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Abstract

Research into tungsten diselenide (WSez), a two-dimensional layered transition metal
dichalcogenide (TMD) material, has increased due to its physical and chemical
properties. These properties are considered unique and tunable for targeted
applications such as electronic, optical, and catalytic use. WSe2 has comparable
bandgap in relation to other selenides which makes it candidate to use as an
electrocatalyst for hydrogen evolution reactions (HER). Colloidal synthesis is a cheap,
flexible method that allows reaction parameters to be manipulated to influence the
desired outcome. Therefore, the effects of concentration, temperature, time, capping
agents and tungsten precursors was investigated to find the optimal conditions for the
synthesis of WSe2 nanoflowers. WSe2 nanoflowers were favoured at 320 °C for 120
min in oleyl alcohol when the concentration was 1:4 for W:Se. When the concentration,
time and temperature decreased, WSe: favoured nanorod structures. However, when
oleylamine was used as a capping agent, agglomeration of the nanoflowers was
observed. The metal precursors all favoured oleyl alcohol as the capping agent
resulting in defined nanoflowers being formed. The thickness of the nanoflowers varied
depending on the precursor used. Tungsten chloride (WCls) formed densely packed
nanoflowers whereas tungsten hexacarbonyl (W(CO)s) and tungstic acid (H2WOa4) had
less layers forming nanoflower-like structure. H2WO4 also produced mixture of WSe:2
and WOs due to the oxidation of the precursor. The semiconducting 2H phase was
obtained from all three tungsten precursors which is required for electrocatalytic
activity. To improve the electrocatalytic activity, platinum was decorated on the surface
of WSe2. The electrochemical characteristics of Pt/WSe2 nanohybrids formed from
various metal precursors were studied using techniques such as linear sweep
voltammetry (LSV), cyclic voltammetry (CV), and electrical impedance spectroscopy
(EIS). Analysis revealed that W(CO)6-Pt/WSe2 nanohybrids exhibited enhanced
electrochemical performance in hydrogen evolution reaction, as evidenced by lower

Tafel slope and overpotential at 1:0mA/cm2, in comparison to the other two precursors.
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Synopsis

The aim of the study was to synthesize 2D layered tungsten diselenide (WSez2)

nanostructures using the colloidal synthesis method. Then decorating the WSe:2

nanostructures with platinum nanocrystals to form nanohybrids and evaluate their

electrocatalytic properties for potential application in water-splitting electrocatalytic

HER. The layout of the dissertation is shown below:

Chapter 1: is the background, motivation and rationale for the study including
the aims and objectives.

Chapter 2: is the literature review of transition metal dichalcogenides,
particularly the properties of WSe2 and various methods used to synthesize the
materials. In addition, a short review on electrocatalytic HER and the application
of WSe: as an electrocatalyst for water-splitting reactions.

Chapter 3: reports on how varying the reaction parameters affects the
properties of WSez.

Chapter 4: reports on the effect of the tungsten precursor and capping agent
used on the properties of WSe:.

Chapter 5: reports on the synthesis of Pt decorated on the surface of WSe:2
nanostructures.

Chapter 6: reports on the investigation of Pt/WSe:z nanohybrids as
electrocatalysts for HER.

Chapter 7: evaluates the conclusions and suggests possible future work.

XVi



Chapter 1

Introduction

1.1 Background

Rolling blackouts otherwise known as load shedding has become a miserable
experience for every person that depends on the South African national grid to supply
electricity. For something that started off as a short-term resolution to mitigate
electricity supply to meet the demand, it has now become part of everyday life and
does not appear to be ending soon. This issue is not exclusive to South Africa as many
countries are struggling to meet the increasing demand for electricity. As they heavily
rely on non-renewable energy sources. Fossil fuels have been the main source of
energy for decades as there was a large supply that has been decreasing over time.
Fossil fuel-based energy is derived from burning fossil fuels which has a negative
impact on human health and the environment. This is because fossil fuel combustion
emits toxic particles, gases and carbon dioxide otherwise known as greenhouse gases
into the atmosphere [1]. Greenhouse gases have a negative effect as they are
pollutants in the atmosphere but prevent heat from escaping [2]. This is known as the
“greenhouse effect” which causes global warming. Therefore alternative, sustainable

clean energy sources are needed.

Clean and sustainable fuels are therefore required [3]. These have the ability to
provide energy with zero or almost zero emissions that causes air pollution and
greenhouse gases [4]. Therefore, they can be used to lessen the reliance on fossil
fuel-based energy. To use sustainable sources for energy, they require the use of
technologies that are economically feasible to generate electricity. Hydrogen is
considered a fuel that can serve as a storable source [5]. Water splitting is a process
whereby water is electrochemically broken down into its molecular constituents [6].
The process occurs within a cell where both the anodic oxygen evolution reaction
(OER) and the cathodic hydrogen evolution reaction (HER) take place. [7]. This results
in the formation of hydrogen and oxygen gas whereby the hydrogen produced can be

used as fuel for energy.



Layered structures like WSe: are classified as transition metal dichalcogenides
(TMDs) have semiconducting and catalytic properties making them suitable
candidates to use in electrocatalytic generation of H2. WSez2 has attractive properties
such as high morphology anisotropy, substantial surface area and ample active sites
for redox reactions to take place [8]. The semiconducting properties of WSe2 promotes
the fast electron transfer required for HER [9]. However, it is not as effective as Pt
which has high electrocatalytic performance due to its optimal hydrogen absorption
energy, as a result of low overpotential and fast kinetics [10]. Although Pt is favourable
for electrochemical reactions, it is not suitable for industrial application as it is pricey
and scarce. Therefore, the electrocatalytic activity of WSe2 can be improved by
decorating it with Pt. The use of less Pt in combination with WSe2 would not only
decrease its overall cost but also enhance its electrocatalytic activity, resulting in a
considerable improvement in the overall electrocatalytic performance of the hybrid

material.

1.2 Rationale

The increase in demand for clean alternative energy requires the use of inexpensive
techniques to generate electricity at a large scale. Photoelectrochemical generation of
H2 is considered an ideal solution as hydrogen is generated by splitting water into Hz
and Oz gas. This process requires the use of an electrocatalyst. Generally, Ptis widely
acknowledged as the most effective electrocatalyst but not suitable for commercial
use as it is expensive. Therefore, to reduce the cost, we propose the use of WSe:
which has semiconducting properties required for HER. WSe2 can be obtained using
cheap synthetic methods which could result in the formation of 2D layered WSe:
materials. Colloidal synthesis is an easy, scalable technique that can be implemented
for WSez. The reaction parameters can be modified to optimize the formation of WSe:>
in high yields. To improve the electrocatalytic activity of WSe2, we propose decorating
the surface with Pt nanocrystals. This will enhance the catalytic activity of the material

by also reducing the amount of Pt used, therefore lowering the cost for industrial use.

1.3 Aim of the project

The main aim of this project was to evaluate the use of colloidal synthesis for WSe:2

nanostructures and to determine how certain parameters as well as tungsten

2



precursor affect the resultant WSe2. The WSe2 obtained were then decorated with Pt,
used to investigate the electrochemical properties of these nanomaterials for
electrocatalytic HER. Therefore, to achieve the aim, the following objectives were
identified:
- Colloidal synthesis and characterization of WSe2 nanostructures by varying the
reaction conditions such as the ratio of W:Se precursor, time, and temperature.
- Colloidal synthesis and characterization of WSe2 nanostructures using
different tungsten precursors and different organic capping agents.
- Ex-situ synthesis and characterization of Pt/WSe2 nanohybrids.
- Investigate the electrochemical properties of Pt/WSe:z nanohybrids for
electrocatalytic HER.
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Chapter 2

Literature Review

2.1. Transition metal dichalcogenides

Due to their optoelectronic properties, two-dimensional (2D) layered materials,
specifically transition metal dichalcogenides (TMDs), have garnered a lot of attention
and been thoroughly studied as promising emerging materials [1] [2]. The diverse
range of chemical and physical properties exhibited by TMDs presents them as
promising candidates for numerous applications. Their attractive properties arise from
their layered structure containing weak van der Waals bonds [3]. TMDs are typically
denoted by the chemical formula MX2, where M represents a transition metal
belonging to groups 4-10 (e.g. Mo, W, Nb), while X denotes a chalcogen, usually S,
Se, or Te [4] [5]. The covalent bonds between the X-M-X layers hold them together.
[6]. The transition metal is the central atom that is encircled in a layer of two chalcogen
atoms and can resultin two phases: the octahedral phase (1T) and the prismatic phase
(2H) depending on their stacking arrangement [7]. When the stacking sequence
follows an AbA BaB pattern, it leads to the formation of the 2H phase, while an AbA
CaC BcB stacking sequence results in the rhombohedral phase, commonly referred

to as the 3R phase (see figure 2.3) [8].

The compositions and crystal structures influence the chemical and physical
properties required for their application. The physicochemical properties of the
material are influenced by various factors, including the ability to regulate its
composition, thickness, crystalline phase, surface chemistry, as well as the presence
of vacancies and other defects [1]. They have chemical and optical properties that vary
from insulating to metallic behaviour and sizable band gaps [3]. The unique properties
of these materials make them well-suited for a wide range of applications, including

use as semiconductors, in electrochemistry, and as electrocatalysts [5].
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Figure 2.1: Periodic table showing the transition metals and chalcogen atoms
found in transition metal dichalcogenides [9].
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2.2. Electronic and structural properties of TMDs

The layered structures of TMDs make them attractive to use for electronic applications
as they exhibit diverse characteristics [6] [10]. The electronic structure of these
materials is a result of the distinctive distribution of electronic states across their 2D
plane [11]. The electronic structure of TMDs can be studied through computational
methods like density functional theory (DFT) which is first principles calculations as
well as various spectroscopy techniques [12]. The electronic structure of the active
center is heavily influenced by the coordination configuration, which in turn affects the
material's properties for various applications [13]. TMDs can crystallize in either
octahedral or trigonal prismatic coordination phases, which are commonly known as
the 1T and 2H phases, respectively [4].

Since TMDs form layered structures, each layer can exhibit any of the two coordination
phases which can result in a variety of different properties [4]. The coordination around
the central metal affects the d-electron count which is the electronic structure. As a
result, diverse properties are observed depending on the ligand field splitting of the



non-bonding group 4 to group 10 d-orbitals and the filling of these orbitals [11]. Group
6 compounds with two non-bonding d-electrons tend to exhibit trigonal prismatic
coordination (2H) with filled dz? orbitals giving rise to semiconducting band gap [14].
As the thickness of TMD materials decreases from bulk layers to monolayers, the band
structure of these compounds can transition from an indirect to a direct band gap [3].
The band gap of bulk TMDs decreases with increasing valence band splitting. Usually,
the band structures of TMDs exhibit valence band maxima situated at the center (I)
and corners (K') of the Brillouin zone, while the conduction band minima are located
at the K and A points [11] [15]. As a result, the direct band gap means the materials
exhibit higher quantum efficiency and more light emission in the visible frequency
region making group 6 TMDs suitable candidates for optical and electronic

applications [15].

cl

Figure 2.2: Simplified electronic structure of group 6 TMDs showing the co-
existence of the split direct band gap and the indirect band gap [16].

