano-particle formation in the presence of stabilisers
was reported by Hirai et al.[68]. Their use of an organic soluble metal-salt precursor for chemical
reduction in a strong reducing agent such as NaBH, resulted in metal nano-particles. Initial
investigations utilised polymers such as poly(N-vinyl-2-pyrrolidone) (PVP) or poly(vinyl alcohol) as
capping agents, and these early investigations showed promise as synthetic pathways as well as
for catalytic properties. The choices of reducing agent such as NaBH4, H» or a polyol, stabilising
agent (ligand or polymer), and solvent medium (water, alcohol) are all crucial factors in determining

final nanocluster size, structure and properties[69].

Distinct from micelle-forming surfactant control, polymers coordinate onto the surface of reduced
metal salt. Rather than allowing the reaction conditions to dictate the formation rates and final size
of reaction products, polymer stabilisers allow for finer control of particle synthesis. They do this if
their interaction with the metal precedes the reduction step. If this occurs, a ‘complex’ of polymer-
stabilised metal ions form that maintains its interaction throughout reduction and can affect the
structural properties of the final particle. This process has given simple, reproducible reactions,

small particles with narrow size distribution and high particle stability[70].
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Figure 1-5 Synthetic process for synthesising AU:PVP-n (n=1-10), a polymer-capped nanocluster
species [51].

The pathway of polymer stabilisation has shown synthetic potential, especially in the area of
bimetallic nano-particles such as Pd-Pt[71], Au-Pd and Au-Pt[72]. These processes have also
proved useful more recently in synthesising Au nanoclusters, viewed more favourably for future
catalysis due to economic factors and impressive catalytic potential[73]. Examples of Nanosized
products from 1.5-5nm covering clusters to particles using polystyrene poly-block-poly diblock
P2VP copolymers with polar “heads” and non-polar “tails”. Control of nanocluster size was found to
be tuneable through the “heads” molecular weight and the ratio of metal salt (chloroauric

acid):polymer ratio[58].

Reaction conditions such as the mixing mechanism have also proved influential over final
outcomes. Differences in final product between microfluidic mixing[74] and standard batch
mixing[75] showed that the rapid, homogenous mixing in the micromixer resulted in finer particles
with a finer range of sizes than the traditional method. Results such as these have led to an
understanding that to produce small, narrowly size-distributed nanoclusters, a homogenous
reduction is favourable. This type of synthetic control may be transferrable to other methods of
synthesis involving mixing. ‘Seeding’ of polymer-stabilised nanoclusters is also possible. Using
weaker reducing agents like Na,SOs3 allows the reduction of Au(lll) exclusively onto the surface of
‘seed’ Au(0):PVP complexes with variations in Au(0)/Au(lll) concentration ratios producing clusters

from 2-10nm in size as seen in Figure 1-5.
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While polymer-stabilised nanocluster research is still ongoing, and polymer stabilisation (especially
PVP) could be considered superior to other ligands for nano-particles greater than 8nm[63] they
are not the only or most effective method of stabilising all clusters. It has been proposed that a
synthesis system allowing for similar stabilisation during synthesis with greater selectivity for Au
may help unravel and control these clusters' potential as tuneable catalysts[37]. Theoretical studies
on small clusters of Au have been active for some time and provide, as with other metal clusters,

reference points for comparison and refinement of nanocluster synthesis[76, 77].

Sulphur and phosphorous have a high affinity for gold, readily stabilising nanocluster growth.
Subsequently, many synthetic pathways achieve stable thiolate (SR)[78] or phosphine (PR3)
ligated clusters[57]. Early investigations into this field were capable only of crude mixtures
containing many sizes of nanocluster[54, 79]. These mixtures were size selectable generally
through extraction[79], chromatography[80] or electrophoresis[81]. But as simpler, more efficient
and higher-yielding systems were required, investigations turned to exploit the observed Au’ magic
clusters’ detected in certain synthetic methods and crude mixtures.

1.1.4 ‘Magic Number’ Clusters

Au Nano-particles and nanoclusters containing total electron numbers of

n* = 2,8,18,34,58,92,138, ...
are known to have huge effects on stabilising clusters due to the closing of electron shells at these
states[82]. Investigated clusters have also shown periodic stability increases and electron affinity in

odd/even alternation up to sizes of 58 atoms for Au and Ag[83]. Several simulated studies have
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shown that the electronic structure of these clusters is the determining factor of stability[37, 52, 82].
While Au can form clusters of varying shapes, with Au clusters of 12 atoms or less predicted to be
flat flakes, spherical nanocluster structures have been predicted when the total number of valence
electrons within the nanocluster is at or near the ‘magic numbers’ stated above[84]. These

numbers correspond to filled s, p, d, f and g orbitals.

]}
/]))

'Magic Number' — 7

Clusters - S % N
Number of Full Shells 1 2 3 4 5
Number of atoms in cluster 13 55 147 309 561

Surface atoms as percentage

92% 76% 63% 52% 45%
of all atoms

Figure 1-7 Diagram showing the size and sequence of "magic number" clusters. Note that increasing
size corresponds to areduced percentage of surface atoms correlating strongly with reduced
catalytic performance.

While clusters at or near magic humbers show exceptional self-stability, the shell closures that
make them useful can be further stabilised through ligand bonding. An understanding of these

nanocluster complexes has been proposed in the form.

n=Nv,—M-z Equation 1-1
Where n* satisfies the above numbers, Nv, is the product of the number of core metal atoms N
and the atomic valence v,, and M is the number of electron localising ligands[82]. These predictive
models have proved accurate for gas-phase metallic nanocluster size [85] and Ga clusters with
and without ligand attachment[86]. However, applying theoretical models like these into wet-
synthesised nanocluster catalysts has been slow, with further refinement of theoretical

understanding required.

Opportunities for further understanding the practical implications of magic number theory for
solvated, chemically synthesised clusters are crucial to refine this model. Discoveries such as the
thiolated nanocluster Auio2(p-MBA).4 with its closed 58-electron shell [87] and its experimentally
determined structure allow refining of DFT ‘magic number’ models[82] allowing more accurate
predictions of structure both electronic and morphological. However, regardless of still-developing
precision, the template for understanding stable nanocluster growth that magic numbers offers has

found vast practical application and informs many fields of nanocluster catalysis.

30



1.1.5 Ligand-supported Synthesised’ Magic Clusters’

Utilising theoretical ideas around ‘magic’ stable states, size-selective synthesis regimes were
developed, allowing well-defined Au:SR thiolated nanocluster synthesis[88]. Ligation with thiolates
has been shown to influence nanocluster structure and change the core, especially for Au
clusters[89]. Thiolate-mediated changes were confirmed in 2007 when X-Ray diffraction studies
showed an oligomer ‘staple’ (-SR-[Au-SR-]) form at the metal-ligand interface and are responsible

for stability that affects morphology[87].

Observations of ligand-nanocluster interactions have led to the current understanding of thiolated
Au clusters with high stability consisting of Au core with high symmetry and stable geometry
surrounded by surface Au anchored by thiolate oligomer -SR-[Au-SR-] ‘staples’ [90]. The Au atoms
show different chemical behaviour depending on whether they are bound to ligands or are core
constituents[91]. The size of these clusters is offered some control through the change in length of
oligomer species, with larger clusters preferring longer oligomers[92]. The differences in structural
and chemical environments for Au surface atoms vs core Au make thiolate synthesis methods
somewhat unique. To date, only eight thiol clusters have been fully structurally solved[93],
including the well-established Auzs(SCH2CH2Ph)15[94],[95] Auss(SCH2CH2Ph)24[96] and Auio(p-
MBA).4[87].

Phosphine-protected clusters, mainly of Au (Au:PR3) have been investigated since before
nanoscience, and nanotechnology emerged as research fields. Au:PR3z chemical composition
occurs in the general form of [Aun(PR3)wXL]* where N, M and L represent the number of Au atoms,
phosphine ligands and counter-ions, respectively and Z shows the net charge of the nanocluster.
Au:PR; clusters stability is distinct from thiolated Au clusters in that the previously mentioned thiol
oligomer ‘staples’ and their effect on Au chemical behaviour is not present in these systems.
Instead, Au atoms form generally icosahedral cores with coordinating ligands and counter-ions

above that core.

Phosphine ligand synthesis has been used to synthesise and isolate a variety of Au nanocluster
species, offering a variety of useful properties and characteristics for catalysis[97]. Monodentate
phosphine ligands like Tri-Phenyl Phosphine (TPP) have produced clusters such as Au(PPhs)[98],
Au6(PPh3)e[99], Aug(PPhs)s [44, 100] and Auss(PPh,)., [54], [101]. Bi-dentate phosphine ligands
have also been investigated over Au, ranges (n=7-11) and showed reduced Au-Au bond lengths,
suggesting they can reduce interatomic strain and increase stability [102]. 1.8-bis(diphenyl-
phosphino)octane (L) has also been used in the synthesis of Aux(L8)s with each monodentate
ligand coordinating one phosphine with each Aui: nanocluster ‘building block’ and ‘clipping’ them
together[103]. This method leaves some surface Au atoms completely uncoordinated and,

therefore, sterically available for catalysis. Recent synthetic methods have also allowed for one-pot
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synthesis of Au from ultra-small nanocluster size to plasmonic nano-particles at slow growth rates
due to methionine/CTAB mixed ligand systems[104]. Methods such as these allow for effective
studies of nanocluster-particle growth regimes and kinetics; however, CTAB ligands strongly bind

to Au and inhibit effective catalysis.

Magic number theory of clusters also informs pathways towards stable bi-metallic clusters such as
[Pt(AuPPhs)s] and [(PPh3)Pt(AuPPh3)s][105] using monodentate TPP. As metals such as Au may
not have electrons in the orbital shells corresponding to higher ‘magic numbers’. Metals like copper
have also shown isolated and characterised bi-metallic clusters in Au13Cu;, Au13Cus and Aui13Cusg
using mixed thiol/phosphine ligand stabilisers [106]. These processes also occur through the
reduction of multiple metal salts in stabiliser presence, with Cu acting as a face-capping species on

the Au nanocluster core.

1.2 Supported Catalysis and Nanocluster-Support Interaction

1.2.1 Nano-Structures for Catalysis

Nanoclusters have shown huge potential in over the past 30+ years as catalytic agents with the
potential for precise, highly active processes at favourable conditions. These somewhat
unexpected catalytic properties point to a new generation of catalysts that might be ‘tailorable’
towards specific reactions through control of size, morphology and nanocluster-surface interactions
[107, 108]. The surprise in these results comes from the clusters of major interest Pt[109], Ag[110,
111], Ru[112] and Au[54, 101] is known to be largely chemically inert when in bulk form.

The size reduction and the structural and electronic changes that small size expresses in these
elements have consistently been found to determine the specific catalytic usefulness of these
clusters. This is evident in the transition from bulk to nano-particle scale where localised surface
plasmon resonances (LSPR) are excited by the resonant incident light in the solar emission
spectrum (UV-Vis), making nano-particles catalysts possible pathways to homogenous catalysis.
This absorbance[88] is strongly influenced by the nanoparticle's size and geometry[113].
Nanoclusters, however, do not exhibit the LSPR band, providing a pathway towards cluster/particle
size distinction and making such clusters more useful in heterogeneous catalysis in conjunction
with a support system. Au nanostructures in heterogeneous systems have been shown to improve

important catalytic processes like water splitting over TiO2-Au complexes through the modification
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of wide-bandgap semiconductors such as TiO, and MgO, extending absorbance into the visible

spectrum[114].

The effect of size on the catalytic activity of particular species of nanoclusters is well understood,
with intrinsic properties relevant to catalysis, including electronic state and structure, proving to be
tuneable through size control[33]. In general, CO adsorption under IR spectroscopy has been used
to probe the electronic state of Au clusters[115], with near-neutral or negatively charged Au
showing increased performance in CO oxidation[116]. Observations through differential pulse
voltammetry have shown a size-dependent shift to more bulk-like properties in the final particles
from molecule-like initial clusters. This size-dependent shift has been seen to reduce catalytic
activity, depending on the reaction, and can even nullify activity[101]. Au thiolate clusters were
similarly explored through a mixture of applied and simulated experiments, and it was determined
that the molecule-bulk transition occurs between 144-187 atomic constituents. The transition again
expresses itself as plasmonic resonances[117] as the nanocluster become particle-sized and
change the catalytic usefulness of the nano-species. These observations of change in catalytic and
chemical properties with size allow the definition of nanoclusters to be determined as
nanostructures without LSPR effects, while those that display LSPR fall under the nano-particle

regime.

1.2.2 Clusters for Catalysis

Nanoclusters offer particular promise in catalytic applications given their particular properties and
the incredibly high surface are-to-volume ratio they offer as a catalytic compound. There are
emerging trends in real-world catalytic reports of a shift towards sub-nanometer nanoclusters or
even single atom catalysts that offer these preferable ratios in particular[118, 119]. These
promising properties are particularly obvious when nanoclusters have been examined wihle

supported on both catalytic (NC as co-catalyst) or non-catalytic substrate surfaces.

Au clusters were predicted to have different electronic and therefore, catalytic properties at
different sizes[77],[82] [51] offering the potential for tailoring catalytic properties for the desired
reaction[108], such as Au clusters for CO reduction [120, 121], well below 0°. This specific reaction
displays nanocluster size sensitivity as Aug nanocluster on MgO corresponds to far greater

production rates than either Auz or Augon MgO for the same reaction.

Some of the observable changes in nanocluster properties can be seen in their optical absorbance
spectra. Optical spectra from ‘magic’ Au clusters of Au,SR clusters (n=11-39)[122] have shown
that as nanocluster size decreases, the optical features dramatically blue-shift after absorption

onset below 1.2eV[88]. The onset of such a feature precedes a nanocluster “fingerprint” of
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characteristic absorption peaks. The unique electronic properties of such spectra suggest the

potential of catalytic performance being tailorable through nanocluster size.

Nanocluster catalytic potential is also structure-dependent, with important features such as O-
absorption, predicted to depend on the coordination of the absorbing atom[80]. A nanocluster's
structure and coordination are highly dependent on the number of atoms in the nanocluster and the
energy conformation of the structure. This is observable in simulated models of clusters of Au[37]
as well as other metallic nanoclusters. Even for nanoclusters of identical numbers of constituent
elemental atoms, electronic structure can differ based on the geometric confirmation of the

resulting nanocluster as seen in Figure 1-8.
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Figure 1-8 A comparison between calculated electronic densities for Au nanocluster geometric
isomers of clusters between 15-24 constituent atoms. Calculated spectra are seen in the top three
traces in each section, and experimental photoelectron spectra denoted by exp prepared by Yoon et
al[37].

Some evidence of hetero-metallic clusters enhancing catalytic effects has been found with Au;3Cus
showing 13.7% increase in selective oxidation of benzyl alcohol over Auzs under the same
conditions[106]. Au/Pd and Au-Ni bimetallic clusters also have been shown to increase efficiency in
a range of reactions compared to their elemental counterparts[123]. Stability and resistance to
degradation in bi-metallic clusters has been shown to improve in addition to affecting chemical

properties [124]. This was keenly demonstrated in comparing Auzs:SR clusters to Auz4Pd:SR in
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toluene, with the substituted Pd atom increasing the structural integrity of the nanocluster
greatly[40]. However, given the specificity of nanocluster catalysis for certain reactions, this may
not point to a general trend but rather another method of control over nanocluster properties. Such
Cr,0s films have also been explored with regard to Aus metal nanoclusters, improving nanocluster

agglomeration resistance when used in conjunction with a TiO; substrate[125, 126].

For nanoclusters used as co-catalysts on photocatalytic surfaces, a key challenge towards
increasing photocatalytic performance has been to reduce the ratio of back reactions, the re-
combination of photogenerated electrons and holes before they have been used in catalysis.
Modification of sample surfaces with a layer of amorphous hydroxide, most famously Cr,Os, as
seen in Figure 1-9 produced by Takata et al, after the photo-deposition of metal nanoclusters has
proven successful at reducing back reactions and increasing catalytic performance of the
cluster[127]. This is due to Cr,Ozlayers being permeable to protons and H, molecules, but not O,
reducing the opportunity for back reactions involving O; at the metal nanocluster. A variety of
hydroxide species have been explored to date, including TiO2, Nb2Os, Ta;0s, SiO, and MoO,[128].

H+

Cr,0; shell

,0 [-H
metal core
\ :
h+
semiconductor photocatalyst semiconductor photocatalyst

Figure 1-9 Schematic cross section of a metal co-catalyst before and after being covered with a Cr;03
shell. The reaction notation illustrates how such an arrangement can block photocatalytic back
reactions involving O,[129]

Carbonyl-ligated clusters have become commonly reported, particularly for group 8 and 9 metals,
such as Rh[130], Ir[131], Os[132] and, more commonly, Ru in the form of Ru3(CO)1.. Such Ru
clusters have been explored extensively for their catalytic properties and are among the most
active reported catalysts for Co and CO; hydrogenation[133]. Supported Ru clusters, including Ru-
CO ligated clusters, have displayed catalytic viability for a range of reactions, including gas-phase
hydrogenations for previously mentioned CO & CO» [134, 135], and N dissociations for ammonia

production, more recently[136].

Ru as a co-catalyst has also been explored, particularly within hydrogen-producing reactions, as a
potential enhancement for HER performance. Nanoscale RuO species deposited onto TiO2 have
shown increased quantum efficiency yields under UV and visible spectrums with optimal loadings

35



at around 3% w/w[137]. Surfactant-free Ru nanoclusters have also shown promise in increasing
HER activity and catalytic stability across a wide pH range in electrocatalysis using defect-rich
carbon nanotubes[138]. Density function theory (DFT) calculations have also theoretically
compared Ru/TiO; and Au/TiO- photocatalytic systems and found that such pairings can narrow
bang-gaps while forming strong surface bonds that can act as electron sinks to capture

photogenerated electrons, providing enhancements to such co-catalytic systems[139].

1.2.3 Metal Oxides and Photocatalytic Surfaces for Catalysis

With developments in the field of photocatalysis since the discovery of water splitting over TiO2[23]
and the heterogeneous combination of nanocatalysts and photo-active supports[33],
heterogeneous pathways are some of the most promising for nanoclusters. Heterogeneous
catalysis, or the utilisation of a mixture of clusters, supports, and even nano-particles, promises the
benefits of utilising positive characteristics in each medium to overcome weaknesses in the others
and lead to a more effective overall catalyst. Oxide surfaces are one of the most promising areas
of interest, with theoretical studies showing a range of metal clusters becoming catalytically active
on deposition[140, 141].

Au clusters have been predicted to have particular activity on photocatalytic metal oxide surfaces
due to structural dynamical fluxionality, quantum size effects, and effective charge transfer from
support to nanocluster[142]. The changes in hanocluster structure and electronic properties
induced by the attachment to such a surface greatly affect the observed catalytic behaviour.
Specifically, that support can potentially modify the utility of a given nanocluster. Studies over ideal,
flat surfaces such as single crystal surfaces as model studies have proved useful for initial
investigations in understanding the nanocluster-oxide interface and interactions. Utilising
heterogeneous catalysts requires a fundamental understanding of the nature and structure of the
surface as well as the interface between surfaces acts and reacts to environmental conditions and

changes.

A combination of theoretical and experimental approaches has focused on developing novel
nanoparticulate photocatalytic substrates, aiming to improve physical factors in oxide nanoparticles
affecting photon absorption, the lifetime and distribution of charge carriers, electron-hole
recombination rates and defect site location and concentrations. All of these factors are considered
critical in developing more efficient, economically viable photocatalysts, especially for H, evolution
reactions[128]. Such efforts have involved photocatalyst metal oxides such as GaN:ZnO[143, 144],
SrTiO; [145] and BiosYo05V04[146] in studies that have also shown the use of co-catalysts improve

overall photocatalytic performance.
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Some other surfaces used for these heterogeneous investigations include SiO2, an inert support
useful for determining the nanocluster's intrinsic activity in comparison to other, more active
supports[147, 148]. Although it is abundant, economical and stable in many crystal forms, it has no
photocatalytic properties. Due to availability and stability, quartz SiO2 is the major crystal form
utilised as a support. Attempts towards nano-sized impregnation using Ni have shown that such
methods result in lower surface areas, pore volumes and dispersion of nano-species compared to
other methods[149]. Impregnated SiO- also showed fragmentation after steam reforming catalysis.
SiO; is also commonly used as a composite component for structural substrates such as sol-gels
[150]. The increased porosity and surface area of SiO, sol-gel particles result in uniform pore size
suggesting a mesostructured support capable of increasing [150]. SiO» has been of particular
interest with Ni nanocatalysts. The use of sol-gel[150] and fumed SiO[151] has demonstrated
increased performance of these catalysts on SiO,, possibly explained by the interaction between Ni
and SiO; surfaces controlling Ni particle size through etching resulting in improved ammonia-
borane hydrolysis[151]. For other metals, however, the weak interaction between SiO, and
compared to other oxide surfaces (TiO2, FeO,) has been identified through Pts nanocluster
agglomeration on SiO; surfaces without significant pre-treatment for defect creation as well as
higher required operating temperature to achieve similar results [152]. Poor catalytic results for
benzyl alcohol oxidation have also been observed in Au nano clusters on fumed SiO, when

compared to alternate substrates[147].

Magnesium oxide has been viewed favourably for its usefulness in heterogenous catalytic
systems. As an organic ceramic with versatile uses and high chemical reactivity, it is useful as a
homogenous catalyst and a strong candidate for nanocluster-support systems. It has an
octahedrally coordinated crystal structure, resulting in a diamagnetic material with a wide band gap
of 7.8eV for bulk[153]. The synthetic method is crucial in determining the properties and
subsequent utility of MgO as support. Decomposing Magnesium salts can result in MgO with high
grain size variation, small surface area, and many defect sites[154]. To better control these
variables and subsequent catalytic properties, synthetic methods via sol-gel, chemical
precipitation, and thermal decomposition have been established[155]. Using various Mg precursors
in synthesis can also affect and tailor the basicity of the support and change the catalytic nature of
the resultant MgO[156].

The primary drawbacks of MgO as a support are its thermal instabilities, leading to sintering and
loss of properties such as high surface area and defect sites crucial for nanocluster heterogeneous
systems. These limitations are compounded by the ionic nature of the oxide, leading to dissolution
in acidic solutions and strong sintering in aqueous environments[157], ruling out the wet

preparation of MgO heterogeneous systems.
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MgO has shown many useful results in nanocluster-assisted heterogeneous catalysis as a
chemically inert substrate. MgO is also a useful model surface showing promising catalytic
potential in single-crystal studies. Pd on MgO(1 0 0) revealed CO oxidation was possible at 260
and 500K and that surface defects played an important role[158]. Studies on larger Pdis clusters
again show that non-symmetric Pd clusters can exhibit lower activation energies on MgO supports,
facilitating useful reactions such as CO oxidation and Acetylene polymerisation when surface
bonds form on the removal of the protecting ligands[159]. These reactions can occur down to

cryogenic temperatures.

Studies on catalysis over Pd and Pt nano catalysts showed that the MgO(100) substrate had some
effect on stabilising and affixing adorned metal species relative to each other but no noticeable
effect on interatomic spacing or chemical activity and poor improvement of charge transfer[140]. Ni
clusters on MgO have been predicted to have substrate-induced stability improvements beyond
those of Pd and Pt[160]. Experiments using Ni on ultrathin MgO films show Ni clusters forming
through oxidation at the interface, leading to 2D nanocluster morphology[161] that is not predicted
to appear on other oxide surfaces, highlighting these materials' affinity. MgO surfaces are also
shown to be capable of controlling Au nanocluster growth to nanoclusters approximately 30A in
size regardless of initial nanocluster size[162], effective for CO oxidation.

TiO2 has shown perhaps some of the most promising results towards heterogeneous nano-
catalytic systems, especially when coupled with co-catalysts. TiO; has also been shown to
specifically enable Au clusters catalytic activity over other supports such as SiO; and BN, which
show no influence on nanocluster properties[33]. The relatively wide band-gap of titania (3.2eV for
Anatase and 3.0V for Rutile) in its most common forms means that its photocatalytic activity is only
active for the UV region, around 4% of the total solar spectrum. Given that the band-gap of TiO; is
a limitation towards photocatalytic homogenous catalysis, treatments have been explored to
overcome this include doping with transition ions including Fe, Mo, and Ru[163] to induce band-
gap narrowing. However, this approach often traps electron-hole pairs in the substrate bulk,
allowing recombination before reaching the surface where useful reactions occur. Engineering
heterojunctions with smaller band-gap semiconductors (CdS, GaAs) is also possible but has
toxicity and facile photodegradation drawbacks [164]. It is worth noting however, that metal nitride
nanowire photocatalysts, using InGaN and GaN have shown photocatalytic performance under
irradiation at wavelengths up to ~560 nm with efficiencies of up to 13% in the visible
spectrum[165]. Tuning supported catalysis through optimising charge transfer and stability with
nanocluster adornment offers a more versatile and effective route while minimising charge

recombination.

Whether TiO2 has been prepared via sol-gel routes[166, 167],[168], Magnetron sputtering [169-

171], or structural layers [30], the higher surface area supports exhibit common characteristics of
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more defect and therefore binding sites, and increased charge migration to the surface. Phase-
mixing of TiO2, such as in the case of P-25 nano-patrticles, has shown decreased electron-hole
recombination[172], allowing charges to migrate to surface species more efficiently. TiO> Nano-
particle size can be effectively controlled through synthetic parameters [173] to further optimise the

charge transfer mechanism and tune titania phase type and catalytic performance.

In pursuing nanocluster-assisted heterogeneous catalysis and solar fuel synthesis, the relative
stability of TiO surfaces and photocatalytic nature make them the preferred catalytic support over
MgO and SiO,. Especially in the case of Au catalysts, where there are established examples of
improved heterogeneous catalysis[115]. This is not to discount the usefulness of the other oxide

support for different metal clusters[158] and catalytic reactions[151].

1.2.4 Au/TiO2 Heterogeneous Nanocluster Catalysis

Titania, owing largely to its intrinsic stability and simplicity, its photocatalytic activity, easy and
varied preparation methods and usefulness as a model system as a single crystal[23],[171, 174,
175],[176] has been thoroughly explored as a photocatalyst and nanocluster substrate. The
suitability of single crystal models adorned with nanocluster to surface science characterisation
techniques allowed new knowledge of how these systems act at working temperatures and under
realistic pressures, aiding further tuning and catalyst design[177]. Single crystal studies showed
that adorned metal clusters gain a negative charge at the metal-support interface, indicating
charge transfer from TiO- to hanocluster active sites[178]. TiO, surfaces have also shown a
specific affinity for Au adornment, with Au shown to be capable of completely wetting TiO» surfaces

producing promising catalytic results[179].
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Figure 1-10 Simulated interactions between Au and a reduced 3x2 TiO; surface with vacancy sites.

The inset boxes represent a top view of the system, with O denoting an bridging oxygen site and v

denoting a vacancy. Au binding to vacancies is presented for (a) single vacancy system, (b),(c) and
(d): three arrangements of multi-vacancy systems [180].

Optimising the Metal-Support interaction for properties like nanocluster stability, charge transfer,
and catalytic efficiency is key to exploiting the properties of promising supports like TiO,. Au
clusters have been shown on rutile surfaces to diffuse easily on unreduced surfaces while binding
strongly at defect sites, especially vacant oxygen bridging sites[180]. Au clusters have also shown
some of the most significant stabilities and activity on defect-rich TiO2[181]. Simulated models of
reduced TiO; surfaces with bridging oxygen vacancies, such as those seen in

Figure 1-10 show the affinity between Au and reduced TiO.. As the TiO; defects offer good stability
and utility in combination with Au nanoclusters, alternative types of Titania have been explored to
increase catalytic performance, chiefly nanopatrticle TiO,. Synthesis of mesoporous,
nanoparticulate TiO, suitable for nanocluster attachment is possible through a range of synthetic
pathways, including Sol-Gel fabrication[166]which can produce mixed-phase results when post-
treated correctly[172]. RF[169, 171, 182] and DC[183] magnetron sputtering are also viable
methods of nanoparticulate TiO2 synthesis. These methods can produce different particle size,
porosity and even band gap tuning[27] through post-synthetic annealing[169] processes providing

a modifiable photocatalytic substrate.
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The efficiency of charge transfer from support to metal nanocluster has been investigated
and shown to be highly dependent on the DOS of the molecule-like nanocluster[184, 185].
Theoretical and experimental work done on HOPG using metal clusters supports this idea,
showing the size and structure of d-band metal clusters (including Au) can undergo charge transfer
due to valence electron structures[186]. These results suggest optimising the nanoclusters DOS
into a ‘goldilocks zone’ where multi-step processes occur as the negative charges step-down from
the support conduction band to the unoccupied clusters. These nanocluster-surface interactions
are critical in unlocking the potential in heterogeneous photocatalytic systems[187, 188]. Control
and characterisation of the DOS of attached nanoclusters and their stability on TiO> nano-particles
are crucial to further photocatalytic efforts and will require further investigation.

1.3 Structural and electronic characterisation of clusters

The size, structure and electronic states of a nanocluster have all been firmly established as crucial
to homogenous catalytic performance. Determining these characteristics is essential in exploring
and developing homogenous catalytic systems. The techniques to reliably observe these factors
have varied over time and between the different hanocluster/support systems, making
comprehensive study and characterisation an involved and complex process utilising various

techniques.

1.3.1 Structural characterisation

Determining the geometric configuration and arrangement of nanoclusters after synthesis is crucial
in gas-phase and chemical synthetic methods. X-Ray Diffraction (XRD) has been highly useful in
characterising the structure and phase state of both clusters[57, 189, 190] and their supports[25,
150, 191, 192]. XRD Au spectra can differentiate between atomic dispersions of gold and their bulk
counterpart. Au/Fe;Os, after heating (400°C) under XRD showed characteristic diffraction peaks
attributed to bulk/agglomerated Au[193]. Other studies have identified XRD line broadening in

spectra of chemically synthesised clusters as denoting reductions in nanocluster size[57].

Pairing powder XRD with DFT calculations provides clearer pictures of synthesised particle size
and structure with the detection of LSPR bands and structural shifts such as face-centred cubic
(fcc) to non-fce structures[117]. Similar work was done on metal nano-oxides, revealing a trigonal
unit cell and the correlation of high DOS in the valence band with bond lengths between the Y, Bi,
Cd and O s- and -orbitals[194]. As part of multi-experimental studies along with DFT predictions,
XRD is also useful for the evolution of crystal phase and size under changing conditions for Cu

nano-particles [195]. These developments have also allowed for precise determination and
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confirmation of nanocluster size in size-selected synthetic products along with Nuclear Magnetic
Resonance (NMR) and mass spectrometry[185, 196], providing mass size and resonance peaks

for result confirmation.

No single technique is adequate for complete nanocluster characterisation. Various surface-
sensitive technigues such as atomic force microscopy (AFM), transmission electron microscopy
(TEM), scanning tunnelling electron microscopy (STEM), and a variety of spectroscopic X-ray
techniques have investigated the homogenous interactions of metal-support catalysts[38, 197].
These techniques are often paired with theoretical calculations to check and refine nanocluster

growth and activity models to propose mechanisms and characterise systems.

Scanning-style techniques such as AFM, TEM, STM and STEM have proven increasingly useful in
imaging sub-nanometre and even atomic resolution nanoclusters on supports. AFM has found
broad usage in its ability to give approximations of particle size on flat, ordered surfaces providing
information on surface coverage, dispersion and particle size[183]. It is also useful in revealing the
effects on size and dispersion after ligand removal processes [58]. However, the error in size
determination is limited by tip resolution and surface aberrations, limiting its usefulness in
commercially-minded, defect-rich systems. TEM is also useful for nanocluster size determination,
perhaps more so as it shows a more accurate representation of nanocluster size limited only by
device resolution and appropriate sample preparation. Size distributions using TEM have been

used in a range of systems[198], [199] and can give good approximations of sample uniformity[35].

Scanning tunnelling microscopy (STM) can track and image small nanoclusters on surfaces
but is also limited by the substrate and particle thickness. Early studies into metal clusters using
STM focused on the technique's ability to image and characterise nanostructures[200]. These
studies focussed on size characterisation through topographical imaging[200]. STM tips have also
proved useful for depositing and then characterising single clusters from STM tips onto prepared
surfaces. Bias pulses from the STM tip have shown the ability to deposit Nano structures down to
3nm in size, with pulse intensity and polarity contributing to changes in nanocluster type[201].
Clusters deposited in this method can also have properties such as their kinetic and

thermodynamic stability investigated through STM-specific measurements[202].

STM has also proved particularly effective in tracking nanocluster agglomeration processes[203]
on Au[204] and Pd[203, 205] particles. As the supporting surface's morphology, properties and
defects are all crucial to these processes, STM’s ability to detect features such as point defects on
a surface allows the measurement and characterisation of such sites[206]. Formations of
nanocluster thin films are also readily investigated with this technique. Surfaces prepared with
defects[207] or ordered lattice-like structures[208] can be mapped before and after nanocluster

deposition to reveal structural phenomena and electronic changes in the films.
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Figure 1-11 High resolution, aberration corrected HAADF-STEM images of Aug nanoclusters on TiO;
nanosheets alongside DFT models of the same nanocluster showing the variety of nanocluster
geometric structures observable in experimental depositions [196].

