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Abstract

The scientific community is researching alternative renewable and clean energy sources to shift from
fossil fuels. The conversion of solar energy into useful chemical energy such as hydrogen production
via photocatalysis is a promising process to contribute to these alternatives, with much effort being
focused on the development of photocatalysts for photocatalysis. The deposition of noble metal
nanocluster co-catalysts can modify the properties and improve the efficiency of photocatalysts. The
use of noble metal nanoclusters consisting of a few atoms as co-catalysts has attracted considerable
attention due to their unique electronic and catalytic properties. However, it is challenging to maintain
the cluster co-catalysts’ size due to the clusters’ tendency to agglomerate to form larger particles and
lose their cluster-like properties. Another challenge that co-catalysts face is the back reactions of

water splitting such as water formation from hydrogen and oxygen on the co-catalysts.

An overlayer of thin metal oxide on a co-catalyst-modified photocatalyst plays a critical role in
photocatalysis reactions by stabilising the co-catalysts and suppressing the back reactions. This thesis
makes an original contribution to our knowledge on the chromium oxide layer formed onto
photocatalysts and gold cluster-modified photocatalysts by performing physical, chemical, electronic

and catalytic studies on this layer.

The stability of the CrOx layer photodeposited onto different crystal phases of TiO2 films and P25,
BalasTisO15 and Al:SrTiOs particles with subsequent annealing at temperatures up to 600 °C was
investigated (Please note that the layer is labelled “CrOx” until the nature of the Cr component is
confirmed (vide infra)). After annealing, for TiO; films, CrOx layer diffuses into the amorphous and
anatase phases of TiO: film but remains stable at the surface of the rutile phase. Moreover, for
particles, CrOx mostly diffuses into P25, while for BaLasTi4O15, the degree of CrOx diffusion is less
than that into P25. Interestingly, the CrOx layer is very stable on the surface of Al:SrTiO3 particles.
This diffusion is attributed to the strong metal—support interaction effect between CrOx and different
photocatalysts. Moreover, some of the CrOx was reduced to metallic Cr after annealing but there was
no observation of the high oxidation state of Cr. The particles’ bulk and surface band gap structures

were also investigated, along with the photocatalytic water splitting activity.

For the first time, chemically synthesised phosphine-protected gold clusters, Aug(PPh3)s(NO3)3,
deposited onto RF-sputter deposited TiO; film are prevented from agglomeration after the removal
of ligands. This effect is achieved by photodepositing the CrOx layer on the top of the clusters as a
protective layer. Further, the influence of heat treatment on the surface roughness of two different

thicknesses of RF-sputter deposited TiO> films and the effect this has on size-specific Aug clusters



deposited on the surface was also investigated. It is found that the high mobility of the thick TiO»
film after heating leads to a significant agglomeration of the Auy clusters, even when protected by the
CrOx layer. However, the thin TiO> film has much lower mobility when heated, resulting in non-

agglomerated clusters with CrOx coverage.

In the last part of this thesis, the stability of Auo clusters beneath a Cr(OH)s layer onto SrTiOs3 particles
under conditions of photocatalytic water splitting (i.e., UV irradiation) was investigated. After a
photocatalytic water splitting reaction for seven hours, Aug clusters without the CrOx layer were found
to agglomerate into large particles, while the application of the CrOx layer resulted in the inhibition

of the agglomeration of Auyg clusters.
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Chapter 1: Introduction

The “Characterisation of Gold Clusters” Section in this chapter is a reformatted version of the review
with title of “A Review of State of the Art in Phosphine Ligated Gold Clusters and Application in
Catalysis” published in Advanced Science, 2022, Vol. 9, Issue 15, Page 2105692. DOI:

10.1002/advs.202105692. Title.



1.1  Background

The world’s population is growing continuously. Meanwhile, global energy consumption is
anticipated to rise due to the increasing population !. Fossil fuels are currently used to generate energy
worldwide. However, fossil fuel resources are limited and expected to be depleted with consumption
growth!. Moreover, in the last few years, the planet has been experiencing the hottest temperatures
on record due to the extensive use of fossil fuels, polluting the environment through liberated harmful
gases”. This raises the demand to provide renewable, clean and environmental energy sources to

replace fossil fuels.

Solar energy is one of the most intriguing renewable energy sources’. Energy harvested from the sun
provides a promising path to meet global demands for clean renewable energy while reducing the
impact on the environment. It is on human time scales an inexhaustible source of energy, abundant
and widely distributed, which has an energy share to the earth of 3x10** j year! . However, solar
irradiation is not available the whole day on the earth, which is the intermittent nature of sunlight.
Therefore, it is necessary to find ways to convert sunlight into fuels (or battery) that are easy to store

and transport safely, and usable upon demand.

Photosynthesis is a natural method of generating fuels using solar energy from water and carbon
dioxide in plants (Figure 1.1)°. This has motivated scientists to develop an artificial photosynthesis
method to produce chemical fuel with photocatalyst utilising solar energy. Converting solar energy
into chemical energy provides a beneficial way to efficiently store solar energy as sustainable energy
carriers while minimising the environment's impact. One potential solar fuel from artificial
photosynthesis is hydrogen, which is environmentally friendly and efficient energy that should be a
substitute for fossil fuels® 7. Hydrogen is one of the elements with the highest abundance in the
universe. However, usually, hydrogen found on earth is in covalent bonds with others element as
compounds, for example, water and hydrocarbons®. Water is the major resource of hydrogen, as the
most available source in the earth. Combination of solar energy, water and an efficient photocatalyst
can be a platform for hydrogen production using artificial photosynthesis process for photocatalytic

water splitting to H, and O2°.

Honda and Fujishima were the first to use titanium oxide (TiO2) to split water into H» and 0.8, Since
then, various research has been commenced to study how to employ semiconductor materials for
photocatalytic water splitting® '°. The investigations are focused on enhancing the performance of
photocatalyst to produce hydrogen. Very recently, the highest solar-to-hydrogen (STH) efficiency of
about 9.2% for the photocatalytic water splitting reaction was reported in 2023 using InGaN/GaN



nanowire photocatalyst!!. Overall, photocatalytic water splitting is an encouraging way to convert

sunlight into storable hydrogen using a semiconductor photocatalyst.

Image removed due to copyright.

Figure 1.1: Schematic diagram of natural and artificial photosynthesis methods. Reproduced from

reference’.

1.2 Basic Principles of One-step Overall Water Splitting on a Photocatalyst

Overall water splitting via one-step photoexcitation, as shown in Figure 1.2, is a process to split the
water to hydrogen and oxygen using a single semiconductor photocatalyst and photon with energy

higher than the band gap of the semiconductor'?. That reaction is shown in the following Equation

(1.1).

2H,0 - 2H, + 0, Equation (1.1)



Image removed due to copyright.

Figure 1.2: Schematic of solar water splitting using particulate photocatalyst. Reproduced from

reference'’.

The photocatalytic water splitting reaction involves three main steps as shown in Figure 1.2'2. The
first step is that the semiconductor absorbs photons with sufficient energy to overcome the band gap.
This photon will excite an electron from the valence band to the conduction band, leaving a hole in
the valence region. The generation mechanism of the electron-hole pair is continuous during
irradiation. The second step is that the electrons and holes generated are separated and transferred to
the photocatalyst surface. The third step is that H>O is reduced by electron emission at the reduction
side and oxidised by a hole at the oxidation side. Both sides are reckoned as the active surface side
of the photocatalyst, which generates hydrogen and oxygen gas in the process, as shown in equations

1.2and 1.3.
Hydrogen evolution reaction: 4H* + 4e~ — 2H, Equation (1.2)
Oxygen evolution reaction: 2H,0 + 4h* - 4H* + 0, Equation (1.3)

The decomposition of H>O has a Gibbs free energy of 237.13 kJ/mol which equal to 1.23 eV photon
energy required to drive water splitting'> '3. The photon energy, E, calculated using the Planck

equation:
E=hv=— Equation (1.4)

Where h is Planck’s constant, ¢ is the speed of the light, A is the wavelength, and v is the frequency
of the photon. The water splitting reaction depends on the potential redox requirements of the

reaction, wherein the conduction band of the semiconductor must be more negative than the reduction
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potential of H'/H; energy level (0 V versus NHE, at pH = 0), whereas the valence band must be more
positive than the oxidation potential of O2/H20 energy level (1.23 V versus NHE, at pH = 0), as
shown in Figure 1.3, examples of semiconductor band gaps with reduction and oxidation potentials’.
Thus, the bandgap of semiconductor should be greater than 1.23 eV with reduction and oxidation
potential requirements to carry out photocatalytic water splitting. However, using sacrificial agents,
only hydrogen evolution or oxygen evolution reactions can be occurred to generate hydrogen or

oxygen in photocatalytic water splitting system.

Potential vs. NHE (pH 0)
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Figure 1.3: Examples of semiconductor band gaps with reduction and oxidation potentials. Modified

from reference’.

The photocatalyst activities are usually reported as H> and O evolution rates in photocatalytic water
splitting using various irradiation sources. However, it is very complex to directly compare the H»
and O2 evolution rates of photocatalysts using different light sources and different photocatalytic
reactors. Therefore, to compare the performance of different photocatalysts, more precise standards
are required. The efficiency of the photocatalytic water splitting can be measured using the quantum
yield (QY) (or quantum efficiency (QE)) and STH conversion efficiency!*. QY, defined as the
number of photons contributing to activity of the photocatalytic to the total number of absorbed
photons. However, determining the number of photons absorbed by the particulate photocatalyst is
impossible due to light transmission and scattering. Hence, the apparent quantum yield (AQY), or
apparent quantum efficiency (AQE), is used, which is the ratio of the photoreaction rate measured in
a specific time interval divided by the to the rate of incident photons during the same time interval at

a specified wavelength.!*'6. The AQY is shown in Equation (1.5):
AQY (hv) = "% x 100% Equation (1.5)

nis the number of electrons or holes involved in the photocatalytic reaction, R is the amount of

molecular gas produced in a specific time, and I is the number of incident photons during the same
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time interval '°. The STH energy conversion efficiency is the practical standard to investigate the

performance of photocatalysts, which can be determined from the following Equation (1.6):

STH = output energy as H, __ RXxAG % 100% Equation (1 .6)

energy of incident solar light - Psyunx S

Where R is the Hz production rate during the water splitting reaction (mmol/s), AG is the increase in
the Gibbs free energy (kJ/mol), P, is the energy flux of sunlight at the ASTM-G173 AM 1.5 global
tilt (100 mW cm?) and S is the area of the irradiated photocatalyst (cm?)'*.

The AQY and STH of photocatalysts are being improved by studying and developing new
photocatalysts modified with co-catalysts and metal oxide overlayers, which will be explained in the

following sections.

1.3  Photocatalyst

1.3.1 Light-Harvesting of Photocatalysts

Semiconductor photocatalysts are one of the most attractive areas of research currently!’. The
progress of different photocatalysts can be summarised in three periods, known as ‘generations’'®,
From about 1972 to 1980, the first generation focused on understanding the semiconductor-liquid
interface under irradiation using monocrystalline semiconductor surfaces and investigating different
types of semiconductors. In this period, the first use of the TiO2 to decompose water into Oz and H»
in photoelectrochemical water splitting was reported®. Also, a preliminary study to demonstrate the
photocatalytic water splitting process using TiO; and various titanates was reported during the same
period'?. From about 1980 to 2000, the second generation focused on polycrystalline semiconductors
and modifying the semiconductors to perform photocatalytic water splitting under UV light!2. From
about 2000 to date, the third generation focused on nanotechnology in photocatalysis. Active
semiconductors in photocatalytic water splitting have been developed and classified into two groups
based on their electronic configuration: transition metal cations with d° electronic configurations
(such as Ti*", Zr*", Nb°" and Ta®>") and typical metal cations with d'® electronic configurations (such
as Ga**, In**, Ge*" and Sn*")!% !°. The light absorption has to be extended to the visible range to
harness more sunlight for these semiconductors. Therefore, band engineering by adding foreign
elements to d°-type or d'’-type oxides can enhance the visible light absorption of metal oxide

photocatalysts. The following sections summarise band engineering to narrow the band gap.

1.3.2 Band Gap Engineering — Doping
Doping by incorporating foreign elements into semiconductors is a successful procedure for

narrowing the Fermi level position within the band gap of photocatalysts to extend the optical



absorption of wide band gap semiconductors to harness more sunlight’. This band gap engineering
can result in improving the photocatalytic water splitting efficiency. Incorporating metal cations with
ionic radii similar to the host ions can narrow the Fermi level position within the band gap by
interacting with the valence or conduction bands of the host ions or by creating intra-band gap levels
where donors are able to generate holes at the valence band and donate electrons to the conduction
band®’. In contrast, acceptors at the conduction band can accept an electron from the valence band.
However, even though the doping strategy can generate active photocatalysts in the visible light
range, it may also negatively affect photocatalysis. In some cases, the dopants can act as
recombination centres of photogenerated electrons and holes thus decreasing photocatalytic

activity?!.

1.3.3 Photogenerated Charge Separation

The photocatalyst absorbs photons in response to illumination resulting in the generation of electron-
hole pairs in valence or conduction bands, respectively. Then, the photoinduced electrons and holes
are separated and transferred from semiconductor's inside to the active sites on the surface for
reduction and oxidation reactions, respectively??. Therefore, photocatalytic water splitting can be
improved by enhancing the photogenerated charge separation efficiency!'® ?*. Recombination of
photogenerated charge is one of the challenging issues in photocatalyst, where electrons tend to fall
from the conduction band to the valence band, reducing the charge carrier’. Nevertheless, the trapping
of a carrier in energy level close to the band edge can cause spatial electron—hole separation and
lengthen the charge lifetime. Several procedures to separate photogenerated charge carriers have been

explored for reducing electron—hole recombination and trapping in a photocatalyst??,

1.3.3.1 Enhancement of Photogenerated Charge Separation

1.3.3.1.1 Particle Size and Morphology

The electron—hole recombination probability can be reduced by decreasing the photocatalyst particle
size to increase the speed of the photogenerated charge separation to the active sites on the surface!?
24 As an example, the photocatalytic activity of NaTaO3; was enhanced due to doping with La?>. The
NiO/La-doped NaTaOj3; showed an AQY of 56% at 270 nm, which was 9 times higher than that gained
from a NiO/nondoped NaTaOs, apparently because decreased particle size with higher crystallinity
(Figure 1.4)*>2%. This catalyst's photogenerated electrons and holes efficiently migrated over small
distances to reach the reaction sites on the surface rather than recombine. Doping of Ca, Sr and Ba
also had a similar effect as the La doping on smaller particle sizes and improved photocatalytic

t27

activity under UV light*’. However, it should be noted that the absorption of the incident light can be

limited due to the tiny particle size.



Image removed due to copyright.

Figure 1.4: Mechanism of water splitting over a NiO/La-doped NaTaQO3s photocatalyst. Reproduced
from reference *® originally published by*.

1.3.3.1.2 Crystalline Phases and Junctions

One way to reduce the probability of electron—hole recombination is the homojunction. Specifically,
a homojunction is the interface region between two different phases with the same composition and
it often facilitates charge separation. For example, P25, a commercial TiO, with a mixture of anatase
and rutile phases, is a typical benchmark photocatalyst in photocatalytic reactions®®. In anatase and
rutile phases, a smooth path for photogenerated charge separation is provided between anatase and
rutile phases due to the formation of phase junctions between the two phases (Figure 1.5)*. This
phase junction is the main factor for the highly photocatalytic activity of the mixture of anatase and

rutile phases?’.

Image removed due to copyright.

Figure 1.5: Example of phase junction between anatase and rutile phase TiO: for promoting

photogenerated charge separation. Reproduced from reference *°.

1.3.3.1.3 Facet Control

The crystal surfaces of semiconductors play a vital role in photocatalytic performance. Spatial charge

separation was found in several single crystals between exposed facets such as BiVO4**2, It has been



observed that the reduction deposition of noble metals such as Au, Pt and Au occur separately on the
(010) facets. In contrast, the oxidation deposition of metal oxides such as MnOx and PbO» selectively
takes place on (110) facets of BiVO4 (Figure 1.6)*°. This indicates that photogenerated charges are
separated and distributed on [010] facet involving electrons and [110] facet involving holes,
respectively. The BiVO4 sample with a selective photodeposition of metallic Pt and MnOx particles
on the [010] and [110] facets showed much higher photocatalytic activity than materials loaded using
the impregnation method at random sites. This finding suggests that spatial charge separation can
enhance photocatalytic performance to the greatest extent by selectively photodepositing the co-

catalysts on the preferred reduction/oxidation reaction facets of the photocatalyst.

Figure 1.6: SEM images of (a) BiVOs, (b) Au/BiVOy, (c) Pt/BiVOy; (d) Ag/BiVOy; (e) MnO./BiVOy
and (f) PbO2/BiVO.. Modified from reference *°

1.4  Photocatalysts for water splitting

1.4.1 Titanium Dioxide

Ti0; is extensively used as a photocatalyst in various oxidation and reduction reactions on the active
surface as a semiconductor. Owing to its great properties such as high catalytic efficiency, remarkable
stability, and also durability, safety, and inexpensiveness, it is in high demand.*. Titanium dioxide
has crystal phases of brookite, anatase and rutile. The crystal structures of the three phases of TiO>

are shown in Figure 1.7°*. The most stable phase is rutile. The brookite and anatase can be converted
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to the rutile phase by providing appropriate heat treatment. The band gaps of rutile, anatase and
brookite are 3.0, 3.2 and 2.9 eV, respectively. In photocatalysis applications, anatase is more effective
than rutile and brookite because the conduction band location of anatase is more conducive to
initiating conjugate reactions involving electrons®. In addition, the formation of the surface peroxide
groups during a photooxidation reaction at anatase are very stable, in comparison to those formed at

the surface of rutile?>.

Rutile Brookite Anatase

Figure 1.7: The crystal structure of TiO: phases, (a) rutile phase, (b) brookite phase and (c) anatase

phase. Modified from reference 3* .

The physical and chemical properties of TiO> can be affected by how it is formed. TiO> can be formed
in various forms such as film (atomically flat), thin nanosheets, nanotubes and nanoparticles®. TiO
film is helpful for surface imaging techniques, while the latter forms are helpful for transmission
microscopy techniques. Numerous methods can be used to synthesise titania, including the sol-gel
method?®, chemical vapour deposition method*’, microwave-assisted method, atomic layer deposition
method®® and radio frequency (RF) magnetron sputtering method®. Each of these methods will

influence the size/thickness and geometry of the particles/film.

1.4.2 Strontium Titanate

The perovskite oxides (ABO3) have many photocatalytic applications because of their structural and
compositional flexibility, high thermal and chemical stability and outstanding photocatalytic
activity?®. For photocatalytic applications, titanate perovskites have been prepared with various
morphologies such as mesoporous spheres, nanoparticles, and cubes?’. Strontium titanate (SrTiOs)
nanoparticles are promising metal oxide for photocatalytic water splitting due to the unique properties
and long lifetime on e and h* pairs with an indirect band gap of 3.2 eV in water redox potentials*.
The O 2p orbitals make up the majority of the top of SrTiO3 valence band, with contributions from

Sr 5s and Ti 3d, while the Ti 3d orbitals consists manly the bottom of the conduction band*!.
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SrTiO; is UV light irradiation active only. However, the light absorption of SrTiO3 can be enhanced
by doping with elements such as Cr**, Ga**, Na* and AI** #**_ This process introduces additional
elements into the SrTiO3 to tune and improve the optical, electronic and other physical properties of
SrTiOs. Ma et al. have reported that transition metal such as Cu, Ni, Rh, Mn and Fe doped SrTiO3
can be prepared by the hydrothermal synthesis method*¢. It has been found that Rh*" doped SrTiOs
has the best activity for H> evolution under visible light, caused by Rh* states narrowing the SrTiOs

band gap and the visible light activity was enhanced.

Doping with aluminium has attracted more attention as it can improve the SrTiO; morphology and
photocatalytic activity. For example, the activity of SrTiO; was enhanced due to flux-mediated
doping of AI*" into SrTiO; by applying SrCl flux treatment at 1100°C in an alumina crucible**. This
resulted in overall water splitting with an AQE of 30% at 360 nm for RhCrOx loaded Al-doped SrTiO3
due to the better doping and crystallinity of AI** using crucibles. Al-doped SrTiO3 with RhCrOx co-
catalyst has also been used for large-scale photoreactors for photocatalytic water splitting reactions
(Figure 1.8)*". The size of the photoreactor panel was 1 m? with a depth of 4 mm of the water layer,
which provided an active water splitting reaction with 0.4 STH efficiencies. Further, applying MoOx
on the surface of Al-doped SrTiO; increased the AQE to 69%, which is assumed due to be the
modification of the chemical state of the RhCrOx co-catalyst and promotes H> evolution*®. Very
recently, it was found that the AQE during overall water splitting improved up to 96% by modification
of Al-doped SrTiO3 with the photodeposition of Rh/Cr03 and CoOOH as hydrogen and oxygen
evolution sites at different facets*. This, at wavelengths between 350 and 360 nm, is equivalent to an

internal quantum efficiency of almost unity.

Image removed due to copyright.

Figure 1.8: (a) Schematic of 1 x 1 m water splitting panel based on Al-doped SrTiOz powder with
RhCrOx co-catalyst (b) image of a 1 x 1 m Al-doped SrTiO;3 panel. Reproduced from reference * .

11



1.5  Co-catalysts for photocatalytic water splitting

Cocatalysts provide the active sites of water splitting reactions, where reduction by electron emission
at the reduction side and oxidation by a hole at the oxidation side, because most bare photocatalysts
have negligible H> evolution activity. Co-catalysts are essential for photocatalytic water splitting
because of their redox reaction function that helps to reduce the activation energy'? >°. As illustrated
in Figure 1.2, the loaded co-catalysts extract photogenerated electrons and holes from the
photocatalyst (step 2) and host active sites for H> and Oz evolution (step 3). Therefore, the overall
efficiency of a particular photocatalytic system depends on the loaded co-catalyst®!. Moreover, the
full function of the co-catalysts can be achieved by depositing the reduction and oxidation co-catalysts
on the correct sites. The correct sites for co-catalysts on the photocatalyst are located on the
anisotropic facets where the spatial separation of the photogenerated charges can be control. For
example, in Table 1.1, the dual-cocatalysts were deposited selectively and randomly on the two types
of SrTiO3 nanocrystals for comparison. The Pt and Co30O4 are deposited on the correct sites of 18-
facet SrTiOs; nanocrystals with anisotropic facets exhibiting significantly enhanced overall
photocatalytic water splitting compared to homogeneous co-catalysts deposition®2. Also, it is essential
to modify the photocatalyst with effective co-catalysts for H> and Oz evolution to achieve the highest

function of the system.

Table 1.1: Measured photocatalytic water splitting performance of 18-facet SrTiOs nanocrystals with
Pt and Co30y4 co-catalysts deposited. (Gas unit: umol h—1 m—2.) Modified from reference °.
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9 P.D. P.D. 4089 2095 2.0

“ Impregnation method. ? Photo-deposition method.

Several noble-metals have been studied as a co-catalyst in recent years such as Pt>>>% Ag>® Pd>*, and

Au®*. Au is an interesting noble-metal to use as a co-catalyst. Au is an inert substance in its bulk
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nature. However, due to their unique physical, chemical, and crystallographic properties, Au

nanoparticles (Au NPs) have the ability to modify surfaces as a co-catalyst™

. Gold particles have
gained attention in the last decade as an effective co-catalyst metal due to the interactions between

surface plasmon resonance effect (SPR) and semiconductors®’.

1.5.1 Gold Clusters as Co-catalysts

Smaller than Au NPs, gold nanoclusters (Au NCs) have the potential to modify surface properties to
realize strong enhancements of photocatalytic processes. Au NCs consist of unique atomic structures
that are dependent on the number of atoms in the Au NCs. The electronic structure, size and
morphology of the Au NCs depend on the number of constituent atoms in an Au cluster®®. Therefore,
the photocatalytic activity of Au NCs modified surfaces can completely change with the addition or
removal of one atom from a cluster®®. In general, metal clusters are typically employed for the reasons
listed below: A) Unlike a band, they have distinct electrical states. B) They have properties called
fluxionality and structural isomerism, which make it simple to switch between configurations and aid
in the attachment and dissociation of molecules. C) They also have more surface area in comparison

to the amount of material used®’-2,

Au NCs can be synthesised with protecting ligands to stabilise the cluster core and avoid

agglomeration®

. The physical, chemical, electronic, and optical properties largely depend on the
gold—ligand interaction and bonding for ligated gold clusters®?. Examples of ligated gold clusters are
the thiolate-ligated gold®, alkynyl-ligated gold® and phosphine-ligated gold clusters®?. Phosphine-
ligated gold clusters have significantly different physical, chemical and structural properties than the
thiolate-ligated and alkynyl-ligated gold clusters. For example, the gold—phosphine (Au—P) bonding
is relatively weaker than to gold—sulfur (Au-S) bonding, advantageous for ligand removal and

exchange or intercluster conversion of Au clusters®.

Supported Au NCs on photocatalysts are considered to improve the photocatalytic water splitting
performance®. Kudo and co-workers published an example of improving photocatalytic water
splitting using Au clusters®®. They found that loading ultra-small Au clusters using Aups into
BalLasTisO15 enhanced the photocatalytic water splitting activity by 2.6 times compared to
BalLasTi4015 loaded with Au nanoparticles. The same group explored that loading other sizes of Au,
NCs (n=10, 15, 18, 22, 25, 29, 33, 39) on BaLLa4Ti4O15 showed an increase the photocatalytic activity
with decreasing Au, cluster sizes (Figure 1.9A)%7. Moreover, it was found that it was crucial to use a
very stable cluster as a precursor to achieve control of the Au, clusters loading onto BaLasTi4O15
without agglomeration (Figure 1.9B). In another example, Auys clusters loaded onto SrTiO; have

improved water splitting activity compared to Au NPs®®,
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Figure 1.9: (A) Effect of cluster size on water splitting activity using Au,-BaLa4Ti+O;5 and AuNP-
BalLayTisOjs. (B) Schematic of the agglomeration of Au, on the BaLasTisO;s depending on the size of

the cluster. Modified from references ** 9.

1.5.1.1 Characterization of Gold Clusters

State-of-the-art characterization techniques are indispensable in studying the structural and
fundamental properties of atomically-precise Au clusters. Previously, reliance on elemental analysis
had led to an incorrect assignment of molecular formula for the pentagold cluster;®® it was later
corrected to be undecagold. Apparently, no single characterization method can provide complete and
conclusive information about material properties and characteristics. Thus, very often multiple,
complementary techniques are required to gain information about their structure and properties.
Progress in gold-phosphine clusters has benefited from numerous characterization tools, including
microscopy spectroscopy. This section discusses in detail several of the key techniques employed to
characterize the size-dependent and unique properties of gold-phosphine clusters which enables our

understanding of these properties.

1.5.1.1.1 Electron microscopy

Progress of nanoscale science and technology is heavily dependent on state-of-the-art characterization
techniques. Very often, a method by which one can directly ‘see’ nanoscale materials provides
conclusive evidence of their existence compared to indirect methods - seeing is believing.
Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM)
are widely used techniques for imaging an electron-transparent sample at the atomic scale. The
difference between the two techniques is that STEM uses a small electron beam that is pre-focused
before imaging the sample, while the large electron beam used for TEM is focussed after transmision

through the sample.”® The high-angle annular dark-field (HAADF) method in STEM is predicated on
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detecting the incoherent scattering electrons, referred to as Z-contrast microscopy. STEM has higher
resolution imaging and analytical capabilities due to the use of aberration correctors. Advances in
aberration corrector electron optics allow direct imaging at the atomic level with high resolution
beyond 50 pm.”! Due to its high atomic number, gold can be easily imaged at high contrast using
TEM. With aberration correction, imaging of Au clusters at the atomic resolution is now possible.”?
Information that can be obtained from TEM and STEM imaging includes particle size, shape, lattice

fringe, crystallographic structure, defects and grain boundaries.

TEM images of Schmid’s Auss cluster (the average formula is Auss(PPh3)12Cls)) revealed the particle
size to be 1.4 + 0.4 nm.”* 7* Initial assignments based on EXAFS attributed the Au core structure to
have cuboctahedral geometry,”> 7® however, an icosahedral structure was also suggested to be
plausible by powder X-ray diffraction.”” Recently, thorough and systematic studies using aberration-
corrected STEM by Jian et al. discovered that Auss clusters contain both hybrid icosahedron-
cuboctahedron and amorphous structures, resolving the contradictory studies previously reported.”®
Based on the intensity representing the number of clusters as a function of core size, the authors found
that the four most intense peaks occurred at 41 + 2, 47 + 1.5, 50 £+ 1.5 and 54 + 1.5 Au atoms, with

the last peak being assigned to Auss(PPh3)12Cls.

Fluxionality is the fast, dynamic intramolecular rearrangement of chemically equivalent
configurations due to the stereochemical nonrigidity and low energy barrier between different
configurations’”. The fluxionality of Au clusters on surfaces renders precise structural determination
difficult,”® particularly because electron beams can affect the geometry and induce fluctuation
between isomers.?” Wang and Palmer observed that the structure of Auao clusters fluctuate between
tetrahedral and disordered structures.®® Deposition of Au clusters on surfaces also reduces the degree
of freedom. A study by Al Qahtani et al. investigated the structure of Aug(PPh3z)s(NOs)3 clusters on
TiO2 nanosheets.®! They observed three atomic configurations using STEM (Figure 1.10a-c); one
three-dimensional structure and two pseudo-two-dimensional structures. The three-dimensional
structure was attributed to Aug protected with ligands, while the pseudo-two-dimensional structures

were attributed to de-ligated clusters with intrinsic fluxionality.
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Image removed due to copyright.

Figure 1.10: (a-c) STEM-HAADF images of Aug supported on TiO: clusters with different structures.
Reproduced from reference %!. (d) Dynamic motion of Aug covalently bonded to the surface of

graphene. Reproduced from reference *°..

Rourke and co-workers used STEM to image Auo(PPh3)s(NO3)s clusters attached to sulfur-
functionalized graphene oxide (GOSH).%? Time-dependent rotations of Auo cluster covalently bonded
to the surface of GOSH are shown in Figure 1.10(d). This result shows the effect of the electron beam
on a single Auy cluster inducing rotation of the cluster, without any lateral displacement, during the
imaging. This also demonstrates that Auog clusters attached to GOSH are robustly bound even under

the effect of an intense STEM electron beam.

1.5.1.1.2 Photoelectron spectroscopy

Photoelectron spectroscopy (PES) is an important and powerful tool to investigate the surface
properties of materials down to a few nanometers in depth. The surface sensitivity of PES is due to
the limitation of the emitted electron mean free path, where an electron excited by a photon will lose
energy before leaving the surface to reach the detector. PES is classified into two energy regimes: X-

ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS).
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1.5.1.1.2.1 X-ray Photoelectron Spectroscopy

XPS is a widely used technique to investigate the chemical composition and elemental concentration
of a surface. The technique measures the kinetic energy of electrons emitted from the top layer (<5
nm) of the surface.®® It is employed to determine the electronic structure, elemental composition and
chemical environment of various elements present in the sample via the binding energy (BE), full

width at half maximum (FWHM) and intensity of the corresponding elemental peak.

For gold, the core electrons usually analyzed in XPS originate from the Au 4f orbitals. The Au 4f
doublet peak (4f72 and 4fs2) in an XPS spectrum arises due to the quantum mechanical nature of the
spin-orbit coupling. For bulk gold, the literature standard BE of the Au 417, peak is 84.0 eV with a
separation of 3.67 eV to the Au 4fs» peak.®* 8 The BEs for Au clusters are significantly different
from the bulk value. Such differences are attributed to the initial and final state effects, which strongly

influence the peak position and FWHM.36

The initial state effect reflects the oxidation state of the metal. The BE is positively charged for
oxidized metal due to the loss of charge to oxygen, which reduces the core state energy, leading to an
increase in the electron BE.}"- 88 The final state effect is due to the difficulty of the charged atom being
relaxed by residual electrons following excitation by an X-ray beam.®® When an electron is excited,
the positively charge hole remains in a charged state for a finite time and the residual electrons
redistribute to screen the positively charge hole.3® °° The initial and final state effects lead to a shift
towards a higher BE, referred to as a positive BE shift. Several examples using XPS to study the

change in the chemical state of Au and Au cluster size are given below.’!

Table 1.2 summarizes the BE of Au 417, for different gold compounds and several atomically-precise
gold-phosphine clusters reported to date. Upon formation of oxidized species such as Au" and Au*",
the Au 417> peak shifts to 85-87 eV, depending on the composition of the gold compound, due to the
initial state effect.”? For this reason, XPS can be used to trace the formation of Au metal nanoparticles
from Au precursors during the synthesis by measuring the change in the BE of the Au 4f peak. For
example, Visco et al. probed the oxidation state of Au prepared by different synthetic methods and
pre-treatment using XPS.”® The authors found that thermal treatment under conditions such as
vacuum, H», and H» followed by O, were required to transform gold hydroxide (from reaction of
HAuCls with OH-) into metallic gold (Au®) as manifested by the simultaneous decrease and increase

of the Au®" and Au® peak areas, respectively.

Table 1.2: BE of Au 4f7.: for different gold compounds and several gold-phosphine clusters reported
up-to-date
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Au 4172 Calibrated

Compound V) st Excitation energy  Refs
C 1s peak at 85
Au metal 84.0 584.8 oV Mg-Ka (1253.6 eV)
C 1s peak at 03
HAuCly 873-87.6  sos Al-Ko (1486.6 eV)
C 1s peak at 93
Au0; 85.5-863 | Soc Al-Ko (1486.6 eV)
C 1s peak at 03
AuCl 85.8-86.0  Sosh; Al-Ko (1486.6 eV)
Au(PPhs)Cl 85.3 No information | ;4 formation provided | %
provided
No information . . . o4
Au(PPh;),Cl 85.6 provided No information provided
C 1s peak at 95
Au(PPh;)NO; 84.9 384,60V Mg-Ka (1253.6 eV)
No information 96
AusCug(Dppf)2(SAdm)s(BPhy) 84.7 orovided Al-Ko (1486.6 eV)
C 1s peak at
Aug(PPhs)(BF4) 84.7 >3 4.71’6\, Mg-Ka (1253.6 eV) 97,98
No information . . .
2+ 94
[Aug(PPhs)7] 85.2 provided No information provided
Aus(PPh3)s(NO3), 85.1 gglsselifak at Synchrotron (690 V) | 9100
. s peak at
Aus(TPPMS)(NOs), with x=7,8 84.5 58 fg’:f, a Al-Ko, 1486.6 ¢V) 101
81, 99,
Aus(PPhs)s(NO3)s 84.7-85.3 ggi.sef{fak at Synchrotron (625 eV) | 100,
Synchrotron (690 eV) 107
C 1s peak at 94,99,
Auyi(PPhs)sCls 84.7 585 e‘{, Mg-Ka (1253.6 eV) 00
No information 108
Aun(PPhs)ls 84.5 orovided Mg-Ka (1253.6 eV)
Auis(dppe)sCLCls 85.1 - 85.6 gglsselifak at Mg-Ka (1253.6 eV) 109
C 1s peak at
3+ 110
[Auis(dppe)sCla] 84.4 5848 oV Al-Ko (1486.6 eV)
AuisAgi2(PPhs)1oCls 84.4 eCVlS peak 284.6 | A1 Ko (1486.6 eV) m
[Au1oCuso(PPhs)s(C=CPh)»CL](NOs); | 84.3 5825 6":3,1{ at Al-Ka (1486.6 eV) 2
s peak at
Aux(PPs)iCly 84.3 58 fg’:i‘, a Al-Ko (1486.6 eV) s
[ Atz3(PPhs)s(C=CPh)s](SbFs) 84.4 C Is peak at Al-Ka (1486.6 eV) 14
284.6 eV
[ Auz4(PPhs)s(C=CPh)14](SbFe): 84.5 ggzs 6":2,1‘ at Al-Ko (1486.6 eV) 1s
[ Au24Pd(PPhs)10(SR)sCL]CI 84.5 ?ff;z;peak A Mg-Ka (1253.6 eV) e
[ Atzs(PPhs)10(SR)sCly](SbFs) 84.9 ‘3“6*‘5739‘156@1’631( A Mg-Ka (1253.6 eV) 16
Auss(PPhs)10(SC12Has)sCla 84.3 nggpzi‘,k at Al-Ka (1486.6 eV) 17
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[Aus2(PPhs)s(dpa)s](SbFe)s 34 6 C 1s peak at Non-monochromatic Al- | |5

284.6 eV Ka
Auss(PPhs)12Cls 84.3 No information ' »} ¥ o (1486.6 ¢V) 19
provided
Auss(PPhs)1,Cls 85.1% No information -y} ¥ (1486.6 eV) 120
provided
99,
C 1s peak at Mg-Ka (1253.6 €V) 100,
Aui01(PPhs)2 Cls 838837 gs5ev Synchrotron (690 eV) 121,

122

*The binding energy published in ref. '*° for Au clusters is significantly different to other published

binding energies for Au clusters of similar size, e.g. in refs. *> 100119,

The use of XPS is not limited to determining the chemical states and composition but can also be
used to determine the relative size of Au clusters due to the final state effect. Haruta used the positive
shift in the BE to assign small Au clusters as the most active sites in gold-based catalysts; at the time
of that study, access to high-resolution TEM was extremely limited.'”> Early XPS studies of
phosphine-ligated Au clusters were performed and reported by Battistoni et al.!** %> The authors
observed a general trend of positive BE shifts of the Au 4f7, peak as the number of Au atoms in the
cluster decreased. However, the interpretation of XPS spectra of Au clusters at that time attributed
the variation to changes in the cluster geometry and ligand components.'?° Similar contributions have
been made by Van Attekum et al. using Auii, Aug and Aug clusters stabilized by triarylphosphine
ligands.'?” The authors showed that the BE of Au 4f peaks shifted to higher BE and the width
(FWHM) broadens as the Au cluster size decreases.

