Interfacial engineering of NbSe; and
TaSe, to enhance their electrocatalytic

activity for hydrogen production

WITS

UNIVERSITY

A thesis submitted to the Faculty of Science, University of the
Witwatersrand, in partial fulfilment of the requirements for the degree of
Doctor of Philosophy
by
Tshwarela Kolokoto
Student number: 670850

Supervisor: Prof. Nosipho Moloto

2023



Declaration

| declare that the work reported in this thesis is my independent work, submitted for the degree
of Doctor of Philosophy to the School of Chemistry, Faculty of Science at Wits University,

Johannesburg. This study has not been submitted to any other institution previously for

examination.
Candidate name: Tshwarela Kolokoto Date:
(2 02/07/2023
Supervisor: Nosipho Moloto Date:
I

02/07/2023



Abstract

There has been a need to replace fossil fuels, develop sustainable energy systems, and alleviate
the negative environmental effects. These effects can be alleviated by developing efficient
processes such as water-splitting, which can produce hydrogen gas in an environmentally
friendly manner and, in turn, use it as a clean fuel. However, this process requires an effective
electrocatalyst comparable to Pt and cost-effective. Herein, we demonstrate that the
electrocatalytic activity of NbSe; and TaSe: can be improved by metal inclusion using
interfacial engineering for the hydrogen evolution reaction (HER). The readily synthesised
NDbSe> was decorated with 20% wt. Ni, 20% wt. Pt, 10% wt. Pt/ 10% wt. Ni using two synthetic
methods, namely the ex-situ and in-situ methods. The ex-situ samples had higher HER
activities than the in-situ samples. Pt/PtO,-NbSe; (derived from Pt decorated NbSe; using the
ex-situ method) showed a significantly enhanced HER activity compared to bare NbSe,. The
Pt/PtO2-NbSe> nanomaterial had the lowest overpotential, favourable kinetics and durability in
an alkaline solution of 0.1 M KOH. The trend was as follows: Pt/PtO>-NbSe; (Pt-decorated ex-
situ) > PtO-NbSe; (Pt-decorated in-situ) > PtO/NiO-NbSe; (Pt/Ni-decorated) > Ni/NiO-NbSe;
(Ni-decorated ex-situ) > NiosSe/Ni(OH)2-NbSe, (Ni-decorated in-situ) > NbSe,. In addition,
NbSe, was further decorated with 20% wt. Co using both the ex-situ and in-situ synthetic
methods, and 10% wt. Pt / 10% wt. Co using the in-situ method. The ex-situ sample resulted
in a higher HER activity compared to the in-situ samples. In particular, Co/C0304s-NbSe>
nanomaterial (Co-decorated ex-situ) had the lowest overpotential, favourable kinetics and
durability in an alkaline solution of 0.1 M KOH. The resultant trend was as follows: Co/C030s-
NbSe> (Co-decorated ex-situ) < C0304/CoSe2/PtO/PtO2-NbSe, (Pt/Co-decorated in-situ) <
C0304/CoSe2-NbSe; (Co-decorated in-situ) < NbSe,. Consequently, the ex-situ method was
the optimum synthetic method for forming NbSe.-based nanomaterials. TaSe,-based
nanomaterials were formed similarly. TaSe>-based hybrids were formed by decorating TaSe>
with 20% wt. Ni, Co and Pt using the ex-situ method. The hybrid nanomaterials resulted in
higher HER activities compared to pristine TaSe (i.e. Pt/PtO/PtO.-TaSe, (Pt-decorated) >
Ni/Ni(OH)2-TaSe2 (Ni-decorated) > Co/C0304-TaSe; (Co-decorated) > TaSez). Pt/PtO/PtO2-
TaSe> hybrid, in particular, resulted in the lowest overpotential under alkaline solutions (0.1 M
KOH). Generally observed, was NbSez-based electrocatalysts were better than TaSe-based
catalysts. In addition, the Pt-decorated ex-situ NbSe> and Pt-decorated TaSe; electrocatalysts

were better than the model Pt/C catalyst, with the prior being the best overall. This is attributed



to the basal sites of the NbSe, and TaSe;,. The ex-situ method was better than the in-situ method
and this was due to the presence of metallic particles and the minimization of oxidation

compared to the latter.
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Synopsis

1. Brief description of the thesis

The study aimed to enhance the electrocatalytic activity of 2D transition metal dichalcogenides

(TMDCs) (NbSe> and TaSe») towards hydrogen production under alkaline conditions. This was

achieved through interfacial engineering — decoration of the 2D TMDC nanomaterials with

transition metals (10% wt. Pt, Ni, Co, or mixed metals) to form hybrid nanomaterials.

Consequently, the thesis is structured is as follow:

Chapter 1: consists of the background of the study along with the problem statement,
rationale, as well as aims and objectives of the study.

Chapter 2: reviews the literature outlines all the concepts discussed in each chapter of
the thesis.

Chapter 3: describes the synthesis and characterisation of NbSe, and NbSe;-based
hybrid nanomaterials decorated with 20% wt. Pt, 20% wt. Ni, 10% wt. Pt /10% wt. Ni
(mixed metals) and their performance as electrocatalysts in hydrogen evolution reaction
(HER). This chapter is currently in press (Manuscript ID: TA-ART-02-2023-000711).
Chapter 4: offers further enhancement of the NbSez-based hybrid nanomaterials’
electrocatalytic activity toward HER through the decoration of 20% wt. Co, 10% wt. Pt
/ 10% wt. Co.

Chapter 5: describes the synthesis and characterisation of TaSe; and TaSez-based
hybrid nanomaterials (decorated with 20% wt. Pt, Ni, and Co). These materials’ HER
activity was evaluated and resulted in the enhancement of the TaSe; electrocatalyst.
Chapter 6: provides general conclusions of the study and recommendations for future

work.

XX



Chapter 1

General Background

1.1 Introduction

For decades, there has been a drive to diversify fossil fuels-derived energy with clean,
sustainable, environmentally friendly, and secure alternatives [1, 2, 3-5]. This is due to the
increasing demand for energy, high and unstable oil prices, as well as the issue of
environmental preservation [6]. As such, fuel cells have been considered an alternative to
combustion-based technologies currently used in many power plants and passenger vehicles.
Fuel cells combine hydrogen and oxygen to produce heat, electricity, and water. They use pure
hydrogen to operate appropriately [6-8]. Hydrogen is a highly efficient and clean (low
pollution) energy carrier [9]. Safe storage and delivery of hydrogen gas are essential aspects in
maintaining the economy of this gas [10]. Since hydrogen cannot be produced naturally on
earth because it exists in the form of compounds (water, coal, and other various hydrocarbons),
hydrogen can be made by essentially converting these compounds into hydrogen [9]. The
following methods are currently used to produce hydrogen: steam-methane reforming and coal
gasification chemical processes [10]. Various hydrogen production methods are summarised
in Fig. 1, along with their advantages and disadvantages (Table 1) [11].

Hydrogen Production Methods
]

]
Steam

Alkaline Solid Oxide PEM

{ [
Bio-photolysis Gasification

Fig. 1: Various hydrogen production methods.




Table 1: Various hydrogen production methods along with their advantages, disadvantages, efficiency, and cost [11-14]

Hydrogen production method Advantages Disadvantages Efficiency |Cost
($/kg)

Steam Reforming Partial Oxidation [Developed technology & Existing infrastructure Produced CO, CO, unstable supply. Along with H, production, produced |[74-85 2.27
Estabilished technology heavy oils and petroleum coke 60-75 1.48

Auto thermal Reforming Well estabilished technology & Existing Produced CO, as a by-product, use of fossil fuels 60-75 1.48
infrastructure

Bio photolysis Consumed CO,, produced O, as a by-product, Low vields of H,, sunlight needed, large reactor required, O, sensitivity, |10-11 2.13
working under mild conditions high cost of material

Dark Fermentation Simple method, H, produced without light, no Fatty acids elimination, low yields of H,, low efficiency, necessity of 60-80 2.57
limitation O,, CO,-neutral, involves to waste huge volume of reactor
recycling

Photo Fermentation Involves to water recycling, used different organic Low efficiency, low H, production rate, sunlight required, necessity of 0.1 2.83
waste waters, CO,-neutral huge volume of reactor, O,-sensitivity

Gasification Abundant, cheap feedstock and neutral CO, Fluctuating H, yields because of feedstock impurities, seasonal 30-40 1.77-2.05

availability and formation of tar
Pyrolysis Abundant, cheap feedstock and CO,-neutral Tar formation, fluctuating H, amount because of feedstock impurities and [35-50 1.59-1.70
seasonal availability

Thermolysis Clean and sustainable, O,-by product, copious High capital costs, elements toxicity, corrosion problems 20-45 7.98-8.40
feedstock

Photolysis 0, as by-product, abundant feedstock, no emissions |Low effieciency, non-effective photocatalytic material, requires sunlight [0.06 8-10

Electrolysis Established technology, zero emission, existing Storage and transportation problems 60-80 10.30

infrastructure O, as by-product




Moreover, hydrogen can be produced through the environmentally friendly electrochemical
water splitting technique that yields water as the by-product [15]. Hydrogen fuel generated
from water electrolysis has no contaminants compared to the hydrogen gas from reformed
hydrocarbons that tend to poison the fuel cell electrocatalyst, reducing their lifetime and
efficiency [16]. Therefore, hydrogen is an excellent alternative to fossil fuels [10]. Electrolysis
can be powered using renewable energy technologies such as photovoltaics or photolysis, or
photoelectrochemical processes can be used and thus result in entirely renewable and clean
hydrogen production processes [19]. Fig. 2 highlights the different renewable sources of

hydrogen production [17, 18].

Renewable Energy

Heat
Biomass
Mechanical Energy
Conversion Electrical v
Photolysis
v
Thermolysis EIecIonsis
v
Hydrogen

Fig: 2: Schematic of a sustainable strategy to generate Ho.