2.3. Tungsten diselenide

Tungsten diselenide (WSe2) is a 2D material belonging to the group of TMD
compounds, with tungsten (W) located at the center of the transition metal sandwiched
between two selenium (Se) chalcogen atoms. WSe:2 exhibits versatile properties that
are enabled by the polymorphism of its layers. WSe2 can display various metal
coordination configurations, including trigonal prismatic (2H phase), octahedral (1T
phase), and distorted octahedral (1T phase) [17]. The 2H phase is the



thermodynamically stable phase that is favourable for semiconducting properties and
related applications such as electrocatalytic hydrogen evolution and energy storage
[17] [18]. The 1T and 1T’ phases are metastable, and they exhibit metallic properties
with promising use in catalysis applications [18]. In general, the 1T phase of TMDs
tends to easily relax into the 1T phase, resulting in the formation of the distorted
octahedral phase [19]. Sokolikova et al. found that the 1T’ polymorph has faster
charge-transfer kinetics in the metallic phase of WSez in comparison to the
semiconducting 2H phase which is difficult to achieve [17]. The properties of WSe:2
differ depending on the thickness. Generally, WSe: is known to have semiconducting
properties as it has a band gap range of 1-2 eV, indicating high optical absorptions
[20]. This is desirable for optoelectronic applications such as photoelectrochemical
reactions. Doping can be utilized to control the p-type or n-type semiconducting

behavior of bulk WSe2, which is initially an indirect semiconductor [21] [22].
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Figure 2.3: Crystal structure and stacking sequence of 1T, 2H and 3R WSe:
phases [23].

2.4 Synthesis of TMDs

TMD synthesis methods are commonly categorized as top-down or bottom-up. The

top-down approach involves methods such as exfoliation, intercalation, and



sonication, while the bottom-up approach uses deposition techniques with molecular

compounds as initial reagents [24].

2.4.1. Top-down approach

This method is an exfoliation technique that entails the transformation of bulk materials

into layered materials.

i) Mechanical exfoliation

The top-down method of mechanical exfoliation involves using physical forces, such
as shearing, peeling, and compression delamination, to produce monolayers from bulk
materials. This is a widely used approach for producing 2D materials [25]. Van der
Waals forces are the key to this technique, as they are relatively weak and easily
broken, allowing individual layers to be separated from the bulk material. The Scotch
Tape method is a frequently used mechanical exfoliation technique that involves using
a piece of cello tape to peel off thin films from bulk materials, thereby obtaining high-
purity monolayer or few-layer structures [26]. Li et al employed the mechanical
exfoliation technique to produce MoS: and WSez nanosheets [27]. This method
involved using freshly cleaved thin crystals on Scotch Tape, which resulted in the
separation of one layer and multilayer TMD nanosheets, leaving them on the substrate
[27]. They were successful in obtaining MoS2 and WSe2 nanosheets using this
technique however they experienced challenges as the method requires large sized
TMD bulk crystals. Mechanical exfoliation produces high quality nanosheets, but it is
hard to regulate the thickness and has a low rate of production [26]. Therefore,
mechanical exfoliation is considered a time-consuming method and cannot be scaled

up for industrial applications [28].

i) Liquid phase exfoliation

Liquid exfoliation, also known as sonication-assisted exfoliation is a technique that
uses ultrasonication with a suitable solvent [26]. Ultrasonication waves generate
cavitation bubbles that fall apart, separating layered crystallites and resulting in

ultrasmall nanoflakes in the solvent [29]. The underlying principle of this method is that
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sonication breaks the weak van der Waals forces between the layers, leaving behind
strong covalent bonds. The use of a solvent aids in the preservation of the exfoliated
nanosheets by preventing their aggregation and reassembly. The choice of solvent is
critical as it can enhance the efficiency of the exfoliation process. Organic solvents are
commonly employed in this technique due to their high adsorption energy, which
favours exfoliation [26]. Liquid exfoliation is a scalable method, but large-scale
production tends to result in obscure nanosheets being deposited onto the substrate
[28].

iii) Chemical exfoliation

Chemical exfoliation is a method that involves the use of chemical intercalators to
weaken the van der Waals forces between the layers of bulk crystals. This is typically
achieved by ultrasonication in solvents such as water or ethanol, which helps the
intercalators penetrate the interlayer regions and expand the space between the
layers. This results in the exfoliation of the bulk material into thin layers or nanosheets
[26]. Lithium ions usually obtained from n-butyllithium (n-BuLi) is commonly used as
an intercalating agent. Kim et al utilized n-BuLi to induce a phase transition from the
bulk 2H-phase to few-layered 1T-phase TMD nanosheets. In this method, electron
transfer from n-BuLi to TMD weakens the coordination of the metal atom, resulting in
a more flexible and easily deformable structure that can be exfoliated into nanosheets
[30]. This results in the rearrangement of the lattice causing phase transition to occur.
This method can be used in bulk scale production however there are disadvantages
associated with it as it can become highly toxic due to the highly explosive lithium

compounds [31].

2.4.2. Bottom-up approach

Bottom-up approach is an approach that involves growing TMD nanocrystals from
suitable transition metal and chalcogen precursors under specific conditions. It has
several advantages such as high-purity and high-quality production, fast reaction
times, simple operation technique that produces homogenous nanocrystals [32].
Therefore, itis crucial to have a clear understanding of both the energetics and kinetics

involved in the process since they have a significant impact on the resulting products.
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As with top-down approach, there are several bottom-up techniques such as gas
phase synthesis, hydro and solvothermal synthesis, microwave, and colloidal

synthesis.

i) Gas phase synthesis

Gas phase synthesis is also commonly referred to as chemical vapour deposition
(CVD) and it is the most used bottom-up technique. For this method, metal and
chalcogen precursors are brought into contact with the substrate under conditions of
elevated pressure and temperature then reacted in gas phase [26]. Very high
temperatures and low pressures is necessary to volatilize the metal and chalcogen
precursors for deposition to occur on the substrate to form the crystalline product [3].
The interaction that takes place on the substrate influences the resultant TMDs. The
molecules used act as promoting agents during the formation of TMDs. Mohl et al
found that to produce WSe:2 by selenization of WOs, hydrogen gas can serve as an
activating agent to promote the formation of the desired product [3]. It has been found
that using halide or metal-organic precursor improves the scalability of CVD method
[28].

i) Hydro/solvothermal synthesis

This technigue involves reacting precursors in an aqueous or hon-aqueous solution in
an autoclave at high temperatures and pressures for several hours. TMDs can be
obtained using this technique under specific conditions of solvent and reaction time
[26]. Hydro- and solvothermal methods are alike whereby similar precursors can be
used for both methods. The main difference between the two methods is that the
hydrothermal method employs water as the solvent, whereas the solvothermal method
uses organic solvents with high boiling points. Although the hydro/solvothermal
method requires the use of fairly high temperatures, the temperature is still lower than
that of the CVD method. However, the disadvantage of this technique is the long
reaction time that ranges from 10-48 hours along with high pressure requirements.
This was observed Yi et al prepared 1T-WS: through the solvothermal method for 24
h at 200 °C [33].
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i) Microwave-assisted synthesis

Microwave-assisted method is a technique that is both rapid and energy-efficient and
can be used to synthesize TMDs. The benefit of using this method versus other
conventional heating methods is that it can heat the reagents rapidly and uniformly
[31]. This method is commonly used for the synthesis of metal and metal oxide
nanoparticles as opposed to layered TMDs. Harpeness et al implemented microwave-
assisted method to produce MoSe2 however they found that it was difficult to obtain
single layer MoSe: as the nanocrystals were difficult to separate as they were highly
agglomerated [34]. The same method was also used by Panigrahi and Pathak to
synthesize WS2 nanowires, they also experienced difficulties associated with

agglomeration as they obtained amorphous nanoparticles [35].

iv) Colloidal synthesis

Colloidal synthesis is a solution-based technique that uses high boiling point organic
solvents to react metal and chalcogen precursors, which can also act as a capping
agent. The method thermally or chemically converts the solubilized reagents into
nanostructures that are stabilized by the capping agent [1]. Generally, colloidal
synthesis reactions are carried out at elevated temperatures (x 300 °C) with shorter
reaction times (1 — 2 h) in comparison to the hydro/solvothermal method. Another
advantage of this technique is that it is a scalable and controllable method [24]. This
can be accomplished by regulating the experimental parameters such as the
precursors, capping ligands, and temperatures [36]. Controlling the reaction
parameters can modify the TMDs obtained as well as their properties. The capping
ligand used can affect the binding affinities of the TMDs which can influence the
morphology and thickness of the nanostructures obtained [37]. This stabilizes the
particles and prevents agglomeration. Generally, colloidal TMDs layers have a strong
tendency to aggregate by forming nanostructures and nanoflower-like morphologies
whereby capping ligands can adjust the inter nanosheet interactions resulting in

different levels of aggregation [1].
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2.5. Colloidal growth mechanism

There are two types of growth mechanisms that can be used to describe how
nanocrystals grow in colloidal synthesis: The classical nucleation theory (CNT) and
LaMer’s theory. The classical nucleation theory is a theorical framework that describes
the nucleation process and the Gibbs free energy barrier that must be overcome for
nucleation to occur [38]. During colloidal synthesis, nucleation occurs when the
nucleus increases and reaches a critical radius (rc) that allows it to grow into stable
nuclei. When this occurs, Gibbs free energy also increases until it reaches its
maximum, once the nuclei have reached the critical radius that prevents dissolution of
the nuclei. This is the minimum size a particle can remain in solution without being
redissolved [39]. Thereafter, the free energy begins to decrease as the stable nuclei
grows Figure 2.4. This process is considered a thermodynamic process as CNT is

prone to reduce its Gibbs free energy [40].

AG 4

surface energy

AG

radius

bulk free energy

Figure 2.4: Diagram of the classical nucleation theory showing the relationship
of the free energy (AG) and the radius (r) of the nuclei [41].

LaMer’s theory is based on the partition of nucleation and growth of colloidal particles
in solution [42]. According to LaMer’s theory, the formation of monomers occurs in two
distinct stages nucleation and growth [39]. The following is the general mechanism of

the colloidal synthesis process: (i) The concentration of monomers in the solution

13



gradually increases until it reaches a state of super-saturation or critical nucleation
[Cmax]. (i) Saturation continues to increase, reaching "burst-nucleation,” which is the
point where the monomer concentration reaches the critical supersaturation threshold
[Cm]. This process reduces the concentration of free monomers in the solution due to
the formation of nuclei. (iii) Subsequently, the nucleation growth occurs through the
diffusion of monomers in the solution, leading to the growth of larger and more stable
nuclei. [37], [40]. Based on these theories, there are certain parameters that can
control the growth mechanism of nanoparticles. These parameters include reaction

time, initial concentration of precursors as well as capping agents [36], [43].
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Figure 2.5: Diagram summarising LaMer's theory based on the separation of
nucleation and growth [44].

Nucleation and kinetics influence the anisotropic growth of nanosheets. In colloidal
synthesis, anisotropic growth is influenced by the capping ligand used as it can
effectively control the surface energies of the exposed facets of the nanoparticles
which determines the growth direction of nanosheets [1] [36]. Therefore, TMDs with
varying morphologies can be obtained via colloidal synthesis. There are two types of
nanomaterials: nano-objects and nanostructures. Nano-objects can be described as
materials that have one dimension at nanoscale whereas nanostructures are materials

that comprises of nanoscale structures to form larger nanoscale material.
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2.6. Photoelectrochemical water splitting

The utilization of renewable energy resources to meet our energy needs has become
increasingly popular in recent years. This is mostly driven by several factors such as
climate change, energy security, and the negative impact of burning fossil fuels
towards the environment [45]. Fossil fuels are considered non-renewable resources
as they are used for energy production, yet they are not renewable. However, there
are not considered ideal candidates for energy production as they are considered
pollutants and have a detrimental effect on mankind and the environment [46]. Thus,
a greater emphasis on finding alternative energy sources that are considered clean,
safe, and sustainable has increased. Hydrogen (Hz2) has gained attention as a potential
energy vector that can be used as fuel as it produces a high energy yield, it is clean
and can easily be stored [47]. Hydrogen fuel is based on the use of molecular
hydrogen obtained from hydrogen containing compounds to produce fuel that can be
converted into energy for daily use [48]. Hz is an efficient energy carrier with the
highest energy density among all chemical fuels (142 MJ/kg), itis clean and renewable
therefore it is a suitable candidate for alternative energy sources [49].There are
various ways of generating Hz such as natural gas reforming which uses fossil fuels
therefore not ideal [50]. Whereas photoelectrochemical (PEC) reaction is considered
a clean method that can be used for H2 production. Electrochemical water splitting can
result in molecular hydrogen and oxygen through the decomposition of water caused
by an electric current. The process can be divided into two half reactions, namely the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). PEC
water splitting presents a viable method to produce H: with lower environmental

impacts, making it a promising solution for industrial-scale applications [51].