An early XPS report of the final state effect on phosphine-stabilized Au clusters was done by Schmid
and co-workers on Auss(PPhs)12Cle.!"” The authors suggested that the Au 4f peak shifted to higher
BE compared to bulk Au due to the final state effect, following what had been discussed in earlier
publications.'?® 122 A number of other XPS studies on Auss can be found here.!?* 130 31 However,
several XPS studies have investigated the electronic structure of new phosphine-ligated Au clusters
according to final state effect which differ from the interpretation of Schmid and co-workers for
Auss(PPh3)12Cls. These studies were performed on Aui3!'?, bimetallic Au/Ag!*?, AusCue’® and Aug'??
clusters, and all observed a shift in the BE of Au 4f7» peak to higher BEs due to the formation of the

small-sized clusters.

XPS studies have been performed on supported Au clusters to investigate the effect of supporting
metal oxides on the clusters. In a study by Goodman and co-workers, Aus(PPh3)s(BF4)> was deposited
on a single crystal TiO2(110) surface using a solution deposition method.”® The XPS of Au 4f7» peak
experienced a shift of +0.4 eV after removal of phosphine ligands via electron-stimulated desorption.

This shift was due to the size reduction of Au clusters, which was observed by scanning tunneling
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microscopy (STM). The same group reported that different pre-treatment procedures of Aus deposited
on TiO; particles had a profound influence on the stability of Au clusters on the surface of TiO-,

which played a crucial role on CO oxidation activity.”’

Recent studies by Anderson et al. utilized synchrotron XPS of Aus, Aug, Auii and Aujor clusters
supported on Ti0,.%% 1% Figure 1.11 shows the Au 4f spectra of untreated and calcined Au clusters.
The authors concluded that a positive shift in the BE and an increase in the FWHM of Au 4f7» peak
were due to a decreasing number of Au atoms. Moreover, the as-deposited Au clusters were not
affected by the TiO» substrate. However, calcination of the sample to remove the ligands lead to a
degree of aggregation of Au clusters, as observed in the Au 4f spectra with two doublets of Au peaks.
Al Qahtani et al. studied the aggregation of Aug on TiO> nanosheets and atomic layer deposition
(ALD) Ti0,.!%* 195 They demonstrated that the Au 4f» peak shifted to a lower BE after calcination
due to aggregation of the Auyg clusters. This finding was supported by other techniques such as atomic
force microscopy (AFM) and STM. One XPS study by Ruzicka et al. applied several pre-treatment
methods to TiO, before depositing Aug clusters to improve the Au cluster stability on the surface.
They demonstrated that Auy aggregation could be prevented, even under calcination, via pre-
treatment of the TiO2 with H2SOg4, by observing a slight shift of the Au 472 peak to a higher BE after
calcination.!?® Further reports of XPS studies performed to examine the electronic structure of gold-

phosphine clusters by different groups are available here.!9% 103 109,121, 134-137

Image removed due to copyright.

Figure 1.11: Au 4f peaks of TPP-ligated Auy (x=8,9,11,101) clusters on TiO: (a) untreated and (b)

calcined at 200 °C. Reproduced from reference’..

In many cases, XPS is also useful to determine removal of phosphine ligands. Several XPS studies
show that the P 2p peak shifts to higher BEs due to the removal of phosphine ligands from the Au

core and subsequent surface oxidation upon calcination.”™ %7- 9% 100, 106,109,135 The yse of XPS to study
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phosphine-ligated Au clusters is not only limited to initial and final state effects. Ahmad et al. used
XPS to estimate the concentration of Au on the surface of WO3 deduced from the electron mean free

path.!3

1.5.1.1.2.2 Ultraviolet Photoelectron Spectroscopy

UPS is a technique to study the electronic properties of a solid sample surface to a depth of 2-3 nm.**
It can be used to determine the valence band and the work function of a solid sample surface. It is an
important technique to study the behaviour of phosphine-ligated Au clusters as clusters or metals.
UPS has been employed to measure the electronic structure of individual phosphine-protected Au
clusters. A study by Boyen ef al. investigated the valence band structure of the Auss(PPh3)12Cls cluster
and compared it to Auss after removal of ligands by exposure to X-ray photons over a long period of
time."*! They concluded from the UPS valence band spectrum that Auss(PPhs)12Cls has an insulating
behaviour; however, after ligand removal the spectrum shifted towards the Fermi energy with a
similar spectral profile to Au films. It was concluded that the Auss cluster exhibited metallic behaviour
after ligand removal due to the large size of Auss (1.4 nm). Recent research performed on the
[Aui3(dppe)sCL]*" cluster determined that the valence band was 1.9 eV, which was confirmed by

UV-visible spectroscopy and DFT simulations.!!°

1.5.1.1.2.3 Metastable Impact Electron Spectroscopy

Another powerful technique to measure the electronic structure is metastable impact electron
spectroscopy (MIES) using metastable helium atoms (He*). The great benefit of MIES is that it only
measures the electronic structure of the outermost layer of a sample. This is due to the He*
deexcitation process that only occurs within a few A of the surface, which leads to emission of an

electron with kinetic energy that can be measured.

The first MIES study on Au clusters was performed on phosphine-ligated Au clusters supported on
ALD TiO: and SiO» via dip-coating conditions and followed by heating to remove the ligands.'** The
reaction between the phosphine-ligated Au clusters and the two substrates after removal of the ligands
was investigated using MIES and synchrotron XPS. It was found that the phosphine ligands react
with the oxygen atoms of TiO; after heating, leading to oxidation of the phosphine species. Non-
agglomerated clusters were only found for samples deposited with a concentration between 0.02 and
0.75 mM. In contrast, on SiO; there was no sign of interaction between the phosphine ligands and

substrate and the Au clusters were fully agglomerated to large nanoparticles after heating.

Krishnan et al. performed MIES studies on Aug(PPh3)s(NOs)3 and Auiz(dppe)sCloCls deposited with
several concentrations onto defect-rich ALD Ti0.1%% 135 Tt was found that the formation of defects

at the surface of ALD TiO> strongly reduced the tendency of the Au clusters to agglomerate. A
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singular value decomposition (SVD) algorithm was applied to analyze a series of MIE spectra and
separate them into reference spectra. They found reference spectra that represent (i) titania and (i)
Au clusters attached to the surface for both Aug and Auiz deposited on ALD TiO». An interesting
finding was that the reference spectrum for Auis shifted closer to the Fermi level compared to Auo.
The authors suggested that the increase in the number of atoms forming the Au cluster from 9 to 13

leads to a shift of the electronic states towards the Fermi level.

1.5.1.1.3 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a widely used tool for determining the interatomic distance,
metal-ligand bond length and average coordination number that are otherwise impossible to obtain
for non-crystalline compounds. Absorption spectra are measured by X-ray excitation of a core
electron to an unoccupied orbital in an atom. X-ray absorption spectra tend to exhibit a sharp increase
in absorption, called an edge. This absorption peak at the edge corresponds to a transition from the

core level to the unoccupied valence states of an atom, which are sensitive to the local environment.

XAS is divided into two parts: the lower energy region, known as X-ray absorption near edge
structure (XANES), and the higher energy region, known as extended X-ray absorption fine structure
(EXAFS). XANES has two edges: rising edge (high-energy edges) and pre-edge (low-energy edges).
The result of low-energy edges is usually referred to as near-edge X-ray absorption fine structure
(NEXAFS). XANES is commonly employed to probe the oxidation states, symmetry, coordination
environment, and density of states (DOS) while EXAFS is used to determine local atomic structure
including bond length, coordination number and type of ligands. The versatility of XAS is made
possible by simultaneous measurements with other techniques such as UV-visible and infrared
spectroscopy, and small-angle X-ray scattering. The Au L3-edge is typically used to record EXAFS
and XANES spectra in the range of 11,880 and 12,000 eV.

In the absence of single crystals, EXAFS is a powerful tool to establish a plausible structure. This is
particularly true for Schmid’s Auss cluster where the power sample is amorphous and cannot be
grown into single crystals due to decomposition. Early works to investigate the structure and bonding
in Schmid’s Auss cluster utilized XAS.”> 7% 140 A measurement using Au Ls-edge EXAFS revealed
shorter A-Au distances (2.76-2.78 A) in Auss(PPhs3)12Cls than in bulk gold and a mean coordination
number of seven, which suggested a cuboctahedral structure.’® This finding is in contrast with the
result from powder X-ray diffraction (XRD) that assigned an icosahedra structure to the same cluster.
A later investigation that combined EXAFS, XANES and wide angle X-ray scattering (WAXS)

revealed a face-centered cubic structure characteristic of bulk gold.!*' Marcus et al. performed
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temperature-dependent EXAFS measurements on Auss(PPhs)2Cls and found that the cluster had 40%

less thermal vibration compared to bulk gold due to stiffening of the Au-Au bonds in the cluster.”.

Menard et al. provided evidence for the structure of highly monodisperse mixed-ligand
Aui3(PPh;3)4(SR)2Cl and Auis(PPhs)a(SR)s clusters using XAS.!4? They attributed the Aus structure
to an icosahedral structure with a size of 0.8 nm as observed by STEM. Changes in the EXAFS and
XANES spectral features can provide a signature for the structural transformation or evolution of
clusters. For example, Li et al. observed an icosahedral-to-cuboctahedral structural transformation of
Auis clusters for the first time using a solvent-exchange method.'** The Fourier-transformed &%y (k)
function in hexane showed a significant reduction of the Au-ligand peak amplitude, a reduction in
coordination number from 0.9 to 0.4, and a marked increase in the Au-Au peak intensity. These results
suggest that changing the solvent from ethanol to hexane leads to rapid thiolate desorption from the

Auys core and then rearrangement of the core to a cuboctahedral structure.

An in situ XAS experiment by Kilmartin et al. followed the removal of phosphine ligands from
Aug(PhoP-o-tolyl)s(NOs), clusters at low temperature by organic hydrogen peroxide.!** It was
observed that after the addition of peroxide, the coordination number of Au-P decreased from 1.6 to
~0.35 and that of Au-Au increased from 3.5 to 8.7, suggesting removal of the ligands and the
appearance of metallic gold. The authors concluded that the removal of the ligand had occurred

gradually.

Doping of Au clusters with a transition metal atom can change the fluxional nature of Au clusters.
For instance, structural isomerization of [Aug(PPhs)s]** between the crown and the butterfly structures
is inhibited by substituting the central Au atom of [Aue(PPhs3)s]** with a single Pd atom to produce a
preferred AuPds crown structure.'*® This was demonstrated by analyzing the Debye—Waller factors
of the radial and lateral Au—Au(Pd) bonds as a function of temperature using Fourier transformed-
EXAFS. It was found that the bond strength for both the radial Au-Pd and lateral Au-Au bonds in

PdAug are stiffened compared to the Au—Au bonds in Aug due to the central Pd atom doping.

One XAS study by Liu ef al. investigated the correlation between the electronic and geometric
structure of Auzs(PPhs3)10(SR)sCl> and Auas(SR)is clusters and their catalytic activity.'*® The authors
found that the d-bond electrons of the clusters are affected by the variation of the ligands. It was
suggested that the differences in the d-band unoccupied-state populations are correlated with the
differences in catalytic activity and selectivity of these clusters. More recently, the ligand effect on
the Au 5d electronic state in [Auo(PPh3)s]>* and [Auzs(SC2HaPh)is]™ has been reported by Matsuyama

et al.'’ The authors concluded that the interaction between the unoccupied 5d orbitals with the S/P
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3s+3p orbitals lead to different peak positions in the XANES spectra of both clusters; the white-line
peak of Auo is higher by 3 eV than that of Auos.

Etching of Au clusters is a process to synthesis polydisperse Au-ligand clusters by treating for a
period in a reactant. Understanding the etching mechanism during the formation of Au clusters is
central for rational design and synthesis of clusters in future. The research group of Wei reported a
number of studies using in situ XAS to study the structure and composition of Au clusters during
cluster formation.'**-!5° The formation process of monodisperse Aui3(L3)4Cls with HCI etching of a
polydisperse mixture was traced using in situ XAS. The XANES spectra in Figure 1.12a shows the
white line peak at 11,926 eV, which emerges from the excitation of Au 2p3» electrons to the
unoccupied Au 5d state, is strengthened immediately after addition of HCI (0 to 0.5 h). This is
assumed to be due to the charge transfer from Au atoms to the Cl~ ligands. Figure 1.12b shows
EXAFS spectra with the Au-ligand peak at 1.90 A intensified and the Au-Au peaks at 2.36 and 2.88
A decreased after the addition of HCI. This indicates the decomposition of the larger Au clusters into
smaller intermediates. The changes in the XANES and EXAFS spectra continued over the reaction
time but not as markedly as the first hour. The same group showed the formation process of
monodisperse Aui3(L3)2(SR)4Cls (Aui3) mixed-ligand clusters,'>® observing that the formation of

Auys clusters occurred in three steps: etching, growth and rearrangement.
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Image removed due to copyright.

Figure 1.12: Time-dependent a) XANES and b) EXAFS spectra, (c) coordination number, (d) bond
distance R, and (e) Debye-Waller factor for the Au—P/Cl and Au—Au coordination pairs extracted

from EXAFS curve-fitting against reaction time. Reproduced from reference’*,

Several studies have used XAS to determine the change in size of supported clusters after removal of
the ligands.”> %% 136 It has been demonstrated that the properties of the support play a crucial role in
the stability of surface-supported gold phosphine clusters. Donoeva and co-workers demonstrated
that thermal treatment of Auy clusters on Brensted acidic supports such as carbon and SiO; leads to
fragmentation into isolated Au-ligand species as manifested by the absence of an Au-Au bond in the
EXAFS spectra.'*” In contrast, phosphine ligand migration from Aus clusters to CeO, was signified

by the absence of an Au-P peak, which also resulted in the formation of an active catalyst.
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1.5.2 Challenges in Co-catalysts

1.5.2.1 Back Reactions

The nature of photocatalytic water splitting works using semiconductors modified with co-catalyst
materials as H, or O> evolution sites has been explained. In particular, the H> evolution co-catalysts
promote the hydrogen evolution reaction. Concurrently, it is active for inhibited reactions, including
the oxygen photoreduction reaction (ORR) (Figure 1.13D) and water formation from H> and O2
(Figure 1.13C), which affects the hydrogen generation rates™ '>!. The ORR occurs on the co-catalysts
during the water splitting reaction by reducing H" with O, to form water. In contrast, the water
formation of H> and O can take-place on the co-catalysts under dark condition. These inhibited
reactions occur due to the close location of Hz and Oz evolution sites in photocatalytic systems. It
should be noted that the inhibited reactions are also referred to in the literature as back reactions,
reverse reactions and backward reactions. Enhancing the hydrogen evolution with concurrent

blocking of the back reactions is challenging.

Image removed due to copyright.

Figure 1.13: Possible reactions that could occur during a photocatalytic water splitting reaction
over a photocatalyst modified with co-catalysts: (a) H> evolution, (b) O: evolution, (c) water
formation from H> and O (back reaction), and (d) oxygen photoreduction reaction. Reproduced from

reference'>”.

1.5.2.2 Stability of Co-catalyst

The catalytic activity of a co-catalyst-modified photocatalyst depends on the nature of the co-catalyst.
It has been discussed above how the size of the noble-metal co-catalyst play a critical role in
photocatalytic water splitting activity. Thus, the size stability of noble-metal as co-catalyst-modified
photocatalyst is essential to preserve the efficiency of photocatalytic activity. However, it has been
reported that noble-metal NPs and NCs as co-catalyst-modified photocatalyst tends to agglomerate
during the preparation treatment or photocatalysis process. For example, the Aus, Auzs and Auz4Pt

alloy NCs modified photocatalysts were reported to aggregate during the calcination treatment to
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remove the ligands®® 133 154 Also, the same phenomenon was observed other sizes of Au, NCs (n=
22,29, 33 and 39) on BaLa4Ti4015°’. Furthermore, the agglomeration of clusters co-catalyst is largely
observed during photocatalysis. For example, the size of Auxs modified SrTiO; and BaLasTi4O15 was
increased after photocatalysis (10 h of irradiation) from 1.2 nm to 4.2 and 7.0 nm, respectively®®. The
agglomeration of clusters is assumed due to the weak interaction between the cluster and
photocatalyst. Therefore, improving the stability of clusters co-catalyst-modified photocatalyst is of
practical significance in photocatalysis applications to maintain the catalysis properties of the co-

catalyst.

1.6  Metal Oxide Layers for Photocatalytic Water Splitting

1.6.1 Nickel Oxide Layer to Suppress Back Reactions

A successful strategy of blocking the back reactions on hydrogen evolution co-catalysts is using an
overlayer metal oxide. Early discovery of suppression of back reactions using metal oxide layer was
by Domen and co-workers in 1986'%°. They found that reducing NiO to metallic Ni and then re-
oxidising at 200°C will result in Ni-NiO core-shell structure (Figure 1.14). In Ni-NiO structure,
during photocatalytic water splitting, the core receives electrons from the SrTiOs and acts as H»
evolution sites, while the NiO layer suppresses O> from reaching the metallic Ni core and causing

back reactions such as ORR and water formation.

Image removed due to copyright.

Figure 1.14: Schematic illustration the NiOv/SrTiOsz photocatalyst’s structure after various

treatments. Reproduced from reference’”’,

1.6.2 Chromium Oxide Layer to Suppress Back Reactions

Ni-NiO structure has encouraged researchers to develop a technique to deposit metal oxide nanolayer
onto various H» evolution co-catalysts that prevents oxygen from reaching the co-catalysts and

initiating back reactions. Maeda and co-workers reported the first formation of the Cr.Os3 layer onto
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metallic Rh and other noble metals with a core-shell structure to block the back reactions'>®. The
Cr20s layer is formed around metallic Rh with a thickness of 2 nm using the photodeposition method
(Figure 1.15a). It was demonstrated that protons and the hydrogen molecules are permeable through
the Cr20O3 layer, but not the oxygen, which suppresses the back reactions that involve oxygen
molecules on the metallic Rh (see Figure 1.15b)!% 157 As a result, the Rh-loaded (GaixZnx)(N1-xOx)
without Cr,0O3 was almost inactive for water splitting due to the back reactions, while a successful
overall water splitting was observed with the Cr,0Os layer (Figure 1.15c). In 2023, the highest STH
efficiency for the overall photocatalytic water splitting reaction was reported using Rh/Cr,O3 and
C0304 loaded InGaN/GaN nanowires'!. The high efficiency here is attributed to the role of the Cr2O;

layer in inhibiting back reactions.
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Figure 1.15: a) HR-TEM images of Rh/Cr:O0s-loaded(GaiZny)(N1xOx), b) schematic reaction
mechanism and c) time courses of overall water splitting on Rh/Cr:0;3 loaded (GaxZn,)(Ni1xOx).
Modified from reference'’.

The Cr20; layer with core/shell structure has also promoted photocatalytic water splitting when

0 and

photodeposited onto different co-catalyst materials such as platinum'®, palladium'°, iridium'®
gold!*2. The promotion of the photocatalytic water splitting reaction was due to the suppression of

back reactions on hydrogen evolution co-catalysts.

Recently, it was reported that the Cr,O3 layer with Au cluster showed a remarkable improvement in
photocatalytic activity using a new procedure of forming a Cr2O3 shell on the Au clusters (Figure
1.16)!32, In this procedure, the Cr,O5 layer was first photodeposited onto BaLasTisO1s and then Aups
clusters were adsorbed on the surface, followed by heating at 300°C under vacuum pressure. As a
result, the Auzs was embedded into the Cr.O3 layer during heating via the strong metal-support

interaction (SMSI) effect (Figure 1.16¢). The Auss-Cr203-BaLasTisO15 water splitting photocatalyst
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was about 19 times higher than that without a Cr,O3 shell. The improvement of the activity is induced
by the suppression of the ORR using the CrO3 layer. Further, the Cr.O3 layer improved the
photocatalytic activity and helped to stabilise the size of Auazs clusters after removing the thiolate

ligands (see HR-TEM Figure 1.16)!>.

Cr,0, shell formation using SMSI HR-TEM of
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Figure 1.16: Schematic of the new procedure of forming a Cr20;3 layer using SMSI effect with a HR-
TEM image of Auzs-Cr:03—BaLa4TisO;5. Modified from reference .

1.6.3 Other Metal Oxide Layers

In addition to the Cr,0O3 layer, other oxide layers have been developed to block the back reactions
such as lanthanoid(III) oxide '¢!, SiO; 162, TiO, !9, MoOx '°® and Ta,05'%*. Table 1.3 summarises the
oxide layers deposited onto photocatalysts for a one-step photoexcitation overall water splitting
system to block the back reactions reported to date, including deposition method, thickness and

structure of oxide layer and type of co-catalyst and photocatalyst.
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Table 1.3: One-step-excitation overall water splitting using overlayer to block the back reaction up to date

Deposition Deposition
Photocatalyst method of Co- Co-catalyst Overlayer  Thickness method of Structure Ref
catalyst overlayer
Rh NPs 156,
i Pd NPs . 157,
(Ga1—xZny)(N1-xOx) Photodeposition Ir NPs Cr03 1-2 nm Photodeposition | Core/Shell 165-
Pt NPs 1o
Rh NPs with sodium 3- 0.
(Ga;—xZny)(N1-<Ox) Adsorption mercapto-1- Cr,03 2 nm Photodeposition | Core/Shell 172
propanesulfonate ligands
Rh NPs with
(Ga;xZny)(N1xOx) Adsorption polyvinylpyrrolidone Cr20; 2 nm Photodeposition | Core/Shell 173
protected polymer
La-oxide
Pr-oxide
Electroless Sm-oxide Electroless
(GaixZny)(N1<Ox) y Rh NPs Gd-oxide - .. Layer ol
deposition . deposition
Dy-oxide
Ce-oxide
Eu-oxide
(GarZn)(Ni-0y) Photodeposition Rh NPs Cr0; - Photodeposition | Core/Shell 174
Nanotubes
(Ga1xZny)(N1<Ox) é;rg;ictiiy(ejiLD) Pd NPs Cr20; - Photodeposition | Core/Shell 159
g:;ﬁgﬁ?gj&gf{%gg;uced Photodeposition Rh NPs Cr0; - Photodeposition | Core/Shell 175
BaLasTiOs Adsorption Aus(SG)is Cr203 0.7-0.9 nm | Photodeposition | Layer 152
Au, 5(PET) 1 87y(p -MBA)y
BaLasTiOss Adsorption AunPd(PET)is-y(p-MBA)y | Cr,03 1.25 nm Photodeposition | Layer 153
AuPt(PET) 1s(p-MBA),
BaLasTiOss Adsorption Auys(PET)8 Cr203 - Photodeposition | Layer 176
BaLasTiOss Adsorption Rh—SG complex Cr20; - Photodeposition | Layer 177
BasTas0;s Photodeposition Rh NPs Cr20; 2 -3 nm Photodeposition | Core/Shell 178
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BasTasO1s nanofibers

BasTa4015-Ba3Ta5015-
BaTa,Os composites
BasTa4015—Ba3Ta5015
composite nanofibers

BasTa;Nb,O5 nanofibers
BasTasNb,O;s nanofibers

BaTaO;N:Mg

BaTiOs/Au single crystal

CaTaO:N

Ca,NDb2.99Rh 01010
nanosheets

GaN nanowires

GaN:Mg nanowires
Gax03

Gax03

Gax03:Zn

g—C3N4

InGaN/GaN nanowire

Inp26Gag.74N:Mg nanowire

LaMg);3Tax30.N

Photodeposition
Photodeposition

Photodeposition

Photodeposition
Photodeposition

Impregnation

Photodeposition

Impregnation

Solution
Photodeposition

Photodeposition
Photodeposition
Photodeposition

Photodeposition

Impregnation

Photodeposition

Photodeposition

Impregnation

Rh NPs
Rh NPs

Rh NPs

Rh NPs

Rh NPs

Rh NPs
Pt NPs

Rh NPs
Rh-Cr NPs
Rh single atom

Rh NPs

Rh NPs
MoOx

Rh NPs
Rh NPs

Pt NPs

Rh NPs
Rh NPs

Rh-Cr NPs
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Cr203
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oxyhydroxide
- TiO,

NiOy
CI‘203
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CI‘203

mixed alkali-
metal-oxides
- KOy

- NaOxy

- LiOg

CI‘203

CI‘zO3
Metal
oxyhydroxide
- TiO,
- Si0;

2 -3 nm

2-3 nm

Photodeposition
Photodeposition

Photodeposition

Photodeposition
Photodeposition

Photodeposition

Photodeposition

Photodeposition

Photodeposition
Photodeposition

Photodeposition
Photodeposition
Photodeposition

Photodeposition

Impregnation

Photodeposition

Photodeposition

Photodeposition

Core/Shell
Core/Shell

Core/Shell

Core/Shell
Core/Shell

Core/Shell
Core/Shell

Layer

Layer
Core/Shell

Core/Shell

Layer

Core/Shell
Partly covered'

Core/Shell

Core/Shell

Core/Shell
Core/Shell

Layer

179,
180

181,
182

183

180

180

184

185

186

187

188,
189
190,
191

192

193-
195

194

196

11,197,
198
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Metal

LaScxTa1—xO1+2xN2-2x Impregnation Rh-Cr NPs oxyhydroxide | - Photodeposition | Layer 200
- TiO,
Lag.02Nao.9sTaOs3 Impregnation Pd NPs NiO 0.3-1.8 nm | Impregnation Core/Shell 201
SrTiOs Impregnation Pt NPS MoOx - Photodeposition | Layer 158
SrTiO; Impregnation Aug(PPh3)s(NO3)s CrOx 2 nm Photodeposition | Layer 202
Pt NPs
Cu NPs
Au NPs 203,
SrTiO3 Photodeposition Ag NPs Cr03 3 nm Photodeposition gﬁéeli(sihell for Au 206
Ir NPs
Rh NPs
Pd NPs
207,
SrTiO; Wet impregnation | Pt NPs Cr0; 2 nm Photodeposition | Layer 208
SrTiOs Wet impregnation | Pt NPs Ig/ilgroporous 7 nm Photodeposition | Core/Shell 162
2
SrTiOs: Al Wet impregnation | Rh NPs Cr,0; - Photodeposition | Core/Shell 209
49,
SrTiOs:Al Photodeposition Rh NPs Cr203 - Photodeposition | Core/Shell 210-
212
SrTiOs:Al Photodeposition Pt NPs Cr0; - Photodeposition | Core/Shell 213
1- Liquid-phase
SrTiOs:Al adsorption . PtRu alloy NPs Cr203 - Photodeposition | Core/Shell 214
2- Impregnation
3- Photodeposition
. Photodeposition- . 515
SrTiO;:Al S CoP Cr0; - Photodeposition | -
phosphorization
SrTiOs:Na Impregnation Rh NPs Cr0; - Photodeposition | Core/Shell 216
SrTiOs:La,Al Photodeposition Rh NPs Cr0; - Photodeposition | Core/Shell 21
Metal
oxyhydroxide
SrTiOs:Sc Impregnation Rh,0s3 - TiO; - Photodeposition | Layer 164
- Nb,Os
- Ta,0s
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Rh NPs

Ta;Ns/KTaO; Photodeposition itII\I\IIE’sS Cr203 - Photodeposition | Core/Shell 160
Ru NPs

TiO; (anatase) Photodeposition Rh NPs Cr0; - Photodeposition | Core/Shell 218

Y>Ti205S: Photodeposition Rh NPs Cr203 - Photodeposition | Core/Shell 219

Zr0,/TaON Impregnation RuOx NPs Cr203 1-2 nm Photodeposition | Core/Shell 220
Ru NPs

Zr-TaON/TasNs Impregnation Rh NPs Cr0; - Photodeposition | Core/Shell 21
Pt NPs
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1.7  Applications of Metal Oxide Layers for Other Photocatalysis Reactions

The usage of oxide layers to prevent the inhibited reactions is not limited to overall photocatalytic
water splitting reaction but is also applicable for other photocatalytic reactions. For example, Ag
loaded Ga,0s is used for photocatalytic conversion of CO; into CO with H>O as an electron donor?**
25, The Ag co-catalysts improve the reduction of CO: into CO, but it is also active for the back
reaction, which is the oxidation of CO into CO,. The modification of the Cr>O3 layer on the Ag co-
catalyst has significantly enhanced the photocatalytic conversion of CO» into CO by suppressing the
CO and O3 to form into CO». The Cr20O3 layer has also been demonstrated to block the back reaction
for other photocatalytic reactions by preventing the O, from reaching the co-catalyst??®??%, Table 1.4
summarises the usage of oxide layers to block the back reaction in a one-step photoexcitation system

for other photocatalytic reactions.
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Table 1.4: Overlayer procedure used with other photocatalytic reactions to block the back reaction (contact of O: to co-catalyst).

Deposition method

Deposition method

Photocatalyst of Co-catalyst Co-catalyst  Overlayer of overlayer Structure Photocatalytic reaction Ref
GaN nanowires Photodeposition Rh NPs Cr,0;3 Photodeposition Core/Shell | Reduction of CO, to CHs and CO 229
H:; production from aqueous
g-C3N4 nanosheets Photodeposition Pt NPs CrOx Photodeposition Core/Shell | solutions containing different 230
electron donors.
222-
Ga0s Photodeposition Ag NPs Cr(OH)s Photodeposition Core/Shell | Reduction of CO; to CO 225
Ga,0;:Ca Photodeposition Ag NPs Cr(OH); Photodeposition Core/Shell | Reduction of CO, to CO 21
Rh NPs
AgTaO; Impregnation Pt NPs CrOy Photodeposition Core/Shell | Reduction of CO; to CH4 and CO 232
Ag NPs
. . . H: production with mineralization of | ,,
SrTiOs Photodeposition Rh NPs Cr203 Photodeposition Core/Shell
4-chlorophenol
(GaHan)(NHOX) Photodeposition Rh NPs Cr,0; Photodeposition Core/Shell H. p r.oduc‘uon using H2504 aqueous |
nanowires solution
TiO, Photodeposition Au NPs Cr20; Photodeposition Core/Shell | Oxidation of carbon monoxide 233
AWTIO; Photodeposition Pd NPs Cr20s Photodeposition Layer O- production using Na,S,0s 228
nanodumbell
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1.8 Thesis Outline

Researching metal oxide overlayers on photocatalyst and co-catalyst-modified photocatalyst is
paramount in developing an efficient photocatalyst that prevents back reactions and stabilises the
photocatalysis reaction. Moreover, the application of a thin metal oxide layer on the top of a co-
catalyst-modified photocatalyst is an interesting concept to inhibit the size increase of the co-catalyst.
This thesis aims to perform physical, chemical, electronic and catalytic studies on the chromium oxide

layer formed onto photocatalysts and Au cluster-modified photocatalysts.

This thesis comprises eight chapters, structured as follows. Chapter 2 describes the main experimental
techniques used in this thesis and provides the details of the data analysis for each method. In Chapter
3, the first experimental study investigates the stability of the CrOx layer onto different phases of TiO»
film upon annealing. Chapter 4 expands the stability investigation of CrOx onto P25, BalLasTi14O15
and Al:SrTiO; particles, along with electronic and catalytic studies. Chapter 5 focuses on the
application of the CrOx layer on the top of the phosphine-protected Auy cluster-modified radio
frequency (RF)-sputter deposited TiO> film. Chapter 6 discusses the change in surface roughness
upon heating two different thicknesses of RF-sputter deposited TiO; films and its influence on the
stability of Auog clusters beneath a CrOx layer. Chapter 7 focuses on the stability of phosphine-
protected Auo clusters on SrTiOs particles with and without a CrOx layer under a photocatalytic water

splitting reaction. Chapter 8 concludes the thesis and provides directions for future research.
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2.1  X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) technique is used to analyse the elemental chemical
composition of the sample surface. This technique is performed by irradiating a sample using
monoenergetic soft X-rays with sufficient energy that allows electrons to be excited from the core
level of the elements composing the sample! 2. The excitation energy of the X-rays could be from
different sources of radiation, such as 1,486.7 eV for Al Ka or 1,253.6 eV for Mg Ka. The probing
depth of XPS is ~5 nm, making XPS a surface-sensitive quantitative technique because only those
electrons emitted from the surface are detected. The surface sensitivity is due to the electron mean
free path, the average distance electrons in a sample surface can move before losing their energy due
to collisions through the sample. The electron spectrometer measures the kinetic energy of the
electrons by a detector such as a hemispherical analyser (HSA) placed in an ultra-high vacuum.
Equation (2.1) shows how the binding energy can be calculated from the kinetic energy of the emitted

electron using the photoelectric equation:
BE = hv — KE — ¢s Equation (2.1)

The BE is the binding energy of the atomic orbital from which the electron originates, hv is the energy
of the photon, KE is the kinetic energy of the emitted electron and ¢s is the spectrometer work
function (constant)?. Figure 2.1 shows a schematic illustration of the XPS principle with examples of

XPS spectra.
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Figure 2.1: Principle of a photoemission spectrometer with examples of XP spectra for different

metals . Reproduced with permission from Frank Muller>.
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An X-ray photoelectron spectrometer produces a spectrum of electron intensity versus binding
energy. Peaks are shown at specific binding energies corresponding to a particular element present in
a sample. The name of these peaks is based on the core electron that contributed to the peak; for
example, the chromium 2p peak is a result of the photoelectric ejection of a 2p core electron in a
chromium atom. The chemical composition of a surface sample is obtained by determining the
respective contribution of every peak area and normalising the area with the respective atomic
sensitive factor®#. The acquired spectrum of a sample sometimes shows a feature of charging during
the scan, which will shift the XPS peaks to the higher binding energy, so calibration is required. The
C-C 1s binding peak at 285 eV is used to calibrate the energy scale for all spectra®>.

An element’s actual binding energy is dependent on the elemental identification and the local
electronic and chemical environment, for example, the charging and oxidation of elements. Such
changes influence the peak position and full width at half maximum (FWHM) are attributed to the
initial and final state effects®’. A detailed description of initial and final state effects summarises the
binding energies of Au 4f7,; for different Au compounds and several Au—P clusters reported to date

are discussed in Chapter 1 (Section 1.5.1.1.2.1).

Depth profiling with XPS

XPS can also be performed at different angles from the sample surface normal to the detector path to
measure the concentration depth profiles. This technique is called angle-resolved X-ray photoelectron
spectroscopy (AR-XPS). Due to the constant electron mean free path, the depth from which electrons
can be detected changes with the angle of observation®. The distance for the electron emitted from an
atom to travel and pass through the surface is longer with the larger the angle of observation. A species
is enriched at the surface in case the intensity in an AR-XPS experiment increases with an increasing
angle of observation. We used 60° as the maximum angle of observation to avoid the elastic scattering
photoelectron effects within the sample, which affect the XPS signal®!!. Figure 2.2 illustrates the
normal XPS and AR-XPS techniques.
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Figure 2.2: A schematic illustration of the normal and AR-XPS techniques. Modified from

reference'’.

Data Analysis

In this study, two XPS techniques were used with different X-ray sources. The first XPS at Flinders
University used a non-monochromatic X-ray source with a Mg anode (12 kV-200 W, Ka line with
an excitation energy of 1,253.6 eV) as X-ray irradiation to excite the photoelectric effect. A picture
of the ultra-high vacuum instrument at Flinders University containing XPS is shown in Figure 2.3.
The kinetic energy of the electrons emitted from the samples was analysed with a SPECS PHOIBOS-
HSA 3500 hemispherical analyser with a pass energy of 10 eV at a base pressure of a few 107! mbar.
The angle between the X-ray source and the analyser is 54.7°. The second XPS technique used in this
thesis is synchrotron XPS, which was undertaken at the soft X-ray beamline at the Australian
Synchrotron (pictures of beamline are shown in Figure 2.4). The X-ray beam at the Australian
Synchrotron has high intensity and tunability, which make it a powerful technique to characterise
nanostructures and allow us to track small changes accurately!> !4, The SPECS PHOIBOS 150
hemispherical electron analyser was used with controllable photon energy to avoid overlapping

satellite peaks with the peaks of interest.
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Figure 2.3: A picture of the ultra-high vacuum instrument at Flinders University containing XPS,
MIES,UPS, and IPES.

X-ray Spectroscqpy = SYR-
' s A =

Figure 2.4: Images of the soft X-ray beamline at the Australian Synchrotron, Melbourne.

Survey scans at 40 eV pass energy at a step size of 0.5 eV were measured first, followed by high-
resolution scans for both XPS techniques used in this study. The peak areas were used to calculate
the relative elemental concentrations while considering the XPS sensitivity factor®. The calculation

of the peak intensity of each element is done using Equation (2.2):
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Peak Area of Element

Intensity = Equation (2.2)

Atomic Sensitivity Factor of Element

Table 2.1 shows the atomic sensitivity factors that were used in this study to calculate the peak

intensity.

Table 2.1: Atomic sensitivity factors for Mg X-ray source at 54.7° of elements were measured in this

study.
Element Line Atomic sensitivity factors
C Is 0.296
(0 Is 0.711
Al 2p 0.234
Si 2p 0.339
P 2p 0.486
Ti 2p 2.001
Cr 2p 2.427
Sr 3d 1.843
Au 4f 6.250
Ba 3d 12.448
La 3d 9.122

The total intensity for all elements can be used to determine the atomic ratio using Equation (2.3):

Intensity for Each Element

Percentage Composition = x 100 Equation (2.3)

Total Intensity for All Elements

2.2 Ultraviolet Photoelectron Spectroscopy

Ultraviolet photoelectron spectroscopy (UPS)’s operation principle is very similar to XPS; the only
difference is the energy excitation for the photoelectric effect. UPS uses energies in the range of 0—
100 eV (usually the He I (21.2 eV) or the He II line (40.8 ¢V)), while in XPS, usually, the photon
energy is higher than 1,000 eV'>. UPS is a technique to emit electrons from the valence structure of
a sample with a probing depth up to ~3 nm into the sample, making UPS very surface sensitive. The
sample’s valence electron and work function can be determined using the UPS'6. The study of valence
electrons is a substantial advantage to understanding the electronic properties of a sample surface!”.
The application of the UPS technique on supported Au clusters is discussed in Chapter 1 (Section
1.5.1.1.2.2).