Electrolysis of water is the preeminent electrochemical method for producing pure hydrogen
at room temperature and is the main alternative to hydrogen synthesis from fossil fuels [20-
24]. Efficient electrocatalysts are recommended as cathode materials in the water electrolysis
cell because they can produce large amounts of hydrogen at reduced overpotentials by simply
accelerating the kinetics of the hydrogen evolution reaction (HER) [21-23]. However, storage
and delivery remain significant challenges [25-28]. Pt-based electrocatalysts are the most
efficient and stable electrocatalysts used for the HER and operate under highly corrosive
conditions (strong acids), increasing the overall set-up’s cost and safety concerns [25, 29-31].
Moreover, Pt is an expensive noble metal which increases the cost of water electrolysers [21-
23]. Developing new, cheap, and effective HER electrocatalysts have become a significant
target for efficient hydrogen production on large scales [6, 32, 33]. HER under alkaline

conditions seems to be a potential substitute that increases the stability of platinum group



metals (PGMs) based water electrolyser and paves the way for the possibility of using transition
metal-based catalysts [25, 34-36]. This study focuses on the HER in alkaline media for
sustainable hydrogen production using 2D transition metal dichalcogenide (TMDC) based
hybrids as electrocatalysts through electrolysis. TMDC-based hybrid electrocatalysts have
received much attention for hydrogen production from water splitting because they represent
an easy way to solve the current energy and environmental problems [37-41]. Several methods
have been developed, including the wet-chemistry route, to synthesise TMDC-based hybrid
nanoparticles of different structures (nanocomposites with metal nanoparticles of different
sizes, Janus, and core-shell), dimensions, and various morphologies [42-46]. Among these
methods, solvothermal, hydrothermal, and sol-gel are widely used [47, 48]. As such, it is still
essential for the scientific and industrial worlds to develop a new facile and one-step method
for producing semiconductor-metal hybrids with monodispersed shapes and sizes [6]. In this
study, TMDC-based (NbSe, and TaSe,) hybrid nanomaterials were synthesised using the
colloidal synthesis one-step reaction and chemical vapour deposition (CVD) synthesis to test

their potential to substitute Pt as an electrocatalyst for efficient hydrogen production.

1.2 Problem statement

Although Pt-based electrocatalysts are the most efficient for hydrogen production in the
electrolysis of water, this noble metal is rare and expensive [2]. As a result, the entire process
is costly. Furthermore, even though 2D-based hybrid nanomaterials have the potential to
replace Pt, the main difficulty in synthesising these nanoparticles is in the weak interaction
between the semiconductor and the metal [6, 45, 49, 50]. Although water splitting is an eco-
friendly technique for hydrogen production, it requires plenty of energy due to its large
overpotential for HER [10]. In addition, the HER in alkaline media suffers from sluggish
reaction kinetics due to the additional water dissociation step [25, 51, 52]. Therefore, the need
for a catalyst with outstanding electrocatalytic activity and lifespan is still imminent [10, 53].
Most importantly, even though hydrogen production has been extensively researched,

sustainable hydrogen production is a great challenge [25, 54].

1.3 Rationale

Therefore, the aim is to enhance hydrogen gas production by forming and using TMDC-based
hybrid nanomaterials. To investigate the interaction of the highly active metallic nanoparticles
to the TMDC by using two methods to form the hybrids: ex-situ and in-situ. The overpotential

of TMDC will be improved by the addition of highly active metallic nanoparticles to form



hybrids, potentially improving the sluggish Kkinetics. Heterostructuring of TMDC
nanomaterials with transition metals has been proven to increase their electrocatalytic activity
for HER [10].

1.4 Aim and Objectives

This work aimed to use the heat-up colloidal synthesis method to synthesise and characterise
NbSe, and TaSe, for application as alternative electrocatalysts to pure Pt for hydrogen
production. Generally, 2D TMDC nanomaterials have less desirable electrocatalytic activity
due to fewer active sites compared to Pt. To circumvent this, they were decorated with
transition metals (Ni, Co, Pt, Ni/Pt and Co/Pt) to enhance their activity. To achieve the

forementioned aim, the following objectives were identified:

Synthesis and characterisation of NbSe, and TaSe;.

e Synthesis and characterisation of NbSe,-based hybrids.

e Synthesis and characterisation of TaSe,-based hybrids.

e Application of the synthesised NbSe, and TaSe> nanomaterials and their subsequent

hybrid nanomaterials as electrocatalysts for HER under alkaline conditions.
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Chapter 2

Literature Review

2.1 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDCs) are 2D layered materials that can be represented
by MX>, where M is a group IV-IX transition metal (typically Mo, W, V, Re, Nb, Ta, or Ti)
and X is a chalcogen atom (S, Se, or Te) [1]. The M atoms are sandwiched between two X
atoms to give X-M-X. Covalent bonding exists between M and X atoms, whereas weak van
der Waals forces exist between the stacked layers [1]. Bulk TMDCs can form in different
crystal phases, with two main heterogeneous polymorphic structures such as the octahedral
coordination phase (T) and the trigonal prismatic phase (H) [2]. Fig.1 illustrated a simple ball-
and-stick atomic model of the polymorphic structures. Within the H phase for hexagonal
symmetry, the six atoms are arranged similarly in the upper and lower tetrahedrons, with the
M atoms as a symmetrical point. The 2H and 3R phases result from the sequential stacking of
the 1H layer. The 2H phase consists of two layers with AB stacking exhibiting a hexagonal
symmetry (point group Dan), whereas the 3R consists of three layers with ABC stacking
exhibiting a rhombohedral symmetry (point group Csy). The T phase is formed due to twisting
the upper (or lower) tetrahedron by 180 °C and is characterised by the tetragonal symmetry
(point group D2g). The 1T phase has metallic properties, whereas the 2H phase has
semiconductor properties (e.g. MoSz and WS). The distorted octahedral phase (1T”), including
the monoclinic (1T”) and orthorhombic (Tq) structures, can also be observed with semi-metallic
properties (e.g. VSe2) [1-3]. Moreover, a low-temperature phenomenon results in TMDCs
having superconductivity properties (e.g. NbSe, and TaS») [4-6]. The 2H phase is usually
thermodynamically favoured [7]. However, some TMDC family members crystallise naturally
into the 1T or 1T’ phase [8]. The 2H phase can be converted into the 1T phase through a popular
method which involves solution phase intercalation. Bulk TMDCs can be exfoliated into 2D
atomic crystals like graphite [4-6]. The resultant 2D atomic crystals have exciting properties
due to the effects of quantum confinement [4-6]. For example, if the bulk material has an

indirect band gap, the 2D atomic crystals will have a direct band gap [9, 10].
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Fig. 1: (a) Trigonal prismatic and (b) Octahedral phase.

2.2 Electronic structure of TMDCs

The electronic structure and structural stability of TMDCs are mainly influenced by d electron
counts of the transition metal [2, 11]. Fig. 2a shows the H-TMDCs phase transition metal d-
orbitals are divided onto three degenerated states d,,, dy,_y, xy, and dy, ,, With a large energy
gap of ~ 1 eV between d,, and dy,_y, xy Orbitals [2]. However, Fig. 2b shows the T-TMDCs
phase resultin d,, ,_,(€g) and dy, y, x, (t2g) crystal field. The oxidation state of the TMDC
transition metal is +4; therefore, the orbitals are filled from 0 (do, transition metal group 1VB)
to 6 (de, transition metal group VIIIB) electrons. In the T-TMDC phase, the tog levels are

between the d,, and d levels of the H-TMDC phase. In the TMDCs with a

X2=Y2,XY
semiconductor and metallic nature, the d-orbitals are all occupied and partially occupied,
respectively. Under ambient conditions, two electrons in group VIB TMDCs are inclined to fill



the dz, level (2H phase) with preference over the t2g levels (1T phase) due to lower energy
required. The stable semiconductor 2H phase is thermodynamically favoured over the
metastable metallic 1T phase, except for WTez (Td phase) [2]. Fig. 2c illustrates that the 1T’
phase has even lower ground-state energy than the 1T phase without mechanical stress [12-
14]. As such, introducing structural distortions by mechanical stress or injecting an electron
has received extensive interest in improving the structural stability of group VIB TMDCs. The
2H and 1T phases with group VB TMDC:s are stable due to the energy difference between the
two phases being less than 0.1 eV [2]. Their d-orbitals are partially filled with additional
electrons irrespective of the crystal field. As such, they are always metallic (2H and 1T phase
of group VB TMDCs). Recent studies have shown that TMDCs containing group VB transition
metals extended to four structures as 2H, 3R, 1T, and 1T’ [2, 15-18].
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Fig. 2: An illustration of the d orbital filling of (a) H- and (b) T-phases, (c) energy differences

between monolayer TMDC phases without mechanical stress.



2.3 Synthetic techniques used to synthesise transition metal dichalcogenides

Without a doubt, synthesising TMDCs with high crystallinity, uniform thickness, large domain
size, and continuity is very critical not only to manipulate the electronic structure of the material
but also to investigate their catalytic and unique physical properties (charge density wave
(CDW), superconductivity, and ferromagnetism) [19, 20]. Generally, two main synthetic
techniques are used to synthesise TMDCs: hydrothermal/solvothermal and chemical vapour
deposition [1]. Other techniques include liquid exfoliation and colloidal synthesis methods.
The methods are discussed in this section.

2.3.1 Top-down approach

2.3.1.1 Liquid exfoliation synthesis

Liquid exfoliation is a synthetic technique that uses foreign substances such as ions, inorganic
and organic molecules, and metal nanoparticles to weaken the van der Waal forces between the
bulk TMDC material layers to produce single or few layered TMDC material [21, 22]. Two
processes are used to conduct the liquid exfoliation technique: intercalation and chemical
exfoliation. Fig. 3a shows the intercalation process, which involves introducing charged ions,
such as Li*, between the layers of the bulk TMDC material to weaken the van der Waal forces
[22]. The intercalation process results in maintained individual sheets [22]. Fig. 3b illustrates
the chemical process of using ultrasound waves (sonication) to separate the bulk TMDC, in a
suitable solvent, into individual or few-layered TMDC material. The advantage of using the
liquid exfoliation synthesis process is accessibility to doping with various species, tuneable
properties, and it is a controlled process, ease of operation, and results in high yield [23-26].
The challenge is controlling the lateral size and producing a high yield of the individual layers
[21, 22, 27, 28].

Moreover, intercalation using Li* may result in by-products such as Li>X (where X =S, Se, or
Te) if the process is not strictly controlled and the processes can take a long time to complete
[21, 22, 29]. To produce TMDC:s at a large-scale, Coleman et al. designed a shear-exfoliation
method using an aqueous surfactant and a kitchen blender to produce MoS> nanosheets [30].
Coleman et al. discovered that the nanosheets’ dimensions depended on the concentration of
MoS,, mixing time, volume, and rotation speed. As such, they could control the dimensions of
the nanosheets by using the optimal conditions, resulting in lateral sizes of the nanosheets

between 40-220 nm and layer thickness between 2-12 layers. The shear-exfoliation method has



produced other TMDCs, such as WS, [30]. Moreover, they produced 1.3 mg/min of product.
As such, making this process an excellent method for large-scale production.
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Fig. 3: Schematic diagrams of the liquid exfoliation synthetic techniques (a) intercalation and

(b) chemical exfoliation.