Scanning tunnelling spectroscopy (STS) also allows for observing quantised energy states on
surface clusters similar to those seen in Ultra-violet Photoelectron Spectroscopy (UPS)[209]. This
technique has proved useful for elucidating supported nanocluster electronic states across various
nanoclusters[210-212]. These investigations allow fundamental insight into nanocluster ripening

and agglomeration processes, offering insight into efforts to mitigate nanocluster size dispersion.

Scanning Transmission Electron Microscopy (STEM) has proved useful for studies on the
dispersion and structure of nanoclusters once deposited onto supports. The ability for STEM down
to image metal clusters and their particular morphologies to atomic resolution[213] allows for the
correlation of DFT structures to experimentally observed images. This technique has proved

effective in analysing metal clusters supported on oxide thin films[214].

Dispersion of the metal nanostructures and size-specificity can also be checked through STEM
observations[215, 216]. Studies of Au hanostructures on thin carbon films revealed the Au's
tendency to move and agglomerate on the surface under electron beam probes while binding

strongly at defects[217]. The effects of agglomeration and electron-beam influence were observed
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to be greatest for particles over 2nm in size. Surface functionalisation, such as sulphur-washed
graphene supports, has been observed through STEM for these treatments' ability to bind Au
clusters, preventing lateral displacement; however, nanocluster agglomeration can still occur in

such systems[218].

Recent advances in Scanning Transmission Electron Microscopy (STEM) have allowed some of
the first atomic-resolution images of Aug:PR clusters on ALD TiO; surfaces[196]. Similar
techniques have been used for Au on carbon supports[217, 218]. 3-D structures capable of
distinguishing different nanocluster geometries have also been achieved using similar
methods[174]. The interactions with clusters of low stability and the electron beam have been
shown to influence nanocluster states and mobility[219]. These results have only been made
possible by modifications to STEM instruments to correct for these electron aberrations, allowing
for sub-angstrom resolutions[220]. These achievements in resolved imaging allow for true
comparison between DFT-calculated nanocluster morphologies and real, observed structures
interacting with supports. This kind of technique is useful for the characterisation of larger clusters
as well as clusters with different supporting ligands[221].

1.3.2 Electronic Characterisation

Some of the primary techniques to examine the electronic states of clusters and their supports
have been based on X-ray spectroscopy. Variants of X-ray characterisation techniques such as
Grazing-incidence small-angle X-ray scattering (GISAXS), X-ray absorption fine structure (XAFS)
and XPS are all widely reported for characterising different features. XAFS can give localised
geometric information and the identities and number of neighbouring atoms[222]. XAFS has been
used in studies of chemically synthesised clusters to determine interatomic coordination as well as
electron orbital band analysis, providing insight into ligand-supported Auzs and the role of the
ligand in electronic structure for catalysis[223]. The internal structure and influence of supports on
bi-metallic clusters have also been investigated through XAFS techniques, revealing the influence

of synthetic methods and nanocluster-support interaction on the final structure[224, 225].

The sub-technique of Atomic-XAFS, where the outgoing electron scatters due to the electron cloud
of the absorbing atom, has proven its ability to observe electronic changes in ionisation potential
and electronic structure[226]. XAFS has also become specialised for catalytic analysis over the
last 15 years, allowing in situ time-resolved measurements to observe charge transfer and redox
structural changes during catalytic processes[226, 227]. Experimental progress at synchrotron
beamlines, such as the photon factory, has also enabled XAFS to observe surfaces at near
atmospheric pressures (NAP)[228]. This progress allows for the investigation of hetero and

homogenous under near-working conditions and applies to NAP XPS measurements.
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STM also contributes to electronic investigations, with the electronic interactions at the tunnelling
tip of an STM providing strong, measurable interactions. Semiconductor surfaces are well suited
for such measurements, which has allowed the measurement of electronic interactions In small
metal clusters and semi-conductor supports[229]. The interaction of tunnelling electrons and
clusters has proven capable of inducing photon emission, with observations at specific sites and
sizes of nanoclusters pointing to quantum size effects[212, 230]. These effects have been linked to
the size and structure of clusters, such as in the case of Au on TiO2[231], suggesting that the
electronic characteristics of heterogeneous photocatalytic systems could be investigated in this

manner.

XPS has been useful in catalysis for determining the elemental composition of various treatments,
oxidation states and even nanocluster size effects. XPS spectra of Au clusters have been
performed since the 70s, with XPS sensitivity to atomic variation useful in establishing oxidation
states of synthesised clusters[232]. Oxidation state observation is also important in heterogeneous
nanocluster catalysis as understanding the role of defect sites in binding clusters improves. XPS
has been extended to determining surface concentrations such as oxide surface hydroxyl
groups[233] and reduced titania surface sites[234]. However, the XPS scans receive information
from below the sample’s absolute surface, where nanoclusters are deposited, and must therefore

represent some sub-surface structure.
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Figure 1-12 Synchrotron XPS spectra of chemically synthesised, atomically precise Ausg, Aug, Au11
and Auio1 nanoclusters in (A) untreated, (B) acid-washed and (C) calcined states, showing the
distinct shifts in Au 4f peak binding energy with change in nanocluster size. The ~1.1 eV difference in
binding energy observed for Auio: indicates the onset of metallic properties associated with Bulk Au
at that nanocluster size [235].

Defect characterisation is more suitable for XPS as it does not have to be quantitative. XPS on
nano-particle TiO, (anatase) was able to identify Ti3+ defects' location and quantity with the help of
electron paramagnetic resonance[236]. By identifying the defects' location as sub-surface, these
supports, and their defects could offer pathways for improving photocatalytic performance or
nanocluster attachment. Other defect studies on engineered TiO, nano-particles also used XPS
defect identification and shifts in characteristic peaks to help explain changes in the band gaps of
said nano-patrticles [27]. The defects in ZnO surfaces have also been characterised through XPS
scans in conjunction with SEM and XRD[237].

Quantum size effects can also be quantified through XPS measurements, as clusters show
characteristic binding energy shifts to higher energies as nanocluster size is reduced, as seen in
Figure 1-12. Such observations in gas [238] and chemically synthesised nanocluster species[44]
have been made using synchrotron XPS sources. The understanding for Au clusters is that
clusters less than Aul01 in size have a +0.8-1.0eV shift in the 4f region, allowing for the
identification of agglomeration effects on ultra-fine clusters. Similar XPS investigations of the

growth and diffusion of Au clusters on polystyrene have shown the ability to track changes in the
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clusters during different growth stages, excluding the need for potentially destructive analysis from
AFM and scanning electron microscopy (SEM)[239]. Similar results have been seen for Ru

nanocluster characterisation[240].

XPS investigations have confirmed through comparative measurements on pristine and reduced
rutile TiO surfaces that charge transfer from the reduced surfaces to the nanocluster is detectable
[241]. Synchrotron XPS measurements have also been used to investigate the effects of ligand
removal on clusters showing that phosphine-capped clusters on various treatments of anatase
TiO- display differing levels of agglomeration and ligand removal dependant on the treatments pre
and post-deposition on the support[189]. Proposals for time-resolved investigations in working
conditions would allow observation of changing oxidation states and charge transfers throughout
catalysis and further understanding of agglomeration [228].

While XPS is a useful surface-sensitive technique in UHV conditions, it is not surface-exclusive.
Some signals originate from bulk materials within particles and beneath the homogenous
interface[242]. A technique such as Metastable Induced Electron Spectroscopy (MIES) is
necessary for investigations of surface-dependant structures like homogenous catalysts. MIES
gives similar information on DOS to established techniques such as UPS, but due to a meta-stable
ion beam used as the probe as opposed to a photon does not penetrate beyond a few Angstrom of
the surface, stimulating an electron from the valence band of the surface species to provide DOS
at the surface only[243]. This technique has been recently used to establish chemically
synthesised, size-specific Aug nanocluster DOS on TiO2 nano-particle support[185]. The kind of
investigation performed here shows great potential in being useful for a range of homogenous

catalysts with DOS-determined activity.

From the multiple surface analytical techniques presented, no one technigue can be relied upon for
a complete understanding of the structural composition and electronic structure of heterogeneous
nanocluster catalysts. In structural studies, the speed and simple requirements for SEM and AFM
allow rapid imaging of catalyst surfaces. Still, they require conducting (or coated) samples or
relatively smooth substrate surfaces, respectively, to produce useful and easily interpretable
results. STM and its close cousin STS have proved very useful in structural and electronic studies,

and their surface sensitivity is very good for nanocluster investigations.

Of the electronic techniques, XPS is very useful across a range of metal clusters for determining
nanocluster size. However, these effects have not yet been observed in all metals of interest and
are not precise enough to determine the exact number of atomic constituents. As such, it should
primarily only be considered as a mechanism to validate, and understand shifts in the effects of
nanocluster size and to assist in interpreting other techniques. It is more broadly useful for
characterising support surfaces and defect sites for deposition. XAFS, with its more flexible

vacuum requirements and ability to probe electron orbital states, may be useful for charge transfer
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observations and can operate in real-time, allowing for the observation of catalytic processes as
they occur, something not yet done in many heterogeneous systems. The drawback of such a
system, in addition to it's complex and specialised equipment requirements, is common among x-
ray techniques in that signal received is excited from both the surface and the near-surface bulk

layers.

Bulk signal contributions do not allow surface-only phenomena to be easily separated from bulk
interactions. Surface-exclusive technigues such as MIES are capable techniques that, with well-
designed experiments, can reveal much about surface DOS. However, the requirement for
extremely clean, well-characterised surfaces and UHV conditions can make MIES experimental
design and analysis challenging. The findings of MIES require careful experimental design and
sample preparation to give the greatest information regarding the electronic structure of surface

electronic structures.

1.4 Conclusion

There are many factors to consider in creating heterogeneous catalytic systems using metal
clusters. While early developments in inverse micellar synthesis and micro emulsions have
produced some effective clusters, the intrinsic limitations on those systems limit the options for
creating and utilising new clusters. The relative plethora of options in reducing agents, capping
species and metal reactants available in the technique of chemical reduction of metal salts in the
presence of stabilisers make it a far more flexible synthetic pathway. The wide range of metal
clusters synthesised and characterised this way provides options for catalysis from <1-100nm in
size. The properties and controls over nanocluster synthesis are being further revealed with
promising options such as thiol ligand length and bi-dentate ligands offering greater customisation

of size and stability.

Theoretical calculations have provided tremendous insights into the source of stability in small
metal clusters. The work on “magic clusters” and the changes in nanocluster stability due to atomic
constituent numbers have helped reveal the previously unexpected properties in catalytic results.
The closed-shells of magic clusters provide reference points for nanocluster design. At the same
time, theoretical calculations reveal the vastly different electronic states possible within different
conformations of clusters, even at the same atomic size. The unique nature of these energy DOS

point towards the potential of clusters as catalysts that could be tailored for specific reactions.

By supporting these clusters on appropriate surfaces, the specific sizes, conformations and
electronic properties they bear can be preserved and potentially enhanced. While inert supports

such as SiO; and, to some degree MgO have proved effective for certain types of clusters and
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certain reactions, one of the most promising areas for nanocluster catalysis is paired with
photocatalytic semi-conductors such as TiO.. The potential for precisely selected clusters
deposited on TiO; to catalyse fuel-producing reactions would provide pathways to storing solar
energy and transitioning away from traditional carbon fuels. Early results in this area are promising,
but as with all nanocluster catalysts reported, preserving the nanocluster properties through
effective immobilisation and charge transfer is crucial. Defect sites and surface functionalisation
are both effective pathways to this goal, but neither is complete in understanding the final effects

on nanocluster activity.

In order to understand and refine these systems the analytical methods used must be appropriate.
With the wide range of surface-sensitive techniques available to investigate nanocluster structure,
electronic state and the bonding between nanocluster and support, there are now established
methods to characterise nanocluster’s behaviour on supports. With new techniques offering the
ability to determine specific DOS in heterogeneous systems, the correlation between simulated
theory and practical reality can be bridged. While techniques must be carefully chosen and
designed to be suitable for these delicate systems, the tools and methods required to determine
the potential of nanocluster catalysis can be focussed on building systems that deposit,
characterise, and preserve the specific properties of nanoclusters.

1.5 Aims and Scope

Metal nanoclusters have shown promise in delivering novel avenues in renewable, catalytically-
driven energy conversion and storage. Size-specific cluster properties have become apparent that
are determined by the nanocluster size and morphology. Chemically synthesised, ligand-supported
nanoclusters have been shown to offer highly effective size control through the synthetic process
and a high degree of stability while ligated. The chemical synthesis of nanoclusters also has the
advantage of being highly scalable. It offers many synthetic pathways, both in nanocluster core
elements and in capping ligand types. However, nanoclusters often require the removal of ligands
to facilitate their catalytic activity and the retention of nanocluster size-specific properties after
ligand removal has been a challenge. Modifying substrates before nanocluster deposition has been

proposed as a potential solution to improve substrate-nanocluster interactions.

The materials discussed in this dissertation are: TiO, as a photocatalytic semiconductor substrate
and both Au and Ru species of chemically synthesised nanoclusters. This project aimed to
synthesise and characterise systems of modified TiO, substrates deposited with nanocluster
species to determine the nanocluster size, dispersion, chemical state and electronic structure
before and after the deposition and de-ligation of nanoclusters. The characterisation of these

systems will assist in informing and optimising investigations into Au and Ru nanocluster
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photocatalytic performance, which is determined by the nanocluster co-catalysts electronic
structure and interaction with its photocatalyst support. However, certain challenges need to be
overcome to allow for investigation into the impact of such treatments on nanocluster/substrate

systems' electronic and physical properties.

The scope of this work focused on several specific challenges to surface-sensitive measurements
used to characterise nanocluster properties. Firstly, existing methods of TiO, preparation, such as
doctor-blading, drop and spin-casting of TiO; thin films, proved to be fragile and unreliable in
adequately eliminating substrate signal from Si and C species in commonly used substrates, which
was capable of dwarfing Au signal and DOS in XPS and UPS/MIES measurements respectively. A
more robust method of coating TiO- thin films, which reduced or eliminated unwanted elemental
intensities, was sought. The desirable characteristics of any candidate method included
nanoparticulate TiO, structure and the ability to tune the TiO2 crystal phase structure proportions.
The preparation of such films through the development of radio frequency plasma sputtering
techniques was seen to have the potential to deliver the desired characteristics and was
investigated through synthesising a range of TiO- film deposition methods. A full characterisation
of the elemental composition, film integrity and crystallinity of the TiO films produced was sought.

Secondly, the challenge of investigating the changes and final states of electronic structures and
interactions between chemically synthesised nanoclusters and TiO, semiconductor supports
requires a new system for depositing nanoclusters onto modified semiconductor supports. Legacy
techniques for such depositions require the removal of samples from the vacuum between surface
treatments and the nanocluster deposition, which requires sample immersion in solvated clusters.
This can introduce atmospheric and environmental contamination and potentially alter the surface
treatment condition before a measurement. In-situ deposition of solvated nanoclusters is a
pathway that would allow for the effects of modification on semiconductor substrates and their
interaction with subsequently deposited nanoclusters to be isolated and examined by highly
sensitive, surface-specific techniques without introducing contaminating species or agglomerating

nanoclusters during deposition.
This thesis is structured in the following manner:

The synthetic process, compositional and morphological analysis, and electronic structure of a
method of depositing thin, nanoparticulate TiO; films using an RF-sputtering technique are
described. The desirable conditions for preparing such films are determined, and possible
modifications to film composition, crystallinity and electronic structure are explored. (It should be

noted that this chapter is a re-formatted version of a paper published by this author)

A novel method for depositing solvated, chemically synthesised Au nanoclusters under high

vacuum (HV) conditions onto various substrates is explored. It is demonstrated that this method,
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named pulsed nanocluster deposition (PNCD), can use ultrasonic pulses of solvated Au
nanoclusters to produce sub-monolayer nanocluster films on a substrate surface. The effects of
this method on cluster agglomeration, morphology and electronic properties are explored. (It

should be noted that this chapter is a re-formatted version of a paper published by this author)

A comparative study between immersion and PNCD Au nanocluster deposition methods onto
modified TiO; substrates is discussed. Results from an investigation into each method's respective
impact on substrate treatments, elemental composition, levels of nanocluster agglomeration, and
electronic structure are presented along with respective XPS and UPS/MIES results. This
comparison is undertaken from measurements taken at three stages of sample preparation: After
substrate modification, after nanocluster deposition and after the removal of nanocluster ligands.
(This chapter has been prepared for submission for publication and, as such, is a modified version
of that manuscript)

A case study is presented, which describes the design, investigations and results for a system for
co-deposition of Au and Ru nanoclusters in-situ in HV conditions. This investigation was designed
to probe the impacts of depositing two nanocluster species independently and through distinct in-
situ methods onto a modified TiO; substrate. The DOS of the system was probed at each stage of
sample preparation to determine whether the co-deposition of multiple nanoclusters on modified
substrates would interact. Such interactions may provide a pathway for tuning photocatalytic
system electronic structure and DOS. However, challenges with co-deposition methods and
surprising Ru nanocluster behaviour mean that the chapter serves as a proof-of-concept for in-situ
HV co-deposition of chemically synthesised nanoclusters. (As this chapter is the only chapter not
published or prepared for publication, it should be noted that the structure of the chapter may

contrast previous results chapters)
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2 EXPERIMENTAL METHODS

2.1 Electron Spectroscopy

2.1.1 Photoelectron Overview

Photoelectron spectroscopy covers the range of techniques which rely on the ejection of electrons
from a target surface due to electromagnetic excitation. The kinetic energy of the ejected electron
can be described using Einstein's photoelectric equation,

Ekinetic = Ephoton - (¢spectrometer + Ebinding) Equation 2-1

Where Epnoton iS the energy of the incident photon, Eninging IS the binding energy of the electrons
from the surface and @spec is the work function of the spectrometer. By knowing the energy of
emitted photons and the spectrometer's work function and measuring the kinetic energy of the
ejected electrons, the binding energy of electrons can be determined. Depending on the incident
energy of the photons, and the valence or core orbital energy levels of the target material,
electrons can be ejected, as seen in Figure 2-1, allowing detection. The chemical species,
electronic state and oxidation state of an electron's origin element can all be determined. The
incident photon's energy will determine whether a target valence or core electrons will be ejected
and therefore detected. Valence electrons exist in outer orbital shells and can be excited past the
fermi level with lower energy. Core electrons exist closer to the nucleus and, due to increased

forces, require more energy from incident photons to achieve ejection.

Photoelectron | 1
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X-ray (photon) *+—9
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Figure 2-1 Diagram illustrating the excitation of core-level electrons through X-Ray illumination.
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Photoelectron spectroscopy is considered a surface-sensitive analysis technique due to the
emitted electrons' inelastic mean free path (IMFP). This IMFP is the average distance an electron
will travel before interacting with surrounding electrons or atoms. For an electron between 10-
1500eV energy, the IMFP is between 1-10nm. The intensity of an electron as it penetrates through
a given material is described by:

I(d,E) = I, exp (— ﬁ) Equation 2-2
Where | is the measured intensity, lo is the initial electron energy, x is the electron's total
displacement, and A is the experimentally determined path length of an electron, which varies at
different energies. For typical measurements with XPS, electrons will have binding energies below
800 eV. At the same time, ultra-violet spectroscopy (UPS) will generally focus on electrons with
binding energies of less than 15 eV. Using photoelectron spectroscopy; useful information is

gained solely from the surface and near-surface regions.

2.1.1.1 X-Ray Photoelectron Spectroscopy (XPS)

The core electrons emitted by XPS will carry the information of their parent atoms' energy levels,
depending on chemical and bonding state, unless they undergo some secondary interaction before
reaching the detector. This is useful for identifying the elemental composition of samples, as each
orbital has a characteristic binding energy (see fig 10). The X-Rays used to excite these electrons
are from either Al Kq (Ephoton = 1486.6€V) or Mg Kq (Ephoton = 1253.6€V) source anodes, Kq denotes

the transition used to produce X-Rays.
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Figure 2-2 XPS scan trace recorded from a sample of TiO2 indicating the characteristic peak positions
for Ti 2p, O 1s and C 1s orbitals

Two possible processes can occur when using X-rays to excite electrons: Photoelectron emission
and Auger electron emission. The photoelectrons are the product of direct energy transfer from the
photon to the electron resulting in emission, and binding energies from this process are found at
defined energy levels with sharp peaks, as seen in. These photoelectrons are the primary interest
of XPS in general and this study. Auger electrons occur as the result of electron relaxations within
the core of the irradiated atoms. The hole left behind by a photoelectron emission is filled by an
electron from a higher energy level relaxing into the lower state. The excess energy from this
process is either emitted as a photon or transferred to another electron which will subsequently
eject from the sample. These auger peaks do not have a fixed binding energy, so they can appear

relatively rounded and occur at different positions depending on the X-Ray source used.

Finally, non-monochromatic X-Ray sources (such as the one used in this work) exhibit some minor
X-Ray components at higher photon energies. These components cause "Satellite” peaks with
intensities and spacing determined by the characteristics of the anode material[244], see Table
2-1.

54



Table 2-1 X-Ray satellite energies and intensities for Mg and Al X-Ray Sources [244]

i, 2 a3 e V1 Os Qe B
MG displacement, eV 0 8.4 10.1 17.6 20.6 48.7
Relative height 100 (8.0 |4.1 0.6 0.5 0.5
Al displacement, eV 0 98 | 11.8 20.1 23.4 69.7
Relative Height 100 |64 |32 0.4 0.3 0.6

2.1.1.2 XPS Analysis

Key information gained from XPS is the binding energy position, full-width half maximum (FWHM)
and the peak intensity, inferred from the peak area. These values can be compared to literature
reference data[244], allowing the composition of a sample can be identified. Observed shifts in
peak energy can indicate chemical changes as electron distribution is altered. The peak intensities
are calculated using Equation 2-3;

Peak area of Component

Intensity =
y S=fo0yAAT (Atomic Sensitivity Factor of Element)

Equation 2-3

Where the atomic sensitivity factor is expressed as S = fog0yAAT with f being x-ray flux
(photons/cm2sec), o being the photoelectric cross-section of the orbital being examined (cm?), 8
being a constant determined by the measuring instruments angle between photon and electron
paths, y being photoelectron formation efficiency, 4 being electron mean free path, A being the
area of sample from which detection occurs and T is the detection efficiency of emitted electrons
from the sample. Peak positions and peak areas were calculated using a custom-made Excel
spreadsheet to fit Gaussian peaks using known peak separation from the XPS reference handbook
and NIST XPS Database. For Au 4f peaks, peak separation was set to Al.4eV per literature values.
All peaks were calibrated against the C 1s peak known to appear at 284.8eV in the XPS setup.
Atomic sensitivity factors were taken from the XPS handbook for an analyser angle of 54.7°,
summarised in Table 2-2, which matches the angular arrangement of the experimental setup used
in these studies. Once peaks had been assigned an elemental species and peak fit, giving position

and peak area, the composition can be determined using Percentage Composition=

Specific Intensit, .
Specific Intensity . 4 Equation 2-4;
Total Intensity
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Percentage Composition = Spectfic Intensity 10 Equation 2-4

Total Intensity

Table 2-2 Atomic Sensitivity Factors for X-Ray Sources at 54.7°[244]

Element Atomic Sensitivity Factor (54.7°)
Carbon 1s 0.296
Oxygen 1s 0.711
Silicon 2p 0.339
Titanium 2p 2.001
Gold 4f 6.250
Ruthenium 3d 4.273
Phosphorus 2p 0.486

Doublet peaks are also accounted for in peak fitting. These sets of 2 peaks form the same
elemental orbital that are similar in shape but different in peak position and intensity. They exist
due to the quantum multiplicity of states; 2j + 1 where j is the quantum number j = [ + 1/2 where [

is the azimuthal quantum number. For Au 4f [ = 3 and the intensity ratio between the doublet

p
e
a
Kk
S 2(1-3)+1:2(1+3)+1 Equation 2-5

'(I:'he XPS apparatus employed for these experiments used an Xr50 X-Ray source. All
Qeasurements were performed on the Mg anode, with 12kV accelerating potential and 200W of
%node power. The Hemispherical analyser used was a PHOIBOS HAS 150. Wide angle lens
settings gave a beam diameter of 5mm. Survey spectra were done at a pass energy of 40ev, and
Bigh-resolution scans were performed at 10eV pass energy. All scans were done with a detector

\éoltage of 3200V. Higher numbers of scans were performed on areas of particular interest, such as
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Au 4f and P 2p regions (120 & 40 scans, respectively, were generally used for these regions).
During the same scan, species of lower intensity (including C, Ti, O) underwent a 20-scan regime.
All data was collected using Specs Lab 2 before exporting into CasaXPS for peak fitting and then

relevant peak information was exported into Excel for analysis.

2.1.2 Density of States and the Fermi Level

Some definitions of terms and characteristics are useful when interpreting electron spectroscopy
from systems comprised of photocatalytic semiconductors and nanoclusters. As these systems
involve semiconductors, the properties of valence bands, conduction bands and band gaps are

crucial, as is the definition of the Fermi level and the electronic DOS.

The band theory of solids describes a bulk material's upper available energy states as being
arranged into energy bands instead of discrete energy levels as found in single-atom systems. The
bands of interest here are the Valence band, and the Conduction band. In a conducting material,
these bands overlap so that some electrons can move or conduct through the material. Insulators
have conduction and valence bands separated by such large energy (band gap) that the excitation
of electrons into the conduction band is very difficult. Semiconductors have relatively low band
gaps to insulators but no overlap of bands as in conductors. For a semiconductor, the Fermi
Energy lies somewhere between the valence and conduction bands, normally halfway between the

two as seen in Figure 2-3.

Insulating Semi-conducting Conducting
Behaviour behaviour Behaviour

Egap
absolute zero, Some electrons posses High
0K energy above Fermi level Temperature
Fermi
Level F T TR B
1
1
f(E) \f(E)
Valence Band | Valence Band |
o o

Figure 2-3 The changing conditions of the Fermi function within a semiconductor over a range of
temperatures, note the small but noticeable probability for conduction band electrons in the third case
(high temp.)

The Fermi level is a term, originating from Fermi-Dirac statistics describing the case where

electrons, as fermions cannot occupy identical energy states due to the Pauli Exclusion Principle.
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This means that at 0°K the electrons will fill all lowest available energy states, the Fermi level is
then defined as the energy level above which no electron will be found at this temperature. As
temperature increases the possibility for some electrons to rise above the Fermi level appears,

obeying the Fermi function

1 .
f(E) = —EE Equation 2-6

Where E; is the Fermi level (in the range of eV for semiconductors), E is some arbitrary energy,
and KT is the thermal energy. For most materials f(E)~1 until the Fermi level, after which it rapidly
approaches 0. This function is, therefore an expression of the probability that an energy state will
be occupied for a given temperature. This can be seen in Figure 2-3, however it should be noted
that while the fermi function expresses some finite value within the band gap region, no electrons
will be found at these energies. The lack of electrons in this region is due to there being no DOS

for them to occupy, hence the terminology of band gap.

The DOS is linked to the Fermi function in that while the function gives a probability of an electron
being found at a given energy level the density of states, the electron cannot occupy a state unless
one exists. The density of states is an expression of density per unit volume and energy of the
solutions to Schrodinger's equation, or simply the number of available energy states in the

material. The following equation expresses this:
Nintervar = penergy(E)dE Equation 2-7

With Niptervar represents the number of available states in the energy range, dE, while penergy (E)
is the density of states function, the bulk solution to the Schrédinger equation. Once the number of
available energy states is found, it can be used in conjunction with the Fermi functions probability

to describe the actual electron population at some specific energy.

f(E) X Niptervar = Electron Population of the Interval Equation 2-8
2.1.2.1 Ultraviolet Photoelectron Spectroscopy

Ultraviolet (UV) light can excite electrons from within the valence band of a chemical species and
cause them to be ejected as photoelectrons. This phenomenon underpins the ultraviolet
photoelectron spectroscopy (UPS) technique, which involves analysing the kinetic energies of
these ejected photoelectrons. The UV light source which excited the electrons in this work was
generated from a helium discharge lamp, resulting in UV photons with 21.2 eV of energy,

corresponding to He | discharge. Any photoelectrons which were ejected from a sample after
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irradiation travelled through UHV to the same PHOIBOS hemispherical detector described in

Chapter 2.1.1.2, with a -10V bias applied between the sample surface and the detector.

The -10V bias ensures that secondary electrons can be collected by increasing their kinetic
energy. Such secondary electrons can be used to examine where the secondary electron cut-off
appears and can provide insight into a material's work function ®. Detectors in these systems bin
detected electrons according to their measured kinetic energy, which includes the -10 eV, allowing

for the calculation of binding energy through the following equation:
Epindaing = 21.2 €V — (Exinetic + 10 eV) — @gpectrometer ~ XPS AnalysisEquation 2-9

Therefore, the measured UPS spectrum of valence electrons represents the density of states for
the measured sample, as described in Section 2.1.2. The spectra presented in this thesis are
intrinsic semiconductors, meaning that their energy levels align in a way that means the Fermi level
is at 0 eV [245]. The general structure of the spectrum is determined by the DOS of the surface
species as described above. Some other features of the UPS spectrum are commonly shared with
MIES scans and are therefore described below.

2.1.2.2 Meta-stable Induced Electron Spectroscopy

MIES is another electron spectroscopy technique with different use cases and excitation
mechanisms. MIES' greatest attribute is its ability to gain information from the valence band
electrons of the outermost layer of the surface of a sample. This exceptional surface sensitivity is
possible through meta-stable helium ions (denoted He*) as the incident species instead of photons

for XPS and UPS measurements.

The helium used in this process is in the He* 3s1 state, with an excitation energy of 19.8eV and is
achieved through precisely controlled electrical discharge; this energy is sufficient to ionise valence
electrons. With a lifetime of ~4000s under Ultra-high Vacuum (10°mbar) due to the Al = 0 dipole
transition characteristic. Quantum mechanical selection rules state that dipole transitions must
have Al = +1 to be allowed. Instead, the He* can relax through a pathway that becomes available
within a few A of the target surface. Surface-exclusive sensitivity is achieved due to the extremely

high cross-section for de-excitation of He* within the A range of the surface.

The de-excitation process occurs through either Auger de-excitation (AD) or resonance ionisation
(RI) with a subsequent Auger neutralisation (AN) [185]. These three possible processes are
illustrated in Figure 2-4 and Figure 2-5. For an RI process, if the surface has an unoccupied state,

@, then the He* can ionise as the electron in the He x;, orbital tunnels into the sample surface,
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leaving a He* ion behind. A subsequent AN process will then occur to neutralise the He™; this
occurs when an electron from the surface sheds energy and fills the vacant x. orbital in the He",
neutralising it to a He atom and causing the surface to absorb the lost energy and subsequently
eject an electron. The ejected electron has kinetic energy Ex, while combinations of the ®; and &

energy levels in the surface can lead to a broadening of detected features for an RI/AN spectrum.

In a surface without the unoccupied ®, state, RI is unfavourable, with AD processes instead
allowing for a surface electron to transfer from the surface ®; state to fill the x. vacancy in the He*.

This interaction causes the He* to eject the electron from its outer orbital x, with energy;

Ey = E; — Epinding Equation 2-10
Of the two available pathways, Auger de-excitation (see Figure 2-5) dominates for the sample
types in use here, including semiconductors, organic molecules and small metal clusters. The
prevalence of AD is an advantage as the second process can make the interpretation of results
much more ambiguous due to intrinsic complexities. The resulting ejected electrons are plotted as
count rate/intensity vs binding energy, and the spectrum they form indicates the overall surface
DOS.

Resonance ionisation (RA) Aunger neutralisation (AN)
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Figure 2-4 Representative diagrams of resonance ionisation and Auger neutralisation processes,
modified from Harada et al.[246]
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Figure 2-5 Schematic illustrating the process of Auger De-excitation (AD), the dominant process for
He* neutralisation in this study, modified from [246]

The MIES source used in this study was purpose-built by MFM Analytical systems (TU Clausthal)
and used the same hemispherical analyser as for XPS and UPS. A 10V bias is applied to all tested
samples to offset the spectrum and determine the exact point of secondary electron cut-off, which
was accounted for in the analysis. The pass energy for these experiments was 10eV, with a dwell
time of 0.1s and 3200 V detector voltage. Multiple scans were taken of each sample to check for
variance and possible charging, with no charging observed. Multiple scans also reduced error and

enhanced the signal-to-noise ratio.

2.1.2.3 MIES/UPS Analysis — Single Value Decompaosition

Analysis was conducted in a custom-built Excel spreadsheet optimised for a process called
Singular Value Decomposition (SVD). A set of MIES spectra measured under similar conditions
can be considered a linear combination of reference spectra, each representing a common
component throughout the series. If these reference spectra are well known, then specific features
can be identified directly; however, often, they are not. For ambiguous spectra, the SVD algorithm
determines how many base spectra are required to reconstruct the measured spectra. These base
spectra have mathematical meaning; however, as they can have negative intensity, they do not
necessarily have physical meaning. In the analysis technique developed by Morgner [247, 248],
the required base spectra construct a matrix which is then multiplied by an (n x n) matrix, with n

being the number of base spectra. The elements of the (n x n) matrix are then modelled with
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criteria such that all reference spectra must be positive (and therefore physically meaningful) and
that measured spectra must be reasonably fit with a linear combination of reference spectra as
described by I1piq1 = a-Ig+ B-Ig+ v 1, Equation 2-11, which describes the

requirement for a three-reference spectra system;

Liotar = @ Ig+ B-Ig+ v I, Equation 2-11
Where a, f and y are weighting factors while I, Iz and I, are the reference spectra. low must be
equal to unity within the bounds of experimental error. Correlation with XPS data to identify likely
DOS source elements is also useful and has been used in similar studies [185, 249]. The resulting

spectra, once identified, provide insight into the DOS for the species of interest.

