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Abstract

Photocatalytic water splitting has been a burgeoning field of study due to its potential to change
the world’s fossil-based energy structure; however, an ideal photocatalyst has yet to be
identified despite years of research. Recent research has revealed that indium selenide (In2Ses)
carries great potential in being a promising photocatalytic water splitting catalyst due to its
unique intrinsic ferroelectricity, suitability of band structure and ability to be exfoliated into
two-dimensional (2D) sheets. It is a relatively less studied material and has not been explored

in literature as a water splitting photocatalyst until now.

This thesis proposed to explore the photocatalytic water splitting chemistry of 2D-InzSes
experimentally for the first time. InoSes was exfoliated to 2D-I1n,Ses by the lithium intercalation
method. Transmission electron microscopy (TEM) and atomic force microscopy (AFM)
confirmed the thin-sheet like morphology with around 10-50 layers of In,Ses. Photocatalytic
testing proved its water splitting activity nearly doubled after the exfoliation. In-depth
characterisations were conducted to investigate its structure-activity relationship. Time-
resolved photoluminescence (TRPL) revealed that the charge migration distance to the active
sites was shortened, and electron paramagnetic resonance (EPR) and X-ray photoelectron
spectroscopy (XPS) proved that Se vacancies were formed after exfoliation. Together, the

structural changes led to improved photocatalytic activity.

An undecorated semiconductor is e to achieve a high activity due to the harsh requirements for
water splitting photocatalysts. Metal doping and heterojunction formation were used as
strategies to improve the activity of 2D-In»Ses in this research. 5 wt.% Fe-doped 2D-In»Ses
(Fe-In2Ses) by the hydrothermal method has shown the highest activity among the screened
metal dopants; Fe-In,Ses has a nearly three-fold increase of activity relative to 2D-In,Ses. This

is believed to be attributed to improved charge separation by the doped Fe3* on 2D-InzSes.




Two-dimensional molybdenum disulphide (2D-MoS>) was used to form a heterojunction with
2D-1In>Ses due to their similar 2D structure and suitable band structure for water splitting. The
successful spontaneous self-assembly construction of MoS2/In,Ses was confirmed by TEM,
energy dispersive X-ray spectroscopy (EDX) and zeta potential measurements. 1:1
MoS>/In.Sez (by weight) was the optimal experimental ratio with an improved photocatalytic
activity compared to the calculated average value of the two materials. The improved activity
is ascribed to the formation of type-I1 heterojunction as proven by experimental band structure
alignment (by Tauc plot and ultraviolet photoelectron spectroscopy (UPS)), which further leads

to prolonged exciton lifetime as shown in TRPL analysis.

In conclusion, this thesis has investigated experimentally that 2D-1n,Ses exhibits water splitting
photocatalytic activity and the lithium intercalation method is effective in exfoliating the
material. Fe doping and MoS>/In,Ses formation were shown to be effective strategies to further
boost its photocatalytic performance. Additional work is needed to further optimise this system
and explore other strategies to enhance the water splitting performance of In,Ses-based

photocatalysts.
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CHAPTER 1 INTRODUCTION

This chapter aims to provide the motivation of the project, along with an overview of the
fundamentals and challenges of photocatalytic water splitting. Then, the chapter will
illustrate the unique features of 2D-In,Ses as a potential highly efficient water splitting
photocatalyst and present the reasons to study two-dimensional In;Ses (2D- In,Sez) as well

as strategies for further enhancing the photocatalytic activity.

1.1. Motivations

1.1.1. Background of renewable energy development

Expanding renewable energy sources and reducing the dependence on fossil fuels have
become a major research goal in the scientific community since the oil crisis in 1973 when
there had been insecurity in worldwide energy demand® 2. Countries had been stimulated to
search for alternative energy technologies. Additionally, people started to realise the serious
negative impacts on the environment at that time: the use of fossil fuels dramatically
increases pollution and carbon emissions, which leads to long-term environmental issues. In
the 21 century, the effects of climate change such as extreme weather events and global
warming are already perceptible. The energy demand is also expected to grow by 1.3% each
year until 2040 due to the continuous expanding population® *. Achieving net-zero
(completely negating the amount of greenhouse gases produced by human activity) by 2050
is the best solution to limit the global temperature rise to 1.5 °C, which has already been

pledged by countries that account for around 70% of global emissions of carbon dioxide®.

Immense efforts have been dedicated to developing renewable energy conversion systems,
which generate electricity from renewable sources such as wind energy, hydro energy,
geothermal energy, solar energy and biomass energy®. However, fossil fuels are still the
primary power source until now’, as renewable technologies are still hindered by stringent

geographical requirements® and exorbitant start-up costs®. Also, the current electrical energy
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storage systems used in grid energy storage (i.e. batteries) are extremely costly to be
deployed at a large scale'®, have limited lifetime!! and adverse environmental impacts*? with
safety-related concerns®®. Therefore, these renewable alternatives have not yet been able to
provide a perfect solution to the energy trilemma” (energy security, energy equity and

environmental sustainability)®4.
1.1.2. Hydrogen and photocatalytic water splitting

In light of the current situation, one of the most promising solutions is to develop a better
system to store surplus renewable energy to match the demand and supply in real-time.
Hydrogen has received great attraction recently to be the future generation energy carrier

and energy storage option®®,

Although green hydrogen technology is still in its nascent stage, it has great potential due to
several favourable features of hydrogen. First, it can be utilised directly (in combustion in
automobiles or as fuel by enriching conventional fossil fuels) or used secondarily, as in fuel
cells®. Its versatility also leads to the potential to decarbonise hard-to-abate sectors such as
heating and transportation®®. It can also act as an energy carrier in energy storage systems?”.
It has the highest gravimetric energy density of all known substances, i.e. about 120 MJ
kg™ 8. As chemical energy, it can be stored for months and does not have the problems
associated with batteries like degradation and high initial production cost. Currently,
hydrogen distribution from centralised production facilities is mostly done through pipelines,
which is a low-cost transmission method for delivering renewable energy!®. Most

importantly, hydrogen serves as a promising remedy for tackling the problems associated

* To achieve energy sustainability, one needs to balance all these factors, as sole success in any one of them
comes at the expense of the other two.
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with the use of fossil fuels — the only product from hydrogen combustion is water, so there

are no environmental impacts from burning hydrogen.

(a)

Today

Power 38%

Buildings 12%

Transportation
22%

Chemical
Industry 19% Synthesis with
CLLLLLLLLLLLL LS hydrogen
feedstocks (17%
of Industry)

Fossil Fuels

(b)
Tomorrow

Renewables

Emissions
unable to be
addressed by
hydrogen or
electrification

Current Opinion in Chemical Engineering

Fig. 1.1. Energy sectors (a) currently and (b) in the future. Reproduced with permission from

Elsevier from reference .

Fig. 1.1 shows the comparison between energy sectors currently and in the future. As seen
in Fig. 1.1 (a), today’s energy structure is still heavily dependent on fossil fuels, which
contribute to the majority of carbon dioxide emissions, especially in power and
transportation. In contrast, Fig. 1.1 (b) illustrates the energy sector in the future based on a
green hydrogen economy, in which hydrogen will fill a secondary role or act as an energy

carrier. Electricity and hydrogen will work in parallel to power all energy-related sectors®.

Hydrogen seems to be a fuel of the future. However, according to a report of the International

Energy Agency (IEA), the current hydrogen energy production are relying primarily on
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natural gas, accounting for around 75% of the annual global hydrogen production of around
70 million tonnes of hydrogen?!. Therefore, hydrogen production is still lamentably causing

a substantial amount of carbon emission.

Photocatalytic overall water splitting has emerged as one of the novel green technologies to
tackle the current environmental problem in hydrogen production. The possibility of using
semiconductors for photoelectrochemical (PEC) water splitting received significant
attention when Fujishima and Honda published the revolutionary work in Nature in 1972%.
It then marked the beginning of a sustained search for suitable semiconductors to split water
efficiently by solar light. There are several unique advantages of photocatalytic water
splitting. The starting material, water, and the driving force required for the reaction, solar
energy, are both abundant and perpetual. Both are renewable feedstocks and have nearly no
cost, so there will be virtually no fuel exhaustion?®. Water splitting also unleashes the power
of solar energy and bridges the gap between fluctuations on the supply side and reliability
required by the demand side with the use of hydrogen as an energy carrier. Finally, the

energy generation process is entirely carbon-free with minimal environmental impacts.

1.2.  Photocatalytic water splitting

1.2.1. Definition of photocatalysis

Photocatalytic water splitting is defined as the conversion of photon energy from solar
energy to hydrogen (and oxygen) in the presence of a photocatalyst and water. The word
‘photocatalyst’ is comprised of two parts: the prefix ‘photo’ means light, and a ‘catalyst’ is
a material that accelerates the reaction rates but is not being consumed in a chemical reaction,
and without affecting the equilibrium or thermodynamics of the reaction by the definition
of Ostwald in 1895%* 2°, Instead, a catalyst provides an alternative reaction pathway with a

lower activation energy for the reaction to take place and might involve several transition
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states, complexes and intermediates. As activation energy is defined as the minimum energy
that is needed to be overcome for a reaction to start, lowering the activation energy barrier
leads to more molecular collisions with enough energy to start the reaction, which otherwise
would not be successful without a catalyst. The method of activation is the major difference
between a conventional catalyst and a photocatalyst. A conventional catalyst is activated by
heat, whereas a photocatalyst is driven by photons of suitable energy. Photon energy could

be sourced from the freely available solar energy for photocatalysis reactions.
1.2.2.  Hydrogen evolution reaction and oxygen evolution reaction

Producing green hydrogen from water is the main mission of the research project. The
mechanism and the possible reaction pathways of hydrogen evolution reaction (HER) for
heterogeneous catalysts will, therefore, be explained further. Additionally, oxygen evolution
reaction (OER) is happening simultaneously alongside with HER in overall water splitting

reaction. Therefore, it is also worthwhile to discuss the reaction mechanisms of OER.

The standard reduction potential of HER is defined as: E,?,Jr/HZO = 0 VV vs. normal hydrogen

electrode (NHE) at pH 0. However, in practice, the HER is rarely initiated at the equilibrium
potential. Most chemical reactions, including photocatalytic reactions, need to overcome a
certain barrier or overpotential. The height of the energy barrier is largely determined by the
nature of the interface on which reactions occur. For an ideal catalyst, it should have a small

overpotential.

Until now, it is still challenging to understand the exact operating mechanism on different
photocatalysts of water splitting. However, the HER reaction pathways under acidic
conditions are widely believed to be generalised into three elementary reaction steps, which

are depicted in Fig. 1.2. They are strongly catalyst-dependent and/or potential-dependent?.
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Discharge Desorption Combination
reaction reaction reaction

H*+e == H 4 Hags+H*+€ = H; Hags+Hags = H:

-t

4

Fig. 1.2. Three elementary reaction steps involved in HER. Adapted from reference 2" with

permission from ACS. Further permission related to the figure should be directed to ACS.

The first step is proton-coupled electron transfer at the catalyst surface, which yields an

adsorbed hydrogen atom. This is known as discharge reaction or Volmer reaction (Eq. 1.1).
H(-th) +e - Hads (11)

The adsorbed hydrogen could react with another proton from the solution with an electron
transfer to form molecular hydrogen by Eq. 1.2. This step is known as desorption reaction

or Heyrovsky reaction.
Hads + H(-th) +e - HZ (12)

Another possibility for the adsorbed hydrogen is to combine with another adsorbed hydrogen
on the catalyst to form molecular hydrogen by Eqg. 1.3. This is known as recombination

reaction or Tafel reaction.
Hads + Hads - HZ (13)

Even though hydrogen (or proton) adsorption and desorption are two successive steps in

HER water splitting reaction, they are competitive in nature?®. When the bonding strength




CHAPTER 1 INTRODUCTION

between a catalyst surface and hydrogen atoms is too weak, it cannot efficiently adsorb the
reactants to initiate the HER. In contrary, when a catalyst bonds too strongly with hydrogen
atoms, the adsorbed hydrogen atoms would be difficult to leave the surface, thus blocking
the surface-active sites. This is also referred to as self-poisoning. Therefore, an ideal
photocatalyst for HER in water splitting should neither have too strong nor too weak binding
energy between the catalyst and the hydrogen atoms. This is in line with the century-old
Sabatier principle, which stated the optimal catalysis occurs when interactions between
catalyst and substrate are of intermediary strength?®, In other words, when Gibbs free energy
of hydrogen adsorption (AGy) is near zero, the binding energy of hydrogen atoms is just
right to easily adsorb and desorb as hydrogen gas, promoting a high HER activity. Thus,

AGy is a useful descriptor in selecting a photocatalyst with potentially high HER activity?’.

Alike the mechanism of HER, the mechanism of the multi-stepped oxygen evolution
reaction (OER) has not yet been fully understood?® . The transformation of H,O to O in
an acidic medium is involved with intermediate oxygen species such as HO*, O*, and HOO*
. In the reaction, the S-O (S is denoted as the catalyst support and is usually positively
charged in OER) bonding interaction has an important role in stabilising the reaction
intermediates on the surface and is believed to have a pronounced effect on the water

splitting efficiency3!.

The following Langmuir-Hinshelwood type adsorbate evolution mechanism (AEM), with
two adjacent active sites on the catalyst, is one of the well-recognised reaction paths

proposed for OER. The reaction mechanisms are expressed as Eq. 1.4 to Eq. 1.6 2.

T * is denoted as the catalyst support.
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* + H,0 > HO*+ HY + e~ (1.4)
HO*+0H - 0* 4+ H,0 + e (1.5)
20* = 0, (1.6)

Alternatively, O* formed in Eq. 1.5 can interact with a water molecule to form HOO* (Eq.
1.7). The HOO* produced is further combined with another water molecule for the

subsequent OER reaction (Eq. 1.8).
0*+ H,0 > HOO*+H" + e~ (1.7)
HOO* + H,0 - 0, + H* + e~ (1.8)

In most cases, different reaction routes will be favoured by different photocatalysts to
minimise the free energy of activation. The overpotential of the OER reaction could be
avoided by stabilising the intermediates such as HOO* and HO* on the catalyst surface®.
Similar to HER, an ideal photocatalyst for OER in water splitting should neither have too
strong nor too weak binding energy between the catalyst and the oxygen atoms according to
Sabatier principle. The Gibbs free energy of oxygen adsorption (AG,) could be a useful
descriptor in predicting a photocatalyst’s OER activity: AG,, is ideally close to zero in order

to promote high OER efficiency.
1.2.3.  Principles of photocatalytic water splitting

Thermodynamically, the overall water splitting reaction is an energetically uphill,
endothermic reaction (Eq. 1.9)*%. The standard Gibbs free energy change (AG,) of water
splitting is +237 kJ mol™. Energy is needed to drive the thermodynamically uphill reaction,

and this is provided by light, or ideally solar energy, in a photocatalytic system.

H,0 > Hy +20, AGy = +237 kjmol™1 (1.9)
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Fig. 1.3. (a) Schematic representation of the mechanism of water splitting over a
semiconductor photocatalyst particle. (b) The energy diagram of photocatalytic water

splitting based on one-step excitation®*. Based on reference ** with permission from ACS.

Fig. 1.3 (a) presents a schematic representation of a typical semiconductor particle loaded
with a surface hydrogen evolution cocatalyst and an oxygen evolution cocatalyst for overall
water splitting. The photocatalytic water splitting comprises three fundamental steps: (i) the
absorption of photons, which have energy larger than the semiconductor bandgap to excite
electrons from the valence band (VB) to the conduction band (CB). This process will create
electron-hole pairs (or excitons). (ii) Then, the photoexcited charge carriers are separated
and subsequently migrate to the surface-active sites. (iii) Finally, the surface redox reactions
are initiated by the electrons and holes to generate hydrogen and oxygen, respectively, with
the assistance of the cocatalyst in some systems which will be further explained in section
1.3.5.2. It should be emphasised that the primary role of the semiconductor in photocatalysis
is to absorb an incident photon, generate an electron-hole pair and facilitate its charge
separation and transportation, while the catalysis of the reaction is an additional function

that can be performed by different materials such as cocatalysts®.

10
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The migration or travelling of the reactants and products proceed in a mass diffusion manner
concurrently®®. As a detrimental factor of the mechanism, recombination of photoexcited
carriers occurs along with these reactions. Therefore, the charge separation and the reactions
on the surface must proceed within the lifetimes of photoexcited carriers in a complete water
splitting reaction. These concepts hindering the activities will be further explained in section

1.2.5.

The typical concerted four-electron process in an acidic aqueous solution for water splitting

is shown in Eq. (1.10) to Eq. (1.12) *'.

Overall water splitting reaction: 2H,0 — 2H, + O, (1.10)
Hydrogen evolution reaction (HER):  4e” + 4H — 2H, (1.112)
Oxygen evolution reaction (OER): 2H,0 — 4H" + 0, + 4¢  (1.12)

The tendency of the adsorbed species (adsorbed hydrogen and water) to accept/donate
electrons manifests itself in its reduction/oxidation potential, respectively. By
thermodynamics, the ability of a semiconductor to transfer photogenerated charge carriers
to adsorbed molecules is governed by the alignment of the conduction and valence band
edges of the semiconductor with the redox potentials of the charge carriers in most cases®®
39, Therefore, the reaction conditions (i.e. the photocatalysts) are generally depicted in terms

of the position of the band edges in literature.

As illustrated in Fig. 1.3 (b), protons (H") are reduced by electrons in the CB to generate Hy
while O2 is produced by water oxidation by holes in the VB. To achieve the overall water
splitting, the potential of the conduction band minimum (CBM) must be more negative than
the H*/H: reduction potential (0 V vs. NHE at pH 0). This is because the scale of the redox

potential goes from positive to negative with increasing energy, and chemical reactions are

11
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only favourable when they are going from a more negative potential end to a more positive
potential end (Fig. 1.4). Analogously, the valence band maximum (VBM) must be more
positive than the O2/H.O oxidation potential (+ 1.23 V vs. NHE pH 0). As a result, the
minimum theoretical bandgap energy of overall water splitting is 1.23 eV. It does not matter
if the energy of the photons (i.e. solar energy) is higher than the bandgap energy. As long as
the electrons are excited to the conduction band, they can relax in a fs timescale to lower
states in the CB or intraband trap states before reaching the surface of the photocatalyst. It

means they never provide a higher reduction potential than the CBM 3540,

Energy Potential
A
Eco ) O—\I\E
E e
Ev
— & Fa
X _ o o
4

Fig. 1.4. Thermodynamic constraints on the transfer of electrons and holes to the reduction
and oxidation potential, respectively. AE represents the Kinetic overpotential of the

reduction process. Reproduced with permission from John Wiley and Sons from reference

35

The mentioned considerations are the thermodynamic considerations which imply the
choice of a photocatalyst needs to be a compromise between two competing factors. On one
side, for achieving higher efficiency, it is beneficial to have a smaller bandgap so more solar

energy is absorbed and utilised. On the other hand, the band structure of the photocatalyst

12
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needs to have spanned the range of the reduction and oxidation potential of water, or have a

suitable band alignment with the two potentials.

To further complicate the situation, it is, in fact, crucial to provide an overpotential for the
redox process from a kinetic point of view. The range of potentials should not only be just
matched but there should be a substantial margin (AE) on each side between the VBM and
CBM with the O2/H20 oxidation potential and H*/H. reduction potential, respectively (Fig.
1.4). Without an overpotential, even a good catalyst that matches the bandgap energy and
band position cannot drive the reaction at reasonable rates*'. The reaction might still be able
to proceed, but it will rely on the Brownian motion of electrons, which is presumably much
slower than having the potential difference as the reaction driving force®. According to this
consideration, the bandgap should be as wide as possible. Some extra energy is also needed
to overcome the activation barrier of the reaction like charge transfer at the interface,
polarisation, and surface adsorption*> 3, As a result, the bandgap of the light absorber is

usually required to be >1.6 eV for a practical reaction to proceed at a reasonable rate** 4°,
1.2.4. Key parameters for photocatalytic activity evaluation

There are several parameters for evaluating a photocatalyst’s water splitting performance.
These include hydrogen evolution rate, quantum efficiency (QE) and solar to hydrogen
(STH) conversion efficiency. Even though QE and STH are comparable between
publications for different heterogeneous photocatalysts, QE and STH are only meaningful
when the photocatalytic conditions are optimised (e.g. the optimised photocatalyst amount
and cocatalyst loading)*®. This research project has not yet achieved the point of optimising
the photocatalytic system, therefore, hydrogen evolution rate is used as the main parameter

for evaluating a material’s water splitting photocatalytic performance.
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The hydrogen evolution rate (umol h geaaiysts™) is calculated by Eq. 1.13.

H, evolution rate = niHy) (1.13)
txm

where n(H,) is the number of moles of hydrogen generated in the water splitting reaction,
t is the reaction time when it reaches the reaction temperature and m is the mass of
photocatalysts. An example of the hydrogen evolution rate calculation is shown in the

Appendix.
1.2.5. Current challenges in photocatalytic water splitting

A recent life cycle study suggested that a minimum threshold of 10% solar-to-hydrogen
(STH) efficiency is needed for the industrialisation of photocatalytic water splitting®’.
Nevertheless, decades after the pioneering work from Fujishima and Honda, the
photocatalytic water splitting STH efficiency has not reached the industrial benchmark of
10% experimentally until now. The field is still stuck at the embryonic stage of laboratory
investigation, with rare pilot plant-studied cases. The current photocatalyst systems still
suffer from various challenges, each of which will be elaborated further in the following

section.
1.2.5.1. Charge recombination

As mentioned in section 1.2.3, when a photon with enough energy strikes the semiconductor,
an electron is excited from VB to CB, leaving a hole in the VB. A hole is considered a
positive charge species and has a strong tendency to attract electrons from the neighbouring
atoms. As a result, a hole of one atom might interact with an electron of another atom, or
even the excited electron might fall back into the same hole. The merging of the free electron
and a hole is called charge recombination. As the excited electrons are relaxed during

recombination, energy will be emitted from the electron-hole system in the form of photons
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or phonons (lattice vibration). Direct bandgap semiconductors undergo radiative or non-
radiative recombination, in which the former dominates (i.e. photons are emitted in the

process)*.

The separation and recombination of photoexcited charge carriers are competitive processes
in photocatalysis. Any strategies that can prolong the charge lifetimes of charge separation
or suppress the recombination time would be beneficial in constructing a highly efficient

photocatalytic system.

The recombination process is happening continuously, but the incoming energy keeps
forming new electron-hole (or exciton) pairs until it reaches an equilibrium. The average
timing between the creation and the disappearance of an electron-hole is termed exciton
lifetime. The lifetime varies upon the semiconductor’s material, crystal structure, size, and

shape.

A @
Reduction

A

Fig. 1.5. Photoexcitation of electron-hole pair in a semiconductor with possible decay paths

including recombination paths and desired reactions. A is denoted as the electron acceptor
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and D is the electron donor. Reproduced with permission from John Wiley and Sons from

reference °°.