2.3.2 Bottom-up approach

2.3.2.1 Chemical vapour deposition

The chemical vapour deposition (CVD) technique involves the sulfurisation or selenisation of
the metal (e.g. Mo) or metal oxide (e.g. WO3) in a furnace to produce 2D TMDCs with large
surface areas [1]. CVD has produced high-quality, low-defect, ultrathin epitaxial TMDCs films
on different substrates [31-35]. Fig. 4 shows a schematic diagram of the CVD synthetic
technique. CVD suits vertically aligned TMDCs and Janus structures [36, 37]. The advantage
of using CVD is the ability to form TMDCs and TMDC-based hybrids such as MoS; and
MoS2/ReSe», as well as the resultant of good adherence to different substrates [31, 38]. Kheng
et al. synthesised MoS, and WS, wafer-thin films using the metal-organic CVD synthetic
technique [39]. Kheng et al. used MCg¢Og (Wwhere M = Mo or W; metal hexacarbonyl) as the
metal source and C;HsS (dimethyl sulfide) as the S source. The challenge with the metal-
organic CVD process was carbon contamination due to using dimethyl sulfide as a precursor
[39].
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Fig. 4: Schematic diagram of CVD synthetic technique.

2.3.2.2 Hydrothermal synthesis

Hydrothermal synthesis is a straightforward synthesis that uses H>O as a solvent, where
precursors are added and autoclaved at low temperatures [1]. Fig. 5 shows a schematic diagram
of the hydrothermal synthesis technique. The hydrothermal synthesis technique has been used
to form nanomaterials with various morphologies, such as nanoflowers, nanoflakes,
nanoplates, nanoparticles and quantum dots [40-43]. Furthermore, hydrothermal synthesis is
suited to form 2D TMDC-base composites or hybrids, where the TMDC is combined with
another conducting material, such as carbon nanofibers, transition metal nanoparticles, and
graphene [44-46]. Fan et al. were among the first researchers to successfully synthesise
crystalline MoS; and MoSe, nanomaterials using the synthetic hydrothermal process [47]. Fan
et al. used NazMoO4 as a Mo precursor and NaS>0s3 as an S precursor, and NaSeOs as a Se
precursor to produce amorphous MoS; and MoSe; with a size of 4 and 7nm, respectively. The
amorphous nanomaterials were annealed at 350 °C to produce crystalline 2H-MoS; and 2H-
MoS; [47]. Sakthivel et al. made Ni-doped MoSe, nanoplates by dissolving Na2MoOs and
Ni(NOgz)2 in water [48]. The selenium precursor and hydrazine (reducing agent) were added
dropwise into the water mixture, followed by adding the mixture into the autoclave and
maintained at 180 °C for 12 h [48]. The advantage of using the hydrothermal synthesis
technique is the usage of low temperatures; it is economical, suitable for large scales, and
environmentally friendly because of the use of H2O as a solvent [1]. The disadvantage stems

from the lack of solubility of some precursors in H2O.
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Fig. 5: Schematic diagram of the synthetic hydrothermal technique.

2.3.2.3 Solvothermal synthesis

Solvothermal synthesis is similar to hydrothermal synthesis; organic solvents are used instead
of using H20 as a solvent [1]. Organic solvents assist with the precursors or intermediates'
viscosity, solubility, and polarity issues [1]. Instead of an autoclave, a reflux technique can also
be used at temperatures between 150 and 320 °C under nitrogen flow (shown in Fig. 6) [49].
The solvothermal synthesis technique’s advantage is the organic solvents; using organic
solvents tunes the properties of the nanomaterials, including shape, size, efficiency, and fast
and straightforward approach [1]. The disadvantage is that polar precursors will not dissolve
in organic solvents. Colloidal synthesis is another type of solvothermal technique and is

discussed below.

Layered
TMDC formed

Organic solvent

Chalcogenide
precursors

— Heating mantle

Fig. 6: Schematic diagram of the solvothermal synthetic technique set-up.

12



2.3.2.4 Colloidal synthesis

In the colloidal synthesis process, crystals or crystalline nanoclusters made up of a few 100-
1000 atoms, commonly referred to as colloids, are formed [50, 51]. The atoms agglomerate to
form colloids dispersed in a particular solvent [50, 51]. The colloidal synthesis technique uses
different chemical processes, such as thermal deposition, chemical reduction, and sol-gel, to
produce atoms needed to form colloids from different precursors. The thermal decomposition
chemical process is a popular process that uses organometallic precursors decomposed in
organic solvents at elevated temperatures [50]. In 1986, Chestoney et al. were among the first
researchers to use this synthetic process to form crystalline group 11-VI semiconductor
nanocrystals [51]. The major challenge with using the thermal decomposition process stems
from identifying and controlling the kinetics of the different precursors that would lead to
precipitation and the nucleation and growth process [51]. In the 1950s, LaMar and Dinger
developed theoretical principles for the nucleation and growth of nanocrystals which can be
used to understand the mechanism of thermal decomposition synthesis [52, 53]. The theory
suggests that a burst of nucleation after supersaturation forms many nuclei of the same size,
known as homogenous nucleation. Growth of the nuclei occurs without new nuclei being
formed. The process is described in three steps: (i) decomposition of the precursor results in an
increase in monomer concentration until the solution reaches critical supersaturation (Cs), (ii)
saturation will continue to increase until Cmin level, where a burst of nucleation occurs due to
the nucleation energy barrier being overcome; (iii) a drastic drop of monomer concentration
and supersaturation level occurs due to the burst of nucleation, and eventually, the nucleation
process stops. At this point, nuclei begin to grow from the diffusion of the monomers to the
nucleation site [52, 53]. The theory is only relevant to monodispersed nanocrystal processes
[54, 55]. The growth process can be described as Ostwald ripening, where the smaller particles
dissolve back into the solvent because of their high solubility and surface energy
(thermodynamically unstable), which allows further growth of the larger particles [56].
Therefore, the molecules in small particles will detach themselves and migrate into the solution
to attach themselves to larger particles. This process will continue until the overall resultant

nanocrystals are of a large size average [56]. The burst in nucleation is a very crucial step [57].

The heat-up colloidal synthesis technique used in this study involves the addition of the metal
and chalcogenide precursors in an organic solvent in a three-neck round-bottomed flask
attached to a Schlenk line. The mixture is degassed with N2 and heated to the desired

temperature. The organic solvent can also act as a reducing agent, where the Se precursor is
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reduced into a 2- charged monomer and reacts with the dissolved metal. The resultant TMDC
nanomaterials are washed with organic solvents (e.g. Hexane), centrifuged, and dried. This
synthetic method controls the nanomaterials’ size, morphology, and phase [57-60]. The
structural properties of the nanomaterials are controlled by varying the reaction parameters,
such as temperature, type of precursor, solvent or surfactant, and the ratio of the precursors

used. The effect of the reaction parameters is discussed below:

Q) Effect of the precursors:

Colloidal synthesis depends on the type of precursors used because it relies on forming the
free monomer to begin the nucleation and growth process. The size and shape of the
resultant nanomaterials depend on how fast the monomer is available and how fast the
monomer reacts to begin the nucleation process [61, 62]. Thermal decomposition takes
place through the heating of the precursors to release the required monomer [61, 62].
Usually, a metal salt or a metal complex is used in this method. The ligands on the metal
in the metal precursor determine the rate of decomposition and formation of the reactive

metal monomer.

(i) Effect of temperature:

Temperature affects the rate of decomposition of the metal precursor. The quicker the metal
precursor decomposes, the faster the monomer formed reacts, and the nucleation and
growth process occurs [63, 64]. The temperature of the reaction affects the kinetics of the

nanocrystal growth and the ligands which control the shape of the nanocrystals.

(iii)  Effect of the capping agents (organic solvents):

The organic solvents act as capping agents that bind to the surface of the nanoparticles to
stabilise nanoparticles and prevent agglomeration and oxidation on the surface of the
nanoparticles [65-67]. The capping agents also control the shape and size of the
nanoparticles. Colloidal synthesis can be scaled-up; commercial companies such as
Nanosys and Nanoco have produced quantum dots and other nanostructures using modified
colloidal synthesis at a large scale [68, 69]. Recently, Nanoco has released patents on the
synthesis of TMDCs which sparks commercial interest in producing TMDCs using this
process [68, 69].
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2.2 Electrochemical water-splitting technique

For over a century, the energy demand has been met using non-renewable sources such as fossil
fuels [70]. These sources have provided up to 80% of our energy for houses, cars, and industry
[70-74]. However, these non-renewable sources are not abundant, and the pollution that comes
with using them will have a long-lasting negative effect on the environment [75, 76]. As such,
research has pointed to alternative sustainable renewable energy sources to reduce these
harmful effects. Hydrogen is a viable alternative to fossil fuels as an energy carrier because it
is the most abundant element, has an extremely high energy density, and is non-toxic [77-79].
Hydrogen energy is molecular hydrogen from compounds containing hydrogen to produce
energy that can power our cars, houses, and industry. Hydrogen produces water as a by-product

when it reacts with oxygen from the air (eq. 1) [77-79].
Hy(g) + 30,(g) 2 H,0() (AH = — 286.0 kJ /mol) (eq. 1)

Eq. 1 illustrates that to generate 286.8 kJ energy, 0.5 mol of oxygen has to react with 1 mol of
hydrogen [79]. Therefore, the mass hydrogen energy density would be 143 kJ/g (energy = 286.0
kJ/mol * 0.5 mol/g = 143 kJ/g), the highest energy density relative to fossil fuels [80].
Currently, steam methane reforming and gasification of petroleum coke and coal methods are
used to produce hydrogen gas at a large scale. However, these methods use high temperatures
and produce greenhouse gases as by-products making them less desirable technologies for the
production of hydrogen [80]. Recently, a clean and efficient technology such as water-splitting
has become of interest in the production of hydrogen gas [81, 82]. Fig. 7 shows the water-
splitting technique, which involves decomposing water to form hydrogen and oxygen with an
external current [81, 82]. This technique is merely a thermodynamically assisted uphill strategy
where electricity is used as a primary source [83]. The area of interest in this study is the HER

compartment.
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Fig. 7: Water-splitting technique.
2.2.1 Operation of HER

The electrolysis of water is expressed by the endothermic reaction eg. 2 (also illustrated in Fig.

above) below:

H,0(1) electrolysis Hy(g) + %OZ(g) AGY = +237.2 K] -mol™! AE® = 1.23V (eq. 2)
The reaction consists of two half-reactions involving the HER and the oxygen evolution
reaction (OER) processes [84-86]. The potentials of HER and OER are 0 V and 1.23 V,
respectively, versus the reversible hydrogen electrode (RHE) at standard conditions (298.15 K
and latm). The main focus of this study is the HER, whose response differs depending on the
solution used:

In an acidic solution: 2H;0* (aq) + 2e~ - H,(g) + 2H,0(1) (eq. 3)

In an alkaline solution: 2H,0(l) + 2e~ — H,(g) + 20H (aq) (eq. 4)
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In this study, the focus will be on an alkaline solution. The adsorption energy of the catalyst
plays a crucial role in determining the conversion efficiency and stability in an electrolyte
solution [87-89]. According to theoretical studies, the activity trends of electrocatalysts in an
acidic medium are concluded based on hydrogen adsorption (Had) at the active sites. However,
in an alkaline medium, it is controlled by a balance of three critical reactions: (i) the Hag On the
surface of the catalyst, (ii) the prevention of hydroxyl group adsorption (OHaq) because they
poison the active sites, and (iii) energy needed to dissociate the H.O molecules [90-93]. The
issue of poor reaction kinetics and stability can be resolved by tuning the surface chemistry by
modifying the electronic structure, composition, morphology, and porosity/active surface area
[94]. HER is challenging to achieve at low overpotentials in an alkaline medium [95]. Extra
energy is required to produce the protons by breaking the H2O molecule, consequently

influencing the overall reactions [87, 96, 97].