PEC water splitting process takes place in a PEC cell that contains two electrodes
submerged in aqueous electrolyte solution as seen in Figure 2.6. A PEC cell
comprises of an anode electrode containing the photocatalyst, a cathode electrode
supporting an electrocatalyst, and an electrolyte solution that facilitates internal ionic
conductivity [52]. The electrolyte solution can be either acidic or alkaline, and the

chemical reactions can be represented using the following equations:
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Total Reaction:

H,0 (1) > Hy (g) + 0, (1)
Acidic media: HER
Cathode: 2H" (aq) + 2e~ - H, (g9) (0.0Vvs.RHE) (2)
Anode: H,0 (1) - 2e” + 2H* (aq) + 5 0; (9) (1.23V vs. RHE) (3)
Alkaline/neutral media: OER
Cathode: 2H,0 (1) + 2e~ - H, (g) + 20H™ (aq) (0.0Vvs.RHE) (4)
Anode: 20H7 (aq) » H,0 + 50, (g) + 2~ (1.23V vs. RHE) (5)

The cathodic and anodic half reactions show a thermodynamic total voltage of 1.23 V

(25 °C, 1 atm) is required for water splitting to occur.

. —t

H, 0,
* &/
®. o
<
HER OER
catalysts catalysts

Figure 2.6: Diagram showing basic electrochemical cell [53].

Fujishima and Honda were the pioneers of the PEC water splitting reaction which
employs a low-cost semiconducting material with high efficiency [51]. The fundamental
principle of PEC water splitting is to convert solar energy into environmentally friendly
and storable H: fuel [54]. This is accomplished by submerging a photoelectrode in an
electrolyte solution, which induces electron transfer between the semiconductor and

the electrolyte solution, resulting in the Fermi level equilibrating with the redox potential
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of the electrolyte solution [51]. The water splitting process occurs in three stages: (i)
generation of electron-hole pairs in photoelectrodes following the absorption of
photons, (ii) transport and separation of charges to the catalyst surface, and (iii) redox

reactions of absorbed species to produce oxygen and hydrogen from water [54].

An effective PEC water splitting process requires the use of semiconductors, both p-
type and n-type, to convert water into hydrogen and oxygen [54]. The PEC water
splitting process relies on the use of semiconductors, both p-type and n-type, to
effectively convert water into hydrogen and oxygen. When the rate of electron transfer
is faster than that of holes, the cathodic photocurrent takes place in p-type
semiconductors. Conversely, the anodic photocurrent (n-type semiconductor) occurs
when there is hole transport to the electrolyte, resulting in anodic PEC water splitting.
This means that a p-type cathode, electrically connected to an oxygen-evolving
method cathode, can be used to achieve the hydrogen evolution reaction (HER). On
the other hand, an n-type anode is used to achieve the oxygen evolution reaction
(OER) [55]. Semiconductors possess a unique ability to act as photocatalysts,
enabling them to activate the chemical reduction and oxidation process in the
presence of light. Photoelectrodes can capture light energy for these reactions, and
additional voltage is required to carry out the reaction [56]. Light-absorbing materials,
such as semiconductors, can capture photons and convert them into excited electron-

hole pairs, as depicted in Figure 2.7 [57].
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Figure 2.7: Diagram showing the mechanism of the electron-hole pair [58].
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2.7. Hydrogen evolution reaction (HER)

Electrochemical HER is a prospective, less-adverse way of generating hydrogen and
as with other electrochemical reactions, it needs a catalyst that will enhance the
reaction kinetics and reduce the overpotential [59]. An electrocatalyst with excellent
reaction interfaces is required to promote electrocatalytic kinetics and reduce the
overpotential [60]. There are several parameters that are deemed important when
evaluating the electrocatalytic activity of water-splitting electrocatalysts. These
parameters include overpotential, Tafel slope, Faradaic efficiency etc. Overpotential

(n) is described as the extra potential that exceeds the theoretical potential of an

electrochemical reaction and it is considered the main factor that overcomes difficulties
during the catalytic conversion process [13]. It can be described as the distinction
between the equilibrium potential and the applied potential and a lower overpotential
is favourable towards better catalytic activity [49]. Lower reaction overpotential can

effectively lower the activation energy of the reaction [49].

The exchange current density is a parameter commonly used to evaluate the catalytic
activity of HER catalysts, as it is directly related to the onset overpotential. This is due
to the fact that the kinetics of most HER catalysts exhibit similar behaviour [13]. As the
kinetics of HER surpasses the overpotential of the catalysts, as a result current density
can be used as a parameter to determine the electrocatalytic activity of a catalyst [13].
Current density is measured during cyclic voltammetry (CV), it should not change as
the number of scanning cycles increases [49]. By plotting the logarithmic current
density (log J) as a function of the voltage (V) of the electrocatalytic electrode, it is

possible to determine the current density [61].

The Tafel slope is described as the increase in overpotential required to affect a
significant rise in current density [62]. The Tafel slope can also be used to identify the
rate-limiting step and potential reaction pathways. At low overpotentials and current
densities, the Tafel slopes for the Volmer, Heyrovsky, and Tafel steps are typically
around 120, 40, and 30 mV/dec, respectively [49]. The Tafel slope depends on
overpotential and current density as it is used to influence the extent at which current
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would simultaneously increase with an increase in potential at the cathode [62] [63].
Therefore, a small Tafel slope is required for faster kinetics.

? ? He o He ML

\olmer-Tafel mechanism

Electrocatalyst f\ Electrocatalyst

(1) Discharge/Volmer
reaction

Volmer-Heyrovsky mechanism

H*+e + Hys— Hp

‘ (2) Heyrovsky
I I reaction

H. H. Ho o H. Ho  H.
electrocatalyst I / Electrocatalyst
e k.

Figure 2.3: HER mechanism that takes place on the surface of the
electrocatalyst [64].

(3) Tafel

reaction
Hags + Hags — Hp

To calculate the Tafel slope, one can use Tafel plots that are obtained by replotting
the linear sweep voltammetry (LSV) as a plot of log (J) versus overpotential [13]. The
Tafel slope is the linear portion of the plot:

n=b log (ifjo)

where b is the Tafel slope, j is the current density and jo is the exchange current
density. A smaller Tafel slope indicates that the overpotential required to achieve a
certain current density is lower, which suggests that the charge transfer kinetics of the

electrocatalyst are faster [65].

HER mechanism starts with the adsorption of H on the electrocatalyst surface, this is

known as the Volmer reaction. A voltage is applied which causes an electron to
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migrate to the cathode surface and captures a proton (H*) in the solution, generating
an adsorbed atom (i.e., intermediate state) on the active site of the catalytic cathode

surface.

H* (aq) + e~ > Hyy (step 1; Volmer reaction) (1)
2.3RT
byy = 2 2)

Where b1y is the Tafel slope, a is the symmetry coefficient which is 0.5, F is the
Faraday constant, R is the ideal constant, and T is the absolute temperature. The next
step can take place via two different pathways to produce H2. The first pathway is
called the Heyrovsky reaction:

Hyys + HY (aq) + e~ - H, (g)(step 2; Heyrovsky reaction) (3)

2.3 RT
1+ a)F (4)

bl,T =

When the Hags is low, an electrochemical desorption reaction can occur, leading to the
new creation of Hz through the interaction of Hags with a new electron and another H*
in the solution (3). The Tafel reaction or chemical desorption step is observed when
the Hads coverage is high, and the recombination between adjacent Hads Species

becomes the predominant process.

Hu4s + Hygs — Hy, (g)  (step 2; Tafel reaction)

2.3 RF
bir = =3

The process shown above is a thermodynamic process that can be described as
continuous adsorption and desorption of Hads Species from the catalytically active sites.
For a catalyst to be considered efficient, it should find a balance between binding
strongly to Hads species to allow the formation of the Hads - Hadgs bond but it should
permit fast desorption of the generated H2 on the surface of the catalyst [66] [67]. The
type of electrocatalyst used effects hydrogen production resulting from electrocatalyst

reduction of protons (H*) into molecular (H2).
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2.8. Transition metal doping

WSe:2 belongs to a class of materials known as transition metal dichalcogenides
(TMDs). These materials possess unique electronic and optical properties that make
them attractive for a variety of applications. These properties are attributed to the 2D
layered structures of WSe2 forms, results in higher surface area and desirable
characteristics [68]. WSe:2 also has semiconductor characteristics which makes it a
potential candidate for photoelectrocatalytic applications. However, its electrocatalytic
activity is not as good as noble metal. Therefore, transition metal doping of WSe:2 can
be done to influence the electrocatalytic activity of the TMD by decorating WSe2 with
a noble metal. Platinum (Pt) is known to be the most efficient electrocatalyst however
it is expensive. Pt-group metals are considered excellent electrocatalyst for HER due
to their capability of producing high current densities at low overpotential [69] [70].For
that reason, Pt can be decorated onto the surface of WSe:2 to boost the electrocatalytic
activity of the material. This would ultimately decrease the band gap and improve the
semiconducting characteristics of the Pt/WSe2 nanohybrid [68]. There are two types
of methods that can be used for transition metal doping: in-situ and ex-situ. In-situ
doping is when the dopant is added directly during the deposition process. Whereas
in ex-situ doping, the dopant is added after producing the support material. Lin et al
used a one-step hydrothermal reaction process to reduce (NH4)2MoS4 and H2PtCle
simultaneously to form MoS2-PtNP nanohybrids where PtNPs was decorated onto the
surface of MoS2 nanoflowers [71]. They found that their method was simple, efficient,
and economical when compared to previous reports. Generally, small amounts of
PtNPs can effectively improve the electrocatalytic efficiency of WSe:z [72]. Therefore,

Pt/WSe2 nanohybrids can be used as electrodes in photoelectrochemical reactions.
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Chapter 3
Synthesis of WSez nanostructures with varying reaction

parameters

3.1. Introduction

Two-dimensional nanomaterials have attractive chemical and physical properties due
to their compositions and crystal structures which makes them appealing to use for
various applications [1] [2]. To utilize these materials for applications, it is necessary
to determine their physicochemical properties such as thickness, composition,
crystalline phase, and surface chemistry [1]. The manipulation of reaction conditions
such as time, temperature, concentration, precursors, and capping agents can allow
for control over the size and shape of NPs [3] [4]. One approach to controlling the size,
shape, and crystallinity of nanomaterials is to use solution-based synthesis methods,
where the reaction parameters can be varied. This includes adjusting the mole ratios
of precursors used, as well as the reaction time and temperature. By manipulating
these parameters, it is possible to achieve precise control over the properties of the
resulting nanomaterials.