The trapped electrons and holes can either recombine on the surface or in the bulk of the
semiconductor, which is also referred to as volume recombination (Fig. 1.5)*°. Generally,
the recombination of photoexcited charges occurs at ps to us timescale, while the surface
water splitting reaction takes place at a longer timescale at us to s3. Therefore, in many
cases, recombination is the dominating reaction that photoexcited carriers undergo, because
the electron-hole recombination is more kinetically facile. Various factors determine the
recombination rate, such as mobility and trapping of charge carriers, the defect density in
the semiconductor or the presence of an interface with a secondary material that acts as an
electron or a hole sink®. Strategies for boosting the surface reaction or suppressing the
recombination are advantageous for improving the performance of a photocatalytic water

splitting system.
1.2.5.2. Slow charge transfer

The timescale of charge separation and surface catalysis reactions are synergistically
correlated®. It can be understood as there being only a certain number of active sites on the
surface of the photocatalysts and interfacial diffusion (or migration) of reactant (H20) and
products (Hz2 and O) are needed to diffuse between the solid-liquid interface into or away
before and after the reaction. The diffusional transports and surface reaction is at the
timescale of ms to us“*5!, while the photon transmission and photoexcitation is in the
timescale of ps to ns and fs to ms, respectively®*>* It shows that the consumption
(diffusional transport and surface reaction) of the charged species is much slower than their
generation; the surface of the photocatalysts will be congested and blocked with

photogenerated species and triggering undesirable charge recombination as there is no other
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option for the usually short-lived and reactive charge carriers to react. As a result, charge
diffusion from the bulk to the surface-active sites as well as the surface water splitting
reaction are mostly the limiting processes in water splitting. Any material design could
shorten the diffusional transports so that the surface reaction is preferred, thus promoting

photocatalytic activity.
1.2.5.3. Low energy yield and mismatch of band alignment

As mentioned, the VBM and CBM must satisfy the potential of OER and HER for water
splitting. Since the minimum photon energy is 1.23 eV (equivalent to a photon with
wavelength ~1000 nm), solar photons with a wavelength larger than 1000 nm are not suitable
for the reaction. It means a certain amount of solar energy is never going to be able to be
utilised in water splitting due to the redox potential limitations and the unmatched photon
energy with the bandgap of the photocatalysts. The wasted energy will be dissipated as heat
or cause a fluorescence effect. Therefore, designing a photocatalyst with lower bandgap
energy is crucial to absorb a larger range of solar energy in the spectrum. However, it will
induce a high rate of charge recombination due to the lower overpotentials available for the

catalytic half reactions.

Worse still, there are multiple transmission and conversion barriers that impose energy
losses. Solar light is made up of a series of the radiation spectrum, containing 5% UV light
(<400 nm), 43% visible (400-700 nm) and 52% near-infra-red light (700-2500 nm)®°. Before
reaching the Earth’s surface, a large portion of solar radiation is absorbed, scattered, or
reflected by humidity and carbon dioxide in the atmosphere, and is wasted for the
photocatalytic reaction. Furthermore, before reaching the bulk of photocatalysts to charge
separate, solar photons have to transmit through several mediums, such as the reactor, water

(as a suspension medium and as a reactant), and the surface of the photocatalysts (as the
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electron-hole photoexcitation is happening in the bulk). A large amount of light energy will
be absorbed, reflected, and scattered by the medium and will greatly decrease the final

transmitted light from reaching the photocatalyst.

Under the theoretical conditions where the efficiency of the light absorbance, carrier
separation, as well as quantum efficiencies, are all 100% (ideal but impractical until now),
the maximal theoretical efficiency can reach 47% due to the limitation of 1.23 eV redox
potential. By taking additional considerations of heat losses and other energy losses factors,
the maximum STH efficiency that a photocatalytic water splitting system can achieve is only

a mere 18%°% 57,

Yet, all recent results are still under-performing the theoretical maximum as well as the
industrialisation threshold STH (10%). From the literature, possibly the best discovered
STH efficiency till now was 5%, which is achieved on a cobalt(l1) oxide (CoO) photocatalyst
without any cocatalysts or sacrificial reagents®. However, further work is needed to support
its stability as well as its photocatalytic conditions. Therefore, to date, the highest reported
efficiency of any system is still only half of the required efficiencies for practical

applications.
1.2.5.4. The incompetence of utilising sacrificial reagents

Photocatalytic water splitting is immensely difficult in a pure water system because water
molecules are highly thermodynamically stable and resist dissociation. Overall water
splitting is assumed to be a complicated stepwise four-electrons process as limited by OER
from Eq. 1.12 5% 8, Therefore, a pure water splitting system is highly ineffective. It is often
claimed that the incorporation of sacrificial reagents can solve the issue by serving as charge
scavengers (h* scavenger or e donor). A nucleophilic (electron donor) sacrificial reagent is

needed to scavenge electrophilic (electron acceptor) photogenerated h*, while preserving
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photogenerated e” for H,O reduction to Hz to prevent charge recombination®®. Furthermore,
O2 is not produced from the hole scavenger action of sacrificial reagents, since the back
reaction to produce water is suppressed. Therefore, the H yield is increased and a
subsequent gas separation stage can be avoided. Almost all studies demonstrated increased
H, generation when sacrificial reagents are incorporated®. Most of the investigated
sacrificial reagents are organic compounds, such as methanol®3%°, ethanol®®-%8, isopropanol®®
0 and butanol’™ "2 which have all been demonstrated as hole scavengers in previous studies.
Combining these organic compounds as electron donors can irreversibly fill in the
photogenerated VB holes and can enhance the electron-hole separation efficiency, resulting

in higher QES- €2,

Unfortunately, using sacrificial reagents in a photocatalytic water splitting system is not
ideal. First, these electron donors are continuously consumed in the reaction to provide
sustained H> production, which is not economical. Apart from the economic aspect,
measuring HER in a sacrificial system no longer generates any mechanistic information. For
example, it is difficult to determine whether the electron transfer from the CB or the reducing
organic radicals is rate-limiting, or whether the QE is limited by initial hole transfer to the
sacrificial reagent. Furthermore, H» enhancing mechanisms might be due to the dissociation
of sacrificial reagents, particularly when the organic sacrificial reagents are H-bearing. This
means the scavenging effect toward enhanced H> photogeneration without considering
photoconversion of organic sacrificial reagents is simply incorrect, especially under the
photoconversion conditions’ 7. These organic compounds are far less thermodynamically
stable than pure water, thus more likely to be photocatalysed to H> or other small molecules

such as CO2, CO and CHa. For example, AG]9 of CH, formation is -228.6 kJ mol™* while the

AG}’ of Hz formation is 0 kJ mol™. It shows that the photocatalytic formation of CH4 is more

19



CHAPTER 1 INTRODUCTION

thermodynamically viable than the formation of H,"*. The photocatalytic mineralisation of
organic-type sacrificial reagents can be confirmed by the post-reaction analysis of the liquid
phase (residual concentration of sacrificial reagent) and gaseous products (presence of COo,
CO and CHg4) to confirm the photo-reforming or decomposition of organic sacrificial
reagents under photocatalytic water splitting conditions®?. Finally, the potential to generate
secondary pollution from irretrievable sacrificial reagents would associate with high-cost

waste management, which contradicts the original aim of generating green Ho.

Although the STH might be lower with the absence of sacrificial reagent, using sacrificial
reagent is not a long-term, genuine solution for improving the efficiency of water splitting.
Therefore, further discussion will mainly focus upon the water splitting system without the
use of sacrificial reagent, where water is the only required reactant and with the help of

photocatalyst and solar energy to produce hydrogen.
1.2.5.5. Other related challenges

There are other challenges apart from the aforementioned ones. For a photocatalyst that
could be potentially used industrially, it must have excellent physicochemical stability to
retain the catalytic activity in the timescale of years. Even though most semiconductors are
chemically stable in an aqueous environment, oxidative and/or reductive photo-corrosion
processes are often encountered under light irradiation®!. Therefore, the choice of suitable
materials with excellent long-term stability is crucial to support rapid charge migration and

surface reactions.

Also, photocatalytic water splitting suffers from a backward reaction, which reverts H, and
0O to H20. From a thermodynamic point of view, the formation of water from H> and O-

has a negative Gibbs free energy (AG; = -237 kJ mol™), which means the reaction is

spontaneous. Microscopically, the dissociation of H> and O> are adjacent to each other on
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the surface of photocatalysts. When H> and O, undergo a slow desorption process, it

increases the chance for them to reunite as water.
1.3.  Two-dimensional indium selenide (2D-1n2Ses)

2D-M2X3 (M = Al, Ga, In; X =S, Se, Te) (Fig. 1.6) has recently demonstrated outstanding
visible light response-ability and electronic structure tunability in numerous theoretical
studies”™"’. Together, they show the potential of 2D-M»X3 as water splitting photocatalysts.
Among 2D-M2X3, indium selenide (In2Ses), a relatively less reported 2D material, has been
recognised as an intriguing material for solar energy conversion. It is reported that it has
excellent stability, suitable bandgap position (suitable H*/H. reduction potential and O2/H.0
oxidation potential) and bandgap energy (>1.23 eV), high carrier mobility and exceptionally
high absorption of visible light® 7. To further understand the excellent potential of 2D-
InoSes, its structure is firstly addressed in this section, then its unique intrinsic
ferroelectricity and its advantages to potentially be an ultra-thin 2D material are explained.
Furthermore, the motives of (i) reacting under elevated temperature, (ii) metal doping and
(iii) heterojunction formation as strategies for tackling the mentioned challenges to further
enhance the photocatalytic activity will be discussed. Related development of these
strategies will be also mentioned alongside for the readers to learn the recent progress in the

field.
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Fig. 1.6. Atomic structure of 2D-M2X3 (M = Al, Ga, In; X =S, Se, Te) from (a) top and (b)
side views. The unit cell is drawn with black solid lines. The black arrow, E, in (b) indicates
the direction of the vertical electric field. The atomic arrangement of monolayer 2D-M2X3

from side views is shown in (b). Adapted from reference " with permission from ACS.
1.3.1.  Structure of In2Ses

The crystal structure of InoSez has been categorised into five phases: «a, S, y, 6 and k,
depending on the temperature and material preparation conditions®. Among the phases, only
a- and S-In2Ses (Fig. 1.7) have semiconducting layered structure bonded to each other via
van der Waals interactions, like graphene and MoS,. The a-In,Sez (space group: R3m) is
stable at room temperature while the 8-In,Ses (space group: R3m) is stable at 523 K&, The
two phases have different stacking arrangements between layers, but they are composed of
the same monolayer structure with five atomic planes. Atoms in a monolayer plane are
arranged in the Se-In-Se-In-Se set with strong covalent bonds in a direction virtually
perpendicular to the layer plane. From Fig. 1.8, it can be seen that the top (and bottom) layer
can be viewed as having a silicene-like structure while the middle Se layer can be considered

as having an octahedral structure, or ‘T-phase’ structure®2.
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Fig. 1.7. The crystal lattice and the unit cell of a- and -In2Ses. Reproduced from the open-

access figure with permission of 10P from reference &2,
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Fig. 1.8. Top and side views of In.Ses monolayer from the (a) z- and (b) -z-direction. The
red arrow, E, represents the direction of the intrinsic electric field. The blue atoms represent
In atoms; the red atoms represent Se atoms. Adapted from reference 82 with permission from

Elsevier.
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1.3.2.  Unique properties of 1n2Ses

It is reported that 2D-InzSes has intrinsic ferroelectricity, the presence of spontaneous
electric polarisation. This can be explained by the middle position of the Se atom being
shifted off from the centre from the quintuple layer such that it breaks the centro-symmetry,
as seen from Fig. 1.8. The broken structural symmetry of the In,Ses layer leads to intrinsic
electronic polarisation, which results in an out-of-plane intrinsic electric field from the top
surface to the bottom surface. This unique property has been proven by theoretical
calculation and experimental work®. In the work of Fu et al., they demonstrated In.Ses
features out-of-plane ferroelectricity by first-principles calculations. The intrinsic
spontaneous polarisation will generate an internal driving force for the spatial separation of
photoexcited electrons and holes®?. This is hugely beneficial in suppressing the charge
recombination process and therefore does positive work in photocatalytic water splitting.
They even provided theoretical proof that monolayer In,Sez has a theoretical >10% STH
efficiency in water splitting, indicating its potential to be a highly efficient potential
photocatalyst’. In another independent work of Zhao et al., they demonstrated In,Ses has
suitable band edge positions and is a polarised semiconductor that is favourable for reducing
the carrier recombination. By density functional theory (DFT), they further provide evidence
that the partial charge density of CBM and VBM are at different faces in an In,Ses layer and
prove that In,Ses exhibits intrinsic ferroelectricity. It further implies that the material
promotes spatial distribution of charge carriers and restrains the combination of
photogenerated carriers. Furthermore, they have calculated the carrier mobility of In.Ses as
the results show there is a mobility disparity between photo-generated electrons and holes,
which further encourages the separation of carriers. The carrier mobility results are higher
than some of the 2D transition metal dichalcogenides which implies the outstanding

properties of 2D-1n,Ses®. These reports demonstrate the unique potential of 2D-In,Ses to be
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a highly efficient water splitting photocatalyst, especially since the intrinsic ferroelectricity
is able to suppress charge recombination and the suitable band edge positions hugely benefit

the photocatalytic performance.
1.3.3. 2D materials

Two-dimensional, ultrathin InxSes is studied in this research instead of Bulk-In,Ses. This is
due to the favourable properties of 2D materials which have attracted intense research
interest for application in photocatalytic water splitting since the experimental discovery of
graphene®. It has been investigated that a change of thickness of the material will induce an
effect in photocatalytic activity. A lot of the studied 2D materials are semiconductors that
exhibit diverse and tuneable electronic and optical properties and can be used as
photocatalysts. These layered materials include metal oxides, MXenes, g-C3Ns, and

transition metal chalcogenides®®.

There are numerous advantages that 2D materials possess for efficient photocatalytic water
splitting. First, 2D materials have an ultra-high surface-to-volume ratio, which provides a
large number of active sites available for adsorbing reactant molecules (i.e. water) to
undergo photocatalytic reactions®’. Furthermore, the average distance which a charge carrier
can migrate before reaching the solid-water interface (or termed as the diffusion length) is
minimal for 2D materials. This short distance between the bulk and surface leads to the
charges having a much higher probability to migrate to the surface (interface between water
and photocatalysts) in a quicker manner without bulk recombination. Therefore, 2D
materials have a good ability to suppress charge recombination and often demonstrate
excellent photocatalytic activities. It is expected that 2D-In,Ses will exhibit these advantages

to have an exceptional photocatalytic water splitting activity.
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It is also widely agreed that the optical and electronic properties are strongly dependent on
the thickness of 2D semiconductors. Studies on MoS; and CdSe show that the optical
bandgap widens as the thickness, or the size of the quantum dots decreases due to the
quantum confinement effect®°, This is not a unique feature for these two 2D materials, as
it is also reported that In,Sez exhibits this behaviour. The bandgap energy of a-In;Ses is
shown to be thickness-dependent by the report published by Quereda et al.®*. They measured
the optical absorption spectra of exfoliated « -In.Ses crystals and observed a strong
thickness-dependent shift of the bandgap energy from 1.45eV in 25.1 nmto 2.80 eV in 3.1
nm flakes. They claimed the bandgap variation is because of quantum confinement and is
among the largest reported in 2D semiconductor materials to date. Furthermore, they used
DFT calculations combined with many-body techniques to estimate the bandgap of the
materials with various thicknesses. The calculations reproduced the experimental results of
the strong thickness-dependent optical bandgap of 2D-In;Ses. Other reports have also
reported that In,Ses has a narrow bandgap of 1.36-2.00 eV and is thickness-dependent® %,
Therefore, the thickness-dependent bandgap energy of 2D-In,Ses shows the band structure
can be tuned by changing the thickness of the material. Furthermore, even though the
bandgap energy of In,Ses is not conclusive in the literature, it is fortunate that the bandgap
energy range fits perfectly with the requirement of photocatalytic water splitting and can

absorb a majority of solar light.

Additionally, it is reported that when reducing the dimension of material from 3D to 2D, the
introduction of intrinsic defects into the 2D structure will play an increasingly important role
in determining the properties of materials®. Defect sites such as interstitial atoms, vacancies,
and grain boundaries often lead to the recombination process. Therefore, eliminating crystal
defects is thought to be an effective route to improve photocatalytic activity. For example,

Jung et al. reported that increasing the calcination temperature can lead to more crystallinity
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and the reduction of the internal defects in titania particles, which is responsible for the
recombination of photogenerated exciton pairs®. This subsequently implies that reducing
the defects might achieve a higher photoactivity. In stark contrast, some also proved the
opposite statement that defects can effectively trap charge carriers. In the work of Yamakata
et al., defect-rich SrTiOs exhibited an exciton lifetime of 1 ms, compared to the defect-free
single-crystalline SrTiOs that has a lifetime of only 50 ns®; they explained that most of the
charge carriers are trapped in the defects which are responsible for prolonging electrons’
lifetime and enhanced photocatalytic activity. The two examples show introducing defects
might cause promotional or detrimental effects on photocatalysis and it usually depends on
the reactivity of trapped charge and its trapping depth. Qian et al. has provided a summary
of this trend: in a general case, deeply trapped charges possess lower reactivity compared to
shallowly trapped charge generally as deep traps have an energy level located at the middle
region of bandgap and are pronounced charge-recombination sites, especially when the
lifetime of holes is similar to that of electron®’. However, till now, it is challenging to predict
the depth of traps or control it experimentally. Numerous trial-and-error experiments are

needed to carry out manually to obtain the desired trap depth and material properties’.

To conclude, 2D materials are still a relatively new class of materials that might lead to the
unexpected discovery of novel chemicals that could be useful in various applications. Recent
advances in the field of nanomaterials allow precise modification of 2D materials’ shapes
and dimensions. For instance, some 2D materials can be cleaved or exfoliated from bulk
crystals to change their electronic structure to investigate the relationship between their
morphology and their photocatalytic activity. Notable examples include MoS2% and black
phosphorus (BP)®. Several 2D materials, such as WS2%, M0S,1%* and ZnSe'% have already
been identified as suitable candidates for water splitting. However, the shortcomings of these

materials are also becoming more apparent. For instance, their weak coulomb screening
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results in large exciton binding energies, inhibiting the separation of photogenerated carriers
and further lead to robust charge recombination. More importantly, these materials do not
possess high light absorption efficiency. Therefore, the search for novel 2D materials for
highly efficient photocatalytic water splitting is still ongoing. As mentioned, In,Ses carries
great potential in water splitting: it is a 2D material and is predicted to exhibit many
advantages; it has suitable bandgap energy and band structure for photocatalytic water
splitting as well as its intrinsic ferroelectricity for supressing charge recombination. It will,
thus, be explored as a water splitting photocatalyst in this project; the motives and unique

aspects of this research of 2D-In,Sejz is further explained in the next section.
1.3.4. Motivations for exploring 2D-1n2Ses in this research

Considering the unique properties of 2D-In,Ses as mentioned, this key studied material
carries a great potential to display superior water splitting efficiency. Although advances in
discovering the properties of 2D-In,Ses have been achieved, most of the reports are
theoretically based and its applications in photocatalytic water splitting is still in an infancy
stage. There appears to be no report on demonstrating sole 2D-In,Sesz for photocatalytic
water splitting experimentally until now. There are only limited reports in using fabricated
2D-In,Ses as a photocatalyst: Wang et al. has reported synthesizing homojunction y-In,Ses
nanoparticle/a-InSes nanosheet by a solvothermal method and has demonstrated its ability
in photocatalytic H, evolution with S*/SOs*" sacrificial reagent and Cr(VI) removal®;
Zhang et al. has synthesised g-CsNa4/In.Ses heterojunction by one-step in-situ solution-phase
method and has exhibited visible-light-driven hydrogen evolution rate with the use of
triethanolamine as sacrificial reagent!®®; Zhang et al. synthesised y-In,Ses/a-1n2Ses/rGO as
a homo-heterojunction by solvothermal method and it exhibits H> evolution activity with

the use of S>/SOs> sacrificial reagent’®®. Currently, the limited literature of InzSes for
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photocatalytic water splitting is often theoretical or involves sacrificial reagents in
photocatalytic water splitting testing. It should be reiterated that it is always preferable to
develop a water splitting system without sacrificial reagents, not only because it is
economical, but the presence of sacrificial reagents also complicates the system, which leads
to difficulties with the investigation of the reaction mechanisms as mentioned in section
1.2.3. Therefore, the usage of sacrificial reagents is not investigated in this research project.
Herein, the main objectives of this research project are to provide experimental evidence of
2D-In,Ses as a photocatalyst for water splitting without the use of a sacrificial reagent, and

to determine the structure-activity relationship.

This research will also explore synthesising 2D-In.Ses by the intercalation lithium method
and characterisation of its structure. To date, there are some recent successes in producing
specific polytypes and thickness of In.Ses via molecular beam epitaxy (MBE), chemical
vapour deposition (CVD) and physical vapour deposition (PVD)& 105-108  Although these
results are encouraging, these techniques require high cost, high energy consumption and
advanced instruments. Besides, the stoichiometry and polytype phase grown on specific
substrates are generally difficult to control and predict. Different stoichiometric ratios exist
in the In-Se system including InSe, InsSesand IngSer'®. Therefore, it is desirable to
investigate new methods to synthesise 2D-In,Sez in an easier and more eco-friendly manner.
Our group has previously demonstrated layered materials like MoS, can be chemically
exfoliated into 2D-layered sheets in solution through lithium intercalation method® 111,
Chemical exfoliation (in common solvents like water) is relatively easier, insensitive to air
and can potentially be scaled up to give large quantities of exfoliated materials'*2. To date,
there is no publication on the exfoliation of In2Ses by lithium intercalation method and its

characterisation. Therefore, in this research project, | proposed for the first time to use the
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lithium intercalation method to exfoliate In.Ses into layered 2D-In,Ses and its structure

would be thoroughly characterised by advanced techniques.
1.3.5. Strategic designs for enhancing photocatalytic activity of 2D-In2Ses

Numerous researchers have devoted great effort to suppressing the aforesaid challenges in
section 1.2.5. However, single component photocatalysts have difficulty achieving high
water splitting activity and need to address all the requirements of an ideal semiconductor:
it needs to have a sufficient thermodynamic potential to achieve overall water splitting (over
1.23 eV with a suitable bandgap position) while having a sufficiently narrow bandgap to
harvest the visible light in solar energy (1.5-3.2 eV) that accounts for 43% of total solar
energy*™® 114, It also requires circumventing the issue related to the rapid recombination of
photogenerated charge carriers. Due to these stringent requirements, undecorated single
component photocatalysts for water splitting with reasonable activities are hard to obtain.
Therefore, single component photocatalysts are often modified with different strategies to
tackle these challenges. Common strategies aim to extend the absorption spectrum, improve

spatial separation of photogenerated charges and facilitate the transport phenomena.

Like every single photocatalytic semiconductor, it is anticipated that 2D-In,Ses as a single
photocatalyst semiconductor is unlikely to achieve an excellent water splitting performance.
Therefore, apart from studying the undecorated 2D-In,Ses, several strategies have been
employed as an initial point to strategically enhance the photocatalytic activity of 2D-In,Ses
in this research. They include (1) photocatalytic reactions at an elevated temperature; (2)

metal doping as cocatalyst and (3) heterojunction formation.
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1.3.5.1. Photocatalytic reactions at an elevated temperature

The photocatalytic reaction will be conducted at an elevated temperature in this research.
This is a novel approach compared to conventional photocatalytic water splitting reaction
conditions as they are usually conducted at ambient conditions including room temperature.
Unlike the conventional approach, this is inspired by a breakthrough with the use of the
thermo-photo concept that was first demonstrated by Li et al.'*®. In this report, heat energy
(maintaining the system at 543 K) is coupled with light irradiation for the synergetic
amelioration of water splitting activities in an Au/N-doped TiO2/MgO (111) system. This
system has achieved a stunning hydrogen evolution rate of over 11,000 umol g* h'* without
any sacrificial reagent. The report also showed that the necessary high temperature can be
supplied through a solar concentrator, which focuses the solar light beam to provide both
the heat and photon energy for the reaction. This is an environmentally friendly way to
provide the required heat for the reaction as it does not involve extra energy input other than
solar energy. It has been successfully demonstrated that the temperature (543 K) could be

maintained by the simulated solar irradiation with a solar concentrator,

It is proposed that this thermo-photo activity enhancement effect can be translated to the
2D-In,Ses system in this research by the explanation as follows: the elevated reaction
temperature can lead to enhanced photocatalytic water splitting performance by increasing
the concentration of H™ and OH" at saturated water vapour pressure at high temperatures.
The increased concentration of H* and OH" is attributed to the temperature-dependent ionic
dissociation of water. The water splitting activity might peak at around 543 K, as this
temperature coincides with the maximal water ionic dissociation constant (in which the ionic
dissociation constant of water at 543 K is about four orders of magnitude compared with

that at room temperature)*6. As higher concentrations of H* and OH- are produced at a high
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temperature, more charge species are adsorbed on the surface of the semiconductor.
Consequently, the adsorption of the charged ions might create a local electric field (LEF) to
further attract opposite charge species, suppressing the charge recombination and prolonging

exciton lifetime, eventually enhancing the overall photocatalytic activity.
1.3.5.2. Metal doping as cocatalyst

It is well-established that doping metal cocatalysts onto a photocatalyst can significantly
improve the water splitting efficiency. To date, the exact reaction sites of photocatalysts for
water splitting are not well-understood. They might be located either directly on the surface
of the semiconductor (interface between the photocatalysts and water) within which
photoexcitation took place in the bulk, or indirectly across the interface at the surface of
another semiconductor or metal nanoparticles, which is referred to as the cocatalyst. It is
generally believed that the cocatalysts provide active sites for the two redox reactions in

water splitting by decreasing the activation energy for HER or OER*’.