In the mechanism of HER under alkaline conditions, hydrogen is the only product, but the
reaction is a multi-step reaction that involves three processes (adsorption, reduction, and
desorption) [98-102]. The overall HER is made up of three steps (also illustrated in Fig. 8):

1. Volmer reaction: This involves hydrogen adsorption onto the electrode’s surface.

The electrochemical adsorption process is expressed by eq. 5 [99-102]:

H,0()+e~ A Huqs + OH™ (aq) (eq. 5)

In this step, the Tafel slope (b1) which gives important reference to the reaction

mechanism, can be obtained by eq. 6:

2.3RT
xF

b, = (eq. 6)

R is the ideal gas constant, T is the absolute temperature, o< the symmetry coefficient
with a value of 0.5, and F is the Faraday constant [84, 103-106]. At 25 °C by = 118
mV/dec [99, 100].

2. Heyrovsky reaction: The electrochemical desorption process is expressed by eq.7:

Hygs + H,O(l)+ e~ A H,+0H (aq) (eq. 7)
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In this step, the Tafel slope (b2) can be obtained by eq. 8:

_ 23RT
27 (x+1)F

(eq. 8)

At 25 °C by = 39 mV/dec. However, this reaction can occur in a different direction
where two hydrogen atoms (Hags) adsorbed onto the surface of the electrode combine
to form a single hydrogen molecule. This electrochemical desorption process is
expressed by eq. 9 (Tafel reaction) [99, 100]:

2Hgqs A H; (eq- 9)

The Tafel slope (b’2) can be obtained by eq. 10:

b, = 2.3 RT (eq. 10)

At 25 °C, b’2 = 29 mV/dec.
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Fig. 8: lllustration of the HER mechanism under alkaline conditions with the VVolmer reaction

(blue), Heyrovsky reaction (green), and Tafel reaction (purple).

HER tests are performed using a three-electrode electrolytic tank consisting of the working
electrode, a counter-electrode, a reference electrode, and a gas entrance [84]. These three steps
are related to the electrode surface’s inherent electronic and chemical properties [101]. As such,
the Tafel slopes obtained from the polarisation curves can be used to determine which of these
steps is the rate-controlling step [101]. A few details need to be considered and understood

during these tests discussed below.

2.2.2 Overpotential

Overpotential is the additional potential required to drive a reaction at a specific rate beyond
the thermodynamic requirement [84]. The intrinsic parameter used to evaluate the performance
of the electrocatalyst is the onset potential which is ~ 0 V for Pt. The quantitative activity
parameter used to assess the activity of the electrocatalyst is the overpotential at a fixed current
density, typically 10 mA/cm? [84]. In some cases, the overpotentials at high current densities
(e.g. 50, 100, and even 1000 mA/cm?) are used as other activity parameters for high-
performance electrocatalysts [107, 108]. The absolute overpotential is the difference between
the standard hydrogen electrode (SHE) and the onset potential initiating the HER by an
electrocatalyst. The SHE is the standard reference point for eq. 2, where the potential E¢ =
0.000 V at all temperatures and 1 atm hydrogen pressure. During the test, the hydrogen pressure

influences the overpotential as indicated by the Nernst eg. (eq. 11):

RT [H]

_ 6 RT
E=E"+ Rln — (eg. 11)

2

To maintain equilibrium potential at the standard value (0 V versus RHE), H> gas should be
introduced to maintain saturation of the gas [109, 110]. According to the origins of the
polarisation of electrodes, the overpotential can be divided into three overpotentials: activation,
concentration, and resistance [98]. The activation overpotential, which is the intrinsic property
of the material, can be lowered by using modified electrocatalysts [98]. This concept was
proven by Lukoski et al., where at a current density of 10 mVV/cm? on MoS;, the overpotential
was lowered from -320 mV to -187 mV after changing from the 2H-MoS; phase to 1T-MoS;

phase [111]. The concentration overpotential can only be reduced to a certain extent by an
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external force (such as stirring) because it derives from the concentration difference between
the ions involved due to the slow ion diffusion rate and the fact that there is an existing diffusion
layer. However, stirring may disturb the related reactions [111]. The resistance overpotential,
also known as the junction potential, is the potential drop caused by the Ohmic resistance
(Ry, also includes both the contact and solution resistances). It needs to be corrected to attain
the real potential applied on the electrocatalyst by using the iR, compensation method to

effectively eliminate the resistance overpotential, expressed by eq. 12:

Ecorrected = Emeasured - iR.Q (eq 12)

Where Emeasured 1S the potential measured against RHE, i is the current measured without the
background correction, and R, uncompensated resistance, which can be measured by using
electrochemical impedance spectroscopy. All potential measurements should be normalised to
RHE for convenience [84, 111].

2.2.3 The electron of the reference- and counter-electrodes

The overpotential of the working electrode (electrocatalyst) is not directly measured, it is the
difference between the potential of the reference and working electrodes [84]. Therefore, the
choice of the reference electrode is crucial as the electrode should have a stable and well-
defined potential for accurately measuring and regulating the potential applied to the working
electrode in the solution. The most commonly used electrodes are, firstly, the saturated calomel

electrode (SCE) which follows the reversible redox reaction (eq. 13):

In KCI solution with saturated concentration. Secondly is the silver-silver chloride (Ag/AgCl)
electrode, which follows the reversible redox reaction (eq. 14):

AgCl+ e~ < Ag + CI™ (eq. 14)

In a KClI solution at a specific concentration. The reference electrode is equipped with a double

junction or salt bridge to separate it from the working electrode so that the potential is stable

and fixed and minimises junction resistance. The counter-electrode (also known as the auxiliary
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electrode) accepts electrons from the solution species and forms a current loop with the
working electrode that must sustain high current and stability without interrupting the HER of
the working electrode. The Pt electrodes (Pt wire, Pt plate, and Pt meshes) are the most
commonly used as they can provide a large current for HER by acquiring electrons from the
solution to reduce HzO*/H20 at the working electrode. However, Pt electrodes are known to
dissolve in certain acidic/basic solutions, which disturbs the activity of the working electrode
[110-113]. Especially when using non-metal electrocatalysts, by using a minimal amount of Pt
deposited onto the GC electrode, their activity may be primarily enhanced, leading to
misleading results. Thus, it has been suggested that using carbon electrodes (such as graphite
rod) is a more feasible choice than Pt electrodes. The carbon electrode should be very pure, or
it may leach into the solution, thus affecting the activity of the working electrode. Furthermore,
finally, the placement of the counter-electrode relative to the working electrode should be in

such a way that a homogenous electric field is created to ensure the stability of the HER [84].

2.2.4 Polarisation curves

The polarisation curves for electrocatalysts are obtained using linear sweep voltammetry
(LSV), which are presented by plotting current density versus potential [84]. The activity of a
catalyst is better when the same current density presents at a lower potential, or the higher
current density is at the same potential in a polarisation curve. This concept was proven by
Voiry et al., who reported that the 1T-MoS> phase had higher catalytic activity than a 2H-MoS;
phase due to lower onset potential at the same current density [114]. The onset potential and

overpotential are measured by using the LSV, shown in Fig. 9.
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Fig. 9: lllustration of a typical LSV polarisation curve.

2.2.5 Tafel slope

The Tafel plot is obtained by replotting the polarisation curve where the overpotential is plotted
against the log(current density). In processing the data, the Tafel slopes (b) are fitted by
estimating a linear region of these slopes as expressed in eq. 15:

n= blogj’—0 (eq. 15)

where 1) is the overpotential, j is the current density, and jo is the exchange current density. Fig.
10 illustrates the Tafel plot, where the Tafel slope and exchange current density (jo) is
calculated. Therefore, the smaller the value of the Tafel slope, the faster the charge transfer
kinetics because the lower applied potential is required to obtain the same current density.
Voiry et al. obtained results that are in agreement with this theory, where the 1T-MoS; phase
(40 mV/dec) had a lower Tafel slope value compared to the 2H-MoS; phase (75 mV/dec) due
to faster charge transfer kinetics [114]. In section 2.5., two reactions could occur in the second
step of the HER reaction: the Heyrovsky reaction (40 mV/dec) or the Tafel reaction (29
mV/dec). Therefore, the 1T-MoS; phase with a Tafel slope value of 40 mV/dec indicates that
the Volmer-Heyrovsky mechanism dominates the HER, where the rate-determining step is the
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electrochemical desorption reaction. However, since the Tafel slope plot is extracted from the
polarisation curve, it may contain the contribution of the catalyst resistance, which depends
highly on the electrocatalyst's conductivity and high mass loading. Hu et al. introduced another
method for plotting the Tafel slopes using the impedance data by plotting log Rct (Rct is the
charge transfer resistance obtained from Nyquist plots using the EIS method) versus
overpotential. This avoids the catalytic resistance by reflecting on the charge transfer kinetics
[114].

n =@10gi +@

Overpotential (V)

log [j(mA/cm?)|
Fig. 10: llustration of a Tafel plot.

2.2.6 Exchange current density

Exchange current density (jo) is directly interrelated to the overpotential; as such, it can be
considered an activity parameter. The value can be obtained by extrapolating the linear region,
which is the current density when the overpotential is zero, calculated using eq. 14. Although
measured at low scan rates, the exchange current density value may be higher than its actual

value, especially when working with electrocatalysts with a high surface area [84].

2.2.7 Electrochemically active surface area
The surface area is the key parameter used to normalise the value of the current [84]. There are
three types of surface area to normalise current for polarisation curves and the Tafel slopes

plot: geometric surface area, Brunauer-Emmet-Teller (BET) surface area, and
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electrochemically active surface area (ECSA). The geometric surface area is the surface area
of the electrode (e.g. surface area of the glassy carbon electrode), and A/cm? denotes the units
of the normalised current density. This method is widely used, but the current density could be
an artificial effect, not representing the electrocatalyst’s intrinsic catalytic properties [115].
Furthermore, the electrocatalyst’s mass loading could significantly impact the applied
potential; therefore, this method should only be used when the mass loading is a single layer
with 100 % coverage. Thus, the geometric surface area method works well with planar
electrodes (deposited thin films and foils). Two scenarios could occur if the mass loading is
not optimum: low mass loading can lead to exposed static sites or high loading where only the
surface layer of the electrocatalyst is involved in the HER. As such, electrode preparation and

mass loading determine optimum results [84, 115].