Previously, chemical vapour deposition (CVD) or bulk exfoliation has been
predominately used to synthesize transition metal dichalcogenides (TMDSs)
nanostructures with the capability of controlling the properties of the material, however
these methods have limitations in scaling up the synthesis [5]. Therefore, solution-
based methods have been developed and are considered suitable alternate with
controllable reaction parameters that affect the morphology, composition, and
crystallinity of TMD nanostructures [3]. An alternative method for effectively
synthesizing TMDs is colloidal synthesis which offers solutions to various drawbacks,
such as limited scalability and the production of TMDs not firmly attached to the
substrate [1]. Colloidal synthesis can result in ordinarily metastable TMD phases with
interesting properties depending on the choice of precursor, capping ligand,
concentration, temperature, and other reaction parameters that affect nucleation
growth [4]. By controlling the ratio of the reaction parameters, we can modify the

formation of WSe: to obtain different nanostructures [6].
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TMD structures are made up of strong covalent bonds between M-X (M: transition
metal, X: chalcogen) atoms that forms X-M-X sandwiched layers due to weak van der
Waals forces [7].WSe: crystallizes in a layered structure and forms hexagonal layers
that influences the coordination of transition metals and stacking order of the atoms
[8].

Varying the reaction conditions result in different nanostructures being formed with
different surface properties and chemical activities [9]. In the synthesis of WSe:2
nanostructures, the primary concept for controlling morphology is to separate the
nucleation and growth processes and regulate the growth rate of various phases [9].
Therefore, the size and shape of WSe:2 can be tuned by varying the molar ratio of the
reactants.

The concentration of the reactants affects the growth rate of the nanostructures which
sequentially changes the morphology [10]. Metals precursors that contain strong C-
Se bonds tend to favour slow nucleation growth rate that influences the final crystal
phase formed [4]. Ostwald's rules for crystallization suggest that crystallization occurs
from a solution when the Gibbs free energy is high. Nucleation occurs when the growth
rate is greater than the dissolution rate, as the reaction kinetics influence the phase
control during crystal growth [7]. The process of solution synthesis of TMD
nanostructures typically begins with the decomposition of metal and chalcogen
precursors into monomer complexes, which then react to create small nuclei [1]. The
process is then followed by nucleation growth to form nanocrystals.

Nucleation growth is also strongly influenced by the reaction temperature. The optimal
temperature for nucleation and growth depends on the specific materials and reaction
conditions. At higher temperatures, the formation of vapours increases, which can lead
to a higher nucleation density and a larger number of nuclei being formed. The
temperature also affects the rate of diffusion, which can impact the growth rate of the
nuclei. Therefore, the temperature must be carefully controlled to achieve the desired
size and morphology of the TMD nanostructures [8]. Sokolikova et al. reported that
synthesis temperature of ~300 °C is the optimal reaction temperature for nucleation
growth is one that avoids boiling of the solvent at higher temperatures and prevents
inhibition of nucleation growth at lower temperatures [11]. In addition, high growth

temperatures improve the crystallinity of the material.
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3.2. Method and materials

3.2.1. Chemicals

Tungsten (VI) chloride (WCls, = 99.9%), selenium powder (= 99.9%), oleyl alcohol
(85% technical grade) and toluene (99%).

3.2.2. Experimental procedure

The typical synthesis procedure involved the addition of WCle and Se in a mole ratio
of 1:4 to a three-neck round bottom flask containing 10 mL of oleyl alcohol. After
degassing the solution under N2 gas for 30 minutes with magnetic stirring, the mixture
was heated to 320 °C for 120 minutes. The resulting nanoparticles were washed
multiple times with toluene, collected by centrifugation, air-dried, and prepared for
characterization. To prevent solvent boiling or inhibition of nucleation growth, the
reaction temperature was carefully controlled. The specific reaction conditions for each

experiment are listed in Table 3.1.

Table 3.1: Summary of experimental conditions.

Parameter Temperature (°C) Time (min) Mole ratio (W:Se)
Concentration 320 120 1:4

320 120 1:3

320 120 1:2
Temperature 320 60 and 120 1:4

250 60 and 120 1:4

150 60 and 120 1:4

3.2.3. Characterization

The nanostructures produced in the experiment were subjected to various
characterization techniques. The powder X-ray diffraction (PXRD) analysis was
performed on a Bruker MeasSrv D2-205530 diffractometer with Cu-Ka radiation (A =
1.54060 A) at 30 kV/10 mA, using a glancing angle of incidence detector and a
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temperature of 25 °C. The sample morphologies were determined using FEI Technai
T12 Transmission Electron Microscope (TEM) in TEM mode, after dispersing the
samples in ethanol and sonicating them for 30 min. The absorption measurements
were carried out using a SPECORD 210 Plus Analytik Jena UV-vis
spectrophotometer, while Raman spectra were obtained using the HORIBA
MacroRaman spectrophotometer with a 785 nm excitation laser. The samples were
dispersed in ethanol and placed in a quartz cuvette (1 cm path length) for the UV-vis

analysis, while for Raman analysis, the sample was placed on a Raman holder.

3.3. Results

3.3.1. Effect of concentration

The resultant nanostructures obtained were characterised using PXRD to confirm the
crystalline phase and purity of the materials. The diffractograms are shown in Figure
3.1. All the diffraction patterns were matched with PDF card number 01-089-5257. that
correspond to the hexagonal prismatic phase (2H) of WSe:z with varying degrees of
purity. The 1:2 W:Se mole ratio showed the most impurities, indicated by * and it
attributed to WOs. As the selenium concentration was increased, the impurity peaks
disappeared. This is due to the excess selenium outcompeting the atmospheric
oxygen. The (002) plane attributed to the c-axis of the material is indicative of the
number of WSe2. The more prominent the peak, the more layers are present. As a
monolayer will result in the disappearance of the peak. The (002) is only observed in
the 1:3 and 1:4 W:Se mole ratios. In addition to the (002), the diffraction peaks
obtained at (100) and (110) confirmed that the materials are 2D structures [14].
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Figure 3.1: PXRD patterns of WSez nanoparticles synthesized at various mole
ratios (*) indicates WOs.

The number of layers in TMD nanomaterials can be identified using Raman
spectroscopy [15]. The Raman spectrum in Figure 3.2 indicates two characteristic
peaks that can be identified as Aig which is caused by the chalcogen atoms moving
out of plane in opposing directions and the metal atoms in-between stay fixed in
position; and the E2g* peak attributed to the metal and chalcogen atoms moving in
opposite directions within the plane. Table 3.2 shows the Raman frequencies of the
materials and their corresponding vibrational assignments. A blue shift was observed
due to an increase in wavenumber which indicates a decrease in particle size occurred
as the mole ratio decreased. Interlayer interaction affects the Raman peak shift
whereby the frequency of Aig mode decreases when the number of layers decreases

while in contrast, the E2¢' mode increases [21][22]. The number of layers not only
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affects the peak shift but also the shape and intensity of the peaks as seen in Figure
3.2.
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Figure 3.2: Raman spectroscopy of WSe2 nanoparticles synthesized at various
mole ratios.

Table 3.2: Raman frequencies and their vibrational assignment.

WSe: E2' Aig

1:4 -1 -1
~245 cm ~395 cm

1:3 -1 -1
~255 cm ~410 cm

1:2 -1 -1
~260 cm ~420 cm

The optical properties of the nanomaterials were analysed using UV-vis spectroscopy

shown in Figure 3.3. Four excitons were observed which corresponds with the 2H
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WSe: phase that was observed on the PXRD spectra as well. Excitons A and B, at
935 nm and 915 nm respectively appear due to direct transitions gap of point K [16].
The absorption peaks of A" and B' were observed in the UV-vis spectra, which resulted
from the ground and excited states of the two transitions of A and B. These peaks
were observed to split due to the perturbation caused by d-electrons at the inter- and

intra-level, which were affected by the Se p-orbitals [2].
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Figure 3.3: UV-vis absorption spectra of WSez nanoparticles synthesized at
various mole ratios.

Transmission electron microscopy (TEM) was utilised to visualise the structures and
morphologies of the WSe2 nanomaterial formed. The TEM micrograph in Figure 3.4
shows that different nanostructures were produced based on the mole ratios. The 1:4
mole ratio produced defined nanoflower morphology with compact petals. The
morphology observed could be the effect of continuous folding of nanosheets that are
formed rapidly during synthesis, followed by concurrent lateral and vertical growth
process that results in flower-like morphology [1]. Interestingly, when the mole ratio
was reduced to 1:3 a co-existence of two morphologies was observed, nanoflowers

and nanorods. Then at the 1:2 mole ratio, thin nanorods were observed.
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Figure 3.4: TEM images of WSe2 nanoparticles synthesized at various mole
ratios.

3.3.2. Effect of temperature and time

The resultant nanoparticles were characterized using PXRD to confirm their crystal
phase and purity in Figure 3.5. The diffraction patterns obtained were matched to PDF
card number 01-089-5257. The 320 °C temperature at 120 min matched well with
WSe2. However, when the temperature decreased, there were less diffraction peaks
matching with WSe2 and the materials contained impurities (WO3) indicated by (*).
When the reaction times were decreased to 60 min, less diffraction peaks were
observed that match with WSe: including impurities indicated by (*). This suggests
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that at the lower temperatures and reduced time of synthesis, the formation of WSe:>

was yet to be observed and only pronounced WOs3s peaks were observed.
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3.5: PXRD patterns of WSe2 nanoparticles synthesized at various temperatures
for (a) 120 min and (b) 60 min (*) indicates WOs.

The Raman spectrum in Figure 3.6 showed that the sample prepared at 320 °C for
120 min had an intense E2¢! peak. As the temperature decreased, this caused the
peak intensities of the respective E2q' peaks to decrease as well. However, the
opposite was observed regarding the Aig peak. For the 320 °C 120 min sample, the
A1g peak appeared to be less intense whereas when the temperature was decreased,
the intensity increased for the other samples. A peak shift was also observed as the
higher wavenumbers as the temperature was decreased. For the 60 min samples,
they all have low intensity E2q* peaks and increased intensity for the A1y peaks with a

shoulder. Unlike the 120 min samples, peak shift was not observed.
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Figure 3.6: Raman spectra of WSez nanoparticles synthesized at various
temperatures for (a) 120 min and (b) 60 min.

The UV-vis spectra shown in Figure 3.7 was used to determine the optical properties

of the nanomaterials when time and temperature was varied. Four excitons were

observed for each sample which indicates that the 2H phase of WSe2 was formed. A

blue shift was observed as the temperature decreased, from 320 °C to 250 °C, for both

times.
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Figure 3.7: UV-vis spectra of WSe2 nanoparticles synthesized at various
temperatures for (a) 120 min and (b) 60 min.

TEM images were analysed to study the effects of temperature and time variations of
the as synthesized nanoparticles and the results are shown in Figure 3.8. When the
nanoparticles were synthesized for 120 min, high temperatures 250 — 320 °C resulted
in defined nanoflower-like morphologies. When the temperature decreased to 150 °C,
less defined nanoflowers were observed. Then when the time was decreased to 60
min, at 320 °C monodispersed nanoflowers were observed. At 250 °C, the cloud-like
structures were observed. When the temperature decreased to 150 °C, this resulted

in the formation of nanorods.
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Figure 3.8: UV-vis spectra of WSe2 nanoparticles synthesized at various
temperatures for (a) 120 min and (b) 60 min
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3.5. Conclusion

To summarize, this study demonstrated that the synthesis of WSe2 nanoparticles can
be achieved through the precise control of reaction parameters, including precursor
concentration, temperature, and reaction time. These parameters were found to
impact the nucleation and growth rate of the nanoparticles, which in turn affected their
morphology and properties. Specifically, increasing the precursor concentration was
found to promote the formation of WSe2 nanoflowers by influencing the size and
morphology of the nuclei during growth. This study highlights the importance of
carefully controlling reaction conditions in the synthesis of TMD nanomaterials to
achieve desired properties and morphologies. An increase in temperature affects the
composition and morphology of nanoparticles as it resulted in more defined
nanoflower-like structures. An increase in reaction time affects nucleation growth
resulting in monodispersed nanoparticles. Other researchers have also found that
varying the reaction parameters affects the morphological and structural properties of
WSe2 nanomaterials. Therefore, the reaction thermodynamics and kinetics influences
the nucleation growth by providing insight into the growth mechanism in relation to the

number of layers formed.
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Chapter 4
Synthesis of WSez nanostructures by varying the tungsten

precursor and capping ligand

4.1. Introduction

Colloidal synthesis is a technique that allows versatility in the production of
nanoparticles by manipulating the properties of the nanoparticles. The morphologies
and properties of the resulting nanoparticles can be influenced by varying the reaction
parameters, such as the type of precursors and capping agents. The choice of metal
precursor and capping agent can have a significant impact on the final shape and
properties of the nanoparticles [1]. This is because they can determine the rate of
nucleation that can promote large amounts of nanosized nuclei that happens fast
whereby decoupling of the nucleation and growth stages occurs in order to reduce the
polydispersity of the particles [2]. Therefore, the type of precursor used can influence
nucleation and growth rates of nanoparticles in colloidal synthesis.