EI_:I °“- _______________ -}'e metal A_

’L\A Co-catalyst

Fig. 1.9. Photogenerated electron transfer from a semiconductor photocatalyst to the
acceptor molecule via a metal cocatalyst. Reproduced with permission from John Wiley and

Sons from reference 2°,
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Moreover, a cocatalyst is considered to be able to promote charge separation and suppress
the charge recombination process by extracting photoexcited electrons or holes. For example,
when metal cocatalysts (HER cocatalyst) are supported on the semiconductor, the photo-
generated electrons are accepted by the metal, because the available states of its Fermi level
lie energetically below the CB states of the semiconductor in general cases. Given that the
Fermi level of the metal is lower in energy than the CB of the semiconductor, this shifts the
Fermi level of the semiconductor-metal composite upwards, so that its potential becomes
more negative (i.e. more reducing, with more overpotential to drive the reaction kinetically),
which is depicted in Fig. 1.9. Thus, the electrons are shuttled to the reactants and are more
kinetically driven to undergo the H*/H> reduction than by the photocatalysts themselves.
The formation of the Schottky barrier at the semiconductor-metal interface promotes the
separation of charge carriers by the accumulation of electrons in the metal, while holes
remain in the semiconductor. The improved charge carriers’ separation translates to slower

recombination rates and, thus, increases the efficiency of the process.

The choice of cocatalyst must be finely tuned in terms of energy levels and electronic
structure so to ensure the charge flow is in the right direction at the semiconductor-cocatalyst
interface®*. In general, Pt, Rh, Ru, Ir and Ni are the promotor for HER while oxides of Co,
Fe, Ni, Mn, Ru and Ir are the cocatalysts for OER™®. It is well-known that Pt, Ni, Rh and
Ru are excellent promotors for HER as they can lower overpotential. Nevertheless, they can
also catalyse a backward water formation reaction, which limits their usefulness as
cocatalysts in overall water splitting, especially when the later reaction is a

thermodynamically more favourable process®.

Sole cocatalysts for HER or OER and the co-deposition of both HER and OER cocatalysts

are all used to improve the activity of a semiconductor. HER cocatalysts can help to improve
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H™ reduction as a photocatalytic water splitting system often has an insufficient overpotential
than that for H,O oxidation; individual OER cocatalysts can boost the slow concerted four-
electrons oxygen formation reaction which is widely considered as the bottleneck of water
splitting reaction!’. Even though dual cocatalyst can hugely enhance the performance and
durability compared to single cocatalyst for some photocatalysts'?® *2! the location of two
cocatalysts and the optimisation of the loading amount of each cocatalyst needs to be

adjusted carefully.

There has been very little coverage of metal-doped In>Ses as cocatalyst in literature. The
most related literature is the theoretical work by Li et al.8. They demonstrated that As
doping at Se sites in InSes monolayers exhibits enhanced ferromagnetism compared to the
bulk. The work by Yang et al. revealed that Fe-doped 2D-In,Sez can be synthesised by
chemical vapour transport technique and the Fe doping at the In sites induces multiferroic
in 2D-In2Ses'??. The two pieces of literature show that 2D-In,Ses has the potential to be
doped with metals, but other than that, the link between this research project remains

minimal.

The photocatalytic effect of metal-doped 2D-In,Sez is still seemingly unknown in the
literature. Herein, the metal-doping strategy would be employed to try to enhance the
photocatalytic water splitting activity. A range of metals were doped to 2D-In;Ses to
discover the cocatalyst that delivers the best water splitting performance. The metal-doped
2D-In,Ses with the highest activity is further characterised to investigate more about its
structure-activity relationship, hoping to give insights in further developing highly efficient

2D-In,Ses-based photocatalysts.
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1.3.5.3. Heterojunction formation

Heterojunction formation is another well-established strategy for enhancing photocatalytic
activity. A heterojunction is formed when a semiconductor couples with another
semiconductor. It can improve photocatalytic activity due to the potential of broadening
light-harvesting properties, improving utilisation of light absorption and increasing chemical
stability'?3. Depending on the bandgaps and the electronic affinity of semiconductors,
heterojunction structures can be divided into three types: type-I, type-1l and type-11l band

alignment as shown in Fig. 1.10.

(@) (b)
cB ——',__ . CB sy

Fig. 1.10. Schematic band diagram of the three types of semiconductor junctions. (a) Type-
I, (b) Type-Il and (c) Type-Ill. SC is short-termed for semiconductors. Reproduced with the

open access figure with permission of MDPI from reference 2,

Among the three types of semiconductor junctions, only type-11 heterostructure is beneficial
for enhancing the water splitting activity. In a type-1l band alignment, the position of VB
and CB of the second semiconductor is higher than that of the first semiconductor, and the

steps in the bands go in the same direction, unlike type-1 and type-I1l heterojunction. The
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difference of the chemical potential between the two semiconductors causes band bending
at the interface of the junction, inducing a build-in field that drives the photogenerated
electrons and holes to move in an opposite direction — holes transfer to the less positive VB
while electrons transfer to the less negative CB. It promotes the effective separation of
electron-hole pairs by spatially distributing the photogenerated electron and hole in CBM
and VBM, respectively, in two different materials. Therefore, type-Il semiconductor
heterojunction is the specific type of heterojunction that is suitable for enhancing water

splitting efficiency.

Furthermore, a wide bandgap semiconductor can couple with a narrow bandgap
semiconductor to improve the light absorption efficiency. For example, a UV excited
semiconductor (e.g. TiO2 and ZnQO) can couple with a visible light excited semiconductor
(CdS and g-CsN4)'®. This improves the solar energy utilisation efficiency from the
extension of the light response range to a larger solar spectrum by the synergic absorption
of two semiconductors with different bandgaps. It can also circumvent the band position
requirements to match the two redox potentials of water splitting because the redox reactions
no longer take place in a single semiconductor. Thus, more semiconductors can be chosen

to form the photocatalyst for water splitting.
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Fig. 1.11. Heterojunction of 0D/2D interface (point to face contact), 1D/2D interface (line
to face contact), 2D/2D (face to face contact) and 3D/2D interface (bulk to face contact).

Reproduced with permission from Wiley from reference %5,

Various type-Il heterojunction structures have been explored. Compared with pure
semiconductors, these type-1l heterojunctions including CdS/TiO2'?", ZnO/zZnS'?,
ZnO/WSep'?°, CdS/MoS2'¥®, and CdS/ZnS*®! have achieved greater photocatalytic activity
and solar energy absorption. Numerous synthesis techniques, such as chemical vapour
deposition, chemical deposition, electrochemical deposition, ion exchange, electrostatic
assembly, and solvothermal/hydrothermal methods have been well-developed to prepare
type-11 heterojunction structures. Nanoscale or low-dimensional (0D, 1D and 2D) functional
components are often incorporated in the formation of type-Il heterojunction due to their
large surface area and significantly enhanced light absorption efficiency. The heterojunction
structures can form by different dimensions, for example, 3D/2D, 2D/2D, 1D/2D and 0D/2D
(Fig. 1.11). Among these, 2D/2D heterojunction received more attention because of their

high overlapping surface area that can provide better charge separation, more active sites
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and amenability for efficient charge transfer'®

. These are all beneficial for increasing energy
conversion efficiency. The above descriptions only briefly discuss the main principle of
type-11 heterojunctions and mentioned a few recent breakthroughs; readers are encouraged
to gain a deeper understanding of type-11 water splitting heterojunction systems with their

compositions, construction and synthesis techniques, and their water splitting performance

from excellent review paperst?4 125 133,134,

In this research, it is proposed that 2D-In.Ses is suitable for building heterojunctions with
other materials with different electronic states. The heterojunction formation is believed to
be able to create novel materials with emergent synergistic phenomena such as enhancement
in the absorption of solar light, efficient charge separation and longer charge carrier

”fetimelZG, 135, 136

2D-MoS; is chosen to construct a heterojunction structure with 2D-InzSes in this project.
2D-MoS; is well-studied in our group as a photocatalytic water splitting material with
numerous ground-breaking discoveries!!t: 37, By lithium intercalation method, MoS; can be
exfoliated to a 2D layered material, presuming to have a similar structure with 2D-In>Ses so
the heterojunction could be more easily formed®. It is proposed that the heterojunction
structure formed between 2D-In,Sez and 2D-MoS; would form a 2D/2D heterojunction

catalyst with enhanced photocatalytic performance.

To date, several reports have been published that focused on 2D-In,Ses/2D-MoS;
heterojunction structure. Zou et al. and Mohapatra et al. independently synthesised the van
der Waals epitaxial formation of In.Ses/MoS> heterostructures by a typical two-step CVD
method. The material displayed a promising photoresponsivity and specific detectivity
which have a potential application in high-performance broadband photodetectors!®®: 139,

The two reports show the In2Ses/MoS; heterojunction displays certain stability and can be

38



CHAPTER 1 INTRODUCTION

successfully synthesised, even though the application is not directly linked to this research
project. In the report of Yuan et al., they used a dry transfer method to fabricate the
In2Ses/MoS; van der Waals heterostructure. They demonstrated an enhanced piezoelectric
property resulting from the type-Il band alignment, which causes a larger interfacial dipole
moment than the individual In,Ses and MoS,**°. This intriguing report gave an insight into
the InoSes/MoS> heterojunction as a type-11 heterojunction leading to a larger interfacial
dipole moment, which facilitates efficient charge separation and suppresses charge
recombination compared to the two separated semiconductors. Therefore, using
In2Ses/MoS; heterojunction may be a promising approach for splitting water effectively. k-
In2Ses/MoS; was assembled by a solution-based ultrasonic method by Jiang et al. and it was
shown that the material as a photoanode exhibited diminished photo-generated charge
recombination, improved photocurrent density and higher photoelectrochemical OER
performance than its pristine components!*t. Even though our project is not focused on -
In2Ses, a rarely reported metastable InoSes phase, and photoelectrochemical water splitting,
this report demonstrates the heterojunction formed between In,Ses and MoS; can benefit
photogenerated charge transfer and decrease charge recombination. Finally, Zhang et al.
have theoretically constructed an In,Ses/MoS; heterojunction composite by DFT®. The
results also revealed that it is a type-Il heterojunction structure and is thermodynamically
stable. There was a photogenerated charge migration from MoS; to InSes, which again
confirms that the heterojunction can promote the charge separation and suppress charge
recombination. The mobility of the charge carriers in the composite was also excellent due
to their small effective mass. Furthermore, the composite has outstanding optical absorption
of infrared, visible and ultraviolet light, meaning it has excellent absorption of solar light
spectrum. This report shows an encouraging theoretical vision that In,Sez/MoS; is a

potential material for experimental research in the field of photocatalytic water splitting.
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In light of the previous research, MoS:/In2Ses is anticipated to be a promising photocatalyst
for water splitting. Here, | propose to construct the heterojunction by a facile electrostatic
self-assembly approach for the first time (experimental details in section 3.2.4). This method
can be done under ambient conditions; unlike CDV and PCD, this approach is not energy-
intensive and does not require an advanced instrumental setup. After the assembly, the series
of heterojunctions with a range of component ratios will be tested. The one with optimal
activity would be robustly characterised to further understand its structure. It is hoped that
this experimental research could open doors to design next-generation 2D/2D

heterojunction-based photocatalysts for water splitting.
1.3.5.4. Other related strategies

The photocatalytic reactions will be done by vigorously mixing the colloidal or suspension
solution by adding a stirring system with a magnetic bar. As mentioned, interfacial mass
diffusional transfer of reactants is one of the limitations to the rate of water splitting reaction.
Therefore, fresh H2O molecules need to be constantly transported to the active sites on the

surface of the photocatalyst to undergo water splitting by vigorously mixing.
1.4.  Aims and objectives

As discussed in the previous sections, the hydrogen evolution reaction via photocatalytic
water splitting has the potential to play a crucial role in the move towards a decarbonised-

energy society.

The aim of this thesis is to provide an understanding of the photocatalysis chemistry of 2D-
In2Ses based materials for water splitting. To reiterate, there is no previous experimental
study conducted regarding the use of 2D-In>Ses, which is synthesised by the lithium

intercalation method, for photocatalytic water splitting. It is hoped that this research can
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provide insight into synthesising and engineering more effective 2D-In,Sesz based

photocatalysts so as to contribute to the industrialisation of this technology.

The objective of this thesis is to systematically study the 2D-In,Ses photocatalytic water
splitting chemistry in the following manner: (i) the structure-activity relationship of 2D-
In2Ses; to study the enhanced photocatalytic effect in water splitting reaction by (ii) doping

metal into 2D-In,Sez and (iii) the formation of MoS./In,Ses heterojunction structures.

1.5.  Thesis overview

This thesis contains five chapters with Chapter 3 and Chapter 4 detailing the research

performed throughout my MSc (by research) degree.

Chapter 1 introduces the fundamentals of water splitting and outlines the challenges in the
development of photocatalysts for this reaction. Additionally, a background description and
a review of strategies for enhancing the photocatalytic performance used in the experimental

work is provided.

Chapter 2 provides an overview and brief theoretical discussion of the operational

principles of the analytical techniques used.

Chapter 3 details the experimental protocols followed during the synthesis of 2D-In;Ses
and its related decorated forms, characterisations and activity testing of catalysts reported in

the following chapter.

Chapter 4 details the characterisations and investigates the structure-activity relationship of
2D-In,Ses. Furthermore, the enhanced activity and the characterisations of a range of metal-

doped 2D-In>Ses and MoS2/In2Ses heterojunction structures were explored.

Chapter 5 concludes the thesis and suggests possible future works.
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CHAPTER 2 ANALYTICAL TECHNIQUES

Answering the question ‘what is the structure of the material’ is key in understanding the
structure-activity relationships in catalysis. As such, characterisations of catalysts have

become a vital step in designing a catalyst rationally and intelligently.

No single technique can provide a comprehensive characterisation of a substance; various
analytical techniques are needed to identify its structures. There are three main groups of
characterisation techniques: microscopy, spectroscopy and diffraction techniques according
to the classification of West et al.l. The techniques presented in the research work will be
discussed in the following chapter in terms of the theories and applications. Electrochemical
and band structure determination are also employed in the research, so will also be discussed
in the chapter. Most of the characterisations are focusing on the surface where the catalysis
reaction happens or interacts with reactants, and therefore require most attention in catalysis

studies.
2.1.  Microscopic techniques

Microscopy is a technique that uses microscopes to view small objects that are otherwise
invisible to naked eyes. One traditional way to see small objects is through a common optical
microscope, using magnifying lenses to produce surface images with focused visible light.
However, the spatial resolution of optical microscopes (in the range of um) is not enough to
distinguish nanoscale materials in catalysts, or distance between atoms. This is because the
resolving power of imaging instruments is governed by the Rayleigh criterion stated in Eq.

2.1.

1222

g =24 (2.1)
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where 8 is the angular separation that the centres of two objects are just resolvable by the
instrument, this is also the representation of resolution limit; A is the wavelength of the light

source (or electromagnetic radiation); D is the circular aperture diameter of the instrument.

Electron microscopes use electrons that have a much shorter wavelength (in the order of 10
10 m) than that of visible light (in the order of 10”7 m) as a source of imaging. Therefore, by
relating the Rayleigh criterion formula in Eqg. 2.1, the extreme small wavelength of electrons
allows electron microscopes to have an ultrahigh-resolution (or ) to image materials in a
nanometre range and probe into atomic structures. In this project, atomic force microscopy
and transmission electron microscopy are used for determining the morphology, thickness,

and particle sizes of the nanoscale catalysts.
2.1.1. Atomic force microscopy

Atomic force microscopy (AFM) is a powerful technique to characterise nanomaterials’
spatial properties such as size, morphology, surface texture and roughness. A wide range of
particle sizes can be characterised, ranging from 1 nm to 8 um?. It could visualise high-
resolution 3D images which is a unique feature compared to transmission electron
microscopy (TEM) or scanning electron microscopy (SEM); AFM could offer a height
profile of a nanomaterial quantitatively. Also, it could characterise nearly any type of
nanomaterial surface (polymers, ceramics, and composites) in multiple mediums including
ambient air or even liquid dispersion. This can overcome a basic drawback with SEM — SEM
can only image conducting or semiconducting surfaces®. One disadvantage of AFM
compared to SEM is the measuring size. SEM can image an area on the order of millimetres
x millimetres with a depth of field in the order of millimetres. However, AFM can only
image a maximum height only on the order of micrometres with a maximum scanning area

of around 150 x 150 micrometres®.
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Detector and feedback

Photodiode

Laser

Sample surface

Fig. 2.1. The schematic showing the principle of AFM. Reproduced with permission from

Elsevier from reference °.

Fig. 2.1 shows the basic principle of AFM. It is based on a sharp tip that is approximately
10-20 nm®, which is attached to a cantilever. The material of the tip is usually silicon or
silicon nitride. The tip moves in response to the surface and interacts with it. The up-and-
down and side-to-side motion of the cantilever is monitored through a laser beam reflected
off from the back of a cantilever. The laser reflected signal is consequently tracked by a
photodetector that detects the motion of the tip. The signal is then fed into a feedback loop,
which is used to control the force and tip position and to track the surface for imaging and
measuring. The sensitivity of the detector needs to be calibrated in terms of the length of

movement corresponding to a unit of voltage measured on the detector’.

A basic AFM can operate in two modes, contact and tapping modes®. In the contact mode,
the tip is continuously contacting with the measured surface. In tapping mode, the cantilever

is oscillating above the sample surface (at the range of frequency between 100 Hz to 2 MHz),
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contacting the surface intermittently. It is the recommended mode for AFM as it minimised
the potential damage by the tip. The atom at the apex of the tip senses individual atoms on
the underlying surface when it starts to develop chemical bonds with each atom. These
chemical interactions delicately alter the tip’s vibration frequency so the surface of the

materials can be detected and measured®.
2.1.2. Transmission electron microscopy and Energy-dispersive X-ray analysis

Transmission electron microscopy (TEM) is a type of electron microscopy. It creates images
by shining a high energy beam of electrons through a thin sample. The interactions between
the electrons and the atoms can be used to observe the morphological features of the samples,

such as crystal structure, dislocations and defects, and grain boundaries.

TEM operates on the same principles as light microscopes but instead of light, it uses
electrons as the sources of energy to ‘see’ the image. This is due to the small wavelength of
electrons that can help TEM to attain a very high resolution. The resolution of TEM depends
on the wavelength of the electron, which can be tuned by changing the operating voltage
that controls the electric or magnetic field. A typical operating voltage is around 80 to 200

keV, corresponding to a resolution of around 0.3 nm°.
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Fig. 2.2. The schematic illustration of a basic TEM setup and ray diagram. Reproduced with

permission from Elsevier from reference °.

Fig. 2.2 shows the schematic illustration of the basic setup of TEM. An electron gun,
tungsten filament or LaBs crystal creates a beam of electrons and is accelerated to a
wavelength that is smaller than the interatomic spacing using an electric or magnetic field.
It is then focused into a small, thin, coherent beam by using the condenser lens. The beam
then strikes the samples in which the transmittance depends on the thickness and the electron
transparency of the particular part of the sample. The transmitted portion is focused by the

objective lens to prevent diffraction patterns and the electron beams are converted to signal
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for imaging by a charge-coupled device (CCD) or directly on a phosphor screen. The image

is finally enlarged by passing through the intermediate and projector lenses column®.

There are two operation modes of TEM: bright-field and dark-field. They utilise different
electron populations to construct the TEM images and each has its advantages and
disadvantages. Bright-field is the more common mode among the two and is suitable for
most inspections, while dark-field can feature higher image contrast and clarity image which
the bright-field technique might have difficulty providing, especially when crystalline
features that are too small to be viewed (such as crystal lattice, crystal defects and
dislocations)**. In bright-field TEM images, darker areas usually represent those areas of the
sample that allow fewer electrons to transmit (the electrons are absorbed by the materials or
scattered away), while light areas of the images embody more electrons were passed through.
This suggests that darker areas are usually thicker than the lighter parts. The representations

of dark and light areas in dark-field images are the inverse of bright-field TEM.

A limitation of TEM is that a TEM specimen must be thin enough (usually less than 100 nm)
to transmit sufficient electrons to form an image with minimal energy loss!2. Hence,
specimen preparation is an important step for TEM analysis. Also, TEM is usually
performed under an ultrahigh vacuum condition to avoid collision between electrons used

in TEM and gas molecules, making sure the electron beam can travel in a straight manner.

Energy-dispersive X-ray (EDX) analysis can be used together with TEM or SEM. By using
EDX, information such as chemical composition including its spatial distribution and
concentrations can be obtained. Every atom has a unique number of electrons that reside in
specific energy levels. When the electron beam hits the inner shell of an atom, it kicks off
an electron from the shell and leaves a positively charged hole. An outer, higher energy

electron would fill in this lower energy vacancy and thus the energy difference would be
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released in the form of an X-ray. This X-ray is unique for every element and transition,
which could be picked up by a detector in EDX. EDX can identify the sample compositions
as well as the percentage of each element in the sample®. When EDX is coupled with a
TEM or SEM, each specific position of the sample scan produces a spectrum that identifies
the identity of elements; when it scans across the 2D surface of a sample, it can map the
topography of the elements of the sample!®. Therefore, EDX is an extremely useful
technique in characterisations. However, there are some drawbacks that hinder its utility.
First, the quality of the results depends heavily on the signal strength and the signal-to-noise
ratio. When the concentration of an element is too low (typically below 0.5%), the amount
of X-ray energy emitted might be insufficient to measure its proportion®®. Furthermore,
elements with a low atomic number are generally difficult or not able to be detected by EDX.
For H and He, they only have one electron shell, and no electron will fill in the inner shell
after the core electrons are excited. EDX is also a surface technique that only penetrates
several nanometres in samples. Therefore, if there is a compositional discrepancy between

the bulk and the surface layers, it might not be picked up by EDX.
2.2.  Spectroscopic techniques

All the spectroscopic techniques work according to the principle of energy absorption or
emission of the material, usually in the form of electromagnetic radiation. The energy of
electromagnetic radiation is usually expressed in frequency, v, or wavelength, A of the

radiation. The terms can be related to photon energy by Eqg. 2.2.
E=hv=hcA? (2.2)

where h is the Plank’s constant while c is the velocity of light.
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2.2.1. Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) also called electron spin resonance (ESR), is a
technique that affords to detect and quantify paramagnetism, the presence of unpaired
electrons'’. The technique could be applied to obtain the structure information, the
mechanisms of reactions, the kinetics of the reactions and the molecular interaction or

environment. Samples may be in fluid solution, solid or in a gas state.

EPR spectroscopy operates based on the absorption of microwave radiation between the
Zeeman energy level of molecules in an external magnetic field. Even though the working
principle of EPR is similar to nuclear magnetic resonance (NMR), most commonly, it does
not vary the frequency of the radiation. Instead, it uses a monochromatic microwave source
at a fixed frequency, usually conducted in X-band (9-10 GHz) or Q-band (~35 GHz)® %9,
The small energy splitting used in EPR is due to the quantisation of the electron spin. The
formation of the energy splitting requires an external dipole magnet. When the paramagnetic
molecule is placed in an axial relative to a magnetic field, B, the unpaired electron can align
in either ‘parallel’ or ‘antiparallel’ (the quantum numbers are mg = +1/2 and mg = -1/2) to
the external field, two energy states are created. The interaction between an electron spin, S,
and a magnetic field, B, is called the electronic Zeeman interaction. This splitting of energy,

leading to a higher and a lower energy state, results in its ability to absorb microwave.