Data Analysis
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In this study, UPS experiments were performed using helium discharge lamp producing UV light
with an excitation energy of 21.218 eV in the ultra-high vacuum (10'° mbar) chamber. The ejected
electrons were detected using a SPECS PHOIBOS-HSA 3500 hemispherical analyser (Berlin,
Germany). Singular value decomposition (SVD) algorithm was employed to analyse series of UPS
spectra and identify similar components within a set of data'®. The SVD algorithm works in two steps.
In the first step, the measured spectra is used as matrices to determine how many basic spectra we
need to recreate a set of collected spectra. These basic spectra are not referral to real substances but
are important mathematically. In a second procedure, the basic spectra are transformed into
meaningful reference spectra. This procedure has two boundary conditions which resulting in
reference spectra should have only positive values and it must accurately represent the entire

collection of measured spectra.
Si =XnanSh Equation (2.4)

The S; : the measures spectra, S, : the reference spectra and a,,: the weighting factors that used in the
fitting procedure. The total of the weighting factors must be equal or close to one (3, a, = 1),
allowing for a small margin of error of about 0.1. SVD was carried out using a solver procedure

within Microsoft Excel.

2.3  Near-Edge X-ray Absorption Fine Structure

Near-edge x-ray absorption fine structure (NEXAFS) is a type of X-ray absorption spectroscopy
(XAS) technique, which was previously discussed in Chapter 1 (Section 1.5.1.1.3). Briefly, NEXAFS
is sensitive to the bonding environment formed around the absorbing atom'®. NEXAFS is usually

used as a fingerprint for identifying the chemical state of a specific element.

Data Analysis

NEXAFS is used in the present study to investigate the chemical state of Cr and O. It was recorded
using the soft X-ray spectroscopy beamline at the Australian Synchrotron®’. NEXAFS spectra were
recorded at the Cr L-edge (570-600 eV), O K-edge (520-565 eV) and Ti L-edge (450—475 eV). The
NEXAFS data were processed using the Quick AS NEXAFS Tool?!. NEXAFS spectra were
calibrated using the reference foils of Cr for Cr L-edge, Mn for O K-edge and Ti for Ti L-edge.

2.4  X-ray Diffraction

X-ray diffraction (XRD) is an analytical technique used to study the crystalline and phase structure
of material®?. The characterised material can be in the form of powder or thin film. XRD pattern is

obtained by irradiating the sample surface at different angles with X-ray radiation generated by a
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cathode ray tube using a monochromatic X-ray resource. The X-ray diffracted at an angle is detected

and interpreted by Bragg’s law, as observed in Equation (2.5)*:
nA = 2d sinf Equation (2.5)

The A is the wavelength of the X-ray, n is an integer, d is the distance of the crystal layers 6 is the
diffraction angle (the angle between the incident and outgoing X-ray beams, which is equal to 26, as

shown in Figure 2.5).

Figure 2.5: Schematic illustration of Bragg’s law.

The scattered X-rays are then recorded, processed and counted. All potential diffraction peaks can be
determined by scanning the sample over various angles. Identifying the unknown materials is possible
by converting the diffraction peaks to d-spacings, as each mineral has a unique set of d-spacings. This

identification is achieved by matching these d-spacings with standard reference patterns.

Data Analysis
XRD patterns were recorded using a Bruker D8 Advance apparatus operating with a Co-Ka

(L=1.789 A) irradiation source at 35kV and 28 mA and processed using DIFFRAC.WIZARD

software. The XRD patterns were recorded over a different 206 range between of 20° to 80°.

2.5 Neutral Impact Collision Ion Scattering Spectroscopy

Neutral Impact Collision Ion Scattering Spectroscopy (NICISS) is a technique that can provide
information on the composition and the concentration depth profiles of elements (in non-crystalline
samples) on the surface of a material when projectile ions interact with a target atom in the sample®
at a depth of about 20-30 nm?®. Further characterisation, such as the crystalline structure of the target

sample, can be made by in-depth analysis.

NICISS typically involves directing a pulsed beam of inert gas ions, for example, helium ions (He+)

at low energy (= 3 keV), onto a sample?’. As the ions travel to the sample surface, they have a chance
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to be neutralised and continue penetration through the sample until they collide with an atom. Then,
the He atoms neutralised are backscattered. The backscattered projectiles are detected by micro-
channel plates to produce the time-of-flight (TOF) spectrum. The kinetic energy of the backscattered
projectiles is determined by their TOF from the target atom to the detector. During the backscattering
process, the projectiles lose energy in an amount proportional to the mass of the element on target.
The energy loss can be calculated from their primary energy and backscattered kinetic energy. In this

case, the atomic mass of the target sample can be determined, and the element can be identified.

In analysing data from the NICISS spectrum, two types of energy loss need to be considered. Inelastic
energy loss has to be considered for determining the backscattered projectile’s energy as well as the
inelastic energy loss due to small-angle scattering forms part of the continuous energy loss of the
projectiles that pass through the material and depends on the energy loss straggling and stopping
power of the section, as this has been determined previously?®?°. By combining the two mechanisms,

a distribution of the element on the scale of a certain depth into the sample bulk is accomplished.

Data Analysis
A picture of NICISS instrument at Flinders University is shown in Figure 2.6 This study used helium
ions as projectiles with a kinetic energy of 3 keV. The TOF spectrum was recorded at a base pressure

of 1 X 10”7 mbar. The size of the sample is 1 cm?.

Figure 2.6: an image of the NICISS instrument at Flinders University.
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2.6  Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an electron microscope technique that scans the surface of a
solid sample using high-energy electrons to produce a variety of signals. A two-dimensional image
is made from the collected signals over an area of the surface sample. These signals hold information
about the sample surface’s external topography and chemical composition. The chemical composition
of'a spot size of a few micrometres can be determined using the energy-dispersive X-ray spectroscopy
(EDAX) detector. The EDAX technique detects X-rays generated from the surface sample during the
scanning with high-energy electrons to characterise the elemental composition and create element

maps of a scanned area.

Data Analysis

SEM detection was performed on an FEI Inspect F50 microscope using an electron energy of 15 kV
with a resolution of up to 1 um for better observation of the Z-contrast. The TiO: layer thickness was
determined by combining the SEM imaging of the cross-section of the samples in combination with

energy disperse X-ray spectroscopy (EDAX).

2.7  Atomic Force Microscopy

Atomic force microscopy (AFM) is an imaging technique used to obtain an image of surface
topography and other information from a sample at a high resolution. AFM instrument consists of a
laser source, a position-sensitive detector, a piezoelectric manipulator and a cantilever with a tip
attached at the end. The AFM image is created by detecting the reflected light from the laser projected
onto the cantilever’s backside using a position-sensitive detector. The tip is raster horizontally
scanned over the surface following the topography, making a topographic image. The information
obtained from the interaction of a tip with the sample surface can be a simple physical topography or

diversified as measurements of chemical or physical properties of the material®’.

Data Analysis

In this thesis, AFM images were acquired using a Bruker Multimode 8 AFM with a Nanoscope V
controller using tapping mode in air, with all parameters including set-point, scan rate and feedback
gains adjusted to optimize image quality. The AFM probes used were Mikromasch HQ:NSC15 Si
probes with a nominal spring constant of 40 N m ™! and a nominal tip diameter of 16 nm. The scanner
was calibrated in x, y and z directions using silicon calibration grid (Bruker model numbers VGRP:
10 um pitch, 180 nm depth, PG: 1 pum pitch, 110 nm depth). All analysis of AFM images was
performed using Nanoscope analysis software version 1.4. Presented AFM topography images have
been flattened and the average roughness, Ra, of each image was determined using the roughness

analysis function in the Nanoscope analysis software.
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2.8 Laser Scanning Confocal Microscope

Laser scanning confocal microscope (LSCM) is fast, non-contact, non-destructive and open to the
atmosphere technique to characterise the three-dimensional nano-level surface topography. It uses a
point laser illumination scanning across a sample to provide a high-resolution measurement of surface

roughness, steps and other features. LSCM can detect steps in the nanometre range.

Data Analysis

In this study, the surface roughness of TiO; films was measured at Adelaide Microscopy, University
of Adelaide, using a laser scanning confocal microscope (Olympus LEXT OLS5000-SAF 3D LSCM)
with 100x/0.80NA and 50x/0.60NA LEXT objective lenses. The arithmetic mean deviation (Ra) and
root mean square deviation (Rq) values were determined using the Olympus Data Analysis

application software.

2.9 Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) technique was introduced previously in more
detail, including examples about the uses of STEM to study gold clusters, in Chapter 1
(Section 1.5.1.1.1).

Data Analysis

STEM is applied to determine the size and distribution of the deposited Au clusters and thickness of
the CrOx overlayer. STEM was applied with a high-angle annular dark-field (HAADF) detector (FEI
Titan Themis 80-200). The STEM measurements were operated at 200 kV with a HAADF collection
angle greater than 50 mrad. The energy-dispersive X-ray spectroscopy (EDS) elemental maps was
employed with STEM-HAADF to determine the elemental distribution. STEM-EDS elemental maps

obtained at a resolution up to 1 nm. The Velox™ software was used to process elemental maps data.
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3.1 Abstract

Chromium oxide (CrO3) can be used as a protective layer for photocatalysts to improve
photocatalytic water splitting activity and is commonly photodeposited. However, it is not known
how the conditions of the Cr,O3 formation affect the formation of the protective layer and potential
diffusion into the substate onto which the Cr.O3 has been deposited. We have investigated the stability
of Cr203 photodeposited onto the surface of different crystal phases of TiO2 with subsequent
annealing at a range of temperatures up to 600 °C. X-ray photoelectron spectroscopy and synchrotron
near-edge X-ray absorption fine structure were used to analyse the chemical composition of the
sample, Neutral impact collision ion scattering spectroscopy was used to study the concentration
depth profile of the elements in the sample and atomic force microscopy was used to investigate the
morphology of the surface. Under annealing conditions, the Cr203 layer diffuses into the amorphous
and anatase phases of TiO> but remains at the surface of the rutile phase. This finding is attributed to
differences in surface energy with Cr>O3 being higher in surface energy than the amorphous and
anatase phases of TiO2 but lower in surface energy than the rutile phase of TiO2. Reduction of Cr203
to Cr metal was observed after annealing with no observation of the formation of higher oxidised
forms of chromium oxide like CrO, and CrOs. These findings are of general interest to researchers

utilising a protective overlayer to augment photocatalytic water splitting.

Graphical Abstract
Substrate Photodeposition of Cr,0; layer After annealing
ﬁ ﬁ
P o 7 \r—n AT o 7 X
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3.2 Introduction

The world is currently facing the issue of global warming and associated problems, the leading cause
of which is fossil fuels 2. Due to its physical and chemical properties, hydrogen is a suitable
substitute renewable energy source for fossil fuels as a transportation fuel and an energy carrier ! 3.
Hydrogen found on earth is usually part of chemical compounds, for instance, hydrocarbons and

water. Many methods exist to produce hydrogen !, including renewable and non-renewable methods.

Photocatalytic water splitting is a method for producing hydrogen using solar energy. This process
produces hydrogen by splitting water into hydrogen and oxygen using semiconductor materials as
photocatalysts and has been improved using noble metals as co-catalysts *’. However, noble metals
also encourage the reverse reaction of the hydrogen and oxygen, resulting from water splitting,
decreasing the efficiency of the photocatalytic water splitting. Therefore, it is desirable to develop

methods for suppressing the reverse reaction.

Domen and co-workers established that the oxygen reverse reaction could be blocked using chromium
(IIT) oxide (Cr203) overlayers after the photodeposition of rhodium nanoparticles onto
(Ga1—xZnx)(N1-xOx). The Cr203 layer increases efficiency by preventing the oxygen from reaching
the substrate surface and recombining as water. This is due to the permeability of protons and evolved
Ha, but not O, through the Cr>03 layer. 16 There is evidence that through this mechanism, Cr,O3
overlayers deposited onto the photocatalyst substrate leads to an enhancement of the photocatalytic

water splitting activity 2.

Cr203 layer functionality has been explored in electrocatalytic and photocatalytic systems using a
platinum disk electrode and platinum nanoparticles deposited onto SrTiO; with a variety of redox
species by Qureshi and co-workers. 2!. It has been found that using the Cr,O;3 layer with both systems

improves the hydrogen evolution reaction, even in the presence of redox species.

A remarkable improvement of photocatalytic water splitting activity was recently reported by Negishi
and co-workers using a Cr>03 layer over Auss-loaded BaLasTisO15s (BLTO) 22. The Au clusters were
deposited as a co-catalyst after the photodeposition of the Cr.O3 layer, followed by calcination in
vacuum to migrate the clusters between the Cr,O3 layer and the BLTO substrate according to the
strong metal-support interaction (SMSI) mechanism. The authors considered that the migration
occurs due to the high surface energy of Au clusters. They found that the Cr,O3 layer enhanced the
stability of the Au clusters and improved the photocatalytic water splitting activity to 19 times greater
than that of Auas—BaLasTisO15 without a Cr,03 layer 2. It should be noted that the SMSI method is

a process occurs by thermally treating reducible where heating the samples increases the mobility of
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the species forming the sample and can lead to diffusion. The degree of diffusion from the surface to
the bulk is given by the relative surface energies of the substances. The lower the surface energy of a
substance, the higher its tendency to diffuse to and cover the surface. The SMSI was discovered by

Tauster et al, in 19783334,

Photodeposition was applied in the above studies to deposit the Cr,O3 layer onto the substrate.
Photodeposition is based on light-induced electrochemistry, which involves oxidation and reduction
at the surface of metal oxide. This deposition mechanism can be achieved by the illumination of a
semiconductor immersed into an aqueous solution of Cr.O3 with photon energy greater than the band
gap of the substrate to excite electrons from the valence band to the conduction band, leaving a hole
in the valence band. The reduction will occur by the electron acceptor at the conduction band, and
the oxidation will occur by the electron donor at the valence band 2. In the case of the Cr»03 layer,
K>CrO4 using Cr (VI) cations is used as a source for photodeposited CrO3 on the surface of metal

oxides?* 2>,

Understanding the Cr2Os overlayer stability at elevated temperatures on metal oxides is a prerequisite
for assessing its suitability and role for the protection function of the overlayer because heating of the
samples is applied in the preparation of the photocatalyst. The purpose of this work is to investigate
the diffusion and chemical composition of the Cr.O3 photodeposited layer on TiO; as a function of
parameters which are relevant for the process of depositing Cr203 overlayer. The parameters are (i)
the heating temperature of the samples after depositing the Cr203 overlayer and (ii) the crystal phase
of the TiO; substrate. The CrO3 deposition and heating procedure was applied using different crystal
phases of TiO> (amorphous, anatase and anatase:rutile) to investigate how the diffusion of Cr2Os3

depends on the surface energies of different crystal phases of TiO».

The surface of the sample was characterised using the highly surface-sensitive technique of X-ray
photoelectron spectroscopy (XPS). Near-edge X-ray absorption fine structure (NEXAFS) is a
powerful technique providing direct information using a synchrotron X-ray source and was used to
study the oxidation state and local chemical environment. Neutral impact collision ion scattering
spectroscopy (NICISS) was used to investigate the concentration depth profile of the elements in the
sample. Atomic force microscopy (AFM) was used to provide information on the topography and

average roughness of the sample surfaces.

3.3 Experimental

3.3.1 Material and sample preparation

Preparation of TiO: thin films
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A precursor TiO; film was prepared by a high vacuum radio frequency (RF) magnetron sputtering
device (HHV/Edwards TF500 sputter coater). The TiO; film was deposited on a silicon wafer by
sputtering a target of ceramic TiO» using Ar'. The thickness of the TiO, was approximately
82 + 5 nmas determined by cross—section scanning electron microscopy (see Figure A1). The crystal
phase of the deposited TiO film was amorphous. The wafer was cut into 1 cm x 1 cm samples for

photodeposition of the Cr2O3 layer.

The conversion of TiO2 into its two main phases can be achieved through heating. The phase structure
of the TiO> was determined using X-ray diffraction (Figure A2). The anatase crystal phase was
obtained by heating the sample in air for 3 hours at 900 °C with a heating rate of 10.2 °C/min, while
a mixed phase of anatase:rutile was made by heating the sample in air for 18 hours at 1100 °C. The
mixed phase was estimated to be 50:50 anatase and rutile according to the intensity of the main peaks
in XRD of anatase and rutile (Figure A2). The average crystalline domain size of anatase was 6.6 nm
and rutile 7.6 nm. These were obtained from the broadening of anatase and rutile main peaks (Figure
A3). The different TiO, samples are hereafter referred to as (i) aTiO2 (i.e. amorphous titania), (ii)
anatase and (iii) anatase:rutile. Note that the density of amorphous, anatase and rutile is 2.9-3.8 g/cm?,

3.78 g/em?® and 4.23 g/cm’.

Photodeposition of Cr203 layer

Chromium metal (Cr target 99.9%, Quorum Technologies), Chromium oxide (Cr203 99%, BDH) and
potassium chromate (K2CrO4 >99%, Sigma-Aldrich) were used as obtained. The photodeposition
procedure is summarised in Figure A4. The K>CrOj4 solution was prepared using deionised water with
a concentration of 0.5 mM. The TiO; sample (1 cm x 1 cm) was immersed in 1 mL of KoCrO4 solution
and irradiated for 1h. The illumination source was a UV LED at 365 nm (Vishay, VLMU3510-365-
130) with a radiant power of 690 mW at a distance of ~1 cm from the sample. Subsequent to the
K>CrO4 solution exposure, the sample was rinsed with deionised water and dried using nitrogen gas.
These samples are hereafter referred to as (i) aTiO2-Cr203, (i1) anatase-Cr2O3 and (iii) anatase:rutile-

Cn 03,

Heat treatment

The heat treatment was applied to all titania samples at ultrahigh vacuum (10~ mbar) for 10 min at
various temperatures (200 °C, 300 °C, 400 °C, 500 °C and 600 °C) with a total of 50 min annealing
for each sample with an average heating rate of ~ 20 °C/min. The XPS measurements were applied
between each temperature using the same sample. Further, to investigate the diffusion of Cr.O3 layer,
the amorphous crystal phase was sputtered using Argon gas to remove atoms from the surface for 30

0+15

min, 60 min, 90 min and 120 min with an energy of 3 keV at sputter dose of 1.2x1 ions/cm? for
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each 30 minute period. Note that the sample was exposed to atmosphere after annealing. XPS was

recorded after each sputtering period using the same sample.

3.3.2 Methods

X-ray Photoelectron Spectroscopy

Experimental details for X-ray photoelectron spectroscopy (XPS) and angle-resolved X-ray
photoelectron spectroscopy (AR-XPS) are discussed in Section 2.1. In this chapter, the calibration of
the energy scale of the XPS spectra is described in the appendix section after Figure AS.

Synchrotron X-ray Photoelectron Spectroscopy

Experimental details for Synchrotron X-ray Photoelectron Spectroscopy (Synchrotron XPS) are
discussed in Section 2.1. In this chapter, Synchrotron XPS was undertaken at the soft X-ray beamline
at the Australian Synchrotron with a photon energy of 750 eV. The X-ray beam was adjusted to yield
an irradiation spot size of ca. 320x320 um. High-resolution XPS spectra of C 1s, O 1s, Ti 2p, Cr 2p
and Au 4f were recorded with a pass energy of 10 eV. The C s peak position at 285 eV was used to
calibrate all spectra to correct for charging effects. The photon energy was calibrated by measuring

the Au 4f (84 eV) peak position.

Near-Edge X-ray Absorption Fine Structure
Experimental details for near-edge X-ray absorption fine structure (NEXAFS) are discussed in
Section 2.3. In this chapter, it was used in the present study to investigate the chemical state of Cr on

the samples.

Neutral Impact Collision lon Scattering Spectroscopy
Experimental details for neutral impact collision ion scattering spectroscopy (NICISS) are discussed

in Section 2.5.

Atomic Force Microscopy
Experimental details for atomic force microscopy (AFM) are discussed in Section 2.7. AFM is used

to study the topography of a sample surface after the photodeposition of the chromium oxide layer.

X-ray Diffraction
Experimental details for X-ray diffraction (XRD) are discussed in Section 2.4.

Scanning Electron Microscopy
Experimental details for scanning electron microscopy (SEM) are discussed in Section 2.6. SEM
measurement was performed to analyse the thickness of TiO; film using an electron energy of 10 kV

with a magnification of up to x120,000.
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Ultraviolet Photoelectron Spectroscopy

Experimental details for ultraviolet photoelectron spectroscopy (UPS) are discussed in Section 2.2.

34 Results and Discussion

34.1 Room temperature studies

High resolution XPS spectra of Cr, Ti, C and O are shown in Figures A6 and A7 and the binding
energies are listed in Table A1l. Below Table A1, the calibration of the binding energies is described.
Briefly, the elements Cr, Ti, C and O were identified: Cr is assigned to Cr203, Ti assigned to TiO, C
is assigned to adventitious hydrocarbons and O assigned to TiO2 and Cr203. AR-XPS was used to
confirm the formation of Cr at the surface of aTiO; pre-annealing. Figure 3.1 shows the relative
intensities of Ti and Cr of aTi0,-Cr20s3 for the AR-XPS measurements for six different angles (normal
0°, 30°, 40°, 45°, 50° and 60°). It can be seen that the Ti intensity decreases with an increasing angle
of observation while the Cr intensity increases, meaning that the Cr content is increased at the surface
and forms a layer covering the aTiO. The Ti 2p and Cr 2p spectra at each angle are shown in Figure

A8 in the appendix information.

AR-XPS can be used to determine the layer thicknesses 2. Eschen et al. have described the procedure
in detail in ?’. The concentration depth profile of aTiO>-Cr,O; are showing in Figure A9. The depth
profile measurement interpreted that the thickness of Cris ~ 11 A (1.1 nm) (see Figure A9 for more

information).
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Figure 3.1: AR-XPS relative intensities of Titanium and Chromium for the aTiO>-Cr203 sample.

NEXAFS was used in the present study to investigate the chemical state of Cr on the samples.

NEXAFS Cr L-edge spectra are shown in Figures 3.2A, 3.2C and 3.2D. The Cr L-edge spectra show
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two strong absorption edges: the Cr L3-edge at the low energy (~578 eV) and Cr L,-edge at the high
energy (~586 eV).

Chromium metal sample was used here to determine metallic Cr L-edge spectrum in NEXAFS. The
metallic Cr and Cr203 spectra appear in Figure 3.2A with three different features for the metallic Cr
spectrum. The first feature is that the Cr L3-edge of the metallic Cr spectrum starts before 575 eV,
while the Cr2O3 spectrum starts after 575 eV. The second feature is that the Cr L3»-edges of the
metallic Cr spectrum have fewer sharp peaks comparing to the Cr L3 »-edges of the Cr2O3 spectrum.
These peaks are indicated with black arrows in the figure. Note that the peak at 576.5 eV becomes a
shoulder in the Cr metal spectrum. The third feature appears at the photon energy of 584 eV, which
is an interference of a small peak on the tail of Cr Lz-edge. This peak is also indicated by a black
arrow in the figure. These features are essential for distinguishing the difference between metallic Cr

and Cr203 in Cr L3 2-edge spectra.

Figure 3.2B shows the Cr 2p XPS spectrum of the metallic Cr reference sample. The two peaks in the
spectrum indicate that the metallic Cr reference sample also contains Cr,O3 (30:70). Note that this
XPS ratio depends on the depth profile of XPS, which would be different for NEXAFS. The metallic
Cr sample contains Cr203 at the surface due to the exposure to the air. When Cr atoms at the surface
come into contact with oxygen molecules from the air, the surface atoms oxidise to form an oxide
layer 2. Therefore, XPS spectrum of the metallic Cr reference sample demonstrates this as a mixture
of Cr and Cr203. Thus, the NEXAFS spectrum of the metallic Cr reference sample should be considers

as mixture of Cr and Cr;0:s.

In Figure 3.2C ?°, reference spectra of the Cr L, 3-edges of Cr203, CrO2 and CrO; can be found, which
can be used as fingerprints of the chemical state of Cr. It can be seen that both references spectra have
different lineshapes. This can be seen clearly in the Cr Ls-edge for CrO> and CrO3 where the main

peak shifts to high energy with a high oxidation state.

Figure 3.2D shows the Cr L-edge spectra of Cr.O3; and aTiO2-Cr0s3, which both have the same
lineshape. This demonstrates that the chemical state of Cr photodeposited onto aTiO> is chromium
(II) oxide (Cr203). Also, the chemical state of Cr on the various substrates (anatase and anatase:rutile)

was the same as evident from XPS (see Figure A10).
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Figure 3.2: (A) Cr L-edge NEXAFS spectra of chromium metal and Cr20; reference samples. (B) Cr
2p XPS spectrum of chromium metal reference sample. (C) Cr L-edge NEXAFS spectra of Cr:053,
CrO: and CrOs from reference ¥, (D) Cr L-edge NEXAFS spectra of aTiO:-Cr203 and Cr:O3
reference for comparison. It should be noted that the reference spectra for Cr:O3 in panel A, C and

D are the same.

Figure 3.3A shows the previously reported O K-edge spectra of Cr203, CrO», CrOs, anatase and rutile
30 It can be seen that the CrO> and CrOs spectra main peaks are observed at 528 eV and 529 eV,
while the Cr,O3 spectrum main peak is observed at 532 eV. These main peaks can be used as
fingerprints to indicate the oxidation state of Cr in the NEXAFS O K-edge spectrum. Anatase and
rutile have different fingerprints in NEXAFS and are related to different oxidation states of Cr, which

are the two main peaks observed in the spectra at 531 eV and 533 eV.

Figure 3.3B shows the O K-edge spectra of aTiO,, Cr2O3 and aTiO;-Cr,03. Note that the Cr203
spectrum shows a small peak at 529 eV, which is assumed to be a small amount of contamination
with CrOs in the sample. The O K-edge spectrum of aTiO>-Cr2O3 has the combined lineshape of the

aTiOz and Cr20s3 spectra with no features of CrOz or CrO; observed.
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Figure 3.3: O K-edge NEXAF'S spectra of (A) (i) anatase, (ii) rutile, (iii) Cr:0s3, (iv) CrO: and (v)
CrOs from reference °° (Reprinted from reference *° with permission from Elsevier) and (B) Cr205,

aTiO:z and aTiO>-Cr:0;.

3.4.2 Annealing studies

Figure 3.4 shows the relative amount of Cr2O3 and TiO: from XPS measurements at different
annealing temperatures for photodeposited Cr>O3 on the different phases of TiO». Note that the Cr 2p
had to be fitted by taking the Ti 2s energy loss peak into consideration because it occurs in the same
spectral region (see Figure A11 for more information and accompanying text). The Cr 2p and Ti 2p
spectra of aTiO2-Cr203, anatase-CroO; and anatase:rutile-Cr2O3 as a function of annealing
temperature are shown in Figure A6. The peak position of Cr 2p3» and Ti 2p3. of aTiO2-Cr20s3,
anatase-Cr203 and anatase:rutile-Cr.O3 samples as a function of annealing temperature are shown in

Table Al.
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Figure 3.4: XPS relative amount of Cr 2p to Ti 2p of Cr20;3 photodeposited onto the different phases

of TiO: after annealing at various temperatures.
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For the aTi0>-Cr203 sample, it is observed that the relative amount of Cr,O3 decreases when heated.
When the sample was heated to 300 °C, Cr,03 ratio dropped to 60% of that of the non-heated sample.
When the sample was heated to 400 °C, over 90% of the Cr>O; intensity was lost. The Cr,O3 peak
mostly disappeared at a temperature of 600 °C. For the anatase-Cr,O3; sample, the Cr,03 behaved
similarly under annealing treatment; decreasing by around 25% after annealing to 300 °C. When the
sample was heated to 400 °C, Cr,0s ratio had decreased by 50% and most of the Cr,O3 disappeared
when heated at 600 °C. For both the anatase and aTiO, substrate, the Cr,O3 ratio mostly disappeared
after annealing at 600 °C. However, the slope of the Cr203 ratio with respect to annealing temperature,

specifically between 200-600 °C, is less steep for anatase compared to the amorphous titania sample.

For the anatase:rutile-Cr,O3 sample, it can be seen that the relative amount of Cr remained
approximately constant within error bars when the sample was heated to 300 °C. It should be noted
that the intensity ratios for this sample could be influenced by the removal of hydrocarbons and water
from the surface by heating, which increases the signal of the elements present at the surface *!. Note
that the aTi0,-Cr203 and anatase-Cr>O3 samples probably have the same effect but the decrease of
Cr20s intensities for both samples is much stronger with increasing temperature. However, when the
sample was heated to 400 °C, the relative amount of Cr decreased. When the sample was heated to
600 °C, Cr ratio dropped to almost 50%. The decrease of Cr,O3 also occurs in the sample with the
mixed anatase:rutile phase of TiO,. However, the decrease is less strong than on the amorphous and

anatase titania.

It is unlikely that the decrease in Cr ratio is related to evaporation since according to Gulbransen,
Cr203 does not evaporate significantly until temperatures above 816 °C 32, Moreover, when annealing
the samples to 600 °C, the decrease did not occur equally for all substrates. Nearly 50% of relative

amount of Cr remained for the anatase:rutile substrate.

Therefore, it is proposed that the decrease of Cr ratio is due to diffusion into the TiO> substrates by
varying degrees. Heating the samples increases the mobility of the species forming the sample and
can lead to diffusion. The degree of diffusion from the surface to the bulk is given by the relative
surface energies of the substances. The lower the surface energy of a substance, the higher its
tendency to diffuse to and cover the surface ****. This process is attributed to the strong metal-support
interaction (SMSI) 3% %6, It should be noted that diffusion to cover the surface can be either lateral

across the surface or along the surface normal.

The surface energy of rutile is 2.22 + 0.07 J/m?, and that of anatase is 0.95 + 0.07 J/m? ¥’ There is no
experimental data for the surface energy of amorphous TiO> But it should have a relatively low

surface energy because it has a less dense structure than anatase **. The surface energy of Cr,Os is
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reported to be 1.60 J/m? *°; higher than the amorphous and anatase surface energies but lower than
the rutile surface energy. Therefore, upon annealing, the Cr,0O3 diffuses into the amorphous and
anatase phases with lower surface energy. However, the Cr2O3 remains on top of the rutile phase
because it has higher surface energy than that of the Cr20s. In the case of the mixed anatase:rutile
phases, the sample contains separate domains, of anatase and rutile as evident through AFM and SEM
images in reference*’. Therefore, it is likely that Cr,O3 has diffused into anatase but not into rutile. It
should be noted that diffusion of Cr203 into the metal oxide substrate driven by surface energy is not
significantly affected whether the sample is exposed to air or vacuum. The diffusion process and the
result of the diffusion process such as the concentration depth profiles of the constituents, could,

however, be different between vacuum and air.

According to the above discussion, the stability of the Cr,Oj3 at the surface of the different phases of

Ti0O; after annealing is strongly dependent on the surface energy of the phase of the TiO,.

To further investigate the diffusion effect, the aTi02-Cr.O3 sample was sputtered with Ar under UHV
for various lengths of time to remove atoms from the surface and the XPS spectra recorded. The ratio
intensity of the Cr to Ti after sputtering is shown in Figure 3.5. It can be seen that the Cr to Ti ratio
increases with increasing sputter dose. These changes demonstrate the diffusion of Cr,O3 into TiO»;
the removal of surface TiO, atoms leads to an increase of the Cr,Os signal. The formation of Ti*" is
observed after sputtering but is not relevant for investigating the change in relative intensity of Cr

and Ti upon sputtering. This is further explained in the appendix section (Figure A12).
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Figure 3.5: XPS ratio intensity of Cr 2p to Ti 2p of aTiO>-Cr203 and subsequently annealed to 600 °C.

Then, the sample was sputtered for various times.

Figure 3.6 shows the Cr L-edge of aTiO>-Cr203 before and after annealing to 300°C and 600°C. It

can be seen that the Cr L-edge spectrum of aTi02-Cr20s shifts to lower energy after annealing at
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300°C and then shifts further at 600°C.This shift of the spectrum to lower energy is interpreted as a
reduction of Cr20s. This is clearly seen by comparison with the Cr metallic reference spectrum in
Figure 3.2A. The aTiO2-Cr203-300°C spectrum has features of the metallic Cr spectrum, which are
considered as a mixture of Cr and Cr20s (see Figure 3.2A). The changes in features—the start of the
spectrum before 575 eV, a decrease in sharpness of the peaks, the loss in minimum at 577 eV and
appearance of the small peak at 584 eV—confirm that some of the Cr,O3; was reduced to Cr metal by
annealing. It is important to note that no features of CrO; or CrO3 appear in the spectrum (Figure
3.2C). The Cr L-edge spectrum of aTi02-Cr203 annealed to 600°C shows more noise because of the
diffusion of Cr203 into aTiO2, which decreases the signal of Cr due to the reduced concentration of
Cr in the surface region. Even so, the spectrum has a similar lineshape to that of the 300°C spectrum
and shows even further that some of the Cr2O3 is reduced to Cr metal. The synchrotron XPS spectra
of Cr 2p shows a peak at low energy which is related to Cr metal (Figure A13). Metallic Cr can also
be seen in Figure A6 but is less obvious due to the larger S/N ratio in these spectra. Again, no features
of CrO> or CrOs appear in the Cr L-edge spectrum. Note that the NEXAFS has not been applied to
other substrates (anatase and anatase:rutile) after annealing. However, we assume that the chemical
changes of Cr>O3 upon annealing is the same for all substrates. The reduced Cr is not observed in
XRD, most likely because the total volume affected by the diffusion is too small to be visible (Figure
A14). We have no information where the reduced Cr is positioned in the samples; the reduced Cr
could cover the surface or reside as particles below the surface. It should be noted that a small amount

of Ti*" is formed when heating the samples to 600°C (see Figure A13).

Above, it is argued that the diffusion of Cr203 is driven by surface energy. This has to be considered
in conjunction with the observation of metallic Cr. It needs to be emphasised that the argument that
surface energy is the driving force for the diffusion of Cr2O;3 (including the reduced parts of Cr203)
into amorphous and anatase form of TiO> does not mean that the diffusing process is independent of
whether reducing or oxidising conditions prevail (i.e. heating under vacuum or in air) as discussed
above. Thus, the diffusion of the metallic Cr could also be described with the SMSI concept given

241

that the surface energy of Cris 1.9 J/m~*" and thus higher than that of anatase.
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Figure 3.6: NEXAFS spectra of Cr L-edge of aTiO>-Cr20; before and after heating to 300°C and
600°C. (The intensity of the 600°C spectrum corresponds to the right hand axis, which has a smaller

range.)

Figure 3.7 shows the O K-edge spectra of aTiO>-Cr2O3 before and after annealing to 300°C and
600°C. The spectrum edge does not shift upon annealing (see Figure 3.3A), confirming no presence
of CrO> or CrOs. Moreover, the aTi02-Cr203-600°C spectrum has a similar profile to that of the aTiO»
due to the diffusion of Cr203 into TiO; after annealing (see Figure 3.3B).

The NEXAFS spectra of Cr L-edge and O K-edge in Figures 3.6 and 3.7 emphasises no presence of
CrOz or CrOs in the sample after annealing. Furthermore, the Cr L-edge spectra confirm that some of

the Cr203 was reduced to metallic Cr during the annealing.

The question arises whether the Cr,O3 incorporates into the TiO» upon diffusion and as a consequence
results in doping of the TiO,. We have measured UV-photoelectron spectroscopy of the aTiO; and
aTi02-Cr203 samples heated up to 600°C, which are shown in the appendix section in Figure A15.
The valence band cut-off for both samples is the same, thus there is no significant doping of the TiO>

happening upon diffusion of the Cr20Os.
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Figure 3.7: NEXAFS spectra of O K-edge of aTiO>-Cr203 before and after annealing to 300°C and
600°C.

343 Surface morphology studies

AFM was used to investigate the topography of the aTiO> surface before and after the photodeposition
of Cr203. Figures 3.8A and B are example AFM height images and show the topography of the aTiO»
surface before and after the photodeposition of Cr2O; respectively. More images are shown in Figure
A15 in the appendix information. The Ra of the images acquired on the aTiO» surface was 1.1+0.03
nm and the Ra for the aTiO> surface after Cr.O3 deposition was 1.16 £0.17 nm. It can be observed on
the aTi02-Cr203 images (Figures 3.8B, A16D-F) that there are a small number of particles, between
20 to 100 nm in height, that are responsible for producing the increased error in the Ra value for the
aTi0,-Cr203 surface. The origin of the bigger particles is not known, however, only a small amount
was found on the samples. Roughness analysis of aTiO>-Cr2O3 surfaces was also performed by
excluding the particles between 20 to 100 nm in height on each AFM image and revealed an Ra =
0.94 +£0.04 nm. While a small decrease this does indicate a measurable change and is compatible with

the formation of a closed Cr2O3 layer, rather than islands on the aTiO> surface.