The BET surface area method uses gas adsorption-desorption curves to normalise the current
density. N2 gas is used as the gas probe. This method best determines the porous or power-type
electrocatalysts [84]. However, this method lacks accuracy because not all adsorption sites are
electrocatalytically active; as such, not all intrinsic properties of the catalyst are represented
[84, 116]. The ECSA method is generally accepted to measure the specific activity of
electrocatalysts by employing the non-Faradic double-layer capacitance measured by the CV
method in a selected non-Faradic potential region [84]. Previously in the literature, it has been
discussed that determining the surface area is still a big challenge, especially when using non-
metal electrocatalysts [110]. There could be inaccurate experimental results between different
evaluation methods (the CV and EIS methods). Currently, the ex-situ BET method may be
more accurate than the in situ electrochemical methods, which use the non-Faradic double-
layer capacitance measurements [84, 110]. This method was used in this study.

2.2.8 Stability

Stability is another parameter that can be used to evaluate the performance of the electrocatalyst
in the HER [84]. Two methods can be used to assess the stability of electrocatalysts: the CV
method and the potentiostat or galvanostatic electrolysis method [99, 117]. The CV method
involves running repeated potential cycles within a fixed potential range, including onset
potential; for the electrocatalyst to be stable, there should be no change in the scans [117]. The
potentiostat of the galvanostatic electrolysis method involves monitoring the variation in the

value of current density or potential. Better stability is obtained when there is a smaller decline
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in the value for current density or potential with increasing time at a fixed potential or current
[118].

2.2.9 Enhancement of TMDC electrocatalytic activity to produce hydrogen

The performance of the 2D TMDC electrocatalysts depends on various crucial parameters such
as atomic-level thickness plane, high surface area, edge effects, topological effects, short ion
diffusion distance, improved restacking, efficient charge transfer, and abundant active sites [83,
119-132]. The metal and chalcogenide of the TMDCs will be exposed in the top position of the
material, and the active sites are accessed easily by the electrolyte [83]. Bonde and Norskov et
al. found that the reactive part of the MoS, TMDC is in the Mo and S edges, where the S edge
has a higher Gen* value [83, 133, 134]. It is known that the basal plane of TMDCs is inert. The
large surface area of the TMDCs provides a perfect platform to combine with other

nanomaterials to form super active nanocomposites.

Furthermore, introducing defects onto the surface, strain and different heteroatom, and doping
the TMDC material to enhance and optimise electrocatalytic activity toward higher HER
activity [135]. Although TMDCs electrocatalysts are excellent for HER, their electrocatalytic
activity is still inferior to Pt-based electrocatalysts in terms of effectiveness [83]. The primary
reasons are minimum access to the active sites, inert basal planes, and low conductivity, which
are responsible for low electrocatalytic activity [83]. As such, different approaches have been
used to enhance the electrocatalytic activity of TMDC materials toward hydrogen production.
Electrocatalytic activity toward HER depends on two parameters: enhanced charge transfer and
inheriting other materials’ electrocatalytic effect (synergistic effects). Since motivating and
manipulating the surface of the TMDC materials, various approaches have been used involving
two core features, such as cumulative dynamic sites and elevated electrical conductivity.
However, TMDC-based electrocatalysts have shown reduced conductivity, thus restricting the
HER Kkinetics. As such, new approaches to increase electron transportation for HER are of
interest [83].

The new approaches include strain engineering, doping, and developing synergetic hybrid
materials [83]. Furthermore, TMDCs with few layers are metallic, which is crucial in
accelerating electron transfer to enhance electrocatalytic activity [136-141]. Herein, the focus
is on the development of synergetic hybrid materials. For example, TMDC materials have been

combined with carbon-based materials (including carbon dots, carbon nanotubes, graphene,
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and other carbon materials), which have an incredible electron transfer ability and chemical
stability [83]. The carbon-based materials prevent agglomeration and improve the charge
transfer processes [142-144]. In addition, these increase the overall conductivity of the TMDC
hybrid and further improve the electrocatalytic kinetics. Using the solvothermal technique, Dai
et al. formed MoS. nanoparticles on reduced graphene oxide (RGO) sheets [142]. The
MoS,2/RGO hybrid resulted in maximum exposure of the MoS> edges and showed excellent
electrocatalytic activity towards HER compared to bare MoS; [142]. The M0S2/RGO hybrid
resulted in a 41 mV/dec Tafel slope and lower impedance at an overpotential of 0.12 V than
bare MoS». The accelerated electrocatalytic processes towards HER are due to the strong
coupling effect between MoS; and significantly conducting graphene sheets [142]. Coleman et
al. also improved charge transfer by forming MoS: and single-walled carbon nanotubes [145].
Exposed active sites are reached through the highly conductive channels of the carbon
nanotubes [145].

Interfacial engineering of TMDC electrocatalysts to enhance their activity towards HER can
be achieved through different approaches such as (i) interfacial bonding, (ii) electrical contact,
(iii) changes in morphology, (iv) introduction of defects, (v) change in phases, (vi)
composition, and (vi) lattice strain [146-151]. Interfacial engineering may improve the
electronic structures of the active sites targeting intermediates such as hydrogen [146-151]. Xu
et al. proved that interfacial engineering successfully formed ultrathin Ni(OH)2/NisS2
nanosheets using the synthetic electrodeposition technique [83]. In this case, the NisS:
electrocatalyst is used in conjunction with the Ni(OH). co-electrocatalyst; therefore, the NisS>
atomic surface configuration is highly regulated, resulting in an efficient enhancement in the
different kinetic steps (including the Volmer step, adsorption of OH). The resultant
overpotential under Ni(OH)2/NizS. nanosheet electrocatalyst in an alkaline medium was 50
mV [83]. Ni(OH)./Ni3S. nanoforest was used in an alkaline electrolyser as a bi-functional
electrocatalyst to produce 100 mA/cm? with a cell voltage of 1.64 V even though it was stable
for 20 h at 1.55 V [152]. Chen et al. also developed an effective interfacial engineering
technique that formed NiS@MoS: core-shell hierarchical microspheres [153]. Essentially, the
NiS hierarchical micro-sized spheres have the ultrathin MoS, nanosheets formed on their
surface. These hierarchical microspheres helped the adsorption of hydrogen intermediates
synergistically and enhanced HER activity. They produced a low overpotential of 146 mV in

1.0 M KOH. The process confirms that the core-shell hierarchical microspheres and a multi-
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scale method help control the electronic structure of the hybrid materials for the enhanced HER

performance [154].
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Chapter 3
Activating the inert two-dimensional NbSe>
surface by decorating with Ni and Pt-based
nanoparticles to enhance the
electrocatalytic activity to produce

hydrogen

3.1. Introduction

The drastic climate changes caused by burning fossil fuels have made it a pressing matter to
develop sustainable energy systems [1]. Climate change effects can be reduced by using
hydrogen gas as a clean fuel. Hydrogen is regarded as the best energy carrier. It is a lightweight
molecule with a higher energy density than any fossil fuels. It is sustainable, environmentally
friendly, and non-toxic such that when combined with oxygen from the air the only by-product
is water. Water splitting is the most attractive and promising technique for hydrogen production
due to its environmental friendliness [1-3]. Water splitting is achieved by two half-reactions,
namely, the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution

reaction at the anode. Herein, we focus on HER.

Efficient electrocatalysts are required to promote the water-splitting process. Currently, the
most efficient electrocatalysts are noble metal-based such as Pt [1, 4, 5] and at times Ru [6] for
HER in proton exchange membrane cells and alkaline cells. Pt is said to be the most efficient
electrocatalyst because it exhibits a low overpotential [1]. In recent years, there has been a
consideration of using earth-abundant materials that have the potential to match the
performance of the expensive noble metal-based electrocatalysts [7-10]. More specifically,
transition metal dichalcogenides (TMDCs) are rapidly emerging as alternative cost-effective
electrocatalysts for Pt-based systems [8-15]. Especially the diselenides because they have
uniquely interesting physiochemical properties (such as high surface area and good chemical
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stability) [16-18] and they can be modified using different transition metals to enhance their
catalytic activity [1, 10, 19, 20]. 2D materials are restricted by the density of their catalytic
sites and the inert basal plane [21]. As such, a new field in research has been opened in the
integration of 2D and non-2D materials to improve their activity [22-27]. Ideally, such
materials should provide a synergy that is larger than the sum of the counterparts [22, 28, 29].
Different methodologies have been used to synthesise these hybrid nanomaterials where the
more stable 2D material is first synthesised, and then the non-2D is introduced [22]. In this
study, two synthetic methods were used: ex-situ and in-situ methods. Both methods involved
the formation of the 2D NbSe> using the heat-up colloidal method first [30], followed by the
formation of the 0D nanomaterials using the same heat-up colloidal synthesis method and then
the two were combined in the ex-situ method. Whereas, in the in-situ method the 2D material
was combined with the metal salts and heated up in a furnace for the hybrid formation. Cases
such as the formation of hybrid nanomaterials suggest that the decoration of the 2D NbSe; in-
plane using transition metal-based nanoparticles, may achieve the electrocatalytic activity
enhancement goal. Herein, the electrochemical performance of decorated NbSe> using
transition metal-based nanoparticles (Pt, Ni, as well as Pt and Ni combined) towards HER was

evaluated.

3.2. Methodology

3.2.1 Chemicals

Niobium(V) chloride (NbCls, 99%), selenourea (SU) (98%), oleylamine (OLA) (70%), hexane
(95%), ethanol (96%), sodium borohydride (NaBHa4, = 98%), potassium hydroxide (KOH,
90%), isopropanol (= 99.5%), Nafion (5 wt%), nickel(Il) bis(acetylacetonate) (Ni(acac)2,
95%), and platinum(ll) bis(acetylacetonate) (Pt(acac)2, 97%) were all purchased from Sigma-
Aldrich.

3.2.2 Synthesis of NbSe2

The synthesis of 2D NbSe, nanomaterial was done following the Kolokoto et al. heat-up
colloidal synthesis procedure where the optimum conditions were using NbCls and SU in OLA
for 120 min at 320 °C under N2 flow [30].
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3.2.3 Decoration of NbSe2 using the ex-situ method
In the ex-situ synthetic method, the ratio of the reducing agent NaBH4 to metal precursor was
1:1, this mixture was added to a degassed OLA in a three-necked round bottom flask. Table 1
contains the reaction conditions used for each sample.

Table 1: Summary of the reaction conditions for the synthesis of Ni and Pt nanoparticles

Sample Metal Capping Concentration Temperature Time
precursor  agent (M) (°C) (min)

1 Ni(acac) OLA 0.0500 280 320

2 Pt(acac): OLA 0.0234 300 120

The readily synthesised nanoparticles were washed with hexane, followed by distilled water to
remove excess/unreacted NaBH4, and then dried and ready for characterisation. Once dried,
the transition metal-based nanoparticles (20% wt.), Ni or Pt, were mixed with the NbSe; and
added into 1 mL of ethanol. The mixture was sonicated for 60 min then placed onto a shaker
at 180 rpm for 24 h. The mixture was then washed with hexane, dried, and ready for

characterisation.