The frequency of the microwave is normally fixed in an EPR measurement; the B field
applied to the sample is varied to change the Zeeman energy instead. It means the
paramagnetism of the molecule is continuously varied by a changing magnetic field. When
the splitting of the energy, caused by the magnetic field, happens to be the same as the
photon energy of the microwave, absorption occurs. This is the resonance condition which

can be described as Eq. 2.3.
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hv = gugBy (2.3)

where h is the Planck constant, v is the frequency of the microwave, ug is the Bohr
magneton, B, is the magnetic field applied in the experiment, and g is the proportionality
constant. g-value is the most important parameter in EPR: it is specific for a studied material
that and contains electronic information. An unpaired electron that is loosely bound and
more reactive typically have a g-value closer to the g-value for a free electron in vacuo, g,
=2.00232. An unpaired electron that is bound to transition metals, on the other hand, usually
has a more pronounced deviation from g, as the electron is strongly influenced by the
positively charged metal nucleus. Therefore, a change of chemical environment of the

unpaired electron will shift the g-factor value far away from g,%.

There is more magnetic interaction to determine the EPR spectra other than electronic
Zeeman interaction. Electron spin S can interact with nuclei with a spin I; it is called
hyperfine interaction (S < I). If the complex has more than one unpaired electron (a high
spin system), electron spins can mutually interact with each other, called zero-field
interaction (S & S). The mentioned interactions are the two relatively more common
magnetic interactions observed in EPR; there are more magnetic interactions in a chemical
system which are explained in detail in the excellent review of Roessler et al.?°. These
interactions create splitting patterns in an EPR spectrum reflecting the interaction of the
unpaired electron with other species. The magnitude of the splitting will give indications of

the chemical environment of the unpaired electron®®,

There are two approaches for EPR photon excitation: continuous-wave (CW EPR) and
Fourier-transform pulsed EPR. Most EPR make use of CW EPR as it is relatively simple
compared to pulsed EPR; recording and interpretation of pulse EPR spectra require

sophisticated technical equipment and a more advanced theoretical background. CW EPR is
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used in this project and the fundamental is as explained: a sample is excited by microwaves
of a fixed frequency while the magnetic field is varied steadily through a defined range.
Since B, could be changed easily, most EPR experiments measure the first derivative of
absorption vs. the applied magnetic field. There are various pulsed EPR experiments
including electron-nuclear double resonance spectroscopy (ENDOR), electron spin echo
envelope modulation (ESEEM), and double electron-electron resonance (DEER). The
measurements and principles of these techniques greatly differ from each other; they have
their own possibilities and limitations and are usually only available in specialised

laboratories. The details of these specialised pulsed EPR techniques are beyond the scope of

this thesis.
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Fig. 2.3. Absorption and first derivative EPR spectra for (a) single signal and (b) signal with
multiple lines with hyperfine features. Reproduced with permission from Elsevier from

reference 2%,

The direct detection of absorption signal is only possible for samples containing a high
concentration of unpaired electrons, which is usually not the case. Background noise always
appears with the signal, making the detection difficult due to the rather low signal-to-noise

ratio®. This is overcome by field modulation using a phase-sensitive detector technique —
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the first derivative of the signal is shown in Fig. 2.3 (a). The phase-sensitive detector
technique will not be explained in detail here, an excellent review on this topic is illustrated
by Karunakaran, et al’’. Besides the noisy signal, an EPR signal is often broad and the
hyperfine splitting is often hidden due to the short relaxation time of a paramagnetic system.
With the use of field modulation, the derivative signal shows a well-resolved hyperfine

feature as shown in Fig. 2.3 (b).
2.2.2. Raman spectroscopy

Raman spectroscopy is a spectroscopic chemical analysis technique that provides
information about a material’s chemical structure, phase, polymorphism and molecular

interaction. It is based on the interaction of light with the chemical bonds of a material.

When light is shined on a molecule, the oscillating electromagnetic field of the light induces
a polarisation of the electron cloud which leaves the molecule in a high energy state with
the energy of the photon transferred to the molecule. This can be thought of as a formation
of a very short-lived complex between the photon and molecule, which is commonly called
the virtual state of the molecule. The virtual state is highly unstable, and the energy of the

molecule will emit in the form of photon almost immediately, as scattered light.

Raman is a light scattering technique, where a molecule scatters incident light from a high-
powered laser source. In the vast majority of scattering events, the scattered light has the
same energy (same wavelength) after it interacts with the photon (i.e. Rayleigh Scattering).
Rayleigh scattering is not useful in the Raman measurement as the scattered photon retains
its incident wavelength (and its energy), no energy is absorbed or emitted to form a spectrum.
However, in rare events (about 1 in 10 million photons), Raman scattering occurs which is
an inelastic scattering process with a transfer of energy between the molecule and scattered

photon. In Stokes Raman scattering, the molecule can gain additional energy from the
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photon during the scattering and be excited to a higher vibration level. Then, the scattered
photon has lower energy than the incident photons with an increased wavelength. Inversely,
in anti-Stokes Raman scattering, the molecule can also lose energy from the scattering event
by relaxing to a lower vibrational level; the scattered photon gains the corresponding energy
and has a decreased wavelength. The Raman scattering processes are depicted in Fig. 2.4.
Even though Stokes Raman scattering and anti-Stokes Raman scattering are equally likely
to occur quantum-mechanically. The majority of molecules are in the ground vibration level
due to Boltzmann distribution and thus Stokes Raman scattering is always more intense than

anti-Stokes. Therefore, the Stokes Raman scattering is usually used to measure Raman

spectroscopy.
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Fig. 2.4. The Jablonski diagram shows the origin of the Rayleigh, Stokes and Anti-Stokes

Raman scattering process. Reproduced with permission from Elsevier from reference 22,

Laser excitation choice is one of the most important considerations for Raman spectroscopy
measurement. The lasers used in Raman spectroscopy range from the UV into the near-
infrared (NIR). Different wavelength regions offer advantages and disadvantages, and the

selection is dictated by the sample being studied.
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Raman signal intensity, Nzgman, IS Strongly wavelength-dependent by Eq. 2.4 2,
Nraman ~ A3 (2-4)

Therefore, when the laser wavelength is increased, the Raman scattering intensity will fall
drastically. Comparing the UV and NIR lasers, the intensity of the spectrum acquired by the
latter laser is less intense by a few orders. However, fluorescence, as a hindering factor,
might arise and produce a much more intense signal that can effectively hide the Raman
scattering signals in the background as the Raman scattering is a relatively weak process.
To avoid fluorescence, different excitation lasers can be used and lasers with higher
wavelengths (i.e. NIR lasers) usually offer a lower fluorescence than lasers with lower
wavelengths. It is possible to use longer accumulation times when using NIR laser, however,
there is always a risk of sample damage with prolonged laser exposure time. Therefore, a
delicate balance between the laser wavelength, the laser power, and the acquisition time is

needed when measuring Raman spectra.

Furthermore, different samples are measured using lasers with different wavelengths. It is
impractical to compare the wavelengths of the Raman scattered light between samples as it
depends on the laser used. Therefore, to compare spectra, the Raman scatter position is

converted to a Raman shift away from the excitation wavelength by Eq. 2.5.

Av(em™1) = (i — %1) (2.5)

where A, is the wavelength of excitation laser and 4, is the wavelength of Raman scattering.

A Raman spectrum is plotted as intensity vs. Raman shift. Each Raman peak corresponds to
a certain vibrational mode of a sample. Not all vibrational modes can be detected by Raman
spectroscopy. To be Raman active, the vibrational mode must be corresponding to a

polarisability change.
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A Raman spectrum is typically a distinct chemical fingerprint for a particular material and
is a relatively quick measurement. Furthermore, the intensity of a spectrum is directly
proportional to concentration. A calibration procedure is needed to determine the
relationship between peak intensity and concentration, and the measurements can be used to

analyse the component concentrations.
2.2.3. Time-resolved photoluminescence

In the context of photocatalysis, time-resolved photoluminescence (TRPL) spectroscopy is

used to measure the exciton lifetimes of photoexcited electron-hole pairs.

In a TRPL measurement system, the nonequilibrium density of electrons and holes are
created by an initial laser pulse, and the excess charge carriers are relaxed by recombination.
TRPL first uses an initial ultrafast pulse from mode-locked lasers, a technique in which a
laser can be made to produce pulses of light with extremely short duration, to excite the
samples to generate electrons and holes. Part of the recombination process, called a radiative
recombination process, entails the emission of photons and is measured by an optical
detector. The recombination processes without emission of photons are called the non-
radiative recombination, which cannot be detected and do not contribute to the TRPL

signals®.

Charge recombination in semiconductors is an extremely fast process. In order to resolve
short-duration processes, the instruments timescale must be of comparable timescale to the
events under study. Therefore, ultrafast laser pulses (ps range is used in this study) are
required as a source of excitation; fast detector and readout electronics were also necessary.
The detector and readout system also need to be operated on the timescale of the interval
between laser pulses. Together, these make TRPL a powerful technigue to observe the decay

of excited charge carriers created by the absorption of photons from a laser pulse.
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Fig. 2.5. The schematic shows the TRPL measurement system used. The spectrometer and
adjustable shutter function as a narrow band-pass filter to provide wavelength selectivity.
The time-correlated photon counting card is connected to a computer for recording the data.
Reproduced the open resource figure from Oxford University Research Archive (ORA) from

reference 2.

Fig. 2.5 shows the schematics of a TRPL measurement system. After the laser excitation,
the samples will emit light that is then collected by the spectrometer for diffraction. The
light will then pass through a slit to select the wavelength to be detected by the TRPL
detection system. There are two main components in the system: the photo-multiplying
detector (or photomultiplier tube, PMT), which turns the photons into electrical pulses and
is extremely sensitive to light, and the time-correlated single-photon counting (TCSPC) card,
which records the arrival time of those pulses relative to pulses arriving at a synchronisation

(sync) input.

TRPL measurements usually operate under low intensity but high-repetitive signal, the
probability of detecting more than one photon in a signal period is less than unity?®.
Therefore, when TCSPC is performed over a large number of such signal periods, most of
the periods detect no signals, while some periods detect one single photon and only for very

limited periods, more than one photon is detected. After repeating this process over millions
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of pulse periods, a histogram of the detection times relative to the laser pulse arrival times
can be built up to construct the waveform (or decay curve) of the original optical pulse. Fig.

2.6 illustrates the measurement principle of TRPL.
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Fig. 2.6. The diagram shows the principle of TCSPC. Repeated sampling of the original
waveform allows the construction of a histogram showing the number of photons detected
in each signal period. The histogram resembles the original waveform. Reproduced the open

resource figure from Oxford University Research Archive (ORA) from reference 2°.

The TCSPC control unit is synchronised with a reference laser pulse to give time reference
in a computer. It operates on the principle of recording the arrival time of each voltage pulse

it receives. After a pulse arrives on the sync input, an internal timer is started. When another
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sync pulse is received, the timer resets; all times are recorded relative to the last sync pulse.

So, it is possible to deduce the time delay relative to the reference pulse.

The decay of the excited charge carriers carries a lot of information; a sample’s energy levels
and carrier dynamics can be extracted by analysing the shape of the decay curve. However,
there are some limitations of TRPL. First, older TCSPCs can only record the arrival time of
a single signal pulse and no further signal could be recorded until the next sync pulse arrives.
Some more advanced TCPCs have the multi-stop capability that can record multiple signal
pulses after a single sync pulse. Furthermore, there is a deadtime of the TCPC card. After
detecting an electrical pulse from the PMT on the input channel, there is a delay before the
recording operation is complete and the electronics are ready to receive another pulse. Pulses
received during the deadtime are lost, leading to some data points being discarded and hence
distortions in the shape of the decay curve?. Besides the deadtime-related issue, PMT would
not respond ideally to incident photons in practice. Detectors can have flaws such as
electrical reflections inside the processing circuitry which introduce random delays or
secondary peaks to the electrical signal. All the limitations need to be addressed before the
measurements. Therefore, commercial TRPL systems are often required to have time-
consuming manual alignment or optimisation before conducting experiments; sometimes it

is necessary to construct a bespoke set-up for specific experiments.
2.2.4.  UV-Vis spectroscopy and UV-Vis diffuse reflectance spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy is a technique that measures the amount of UV-
Vis light absorbed by the studied material as a function of wavelength. When UV-Vis light
is passed through a sample, the transmittance, T, of light by a sample with respect to the
intensity of light through a reference sample is measured. It can be converted to absorbance,

A, by Eq. 2.6.
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A=—logT (2.6)

Most molecules will absorb photons in the UV-Vis wavelength range (UV range: 100-380
nm; visible-light range: 380-700 nm). Typical UV-Vis spectrometers use a hydrogen-
deuterium lamp for the UV region that produces light from 170-375 nm and a tungsten

filament lamp for the visible-light region, which produces light from 350-2500 nm.

The absorbance at various wavelengths corresponds to the structure and the concentration
(in the liquid or gas phase) of the molecules. UV-Vis can be used in a qualitative or
quantitative manner. The former could identify functional groups or be used as an aid to
identity a compound, while the latter manner could analyse the concentration of the analyte

that is related to the absorbance with Beer-Lambert law (Eq. 2.7).

A = ecl (2.7)

where ¢ is the molar absorption coefficient, c is the molar concentration and [ is the optical

path length.

Theoretically, when a photon hits a sample, the molecule is promoted to a more excited,
energetic state. UV-Vis light usually has enough energy to promote electrons to a higher
electron state, from the valence band (or highest occupied molecular orbital, HOMO) to the
conduction band (or lowest unoccupied molecular orbital, LUMO). The energy of the photon
needs to match the bandgap. Therefore, molecules with different structures will have

different bandgap energy, and thus, different absorption spectra.
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Fig. 2.7. The schematic shows the basic components of a double beam UV-Vis spectrometer.

Reproduced with permission from Elsevier from reference %'

Fig. 2.7 shows the basic design of a double beam UV-Vis spectrometer. The light source
enters the instrument through the entrance slit and the polychromatic white light is dispersed
to bands of monochromatic light of a single wavelength by the rotating prism or diffraction
grating monochromator. Then, the exit slit selects the desired monochromatic wavelength
and is further divided into two identical beams with the help of another prism. The beam
passes through the sample or reference compartment (the UV-Vis cell is often made with
silica or quartz as they do not absorb light in the UV region). Finally, the light passed through

the cells is detected by the detector and produced signals to feed into a computer.

UV-Vis is a simple technique with versatile applications and gives rapid response regarding
quantitative information including analyst concentrations and bandgap energy?®. However,
it is not the most sensitive spectroscopy technique as only a limited amount of light is

absorbed over the short path length.

Generally, UV-Vis records absorption or transmission spectrum under the desirable UV-Vis
range for normal incidence. The technique is used to characterise samples in thin-film or

liquid form as light can pass through the thin film or the cuvette holding the solution, with
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a minimal amount of dispersion. However, light cannot penetrate opaque solid samples as

they do in solution; light is reflected on the surface of the samples instead.

Diffuse Reflectance Spectroscopy (DRS) is a way to circumvent this problem by recording
the reflectance of a solid. DRS can also be converted to the absorbance of the sample by
collecting the diffused reflected light beam. The measurement is performed by placing the
sample in front of an incident light window and concentrating the UV-Vis light reflected
from the sample on the detector using a sphere with a white reference inside (such as barium
sulfate pallet, opal glass or ceramic). There are two types of light reflections in a DRS sphere:
(1) specular reflection, where incident light is reflected symmetrically with respect to the
normal; and (2) diffuse reflection, where incident light is scattered in different directions.
The specular reflected light directed at the sample at an angle of 0° leaves the integrating
sphere without being detected, leading to only diffuse reflected light is measured. The
measured value is the reflectance with respect to the reference standard whiteboard, which

is assumed as 100%%°.
2.2.5. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a bulk measurement of the elemental and chemical
state analysis technique used in a broad range of disciplines. XAS requires a high intensity,
coherent X-ray beam which is tunable over a wide energy range. Therefore, this must be

carried out using a synchrotron radiation source®.

XAS works by the photoelectric effect. The photoelectric effect refers to the emission of
electrons from the sample surface in response to the electromagnetic radiation of light. When
the X-ray energy is higher than the binding energy of the core level of the atom,
photoelectrons are produced and ejected from the core atom. In the X-ray region, atoms

absorb X-rays sharply at certain energy due to the absorption of incident photons by core-
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level electron ejection. This energy range is referred to as the X-ray absorption edge — a
characteristic of that particular species. Therefore, by controlling the energy of X-ray, one

can control the type of atom to emit electrons®..

During a measurement, a monochromatic X-ray beam is tuned to excite the electrons from
the targeted atom. The intensity of the transmitted X-ray beam will drop due to the excitation
and the difference between the incident beam (I,) and transmitted beam (I;) is expressed by

Eq. 2.8.
It == IOe_'ut (28)

where t is the thickness of the sample and u is the absorption coefficient. The XAS spectrum
can then be plotted as u vs. the energy. The most common XAS techniques are X-ray
Absorption Near-Edge Structure (XANES) (or Near Edge X-Ray Absorption Fine Structure

(NEXAFS)) and Extended X-ray Absorption Fine Structure (EXAFS) as shown in Fig. 2.8.
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Fig. 2.8. (a) XAS spectrum marked with XANES and EXAFS, and the pre-edge and edge
features. (b) The origin of the transitions corresponding to the characteristic features in an

XAS spectrum. Reproduced with permission from Elsevier from reference 2,
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XANES/NEXAFS: It refers to the absorption fine structure close to an absorption edge
(about 10 eV below the absorption edge and 20 eV above the edge). This region shows the
largest variation in the X-ray absorption according to the binding energy of the studied
element. The region exhibits narrow intense resonance peaks. This part of the spectrum
provides information about local atomic states, such as the electronic structure of the
unoccupied levels, the oxidation states, and the ratio of chemical states of a particular
element using linear combination fitting (LCF). In LCF, the XANES spectrum of an element
in the target material is assumed to be constructed as the linear combination of the standard
spectra. In which, the standard spectra come from the standard materials with well-defined
chemical states and they are used to describe as the mixture of the states of the element in

the target material®s.

EXAFS: This is the part of the spectrum starting from 50 eV above the absorption edge
typically. The gentle oscillation in the measured signal originates from the scattering of the
ejected photoelectron from the absorption atom and its neighbouring atoms. EXAFS
measurements are used to determine local structure around the target elements, such as the

elemental composition, chemical coordination environments and bonding distances.

XAS is a very powerful technique in material chemistry. Very few techniques can provide
ample information about the electronic structure and the local coordination environments of
the studied element. Moreover, due to the high intensity of synchrotron X-rays, it is possible
to detect elements present in very low concentrations. The tunability of the radiation allows
XAS to detect virtually all the elements in a relatively short period of time. The amount of
sample required is also minimal due to the focused X-ray beam shining on the sample.

However, like every synchrotron technique, XAS is still beamtime-limited and relatively
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hard to access as there are only limited synchrotron facilities around the world. It also

requires specially trained operators to monitor the instrument and analyse the data.
2.2.6. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a standard electron spectroscopy technique for
analysing the elemental composition, empirical formula, chemical state, and electronic state
of the elements of materials near the surface. XPS is initiated by irradiating a sample with
monochromatic soft X-rays (200-2000 eV), usually Mg Ka (1253.6 eV) or Al Ka (1486.6
eV), to a solid surface. By Einstein’s photoelectric effect, electrons will be emitted (ionised)
from the occupied core (inner) atomic shells (Fig. 2.9) to the vacuum chamber. The number

of ejected electrons is then counted by a detector over a range of electron kinetic energy.
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Fig. 2.9. Schematic diagram of photoemission process used for XPS. X-rays excite and eject
a core-level electron. The kinetic energy of the photoelectron is then measured by the
detector to find the binding energy. Reproduced with permission from Elsevier from

reference %4,

The electronic kinetic energy, E, is converted to the binding energy, E},, of the material by

Eq. 2.9.

E=hv—E, (2.9)
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XPS spectra are plotted as counts vs. binding energy. Each electronic state of atoms has its
own characteristic binding energy. Therefore, the peak position indicates the chemical
composition, while the intensity (i.e. counts) measures the elemental concentration at the

surface of the material®*.
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Fig. 2.10. Schematic of a typical photoelectron spectrometer. Reproduced with permission

from Elsevier from reference .

In a typical X-ray photoelectron spectrometer as depicted in Fig. 2.10, electrons ejected from
the sample are with a range of energies and travel in different directions. They pass through
a lens to change their kinetic energy and are focused on the entrance to the analyser. The
analyser consists of two concentric hemispheres with the inner hemisphere having a certain
positive electric charge compared to the outer hemisphere. Electrons with suitable kinetic
energy will travel in a hemisphere along the tunnel and hit the detector. Electrons outside
the ‘suitable’ kinetic energy will strike either the outer or inner hemispheres and will not be
detected. The electric field of the analyser can vary to control the kinetic energy of the

exiting electrons that are count by the detector. Noted that XPS relies on electrons leaving
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the sample. An electric field will gradually build on the sample surface if the emitted
electrons are not replaced, affecting its electrical environment and thus the accuracy of the
binding energies measured. Therefore, the charge compensation needs to be restored by an
external source: conducting samples can be connected electrically to provide electrons while

insulating samples need low energy electrons to introduce to their surface.

XPS is regarded as a surface characterisation technique. The electron ejecting species
involved are usually on the top 1-10 nm of the material, depending on the measuring angle.
The exact sampling depth is also dependent on the kinetic energy of the escaping electrons
(electrons from the atoms at a deeper length need higher kinetic energy to ionise and to be
detected), hence changing the X-rays energy (photon) also changes the measuring depth or

potentially the measured volume of samples.

A quantitative elemental composition can be determined by CasaXPS, a powerful data
processing software for analysing XPS peaks. The rule of thumb to selecting a transition to
determine its element compositions is to choose a peak with the largest peak area and that is
free from other interfering peaks. The electronic states of a certain element have their
specific sensitivities to be excited by the X-rays. Therefore, the peak area of a certain atom
at a certain electronic transition then needs to be scaled by relative sensitivity factors (RSF)
to obtain its atomic concentration. The best way to compare XPS intensities is by percentage
of atomic concentrations, which is a percentage of the intensity to the total intensity of
electrons in the measurements. XPS spectra are usually calibrated with C 1s at 285.0 eV to

be comparable between different studies.

Other meaningful parameters such as full width at half maximum (FWHM) indicates the
chemical state changes and physical influences. For example, a peak broadening may be

attributed to a change in the number of chemical bonds, X-ray damaged samples and
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differential charging of the surface. Auger lines, satellite peaks and multiple splitting can

also be used to identify chemical states.

Even though XPS is straightforward, non-destructive and the data analysis is relatively easy,
a disadvantage of XPS is that it cannot detect hydrogen and helium, leading to problems in

differentiating acidified materials compared to neutral ones®.
2.2.7. Ultraviolet photoelectron spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) is the most common technique for measuring
the spectrum of electron density of states (DOS), valence band structures and electronic
properties. It works on a very similar principle as XPS except for the irradiation source: UPS
uses vacuum UV radiation (10-45 eV) instead of soft X-rays. As UPS is using a lower energy
photon energy (normally He | with 21.2 eV, or He Il with 40.8 eV) than XPS, it only excites
the low-binding energy electrons states in valance band instead of core electrons in XPS. In
general, UPS has a higher energy resolution (< 0.1 eV) than XPS. However, due to the
advances in synchrotron radiation, the distinction between UPS and XPS is becoming less

well defined nowadays.

The typical path length of electrons released during UPS is a few angstroms, leading to its
high surface sensitivity. Even with the short path length, it is still able to reach the bulk layer

in some materials, which could be resolved by angle-resolved UPS.