(B)
7.0 nm

0.0 Height 4.0 um 0.0 Height 4.0 ym

Figure 3.8: AFM images of (A) aTiO: and (B) aTiO: after the photodeposition of Cr20; layer.
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NICISS was used to investigate the concentration depth profile of the Cr>O3 at the surface. Figure 3.9
shows that the NICISS spectra of TiO2, Cr203 and aTiO2-CrOx. Note that all the samples were heated
to 200 °C under UHV for 10 min to remove water and hydrocarbon from the surface for better depth
resolution at the surface. Annealing the aTiO>-Cr,O3 sample to 200 °C causes a change in the
concentration and chemical state of Cr>O3 at the surface (see Figures 3.4 and 3.7). However, we do
not know the exact ratio between Cr and Cr203. Therefore, the sample is here referred to as aTiO»-
CrOx. The spectra in Figure 3.9 show onsets at specific energies with the onsets having various
gradients. The position of the onset is determined by the mass of the element representing the step**.
Cr is heavier than Ti and thus the onset of the step for Cr of the Cr,O3 sample is at a higher binding
energy than that of Ti of the TiO2 sample. The onset of the Cr step can be found at 1270 eV and the
onset of the Ti step at 1240 eV. The slope of the onset of the steps is determined by the energy
resolution of the method and how clean the surface is. Small amounts of residual surface
contamination will lead to a more shallow onset*>. Metal oxides usually have adventitious
hydrocarbons or water present at the surface even after heating to 200 °C>!. It can be seen that the
slope of the onset of Cr and Ti is similar and thus the coverage with residual hydrocarbons and water
is similar. The onset of the step for aTiO,-Cr203 is at the same binding energy as the onset of the Cr
step at 1270 eV. Towards lower kinetic energies the slope of the step is shallower for aTi0,-Cr20s.
Around 1190 eV a change in slope of the onset can be identified. The change in slope is caused by
the finite thickness of the CrOx layer deposited on the TiO2. A similar shape of a NICISS spectrum
was found for thin ALD TiO» layers on Si substrates*. In Fig. 2 in ** a clear minimum can be
identified. The reason that in the present case such a minimum cannot be identified is that the
difference in atomic mass between Cr and Ti is much smaller than between Ti and Si. This
interpretation of the NICIS spectra means that the Cr.O3; forms a layer on the aTiO2 upon

photodeposition and are compatible with the XPS spectra of the same type of sample.
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Figure 3.9: NICISS results of the aTiO>, Cr203 and aTiO>-CrOx samples after annealing at 200°C

under UHV for 10 min to remove water and hydrocarbon from the surface.

3.5 Conclusions

AR-XPS, AFM and NICISS confirmed the photodeposition of Cr as a layer onto TiO». The chemical
state of the Cr layer was investigated using XPS and NEXAFS and confirmed as Cr,Os. Under
annealing conditions, it was observed with XPS that Cr,O3 diffused into all samples but that the
degree of diffusion depends on the crystal phase of the TiO». Cr2O3 diffuses after annealing at 300°C
and 600°C under vacuum into the amorphous and anatase phases but remains, at least partially, on
the surface of the rutile phase. The degree of diffusion is attributed to the differences in surface energy
between Cr20O3 and the different crystal phases of titania. NEXAFS proved that some of the Cr2O3
was reduced to Cr metal on amorphous TiO; by annealing to 300°C and up to 600 °C under vacuum,
with no observation of CrO; or CrOs. A crucial finding of the present work is that the stability of the
Cr203 layer on the TiO> surface under annealing depends on the surface energy of TiO», which varies

depending on the TiO: crystal phase.
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4.1 Abstract

Chromium oxide (Cr203) is a beneficial metal oxide used to prevent the backward reaction in
photocatalytic water splitting. The purpose of this study is to investigate the stability, oxidation state,
and the bulk and surface electronic structure of Cr-oxide photodeposited onto P25, BalLasTi4O15, and
Al:SrTiOs particles as a function of the annealing process. The oxidation state of Cr-oxide layer as
deposited is found to be Cr203 on the surface of P25 and Al:SrTiOs3 particles and Cr(OH)3 on BLTO.
After annealing at 600 °C, for P25, the Cr20s layer diffuses into the anatase phase but remains at the
surface of the rutile phase. For BaLasTi4015, Cr(OH)3 converts to CrO3 upon annealing and diffuses
slightly into the particles. However, for Al:SrTiOs, the Cr20; remains stable at the surface of the
particles. The diffusion here is due to the strong metal—support interaction effect. In addition, some
of'the Cr20O3 on the P25, BalLasTi4015 and Al:SrTiO3 particles is reduced to metallic Cr after annealing
but there was no observation of the formation of CrO; or CrOs. The effect of Cr,0O3 formation and
diffusion into the bulk on the surface and bulk band gaps and the change of the structure are
investigated with electronic spectroscopy, electron diffraction, DRS and high-resolution imaging.
The implications of the stability and diffusion of Cr.O3 overlayers on P25, BaLasTi4O15, and
Al:SrTiOs for photocatalytic water splitting are discussed.

Graphical Abstract

A : anatase
R : rutile

Cr,0; layer
~1.5 nm

Cr,0; diffused
into P25 (anatase)
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4.2 Introduction

Human society requires a sustainable and renewable energy source to substitute for fossil fuels.
Hydrogen (Hz) produced from renewable energy sources can be used as fuels that do not contribute
to CO, emissions'. Amongst the technologies for renewable H> production, photocatalytic water
splitting is a promising technique to split water into H> and O» using semiconductor particles as
photocatalysts?®. The structural and electronic properties of photocatalyst semiconductors play a
major role in determining photocatalytic activity” 8. For example, SrTiOs; doped with AI**
(AI:SrTiO3) is one of the most efficient photocatalysts for water splitting®'4. Recently, Osterloh and
co-workers reported an electronic structure investigation of Al:SrTiOs, showing that AI** reduces the
Ti** concentration in SrTiOs, which shifts the Fermi level to lower energy'’. This makes the

compound less of an n-type semiconductor, resulting in improved photocatalytic activity.

Co-catalysts make a significant contribution to promoting efficient photocatalytic water splitting!® 7.

The co-catalyst reduces the overpotential barrier needed to suppress the electron-hole recombination
in a semiconductor and act as active sites for the water splitting reaction'®?°. However, the co-catalyst
also can function to suppress the H> and O recombination reaction back to H>O (backward
reaction)’!. One such example is that mixed transition metal oxides lead to improved overall water
splitting by blocking the backward reaction?*. For example, GaN:ZnO loaded with Rh,.,CryO3 has
higher photocatalytic activity than that loaded with RuO> due to the ability of Rh2.yCryO3 to evolve
H; and O» with inactivity for the backward reaction??*>. Domen and co-workers have developed a
new way to use CrOs with noble metal particles as core/shell nanostructures (Rh/CrO3) on
GaN:ZnO?%32, It was confirmed that the Cr,O; shells suppresses water formation on Rh nanoparticles,

which is an effective approach to improve photocatalytic water splitting activity.

It has also been demonstrated that the photodeposition of a Cr2O3 layer (with a thickness of 0.7 — 1.3
nm) can enhance the stability of Au nanoclusters (~1 nm in size) on BaLas;Ti4O15 (BLTO) and
suppress the backward reaction, thereby improving photocatalytic water splitting activity>>.
Recently, it was demonstrated that this Cr-oxide layer exists as amorphous chromium hydroxide
(Cr(OH)3)*. The stability of Au nanoclusters was achieved by adsorption of Au nanoclusters onto
BLTO-Cr(OH); followed by calcination to diffuse the Au nanoclusters between the Cr-oxide layer
and BLTO due to the high surface energy of Au nanoclusters®>3°. Also, Negishi and co-workers have
reported that calcination of Rh—SG complexes adsorbed on BLTO-Cr(OH); layer produces mixed
oxide particles of Rh and Cr with a size of ~1.3 nm**. The resulting BLTO-Rh,.xCrxOj3 significantly

improved the efficiency of photocatalytic water splitting activity.
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The above listed examples show that Cr.O3 is a beneficial metal oxide for photocatalytic water
splitting. Therefore, as a step towards improving the efficiency of photocatalytic water splitting,
studying the stability and electronic structure properties of the CrO3 layer on a photocatalyst particle
under annealing is necessary due to the requirement of heating for preparation of a photocatalyst.
This study aims to determine the stability, chemical composition, and the bulk and surface electronic
structure of Cr-oxide overlayers photodeposited onto P25, BLTO and AlL:SrTiOs particles as a
function of the annealing process. P25 has a mixture of anatase and rutile phases, which benefits
investigation of Cr,O3 stability in relation to surface energies for different crystalline particles of
Ti0O,. The influence of the annealing on the surface and bulk band gaps of the photocatalysts is

examined. Photocatalytic water splitting activity of these photocatalysts was also investigated.

4.3 Experimental

4.3.1 Material and Sample Preparation

Preparation of P25-Cr:0;3

Photodeposition method was used to deposit Cr,O3 onto P25 particles (Evonik Degussa GmbH,
Sigma-Aldrich, Australia) by dispersing 45 mg of P25 with size of 20 nm in 25 mL of KoCrO4 solution
with a concentration of 0.5 mM. The KoCrOs solution was prepared using deionised water. The
K2CrO4-P25 suspension was irradiated using a UV LED (365 nm) with a radiant power of 690 mW
(Vishay, VLMU3510-365-130). The distance between the UV LED and suspension surface was
~9 cm. Irradiation was applied under continuous stirring of the suspension in a beaker with the size
of 50 mL for a duration of 12 hours in air. The photodeposition procedure is summarised in Figure
B1. The green P25-Cr,03; powder was collected using a centrifuge and washed with water. ICP-MS
analyses determined that 97% of available Cr was deposited onto the P25 particles. The P25-Cr203

powder drop casted onto Si wafer for characterisation.

Preparation of BaLasTi;O15(BLTO)-Cr(OH)3

BLTO-Cr(OH)3 was obtained by photodeposition of a Cr,03 layer onto BLTO using a previously
reported procedure®®. First, 650 mg of BLTO with size range 4-10 um was added to 350 mL of an
aqueous K>CrOg solution in a quartz cell. The mixing ratio of K>CrO4 to BaLasT14015 was 0.5 wt%
Cr. The mixture was stirred under Ar flowing for one hour to ensure complete removal of air with
Ar. Subsequently, the solution was irradiated with a high-pressure Hg lamp (400 W) under an Ar flow
of 30 mL/min for one hour. The BLTO-Cr(OH)3 powder was collected from centrifugation and
washed with water three times. The ICP-MS analyses showed that ~100% of available Cr was
adsorbed onto the BLTO. The BLTO-Cr(OH)3; powder drop casted onto Si wafer for characterisation.

Preparation of Al:SrTiO3-Cr203
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Al:SrTiO; was synthesised using a flux method (previously reported in detail’). SrTiOs (Wako),
AlO3 nanopowder (Aldrich) and SrCl, (Kanto) were mixed with a molar ratio of (1:0.02:10) and
heated at 1150°C for 10 hours in air. The obtained Al:SrTiO3; with size range 0.2—3 pm was washed
three times with deionised water. Cr.O3 was loaded onto Al:SrTiO3z using the same procedure
described above for P25-Cr03. Al:SrTiO3 (45 mg) was dispersed in 25 mL of KoCrOs solution
(0.5 mM) and irradiated for 12 hours. Al:SrTiO3-Cr203 powder was collected using a centrifuge and
washed with water. ICP-MS analyses determined that ~22% of available Cr was deposited onto the
Al:StTiOs particles. The Al:SrTiO3-Cr,O3 powder drop casted onto Si wafer for characterisation.

Annealing treatment

All samples (P25-Cr03, BLTO-Cr(OH)3 and Al:SrTiO3-Cr03) were annealed under ultrahigh
vacuum (1 x 1078 mbar) for 10 minutes at each temperature. For XPS measurements, samples were
annealed for 10 minutes at each temperature (200, 300, 400, 500 and 600 °C) with a total annealing
time of 50 minutes for each sample. All XPS measurements were undertaken at each temperature
using the same sample without exposed the sample to air. For NEXAFS measurement, all samples
were annealed at 600 °C for 10 minutes and the measurements were applied without exposed the

sample to air.

4.3.2 Methods
Scanning Transmission Electron Microscopy
Experimental details for Scanning transmission electron microscopy (STEM) are discussed in Section

2.9. In this chapter, elemental maps were obtained using STEM up to a magnification of 1 nm.

Synchrotron X-ray Photoelectron Spectroscopy

Experimental details for Synchrotron X-ray Photoelectron Spectroscopy (Synchrotron XPS) are
discussed in Section 2.1. In this chapter, Synchrotron XPS spectra were collected at the Australian
Synchrotron using a photon energy of 1000 eV. The X-ray beam spot size was close to 320320 um.
High-resolution XPS spectra of C 1s, O 1s, Ti 2p, Cr 2p, Ba 3d, La 3d and Au 4f were recorded with
a pass energy of 10eV. The Au 4f peak position at 84 eV was used for synchrotron XPS
measurements to calibrate the excitation photon energy of all spectra. More details are provided in

reference’® 7.

Near Edge X-ray Absorption Fine Structure
Experimental details for near-edge X-ray absorption fine structure (NEXAFS) are discussed in

Section 2.3.
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X-ray Diffraction
Experimental details for X-ray diffraction (XRD) are discussed in Section 2.4.

Ultraviolet Photoelectron Spectroscopy

Experimental details for ultraviolet photoelectron spectroscopy (UPS) are discussed in Section 2.2.
The Single Value Decomposition (SVD) algorithm has been used on the valence electron region of
the UPS spectra after annealing at various temperatures with reference spectra of substances to
determine the components forming the measured UPS spectra. The details of the SVD algorithm can

be found elsewhere®®.

Inverse Photoelectron Spectroscopy

Inverse photoelectron spectroscopy (IPES) relies on a reversed mechanism of photoelectron emission.
It was employed to determine the surface energy of the conduction band at the sample surface. This
technique works by directing electrons, generated using a BaO filament, onto the surface of the
sample. These electrons transition into unoccupied states below kinetic energy, and synchronous
recombination occurs, releasing photons. A Geiger Miiller photon detector was utilised for photon

detection.

X-ray Photoelectron Spectroscopy
Experimental details for X-ray photoelectron spectroscopy (XPS) are discussed in Section 2.1. In this

chapter, the spectra were calibrated using the C s peak set to 285 eV.

4.4 Results and Discussion

4.4.1 Cr-oxide layer on P25, BLTO and Al:SrTiOs particles — as deposited
STEM-EDX elemental mapping of Cr, Ti and O for P25-Cr,O; are shown in Figure 4.1. The

elemental mapping of a whole P25 particle shows that the entire particle is covered with a Cr-oxide
layer. Figure B2 shows a close elemental mapping with line analysis at the edge of the P25-Cr203

particle. The line analysis indicates that the thickness of the Cr-oxide layer is 1.2 - 1.5 nm.
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5 nm

Figure 4.1: STEM-EDX elemental mapping of Cr, Ti and O for a P25-Cr:03 particle before

annealing.

Figure 4.2 shows the STEM-EDX elemental mapping for BLTO-Cr(OH); with line analysis of Cr
and Ti. The mapping and line analysis demonstrate that a Cr-oxide layer has formed and is evenly

distributed on the surface of the BLTO with a thickness of 1.4 nm.
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Figure 4.2: STEM-EDX elemental mapping of Cr, Ba, La, Ti and O with line analysis of BLTO-
Cr(OH)s.

Figure 4.3 shows STEM-EDX elemental mapping of Cr, Al, Sr, Ti and O and the line profiles for the
AlL:SrTiO3-Cr203 sample. The elemental mapping clearly shows that Cr-oxide is present on the
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surface of the Al:SrTiOs. The line profile shows that Cr-oxide forms a layer on the surface with a

thickness of 1.7 nm.
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Figure 4.3: STEM-EDX elemental mapping of Cr, Al, Sr, Ti and O with line analysis of Al:SrTiOs3-
Cr0:s.

The NEXAFS Cr L-edge spectrum has two strong absorption edges, at 578 eV (L3) and 586 eV (L>),
as shown in Figures 4.4a and 4.4b. Figure 4.4a shows the Cr L-edge spectra of Cr20O3 and Cr(OH)3
reference samples (see Figure B3 for more details of different oxidation state features in the Cr L-
edge spectrum). In the Cr Ls-edge spectrum of Cr>O3 two main peaks appear at 576.6 and 577.6 eV,
while these peaks appear at higher photon energy (576.7 and 577.9 eV) with sharper features for
Cr(OH)s. These features can be used to distinguish between Cr203 and Cr(OH)3 even though Cr2O3
and Cr(OH); have the same 3+ oxidation state. The Cr L-edge spectra of Cr-oxide photodeposited
onto P25, BLTO and Al:SrTiO3 are shown in Figure 4.4b. The Cr L-edge spectra of P25-Cr,O3 and
AlL:SrTiO3-Cr203 have the same lineshape as that of the Cr203 reference spectrum, which confirms
that the chemical state of the Cr-oxide layer deposited on P25 and Al:SrTiO3 is consistent with Cr203.
However, the Cr L-edge spectrum of BLTO-Cr(OH); has the same features as Cr(OH)3, indicating

94



that the chemical state of Cr-oxide layer on BLTO is different from P25 and Al:SrTiOs. It should be
noted that the Cr L-edge spectra of all samples bare no features of the CrO; and CrOs3 spectra (Figure
B3). This interpretation is confirmed by XPS, which shows the Cr 2p3» peaks at 577.2 and 577.5
eV3% 4 which corresponds to Cr.03 and Cr(OH)s (Figures 4.4c—e). Note that the XPS fitting includes
a broad peak around 579 eV, which corresponds to an energy loss peak from Ti 2s that occurs in the
Cr 2p region. This peak was fitted using a related factor described in our previous work*!. This peak

has also been identified elsewhere*2.
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Figure 4.4:Cr L-edge NEXAF'S spectra of (a) Cr203 and Cr(OH);3 reference samples (b) Cr-oxide
photodeposited onto P25, BLTO and Al:SrTiOs3. Cr 2p XP spectra of (¢) P25-Cr:0;3 (d) BLTO-
Cr(OH)sz and (e) AlSrTiOs3-Cr20s.

4.4.2 Cr-oxide layer on P25, BLTO and Al:SrTiOs particles — after annealing

The XPS intensity ratio of the total Cr to Ti peaks for P25-Cr.03, BLTO-Cr(OH)3 and Al:SrTiOs-
Cr,03 samples after annealing at various temperatures is plotted in Figure 4.5. For the P25-Cr203
sample (Figure 4.5a), it is observed that the relative intensity Cr:Ti ratio decreases from 0.20 to 0.05
as the annealing temperature increases to 600°C, a decrease of Cr intensity by ~80%. For the BLTO-
Cr(OH)3 sample (Figure 4.5b), the Cr:Ti ratio is 2 for the unheated sample and decreases slightly
with heating. After annealing at 600°C, the Cr:Ti ratio decreases to 1.4, an overall decrease of ~30%
compared to the unheated sample. The intensity ratios La:Ti and Ba:Ti for BLTO-Cr(OH); are
unchanged with annealing, as shown in Figures B5a-c, indicating no change in the overall perovskite
structure. Note that the Cr 2p3/» peak is shifted to 577.0 eV after annealing at 200°C (see Figure B5d),

indicating that Cr-oxide layer on BLTO is mainly composed of Cr>O3 after annealing, i.e. has changed
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from Cr(OH)s to Cr203 due to annealing (hereafter referred to as BLTO-Cr203). For the Al:SrTiO:s-
Cr203 sample, the Cr:Ti ratio after annealing remains relatively constant at ~0.85, which is very
different from the P25 and BLTO samples. Note that the same treatment was applied to a sample of
non-Al doped SrTiOs, which also shows a stable Cr:Ti ratio after annealing (Figure BS).

It is suggested that the decrease of the Cr:Ti ratio is due to the strong metal-support interaction (SMSI)
effect, where heating increases the mobility of the species, which can result in diffusion and
encapsulation®*. The amount of diffusion depends on the differences in surface energy of the
substances*!. SMSI describes the segregation of a metal into the supporting substrate and has been
widely used in encapsulation of noble metal where it has demonstrated effects in photocatalytic

applications such as improvement of charge transfer** and stabilisation of metal clusters*.

It is known that TiO; has three crystal phases: anatase, brookite, and rutile. Different phases have
different surface energies*®. To better understand the diffusion of Cr,Os into P25, an XRD analysis
of P25 was performed. Figure B6 shows the XRD pattern of P25 with a rough estimation based on
the relative intensities of the anatase (85%) and rutile (15%) composition of P25. This ratio is
approximately in agreement with that previously reported*’. The 15% rutile in P25 is close to the

proportion of Cr to Ti ratio retained after annealing to 600°C (Figure 4.5a).

The surface energy of anatase is reported to be 0.95 + 0.07 J/m?*, Cr,05 is 1.60 J/m>*® and rutile is
2.22 £ 0.07 J/m?*. Thus, the surface energy of Cr,Oj is higher than the anatase but lower than the
rutile. Therefore, based on differences in surface energy, the decrease of the Cr:Ti ratio of P25-Cr,03
after annealing can be ascribed to the diffusion of Cr2Os into the anatase component of P25 but not
rutile (Scheme 4.1a). For the BLTO-Cr2O3 sample, the diffusion of Cr,O3 into BLTO is less than the
anatase particles. There are no experimental data for the surface energy of BLTO, however, it is
assumed that the difference in surface energy is the likely reason for the diffusion (Scheme 4.1b). For
the Al:SrTi03-Cr203 sample, the Cr:Ti ratio for after annealing is stable. SrTiO3 has a surface energy
of 2.85 J/m?¥. Unfortunately, there are no experimental data for the surface energy of Al:SrTiOs,
however, it is assumed that their surface energies are similar. As argued above, this higher surface
energy than Cr>0;3 (1.60 J/m?)* is the reason for the lack of Cr,Os diffusion (Scheme 4.1c). Note
that Cr,O3 was also found to be stable on non-Al doped SrTiO; (Figure B5). These results are in
agreement with our previous report showing that Cr.O3 layer diffuse into a substance with lower

surface energy upon annealing *!.
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Figure 4.5: XPS relative intensity ratio of Cr 2p to Ti 2p of (a) P25-Cr203, (b) BLTO-Cr(OH);3 and

(c) Al:SrTiO3-Cr203 annealed at various temperatures.
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Scheme 4.1: Schematic illustration of experimental procedure of (a) P25, (b) BLTO and (c) Al:SrTiO3
after photodeposition of Cr-oxide layer and after annealing 600°C

Figure 4.6a shows the Cr L-edge spectra of P25-Cr,03, BLTO-Cr203 and Al:SrTiO3-Cr0;5 after
annealing at 600°C with the Cr>O3 reference spectrum for comparison. It should be noted that the Cr
L-edge spectrum of P25 is at a lower intensity and noisy due to the large diffusion of Cr,Os into P25.
These spectra after annealing have the metallic Cr features indicated by black arrows in Figure 4.6a:
the onset of the spectrum before 575 eV (at around 574 eV), broad peaks and a small peak in the tail
of the Cr Lo-edge (at 584 eV). These features are further described in Figure B7. The Cr L-edge
spectrum of P25-Cr,03, BLTO-Cr20O3 and Al:SrTiO3-Cr2O3 after annealing confirmed that some

Cr;03 was reduced to Cr metal.
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Figures 4.6b—d show the XPS spectra of Cr 2p of P25-Cr,03, BLTO-Cr203 and Al:SrTiO3-Cr203
after annealing at 600°C. The Cr 2p spectra for all three samples exhibit new spin-orbit peaks at
574.4-575.0 eV, corresponding to metallic Cr>% 3!, The Cr 2p spectra agree with the finding from the
NEXAFS Cr L-edge spectra of P25-Cr203, BLTO-Cr203 and Al:SrTiO3-Cr205 that, after annealing,
some Cr203 is reduced to Cr metal. Note that the Cr 2p XPS spectra was also applied to a sample of
non-Al doped SrTiOs3, which shows the reduction of some Cr203 to Cr metal (Figure BS).

The NEXAFS O K-edge reference spectra of anatase, rutile, Cr203, CrO; and CrOs and spectra of
P25, BLTO and Al:SrTiO3 before photodeposition of Cr-oxide, and before and after annealing at
600°C are shown in Figure B9. These spectra provide further evidence that there is no presence of
CrOz or CrO;s species in P25-Cr203, BLTO-Cr203 and Al:SrTiO3-Cr203 after annealing at 600°C. See

Figure B9 for more details.
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Figure 4.6. (a) Cr L-edge NEXAFS spectra of P25-Cr203, BLTO-Cr203 and Al:SrTiO3-Cr20s after
annealing at 600°C with Cr;Oj3 reference spectrum. Cr 2p XP spectrum of (b) P25-Cr203 (¢) BLTO-
Cr20;3 and (d) AlSrTiOs-Cr20s after annealing at 600°C.

Figure 4.7 shows STEM-EDX elemental mapping with line analysis of Cr, Ti, and O for the P25-
Cr203 sample after annealing to 600°C. In comparison to Figure 4.1, the elemental mapping and line
profile at the interface of half an entire P25 particle after annealing clearly shows that the Cr,O3 layer
has diffused into the P25 particle; however, line profile A still shows a high intensity of Cr at the edge
of the P25 particle, which indicates that not all the Cr on the surface has diffused into P25, consistent

with the XPS results. Moreover, Figure B10 shows a significant amount of Cr appears in the inner
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part of the P25 particle due to the diffusion of Cr2O3. Figure B11 shows further evidence from STEM

images that Cr2O; diffuses into anatase particles but remain on the surface of rutile particles.

Line Profile A Line Profile B Line Profile C
= 25 25 25
50 | i | Ti Ti
e ) 0 e o “ 0
Cr 1 C
- 20 L Cr
7% T o9 2-06‘ =50 | 'Z'D;
E S 7 s = =
P 2 E.l* g £ :
S - 15 & 40 L 15 & S0 L 15 £
& 30 g g 20 | & g3 g
& F 10 = s s & 5 =t
E | :ii. ] 10 :ii. £ 10 5
= 20 4 ] + 20 R o
P P - -
g | 05 @ A v I8
. | o5 ]
10 - 10 4 10 -
] —— = 0.0 0 —— 00 0 — 00
00 05 10 15 20 15 30 35 00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 35

Position (nm) Position (nm) Position (nm)

Figure 4.7: STEM-EDX elemental mapping with line analysis of Cr, Ti and O of P25-Cr:0s3 after
annealing at 600°C.

STEM-EDX elemental mapping of Cr, Ba, La, Ti, and O for BLTO-Cr,0O3 after annealing at 600°C
are shown in Figure 4.8 with line analysis for Cr and Ti. The line analysis shows that Cr layer has a
thickness of 1.4 nm with more intensity of Cr through the surface (indicated by the black arrow in the
line profile of Figure 4.8). Also, the EDX elemental mapping demonstrates that the Cr layer is
unevenly distributed on the surface of the BLTO compared with BLTO-Cr(OH)3 before annealing in
Figure 4.2. The STEM-EDX results indicates further evidence that the Cr,Os3 layer has diffused to a

small degree into BLTO during annealing.
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Figure 4.8: STEM-EDX elemental mapping of Cr, Ba, La, Ti, and O with line analysis of Cr and Ti
for BLTO-Cr:0s after annealing at 600°C.

Figure 4.9 shows STEM-EDX elemental mapping of Cr, Al, Sr, Ti and O and the line profiles for the
AlL:SrTiO3-Cr203 after annealing at 600°C. Interestingly, the Cr2O3 layer is observed covering the
surface of the Al:SrTiO; with a thickness of 1.7 nm, which is similar to the result shown in Figure
4.3 before annealing. These STEM-EDX results are in agreement with XPS data that Cr.O3 layer is
very stable on Al:SrTiOs.
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Figure 4.9: STEM-EDX elemental mapping and line analysis of Cr, Al, Sr, Ti and O for Al:SrTiO;s-
Cr20;s after annealing at 600°C.

4.4.3 Change of surface electronic properties upon annealing

UPS and IPES were applied to investigate the electronic structure at the surface. Figure 4.10a shows
the valence band and conduction band cut-offs for the P25, Cr203, P25-Cr,03 and P25-Cr,03-600°C
samples. The valence band and conduction band cut-offs for P25 are 3.3 + 0.1 eV and -0.3 + 0.1 eV,
respectively. The surface band gap of P25 is 3.6 = 0.2 eV, which is the difference between the UPS
valence band and IPES conduction band cut-offs. Cr,O3 has a lower surface band gap (1.7 = 0.2 eV)
compared to P25 which is driven by its low energy valence band at 1.3 = 0.1 eV. P25-Cr2O3 shows a
similar valence band cut-off as Cr>O3 with the conduction band cut-off at -0.2 + 0.1 eV, which makes
the surface band gap 1.5 + 0.2 eV. The reason for the decrease of the surface band gap here is due to
the contribution of electronic states from Cr203 in the P25-Cr2O3 valence band region. After annealing
at 600°C, the band structure of P25-Cr>Os3 reverts back to unadulterated P25, showing a valence band
cut-off at 3.2+ 0.1 eV and conduction band cut-off at -0.0 £ 0.1 eV. The change observed after
annealing is clearly due to the diffusion of Cr.O3 into P25, causing a loss in the contribution from
Cr203 electronic states. The decrease of the conduction band cut-off of P25-Cr203-600°C is possibly

due to the new contribution of Cr metal that was reduced from Cr.O3 after annealing.

Figure 4.10b shows the valence band and conduction band regions with cut-offs for the BLTO, Cr20s3,
BLTO-Cr203 and BLTO-Cr203-600°C samples. The valence band and conduction band cut-offs of
BLTO are 3.2+ 0.1 eV and -1.0 = 0.1 eV, with a surface band gap of 4.2 £ 0.2 eV. Both the BLTO-
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Cr203 and BLTO-Cr203-600°C samples have similar valence band cut-offs to Cr.O3 (1.2 0.1 eV
and 1.4 + 0.1 eV, respectively) with a higher conduction band cut-off at -0.7 = 0.1 eV. Note that the
conduction band for these samples have minor electronic states at -0.5 £ 0.1 eV, which can be a
feature of Cr2O3 contribution within conduction band because Cr20O3 conduction band cut-off has
appeared at 0.4 eV. Thus, it is concluded that photodeposition of Cr.O3 on BLTO introduces

electronic states of Cr203 within the BLTO surface band gap that remain upon annealing.

Figure 4.10c shows that Al:SrTiO;3 has a surface band gap of 3.3 = 0.2 eV, with the valence band and
conduction band cut-offs at 2.9 + 0.1 eV and 0.4 £ 0.1 eV, respectively. Similar to P25 and BLTO,
photodeposition of Cr2O3; onto Al:SrTiOs introduces electronic states of Cr.O3, which reduces the
band gap to 1.6 £ 0.1 eV. After annealing, the conduction band increases to 0.8 £ 0.1 eV, resulting in

an increased band gap of 2.2+ 0.2 eV.
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Figure 4.10: The valence band and conduction band regions from UPS and IPES spectra of (a) P25,
Cr:03, P25-Cr203 and P25-Cr;03 after annealing at 600°C, (b) BLTO, Cr:03;, BLTO-Cr:03 and
BLTO-Cr:0s after annealing at 600°C and (c) Al:SrTiOs, Cr203, Al:SrTiO3-Cr203 and Al:SrTiOs-
Cr20s after annealing at 600°C with the cut-offs of valence band and conduction band. (All the
samples were heated to 100°C to clean the surface and avoid any chance of charging during the

measurements.)

Singular value decomposition (SVD) is applied to evaluate a series of data and identify similar
components within a set of data. The SVD algorithm has been used here to determine the components
forming measured UPS spectra by fitting a series of UPS spectra as a linear combination of reference
spectra. All the pristine UPS spectra that were used to analyse the SVD can be found in Figure B12.
Figures 4.11a and 4.11b shows the UPS reference spectra identified via SVD on the UPS spectrum
of P25-Cr0s3. Three contributing reference spectra with varying weightings at each annealing
temperature are identified; Ref.A, Ref.B and Ref.C. The Ref.A and Ref.B spectra have a same line
shape as P25 and Cr,03 (Figure B13a). The new spectrum (Ref.C) only appears for P25-Cr,0s3 after

annealing (200 to 600°C) with states close to the Fermi edge suggesting a metallic feature (inset of
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Figure 4.11a). This spectrum is thus identified as Cr metal. The weighting factor of P25 (Ref.A)
increases as the annealing temperature increases with a concurrent decrease in the weighting factor
of Cr20;3 (Ref.B). This agrees with the early finding from XPS and STEM that Cr20O; has diffused
into P25 upon annealing. The weighting factor of Cr metal (Ref.C) stays relatively constant during
annealing. However, Figure B12a shows the UPS spectra during annealing (200 to 600°C) with an
increase of intensity close to the Fermi edge, which indicates that the Cr metal state increases slightly
during annealing. The UPS valence electronic structure study of P25-Cr20Os3 after annealing at various
temperatures agrees with the NEXAFS and XPS data that after annealing of P25-Cr,O3 some of the
Cr03 layer is reduced to Cr metal. This is direct evidence of the contribution of reduced metallic Cr

in the valence electronic band of P25-Cr;0:s.

Figures 4.11c—f show the UPS reference spectra identified via SVD of BLTO-Cr203 and Al:SrTiOs-
Cr,03 with the weighting factors for the reference spectra. Three reference spectra are identified for
the UPS spectra of both BLTO-Cr203 and Al:SrTiO3-Cr203, as seen in Figures 4.11c and 4.11e. Ref. A
represents BLTO and Al:SrTiOs, while Ref.B in both cases represents Cr203 (see Figures B13a and
B13b). In both cases Ref.C is similar to the third reference spectrum identified for P25-Cr;0s as a Cr
metal reference spectrum. The weighting factors of Ref.A (BLTO and Al:SrTiO3) and Ref.B (Cr203)
show a relatively constant decrease as the annealing temperature increases. Within uncertainty, it is
not clear whether the substrate intensities really do decrease for these samples. However, it was
observed with XPS that the substrate intensities increased for BLTO due to the diffusion of CrOx but
remained stable for Al:SrTiOs3. The weighting factor of Ref.C (Cr metal) increases constantly with
the increase of the annealing temperature for both samples. Figure B12b and B12c¢ clearly shows the
Cr metal feature close to the Fermi edge, which increased during annealing. This agrees with the
NEXAFS and XPS data that some of the Cr2O3 layer is reduced to Cr metal after annealing, which is
direct evidence of the contribution of reduced metallic Cr in the valence electronic structure of BLTO-

Cr;03 and Al:SrTiO3-Cr;0:s.
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Figure 4.11: UPS reference spectra and weighting factors identified via SVD of (a,b) P25-Cr:0;
after annealing at various temperatures (c,d) BLTO-Cr203 after annealing at various temperatures

(e.f) Al:SrTiOs3-Cr20s after annealing at various temperatures

4.44 Change of bulk electronic properties upon annealing

Figure 4.12 shows the absorption measurements using diffuse reflectance spectroscopy (DRS) of the
three photocatalysts before and after Cr-oxide deposition and after annealing. The as-deposited
BLTO-Cr(OH)3 sample contains two peaks at lower energy. This feature replicates the two peaks
from 1.6 to 3.2 eV in pure Cr203, indicating the presence of undoped Cr,O3 on the photocatalyst
surface (see Figure B14). This feature is also present for the as-deposited P25 and Al:SrTiO3; samples,
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however, only the first peak (cresting at ca. 2.0 eV) is distinct, likely because the bulk band gap for
these two materials begins at a lower energy than BLTO. On the other hand, these differences could

also be due to Cr203 being differently incorporated by each of the semiconductors.

After annealing, none of the annealed photocatalysts display these Cr,Os-like twin peaks. However,
in comparison with their bare counterparts, a prominent absorption tail appears at lower energies
(although it is less prominent for Al:SrTiO3). This is typical for photocatalysts which have been doped
or surface modified.’ This, in conjunction with the change in the shape of the absorption tail and
sample colour before and after annealing (see Figure B15), indicates that annealing causes some
electronic change due to doping with Cr,Os. Note that the less prominent absorption tail for
Al:SrTiO3, compared to P25 and BLTO, potentially indicates lower doping levels. Although, Cr2Os-
doping both before and after annealing the samples does not appear to narrow the bulk bandgap of
the bulk material (see Table B1 and Figure B16). Instead the Cr.Os-doping is only responsible for the

absorption tail.>?
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Figure 4.12: Kubelka-Munk Transformed UV-visible DRS spectra of (a) P25, P25-Cr203 and P25-
Cr:0s3 after annealing at 600°C, (b) BLTO, BLTO-Cr(OH)3; and BLTO-Cr:0;s after annealing at
600°C and (c) Al:SrTiO3, Al:SrTiO3-Cr203 and Al:SrTiO3-Cr203 after annealing at 600°C.

4.4.5 Photocatalytic water splitting

Figure 4.13 summarises the surface and bulk band gaps obtained from UPS, IPES and DRS of all the
photocatalysts. The differences in the surface band gaps and the shape of the absorption spectra due
to the photodeposition and diffusion of Cr-oxide could be an advantage in the improvement of light
absorption and photogenerated electron—hole pairs at the surface and contribute to for photocatalytic
water splitting activity. Photocatalytic water splitting was performed with two light sources (405 and
365 nm) on P25 and BLTO as they have shown various degrees of Cr-oxide diffusion (see Table B2).
Both samples after treatments show no H> production using the visible light source. Using the UV
light source and with the modification of the photocatalysts with 1 wt % Pt nanoparticles as co-

catalyst, only P25 showed H> production. It is observed that photodeposition of Cr-oxide decreases
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the H> production compared to plain P25. After annealing, the activity has increased slightly but
remains lower than unadulterated P25. From the photocatalytic water splitting tests of P25 and BLTO,
it is observed that the change of the surface band gap and the shape of the absorption spectra due to

the diffusion of Cr-oxide layer does not contribute to photocatalytic activity.
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Figure 4.13: The surface and bulk band gaps of Cr203, and (P25, BLTO, and Al:SrTiO;3) after the
photodeposition of Cr-oxide layer and after annealing at 600°C.

As discussed above, Cr2O3 layers deposited onto metal oxide are beneficial for photocatalytic water
splitting by blocking the backward reaction. Table 4.1 summarises the effect of annealing of Cr.O3
layers photodeposited onto various substrates, including results from our previous study on films.
The findings presented herein demonstrate that the Cr2O;3 layer remains stable at the surface of rutile
and Al:SrTiO3 but not for anatase and BLTO. This provides understanding on the suitability of
different substrates to deposit Cr.Os layers to produce robust photocatalysts for water splitting and in

preventing the Hz and O> back reaction back to form H>O.