2.2 Surface Microscopy

2.2.1 Electron Microscopy Techniques

2.2.1.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technigue that uses focussed electron beams, as
opposed to photons in optical microscopy, to scan rasterised patterns across a sample surface to
build up an image from both backscattered and secondary electrons. The electron beam also
produces Auger electrons and X-Ray fluorescence photons, although techniques using those
signals are not explored in this work. The type of interaction caused by the electron beam with the
sample surface affects the achieved images. The secondary electron intensity provides information
regarding the topography of the surface. In contrast, the backscattered electron intensity can
provide information regarding the atomic weights of the constituent elements in the sample. The

intensities of these electrons are recorded for each location in the rasterised scan trace.

Electrons are accelerated to energies between 1-30 keV before passing through a series of
magnetic condensers, objective lenses and electromagnetic deflectors (see Figure 2-6) for the x
and y-direction to achieve a raster scan pattern. The electron beams used for SEM are focused by
electromagnets in an objective lens, capable of tuning the beams' cross-section or 'spot size' to a
diameter of 2-10 nm. The spot size directly determines the resolution of an SEM scan with spatial
resolutions of 50-100nm possible in conventional equipment[250]. Magnifications of between 10x -
100,000x are possible. These secondary electrons are produced from a region that corresponds

roughly to the diameter of the electron beam focussed on the sample surface[250].
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2.2.1.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) also uses a beam of accelerated electrons focused
directly on a sample to produce a magnified, detailed image of that sample. The sample being
imaged needs to be specially prepared and of appropriate characteristics to allow the electron
beam to transmit through the sample. The sample scatters incident electrons from the electron
source as they transmit, and too dense a sample will block transmission completely. Maximum
sample thickness usually falls in the range of 100-200 nm [251]. Scattered electrons are
subsequently focused through a series of magnetic lenses and apertures, forming a magnified

image on a detector surface that records the scan result.

Scanning Electron Microscopy Transmission Electron Microscopy
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Figure 2-6 A simplified cartoon cross-section showing the similarities and differences between SEM
and TEM experimental apparatus and lens and sample arrangements. Note the position of the sample
and detector(s) in each technique.

Scans are controlled using techniques similar to SEM, with magnetic fields produced by magnets
and coils providing electron beam control as seen in Figure 2-6. In contrast to SEM's surface
imagery and morphology, TEM can provide topographical, morphological, compositional and
crystalline information. TEM allows for the visualisation and analysis of samples in the realm of
microns (10° m) down to nanometres (10° m) with resolutions of below 1nm and magnifications of
1,000,000X possible in modern equipment [251, 252]. The resolution of a TEM can be calculated

using Abbe's equation, shown in:
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Equation 2-12

Where d is the minimum resolvable distance for an instrument, A is the wavelength of the electron
beam, n is the refractive index of the medium, and a is the aperture angle of the TEM. The

calculation for A is done via the equation:

h 1.5 )
A= JZmev ~ A= 7 Equation 2-13

Where h is Planck's constant (6.626x1034s), m is the mass of an electron (9.109x103'kg), e is

the charge of an electron (1.6x10° C) and V is the accelerating voltage. From the approximate

f the right-hand side of A = h ~l—1;5 Equati
orm seen on the right-hand side of A = ———= =~ A = |7 quation

2-13, it can be seen that higher accelerating voltages result in smaller values for A (nm) and,

therefore, a higher possible resolution for the resultant scan.

TEM offers distinct advantages over SEM for nano-scale systems: high resolution at high
magnification, microanalysis of elemental composition at higher resolutions and crystalline
information. However, the technique has some drawbacks, mainly relating to the requirements for
the intended sample's properties and preparation. As samples need to be thin enough to allow
electron transmission, they often require affixation as thin layers, slices or other specialised
techniques to thin, delicate grids, which are only around 3 mm in diameter. These processes can
be laborious and time-consuming, as well as have the potential to introduce artifacts into scan
results. TEM scans are also highly vulnerable to electromagnetic or seismic interference, and care
must be taken to isolate equipment from potential interference sources. The electron beam can
also damage some samples due to the impacts of ionising radiation, so careful tuning of scan

parameters and dwell time is advised to minimise these effects.

2.2.2 Scanning Probe & Atomic Force Microscopy

Atomic force microscopy (AFM) is a technique in which a probe with a very sharp tip, down to 2 nm
tip diameter in some cases [253], is used to scan over a sample surface of interest. The interaction
between the probe's tip and the sample surface is measured through conversion into an electronic
signal. This signal can then be analysed and interpreted through conversion into a topographical
image. In addition to these topographical images, modern AFMs can often provide information
regarding the interaction of the probe with the sample surface as it scans, including frictional
forces, adhesion, and elasticity. Some specialised tips can even measure interactions caused by

chemical, magnetic or electrostatic forces [254].
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In AFM, the probing tips are located at the end of a cantilevered arm, which is raster-scanned
across the sample surface. A laser source is focused onto the back of the cantilever, and as it
scans the surface topography and reacts to changes, the cantilever will deflect, shifting the laser
position. A detector is positioned to collect the reflected photons and can measure the deflection of
the beam in the x, and y-directions to produce a record of the surface. The sample is mounted onto
a piezoelectric stage, allowing positional control in the z-direction in the order of a few nanometers.
The detector and the piezoelectric stage are linked so that the instrument can maintain constant
force or height between the probe tip and the sample surface, depending on the experimental

setup.

Computer and Analysis Software Photodiode Sensor Laser Source

Sample Surface

Feedback Z Control

v X &Y Control

Figure 2-7 Diagram showing the basic principles of AFM measurement control. The movement or
deflection of the tip and cantilever is recorded through a reflected laser source onto a photodiode
sensor or similar. This signal is interpreted by computer analysis software, and signals to direct the
cantilever in X, y, and z-planes are fed back to the scanning probe.

Three modes are commonly used for AFM measurements: Contact mode, tapping mode and non-
contact mode. The contact mode maintains a constant deflection, or height, between the tip and
sample surface. By keeping the force between the tip and surface constant through the detector-
piezo feedback loop, the cantilever movement in the z-direction can be mapped to produce a 3D
image. Cantilevers used for this technique generally have spring constants within the range of
0.01-1.0 Nm1[254]. Contact mode can inflict large lateral and normal forces on the probe tip,

accelerating the dulling of tips and introducing artifacts into scan results.

Tapping mode AFM scans oscillate the cantilever arm at or near the resonant frequency of the

cantilever, with amplitudes between 20 and 100nm possible. This oscillation causes the probe to
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lightly touch or 'tap' the sample surface at the trough of each oscillation cycle. Any changes in the
cantilever's vibration frequency are recorded, and the feedback loop maintains a constant
oscillation amplitude. Targeting a constant oscillation makes a constant tip-sample interaction

through the scan achievable.

Non-contact mode is similar to tapping mode in that an oscillation is applied to the cantilever while
scanning. However, the probe tip is set higher from the surface, such that it does not contact the
sample throughout the scan but instead interacts with surface forces. These attractive forces
include van der Waals and magnetic and electrostatic forces, allowing for their quantification and

analysis.

2.3 X-Ray Diffraction

X-Ray diffraction is a technique commonly used to investigate or determine a sample's elemental
composition and crystalline structures. XRD is useful for determining the atomic structure of larger
samples, and for smaller samples, such as powders and nanostructures, XRD is used for

compositional information and sample crystallinity.

X-rays are used in this technique as their wavelength A is similar to the inter-atom spacing d,
commonly seen in crystalline structures, between 1-100 A. This similarity ensures that diffraction

effects are maximised and can therefore be observed from the photon-sample interaction.

X-ray photons will penetrate a sample upon irradiation, only changing their path after interacting
with atomic orbitals in the sample. These interactions change the X-ray direction by some angle 6,
called the angle of diffraction. This result occurs through an elastic scattering mechanism, leading
to destructive interference in most cases. However, waves travelling in specific directions will

constructively interfere, as determined by Bragg's law, where n is any integer:

nA = 2d sin0 Equation 2-14

Using measured 6 values, it's then possible to determine compositional and crystalline

characteristics from the sample through a comparison of d with known distances between atomic
planes for a given element and phase. This analysis is done by comparing spectral peaks on a 26
scale to literature values for peak positions and taking factors such as spectral peak intensity and

peak width into account.
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3 COMPOSITION AND PROPERTIES OF RF-SPUTTER
DEPOSITED TITANIUM DIOXIDE THIN FILMS
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3.1 Abstract

The photocatalytic properties of titania (TiO2) have prompted research utilising its useful ability to
convert solar energy into electron-hole pairs to drive novel chemistry. The aim of the present work
is to examine the properties required for a synthetic method capable of producing thin TiO; films,
with well defined, easily modifiable characteristics. Presented here is a method of synthesis of TiO>
nanoparticulate thin films generated using RF plasma capable of homogenous depositions with
known elemental composition and modifiable properties at a far lower cost than single-crystal TiO,.
Multiple depositions regimes were examined for their effect on overall chemical composition and to
minimise the unwanted contaminant, carbon, from the final film. The resulting TiO; films can be
easily modified through heating to further to induce defects and change the electronic structure,
crystallinity, surface morphology and roughness of the deposited thin film.

3.2 Introduction:

Titania (TiO2) has been a major area of research since the discovery of its photocatalytic properties
in 1972 [23]. Since then, TiO2 has been one of the most widely studied semiconductors, driven
largely due to its non-toxic nature, low cost, stability, and varied methods of synthesis and property
control [255-257]. The broad range of possible applications stems from its versatile photocatalytic
properties. The activity of this material under UV light has led to its inclusion in many sun
protection applications [258], sensors [255], integrated optical devices [171], photo-oxidation of
pollutants and dangerous chemicals [259], and photocatalytic processes for energy storage [147].
All of these applications utilise TiO» in the form of nanoparticulate coatings [260], making scalable,
affordable synthesis of such coatings valuable, especially if they can be modified for specific

properties.

The synthesis of TiO, amorphous films, thin layers of nanoparticle sized TiO» has been achieved
through a variety of techniques such as chemical vapour deposition (CVD) [261], sol-gel
processing [172, 262] atomic layer deposition [263] and direct current (DC) and radio frequency
(RF) magnetron sputtering processes [170, 183]. These final two sputtering methods have been
widely explored due to their stability, reproducibility, ease of use and deposition control over a
variety of substrates. The films deposited through this method are commonly dense, closed layers
of nanoparticulate TiO,. Nanopatrticle Titania has shown particular promise across the range of
possible applications and also offers a level of control over characteristics such as patrticle size
[182], phase-type [190, 264] and stoichiometry [190].
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The use of well-understood TiO» nanopatrticle thin films is especially useful for surface science
studies utilising photoelectron spectroscopy. Several valuable techniques for probing electronic
structure such as X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) require precision knowledge of a sample's elemental composition and
electronic structure to yield meaningful results [44, 189]. Many photocatalytic systems require a
robust substrate-catalyst electronic interaction to prevent changes in the performance of the
catalyst due to agglomeration; one method proposed to achieve this is defect rich surfaces [179,
265]. Ti 3" defects have been explored as promising binding sites for heterogeneous catalysts that

offer strong electronic interaction to prevent agglomeration [266, 267].

The topography, crystallinity and particulate characteristics have been well established in sputtered
thin films using atomic force microscopy (AFM) [171, 268], scanning electron microscopy (SEM)
[264, 269] and X-ray diffraction (XRD) [171, 182, 264]. However, the elemental composition of the
final coating is relatively unexplored for RF sputtered TiO,. Carbon-containing substances like
hydrocarbons are considered as a contaminant for many methods of electron spectroscopy and is
present in considerable quantities for many commonly used methods of TiO» synthesis. Hence, an
RF sputtered deposition procedure resulting in low carbon percentage is desirable. Single crystal
TiO- is also capable of addressing the issue of contamination but is prohibitively expensive for
applications on a larger scale.

TiO2 can be either amorphous or has one of three crystalline forms: Anatase, Brookite or Rutile.
Layers or films of titania can be either pure or mixtures of these forms with synthetic methods often
influencing the structure of the coating through control of factors such as deposition temperature
[269], or by post-deposition treatments [171] [270]. The surface morphology and crystal phase
composition of TiO; films are also modifiable through post-deposition calcination and have been

shown to influence and improve the photocatalytic properties of deposited films [271].

The present study demonstrates a method of depositing RF sputtered TiO; thin films onto Si(110)
substrates, with a range of target pre-treatments, deposition lengths and annealing as post-
treatment. Systematic studies into elemental composition, morphology, crystallinity and chemical
state of the nanoparticulate TiO» were conducted to determine their composition, contaminants and
ease of surface modification with Ti** defects. The results indicate that one method, in particular,
produced a TiO; nanoparticulate film capable of low-cost scalability, minimal carbon contamination

in the final film and simple modification of surface defects, crystallinity and surface morphology.

3.3 Experimental Details

3.3.1 Preparation of TiO2 Thin Films
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TiO- thin films used in this work were prepared at room temperature using an RF magnetron
sputtering system. High purity 2-inch (99.9%) TiO- targets were used to deposit TiO, nanopatrticles
onto 4-inch diameter Si(110) substrates. 2 TiO; targets were used, one having been used for
several months, the other being brand new, to determine how target ageing affects the resultant
deposition quality. The substrates were cleaned with ethanol and acetone for 15 min in an
ultrasonic bath. The substrates were then dried under nitrogen. The deposition was done three
times, with differing chamber/target conditions. Firstly after 1.5 hours of pre-sputtering to clean the
target and chamber (designated 90m-RF), secondly after 30 min of pre-sputtering for cleaning
(designated 30m-RF) and finally with an unused TiO; target after 30 mins pre-sputtering
(designated FT-RF). The sputter deposition was performed in all cases with a chamber pressure of
at least 2x10°mbar, with 5ccm pure argon flowing, 500W magnetron power and a working
distance of 14cm. These conditions provided a deposition rate of approximately 180nm/hr. The
deposition took place at room temperature with no substrate heating.

All samples were cut into 1x1cm squares using a diamond-tipped silicon cutter to minimise surface
contact and contamination. Particulate dust from cutting was removed with pressurised dry
nitrogen. Samples were then mounted to Molybdenum sample holders and inserted into the Ultra-
High Vacuum chamber (9.2-6x10° mbar). The samples were characterised in this unaltered
condition (designated by the As-made tag next to sample name) before the samples were heated
through filament emission heating to 500C and held there for 10 minutes in an attempt to reduce

film contaminants. XPS scans marked "Heated" were taken almost immediately after heating.

Samples from all deposition methods were measured in As-made condition as well as after
heating to 500°C in UHV. Further, post-deposition heating was performed on a single sample
prepared from the FT-RF method in vacuum at 300°C, 500°C and 700°C in succession with
photoelectron measurements taken after 30 minutes of heating at a given temperature before
increasing the temperature. The sample designated “300°C and Ar Sputtered” was heated to 300°
as described previously and then immediately exposed to an Argon ion sputter beam, exposing the
sample surface with a dose of 6x10% ions, controlled through exposure time dependant on ion
current (see Table 3-2). FT-RF samples were also heated up to 1100°C in atmospheric conditions

for crystal phase structure investigations.

Table 3-1 Sample series for comparison of deposition methods (measured As-made and heated
500°C in vacuum) and vacuum heated series using an FT-RF sample.

Deposition Methods FT-RF TiO2 — Vacuum

Heated Series, treatment
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FT-RF 300°C
30m-RF 500°C
90m-RF 700°C

Table 3-2 Sputter dose calculations for a range of argon ion currents, determining the required
exposure time to receive the specified sputter dose.

current current/1.6 | area dose time Time
(cm?) (seconds) | (minutes)
1.30E-07 | 8.13E+11 |1 6.00E+14 | 7.38E+02 | 12.31
1.40E-07 | 8.75E+11 |1 6.00E+14 | 6.86E+02 | 11.43
1.50E-07 | 9.38E+11 |1 6.00E+14 | 6.40E+02 | 10.67
1.60E-07 | 1.00E+12 |1 6.00E+14 | 6.00E+02 | 10.00
1.70E-07 | 1.06E+12 |1 6.00E+14 | 5.65E+02 | 9.41
1.80E-07 | 1.13E+12 |1 6.00E+14 | 5.33E+02 | 8.89
1.90E-07 | 1.19E+12 |1 6.00E+14 | 5.05E+02 | 8.42
2.00E-07 | 1.25E+12 |1 6.00E+14 | 4.80E+02 | 8.00
2.10E-07 | 1.31E+12 |1 6.00E+14 | 4.57E+02 | 7.62

Additionally, electron spectroscopy measurements were taken from rutile (110) single crystal (SC).
The SC TiO, was pre-treated at 877 C (1150 K) ex-situ to induce bulk defects, making the sample
conductive and useful for electron spectroscopy. The SC TiO, again was heated to 625°C in-situ
immediately before photoelectron measurements to produce surface defects, the XPS relative

elemental composition of SC TiO, can be seen in Table 3-3.
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Table 3-3 Analysis XPS taken from a sample of Single Crystal (SC) Rutile TiO2 after argon sputtering
and heating to 625°C under vacuum. This sample served as an ideal TiO2 reference.

Species Name Peak Position (Calibrated) Area Relative Concentration (%)
Carbon 1s 285 985.1 1.2
Carbon 1s 286.7 256.9 0.3
Carbon 1s 289.2 112.9 0.1
Titanium 2p 4+ | 459.2 86766.1 | 22.4
Titanium 2p 3+ | 457.5 3846.3 1.0
Titanium 2p 2+ | 456.5 1192.3 0.34
Oxygen 1s 530.5 133731 | 66.64
Oxygen 1s 532.0 15410.2 | 7.7
SiO 2p 102.1 3846.3 0.4
Total 100

3.3.2 Spectroscopy

3.3.2.1 X-Ray Photoelectron Spectroscopy (XPS) & Ultraviolet Photoelectron Spectroscopy
(UPS)

Chemical composition of the prepared samples was undertaken using x-ray photoelectron
spectroscopy (XPS). These measurements were taken with an X-ray source producing 1253.6 eV
(Mg Ka radiation) and 200W power using a SPECS PHOIBOS-HSA300 hemispherical analyser
(Berlin, Germany). Survey scans were taken at 40 eV pass energy and high-resolution scans were
taken at 10eV pass energy. The main adventitious Carbon peak was used as an energy reference
for all other species and set to 285 eV. All XP spectra were analysed with Casa XPS using a
Shirley background and a hybrid Gaussian (30%) and Lorentzian (70%) function to fit all peaks in a
method described previously [235]. Elemental sensitivity factors for an X-Ray source at 54.7° were
used is the analysis process [272]. Sample heating was performed either under Ultra-High Vacuum
(UHV) conditions or in an air-atmosphere furnace, as specified in the results. UPS measurements

were performed in the same UHV chamber and with the same SPECS hemispherical analyser.
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The probe source used is a two-stage cold cathode gas discharge source from MFS (Clausthal-

Zellerfeld, Germany) capable of generating He | line UV photons and metastable He atoms.

3.3.2.2 X-Ray Diffraction (XRD)

XRD was performed on a range of samples in as-made and heated (both in-vacuum and
atmospheric) condition to determine the crystallinity of the deposited TiO. nanopatrticle films. These
measurements were performed using a Bruker D8 Endeavor instrument with a Cobalt X-Ray
source at 1.78896 nm. Results were compared to TiO2 anatase and rutile spectra calculated using
materialsproject.org crystal toolkit for TiO,[273, 274]

3.3.2.3 Microscopy

Once the levels of unwanted contaminants were determined, and the best candidate surface (FT-
RF) was selected, further analysis of the morphological characteristics of the film was performed
using AFM and SEM techniques. Samples were prepared by identical cutting and cleaning
procedures, with selected samples being heated in an air-atmosphere furnace at the required
temperature before mounting onto flat or vertical SEM stubs as necessary. All SEM measurements

were performed on the samples as they are.

3.3.2.4 Atomic Force Microscopy (AFM)

AFM scans were performed utilising a Multimode 8 AFM with Nanoscope V controller at scan sizes
of 1x1um and 3x3um on both as-made and heated (500C) samples to investigate surface
roughness and morphological characteristics. The analysis was performed using Bruker's
Nanoscope Analysis package to extract surface roughness values to determine changes in the
nanoparticle size and surface roughness after post-deposition heating. The surface roughness was
measured using Rq, the root-mean-square roughness and Ra, the mean height deviation across a

line profile.

3.3.2.5 Scanning Electron Microscopy (SEM)

SEM scans were performed using an FEI Inspect F50 instrument with 30kV on 0.5x1cm TiO;
samples mounted onto either a vertical SEM mount to determine the deposited film thickness or
horizontally-mounted for morphological investigation. Thickness measurements were taken at

several sites along the sample edge and averaged.

3.4 Results and Discussion

3.4.1 Chemical composition

XP spectra were taken at the C 1s, O 2s, Ti 2p, Si 2p, F 1s and Na 1s regions for all samples. The
breakdown of peak positions found in each region is presented in detail in Figure 3-1 and in Table

3-4 Analysis of an XP Spectra from FT-RF TiO2 in as made condition, showing the energy peak
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positions, FWHM and intensities found in each region scanned (No Na was found in this sample).

These values are typical for such a sample..
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Figure 3-1 XPS relative elemental composition comparison between the as-prepared and heated RF
sputter samples

Table 3-4 Analysis of an XP Spectra from FT-RF TiO2 in as made condition, showing the energy peak
positions, FWHM and intensities found in each region scanned (No Na was found in this sample).
These values are typical for such a sample.

Name Peak Position (Calibrated) Area Relative Concentration (%)
Carbon 1s 285 28823.9 215

Carbon 1s 286.7 4304.2 3.2

Carbon 1s 288.9 1795.8 1.3

Oxygen 1s 530.3 147337.8 45.7

Oxygen 1s 531.7 22609.5 7.0

Oxygen 1s 532.6 6667.5 2.1

SiO2 2p 101.4 486.6 0.3

SiO2 2p 102.4 321.2 0.2

Titanium 2p 4+ 458.8 111379.5 12.3
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Titanium 2p 3+ 464.5 53309.8 5.9
Flourine 684.6 3177.4 0.7
Total 100

The carbon in the sample is mostly attributed to adventitious hydrocarbons, and the C1s peak is
assigned to 285 eV. This peak is very consistent in its energy position and therefore, suitable for
use in calibration [275]. The oxygen signal is attributed mostly to titanium dioxide (530.3 + 01 eV)
with some minimal contribution from silicon dioxide (532.3+0.1 eV), the high relative percentage of
oxygen is discussed later in this text. The titanium signal is exclusively due to the nanoparticle thin
film, and the dominant species (Ti**) is assigned to 459.3 + 0.1 eV with titanium defects induced
through sample treatments (Ti®*) assigned to 457.6 + 0.1 eV. The silicon signal is due to SiO; from
the silicon wafer used as a substrate and is found at 102.4 + 0.1 eV. Both sodium (1071.2 + 0.1
eV) and fluorine (685.4 + 0.1 eV) were contaminants of unknown origin with fluorine only found in
one sample, while Sodium appeared in varying concentrations in all but FT-RF - As-Made and is

likely due to sample handling prior to the XPS measurements.

Table 3-5: XPS relative elemental compositions of TiO, samples prepared with 90 min pre-
sputtering (90m-RF), 30 min pre-sputtering (30m-RF) and 30 min pre-sputtering and a fresh
TiO2 target (FT-RF). Samples desighated As-made has received no further treatment after
deposition. Samples designated — Heated, have been heated to 500°C in UHV Conditions

before measurement.

XPS Relative Elemental Composition %

Carbon Oxygen | Titanium Silicon Fluorine | Sodium
FT-RF - As-made 20.2+0.1 | 60.4+0.1 | 18.2+0.1 0.2+0.1 0.940.1 0.00
30m-RF - As-made 14.6£0.1 | 61.3+0.1 | 18.5+0.1 0.1+0.1 0.00 5.5+0.1
90m-RF - As-made 26.8+0.1 | 54.8+0.1 | 16.7+0.1 1.1+0.1 0.00 1.7+0.1
FT-RF — Heated 5.9+0.1 72.1+0.1 | 20.1+0.1 0.5+0.1 0.00 1.5+0.1
30m-RF — Heated 8.7+0.1 57.1+0.1 | 20.8+0.1 5.0+0.1 0.00 9.2+0.1
90m-RF — Heated 20.5+0.1 | 57.4+0.1 | 19.1+0.1 0.6+0.1 0.00 2.310.1
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Figure 3-2: XPS high-resolution scan fitting for Vacuum Heated Ti 2p region showing As-made (left)
and 500C heated (right) with Ti 3+ defect showing in the heated sample at around 457eV binding
energy

The XPS scans of these samples, seen in Figure 3-2, with relative elemental composition fit seen
in Table 3-5, revealed several trends and characteristics. Across all samples, the ratio of Ti 2p
orbital signature to O 1s is around 3.1:1 (O: Ti) with O accounting for an average of 60% of the
measured signal while Ti accounts for approximately 20%. These values, while not
stoichiometrically expected, are both consistent between the three prepared surfaces as well as
comparisons to previously measured P-25 and Atomic Layer Deposited TiO; surfaces measured
using the same experimental equipment [185] and as such are seen as representative of TiO..
One possible reason for non-stoichiometric O concentration is adsorbed O species such as OH
and H»O. Another possible reason is an inaccuracy in the sensitivity factor applied for the O 1s
XPS intensity.

Surface contaminants, a particular concern when using synthesised thin films for surface-sensitive
measurements, were also determined through their characteristic XPS orbital signatures
summarised in Table 3-6. Carbon (1s) was the most apparent contaminant with every sample
showing some noticeable percentage of carbon (between 6-26%) mainly due to adventitious
carbon [276]. The highest levels of C 1s signal were found in as-made samples which had been
exposed to the atmosphere after deposition and before undergoing heating, as would be expected.
The 90m-RF sample was patrticularly carbonaceous in both as-made and post-heated form,
indicating that a longer pre-cleaning time increases the carbon content within the final film, counter
to the processes intent. The surface prepared through the fresh TiO, target (FT-RF) was the least

carbonaceous of the three methods.

Silicon signal was below 1.1% for all samples; this elemental presence may be at least partly
attributable to an intermixing of Ti and Si during the RF deposition. The only exception was for the
30m-RF-As-made, which showed approx. 5% Si after heating, probably due to film spallation [169]
revealing some bare Si. This, coupled with the observation that while in previous studies on TiO»
film depositions Si 2p were detected at a binding energy of 99.8+0.3 eV [185], all Si signal from

these samples is observed at 102.3+£0.3 eV. This binding energy points towards the presence of
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organic silicon compounds. The RF-sputter deposition process likely results in the formation of

small amounts of silicate species [277] or a Si-O-Ti compound formed during deposition.

Previous spectroscopic studies on systems utilising TiO» have had issues with Si and C signal

interfering with sensitive data collection and analysis [185]. These contaminant species are found

to be present in all samples prepared through RF sputter deposition. However, the sample

prepared from the fresh target of TiO, showed negligible Si 2p signal and a very low concentration

of C 1s, further lessened through heating in vacuum, making it the best candidate for sensitive

surface spectroscopic studies.

Table 3-6 XPS Relative elemental compositions from an FT-RF sample, heated under UHV

conditions to increasing temperatures to determine the change in C contribution through

sequential heating. It can be seen that the level of C contribution in an As-made sample is

significantly reduced by 300°C, decrease through 500°C and show a slight increase at 700°C.

Sputtering an FT-RF sample with Ar ions at a set dose after heating to 300°C shows a

reduction in C contribution over solely heating, as well as an increase in Ti®* defects.

FT-RF: Carbon Oxygen Titanium Ti®* Defect | Silicon Fluorine
Vacuum

Heated

Series

As-made 26.0+0.1 54.7+0.1 18.1+0.1 0.00 0.5+0.1 0.7+0.1
300C 5.1+0.1 72.1+0.1 21.4+0.1 1.2+0.1 0.6+0.1 0.7+0.1
500C 4.8+0.1 71.6+0.1 22.840.1 1.7+0.1 0.8+0.1 0.00
700c 5.6+0.1 70.3+0.1 22.5+0.1 1.6+0.1 1.6+0.1 0.00
300C + Ar | 4.4+0.1 68.8+0.1 26.1+0.1 4.5+0.1 0.8+0.1 0.00
Sputtered

e




Table 3-7 Ti3+ defects as a proportion of total Ti 2p signal

Vacuum Heated FT-RF

300°C 5.4%
500°C 7.5%
700°C 6.9%

300°C + Ar Sputtered  17.1%

Other contaminants were minimal. Fluorine (1s) was observed in the Fresh Target sample before
heating at 1% of the surface signal. However, heating removed this signal to below detectable
amounts. Sodium (1s) was also detected although the variability of Na in samples from the same
deposition proves suggests this contamination is due to sample processing. However, after
heating, all sodium-containing samples had their sodium content increase, raising the possibility
that some sub-surface Na may be drawn to the surface through heating processes. This
interpretation would be consistent with the observed low surface energy of Na, causing it to
migrate towards the surface of metal oxides during heating processes and electron beam exposure
[278, 279].

Samples from the FT-RF: Vacuum Heated Series were heated under UHV conditions to analyse
any compositional/electronic changes that might be induced. Calcination of FT-RF samples was
performed over a range of temperatures under UHV conditions (Table 3-6). It can be seen that
calcination as low as 300°C was able to produce a significant reduction in C XPS signal, with a
further slight C reduction at 500°C before an increase in C contribution was observed for heating at
700°C. The increase in C at 700°C was accompanied by an increased Si contribution, pointing
toward the onset of film spallation at this temperature, consistent with previous reports on TiO2 thin
films [169]. This process exposes small regions of the Si substrate through cracks in the film,
simultaneously exposing C impregnated in the bulk of the TiO; film. To further explore this, an FT-
RF sample was heated to 300°C before being exposed to a dose of sputtering Ar ions. Sputter
treatment should preferentially remove any C present at the surface of the film, while bulk C signal
is unaffected. The 300°C + Ar sputter treatment As can be seen (Table 3-6) to result in the lowest
C contribution compared to a purely heated sample at 4.4+0.1% of XPS relative composition. The
C signal in the 300°C + Ar sputter treatment is therefore assumed to be a baseline C contribution
through RF sputtered deposition, as it would not be removable without compromising the integrity

and coverage of the TiO; layer.
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The XPS elemental relative concentrations seen in Table 3-6 show that heating under vacuum to
higher temperatures induced Ti** defects at around 457.3 + 0.1 eV binding energy (Figure 3-2).
These defects increase as a relative proportion of total Ti 2p signal with heating, as seen in Table
3.7. The highest proportion of Ti** defects are seen in the 300°C and Ar sputtered sample, which
registered 17.1 % of all Ti XPS signal as Ti®* defect. The sputter treatment also decreased the
overall O XPS signal in the sample, indicating that these defects were the result of oxygen
vacancies induced through the sputter dose. Exposure to atmosphere quenched all previously
measured Ti** signal. The relative ease with which such defects can be induced is a useful surface

modification for use in studies of heterogeneous photocatalytic systems.
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Figure 3-3 UPS scans from a range of heated FT-RF samples and rutile (110) single crystal

TiO2 showing broad range electronic structure on the left (series are offset in the y-axis) and

the near-fermi valence band on the right.

The UPS scans of the heated range reveal the changing electronic structure of the TiO»
nanoparticles as they are heated, energies above 10eV are affected by secondary electrons and
as such are not considered here. The electronic features seen in heated RF-TiO; in the region
from 3-9eV are consistent with several previously reported studies examining the features found in
DOS of modified TiO; and are reported to be from O(2p) species [280, 281].

Krischok et al. identify the peak around 4.5 eV as being associated with the ionisation of oxygen
states in the upper valence band, mainly from bridging oxygen in the TiO,, it can be seen that all
four spectra in Figure 2 share this peak's energy position. The visible decrease in the 4.5 eV peak
over the heated range of samples corresponds with a loss of the bridging oxygen, giving rise to the
observed increase in Ti** defects in Table 4.

The 8eV peak originates from oxygen species in the oxygen plane of the TiO; surface [282, 283].
While the single-crystal TiO, shares the 4.5eV peak with RF-TiO, samples, the single crystal

displays a shifted oxygen plane energy peak at around 7 eV compared to the RF-TiO, which
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appears at around 8 eV. This kind of variance in TiO> UPS spectra is not unexpected, as similar
differences have previously been observed [284, 285]. One possible reason for such a shift could

be attributed to the lower work function of the single crystal TiO, [282].

The near-Fermi region shows a clear peak centred at 1eV is attributed to the Ti** defect and shows
an apparent increase at higher temperatures for the RF-sputtered films, in agreement with XPS
observations. The UPS spectra of the RF sputtered TiO2 shows higher signal around 1eV,
attributed to Ti** defects, when compared to single-crystal TiO, showing its suitability for surface

modification, even at lower calcination temperatures.

3.4.2 Morphological Characterisations

Figure 3-6 shows the uniformly distributed nature of the nanoparticulate film deposited through RF-
TiO2 deposition. SEM on a vertically mounted sample is shown in Figure 3-4, illustrating the

deposited TiO; film having a thickness of 150 + 5 nm across the film's cross-section.