Metal oxides and metal chlorides are commonly used as precursors for the synthesis
of TMDs via colloidal synthesis because they have relatively low decomposition
temperatures, making it easier to form nuclei in solution. The decomposition of
precursors releases metal and chalcogen species, which can react to form nuclei and
subsequently grow into TMD nanostructures under appropriate reaction conditions [2].
Three different tungsten precursors were used in this study: WCls (tungsten
hexachloride), W(CO)s (tungsten hexacarbonyl) and H2WO4 (tungstic acid). Halide
metal precursors such as WCle typically, the decomposition of TMD precursors
necessitates high temperatures and the presence of a reducing agent [3]. WCle is also
air and moisture sensitive, and it decomposes fast due to the presence of weak W-CI
bonds therefore it is more reactive than W(CO)s [4]. W(CO)s is less active, however
stable in air and decomposes at low temperatures [3] [4]. Subsequently, H2WOa4 is a
hydrated form of tungsten trioxide, WOs.

The decomposition of metal and chalcogen precursors results in the formation of
monomer complexes whereby their reaction in solution forms small nuclei covered by
organic capping ligands [5]. Capping ligands are useful in controlling the shape and
size of nanocrystals by steric stabilization which prevents aggregation of

nanoparticles. Alkylamines and carboxylic acid groups on ligands can influence the
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reaction outcome of nanoparticles [1]. Herein, two different organic capping ligands
were used: oleyl alcohol (OA) and oleylamine (OLA). OA and OLA are both considered
classical ligands due to having one alkyl chain as a tail group which results in steric
effects that change the growth mechanism of the nanoflowers by controlling the
surface energy of the facets [6]. OLA is usually used as a capping ligand and mild

reducing agent in colloidal synthesis of nanopatrticles [7].

4.2. Method and materials

4.2.1. Chemicals

Tungsten (VI) chloride (WCls, = 99.9%), tungsten hexacarbonyl (W(CO)s, 97%,
tungstic acid (H2WOQa), selenium powder (= 99.9%), oleyl alcohol (OA, 85% technical
grade), oleylamine (OLA, 70% technical grade and toluene (99%). All chemicals were

purchased at Sigma Aldrich and used without further processing or purification.

4.2.2. Experimental Procedure

The tungsten precursor (WCls or W(CO)s or H2WO4) was mixed with Se at a 1:4 mole
ratio and added to a three-neck round bottom flask containing the capping ligand (OA
or OLA). The three-neck round bottom flask was subjected to magnetic stirring under
N2 gas after degassing for 30 minutes. The mixture was then heated to ~320 °C and
maintained for 120 minutes before being cooled to room temperature. The resulting
nanoparticles were washed multiple times with toluene by centrifugation to remove by-
products, air dried, and prepared for further analysis.

WCls-WSe: indicates WSe:2 synthesized using WCle as the precursor.

W(CO)s-WSe:2 indicates WSe2 synthesized using W(CO)s as the precursor.
H2WO4-WSe: indicates WSe2 synthesized using H2WO4 as the precursor.

4.2.3. Characterization

The synthesized nanostructures were characterized using various techniques.
Powder X-ray diffraction (PXRD) was performed using a Bruker MeasSrv D2-205530
diffractometer with Cu-Ka radiation (A = 1.54060 A), operating at 30 kV/10 mA and a
glancing angle of incidence detector at an angle of 2°. The measurements were
taken for 26 values between 10-90° with a step time of 37 s at room temperature.
The sample morphologies were examined using FEI Technai T12 Transmission
Electron Microscope (TEM) operated at 120 kV in TEM mode. For the TEM analysis,
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the samples were dispersed in ethanol, sonicated for 30 min, and then placed on a
lacey-carbon copper grid to dry at room temperature. The optical properties of the
nanoparticles were analysed using a SPECORD 210 Plus Analytik Jena UV-vis
spectrophotometer, after dispersing the nanoparticles in ethanol and placing them in
a quartz cuvette with a path length of 1 cm. Raman spectra were obtained using the
HORIBA MacroRaman spectrophotometer with 785 nm excitation laser, by placing

the sample on a holder.

4.2. Results

4.2.1. Capping ligand: OA

PXRD was used to confirm the crystalline phase and purity of the nanomaterials. The
diffraction peaks shown in Figure 4.1 were matched with PDF card number 01-089-
5257 which is the 2H phase of hexagonal WSe2. Both the WCls-WSe2 and W(CO)s-
WSe2 nanoparticles matched well with the reference peaks. Whereas the H2WOas-
WSe2 sample had an additional peak at 25° indicated by * suggested that the material
is not purely WSe: as it contained tungsten oxide WOs. The three samples all had the
(002) plane which suggested that they all formed layered structures. The PXRD
patterns were found to have sharp peaks which indicated that the samples were highly
crystalline [8]. It was observed that some of the reflected peak intensities differed for
each sample. This could be attributed to the crystallite size of each material as a high

intensity suggests that the thickness of the WSe: layer and crystallite size increases

[9].
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Figure 4.1: PXRD patterns of WSe2 nanoparticles synthesized using different
tungsten precursors, (*) indicates WOs,

Raman spectra in Figure 4.2 revealed that all three precursors exhibit one sharp peak
at ~250 cm which is the in-plane Ex¢ vibrational mode. Then a shoulder peak was
observed at ~285 cm* which was attributed to the out-of-plane Aig vibrational mode.
The intensity of the E2g' peak was higher than the Aig peak. The different materials
exhibited slightly different wavenumbers for each mode. WCls-WSez, E24* was at 250
cmt and Aig was at 286 cm™. W(CO)s-WSez2, E24 was at 250 cm™ and Aig was at 282
cm1.H2WO4-WSe2, E2gt was at 255 cm™ and Aig peak was at 290 cm™. The peak
positions could have been influenced by the crystallinity of the materials which was
observed on the PXRD patterns [10]. The H2WO4-WSe2 material exhibited higher
wavenumbers than the other samples which suggested that a blue shift occurred. The
blue shift observed suggests that the shifts were size-dependent as the particle size

decreased when the wavenumber increased [11].
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Figure 4.2: Raman spectroscopy of WSe2 nanoparticles synthesized with
different tungsten precursors.

The optical properties of the WSez nanostructures were determined by UV-vis
spectroscopy shown in Figure 4.3. Four absorption peaks were observed for the WSe:2
synthesized nanostructures which is characteristic of 2H-WSe2. This also confirmed
the presence of two or more layers due to four excitons: B’, A’, B and A being observed
on the spectra. A and B which is located around 933 nm and 908 nm respectively, are
the direct transition gap of point K of the Brillouin zone which is situated between the
conduction band and the split valence band [12] [13] Then A’ and B’ located at 825
nm and 743 nm respectively represent the ground and excited states of the A and B
transition split that occurs when the d-electron is perturbed by the Se p-orbital [14]. A
blue shift of excitonic peaks, A and B, was observed which suggested that the
thickness of the WSe2 nanoparticles was reduced when the metal precursor was
changed from WCls to W(CO)s to H2WO4 [15]. The optical band gap was measured
based on the longest wavelength absorption of each material which was found to be
1.316 eV, 1.322 eV and 1.330 eV for WCls-WSe2, W(CO)s-WSe2 and H2WOs-WSe:>
respectively. This indicated a blue shift occurred based on the experimental band gap
of bulk WSe: value of 1.20 eV [16].
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Figure 4.3: UV-vis absorption spectra of WSez nanoparticles synthesized using
different tungsten precursors.

The TEM images in Figure 4.4 show that the different tungsten precursors all formed
flower-like WSe2 nanostructures. The nanoflower morphology was caused by the
formation of few layered nanosheets that formed from one central point [17]. However,
from the images it was observed that the thickness of the nanosheets varied
depending on the metal precursor used. WCle-Wse2 Figure 4.4 (a) appeared to form
more agglomerated nanoflowers due to densely packed layers of the nanosheets
[17].W(CO)es-Wse2 Figure 4.4 (b) appeared to have less layers than WCls-Wsez,
however H2WO4 Figure 4.4 (c) had the least layers as the nanoflower-like structure
appeared to have thin edges. This observation correlates with the blue shift observed
on UV-vis spectra suggesting that the thickness of the nanoparticles was reduced.
TEM study also revealed that the average particle size decreased as the number of
layers decreased. The average lateral sizes of WCls-WSe2, W(CO)s-WSe2 and
H2WO4-WSe2 was 450 nm, 362 nm, and 310 nm respectively. This suggests that the

type of precursor used influences the morphology of WSe2 nanopatrticles.
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Figure 4.4: TEM images of WSe:z nanoparticles synthesized with different
tungsten precursors (a) WCls-WSez2, (b) W(CO)s-WSez2, (c) H2WOs-WSez.

FTIR spectroscopy was used to confirm the presence of the capping agents on the
surface of the nanoparticles. OA served as the capping agent whereby the pure
capping agent was analysed alongside the WSe2 nanopatrticles in Figure 4.5. All three
WSe2 samples displayed the vibrational features of OA including the symmetric and
asymmetric vibrations of -C-H at 725 cm?, -C-OH at 1043 cm™, -C=C at 1464 cm'%, -
CH:2 at 2918 cm™, -CH2- at 3008 cm™ and -OH at 3350 cm™ [18]. These vibrational
modes are important as they may give an indication as to how the capping agent is
bounded onto the nanoparticles. The -CH bend at 725 cm™ appeared to have
disappeared from the HoWO4-WSe:2 spectra, instead a broad absorption band at 800-
600 cm ! was observed. This could have been caused by the presence of the hydroxyl
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(-OH) compound at 3350 cm™ [19]. This suggests that the hydrogen bond formed
through the hydroxyl groups of oleyl alcohol molecules because of OH stretching [20].
However, the -OH stretch at 3350 cm™ seemed to have disappeared on the H2WOs-
WSe:2 spectra. The WCls-WSe2 sample appeared to have more pronounced OA
vibrational modes which suggests that oleyl alcohol served as a good capping agent
for this sample. Whereas for the W(CO)s-WSe2 and the H2WO4-WSe2 samples the
peaks were not as distinct therefore suggesting that OA may be chemisorbed onto the
WSeo.
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Figure 4.5: FTIR spectra of pure OA capping agent and capped-WSe:2
nanoparticles synthesized using different tungsten precursors.