107



Table 4.1: Summary of the effect of annealing Cr>O3 layer on various forms of TiO:.

50:50

Substrate | Amorphous film | ¢ e film* | anatase:rutile film P25+ AL:SITiO; BLTO
41
Anatase: 0.95 Anatase: 0.95 SrTiOs: 2.85
Surface energy (J/m’) <0.95 0.95 Rutile: 2.22 Rutile: 2.22 ALSITION - - -

Deposition method

Photo-deposition

Photo-deposition

Photo-deposition

Photo-deposition

Photo-deposition

Photo-deposition

Cr formation on the

Cr20;3 &i

Cr203 — i

and Cr203

Cr203 ﬁ

Cr203 NN

. L L L L L L 3
surface as deposited ayer ayer ayer ayer ayer ayer
Bef
clote Cr,0; Cr20; Cr,0; Cr,0; Cr,0; Cr(OH)s
annealing
Chemical Some Cr;03 Some Cr;03 Some Cr,03 Some CrOs reduced
state of After reduced to metallic Some Cr;03 Some Cr;03 reduced to metallic | reduced to metallic to me tailicS Cr and
Cr20s layer . Cr and no reduced to metallic | reduced to metallic Cr and no Cr and no
annealing no appearance of
appearance of CrO, Cr Cr appearance of CrO, | appearance of CrO; CrO, or CrO
or CrO; or CrO; or CrO; 2 3
Cr203 layer
o iffi int . .
Stability of Cr,Os layer Cr0; layer Cr203 layer 50% of Cr,03 layer diffused 1nto No diffusion of ~30% of Cr,03
. . . . anatase particles .
after annealing diffused diffused diffused . Cr20; layer layer diffused
but remained on
rutile particles
After photodeposition After photodeposition After photodeposition After photodeposition After photodeposition After photodeposition
annealing annealing annealing annealing annealing annealing
SCheme metallic Crand metallic Cr and metallic Cr metallic Crid metallic Cr and metallic Cr
and Cr203

§~30% of Cr203
diffused

*P25 contains 85% anatase and 15% rutile particles.
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4.5 Conclusions

Cr-oxide was photodeposited as a layer onto P25, BLTO and Al:SrTiOs particles. The chemical
nature of the layers was found to be Cr203; and Cr(OH)3 based on NEXAFS and XPS. STEM-EDX
elemental mapping showed a Cr-oxide layer formed a coating with thickness 1.2 - 1.7 nm on the three
photocatalyst particles. Annealing of P25-Cr203 up to 600°C causes diffusion of Cr2Os into the
anatase fraction of P25 but not into the rutile fraction. For BLTO and Al:SrTiO3, after annealing, the
Cr203 layer diffused to a small degree into BLTO particles but was stable on the surface of Al:SrTi0O3
particles. This diffusion effect is attributed to differences in the surface energy between Cr,O3 and
the respective substrate, according to the SMSI effect. NEXAFS, XPS and UPS confirmed that the
Cr03 layer on the P25, BLTO and Al:SrTiOs surfaces was reduced to metallic Cr after annealing
with no presence of CrO> or CrOs found on the surface. The formation and diffusion of Cr,O3 was
found to influence the surface and bulk band gaps by narrowing the band gap and introducing an
absorption tail at lower energies of the bulk band gap. It was confirmed that the changes in the surface
and bulk band gaps do not contribute to improved photocatalytic activity. The deep understanding of
the stability, oxidation state and electronic structure of Cr-oxide layer on photocatalyst particles under

annealing are essential for overlayer applications in photocatalytic water splitting.
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5.1 Abstract

The properties of semiconductor surfaces can be modified by the deposition of metal clusters
consisting of a few atoms. The properties of metal clusters and of cluster-modified surfaces depend
on the number of atoms forming the clusters. Deposition of clusters with a monodisperse size
distribution thus allows tailoring of the surface properties for technical applications. However, it is a
challenge to retain the size of the clusters after their deposition due to the tendency of the clusters to
agglomerate. The agglomeration can be inhibited by covering the metal cluster modified surface with
a thin metal oxide overlayer. In the present work, phosphine-protected Au clusters,
Aug(PPh3)s(NO3)3, were deposited onto RF-sputter deposited TiO; films and subsequently covered
with a Cr2O3 film only a few monolayers thick. The samples were then heated to 200 °C to remove
the phosphine ligands, which is a lower temperature than that required to remove thiolate ligands
from Au clusters. It was found that the Cr,O3 covering layer inhibited cluster agglomeration at an Au
cluster coverage of 0.6% of a monolayer. When no protecting Cr2O3 layer was present, the clusters

were found to agglomerate to a large degree on the TiO, surface.

Graphical Abstract

Aug(PPhy)s(NO3);

Aug(PPh;)g(NO;); deposition

Cr203
photodeposition

heating 200 °C

116



5.2 Introduction

Gold nanoclusters (Aun) are smaller than gold nanoparticles, generally less than 2 nm, and are formed
by a specific number of Au atoms. Au, clusters deposited onto suitable substrates can be used as co-
catalysts for various reactions, amongst them photocatalytic water splitting'>. Au, clusters, as
opposed to Au nanoparticles, are used due to their specific electronic states, fluxionality and structural
isomerism*¢. The catalytic activity of supported, size-specific Aun clusters is known to depend on the
number of atoms forming the cluster and its resultant electronic structure’. Thus, changing one atom
in a cluster can result in a different catalytic activity> !°. Therefore, in order to retain the properties
of the modified surface, the Au, cluster size needs to be preserved from agglomeration to form Au
nanoparticles. However, inhibiting the agglomeration of Aun, clusters deposited onto a metal oxide

surface is a major challenge® ' 12, Non-agglomerated clusters are relevant for developing catalysts'>
14

Reducing agglomeration of co-catalysts deposited on a surface has been demonstrated by covering
the co-catalyst with a metal oxide overlayer. For example, chromium oxide (Cr203) layer has been

16,17

used to improve the stability of rhodium nanoparticles!'®, gold clusters'® 7 and alloy clusters'® but do

not completely inhibit the agglomeration. The Cr203; can form with various structures, such as

15,19-21 14, 16, 18

core/shell nanostructures and overlayers

In addition, the Cr2O3 overlayer is also beneficial to improve water splitting photocatalytic activity
by preventing the reverse, oxygen photoreduction reaction (ORR)!* 223!, This reverse reaction is
stymied by keeping the co-catalyst site free from oxygen atoms but not hydrogen, which can permeate
through the Cr,0;3 overlayer?” 32. Other metal oxide overlayers such as Si0.*, MoOx**, TiO2** and

lanthanoid oxide® have also been reported to be active in suppressing the reverse reaction.

Negishi and co-workers have developed a method to avoid agglomeration of thiolate-protected Auys
using Cr20; layers'® 7. The photodeposition of the CrO3 layer was undertaken before the Auzs(SG)1s
was adsorbed onto the BaLasTi4O15 substrate. The sample was then calcined at 300 °C for two hours
to remove the thiolate ligands, which also drives migration of the clusters into or below the Cr203
layer. Addition of the Cr203 overlayer improved the water splitting efficiency by 19-fold for Auzs-
Cr203-BalasTi4015 due to the suppression of the reverse reaction, and increased the lifetime of the
thiolate-protected Au clusters'®. Notably, heating to 300 °C is not possible for phosphine-protected
Au clusters because the clusters would agglomerate before the Cr.O3 layer had formed over the
clusters; the authors reported that photodeposition of the Cr,O3 layer affer the Auxs-BalasTi4015s

substrate was formed could not be achieved'!. To date, no experimental data are available on
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stabilising a Au cluster-modified surface by depositing a protective Cr2O3 layer on top of the Au

clusters.

Protecting clusters from agglomeration with overlayers has been reported before but with much
thicker layers, ranging from a few to many nms®3’. For photocatalytic applications, it is necessary to
keep the Cr203 overlayer to a few monolayers'> !°. The aim of this work is to investigate whether a
few monolayer thick Cr203 layer photodeposited directly onto phosphine-protected Au clusters on a
TiO> surface can inhibit the agglomeration of the Au clusters. The deposition of the Cr203 layer on
top of the phosphine-protected Au cluster has been chosen because the method developed by Negishi
and co-workers described above!'® is not suitable for phosphine-protected Au clusters because of the
required temperature; the phosphine-protected Au clusters require only heating to 200 °C for ten

minutes to remove the ligands'!.

In this work, chemically synthesised phosphine-protected gold clusters Aug(PPh3)s(NO3)s (hereafter
referred to as Auy) are deposited onto a RF-sputter deposited TiO- film followed by photodeposition
of the Cr,0; layer. The size of the Auy clusters on the TiO: film, with and without the Cr>O3 layer,
was investigated and the role of the Cr2O3 layer determined. The effect of transforming the TiO» film
from amorphous to anatase during heat treatment on the topography of the surface of the TiO; film is
also investigated. Synchrotron X-ray photoelectron spectroscopy (XPS) was applied to study the
chemical composition and size of the phosphine-protected Aug. The characterisation of the thickness
of the TiO> film was analysed using scanning electron microscopy (SEM). X-ray diffraction (XRD)
was used to determine the crystallinity of the TiO; film. A laser scanning confocal microscope

(LSCM) generated 3D images to characterise the surface topography of the TiO> film.

5.3 Experimental

5.3.1 Material and sample preparation

Preparation of TiO: thin film

TiO» films were prepared by the radio frequency (RF) magnetron sputtering method®® onto a p-type
silicon wafer substrate using a high vacuum sputtering system (HHV/Edwards TF500 sputter coater).
The substrate was cleaned using ethanol and acetone and then dried in a stream of dry nitrogen. The
TiO; film was deposited by sputtering the TiO> target using Ar" with a sputtering power of 500 W.
The pressure of the sputter deposition chamber was 2 x 10~ mbar. During sputtering, the flow rate of
argon gas was 5 sccm with a distance between the substrate and the target of ~14 cm. The deposition
process resulted in the formation of a TiO; film on the Si wafer with a native oxide layer. The TiO2/Si
wafer had a purple surface colour (see Figure C1), hence it is referred to throughout as TiO2P. The

wafer was cut into 1 x 1 cm pieces and used without further treatment.
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Deposition of phosphine-protected Auy clusters

Auo was synthesised using the procedure reported previously®® and was deposited by immersing the
Ti0; samples into 2 mL of Auy methanol solutions for 30 min at two different concentrations (0.006
and 0.6 mM). The samples were then rinsed briefly with methanol before being dried in a stream of

dry nitrogen. The samples are hereafter referred to as TiO2P-Auo.

Photodeposition of Cr:0; layer

Potassium chromate (K2CrO4; >99%, Sigma-Aldrich) was used as obtained to prepare a K>CrOq4
solution (0.5 mM) with deionised water. The TiO,P-Aug sample was immersed in 1 mL of KoCrO4
solution and irradiated using a UV LED source (Vishay, VLMU3510-365-130) for 1h. The radiant
power of the UV source was 690 mW at a wavelength of 365 nm. The distance between the sample
and the UV source was ~1 cm. After irradiation, the sample was washed with deionised water and

dried utilising nitrogen gas.

Heat treatment
All samples were heated under ultrahigh vacuum (1 x 10~® mbar) at 200 °C for 10 min. XPS spectra

were recorded immediately after heating.

Sample preparation for Synchrotron XPS analysis

Samples were prepared approximately one week prior to the Synchrotron experiments and
immediately stored in a freezer. Samples were subsequently exposed to room temperature for ~12
hours during travel to the Synchrotron (i.e. Adelaide to Melbourne) but were kept in the dark. Any

possible effects from this are considered below.

5.3.2 Methods

Scanning Electron Microscopy

Experimental details for Scanning electron microscopy (SEM) and energy disperse X-ray
spectroscopy (EDAX) are discussed in Section 2.6. The TiO2 layer thickness was determined by

combining the SEM imaging of the cross-section of the samples in combination with EDAX.

X-ray Diffraction
Experimental details for X-ray diffraction (XRD) are discussed in Section 2.4. In this chapter, XRD

was used to study the crystalline and phase structure of the TiO» film.

Laser Scanning Confocal Microscope
Experimental details for laser scanning confocal microscope (LSCM) are discussed in Section 2.8.
Briefly, this technique was applied to investigate the phase transformation of TiO: (i.e. surface

topography) after heating.
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Synchrotron X-ray Photoelectron Spectroscopy

Experimental details for Synchrotron X-ray Photoelectron Spectroscopy (Synchrotron XPS) are
discussed in Section 2.1. Synchrotron XPS spectra were recorded at the soft X-ray beamline at the
Australian synchrotron. In this chapter, the X-ray photon energy was used is 750 eV. The spot size
of the X-ray beam was ca. 320x320 um. High-resolution XPS spectra were recorded for C 1s, O 1s,
P 2p, Si 2p, Ti 2p, Cr 2p and Au 4f with a pass energy of 20 eV. The position of the C 1s peak for C-
C sp3 carbon was set to 285 eV for calibrating the energy scale for all spectra to correct for charging

effects.

Near Edge X-ray Absorption Fine Structure
Experimental details for near edge X-ray absorption fine structure (NEXAFS) are discussed in

Section 2.3.

54 Results and Discussion

5.4.1 Thickness of the TiO:z layer

The TiO> substrate properties will be first considered before addressing the influence of the Cr,0O3
layer on the Aug clusters deposited onto TiO». Figure 5.1 shows a cross-section SEM image of TiO2P
with line measurement of the thickness of the TiO> film a various points. Cross-section SEM-EDAX
elemental maps of Ti, O and Si of TiO2P at the same image spots are shown in Figure C2. The SEM
image and SEM-EDAX elemental maps confirm that the thickness of the TiO; film on the TiO2P is
~400 nm.

Figure 5.1: Cross-sectional SEM image of the TiO>P. Arrows indicate the thickness of the TiO: layer.

5.4.2 Crystal structure of the TiO:P before and after heating

The crystal structure of the TiO» film was investigated because it is known that it can change with

heating, which could affect the stability of the Au clusters deposited onto the TiO> film and
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subsequently covered with a Cr,0O3 layer. In Figure 5.2, the XRD patterns of the Si wafer with TiO,P
before and after heating at 200°C for 10 min are shown. (Note: this is the same temperature and
duration that is applied after deposition of the phosphine-protected Auys and Cr03 overlayer to
remove triphenylphosphine (PPhs) ligands.) The TiO2P before heating shows no diffraction peaks, in
particular no peaks for anatase, rutile or brookite crystal phases are detected*’. This shows that the as
prepared TiO2P film has an amorphous crystal structure. After heating, the crystal structure of TiO2P

changes to the anatase phase.

—Si wafer ——TiO,P ——TiO:P Heated

Anatase
® Rutile Silicon Brookite

Intensity (arb.u.)

29 30 31 32 33 34 35 36 37
20 (Degree)

Figure 5.2: XRD patterns of Si wafer, TiO>P and TiO:P after heating to 200 °C. The positions for

diffraction peaks for anatase, rutile and brookite as well as Si are indicated.

543 Topography of the TiO: layer

The surface topography of the TiO,P film before and after heating has been investigated with LSCM.
The surface topography of TiO2P before and after heating is measured using surface laser imaging
over an area of 16 x 16 um (see Figure C3). The 3D profiles are displayed in Figure C4. As shown
in Table 5.1, the average Ra and Rq values of the TiO,P image before heating are 0.61 nm and
0.76 nm, respectively, and become 1.04 nm and 1.34 nm after heating. Similar changes in the Ra and

Rq values were observed imaging over a larger area of 595 x 595 um (see Figure C5).

Table 5.1: The average of Ra and Rq values of TiO:P before and after heating.

Before heating After heating

Ra (nm) 0.61 1.04
Rq (nm) 0.76 1.34
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The observed changes to the surface topography of TiO,P heating is consistent with transformation

of the TiO; film from amorphous to anatase and is consistent with previous reports*!*+3,

5.4.4 Agglomeration of Auy and influence of the Cr203 layer

An analysis of the Cr203 layer will now be presented and its effect on phosphine-protected Aug
clusters deposited onto TiO,P addressed. Figures 5.3 and 5.4 shows Au spectra of TiO2P-Auy at two
concentrations (0.006 mM and 0.6 mM) before and after heating, both without and with the Cr,03
layer covering the phosphine-protected Au clusters using Synchrotron XPS. A summary of the peak
positions and full-width-half-maximum (FWHM) is presented in Table C1 and full elemental
composition analyses are presented in Tables C2, C3, C4 and CS5. For both the 0.006 mM and 0.6 mM
samples, the Au coverage is estimated based on the relative intensity of Au to be around 0.6% and
60% of a monolayer, respectively. We will first consider the results of the 0.006 mM sample without
Cr20s layer. Before heating, the Au spectrum can be fitted with two 4f doublet (4f7,2 and 4fs) peaks
(see Figure 5.3A). These peaks are referred to as the high binding peak (HBP) and low binding peak
(LBP), which are found at 85.3+0.2eV and 84.1 £0.2 eV with FWHM of 1.7+ 0.2 eV and
1.0 £ 0.2 eV, respectively. The XPS Au peak position and FWHM can be used to determine the size
of the phosphine-protected Au clusters due to the final state effect***3. A higher binding energy and
FWHM is interpreted as smaller clusters, while the shift to lower binding energy with decrease of the
FWHM is interpreted as an increase in cluster size (agglomeration). This interpretation of XPS data
has been corroborated by correlating XPS data with other techniques such as scanning transmission
electron microscopy*’ and atomic force microscopy*®. Previous research on similar systems showed
non-agglomerated, phosphine-protected Auy clusters at a binding energy of 84.8 — 85 eV (HBP) and
FWHM of 1.5 — 1.9 eV, with a shift to 84 eV (LBP) and FWHM of 0.9 — 1.1 eV following
agglomeration of the clusters*46:4%4 For the unheated 0.006 mM sample without Cr,Oj3 layer, 83%
of the Au spectrum intensity is at the HBP position and 17% is at the LBP position. After heating, the
Au spectrum was similarly fitted with HBP (85.3 £0.2 eV, FWHM of 1.5+0.2¢V) and LBP
(84.3+£0.2eV, FWHM of 1.1 £0.2 eV) peaks, indicating that 55% of Au clusters remain non-
agglomerated and 45% are agglomerated (see Scheme 5.1A).
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Figure 5.3: Synchrotron Au 4f XPS spectra of the sample immersed into the 0.006 mM solution: (A)
TiO2P-Aug before heating, (B) TiO2P-Auy after heating, (C) TiO2P-Aus-Cr20;3 before heating and (D)
TiO2P-Auo-Cr20s after heating.

After application of the Cr203 layer but before heating, the Au 4f spectrum was fitted with only one
doublet peak (Figures 5.3C and 5.3D). Note that the Au 4fs/> spin-orbit component in Figures 5.3C
and 5.3D is larger in intensity than the fitted peak due to overlapping of the energy loss peak of the
Cr 3s peak at ~88.6 eV (see Figure C6 for further information). The 47, Au peak was found at the
HBP position of 85.3 + 0.2 eV with FWHM of 1.6 £ 0.2 eV (Figure 5.3C), indicating that all the
clusters are non-agglomerated. After heating, the Au peak is unmoved at 85.2 + 0.2 eV with FWHM
of 1.5+ 0.2 eV (Figure 5.3D), attributable to 100% non-agglomerated clusters*®. This interpretation
of the Au peak position is based on the final state effect for Au clusters without a Cr.O3 overlayer.
We assume that the interaction between Au clusters and Cr2O3 is similar to the interaction with TiO»
and thus the interpretation of the final state effect can be based on previous results of Au clusters
deposited onto TiO».!!' It is important to note that the structure of Au clusters core will change when
the ligands are removed as has been demonstrated by Al Qahtani et al. for Au clusters deposited onto

TiO; nanosheets *7.

The synchrotron XPS Cr 2p spectra for TiO2P-Aug-Cr203 before and after heating are shown in Figure
C7. The Cr 2p3.2 peak appears at 577.1 £0.2 eV, which corresponds to Cr03. This is confirmed by
near edge X-ray absorption fine structure (NEXAFS) experiments, which shows the Cr L-edge
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spectra for TiO2P-Aug-Cr203 have the same lineshape as a Cr,03 reference spectrum (Figure C8). We
have previously confirmed that Cr2O; forms a layer on the TiO: film with a thickness of 1.1 nm using
the photodeposition method with the same parameters as reported here’!. Tables C3 and C5 show the
XPS ratio intensity of Au 4fto Ti 2p without and with the Cr>O3 layer for TiO2P-Aug (0.006 mM and
0.6 mM). It is observed that the Au to Ti ratio decreases after the photodeposition of Cr,O3 for TiO,P-
Auo in the high concentration (0.6 mM) sample. This demonstrates that CroO3 most likely has a slight
preference to cover the Au clusters rather than the TiO; film. However, this is hard to confirm at low

concentration (0.006 mM) due to the low intensity of the Au 4f XPS peak.

The comparison of the results between the samples with and without Cr,O3 show that the presence of
a 1.1 nm layer over the phosphine-protected Au clusters completely blocks agglomeration of the Auog
clusters on the surface of TiO2P, even with heating to 200 °C (see Scheme 5.1B). It is important to
note that these Synchrotron XPS measurements were done one week after the deposition of Aug and
subsequent photodeposition of the CrO3 layer. Therefore, the 17% of clusters observed to be

agglomerated without the Cr>O3 layer may be due to "ageing", causing the size of the clusters to

increase™.
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Scheme 5.1: Schematic illustration of experimental procedure for the TiO>P sample with the low
concentrations (0.006 mM). (A) TiO2P-Auo after the deposition of Aus and after heating. (B) TiO2P-
Auo-Cr20s after Auo deposition, photodeposition of Cr203 layer and after heating (the clusters are

covered by the overlayer).

From the relative intensity of Au in the XPS spectra it can be estimated that the coverage of Au
clusters for the 0.006 mM sample is around 0.6% of a monolayer. Assuming that the Au cluster after

removal of the ligands forms a flat structure on the surface™ with an interatomic distance 2.7 A, it
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can be assumed that the average distance between two Aug clusters on the surface is about 20 nm. At
this average distance, it can be concluded that agglomeration of the Au clusters after heating occurs

rarely, if at all.

The P 2p spectra for the 0.006 mM sample without and with a Cr>O3 layer are shown in Figure C9.
The P 2p3/2 peaks are found at 134 + 0.2 eV, which corresponds to oxidised P most likely attached to

the TiO, substrate as previously described*> 4% 4
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Figure 5.4: Synchrotron Au 4f XPS spectra of the sample immersed into the 0.6 mM solution: (A)
TiO>P-Aug before heating, (B) TiO2P-Aus after heating, (C) TiO2P-Aus-Cr203 before heating and (D)
TiO2P-Auo-Cr20s after heating.

The Au 4f spectra of the 0.6 mM TiO2P-Aug and TiO2P-Aug-Cr2O3 samples are shown in Figure 5.4.
The spectrum of the TiO>P-Auy sample before heating was fitted with a single doublet peak at
84.7 + 0.1 eV with FWHM of 1.5 + 0.2 eV (Figure 5.4A), which is within the range of peak positions
and FWHM found for the HPB of Auo clusters*® *°. After heating, the Au spectrum (Figure 5.4B) was
fitted with 20% Au clusters at the HBP (85.2+ 0.1 eV with FWHM of 1.1 £0.2 eV) and 80%
agglomerated clusters at the LBP (84.2 = 0.1 eV with FWHM of 1.0 £ 0.2 eV).

The Au 4f spectrum of the 0.6 mM TiO;P-Auos-Cr203 sample before heating was fitted with a single
doublet with the Au 47, peak at 84.8 + 0.1 eV with FWHM of 1.7 £ 0.2 eV, which relates to the peak
position of non-agglomerated clusters (Figure 5.4C). The Au 4f spectrum of the TiO2P-Aug-Cr203
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sample after heating shows a contribution of 53% Au clusters at the HBP at 85.3 + 0.1 eV with
FWHM of 1.6 + 0.2 eV and 47% agglomerated clusters at the LBP at 84.3 + 0.1 eV with FWHM of
0.9 £ 0.2 eV (Figure 5.4D).

The P 2p spectra of the sample with 0.6 mM for TiO2P-Aug and TiO2P-Aue-Cr20O3 are shown in Figure
C10. The P 2p spectrum for TiO2P-Auy after heating shows that 22% of the P peak intensity remains
at 131.6 £ 0.1 eV (Figure C10B). This peak position corresponds to the PPhs ligands bound to Aug

clusters,

indicating that 22% of PPhs ligands have not been removed, which is close to the
percentage of Au clusters that remain stable on the surface after heating. This suggests that the amount
of non-agglomerated Au clusters for TiO2P-Auy after heating are still protected by PPhs ligands (see
Scheme 5.2A). Similarly, the P 2p spectrum for TiO2P-Auy-Cr,0O3 after heating also shows that 25%
of the P peak intensity remains at 131.7 £ 0.1 eV but with twice the fraction of non-agglomerated Au
clusters (53%). This indicates that approximately half of the PPh3 ligands have been removed from
the non-agglomerated Au clusters on the surface in the presence of the Cr2O3 layer (see Scheme 5.2B).
This result also suggests that Cr203 in some way displaces the PPh; ligands during the heating

treatment and protects the clusters from agglomeration. At this stage it is not clear how the ligands

are removed despite the presence of the Cr,Osz layer and is currently the subject of further

investigation.
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Scheme 5.2: Schematic illustration of experimental procedure for the TiO>P sample with the high
concentrations (0.6 mM). (A) TiO2P-Auy after the deposition of Aus and after heating. (B) TiO2P-
Auo-Cr20; after Aug deposition, photodeposition of Cr20s layer and after heating (the clusters are

covered by the overlayer).

Overall, the results for the 0.6 mM sample demonstrate that the Cr,O3 layer improves the resistance

of the phosphine-protected Au clusters to agglomerate, even with an extensive loading of Au clusters.
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Based on the same assumption outlined above, the average distance between the Au clusters on the
surface is 2 nm, approximately two to three times the diameter of an individual Auo cluster. From the
XPS results, it can be concluded that at this average distance heating induces agglomeration for

approximately 50% of the Au clusters with a Cr2O3 layer.
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Figure 5.5: Summary of synchrotron XPS results of TiO2P-Auy before and after heating of (A) Au
4f7,» peak positions and (B) relative HBP & LBP intensities, and TiO2P-Aug after photodeposition of
the Cr20s layer and after heating with (C) position of Au 4f7,> and (D) relative HBP & LBP intensities.

Figure 5.5 shows a summary of the 4f7, peak positions of TiO2P-Aug at two concentrations
(0.006 mM and 0.6 mM) before and after heating, both without and with the Cr>O; layer covering the
phosphine-protected Au clusters. The Cr.O3 overlayer is clearly effective at stopping agglomeration.
The question arises whether the Au cluster, when covered with the Cr,O3 layer, can still be accessed
by molecules adsorbing to the sample surface and thus could still function as a catalyst. Based on the
photocatalysis results reported by Negishi and co-workers,'® a Cr,O3 overlayer has a beneficial effect
by suppressing the reverse photocatalytic water-splitting reaction, and thus improve efficiency, for
thiolate-protected Auns clusters®>°. In our case with phosphine-protected Auo clusters covered with

the 1.1 nm thick Cr2Os3 layer, it is likely that the clusters are still accessible to act as catalytic sites in,
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for example, photocatalytic water splitting. However, such an effect on photocatalysis is still to be

tested for phosphine-protected Auo clusters.

5.5 Conclusions

Cr20s5 layers were photodeposited onto RF sputter coated TiO2 (~400 nm thick) after deposition of
phosphine-protected Auyg clusters. A 1.1 nm thick layer of Cr.O3 photodeposited over the TiO2-Aug
substrate was found to inhibit the agglomeration of the Au clusters after heating due to the formation
of a protective overlayer. An average distance between the Au clusters of 2 nm (two to three times
the Auy diameter) results in the agglomeration of ~50% of the clusters, whereas an average separation
of 20 nm leads to negligible agglomeration. A large fraction of the phosphine ligands is removed
from the Au clusters during heating to 200°C. Our results show that Cr>O3 layer can be applied before
removal of the phosphine ligands for the purpose of protecting the Au clusters from agglomeration.
Overall, this work provides a potential and novel use of Cr20s3 for stabilising phosphine-protected Au
clusters on TiO2. Notably, while this work was performed with TiO; as substrate, it could also be
applied to a range of other metal oxide substrates. Au clusters with phosphine ligands require a lower
temperature for removing the ligands than thiolate protected clusters, which is an advantage for the

phosphine-protected clusters in avoiding cluster agglomeration during the ligand removal process.
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6.1 Abstract

Radio frequency (RF) magnetron sputtering allows the fabrication of TiO, films with high purity,
reliable control of film thickness, and uniform morphology. In the present study, the change of surface
roughness upon heating of two different thickness of RF sputter deposited TiO» films was
investigated. As a measure for the process of the change in surface morphology chemically-
synthesised phosphine-protected Auo clusters covered by a photodeposited CrOx layer were used as
a probe. Subsequent to the deposition of the Auy clusters and the CrOx layer, samples were heated to
200 °C to remove the triphenylphosphine ligands from the Auo cluster. After heating, the thick TiO»
film was found to be mobile, in contrast to the thin TiO> film. The influence of the mobility of TiO»
films on the Auy clusters was investigated with X-ray photoelectron spectroscopy. It was found that
the high mobility of the thick TiO» film after heating leads to a significant agglomeration of the Auo
clusters, even when protected with the CrOx layer. The thin TiO> film has a much lower mobility

when being heated, resulting in only minor agglomeration of the Aug clusters covered with the CrOx

layer.
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6.2 Introduction

Titanium dioxide (TiO2) is a semiconductor widely used for a large range of photocatalytic
applications and is also an ideal model system for various types of study! 2. There are various
techniques to prepare TiO; films such as sol-gel®, evaporation*, chemical vapour deposition®, atomic
layer deposition® and radio frequency (RF) magnetron sputtering’. Each of these methods has
advantages and disadvantages in regard to fabrication costs, uniformity of the film morphology,
thermal stability, purity and preparation time. Therefore, the best choice of method for TiO; film

preparation depends on which application the film will be used.

Amongst the above-named methods, RF magnetron sputtering is known to produce high-purity TiO»
films with uniform thickness, ease of use and strong film adhesion to the substrate®. The properties
of these films are significantly impacted by the sputtering conditions such as RF power, gas pressure,
substrate type, substrate temperature and target to substrate distance’!“. For instance, it has reported
that a control of TiO> films thickness is possible by modulating the deposition time and the gas

sputtering pressure'>.

TiO> films prepared by RF magnetron sputtering method can be amorphous or have rutile, anatase,
or brookite crystal structure. It is well known that the physical properties of TiO: films depend highly
on the post-deposition treatment including heat treatment conditions!®!8. Cérekei et al. reported that
a correlation between heating treatment and surface morphology with different TiO» film thicknesses.
It was observed that an increase in surface roughness and grain sizes occurred during heating
depending on TiO: film thicknesses, which also increased with film thickness. This is because
increasing temperatures transforms TiO from amorphous to anatase and then to rutile!” and these
phase transitions affect the surface morphology of TiO film, which includes roughness and

crystallinity of the surface'®.

The aim of this study is to investigate the influence of heat treatment on the surface morphology of
RF sputter-deposited TiO2 films with two different thicknesses, and the effect this has on size-specific
Au clusters deposited on the surface. TiO; films have attracted interest as substrates for investigating
the role of Au clusters as co-catalysts in photocatalysis®® 2!, In these studies, TiO> films had been
heated as part of the sample preparation procedure. The change of morphology, including surface
mobility, upon heating can lead to agglomeration of the Au clusters. Understanding the change in
surface morphology upon heating thus is important when using TiO; as a substrate for investigating
the co-catalyst properties. In the present work, phosphine-protected Auy clusters covered by a
photodeposited CrOyx layer are used as probe for the TiO, mobility during the change of morphology
upon heating. Scanning electron microscopy (SEM), X-ray diffraction (XRD), laser scanning
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confocal microscope (LSCM) and X-ray photoelectron spectroscopy (XPS), have been applied to
characterize the thickness, crystal structure, surface morphology and chemical composition and size
of the Au cluster. The importance of the present work is to show that morphology changes of RF
sputter deposited TiO2 depend on the thickness of the TiO; layer and that Auy clusters can be used to
probe morphology changes

6.3 Experimental

6.3.1 Material and sample preparation

Preparation of TiO:; films

RF sputter-deposited TiO: films with two different thickness were fabricated applying the same
described procedure in chapter 5 (experimental details, Section 5.3.1). The TiO> films had different
colours based on light interference®’: a TiO2/Si wafer with a purple colour and a TiO2/Si wafer with
a gold-like colour (see Figure D1). The difference in colour of the films is related to the difference in
light interference patterns within the films due to their difference in film thickness >. The thickness
of TiO2P is ~ 400 nm, while TiO>G is ~ 1100 nm (vide infra). The TiO, wafers were cut into 1 cm
x 1 cm pieces and used without further treatment. The two TiO, wafers are hereafter referred to as (i)

TiO,P and (ii) TiO2G.

Deposition of phosphine-protected Auy clusters

The deposition procedure of Aug(PPh3)s(NOs3)3 (Aug) was identical for both the TiO,P and TiO.G
samples. Phosphine-protected Auo clusters were synthesised as reported previously?*. A UV-Vis
spectrum of the Auy cluster is shown in Figure D2. The TiO; films were immersed in Auy methanol
solutions (2 mL) for 30 minutes at concentrations of 0.006, 0.06 and 0.6 mM. The TiO; samples were
rinsed by quickly dipping into pure methanol and then dried in a stream of dry nitrogen. These

samples are hereafter referred to as (i) TiO2P-Aug and (i1) TiO2G-Auo.

Photodeposition of Cr:0; layer

Photodeposition of the CrOx layer was the same for both TiO2-Aug samples (TiO2P-Aug and TiO>G-
Aug). A 0.5 mM potassium chromate solution was prepared by dissolving KoCrO4 (=99%, Sigma-
Aldrich) in deionised water. The TiO2-Auy samples were immersed into the KoCrO4 solution (1 mL)
and irradiated for 1husinga UV LED (Vishay, VLMU3510-365-130) with ~1 cm between the sample
and the irradiation source. The UV LED had a radiant power of 690 mW at 365 nm wavelength. After
photodeposition, the sample was washed by dipping them into deionised water and dried in a stream
of dry nitrogen?’. These samples are hereafter referred to as (i) TiO2P-Auo-CrOx and (ii) TiO2G-Auo-
CrOx.
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Heat treatment
To remove the phosphine ligands from Auy clusters, all samples were treated with heating at 200 °C

for 10 min under ultra-high vacuum (1 x 10~ mbar) in the XPS chamber.

6.3.2 Methods

Scanning Electron Microscopy

Experimental details for Scanning electron microscopy (SEM) and energy disperse X-ray
spectroscopy (EDAX) are discussed in Section 2.6. The thickness of TiO: films (TiO2P and TiO2G)
was determined by combining SEM imaging and SEM-EDAX

X-ray Diffraction

Experimental details for X-ray diffraction (XRD) are discussed in Section 2.4. In this chapter, the
crystal and phase structure of the TiO> films (TiO2P and TiO.G) before and after heating were
analysed using XRD.

Laser Scanning Confocal Microscope
Experimental details for laser scanning confocal microscope (LSCM) are discussed in Section 2.8.

The surface morphology of TiO: films (TiO2P and TiO>G) was measured using a LSCM

X-ray Photoelectron Spectroscopy

Experimental details for X-ray photoelectron spectroscopy (XPS) are discussed in Section 2.1. In this
chapter, high-resolution XPS spectra were recorded for C, O, P, Si, Ti, Cr and Au using an X-ray
source with Mg Ka line (hv=1253.6 eV). All XPS binding energy scales were normalised using the
C 1s peak at 285 eV. XPS was recorded immediately after sample preparation and heating, thus

reducing the number of atmospheric exposures.

6.4 Results and Discussion

6.4.1 Influence of the thickness of the TiO: films

The influence of the thickness of the RF sputter deposited TiO; on the change of film morphology
upon heating is investigated. First, we will determine the thickness of TiO» films for TiO,P and TiO.G
and describe the crystallinity and morphology of both samples before and after heating. Then, the
XPS results will be reported for both TiO2P and TiO>G. Subsequently the agglomeration of Aug

clusters beneath a Cr>O3 overlayer upon heating of the two films is determined and discussed.

Determination of the TiO:; film thickness

Figure 6.1 shows cross-section SEM images of TiO;P and TiO.G with line measurement of the

thickness of the TiO> films. These SEM images clearly show that the thickness of the film for the
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TiO2P and TiO,G samples is ~400 nm and ~1100 nm, respectively; the film thickness of TiO>G is
more than two times greater than for TiOP. To confirm the film thickness, EDAX was further
processed at the same image spots as SEM. Cross-section SEM-EDAX elemental maps of Ti, O and
Si10of TiO2P and Ti0,G are shown in Figure D3. The EDAX elemental maps confirm that the thickness
of the TiO; film for TiO2G is larger than TiO2P.

Figure 6.1: Cross-section SEM images of the (4) TiO2P*° and (B) TiO:G layer.