For semiconductor, as the focused material in this research project, UPS can determine the
broad distribution of valence band which provide insights in the material’s band structure.
UPS can be used to determine the alignment of the valence band maximum (VBM).

Together with the bandgap energy which the determination method will be further explained
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in 2.5, one can derive the alignment of the conduction band minimum (CMB) and thus the

band structure alignment.

2.3. Diffraction

2.3.1. X-ray diffraction

X-ray diffraction (XRD) is one of the most widely used techniques for characterising
nanoscale materials due to its ease and availability. Analysis of a sample by powder XRD
provides important information such as crystallite structure, phase identification, atomic
spacing, chemical composition, and sometimes, the morphology of crystalline materials,

which form the basis of many heterogeneous catalysts®.

X-rays are considered as waves of electromagnetic radiation. It will be scattered by the
regular arrays of atoms in crystal through the interaction with the electrons — electrons
become a secondary source of electromagnetic radiation that scatters the incident radiation.
The scattering process in XRD is known as elastic scattering. A regular array of electrons
produces a regular array of spherical waves from the scattering process. The waves interact
destructively in most of the directions, while in some particular direction, they interact
constructively. The constructive interference of a monochromatic beam of X-rays scattered

at specific angles from the set of lattice planes creates XRD peaks™’.
Bragg’s law (Eq. 2.10) relates the incident angle and the d-spacing of the crystal planes.
2dsinf = nAl (2.10)

where d is the spacing between diffracting planes, 8 is the incident angle, n is an integer
and A is the beam wavelength. Bragg’s equation assumes that incident X-ray beam reflects
on the parallel crystal planes indexed in hkl and spaced d. In Bragg’s law, X-rays are

reflected by the atoms on the plane and reflected X-rays from successive planes interfere

77



CHAPTER 2 ANALYTICAL TECHNIQUES

constructively to produce XRD peaks. Constructive interference occurs when the path
difference between the reflected X-rays is integer multiples of the wavelength. Bragg’s law
simplifies the physical phenomena to assume that the incoming X-rays are ‘reflected’
specularly (mirror-like) from each crystal plane and neglects the fact that the X-rays source
is first scattered by the electrons to all directions (then the waves subsequently interfere
constructively in certain directions to give XRD signals); Bragg’s law is generally adequate

to solve the d-spacing for the crystals. Fig. 2.11 demonstrates the schematic of Bragg’s law.
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Fig. 2.11. Schematic of X-rays scattering by atoms and the formation of a diffraction pattern.

Reproduced with permission from Elsevier from reference %.

XRD analysis is usually done with an X-ray source of Cu Ka radiation (1 = 1.5418 A). X-
rays are generated by a cathode ray tube and filtered to produce monochromatic radiation
and then directed to the sample. The resulting scattered X-rays are detected over a range of
angles (recorded as 26 on XRD pattern) by rotating the detector position relative to the X-

ray source and the sample.

The identity of the atoms and the atomic positions within the lattice planes determine the
XRD peak intensities and positions. Each material has a unique set of d-spacings. Therefore,

it is a fingerprint of the periodic atomic arrangements of materials. Detailed crystal structure
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information, such as unit cell dimensions, bond-lengths, bond-angles, and site-ordering
information can be obtained. Furthermore, a standard database for X-ray powder diffraction
patterns enable quick phase identification for a crystalline sample®. Furthermore, XRD can
easily measure the change in d-spacing. Structural changes induced in a crystalline material

by blending with other materials can be rapidly monitored with XRD*°.

Albeit the availability of XRD and its power in providing information on unit cell dimension,
it cannot provide local structural information, such as amorphous materials, mixed materials,
or multiphasic compounds. XRD is a bulk technique; the information from XRD are average
values over the whole bulk material®®. Also, homogenous and signal phase material is
required to have good data quality. It is also complicated to index an unknown unit cell if its

standard reference file is not present.

2.4.  Electrochemical analysis

2.4.1. Zeta potential

Zeta potential is the charge that develops at the interface between a charged particle surface
and its liquid medium. In a colloidal system, dispersed charged particles will affect the ion
distribution in the near medium region. An electrical double layer is formed in that region
of the particle-liquid interface. This double layer consists of two parts: (1) an inner region
called Stern layer, which includes ions bound relatively tightly to the surface, and (2) an
outer region called diffuse layer, where ions are loosely bound due to the electrostatic forces
and the random thermal motion of the ion in the medium. The potential in the diffuse layer
region decays with increasing distance from the surface until, at sufficient distance, it
reaches the bulk solution value, conventionally taken to be zero. Zeta potential is defined as

the electrostatic potential at this particle slipping plane — the outer boundary of the diffuse
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layer (Fig. 2.12). In other words, it can be regarded as the potential difference between the

dispersion medium and the stationary layer of the fluid attached to the particle layer.
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Fig. 2.12. A schematic diagram of an electrical double layer in zeta potential. Reproduced

with permission from Elsevier from reference .

Zeta potential is a quantitative measure of the effective electric charge on the nanoparticle’s
surface in a particular medium. For example, a zeta potential of +60 mV has a more positive
surface charge than a particle with a zeta potential of +10 mV. As the charged particle has a
‘blanket’ of counter-ions around it in the liquid, there will be a repulsive force between
particles. Colloidal stability is determined by the sum of attractive forces (van der Waals
force) and repulsive forces (electrostatic). The stronger the surface charge, the larger the
repulsion force and thus the particles are less inclined to aggregate or flocculate due to van

der Waals force. In other words, a higher surface charge means higher stability of the

80



CHAPTER 2 ANALYTICAL TECHNIQUES

suspensions. Zeta potential is, therefore, also an important parameter to indicate the stability
of colloidal particles. In general, zeta potential outside the range of + 30 mV is often quoted
as a threshold for having sufficient repulsive force to attain better long-term physical

colloidal stability.

Charged particles exhibit certain effects under the influence of an applied electric field.
These effects are collectively defined as electrokinetic effects and are used for zeta potential
measurement. Fundamentally, there are four movements to measure zeta potential:
electrophoresis, electro-osmosis, streaming potential, and sedimentation potential.
Electrophoresis is the most common movement for the measurement among the four. It is
the movement of a charged particle relative to the liquid medium it is suspended in under

the influence of an applied electric field.
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Fig. 2.13. lllustration of zeta potential measurement by electrophoresis method. Reproduced

with permission from Elsevier from reference .
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When a voltage is applied to a suspension solution, charged particles are attracted to the
electrode with opposite polarity. The particles and their closely associated ions (fixed Stern
layer and diffuse double layer) move through the solution as a unit in the sample cell (Fig.
2.13). Electrophoretic light scattering (ELS) measurements or short video clips are taken
when this unit is moving in the medium under the influence of an applied electric field. The
particles’ electrophoretic mobility and their polarity can be deduced. Electrophoretic
mobility can then be related to zeta potential by the Henry equation. The details of the
calculations will not be covered here; more information on this topic can be found in the

excellent review from Polaczyk et al.*2.

Note that a zeta potential value on its own without defining the solution conditions is
virtually meaningless. It is only useful when the measurement conditions are known. These
factors include the chemistry of both the particle surface and the dispersant, pH, temperature,
ionic strength of the medium, as well as the concentration of a formulation component such

as polymer and surfactant.

2.5. Band structure determination

Bandgap energy is an important feature of semiconductor materials that determines their
activities and potential applications. Therefore, precise determination of bandgap energy is
key in understanding a catalyst’s properties. In general, the most widely used method is to

combine the Tauc method and the optical characterisation techniques (l.e. DRS UV-Vis-IR).

The Tauc method is based on the relationship between E; and the optical absorption

coefficient @ by Eq. 2.11.

ahv = C;(hv — E,)" (2.11)
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where C; is the proportionality constant, hv is the energy of the incident photon and n is a

coefficient, which is dependent on the kind of electronic transition (n = % for direct allowed

transition, n = %for direct forbidden transition, n = 2 for indirect allowed transition, and

n = 3 for indirect forbidden transitions). The value of E is then found at the intersection of

the best fit line of the region of the optical absorption edge (i.e. the Tauc segment) in the

Tauc plot, which is plotted as (ahv)= vs hv.

a as the optical absorption coefficient is needed for constructing the Tauc plot, and the
method is assumed that there is negligible light scattering. However, for powder samples,
scattering component is always present, therefore, optical absorption spectroscopy cannot
be used to determine E;. An alternative technique is to use diffuse reflective spectroscopy
(DRS) to produce an analogous Tauc plot by Kubelka- Munk or reemission function, F(R)

according to Eq. 2.12 to Eq. 2.14 %,

R, = Jsample (2.12)

Rstandard

F(R,) =% = S8 (2.13)

F(Rw)hv = Cy(hv — E,)" (2.14)

where R, is the reflectance of the sample with ‘infinite thickness’ and therefore, there is no
contribution of the supporting material; K and S are the absorption and scattering K-M

coefficients, respectively, and C, is a proportionality constant. Practically, samples with a
thickness >2 mm are enough to avoid the signal contribution from the sample holder. The

value of R, is equal to the ratio of the reflectance of the sample (Rsqmpie) and a diffuse

reflectance standard material (Rgtqnaara)- BaSOa pallet is used in this research project as the
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white standard. The Tauc plot using DRS for solid samples is then plotted as (F(R,,) hv)=»

vs hv. An example of a Tauc plot is illustrated in Fig. 2.14 for linear extrapolation to find

the bandgap energy of the material®*.
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Fig. 2.14. A typical example of Tauc plot, ((F(R.) hv)?) vs hv for estimating the bandgap

energy of CuzBiSz nanoparticles. Reproduced with permission from Elsevier from reference

45

On the valence region of UPS spectra, the VBM can be obtained by linear extrapolation of

the leading edge to the background intensity. One limitation to finding VMB is the valence

band edges of the semiconductor must be detectable in the UPS range?®. After obtaining the

bandgap energy from the Tauc plot and VBM from UPS, the CBM is just on the energy level

above the VBM by the bandgap energy.
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3.1. Materials

In2Ses (99.99%, metal basis, Alfa Aesar); MoS> powder (reagent grade, Sigma-Aldrich); n-
butyllithium (1.6 M in hexanes, reagent grade, Sigma-Aldrich); Hexane (>95%, HPLC,
Sigma-Aldrich); Isopropanol (99.9%, Sigma-Aldrich); Hydrochloric acid (ACS reagent,
37%, Sigma-Aldrich); Ruthenium(lll) acetylacetonate (reagent grade, Sigma-Aldrich);
Chloroplatinic acid solution (8 wt.% in H20, Sigma-Aldrich); Palladium(I1) chloride (99%,
powder, Sigma-Aldrich); Nickel chloride hexahydrate (reagent grade, Sigma-Aldrich);
Iron(IlT) chloride (>99.99%, anhydrous powder, trace metals basis); Cobalt nitrate
hexahydrate (>98%, reagent grade, Sigma-Aldrich); Rhodium(l11) chloride hydrate (99.98%,
trace metals basis, Sigma-Aldrich); Gold(III) chloride trihydrate (>99.9%, trace metals basis,
Sigma-Aldrich); Silver nitrate (ACS reagent, >99.0%, Sigma-Aldrich); Thiourea (>99.0%,
ACS reagent, Sigma-Aldrich); Polyvinylpyrrolidone (PVP, average mol wt. 40,000, reagent
grade, Sigma-Aldrich); Sodium hydroxide (>97.0%, pellets, ACS reagent, Sigma-Aldrich);

Argon gas (99.99%, BOC); Helium gas (99.99%, BOC); Nitrogen gas (99.99%, BOC).

3.2. Methods

3.2.1. Synthesis of 2D-In2Ses

The method of synthesizing 2D-In,Ses is developed adapted from the previous work on the
synthesis of monolayer MoS; in Professor Edman Tsang’s group®. 2D-In,Ses is prepared
with the standard lithium intercalation method alongside with Mr Wentian Niu for the first
few batches of samples. Bulk-In.Ses (2.00 g) was vigorously stirred in 16 mL of 1.6 M n-
butyllithium/hexane under a nitrogen atmosphere for 72 hours. After washing with hexane
to remove the unreacted n-butyllithium, the lithiated In.Ses (LixIn2Ses) was separated by
centrifugation and followed by drying in vacuo at 343 K. The solid was then immersed into

250 mL of water and sonicated for 6 hours (with a power output of 35 W and an operating
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frequency at 37 kHz, EIma Schmidbauer, Germany). The suspension was then centrifuged
at 5000 rpm for 15 minutes to remove the unexfoliated precursors and only the supernatant
was collected. HCI (37%) was then added dropwise to the collected supernatant until
precipitates were formed at a pH of around 7. The solid was separated by centrifugation at
5000 rpm for 15 minutes and the exfoliated 2D-In,Ses was obtained after drying in vacuo

overnight at 343 K. The exfoliation method is illustrated in Fig. 3.1.
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Fig. 3.1. Schematic illustration of the lithium intercalation method for exfoliating Bulk-

In2Ses to 2D-1n2Ses. Reproduced with permission from Elsevier from reference .
3.2.2.  Synthesis of 2D-MoS:

2D-MoS; was prepared based on the previous report in Tsang group?*2, which highly
resembles the method of 2D-InySes synthesis in 3.2.1. 2D-MoS; is prepared with the
standard lithium intercalation method. Bulk-MoS; (2.00 g) was vigorously stirred in 16 mL
of 1.6 M n-butyllithium/hexane under a nitrogen atmosphere for 48 hours. After washing
with hexane to remove the unreacted n-butyllithium, the lithiated MoS, (LixMo0S;) was

separated by centrifugation and followed by drying in vacuo at 343 K. The solid was then
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immersed into 250 mL of water and sonicated for 6 hours. The suspension was then
centrifuged at 5000 rpm for 15 minutes to remove the unexfoliated precursors and only the
supernatant was collected. HCI (37%) was then added dropwise to the collected supernatant
until precipitates are formed at a pH of around 7. The solid was separated by centrifugation
at 5000 rpm for 15 minutes and the exfoliated 2D-MoS; was obtained after drying in vacuo

overnight at 343 K.

3.2.3.  Synthesis of metal-doped 2D-In2Ses

3.2.3.1. Hydrothermal synthesis

Ru, Pt, Pd, Ni, Fe and Co-doped 2D-In,Ses were prepared using a hydrothermal method.
The metal precursor solution was prepared by dissolving a certain amount (5 wt.% of 2D-
In2Ses loading amount) of water-soluble metal precursor and 75.0 mg of thiourea to 10 mL
of deionised water. The solution was left overnight to ensure the complete formation of the
metal-thiourea complex. This is used as a source of metal for the reaction with 2D-In,Ses in
the hydrothermal conditions, yielding the metal-doped 2D-In.Ses (denoted as M-In,Ses). For
example, Co(thiourea)3* was synthesised with cobalt acetate and thiourea, it is used as a

source of Co for the hydrothermal doping®.

The 2D-InzSes colloidal solution was prepared by dispersing 100 mg of In,Ses and 50 mg
of polyvinylpyrrolidone (PVP) into 50 mL of water/isopropanol (3:1, v/v) solution. PVP
was added as a capping agent to coat the metal particles, so as to prevent the excessive
growth and aggregation of these particles®. The colloid solution was sonicated for 1.5 hours
and was added to the prepared metal precursor solution. The mixture was then further
sonicated for 10 minutes and followed by hydrothermal treatment at 453 K for 24 hours.
After the reaction, the obtained solid was separated by centrifugation and was washed with

deionised water for three times. The solid was finally treated with a 5% hydrogen (with 95%
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N2) flow in a tubular furnace at 573 K for 2 hours to reduce any oxidised metal during the

hydrothermal process.
3.2.3.2. Sonochemical synthesis

Ru, Rh, Pd, Au, Ag and Pt-doped 2D-In>Ses were prepared using the sonochemical doping
method. This is used as an alternative doping method because some metals, especially Au
and Ag aggregate easily under the condition of hydrothermal treatment even after the
addition of PVP as a capping agent. The use of hydrothermal reactions inside an autoclave
might also compromise the integrity of the 2D-In,Ses nanostructure®. Therefore, we

employed the two doping methods and find the M-In.Ses with the best activity.

The procedures of the sonochemical and hydrothermal method were analogous until the step
of the hydrothermal treatment. The 2D-1n,Ses colloidal solution was prepared by dispersing
100 mg of In.Sez and 50 mg of polyvinylpyrrolidone (PVP) into 50 mL of water/isopropanol
(3:1, v/v) solution. PVP was added as a capping agent to coat the metal particles. The colloid
solution was sonicated for 1.5 hours and was added to the prepared metal precursor solution.
Instead of hydrothermal treatment, the mixture was placed into the sonication tank at room
temperature for 24 hours (sonicate for 8 hours per day, for 3 days) to allow the uptake of the
metal precursors to 2D-InSes during energetic sonication. The solid was washed with

deionised water for three times and dried in vacuo at 343 K to obtain the product.
3.2.4. Construction of In2Ses/MoS: heterojunction

Five MoS,/In,Sez heterojunction samples were prepared with different weight ratios: 9:1,
3:1, 1:1, 1:3 and 1:9. A wide range of ratio was selected for the heterojunction synthesis
because it was unclear whether In,Ses or MoS; is the smaller flakes that sit on top of one

another and form a heterojunction structure with the best photocatalytic activity in the series.
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The heterojunction was fabricated through a facile electrostatic self-assembly approach®.
The as-prepared 2D-MoS; (250 mg) was added to aqueous HCI solution (100 mL, 1.5 M)
and sonicated for 1 hour, followed by vigorous stirring for 4 hours for further protonation.
The resulting acidified suspension was separated by centrifugation at 5000 rpm for 15
minutes and is washed with deionised water until neutral to remove superfluous HCI. The
acidified 2D-MoS; was redispersed into 100 mL of deionised water. According to the weight
ratio, a certain amount of 2D-In.Ses was added. The mixture was sonicated for 30 minutes
and then stirred vigorously for another 4 hours. The resulting product was centrifuged at

5000 rpm for 15 minutes and was dried in vacuo overnight at 343 K.
3.3.  Evaluation of photocatalytic performance

The photocatalytic activity was mainly determined by the hydrogen evolution rate (zmol
h* g1) from the water splitting, as H- is the focused green renewable energy source. The
methodology of the testing is derived from the work from Li et al.”. Reactions were carried
out in a closed 25 mL stainless steel autoclave system (Parr, United States) equipped with
two quartz windows (with a diameter of 10 mm and a thickness of 18 mm). Blank
experiments reveal that no hydrogen was produced without catalyst and light irradiation
under detection limit. In a typical activity test, 10 mg of catalyst was added to 8 mL Milli-
Q H20 in a quartz lining (20 mm i.d. X 24 mm o.d. x 52 mm height), then the autoclave
was purged with 6 bar of Ar (for hydrogen evolution testing) or He (for oxygen evolution
testing) gas as the inert gas after being tightly sealed. The purge was repeated until the air
inside the autoclave is fully removed. The mixture in the reactor would then be allowed to
heat up to 543 K under vigorous magnetic stirring (750 rpm). Xenon lamp (300 W, Industrial
Grade Arc Lamp with Dual Plano-Convex Lens, Fused Silica, Ozone-free, Newport) was

then used to shine through the quartz windows at 10 cm distance to provide the irradiation
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for water splitting after the autoclave reached 543 K. In Fig. 3.2, the 300 W Xenon arc lamp
shows a relatively smooth emission curve in the UV-Vis spectrums, with characteristics
wavelengths emitted from 750-1000 nm. The irradiation provides emissions ranged from
near-infrared, visible-light, and UV light. After 2 hours reaction, the autoclave was cooled
down naturally to room temperature. The content of hydrogen or oxygen was measured by
gas chromatography (GC) equipped with thermal conductivity detectors (TCD) with He or
N> as the carrier gas, respectively. The calibration curves calculating the amount of hydrogen

and oxygen are shown in Appendix.
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Fig. 3.2. The radiation spectrum of the 300 W Xenon arc lamp used in the experiment.

Permission to use granted by Newport Corporation®. All rights reserved.
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3.4. Photocatalyst characterisation

X-ray diffraction (XRD) measurement was performed using Bruker AXS D8 Advance
ECO with LynxEye detector and Copper Ke radiation (1 = 1.5406 A) with an energy of
8.04 keV. XRD patterns were collected scanning from 5° to 90° with a step size of 0.0195°
and a step time of 0.100 s. The measurements were performed at the Department of

Chemistry, University of Oxford.

Atomic force microscopy (AFM) was performed by Bruker MM-8 High-resolution AFM
with PeakForce Tapping Mode and SNL-10 cantilever, the voltage setpoint was 0.3 V to
maintain constant height accuracy. The sample was dispersed in isopropanol and sonicated
for 3 hours. Then, the solution was centrifuged at 1500 rpm for 5 minutes to remove large
particles. The suspension (2.5 uL) was drop-casted on ultra-flat mica and dried at room
temperature. The measurements were performed in the Department of Applied Biology and

Chemical Technology, Hong Kong Polytechnic University.

Bright-field imaging and STEM-EDX mapping data were collected by JEOL-2100 LaB6
Transmission Electron Microscope under 200 kV which is equipped with the Oxford
instrument 80 mm thin window EDS detector and the Gatan Orius CCD camera. The catalyst
suspensions were prepared by dispersing 1 mg of sample in approximately 1 mL of dry
ethanol. The mixture was sonicated for 30 minutes to form a uniform suspension. The thin-
film sample for TEM (less than 200 nm thick) was then prepared by the deposition of one
drop of the as-prepared catalysis suspension onto a Holey carbon film 400 copper mesh grid
and dried in the air prior to analysis. Finally, the copper sample grid was transferred to the
sample holder of the TEM for measurements. The imaging was performed in the David
Cockayne Centre for Electron Microscopy and related facilities at the Department of

Materials, University of Oxford.
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Scanning transmission electron microscopy (STEM) were performed using FEI Titan G2
60-300 as an SEM or TEM with two aberration correctors. The operating conditions for
sample imaging were the accelerating voltage of 300 kV, an electron beam current of 50 pA,
and an angular range of 79.5-200.0 mrad for the high-angle annular dark-field (HAADF)
imaging detector. The size of each image is 2048x2048 pixels, and the acquiring dwell time
per pixel is 6 ps. The microscopy was performed in the Department of Applied Physics,

Hong Kong Polytechnic University.

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis SUPRA XPS
fitted with a monochromated Al ka X-ray source (1486.7 eV), a spherical sector analyser
and 3 multichannel resistive plates, 128 channel delay line detectors. All data was recorded
at 150W and a spot size of 700 x 300 um. Survey scans were recorded at pass energy of 160
eV, and high-resolution scans were recorded at pass energy of 20 eV. Electronic charge
neutralization was achieved using a magnetic immersion lens. Filament current=0.27 A,
charge balance =3.3 V, filament bias =3.8 V. All sample data was recorded at a pressure
below 10® Torr and a room temperature of 294 K. Data was analysed using CasaXPS
v2.3.20PR1.0 and the spectra were calibrated with C 1s peak at 284.8 eV. The deconvolution
of the peaks was done using Gaussian-Lorentzian curves and a Shirley type background line.
The squared difference between experimental and fitting curves was minimised by least-

squares. The measurements were performed in HarwelXPS facilities, UK.

Ultraviolet photoelectron spectroscopy (UPS) was performed with He | at the energy of

21.2 eV. The measurements were performed in Harwel XPS facilities, UK.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) was performed using

Shimadzu UV-2600 under diffuse reflectance mode. Barium sulfate pallet was used as the
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white diffuse standard. The data were collected from the Department of Chemistry,

University of Oxford.