4.2.2. Capping ligand: OLA

PXRD was used to investigate the crystallinity and structural properties of the OLA
synthesized nanopatrticles and the results are shown in Figure 4.6. The nanopatrticles
formed from the different tungsten precursors were indexed to the hexagonal phase
of WSe2 card number 01-089-5257. However, the samples did not match well with the
reference peaks as additional peaks are observed between 18° - 29° range. This
implied that the particles were not pure and contained tungsten oxide. The H2WOQs-
WSe: pattern showed a high-intensity peak at 13.8° that corresponds with the (002)

plane. This plane was attributed to the c-axis of the nanoparticles and implied that the
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WSe2 sample had a well stacked layered structure [12]. Peak broadening was
observed which affected the intensity of the peaks, this implied that the crystallinity of
the particles was poor. This also suggested that the particles formed amorphous

structures.

—— H,WO,

Intensity (a.u.)

Figure 4.6: PXRD patterns of WSe2 nanoparticles synthesized using different
tungsten precursors, (*) indicates WOs.

The Raman spectra in Figure 4.7 revealed the presence of one distinct peak at ~233
cm. At this position it was assumed to be the E2g' mode that is usually observed at
~250 cmL. This suggested that the peak position was red shifted as the wavenumber
decreased because of a decrease in the average size of the nanoparticles or the
thickness [21]. Raman red shift implies that the crystal quality of the materials became
worse [22]. The Aig mode however was a lot less distinct which could have resulted
from it being closely located to the Ex¢' mode therefore the two peaks tend to merge

which resulted in one single observable peak [23] [24].

53



19

Intensity (a.u.)

Ay

L] L] L] L] L]
200 225 250 275 300 325 350
Raman shift (cm®)

Figure 4.7: Raman spectroscopy of WSez nanoparticles synthesized with
different tungsten precursors.

Figure 4.8 presents the results of the analysis of the optical properties of the
synthesized WSe2 nanoparticles using UV-vis spectroscopy. For all the tungsten
precursors used, four absorption peaks were observed. This suggested that each
sample had two or more layers. The optical band gap was calculated and was found
to be 1.364 eV for all of the OLA synthesized materials. The experimental band gap

value is 1.20 eV, this indicated a blue shift occurred [16].
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Figure 4.8: UV-vis absorption spectra of WSe2 nanoparticles synthesized using
different tungsten precursors.

The TEM images in Figure 4.9 showed that the nanopatrticles synthesized with OLA
as the capping agent resulted in amorphous structures. This confirmed PXRD results
as a decrease in crystallinity was observed. The WCls-WSe2 appeared to be the least
crystalline nanoparticles as the precursor produced more agglomerated nanopatrticles.
The capping agent could have also contributed to this observation. The W(CO)s-WSe2
nanoparticles displayed layered sheet-like morphology. The H2WOs-WSe:>

nanoparticles appeared to exhibit similar morphology, layered structures.
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Figure 4.9: TEM images of WSe:z nanoparticles synthesized with different
tungsten precursors (a) WCle-WSez2, (b) W(CO)s-WSez, (c) H2WO4-WSez2.

The FTIR spectra was used to analyse the effects of OLA being used as the capping
agent for synthesized WSe2 nanoparticles. The FTIR spectra of pure OLA and of the
WSe2 samples are depicted in Figure 4.10. The WSe2 samples all displayed the
vibrational modes of OLA were present within the materials. The -C-C at 729 cm,
NH2 at 795 cm™, C=C at 963 cm™, C-N at 1085 cm?, C-H at 1390 cm?, CHz at 1456
cm?, NH2 at 1625 cm™, C-H at 2845 cm?, =C-H at 3000 cm, NH2 at 3325 cm™. The
amine head groups of OLA are important in determining how the capping agent is
bounded onto the WSe2 nanoparticles. The NHz bends at 795 cm™ and 1625 cm?, C-
N bend at 1085 cm™ and the NH2 stretch at 3325 cm™. The NH2 bend at 795 cm! was
more pronounced on the WCls and W(CO)s particles whereas the NH2 bend at 1625

cm? and the C-N bend at 1085 cm were present on all the particles. On all the
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particles, the NH2 stretch at 3325 cm™ disappeared, this implied that OLA was

chemisorbed onto the WSe2 nanoparticles.
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Figure 4.10: FTIR spectra of pure OLA capping agent and capped- WSe:2
nanoparticles synthesized using different tungsten precursors.

4.3. Conclusion

From the study, we could see that the type of tungsten precursor and capping agent
used can influence the properties and morphology of WSe2 formed. WCls and W(CO)s
in OA produced WSe:2 with no impurities which could be due to their low decomposition
temperatures in solution. Whereas H2WOa is the hydrated form of WOs3 therefore
making it difficult to convert it fully into WSe:2 without the presence of WOs3 in solution.
However, when OLA was used as the capping agent the different precursors all formed
WSe2 nanoparticles containing WOs. WSe:2 tends to form nanoflowers but it requires
the use of a well-suited capping agent in order to prevent agglomeration. Therefore,
OA was found to be the best capping agent that can produce well dispersed flowerlike

WSe:2 nanopatrticles.
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Chapter 5

Pt nanocrystals decorated on WSe: to form Pt/WSe. nanohybrids.

5.1. Introduction

TMDs have gained considerable attention due to their exceptional catalytic, optical,
electronic, and mechanical properties [1] [2]. These properties are attributed to their
layered structure, which allows for anisotropic electronic and chemical properties,
making them suitable for various electrochemical applications [3]. The versatility of
TMDs is due to the polymorphism of their monolayers, where the metal coordination
exhibits different phases [4]. TMDs have a crystalline structure consisting of repeating
layers, which gives rise to their two-dimensional anisotropic properties. WSe:2 exists in
the 1T, 1T and 2H phases whereby the 2H phase is the semiconducting phase that is
desirable for photoelectrocatalytic applications. The direct synthesis of WSe2generally
results in the formation of the thermodynamically stable 2H phase [4]. Additionally,
WSe:2 has a band gap in the 1-2 eV range and high optical absorption which makes it
suitable to use as a catalyst for photoelectrochemical conversion reactions [5]. WSe:2
has potential application for catalysis of hydrogen evolution as the structure tends to
provide active sites for a multitude of mechanisms to take place [3].

An efficient catalytic material is required for water splitting reaction to take place. At
the moment, noble metals have been demonstrated to exhibit the highest level of
efficiency and stability in various applications however they are expensive and rare
therefore not suitable for commercialization [6]. Platinum (Pt) is a precious metal that
exhibits excellent electrochemical activity although it is expensive. Therefore, to
reduce the amount which will subsequently reduce the overall cost of Pt, a capping
agent or support template can be used. This will increase the surface area and
dispersion of the metal particles [7].

TMDs can be used as the support template of Pt nanoparticles (PtNPs) with functional
catalytic properties as well. This can result in the hybridization of WSe2 with PtNPs
and serve as the anode material required for efficient electrocatalytic reactions to take
place. The conductivity of cathode materials can be enhanced by combining TMDs
with highly conductive materials, thereby increasing the efficiency of electrochemical
activity [8]. The layered structures of TMDs nanosheets have edges that provide active

sites for various applications. Morphology control can be used to increase the number
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of active sites by transition metal doping [3] .PtNPs can be introduced onto the surface
of WSe: as cocatalysts for HER. This is achieved by loading Pt onto the surface as
the layered structure of WSe2 has deficiencies that allows doping to take place to
generate a p- or n-type material [9]. By controlling the layers of 2D layered
nanomaterials, the performance optimization of the electrode catalyst can be
achieved, with the loading amount playing a crucial role in determining the outcome
[10].

5.2. Methods and Materials

Tungsten hexachloride (WCle), tungsten hexacarbonyl (W(CO)s), tungstic acid
(H2WOa4), selenium powder (Se), oleyl alcohol, platinum tetrachloride (PtCls) and
sodium borohydride (NaBHa4). All chemicals were purchased at Sigma Aldrich and
used without further processing or purification.

WSe:2 nanoflowers were obtained from previous studies in Chapter 4 whereby WSe:>
was synthesised using different tungsten procedures and oleyl alcohol was used as
the capping agent. PtCls was dissolved in deionised H2O then placed in a vial
containing WSe2 and sonicated for 15 minutes. Thereafter, NaBH4 was added
dropwise into the solution and left to stir at room temperature for 30 minutes. The
product obtained was washed with deionised H20O/ethanol v/v solution and dried in an

oven overnight at 80°C.

5.2.2. Characterization

The Bruker D2 diffractometer was employed to conduct powder X-ray diffraction
(PXRD) using CuKa radiation (A 1.54184 A) at 30 kV/30mA. UV-vis absorption spectra
were obtained using the Varian Cary Eclipse (Cary 50) spectrophotometer within the
200-1100 nm wavelength range. The FEI Technai T12 was utilized to conduct
transmission electron microscopy (TEM) at an acceleration voltage of 120 kV. X-ray
photoelectron spectroscopy (XPS) measurements were carried out using the Thermo
ESCAlab 250Xi instrument with monochromatic Al Ka (1486.7 eV) X-rays at a power
of 300 W and a spot size of 900 um.

5.3. Results and Discussion
The resultant Pt/WSe2 nanohybrids obtained were characterised using PXRD shown
in Figure 5.1. The diffraction peaks were matched with PDF card numbers 00-001-
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1194 Pt Platinum and 01-089-5257 WSe:2. This indicated that both Pt and WSe2 was
presented in the materials. The diffraction peaks observed were broad with most of
the intensity being lost in the background noise [11]. The intense peak observed at 14°
on the WCls and W(CO)es Pt/WSe2 nanohybrid samples indicate that WSe2 was multi-
layered. However, this peak was not observed on H2WO4 Pt/WSe2 sample. Instead an
intense peak at 24° was observed which indicates the presence of tungsten oxide
(WO3) which was observed in previous chapters as well. This is due to H2WO4 being
the hydrated from of WOs therefore it is difficult to convert it completely into WSe2. An
amorphous peak is also observed at ~25° for all three samples which suggests
Pt/WSe2 nanohybrids were formed. The characteristic diffraction peaks at 39.6° and
46.6° correspond to the (1 1 1) and (2 0 0) planes of face-centred cubic (fcc) structure
of Pt [7].
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Figure 5.1: PXRD patterns showing the Pt/WSe2 nanohybrids synthesized using
different tungsten precursors.

UV-vis spectroscopy is a characterization technique used to measure the optical
properties of Pt/WSe2 nanohybrids shown in Figure 5.2. The Pt/WSe2 nanohybrids
have a wide absorption range with no distinct peaks observed from 300 — 700 nm [12].
UV-vis was also used to confirm the formation of PtINPs [12]. The synthesis of PtNPs

was confirmed by absorption observed within the 200 — 300 nm range [14]. Thereatfter,
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there were no distinct peaks observed until ~700 nm whereby the four excitons

confirming the 2H phase of WSe2 were observed as mentioned in previous chapters.
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Figure 5.2: UV-vis absorption spectra showing the Pt/WSez nanohybrids
synthesized using different tungsten precursors.

The morphologies of the of the Pt/WSe2 nanohybrids were characterized with TEM
imaging and the images obtained are found in Figure 5.3. From the images, the WSe:2
nanoflowers were successfully decorated with PtNPs. The images show that the
PtNPs are on the surface of the WSe2 nanoflowers. The PtNPs obtained were
spherical in structure and unevenly dispersed on the surface of WSe2. Then uneven
distribution of PtNPs could potentially affect the electrocatalytic activity of the
nanohybrids. PtNPs tends to form spherical or near-spherical structures which was
observed on the images [15]. The images also revealed a random distribution of the
PtNPs on the surface of the WSe2 nanoflowers which could result from post-synthetic
agglomeration of the nanoparticles [7]. This observation could be related to the
amorphous structure reported in the PXRD patterns of the nanohybrids. The surface
of the nanoparticles being amorphous could result from not using a capping agent
during the synthesis of PtNPs. The presence of a capping agent contributes to the

surface reaction hence it could have prevented the surface of the NPs being
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amorphous. As the purpose of a capping agent is to control the particle size and

morphology of the Pt nanocrystals [16].

a)
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Figure 5.3: TEM images of Pt/WSe: synthesized with different tungsten
precursors (a) WCls, (b) WCls, (c) W(CO)s, (d) W(CO)s, () H2WOa, (f) H2WOa.