Crystal structure of the TiO:P and TiO:G before and after heating

To assess the crystal structure of the TiO> film for TiO>P and TiO,G, XRD was conducted (Figure
6.2). There are no observable anatase, rutile or brookite crystal phases peaks®’, indicating that the
films have an amorphous crystal structure. The crystallographic state of TiO; is known to be
transformed upon heating. The XRD patterns of TiO2 films (TiO2P and TiO2Q) after heating at 200 °C
for 10 min are shown in Figure 6.2. Both spectra show an anatase peak at 29.8°, which confirms the
crystal structure of TiO,P and TiO>G has changed to the anatase phase after heating. The intensity of
the anatase diffraction peak for TiO2G is more than two times higher than for TiO2P, which is due to
the difference in the total amount of TiO; in each film. The TiO,G layer is more than two times
thicker than TiO2P, so we also expect that there is more than twice as much anatase in the TiO.G
film. Thus, the percentage change in crystal structure in the films is comparable. The formation of
the anatase phase strongly suggests the TiO2 film could be mobile during the heating process which

could influence the morphology of the TiO; films, as will be discussed below.
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Figure 6.2: XRD patterns of the Si wafer, TiO>P, TiO:P after heating, TiO>G and TiO:G after heating
to 200 °C. The positions of the diffraction peaks for anatase, rutile and brookite, as well as Si, are
indicated using the standard XRD patterns (anatase PDF 01-075-1537, rutile PDF 01-071-4809,
brookite PDF 04-007-0758 and Si PDF 00-013-0542).

Morphology of the TiO:P and TiO:G layer before and after heating

LSCM was conducted on both TiO; films before and after heating to compare their morphology.
Figure 6.3 shows the surface morphology of TiO2P and TiO>G before and after heating over an area
of 16 x 16 um and the determined Ra and Rq values. The 3D profiles of the same spots are displayed
in Figure D4. Before heating, the Ra (and Rq) values of the TiO>P and TiO»G are 0.6 nm (0.8 nm)
and 1.0 nm (1.3 nm), respectively. However, after heating, the values become 1.0 nm (1.2 nm) and
12.7 nm (14.7 nm), respectively. The change of Ra (and Rq) for TiO,P is small after heating,
especially in comparison with TiO>G which is 12 times higher after heating. The Ra (and Rq) values
were also calculated over a much larger area of 595 x 595 um and shows a similar change (Figure
D5). The change in the Ra (and Rq) values indicate that both the TiO,P and TiO>G increase in surface
roughness after heating. . The XRD results shows that the TiO>G and TiOP have the same fraction
of anatase after heating so the total amount of anatase in TiO>G is larger compared to TiO2P (vide
supra). Corekei et al. noted a similar finding in their study of different thicknesses of TiO> films
heated at different temperatures'®. The authors reported that the surface roughness of the thicker TiO>
film (300 nm) increased more compared to thinner films (220 and 260 nm) upon heating. In our study,
a large change in the surface roughness is observed clearly with the thicker film (more than two times

thicker) by a factor of six. Corekgi et al. assumed that the increase in surface roughness was due to
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increases of the grain sizes with increasing film thickness and the recrystallisation in the TiO> films
during heating. A number of studies have reported comparable findings that the surface morphology
of the TiO> films changes upon heating'”> 2. Thus, we conclude that the thicker TiO,G film is more

mobile during heating in comparison with the thinner film in the TiO2P sample.

.l A b 6.182 -44.118

Ra=1.0 nm - Rq= 1.2 nm Ra=12.7 nm - Rq= 14.7 nm
Figure 6.3: Surface morphology with the Ra and Rq values of (A)TiO2P before heating and (B) TiO2P
after heating, (C)TiO>G before heating and (D) TiO:G after heating (area 16 x 16 um). Note that the

scale bars are different.

6.4.2 Auy clusters on TiO:P and TiO:G; a probe for mobility during heating

In order to provide insight into the mobility of the TiO> during the recrystallisation process, Aug
clusters were deposited onto the TiO; films and analysed with XPS. XPS was used to investigate the
size of phosphine-protected Auy clusters deposited onto TiO2P and TiO:G. In addition, the effect of
the CrOx overlayer on the Auy clusters was investigated, also with XPS. Figures 6.4 and 6.5 show the
peak positions and relative intensities of Au 4f7, peaks in the XPS spectra of three different
concentrations (0.006, 0.06 and 0.6 mM) of TiO2P-Auy, TiO2G-Aug, TiO2P-Aue-CrOx and TiO>G-
Auo-CrOx before and after heating. Tables D1 and D2 show a summary of all the Au 4f7, peak
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positions and full-width-half-maximum (FWHM). Note that all the Au 4f spectra for both substrates
(TiO2P and TiO2G) are shown in Figures D6 and D7. The TiO2P XPS results will be first presented
followed by TiO2G results.

XPS of TiO:P sample

Without the CrOx layer and before heating, the Au 4f72 peaks appeared at 85.1 - 85.4 eV with FWHM
of 1.7 - 1.8 eV (Figure 6.4A), whereas after heating the Au 4f;,> peaks shift to slightly lower binding
energy (84.7 - 84.8 eV) and FWHM (1.5 - 1.6 eV) and also show a decrease in relative Au intensity
across all Aug concentrations (Figure 6.4B). Results for the samples covered with a CrOy layer are
shown in Figures 6.4C and 6.4D. The Au 4f7,> peak positions of TiO2P-Aug after CrOx deposition but
before heating were observed at 85.3 eV and FWHM of 1.6 eV for all three concentrations. Note that
the Au relative intensities decrease after the photodeposition of CrOx layer, confirming the coverage
of Au clusters with CrOy layer (Figure 6.4D). After heating, the XPS peak position decreases only
slightly to 85.0 eV with no significant change in FWHM. The relative Au intensities also remained
unchanged upon heating. XPS has been shown previously to be a reliable indicator of the size of
phosphine-protected Auo clusters through the final state effect?!26:2-3_ Generally, non-agglomerated
Auy clusters on TiO; appear at a high binding peak (HBP) between 85.0 — 85.4 eV with a FWHM of
1.7 £0.2 eV, and agglomerated Auo clusters shift toward a low binding peak (LBP) at 84 eV and a
decreased FWHM that corresponds to bulk Au?® 233, This XPS interpretation has been confirmed by
correlating the XPS results with other techniques such as high-resolution transmission electron
microscopy>! *2. Here, the Au 4f7» peak positions of TiO2P-Aue without CrOx layer after heating
indicate a small degree of agglomeration of the Auy clusters for all concentrations. This is further
confirmed by a small decrease in Au intensity after heating, indicating that some of the gold is
attenuated due to some larger, agglomerated particles. Electrons emitted from the part of the clusters
facing towards the substrate are attenuated when leaving the sample, which decreases the overall Au
intensity > %°, Therefore, the same total amount of gold deposited on the surface will have a lower
intensity for large gold particles than that of small gold clusters. In contrast. with the CrOx layer the
Au 417> peaks positions are unchanged after heating and there is no further decrease in the Au relative
intensities, indicating that Au clusters remain non-agglomerated clusters with CrOx coverage (see
Scheme 6.1A). It is important to note that decrease in Au intensity after photodeposition of CrOx layer
due to the coverage of Auo clusters (Figure 6.4D). These results are in agreement with our previous

report showing that CrOx overlayers inhibit the agglomeration of Au clusters?®.
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Figure 6.4: XPS results of TiO2P-Aug for three different Aug concentrations: (A) position of Au 4f7,
and (B) relative intensity of Au before and after heating. TiO2P-Auo-CrO, (C) position of Au 4f7,> and
(D) relative intensity of Au before and after photodeposition of CrO, layer and after heating. Note
that the vertical scales of (B,D) are different and that the samples in (A,C) are different but are

prepared in the same manner.
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Scheme 6.1: Schematic illustration of the experimental procedure for preparing (4) TiO2P-Aus-CrOx
and (B) TiO>G-Augs-CrOk.
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The P 2p spectra of TiO2P-Aug without and with CrOx layer before and after heating are shown in
Figure D8 and the peak positions are discussed in the appendix section. The Cr 2p spectra for TiO2P-
Auo-CrOx before and after heating of the three different concentrations are shown in Figure D9. A
summary of all the Cr 2p3/2 peak positions are shown in Table D3 and the peak positions are discussed

in the appendix section.

XPS of TiO:G sample

For the thicker film, TiO>G-Auy, the Au 417, peak positions before heating for all three different
concentrations appeared at the HBP at 85.3 £0.1 eV (Figure 6.5A) and FWHM of 1.8 +0.2 eV,
corresponding to non-agglomerated Au clusters. However, after heating, the Au 4f;» have shifted
toward lower energy (84.6 - 84.9 eV) and a FWHM of 1.5 - 1.7 eV with a decrease in Au intensity
(Figure 6.5B), indicating that Au clusters are partially agglomerated. With the CrOx layer deposited
before heating, the Au 4f7, peak positions are observed at the HBP position at 85.3 - 85.5 eV (Figure
6.5C), with a decrease in Au 4f7 intensity due to the coverage of the CrOx layer on Auy clusters
(Figure 6.5D). There is a slight increase in the binding energy of the Au 4f peak after the
photodeposition of CrOx, and we do not know if this a significant change or not. However, the position
found can be used as an indication of the presence of non-agglomerated Au clusters. With the CrOx
layer after heating, the Au 4f7» peak positions have further shifted to lower energy (84.3 - 84.8 eV)
position and a FWHM of 1.3 - 1.8 eV with a decrease in Au intensity, which is attributed to further
agglomeration of the Au clusters based on the final state effect (see Scheme 6.1B). The degree of
agglomeration increases with increasing the Aug concentration for both cases (without and with CrOx
layer). Note here the difference; Au clusters on the surface of TiO>G undergo increased agglomeration
after heating, even in the presence of the CrOx layer. This is different to the TiO2P, where Au clusters
are less likely to agglomerate under the CrOx layer with heating. This difference will be further

discussed below.
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Figure 6.5: XPS results of Auo deposited on TiO>G for three different Auo concentrations: (A)
position of Au 4f72 and (B) relative intensity of Au before and after heating. TiO2G-Auo with CrOx
layer: (C) position of Au 4f7> and (D) relative intensity of Au before and after photodeposition of
CrOx layer and after heating. Note that vertical scales of (B,D) are different and that the samples in

(A,C) are different but are prepared in the same manner.

The chemical state of the phosphorous ligands of TiO>G-Aug without and with CrOx layer, both
before and after heating, was determined using P 2p region (see Figure D10 for more information and
accompanying text). Figure D11 shows the Cr 2p spectra for TiO>G-Aue-CrOx before and after
heating of the three different concentrations. All the Cr 2p3/2 peak positions are given in Table D4.

and the peak positions are discussed in the appendix section.

6.4.3 Effect of the TiO: film thickness

The protective effect of the CrOx layer on agglomeration of Auy clusters is not the same for both the
TiO2P and TiO>G substrates. The agglomeration of Auy clusters is inhibited on TiO2P with the CrOx
overlayer but not on TiO>G, which shows a higher degree of agglomeration. The coverage of the
CrOx layer on Aug clusters for both substrates is demonstrated by the decrease of the Au XPS
intensities. After heating, it is observed that the relative amount of CrOx decreases for both films

(Table D5). Our previous studies on a similar system revealed that the CrOx layer diffuses into a TiO»
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film after heating to 600°C due to the differences in surface energy between TiO2 and CrOx?. In this
study, both films are heated to only 200 °C, however, CrOx on TiO>G experienced more diffusion of
CrOx into the film compared to TiO2P. One possibility for the higher degree of Aug agglomeration
and CrOx diffusion is the mobility of the TiO film. Cluster agglomeration can be due to either (i)
growth of the clusters over the surface or (ii) mobility of the substrate. In the case of (i), the cluster
growth and agglomeration on a substrate can be ascribed to either Smoluchowski ripening and
Ostwald ripening mechanisms. For Smoluchowski ripening, agglomeration of clusters is caused by
the collision and coalescence of entire clusters to larger particles®. For Ostwald ripening, the growth
of larger particles takes place by the detachment of single atoms which diffuse onto a nearby cluster
or nanoparticle’®. In the case of (ii), a section of the substrate to which a cluster is adsorbed moves
closer to another section of the substrate which has another adsorbed cluster. The significant change
in the surface morphology of TiO»G after heating (Ra: 11.7 nm and Rq: 13.4 nm) compared to TiO>P
(Ra: 0.4 nm and Rq: 0.5 nm) strongly suggests that the agglomeration of the Auy clusters with
different concentrations on TiO>G after heating is due to the high distortion of the surface upon
heating. A higher mobility of the TiO> substrate during heating means that the local surface beneath
a Au cluster moves larger distances compared to a substrate which exhibits lower mobility during
heating (see Scheme 6.2). The high mobility of the thick film is assumed to be due to the
recrystallisation during heating, which is in agreement with previous studies!” ' 2%, With increasing
mobility, the likelihood for close contact between two or more Au clusters increases and thus the
likelihood of agglomeration is also increased. Furthermore, the degree of agglomeration of the Au

clusters is larger for the thicker TiO,G substrate compared to the thinner TiO,P substrate.

Agglomeration of Aug clusters during heating due to the mobility of the TiO, film/

Change in surface

morphology during heating

u “88lomeratey Ay
clusters clusterg

Scheme 6.2: Schematic illustration showing the agglomeration mechanism of Aug clusters on the

TiO:xG film during heating.
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6.5 Conclusions

In summary, the change in surface morphology of two different film thicknesses of RF sputter
deposited TiO2 (~400 nm and ~1100 nm) were examined and compared upon heating. After heating,
the thick TiO> film shows a larger change in surface morphology which is associated with a higher
mobility during heating compared to the thin TiO» film. The difference in mobility is attributed to the
differences in the total amount of amorphous TiO; transformed to anatase in each of the films, which
then results in differences in the morphology of the surface upon heating. Auy clusters were used as
a probe for the TiO, mobility. Aug clusters were deposited onto the two different TiO, films followed
by photodeposition of CrOx layer. After heating, the Au clusters on the thicker film showed a larger
degree of agglomeration compared to the thinner film. The higher mobility of the thick film during
heating increases the probability of close encounters of Au clusters, which results in agglomeration
of the Auy clusters even in the presence of a CrOx overlayer. In contrast, the lower mobility of the

thin film resulted in less agglomeration of the Auy clusters after heating.

147



6.6 References

1. Daghrir, R.; Drogui, P.; Robert, D., Modified TiO2 For Environmental Photocatalytic
Applications: A Review. Industrial & Engineering Chemistry Research 2013, 52 (10), 3581-3599.
2. Linsebigler, A. L.; Lu, G.; Yates, J. T., Photocatalysis on TiO2 Surfaces: Principles,
Mechanisms, and Selected Results. Chemical Reviews 1995, 95 (3), 735-758.

3. Brinker, C. J.; Harrington, M. S., Sol-gel Derived Antireflective Coatings for Silicon. Solar
Energy Materials 1981, 5 (2), 159-172.

4, Lottiaux, M.; Boulesteix, C.; Nihoul, G.; Varnier, F.; Flory, F.; Galindo, R.; Pelletier, E.,
Morphology and Structure of TiO2 Thin Layers Vs. Thickness and Substrate Temperature. Thin Solid
Films 1989, 170 (1), 107-126.

5. Yeung, K. S.; Lam, Y. W., A Simple Chemical Vapour Deposition Method for Depositing
Thin TiO2 Films. Thin Solid Films 1983, 109 (2), 169-178.

6. Aarik, J.; Aidla, A.; Uustare, T.; Kukli, K.; Sammelselg, V.; Ritala, M.; Leskeld, M.,
Atomic Layer Deposition of TiO2 Thin Films from Til4 and H2O. Applied Surface Science 2002,
193 (1-4), 277-286.

7. Dakka, A.; Lafait, J.; Abd-Lefdil, M.; Sella, C., Optical Study of Titanium Dioxide Thin
Films Prepared by RF Sputtering. Moroccan Journal of Condensed Matter 1999, 2.

8. Tanemura, S.; Miao, L.; Wunderlich, W.; Tanemura, M.; Mori, Y.; Toh, S.; Kaneko, K.,
Fabrication and Characterization of Anatase/Rutile-TiO2 Thin Films by Magnetron Sputtering: A
Review. Science and Technology of Advanced Materials 2005, 6 (1), 11-17.

9. Miao, L.; Jin, P.; Kaneko, K.; Terai, A.; Nabatova-Gabain, N.; Tanemura, S., Preparation
and characterization of polycrystalline anatase and rutile TiO2 thin films by rf magnetron sputtering.
Applied Surface Science 2003, 212-213,255-263.

10. Wang, T. M.; Zheng, S. K.; Hao, W. C.; Wang, C., Studies on photocatalytic activity and
transmittance spectra of TiO2 thin films prepared by r.f. magnetron sputtering method. Surface and
Coatings Technology 2002, 155 (2), 141-145.

11. Ye, Q.; Liu, P. Y.; Tang, Z. F.; Zhai, L., Hydrophilic properties of nano-TiO2 thin films
deposited by RF magnetron sputtering. Vacuum 2007, 81 (5), 627-631.

12. Huang, C. H.; Tsao, C. C.; Hsu, C. Y., Study on the photocatalytic activities of TiO2 films
prepared by reactive RF sputtering. Ceramics International 2011, 37 (7), 2781-2788.

13. Yoo, D.; Kim, I.; Kim, S.; Hahn, C. H.; Lee, C.; Cho, S., Effects of annealing temperature
and method on structural and optical properties of TiO2 films prepared by RF magnetron sputtering
at room temperature. Applied Surface Science 2007, 253 (8), 3888-3892.

14. Hou, Y.-Q.; Zhuang, D.-M.; Zhang, G.; Zhao, M.; Wu, M.-S., Influence of annealing
temperature on the properties of titanium oxide thin film. Applied Surface Science 2003, 218 (1), 98-
106.

15. Grilli, M. L.; Yilmaz, M.; Aydogan, S.; Cirak, B. B., Room temperature deposition of XRD-
amorphous TiO2 thin films: Investigation of device performance as a function of temperature.
Ceramics International 2018, 44 (10), 11582-11590.

16. Mathews, N. R.; Morales, E. R.; Cortés-Jacome, M. A.; Toledo Antonio, J. A., TiO2 Thin
Films — Influence of Annealing Temperature on Structural, Optical and Photocatalytic Properties.
Solar Energy 2009, 83 (9), 1499-1508.

17. Meng, F.; Xiao, L.; Sun, Z., Thermo-induced hydrophilicity of nano-TiO2 thin films prepared
by RF magnetron sputtering. Journal of Alloys and Compounds 2009, 485 (1), 848-852.

18. Taherniya, A.; Raoufi, D., Thickness dependence of structural, optical and morphological
properties of sol-gel derived TiO2 thin film. Materials Research Express 2018, 6 (1), 016417.

19. Corekei, S.; Kizilkaya, K.; Asar, T.; Oztiitk, M.; Cakmak, M.; Ozcelik, S., Effects of
Thermal Annealing and Film Thickness on the Structural and Morphological Properties of Titanium
Dioxide Films. Acta Physica Polonica A 2012, 121.

20. Pichugina, D. A.; Kuz'menko, N. E.; Shestakov, A. F., Ligand-protected gold clusters: the
structure, synthesis and applications. Russian Chemical Reviews 2015, 84 (11), 1114-1144.

148



21. Adnan, R. H.; Madridejos, J. M. L.; Alotabi, A. S.; Metha, G. F.; Andersson, G. G., A
Review of State of the Art in Phosphine Ligated Gold Clusters and Application in Catalysis.
Advanced Science 2022, 9 (15), 2105692.

22. Yuan, X.; Ye, Y.; Lian, M.; Wei, Q., Structural Coloration of Polyester Fabrics Coated with
Al/Ti02 Composite Films and Their Anti-Ultraviolet Properties. Materials 2018, 11 (6).

23. Diamanti, M. V.; Del Curto, B.; Pedeferri, M., Interference Colors of Thin Oxide Layers on
Titanium. Color Research & Application 2008, 33 (3), 221-228.

24. Wen, F.; Englert, U.; Gutrath, B.; Simon, U., Crystal Structure, Electrochemical and Optical
Properties of [Au9(PPh3)8](NO3)3. European Journal of Inorganic Chemistry 2008, 2008 (1), 106-
111.

25. Alotabi, A. S.; Gibson, C. T.; Metha, G. F.; Andersson, G. G., Investigation of the Diffusion
of Cr203 into Different Phases of TiO2 upon Annealing. ACS Applied Energy Materials 2021, 4 (1),
322-330.

26. Alotabi, A. S.; Yin, Y.; Redaa, A.; Tesana, S.; Metha, G. F.; Andersson, G. G., Cr203 layer
inhibits agglomeration of phosphine-protected Au9 clusters on TiO2 films. The Journal of Chemical
Physics 2021, 155 (16), 164702.

217. Ali, S.; Granbohm, H.; Lahtinen, J.; Hannula, S.-P., Titania Nanotubes Prepared by Rapid
Breakdown Anodization for Photocatalytic Decolorization of Organic Dyes under UV and Natural
Solar Light. Nanoscale Research Letters 2018, 13 (1), 179.

28. Chandra Sekhar, M.; Kondaiah, P.; Jagadeesh Chandra, S. V.; Mohan Rao, G.; Uthanna, S.,
Substrate temperature influenced physical properties of silicon MOS devices with TiO2 gate
dielectric. Surface and Interface Analysis 2012, 44 (9), 1299-1304.

29. Anderson, D. P.; Alvino, J. F.; Gentleman, A.; Al Qahtani, H.; Thomsen, L.; Polson, M.
I.; Metha, G. F.; Golovko, V. B.; Andersson, G. G., Chemically-Synthesised, Atomically-Precise
Gold Clusters Deposited and Activated on Titania. Physical chemistry chemical physics 2013, 15
(11), 3917-3929.

30. Anderson, D. P.; Adnan, R. H.; Alvino, J. F.; Shipper, O.; Donoeva, B.; Ruzicka, J.-Y.; Al
Qahtani, H.; Harris, H. H.; Cowie, B.; Aitken, J. B., Chemically Synthesised Atomically Precise
Gold Clusters Deposited and Activated on Titania. Part I1. Physical chemistry chemical physics 2013,
15 (35), 14806-14813.

31. Al Qahtani, H. S.; Kimoto, K.; Bennett, T.; Alvino, J. F.; Andersson, G. G.; Metha, G. F.;
Golovko, V. B.; Sasaki, T.; Nakayama, T., Atomically resolved structure of ligand-protected Au9
clusters on TiO2 nanosheets using aberration-corrected STEM. The Journal of Chemical Physics
2016, /144 (11), 114703.

32. Al Qahtani, H. S.; Metha, G. F.; Walsh, R. B.; Golovko, V. B.; Andersson, G. G.;
Nakayama, T., Aggregation Behavior of Ligand-Protected Au9 Clusters on Sputtered Atomic Layer
Deposition TiO2. The Journal of Physical Chemistry C 2017, 121 (20), 10781-10789.

33, Howard-Fabretto, L.; Andersson, G. G., Metal Clusters on Semiconductor Surfaces and
Application in Catalysis with a Focus on Au and Ru. Advanced Materials 2020, 32 (18), 1904122.
34, Alotabi, A. S.; Osborn, D. J.; Ozaki, S.; Kataoka, Y.; Negishi, Y.; Tesana, S.; Metha, G.
F.; Andersson, G. G., Suppression of phosphine-protected Au9 cluster agglomeration on SrTiO3
particles using a chromium hydroxide layer. Materials Advances 2022, 3 (8), 3620-3630.

35. Smoluchowski, M. v., Drei vortrage uber diffusion, brownsche bewegung und koagulation
von kolloidteilchen. Zeitschrift fur Physik 1916, 17, 557-585.

36. Ostwald, W., Blocking of Ostwald ripening allowing long-term stabilization. Phys. Chem
1901, 37, 385.

149



150



Chapter 7: Suppression of Phosphine-Protected Auy Clusters
Agglomeration on SrTiO3 Particles Using a Chromium Hydroxide
Layer
Abdulrahman S. Alotabi, D. J. Osborn, Shuhei Ozaki, Yuki Kataoka, Yuichi Negishi, Siriluck

Tesana, Gregory F. Metha and Gunther G. Andersson

This chapter is a reformatted version of the paper published in Materials Advances, 2022, Vol. 3,

Issue 8, Page 3620. DOI: 10.1039/DIMAO01226F

Author Contribution:

Abdulrahman S Alotabi: Designed and performed experiments, data analysis and interpretation, and
prepared the manuscript for publication.

D. J. Osborn: Performed STEM measurements on samples prepared by A.S.A.

Shuhei Ozaki & Yuki Kataoka: Contributed in photocatalysis measurements on samples prepared by
A.S.4

Siriluck Tesana: Synthesised Auo(PPh3)s(NO3)3 clusters for this project.

Yuichi Negishi: Intellectual contribution in revision of manuscript.

Gregory F Metha: Intellectual contribution in revision of manuscript.

Gunther G Andersson: Intellectual contribution in conceptualising experiments, data interpretation

& revision of manuscript.

151



7.1 Abstract

Au clusters have been shown to have great potential for use as co-catalysts in photocatalytic water
splitting. Agglomeration of Au clusters deposited onto semiconductor surfaces into larger particles is
a major challenge. Metal oxide overlayers can be used to improve the stability of Au clusters on
surfaces and avoid their agglomeration. The aim of this work is to investigate the inhibition of
phosphine-protected Auy clusters beneath a Cr(OH)3 overlayer to agglomerate under conditions of
photocatalytic water splitting (i.e. UV irradiation). Aug was deposited on the surface of SrTiO; using
a solution impregnation method followed by photodeposition of a Cr(OH)3 layer. After UV light
irradiation for 7 hours for photocatalytic water splitting, uncovered Au clusters on SrTiOs;
agglomerated into larger particles. However, agglomeration was inhibited when a thin Cr(OH)3 layer
was deposited onto the SrTiO3-Aug system. From careful XPS measurements, the chemical state of
the overlayer is initially determined to be Cr(OH)3 but upon heating at 200 °C for 10 mins it converts
to Cr20s3. Through photocatalysis experiments it was found that the Cr(OH)3 overlayer blocks the

sites for O evolution reaction on the SrTiOs3-Auy.
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7.2 Introduction

Metal clusters are formed by a specific number of metal atoms and are generally less than 2 nm in
size. Metal clusters exhibit unique physical and chemical properties which are different to those of
nanoparticles formed by the same element and the respective bulk materials '*. Clusters can be
synthesised with protecting ligands to stabilise the cluster core and prevent agglomeration > 6. In
contrast to gas phase generated clusters, ligand protected clusters can be synthesised on a larger scale.
Atomically precise chemically synthesised ligated clusters deposited onto metal oxides are known to
be photocatalytic active in water splitting > 7-3. When using chemically synthesised ligated clusters,
the ligands need to be removed to generate naked clusters on a surface as active sites of a photocatalyst
%, Au clusters decorated metal oxide surfaces show enhanced photocatalytic water splitting activity
due to the size and dispersibility of ultrasmall metal clusters on surfaces '*!'®. However, removal of
the ligands of the deposited clusters without causing agglomeration of the clusters is a challenging
task 717, Agglomeration of the clusters render them inefficient as active sites in photocatalysis,
particularly when the catalytic performance is based on the size of the clusters. For example, Auos
clusters on BalLasTi4O1s surfaces show a strong decrease in photocatalytic activity if the clusters
increase in size '*. It is also known that Au clusters on surfaces exposed to constant irradiation can

result in agglomeration of the clusters %1%,

Inhibiting the agglomeration of Au clusters decorated on metal oxide surfaces can be achieved by
using surface modification and coating strategies’® 2!. Krishnan et al. have stabilised
Aug(PPh3)3(NO3)3 and Auiz(dppe)sCLCls clusters deposited on ALD TiO; films by pre-treatment of
the surface through heating and sputtering to introduce defects > 2. These defects sites stabilise the
Au clusters against agglomeration on the surface. Recently, Xu et al. reported that the photostability
of glutathione-protected Aus clusters on SiO; spheres was increased by addition of multifunctional
&

branched poly-ethylenimine (BPEI)~*. Subsequent coating with TiO2 shell produced a photocatalyst

with improved efficiency and photostability, even after long periods of light irradiation.

It has been shown that deposition of a CrOx overlayer can stabilise nanoparticles and clusters. Domen
et al. have developed a method to improve the stability of rhodium nanoparticles using a CrOx

overlayer 228, CrOx overlayers also can prevent the back reaction H" and O, to H,O (oxygen

29-38

photoreduction reaction) in photocatalysts used for water splitting , with the effectiveness of the

overlayer depending on its thickness *. CrOx layers have been applied to a range of co-catalysts

deposited on other metal oxide substrates, such as platinum nanoparticles % 4

, palladium
nanoparticles *!, silver nanoparticles 3° and metal oxides (NiOx, RuO2, Rh20; and CuOx) 2% %2,
Overlayers of other metal oxides have also been employed to stabilise co-catalysts and to prevent the

back reaction in photocatalysis 43,
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Chemically synthesised phosphine-protected Au clusters have attracted much attention because of
their fluxional behaviour and facile removal of the Au-P ligands >2!*7. The aim of the present study
is to investigate the size of Aug(PPh3)s(NO3); (hereafter referred to as Auog) deposited onto SrTiO3
nanoparticles before and after the removal of the ligands and after undergoing photocatalysis. This
study includes an investigation of the influence of the chromium oxide (CrOx) layer in preventing
cluster agglomeration. CrOx overlayers are photodeposited, before the removal of the ligands, to
inhibit the Au clusters from agglomeration. The size of Auy clusters was examined to investigate the
effectiveness of the CrOx overlayer to stabilising phosphine-protected Au clusters after heating and
UV irradiation. Finally, the influence of CrOx coverage for Aug deposited onto SrTiO3 on overall

photocatalytic water splitting rate is examined.

7.3  Experimental

7.3.1 Material and sample preparation

Material

SrTiO3 with a purity of 99% (<100 nm particle size) was purchased from Sigma-Aldrich (Australia).
Auo was synthesised using the procedure reported earlier **. Methanol (CH30H) (99.9% super
gradient HPLC (ACI labscan)), potassium chromate (K»CrOs) (purity >99%, Sigma-Aldrich,

Australia) and deionised water were used for sample preparation.

Deposition mechanism
Scheme 7.1 depicts the experimental procedure for preparing a) the SrTiO3-Aug samples and b) the

SrTiO3-Aug-CrOx samples via impregnation and photodeposition.

a) Deposition of Aug onto SrTiOs (SrTiOs3-Auy)

SrTi03-Aug was prepared using an impregnation method (see Scheme 7.1a). First, 1 g of SrTiO3 was
dispersed in 10 mL of CH30H. Subsequently, 10 mL of a Auy cluster solution (0.12 mM) was added
to a stirred suspension of SrTiO; (1 g SrTiO3, 10 mL CH30OH) and left to stir for 1 h at room
temperature. The total volume of a CH3OH solution was 20 mL and concentration of Aug in the
solution was 0.06 mM. Assuming complete adhesion of the clusters onto the substrate, the total Au
content of the SrTiO3-Aug sample is 0.2 wt %Au content. The stirred suspension was heated at 50 °C
under N> flow until the CH30H had evaporated (approximately 8-10 min for evaporating the
CH30H). The SrTi0O3-Aug powder was collected without further treatment.

b) Photodeposition of Cr onto SrTiO3-Auy
CrOx was photodeposited onto the SrTiOs3-Aug samples to form an overlayer (see Scheme 7.1b).

500 mg of SrTiO3-Aug powder was added to a 0.5 mM aqueous K>CrOs solution (200 mL). The

154



mixture was irradiated for 12 hours using a UV LED source (Vishay, VLMU3510-365-130) while
stirring at a speed of 1000 rpm. The radiant power of the UV LED source was 690 mW at a
wavelength of 365 nm. After irradiation, the SrTiO3-Auo-CrOx powder was collected by
centrifugation and washed with deionised water. [CP-MS analysis determined that approximately 20

% of all available Cr was deposited onto the SrTiOs3-Auy particles.
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Scheme 7.1: Experimental procedure of (a) Aug deposition on SrTiOs; particles and (b)
photodeposition of CrOx onto SrTiOs3-Aug particles.

Heat treatment
All samples were heated under vacuum (below 1 x 107> mbar) at 200 °C for 10 min to remove the
ligands before photocatalytic testing *°. XPS samples were heated at the same temperature and for the

same time; spectra were recorded immediately after heating.

7.3.2 Methods

X-ray Photoelectron Spectroscopy

Experimental details for X-ray photoelectron spectroscopy (XPS) are discussed in Section 2.1. In this
chapter, high-resolution XPS spectra were recorded at a pass energy of 10 eV for Au 4f, Sr 3d, Cr 2p,
Ti2p, P 2p, O Is and C 1s. 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. The XPS spectra were calibrated using the main

carbon peak at 285 eV to correct for charging effects®.
Scanning Transmission Electron Microscopy
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Experimental details for Scanning transmission electron microscopy (STEM) are discussed in Section
2.9. In this chapter, it should be noted that STEM imaging can alter the samples due to the energy

deposited by the electrons impinging on the sample (vide infra).

X-ray Diffraction
Experimental details for X-ray diffraction (XRD) are discussed in Section 2.4.

Photocatalytic Water Splitting Reactions
Overall Water Splitting. The photocatalytic activity was tested using a high-pressure Hg lamp (400

W, main wavelength at 365 nm) within a quartz cell (see Scheme E1)". The reaction was carried out
in a closed gas flow system with Ar flow of 30 mL/min using a solution containing 500 mg of the
photocatalyst(i.e. SrTiO3, SrTiO3-Aug and SrTiO3-Auo-CrOx after heating) with 350 mL of water.
Before the photocatalysis experiment, the reaction cell was purged with Ar gas bubbling through the

water for 1 h to ensure that air was completely removed from the reaction vessel.

Hydrogen Evolution Using a Sacrificial Reagent. This experiment was performed using the same

procedure as overall water splitting except that 10% of the water is replaced with methanol.

Oxygen Photoreduction Reaction. Using the same procedure as hydrogen evolution with the

sacrificial reagent, oxygen was introduced into the reaction with a closed gas flow system using a 7:3

mixture of Ar to air at a flow rate of 30 mL/min.

7.4 Results and Discussion

7.4.1 Before heating

Characterisation of SrTiO3-Auy and SrTiO3-Augs-CrOx

The size of phosphine-protected Aug clusters deposited onto SrTiOs3 particles is examined in this
work, along with the effect of the CrOx overlayer on the size of Auy clusters, using XPS. (It should
be noted that the coating is labelled “CrOx” until we confirm the nature of the Cr component (vide
infra)). The XPS Au spectra of SrTiO3-Auy and SrTiOs-Aue-CrOy are shown in Figure 7.1. A
summary of the Au 4f peak positions and full-width-half-maximum (FWHM) is presented in Table
E1 and full elemental composition analyses and peak positions are presented in Tables E2 and E3. In
the present experiment, the Au 4f spectra were fitted with two doublet peaks (in addition to the spin-
orbit 4f7, and 4fs, pairs). These peaks are referred to as the ‘high binding peak’ (HBP) and ‘low
binding peak’ (LBP), as described in our previous work *°. The position of the Au 4f;» HBP is
observed at 84.8 — 85 eV (FWHM of 1.7 + 0.2 eV) while the Au 4f7, LBP is at 84.1 eV (FWHM of
1.2 + 0.2 eV). Through the XPS final state effect, the size of the phosphine-protected Auy clusters
can be determined using the Au 4f7» peak position and the FWHM. 2> 3135 The peak position of
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phosphine-protected Auy clusters is known to be 84.8—85.2 eV, with a typical FWHM of 1.7 £ 0.2 eV.
The peak position for agglomerated Aug clusters shifts to 83.7-84.1 eV with FWHM of
1.0 £0.2 eV* 3155, The Au 4f spectrum of SrTiOs-Aug shows 83% of the intensity at the HBP
position, corresponding to non-agglomerated Auy clusters, and 17% at the LBP, corresponding to
agglomerated Auy clusters. The SrTi03-Aug-CrOx shows 90% of the Au 4f spectrum intensity at the
HBP position and 10% at the LBP position. The LBP of SrTiO3-Auo has a slightly higher percentage
than SrTiO3-Aue-CrOyx, which can be attributed to a somewhat higher degree of agglomeration of the
Aug clusters in SrTiO3-Aug without a CrOx layer. However, more than 80% of the Au 4f intensity for
both samples are at the HBP, indicating that most of the Aug clusters remain non-agglomerated. It is
important to note that the triphenylphosphine (PPhs) ligands are difficult to determine using XPS due
to the overlapping energies of P 2p and Sr 3d peaks (see Figure E1).
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Figure 7.1: XPS spectra of Au 4f of (A) Auy deposited on SrTiOs; and (B) SrTiOs-Aus after
photodeposition of a CrOx layer.

The state of Cr photodeposited on SrTiO3-Aug was investigated using XPS. Figure 7.2 shows the
Cr 2p spectrum of SrTiO3-Aue-CrOx before heating. The Cr 2p spectrum was fitted with a single
doublet peak (2p32 and 2p12). It was fitted by including the Ti 2s energy loss peak, which occurs in
the same energy region. In our previous work, the Cr 2p peak was described and fitted using a fixed
relation between the intensity of the Ti 2ps.2 and the Ti 2s loss peak *’. The Cr 2ps/ peak is found at
577.4 +0.2 eV, which can be identified from literature reference data as being Cr(OH)3>®. It should
be noted that this is different to the binding energy of CrO3 and will be discussed below (vide infra).
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Figure 7.2: XPS Cr 2p spectrum of SrTiOs3-Auy after photodeposition of a CrOx layer.