Time-resolved photoluminescence (TRPL) spectroscopy was performed to measure the
photoluminescence spectra and corresponding exciton lifetimes. A bespoke micro
photoluminescence setup was used, in which a Ti-Sapphire laser (A =375 nm, pulse duration
= 150 fs, repetition rate = 76 MHz) was directed onto the sample. Time-resolved
measurements were performed using the spectrometer as a monochromator before passing
the selected signal to a photomultiplier tube (PMT) detector with an instrument response
function width of ~150 ps connected to a time-correlated single-photon counting
module. The exciton lifetime is obtained by fitting the corresponding background-corrected
TRPL spectra with a mono-exponential decay function in the form of Eq. 3.1 or bi-

exponential decay function in the form of Eq. 3.2.
y =Ae™™ +y, (3.1)
y =Ae ™t 4 A,e ¥/t (3.2)
The average of the two obtained time parameters, t; and t,, was defined as Eq. 3.3.

(A1t1)2+(Axt5)?

t average = (3.3)

The t average was then treated as the exciton lifetime of the materials. Errors in the fitting
were determined using a least square method. The studies were evaluated at the laboratory

of Prof. Robert A. Taylor, University of Oxford.

Continuous-wave electron paramagnetic resonance (CW EPR) spectroscopy was
performed by an X-band (9.4 GHz) Bruker EMX EPR spectrometer. All EPR experiments

were done at 293 K. 10 mg of sample was weighed and put into an EPR tube (0.60 i.d. and
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0.84 o.d.). All X-Band spectra were collected over a 300 Gauss field range and 15 scans
were adopted for the measurements. The measurements were performed at the Centre for
Advanced Electron Spin Resonance (CAESR), Department of Chemistry, University of

Oxford.

X-ray absorption spectroscopy (XAS) data were collected on a beamline at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. Se K-edge X-ray absorption
spectrum was conducted in transmittance mode at the BLO7A XAS beamline at NSRRC. To
examine the local environment around Se atoms, X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) data were extracted from
XAS. The Demeter ATHENA program was used for XAS data analysis to perform
background subtraction, normalization, and Fourier transformation, as well as linear
combination fitting. The Demeter ARTEMIS program was used to perform the least-squares
curve fitting analysis of the EXAFS y (k) data to investigate the local neighbouring structure
of Se. The XANES curve was calibrated by selenium powder and Bulk-1n,Ses as reference.
To confirm the reproducibility of the experimental data, 3 scans were performed for each
sample. The data groups were then merged by the ATHENA function, which works on the

central limit theorem.

Raman spectroscopy was performed using Perkin EImer Raman Station 400F with a 785
nm laser source. The samples were exposed for 5 or 8 seconds, for four times with 50 mW
or 100mW laser power. The charge-coupled device (CCD) was operating at 224 K. The

measurements were done at the Department of Chemistry, University of Oxford.

Zeta potential measurement was performed by Malvern Zetasizer Nano ZS. The samples

were dispersed in deionised water at pH 7 and at a temperature of 298 K. The Dispersant R
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was 1.330, viscosity is 0.8872 cP and dispersant dielectric constant is 78.5. The

measurement was done at the Department of Materials, University of Oxford.
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4.1. 2D-1n2Ses

4.1.1. Characterisations of 2D-1n2Se3

4.1.1.1. X-ray diffraction

Powder X-ray diffraction is performed to determine the crystalline changes before and after
In2Ses exfoliation. Fig. 4.1 illustrates the XRD patterns of the precursor, Bulk-In>Ses and
the exfoliated product, 2D-1n,Ses. Bulk-InzSes has an obvious crystalline XRD pattern while
the XRD pattern of 2D-In,Ses exhibits no significant diffraction peak. It indicates the
material lost its crystalline long-range structure after exfoliation. It suggested that the
material might be exfoliated to the desirable thin-layered 2D structure or became an
amorphous structure. In an amorphous structure, atoms do not possess periodicity and atoms
are randomly distributed in 3D space. X-rays beams will be scattered in random directions,
leading to a random distribution of intensity across 2-theta. For 2D materials, although atoms
are aligning in a certain arrangement, the scatterings of X-rays from the limited number of
atoms in the vertical planes of 2D layers might not be enough to give a significant intensity
to be detected. Therefore, the XRD patterns of 2D materials are expected to be a flat line

with no obvious peaks.
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Fig. 4.1. The XRD patterns of Bulk-In;Ses and 2D-In,Ses. The XRD was performed at room
temperature with ground powder samples. The XRD measurements were performed and

analysed by the author at the Department of Chemistry, University of Oxford.
4.1.1.2. Morphology of 2D-1n2Ses

Transmission electron microscopy (TEM) is used to study the morphologies of the exfoliated
2D-In,Ses structure. Fig. 4.2 shows the irregular shape and size of the exfoliated fractures.
The edge of the pieces shows that 2D-In,Sez have a thin sheet-like morphology, implying
Bulk-In2Ses was successfully exfoliated to a 2D material. The sheet layers seem to be thicker
toward the centre of the fragments on Fig. 4.2 (c), (d) and (e). Apparently, Fig. 4.2 (f) shows
a thicker piece compared to the other images such as the flake on Fig. 4.2 (e). It shows
chemical exfoliation method cannot precisely control the size and shape and thickness of the

2D-In,Ses synthesised.
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Fig. 4.2. (a-f) Conventional TEM images of 2D-In,Ses. The imaging was performed by Mr
Ping-Luen (Baron) Ho from Tsang group in the David Cockayne Centre for Electron
Microscopy and related facilities at the Department of Materials, University of Oxford. The

selection and analysis of the images were performed by the author.

Atomic force microscopy (AFM) was subsequently used to confirm the thickness of
individual layers of 2D-In,Ses. As shown in Fig. 4.3 (b), the average thickness of the flakes
is around 10 nm. Bear in mind that this height profile is done on the edge of the flakes, which
is particularly obvious on the green dashed line in Fig. 4.3 (a). The maximum thickness of
the flakes is as thick as 40 nm, which is shown as the white patches in Fig. 4.3 (a). It is noted
that there is a gradient colour on the background as well as some darker coloured horizontal
bars in Fig. 4.3 (a). This is due to the slightly sloped and uneven surface of the mica support.
From the AFM height profile, as shown in Fig. 4.3 (b), it can also be seen that the baselines

are not ideally flat, which is also associated with the uneven surface of the support. This is
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particularly obvious on the green profile that the right-hand side baseline is slightly higher
than the one on the left. Such phenomenon is very common in large area scanning AFM, 5

um X 5 um in this measurement.

0.0 1: Height 5.0 ym

nm ' 100 ' 200 © 300

Fig. 4.3. (a) AFM image and (b) the height profile of 2D-In,Sesz. The blue, red, and green
dash lines on the upper image (a) represent the AFM measurements, which their
corresponding height profiles are shown on the lower image (b) with the same colour. The
AFM measurements were performed by Dr Weiran Zheng in the Department of Applied
Biology and Chemical Technology (ABCT), Hong Kong Polytechnic University. The

images were selected, adapted, and analysed by the author.
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According to the literature, the thickness of monolayer a-In,Ses is 0.9 nm*. The thickness
of the exfoliated In.Sez nanosheets synthesised by the lithium intercalation method is
between 10 nm to 40 nm as demonstrated. Therefore, it corresponds to 10-50 layers of InzSes.
It is far from the proposed idea of exfoliating Bulk-In2Ses to mono- or few-layers In.Sez.
Yet, the exfoliated 10-50 layer In,Ses material is still worth studying since it is much thinner

than the bulk material and may exhibit distinct catalytic properties compared to its precursor.

Plane-view Plane-view

.

Layer steps

Cross-section ¥

(9)

Layered structure
Layer distance=4 A

Fig. 4.4. The STEM images of 2D-In,Ses. The inset shows the corresponding electron
diffraction pattern. (a-b) The STEM images of the plane view of 2D-In,Ses. (c-d) The STEM
images of the cross-section view of 2D-In,Ses. The STEM imaging was performed by Dr
Songhua Cai from the Hong Kong Polytechnic University. The images were selected,

adapted, and analysed by the author.
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The InoSes morphology is also revealed by the scanning transmission electron microscopy
(STEM) image, as shown in Fig. 4.4 (a) and (b), it shows layered steps at the edge of the
flakes which agrees with the results of TEM. In Fig. 4.4 (c) and (d), a layered pattern is seen
from the STEM images. It is assigned to the lines of selenium atoms on the surface of In,Ses
(Fig. 4.5). The distance between the selenium lines is 0.35 nm by the 3R In;Ses
crystallographic model under the Cambridge Crystallographic Data Centre (CCDC) entry
number 1855522, which further confirms the identity of the layered patterns2. The possibility
that the STEM layered structure is from the In.Ses quintuple layers is excluded as the
distance between two consecutive In2Ses layers is around 0.9 nm instead of 0.4 nm as stated.
The lines of atoms appear to be quite well aligned without significant vacancy. It can be
concluded that the lithium exfoliation method has mostly preserved the Se surface atomic

arrangement of the material.

Fig. 4.5. The 3D structural diagram of an In.Ses monolayer. Reproduced with permission

from the courtesy of Ossila Limited: Indium (I11) Selenide (In2Ses) Powder and Crystal®.

107


https://www.ossila.com/products/indium-iii-selenide?variant=31201532837984

CHAPTER 4 RESULTS AND DISCUSSION

4.1.1.3. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) was used to examine the local electronic structure and
coordination environment of 2D-InzSes. In Fig. 4.6 (a) and (b), the XANES spectra at Se K-
edge (the main sharp intense peak, or referred to as ‘white line’ peak, is due to Se 1s — 4p)
indicates that the edge energy of 2D-In,Ses (12657.7 eV) is higher than the edge energy of
Bulk-In2Ses (Se?) (12657.4 eV) while lower than that of Se powder (12658.3 eV)*. Also,
the sharp peak (Se 1s — 4p) of 2D-In,Ses (12657.7 V) appears to have an intensity between
Bulk-In2Ses and Se powder. It might be due to a decreased number of Se? species and
increased number of the unexpected oxidised selenium species (i.e. Se°) in 2D-InzSes, in
which the appearance of Se° is potentially due to X-ray beam-induced damage. The
explanation of the presence of Se will first be discussed by the analysis of XAS data and
the justification for beam damage might be the reason of this unexpected appearance will

then be examined.
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Fig. 4.6. The Se K-edge XANES spectra of 2D-In,Ses with Bulk-In2Ses and Se powder as
references. The spectra are shown as (a) normalised yu(E) vs. photon energy and (b) first
derivative normalised yu(E) vs. photon energy. The XAS measurements were performed by
Dr Tai-Sing Wu from the National Synchrotron Radiation Research Center (NSRRC),
Taiwan. The data analysis and plotting were performed by the author. A special

acknowledgement is given to Dr Karen Chan for the XAS result discussions.
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The concurrence of Se?” and Se° could be backed by linear combination fitting (LCF) to find

the weight ratio of Se° to Se? in 2D-In,Ses.
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Fig. 4.7. The LCF of 2D-In,Sez with Bulk-InSes and Se powder as references. The fitting
is done by using normalised u(E). The LCF data fitting was performed by Mr Wentian Niu

from Tsang group. The data analysis and plotting were performed by the author.

Table 4.1. The XANES LCF weighting results of 2D-In,Sez with Bulk-In,Se; and Se

powder as the references of Se? and Se®, respectively.

Standard Weight
Bulk-1n2Ses 0.499 + 0.008
Se powder 0.501 + 0.008

R-factor = 0.0001; y-square = 0.002; Reduced y? = 0.00003

The LCF results (Fig. 4.7 and Table 4.1) suggested that the weights of Se? and Se°, with
Bulk-In2Ses and Se powder as references, respectively, are nearly in 1:1 ratio. Bulk XAS
techniques are measuring the average coordination environment and oxidation state of the

probed element®. The weights make the average oxidation state of Se in 2D-In,Ses to be Se.
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This deduction agrees with the general trend that an increased in oxidation state (from -2 to

-1) will cause an increased edge energy of 2D-In;Ses (Se”) compared to Bulk-In2Ses (Se?)

in Fig. 4.6°.
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Fig. 4.8. (a) Fourier transforms of k3-weighted Se K-edge of EXAFS spectrum of 2D-1n,Ses.
The upper spectrum shows the magnitude of y(R) and the bottom spectrum shows the real

part of y(R). (b) k3-weighted Se K-edge of EXAFS spectrum of 2D-InzSes in k space. The
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EXAFS data fitting was performed by Mr Wentian Niu from Tsang group. The data analysis

and plotting were performed by the author.

Table 4.2. EXAFS scattering path analysis of 2D-In,Ses.

Coordination

Scattering path Bonding length (A) g%t
number

Se-In 2.48 + 0.01 09+0.2 0.006

Se-Se 2.40 +£0.01 09+0.1 0.004

R = 2%; Kwt=1,2,3; k range 3-12; R range 1-3; Enot: -1.83 + 2.44 §
Fig. 4.8 (a) and (b) illustrate the EXAFS spectrum at Se K-edge of 2D-In,Sez in R space and
k space, respectively. From Table 4.2, the coordination number of Se-In (Zs._;,) and Se-Se
(Zse—se)150.9 £ 0.2and 0.9 £+ 0.1, respectively. From literature, Zs,_;, is 2.1 while Zs,_g,
is 0.4 for a-In,Ses’. However, the positive experimental value of Zg,_g, suggested that there
exists a species or some species with Se-Se bonding, presumably the elemental allotropes of
selenium which are usually in the form of Se polymeric rings (for example Ses, Ses or Se7)8.
In Se rings, each Se atom is linked to two other Se atoms, making Zs,._g. to be 2 and Zg,_;,,
to be 0. Bear in mind that the weight ratio from the LCF results, the ratio of Se° and Se? is
1:1. As mentioned, XAS measures the bulk. It can be deduced that half of the sample stays
as the layered structure of a-In,Ses (Se*) and another half is oxidised Se species (i.e. Se

rings, Se%?®. The averages of Zg,_;, and Zs,_s, would both be 1 by calculation after

¥ o2 represents the disorder in the neighbour distance. The higher value indicates the structure is more
disordered.

§ R is a percentage misfit or a numerical evaluation of how closely the fitted function overplots the data. Kwt
is shorten for k-weights. It is used to multiply y (k) to amplify the spectrum at the high-k end and make all
parts of the data range contribute equivalently. In this EXAFS analysis, k%, k? and k® are used to analyse the
data. k range and R range refer to the range of the window for EXAFS fitting. Enot is the energy difference
between the absorption energy in experimental value and calculated value.
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considering the 1:1 LCF weights; these calculated values match with the experimental

EXAFS coordination number results.

The XAS analysis seems to indicate that Se species such as Se rings coexist with the layered
structure of a-In,Ses (Se*). However, this claim has contradicted the STEM and TEM
results in section 4.1.1.2. No Se cluster, which should appear as a discrete molecule, has
been observed in the microscopy images. Instead, the STEM images show a well-aligned
atomic structure (all the surface selenium atoms are presumably Se? species as it is bonded
in 2D-1n>Ses) without significant vacancies or defects. This opposes the claim that there is
a 1:1 ratio of Se® species and Se? species. It should be noted that XAS could be a destructive
technique when the X-ray irradiation is too strong for the material. Therefore, there is a
possibility that the unexpected Se clusters might be produced by X-ray beam-induced

damage by oxidising Se? to Se°.
4.1.1.4. Raman spectroscopy

In general, Raman spectroscopy is used to identify the crystalline phase of In,Sez due to the
presence of distinct vibrational modes for the different phases. One wavenumber should not
be used alone to distinguish a phase from the other, but rather a group of wavenumbers or
comparison to other sets of Raman spectra should be used to identify a phase or to correlate

the eventual shift or misses in the values®.
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Fig. 4.9. Raman spectra of Bulk-In,Ses in the air at room temperature (T = 298 K). The
Raman measurements were performed by the author and Mr Wentian Niu from Tsang
group at the Department of Chemistry, University of Oxford. The data work-up and

analysis were performed by the author.

The Raman spectrum of Bulk-In;Ses is shown in Fig. 4.9. The Raman modes are centred at
103 cm® and 202 cm which correspond to Ay mode, and 176 cm™ corresponds to Eq mode!®
11" The Raman spectrum further confirms that Bulk-In2Ses is the rhombohedral a-In2Ses

with R3m space group.

Fig. 4.10 (a) shows the Raman spectra of 2D-In.Ses, a total of 6 scans were collected. The
6 scans were split into three subsets according to their time of laser exposure and the laser
power. The conditions were respectively: 1) four 8-second laser exposures with 50 mW laser
power, 2) four 5-second laser exposures with 100 mW laser power, and 3) four 5-second
laser exposures with 50 mW laser power. Each set of measurement conditions were repeated
for two times to confirm their reproducibility. However, the scans were non-reproducible
for all sets of measurement conditions as all of them show different peak positions. None of
them looks similar to the literature Raman spectra in Fig. 4.10 (b). Worse still, visible laser

damage to the samples was observed following Raman measurements. As stated in the XAS
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analysis, 2D-In.Sez might be a relatively fragile material under intense irradiation. Therefore,
it is concluded that Raman spectroscopy was found to be unsuitable for the characterisation
of 2D-In,Sez due to the problems of sample damage and the phase of 2D-In;Ses is

inconclusive by the Raman spectroscopy.
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Fig. 4.10. Raman spectra of (a) 6 scans of 2D-In,Sez under three subsets measurement
conditions in the air at room temperature at a laser wavelength of 785 nm and (b) the
literature Raman spectra of different phases of In.Ses. Reproduced with the open access
figure with permission of 10P from reference 1°. The Raman measurements were performed
by the author and Mr Wentian Niu from Tsang group at the Department of Chemistry,

University of Oxford. The data work-up and analysis were performed by the author.
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4.1.1.5. Electron paramagnetic resonance

The excited electron-hole pairs that can reach the surface of the photocatalysts are more
important than the excitons generated in the bulk as the reaction takes place on the surface
of photocatalysts. Selenium (Se) vacancies on the surface may trap the unpaired electrons
formed from the excitation steps. Electron paramagnetic resonance (EPR) can detect the

unpaired electrons as shown in Fig. 4.11.
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Fig. 4.11. EPR pattern of Bulk-In;Sez (blue) and 2D-In.Sez (red). The CW EPR
measurements were performed by Mr Yiyang Li from Tsang group at the Department of
Chemistry, University of Oxford. The data work-up and analysis were performed by the

author.

It is shown that Bulk-InzSes is EPR-silent, implying there is a minimal number of unpaired
electrons. Hence, Bulk-In,Ses is diamagnetic, which is in agreement with the literature®?. In
contrast, 2D-In,Ses shows an EPR signal at g = 2.0004. In general, group VI singly charge
anion vacancies or defect that involves a classic electron trap will give rise to isotropic EPR

spectra with a g value that is very close to a free spin (g = 2.0023)*2. Therefore, it is expected

116



CHAPTER 4 RESULTS AND DISCUSSION

that the signal for 2D-In,Se3 corresponds to free electrons trapped on Se vacancies, further

deducing Bulk-In,Ses has an only insignificant amount of Se vacancies™ 4,

The concentration of the Se vacancies is likely to be very low as the vacancies seem absent
in the STEM images in section 4.1.1.2. However, it should be noted that EPR is a very
sensitive technique, and it can pick up a very low concentration of unpaired electrons.
Moreover, bear in mind that EPR can only probe species with unpaired electrons, such as
the singly ionised Se vacancies as mentioned, radicals and triplets. Therefore, 2D-In,Ses
might also contain some neutral or doubly ionised Se vacancies, yet these species are not

paramagnetic so cannot be monitored by EPR.

4.1.1.6. X-ray photoelectron spectroscopy

XPS is used to study the chemical composition of Bulk-In.Ses and 2D-In,Ses. In Fig. 4.12
(a), the binding energy of In 3d 5/2 shifts from 444.90 eV to 445.94 eV for Bulk-In,Ses to
2D-1InzSes. A similar positive shift is observed in In 3d 3/2 from 452.50 eV to 453.54 eV.
This blue shift shows the In in 2D-In.Ses has higher binding energy than Bulk-In,Ses,
implying it has a lower electron density (or is more positively charged) after the exfoliation.
In Fig 4.12 (b), the binding energy of Se 3d 5/2 shifts from 57.89 eV to 55.02 eV. A similar
negative shift is observed in Se 3d 3/2 from 58.75 eV to 55.88 eV. The negative shift
indicates that the Se in 2D-In>Sez has lower binding energy than Bulk-In,Ses, and it has a
higher electron density (or is more negative charged). This trend suggested that there might
be charge transfer between In cation and Se anion after the exfoliation. From the results of
EPR, it is concluded that there are Se vacancies in 2D-InSes. Therefore, In,Ses« is a more
accurate chemical formula for 2D-In,Ses. The charge of In cation is +3, while the charge for
Se anion is between -2 and -3 instead of -2 in Bulk-In2Sez, as some Se vacancies were created

during exfoliation. Therefore, more electrons are needed for Se to charge balance the 2D-
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In2Ses system, and electrons are drawn from In cations. Hence, the electron density of In in
2D-1nySes is lower than that in Bulk-In,Ses; the electron density of Se in 2D-1n2Ses is higher
than that in Bulk-In2Ses due to the presence of Se vacancies. Thus, the XPS results are in

good agreement with the EPR results.
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Fig. 4.12. High-resolution XPS spectra of (a) In 3d and (b) Se 3d of Bulk-InzSes and 2D-
In2Ses. The XPS measurements were performed by Dr Shaoliang Guan from HarwellXPS
facilities, United Kingdom. The data analysis was performed by the author. A special

acknowledgement is given to Dr Jianwei Zheng for the XPS result discussions.

4.1.2. Photocatalytic performance testing

After exfoliation, 2D-In>Ses shows a nearly doubled hydrogen evolution rate photocatalytic
water splitting performance compared to Bulk-In.Sez as seen from Fig. 4.13 (a). It is
consistent with the previous assumption that with the increased surface area and active sites
after exfoliation, more water molecules are accessible to the reaction sites. It increases the
possibility for water splitting and hence the hydrogen production amount. In addition, 2D-
In2Ses has a shorter migration distance (as it is thinner) for the photogenerated electrons and

holes compared to Bulk-1n.Ses, which facilitates rapid electron-hole migration to the surface
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of the catalysts and lowers the recombination probability of the photogenerated carrier®®.
On the same figure, the H2/O2 gas evolution rate of 2D-In,Ses with no sacrificial reagent
shows a nearly 2:1 stoichiometric ratio. It suggested that the reaction is an overall water
splitting reaction. In Fig. 4.13 (b), the photocatalytic activities of three batches of 2D-In,Ses
samples, which were synthesised under identical conditions, were tested. The activities of
the three samples are nearly the same, with only 5% error of activity reproducibility. It shows

that the lithium intercalation method for synthesising 2D-1n,Sez is reproducible.
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Fig. 4.13. (a) Photocatalytic water splitting reaction activity tests of Bulk-In.Ses and 2D-
In2Ses under 300 W Xenon UV-Vis lamp irradiation at 543 K for 2 hours in Ar. The amount
of hydrogen and oxygen produced were quantified by a GC equipped with TCD. Error bars
indicate the standard deviation of the GC measurements. (b) Photocatalytic water splitting
reaction activity tests of three 2D-In,Ses samples synthesised by lithium interaction method

under identical conditions. The activity tests were performed and analysed by the author.
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Fig. 4.14. TRPL spectra of Bulk-InzSes (blue) and 2D-In.Sez (red) measured in air at
ambient temperature. (a) corresponds to the raw TRPL measurements and (b) corresponds
to the data that is smoothened by the Savitzky-Golay method with 100 points of window.
The TRPL measurements were performed by Mr Yiyang Li from Tsang group at Prof Robert
A. Taylor’s laboratory at the Department of Physics, University of Oxford. A special
acknowledgement was given to Prof Robert A. Taylor for permitting access to his laboratory

and the TRPL instruments. The data work-up and analysis were performed by the author.

Table 4.3. The fitting parameters of the mono-exponential decay function and bi-
exponential decay function for the TRPL of Bulk-In,Ses and 2D-In;Ses, respectively. The

TRPL fitting was performed by Mr Yiyang Li from Tsang group.