26/07/2017 | HV [ mag O | WD | ——— 500 nm ———
11:10:38 AM  5.00 kV | 160 000 x | 4.9 mm Flinders University Inspect F50

Figure 3-4 SEM image of 90min-RF-As Made Sample, the arrow indicates TiO2 film thickness of
approximately 153nm.
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Comparison between Figure 3-6, A-D shows differences between the as-made and vacuum heated
samples. The relatively smooth, close-packed nature of the film was observed across the sample
surface, and in as-made condition consists of roughly spherical particles approximately 25-45 nm
in diameter (Figure 3-6, A). While the sample heated to 500°C appears to show a lack of spherical
particles and the appearance of larger particles of arbitrary shape, possibly through the ripening of
the TiO2 under vacuum heating conditions. The 3um scans (Figure 3-6, C & D) show more
significant regions separated by boundaries on the surface of increased height in both the as-made
and vacuum heated samples. Again, the vacuum heated sample displays less defined particles
and a noticeable flattening of the film surface when compared to the as-made sample viewed at

the same magnification.

The roughness parameters (Rqroot-mean-squared average roughness, Ra mean surface
roughness) values for the heated samples have also decreased from the as-made samples to the
heated samples (see Table 3-8). This change confirms that the RF-TiO, deposited film has
undergone some level of rearrangement from the as-made, nanoparticulate form into a flatter,
more aligned surface. High-resolution images seen in Figure 3-5 High magnification SEM scans on
RF-TiO2 after different heat treatments, clockwise from top left: As made, 300°C, 500°C, 700°C
showing the transition from smaller, spherical particles on the film surface into aggregation and
alignment into larger TiO2 gshow that these spherical particles grow to larger sizes after heating to
higher temperatures. Previous work has attributed these changes to an increase in crystallinity of

TiO2 and smaller particles' ripening' into larger ones [168, 171, 182].

81



07/2019  HV W : 500 nm spot| mag N [ 300 nm
M 30.00 KV 4.0

2019 HV s mag W HFW |- 400 nm . 23/ spot| mag 500 nm
6 PM 30.00 kV 4 000 x/5.9 mm 995 nm M

Figure 3-5 High magnification SEM scans on RF-TiO2 after different heat treatments, clockwise from
top left: As made, 300°C, 500°C, 700°C showing the transition from smaller, spherical particles on the
film surface into aggregation and alignment into larger TiO2 grains

The large aggregations of particles seen in Figure 3-6 C appear to have transitioned into the raised
lines visible in Figure 3-6 D that divide the film into rough regions. These same phenomena can be
observed in Figure 3-7; once calcination temperatures reached >900°C the resultant condition of
the coating was that of well-defined grain boundaries containing regions of varying size. At
1100°C, some of these regions showed a visibly distinct texture with increased roughness,
potentially related to a crystal phase transition observed in samples heated to this temperature.
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Figure 3-6 AFM scans on a) As-made, 1x1um b) 500C Vacuum Heated, 1x1um c) As-made, 3x3um d)
500C Vacuum Heated, 3x3um

Table 3-8 Average roughness characteristics from as-made and 500C heated sputtered TiO2 samples

Roughness Parameters | 500°C Vacuum Heated (nm) | As-made (nm)

Rq 0.76 £ 0.01 1.06 £0.12

Ra 0.60 £ 0.03 0.84 +£0.08
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Figure 3-7 SEM scans showing the morphological changes to FT-RF sputtered TiO- films as they are
heated, clockwise from top left, 500°C 1h, 600°C 1h, 900°C 1h, 1100°C 24h. The particle shown in the
500°C image was included to aid focussing of the measurement.
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3.4.3 Crystal Structure

Samples measured with XRD are shown with offset intensities in Figure 3-8 and spanned a range
from i) Si, ii) as-made RF-TiOg, iii) as-made atomic layer deposition TiO,, iv) 500°C atmosphere
heated RF-TiO; (1h), v) 600°C atmosphere heated RF-TiO- (1h), vi) 900°C atmosphere heated
RF-TiO2 (3h) and vii) 1100°C atmosphere heated RF-TiO; (24h). The reference spectra for
Anatase and Rutile TiO; calculated using the materials project are displayed in Figure 3-8, showing

the reference peaks for the respective TiO, phases.

The change in crystallinity in systems such as reactively sputtered TiO- films and sol-gel
crystallised TiO, have previously found the phase transition to rutile phase to occur at around
600°C with film thickness and temperature being critical factors in the phase transition [190, 277].
The system studied here shows markedly different crystallisation behaviour. We see in Figure 3-8
that the onset of anatase phase TiO, appears in ALD TiOx (ii) in it's as-made state, but does not
appear in RF-TiO2 until the 500°C heated samples remaining up to 900°C with no corresponding
Rutile phase emerging. The emergence of Rutile crystal peaks in the XRD is seen only in 1100°C
samples heated for > 18 hours. This high temperature required produced samples with distinct,
peaks for Anatase and Rutile phases, with an approximate 1:1 ratio in the peak areas.

The time-dependence and the elevated temperature necessary to attain Rutile TiO» are distinct
from critical factors reported in phase transitions for other TiO» synthetic methods. The significant
differences in crystallisation temperatures for Anatase and Rutile phases offer the potential of

controlling substrates for required phases type and ratio with post-deposition treatments.
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Figure 3-8 offset XRD scans on as-made and heated samples showing the transition from amorphous
TiO2 towards anatase phase. Rutile phase formation was detected only within the 1100C heated
sample. Anatase and Rutile main XRD peaks shown on the x-axis, in blue and orange respectively.
XRD spectra shown are i) Si, ii) as-made RF-TiOg, iii) as-made atomic layer deposition TiO», iv) 500°C
atmosphere heated RF-TiO; (1h), v) 600°C atmosphere heated RF-TiO; (1h), vi) 900°C atmosphere
heated RF-TiO2 (3h) and vii) 1100°C atmosphere heated RF-TiO (24h)



3.5 Conclusions

This paper details the successful deposition of RF-sputtered TiO; films onto Si (110) substrates
from TiO; targets with a range of deposition processes. The chemical composition, particularly with
regards to the presence of contaminant species undesirable in surface-sensitive photoelectron
studies was determined for a range of different deposition conditions. The results of these studies
indicated that for minimal contaminant surface species the use of 30 minutes of pre-cleaning of the
sputter target and the use of a new, pristine TiO; target produced the surface with lowest
concentrations of Si (<1%) and C (6%) achieved through heating to 500C under vacuum. These
films are capable of modification through heating to induce Ti®* defect sites. Morphological studies
revealed that these films consisted of close-packed, films of circular nanoparticles 20-30nm in size.
Heating of the films increased the surface roughness and particle size of the TiO». The crystallinity
of the substrate is capable of being tuned for anatase or an anatase/rutile mixture with heating
between 500-1100°C for extended periods (18-24h)
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4.1 Abstract

Sub-monolayer coverages of chemically synthesised triphenylphosphine-protected Aus clusters on
mica and TiO; substrates were achieved through the development of a Pulsed Nozzle Cluster
Deposition (PNCD) technigue under high vacuum conditions. This method offers the deposition of
pre-prepared, solvated clusters directly onto modified substrates in a vacuum without the potential
for contamination from atmosphere. AFM and TEM were used to investigate the rate of gold
nanocluster deposition as a function of nanocluster solution concentration and the number of
pulses, with pulse number showing the most effective control of the final deposition conditions.
TEM and XPS were used to determine that the clusters retained their unique properties through
the deposition process. Methanol solvent deposited in the PNCD process has been shown to be
removable through post-deposition treatments. A physical model describing the vapour behaviour

and solvent evaporation in a vacuum is also developed and presented.

4.2 Introduction:

The properties of atomically precise gold nanoclusters have been found to have novel properties
distinct from those found in bulk Au and gold nanoclusters. Gold nanoclusters can be defined by
their small size (<2nm) and consist of fewer than 246-279 Au atoms[286] with clusters below this
threshold exhibiting properties that are highly dependent on the number of atoms constituting the
nanocluster[40, 286-288]. These properties have proven to be associated with their unique
electronic density of states[115, 181]. Utilising the properties of atomically precise clusters for use
in catalysis, for example, in water-splitting[289, 290] and CO oxidation,[291, 292] has become a
promising field of research. The interactions between atomically precise nanoclusters and
substrates have been shown to be crucial to stabilising and retaining nanocluster properties and

can also enhance catalysis[38, 147, 185].

Metal nanoclusters can also be generated in gas phase nanocluster sources and deposited on
substrates; however, they must be used immediately and cannot be stored for any period of time.
While vacuum generated nanoclusters can be deposited directly onto treated substrates for further
analysis,[293, 294] chemically synthesised nanoclusters are able to be assembled in the liquid
phase with near total homogeneityl and, after recrystallization have traditionally required any
deposition to take place outside of vacuum, thus introducing contamination and potentially affecting
any surface treatments made in vacuum[266, 295].Thus, a method of depositing pre-prepared,
chemically synthesised nanoclusters directly onto a treated substrate under vacuum conditions

would be advantageous in examining the substrate-nanocluster interaction.

The usefulness of pulsed vapour depositions to achieve controlled thin film growth have been

demonstrated in surface coating systems, particularly metal oxides utilising ultrasonically vibrated
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vacuum pulse nozzles to inject packets of the solvated precursor from high pressure to
vacuum[261, 296, 297].

These reports raised the question of whether a similar technique utilising pulsed valves could
achieve the desired characteristics for deposition of metal nanoclusters through the injection of
solvated nanoclusters into high vacuum. Injection over a large pressure differential in such a
manner means liquid would undergo a supersonic expansion, evaporating the solvent and allowing

deposition of nanoclusters. Such a deposition would ideally have the following characteristics:

¢ Being able to deposit only fractions of a monolayer of clusters onto the substrate surface

o Distribution of clusters should be as homogeneous as possible

o Deposition of individual clusters and avoiding agglomeration of clusters or droplets of solvent
¢ Retaining the nanocluster properties and characteristics

o Verifiable decrease in solvent deposited compared to known deposition methods.

High vacuum pulse valves offer control of deposition conditions through the valve opening time
(pulse width), the time between pulses (pulse frequency), solution concentration and the pressure
differential between vacuum and backing pressure of the valve. In this paper, we present the
operation and design of a pulsed nanocluster vacuum deposition system for ligand-protected,
atomically-precise gold nanoclusters, specifically [Aug(PPhs)s]®*, from a methanol solution.
Optimisation of the system was investigated for several deposition parameters towards the desired
nanocluster deposition conditions stated previously. Atomic force microscopy (AFM), X-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM) have been used to

characterise the surfaces after pulsed nozzle deposition of the gold clusters.

4.2.1 Experimental Methodology

To investigate the usefulness of Pulsed Nozzle Cluster Deposition (PNCD) for chemically
synthesised nanoclusters, a representative nanocluster was selected for the study, [Aug(PPhs)s]®*
(hereafter referred to as Aug). Chemically-synthesised, atomically-precise gold clusters were
synthesised and purified as reported previously,[186, 298] before recrystallisation and the use of
nuclear magnetic resonance spectroscopy, mass spectrometry and X-ray crystallography to
confirm the size specificity of the clusters[235]. Aus was stored at -17°C in the dark before use in
the deposition process. For PNCD, the Aug was weighed before dissolution in ultra-pure methanol
(HPLC grade, Scharlau) to the desired concentration. The concentration range used was 1 mM,
0.5 mM, 0.25 mM, 0.125 mM, 0.063 mM.

This solution was placed into the liquid reservoir of the pulse nozzle in 0.5 mL aliquots before being
flushed with and then back pressured by argon to 2 bar. The Aus was deposited onto (i) mica

(grade V-4 Muscovite, SPI supplies) for atomic force microscopy (AFM) measurements, (ii) lacey
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carbon film TEM microgrid (# 10-1003 RO-C15, Okenshoji) for transmission electron microscopy
(TEM), and (iii) RF sputtered, nanoparticulate TiO- for x-ray photoelectron spectroscopy (XPS).
While the substrates differ in chemical makeup and surface roughness, they are not expected to

alter the deposited cluster’s properties without further treatment such as heating (vide infra).

While the chosen substrates have different surface properties, the interaction of ligated gold
clusters with mica and TiO- is known to be similarly weak. Therefore, it is assumed that examining
particle size and pulsed deposition topography with mica through AFM and elemental composition
and chemical properties with TiO, through XPS is a reasonable approach. The mica was freshly
cleaved along the [001] plane before deposition, with both mica and clean nanoparticulate TiO- cut
into 10x10 mm samples and mounted to sample holders. TEM microgrids were held by a custom
sample holder.

Nozzle
Outlet

Nozzle

Control
Shield

To

Characterisation

Sample Holder

Figure 4-1 Representation of the PNCD system, mounted to a high vacuum load lock (cutaway). Aug
is loaded into the liquid reservoir and then backed with argon to 2 bar of pressure. The pulse nozzle
control unit was operated with a programmed frequency to drive the opening/closing of the solenoid
valve. Inside the vacuum chamber, a fabricated metal channel allows the pulsed vapour to reach the
sample via line of sight while collecting the more dispersed vapour. The sample is held in a sample
manipulator in the path of the vapour pulse and once deposited, can be inserted into the ultra-high
vacuum for XPS measurement. AFM measurement requires removal to atmosphere.
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After mounting, all substrates were placed into a high vacuum sample load lock and were pumped
to 10 mbar over 6-8 hrs. Each sample was deposited with a set number of pulses of equal pulse
length (250 ps, unless otherwise stated). After waiting for the ‘settling time’, the system can be
pulsed again to inject further material until the desired amount has been injected. For gold clusters,
the ideal case is that a certain amount of pulses delivers specific coverage in a controllable
manner. The desired depositions for this process would be capable of producing a controllable,
sub-monolayer coverage. Up to 2 samples could be prepared in the load lock chamber at the same
time, allowing for identical deposition conditions across different substrates. The PNCD system

design is schematically represented in Figure 4-1.
The pulse vapour deposition system is comprised of three main components:

¢ High vacuum pulsed valve
e Pulsed valve control unit

e Cold-wall vacuum chamber with sample manipulator

The high vacuum pulse valve used is a miniature high-speed, high vacuum dispense solenoid
valve (Parker Hannifin, USA) with a 0.51 mm orifice, cone-shaped outlet flange and
polytetrafluoroethylene (PTFE) poppet. The valve has an internal 3 mL reservoir and is fitted for a
gas line for providing backing pressure. This valve is mounted such that it is in a vertical
orientation, pulsing vertically downwards. The nozzle is not a ultrasonic vibrational nozzle. The
latter is probably not suitable for the depaosition of clusters because the ultrasound could lead to

disintegration of the clusters.

The pulse valve control unit (lota One valve driver, Parker Hannifin, USA) used at NIMS was
specifically designed for operating high-speed solenoid valves. Depositions performed at Flinders
utilised a custom-built pulse driver to control identical high-speed solenoid valves. The control unit
allows the selection of pulse width (nozzle open time) to the microsecond range as well as the
ability to make single pulses or automatically triggered pulse sequences at determined intervals. A
successful pulse would register an audible click from the high-speed vacuum valve followed by a
rapid increase in observed pressure, peaking in the high 10 to low 10 mbar. The pressure would
return to the starting value within approximately 30 seconds, and after a further 30 seconds, the

next pulse was injected, giving a 60-second pulse interval.

The load lock used for deposition is attached to a separate UHV chamber, allowing deposited
samples to be easily introduced, or removed to atmosphere for further analysis. A custom-
designed vapour shielding channel (see Fig 1) was used in the load lock to restrict the path of
injected vapour, allowing only those nanoclusters with a line of sight to the substrate to reach it, it

was then removed for cleaning in between depositions.
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4.2.2 AFM

All AFM measurements presented were performed at NIMS. Mica substrates were selected for
AFM measurements due to their low surface roughness to easily distinguish the sub-nanometer
deposited species[267, 299]. These samples were removed from vacuum and transferred directly
to a vibrationally isolated AFM (SPA400, Seiko Instruments, Japan) and scanned with tapping
mode (SI-DF20 cantilevers, Hitachi, Japan) rated at 42 K(N/m), 250-390 kHz with 125 um
cantilever length. Scans were run in atmospheric conditions at multiple sites across the surface of

a sample. Scans were made from 10x10 um down to 200x200 nm.

AFM imaging allows plotting of the distribution of deposited particles as well as their height for
analysis. AFM tip curvature means that surface species smaller than the AFM resolution cannot be
accurately resolved laterally but their height measurements are unaffected by tip curvature and
remain accurate. Raw topography scan data was processed with the Gwyddion software package.
Once the scan was levelled, deposited particles were masked using the mask by watershed
feature, with each watershed region containing approximately one particle. The masked particles
were then filtered to remove any particles larger than known nanocluster size, as well as to have a
minimum height cut-off to remove substrate regions with a roughness that had been incorrectly
marked as particles. The maximum and mean particle heights could then be extracted through the
in-built grain analysis package.

4.2.3 XPS

All XPS measurements were performed at Flinders University (FU) under UHV conditions. While
mica substrate was found to be suitable for AFM measurements, test samples used in XPS
showed charging effects that interfered with elemental identification. TiO2 has been shown to be
appropriate support material for electron spectroscopy[300]. Therefore, all samples deposited onto
mica for AFM were simultaneously deposited onto TiO; for XPS measurements to identify the
chemical composition of the sample surface. Samples prepared at NIMS (Series A & B) were
transported to Flinders for measurement using XPS. These samples were transported in individual
light-blocking sample holders and stored at -17°C when not in transit. XPS was performed as soon
as possible to avoid unnecessary sample degradation. Samples for the investigation of solvent
removal were deposited and investigated at FU under UHV conditions without exposure to

atmosphere.

X-ray spectra were recorded at 1253.6 eV (Mg K radiation) using a SPECS PHOIBOS-HSA300
hemispherical analyser as previously described[301]. Due to the limited mean free path of the
electrons, only the top ~ 5 — 10 nm of the sample is probed. These measurement conditions have

been shown not to damage samples of this type[266].
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High-resolution XP spectra of the C 1s, O 1s, P 2p, Ti 2p and Au 4f regions were collected at

10 eV pass energy. All XP spectra were analysed with Casa XPS using a Shirley background and
a hybrid Gaussian (30%) and Lorentzian (70%) function to fit all peaks in a method described
previously[235]. Elemental sensitivity factors for an X-Ray source at 54.7° were used is the
analysis process. The adventitious carbon peak found at 285 eV binding energy was used as the

calibration peak for all samples[272].

424 TEM

TEM measurements were undertaken at NIMS on samples prepared using lacey, amorphous
carbon film TEM grids that were subsequently dried under vacuum for several days prior to
measurement. Measurements were performed on a JEOL JEM-2100F instrument with a 200 kV
accelerating voltage in both dark and light field modes. Energy dispersive X-ray (EDX)
measurements were also taken on specific samples for elemental analysis. Recorded images were
processed using the DigitalMicrograph (Gatan) software package to determine particle sizes. It is
worthwhile noting that initial testing on TiO, nanosheet microgrids showed that pulse deposition
could destroy the nanosheet integrity, making measurement difficult or impossible. Subsequently 6
nm amorphous carbon microgrids were used for deposition and were far more resistant to damage

by the deposition process.

4.3 Results

4.3.1 Controlling and Optimising Deposition:

Initial attempts to deposit gold clusters using a differing number of pulses at a range of pulse
widths resulted in either very heavy coverages or no discernible change in sample surface as
viewed in AFM. This was attributed initially to the pulse length as pulses around 150 ps resulted in
inconsistent pressure increases, and longer pulses (>300 us) showed clear circular features
assigned to the impact of a droplet of particles on the substrate, similar investigations using
ultrasonically vibrated nozzles had reported imperfect pulse conditions lead to large droplet
formation[261]. From AFM, it was clear that the depositions were higher than a monolayer
coverage and therefore undesirable (Figure 4-2). This range shows depositions from high pulse
numbers that produce very high coverage and appearance of surface structures attributed to
droplet impacts on the surface, even with low pulse width (opening time). This was attributed to

continued pulsing allowing larger droplets to form and reach the substrate before vaporisation.

Improved dispersion and reduced droplet-like features were observed with the use of larger pulse
width and lower pulse numbers. Pulse time was determined through iteration, 100us was observed
to be too short for observable pressure increases on pulsing. Increased in 50us steps until stable

pressure increases were observed. The pulse width was optimised to produce consistent peak
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pressures (10° mbar) and reduction of circular features at an open time of 250 us was used for all

final measurements.

Figure 4-2 AFM measurements displaying non-optimal regions from PNCD on mica surfaces,
displaying droplet impacts (top left, 0.125mM Aug/methanol, 30x pulses, 250us, B4) mutli-layer
coverages (top right, 0.125mM Aus/methanol, 100x pulses, 250us) and nanocluster aggregations
(bottom, 0.04 mM Aus/methanol, 10x pulses, 150us)

Control depositions were performed using only methanol in a freshly cleaned pulse nozzle set-up.
These depositions were performed onto freshly cleaved mica using 250 ps pulse width, 50x pulses
at 60 seconds intervals allowing deposition chamber pressure to recover to low 107 mbar pressure
between pulses. The mica used for deposition was measured in AFM directly after cleaving and
then again straight after removal from the deposition chamber. The AFM scans of the before and
after deposition conditions can be seen in Figure 4-3. The mica before a pulsed deposition can be
seen to have a reasonably homogenous coverage of 2-3 nm high particles. Similar features have
been found in previous studies on mica cleavage and assigned to crystallite growth from surface
contaminants[299].
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Figure 4-3 (left) AFM scan on freshly cleaved mica, (right) AFM scan on mica after 50 pulses of
methanol, some larger features are clipped out of scale range.

Figure 4-4 AFM scans of mica control images showing a methanol-only (no nanocluster) deposition
(left) resulting in partial removal of the particles seen in fresh cleaved mica samples and some larger
particles/residue (approx. 10-20 nm high) across the surface (right). This was only for the one sample

presented and was attributed to sub-optimal deposition conditions.

AFM scans of post-deposition methanol exhibited the continued observation of the 2-3 nm
features, with a small number of larger features in the 3-5 nm range being introduced, with an
exceptional case showing larger features presented in Figure 4-4 As both prior and post-deposition
scans show large regions of picometer roughness (attributed to flat mica) with observable features
being of a size range easily distinguishable from deposited gold clusters (0.75-1.25 nm)[196, 302],
the use of PNCD on mica was determined to be appropriate for the study of Aug nanoclusters. As
such, a series of measurements were undertaken to investigate the effect of PNCD solution
concentration and pulse number (see Table 2-1) onto mica and TiO; placed side by side in the

load-lock.
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Table 4-1 Deposition series for concentration change (A) and pulse number change (B). Series A
were all deposited for 30x pulses. Series B used 0.125 mM Au9 in methanol solution. All samples
were simultaneously deposited onto both mica and TiO2 substrates for AFM

Deposition Series A Deposition Series B
Al 1mM B1 100x
A2 0.5mM B2 50x
A3 0.25 mM B3 40x
Ad 0.125 mM B4 30x
A5 0.061 mM B5 20x
B6 10x
B7 1x
Sample A4 & B4 come from the same deposition

4.3.2 XPSresults and analysis

The amount of gold nanocluster deposited for each sample was determined through quantification
with XPS. It has been determined through previous studies that ligated Aug clusters have a 4f7,
peak with characteristic binding energy (BE) at 84.9 + 0.3 eV contrasting with the same peak for
agglomerated clusters found at the binding energy for bulk gold at 84 + 0.2 eV[235, 266]. For
samples A4-5, B2-5, agglomeration is consistent at around 70/30 nanocluster/bulk, as shown in
Figure 4-5 for sample A4. All other samples showed no signs of agglomeration, as shown in Figure
4-6 for sample B6, suggesting that agglomeration in the other samples may have been caused by

transport or sample handling.
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Figure 4-5 High resolution XPS scan at the Au 4f region. 2 distinct species are evident with gold
cluster 4f7/2 Au peak at 85 eV while bulk Au peak can be seen at 84.2 eV showing that some cluster
agglomeration has occurred.

The P 2p region was also investigated, but no discernible peaks were found, probably due to
partial ligand loss during the multiple vacuum pumping events, as found by us previously[196]. The
results of the analysis can be seen for all species in Table 4-2, with the trends of gold nanocluster

deposition across series A and B shown in Figure 4-7.
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Figure 4-6 Example XP spectra of sample B6 showing Au 4f region, with the characteristic
nanocluster Au 4f;, peak at 85.2 eV.
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Table 4-2 XPS relative elemental contributions for series A & B across C 1s, O 1s, Ti 2p and Au 4f

regions.
C(285eV) | O Ti Au Au

(530.5 % (459 £ 0.2 | (nanocluster, 85+ | (Bulk, 84 +0.2

0.2 eV) evV) 0.2 eV) evV)
Al 22.4+0.1 57.6+0.1 19.9+0.1 0.1+0.01 -
A2 23.8+0.1 57.6+0.1 19.9+0.1 0.3+0.01 -
A3 33.8+0.1 49.0+0.1 16.3+0.1 0.8+0.01 -
A4 17.6+0.1 61.0+0.1 21.2+0.1 0.07+0.01 0.03+0.01
A5 19.2+0.1 60.1+0.1 20.5+0.1 0.07+0.01 0.03+0.01
Bl 24.0+£0.1 56.6+0.1 19.1+0.1 0.2+0.01 -
B2 25.2+0.1 56.3+0.1 18.4+0.1 0.11+0.01 0.03+0.01
B3 23.9+0.1 57.1+0.1 18.9+0.1 0.8+0.01 0.06+0.01
B4 17.6+0.1 61.1+0.1 21.2+0.1 0.07+0.01 0.03+0.01
B5 25.7+0.1 56.0+0.1 18.2+0.1 0.034+0.01 0.016+0.01
B6 21.1+0.1 58.7+0.1 20.2+0.1 0.02+0.01 -
b7 17.2+0.1 58.5+0.1 24.310.1 0.014+0.01 -

It can be seen that the carbon contribution across all samples is very high, as would be expected
for samples having been exposed to the atmosphere. Cleaning of the samples with
heating/sputtering was not undertaken as it has been shown to affect Aus stability, causing
agglomeration. Sample A3 had unexplained, particularly high carbon contribution (10% higher) and
concomitantly lower Ti and O contribution. Otherwise, the samples were quite similar with the
exception of gold nanocluster contribution, which showed marked differences depending on
deposition conditions. Across series A, the amount of gold nanocluster deposited seemed to follow

no discernible trend for different solution concentrations, with the highest concentration of gold
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nanocluster in methanol, Al giving the lowest gold coverage overall. The 0.25 mM sample A3

meanwhile had the highest gold contribution of any measured sample.
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Figure 4-7 Relative elemental concentration of Aug clusters from XPS analysis across series A
(concentration change) and series B (pulse number change). No trend is evident in series A, whereas
series B shows a clear reduction in gold nanocluster conc. with lower pulse no. and, when
normalised per pulse, reveals that the initial pulse deposits far more Au than subsequent pulses.
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4.3.3 AFM Results and Analysis
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Figure 4-8 Top - A: 0.125mM Aug/Methanol single pulse (sample B7) on mica. B: higher magnification
scan of A C: High magnification scan on a single nanocluster-sized object found on the same
sample. Particle height distribution for 5 um? scan of 0.125 mM from one pulse. Some larger particles
are clipped out of scale range.

AFM scans on series A samples showed highly variable coverages with many circular, droplet-like
features (see Figure 4-2). These results suggest that solution concentration, at least over multiple
pulse regimes are not an effective method of controlling sub-monolayer depositions of gold

clusters.

In series B, while the elemental concentration of Au does not scale in a perfectly linear fashion with
the number of pulses applied, the response in Au relative XPS contribution results in a near-linear
decrease with decrease in pulse number. However, when the relative Au XPS contribution per
pulse is examined (orange line in Figure 4-7 B), the amount of Au deposited per pulse is almost
constant, except for the sample B7. This single pulsed sample shows nearly 5 times the amount of
Au deposited per pulse. The reasons for this are not fully understood but as the first pulse is
injected into a vacuum achieved through hours of pumping it undergoes the greatest pressure
differential, which may also explain why the most dispersed, homogenous depositions were
achieved from such depositions. The first pulse could change the local pressure at the nozzle, or

the seal of the nozzle poppet, affecting how much material is drawn through in subsequent pulses.
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While the amount of gold nanocluster deposited is a key criterion for assessing PNCD, another is
the dispersion and coverage of a sample with Aug clusters. Especially given that size-specific
clusters are observed to agglomerate more readily in concentrated depositions from solution. The
AFM images of samples B1-5 show patchy areas of very high coverage resembling features of
closely packed small particles along with some much larger particles (2-4 nm) dispersed
throughout (see Figure 4-2). Scans of the samples B6 & B7 showed many more isolated,
nanocluster-like features and very few regions of closely packed clusters. An AFM scan from
series B7 can be seen in the top half of Figure 4-8 displaying the types of coverages seen in a 1x
pulsed deposition. No highly concentrated regions were detected in the scanned areas; instead,
disperse particulate coverage exist across the scan, with much less variation in particle
concentration. The particle height distribution for the scans on sample B7 can also be seen in
Figure 4-8. The particle size analysis revealed a distribution of maximum particle heights peaking
between 0.85-0.98 nm while taking the mean particle height gave the largest number of particles at
0.90 nm with a broader overall distribution.
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Figure 4-9 AFM scans of sample B6 (on mica) at different locations showing largely homogenous
depositions of cluster sized particles with no droplet-like features. Bottom - Particle height
distribution for 10 um scan of sample B6 show the weighting of maximum and mean particle heights
for each scan, with the distributions for both in agreement for large numbers of sub-nanometer (gold
cluster sized) particles.
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AFM analysis was undertaken on sample B6 pulse as this sample also produced dispersed
coverages with a large fraction of single nanocluster sized objects. The AFM results for this
deposition can be seen in Figure 4-9 along with the particle size analysis of the 5 pum?scan. The
maximum and mean height distributions show maxima both between 0.65-0.91 nm. Both samples
B6 and B7 measurements also showed that particle max height analysis contained a small fraction

of larger particles across the sample surface.
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Figure 4-10 AFM scans of pulsed vapour deposited Aug onto Mica. All scans were performed at the
same location with top and bottom being 3um? and middle being 500nm?2. The blue frame indicates
common scan regions. The top and bottom images are 3um? AFM scans taken before (top) and after
(bottom) the central 500nm? scan.
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Particle sizes of 0.65-0.98 nm are in good agreement with results previously reported by Al
Qahtani et al. from AFM of the same gold clusters on TiO; nanosheets deposited through
immersion, where they showed the average z-height of deposited clusters was 0.75 nm[302] albeit
on a rougher substrate. Previous DFT modelling of ligated gold clusters proposed larger sizes
between 1.47-1.66 nm when ligated but did not take into account the change in nanocluster
orientation and arrangement, as seen in high-resolution STEM, gold clusters are capable of ‘laying
flat’ when interacting with surfaces[196], or after the loss of some ligands in a vacuum
environment, as is suggested to have occurred in this case, through XPS results. Thus, it can be
assumed that particle sizes of 0.65-0.98 nm correspond to the height of single Aus clusters on

mica.

Further AFM measurements on the single pulsed sample showed that under certain scan
conditions, the gold clusters could be moved by AFM tip contact (see Figure 4-10) as has been
previously observed for gold nanocluster depositions on TiO, nanosheets[267]. The cluster sized
objects in the top scan are not evident in the centre scan and once the large scan was repeated in
the bottom scan it was evident these clusters had been pushed to the frame edge by the AFM tip.

104



4.3.4 TEM Results and analysis

Samples for TEM measurements were prepared only under conditions closely resembling samples
B3-B6 (i.e. conditions similar to series A were not examined with TEM). This involved depositing the
samples with 0.125 mM Aus/methanol, at 250 ps pulse time for 40-10 pulses at 60-second intervals.
The samples were imaged using darkfield TEM. Several sites were chosen for imaging across each
sample. The TEM scans from a 10-pulse deposited microgrid can be seen in Figure 4-11. The well-
dispersed bright spots indicate individual gold clusters on the carbon substrate. The coverage
observed is homogenous, and while there is a variety of particles sizes evident, the TEM intensity
line profile (Figure 6) clearly shows that lateral particle size is in good agreement with complementary
AFM height measurements for gold clusters at 0.8-0.95 nm. Several larger particles appear to be
irregular in shape and may indicate a grouping of multiple deposited gold clusters. EDX was used to
attempt identification of the metallic species but due to low sensitivity was only effective on heavily
deposited samples, as seen in Figure 4-12, where it identified Au as present.
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Figure 4-11. Above - Darkfield TEM of microgrids deposited with 10 pulses of 0.125 mM
Aug/methanol solution. Below — intensity profile along the white trace of the image
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Figure 4-12 TEM scan on a 40x pulse deposited 0.125mM Au¢/Methanol sample using amorphous
carbon microgrid. The top part shows a TEM scan of a PNCD deposition on to carbon microgrid with
aregion of dense coverage of metallic species. The bottom part shows the EDX result. Au was found
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4.3.5 Solvent Removal — Effect of heating

In order to determine the presence of solvent from the PNCD process on the samples, the system
detailed in the experimental section was set up on a load lock with direct access to XPS
measurements. The TiO, substrate was inserted into the vacuum and cleaned of adventitious
carbon and other contaminants through heating to 300°C and sputtering with Ar. It was then
deposited with 3 pulses of gold nanocluster/methanol solution (0.125 mM) before being heated to

200 °C all while remaining in at least 10" mbar vacuum.