Figure 5.4 shows the XPS spectrum of the Pt/WSe2 (WCls) nanohybrids, which
reveals the elemental compositions and corresponding binding energies of the
sample. The spectrum indicates the presence of W, Se, Pt, C, and O. The carbon
signal is attributed to the capping agent used for WSez, while the oxygen signal is also
caused by the capping agent, oleyl alcohol. The percentage atomic composition
shown in Table 5.1 shows a high percentage of C, 66.5% attributed to oleyl alcohol.
The next highest percentage observed is due to Se, at 16.4% which was used in
excess relative to W at 9.2%. the percentage of O was relatively low at 4.9% which is
attributed to the capping agent. The % atomic composition of Pt is relatively low at
3.0% due to a small loading amount being used.

The high resolution XPS spectra of WCles depicted in Figure 5.5 were used to examine
the surface of the sample in greater detail, focusing on the C1s, Se3ds, W4{7, Pt4f7,
and O1s core levels. The deconvoluted C—C peak observed in the C1s spectrum is
attributed to oleyl alcohol, while the presence of C—O and O-C=0 peaks indicates the
oxidation of the capping agent. The Ols peak also suggests the oxidation of the
capping agent as well as the presence of WOs. The WA4f7 core level spectrum is
characterized by two components: W;WSe: at 31.5 eV and W4{7 (WQOs3) at 35.1 eV.
The Se 3ds core level spectrum shows one peak that is attributed to WSez. The Pt4f7

core level spectrum is characterized by two components Pt 71.1 eV and PtO2 75.4 eV.
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Figure 5.4: XPS survey spectra of Pt/WSez synthesized using WCles precursor.
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Figure 5.5: High resolution core level spectra of WCles Pt/WSe2 nanohybrid with
the focus on Cls, Ols, W4f7, Se3ds and Pt4f7.

Table 5.1: A summary of the stoichiometric assignments of the atomic
composition, which were obtained from fitting the XPS spectra presented in

Fig. 5.4 and 5.5.

Element Atomic % Peak Binding Assignments Assignment
energy (eV) %
C 66.5 284.3 Cc-C 65.5
C-O 4.2
O-C=0 15
o 4.9 532.2 Metal Oxide 0.7
C-O 2.3
C=0 3.0
W4f5 9.2 324 W; WSe2 4.4
WOs 0.4
Se3d 16.4 54.1 Selenide 16.4
Pt4f5 3.0 73.8 Pt 1.1
PtO2 0.6

The XPS spectrum presented in Figure 5.6 of the Pt/WSe2 nanohybrids revealed the
elemental composition and corresponding binding energies of the W(CO)es sample.
The spectrum indicated the presence of W, Se, Pt, C, and O. The C originated from
the capping agent, while the O was a result of the oxidation of the capping agent and

the metal oxides found on the surface of the nanoparticles. Table 5.2. shows the %
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atomic composition whereby C at 62.5% has the highest percentage due to the
capping agent. The percentage of O is relatively low at 3.5% which is also attributed
to the capping agent and the oxidation of oleyl alcohol as well as the metal oxides.
The % atomic composition of Se was relatively high at 21.5% followed by W at 9.3%.
The % atomic composition of Pt was relatively low at 3.2%.

High resolution XPS was performed for further analysis of C1s, Ols Se3ds, W4f7 and
Pt4f7 shown in Figure 5.7. The deconvoluted C—C peak observed in the C1s core
level spectrum is attributed to the capping agent, while the presence of C-O is due to
the oxidation of the capping agent, oleyl alcohol. The Ol1s peak also indicates that
oxidation of the capping agent occurred. The W4f7 core level spectrum has three
peaks assigned to W; WSe:2 (31.6 eV), WOz (32.1 eV) and WOs3 (35.4 eV). The Se3ds
(54.3 eV) is due to WSe2. The Pt4f7 core level spectrum peaks are caused by Pt (71.5
eV) and PtO2 (75.6 eV).
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Figure 5.6: XPS survey spectra of Pt/WSe2 synthesized using W(CO)s precursor.
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Figure 5.7: High resolution core level spectra of W(CO)s Pt/WSe2 nanohybrid
with the focus on Cl1s.

Table 5.2: A summary of the stoichiometric assignments of the atomic
composition, which were obtained from fitting the XPS spectra presented in Fig.
5.6 and 5.7.

Element Atomic % Peak Binding Assignments Assignment
energy (eV) %
C 62.5 284.3 C-C 63.6
C-0 4.8
0O-C=0 1.6
0] 3.5 532.8 Metal Oxide 0.3
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C-O 15

C=0 2.8
W4f5 9.3 32.8 W; WSe:2 2.1
WO: 2.6
WO3 0.2
Se3d 21.5 54.4 Selenide 18.7
Pt4f5 3.2 74.5 Pt 1.2
PtO2 0.6

The XPS spectrum of the Pt/WSe2 (H2WOa) nanohybrids showed the presence of W,
Se, Pt, C and O in Figure 5.8. The highest % atomic composition is attributable to C
at 71.2% due to the capping agent. The percentage of C is fairly high at 9.8% and it is
also attributed to the capping agent and the oxidation of the capping agent, oleyl
alcohol. The % atomic composition of Se is considerably high at 10.6%. Whereas W
and Pt are at 6.1% and 2.3% respectively.

Figure 5.9 shows the high resolution XPS spectrum that focuses on C1s, Ols, W4{7,
Se3ds and Pt4f7. The core level spectrum shows the deconvoluted C—-C peak caused
by the capping agent C—O and O-C=0 observed is due to the oxidation of the capping
agent. The O1s peak is caused by the oxidation of the capping agent and the metal
oxides found on the surface. The W47 is split into two components, W; WSe2 (31.3
eV) and WOs (35.1 eV) which was observed on PXRD as well. The Se3ds core level
spectrum has one peak caused by WSe2. Then Pt4f7 has two peaks characterized by
Pt (70.8 eV) and PtO2 (72.5 eV).
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Figure 5.8: XPS survey spectra of Pt/WSe2 synthesized using H2WOa4 precursor.
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Figure 5.9: High resolution core level spectra of H2WO4 Pt/WSe2 nanohybrid with
the focus on C1s, Ols, W4f7, Se3ds and Pt4f7.

Table 5.3: A summary of the stoichiometric assignments of the atomic
composition, which were obtained from fitting the XPS spectra presented in Fig.
5.8 and 5.9.

Element Atomic % Peak Binding Assignments Assignment
energy (eV) %

C 71.2 284.3 C-C 69.0
C-0 3.9
0O-C=0 2.6
@) 9.8 532.0 Metal Oxide 2.3
C-0 6.3
C=0 3.0
W4f5 6.1 32.4 W; WSe:2 2.5
WO3 1.3
Se3d 10.6 53.9 Selenide 8.1
Pt4f5 2.3 72.9 Pt 0.6
PtO2 0.5
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5.4. Conclusion

Three tungsten precursors were used to synthesize WSe2 nanoflowers thereafter the
nanoflowers were decorated with Pt nanocrystals. This resulted in the formation of
Pt/WSe2 nanohybrids. The nanohybrid were characterized using several techniques
to analyse the compositional and structural properties of the nanomaterials. The multi-
layered WSe: structures were successfully decorated with Pt nanocrystals however
unevenly distributed on the surface. The H2WOa4 precursor resulted in Pt/WSe:>
containing impurities not observed in the other two precursors due to the high
presence of oxygen observed on XPS. However, the presence of oxygen in the
nanohybrids was observed in all three samples due to the oxidation of the capping
agent oleyl alcohol. TEM showed that the amount of Pt decorated on the nanoflowers
was small, XPS analysis verified the existence of Pt in the nanohybrids was relatively

low due to a small loading.
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Chapter 6

Pt/WSe2 nanohybrids as the electrode in electrocatalytic HER

6.1. Introduction

Electrochemical water splitting reaction is a promising technique that can be used to
produce clean Hz [1]. Water splitting refers to the process of breaking down water into
its constituent parts Hz and O2. Electrochemical reaction takes place in a cell that is
made up of an anode, cathode, and electrolyte solution for internal ionic conductivity
[2]. This reaction requires the use of a highly efficient semiconducting material [3].
Semiconductors possess the property to act as photocatalysts that can initiate the
chemical reduction and oxidation processes under light irradiation [3]. Semiconducting
material is the key component that boosts redox reactions [1]. When a water-splitting
cell is operated, two reactions occur at the electrodes: the anodic oxygen evolution
reaction (OER) and the cathodic hydrogen evolution reaction (HER)[4]. The overall
result is the production of oxygen and hydrogen gas.

Electrocatalytic generation of H2 from water is an electrochemical process that takes
place in either acidic conditions or alkaline media [5]. Highly catalytic electrodes play
a critical role in HER. The HER process requires an efficient electrode with a high
catalytic surface area, and platinum (Pt) has been found to be the most effective due
to its ability to provide a large surface area with low metal weight [6]. Other
electrocatalytic properties that make Pt a suitable candidate for HER include, high
exchange current density, low overpotential and low Tafel slope [7]. However, Pt is a
noble metal which makes it expensive with low abundance in nature [8]. Therefore,
two strategies have been proposed to address this issue. The first is to discover new
electrocatalysts that have similar HER properties to Pt but are made from inexpensive
and abundant elements. The second approach is to decrease the amount of Pt utilized
in the electrocatalytic HER process [9].

Transition metal dichalcogenide (TMDs) such as WSe2 have gained significant
attention as potential catalysts for the HER process due to their unique physical and
chemical properties, such as sizable bandgaps and crystalline structures [10] [11].
WSe: has been recognized as a potent electrocatalyst for HER due to the edge sites
of the nanosheets which provide abundant charge transfer that can increase the

electrocatalytic performance [11]. However, WSe2 on its own is not as efficient as Pt

77



which is why we propose decorating WSe2 with Pt to improve its electrocatalytic
activity.

Herein, Pt/WSe2 nanohybrids obtained in the previous chapter were investigated as
potential electrocatalysts for electrocatalytic HER. The nanomaterials were
characterised through electrochemical reactions such as cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and electrochemical impedance spectroscopy
(PEIS). The electrochemistry experiments were conducted via a three-electrode
system consisting of a counter, reference and working electrode. Certain
characteristics of these experiments help with determining the electrocatalytic activity

of the materials.

6.2. Experimental

6.2.1. Chemicals

The Pt/WSe2 nanohybrids, which were previously discussed in the previous chapter,
were prepared using different precursors such as WCls, W(CO)s, and H2WO4, as well
as sulfuric acid (H2SO4, = 99.9%), Nafion (5 wt%), isopropanol (= 99.9%), commercial
Pt/C (Tanaka Kikinzoku Kogyo K.K., 20 wt%), and carbon black-Vulcan (XC 72R). The
0.5 M H2S0:4 solution was prepared using deionized water purified using a Millipore

system. All chemicals were used as received without any further purification.