A1 ta/ ns A2 t2/ ns taverage/ ns
Bulk-In.Se3 0.0480 0.758 / / 0.758
2D-In2Ses 0.0434 0.888 0.0558 0.239 0.721

The shorter migration distance of 2D-In,Ses can be proved by the TRPL spectra in Fig. 4.14
(@) and (b). The fitted exciton lifetime, t average, of Bulk-In,Sez and 2D-1n,Ses is 0.758 ns
and 0.721 ns, respectively. The fitting parameters in Table 4.3 are obtained by fitting the

spectra into mono- or bi- exponential decay function, which are previously explained in
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section 3.4; the t averages are calculated according to Eq. 3.3. In Fig. 4.14 (b), it may seem
that the two exciton lifetimes of 2D-In,Ses and Bulk-In2Ses would exhibit a larger difference.
However, it should be noted that the obtained exciton lifetimes are expressed as average
values. In the fitting for 2D-In,Ses, there exist a short time parameter, 0.230 ns, and a much
longer time parameter, 0.888, while the coefficients, A1 and Az, are more or less similar. It
explains the reason of 2D-In,Ses t average being quite similar to the one of Bulk-In.Ses. It
should also be aware that a spectrum that is fitted by a bi-exponential decay function refers
to two decay processes (hence, two components in the function) might be happening. It
might imply that 2D-In2Sez might undergo a more complex TRPL exciton recombination

process compared to Bulk-In,Ses.

The shorter lifetime of 2D-In>Ses suggested that the more rapid migration of excitons,
further implying the shorter migration distance for the charge carriers in 2D-In,Ses
compared to Bulk-InSes. Note that longer exciton lifetimes are always preferred and
promote photocatalytic activity, but 2D-In.Sez with a shorter exciton lifetime has a nearly
two-fold activity compared to Bulk-InzSes. It implies that the charge recombination process
is not a limiting factor hindering the activities of 2D-In,Ses. The increased activity of 2D-
In2Sez compared to Bulk-In.Sez might be due to other contributions such as increased

surface area and active sites, as well as the intrinsic electric field in 2D materials.

Furthermore, Se vacancies might also contribute a role in enhancing photocatalytic activity.
The surface Se anion vacancies can act as electron trapping sites to inhibit electron-hole
recombination®® 7, It is also reported that anion vacancies can adjust the energy band
structure by forming a higher density of state (DOS) at the VBM and a new donor level near
CBM. They give the material a higher charge carrier concentration at the band edge position

and a narrower bandgap, hence facilitating the carrier separation and light absorption
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efficiency®®. These potential effects are certainly just possibilities of what Se vacancies can
achieve in 2D-InySes; they are needed to be further confirmed by the experimental or

theoretical model.

(a) . (b) 4
- — >
%{) % Q-dot [ band gap
I o
. o L
] P www N crystal 1 2 ... N crystal

MO-orbital splitting IR

[r—]
— quantum confinement |G

Fig. 4.15. Schematic image of the quantum confinement effect in (a) a metal and (b) a
semiconductor. Reproduced with the open access figure with permission of The Royal

Society from reference *°.

Moreover, it is documented that the bandgap energy of In.Sez based materials is thickness
dependent?. In general, thinner In,Ses has larger bandgap energy compared to the thicker
In,Ses. Altering the dimensions of nanomaterials would be able to tune the electronic states
in nanostructured systems*®. This trend can be attributed to the quantum confinement effect
(Fig. 4.15). Specifically, this phenomenon is observed when electrons and holes being
crammed into a dimension that approaches a critical quantum measurement — Bohr radius,
ag. The bandgap energy of Bulk-1n2Ses to 2D-1In2Ses is experimentally investigated by Tauc
Plot. The data for plotting Tauc plots was obtained by the UV-Vis measurements. In Fig.
4.16, the bandgap energy of Bulk-In,Sez and 2D-In,Ses are 1.35 eV and 1.71 eV respectively.
It agrees with the quantum confinement effect where the bandgap energy increases with the

decreasing thickness of In.Ses.
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Fig. 4.16. Tauc plots for (a) Bulk-In.Ses and (b) 2D-In.Ses using (F(R)hv)? (Kubelka—
Munk parameter) as a function versus the photon energy. The electron transitions of the two
materials are assumed to be a direct allowed transition, supported by Procopio et al. and Lyu
et al.?1 22, The UV-Vis measurements were performed by the author and Mr Wentian Niu
from Tsang group at the Department of Chemistry, University of Oxford. The data work-up

and analysis were performed by the author.
4.2.  Metal doped In,Ses

As mentioned in 1.4.2.1, the photocatalytic effect of metal-doped 2D-In,Ses was explored.
Doping metal as cocatalysts on the surface of photocatalysts is expected to impact the
photocatalytic activity by trapping electrons or/and holes. Electron or hole trapping is a
process that can promote charge separation, therefore metal doping could in turn diminish
the excitons-pair recombination rate and enhance the photocatalytic activity. A range of
metals was doped to 2D-In,Ses by hydrothermal and sonochemical methods described in

3.2.3 and their activities were scanned.
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Fig. 4.17. Photocatalytic water splitting reaction activity tests of different metal-doped
In2Ses with (a) sonochemical and (b) hydrothermal as synthesis methods. The testing was
all carried out under UV-Vis light irradiation at 543 K for 2 hours in Ar. The amount of
hydrogen produced was quantified by a GC equipped with a TCD. Error bars indicate the
standard deviation of the GC measurements. The activity tests were performed and analysed

by the author.

Photocatalytic activities are largely altered after doping some metals as shown in Fig. 4.17.
Among the metal-doped 2D-In,Ses, Fe-doped (hydrothermal) 2D-In,Ses and 5% Pt-doped

(sonochemical) 2D-In.Sez have shown the best hydrogen production rate.

Pt is a well-known noble metal with excellent hydrogen production ability due to its binding
of hydrogen atoms with the near-neutral free energy of adsorption (AG ~ 0) and low
overpotential for hydrogen generation?-%, Different concentration (5 wt.%, 10% and 15%)
of Pt has been doped to 2D-In,Ses. Yet, the dopant concentration does not positively
correlate to the photocatalytic activity. It appears that there is an optimum concentration of
dopant metals on a photocatalyst. Many previous reports on metal-doped photocatalysts
showed the enhancement of photoactivity only happens for a specific amount (or optimal

amount) of metals doping concentration, otherwise detrimental effects occur?®-28,
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The existence of an optimal metal dopant concentration can be explained by the balance of
dopant metals to be a trapping centre for charge carriers or a recombination centre. At lower
doping concentrations (below the optimal value), the photocatalytic activity increases with
a dopant concentration as there are few trapping sites available. Increasing the trapping sites
would decrease the probability of charge carriers’ recombination. However, at dopant
concentrations above the optical value, the probability of recombination through tunnelling
between charge carriers in trapped sites increases exponentially?®. It is because the average
distance between trap sites decreases with an increasing number of dopants within a surface;
the recombination rate is depending on Eq. 4.1 *°. Also, the formation of metal clusters with

excessive metal doping content will lead to an enhanced rate of charge recombination®®: %2,

krecomb X exp (_ZR/aO) (4-1)

where R is the distance separating the electron-hole pairs and a, is the radius of the

hydrogenic wave function of the trapped charge carrier.

However, interestingly, doping some metals decrease the photocatalytic activities. For
example, Co-doped 2D-In>Ses showed lower photocatalytic activity than the undoped 2D-
InzSes. It might be due to the high stability of Co®*, assuming that the cobalt is doped as a
low-spin Co®* ion on 2D-In,Ses. It is known that a complex with a low-spin configuration
(t2¢® in an octahedral field) will contribute to a partly closed electronic configuration®. A
partially closed electronic shell is quite stable, which makes electron or hole trapping
unfavourable®*. This explanation can still provide insights into why some metals gave lower

activity than expected.

The photocatalytic activity of the series of metal-doped 2D-In,Ses appears to be a complex
function including the dopant concentration, the energy level of dopants within the lattice,

their d electronic configuration, distribution of dopants and electron donor concentration.
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The metal doping screening here is done empirically; the photocatalytic effect of doping
metals on 2D-InSes is still unclear. Theoretical and experimental work needs to be done to

explore this further.

Surprisingly, the Fe-doped 2D-In,Sez also gives excellent water splitting photocatalytic
activity. There have been lots of publications about TiO2, one of the most well-studied
semiconductors, doped with Fe for decomposing organic substances®*-3". However, there
have been relatively fewer reports about semiconductors doped with Fe as low-cost 3d
transition metals for hydrogen production by water splitting. Therefore, considering Fe has
the more interesting science compared to Pt-In,Ses and the attractiveness of being

economical, the following study will focus on Fe-doped 2D-InzSes (Fe-InzSes).
4.2.1. Characterisations of Fe-In2Ses

Fig. 4.18 shows the XRD patterns of 2D-In,Ses, Bulk-InSes and Fe-In,Ses. No significant
peak appears after Fe-doping as seen from the XRD pattern of Fe-In.Ses. It suggested that
the thin-sheet-like 2D morphology has remained after the doping; there is no significant
change in the 2D-InSes structure after the Fe-doping. This also points out the high
dispersion of Fe species and there is no bulky form of Fe nanoparticle or metal cluster is
formed during the doping. The Fe-InoSez XRD pattern also does not show any similar pattern
characteristic to ultrasmall iron oxide nanoparticles or iron oxide phase from the literature3®
39, There are still some very small peaks that remain for the XRD patterns of 2D-In,Ses and
Fe-InySes, but they are insignificant and are mainly caused by the noise during XRD
measurements. This suggested that elemental Fe did not exist as an individual phase after
the hydrothermal treatment. The Fe ions might possibly be inserted into the structure of 2D-

In,Ses (i.e. the surface of the 2D-material) or substitute part of the In®* cation.
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Fig. 4.18. The XRD patterns of Bulk-InSes, 2D-In,Ses and Fe-In.Ses. The XRD was
performed at room temperature with ground powder samples. The XRD measurements were

performed and analysed by the author at the Department of Chemistry, University of Oxford.

In the In 3d (Fig. 4.19 (a)) spectra and Se 3d (Fig. 4.19 (b)) spectra, both the binding energy
of In 3d and Se 3d of Fe-In,Sez downshifted compared to 2D-1In,Ses. This implies that the
electron density of In and Se increases after the Fe doping; the two elements are more
electron-rich. This can be justified by the electronegativity difference between the atoms.
The electronegativity of Se and Fe is 2.55 and 1.83, respectively® Fe is likely to dope on the
surface of Se (will be further justified in the Fe 2p XPS spectrum as follows), therefore,
electrons will likely be drawn from Fe to Se. The Se atoms will then be too electron-rich
after drawing electrons from Fe, hence, the electron density is believed to be further
transferred downward from Se to In, to charge balance the system. As a result, In and Se is

more electron-dense after the Fe doping, which leads to the shift in lower binding energy.
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Fig. 4.19. High-resolution XPS spectra of (a) In 3d and (b) Se 3d of 2D-In>Ses and Fe-In,Ses.
High-resolution XPS spectra of (c) Fe 2p and (d) O 1s of Fe-In2Ses. The XPS measurements
were performed by Dr Shaoliang Guan from HarwellXPS facilities, United Kingdom. The

data analysis was performed by the author.

In the Fe 2p spectrum (Fig. 4.19 (c)), it is reported that Fe3* and Fe?* 2pa are at 711.05 and
709.85 eV, respectively, while Fe3* 2p1, peak is located at 724.14 eV . This confirmed that
the Fe** ions were doped successfully into the 2D-In,Ses. As XPS is a surface technique, the
presence of the peaks in the Fe 2p spectrum indicates that Fe ions are enriched on the surface
of 2D-In,Se;z after the hydrothermal doping treatment, therefore, believed to be bonded with
Se on the surface layer. Furthermore, the coexistence of the two chemical states of Fe (Fe®*

and Fe?*) is a consequence of the partial reduction of Fe3* by generated electrons due to the
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incident light (X-ray) excitation on Fe-In,Ses*’. The transformation of electrons between
Fe3* and Fe?* is shown by Eq. 4.2 below. The mean peak in the XPS spectra is at 711.05 eV

(and 724.14 eV) which attribute to Fe** as the major Fe species.

The O 1s spectrum (Fig. 4.19 (d)) can be deconvoluted into two components: the one located
at 529.61 eV can be assigned to Fe-O (O%), while the second peak at 531.61 eV is attributed
to Fe-OH (O)* 4244 This implies that iron oxide and iron hydroxide might not be
completely reduced during the treatment with hydrogen gas in the furnace. Future work
could consider prolonging the hydrogen treatment or changing the reaction conditions to

ensure complete reduction.

From the TEM images in Fig. 4.20 (a) and (b), the thin-sheet-like morphology has remained
after metal doping. It appeared that no big nanoparticle or atomic cluster is forming on the
surface of Fe-In Ses, in agreement with the XRD pattern in Fig. 4.18. It could be assumed
that Fe ions have been successfully doped on the surface of 2D-In;Ses. Fig. 4.20 (c) shows
the electron diffraction pattern of Fe-In,Ses, which shows a principal axis of hexagonal
symmetry. The electron diffraction simulations of a-In,Ses, as the most probable phases of
the sample, have been done to confirm its identity. The diffraction pattern in Fig. 4.20 (d) is
simulated along zone axis (001) with the index of the crystallographic plane. This simulation
demonstrates hexagonal symmetry. By comparing the simulation and experimental pattern,
it is revealed that the sample remained as a-In,Ses after Fe doping. The Fe doping cannot

be revealed by the diffraction here, further confirming the absence of bulky Fe clusters.
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Fig. 4.20. (a-b) Conventional TEM images and (c) electron diffractions of Fe-In,Ses. (d)
Electron diffraction pattern simulation of a-In,Ses (CCDC entry number: 1855522)2. The
imaging and electron diffraction pattern simulation were performed by Mr Ping-Luen
(Baron) Ho from Tsang group in the David Cockayne Centre for Electron Microscopy and
related facilities at the Department of Materials, University of Oxford. The selection and

analysis of the images were performed by the author.
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4.2.2. Photocatalytic performance testing

The Fe-doping of 2D-In,Ses has resulted in a nearly three-fold enhancement of
photocatalytic activities as shown in Fig. 4.21. In Fig. 4.22 (a) and (b) and Table 4.4, the
exciton lifetimes were prolonged from 0.721 ns to 0.850 ns after Fe is doped to 2D-In,Ses.
It is believed that Fe-doping causes a charge separation and retarded carrier recombination,

which is in good agreement with the TRPL results.
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Fig. 4.21. (a) Photocatalytic water splitting reaction activity tests of 2D-In.Ses and Fe-1n.Sez
under 300 W Xenon UV-Vis lamp irradiation at 543 K for 2 hours in Ar. The amount of
hydrogen produced was quantified by a GC equipped with a TCD. Error bars indicate the
standard deviation of the GC measurements. (b) TRPL of 2D-In,Sez (red) and Fe-InzSes
(purple) were measured in air at ambient temperature. The data is smoothened by the
Savitzky-Golay method with 100 points of window. The activity tests were performed and

analysed by the author.
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Fig. 4.22. TRPL spectra of 2D-In,Ses (red) and Fe-In.Sez (purple) were measured in air at
ambient temperature. (a) corresponds to the raw TRPL measurements and (b) corresponds
to the data that is smoothened by the Savitzky-Golay method with 100 points of window.
The TRPL measurements were performed by Mr Yiyang Li from Tsang group at Prof Robert
A. Taylor’s laboratory at the Department of Physics, University of Oxford. The data work-

up and analysis were performed by the author.

Table 4.4. The fitting parameters of the bi-exponential decay function and mono-
exponential decay function for the TRPL of 2D-In>Ses and Fe-InxSes, respectively. The

TRPL fitting was performed by Mr Yiyang Li from Tsang group.

A1 t1 Az 2 t average
2D-In2Ses 0.0434 0.888 0.0558 0.239 0.721
Fe-In2Ses 0.0500 0.850 / / 0.850

It is believed that there are two types of configuration energy level after doping Fe** ions in
the semiconductor system, that is the oxidation level of Fe**/Fe3* which lie above the VBM
and the reduction level of Fe*/Fe?* which is below the CBM of 2D-In,Ses* %6, Fe?* can be
formed when a photogenerated electron migrates from 2D-InzSes to Fe** (Eq. 4.2). Fe?* will

eventually return to Fe®* and release electrons. The back formation is due to Fe?* is relatively
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less stable than Fe®* as the loss of the d® electronic configuration (Eq. 4.3). At the same time,
Fe3* could act as a hole trap by picking up the photogenerated hole from the VB to form
Fe** briefly (Eq. 4.4). This reaction is believed to drive by the higher energy level of
Fe3*/Fe** than VBM of 2D-In,Ses. Fe3* will be restored again due to the preferred stable

electronic configuration from the viewpoint of crystal field theory (Eq. 4.5)%% 4546,

Fe3t + e~ » Fe?* (4.2)
Fe?* - Fe3t + e~ (4.3)
Fe3t + ht - Fet (4.4)
Fe*t —» Fe3* + pt (4.5)

In other words, the charge carriers can transport to different energy levels of Fe* ions and
the Fe electronic levels act as a medium that the excited charged species will be retained for
a short time before further migration and be consumed by water splitting or undergoing
charge recombination*?4’. Therefore, this minimises the possibility of charge recombination
before being transferred to the catalyst-water interface to initiate the water splitting redox

reaction. As a result, Fe-doping improves the photocatalytic activity of 2D-InzSes.

It should be noted that, when the iron concentration is too high, Fe®* may act as
recombination centres by Eq. 4.6 to Eq. 4.7 “8. Therefore, as competition exists among these
redox processes, there exist a certain amount of Fe (111) ion dopants that can work with the
best efficiency. As a result, the resulting photo-activity of the doped catalysts derived from

a balance of the above factors, which some of them play a contrasting role.
Fe3t + e~ - Fe?* (4.6)

Fe?* + ht > Fe3* 4.7)
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Fig. 4.23. Tauc plots for Fe-In;Ses using (F(R)hv)? (Kubelka-Munk parameter) as a

function versus the photon energy. The electron transitions of the two materials are assumed

to be a direct allowed transition. The UV-Vis measurements were performed by the author

and Mr Wentian Niu from Tsang group at the Department of Chemistry, University of

Oxford. The data work-up and analysis were performed by the author.

It is also possible that the metal doping extends the photo-response of In,Ses into the visible
spectrum or a larger light absorption range. This is investigated by the Tauc plot in Fig. 4.23.
The introduction of Fe** dopant on the 2D-In.Ses structure decreases the bandgap energy
from 1.71 eV (Fig. 4.16 (b)) to 1.68 eV (Fig. 4.23). The redshift implies that the Fe doping
extends the light absorption to a longer wavelength with lower energy. The increased of the
intrinsic absorption edge of the Fe-doped In2Ses can be further interpreted either by the
introduction of additional electronic states (Fe**/Fe** and Fe®**/Fe?*) levels that span across
the bandgap of 2D-In,Ses*?, which decrease the energy bandgap of 2D-In,Ses*® *°. The
bandgap energy change after Fe-doping is not very significant but is expected to partly

contribute to the improved activity of Fe-In,Ses.
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The proposed mechanisms above are needed to further investigate with theoretical
calculation models of Fe-In,Ses electronic states. There is an appreciable number of results
contradicting the positive effect of iron on water splitting photocatalytic performance in
literature; some observed minimal or even negative effects of iron as a dopant*® 5052,
However, the nature of Fe-doped In2Ses is still complex and the mechanism of this trapping
to recombination transformation is still unclear and under debate®®. Metal doping effects are
strongly dependent on the condition of the doping, including the doping method, the
concentration of iron and the iron precursor itself. Considering that different methods may
accommodate the iron ions in different positions of the semiconductor, it is hard to compare
the ‘best’ metal cocatalyst between literature. It is concluded that among the screened metal-
doped 2D-In,Sez in this research, the Fe-In,Ses synthesised by hydrothermal method showed
the highest water splitting activity, and Fe doping successfully enhanced the undecorated

2D-1n>Ses by nearly three-fold.
4.3.  MoS2/In;Ses heterojunction

Heterojunction formation will be explored as the second strategy to further enhance the
photocatalytic water splitting performance of 2D-In,Ses. To reiterate, it is proposed that the
heterojunction will form a 2D/2D heterojunction to enhance the photocatalytic activity by
charge separation. The concept has already been explained in detail in 1.4.2.2. A series of
heterojunction structures were fabricated with 2D-In,Ses and 2D-MoS: by electrostatic self-

assembly approach as described in 3.2.4.
4.3.1. Characterisations of M0S2/In2Ses

Numerous characterisations are done to prove the heterojunction is successfully assembled.
As an initial characterisation, XRD was done to confirm the heterojunction assembly process

did not cause restacking or recrystallisation of the two respected components. From the XRD
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pattern of 1:1 MoS,/In;Ses in Fig. 4.24, no significant peak was observed that can be
attributed to a certain InoSes or MoS; crystalline structure; only background noise could be

detected. This proves that the heterojunction structure remains in the 2D structure.
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Fig. 4.24. The XRD patterns of 2D-In,Ses, Bulk-In;Ses, 2D-MoS>, Bulk-MoS, and 1:1
MoS2/In,Ses. The XRD was performed at room temperature with ground powder samples.
The XRD measurements were performed and analysed by the author at the Department of

Chemistry, University of Oxford.

Zeta potential measurements (Fig. 4.25 and Table 4.5) show that the surface of 2D-In,Ses is
positively charged but both 2D-MoS; and acidified 2D-MoS; are negatively charged in
deionised water. All the measured zeta potentials are nearly outside the range of -30 mV to
+30 mV, indicating that the colloids are having sufficient repulsive force to attain good

stability in solution®.

136



CHAPTER 4 RESULTS AND DISCUSSION

—&— 2D-In,Se,
—e— 2D-MoS,
—&— Acidified-MoS,

Total counts

T T T T T T T T
-50 -25 0 25 50

Zeta potential (mV)
Fig. 4.25. Zeta potential of 2D-1In,Sez (blue), 2D-MoS> (red) and acidified 2D-In,Ses (green)
dispersed in deionised water at pH 7. The zeta potential measurements were performed by
Dr Colin Johnston and Dr Kerstin Jurkschat at the Department of Materials, University of

Oxford. The data analysis was performed by the author.

Table 4.5. The zeta potentials with their standard deviation of 2D-In;Ses, 2D-MoS; and

acidified 2D-In,Ses dispersed in deionised water at pH 7.

Sample Zeta potential (mV)
2D-1n2Ses +27.6 + 3.88
2D-MoS; -3444+7.79

Acidified 2D-MoS; -35.4 +£5.69

2D-MoS:; is expected to have a negative surface charge. It is reported that the S-rich surface
remains stable under 1300 K. At 1300 K, the Mo-rich surface starts to dominate as the high-

temperature environment has sufficient energy to remove rows of S atoms®. The zeta
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potential measurements in this research were done in ambient conditions (room temperature
and pressure), therefore, the surface structure remains mostly perfect with S as the surface

atoms from the surface of lamellar MoS..

Interestingly, acidified MoS: has nearly identical zeta potential values compared to 2D-
MoS:. It is expected that protons would attach to the negatively charged surface. However,
the change of surface charge is not significant, suggesting that there might only be a limited
number of protons attached to the negatively charged S atoms after the acidifying step and
do not have a major effect. Possible explanations might be the time, or the acid concentration
of the protonation step is not sufficient to protonate the whole 2D-MoS; surface, or the

protons are easily detached from the surface when acidified 2D-MoS; is dispersed into water.

It is also surprising that 2D-In>Ses has a positive zeta potential considering Se on the surface
is more electronegative than In in the middle layers. It might be due to cation surface
reconstruction in some areas near the (00l) surfaces plane — planes of positively charged In
atoms are exposed locally while the surface Se atoms are extracted from the surface. Possible
surface rearrangements such as hopping events of the entire columns of atoms might be
triggered by harsh chemical conditions such as reactions with n-Butyllithium. Further
examinations of the nanoparticles by advanced electron microscope (e.g. high resolution
transmission electron microscopy, HRTEM) are needed to study the positive zeta potential
of 2D-InySes; simulations might also help rationalise the mobility of ions on the surface of

2D-1n,Ses™.