It was observed that by measuring the high-resolution C 1s region in XPS between every step of
the vacuum deposition the growth of the carbon peak at 286.7+0.1eV binding energy appears after
the pulses are deposited onto the sample and correspond to C-O bonds from methanol. This peak
is nearly entirely removed through the final heating step, and Table 4-3 shows the increase and
decrease in relative XPS percentage from C 1s. The lowest relative percentage of carbon in the
200°C heated sample is justified as with the addition of Au the relative proportions of each species
are lowered. These measurements confirm that pulse deposition is a method of depositing gold
nanocluster with low-contamination with solvent. Carbon contamination introduced through PNCD

is nearly entirely removable.

Sample Process Relative XPS % (C 1s)
Heated 300°C, Ar Sputtered 3.9+0.2
Pulsed w/ Aug/methanol 6.4+0.2
Heated 200°C 3.0+0.2

Table 4-3 Carbon 1s XPS percentages for the 3 measured steps, cleaning, deposition, and
decontamination of a PNCD preparation of gold clusters

The procedure described above mirrors that undertaken for previously reported attachment of gold
nanocluster to TiO, through liquid immersion[266]. The critical distinction being that deposition
through liquid immersion requires the vacuum treated sample to be removed into atmosphere,
introducing and increasing the probability of sample contamination, and altering its treated state,

including any surface treatments.
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4.4 Pulsed Nozzle Cluster Deposition Modelling

The PNCD process involves the injection of a pulsed ‘packet’ of gold clusters/solvent into the
chamber. This packet undergoes a supersonic expansion in a pressure differential which causes
prompt solvent evaporation. Removal of vapour through surface deposition and constant pumping

returns the vacuum chamber to its initial pressure after ~30 seconds.

The evaporation rate of the solvent upon supersonic expansion is important to determine the
distance a solvent droplet can survive before vaporisation in the vacuum. Versteeg et al. proposed
a model for a droplet of given radius to evaporate utilising partial pressure from a droplet of solvent
combined with a curvature of the solvent surface (assuming a round droplet)[261] as well as the
resulting monolayers deposited per pulse and velocity of the injected pulse. Their modelling was
for an ultrasonically active nozzle but was adapted for the nozzle used in these investigations.

. -A
tevaporation = B frrf ‘,'t‘f"l er Equation 4-1 integrates the time to evaporate a
methanol droplet from an initial radius (rinitas taken as radius of the nozzle bore) to a final radius of a
single nanocluster (i.e.an isolated nanocluster).

tevaporation = f:li ‘l'::‘;l e Equation 4-1
where A = %,B = ‘/T Equation 4-2
Table 4-4 Values for modelling methanol droplet evaporation after pulsing
% 2.25E-2 Surface tension of the solvent (N/m)
Q 1.76E-28 Molecular volume (cm?3)
k 1.38E-23 Boltzmann’s constant
T 293.15 Temperature (K)
m 1.53E-25 Mass of evaporated particle (kg)
Po 1.89E4 Vapour Pressure (Pa)[303]
Ifinal 4.00E-9 Final droplet radius (m)
Finitial 5.10E-4 Initial droplet radius (nozzle radius) (m)
E
%
a
luating teyaporation = frr,f, l::l;z e_r_A Equation 4-1 and where A=
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Monolayers deposited per pulse are calculated with the parameters defined in Table 4-4 and the
u
s

e m1/6¢

tw .
Nmonolayers = ’)zﬁﬁ [ApmaxT (1 - e(_T))] Equation 4-3

ghis model is drawn from kinetic gas theory coupled with the assumption that a pulse causes an
infinitely fast rise time in chamber pressure at pulse injection followed by exponential decay until
the chamber returns to its base pressure. Infinitely fast means here in comparison with the time
gharacteristics of the pulse. This model then gives a pressure curve that can be integrated over the
time from 15t to 2" pulsing to give the fraction of monolayers per pulse deposited by the valve.
goupling this with the assumption that the partial pressure of the gold nanocluster is proportional to

'gs concentration in solution and that the growth of monolayer is proportional to adsorbed molecular

oo A .
area, approximated as a cube allows for teyaporation = B frr_f ‘_'t‘f"l er Equation
B.1 to be expanded to estimate coverage for a single pulse at a given waiting time.

i

n Table 4-5 values used to model the number of monolayers deposited per pulse using Equation 4-1

a tw | 60 Inter-pulse waiting time (s)
t
. T | 275 Temperature (K)
i
Y k | 1.38E-23 | Boltzmann's constant
n
pmo | 19.3 the density of gold (g/m"3)[304]
0

T 1.58E-4 decay constant (s, experimentally determined)

Ap | 4.32E-4 Pressure Maximum (mbar)

R m | 3870.9828 | Mass of nanocluster (g/mol)
c |0.125 nanocluster concentration (mM)
F
o . ml/6c (-2) .
Bsing equation Nponotayers = W [Apmax‘l'<1 —e\ )] Equation 4-3 and the

e
values from Table 4-5gives Ny onoiayers =0.003 per pulse. This value, while relying on some
f
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approximations, is approximately in agreement with gold XPS measured for sample B6 (10 pulses)
giving 0.02 monolayers and could provide a framework for achieving specific sub-monolayer

coverages.

Estimating the velocity of the solution on injection assumes the pressure drop and resulting
acceleration occur entirely within the nozzle bore. Modelling for this can be done using the formula

for head loss in a circular pipe, assuming a turbulent flow. This injection velocity, h;, can be
AP L v

determined from hy = o= f;g Equation 4-4:

AP Lv .
hy = — =faz; Equation 4-4
Table 4-6 values for use with equation 4-4 to estimate pulsed packet velocity on exiting

nozzle bore.

p | 791 Density of methanol kg.m

AP | 2.0x10° | Pressure drop from nozzle head to chamber, Pa

d |0.51 Nozzle diameter, mm

L 1.25 Nozzle orifice length, mm

f 10.035 Friction factor, drawn steel, 0.0015mm roughness, Reynolds number>10*

g |98 Acceleration due to gravity, ms

Equation 4-4 evaluated using values from Table 4-6 gives 30 ms™ as the final velocity on entering
the vacuum chamber, combining this value with the lifetime of a 10 um droplet evaluated from (1)
gives droplet evaporation within 5.7x10° m from the nozzle bore. Given the evaporation chamber
has dimension 8x102m from the nozzle to sample, only (methanol) vapour will reach the sample
surface. Thus, deposition of solvent onto the substrate only occurs from the gas phase. The total
amount of solvent attaching to the surface through the deposition method thus is significantly less
than when depositing clusters by dipping the substrate into solution[185, 266]. The circular feature
identified on some heavily deposited surfaces in AFM (Figure 4-2) may be accounted for by vacuum
degradation over lengthy depositions affecting the solvent evaporation rate. Alternatively, in some
pulsed CVD modelling[297, 305] it has been proposed that particles can aggregate in a vacuum as
the solvent droplets containing the particles evaporate and contract, clumping solvated contents into

more concentrated groups. The Mathematica code used for this model can be found in Figure 4-13.

It is worth noting that while the conditions for this model are relevant for a single pulse, and that the
predicted monolayer coverage per pulse aligns well with samples B1-6; the observed coverage on
sample B7, a single pulsed sample is in worse agreement. For B1-6, this model’s predictions are

within a factor of 2 of observed monolayer coverages. For B7 it is more like a factor of 5. While this
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is still a useful result, it does reinforce the idea that the conditions of the first pulse may interact in a

manner not wholly captured in this model.

¥ = .0225; (*surface tensionx)

Q=1.76x10"%; (xmolecular volumex)

k =1.38x1072%; (#Boltzmann's Const.*)

T = 300; (*Temperaturex)

m=1.53x10"2; (+molecular mass (evap. particle) )
p
A

= 18870; (*partial pressure of flat surfacex)
2%y *Q

3

k*T

V2xmameksT
B=—m;
Qxp
rf = 3.5x107%%;
ro = 0.00001;
in[ 1= tev = B* (Integrate[f, {r, rf, ro}])

ou[ 1= ©0.000189629

in[-1:= ScientificForm[tev]

Out[~]//ScientificForm=
1.89629x107*

in[-]:= NumberForm[©.000189629]

Out[#]//NumberForm=
0.000189629

i ]= ClearAll[p, AP, d, L, F, g, Vv, X]

Inf-]:= p = 791 kg/m3 3 (xdensity of Methanol, kg/m"3x)

AP = UnitConver‘t[202709 Pa] ; (xpressure drop from nozzle head to chamber, Pax)

= 0.51mm; (*nozzle diameter, metersx)

UnitConvert[ 1.25 mm]; (*nozzle orifice length, metersx)

m - Q
n

= 0.035; (* reynolds number 10*, drawn steel,

stainless steel roughness ©.0015mm roughness,

https://www.nuclear-power.net/nuclear-engineering/fluid-dynamics/major-head-
loss-friction-1loss/friction-factor-turbulent-flow-colebrook/,

http://www.calctool.org/CALC/eng/civil/friction_factorx)

L
Fx—
d

g= 9.8m/sz;(*gr‘avitationa1 constant, newton square meters per kilogram squared) *)

202700
791

I'I'IZ// SZ

Out[«]=
oul[ 1= ©.0857843

AP L 1
In[]:= Sqrt[—/F*a*z—]
P g

ouf-]- 30.2584Vm

In[-]:= 30.258m/s * 0.000189629" s

out[-]= ©.00573779m

Figure 4-13 Mathematica code used to model the PNCD evaporation time and velocity
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45 Conclusions

Aug clusters were deposited onto mica and titania substrates via pulsed nozzle cluster deposition
(PNCD) using a variety of nanocluster concentrations and pulse conditions and the surfaces
analysed with AFM, XPS and TEM. AFM allowed for analysing the height distribution of the
clusters on the surfaces and thus a measure for the degree of agglomeration. Through XPS, it was
possible to determine the degree of agglomeration via the Au binding energy. It was found that the
conditions for the deposition affect the dispersion of the clusters over the substrate surface.
Change in Aug concentration was found not to be a suitable method for controlling the number of
deposited clusters. Varying the number of pulses at an Aug concentration investigated (0.125 mM)

resulted in effective control over the concentration of clusters deposited.

Under conditions of homogeneous dispersion of the Aug clusters over the surface, it was found that
the vast majority of features found with AFM had a height corresponding to the size of a single Aug
nanocluster. Additionally, TEM images show Au particles whose lateral size is consistent with
single Aug clusters. XPS showed that most of the Au is at a BE of 85.0+£0.3 eV, giving evidence
that nanocluster agglomeration is largely suppressed through the deposition process. XPS also
showed that the minimal addition of hydrocarbons from the solvent used in the process (i.e.
methanol) to the sample could be almost completely removed through applying heating of the

samples under vacuum up to 200 °C.

In summary, PNCD with single pulse deposition at low concentrations is a suitable method for
depositing ligand protected clusters onto substrates at fractions of a monolayer be deposited and
produces deposited clusters that are distributed as individual and isolated clusters over the

surface.
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5 SPECTROSCOPIC COMPARISON OF ELECTRONIC
STRUCTURE VIA GOLD METAL NANOCLUSTER
IMMERSION AND PULSE NOZZLE CLUSTER
DEPOSITIONS ON DEFECT RICH TITANIA

5.1 Abstract

Au Nanoclusters (NC) show a range of novel properties due to their size-specific electronic
structure, which can be negatively impacted by NC instability and agglomeration.
Spectroscopic investigations of Au NCs on reduced photocatalytic TiO, substrates under ultra-
high vacuum conditions, using X-Ray Photoelectron Spectroscopy (XPS) and Metastable lon
Electron Spectroscopy (MIES), allow for comparison of in-situ Pulsed Nozzle Cluster
Deposition (PNCD) and ex-situ immersion deposition methods with regards to substrate
treatments, surface contaminants and electronic structure. It is shown that the PNCD process
results in greatly reduced concentrations of surface carbon compared to immersion
deposition. PNCD also differs from immersion deposition by allowing for the retention of
sputter induced Ti®* defects through the NC deposition process. MIES spectra analysis show
that the two deposition methods result in key differences in the NC electronic density of states
(DOS), indicating that differences in surface conditions on otherwise identical substrates can

result in changes to NC DOS, likely due to NC/surface interactions.

5.2 Introduction

Atomically precise, metal NCs, typically consisting of two to a couple of hundred atoms and
up to 2 nm in diameter[32] have become an area of quickly growing interest owing to their
ultrasmall size, discrete energy levels,[306] and their tuneability through size and elemental-
specific properties offering rich technological potential. Investigations into harnessing these
properties towards fields such as sensing, bioimaging and catalysis have been well
documented[307].

Small changes in the size, geometry and local environment of metal NCs have been observed
to cause significant differences in their catalytic ability[308, 309]. These changes have been
attributed to the small size of the metal NCs, which allow for the quantisation of energy levels
within the NC, unlike the continuous energy bands found in nanoparticles or bulk
structures[307]. These properties can also differ through other factors, including the synthesis

pathway of the NC.
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One major synthetic route for results in 'bare' NCs, produced in the gas phase using
techniques such as laser ablation and sputtering before mass selection is applied to deposit
size-selected NCs or metal ions[310]. Many experimental studies to date have used bare
metal NCs, including Au, deposited in-situ from laser vaporised[311, 312] or sputtered cluster
sources[313], enabling the study of NCs model surfaces and their interactions with the
substrate. Gas-phase synthesised Au NCs have proven helpful in examining the size-specific
properties of the NCs, as well as the interactions between substrate surfaces and metal NCs
deposited onto them. However, these synthetic methods are more useful as model systems

and catalysts and are not as scalable as chemically synthesised metal NC techniques.

Recent years have seen a range of chemical synthesis techniques developed to allow for
metallic precursor salts to undergo reactions before being 'capped' at specific sizes through
the use of ligands, such as CO[314] or Phosphine[309] groups to produce highly homogenous
size distributions. These techniques result in scalable, reproducible NCs with size-uniformity
and flexibility to change NC size, and therefore properties through varying the reactants,

ligands, or reaction conditions.

As the properties of a NC depend on its size and geometry, it is critical to retain the size of the
clusters when depositing onto solid substrates and avoid the agglomeration of the deposited
clusters in cases when the surface of a substrate shall be modified such that a narrow range
of new and additional specific electronic states shall be established at the surface through the
NCs. Theoretical calculations have shown that the specific geometries of a ligated Au NC are
highly dependent on the cluster-ligand interface[315]. Investigations into chemically
synthesised NCs have repeatedly encountered that calcination, radiation exposure and other
ligand-removing treatments post-deposition of the clusters can induce polydisperse cluster
growth[316]. The agglomeration that results from these events has led to observed losses of
desirable properties of the NCs such as catalytic activity. To control NC agglomeration, surface
treatments such as acid-washing[298] and sputtered defect sites[267] have been explored to

improve NC stability through stronger surface interactions.

Given the nature of metal NCs, their size specific properties can easily be affected not only by
agglomeration into larger clusters and particles, but also by their interaction with the supporting
substrate that they are deposited onto[317, 318] even though such cluster-support interactions
have been observed as helpful in stabilising NCs and providing improvements to catalytic and
photocatalytic performance[108]. Surface treatments and modifications to oxide substrates
such as TiO, have been shown to influence the properties of NCs deposited onto these
surfaces. Increased catalytic efficiency has been achieved through routes such as photo

deposition of Pd NCsz19; and depositions of Au catalysts onto reducible metal oxides[320]
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such as TiO,. While experimental Scanning Tunnelling Electron Microscopy has shown that,
once partially de-ligated, chemically-synthesised Au NCs can be seen to have one of several
possible geometries, influenced by the interaction of the NC core with a TiO, substrate[196].

However, the exact nature of the interaction between Au NCs and reduced TiO; is still
undetermined. On reduced TiO, substrates, Ti** surface defects, in the form of bridging
oxygen vacancies and interstitial Ti[321], are thought to combine in a stabilising cluster-
support interaction with metal NCs leading to a decrease in agglomeration and improving
catalytic performance. It has also been shown that Au NCs bind weakly to a pristine TiO-
surface while oxygen vacancies, and Ti** defect sites have been observed to bind and stabilise
the same NCs readily[322]. Several previous experimental studies using chemically-
synthesised, ligated Au NCs have focussed on the production of Ti®* defects from
nanoparticulate TiO; in the presence of Au NCs[295] as well as the stabilising effects of Ti®*
defects in atomic layer deposited (ALD) titania on the size-specific electronic structure of Au
NCs[266, 323]. The techniques used to deposit such NCs onto substrates generally involve
ex-situ immersion of a treated substrate into a cluster-containing solution. Therefore, they
require the substrate's exposure to atmospheric conditions, potentially affecting the substrate
surface conditions by quenching defect sites and introducing contaminants in a non-

guantifiable manner before deposition takes place.

Pulsed NC Deposition (PNCD) is a deposition technique that allows for the in-situ deposition
of chemically synthesised, size-specific ligated NCs through injecting small pulses of NC
solution into a high vacuum chamber, allowing for a highly disperse, sub-monolayer coverage
of a target substrate to be achieved, and has been previously demonstrated using Au
NCs[324]. This deposition method allows a treated substrate to undergo deposition without
exposure to atmosphere, allowing for a defect-rich surface created through pre-treatment to
be retained in vacuum until Au NCs are deposited through PNCD, something that previous
immersion deposition studies have not been able to show[323]. Ensuring the presence of Ti**
defects when Au NCs are deposited allows for examining the impact of any NC-defect
interaction on the stabilisation and prevention of agglomeration. This technique also allows
substrate-NC systems free from atmospheric and carbonaceous contamination present in
immersion techniques. Ligated Au NCs deposited through PNCD, therefore, will be able to
access pristine, vacuum-treated substrate surfaces and their defect sites in a manner similar

to bare NCs synthesised in the gas phase.

Radiofrequency (RF) deposited TiO, was used as the substrate in this study as it produces a
dense, uniform layer of TiO, that can be easily fabricated and readily modified with Ti®*

defectsss;, RF-deposited TiO- is polycrystalline and therefore is better representation of real
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catalysts than the single crystal TiO, often used in model studies of cluster-substrate

interactions.

The interaction of Au NCs with Ti** defect sites can be thoroughly examined through a
combination of electron spectroscopy techniques. Meta-stable induced electron spectroscopy
(MIES) is a technique that possesses an extreme surface sensitivity, with the probing meta-
stable He atoms (He*) only interacting with the outmost valence electron density of a sample
surface[326]. This makes MIES a valuable tool for probing nano-sized objects and
investigating their electronic density of states (DOS). Through the comparison of MIE spectra
with the chemical composition of the surface from X-ray photoelectron spectroscopy (XPS),
any differences in DOS found for ex-situ immersion depositions and in-situ PNCD can be

correlated with the relative concentrations of Au NCs and Ti®* surface defect density.

The aim of this study is to compare the differences in DOS from NCs deposited through both
immersion and PNCD deposition techniques onto prepared titania substrates. Chemically
synthesised, atomically precise Aug(PPhs)s NCs have been used for deposition onto RF
sputter-deposited TiO,, treated under UHV conditions to induce Ti®* defects. The ability of
PNCD deposition to restrict surface carbon concentration, while retaining surface treatments
such as Ti** defects provide a contrasting surface environment to immersion deposition on an
identically prepared substrate. The chosen deposition techniques therefore allow for the
correlation of observable differences in NC electronic structure, obtained through MIES, with
Ti®* defect-rich surface interactions, as well as the impact of defect-rich titania on the

stabilisation of NC agglomeration.

5.3 Experimental Methodology

5.3.1 Chemically Synthesised, Atomically Precise NC Materials and
Preparation

The following investigation was performed using a well-characterised representative NC,
[Aug(PPhs)s]®*. These clusters were synthesised and purified in a previously reported
process[327, 328]. They were subsequently recrystallised and characterised using nuclear
magnetic resonance spectroscopy, mass spectrometry and X-ray crystallography to confirm
the size and uniformity of the NCs[44]. Aug was stored at a temperature of -17°C and in sealed,

covered containers to minimise exposure to sunlight.

Preparation of the deposition solutions for immersion and PNCD was identically for all
solutions. Aus was weighed, then dissolved in ultra-pure methanol (HPLC grade, Scharlau) to
the required concentration. For the immersion deposited samples the Aucd/Methanol
concentrations used were 0.01mM, 0.001mM, .0006mM, 0.0001mM and 0.00006mM. For the
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PNCD depositions, the small amount of material injected with each PNCD pulse required
higher concentrations of the solution, with the concentrations of 0.01mM, 0.006mM, 0.001mM,
0.0006mM, 0.0001mM used. PNCD depositions were prepared using the same process
described elsewhere[324].

5.3.2 Substrate Selection, Surface Treatment and Deposition Techniques

The substrate chosen for both deposition techniques was nanoparticulate, RF-sputter
deposited TiO; thin film prepared and characterised using Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), X-Ray Diffraction (XRD) and XPS as previously
reported[325]. In addition, all substrates used in control, PNCD and immersion deposition
samples underwent treatment under ultra-high vacuum to induce surface Ti®* defects. This
step was performed by heating to 300°C for 10 minutes before being exposed to a fixed dose

of 6x10%lons/cm Argon sputtering ions at 10eV.

Immersion deposition was performed by removing a prepared, surface-modified substrate
from a high vacuum (HV) load lock, immediately removing the substrate from the sample
mount and immersing the sample completely into 5mL of pre-prepared Aus/Methanol solution
of a known concentration. Immersion was maintained for 30 minutes before the sample was
removed, gently dried under nitrogen and re-mounted for insertion into the HV load lock and
subsequently the UHV chamber for measurement.

The method for PNCD deposited samples followed the same process described
elsewhere[324]. PNCD in this case was used in a single-pulse regime, whereby a small
volume of pressurised Aug/Methanol solution was injected into the HV load lock through a
controlled pulse nozzle (lota One valve, Parker Hannifin USA) set to open for 200us. This
single opening allowed the injected pulse to enter the vacuum, undergoing ultrasonic
expansion and droplet evaporation before depositing the Au NCs onto surface modified TiO>
under vacuum conditions at < 10" mbar. The substrate for PNCD samples was therefore never
removed from vacuum after modification, allowing the pre-prepared atomically precise NCs to
access the as prepared, defect rich TiO, surface without atmospheric exposure and
contamination which could result in quenching the defects generated through the surface
treatment. Au for both immersion and PNCD depositions, a post-deposition heating procedure
was applied to both remove any H,O adsorbed to the sample, and to partially de-ligate NCs
for further surface-sensitive spectroscopy. This procedure was identical for both sample
preparations, and involved heating the NC-deposited sample using an in-situ resistive filament
heating mechanism to heat the Mo sample holder and sample from underneath by increasing

the filament current. Heating occured at a rate of 20°C per minute under UHV conditions until
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200°C was achieved. The sample was maintained at 200°C temperature for 10 minutes, then

cooled at the same rate as the heating step.

5.3.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS was applied using Mg Ka radiation at 1253.6eV to determine the elemental composition
and the chemical states of all components. Under the condition chosen, XPS has a probing
depth of less than 10nm, depending on the electron mean free path £?°, and have previously
been shown not to damage samples of this type[266]. The apparatus was built by SPECS
(Berlin, Germany) with a non-monochromatic X-ray source and has a base pressure of a few
10%° mbar with the details described in [301]. The angle between the X-ray source and the
SPEC PHOIBOS-HSA300 hemispherical analyser is 54.7 °. At a pass energy of 10 eV the
FWHM of the Ag 3ds;; peak is < 1 eV. The uncertainty of the peak positions is typically 0.2 eV.
High-resolution scans were recorded at a step size of 0.1 eV for Carbon (C), Oxygen (O),
Phosphorus (P), Titanium (Ti), Silicon (Si) and Gold (Au) at a pass energy of 10 eV. XPS
measurements were taken after all substrate treatments were complete, before deposition;
after deposited samples were returned to the UHV environment; and after samples underwent
heating to remove surface carbon and PPhsz ligands.

Analysis and quantification of the subsequent spectra were performed in Casa XPS (SPECS
lab) using a hybrid Gaussian (30%) and Lorentzian (70%) peak and a Shirley background to
fit the recorded peaks as previously described[235]. In addition, elemental sensitivity factors
for an X-Ray source at 54.7° were used for analysis[244] with the C 1s peak; associated with
C-C sp3 bonds, set to 285eV, for calibrating the XPS energy scale. Using this calibration, it
was found that the Ti** peak binding energy was stable within + 0.2 eV confirming that the
energy calibration described above does not lead to artefacts in the binding energy of other

peaks in the XP spectra.

5.3.4 Metastable Impact Electron Spectroscopy (MIES) and Ultraviolet
Photoelectron Spectroscopy (UPS)

All MIES and UPS measurements were performed using a cold cathode two-stage discharge
source (MFS, Clausthal-Zellerfield, Germany) for generating metastable helium (He*) and Hel
UV photons. The He* and UV photons are separated into packets through a mechanical
chopper. A 10V bias was applied to the sample stage. The Hel excitation energy is 21.218 eV
and results in a UP spectrum collected from approximately 3nm into the sample surface. The
MIES excitation energy is 19.218 eV and is a perfectly surface-sensitive technique, with the
metastable He ions interacting with the surface's outermost valence electrons, referencet®®

331 To further understand the nature of the Aus NCs deposited through immersion and PNCD,
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MIES/UPS spectra were recorded from the samples after they had been heated for ligand

removal.

The individual measured UP, and MIE spectra can be viewed as linear combinations of the
characteristic electronic spectra from the constituent species on the sample surface. Individual
sample measurements are first normalised against a known, stable and well-characterised
polymer surface to adjust the intensity variations of the MIES source over the course of the
experiments which were undertaken over several days due to the length of sample
preparation. The input spectra were analysed up to a binding energy of 10eV to reduce the
interference from the secondary electron contributions at lower kinetic energies (i.e. higher
binding energies). Subsequently, a process known as singular value decomposition (SVD)
was applied to analyse, separate, and identify the constituent reference spectra. This process,
described in detail elsewhere[243], generates a series of reference spectra and assigns a
weighting factor to each reference spectrum, the sum of which should be unity. The reference
spectra determined through the SVD analysis of a MIES/UPS spectra represent the electronic
structure of the various components (chemical species) forming the surface. By comparing
the reference spectra and their weighting factors with relative concentration as determined by
XPS, changes in elemental concentrations can be correlated with changes in reference
spectra weighting to associate specific reference spectra and the electronic structure they
describe to a particular surface species.

5.4 Results and Discussion

We will first discuss the influence of the deposition method on the presence of hydrocarbons
on the sample surface and then present the analysis of the clusters deposited onto the

substrates.

5.4.1 Carbon contamination from PNCD - Effect of heating

In order to determine the amount of carbon deposited during the PNCD process and whether
deposited carbon can be removed via post-PNCD heating, XPS was applied.

The C1s spectrum in Figure 5-1 A from a heated and sputter cleaned TiO, substrate shows
one discernible carbon peak at 285 eV. The peak centred around 285eV + 0.1eV is assigned
to C-C sp3 bonds from adventitious carbon[332], a common presence even under UHV

conditions.

Figure 5-1 B shows two carbon peaks, one peak at 285 eV and one peak at 286.7 + 0.1eV.
The carbon peak at 286.7 + 0.1eV appears after PNCD deposition onto the sample and

correspond to C-O bonds from methanol[333].
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This peak is nearly entirely removed through the final heating step as can be seen in Figure
5-1C.
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Figure 5-1 High-resolution XPS spectra of the C 1s region showing the change in C-C sp3 and
C-O fitted peaks across a heated and sputtered TiO; surface (A), the same surface after PNCD
deposition (B), and after post-deposition heating to 200°C (C). The change in the C-O peak
through this range illustrates the removable nature of the low levels of carbon introduced
through PNCD.

Table 5-1 shows the increase and decrease in relative XPS intensity from C 1s and
corresponds to the fitted C 1s XP spectra shown in Figure 5-1. These measurements show

that PNCD is a method capable of depositing NCs whereby any increase in carbonaceous
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species (e.g. solvents) introduced through deposition is nearly entirely removable through
heating to temperatures which can remove supporting ligands without leading to overall NC
agglomeration.

Table 5-1 Carbon 1s XPS relative intensities for the three measured steps displayed in Figure
1, substrate cleaning (A), deposition (B), and decontamination (C) of a single PNCD
preparation of Au NCs.

Relative XPS %

Sample Process C 1s Total C-O C-C sp3
Heated 300°C, Ar

39 £ 02 - 39 £ 0.2
Sputtered
Pulsed w/ Aug/methanol | 6.4 + 0.2 24 £ 0.2 40 = 0.2
Heated 200°C 3.0+0.2 05+0.2 25+0.2

The carbon content across samples is distinctly different between the two deposition methods
employed. PNCD in NC deposition resulted in up to 2.5 times lower surface carbon species
concentration than the immersion deposited samples. Table 5-2 clearly shows that the
immersion deposited samples showing not only the highest individual carbon relative
percentage (0.0001mM) but an average of 8.2 + 0.1% carbon, compared to a calculated
average of 3.7 = 0.1% for the PNCD sample series. It will be described below that in applying
MIES and UPS, surface carbon is an unwanted element, as it can block TiO, and Au NCs from
ion impact and, therefore, observation. The difference in C contamination between the PNCD
and the samples prepared by solution immersion is that PNCD occurs under vacuum and uses
only a small amount of solvent. In contrast, the immersed samples are exposed to air as well
as the entire surface to a solvent, resulting in the adsorption of adventitious hydrocarbons from

the atmosphere and of solvent.

5.4.2 Surface Treatment and Elemental Composition of Immersion and PNCD
deposited TiO2

The measurements of XPS relative concentrations are shown in Table 5-3 across both the
immersion and PNCD series. XPS measurements from nanocluster deposition can be seen
in Figure 5-2 & Figure 5-3. Carbon overall signal consists of two detectable peaks, assigned
to adventitious carbon (mainly C-C and C-H bonds) at 285 + 0.2eV[332], and C-O bonds at

286 = 0.2eV as seen in Figure 5-1. The oxygen 1s region shows two clear peaks, which can
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be seen in Figure 5-2, one at 530.6 + 0.2eV associated with metal oxides, TiO: in this
case[334], and another at 532.2 + 0.2eV likely from organic C=0 bonds[332].

Table 5-2 XPS relative concentrations (At%) measured directly after nanocluster deposition via
PNCD (P1-6) and immersion deposition (11-6)

Sample Solution Tis* Au
P Concentratio C 0] Si Ti4*
Number (Defect)  (Total)
n Aug
147+ 602+ 09+ 238+ 46+ 0.8 +
P1 0.01mM 0.1 0.1 0.1 0.1 0.1 0.01
84+ 653+ 09+ 252+ 48+ 0.2 +
P2 0.006mM 0.1 0.1 0.1 0.1 0.1 0.01
130+ 625+ 1.0+ 235+ 3.7+ 0.2 +
P3 0.001mM 0.1 0.1 0.1 0.1 0.1 0.01
73+ 660+ 08+ 260+ 43+ 0.1+
P4 0.0006mM 0.1 0.1 0.1 0.1 0.1 0.01
68+ 663+ 10+ 258+ 45+  0.03+
P5 0.0001mM 0.1 0.1 0.1 0.1 0.1 0.01
6.4+ 671+ 11+ 255+ 51+ -
P6 Blank 0.1 0.1 0.1 0.1 0.1
Solution C .
Sample . . " Ti Au
Number COHCiI:IZI’atIOI’l 2 =l L (Defect)  (Total)
I 0.01mM 256+ 51.6+ 0.9+ 19.6 + - 0.76 +
Jim 0.1 0.1 0.01 0.1 0.01
" 0.001mM 154+ 591+ 0.5+ 22.8+ - 0.12 +
ALl 0.1 0.1 0.01 0.1 0.01
117+ 618+ 0.5+ 235+ - 0.12 +
13 0.0006mM 0.1 0.1 0.01 01 0.01
140+ 596+ 04+ 22.8+ - 0.06 +
14 0.0001mM 0.1 0.1 0.01 01 0.01
119+ 625+ 0.7+ 234+ - 0.03 +
15 0.00006mM 0.1 0.1 0.01 01 0.01
113+ 639+ ; 24.7 ;
16 Blank 01 01 01 0

Each column in Table 5-3 is representative for a XPS peak with a specific binding energy and
therefore for a specific chemical state: The Si 2p peak as seen in Figure 5-2, is found at 102.7
+ 0.3eV and in very low relative concentrations of around 1.0 + 0.3%, consistent with SiO>
originating from the silicon wafer, with some mixing with TiO2[335]. Phosphorus, which was

only observed immediately after depositions, prior to the final heating step, displayed a low
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intensity peak in the P 2p region with binding energy at 131.9 + 0.1eV, attributed to Au NCs
stabilised by PPhs ligands[336].