Figure 7.3 shows the HAADF-STEM image of Auy deposited onto the surface of SrTiOs. The figure
includes EDX elemental mapping of Au and Ti as well as line analysis of Au. It should be noted that
P was difficult to analyse using STEM-EDX due to the intensity of P in EDX being significantly
lower than that of Au and due to overlapping of the P K, and Au M, peaks®. In Figure 7.3A, the
HAADF-STEM image shows small bright particles, which can be identified from the EDX mapping
as Au features. The line analysis of L1 and L2 confirmed the size of Au features as approximately
5.5 and 1.3 nm, respectively. The HAADF-STEM image shows further small Au clusters, indicated
with red circles, that were not detected clearly by EDX mapping (see Figure 7.3A). A possible reason
for this is that EDX is not suitable for size analysis due to its lower spatial resolution compared with
STEM. The size of these Au clusters in the HAADF image is approximately 0.7 — 0.9 nm. Previous
studies have shown that the size of a single Auo cluster is approximately 0.6 = 0.2 nm>*. In the present
experiment, the small Au clusters (0.7 — 0.9 nm) in the HAADF-STEM image are of a similar size as
Aug. Therefore, we conclude that these are non-agglomerated clusters. The Au feature from the
STEM-EDX line analysis (Figure 7.3L1), which is 5.5 nm in size, is due to many adjacent Aug
clusters or agglomerations of Au clusters. The Au feature from L2 is 1.3 nm in size, suggesting two
adjacent clusters or an agglomeration of two clusters due to the effect of the high-energy STEM
electron beam (see Figure E2 for more information). This finding is in line with the XPS data that
suggested some of the Au clusters had agglomerated on SrTiOs3-Aug STEM shows the Au cluster
sizes for only a small selected area of the sample, which could also be subject to electron beam
damage of the clusters. Therefore, the XPS data is considered as being more accurate in identifying
the fraction of agglomerated and non-agglomerated clusters because XPS averages over a significant
larger number of Au cluster compared to STEM and also because XPS does not cause damage to the
clusters resulting in their agglomeration > 32, XPS shows that 83% of Au clusters remain non-

agglomerated.
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Figure 7.3: (A) HAADF-STEM image with EDX elemental mapping of (B) Au and (C) Ti in SrTiOs-
Aug before heating and (D) line analyses of the Au signal.

A HAADF-STEM image of SrTiO3-Aue-Cr(OH)3; with EDX elemental mapping and a line analysis
of Cr, Au and Ti is shown in Figure 7.4. Figure 7.4A-C shows the first STEM mapping region which
is focused on the edge of SrTiO3-Aug-Cr(OH); to determine the thickness and distribution of Cr(OH)3
at the surface of SrTi03. The STEM-EDX elemental map L1 at the edge of the SrTiO3-Auy-Cr(OH)3
shows that the Cr(OH)3 layer is distributed over the entire SrTiO; surface (Figure 7.4B) and has a
thickness of 1.6 nm (Figure 7.4L1). The line analysis of Cr, Ti and Au (L2) shows that the presence
of Cr(OH); around the Au clusters (Figure 7.4L2). Using the line analysis of L2 and L3 in Figure 7.4,
the Au clusters are shown to be approximately 1.3 — 1.6 nm in diameter. This is similar to the size of
the Au clusters determined for SrTiO3-Auy (i.e. without the Cr(OH)3 covering layer, Figure 7.3). Note
that the STEM-EDX mapping shows Au features with a larger diameter compared to a single Auog
cluster. Here, the increase in the size of the Au clusters is most likely due to the effect of the high-

energy STEM electron beam, (see Figure E2 for further information). Again, XPS is considered to be
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the more accurate method for determining the extent of cluster agglomeration, which was determined

to be 90% of Au clusters remain non-agglomerated on SrTiO3; with Cr(OH)3 coverage.
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Figure 7.4: HAADF-STEM image with EDX elemental mapping and line analyses of the Cr, Au and
Ti in SrTiO3-Aus-Cr(OH)s.

7.4.2 After heating
Figure 7.5 shows the XPS Au 4f spectra of SrTiO3-Aug and SrTiO3-Auy-CrOx after heating (the CrOx

notation is used again here because heating could change the chemical state of the Cr). The Au 4f
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spectra are again fitted with a HBP and LBP doublet. The peak positions and FWHM are summarised
in Table E1. As mentioned above, it is difficult to determine the state of PPhs ligands on SrTiO3 using
XPS, however, previous studies showed that PPhs-ligated Aug clusters are removed by heating at
200 °C for 10 min 2> #5155 As shown in Figure 7.5A, the Au 4f spectrum for SrTiOs-Auy after
heating is fitted with 50% Au clusters at HBP (85.4 + 0.2 eV, FWHM of 2.0 £ 0.2 ¢V) and 50%
agglomerated clusters at LBP (83.7 0.2 eV, FWHM of 1.2 £ 0.2 eV). The feature at §9.9 + 0.2 eV
corresponds to Ba 4ds» due to contamination of the commercial SrTiO3 (see Figure E3). After
application of the CrOx overlayer and heating, the Au 4f spectrum for SrTi03-Auo-CrOx is fitted with
65% and 35% of the Au intensity at the HBP (84.9+0.2 eV, FWHM of 2.0 £0.2 ¢V) and LBP
(83.8+£0.2 eV, FWHM of 1.2 £ 0.2 eV), respectively (see in Figure 7.5B). Thus, the comparison of
the XPS results between the heated SrTiO3-Aug and SrTiO3-Aug-CrOx samples indicated that the
photodeposition of CrOx improves the stability of the phosphine-protected Aug clusters, with the

majority retaining their size after removal of the ligands through heating to 200 °C.
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Figure 7.5: XPS spectra of Au 4f after heating of (A) SrTiO3-Aug and (B) SrTiO3-Aus-CrOkx.

XPS Cr 2p spectra of SrTiO3-Auy-Cr(OH); before and SrTiO3-Aue-CrOy after heating are shown in
Figure 7.6, along with reference spectra for Cr,O3 and Cr(OH)3. A summary of the Cr 2p3,» peak
positions is presented in Table E4. The Cr 2p3/, peak for SrTiO3-Aug-CrOy after heating shifts slightly
to a low binding energy of 577.1 £0.2 eV (Figure E4), corresponding to Cr203 *°. This confirms that
a reduction of the Cr(OH)3 layer to Cr203 occurs by heating. This finding is in agreement with a

previous report that heating reduces photodeposited Cr(OH)s; layer to Cr203 '°.
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Figure 7.6: XPS spectra of Cr 2p of SrTiOs3-Aus-Cr(OH); before heating and SrTiO3-Auo-CrOx after
heating with reference spectrum of Cr203 and Cr(OH)3 (Figure E4 shows complete fitting to all

components).

Photocatalytic water splitting of SrTiOs3-Aus and SrTiO3-Aus-Cr2053.

Figure 7.7 shows the H» production by overall water splitting of SrTiOs3, SrTiO3-Aug and SrTiOs-
Auo-Cr20s (i.e. after heating at 200 °C for 10 mins to remove the ligands) over a period of seven
hours. Note that the O, production is not shown due to the very low O production. This suggests that
another oxidation reaction is occurring more readily than OH™ to O,. One possible reaction is the
oxidation of residual PPh3 ligands on the catalyst surface. Another possibility could be the oxidation
of adventitious hydrocarbons absorbed onto the surface when the catalyst is exposed to atmosphere.
The H> production of SrTiO3-Aug is observed to be more than two times higher compared with that
of SrTiO; during the 7 h irradiation period. Surprisingly, SrTiO3-Aue-CroO3 shows decreased H»
production compared to SrTiOs-Aug but is higher than SrTiO3. In order to better understand the effect
of the overlayer, hydrogen evolution using methanol as a sacrificial reagent was performed with and
without air (oxygen) in the reaction system to investigate the role of the back reaction (oxygen
photoreduction reaction). Figure ES shows that the SrTiO3 and SrTiO3-Aug samples suffer a large
drop in Hz production after Oz was introduced into the reaction but not the SrTiO3-Auo-Cr203 sample.
The drop in Hz production is due to the oxygen photoreduction reaction occurring at the surface of
the cocatalyst. This indicates that the back reaction is suppressed with the Cr.O3 overlayer for SrTiO3-

Aug-Cr0:s.

While the addition of a CrOx overlayer is expected to increase the H, production rate for the overall
water splitting reaction due to blocking the back reaction 2*-*8, there is a possibility for the observed

decrease in Hz production rate due to an even distribution and a too thick Cr20O3 overlayer on the
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surface of the photocatalyst (SrTiO3). STEM images shows that Cr,O3 is deposited in a homogeneous
layer with a thickness of c.a. 1.6 nm across the catalyst (Figure 7.4). Having a uniform and too thick
Cr203 layer covering the entire surface could result in stopping the oxidation reaction to occur through
blocking the respective sites on the catalyst surface, which blocks the overall water splitting reaction.
Kurashige et al. noted a similar result in their study of an Aus-CrOx-BalasTi4O15 system in which
CrOx was deposited at various concentrations (0.1-1.5 wt %)'°. The authors found that higher Cr
contents led to an increase in the coverage and thickness of the CrOx layer (1.2 — 2.0 nm), which
significantly decreased the water splitting rate. In the above-mentioned studies, this decrease in
activity was assumed to be due to a reduction in the numbers of O, generation sites!®. This shows that

the amount of CrOx deposited impacts here the O reduction sites rather the H evolution sites.
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Figure 7.7: H> evolution by overall photocatalytic water splitting of SrTiO3, SrTiOs3-Aus and SrTiOs-

Auos-Cr20s (i.e. after heating to remove the ligands).

7.4.3 After photocatalysis

Determination of Auy Size After photocatalysis and the influence of the CrOx layer on
agglomeration

Figure 7.8 shows the XPS Au 4f spectra of SrTiO3-Aug and SrTiO3-Aug-CrOx after 7 h irradiation
during the water splitting reaction (the CrOx notation is used again here because photocatalysis could
change the chemical state of the Cr). A summary of the peak positions and FWHM is presented in
Table E1. After 7 h irradiation, the spectrum of SrTiO3-Auy (Figure 7.8A) shows that 30% of the Au
4f spectrum is at the HBP position (non-agglomerated clusters), and 70% is at the LBP position
(agglomerated clusters). The Ba 4ds/, peak appears at 89.9 + 0.2 eV corresponding to the commercial
contamination of SrTiOs3 (see Figure E3). The spectrum of SrTiO3-Auo-CrOx after 7 h irradiation
(Figure 7.8B) was fitted with 63% non-agglomerated Au clusters at the HBP and 37% agglomerated
Au clusters at the LBP, which is almost the same as after heating (see Figure 7.5B). Thus, the
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comparison of the XPS results between the SrTiO3-Aug and SrTiO3-Aue-CrOx indicated that the
photodeposition of CrOx significantly improves the stability of the phosphine-protected Auo clusters
and retains their size after 7 h of water splitting reaction with 10% methanol as a sacrificial reagent

(see Figure E6 for additional spectra).
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Figure 7.8: XPS spectra of Au 4f after 7 h irradiation of (A) SrTiO3-Aug and (B) SrTiOs3-Auo-CrOk.

XPS Cr 2p spectra of SrTiO3-Aug-CrOx before and after heating and after 7 h irradiation, with
reference spectra of Cr.O3 and Cr(OH)3, are shown in Figure 7.9 and summarised in Table E4. After
7 h irradiation, the Cr 2p3» peak for SrTiOz-Auo-CrOx appears at 577.4 £0.2 eV (Figure E7),
corresponding to Cr(OH)s, indicating that the Cr layer converts back to Cr(OH)s during

photocatalysis .
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Figure 7.9: XPS spectra of Cr 2p of SrTiOs-Aug-Cr(OH);s before heating, SrTiOs-Aus-Cr20s after
heating and SrTiOs3-Augs-CrOx after 7 h irradiation with reference spectrum of Cr203 and Cr(OH);3

(Figure E7 shows complete fitting to all components).
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A HAADF-STEM image of SrTiO3-Auy after 7 h irradiation with EDX elemental mapping of Au and
Ti is shown in Figure 7.10 (and summarised in Table E1). The image shows that the Auy clusters have
agglomerated into large particles after 7 h irradiation with no Au clusters left on the surface. The line
analysis of Au particles (L1 and L2) confirmed the size of Au particles as approximately 3.9—4.6 nm,

with some Au particles having a size of 5.0—6.9 nm (as indicated with arrows in Figure 7.10D).

10 nm 10 nm 10 nm
— — — —

Line Analysis
Line profile 1 (L1) Line profile 2 (L2)
10 30
25
z 81 Au z Au
E g
2 2 20
S 61 <
g £ s
6.9 nm : 4] g 4.6
K = > =1 | .
'E 3.9 nm E 10 m
P P
Z 2 4 5
-
5.2 nm 0 — R
7 0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12
0nm_ 5.5 nm Position (nm) Position (nm)

Figure 7.10: (A) HAADF-STEM image with EDX elemental mapping of (B) Au and (C) Ti in SrTiOs-
Auy after 7 h irradiation and (D) line analyses of the Au signal.

A HAADF-STEM image of SrTiO3-Auo-Cr(OH); after 7 h irradiation with EDX elemental mapping
of Au, Cr and Ti is presented in Figure 7.11. The typical size of the Au clusters as determined using
line analysis (L1 and L2) range from 1.4 to 1.6 nm. This size is nearly identical to Au clusters
determined before heating and photocatalysis irradiation (Figure 7.4 and Figure E8). Note that STEM-
EDX elemental mapping shows that some Au features are 2-2.7 nm in size. As discussed above, the
slight increase in the size of the Au clusters is assumed to be caused either by adjacent clusters or
agglomeration of Aug clusters due to the effect of the STEM electron beam (this is further discussed
around Figure E2). As outlined above, XPS is averaged over a significant larger number of Au clusters

and is thus considered as being a more representative analysis whereas STEM is averaged over a
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small selected area of the sample and also causes beam damage. Through XPS analysis it is shown

that 63% of Au clusters remain non-agglomerated (Figure 7.8B, Table E1).
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Figure 7.11: (A) HAADF-STEM image with EDX elemental mapping of (B) Au, (C) Ti. Au and Cr,
(D) Ti and (E) Crin SrTiO3-Aus-Cr(OH);s after 7 h irradiation and (F) line analyses of the Au signal.

7.5 Conclusions

We have demonstrated that application of a Cr(OH)3; overlayer before heating and photocatalytic
reaction protects the phosphine-ligated Auy clusters from agglomeration after the removal of the
ligands. The photocatalytic activity of Au clusters deposited on SrTiO3; was investigated as well as
the influence of the addition of a Cr.O3 overlayer. For SrTiO3-Aug, the Au clusters agglomerated,

forming large particles (up to 8 nm in size) after the overall photocatalytic water splitting reaction.
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The results show that only 30% of the Au clusters remain non-agglomerated on the SrTiO; surface
after 7 h irradiation. When a Cr(OH); overlayer was added, more than 60% Au clusters on the surface
of SrTiO; remained non-agglomerated after heating and with 7 h of photocatalytic water splitting
under UV irradiation. The Cr(OH);3 layer was converted to Cr.O3 upon heating and was found to be
returned to Cr(OH)s after photocatalytic water splitting. The H» production rate reduced after
photodeposition of a Cr(OH)s layer. It is assumed that the decrease of the H> production is due to the
even distribution and thickness of the Cr2O3 layer on the surface of the semiconductor photocatalyst,
blocking the O generating sites then leading to a decrease of the overall photocatalytic water splitting
reaction. Although the deposition of a Cr(OH); protective layer has been demonstrated for Auog
clusters deposited onto a SrTiOs substrate, this approach could be applied to other sized Au clusters

on other metal oxide substrates.
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8.1 Conclusions

Metal oxide overlayer has been widely used to improve the efficiency of photocatalysis reactions by
blocking the back reactions and protecting the co-catalyst from agglomeration. This thesis makes an
original contribution to the knowledge by performing physical, chemical, electronic and catalytic
studies on chromium oxide formed as an overlayer onto photocatalysts and Au cluster-modified

photocatalysts. The significant findings are summarised below.

The stability of Cr2O3 as a protective layer on the photocatalyst is essential to maintain the protective
feature of Cr20s. In Chapter 3, evidence was established showing that when Cr,O3 deposited onto
TiO; films was heated to 600 °C, the Cr,O3 layer remained stable on the rutile phase but not the
amorphous and anatase phases. This finding was attributed to the differences in surface energy
between Cr203 and the different crystal phases of titania. The surface energy of Cr20s3 is higher than
the amorphous and anatase surface energies of TiO», which led to the diffusion of Cr.O3 upon heating.
However, Cr203 has a lower surface energy than the rutile, which resulted in the stability of the Cr203
layer upon heating. Reduction of some of the Cr,O3 layer to Cr metal was observed by annealing up

to 600 °C under vacuum, but there was no observation of higher oxidised forms of chromium oxide.

Expanding on the work performed in Chapter 3, in Chapter 4, the stability, oxidation state and bulk
and surface electronic structure of CrOx photodeposited onto P25, BalLasTi4sO15, and Al:SrTiO3
particles as a function of the annealing process were investigated. The CrOx layer was coated with
the three photocatalysts particles with a 1.2—1.7 nm thickness. After annealing, Cr.O3 was mostly
diffused into P25, while for BaLasTi4O1s, the degree of Cr,0O; diffusion was less than that into P25.
Interestingly, the Cr2O3 layer was very stable on the surface of Al:SrTiOs particles. The lack of Cr203
diffusion here was believed to be due to the higher surface energy of Al:SrTiO3 compared to Cr20s.
Further, NEXAFS, XPS and UPS provided evidence that some of the Cr,O3 had been reduced to
metallic Cr after annealing with no presence of CrO or CrOs states on the surface. The surface and
bulk band gaps of the three photocatalysts particles were influenced by the formation and diffusion
of Cr203. UPS and IPES measurements showed that the surface band gaps were narrowed by the
formation of Cr2O3 and then increased upon diffusion of Cr.O3. DRS absorption spectra showed the
presence of undoped Cr20s3 electronic structure on the photocatalyst surfaces after the formation of
Cr203. However, upon diffusion of Cr2O3 into P25 and BalLasTi1401s, a step in the absorption tail at
lower energies of the bulk band gap was observed. This step in the absorption tail was less noticeable
for Al:SrTiOs. This observation was interpreted as due to the stability of Cr2O3 on the surface.
Photocatalytic water splitting was performed with two light sources providing evidence that the
changes in the surface and bulk band gaps before and after annealing have not contributed to

improving photocatalytic activity. These results supported the conclusion that the Cr.O3 layer is
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beneficial for photocatalytic activity by preventing the back reactions with less chance of contributing

to the photocatalytic reaction.

A major challenge is to protect Au clusters deposited onto a metal oxide surface from agglomeration
to form Au nanoparticles. The first successful experiment on stabilising a Au cluster-modified surface
by depositing a protective Cr.O3 layer on top of the Au clusters was reported in Chapter 5. The
phosphine-protected Auy clusters were deposited onto a RF-sputter deposited TiO> film, followed by
photodeposition of the Cr,0O3 layer. A 1.1 nm—thick Cr,O3 layer was formed over the surface. After
the removal of the phosphine ligands, it was proved, using synchrotron XPS, that the Cr.O3 layer
completely blocked the agglomeration of the Aug clusters. Interestingly, even with an extensive
loading of Auo clusters, the Cr203 layer improved the resistance of Auog clusters to agglomerate.
Overall, this study provides an innovative use of a thin Cr203 layer in stabilising phosphine-protected

Au clusters on TiO:s.

In Chapter 6, the effect of RF-sputter deposited TiO: film thickness on the stability of Aug clusters
with a chromium oxide layer was also investigated. It was shown that the surface morphology of the
thick TiO; film was significantly changed compared to the thin TiO; film after heating. This change
is due to the recrystallisation and high mobility of the thick TiO; film during heating. The high
mobility of the thick TiO> film led to a significant agglomeration of the Auy clusters, even when
protected with the CrOx layer. This work raises a new possibility of cluster agglomeration due to the

mobility of the substrate.

It is well known that clusters on photocatalysts exposed to constant irradiation can result in
agglomeration. In Chapter 6, the stability of the Aug clusters on SrTiO3 was examined after UV light
irradiation for seven hours for photocatalytic water splitting and improved with a chromium
hydroxide layer. After UV irradiation, only 30% of Auy clusters remained stable at the surface of
StTiOs. Interestingly, with Cr(OH); layer, more than 60% of Auyg clusters on the surface of SrTiO;3
remained stable after UV irradiation. This finding confirmed that the agglomeration of Auyg clusters
was inhibited during the seven-hour UV light irradiation for photocatalytic water splitting by the
chromium hydroxide layer. Moreover, it was confirmed that the back reaction on the SrTiOs-Auog
system was suppressed using Cr(OH)3 layer. However, the H> production rate was reduced with the
Cr(OH); layer. This was assumed to be due to the even distribution and thickness of the Cr(OH);
layer on the surface of the SrTiOs3, which blocks the Oz generating sites, then leading to a decrease in
the overall photocatalytic water splitting reaction. The chemical state of the photodeposited layer was

confirmed to be Cr(OH)3;. However, upon heating to remove the ligands, it was converted to Cr203,
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then returned to Cr(OH)3 after photocatalytic water splitting. This change was assumed to be due to

the interaction between the H>,O and Cr>O3 layers.

The overall outcome of this thesis is an improved understanding of the nature of the photodeposited
CrOx layer on photocatalysts and Au cluster-modified photocatalysts treated at various conditions.
This thesis provides an investigation and novel use of the CrOx layer on the top of Au cluster-modified
photocatalysts for photocatalysis reaction, where the size of Au-P clusters has been preserved
successfully after the removal of the ligands. Moreover, it has demonstrated that the CrOx layer with
the small band gap did not contribute to the photocatalytic water splitting activity as a generation of
electron-hole pairs. However, it has confirmed the ability of the CrOx layer to block the back reaction.
The photodeposition method of CrOx layer has shortcomings such as controlling the thickness and
distribution of CrOx layer. These limitations have shown an effect on the overall photocatalytic water
splitting reaction. Also, another limitation of photodeposition of CrOx layer is that the deposition
using the same experimental setup did not result in equal formation on all photocatalysts. This
variability could be a substrate-dependent change. These findings are of general interest to researchers

utilising a protective overlayer on photocatalysts for efficient photocatalysis reactions.

8.2 Future Works

There is plenty of scope for further research on overlayer for photocatalysis reactions, particularly in
utilising other metal oxides as a layer on metal cluster-modified photocatalysts. In Chapter 4, the
reduction and diffusion of the Cr2O3 layer into photocatalysts were observed upon annealing, causing
a loss of the protection feature, which led to a change in the electronic structure of the photocatalysts.
Further studies can be carried out to explore more stable metal oxides with lower surface energy to
be used as a protective layer for catalysts. In Chapter 1, we listed a summary of other metal oxide
layers that have been used to block the back reactions reported to date. These metal oxides can be an
alternative protective layer for CrOx on metal cluster-modified photocatalysts, but further research on

this is needed.

Another research opportunity is the development of the preparation method for the CrOx layer. In
Chapter 6, Cr(OH); formed as a uniform and overly thick layer on the catalyst surface, which blocked
the overall water splitting reaction rather than the back reaction only. One way to improve this system
is to selectively deposit a CrOx layer of controllable thickness on the Au clusters as a core/shell
structure to obtain the benefits of CrOx without influencing the overall water splitting. Very recently,
it was reported that the V205 layer was deposited selectively on Pt nanoparticles on carbon electrodes
through atomic layer deposition (ALD). !. ALD is a powerful technique to deposit thin oxide layers
with a highly controllable depth. This advantage allows the ALD technique to be applied to cluster-
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modified photocatalysts to form the core/shell structure of the metal oxide layer on clusters that will

improve the photocatalytic activity.
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Appendix A: Investigation of the Diffusion of Cr:20; into Different
Phases of TiO2 upon Annealing

This appendix contains a detailed description, additional figures and tables:

Additional figures and tables:

Figure Al: SEM cross-section image of the TiO: film deposited using the magnetron sputtering

technique. The thickness of the TiO: film was determined to be 82 + 5 nm.
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Figure A2: XRD patterns of Si wafer, aTiO>, anatase, and anatase:rutile. The standard XRD patterns

for anatase is PDF 01-075-1537, and rutile is PDF 01-071-4809.

Crystalline domain size can be calculated using the Scherrer equation. Figure A3 shows XRD pattern

. . . 91
of anatase:rutile sample with the Scherrer equation 7 = BOCOS 5"
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domain size in A, A the wavelength of the X-ray source, B the full width at half maximum(FWHM)

and 8 the diffraction angle. The average crystalline domain size of anatase in anatase:rutile sample

0.9x0.179

is: 7= —————=166.3A=6.63 + 0.1 nm. The average crystalline domain size of rutile in
0.144 c0s 29.88

0.9x0.179

" —762A=7.62 4+ 0.1 nm.
0.126c0s 32.32
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Figure A3: XRD pattern of anatase:rutile sample with Scherrer equation.

TiO2 Irradiation using UV-LED lamp Ti02-Cr203

Figure A4: Experimental procedure of photodeposition of the Cr;03 layer.

The binding energies of the XPS spectra of the aTiO2-Cr20O3 and the anatase-Cr.O3; samples were
used as measured and not calibrated by setting the main C 1s peak to 285 eV. The binding energies
are shown in Table Al. The reason is twofold. Firstly, it can be seen from the UP spectra shown in
Figure A5 that both samples are not subject to charging while acquiring UP spectra. In Figures A5A
and A5B, three consecutive spectra of both samples are shown. The shape of the three immediately
consecutive spectra is identical and the secondary electron cut-off does not shift. Secondly, the

position of O 1s and Ti 2p3/2 is the same within experimental uncertainty as well as the C 1s for the
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samples heated to 200°C and higher temperatures. Note that the C 1s peak for the non-heated sample
is found at 285.4 eV. We assume that the C 1s peak of the non-heated sample stems from slightly
oxidised hydrocarbons found on the sample, which could be due to solvent molecules remaining on
the sample surface following cleaning of the sample, or photo-oxidation of hydrocarbons on the
titania surface. If the energy scale of these two samples were calibrated by setting the main C 1s peak
to 285 eV, the binding energies of O and Ti would move upon heating. Such a change in O and Ti
binding energies upon mild heating cannot be rationalised by a chemical process. Based on this
procedure, the binding energy of Ti is found at 459.2 + 0.2 eV and can be assigned to Ti in TiOx'.
The binding energy of O is found at 530.5 £ 0.2 eV and can be assigned to O in TiO», which is the
same binding energy of O in Cr,03" 2. A second and smaller O 1s peak is found for the non-heated
sample at 532.2 eV, which could be related to H>O or OH™ from the Cr deposition process. The
binding energy of C for the non-heated sample is found at 285.4 + 0.2 eV and is assumed to represent
slightly oxidised C. The binding energy of C after annealing to 200°C and higher temperatures is
found at 284.8 + 0.2 eV and can be assigned to C in C-C bonds>*. The binding energy of Cr of the
non-heated sample is found at 577.9 + 0.2 eV and can be assigned to Cr>Oj3 or could also be Cr(OH)3>
®. The binding energy of Cr after annealing to 200°C and higher temperatures, is found at 577.1 0.2

eV and can be assigned to Cr.03™°.

aTi0,-Cr,0; (A) anatase-Cr,0O; (B)
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Figure A5: UPS spectra of (A) aTiO>-Cr20s, (B) anatase-Cr203, and (C) anatase:rutile-Cr2053.
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Table Al1: XPS peak positions of C Is, O Is, Cr 2ps3s2 and Ti 2p3.2 of aTiO>-Cr03, anatase-Cr203, and

anatase:rutile-Cr203 samples as a function of annealing temperature. For C and O, the position of

the main peak is shown.

Elsrie; Peak position (eV)
Sample Cls O s Ti 2p3p Cr 2p3n
Non-heated | 2854 +0.2 | 530.4+0.2 | 459.0+£0.2 | 577.9+0.2
200°C 2849+0.2 | 530.6+£0.2 | 459.2+0.2 | 577.1+£0.2
aTi05-Cr20s 300°C 284.7+0.2 | 530.6+£0.2 | 459.2+0.2 | 577.2+0.2
400°C 284.7+0.2 | 530.5+0.2 | 459.2+0.2 | 577.2+0.2

Non-heated | 285.4+0.2 | 530.6+0.2 | 459.4+0.2 | 578.1+0.2

200°C 284.8+0.2 | 530.5+0.2 | 459.2+0.2 | 576.9+0.2

anatase-Crr0s 300°C 2845+0.2 | 5304+02 | 459.1+£0.2 | 577.1+£0.2
400°C 2845+0.2 | 5303+0.2 | 459.1+0.2 | 577.0+0.2

Non-heated | 285.6+0.2 | 530.5+0.2 | 4593+0.2 | 578.1+0.2

200°C 2853+0.2 | 530.5+0.2 | 459.2+0.2 | 577.4+0.2

anatase:rutile-Cry0;3 300°C 285.0+0.2 | 530.5+0.2 | 459.2+0.2 | 577.3+£0.2
400°C 284.8+0.2 | 530.5+0.2 | 459.2+0.2 | 577.5+0.2

In contrast, the anatase:rutile-Cr.O3 sample did show charging and the above procedure cannot be
applied to this sample. As can be seen in Figure A5C, the UP spectra of this sample show a change
in shape of the spectra and a shift to the left on the binding energy scale from scan 1 to 3. From this
observation, it can be concluded that the sample is charging during electron spectroscopy. This could
be due to various reasons like mounting of the sample on the sample holder or poor electrical contact
between the TiO> layer and the Si substrate. For this sample we have calibrated the XPS spectra by
setting the O 1s peak to the average of the binding energy of the O 1s peak in the aTiO>-Cr,O3 and
anatase-Cr203 samples. With this calibration, the binding energy of Ti 2ps3. is found at 459.2 + 0.2
eV, which is the same as for the aTiO2-Cr203 and the anatase-Cr2O3 samples. The Cr 2p32 is found
for the heated samples at 577.4 £ 0.2 eV, which is within error the same as for the aTiO>-Cr>O3 and
the anatase-Cr,O3 samples. The binding energy of Cr of the non-heated sample is somewhat higher
and could also indicate the presence of Cr(OH)s. The C 1s peak is found for the non-heated sample
at 285.6 = 0.2 eV, and for the heated sample at 284.8 + 0.2 eV, which is the same as for the aTiO»-
Cr203 and the anatase-Cr20O3; samples. The C species of this sample are thus assigned to the same

compounds as for the aTi0,-Cr203 and the anatase-Cr.O3 samples.
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Figure A6: XPS spectra of Cr 2p regions of (A) aTiO>-Cr:03, (C) anatase-Cr:03, and (E)
anatase:rutile-Cr:03 and Ti 2p regions of (B) aTiO>-Cr:0s, (D) anatase-Cr203, and (F)

anatase:rutile-Cr203 as a _function of annealing temperature.
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Figure A7: XPS spectra of O Is regions of (A) aTiO»-Cr:0s, (C) anatase-Cr203, and (E)
anatase:rutile-Cr:03 and C 1Is regions of (B) aTiO>-Cr:0s, (D) anatase-Cr203, and (F)

anatase:rutile-Cr203 as a _function of annealing temperature.
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Figure A8: AR-XPS spectra of (A) Cr 2p and (B) Ti 2p regions of aTiO>-Cr20s at different angles.
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The concentration depth profile of Cr and Ti of a TiO2-Cr203; sample determined using AR-XPS is
shown in Figure A9. We have applied the procedure described in detail by Eschen et al 7 using a
single excitation energy ® to determine the thickness of Cr layer. The depth profile for aTiO>-Cr20;3
interpreted that Cr has a thickness of ~ 11 A (1.1 nm). The usual crystal structure of Cr20s is
corundum. 11 A correspond to approximately two unit cells of Cr.03;. We have no evidence which

crustal structure Cr2O;3 forms in the present experiments.
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Figure A9: Concentration depth profiles deter of Cr and Ti of the Cr:03 deposited onto the TiO>
(aTiO2-Cr203).

Figure A10 shows the Cr 2p spectra of aTiO2-Cr203, anatase-Cr203, and anatase:rutile-Cr2O3. The
binding energy of Cr 2p3» appear at 577.8 = 0.2 eV for Cr photodeposited onto various substrates,

which corresponding to Cr20s.
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Figure A10: XPS spectra of (A) Cr 2p of aTiO>-Cr20s, anatase-Cr203, and anatase:rutile-Cr203

before annealing.
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Figure A11A shows the spectrum in the Cr 2p region for the aTiO, sample. It shows a peak with
broad FWHM, which is the energy loss peak of the Ti 2s peak. This peak was also observed by
Trenczek-Zajac °. Figure A11B shows the Cr 2p spectrum after the photodeposition of a chromium
oxide layer and heating at ultrahigh vacuum conditions for 10 min at 200°C. The position of the Cr

2p3n peak at 577.2 £ 0.2 eV allows for identifying this peak as Cr20; °.

The energy loss peak of the Ti 2s peak overlaps with the Cr 2p3/» peak at ~578.8 eV. The binding
energy of this energy loss peak was calibrated according to Ti 2p32 (~459.4 eV) with the addition of
119.4 eV, and the FWHM was fixed at 5.4 eV. The area of the energy loss peak was identified by
dividing the fitted area of Ti 2p3/2 on a relative factor of 8.35. Estimation of the Ti 2s energy loss peak

was essential to correctly determine the chemical state of Cr.
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Figure A11: Cr 2p XPS spectra of (A) aTiO: and (B) aTiO: after photodeposition of the Cr203 layer
and calcining the sample at 200°C for 10 min.

Figure A12 shows the relative intensity of TiO peaks at different sputtering dose for both Ti*" and
Ti**. When the TiO: is sputtered, a second Ti 2ps» doublet was found at 457.6 + 0.2 eV that
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corresponds to Ti** and the presence of O vacancies due to the sputtering '°. Figure A12 shows that

Ti*" decreased slightly and Ti*" increased with increasing sputter dose.
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Figure A12: XPS relative intensity of Ti 2p of aTiO>-Cr:03 and subsequently annealed to 600°C.

Then, the sample was sputtered for various times.
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Figure A13: Synchrotron XPS spectra of (A) Cr 2p and (B) Ti 2p regions of aTiO>-Cr:03 before and
after annealing at 300°C and 600°C. Fitted synchrotron XPS spectra of (C and E) Cr 2p and (D and
F) Ti 2p of aTiO>-Cr:0; before and after annealing at 600°C. A small amount of Ti*" is formed when
heating the samples to 600°C.
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Figure A14: XRD patterns of Si wafer, aTiO>-Cr203, anatase-Cr203, and anatase:rutile-Cr203 after
annealing to 600°C. The standard XRD patterns for anatase is PDF 01-075-1537 and rutile is PDF
01-071-4809.

Figure A15 shows the valence electron spectra (UPS) of aTiO; and aTiO;-Cr20;3 as function of
annealing temperatures. The edge of the valences band is indicated in the figures with a dash line (the
blue dash line is aTiO> and green dash line is aTi02-Cr203). After annealing at 200°C, the valence
band is found for aTiO> and aTiO>-Cr203 at ~ 3.1 eV and ~ 3.4 eV, respectively. Annealing to 300°C
up to 500°C shows same valence band for both samples around ~ 3.4 eV. The valence band shifted
to higher binding energy after annealing at 600°C to ~ 3.9 eV and ~ 3.7 eV for aTiO> and aTiO»-
Cr203. UPS valence band structure measurements of aTiO; and aTiO»-Cr20Os3 as function of annealing
temperatures did not observe much change of the valence band edge. Therefore, no doping of Cr in

TiO2 occurred in the sample after annealing.
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Figure A15: UPS spectra of aTiO:> and aTiO>-Cr203 after annealing at various temperatures (A)
200°C, (B) 300°C, (C) 400°C, (D) 500°C and (E) 600°C.

Figure A16 shows AFM images of aTiO> and aTiO,-Cr203. Three 4 X 4 um images were acquired on
each sample at separate locations (i.e., the tip was disengaged from the surface and moved some
hundreds of microns in the X and Y directions before re-engaging). The average Ra value of the
images acquired on the aTiO; surface was 1.1+£0.03 nm, while the average Ra value for the aTiO>
surface after the photodeposition of Cr,O3 layer was 1.16 £0.17 nm. Note that the white particles

increase the overall roughness and excluding these particles lead to the decrease the Ra to 0.94 +0.04

nm.
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Figure A16: AFM images of (A, B and C) aTiO: and (D, E and F) aTiO>-Cr203. (The height scale

for each image is the same and is 20 nm)
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Appendix B: Reduction and Diffusion of Cr-oxide Layer into P25,
BaLa4Ti4O15 and Al:SrTiO3 Particles upon High-Temperature
Annealing

This appendix contains a detailed description, additional figures and tables:

Additional figures and tables:
Photodeposition of Cr,0,

UV irradiation of
P25 in aqueous
K,CrO,4 solution

Figure B1: Experimental procedure of photodeposition of the Cr03 on P25 particles.

STEM-EDX elemental mapping of Cr, Ti and O for P25-Cr2O3 are shown in Figure B2 with line
analysis for Cr and Ti. The line analysis shows that the thickness of the Cr-oxide layer is 1.2 - 1.5

nm.
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Figure B2: STEM-EDX elemental mapping of Cr, Ti and O with line analysis of Ti and Cr for P25-

Cr;03 before annealing.

Figure B3 shows the Cr L-edge spectra of Cr203, CrO2 and CrO; reference samples reproduced from

literature'.
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Figure B3: Cr L-edge NEXAFS spectra of Cr:03, CrO., and CrOs from ref!

Figures B4a and B4b show the relative intensity ratio of La and Ba to Ti of BLTO-Cr(OH)3 annealed
at various temperatures. Figure B4a shows a stable La to Ti ratio, while Figure B4b shows a slight

increase in the Ba to Ti ratio.
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Figure B4: XPS relative intensity ratio of (a) La 3d to Ti 2p, (b) Ba 3d to Ti 2p and (c) Cr 2p to (Ti
2p, Ba 3d and La 3d) of BLTO-Cr20;3 annealed at various temperatures. (d) Cr 2p XP spectra of (c)
BLTO-Cr;03-200°C

The relative intensity ratio of Cr to Ti of SrTiO3-Cr2O3 annealed at various temperatures is shown in

Figure B5 with a stable ratio.
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Figure B5: XPS relative intensity ratio of Cr 2p to Ti 2p of SrTiOs3-Cr:03 annealed at various

temperatures.
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Figure B6: XRD pattern of P25 with a rough estimation of the anatase and rutile amount in P25. The
standard XRD patterns for anatase is PDF 01-075-1537 and rutile is PDF 01-071-4809.