Even though the reasons for the 2D-In,Ses surface being positively charged and the
protonation step of 2D-MoS; did not alter its surface charge remain unclear at this stage, it
could be expected that the spontaneous self-assembly of the 2D/2D heterojunction structure.

The assembly is due to the electrostatic interaction of the positively charged 2D-In,Ses and
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negatively charged acidified 2D-MoS>. As evidence, TEM was done to prove the successful

self-assembled structure.
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Fig. 4.26. (a) TEM images of a MoS2/In,Ses flake. (b-e) EDX mapping of In, Se, Mo and S
acquired from (a). The TEM imaging and EDX mapping were performed by Mr Ping-Luen
(Baron) Ho from Tsang group in the David Cockayne Centre for Electron Microscopy and
related facilities at the Department of Materials, University of Oxford. The selection and

analysis of the images were performed by the author.

In Fig. 4.26 (a), the TEM image shows the heterojunction structure remains in a layered
structure. However, it is not clear whether there are stacked nanosheets composed of two
compositions. Hence, elemental mapping is done to identify the composition of the
heterojunction structure. In Fig. 4.26 (b-¢e), In, Se, Mo and S are emerging on the same
nanoflake that is shown on the TEM image, implying that the heterojunction structure is
successfully formed. The distribution of the atoms is mixed homogeneously. However, the
signals for In and Se are more intense than Mo and S. Therefore, it is reasonable to conclude

that MoS: is sitting on top of In2Ses. By convention, the heterojunction structure will be
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denoted as MoS2/In,Ses. It is noted that more direct evidence for the heterojunction structure
might be drawn from imaging the material from the side. However, this piece of information
is yet to be provided due to technical difficulties; more advanced microscopic techniques

such as SuperEDX could be used in future analysis.
4.3.2. Photocatalytic performance testing

From the red columns in Fig. 4.27, there is an obvious volcano-like photocatalytic activity
trend for the series of MoSy/In.Ses with different composition ratios. The experimental
hydrogen evolution activity of 2D-In,Ses and 2D-MoS is 90.8 umol h' g™ and 198.9 umol
h™ g1. The blue columns in Fig. 4.27 show the weighted average value of the photocatalytic
activity of MoS»/InSes heterojunctions. As an example, the weighted average activity of

1:3 MoS>/In,Ses is calculated as:

198.9 umolh™g™1 x 1 + 90.8 umol h™1g™! x 3
1+3

= 117.8 umol h™1g™?!

The activity trend does not follow the calculated weight average values. It appears that the
activity of the heterojunction structures has a relationship other than the composition ratios
of their constituent components. Some interface interactions might be involved in the

assembled process, leading to the values diverging from the theoretical values.

Excitingly, only 1:1 MoS2/In.Sez has a higher photocatalytic activity than the calculated
average activity. It might be due to the optimal probability for the two 2D components to
well-mix in the dispersion and form the desired heterojunction structures. This shows the
1:1 MoS,/In,Ses is the experimental optimal ratio for forming the heterojunction interface.
Deviations from the optimal ratio might result in a charge imbalance in the material, leading

to unstable heterojunctions which further causes the restacking of the two composites. This
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could explain the reason of these heterojunction activities are worse than the calculated

average values instead of nearly identical.

200 [ Heterojunction Activity

[ Average value of two materials

9:1 31 11 1:3 1:9
Weight ratio of 2D-MoS, and 2D-In,Se,

Fig. 4.27. (Red) Photocatalytic water splitting reaction activity tests of MoS2/In.Ses
heterojunction structures with different weight ratios of compositions under 300 W Xenon
UV-Vis lamp irradiation at 543 K for 2 hours in Ar. The amount of hydrogen produced was
quantified by a GC equipped with a TCD. Error bars indicate the standard deviation of the
GC measurements. (Blue) The weighted average activity of the heterojunction structures
according to their corresponding 2D-InzSes and 2D-MoS compositions. The activity tests

were performed and analysed by the author.
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Fig. 4.28. TRPL spectra of 2D-MoS; (red), 2D-MoS:> (blue) and 1:1 heterojunction structure
(yellow) measured in air at ambient temperature. (a) corresponds to the raw TRPL
measurements and (b) corresponds to the data that is smoothened by the Savitzky-Golay
method with 100 points of window. The TRPL measurements were performed by Mr Yiyang
Li from Tsang group at Prof Robert A. Taylor’s laboratory at the Department of Physics,

University of Oxford. The data work-up and analysis were performed by the author.

Table 4.6. The fitting parameters of the two bi-exponential decay functions and mono-
exponential decay function for the TRPL of 2D-MoS3, 2D-InzSes, and 1:1 MoS,/In,Ses. The

TRPL fitting was performed by Mr Yiyang Li from Tsang group.

A1 t1 A2 to t average
2D-MoS> 0.0582 0.855 0.038 0.518 0.759
2D-In2Ses 0.0434 0.888 0.0558 0.239 0.721
1:1 MoS2/In2Ses 0.0431 0.809 / / 0.809

TRPL (Fig. 4.28 (a) and (b)) was employed to investigate the change in exciton lifetimes
resulting from the photoexcited charge separation process by employing the MoS2/In.Se3
heterojunction. On Table 4.6, The exciton lifetimes of 2D-MoS, 2D-In,Sez and 1:1

MoS,/In;Ses are 0.759 ns, 0.721 ns and 0.809 ns, respectively. The heterojunction structure
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shows a slight enhancement of exciton lifetimes, which might be due to the charge
separation by the band alignment of the two 2D composites and this will be further explored
below. In turn, the recombination process is suppressed. As a result, the photocatalytic
activity of the 1:1 MoS2/In,Ses is higher than its corresponding weighted average activity.
However, the difference between the two values is not significant. This might be attributed
to the non-optimised conditions of the heterojunction assembly process. Possible parameters
for optimisation include the assembly time, the stirring power and the preparation process

of acidified 2D-MoS,.

To further investigate the interface charge separation behaviour between the heterojunction,
the band structure alignment of MoS2/In,Ses is characterised. To characterise the band
structure alignment, the VBM positions of 2D-MoS; and 2D-In,Ses are firstly analysed by

UPS spectra.

2D-MoS::

Intensity (a.u.)

ECulo"
19.91 eV

Binding Energy (eV)

Fig. 4.29. UPS spectrum of 2D-MoS:. It is used to determine the VBM of 2D-MoS,. The
UPS measurements were performed by Dr Shaoliang Guan from HarwellXPS facilities,

United Kingdom. The data work-up and analysis were performed by the author.
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UPS was used to determine the ionisation potential, which is equivalent to the valence

band energy (i.e. VBM). Valence band energy relative to the vacuum, Eygwacuum) 1S

obtained by Eq. 4.8.

_EVB(vacuum) = hv + Epermi — ECutoff (4.8)

where hv = 21.22 eV which is the excitation energy of the He | Source Gun, Eggp-m; @nd
Ecutors Can be obtained by the linear intersection method from the UPS spectrum (Fig.

4.29) of 2D-MoS:. The Eyg(yacuum) IS Calculated as follows.
Evpwacuumy = —21.22 eV —4.80 eV + 19.91 eV = —6.11 eV

Then, valence band energy relative to the NHE potential (Eypvug)), is obtained by its
relationship with Ey g yacuum) by EQ. 4.9. The VBM of 2D-MoS: is then calculated as
follows.

EVB(vacuum) = _EVB(NHE) —4.44 (4-9)
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Fig. 4.30. UPS spectrum of 2D-In;Ses. It is used to determine the VBM of 2D-1n,Ses. The
UPS measurements were performed by Dr Shaoliang Guan from Harwell XPS facilities,

United Kingdom. The data work-up and analysis were performed by the author.
The same calculations are done for 2D-In,Sez as below by Fig. 4.30.
Eypwacuumy = —21.22 eV —5.51 eV + 20.97 eV = 5.76 eV
Eyswuey = —(=5.76 eV + 4.44 eV) = 1.32 eV

After obtaining the VBM of 2D-MoS; and 2D-In,Ses, the bandgap energy is scrutinised by

the Tauc plot; the bandgap energy for 2D-In2Ses is from Fig. 4.16 (b).
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Fig. 4.31. Band structure alignments for 2D-In,Ses and 2D-MoS». The bandgap energy of

2D-MoS,"™ is obtained from Ryon et al®®.

In this band structure alignment, we assumed that the electron transition in 2D-In,Ses is a
direct allowed transition. This is supported by the experimental studies by Lyu et al. stating
that few-layer a-In,Ses (10 nm in thickness which is similar to the 2D-In,Ses of this research)
has a direct transition. Furthermore, we assumed that there is little band bending during the
contact of the heterojunction interface. From the work of Jiang et al., the conduction band
potential of 2D-In.Sez as an n-type semiconductor in the heterojunction interface is only 0.1-
0.2 V more negative than its flat band potential; the small gap can be neglected for the sake
of simplicity®’. A similar assumption is made for the 2D-MoSy, as the p-type semiconductor

in this heterojunction structure.

™ The UV-Vis DRS measurement of 2D-MoS; has encountered some technical difficulties; a significant
amount of sample is needed for the measurement while the yield for 2D-MoS; exfoliation is only around 2%.
As a result, there was not enough sample for the UV-Vis DRS measurement. Therefore, the bandgap energy
of 2D-MoS; is taken from the literature from Ryon et al.. In this work, they employed the potassium
intercalation method to synthesise quasi-2D MoS; from Bulk-MoS,. They have obtained a direct bandgap of
1.86 eV at the K valley by using angle-resolved photo-emission spectroscopy (ARPES). The experimental and
the product of this work are very similar to the exfoliation method and 2D-MoS:; in this research, respectively.
Therefore, this bandgap energy of 2D-MoS; is reliable for the band structure alignment.
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As seen from Fig. 4.31, both CBM of 2D-MoS; and 2D-In,Ses are negative enough for
efficient Hz evolution, whereas both the VBM of the two compartments are positive enough
to drive the OER theoretically. Moreover, given the staggered band alignment formed
between 2D-MoS; and 2D-In;Ses, the self-assembled type-I1 heterojunction is expected to
cause photocatalytic water splitting®®. The bandgap 1.71 eV and 1.86 eV correspond to a
photon with 725 nm and 667 nm, respectively, which both fall into the visible light region
and are included in the solar spectrum emitted by the lamp. Additionally, under the
irradiation, electron-hole pairs will be generated in both In.Ses and MoS,. It is well
established that charge carriers tend to transfer to a lower energy state. Hence, in
MoS2/In,Ses, the photoexcited electrons in 2D-In,Sez will transfer from its CBM to that of
2D-MoS3; holes will transfer from the VBM of MoS; to that of 2D-In,Ses. As a result, the
recombination of exciton pairs will be suppressed as photogenerated electrons and holes are
in two different materials, leading to a longer exciton lifetime. This is supported by the TPRP

measurements. Together, they explain the enhanced photocatalytic activity.
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Fig. 4.32. Photocatalytic water splitting reaction activity tests of 1:1 MoS2/In.Ses
heterojunction structure with various methods of MoS; pre-treatments (navy) and the

calculated weighted average activity of 1:1 MoS>/In,Ses (light blue). The tests were carried
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out under 300 W Xenon UV-Vis lamp irradiation at 543 K for 2 hours in Ar. The amount of
hydrogen produced was quantified by a GC equipped with a TCD. Error bars indicate the
standard deviation of the GC measurements. The activity tests were performed and analysed

by the author.

As discussed, acidifying 2D-MoS; is not an effective way of assembling the heterojunction
structure. Hence, basified-MoS; is synthesised by stirring 2D-MoS; with sodium hydroxide
(NaOH) to investigate if there is a significant effect on the activity of MoSz/In,Ses. A
controlled experiment was done by mixing the required amount of 2D-In,Sez and 2D-MoS;
physically without any pre-treatment and was reacted in the autoclave under the same
photocatalytic conditions, denoted as ‘Physical’ in Fig. 4.32. As seen from Fig. 4.32, as long
as the components are 2D materials (i.e. 2D-MoS, and 2D-In,Ses), the photocatalytic
activities of 1:1 MoS./In>Ses synthesised by various assemble methods differ slightly; all
the activities are all in the same order. No conclusive result can be drawn to conclude which
MoS: pre-treatment method or assemble method is most promising in assembling the
heterojunction structure. It is possible that the acid or alkaline did not alter the surface charge
of 2D-MoS; under the protonation or deprotonation step, potentially due to the unoptimised
reaction conditions or weak bonding between the protons (or hydroxides) and 2D-MoSo.
Therefore, regardless of the pre-treatment of 2D-MoS;, 2D-MoS> have a negative surface
charge; self-assembly would happen between the positively charged 2D-In;Ses and
negatively charged 2D-MoS;. The self-assembly can happen even under the activity testing

in the autoclave.

Acidified Bulk-MoS; and Bulk-In,Ses were also used to form a heterojunction structure
(Bulk) and its photocatalytic is also tested under the same photocatalytic conditions as

another control experiment. For bulk heterojunction structure shows to have only a half

148



CHAPTER 4 RESULTS AND DISCUSSION

activity compared to the corresponding 2D materials assembly. The activity difference can
be attributed to dipole cancellation which is usually observed in their bulk equivalent

materials®®. It is also a reason for using 2D layered materials as stacking materials to form

heterojunction structures.
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5.1.  Conclusions

Two-dimensional materials and In.Ses have a promising potential as emerging frontiers in
photocatalytic water splitting. This thesis thus demonstrates the photocatalytic activity of
2D-InySes and its related decorated forms with the support of state-of-the-art analytical

techniques to relate its structure-activity relationship.

2D-1InSes was successfully exfoliated by the lithium intercalation method and was
investigated by comprehensive characterisations. The photocatalytic water splitting activity
nearly doubled after the exfoliation. This is attributed to the creation of Se vacancies as
supported by EPR and XPS. TRPL also demonstrated 2D-In,Sez has a shorter exciton
lifetime compared to its bulk counterpart due to the thinner 2D layer formed. Hence, the
photogenerated charge carriers can travel to the surface-active sites in a quicker manner to

undergo the surface reactions.

Two other strategies, doping metal cocatalysts and heterojunction formation between 2D-
In2Ses and 2D-MoS,, were used to further enhance the photocatalytic activity of 2D-1n,Ses.
Among the doped metal, 5 wt.% Fe-doping by hydrothermal method showed the highest
enhancement in photocatalytic water splitting activity — the activity nearly tripled compared
to that of 2D-InySes. This could be explained by the improved charge separation by the
inclusion of Fe®" in the material. The MoS,/In,Ses heterojunction was successfully
constructed by the spontaneous self-assembly approach. The 1:1 MoS>/In>Sez exhibited an
improved activity compared to its calculated value. It is believed that this is due to the
formation of a type-I1 heterojunction as proven by the experimental band structure alignment,

leading to prolonged exciton lifetime.

Overall, the first part of the thesis provides the experimental structure-activity evidence of

the improved photocatalytic water splitting activity of 2D-In,Ses. The second part of the
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thesis demonstrated metal doping and heterojunction formation are effective strategies in
further enhancing photocatalytic performance. It is hoped that this research would guide the
future development of In.Ses, as a novel material, and in a broader sense, two-dimensional
materials to facilitate the research in discovering promising hydrogen evolution

photocatalysts, which could reform the current fossil-based energy society.

5.2.  Future perspectives

This thesis has provided some insights into the structural characterisations of 2D-In,Ses and
related decorated materials and determined their photocatalytic activities. Future work is
needed to optimise the photocatalytic systems of 2D-In,Sez and further understand the

structure of the materials.

For 2D-In,Ses, the synthesis method can be further optimised including the stirring time
with n-butyllithium, the sonication time and the reaction temperature at different stages of
the reaction. This might lead to more uniform exfoliation and thinner 2D-In,Sez with a
potential to achieve a higher activity. Furthermore, hydrogen evolution rate (umol g* h't) is
used in this research to determine the photocatalytic activity. However, this is usually not
comparable between photocatalytic systems due to their different reaction conditions. After
the system is optimised, QE and STH could be determined to compare its activities between
the literature. QE determination should be done by illuminating the photocatalytic system
with monochromatic photons at different wavelengths to scrutinise the UV-Vis light
harvesting efficiency profile of 2D-In,Ses. This could provide further information to
understand the optical properties of 2D-In.Ses. The formulae of QE and STH can be found

in Appendix.

A series of Fe-InSez with different doping concentrations could be synthesised.

Characterisations and activity testing could be done on the series of materials to find out the
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role of Fe dopants. Beyond Fe-In,Ses, other metal dopants and doping methods (other than
hydrothermal and sonochemical methods) are yet to be investigated. For example, different
doping methods might accommodate metal ions in a distinctive position in the 2D-InzSes
structure that gives different photocatalytic activities®. Sol-gel?, solvothermal techniques®
and microwave hydrothermal methods* are all possible doping methods that can be further
explored. It should be noted that a very wide range of optimum metal content can be found
in the literature, for instance, it is 0.05-20 wt.% for iron dopants®. Its optimal value might
depend on a variety of parameters, such as the synthesis method and conditions, and on the

substrate itself.

Future work could also be done to further explore the heterojunction of 2D-In,Ses. First, it
seemed that the acidification method provided limited assistance in the formation of
MoS2/In,Ses heterojunction structures. The synthetic method could be optimised to improve
the quality of heterojunction structure in the future. Furthermore, the charge transfer
behaviour in MoSz/In,Ses heterojunction structure needs to be further investigated. In this
research, it is assumed that there is no band bending in the band alignment model. Yet, this
is only a rough estimation for the band structure. To further investigate this, the direction of
electron transfer between the heterojunction could be investigated by the position of the
Fermi energy. This is because when the semiconductors are in contact, band bending will
occur until the Fermi energy of the semiconductors reaches a balance. The band bending
might lead to a difference in the direction of electron flow due to the space-charge region
built at the heterojunction interface. This could be a more direct evidence of whether the

photogenerated electron-hole pairs are separated due to the heterojunction formation.

Post reaction analysis could be performed to examine the stability of photocatalysts after the

reaction. For example, repeated testing cycles could be carried out to investigate its
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photocatalytic stability. The used photocatalysts could also be characterised to understand
whether structural change occurs during the reaction. Moreover, a wide variety of materials
could be incorporated into the structure of 2D-In,Ses as future work. This research only
investigated metal doping and heterojunction formation with MoS, for 2D-In,Sez as
preliminary strategies for enhancing photocatalytic activities. There are many more
strategies for improving a photocatalytic water splitting system apart from the explored
methods. Some popular strategies include the decoration of plasmonic metal nanoparticles®
"and the introduction of a local electric field (LEF) by incorporating polar-faceted materials

as support® .

Finally, the charge transfer mechanism and kinetics of water splitting are still a rather
complex physical process and they vary between materials, making it difficult to draw
unifying conclusions from the reaction. Activity testing coupled with advanced in-situ
analytical techniques could be incorporated to investigate the real-time reaction. It is hoped
that more fundamental studies, experimental or theoretical, could be carried out to
investigate the water splitting process to better understand the whole reaction pathway to
overcome the longstanding challenges in the field. For this, novel catalysts are encouraged
to be developed continuously in laboratories to investigate their fundamental reaction
mechanisms, as well as to bridge the gap between functional lab-scale catalysts and

commercial ones in industry.
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Appendix

GC Calibration for H, and O3

He and N were used as carrier (reference) gas in the gas chromatography-thermal
conductivity detector (GC-TCD) to analyse the amount of oxygen and hydrogen evolved in

the activity tests, respectively.

Calibrations of Hz and Oz have been done for relating the integrated peak area in GC-TCD

measurements and the content of gas.
The calibration curve of Hy is:
% H, = Area X 0.0016

The calibration curve of O3 is:

Area + 7.083

0, =
% 0, 1954.74

Calculation of H2 evolution rate

Here, 2D-In,Ses is used as an example to show the calculation of the Hz evolution rate.

The three measurements obtained from GC-TCD were 11.9, 11.4 and 11.4. The average for

the three data is 11.6.

The calibration curve relating the area of the GC-TCD measurement and the percentage of

H> is:
% H, = Area x 0.0016
Therefore,

% H,(2D-In,Se;) = 11.6 X 0.0016 = 0.019%
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The autoclave is filled with 6 bars of gas in every activity test. By measuring the volume of
the autoclave and by relating the ideal gas law, the moles of gas in the autoclave can be
calculated. Then, the atmospheric pressure is substituted into the ideal gas law, the volume
of gas (under atmospheric pressure) filled in the autoclave in each test is calculated as 240
cm?®. This is calculated based on the assumption that the moles of the resulted gas (gases
produced and the carrier gas) in the reactor is estimated to be the moles of the carrier gas, as

this is much larger than the moles of the hydrogen produced in the reaction.
The volume of H> in the autoclave can be related by:

240 cm® X % H, x 1L
1000 cm3 x 100%

Therefore,

240 cm3 x 0.019% x 1L .
V(2D-InySes) = — oo — = 46 X 107

The moles of Hz produced can be obtained by ideal gas law:

pV = nRT
pV
H,) = —
n(H,) RT

by taking p = 101.325 kPa; R = 8.314 J K molt and T = 298 K.

Therefore,

101.325 kPa x 4.6 x 107> L P
n(H, of 2D-In,Se3) = 8314] K-Tmol1 x 208 K = 1.8 X 107° mol

The reaction used 10 mg of 2D-In,Ses as the catalyst and reacted for 2 hours after reaching

543 K. The Hz evolution rate (umol h'* g'1) of 2D-In,Ses can be obtained by:
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n(H,)
2hx(10x1073)g

H, evolution rate =

Therefore,

(1.8 x 107%) x 106 umol
2hx (10 x1073)g

H, evolution rate (2D-In,Se3) = =91 umol h™1g™1

Quantum efficiency (QE)

Quantum efficiency is defined according to Eqg. A.1.

QF (%) = 2 x —H2) - 100% (A1)

N(photons

where N(H,) and N(photons) is denoted as the number of hydrogen molecules produced
and the number of photons reaching the surface of the reaction solution, respectively. For
determining QE, monochromatic light is usually used by passing the light generated to a
bandpass filter with central wavelengths. In such a way, the number of incident photons can

be calculated by Eq. A.2.

N(photons) = i—i (A.2)

where E is the energy given from the source of irradiation; A is the wavelength of the

monochromatic light; h is the Plank constant and c is the speed of light®.

QE measurement was not done in this research as the dependence of QE on the irradiance
wavelength is not the focus of the project. Low QE is often due to energy loss related to
rapid recombination of photoinduced hole-electron pairs and low mobility of charge carrier

to the photocatalyst’s surface to undergo the water splitting reaction.

Solar to hydrogen (STH) conversion efficiency

The solar to hydrogen (STH) efficiency is determined according to Eq. A.3.
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STH(%) = 21z — [12X4GH;0 (A3)

solar IXS

where Ey, is the energy of generated hydrogen; E,,q4, is the solar energy (energy of the
solar simulator lamp) irradiating the reactant solution; ry, is the hydrogen evolution rate;
AGy, o is the Gibbs energy of water splitting (i.e. 237 kJ mol™?); I is the light energy flux and

S is the irradiation area.

STH is different from QE: STH deals with the efficiency considering the overall power of
the irradiation source (including all wavelengths presented in the irradiation spectrum),
while QE only considered a specific wavelength in the irradiation source. Therefore, a high
QE does not equate to a high STH. A particular photocatalyst can exhibit a nearly 100% QE
at a particular wavelength but the STH is usually significantly less. A good example is
demonstrated by the work published by Takata et al. (2020). The modified aluminium-doped
strontium titanate (SrTiO3:Al) photocatalyst has achieved 96% of QE between 350-360 nm,

but the STH efficiency under simulated sunlight illumination was only 0.65%?2.

STH in practical devices is often significantly lower than the theoretical maximum
conversion efficiency due to the energy losses under operational conditions®. In
photocatalytic water splitting, the main energy losses for STH mainly come from the limited
light concentration and the incapability of absorbing photon energies due to the mismatch

of bandgap energy*.
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