A typical example of Au peaks both before, and after heating can be seen in Figure 5-3. Au
XPS data in Table 5-3 is displayed with the total Au relative percentage in Au (total),
followed by the individual breakdowns of the Au High Binding Peak (HBP) associated with
Aug NCs at 85.5 + 0.4eV, seen in the orange trace in Figure 5-3 A & B. The Au Low Binding
Peak (LBP) corresponding to bulk Au and agglomerated clusters is found at 84.1 + 0.4 eV.
Analysis of the quantified elemental compositions in each sample illustrates several key

points of comparison between the two methods of NC deposition.
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Figure 5-2 High resolution XPS scans showing typical spectra from the Oxygen 1s, and Silicon
2p regions
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Figure 5-3 High resolution XPS scans on the Au 4f region of 0.006mM PNCD before (A) and
after (B) post-deposition heating with peaks showing typical Au HBP and LBP fitting analysis.
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Table 5-3 XPS relative concentrations for PNCD and Immersion depositions, all measurements presented here were recorded after deposition and
post-deposition heating (@ 200°C, 10 mins) for surface carbon and ligand removal had occurred.

Pulse Nozzle Cluster Deposition — XPS Relative Percentage — Heated/Ligands Removed

Sample
Number

P1
P2
P3
P4
P5

P6

Solution

Concentration

AUg

0.01mM

0.006mM

0.001mM

0.0006mM

0.0001mM

Blank

C

(C-C & C-0)

59+0.1

3.2+x0.1

6.7+0.1

27+£0.1

66.4+0.1

68.2+0.1

66.4+0.1

68.6 + 0.1

69.1+0.1

68.5+0.1

Si

0.89+0.1

1.1+0.1

1.2+0.1

1.0+£0.1

0.99+0.1

1.0+0.1

Ti%*

266 +£0.1

27.2+0.1

255+0.1

27.6+0.1

27.1+0.1

27.5+0.1

125

Tist
(Defect)
54+0.1
52+0.1
6.7+0.1

46+0.1

Au
(Total)
0.33+0.1
0.25+0.1
0.09+0.1
0.08+0.1
0.03+0.1

0

Au High Au Low
Binding Peak  Binding Peak
(HBP) (LBP)
0.11+0.1 0.23+0.1
0.07+0.1 0.2+0.1
0.04+£0.1 0.08 £ 0.1
0.05+0.1 0.06+0.1
0.03+0.1 0.03+0.1
0 0



Immersion Deposition - XPS Relative Percentage — After Deposition, Heated/Ligands Removed

Sample
Number

Solution
Concentration
Aug

0.01mM

0.001mM

0.0006mM

0.0001mM

0.00006mM

Blank

C

(C-C & C-0)

12.8+0.1

8.2+0.1

6.4+0.1

95+0.1

11.5+0.1

7.2+x0.1

O

61.8+0.1

64.7 +0.1

66.8+0.1

64.4+0.1

62.1+0.1

66.0+0.1

Si

0.89+0.1

0.89+0.1

1.0+0.1

0.46+£0.1

1.49+0.1

0.98+0.1
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Ti%*

23.4+0.1

259+0.1

256+0.1

249+0.1

255+0.1

242+0.1

Tic
(Defect)

0

0

Au
(Total)

0.76 +0.01
0.12+0.01
0.12+0.01
0.06 £0.01
0.03+0.01

0

Au HBP

0.35+0.01

0.05+0.01

0.12+0.01

0.06 £ 0.01

0.03 +0.01

0

Au LBP

0.41+0.01

0.07 +0.01

0

0



Titanium dioxide, from the substrate of these samples, displays itself in these XPS results as one of
two Ti 2p doublet peaks. The first doublet was observed at a binding energy of around 459.6 + 0.2eV,
associated with Ti** from the bulk of the TiO2p244. The second, found as previously reported, at around
458 + 0.3eV was assigned to defects, with a state of Ti* [323]. An example of the fitting of these
peaks to a high-resolution XPS scan from both the immersion and PNCD series can be seen in
Figure 5-4. These scans were taken after TiO, samples had undergone a complete heating and
sputtering cycle. To simulate the exposure to atmosphere on the presence of the Ti** defects during
the immersion deposition process, a sample was measured before and after (Figure 5-4, A and B)
being removed from the HV load lock and exposed to atmosphere for 15 seconds. This is
approximately equivalent to the time it takes to remove a sample from the load lock and fully immerse
it in a prepared NC solution for immersion depositions. Measurements of a sample before and after
(Figure 5-4, C and D) being deposited with PNCD technique with no Au NCs in the pulsed methanol.

The difference is evident in comparing the impacts of these different methods on the proportion of
Ti®* defects retained after deposition. Samples exposed to the atmosphere, such as before
immersion deposition, clearly show that any Ti** defect sites induced through the heating and
sputtering of the sample are no longer observable in XPS after deposition. In contrast, samples
prepared with NC-free PNCD show well-defined peaks at around 458 + 0.2eV in XPS before and
after deposition. While a slight reduction in the peak intensity of the Ti** defect peak (yellow trace)
can be seen between the scans, indicating a loss of some Ti** through the PNCD process, reviewing
the Ti** defect percentages from Table 5-3 XPS relative concentrations for PNCD and Immersion
depositions, all measurements presented here were recorded after deposition and post-deposition
heating (@ 200°C, 10 mins) for surface carbon and ligand removal had occurred. shows that the
final state of PNCD prepared samples retain an average of 5.1 + 0.6% Ti** relative to other surface
species. This indicates that samples deposited with Au NCs through PNCD can retain their defect
sites through the deposition and ligand-removal steps, allowing for potential interactions between Au
NCs and Ti** surface defects to occur. In comparison, it is shown that a vacuum-treated sample will
have almost all measurable Ti** defects quenched within 15 seconds, the required time for

manipulation prior to immersion into the NC-containing solution.
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Figure 5-4 Ti high resolution XPS region before (A) and after (B) exposure to air as a form of
immersion deposition simulation. Ti high res XPS region before (C) and after (D) PNCD in vacuum
conditions.

For the PNCD samples P1-6, analysing the Ti** defects as a proportion of the total Ti XP signal
indicates an Auys NC-Ti** defect interaction. As shown in Table 5-4 PNCD deposited sample Ti%*

defects as a proportion of total Ti signal (%) showing the changes in each sample through different
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deposition steps., the measured intensity of Ti** defects introduced through heating to 300°C and Ar
sputtering decreases for all samples after Au NC deposition through PNCD by an average 1.8%.After
the deposited samples are heated to 200°C for ligand removal there is a general trend of an overall
increase in Ti** proportion, with only the lowest Aus NC deposition (P6) and the control sample
exhibiting a decrease in Ti** intensity on further heating. As shown in Figure 5-4, a large fraction of
the Ti** defects are retained through PNCD, these defect sites would be available for interaction and

potential stabilisation of atomically precise NCs after the ligand removal step.

Table 5-4 PNCD deposited sample Ti®* defects as a proportion of total Ti signal (%) showing the
changes in each sample through different deposition steps.

P1 P2 P3 P4 P5 P6
PNCD Series 0.0lmM 0.006mM 0.001mM 0.0006mM 0.000lmM Control | Average
300C + Sputtered 23.7 184 19.3 17.7 19.3 214 20.0
Post PNCD 19.3 18.0 17.6 16.5 17.6 20.2 18.2
200C Ligand Removal | 20.4 19.2 26.2 16.7 16.9 17.9 19.6

The post-deposition calcination to 200° results in the thermal removal of PPh; ligands from the Auy,
allowing for contact between the AuAu NCs and the substrate. Similar ligand removal to facilitate
substrate contact has been shown elsewhere to activate catalytic properties[337]. However, this
process resulted in the XPS phosphorus signal being too weak to be reliably separated from the
XPS background for all samples. While one interpretation of the lack of P XPS intensity is the
complete removal of PPh; ligands from the NCs, as the Au HBP was clearly observed after heating
and the loss of P signal, some sizable fraction of size-specific NCs were retained, an unlikely
outcome if calcination had resulted in the total removal of stabilising P ligands. The lack of P XPS
signal is thought therefore to be associated with the properties of the TiO, substrate, as identical
processes in systems utilising an atomic layer deposited (ALD) TiO. substrate have previously

recorded XPS spectra displaying P signal on immersion deposited NC samples after heating[266].

5.4.3 Auo NC De-Ligation and Agglomeration Effects

As seen in Figure 5-5, throughout the immersion deposition series, it was observed that the 0.01mM-
0.0006mM fraction of the Au HBP peak position shifts from around 85.4 + 0.2eV after deposition to
an LBP around 84.6 + 0.2eV after heating, indicating de-ligation and some subsequent
agglomeration has occurred across all immersion samples. For the 0.001mM and 0.00006mM

samples, only one Au 4f peak was resolved through analysis, interpreted as HBP, given their binding
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energy position being greater than 85 eV. All samples with the exception of 0.0006mM showed

around a 0.4eV reduction in the HBP measured after heating, as shown in Figure 5-5.
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Figure 5-5 - Immersion deposited series Aug HBP peak position and relative elemental concentration
post immersion and after heating to remove PPhs ligands showing the full range of concentrations in
the immersion deposited samples. The control sample has been excluded as no Au was deposited or
recorded on that sample. Any lower Au relative elemental concentration between Immersed and
Heated values is mainly due to Au HBH agglomeration into the LBP state.

The AuAu NC binding energies observed in PNCD samples can be seen in Figure 5-6 to be
noticeably shifted when compared to the binding energies seen in the immersion series in Figure
5-5. The Peak Position — HBP — PNCD trace in Figure 5-6 shows that before heating for ligand
removal, the deposited clusters occur at a lower average HBP position at around 85eV + 0.3eV,

around 0.4eV lower on average compared to the immersion deposition series.

The differences in binding energy results are not the only notable difference in outcomes between
cluster deposition methods. Across the entire PNCD sample range, the Au HBP increases from an
as-deposited HBP range of between 84.8-85.3eV to between 85-85.8eV after heating. The HBP
series after heating should be viewed as displaying three binding energy position groupings.These
groupings consist of samples 0.01mM and 0.006mM showing HBPs at around 85.0 + 0.1eV, sample
0.001mM at 85.5 £ 0.1eV and samples 0.0006mM and 0.0001mM displaying HBPs at 85.8 £ 0.1eV.
This increase in the binding energy for de-ligated NCs indicates that as lower deposition
concentrations are used, an increase in the fraction of NCs able to interact with available surface

Ti** defects can lead to changes in the final state of NCs HBP.

The exact cause of the unexpected increase in post-heated HBP binding energy is unknown. It is

possible that this energy shift is the result of Au transitioning towards an oxide state, such as
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Au203[338], however previous investigations into Au interactions with reduced TiO2 substrates have
proposed that shifts of this type could be attributed to cluster surface interactions, likely between
NCs and surface Ti** defect sites[322]. The retention of Ti** defects on the substrate surface at the
time of PNC deposition are a key difference between the PNCD and immersion series, which was
shown to have the same defects quenched by atmospheric exposure prior to sample immersion.
Therefore the observed shift in HBP binding energy is assumed to be a direct result of the effects of
Ti** defect interaction with PNCD Aug NCs.
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Figure 5-6 - PNC deposited series Au9 HBP peak position and relative elemental concentration after
PNCD and heating to remove PPhs ligands showing PNCD samples 0.01mM-0.0001mM; control
sample was excluded as no Au was deposited or measured on that sample.

NC agglomeration, seen as a shift in intensity from the Au HBP to Au LBP after heating and ligand
removal, is seen in all PNCD samples although the extent of that agglomeration differs as seen in
Figure 5-7. For the higher concentration samples, 0.01mM-0.001mM, the post-deposition heating
resulted in more LBP than HBP Au signal. While the 0.0006mM-0.0001mM samples show the
majority of Au signal registering in the higher energy HBP range as can be seen in Figure 5-7. The
PNCD LBP peak positions, and the (partially) agglomerated Au they represent in comparison, remain

generally consistent at around 84.4 £+ 0.1eV across the range of samples.
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Figure 5-7 Plot of HBP fraction of total Au XPS signal against total Au XPS creative concentration.
Both immersion and PNCD samples show lower HBP fractions at higher total Au concentrations.
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5.4.4 MIES/UPS analysis and XPS correlation

UPS provides limited information when investigating surface-deposited NCs due to the UV photons
penetrating the surface of a sample and returning information from the sub-surface region. The Au9
NCs are exclusively present at the sample surface in low concentrations, so their UPS signal is very
low compared to bulk Ti, O, Si, and C species. The UPS for this series, seen in Figure 5-8, displayed
characteristic features of a TiO2 substrate similar to those seen in chapter 3.4.1 previously reported

and discussed elsewhere[325].

0.01 MM —0.001 MM ——.0006 mM 0.0001 mM ——0.00006 mM —— Control

Intensity (Arb. Units)

9 8 7 6 5 4 3 2 1 0
Binding Energy (eV)

Figure 5-8 UPS scan traces from the 11-6 immersion deposition series, showing the characteristic
doublet peak structure of TiO, between 2-8 eV.

5.4.4.1 Immersion Deposition

The MIES spectra recorded from the final, heated state of immersion samples 11-16 were evaluated
with SVD as detailed in the methods section and resulted in two reference spectra. Both reference
spectra can be seen in Figure 5-9, labelled reference spectrum Alpha and reference spectra Beta.
Each measured spectrum can be fitted as a linear combination of Alpha and Beta by giving each a

weighting factor indicating its share in constituting the measured spectrum.
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Figure 5-9: Immersion Series MIES SVD reference spectra. Through correlations with XPS relative
elemental concentrations and binding energies, Alpha has been associated with the TiO, substrate,
while Beta correlates to the Augs AuAu NCs.

As seen in the weighting factors in Figure 5-6; the control sample, 16, with a full deposition treatment
but no Aug NCs included in the immersion solution, had an Alpha weighting factor of 0.97. The Alpha
reference spectra, therefore, show a strong correlation to the final state of the TiO» substrate after
deposition and treatment. 16's remaining 0.03 weighting factor for Beta is within experimental
uncertainty. It is worth noting that bulk Au, such as those agglomerated species assigned to the Au
LBP in XPS, do not display clear peaks in MIES[339]. Agglomerated Au is therefore assumed to be

represented in the broadly featureless Alpha spectrum.

The Beta reference spectra therefore most likely originates from the unagglomerated Aus NC surface
species which result in the XPS Au 4f HBP. In Figure 5-9 the relative intensity of Au HBP in XPS is
compared with the weighting factors for the Beta reference spectrum of the immersion deposited
sample series. The similarity in the graph traces for the Aug XPS relative concentration and reference
spectrum Beta support the assumption that the reference spectrum Beta represents non-

agglomerated Aug Au NCs.
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Figure 5-10 A- Immersion series MIES SVD weighting factors; B — MIES SVD weighting correlation
with XPS Au9 HBP relative concentration, the near 100% correlation of 0.0006mM sample to the Beta
reference spectrum corresponds to the highest concentration of non-agglomerated Aug NCs across

the sample range. This indicates a strong correlation with the Beta electronic structure and un-
agglomerated, size specific Aug NCs.

The Au HBP binding energy positions from XPS provide further support for correlating the Beta
reference spectrum with Aug NCs. The 0.0006mM sample, correlated most strongly with reference
spectra Beta, was also recorded as possessing an Au HBP XPS peak position of 85.3 £ 0.1eV. This
observation closely aligns with the previously reported characteristic XPS peak position of stable Aug
NCs, at 85.1 £+ 0.1eV[235], further strengthening the case for reference spectra Beta’s correlation
with Aug AuAu NCs. Across the immersion sample range, samples which show Au HBP binding
energies at around 85 eV or higher, have higher Beta weighting factors. Therefore, the Beta
spectrum is associated with non-agglomerated size-specific Aus NCs with binding energy at 85.1eV
and above.
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As the Beta reference spectra (Figure 5-9) correlates to Aug NCs, any peak features arise via Auger
de-excitation of the NCs and are representative of the NC DOS, or electronic structure. This structure
has two very clear peaks, the first evident at around 2 - 4 eV with a maximum localised at 3.2 + 0.2
eV. The second peak is seen from 4.3-6.8eV with a maximum localised at 5.7eV + 0.2eV. These
peaks, while broad, are clearly defined from the relatively featureless Alpha reference spectra, and
from Beta's background outside of these regions. These results point to the conclusion that
immersion deposited Aus NCs on TiO, supports have clear, broad DOS peaks at around 2-4eV and
4.3-6.8eV.

Previous investigations into Aus NCs on atomic layer deposited TiO- substrate, have assigned MIES
reference DOS spectra featuring peaks at 4.4eV, 7.3eV and 9.2eV to Aus NCs and phosphorous
from their supporting ligands[323, 340]. While the peaks energies observed in this work are not in
identical positions, the energy difference between the first and second peaks is similar at 2.5 + 0.3eV
in the present study and 2.9 + 0.3eV in the work of Krishnan et al. The cause of these energy
differences could partly be attributed to the difference in substrates, with prior studies performed on
ALD Titania substrates. The differences in substrate could potentially result in NC-substrate dipole
shifting, which may account for the peak energy position differences compared to the previous
studies. The formation of dipoles at interfaces results in a shift of the spectrum of the respective
species. The P signal, not detected in this study after the heating step for ligand removal, was clearly
found in previous works using ALD titania. The lack of P in this study, may explain the 'missing' third

DOS peak, which was observed in systems where P was detectable after the ligand removal step.

5.4.4.2 Pulsed Nozzle Cluster Deposition

The SVD process run on six PNCD spectra from sample range P1-6 resulted in two reference spectra
being deconvoluted from the raw MIES data, reference spectra Alpha and reference spectra Beta,
as shown in Figure 5-11A. The ratio of weighting factors for both reference spectra across the sample
series showed a clear trend. The weighting factor for reference spectra Beta gradually increased
through with increasing concentration of the solution for the pulsed nozzle deposition until accounting
for 0.94 of the control sample. The broadly featureless Beta reference spectrum was therefore

assigned to the TiO» substrate again.

The Alpha and Beta weightings were relatively even between 0.01mM-0.0006mM, before Beta
increased while Alpha decreased to the 0.0001lmM sample and to zero for the control sample. The
Alpha reference weighting trend was compared to the relative elemental percentages of the chemical
species detected in XPS, correlating weakly with every element except the Aus HBP. In the case of
PNCD, the strongest correlation was shown between Alpha and the Aus HBP XPS relative
concentration, as can be seen in Figure 5-10. Based on the strength of this correlation, the
association of the Alpha reference spectra with PNC Deposited Aus NCs was determined to be the

most reasonable conclusion. Reference spectrum Alpha has three peaks. The first peak is at around
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2 - 4 eV and is rather weak, the second peak is at 4.3 - 6.8eV with a maximum localised at 5.7eV +
0.2eV and a third peak between 7 and 9 eV with the maximum at 8.2 + 0.2 eV. The first two peaks
are at the same positions as the the two peaks in the Alpha reference spectrum of the immersion

deposition series.

The PNCD Alpha reference spectrum is of particular interest, given that of its peaks have different
intensities compared to the immersion Alpha reference spectra, pointing to differences between the
Aug electronic DOS for each deposition method. While the PNCD Alpha spectrum does have some
information indicating a minor peak at around 3eV, it is noticeably less pronounced than the
corresponding peak in the immersion Alpha reference spectra. The primary peaks instead appear at
around 4-6.5eV and 7-9eV. The first of these broad peaks are equivalent to the immersion Alpha
peak observed between 4.3-6.8eV and may indicate a standard DOS feature for Aug NCs.

The peak seen at 7-9eV in the alpha reference spectrum has no equivalent in the immersion series
Au cluster reference spectrum and, given that the primary observed difference in surface chemistry
between the two deposition methods is the retention of Ti** defects, this peak may be an outcome
of the interactions between Aus NCs and Ti** defect sites. Wahlstrom et al. found, using scanning
tunnelling microscopy, that bare Au clusters bind weakly with stoichiometric TiO. due to bond
polarisation. In contrast, Au bonds with Ti** defects are covalent and were found to be the most
stable configuration for single-atom Au clusters on TiO; substrates [322]. Recent density functional
theory (DFT) investigations by Yoo et al. have probed the interactions between reduced titania
surface defects (such as Ti®*) and Au metal NCs, predicting a Au NC valence band maximum at
around 4-5eV finding that surface defects indirectly interact with Au NCs, increasing the surface
polarizability and inducing a charge redistribution at the localised TiO2/NC interface[341]. These
findings point to the possibility that Au NCs at a TiO; interface in proximity to Ti** defect sites can
undergo charge transfer to the TiO2 conduction band, resulting in a strong bond and positively
charged Au NCs. These predictions align with the observed positive shifts seen in the PNCD series

NC DOS features compared to the immersion NC DOS peak positions. .
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The apparent differences in DOS between the same Aug NCs on identical substrates highlight that,
through different deposition methods, the deposition to a TiO, surface with a low and high Ti** defect
density on the sample surface can lead to marked differences in the final electronic DOS when
depositing Aus NCs. These differences, along with the observed changes in NC agglomeration
behaviour and binding energy, likely correspond to specific interactions between Aug NCs and the
Ti®* defect sites available at the surface of PNCD samples. The differences in the Aus bonds with a
defect-rich surface may offer new methods to control, stabilise and tune the DOS and properties of

atomically precise Aug NCs.

5.5 Conclusions

In comparing the effects and outcomes of immersion and PNCD deposition methods on the TiO;
surface treatment, NC stability and electronic structure of the cluster/substrate system, several key
differences have been observed. PNCD technique was shown to allow for NC depositions with far
lower overall carbon contributions than similar samples prepared through immersion deposition;
especially from the C-O bonds associated with methanol, the solvent used in both deposition
methods, with most methanol deposited during PNCD proving to be removable through post-
deposition heating. Reduced levels of surface carbon allow for deposited novel surface species to
be more easily detected and analysed using extremely surface sensitive techniques such as
MIES/UPS.

PNCD was also found to allow surface treatments such as Ti** defect inducement through heating
and sputtering of nanoparticulate TiO- to survive the deposition process of ligand protected NCs,
ensuring that deposited NCs could access surface defect sites. Ensuring that chemically synthesised
NCs can access substrate treatments made under vacuum conditions has proved difficult in past

studies and PNCD may allow a hew pathway to probe NC-surface interactions.

Aug Au NC immersion deposition on RF-TiO2 was associated with electronic DOS extracted from
MIES SVD analysis and showed strong peaks between 2-4eV and 4.3-6.8eV, these peak positions
differed from past DOS identified using same deposition method and NCs on ALD titania, however
the similar inter-peak spacing suggests that the nature of the substrate used for deposition may play

a larger role in the final NC electronic structure than previously understood.

Aus Au NC deposited via PNCD showed stronger correlations between surface NCs XPS relative
percentages and MIES SVD reference spectra than for the immersion deposited samples, likely due

to the reduced carbon content and lack of exposure to atmospheric conditions.

The Aus NC PNCD series displayed a changed electronic structure compared to the immersion
series. Unique energy peak positions seen in PNCD Au NC DOS features are potentially caused by

a charge transfer between cluster and substrate resulting in a positively charged cluster when
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deposition and subsequent ligand removal are performed in the presence of Ti** defects. Overall,
the characteristics and treatment of the TiO substrate is seen to have a larger impact on Au NC
electronic structure than previously assumed. The role and impact of Ti** defects on the NC DOS, is
seen to result in significant shifts in electronic structure, consistent with stronger NC-surface bond
formation on a Ti%*-rich substrate, although without topographical mapping of DOS, the exact nature

of the defect/NC interaction is still somewhat uncertain.
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6 INVESTIGATIONS INTO THE ELECTRONIC STRUCTURE
AND INTERACTION OF IN-SITU VACUUM-DEPOSITED AU
AND RU METAL NANOCLUSTERS ON TIO2

6.1 Introduction

Given the pressing need of the world to transition away from CO.-emitting fossil fuels, two primary
goals must be met to achieve this. First is the transition to renewable, carbon-neutral energy
sources; second is the optimisation of current high-energy processes to enable more energy-
efficient and economic outcomes. One area of research that currently offers potential pathways
towards solutions to both issues is nano-catalysis, with promising results and outlooks in areas
such as ammonia production[342], industrial chemistry[343-345] and hydrogen production,
especially through photocatalysis of hydrogen[346, 347]. The efficacy of a nanocatalyst is highly
dependent on properties such as physical geometry or the specific number of atoms contained
within the nanocatalyst, especially for the branch of nanocatalyst known as hanoclusters
(NCs)[348-350]. Changing the size, shape, and composition of such NCs can dramatically impact
their properties, resulting in NCs that behave radically differently from their related bulk materials

and from individual atoms of the constituent elements[350, 351].

These qualities open the door to 'tuneable’ catalytic systems designed and optimised to facilitate
specific reactions. Simulated studies of the available energy states in a given nano-catalytic
system have been used to find candidate catalytic and photocatalytic systems whose DOS aligns
with the energy requirements of a given reaction[352-354]. These simulated results require
physical experimentation and analysis to determine how real systems perform and react to
changes in NCs and their local environments, given that even changes in NC structure or size in
the order of a single atom or bond can result in markedly different performance[309, 355]. Various
spectroscopic techniques have successfully been used to study these systems, including IR
spectroscopy[309, 356], STEM and SEM[196, 267]. However, using extremely surface-sensitive
spectroscopic techniques, MIES and UPS, have proven especially useful in revealing the electronic
structures and DOS of metal nanoclusters deposited onto photocatalytic catalytic systems. These
techniques, coupled with supporting methods, such as XPS and ab-initio simulations, have allowed
for the identification of specific electronic DOS associated with homogenous nanoclusters, as well
as shifts in these DOS due to modification of clusters and their supporting substrates[266, 267,
295, 323, 324, 340]

Such surface-sensitive spectroscopic techniques require ultra-high vacuum (UHV) conditions and
consistent and reproducible sample preparations for best results. These requirements have led to

the development of specialised TiO2 substrates and studying their influence on the attachment and

141



agglomeration of NCs, especially Au and Ru NCs[267, 325, 331, 357-359]. The attachment of NCs
to a substrate has been performed in many studies through the use of a solution-mediated
technique outside of the UHV chamber, such as drop-casting[196, 360], immersion[266, 323, 356]
or photo-deposition[125, 126]. These ex-situ techniques do not, however, guarantee the
preservation of surface treatments such as defect sites and can result in the introduction of
contaminants and excess surface C from the solvent. As such, the development of in-situ
deposition techniques has been pioneered, with chemical vapour deposition (CVD) for Ru
NCs[357, 358, 361, 362] and the pulsed nozzle cluster deposition (PNCD) technique[363]. These
techniques open the door to depositing chemically-synthesised NCs onto prepared substrates
while maintaining vacuum conditions, improving the experimental design space for investigations

into the nature of cluster-substrate interactions.

While such in-situ techniques are promising in isolation, they offer further opportunities for use in
concert to deposit multiple NC species onto prepared substrates. The possibility to deposit and
analyse nanoclusters through complementary in-situ methods opens up the investigation and
design of multi-catalyst systems. Each deposited NC could be tailored towards a single step of a
complex, multi-step process in such a system. An experiment of this type would require
understanding how candidate NCs would behave and change in relation to any co-deposited NCs
and the substrate in use. One such system investigated in this study is the co-deposition of
Rus(CO)12 NCs, which have proved promising for oxygen evolution reactions alongside Aug(PPhs)s
NCs, used for hydrogen evolution. By depositing both NCs onto a photocatalytic ALD TiO>
substrate, the system can be considered a useful model for photocatalytic water-splitting. This
investigation aims to present the first evidence for the suitability of co-depositions of Au and Ru
NCs onto prepared, defect-rich TiO substrates under vacuum conditions and examine the

interactions and modifications to NC and substrate DOS in such a system.

6.2 Methods and Materials

6.2.1 Substrate Information

The substrate for all samples and measurements reported here was an atomic layer deposited
(ALD) TiO2 characterised by its highly smooth and uniform surface. A thin amorphous TiO, was
deposited on P-type, boron-doped Si wafers with resistivity <0.005Q-cm (MTI Corp., USA) via ALD.
The typical thickness of the deposited film is around 10nm, with less than 1nm surface roughness.
A detailed explanation of the method used to fabricate the ALD TiO: is described in detail by Walsh
et al.[364]

This ALD TiO; was heated under UHV conditions to 300 °C for 10 minutes immediately before

sputtering with Ar* ions to a dose of 6 x 10'* ions/cm?. This step was performed to induce Ti%*

142



defects at the substrate surface consistent with previous studies into the deposition and properties

of chemically synthesised, atomically precise metal nanoclusters[266, 323, 365].

6.2.2 Vapour Pressure Deposition

Chemical vapour deposition (CVD) was performed in the same UHV load-lock chamber as for
PNCD deposits. The apparatus, consisting of a manipulator arm capable of extending and
retracting the CVD deposition vial and a vial-capping shield, is attached to the load-lock chamber
described in previous chapters. As they possess a high vapour pressure, metal carbonyl clusters
can vaporise at room temperature in environments in the range of 10" mbar[366]. Deposition
testing within the Andersson group determined that pressures of 4 x 10 mbar (or lower) could

produce reasonable deposition rates on a target substrate.

For each Rus CV Deposition, 2mg + 0.05mg of Ru3(CO)12 was weighed and loaded into a prepared
vial before approximately 2mL of dichloromethane was added before the vial containing the
solution was ultrasonicated for one minute. Dichloromethane was used as it did not degrade the
cluster condition or result in cluster agglomeration during the deposition process. After
ultrasonication, the exterior of the vial was cleaned with ethanol and placed in a fume hood to allow
all remaining dichloromethane to evaporate for around 30 minutes. This process resulted in a thin

film of ligated Rus(CO)1, coating the interior surface of the vial.

The vial was subsequently loaded into a vacuum chamber by placement into a retractable
manipulator arm. This apparatus allowed for the vial to be placed such that a substrate for
deposition was <1cm from the vial's opening for depositions and allowed for the vial to be retracted
such that the vial's opening was sheathed behind a physical screen, preventing further deposition.
All samples were exposed to identically prepared vials for 30 minutes before undergoing
spectroscopic measurements. After deposition, all Rus CVD samples were heated under UHV
conditions to 625K for 10 minutes, shown in previous studies as sufficient to partially remove CO
ligands from Ru-CO binding sites[365]. All CVD depositions and subsequent measurements were
performed in situ. The cluster vial and the substrate were both at room temperature for all results

described here.

6.2.3 Pulsed Nozzle Cluster Deposition

The details regarding the equipment, sample preparation and process employed for PNCD of
Aug(PPhs)s have been described in section 4.2.1, including details regarding the preparation of
equipment, the process and materials used to prepare Au cluster solutions in methanol, and the

effects of varying the number of pulses. The depositions described here were performed using a
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single pulse PNCD regime with solutions concentrations varied between samples. Deposited

samples were heated under UHV conditions to 473K for 10 minutes to remove the PPhs ligands.

6.2.4 XPS, UPS and MIES Instrumentation

Details of the UHV experimental apparatus, measurement techniques and data analysis for XPS
and MIES/UPS are given in sections 2.1 and 5.3. All XPS measurements were performed using
the XPS instrument at Flinders University. The Mg ka X-Ray anode was used for all
measurements, with all spectra calibrated at the analysis step to the adventitious C 1s peak at
285.0eV. A detailed explanation of the XPS peak fitting procedure is given in section 3.3.2.1.

High-resolution XPS measurements were performed on each sample's Ti 2p, C 1s and Ols
regions after each substrate surface treatment to monitor the level of Ti 3* defects induced via
treatment and the sample's O and C content. Subsequent high-resolution XPS scans were taken
after cluster depositions (CVD for Ruz and PNCD for Aug) on the Ru 3d, Au 4f and P 2p regions in
addition to the original Ti, C and O regions. The complete series of Ru, Au, P, Ti, O and C scan
regions were measured again after the required in-situ de-ligation heating process was performed

for each cluster.

MIES/UPS measurements were undertaken directly after the in-situ heating step for each
deposition to probe the surface after supporting ligands were removed from the respective
nanoclusters. All MIES/UPS spectra were normalised against a polymer sample known to have
highly reproducible MIES spectra; this process was used to reduce the impact of differences in
measurement intensity on the MIES/UPS SVD process.

6.3 Results and Discussion

6.3.1 X-Ray Photoelectron Spectroscopy

The discussion of XPS results and associated analysis is presented below in three sub-sections,
ALD TiO, substrate treatment, Rus cluster deposition and Aug cluster deposition, covering the three
stages of each sample's preparation and analysis. Each sample was analysed using the same

XPS analysis methods described in sections 2.1.1 and 4.2.3

6.3.1.1 ALD Titania Substrate Treatment

The elemental relative percentages, primary peak position and respective Ti*/Ti** ratios for all
prepared samples after identically applied surface treatment processes are presented in Table 6-1.
These tables summarise the substrate's chemical state as prepared immediately before the Rus

NC deposition step.
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Figure 6-1 Example high resolution XPS scans exhibiting all fitted chemical species for (A) O 1s after
heating and sputtering (B) C 1s after heating and sputtering, and (C) Ti 2p after heating sputtering
and Rus deposition

A typical O 1s spectra for ALD TiO; substrate after heating and Ar-sputtering is seen in Figure 6-1-
A. For the O 1s region, two broad peaks were sufficient to model and fit the measured XPS data
across the range of samples prepared. While some discrepancy between the total fit of the two O
1s species and the XPS raw data can be seen around 528-529 eV, the minimum number of peaks
was used to fit all XPS analyses as the observed FWHM for these peaks was not unreasonably
broad. The proposed XPS fittings for all samples do not preclude the potential presence of
additional species of lower intensity within the sample, masked by the broader and more intense
peaks already identified. The first of these peaks, with the higher intensity, corresponds to the

metal oxide TiO, substrate, with a possible contribution from SiO, and can be seen at around
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530.5 + 0.1 eV[367]. The second, less intense peak at 532.1 + 0.1 eV corresponds to the O

component of single bonded C-containing species[368] and other adventitious species.