Figure B7 shows the Cr L-edge of Cr metal and Cr203 reference spectra with the features of the Cr
metal spectrum identified®. These features (indicated by black arrows in Figure B7) are the start of
the Cr Ls-edge spectrum just below 575 eV, the less sharp peaks in the Cr L3 »-edges spectrum and
interference of a small peak in the tail of the Cr L»-edge. These features were also described in our

previous publication®. These features distinguish Cr metal from Cr,Os in the Cr L3 »-edges spectrum.

A high-resolution XPS spectrum of Cr 2p of the Cr metal reference sample demonstrates that Cr 2p
has a mix of Cr and Cr,05 peaks (30:70)?. It has been found that the presence of Cr,Os at the surface
of Cr metal was due to exposing the sample to air, which causes the Cr atoms at the surface to oxidise
and forming Cr;0; at the surface®. This result means that the Cr L-edge spectrum of Cr metal is

considered a mixture of Cr and Cr;03

Intensity (arb.u.)

571 574 577 580 583 586 589 592 595
Photon Energy (eV)

Figure B7: Cr L-edge NEXAF'S spectra of chromium metal and chromium oxide reference samples
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Figure B8: Cr 2p XP spectra of (a) SrTiOs3-Cr20; before annealing and (b) SrTiOs3-Cr20s after
annealing at 600°C.

NEXAFS O K-edge spectrum can be used to determine the chemical state of the Cr-oxide layer.
Figure B9a shows the O K-edge reference spectra of anatase, rutile, Cr203, CrO, and CrOs*. The O
K-edge spectrum has a different lineshape for the different oxidation states of Cr. The O K-edge
spectra of Cr203, CrO; and CrOs are observed with main peaks at 532 eV, 528 eV and 529 eV
respectively. These main peaks can be used as fingerprints to indicate the oxidation state of Cr in the
O K-edge spectrum. Note that the anatase and rutile have two similar main peaks observed at 531 eV

and 533 eV.

Figure B9b shows the O K-edge spectra of P25-Cr20O; before and after annealing at 600°C. The O K-
edge spectra have two main peaks at 531 eV and 533 eV, similar to the two main peaks observed in
Figure B9a, which correspond to anatase and rutile. It can be seen that the O K-edge spectra of P25-
Cr03 before and after annealing have no indication of a peak below 530 eV, which is the region in

the spectrum where the CrO; and CrOs3 main peaks occur.

Figure B9c shows the O K-edge spectra of BLTO, BLTO-Cr(OH)3; and BLTO-Cr203 after annealing
at 600°C. There is no observation of any peak at an energy below 530 eV, where the main peaks of
O in CrO2 and CrOs3 occur. Figure B9d shows the O K-edge spectra of Al:SrTiO3, Al:SrTi03-Cr203
and Al:SrTiO3-Cr203 after annealing at 600°C. There is also no presence of O in CrO: or CrO3; main
peaks. Figure B9 confirm the absence of CrO, and CrOjs species in in P25-Cr.03, BLTO-Cr(OH)3
and Al:SrTi03-Cr203 before and after annealing at 600°C.
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Figure B9: O K-edge NEXAFS spectra of (a) (i) anatase, (ii) rutile, (iii) Cr20s, (iv) CrO: and (v)
CrOs from the literature *, (b) P25-Cr20;3 and P25-Cr203 after annealing at 600°C, (¢) BLTO, BLTO-
Cr(OH);3 and BLTO-Cr:03-600°C and (d) Al:SrTiOs, Al:SrTiO3-Cr203 and Al:SrTiO3-Cr203-600°C.
British Crown Owned Copyright 2022/AWE. Published with permission of the Controller of Her
Britannic Majesty’s Stationery Olffice
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Figure B10 shows an elemental mapping of the P25-Cr,O3 particle after annealing at 600°C. It can
be seen that Cr has diffused into the P25 particle with high intensity of Cr in the inner part of the P25

particle.
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Figure B10: STEM-EDX elemental mapping of Cr, Ti and O with line analysis of Cr and Ti for P25-
Cr:0s3 after annealing at 600°C.
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Figure B11 shows STEM images of P25-Cr2O3 particles before and after annealing. Figures Blla
and B11b show P25 particles with lattice spacing of 0.37 nm and 0.38 nm. These match with anatase
TiO2 (101) and (100) crystal planes> ©. Figure B11a shows the Cr,Os layer formed on the anatase
particle (before annealing). However, Figure B11b shows the anatase particle with no Cr>O3 layer at
the surface (after annealing at 600°C). Figure B11c shows a P25 particle (after annealing at 600°C)
with a lattice spacing of 0.24 nm, which corresponding to the rutile (001) crystal plane’. It is clear
that the Cr203 layer remains at the surface of a rutile particle after annealing at 600°C. Therefore, the
STEM images are consistent with our explanation that annealing P25-Cr,03 at 600°C causes Cr203
to diffuse into anatase particles but remain on the surface of rutile particles due to difference in surface

energy (vide supra).

Figure B11 STEM images of (a) P25-Cr203 before annealing and (b and c¢) P25-Cr:0; after
annealing at 600°C.
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Figure B12: UPS spectra of (a) P25, Cr203 and P25-Cr20j3 after annealing at various temperatures,
(b) BLTO, Cr:03 and BLTO-Cr:05 after annealing at various temperatures and (c) Al:SrTiOs, Cr203

and Al:SrTiOs3-Cr20s after annealing at various temperatures.
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Figure B13: UPS reference spectra identified via SVD of (a) P25-Cr20; after annealing at various
temperatures with UPS spectra of P25 and Cr:03, (b) BLTO-Cr203 after annealing at various
temperatures with UPS spectra of BLTO and Cr:03 and (c) Al:SrTiO3-Cr20;s after annealing at
various temperatures with UPS spectra of Al:SrTiOz and Cr2053.
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Figure B14: Comparison of as deposited Cr:Os-doped samples with pure Cr:0s. Kubelka-Munk
Transformed UV-visible diffuse reflectance spectra of (a) Cr203, (b) P25, (c) BLTO and (d)
Al:SrTiO:s.
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Figure B15: P25-Cr;03 as-deposited (top left), after annealing to 600 °C (top middle) and upon
mixing (top right) Al:SrTiO3-Cr203 (bottom left) and BLTO-Cr203 (bottom right) after annealing to

—— P25-Cr,0, (600°C)

i)
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Figure B16: Kubelka-Munk Transformed UV-visible diffuse reflectance spectra of (a) P25, (b) BLTO



Table B1: UV-visible diffuse reflectance derived bandgaps for photocatalysts with Cr-oxide

Photocatalyst Before photodeposition Cr-oxide photodeposited After annealing
Bandgap (eV) Bandgap (eV) Bandgap (eV)
P25 3.40 3.18 3.45
BLTO 3.74 3.76 3.83
AL:STTiOs 3.21 3.21 3.23

Table B2: Photocatalytic hydrogen production rate of P25 and BLTO using methanol as sacrificial

reagent.
Photocatalyst Before photodeposition | Cr-oxide photodeposited | After annealing 600 °C

Light Source - 405 nm (649 mW)

P25 0.015 umoles No H» produced No H» produced

BLTO No H; produced No H; produced No H» produced
Light Source - 365 nm (408 mW)

Pt(1 wt%)/P25 2.8 umoles 0.12 pmoles 0.23 pumoles

Pt(1 wt%)/BLTO No H» produced No H» produced No H» produced
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Appendix C: Cr203 Layer Inhibits Agglomeration of Phosphine-
Protected Auy Clusters on TiO: Films

This appendix contains a detailed description, additional figures and tables:

Additional figures and tables:

Figure C1: A photo of the TiO>P film.

Figure C2: Cross-section SEM-EDAX elemental mapping of TiO:P.
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Figure C3: Surface topography with the average of Ra and Rq values of TiO2P (A) before heating

and (B) after heating. Note that the scale bars are different. (area 16 x 16 um).
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Figure C5: Surface topography with the average of Ra and Rq values of TiO2P (A) before heating
and (B) after heating. (area 595 x 595 um).
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Table C1: Synchrotron XPS Au 4f7,» peak positions, FWHM and relative HBP:LBP intensities.

Before heating After heating
Auog Peak v vV FWHM Intensity Peak it vV FWHM Intensity
concentration eak position (eV) % eak position (eV) %
Without Cr2O3 layer
HBP 85.3+0.2 1.7+£0.2 83 85.3+0.2 1.5+0.2 55
LBP 84.1+0.2 1.0+£0.2 17 84.3+0.2 1.1+0.2 45
0.006 mM :
With Cr,03 layer
HBP 85.3+0.2 1.6+02 100 85.2+0.2 1.5+0.2 100
LBP — — — —
Without Cr20; layer
HBP 84.7+0.1 1.5+£02 100 85.2+0.1 1.1+0.2 20
LBP — — 84.2+0.1 1.0+0.2 80
0.6 mM -
With Cr,03 layer
HBP 84.8 +£0.1 1.7+0.2 100 85.3+0.1 1.6+0.2 53
LBP — — 84.3+0.1 0.9+0.2 47
Table C2: Synchrotron XPS peak positions of 0.006 mM samples.
Element C | Ti (0] Si Cr
Sample Peak 1 | Peak2 | HBP | LBP | Peak 1 | Peak 1 | Peak 2 | Peak 1 | Peak 2 | Peak 1 | Peak 1
Before | o5 | 2862 | 853 | 841 | 1341 | 459 | 4574 | 5319 | 5305 | 1024 | -
. heating
TiO2P-Auy Aft
.er 285 286.3 85.3 84.3 134.7 459.1 457.6 | 5319 | 530.6 102.5 -—-
heating
Before
TiOP- et 285 285.5 85.3 - 134.6 458.9 - 531.9 | 530.4 102.3 | 577.2
Au-CrOs | After 1 o5 | 5850 | 852 | - | 1339 | 4589 | - | 5321 | 5305 | 1023 | 5769
heating
Table C3: Synchrotron XPS elemental composition of 0.006 mM samples.
Element C Au P Ti (0) Si Cr
Sie Peak | Peak HBP LBP | Peak 1 Peak | Peak | Peak | Peak | Peak Peak | Au/Ti
1 2 1 2 1 2 1 1
Before |3 51 64 | 0017 | 0004 | 002 | 152 | 12 | 167 | 334 | 33 .. | 000
. heating 128
TiO2P-Auy Afior 0.00
. 29.6 4.7 | 0.011 | 0.009 | 0.005 14.6 1.2 13.2 | 333 34 --- )
heating 126
Before 0.00
TiOLP- et 10.4 99 | 0.013 - 0.04 7.7 - 35.1 | 25.1 1.6 10.2 169
Au-CrOs | After | o 111 | 9015 Sl 003 | 5 | - | 142|216 14 | 63 | %90
heating 300
Table C4: Synchrotron XPS peak positions of 0.6 mM samples.
Element C Au P Ti (0] Si Cr
Sample Peak 1 | Peak2 | HBP | LBP | Peak 1 | Peak 1 | Peak 2 | Peak 1 | Peak 2 | Peak 1 | Peak 1
Before |05 | 0855 | 847 | - | 1316 | 4589 | 4574 | 531.8 | 5304 | 1022 | -
. heating
TiO2P-Aue Aft
h er 285 285.5 85.2 84.2 131.6 4592 | 458.2 | 532.1 530.7 102.5 -—-
cating
Before
TiOsP- it 285 285.4 84.8 -—- 131.6 458.6 -—- 531.7 | 530.1 102 577
Au-Cro0s | After | 5o5 | 955 | 853 | 843 | 1317 | 4589 | - 532 | 530.4 | 102.1 | 576.9
heating
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Table C5: Synchrotron XPS elemental composition of 0.6 mM samples.

C Au P Ti (0) Si Cr
FElement AwTi
Sample Peak | Peak HBP | LBP | Peak 1 Peak | Peak | Peak | Peak Peak 1 | Peak 1
1 2 1 2 1 2
Iizft‘:;e 457 | 97 | 23 | - 2.2 85 | 07 | 87 [ 199 | 24 0.25
TiO:P-Auy — £
1305101 04 | 18] 07 | 114 1.1 | 104 | 304 | 3.1 0.18
heating
Before
TiOP- | heating | 227 | 115 | 06 | — 06 | 46 | — | 323 |118] 13 7.5 0.13
ATCr0 hAft.er 337 | 147 | 03 | 03 | 02 45 | — | 186 | 181 | 14 7.3 0.13
cating

It can be seen that in Figures 5.3C and 5.3D the Au 4fs, is larger in intensity than 417, that due to the

overlapping of the energy loss peak of the Cr 3s peak with Au 4fs/; peak at ~88.6 eV. This peak was

observed by a high-resolution scan of Au 4f region on Cr,0s reference sample (see Figure C6).
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Figure C6: Au 4f spectrum of Cr20; reference sample.
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Figure C7: Synchrotron XPS spectra of Cr 2p of the TiO>P-Auo-Cr203 sample of (4) 0.006 mM

sample and (B) 0.6 mM sample: after Cr20;3 layer photodeposited (orange) and after heating (grey).
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Figure C8: Cr L-edge NEXAF'S spectra of Cr:0;3 reference sample, TiO2P-Auo-Cr203 (0.006 mM)
and TiO>P-Auo-Cr203 (0.6 mM).
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Figure C9: Synchrotron XPS spectra of the 0.006 mM sample of P 2p of (A) TiO:P-Aug before
heating, (B) TiO2P-Auo after heating, (C) TiO2P-Auo-Cr203 before heating and (D) TiO>P-Auo-Cr203
before heating.
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Figure C10: Synchrotron XPS spectra of the 0.6 mM sample of P 2p of (A) TiO2P-Auo before heating,
(B) TiO>P-Auy after heating, (C) TiO2P-Aus-Cr203 before heating and (D) TiO2P-Aus-Cr203 after

heating.
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Appendix D: Effect of TiO:z Film Thickness on the Stability of Auy
Clusters with a CrOx layer

This appendix contains a detailed description, additional figures and tables:

Additional figures and tables:

Figure DI1: A photo of the TiO:P (lift) and TiO>G (right) films.

Figure D2 shows the UV-Vis spectrum of synthesised Auo(PPh3)s(NO3)3 clusters with four peaks
around 315, 350, 375 and 440 nm. The UV-Vis spectrum is in agreement with those obtained from
literatures of Auo(PPh3)s(NO3)s, confirming the synthesis of Aug clusters' 2.

! Aug(PPhs)g(NO5);

Absorbance (arb.u.)

300 400 500 600 700 800
Wavelength (nm)

Figure D2: UV-Vis spectrum of Aus(PPh3)s(NO3)3 in Methanol.
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Figure D3: Cross-section SEM-EDAX elemental maps of Ti, O and Si of TiO>P and TiO:G. Note that

the scale bars are different.

Figure D4: 3D Profile of (A) TiO>P before heating, (B) TiO:P after heating, (C) before heating,
TiO>G and (D) TiO:G after heating (area 16 % 16 um).
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Figure D5 shows the average Ra and Rq values with a large area scan 595 x 595 um of TiO2P and
TiO2G before and after heating. For TiO2P before heating, the Ra and Rq values are 1.4 nm and
1.8 nm, while after heating are 1.6 nm and 2.1 nm. For TiO2G before heating, the Ra and Rq values
are 2.8 nm and 4.6 nm, while after heating are 15.0 nm and 17.4 nm. The change in the Ra and Rq
values after heating are 0.2 nm and 0.3 nm. for the thin TiO; layer (TiO2P), however, the thick TiO:
layer (TiO2G) are 12.2 nm and 12.8 nm. The Ra and Rq values of TiO,G after heating are 12 times
higher compared to before heating. The change in the surface morphology of TiO; films after heating
is due to the transformation of TiO> films from amorphous to anatase®. Céorekei et al, showed that
the change in the surface morphology of TiO: film is higher for the thicker film than a thin film after
heating. This due to the high mobility (recrystallisation) of the thicker film during the thermal
heating®. Here, the significant change in the morphology of TiO.G after heating is due to the high
mobility of TiO2G during heating, which is affected by the transformation to anatase phase.

o 12435 12922

Ra=1.4nm-Rq= 1.8 nm Ra=1.6nm-Rq=2.1 nm

5
g

-0.018

SR i g el e e

Ra=2.8nm-Rq=4.6 nm Ra=15.0nm-Rq=17.4 nm
Figure D5: Surface morphology with the average of Ra and Rq values of (A) TiO>P before heating,

(B) TiO:P after heating, (C) before heating, TiO>G and (D) TiOG after heating. (area
595 x 595 um). It is important to know that the scale bars are different.
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Table D1: XPS Au 417> peak positions and FWHM of TiO2P-Aug and TiO2P-Auge-CrO.

Before heating After CrOy photodeposition After heating
conc;ijaﬁon Peak(gs/;ltlon FWHM Peak(gs/;ltlon FWHM Peak(gi)];ltlon FWHM
Without CrOx layer

0.006 mM | 85.1+£0.2 1.7+0.2 - - 84.8+£0.2 1.5+0.2
0.06 mM 854+0.2 1.7+0.2 - - 84.8+£0.2 1.6+0.2
0.6 mM 85.1£0.2 1.8+0.2 - - 84.7+£0.2 1.6+0.2

With CrOx layer

0.006 mM | 85.2+0.2 1.8+0.2 85.3=+£0.2 1.6+0.2 85.0£0.2 1.7£0.2
0.06 mM 85.1+0.2 1.8+0.2 85.3+0.2 1.6+0.2 85.0+0.2 1.7+0.2
0.6 mM 85.1£0.2 1.8+0.2 85.3+£0.2 1.6+0.2 85.0£0.2 1.7£0.2

Table D2: XPS Au 4172 peak positions and FWHM of TiO>G-Aug and TiO>G-Aus-CrOkx.

Before heating After CrOy photodeposition After heating
concé\nlgation Peak(g{)];ltlon FWHM Peak(g{)];ltlon FWHM Peak(g{)];ltlon FWHM
Without CrOx layer

0.006 mM | 854+0.2 1.8+0.2 - - 84.9+0.2 1.7+£0.2
0.06 mM 85.4+0.2 1.8+0.2 - - 84.6 0.2 1.6+0.2
0.6 mM 85.3=+£0.2 1.8+0.2 - - 84.6 £0.2 1.5+0.2

With CrOx layer

0.006 mM | 853+0.2 1.6+0.2 85.5+£0.2 1.6+0.2 84.8+£0.2 1.8+0.2
0.06 mM 85.2+0.2 1.6+0.2 85.5+0.2 1.6+0.2 84.4+0.2 1.6+0.2
0.6 mM 84.9+0.2 1.8+0.2 85.3+£0.2 1.6+0.2 84.3+£0.2 1.3+£0.2

Figure D6 shows the Au 4f spectra of TiO2P-Aug and TiO2P-Aug-CrOx. The blue line is after the Aug
cluster deposition, green line is after the photodeposition of CrOx layer and red line is after heating at
200°C for 10min to remove the Aug clusters ligands. The black lines indicate the binding energy at

85 eV.
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Figure D6: XPS spectra of Au 4f of (A) TiO>P-Aug: after Auo deposition (blue) and after heating
(red) (B) TiO2P-Auo-CrOx: after Aus deposition (blue), after CrOx layer photodeposited (green) and
after heating (red).
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Figure D7: XPS spectra of Au 4f of (A) TiO>G-Aug: after Auo deposition (blue) and after heating
(red) (B) TiO>G-Aug-CrOx: after Aug deposition (blue), after CrOy layer photodeposited (green) and
after heating (red)

Figure D8 shows the P 2p spectra of TiO2P-Aug and TiO2P-Auo-CrOx. The blue line is after the Auyg
cluster deposition, green line is after the photodeposition of CrOx layer and red line is after heating.
The black lines indicate the position of triphenylphosphine ligands at 131.8 eV® 7. The P 2p spectrum
can be fitted with doublet (2ps/2 and 2p1,2), the splitting was fixed at 0.84 eV. Before heating, for 0.6
mM, the P 2p3» peak is appeared at 131.8 £ 0.2 eV, which relates to the peak position of PPh; ligands
bounds to Auo clusters®’. After heating, no peak is detected, indicating that phosphorous ligands were
removed by heating for 0.6 mM. For the lower concentrations of 0.06 and 0.006 mM with the addition
of the CrOx overlayer, the P 2p signal is below the detection limit. However, the same phenomenon

of ligand removal via heating is expected for these lower concentrations % °.

The size of Aug clusters were more stable using the laboratory based XPS instrument comparing to
synchrotron XPS. This assumed to be due to ageing of the Auy clusters with the Synchrotron XPS
results, where the samples were measured a week after the deposition of Aug and the photodeposition

of CrOx'°. While using the laboratory based XPS instrument, the measurements were performed
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directly after the deposition of Aug and followed by photodeposition of CrOx layer. The conclusion is
similar to that reported previously from synchrotron data that the agglomeration of Auy clusters was

inhibited with CrOx layer.
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Figure D8: XPS spectra of P 2p of (A) TiO>P-Auo: after Aug deposition (blue) and after heating (red)
(B) TiO>P-Aus-CrOx: after Auo deposition (blue), after CrOx layer photodeposited (green), and after
heating (red)

Figure D9 shows the Cr 2p spectra of TiO2P-Aug and TiO2P-Aug-CrOx. Before heating, the Cr 2p3.2
peak is appeared at 577.7 £ 0.2 eV, which relates to the peak position of Cr(OH);'!. After heating,
the Cr 2p3» peak position shifts to a low binding energy at 577.1 £ 0.2 eV, which corresponds to
Cr203'% 13, This confirms that the CrOx layer is reduced by heating from Cr(OH); to Cr,Os. This in

agreement to previous studies report that heating reduces Cr(OH); layer to Cr,O3 4.
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Figure D9: XPS spectra of Cr 2p of the TiO2P-Aug-CrOx sample of (A) 0.006mM sample, (B) 0.06mM
sample and (C) 0.6mM sample: after CrOx layer photodeposited (green) and after heating (red).

Table D3: XPS Cr 2ps3,> peak positions and FWHM of TiO>P-Auo-CrOx.

Before heating After heating
Peak position (eV) FWHM Peak position (eV) FWHM
0.006 mM 577.7+£0.2 2.7+0.2 577.1+£0.2 34+0.2
0.06 mM 577.7+£0.2 29+0.2 577.1+£0.2 3.0£0.2
0.6 mM 577.7+0.2 29+0.2 577.2+0.2 3.0+0.2
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Figure D10 shows the P 2p spectra of TiO>G-Aug without and with CrOx layer before and after
heating. For 0.6 mM, the P 2p3/» peak before heating are found at 131.8 £ 0.2 eV for both without and
with CrOx layer, referring to the peak of PPhs ligands® 7. After heating, the P 2ps/» peak is found at
133.7 £0.2 eV, which attribute to removed ligands from the Auy clusters and oxidised by attaching
to TiO; substrate as previously reported® °. For 0.06 and 0.006 mM, the signal of the P 2p is below

the detection limit but it is expected that same behaviour occurs for these lower concentrations.
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Figure D10: XPS spectra of P 2p of (A) TiO>G-Aus: after Aug deposition (blue) and after heating
(red) (B) TiO2G-Aus-CrOy: after Aus deposition (blue), after CrOx layer photodeposited (green), and
after heating (red)

Figure D11 shows the Cr 2p spectra of TiO>G-Aug and TiO2G-Aue-CrOx. The Cr 2p3;» peak is
appeared at 577.8 £ 0.2 eV before heating for all samples. This binding energy is similar to that of
Cr(OH);'". The peak position of Cr 2ps/2 shifts to a low binding energy at 577.3 £ 0.2 eV after heating,
which relates to the binding energy of CrOs °. This in consistent with TiO,P substrate that CrOx
layer is reduced from Cr(OH); to Cr203 by heating.
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Figure DI11: XPS spectra of Cr 2p of the TiO.G-Aug-CrOx sample of (4) 0.006mM sample, (B)
0.06mM sample and (C) 0.6mM sample: after CrOy layer photodeposited (green) and after heating

(red).

Table D4: XPS Cr 2ps. peak positions and FWHM of TiO2G-Auo-CrO.

TiO2G
Before heating After heating
Peak position (eV) FWHM Peak position (eV) FWHM
0.006 mM 577.8+0.2 2.8+0.2 577.3+0.2 33+0.2
0.06 mM 577.8+0.2 2.8+£0.2 577.5+0.2 2.8+0.2
0.6 mM 577.6+0.2 2.7+0.2 577.3+0.2 3.0+£0.2

Table D5: XPS relative amount of Cr 2ps. to Ti 2p3.2 of TiO2P-Aus-CrOx and TiO>G-Aug-CrOk.

Cr/Ti
02P-Aug 0 TiO2G-Au9s-CrOx
Before After Difference Before After Difference
heating heating % heating heating %
0.006 mM 2.74 1.47 47 1.48 0.62 58
0.06 mM 1.54 1.14 26 1.30 0.40 69
0.6 mM 3.12 1.99 36 1.82 0.72 61
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Appendix E: Suppression of Phosphine-Protected Auy Clusters
Agglomeration on SrTiO; Particles Using a Chromium Hydroxide
Layer

This appendix contains a detailed description, additional figures and tables:

Additional figures and tables:
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Scheme E1: Schematic of the measurement of the photocatalytic activity in this study. Ref. .
Copyright 2018 American Chemical Society.

Figure E1 shows the Sr 3d and P 2p spectra of SrTiO3 and SrTiO3-Aug before and after heating. The
Sr 3ds/; peak for SrTiOs3 appeared at a binding energy of 133.6 eV. The significant intensity of the
Sr 3d peak overlapped with the P 2p region, which meant that it was more difficult to fit and determine
the chemical state of triphenylphosphine ligands.
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Figure E1: XPS Sr 3d and P 2p spectra of SrTiO3 and SrTiOs3-Aus before and after heating
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Effect of high-energy STEM electron beam irradiation on Auy clusters.

Figure E2 shows HAADF-STEM images after successive EDX elemental mapping measurements.
These images show the effect of the high-energy STEM electron beam on the Auog clusters at the
surface. Drift and agglomeration of Aug clusters were observed; the former is attributed to heating of
the sample and the latter to beam damage. This effect must be considered for the size analysis of Au

clusters from STEM-HAADF and the STEM EDX elemental mapping data.

After first scan After several scans

5 nm 5 nm 5 nm 5 nm
L — b L —— L ——

in situ STEM measurement of the Au, clusters on surface

Figure E2: HAADF-STEM images of in situ STEM measurements of the Aug clusters on SrTiO3-Aug-
Cr(OH);s before heating (a and b). The images display after the first and several scans with red circles

and arrows indicated the clusters damaged by the STEM electron beam.

Figure E3 shows the Ba 3d spectrum of SrTiO3-Aug after heating. The binding energy of Ba 3ds»
appears at 780.5 £ 0.2 eV corresponding to Ba metal. The presence of barium in the SrTiO3-Aug
sample due to the commercial contamination of SrTiO3 (99%, Sigma-Aldrich). Using XPS relative

intensity, the amount of barium contamination is approximately < 1%.
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Figure E3: XPS Ba 3d spectrum of SrTiO3-Aug after heating.
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Figure E4: XPS Cr 2p spectra of (A) SrTiOs-Aug after photodeposition of a CrOx layer and (B) after
heating.

Figure E5 shows the H» production after 1 h irradiation using 10% methanol as a sacrificial reagent
under two conditions: (1) using Ar gas flow during the irradiation (without O2) and (2) using Ar gas
and air (7:3) mixture flow during the irradiation (with O;) to investigate the back reaction process.
For SrTiO3 and SrTiOs-Au, the level of H» production reduced by a factor of two after introducing
air into the reactor. This was due to the recombination of H, and O (from air) to water, which reduces
the Hz evaluation reaction. For SrTiO3-Aug with a Cr(OH)3 layer, the level of H> production did not
show a significant reduction after introducing air into the reactor, which indicated that Cr(OH)3

inhibited the back reaction.
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Figure E5: Comparison of the H> evolution reactions of SrTiOs, SrTiOs3-Aus and SrTiO3-Aug-

Cr(OH)s using 10% methanol as a sacrificial reagent under flow of Ar gas (without O3) and flow of

Ar and air 7:3 mixture (i.e. with O3). The values are average of two hours irradiation.

Table E1: XPS Au 4172 peak positions, full width at half maximum (FWHM) and relative HBP:LBP
intensities with the size of Au features from STEM.

SrTiOs-Auy SrTiO3-Aus-Cr(OH)3
.Ifeak FWHM Intef)nsity HAADF-STEM Peak position FWHM Inte:)nsity HAADF-STEM
position (eV) 7o Size of Au features (eV) Yo Size of Au features
Before heating
HBP [ 84.8+0.2 1.8+0.2 83 85002 19+02 90
0.7-1.3 nm 1.3-1.6 nm
LBP [84.1+£02 12=+0.2 17 84.1+0.2 12+02 10
After heating
HBP [ 854+02 2.0+0.2 50 849+02 2.0+£02 65
LBP | 83.7+£02 1.2+0.2 50 83.8+0.2 12+0.2 35
After 7 h irradiation
HBP [ 852+02 22+0.2 30 849+02 22+02 63
3.9-6.9 nm 1.4-2.7 nm
LBP | 83.5+02 1.2+0.2 70 83.9+0.2 12+02 37
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Table E2: XPS peak positions of SrTiOz-Aus and SrTiOs3-Aug after photodeposition of a Cr(OH)3

layer.
Element Cls Au 4f;, Sr3dsp | Ti2psn O ls Ba3dsp, | Cr2psp»
Sample P1 P2 P3 HBP LBP P1 P1 P1 P2 P1 P1
SrTiOs3-Auyg
Before heating 285  286.0 --- 84.8  84.1 133.0 458.6 531.8  529.7 780.3 ---
After heating 285 2857 290.7 854  83.7 133.3 458.8 531.8 5299 780.5 ---
After photocatalysis 285  285.8 290.1 852  83.5 133.2 458.7 531.6 5299 780.5 ---
SrTiO3-Aus-CrOx
Before heating 285 2864 2898 850  84.1 133.0 458.5 531.6  529.7 780.4 577.4
After heating 285  290.5 --- 849 838 133.1 458.6 5314 5298 780.1 577.1
After photocatalysis 285  285.7 289.8 849 839 133.2 458.7 531.5 5299 780.4 5717.5
*P1: Peak 1

**HBP: High binding peak. LBP: Low binding peak

Table E3: XPS elemental composition of SrTiOs-Aug and SrTiOs-Aug after photodeposition of a

Cr(OH)s layer.
Element Cls Au 417 Sr3ds, | Ti2pspe O 1s Ba3dsp | Cr2psp
Sample P1 P2 P3 HBP LBP P1 P1 P1 P2 P1 P1
SrTiOs3-Au
Before heating 10.81 2.15 0.54  0.11 12.32 13.48 23.77  36.58 0.24 ---
After heating 712 2.50 1.01 0.17  0.17 13.10 13.62 2336 38.47 0.47 ---
After photocatalysis  6.31 2.37 1.09 0.07 0.16 14.28 14.09 19.12  41.96 0.56 ---
SrTiO3-Aus-CrOx
Before heating 8.78  2.01 1.22 021  0.02 10.59 10.66 3133 2942 0.35 5.41
After heating 6.97 1.36 0.13  0.07 11.99 12.02 28.19  33.97 0.24 5.06
After photocatalysis  5.64  3.85 0.54 0.12  0.07 11.72 10.86 31.47 3039 0.20 5.15
*P1: Peak 1

**HBP: High binding peak. LBP: Low binding peak
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Table E4: Summary of Cr 2ps,» peak position of various samples.

Sample Cr 2ps3n lz:él){ position
Cr)0, 576.9+£0.2
Cr(OH), 577.5+0.2
SrTiO3-Cr(OH)3 577.6 £0.2
SrTi03-Aue-Cr(OH)3 577.4+0.2
SrTi03-Aug-Cr20;3 heated 577.1+£0.2
SrTi03-Aug-Cr(OH); after 7 h irradiation 577.5+0.2
SrTi03-Aug-Cr203 after irradiation (without O2) 577.5+£0.2
SrTiO3-Aue-Cr203 after irradiation (with Oy) 577.5+0.2

XPS Au 4f spectra of SrTiO3-Aug and SrTiO3-Aue-Cr(OH)s after irradiation during water splitting
reaction for without O and with O, samples are shown in Figure E6. Table E5 showed a summary of
the Au 4f peak positions and FWHM. A full elemental composition analyses and peak positions are
presented in Tables E6 and E7. The Au 4f spectrum for SrTi03-Auy without O2 was fitted with 59%
of the intensity at HBP (84.9 £ 0.2 eV with an FWHM of 2.0 + 0.2 eV) corresponding to Au clusters
and 41% agglomerated clusters at LBP (83.6 = 0.2 eV with an FWHM of 1.2 = 0.2 eV) (Figure E6A).
As shown in Figure E6B, for SrTiO3-Aug with O», the Au 4f spectrum was fitted with 26% and 74%
at HBP(84.9 £ 0.2 eV with an FWHM of 2.0 + 0.2 e¢V) and LBP (83.5 0.2 eV with an FWHM of
1.2 £0.2 eV), which represented the non-agglomerated and agglomerated clusters. In Figure E6C,
the HBP and LBP of Au 4f7,, SrTiO3-Aue-Cr(OH)3 without O, were observed at 85.1 + 0.2 eV (62%)
and 84.0 £ 0.2 eV (38%) with an FWHM of 2.0 £ 0.2 eV and 1.2 £ 0.2 eV, respectively. In Figure
E6D, with Oz, the HBP and LBP were observed at 84.9 + 0.2 eV (55%) and 83.9 £ 0.2 eV (45%) with
an FWHM of 2.0 £ 0.2 eV and 1.2 £ 0.2 eV, respectively. In SrTiO3-Auy-Cr(OH); catalyst, more than
a half of the Au clusters were stable at the surface of SrTiO3 in the present experiment (without and
with O2). This demonstrated that the Cr(OH)3 helped inhibit the agglomeration of Auy clusters during

the water splitting reaction with a sacrificial reagent (10% methanol).
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Figure E6: XPS spectra of Au 4f of SrTiOs3-Auo after photocatalytic water-splitting reaction with (A)
10% CH30H (without O), and (B) 10% CH30H + (7:3 Ar:air) mixture (with O;). (C) SrTiOsz-Auo-
Cr(OH);s after photocatalytic water-splitting reaction with 10% CH3O0H (without Oz), and (D) 10%
CH30H + (7:3 Ar:air) mixture (with O>).

Table E5: XPS Au 4f7,2 peak positions, FWHM and relative HBP:LBP intensities.

SrTiOs3-Au SrTiO3-Aus-Cr(OH)s3
Peak position LAl
FWHM Intensity % position FWHM Intensity %
(eV)
(eV)
After photocatalysis (without O2)
HBP 849+0.2 2.0+0.2 59 85.1+0.2 2.1+0.2 62
LBP 83.6+0.2 1.2+0.2 41 84.0+0.2 1.2+0.2 38
After photocatalysis (with O2)

HBP 84.9+0.2 2.0+0.2 26 84.9+0.2 22+0.2 55
LBP 83.5+0.2 1.2+0.2 74 83.9+0.2 1.2+0.2 45
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Table E6: XPS peak positions of SrTiOs-Aug and SrTiOs-Aug after photodeposition of a Cr(OH);3

layer.
Element Cls Au 4, Sr3dsp | Ti2psp Ols Ba3dsp, | Cr2psp
Sample P1 P2 P3 HBP LBP P1 P1 P1 P2 P1 P1
SrTiOsz-Auo
Afterphotocatalysis — )os 5ec1  __ g49 836 1348 4603 5331 5314 7818
(without Oy)

SrTiO3-Auo-CrOx

After photocatalysis

. 285  285.7 - 85.1 84.0 133.2 458.8 531.7 5299 780.4 755.5
(without O»)

* P1: Peak 1
**HBP: High binding peak. LBP: Low binding peak

Table E7: XPS elemental composition of SrTiOs-Aug and SrTiOs3-Aus after photodeposition of a

Cr(OH)s layer.
Element Cls Au 4f), Sr3dsp | Ti2pse Ols Ba3ds, | Cr2pse
Sample P1 P2 P3 HBP LBP P1 P1 Pl P2 Pl P1
SrTiOsz-Auo
e Y — 019 013 1508 1487 17.16 4651  0.60
(without O3)

SrTiO03-Aue-CrOx

After photocatalysis

(s ©) 7.60  4.65 - 0.14  0.08 11.52 10.44 2831 31.73 0.16 5.37

* P1: Peak 1
**HBP: High binding peak. LBP: Low binding peak
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Figure E7: XPS spectrum of Cr 2p of SrTiOs-Auo-Cr(OH)s after 7 h irradiation.

HAADF-STEM images of SrTiO3-Aug and of SrTiO3-Auo-Cr(OH)3 before heating and after 7 h
irradiation are presented in Figure E8 for comparison. As shown in the images, the size of the Au
clusters increases up to 8 nm for SrTiO3-Aug after 7 h irradiation due to the aggregation of Au clusters
under the ultraviolet (UV) irradiation’. However, in terms of SrTiO3-Auo-Cr(OH)s3, the Au clusters

remain more stable on the surface of SrTiOs after 7 h irradiation, up to 2.7 nm.
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Figure E8: HAADF-STEM images of SrTiOz-Aug and SrTiO3-Aus-Cr(OH)s before heating and after

7 h irradiation.
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Figure E9 : X-ray diffraction pattern of Si wafer, SrTiO3, SrTiOs3-Aug, SrTiOs3-Aus-Cr(OH)s3, SrTiOs-
Auo-C203 heated and SrTiO3-Auo-Cr(OH)3 after 7 h irradiation.
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