3.2.4 Decoration of NbSe2 using the in-situ method

In the in-situ synthesis method, 20% wt of the metal source (Ni(acac). or Pt(acac),) was mixed
with the readily synthesised NbSe; and placed on a cylindrical steel reactor. The reactor was
attached to an Ar gas line and loaded into a tubular furnace. The furnace was ramped at 2.5
°C.min"! until it reached 100 °C then held for 30 min at the same temperature to remove
moisture. Then further ramped up at 2.5 °C. min™ until it reached 350 °C and held for 120 min.
The furnace and reactor were cooled to room temperature overnight, and the product was ready
for characterisation. The same synthetic procedure was used for the decoration of NbSe> using
10% wt. Pt(acac). and 10% wt. Ni(acac). (mixed metals).

3.2.5 Characterisation of the pristine NbSe2 and the hybrid nanomaterials

The structure and phase of the powdered materials were determined using the Bruker MeasSrv
(D2-205530)/D2-205530 diffractometer using secondary graphite monochromated CuKa
radiation (A = 1 1.54184 A) at 30 kV/30 mA. Measurements were taken using a glancing angle

of incidence detector at an angle of 2°, for 26 values over 10 — 90° in steps of 0.026° with a
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step time of 37 s, and at room temperature. X-ray photoelectron spectroscopy (XPS)
measurements were performed with a Thermo ESCAlab 250Xi using monochromatic Al Ko
(1486.7 eV) X-rays at a power of 300 W with a spot size of 900 mm. An FEI Spirit 120 kV
transmission electron microscope (TEM) was operated at an accelerated voltage of 200 kV
with a beam spot size of 20-100 nm in TEM mode and was also used to study the morphology
of the samples. The samples were dispersed in hexane and drop-casted onto a lacey carbon

copper grid. The solvent was then evaporated at room temperature.

3.2.6 Electrochemical characterisation

The Biologic SP 300 potentiostat was used to investigate the electrochemical performance of
HER in a three-electrode system. The measurements were carried out in an alkaline solution of
0.1 M of KOH. The Ag/AgCI electrode was used as a reference electrode, the Pt wire as a
counter electrode, and lastly, the working electrode was made up of the hybrid nanomaterials
thin film on a glassy carbon electrode with a surface area of 0.07065 cm?. For comparison, the
electrochemical performance of pristine NbSe, as well as Pt/C, loaded onto the glassy carbon
electrode were also measured. The inks were formed by dissolving 2.2 mg of the sample and
1.6 mg of Vulcan in a mixture of 20 uL Nafion (5 wt%) and 400 uL isopropanol, and then
sonicated for 1 h. The thin films were formed by drop-casting about 10 uL of ink onto the
glassy carbon electrode and left to dry at room temperature. The electrolyte was purged with
argon for 30 min. This was followed by cyclic voltammetry (CV) measurements where the
potential of the working electrode was swept between -0.2 — 0.5 V vs. RHE for 20 cycles at
100 mV/s. This process activates the surface of the electrocatalyst. The double layer was
measured within the potential window of -0.2 — 0.4 V at various scan rates: 10, 15, 20, 25, 30,
and 40 mV/s. The linear sweep voltammetry (LSV) was conducted at a scan rate of 2 mV/s.
The electrochemical impedance spectroscopy measurements were recorded at a potential of -
0.836 V vs RHE and a frequency range between 0.2 Hz and 100 kHz. The working electrode

potentials vs Ag/AgCl were converted to the RHE scale using the equation below:

where Erne IS the measured potential and pH = 13.
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3.3. Results and discussion

3.3.1 Synthesis of NbSe2

The XRD pattern of NbSe> resulted in the formation of 2H-NbSe, (PDF 01-070-5612) with
some impurities denoted by ‘*’ due to excess Se (Fig. 1a). The same results were obtained by
Kolokoto et al. under the same reaction conditions [30]. The TEM image shown in Fig. 1b
indicates that NbSe> had a sheet-like morphology, and this is consistent with the morphology
of the layered materials [30]. Evident from the TEM image was the crimpling up of the

nanosheets forming nanoflowers.

@ 10 15 20 25 40

| NbSe, PDF01-070-5612

Intensity (a.u.)

| Se PDF00-042-1425

L | | || .
10 15 20 25 30 35 40 45 50 55

Angle 20

Fig.1: (a) XRD pattern and (b) TEM image of NbSe> nanoflowers; ‘*’ represents the (100)

plane of Se.

3.3.2 Decoration of NbSe2 using Ni-based nanoparticles

Two methods were used to synthesise the Ni-decorated NbSe,, namely, in-situ and ex-situ. The
TEM results shown in Fig. 2 indicate that both materials were made of NbSe, 2D nanosheets
with Ni-based nanoparticles on the surface of the sheets. The Ni-based nanoparticles were

smaller in size and monodispersed evenly on the surface of the nanosheets in the in-situ method
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(Fig. 2a) compared to the ex-situ method (Fig. 2b) that were more polydispersed with uneven
distribution. Fig. S1 shows the TEM image of the polydispersed platelets of Ni-based

nanoparticles that were used to decorate NbSe: in the ex-situ method.

200 nm 200 nm

Fig. 2: TEM images of Ni-decorated NbSe> nanomaterials using the (a) in-situ method and (b)

ex-situ method.

X-ray photoelectron spectroscopy (XPS) analysis was performed to further investigate the
surface compositions and valency of the as-prepared in-situ and ex-situ Ni-decorated NbSe>
nanomaterials. The XPS survey spectra of both nanomaterials in Fig. 3 contained the following
species Ni, Nb, Se, C, and O, where O was due to the oxidation of the samples and C due to
the capping agent used in the synthesis [31]. Fig. 4a shows the Ni 2p XPS spectrum of the in-
situ sample. The Ni 2p1» was deconvoluted into peaks contributed by Ni?* at 873 eV, Ni®" at
875 eV, and satellite peak denoted as ‘sat.” at 880 eV [32-35]. Similarly, the Ni?*, Ni®*, and
satellite peaks can also be seen from Ni 2p3/2 at 856, 857, and 862 eV, respectively. The satellite
peaks further provide evidence for the presence of Ni?* [34,36]. The Ni 2p12 and Ni 2ps/2 peaks
of the ex-situ sample were deconvoluted into peaks due to Ni?*, Ni**, and satellite at 873, 875,
and 879 eV (2p12) and 856, 857, and 862 eV (2par), respectively. The presence of the Ni?*
peak in both samples indicated the formation of NiO [32]. The presence of Ni®* indicates the
formation of Ni(OH).. Fingerle et al. reported that Ni®* ions can undergo surface reduction to
Ni2* ions, the unstable nature of Ni* leads to the formation of Ni(OH)2 [32, 37]. In addition,
the coexistence of a mixed valence of Ni?* and Ni®* is similar to the Nio.sSe (NiSez) results that
were previously reported [38-42]. Fig. S2c and d show the O1s spectra of both the ex-situ and
in-situ samples. The O1s peak from the ex-situ sample was deconvoluted to two peaks: C-O at
532 eV and C=0 at 533 eV. In this case, the C-O peak is attributed to O? from the N-O lattice
[32, 43]. Whereas the C=0 peak at higher binding energy indicates surface adsorbed oxygen
(O2) through the capping agent used to synthesise NbSe, this can be attributed to defective
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sites [32, 44, 45]. Similarly, the O1s peak of the in-situ sample was deconvoluted into three
peaks, metal oxide at 530 eV, C-O at 532 eV, and C=0 at 533 eVV. Compared to the ex-situ O1s
spectrum, the in-situ O 1s spectra has an additional metal oxide peak which can be attributed
to NiO (since the ratio is small compared to the other two peaks) [32]. Fig. S2a and b show the
C 1s XPS spectra of the in-situ and ex-situ samples consisting of C-C (sp? and sp®), C-O, O-
C=0, and C=0. Fig. 4c and d show the in-situ and ex-situ Se 3d core level spectra. The spectra
were deconvoluted into two peaks, 3ds; at 53.8 eV and 3d5/2 (53.0 eV) and they were both
attributed to the NbSe> [47, 48]. However, the Se peaks in the ex-situ sample were more
pronounced compared to the in-situ sample. Fig. 4e and f show the Nb 3d XPS spectra for the
ex-situ and in-situ nanomaterials. The spectra contained three peaks Nb** 3ds2 (203.0 eV), Nb°*
3ds/2 (206.9 eV) and Nb>* 3dz12 (209.3 eV). The Nb*" peak corresponds to NbSe, whereas the
Nb>* peaks correspond to Nb,Os [30]. These results were in agreement with the work reported
by Boscher et al. [30, 46].
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@
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Fig. 3: XPS survey spectra of Ni-decorated NbSe, nanomaterials when varying the synthetic

method (a) in-situ and (b) ex-situ.
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Fig. 4: (a) and (b) Ni 2p, (c) and (d) Se 3d, (e) and (f) Nb 3d XPS core-level spectra for the in-

situ and ex-situ Ni-decorated NbSe, nanomaterials.

The phase, composition, and crystallinity of the in-situ and ex-situ Ni-decorated NbSe, samples
were confirmed using XRD (shown in Fig. 5). These samples were compared to the pristine
2D NbSe>. Fig. 5a shows that the in-situ sample consisted of NbSez. In addition, NiosSe (NiSez)
(COD #1537617) peaks were observed at 30.3, 33.6, 51.2° 26 denoted by ‘$’ and Ni(OH)2
(COD #1011134) at 33.2° 26 denoted by ‘x’. Some overlapping of NiosSe and Ni(OH). peaks

42



with the NbSe, peak were observed due to a mixture of the materials. This is consistent with
the XPS results.