Table 6-1 Elemental relative concentrations and primary species binding energy positions were
determined by fitting XPS data collected after ALD TiO2 substrate treatment (Calcine @ 300°C, 10
mins & Ar sputtered). The ratio of Ti**/Ti%* defects is recorded as an indication of substrate treatment

results.
Relative Elemental Ratio (At%)
C Species o
Sample - Ti Species (Ti*, Si Species
(adventitious, C- .
No. Species Tic*) (SiOy)
0) (Oxides, C=0)
1 7.0+0.1 66.7+£0.1 25.6+0.1 0.6 +£0.01
2 2.9+0.1 69.0+0.1 27.4+0.1 0.8+0.01
3 49+0.1 67.8+0.1 26.6+0.1 0.7+0.01
4 6.8+0.1 66.4+0.1 26.3+0.1 0.6 +£0.01
5 3.1+0.1 69.3+0.1 27.7+0.1 -
6 3.3+0.1 68.8+0.1 27.3+0.1 0.7 £0.01
Control 39+0.1 67.3+0.1 27.3+0.1 1.1+0.01
Primary Peak Binding Energy (eV)
Sample C (Calibration @] Ti Si
No. Peak)
1 285.0+£0.1 530.97 0.1 459.69 + 0.1 99.65+0.1
2 285.0+£0.1 530.75+0.1 459.47 + 0.1 99.46 £ 0.1
3 285.0+0.1 530.86 £ 0.1 459.59+0.1 99.59+0.1
4 285.0+£0.1 530.36 £ 0.1 459.12 +0.1 99.44+0.1
5 285.0+0.1 530.94 +0.1 459.66 + 0.1 99.53+0.1
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6 285.0+0.1 530.83+0.1 459,55 +0.1 99.47 + 0.1
Control 285.0+£0.1 530.94 £ 0.1 459.69 £ 0.1 99.42 +0.1
Sample
1 2 3 4 5 6 Control
No.
Ratio -
S— 0.1373 0.1220 0.13189 0.1513 0.1511 0.1104 0.2216
i**/Ti

The C 1s region seen in Figure 6-1-B was fitted with two broad peaks after the complete heating,
and sputtering surface treatment was applied. The first peak, centred at 285 eV, is attributed to
adventitious C, mainly from C-C and C-H bonds. Adventitious C is detected at this binding energy
with sufficient consistency to be used as a calibration peak for XPS analysis, including in this
study. The second peak, found at 286.6 + 0.1 eV is attributed to the C component of surface
species, e.g. C-O. Previous studies have identified that surface C is reduced to a minimum after
such treatments[266, 323]. However, some adventitious C is retained even after such treatment in
UHYV conditions. The C-O signal is assumed to originate mainly from contamination from
carbonaceous species embedded into the bulk of the ALD substrate during synthesis[266, 267,
323].

The Ti 2p region for ALD TiO, displayed Ti species as a spin-split pairing of peaks, the 2ps, and
2p12 doublet pair. Doublets were identifiable for both the Ti** species commonly associated with
crystalline TiO2 and a Ti®* doublet attributed to surface-induced defects due to the Ar sputtering

treatment.

The primary Ti*" 2ps, peak was identified at a binding energy of 459.7 + 0.2 eV, while the binding
energy of the Ti®* 2ps, was 457.8 + 0.2 eV. It is worth noting that the Ti** 2ps;, peak seen in Figure
6-1C is at least partly due to the peak fitting in this region overlaying the gradient from the Shirley
background in this region. To account for this, an approximation was made for the Ti** XPS Ti**
At% values given in Table 6-1, whereby a peak was fitted for the 457.8 + 0.2 eV region using the
as-made ALD TiO, without defects induced. This peak intensity was then considered as an
approximate 'background'’ for Ti** and was subtracted from the measured intensities for these
peaks for all samples after defect-induction preparation step. The resultant ratio of Ti**/ Ti®* for
each sample's substrate treatment is given in Table 6-1. The poor fitting seen in previous chapters
for the region between the 2ps;» and 2p1, Ti** peaks, attributed to a changing background signal

between the primary Ti peaks[365], was also present in ALD TiO> substrates when only
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considering the Ti®* and Ti** species. However, after Rus deposition, fitting a Ru 3ps2 peak in this

region[367], resulted in the more consistent total fit seen in Figure 6-1-C.

Some trace amounts of Si presented in the Si 2p region were measured in all samples XPS scans,
except for sample 5, which could not be reliably fit in the Si 2p region. The primary Si 2ps» was
identified at 99 £ 0.5 eV for all samples and accounted for less than 1% of the relative XPS signal
in each case. This trace Si signal originates from some intermixing of the SiO? substrate that the

ALD TiO, was deposited onto during synthesis.

The spectroscopic summary of raw XPS traces from the as-made state, once heated and after Ar
sputtering of the ALD substrate treatment, can be seen in the stacked graphs for the C, O and Ti

high-resolution scan regions presented in Figure 6-2.

For the O 1s region, Figure 6-2-A, the most notable changes occur in the 534-531.5 eV binding
energy region. The as-made XPS scan presents a significant shoulder in this region, which was fit
with multiple peaks related to surface oxide species. After the heating step, this shoulder region
shows a reduction in intensity between 532-534 eV, likely due to the removal of more volatile
surface oxides. No great change is seen between the heated and sputtered XPS scans, retaining
the primary and secondary peaks at around 530 eV and 532 eV, respectively.

In the C 1s region, seen in Figure 6-2B, the as-made sample displays a large shoulder at around
286 eV and a third distinct peak at around 289 eV in addition to the primary adventitious peak at
285 eV. The heating step can be seen to both reduce the 289 eV peak intensity significantly and
slightly reduce the shoulder region at 287 eV. The post-sputtered scan shows a further decrease to
the 287 eV peak such that it is almost completely eliminated with respect to the XPS noise and
background. The final state of the treated ALD TiO; after sputtering also shows a significant
lowering of C primary peak intensity, demonstrating the additional C removal applied through the

sputtering process.

For the Ti 2p region, the primary doublet peak position and intensity are relatively unchanged
through the heating and sputtering steps. The primary region altered through the surface treatment
can be seen between 455-458 eV, where a shoulder increases in intensity through heating and
sputtering treatments. This growth is consistent with the measured inducement of Ti** defects in
the ALD TiOa.
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Figure 6-2 Stacked comparison between the XPS raw data of as made, heated (300°C) and sputtered
stages of sample treatment on Sample 1. O 1s scans (A) show the reduction of the C=0 peak at
532eV present in an as made sample, through sputtering and heating.

6.3.1.2 Rusz Nanocluster Chemical Vapor Deposition

As the Ruzvapour deposition was performed on the prepared samples described in the previous
section, the primary changes to each sample's XPS observations were in the Ru 3d region. The Ru
3d region overlaps heavily with the C 1s region between 278-290 eV binding energy, complicating

the fitting and analysis of both C and Ru species. An example fitted high-resolution XPS scan of
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the C 1s/Ru 3d region can be seen in Figure 6-3, showing fitted peaks for the previously described

adventitious C and C-O species as well as a third C peak, and a Ru 3d doublet.

—— XPS Raw Data
——— Adventitious C

Ru 3d 5/2

Ru 3d 3/2

—C-0

Intensity (Arb. Units)

288 283 278
Binding Energy (eV)

Figure 6-3 XPS high resolution scan of the C 1s/Ru 3d region after Ru3(CO)12 vapour deposition
processing

The third C peak, found at a binding energy of 289 + 0.1 eV, is typically attributed to COOH
functional groups associated with unwanted adventitious C, naturally occurring on sample
surfaces. However, as shown in Figure 6-4, this COOH peak is almost removed through the

heating process used for the de-ligation of the Rus nanoclusters.

The Ru 3d doublet seen in Figure 6-3 represents the as-deposited chemical state of the Ruz(CO)12
nanoclusters after chemical vapour deposition. The Ru 3d doublet in the post-deposition XPS scan
was fitted using a Gaussian-Lorentzian GL(30) symmetrical peak shape for the pristine Rus NC
with a primary peak position of 281.3 + 0.1eV and a doublet peak separation of 4.17 eV. These
characteristics are consistent with the studies of Howard-Fabretto et. Al. in their investigations on
Ru3(CO)12 NCs deposited onto RF-sputter deposited nanoparticulate TiO, films[347, 361]. This
peak fitting was found to be appropriate for all as-deposited samples. However, once the samples
were heated to partially remove CO ligands, the XPS fitting regime for Ru 3d required some

revisions.

After the samples were heated as described in Vapour Pressure Deposition to induce partial de-
ligation, a distinct shift was observed in the 282-286 eV binding energy region. A comparison
example can be seen in Figure 6-4A, clearly showing the changed symmetry of the Ru 3d 5/2

peak, from its as-deposited symmetrical nature, to an asymmetrical peak shape with a tailing edge
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toward higher binding energies as displayed in Figure 6-4B. The peak position has also shifted
slightly to lower binding energy, from 281.3 + 0.1 eV for as-deposited Rus to 280.6 + 0.2 eV for the
heated, asymmetrical Ru 3d 5/2 peak. These observations are consistent with the work of Morgan
and others[357, 369], who have investigated changes in Ru peak symmetry due to Ru's changing
chemical state, showing that the shift from symmetric to asymmetric line shapes corresponded to
the metallisation and increased conductivity of Ru. In this investigation, the line shapes used by
Morgan for metallic Ru required a slight modification to reflect the experimentally observed line
shape as the XPS resolution, dependant on the experimental equipment used, has been shown to

influence the observed Ru asymmetry[369-371].
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Figure 6-4 XPS high-resolution scans of the C 1s/Ru 3d region showing (A) the comparison between
as-deposited and heated scan traces for sample 1, displaying a clear shift in Ru 3d 5/2 peak shape
and position, and (B) the fitted scan for the same sample after heating.

The final XPS fits for this deposition process step could not fit an Ru 3ds, peak at the same binding
energy observed for the as-deposited Ru peak position, 281.3 £ 0.1eV. This was true across the
sample series, indicating that the transition from symmetric to asymmetric Ru species is at or near

total for deposited Rus NCs after heating for delegation has been performed.

The fitted XPS relative At% for the heated Rus; NC deposited sample series can be seen in Table
6-2. All Ru 3d At% presented in this table is of the asymmetric, de-ligated chemical state. It should
be noted that given the deposition process involved an identical pre-measured dose of Ruz(CO)12
NCs and underwent identical exposure periods, the analysed At% of Ru 3d recorded on each

sample had a variety of outcomes, from 0.35%-0.93% of the total XPS signal for each sample. This
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is indicative of a non-linear relationship between sample exposure time and deposition yields

offered by this CVD method, as previously reported by Howard-Fabretto et. al. and assigned to Rus

NC [357]

Apart from the Ru species and the appearance and removal of a third C peak through CVD and

heating, the major changes to surface chemical species are in the Si 2p, Na 1s and Ti 2p regions.

All deposited samples displayed an increase in their Si 2p At% after their vapour deposition and

post-deposition heating processes were complete. While directly comparing At% values from the

same sample at different stages of preparation does not take into account relative changes in other

elements on the sample, the increase in the Si 2p signal after the addition of Ru species and a

corresponding uptick in C At% on all samples does indicate that the post-deposition heating

process may increase the amount of XPS-visible Si on the sample surface. Possible mechanisms

for these observed changes include ALD film crystallisation or pin-holing effects[359, 372]. Given

the low overall At% of Si even after the increase, the Si contribution is not assumed to have

interfered with surface-sensitive measurements and interpretations described below.

The appearance of Na 1s peaks in select samples (see Table 6-2) with a clear 1s peak at 1071.0 £

0.3 eV is not thought to be due to contamination, given that samples 4 & 5 only displayed these

peaks after post-deposition heating. This peak is more likely to have been caused by the thermal

cycling of the sample, previously mentioned in chapter 3.4.1 and attributed to Na mobility towards

the surface due to low Na surface energy [278, 279].

Table 6-2 XPS relative At%, primary peak positions and Ti3+/Ti4+ ratio for the sample range after
Ru3(C0O)12 deposition and calcination at 450°C for 10 minutes.

Relative Elemental Ratio (At%)
Sample No C1ls 01s Ti 2p Ti**2p Si 2p Ru 3d Na 1s
1 7701 | 656+0.1 | 254+0.1 | 5.1+01 1.0£01 | 035%0.1 -
2 32+01 | 67.6+0.1 | 273+0.1 | 6.7+0.1 09+0.1 | 0.93+0.1 -
3 54+01 | 66.2+0.1 | 26.4+0.1 | 5401 1.4+01 | 055x0.1 -
4 6.3+0.1 | 646+0.1 | 256+0.1 | 59%0.1 1.4+01 | 045zx0.1 1.6+0.1
5 43+01 | 67.2+0.1 | 26.3+0.1 | 46%0.1 08+0.1 | 0.77+£0.1 | 0.7£0.1
6 47+01 | 67401 | 26.11+0.1 | 29+0.1 1.0£01 | 0.76x0.1 -
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Control 3.1+0.1 68.2+0.1 | 27.2+0.1 6.9+0.1 0.9+0.1 - -
Peak Positon Binding Energy (eV)
Sample No | C1s O1s Ti2p Tid* Si 2p Ru 3d Na 1s

1 285 | 531.1+0.1 | 459.9+0.1 | 458.0+0.1 | 99.8+0.1 | 280.6+0.1 -
2 285 | 531.2+0.1 | 460.0+0.1 | 458.2+0.1 | 99.9+0.1 | 280.7+0.1 -
3 285 531+0.1 459.8+0.1 | 4579+0.1 | 99.7+0.1 | 280.5%+0.1 -
4 285 | 531.0+0.1 | 459.7+0.1 | 4579+0.1 | 99.9+0.1 | 280.5+0.1 | 1072.7+0.1
5 285 | 531.0+0.1 | 459.7+0.1 | 4579+0.1 | 99.5+0.1 | 280.5+0.1 | 1073.3+0.1
6 285 | 530.8+0.1 | 459.6+0.1 | 457.8+0.1 | 99.5+0.1 | 280.5+0.1 -

Control 285 | 531.2+0.1 | 460.0+0.1 | 458.2+0.1 | 99.9+0.1 - -

The shift observed in the peak shape and position of Ru NCs through the de-ligation process
indicates that after the de-ligation heat treatment, a chemical change is induced in the deposited
Rus NCs resulting in an altered Ru state, with some metallic characteristics as has been described
elsewhere[357]. Investigations by Miyajima et al. investigating Ru NCs with carbonyl supports have
found that Rus(CO); compounds have the highest thermal stability at temperatures of
650°K/376.85°C [373]. Similarly, previous work using electron ionisation produced large fractions
of Ru3(CO);* as fragment ions[374]. While this investigation provides no further insight into the
effects of de-ligation on the number of carbonyl ligands retained on the deposited Ru NCs, the
temperatures samples were exposed to were too low for complete thermal decomposition or
removal of all ligands, found to occur above 650°K and reaching total decomposition by
1000°K[373, 375]. Considering these observations, Rus(CO)y is proposed as the most likely state

of Ru NCs retained on samples after heat treatment for le-ligation.

6.3.1.3 Aug Pulsed Nozzle Cluster Deposition

The final stage of sample preparation and analysis was completed with the deposition of Aug NCs
via PNCD onto the same sample series already having undergone surface treatment and Ruz(CO-
)12 deposition and ligand removal. The deposition of Au NCs and subsequent de-ligation treatment
completed the intended in-situ dual-deposition process. The XPS AT% and primary peak positions

for each region measured directly after PNCD deposition can be seen in Table 6-3.
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Figure 6-5 Au 4f high resolution XPS scans showing (A) An example of the fitted Au 4f region for
post-PNCD, as-made Au NC species doublets as measured for Sample 1. (B) The fitted Au 4f region
for heated, partially de-ligated Au NCs from Sample 1, showing the presence of characteristic HBP

and LBP Au doublets associated with Au NCs and agglomerated Au respectively. (C) the stacked
traces of all co-deposited samples after PNCD Au NC deposition and (D) the stacked traces of the

same samples after heating, showing the partial Au NC agglomeration across the series.

Variance in the substrate species, namely C, O, Ti and Na (where applicable) was minor overall.
The observed At% for C markedly increased across all samples after PNCD completion. However,
the calcination step performed for de-ligation removed the majority of deposited C species. O
species were largely unchanged through this step, with observed differences in At% attributed to
relative changes in other species more directly affected by deposition and calcination processes.

Ti®* defect At% generally decreased at each stage of the Ru NC de-ligation to the final state after
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Au NC deposition and calcination. This decrease is consistent with observations made in chapter
5.4.2 when Ti** surface treatments were associated with Au NC binding sites. Na species observed
in select samples during earlier steps also increased in At% after calcination, as would be

expected from NA contamination caused by surface migration effects.

As the PNCD process introduced Au species to the sample surface, XPS high-resolution scans
were added to the existing high-res scan regions observed in the Rus NC CVD step for the Au 4f
region, as well as the P 2p region, to account for the PPhs ligand species which encapsulate the
Aug NCs. The P species associated with these PPh; ligand structures were observed both in the
post-PNCD sample range (see Table 6-3) and calcined, partially de-ligated samples (see Table
6-4). The P At% ranges from 0.3-0.9% across the sample range before heating, with decreasing
At% detected for all samples after calcination. The primary peak position after calcination shifts
from as-deposited at 131.4-132.3 eV to lower binding energies at 130.0-130.6 eV. These results
are distinct from investigations using RF-TiO2, on which P is no longer detectable after the
calcination step, as in Chapter 5.4.3. The retention of measurable P on the sample surface is
consistent with previous investigations into Au NCs on ALD TiO2[266, 323].
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Figure 6-6 Fitted high-resolution XPS scan traces on Sample 1, showing the C 1s/Ru 3d region both
immediately after Au NC PNC deposition (A) and after subsequent heat treatment to 200C in order to
partially de-ligate Au NCs (B) it can be seen that the post-PNCD scan shows the presence of Ru NCs
correlating to an as-made chemical state in addition to the already deposited Ru species. This
suggests that the PNCD process resulted in the deposition of residual Ru NCs onto the sample
surface. The subsequent fitting after heating suggests that these Ru NCs undergo some level of
agglomeration through the subsequent heating process.

155



The high-resolution XPS scans for the Au 4f region for the as-deposited PNCD sample series can
be seen in Figure 6-5. The PNCD process for Au NC deposition was again successful in depositing
Au NCs onto the sample surfaces which retained their characteristic Au 4f doublet with high
binding peak energy (HBP) as discussed previously in chapter 5.4.3 and can be seen in Figure
6-5-A. As expected, the stacked traces for the as-deposited PNCD sample range in Figure 6-5-C

show that this characteristic HBP position was retained for all depositions at around 85 eV.

Table 6-3-i Relative atomic percentages (At%) as determined through fitting XPS scans on the sample
series directly after Au9 NCs through PNCD. Ru 3d | corresponds to the symmetrical Ru peak
doublet, as measured for as-made Ru3 clusters. Ru 3d Il corresponds to the asymmetric Ru doublet
peak observed after Ruz NCs are heated and delegation occurs. Au 4f — HBP is the high binding
energy positon of Au observed in Aug NC samples which originates from ligated AugPPhs
nanoclusters.

Relative Elemental Ratio (At%)
Sample C1ls O1ls | Ti2p | Ti*2p Si2p Ru 3d Ru 3d Nals | Aud4f- P2p
No HBP
I Il
1 177+ | 575 | 222+ | 3.1% 0.6+ 1.1+ 0.6+ - 0.4+ 05+
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
2 182+ | 56.1 | 223+ | 3.7+% 0.8+ 1.8+ 09+ - 05+ 03+t
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
3 221+ | 537 | 207+ | 34+% 09+ 1.4+ 0.5+ - 0.6+ 0.6+
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
4 8.0+ 60.1 | 248+ | 57% 1.3+ 0.4+ 09+ 26+ 1.0+ 09+
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
5 163+ | 575 | 229+ | 28+ 09+ 1.3+ 0.8+ 0.5+ 0.6+ 05+
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
6 167+ | 56.9 | 222+ | 2.4+ 1.6+ 1.4+ 09+ - 0.6+ 0.5+
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Control 9.09 £ 64.2 | 234+ | 57+¢ 1.1+ - - - - -
0.1 +0.1 0.1 0.1 0.1
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Table 6-3-ii

Peak Position Binding Energy (eV)

Sample C1ls O 1s Ti 2p T3 Si 2p Ru 3d Ru 3d Nals | Aud4f- P2p

No I HBP
I

530.5+ | 459.2+ | 4574+ | 99.3+ | 280.9+ | 280.1+ 84.7+ | 131.9
1 285 0.1 0.1 0.1 0.1 0.1 0.1 - 0.1 0.1
530.5+ | 459.2+ | 4575+ | 99.2+ | 280.7% | 280.0 £ 84.7+ | 131.6
2 285 0.1 0.1 0.1 0.1 0.1 0.1 - 0.1 0.1
5304+ | 459.1+ | 457.4+ | 99.2+ | 280.6% | 280.0 = 84.6+ | 1315
3 285 0.1 0.1 0.1 0.1 0.1 0.1 - 0.1 0.1

531.1+ | 459.8+ | 458.1+ | 999+ | 281.5+ | 280.7+ | 1072.7 | 8.5+ | 132.3
4 285 0.2 0.2 0.2 0.2 0.2 0.2 +0.2 0.2 t0.2

5304+ | 459.1+ | 4573+ | 993+ | 281+ |280.1+| 1073.3 | 84.6+ | 131.8

5 285 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
530.3+ | 459.1+ | 4573+ | 995+ | 281+ | 280.2+ 847+ | 1314
6 285 0.1 0.1 0.1 0.1 0.1 0.1 - 0.1 +0.1

530.5+ | 459.2+ | 4574+ | 99.1%
Control 285 0.1 0.1 0.1 0.1 - - - - -

Once the PNCD samples underwent heating, the effects of partial de-ligation of the Au NCs, as
discussed in previous chapters, also became apparent in this series. The partially de-ligated
samples displayed a corresponding partial agglomeration evidenced by the appearance of an Au 4f
doublet peak at the lower binding energy (LBP), associated with bulk Au. In Figure 6-5-B it can be
seen that fitting the heated PNCD XPS scan supports an interpretation similar to that of heated
PNCD Au nanoclusters on RF-TiO; as seen in Chapter 5.4.3 whereby the Au 4f HBP and LBP can
reasonably be fit in tandem, confirming the retention of some fraction of HBP Au NC after heating
on ALD TiO; substrates. This asymmetry can be seen to be true for the entire sample series, as

Figure 6-5-D displays the stacked CPS for each samples Au 4f region, with each sample’s trace
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displaying a broad shoulder at higher binding energy for the primary doublet peaks and providing a
good fit for both LBP and HBP species.

Table 6-4-i Relative atomic percentages (At%) as determined through fitting XPS scans measured
directly after calcination of the dual Au and Ru NC deposited sample series at 473 K for 10 minutes.
Compared to Table 3, some species observed after PNCD have changed. Only Ru 3d Il was detected
after calcination, and two Au species, the Au HBP seen in the previous step and Au LBP associated

with agglomerated Au NCs, were detected.

Relative Elemental Ratio (At%)

Sample Cls O1ls | Ti2p | Ti*2p Si 2p Ru 3d Nals | Audf- | Audf- P2p
No HBP LBP
I
1 9.2+ 64.4 | 246+ | 3.2 - 1.0+ - 0.2 05 0.2
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1
2 8.6t 62.6 | 25.0+ | 4.08 09+ 19+ - 03z 0.6t 03z
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
3 10.1+ | 61.8 | 248+ | 3.3t 1.1+ 13+ - 0.4z 05 0.2
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
4 114+ | 581 |23.7+| 52+% 0.34 + 13+ 3.2+ 1.1+ 1.5+ 0.4
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
5 7.9+ 64.0 | 246+t | 3.0% 0.5 1.2+ 0.7+ 0.4+ 0.6t 0.4%
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
6 9.0+ 63.0 | 249+ | 29% 0.82 1.4+ - 0.4+ 0.6+ 0.2+
0.1 +0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Control 9.1+ 67.4 | 273+ | 6.0t 1.1+ - - - -
0.1 +0.1 0.1 0.1 0.1
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Table 6-4-ii

Peak Position Binding Energy (eV)

Sample C1ls O 1s Ti 2p T3 Si 2p Ru 3d Nals | Audf- | Au4f- P2p

No Il HBP LBP
531.2+ | 460.0+ | 458.1+ | 999+ | 280.7 £ 85.2+ | 846+ | 130.6
1 285 0.1 0.1 0.1 0.1 0.1 - 0.1 0.2 0.1
531.2+| 4599+ | 458.1+ | 999+ | 280.6 848+ | 845+ | 130.2
2 285 0.1 0.1 0.1 0.1 0.1 - 0.1 0.2 0.1
531.3+ | 460.1+ | 458.3+ | 100.0+ | 280.8 = 849+ | 846+ | 130.3
3 285 0.1 0.1 0.1 0.1 0.1 - 0.1 0.2 0.1

5309+ | 459.7+ | 458.0+ | 99.8+ | 280.5+ | 1072.2 | 8.5+ | 843+ | 130.0
4 285 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 t0.2

5309+ | 459.6+ | 4579+ | 99.8+ | 280.5+ | 1073.1 | 85.2+ | 84.3+ | 130.3

5 285 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
530.8+ | 459.5+ | 457.7+ | 99.2+ | 280.4 848+ | 84.2+ | 1304
6 285 0.1 0.1 0.1 0.1 0.1 - 0.1 0.1 +0.1

530.9+ | 459.7+ | 4579+ | 99.6 %
Control 285 0.1 0.1 0.1 0.1 - - - -

An additional chemical species observed at this stage of the sample series was found in the C
1s/Ru 3d XPS region. In fitting this region, the Ru peak structure appeared distinct from the
previously observed as-deposited and heated Rus sample preparation stages. An example of a
fitted C 1s/Ru 3d XPS region recorded from Sample 1 can be seen in Figure 6-6-A showing that
two distinct Ru species could be fit after PNCD was used to deposit Aug NCs. The first Ru
doublet's primary 5/2 peak appears centred at around 280 + 0.2 eV, with a symmetric peak shape.
The second Ru doublet's 5/2 peak is centred at around 280.4 = 0.2 eV with an asymmetric peak
shape, made using identical parameters to the Ru peaks seen after heat treatment of deposited
Rus NCs. The Ru relative atomic percentage for each sample increases across the sample range
in comparing Ru 3d At% between Table 6-2 and Table 6-3. As such, the lower BE Ru doublet

referred to as Ru 3d | was attributed to Rus Ncs in their as-made, ligated state. The asymmetric Ru

159



doublet, referred to as Ru 3d II, was attributed Ru NCs retained on the sample surface after the

initial Rus vapour deposition and heating process described in the previous section.

The detection of an Ru species corresponding to as-made, ligated Ruz NCs after the PNCD
process was completed, while unexpected, is not without explanation. The most likely pathway for
a second, unplanned deposition of Ru NCs onto the sample series is proposed to be caused by the
rapid change in pressure on the injection of the PNCD pulse. As per the description of PNCD given
in Chapter 4.2.1, the pressure within the deposition chamber is observed to spike on the PNCD
pulse injection, nominally into the range of 1x10° mbar, however given the pressure gauges in use
on the vacuum chamber were only able to be read manually, it's possible that the true peak of the

resultant pressure spike is even higher.

The nature and localised effects of the resultant pressure wave on the deposition chamber are also
not understood, however it is proposed that the pressure spike and its effects on the chamber are
responsible for the second, Ru deposition and its associated Ru 3d | doublet peak. While the
vapour deposition is undertaken with the sample surface near the Ru NC crucible, and the crucible
is stored behind a line-of-sight shield when not in use, the nature of vapor deposition means that
the Ru NCs are likely able to vaporise and deposit over chamber surfaces at some low rate. The
appearance of the Ru 3d | peak after initial Ru vapor deposition was found to only occur in
measurable quantities after the injection of a PNCD pulse. It is proposed then, that either changes
to the localised pressure around the PNCD nozzle at the time of pulse injection, or the resultant
pressure wave as the pulse travels through the deposition chamber re-vaporise some fraction of
chamber-deposited Ru NCs. This would allow these Ru species to travel to the sample surface,
either carried with the PNCD pulse, or under their own momentum resulting in the observed

deposition and appearance of two Ru doublet peaks.

160



6.3.2 MIES Results and Discussion

The final state of both NC deposition processes investigated in this work, Ru nanoclusters via CVD
and Au nanoclusters via PNCD, results in a TiO: surface rich with Ti®* defects, co-deposited with
both Rus; and Aus NCs in states of partial de-ligation. Such a surface is ideal for investigation by
extremely surface-sensitive spectroscopy such as MIES and UPS. These measurements were
conducted after the de-ligation step for Ru3 CVD and again after the Au9 NC PNCD deposition
calcination step to compare electronic structures' differences with different surface states.
Throughout this analysis, the analysis and interpretation of UPS and MIES results are presented
for this system, firstly using spectra recorded after Rus CVD and heating have taken place and

secondly after subsequent Aus PNCD and heating were completed.

6.3.2.1 Rus Nanocluster MIES results and analysis
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Figure 6-7 Stacked, normalised MIES (A) and UPS (B) raw scan data measured from the sample
series directly after Ru NC de-ligation was completed. Each trace has been offset on the vertical axis
to display differences in the electronic structure more clearly between samples. MIES scans display
some variation between samples in the 4-9 eV region, and no clear difference to ALD TiOz in the 0-3
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eV region. UPS scans display a clear increase in electronic structure in the 0-3 eV region, while some
variation in intensity is seen between samples in the peak located at around 8 eV.

The sample series was first investigated using MIES/UPS immediately after the Ruz NC de-ligation
treatment to examine the electronic DOS associated with the Ru NCs on treated ALD TiO- defect-

rich substrates. The collected raw MIES spectra are presented in a stacked offset overlay in Figure
6-7A.

MIES scans on these samples display significant inter-sample variance, mainly in the 4-9 eV
range, with clear peaks evident in the scan traces of the control ALD TiO2, samples 3, 4, and to a
lesser extent, Sample 5. This feature appears in the control sample and a previous report by
Krischok et. Al observes TiO- structures in the 4-9 eV range[283], it's reasonable that this feature
can be associated with ALD TiO,, Although the corresponding XPS species At% data does not
clearly indicate the exact nature of which surface species this feature corresponds to most
strongly. This uncertainty is reflected in the inter-sample variance seen for weighting factor sums
presented in this analysis, representing the sum of deconvoluted reference spectra for each
sample with a result of unity achieved for a perfectly deconvoluted spectrum. By achieving a sum

under or over unity, some uncertainty in the assignment of surface spectra is assumed.

Compared to the control sample, all Rus CVD samples UPS scans display an increase in electronic
structure between 0-3 eV and a slight extension of electronic structure past 0 eV. This increase in
the near-fermi DOS for Ru CVD onto TiO; surfaces is consistent with investigations by Howard-
Fabretto finding similar changes in electronic structure when depositing Ruz NCs onto RF-
Sputtered TiO substrates[357].

The SVD process of the MIES data from these samples suggested that attempting an SVD using
three basis spectra would be appropriate. The results of this process are displayed in Figure 6-8.
The deconvoluted reference spectra across Alpha A, Beta B and Gamma C (alphabetical labels
are used to distinguish Alpha, Beta and Gamma reference spectra between analyses) provided
three visually distinct reference spectra, each with key peaks found at distinct binding energy

positions.

Alpha-A displays a minor peak at 3 eV, with broader peak structures also evident at around 5.5 eV
and 8 eV. Alpha's weighting factors are at a maximum for Sample 1, with a generally decreasing
trend through the sample series, falling to approximately zero in the control sample. When
considered alongside XPS results, this weighting factor trend suggests a correlation from Alpha A

with de-ligated Ru NC surface species.
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Figure 6-8 The MIES reference spectra determined through SVD using three basis spectra (top)
resulted in clearly differentiated Alpha, Beta and Gamma spectra, each with defining DOS features at
3eV,4.5eV and 5-8 eV, respectively. The relevant weighting factors for each sample are presented
(bottom), showing the respective trends throughout the sample series and the sum of weighting
factors for each sample as determined by SVD.

Beta B is distinguished by its clear energy peak at around 4.4 eV, a subsequent smaller, broader
peak at around 6.5 eV and an increase in electronic DOS in the sub-3 eV region, extending into
negative binding energies until around -1 eV. Beta weighting factors stay consistently low, below
0.3, for the full sample range, with a maximum weighting factor occurring in the control sample.
This trend suggests that Beta B correlates with substrate species, such as Ti, O, C, Si, or some
combination. In that case, the distinct electronic structures seen in Beta B compared to those seen
in chapter MIES/UPS analysis and XPS correlation could be partly assigned to the use of ALD
TiO2 instead of the RF-sputtered variety but also could point to the influence of the Rus

nanoclusters on the substrate’s DOS.