6.2.2. Electrochemical measurements and preparation of the working electrode
The electrochemical tests were performed utilizing a Biologic SP300 potentiostat with
a 3-electrode setup in 0.5 M H2SOa. The working electrode was a glass carbon coated
with Pt/WSe2 nanohybrid (surface area = 0.196 cm?) obtained from WCls, W(CO)s, or
H2WO4, and potentials were recorded with respect to the reversible hydrogen
electrode (RHE). The reference electrode was an Ag/AgCl electrode, and the counter
electrode was a Pt wire. The working electrode was prepared by combining Pt/WSe:2
with carbon black, Nafion, isopropanol, and ultrapure H20. The Ag/AgCI reference
electrode was adjusted with respect to the reference hydrogen electrode (RHE) by
adding a value of (0.197 + 0.059 pH), and all potentials were measured against RHE.
All measurements were conducted under ambient conditions, and the catalyst ink was
sonicated for 30 min at room temperature (RT) before a 10 pL aliquot was pipetted

onto the glassy carbon electrode and allowed to dry at room temperature.
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6.3. Results and Discussion

Figure 6.1(a) shows the results of the LSV experiment conducted using a conventional
3-electrode configuration system to determine the electrocatalytic HER activity of the
nanohybrids in a 0.5 M H2S0O4 solution at a scan rate of 10 mVs. For comparison,
Pt/C (20 wt%) was also tested and was found to display excellent HER activity based
on its onset potential. The LSV polarisation curves showed that nanohybrids from
W(CO)s performed better than the other two nanohybrids. The curves also revealed
that WCls, W(CO)s and H2WOa4 derived nanohybrids required overpotentials of 344,
281 and 494 mV to produce a current density of 10 mA.cm™, respectively. In acid
media, HER is characterised by three potential reactions namely, Volmer, Heyrovsky

and Tafel reaction.

H*(aq) + €™ = Hygs (Volmer reaction) eq.1l
H,4s + H*(aq) + e~ - H, (Heyrovsky reaction)  eq.2
Hags + Hags = Hz (8) (Tafel reaction) eq.3

The calculated Tafel slopes were obtained for the aforementioned reactions, at 25 °C
is 120, 40 and 30 mV.dec?, respectively [12]. The Tafel slope, which can be
determined from the Tafel equation, is a crucial parameter for electrocatalysts, as it
provides information about the reaction mechanism and the rate-determining step. A
Tafel slope of 120 mV.decindicates that the rate-determining step is the Volmer
reaction. On the other hand, Tafel slopes of 40 mV.dec! and 30 mV.dec? suggest that
the Heyrovsky or Tafel reaction is the rate-determining step, respectively. In this study,
the Tafel slopes were obtained by extrapolating the LSV curves (n vs log(j)) using the
Tafel equation in order to investigate the mechanisms of the Pt/WSe2 nanohybrids
(eq. 4).
n = blogj + a eq. 4

The overpotential is represented by r, b represents the Tafel slope and j relates to the
current density and ‘a’ is the intercept which is generally assumed to be log(jo) at n =
0. The Tafel slopes of Pt/C and Pt/WSe2 nanohybrids are shown in Figure 6.1(b). The
Pt/C electrocatalyst had the smallest Tafel slope of 39.96 mV.dec? which indicates
faster transfer kinetics [13]. Then the Tafel slopes of the Pt/WSe2 nanohybrids were
92.42, 64.20 and 80.03 mV.dec? for WCls, W(CO)s and H2WO4 respectively. Since
the calculated Tafel slopes of the Pt/WSe2 nanohybrids lie within the 40-120 mV.dec
! range, this indicates that the Volmer-Heyrovsky mechanism was the common
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pathway for the electrocatalysts. This means the reaction between Hads, H* and e to
generate hydrogen is the rate determining step [12]. The W(CO)s electrocatalyst has
the smaller Tafel slope compared to the WCls and H2WO4 electrocatalyst therefore
this implies that it has faster kinetics with high H2 generating rates. Previous studies
have reported the Tafel slope of WSe2 to be 137 mV.dec?, this implies that the
Pt/WSe2 nanohybrids have a smaller Tafel slope therefore more favourable HER
reaction kinetics [14]. The overpotentials required to reach 10 mA/cm? and
corresponding Tafel slopes obtained in this study are comparable to those of other

WSe: electrocatalysts (summarized in Table 6.1).

o J—weis
—— W(CO),
——H,WO0,
51— puc
&
5 104
<
S
= .15+
>
a
o -20+
e}
€
S .25
=}
O
_30 -
_35 -
-40 T T T
-0.2 -0.1 0.0 0.1 0.2

E vs RHE (V)

80



0,14 —— wa,
—— W(CO),
0,12 4—— H,WO,
— Pt/C
. 0,10 4
b
< 92.42 mV/dec
= 0,08 4
c
9
o 80.03 mV/dec
64.20 mV/d
S 0,06 - mviees
>
(@)
0,04 39.96 mV/dec
0,02 4
0,00 T T T L] L] L]

L] L]
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8
log|J(A/cm?)|

Figure 6.1: (a) LSV polarization curves of Pt/C, WCls, W(CO)s and H2WO4 Pt/WSe:>
nanohybrids at a scan rate of 10 mV/s; (b) corresponding Tafel plots for Pt/C,
WCI6, W(CO)6 and H2WO4 Pt/WSe2 nanohybrids.

Table 6.1: Comparison of catalytic activity of WSe: electrocatalysts in 0.5 M
H2S0a.

HER catalyst 1o (MV) Tafel slope Ref
(mV/dec)

WCls -33.6 92.4 This work
W(CO)s -28.1 64.2 This work
H2WO4 -48.6 80.0 This work

WSe:> -239 80 [10]

WSe:2 650 178 [15]

2H WSe2 640 232 [16]

CV was used to determine the catalytic activity of the Pt/WSe2 nanohybrids shown in
Figure 6.2 with a scan rate of 10 mV.s. The redox peaks were observed had varying
peak intensities for the different Pt/WSe2 nanohybrids. The anodic peak observed at
1.06 V and the cathodic peak was observed at 0.44 V. The peak voltage values (Ep)
for the forward scan were constant for the nanohybrids at 1.06 V but the peak current
density values (Jp) varied at 0.96, 2.4 and 0.27 mA.cm2 for WCls, W(CO)s and H2WO4
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respectively. The same was observed on the reverse scan whereby Ep, was constant
at 0.44 V and Jp was -0.57, -2.03 and -0.19 mA.cm for WCls, W(CO)s and H2WQa.
For all three samples, the cathodic current peak was more intense than the anodic
peak which suggests better catalytic capability of the electrocatalysts towards the
reduction of H* to H2. Of the three nanohybrids, W(CO)s had the highest current
density which suggest that W(CO)s Pt/WSe2 has better catalytic activity therefore
faster kinetics [17]. High current density indicates high catalytic activity whereby the
performance of the nanocatalyst strongly depends on the surface structure of the
nanomaterial [18]. In chapter 5, the Pt/WSe2 nanohybrids exhibited nanoflower-like
WSe: structures decorated with Pt nanocrystals. This structure provides a high surface

area that improves the catalytic activity of the materials observed above.
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Figure 6.2: Cyclic voltammograms of WCls, W(CO)s and H2WOs— derived Pt/WSe2
nanohybrids at a scan rate of 10 mV/s.

The ability of the nanohybrids to transfer charge to the electrolyte was evaluated using
EIS. Figure 6.3 shows the Nyquist plots of WCls, W(CO)s and H2WO4 - derived
Pt/WSe2 nanohybrids. W(CO)s (10.2 Q) has the smallest semicircle which indicates a
small transfer resistance. The resistance measured in EIS is related to the ability of

the electrode material to transfer electrons to the ions present in the solution [19]. This
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suggests that this precursor is more effective at facilitating the transfer of electrons
between the electrode material and the electrolyte. The impedance of H2WO4 (17.9 Q)
was also relatively smaller than WCle (33.3 Q). Based on this observation, W(CO)s is
the most conductive material followed by H2WOa lastly, WCls. The values obtained
were significantly lower than previous studies done on WSe2 nanoflowers which

implies that the Pt decorated WSe2 nanoflowers were more conductive [15].
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Figure 6.3: Nyquist plots of WCls, W(CO)s and H2WOa4 Pt/WSe2 nanohybrids.

Figure 6.4: Equivalent circuit of the measured impedance spectra.
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Table 6.2: Electrocatalytic parameters of the Pt/WSe2 nanohybrids using
different tungsten precursors.

Electrocatalytic WCls W(CO)s H2WO4
parameters
Onset potential 54.4 mV 33.1 mV 17 mv
N1o -33.6 mV -28.1 mV -49.4 mV
Tafel slope 92.4 mV/dec 64.2 mV/dec 80.0 mV/dec
Jo -1.565 mA/cm? -1.256 mA/cm? -0.436 mA/cm?
Ret 33.30Q 10.2Q 17.9Q

6.4. Conclusion

In conclusion, Pt/WSe2 nanohybrids were evaluated as electrode materials for HER.
Three tungsten precursors were used to determine the electrocatalytic efficiency of Pt
decorated WSe2 nanostructures. The samples were examined displayed good
catalytic activity where W(CO)s Pt/WSe2 was found to be the better performing
electrocatalyst for HER. The electrocatalytic efficiency of the nanohybrids could be
attributed to the morphology of WSe2, nanoflower-like morphology provides high
surface area for electrochemical reactions to take place. Based on previous studies
on WSe2 nanostructures, Pt nanocrystals noticeably improved the electrocatalytic
efficiency of Pt/WSe2 nanohybrids. As the nanohybrids were comparable to Pt/C in
particular W(CQO)s. These results indicate that Pt/WSe2 nanohybrids could be an

alternative to noble metal Pt as HER electrode material.
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Chapter 7

General conclusions and recommendations

7.1. Conclusions

This study shows that colloidal synthesis method is an effective technique of
synthesizing WSe2 nanostructures. Generally, the synthesis favours the formation of
three-dimensional nanoflower-like structures rather than two-dimensional nanosheets.
The reaction parameters (precursor concentration, reaction time, temperature,
capping agents and W precursor) were investigated to analyse how they affect the
final product. WSe2 nanoflowers were successfully synthesized at 320 °C for 120 min
in OA with a mole ratio of 1:4 (W:Se) using WCls as the metal precursor. When the
mole ratio decreased, to 1:2, nanorods were favoured. Shorter reaction times plus
lower reaction temperatures (60 min, 150 °C) also resulted in the formation of WSe2
nanorods. Whereas longer reaction time plus higher reaction temperatures favour
WSe:2 nanoflowers being formed. The metal precursor used largely affected the purity
of WSe2 nanostructures. When WCls and W(CO)s where used, less impurities were
observed. Whereas H2WO4 metal precursor tends to form WSe2 with tungsten oxide
which was likely caused by the oxidation of the metal precursor during synthesis. The
recommendation would be to conduct synthesise in a closed environment such as a
glove box. This would minimize the precursor reacting in air. It was also shown that
the precursor used could also cause impurities. WSe2 nanostructures favoured oleyl
alcohol versus oleylamine as it was a better capping agent that could passivate the
nanostructures and prevent agglomeration.

Platinum nanocrystals were decorated on the WSe:2 nanostructures via ex-situ
method. It was observed that a capping agent is required for the PtNPs as they tend
to agglomerate therefore it affects the distribution. To understand the distribution of
the nanoparticles recommendations such as Brunaur-Emmett-Teller (BET) would
provide information on the specific surface area of the materials.

The electrochemical properties of the Pt/WSe2 nanohybrid materials were investigated
as electrocatalysts for HER. The electrocatalytic activity of the Pt/WSe2 was fairly good
due to the incorporation of Pt on WSe2. The nanoflower-like structure of WSe: provides
a high surface area that improves the catalytic activity of the materials. Such results

indicate that the Pt/WSe2 nanohybrids have potential to be cost-effective
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electrocatalysts for HER. Whereby the overall cost has been reduced due to small
amount of Pt used. The recommendation would be to reduce the loading of Pt on WSe:
to make it more economically efficient. It would be beneficial to include other
electrocatalytic measurements such as cyclic stability studies that would give an
indication of the stability of the materials overtime. These results would provide

information on the lifetime of the materials.
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