Fig. 5b shows the ex-situ sample consists of cubic Ni nanoparticles with an Fm-3m space group
denoted by ‘¢’ (PDF 01-077-8341). The observed diffraction planes were (111) and (200)
corresponding to 44.7° 26 and 52.1° 26 respectively. In addition, hexagonal NbSe; (PDF 01-
070-5612) with a P63/mmc space group was also observed. This is consistent with the TEM
image in Fig. 2b where Ni nanoparticles are observed on the surface of the NbSe; nanoflowers.
In addition, the ex-situ sample also had Se peaks (PDF 00-042-1425, space group = P3121) at
23.5 and 45.4° 26 denoted by ‘*’, as well as NiO (COD #1010093) peak at 43.5° 26 denoted
by “e’. This is consistent with the XPS results above, where the expected peaks of NbSe> were
identified with additional NiO peaks.
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Fig. 5: XRD pattern of the Ni-decorated NbSe> nanomaterials formed using the (a) in-situ and
(b) ex-situ method; where Se, NigsSe, Ni(OH)2, NiO, Ni, and Nb2Os peaks are denoted by “*’,

‘$7, x’, ‘o7, ‘¢’ and ‘#’, respectively.
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The XRD pattern of the ex-situ samples showed the presence of excess Se, suggesting no
bonding between the Ni and Se was formed during the decoration of NbSe,. Whereas the in-
situ samples showed no excess Se instead NiosSe was present. Deng et al. used the extended
X-ray absorption fine structure (EXAFS) technique to confirm that the Pt-S bond is more likely
to occur than a Pt-Pt bond or Pt particles in the Pt-MoS structure [49-51]. The in-situ method
involved a dry mixture of the metal salts along with the as-synthesised NbSe, nanomaterial,
then heated up under N2 gas for some time. Heating the metal(acac): salts causes the ‘acac’ to
dissociate leaving the metal with a 2+ oxidation state to bond with the excess/vacant Se on the
edges of the NbSe> layers. Hence the even distribution of the nanoparticles on the surface of
the nanosheets and the formation of NiosSe. The ex-situ method resulted in Ni/NiO-NbSe>
hybrid nanomaterial while the in-situ method resulted in a made-up of NiosSe/Ni(OH)2-NbSe>
hybrid nanomaterial. As such, this confirms the theory suggested by Sinha et al. that the

formation of in-situ samples results in covalent bonds being formed i.e., NiosSe [11, 12, 22].

3.3.3 Decoration of NbSe2 using Pt

The Pt-decorated NbSe, samples were synthesised similarly to the Ni-decorated samples. TEM
analysis showed that both the in-situ (Fig. 6a) and ex-situ (Fig. 6b) samples were made up of
2D nanosheets with Pt nanoparticles dispersed on the surface of the nanosheets. The
distribution of the Pt nanoparticles on the surface of the nanosheets was similar to the Ni-
decorated NbSe, samples formed using the in-situ and ex-situ methods. The Pt nanoparticles
before the decoration process in the ex-situ were agglomerated (shown in Fig. S1).
Additionally, the ex-situ method results in a random distribution of particles (a similar trend is
observed in the Ni-decorated NbSe> ex-situ sample). As such, clusters of Pt nanoparticles are
formed.

Fig. 6: TEM images of Pt-decorated NbSe> nanomaterials using the (a) in-situ and (b) ex-situ

method.
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Fig. 7 shows the XPS survey spectra of both the in-situ and ex-situ samples. Both the spectra
contained the expected species Pt, Nb, Se, C, and O, where O is due to oxidation of the samples
and C the capping agent used in the synthesis [31]. The Pt 4f XPS spectrum has three possible
chemical states namely, metallic Pt° with binding energies at 71.5 and 74.8 eV, Pt?* (PtO) at
72.9 and 76.2 eV, and Pt** (PtSe or PtOy) at 73.6 or 74.2, respectively [47, 54]. Fig. 8a shows
the Pt 4f XPS spectrum of the in-situ sample. The in-situ sample showed the presence of two
Pt?* peaks at 72.3 (4f72) and 75.5 eV (4fs2). These were attributed to PtO [53], this was also
confirmed by the presence of the metal oxide in the O 1s spectrum (Fig. S3c). Fig. 8b shows
the Pt 4f XPS spectrum of the ex-situ sample. The spectrum is deconvoluted into two peaks
contributed by Pt0 (4f72) at 70.4 eV and Pt** (4fs) at 73.4 eV. This indicates the presence of
metallic Pt which is consistent with the Pt nanoparticles used to decorate NbSe> in the ex-situ
method and Pt** for PtO,. The oxide is further confirmed by the presence of the metal oxide in
the O 1s XPS spectrum (Fig. S3d). Furthermore, Fig. 8e and f show that both the in-situ and
ex-situ Nb 3d XPS spectra have three peaks composed of Nb*" 3ds/ (203.0 eV), Nb°* 3ds;2
(206.9 eV) and Nb°* 3ds/2 (209.3 eV). The Nb** peak corresponds to NbSe, whereas the Nb>*
peaks correspond to Nb2Os [30]. And lastly, the Se 3d XPS spectrum for both samples were
fitted to two characteristic peaks of Se® at 53.8 eV (3ds2) and 53.0 eV (3dsp) [47, 48]. This

confirms the presence of NbSe, nanomaterial within both the in-situ and ex-situ samples.
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Fig. 7: XPS survey spectra of Pt-decorated NbSe, nanomaterials when varying the synthetic

method (a) in-situ and (b) ex-situ.
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situ and ex-situ Pt-decorated NbSe, nanomaterials.

XRD was used to confirm the phase, composition, and crystallinity of the in-situ and ex-situ
Pt-decorated NbSe, nanomaterials. Fig. 9a shows that the in-situ sample contains the hexagonal
NbSe, (PDF 01-070-5612) and PtO (COD #1522314) denoted by ‘¢p’. These results are
consistent with the XPS results above. In addition, no excess Se peaks were observed which is

in agreement with the XPS results where the Se 3ds; peak in the in-situ sample was not as
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prominent as the one in the ex-situ sample. Fig. 9b shows that the ex-situ sample contains
hexagonal NbSe, (PDF 01-070-5612) with a P63/mmc space group and cubic Pt (PDF 01-087-
0640) nanoparticles with a Fm-3m space group denoted by ‘a’. This confirms the results
obtained from the TEM analysis. There were also additional peaks of Se (PDF 00-042-1425,
space group = P3121) at 23.5 and 52.0° 26 denoted by ‘*’, as well as PtO,> (COD #1537410)
peaks at 41.6 and 43.9° 26 denoted by ‘5’ due to oxidation on the surface of the nanomaterial.
Both in-situ and ex-situ samples have some oxidation on the surface due to the presence of
Nb20s.
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Fig. 9: XRD patterns of the Pt-decorated NbSe, nanomaterials using the (a) in-situ and (b) ex-
situ method; where PtO, Pt, PtO2, Nb2Os, and Se peaks are denoted by ‘¢°, ‘a’, ‘B°, ‘#’, and

“*7_respectively.

Like the Ni-decorated in-situ sample, the Pt-decorated NbSe; in-situ sample resulted in a metal
oxide (PtO) on the surface of NbSe, and the product being a PtO-NbSe; binary hybrid
nanomaterial as well. The ex-situ sample, on the other hand, resulted in 0D Pt nanoparticles
onto the surface of 2D NbSe> with some surface oxidation (PtO2 and Nb.Os) instead. Therefore,

also forms a Pt/PtO2-NbSe; binary hybrid material. As such, this confirms Sinha et al. theory.
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They predicted that the formation of ex-situ samples resulted in the weak van der Waals forces

between the OD and 2D material and covalent bonds in in-situ samples [11, 12, 22].

3.3.4 Decoration of NbSe2 using Pt and Ni

NbSe> was also decorated by 10% wt. Pt / 10% wt. Ni using only the in-situ method. Fig. 10a
shows the TEM analysis of the nanomaterial and it was made up of 2D NbSe nanoflowers
with particles on the surface. XPS analysis was performed to further understand the surface
compositions and valence of the as-prepared nanomaterial. Fig. 10b shows the XPS survey of
the samples with the following species C, O, Nb, Se, Ni, and Pt detected. Fig. 10c shows the
Pt 4f core-level spectrum has two Pt>* peaks at 72.6 (4f72) and 75.9 eV (4fs) assigned to PtO
[53]. Fig. 10d shows the Ni 2p core-level spectrum, where the Ni 2p1» was deconvoluted to
two peaks, satellite (denoted as ‘sat.”) at 880 eV and Ni?* at 873 eV. In addition, the Ni 2pss
was also deconvoluted into the satellite and Ni?* peaks at 861 and 856 eV, respectively. Ni*
indicates the formation of NiO [32]. Fig. S4b shows the O 1s XPS spectrum further confirming
the presence of metal oxides due to PtO and NiO. Fig. 10e and f show the Nb 3d and Se 3d
XPS spectra containing two peaks each found in the pristine NbSe> sample, respectively.
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Se 3d core-level spectra of NbSe, decorated by 10% wt. Pt / 10% wt. Ni (* denotes Se, $
denotes Ni, x denotes NiO and # denotes Nb2Os).

Fig. 11 shows the XRD pattern of the 10% wt. Pt / 10% wt. Ni decorated NbSe, nanomaterial,
this technique was used to investigate the samples’ phase, composition, and crystallinity. The
XRD pattern shows the presence of NbSe, (PDF 01-070-5612) peaks namely, (100), (102),
(103), (006), and (105). In addition, the sample also showed the presence of NiO (COD
#1010093) peaks at 37.3 and 43.3° 20 denoted by ‘¢’, and PtO (COD #1522314) peaks at 30.2
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and 50.1 ° 26 denoted by ‘¢’. The sample also showed some oxidation due to Nb2Os (PDF 01-
072-1484), denoted by ‘#’. These results are in agreement with the XPS results. As such, the
decoration of NbSe; using 10% wt. Pt/ 10% wt. Ni resulted in the formation of PtO/NiO-NbSe>

hybrid nanomaterial.
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Fig. 11: XRD pattern of the NbSe> decorated by 10% wt. Pt / 10% wt. Ni nanomaterial using
the in-situ method; where Se, NiO, PtO, and Nb2Os peaks are denoted by “*’, ¢’, ‘¢’, and ‘#’,

respectively.

3.4. Electrochemical characterisation

The HER activity of the NbSe> was evaluated. Fig. 12a shows the LSV polarisation curve at a
scan rate of 2 mV/s. As expected, the Pt/C electrocatalyst exhibited the highest activity with an
onset potential (97 mV) compared to NbSe, (686 mV). At more negative potentials, the H»
bubbles increased vigorously at the surface of the electrode causing the current density to
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increase sharply [31]. To deliver a current density of 10 mA/cm?, NbSe, exhibited a much
lower overpotential of 839 mV. Fig. 12b shows the Tafel plots calculated from the fitted

polarisation curves. The Tafel slope was calculated from the Tafel equation shown below:

n=n>blogj+a

where 1 is the overpotential, b is the Tafel slope, and a is the Tafel constant. The Tafel slope
reveals the intrinsic activity of the electrocatalyst as well as the reaction mechanism [31]. The
value of the Tafel slope is determined by the rate-limiting step of HER [55]. The measured
Tafel slope for Pt/C is 77 mV/dec which was approximately two-fold the reported value of 30.6
mV/dec [56]. This illustrated that the HER process was dominated by the VVolmer - Heyrovsky
mechanism [57, 58]. Fig. 12(b) has the Tafel slope of NbSe, = 301 mV/dec which was higher
than Pt/C at the value of 289 mV/dec, revealing a low catalytic activity. In this case, the rate-
determining step was the VVolmer step [47]. As such, this motivated us to enhance the activity
of NbSe> by forming hybrids.
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Fig. 12: (a) Polarisation curves of NbSe, nanomaterial and Pt/C, and (b) Tafel plots of NbSe;
nanomaterial and Pt/C.