Gamma C displays almost no information below 4 eV, with what appears to be two close-lying
peaks appearing at around 5.7 eV and 7.3 eV. Gamma C weighting factors vary throughout the

sample range, with a strong contribution in Sample 3, Sample 5 and the Control sample. Lower
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weighting factors are seen throughout the rest of the sample series without a clear trend. The
majority weighting of Gamma C in the control sample points towards a substrate species, distincy
from that seen in Beta B, being primarily responsible for Gamma C. However, the reference
spectra observed here do differ from the MIES reference spectra associated with RF-TiO-, as seen
in chapter MIES/UPS analysis and XPS correlation. The observed peak positions in Gamma C do
display some similarities with the TiO, UPS peak structures seen in scans on these same samples,

as well as those described in a study by Krishcok et al. [331].

The sum of weighting factors between the three reference spectra is not at unity in several
samples, with Sample 3 and Sample 5 unable to achieve weighting factor sums within +0.4 of
unity. These fitting issues may be due to various factors, such as changes in the MIES sensitivity,
depending on the sample's overall composition. While not unreasonable, the variance in these
fitting results, with only three samples outside of the 0.9-1.1 range normally taken to indicate a
successful fit, suggests that the overall outcome of this three-basis analysis may not consider all
possible surface conditions or species.

6.3.2.2 Ruz nhanocluster UPS results and analysis

UPS measurements, by nature, are taken simultaneously with MIES but allow for measurement
and analysis of the sub-surface substrate regions. The stacked scan traces for the sample range
can be seen in Figure 6-7 and display increased uniformity between samples compared to the
MIES scan range. All scans show a significant region between 3.5-9 eV, previously discussed as
representative of TiO surface and near-surface states for bridging and in-plane O species. For all
samples except Control, there is also an increase in electronic DOS in the low energy region from
around 3 eV down to approximately -0.2 eV. The modification and extension of the DOS seen here
have previously been observed in similar experiments conducted using CVD of Rusz onto RF-TiO»
substrates[357].

Given the collected data, the UPS analysis through SVD suggested that only the two-basis SVD
process would be appropriate. The resultant deconvoluted reference spectra, Alpha D and Beta E
are presented in Figure 6-9 and display distinct energy profiles between the two reference spectra.
The UPS reference spectra do not contain such clear peaks as for those found in the MIES results
for the same samples, instead being characterised by broader energy features across specific

regions of the binding energy scale.
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Figure 6-9 Resultant reference spectra, Alpha D & Beta E, produced from SVD of the Rus sample
series UPS scans (top), with Alpha D associated with typical Ti UPS features and Beta E associated
with Ru NC DOS, the resultant weighting factors and their sum for each sample is seen below.

Alpha D shows very little information below 3.5 eV. The major feature for Alpha D is a broad region
between 3.5 — 9 eV, which contains at least two local peaks, at 4.5 eV and 7.7 eV, with only a
minor decrease in energy in the intermediate region. These structures align with key DOS features
in that same 4-9 eV range from previously reported UPS spectra using TiO, substrate[331, 357].
Alpha D's weighting factor trend can be seen in Figure 6-9 and shows a general increase through
the sample series, resulting in a 1.00 contribution for the Control sample, with this correlation to

TiO- substrate reinforcing its association with Ti species.

Beta E shows, in contrast to Alpha D, its primary features below 3.5 eV, where a broadly raised
region of the DOS is up to the fermi level of 0 eV. Although increased intensity is observed until
around -0.2 eV, this is an artifact of the energy resolution of the MIES/UPS instrument. The

features of the Beta E reference spectra above 3.5 eV do not show much in the way of distinct
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peak structures but rather a consistent increase in intensity over this energy range. The weighting
factor contribution of Beta E throughout the sample series is consistent at around 0.5 through
Samples 1-4, before a decreasing trend in Samples 5, and 6 and a relative minimum, a non-zero
contribution for the Control sample. As seen in Figure 6-9, the correlation between Beta E and RU
XPS At% across the sample range follows the same general trend, with a particularly strong
correlation in those samples, which achieved an overall weighting factor sum of 1.00 + 0.01,

corresponding to successful SVD processes.

The overall sum of the two reference spectra weighting factors across the sample range can be
seen in Figure 6-9 to resolve to within 1.00 + 0.17 across the sample range, which is not far
outside the 1.00+. Samples 3, 4, and 5 achieved a weighted unity sum between the two spectra.
Samples 2 and 6 cannot achieve unity, with lower-than-expected weighting factor sums, although
at different Alpha D/Beta E contributions. Sample 1 and Control are overfitted with a resulting
weighting factor sum above unity. For the Control sample in particular, the Alpha D contribution
was 1.00, but the assignment of a 0.14 contribution for Beta E is the cause of the unexpectedly
high weighting factor sum. These fit outcomes may point towards some regions of the Beta E
reference spectra retaining some contributions from TiO- substrate species even after SVD.
Overall, the weighting factor sum totals observed trends in weighting through the sample series.
The distinct association of Alpha E with the control sample provides strong evidence of the

proposed reference spectra and correlations to surface species.

The success of a two-basis SVD process, using UPS spectra collected from these samples after
Rus nanocluster CVD and de-ligation, points towards two possible conclusions. Firstly, the
modification of an ALD TiO- substrate through the CVD of Rus and subsequent heat treatment for
de-ligation appears to result in detectable sub-surface alterations to the electronic DOS. The UPS
results and their contribution from sub-surface bulk species point directly towards a possible bulk
DOS alteration through Rus NC deposition, as previously observed in other similar
investigations[357, 358]. Secondly, the changes to DOS induced by Rus; NCs seem to affect the
sub 3.5 eV energy range primarily, extend the DOS past the fermi level, and into the negative eV
region. These results and interpretations align well with recent studies on CVD deposition of Rus
nanoclusters onto RF-sputtered TiO», where it was found that Ru nanoclusters did not have strong

MIES features but were associated with electronic structures observed in UPS[357].

6.3.2.3 Co-deposited Aus & Ruz nanocluster MIES results and analysis
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Figure 6-10 normalised and stacked UPS (A) and MIES(B) scan traces from across the sample range
as measured after the Aug NC calcination step. UPS scans display increased DOS in the sub-3.5 eV
region and slightly supressed intensities in the 4-9 eV range. MIES Scans display a distinct shoulder
peak at around 5 eV in the control, and some NC deposited samples, with smaller peaks at various
lower energy positions. The UPS scan results display visibly increased uniformity between samples
compared to the MIES scans, indicating higher variability of surface species DOS compared to
combined surface & bulk DOS.

MIES/UPS scans were again taken on the sample series directly after the calcination step once
Rusz and Aug NCs were deposited and heated on the sample surface. As results collected at this
stage indicated the final state of the samples, the electronic structure measured should reveal any

notable changes, maodifications or interactions between the multiple surface species and substrate.
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The stacked MIES scans seen in Figure 6-10-A show that the variance between samples MIES
spectra, seen in the Ruz NC deposited MIES scans, is also evident for this Au/Ru NC series. The
control sample for the co-deposited series is consistent with the MIES scan seen in Figure 6-7-A
for the control sample, with a broad region of increased intensity between 4-9 eV. Samples 3, 4
and 6 also show increased intensity in this region. However, the only common feature between
these three samples is a peak at around 8.5 eV. Samples 3 and 4 both show small peak structures
around 5.5 eV. These scans show key differences to MIES results from the previous deposition
step and point toward changes to surface DOS once co-deposition and de-ligation of Ru and Au

NCs are achieved.

As in the UPS results seen previously in Figure 6-7, the UPS scans at this stage show higher inter-
sample consistency than the MIES results. The key features present on Rus NC deposited
samples are also largely present in these results. Primarily, the prominent double peak structure
between 3.5 and 9 eV, associated with TiO» species, is also evident in all dual-deposited sample
scans. The entire sample range also shows increased intensity in the 0-3.5 eV range compared to
the control sample. This region is perhaps more pronounced in this sample series than for those
UPS scans presented earlier for the CVD Rus nanoclusters. The DOS is again observed
throughout the dual-deposited sample range to have some intensity up to -0.2 eV, indicative of
states at the Fermi level.

In using SVD analysis on this sample series MIES results, a three-basis SVD process was
conducted. The results of the three basis decomposition were compared against weighting factor

sum convergence to unity and XPS At% data.

The three-basis SVD analysis was performed on the same MIES data and produced three distinct
reference spectra, Alpha F, Beta G and Gamma H, seen in Figure 6-11. Alpha F broadly increases
through the binding energy range and contains two broad distinct peaks centred at around 3 eV
and around 5 eV with no other significant peak features. These peak positions correlate to the
Alpha A spectrum associated with the Ru NCs in Figure 6-8. However, the intensity of these peaks

in Alpha F is somewhat lower, and the peaks appear broader than those seen in Alpha A.

While distinct, the Beta G reference spectra is quite similar in general structure to Beta B, with an
increased DOS in the lower binding energies < 4eV. The key peak features in Beta G present as a
broad doublet peak observed between 4.3 eV — 7.9 eV, the lower centred around 5.45 eV, and the
higher at around 7.2 eV. The onset of this region of increased intensity increases sharply between
4-5 eV for both Beta B and Beta G, and both reference spectra show dominant weightings in the
control sample. These factors suggest that the assignment of Beta B to TiO; substrate species can

be reasonably carried over for Beta G.
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Gamma H, on the other hand, is more indicative of Au nanocluster correlation. Gamma H has two
primary peak features, the first and most prominent at 4.2 eV. A second, broader peak can be seen
higher up the energy scale, centred at 8.7 eV. There was also some indication that a smaller,
broader peak at around 6.6 eV could be distinguished from the background intensity. Gamma H's
weighting through the sample series started at 0.48 for Sample 1 before dropping to 0.11 for
Sample 2, then displayed a generally increasing trend through the remaining sample series to
achieve its highest weighting factor in Sample 6 at 0.85. Gamma H also contributed to the overall
fit of the control sample with a weighting factor of 0.19, an unexpected analysis that suggests that

SVD retained some Ti, O or C species energy features across all three reference spectra.
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Figure 6-11 Three-basis SVD analysis results from co-deposited and calcined Aug and Ruz NC MIES
scans. Distinct reference spectra (top) are Alpha F, Beta G and Gamma H. The per-sample weighting
factors for each reference spectra are shown (below), along with each sample's overall weighting
factor sum. This three-basis system still struggles to achieve series-wide convergence of weighting
factor sums to unity. The control sample contains residual weightings of all three reference spectra,
suggesting that even a three-basis interpretation may not account for the variety of final surface
species.
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Regardless, the position of Gamma H's key energy features and weighting factor trend correlates
with similar DOS peak positions observed in past studies of Aus NCs on ALD TiO;, strengthening
this reference spectra assignment[323]. While Gamma H does share some features with Au
nanocluster-associated DOS seen in chapter 5.4.4.2, at 4-6.5eV and 7-9eV, the key peaks
observed in this Gamma H are shifted compared to those energies. Outside of the differences in
the substrate for each case, these shifts may point toward the first evidence of electronic
interactions between Ruz and Aus nanoclusters on the surface, which can alter the DOS of co-

deposited nanoclusters.

Analysing the weighting factor sums for this series shows that even the three-basis SVD could not
produce reference spectra fitting for each sample to unity across the entire series. Samples 1, 4
and 6 achieved unity, with all these spectra containing at least 0.48 weighting factors from Gamma
H. The Control sample, while dominated by Beta G, contained notable contributions from Alpha F
and Gamma H and could only converge on a weighting factor sum of 0.87. Samples 2 and 5
achieved 0.74 and 0.72, respectively, a relatively poor fitting result. While Sample 3, as in the two-
basis SVD, was a very poor fitting result, only able to be fitted to 0.57. While the overall weighting
factor sum for the three-basis SVD analysis improved the two-basis SVD, the improvement was
only marginal. It did not necessarily provide convincing evidence that for such a co-deposited NC
surface, three-basis SVD was the more appropriate choice.

6.3.2.4 Co-deposited Aug/ Rus NC UPS results and analysis

Similar to the post-Rus deposition results and analysis, UPS, as a less surface-sensitive technique,
can be seen in Figure 6-10B to have highly consistent scan traces across this sample series.
Similar to the UPS results on Rus NCs, the primary region of variance is in the -0.2-3.5 eV range,
with increased electronic DOS seen for co-deposited NC samples in this region. The small
extension of the DOS into negative energies is retained through the co-deposition process. There
also appears to be a minor suppression in the intensity of the double peak structure associated

with TiO,, observed between 4-9 eV, compared to the control sample.

SVD analysis for this UPS series was undertaken using a two-basis process, which provided two
deconvoluted reference spectra, referred to as Alpha | and Beta J, as shown in Figure 6-12. These
two reference spectra are reminiscent of Alpha D and Beta E, as seen in the post-Rus UPS

presented previously, although they do present key differences.
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Figure 6-12 Two-basis SVD analysis results from co-deposited and calcined Aug and Ruz NC UPS
scans. Two distinct reference spectra have been deconvoluted and can be seen (top) in the form of
Alphal, and Beta J. Per-sample weighting factors for each reference spectra and the sum of factors
are presented (below). While there is some deviation form unity in the weighting factor sums across
the sample series, convergence is improved form MIES results and within reasonable bounds when

considering the complex co-deposited surface conditions.

Alpha | shows almost no intensity below 1 eV, and very low intensity between 1-3.5 eV before the
primary features appear above around 4 eV. As for previously discussed UPS features on TiO>
substrates, the distinctive double peak structure between 4-9 eV is again strongly evident in this
UPS analysis. The weighting factor contribution from Alpha | remains at a reasonably steady
fraction through the sample series at around 0.35 + 0.15 before spiking to contribute a factor of
0.86 to the control sample. These energy features and the strong correlation between Alpha | and
the NC-free control sample again provide strong evidence for associating this reference spectrum

primarily with the ALD TiO, substrate.

For Beta J, the most distinctive energy features can be seen in the region of increased intensity

between around -0.2 — 3.5 eV. In Epsilon B, the near-fermi region of increased intensity was
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associated with an increase and extension in the DOS through the interaction of Rus with the
substrate. For the co-deposited sample, this also appears to hold. While there has been no further
extension of the DOS into negative energies by the deposition of Au NCs, the intensity of the DOS

in the -0.2-3.5 eV region does appear to have increased.

A shoulder appears in the Beta J reference spectra at 4.5 eV, which overlaps with the primary peak
seen in Alpha | before Beta J increased gradually to 10 eV, the energy cut-off for analysis. The
overlap of these peak shoulders and the increasing intensity in Beta J past 5 eV suggest that this
SVD analysis did not fully achieve the deconvolution process. Further support for this conclusion is
found by the appearance of a 0.14 Beta J weighting factor in the weighting factor sum for control

when complete deconvolution would entail a weighting factor of 0.

Across the sample series, the weighting factor sum seen in Figure 6-12B displayed an increase in
overall convergence to unity and more consistent fits compared to the MIES analysis from this
same series. Both sample 3 and control achieved fits unity, while samples 2, 4, 5, and 6 all
resulted in below unity fits, the lowest being Sample 5 with a sum of 0.73. Sample 1 resulted in a
sole overshoot, with a fit of 1.18. The level of deviation seen in this series is reasonable and
suggests that the SVD analysis was moderately successful in deconvolution and fitting weighting
factors to describe the surface species DOS.

In correlating these reference spectra with surface species detected through XPS measurements,
general trends in XPS At% for each surface species were compared to the weighting factor trends
across the sample range. A correlation between the At% and the weighting factor for a particular
reference spectra was seen as further support for assigning a reference spectra's DOS to a
particular surface species. The At% for both Ruthenium Il and Aus NCs can be seen mapped

against the reference spectra weighting sums for Alpha | and Beta J in Figure 6-13.

The At% trend for Ruthenium Il can be seen in Figure 6-13 to display a strong correlation with the
Beta J weighting factor trace across the sample range. While the increase or decrease in the Ru Il
signal does not map exactly to the inter-sample changes in Beta J, the general trend of both series
is similar, with a slight decrease across the series before approaching zero in the control sample.
UPS results from the Rus CVD step, seen in Figure 6-9, also assisted in interpreting these results
with the Beta E spectrum associated with Ru nanoclusters, which shares key features, especially

in the 0-4 eV range with Beta J.

Any observable correlation between Aus NCs and the Beta J spectra is weaker than for Ru II, with
Aus At% showing a slight increase in signal across the sample series before dropping to zero for
the control sample. This is unsurprising, however, given that Aug NCs exist only at the substrate
surface, and UPS collects signals from both the surface and the sub-surface bulk regions. Given

that the previously mentioned investigation by the Andersson group have determined that Rus has
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been observed to encapsulate when heated on some TiO; substrates[358], it's plausible that

Ruthenium 11 signal from the substrate bulk would also be represented in this analysis.

The anti-correlation between Alpha | and both Ru Il and Aug NCs is expected, given that the key
energy features of Alpha | correspond to known Ti and O surface species and the high weighing
factor seen for Alpha I in the control sample. As such, the evidence to associate the Beta J with the

Ruthenium Il and Aug NC species DOS on the co-deposited surface is reasonable.
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Figure 6-13 A comparison between the relative atomic percentages (At%) for both Ruthenium Il and
Aug NCs as determined by XPS against the respective weighting factors for Alpha | and Beta J across
the sample series. It can be seen that a strong correlation in the trend of Beta J and Ruthenium |l
exists, while a weak correlation between the Aug species is also suggested.

Given the addition of Aug NCs between the initial UPS analysis on CVD Rus nanoclusters and the
results presented above, the influence and outcomes of this novel co-deposited system were
analysed through the use of a difference spectrum. This involved the normalisation of the Epsilon B
(CVD Rus) and Beta J (co-deposited Ru & Au NCs) reference spectrum, followed by determining
the difference between the resultant spectral intensities. The results of this operation can be seen
in Figure 6-14.
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Figure 6-14 The reference spectra associated with Ru and Au NCs, Epsolin B and Beta J are
presented here as normalised spectra, along with their difference spectra, produced through the
subtraction of Beta J's intensity from Epsilon B. The difference spectrum highlights the changes in
DOS between the Rus; CVD samples and the co-deposited Ru/Aug samples, seen to primarily express
in the -0.2-4 eV range, with some other minor differences at higher energies

The difference spectrum produced highlights that the major difference between the DOS at the two
measured stages of sample preparation is seen in the characteristic region associated in both
cases with Ruthenium NCs most strongly, -0.2-4 eV. The co-deposited samples displayed a
reduced intensity in this region compared to those CVD Rusz nanoclusters. This indicates that the
interaction between Au9 NCs and the Ru/TiO2 system may suppress the low binding energy
region of the DOS. Interestingly, the extension of the DOS into negative energies does not seem to

be reduced by these interactions, with very little difference at the low and negative energy ranges.

The only other notable difference seen in Figure 6-14 occurs at around 9 eV, where it can be seen
that the two Epsilon reference spectra differ again most clearly. Again, the Beta J reference
spectra appear to have been suppressed in this region compared to Epsilon B. At around 5.9 eV,
another minor difference can be seen. However, it is uncertain whether this reflects a true
difference in DOS between the two sample series, given that it is only slightly higher than the

background noise.

6.4 Conclusions

These vacuum deposition processes have shown their utility in allowing for the observation
between cluster species and the prepared substrates onto which they are deposited. These
chemically-synthesised, atomically precise NCs are shown to survive their respective deposition
processes, landing on the prepared surfaces while maintaining their characteristic binding energies

and ligand species. These in-situ vacuum depositions are also associated with reduced Ti®*
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defects on the prepared substrates, pointing toward potential interactions between substrate

modifications and deposited NCs.

Some unforeseen outcomes and unexpected findings were also presented in this work. Firstly, the
impact of ligand removal steps for CVD Rus nanoclusters on the Ru XPS peak shape was
observed to shift to asymmetric fits after ligand removal, corresponding to at least partial
metallisation of the Rus NCs, and likely also indicating agglomeration. Similar effects have been

observed in other systems exploring CVD for Rusz on TiO2[357].

Secondly, the appearance of pristine Rus NCs in XPS scans after the Aug PNCD sample
preparation step was an unexpected variable in these depositions and resulted in additional Ru
species on the surface. These unexpected Ru species did appear to metallicise after calcination,
however given the different temperature treatments, it's uncertain that they result in the same final
state as for Ru NCs which were vapour deposited and heated for ligand removal. The potential for
differences in these Ru species may have contributed to the difficulty in fitting MIES SVD results,
even with three-basis SVD processing. However it should be noted that the observation of Rus
vapor depositions taking places simultaneously to PNCD may offer opportunities for alternative
methods of simultaneous co-deposition using these two techniques and could be further explored.

The MIES and UPS results obtained from the two post-deposition stage of sample preparation
differed in their success. MIES results for both Rus and co-deposited NC sample stages did not
converge to easily interpretable reference spectra or weighting factor sums. For the post-Rus vapor
deposition samples a three-basis SVD distinguished three unigue reference spectra. The three-
basis pointed to two reference spectra, Beta B & Gamma C, corresponding to substrate species
such as Ti and it's defects and O; while Alpha A, which showed three distinct energy peaks at 3

eV, 5.5 eV and 8 eV was most strongly correlated with Rus surface species.

MIES proved even more complicated for the post-PNCD co-deposited samples to achieve easily
interpretable SVD analysis. No one reference spectra produced from three-basis SVD analysis
obtained a zero weighting factor contribution to control. The three-basis analysis, justifiable given
the two NC species and substrate contributions, successfully produced observable correlations
between the Gamma H reference spectra with Au XPS measurements. The energy peaks
observed in Gamma H, at 4 eV, 6.5 eV and 8.5 eV, align reasonably with previously observed Aug
NC DOS on ALD TiO,. However, these peak positions are shifted from those observed from Aug
nanoclusters on RF-sputtered TiO; presented in chapter 5, suggesting that the co-deposited
nanoclusters may well result in first evidence of modification of electronic DOS in sucha system. At
the same time, the Alpha F reference spectra showed correlations to peak features of Alpha A,
associated with Ru NC. These observations indicate that while the co-deposition of Aug and Rus
NCs with calcination may result in slight modifications to the electronic DOS of the subsequent

surface, the exact origin of the observed shifts in surface DOS are not yet fully understood.
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UPS results were generally more successful for both measurement series. However, their
increased signal from sub-surface bulk regions means that substrate species are more highly
represented than surface-deposited nanoclusters, which dominate in MIES results. For both the
post-Rus depositions and post-PNCD co-depositions, a two-basis SVD analysis produced two
reference spectra corresponding in features and weighting factors with previously reported TiO-
results. The second reference spectra, which in both cases showed an extension of the DOS into
negative energies and a region of increased UPS intensity between -0.2-4 eV, also correlated
strongly with Ru At% from XPS weakly correlated with Au At% in the co-deposited samples. The
differences between these Ru-associated UPS reference spectra were analysed using a difference
spectrum, which showed that the co-deposited UPS spectrum resulted in a comparative
suppression of the -0.2-4 eV DOS region compared to the Ru-only depositions series.

These results collectively provide the first evidence for examining chemically synthesised,
atomically precise nanoclusters undergoing co-deposition onto modified substrates under vacuum
conditions. The potential to prepare, deposit and analyse the preparation through to the final state
for multi-species depositions while also analysing changes in chemical species and electronic DOS
has the potential to be applied not only in NC depositions with relevance for catalytic systems but
could be expanded to any other system and material which proves appropriate for either CVD or
PNCD. The versatility of these deposition methods, when coupled with surface spectroscopy
techniques such as XPS, UPS and MIES, may prove, once optimised, to be the closest in-situ
analytical comparison for investigations into co-deposited catalytic systems or other surface-

dependant systems.

Given the issues presented by Rus CVD deposits made simultaneously with PNCD, improvements
to the experimental design of any future dual-deposition system could be made to avoid two
separate Ru deposition events. Firstly, sealing the CVD apparatus behind a closeable gate valve
would allow for a reduction in unplanned NC deposition onto deposition chamber surfaces,
although unlikely to eliminate this issue. Alternatively, the observed effects of the PNCD pulse on
Ru NCs could be harnessed to perform a truly simultaneous co-deposition. By exposing the CVD
crucible only during the PNCD process, it seems likely that the resulting pressure spike would
enable enough Ru NC to reach the sample surface along with the PNCD deposited NCs so that a
simplification of sample preparation may be viable. These proposed improvements have not been
further explored within this investigation but may point to future deposition pathways useful to

surface-sensitive NC measurements under UHV conditions.
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7/ CONCLUSIONS

To understand, design and optimise photocatalytic systems using chemically-synthesised, ligand-
supported nanoclusters, we must carefully characterise each component of these systems. The
size-specific properties of nanoclusters may offer pathways toward tuning catalytic activity if their
electronic structure is well-defined and their interactions with photocatalytic substrates, such as
TiO,, are known. To appropriately characterise these species, the challenge of making direct,
guantitative measurements of the system surface at each stage of preparation must be met while

distinguishing surface species and eliminating unwanted surface contributions.

Characterising these interactions and the electronic structures they result in required the
development of novel TiO; substrates, methods for in-situ HV nanocluster deposition and careful
comparison with legacy technigues. These developments have allowed for the investigation of
nanocluster agglomeration, nanocluster-substrate interactions, and nanocluster-nanocluster

interactions with highly surface-sensitive spectroscopic and topographic methods.

This thesis has focussed on such investigations through a heavy focus on developing appropriate
materials, deposition, and treatment methods along with comparative measurements by using
surface-sensitive spectroscopic technigues such as XPS, UPS and MIES for material properties
and scanning probe and electron microscope techniques, including AFM, SEM and TEM, for
topographical investigations. The following conclusions are related to the aims and scopes

presented in the introduction chapter.

7.1 Composition and Properties of RF-Sputter Deposited Titanium
Dioxide Thin Films

The development and characterisation of a novel process for the deposition of TiO2 thin films onto
Si(110) substrates using RF-sputter deposition are presented, capable of producing
nanoparticulate TiO; films with minimal Si and C composition while also offering easily modifiable
nanopatrticle size, crystallinity and electronic structure. Multiple RF-sputter' recipes' were prepared
and compared through XPS elemental analysis, with a regime involving the use of a TiO, sputter
target after 30 minutes of plasma cleaning produced films with <1% Si and 6% C after heating to
500°C. These films were determined through AFM and SEM investigations to consist of close-
packed, amorphous TiO, nanopatrticles between 20-30mm in size. Heating these films above
300°C under UHV conditions resulted in observable increases in Ti** defect states compared to
Rutile (110) TiO: single crystal. Heating of films under atmospheric conditions to 500-1100°C for
up to 24 hours revealed through XRD, the onset of Anatase TiO» above 500°C and a mixture of
Anatase and Rutile TiO, when heated at 1100°C for 18+ hours.
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7.2 Sub-monolayer Aug nanocluster film formation via pulsed
nanocluster vapour deposition

A new technique for depositing solvated nanoclusters onto target surfaces through the pulsed
injection of the nanocluster solution from a high-pressure environment into a deposition chamber
under high vacuum conditions. These depositions were successfully performed on ultra-flat Mica

[001] sheets, lacey carbon TEM microgrids and RF-sputtered nanoparticulate TiO-.

AFM measurements on Mica revealed that under appropriate PNCD deposition conditions,
dispersed, sub-monolayer coverage of the Mica surface was achievable. AFM measurements
found that most post-PNCD surface features corresponded to the height of a single Aug
nanocluster (1.1 nm). AFM also displayed the ability to move and manipulate deposited
nanoclusters when using contact mode. TEM measurements on carbon microgrids correlated well
with AFM, showing Au particles with a diameter of 0.8-1 nm dispersed across the TEM grid. XPS
measurements on PNCD nanocluster-deposited TiO, samples show that at least 70% of the
deposited nanoclusters correspond to the signal from size-specific Aus hanoclusters. For low
nanocluster coverages, 100% of deposited nanoclusters were found to have survived the PNCD
deposition process without agglomeration, showing that this method is useful for preserving
nanocluster size-specificity.

By varying the nanocluster solution concentration and the number of pulses used in deposition, it
was determined that solution concentration offered poor control over nanocluster coverage on the
sample. Varying the number of pulses used in deposition offered high levels of control over
deposition concentration, with deposition regimes using fewer pulses displaying evenly dispersed,
sub-monolayer coverages. Successful depositions were also achieved using Auss/dichloromethane

solution, confirming the potential usefulness of PNCD to explore various nancluster regimes.

A mathematical model for the evaporation of a drop of nanocluster solution after pulsed injection in
HV is presented, describing solvent evaporation before an injected pulse reaches the sample
surface. A second model is proposed for estimating the monolayer coverage from a single pulse of
PNCD. This model predicts 0.02 monolayers per pulse are deposited for Aug hanoclusters in
methanol, which agrees with XPS observations on the elemental composition of deposited
samples. PNCD offers in-situ deposition of nanoclusters into HV environments while preserving

nanocluster size and control over monolayer coverage.

7.3 Spectroscopic Comparison of Electronic Structure through Gold
Metal NC Immersion and Pulse Nozzle Cluster Depositions on
Defect-Rich Titania

A comparison is made between two deposition methods used to deposit nanoclusters onto

photocatalytic semiconductor surfaces for spectroscopic measurements in a vacuum. Immersion
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deposition, a legacy technigue requiring atmospheric exposure of the prepared semiconductor and
the newly developed PNCD method, which allows for in-situ depositions under HV conditions, were
compared for unwanted elemental contributions, impact on semiconductor pre-treatment and

resulting electronic structure of the Auy/TiO2 nanocluster-semiconductor system.

It is shown that PNCD depositions introduced less C onto the sample than immersion depositions
and that C introduced by PNCD was largely removed by post-deposition heating. Given the
extreme surface sensitivity of MIES, minimising surface C can result in improved measurements.
PNCD was also shown to preserve Ti 3+ defect sites induced during pre-deposition treatments,
ensuring Aug introduced via PNCD was deposited on a defect-rich surface. Immersion deposition

methods almost completely remove induced defects before Aug deposition.

Series of Aug TiO, depositions prepared via the contrasting techniques are shown to express key
differences in their respective electronic DOS, as measured by MIES and analysed with SVD. The
differences in final DOS between two systems containing identical nanoclusters and semiconductor
substrates are attributed to the impact of Ti 3+ pre-treatment, possibly through stronger Aug/TiO>
surface bond formation made possible on a defect-rich substrate. The exact nature of the Ti 3+
defects' influence on nanocluster bonding is a promising area for further investigation with

techniques such as STM, which can provide topographical maps of electronic DOS.

7.4 Chemical and electronic investigations into in-situ co-deposited
chemically synthesised Au and Ru nanoclusters under vacuum
conditions

A proof-of-concept investigation was conducted into the viability of co-depositing two nanocluster
species, AUg and Rus, onto pre-treated ALD TiO, substrates with all steps performed under
vacuum conditions. The respective deposition techniques, Rus vapour deposition and Aug PNCD,
preserved nanocluster properties and were associated with a reduction in Ti 3+ defect
concentrations. However, several issues were encountered with heating effects on Rus
nanoclusters, which led to almost complete agglomeration of the Ru nanoclusters, and with
isolation of each deposition step. After Au nanoclusters were deposited through PNCD, XPS scans
detected increased contributions from Ru, understood to originate from Ru nanoclusters re-
vaporised during PNCD. This cross-deposition negatively impacted the analysis and interpretation
of the resultant MIES and UPS data. Several potential improvements to the experimental design

are discussed to mitigate these effects in future studies.

XPS, UPS and MIES spectroscopy on co-deposited nanocluster-semiconductor systems are
presented for the initial Rus deposition and the subsequent final state of co-deposited nanoclusters
after Aug PNCD. In both cases, weighting factor sums across the sample series indicated

difficulties in fitting specific samples. MIES analysis successfully deconvoluted Rus-associated
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basis spectra, which largely agreed with previous MIES studies on similar systems. For the co-
deposited system, MIES deconvolution pointed to three basis spectra associated with surface
species for Ru, Au and TiO.. The key energy features in these spectra displayed similarities with
previous observations of single-species nanocluster depositions onto ALD TiO- for both Aug and
Rus. Although evidence was presented indicating that Aus DOS did exhibit shifted electronic DOS
peak positions after co-deposition with Rus nanoclusters, indicating that cluster-cluster electronic

modification was possibly occuring.

UPS measurements were more successful across both sample series, with higher weighting factor
sums for a two-basis SVD fitting regime. Of the two species, one correlated strongly with literature
reports of TiO,. The second basis spectra for both Rus and co-deposited sample series were
associated with an extension of electronic DOS between 0-4 eV and strongly correlated with Ru
elemental concentration taken from XPS and a weak correlation with Au species in the co-
deposited sample. Construction of a difference spectrum between UPS of the two series revealed
that the co-deposited system displayed a suppressed DOS in the 0-4 eV region when compared to
the Rus-only deposition, providing the first evidence of modification of substrate electronic DOS
through co-deposition of nanoclusters.

This project overall has developed methods, techniques and analysis that, when combined have
allowed for previously unseen aspects of chemically sytnhesised, Au and Ru nanoclusters
deposited onto photocatalytic substrates to be analysed. The development of innovations,
including a simple, clean and modifiable TiO, nanoparticulate substrate, and the PNCD method for
depositing chemically synthesised nanoclusters in-situ under vacuum conditions, allowed for the
use and analysis of MIES/UPS on complex systems and interactions. These methods facilitated
the investigation of surface defect-nanocluster bonds and their influence on Au nanocluster DOS.
Such in-situ methods also allowed for the study of complex, two-nanolcuster systems and the
detection of interactions and changes in their electronic structure through co-depositon processes.
The promise of these techniques is evident from these findings, and the promise they hold in
exploring a variety of nanoclusters and substrate pairings using surface-sensitive techniques could
open pathways to further understanding of other systems, both for photocatalysis and in other
fields.
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