The HER activity of Ni-decorated NbSe, nanoflowers was evaluated. Fig. 13a shows that the
Nio5Se/Ni(OH)2-NbSe; (in-situ) and Ni/NiO-NbSe> (ex-situ) samples exhibit a superior HER
performance compared with NbSe, with extremely lower overpotentials of 795 mV and 741
mV (to deliver a current density of 10mA/cm?), respectively. In addition, Fig. 13b shows that
the NiosSe/Ni(OH)2-NbSe, and Ni/NiO-NbSe, Tafel slopes are consistent with the
overpotential trend with the value of 140 and 118 mV/dec, respectively.
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Fig. 13: (a) Polarisation curves, and (b) Tafel plots of the Ni-decorated NbSe, nanomaterials

compared with the pristine NbSe;.

For the Pt decorated NbSe>, Fig. 14a shows the polarisation curves of PtO-NbSe; (in-situ) and
Pt/PtO2-NbSe> (ex-situ) nanomaterials, they resulted in much lower overpotentials of 551 and
501 mV compared to NbSe: (to deliver a current density of 10mA/cm?), respectively. Fig. 14b
shows the same trend was observed with the Tafel slopes of 67 and 60mV/dec for PtO-NbSe>

and Pt/PtO.-NbSe, nanomaterials, respectively.
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Fig. 14: (a) Polarisation curves, and (b) Tafel plots of the Pt-decorated NbSe, nanomaterials
compared with bare NbSeo.

Lastly, NbSe> nanoflowers was decorated with 10% wt. Pt / 10 % wt. Ni. Fig. 15a shows a
further improvement in the HER performance with an overpotential of 398 mV to produce a
current density of 10 mA/cm? compared to the pristine NbSe,. The same was observed with
the Tafel slope of 69 mV, shown in Fig. 15b.
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Fig. 15: (a) Polarisation curves, and (b) Tafel plots of NbSe, decorated with 10% wt. Pt /10%
wt. Ni nanomaterial compared with bare NbSeo.

Another significant factor is the exchange current density (jo) which reveals the electrochemical
rate of the reaction of the catalyst at equilibrium i.e., how fast the reaction occurs intrinsically.
The exchange current density can be calculated from the Tafel equation when the overpotential
is equal to zero [31, 47]. The higher the exchange current density, the better the electrocatalyst
performance in the generation of H. [47, 59]. Table 2 indicates that Pt/PtO»-NbSe>
nanomaterial has the highest exchange current density and NbSe> with the lowest exchange
current density compared to the other nanomaterials. The trend shows that the Ni-decorated
NbSe> electrocatalysts (Ni/NiO-NbSe2 > NiosSe/Ni(OH)2-NbSez) have similar exchange
current density values. Moreover, the Pt-decorated NbSe; electrocatalysts (Pt/PtO2-NbSe; >
PtO-NbSe>) also have similar current density values. And lastly, the NbSe, decorated with 10%
wt Pt and 10% wt Ni electrocatalysts (PtO/NiO-NbSez) exchange current density value was
somewhere in between the Ni- and Pt-decorated electrocatalysts. This trend is consistent with
the LSV and Tafel slope results. However, Pt/C was expected to have the highest exchange
current density value compared to all the electrocatalysts, but the value lies slightly below the
Pt-decorated NbSe> electrocatalysts. The tailing of the LSV may be the reason for this trend.
The exchange current density trend was as follows: Pt/PtO.-NbSe; > PtO-NbSe; > Pt/C >
PtO/NiO-NbSe2> Ni/NiO-NbSez > NiosSe/Ni(OH)2-NbSe>> NbSes.
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Table 2: Electrocatalytic parameters of decorated NbSe; electrocatalysts in comparison to bare
NbSe> and Pt/C electrocatalyst

Sample N Mo b Jo R Cal
(mV) (mV) (mV/dec) (mA/cm?) (Ohm) (mF/cm?)

NbSe: 686 1017 301 0.579 202 3.00
Ni/NiO-NbSe2 562 741 118 0.637 96 3.03
NiosSe/Ni(OH)2-NbSe2 615 795 140 0.632 196 3.56
Pt/PtO2-NbSe: 97 501 60 1.459 59 11.5
PtO-NbSe2 97 551 67 1.300 35 14.4
PtO/NiO-NbSe2 157 617 176 0.754 64 3.62
Pt/C 97 256 77 0.846 n/a n/a

To investigate the HER kinetics, EIS measurements were conducted at an applied overpotential
of 1.4 V. The equivalence circuit shown in Fig. 16c was fitted to the Nyquist plots. The Nyquist
plots also indicate whether there is an improvement in the performance of the electrocatalyst
[47]. This improvement is identified by a smaller Rc value which is favourable to fast charge
transfer kinetics [31]. Fig. 16a shows the Nyquist plots, the trend Rt was as follows: Pt/PtO,-
NbSe; < PtO-NbSe, < PtO/NiO-NbSe, < Ni/NiO-NbSe, < NiosSe/Ni(OH)2-NbSe, < NbSe;.
Furthermore, it has been reported that there is a proportional relationship between the
electrochemically active surface area (ECSA) and the number of active sites which can be
calculated using the electrochemical double-layer capacitance (Cal) [31, 60]. Fig. 16b shows
the linear relationship between the current density and the potential scan rate, where the slope
is Ca. Ideally, the trend of the Cq values is in agreement with the inverse of the Rt trend. This
is in agreement with the results presented in Table 2. Fig. S5 shows the CVs of all the
synthesised nanomaterials in this study at different scan rates (10, 15, 20, 25, 30, 40 mV/s).
The CVs show the regular rectangular feature of an electrical double-layer capacitor. ECSA
can be calculated by dividing the Cq value of the electrocatalyst by the specific capacitance
(Cs) from the literature [61]. For Cs, various values ranging from 20 — 80 uF/cm? are reported
where most researchers use the median value of 40 uF/cm? [61-64]. The ECSA values of the
electrocatalysts in this study are summarised in Table S1. where a Cs value of 40 uF/cm? was
used in the calculations. Pt/PtO2-NbSe; electrocatalyst has the highest ECSA value of 70.6 cm?
and NbSe; with the lowest value of 14.7 cm?. Stability studies were performed on the Pt/PtO,-

NbSe, electrocatalyst since it was the best-performing electrocatalyst by performing the
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chronoamperometry studies. Fig. 16d shows the chronoamperometry profile, when a potential
of 500 mV was applied the current density drastically decreased. After ~1 h, the current density
gradually increases for a further 2 h. This is an indication that the Pt/PtO>-NbSe continues to

generate more current the longer it is used.
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Fig. 16: (a) Nyquist plots, and (b) exchange current density (jo) of NbSe, compared to the
resultant nanomaterials after the decoration of NbSe», (c) equivalence circuit fitted to the
Nyquist plots nanomaterials synthesised, and (d) Chronoamperometry for Pt/PtO-NbSe>
nanomaterial at 500 mV vs RHE applied potential and 13 000 s time scale.

Decorating 2D NbSe, nanoflowers with Ni- and Pt-based nanomaterials showed an
enhancement in the electrocatalytic activity of NbSe> significantly. According to the volcano
plot used to show the electrocatalytic activity of transition metals, Pt has the highest exchange
current density indicating the highest activity [65, 66]. Therefore, the results obtained in the
polarisation curves followed the trend in the volcano plot, with Pt-decorated NbSe> (Pt/PtO.-
NbSe, > PtO-NbSe;) nanomaterials having a superior activity than Ni-decorated NbSe>
(Ni/NiO-NbSe2 > NiosSe/Ni(OH)2-NbSez) nanomaterials. More specifically, the ex-situ

samples seemed to have superior activity compared to the in-situ samples. The ex-situ samples
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contained metallic nanoparticles; therefore, it is expected for them to be favoured in this case;
following the volcano plot trend. Furthermore, 20% wt. of Pt was used in Pt-decorated NbSe;
ex-situ and in-situ nanomaterials as compared to the other electrocatalysts where either a
reduced amount of Pt was used (10% wt.) or none (20% wt. Ni). Minimal research has been
done on the performance of NbSe> electrocatalysts for hydrogen production, especially under
alkaline conditions. However, a more recent study by Luo et al. reported a ten times
improvement of overpotential (@ 10 mA/cm?) from NbSe; to PtsNb2Ses [67]. Herein, Pt/PtO.-
NbSe. hybrid nanomaterial showed double the improvement as compared to NbSe,. The

presence of the oxide inhibited the improvement.

3.5. Conclusion

2D TMDCs have been extensively studied in the electrocatalytic HER, however, due to their
active sites being only on the edges, the activity of pure 2D TMDCs is not satisfactory i.e.,
MoS2, WS, MoSe, and WSe,. Therefore, in this study, the enhancement of the catalytic
activity for in-plane NbSe, was investigated. Normally, high overpotentials are required in
alkaline solutions due to the sluggish kinetics of the HER and this remains a challenge in the
development of active and stable HER electrocatalysts in alkaline media. According to the
results obtained, the Pt/PtO,-NbSe; electrocatalyst (resulted from decorated NbSe, with Pt
using the ex-situ method) presented the lowest overpotential at a current density of 10 mA/cm?,
Tafel slope, exchange current density, and Ret, as well as the highest Cq and ECSA. This is an
indication that this process worked and has the potential to produce electrocatalysts that are
comparable to Pt. We observed that the metallic Pt nanoparticles contributed best to the
enhancement of NbSe; as the Pt/PtO>-NbSe; electrocatalyst was the only catalyst that

possessed zero-valent platinum as confirmed by the XPS results.
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Chapter 3

Supplementary information
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Fig. S1: TEM images of (a) Ni and (b) Pt nanoparticles used in the ex-situ method to produce
NiNbSe, and PtNbSe», respectively.
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Fig. S2: (a) and (b) C1s, (c) and (d) O1s XPS core-level spectra of Ni-decorated NbSe; in-situ
and ex-situ nanomaterials.
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Table S1: ECSA of the decorated NbSe> in comparison to bare NbSe; calculated using

electrochemical double-layer capacitance (Cai) and specific capacitance (Cs) of 40 uF/cm?

Sample ECSA (cm?)
NbSe2 14.7
Ni/NiO-NbSe2 17.4
NiosSe/Ni(OH)2-NbSe2 14.8
Pt/PtO2-NbSez 70.6
PtO-NbSe: 56.4
PtO/NiO-NbSe 17.7
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Chapter 4

Co and Co/Pt decorated NbSe; as electrocatalysts for the

hydrogen evolution reaction

4.1. Introduction

Considering the adverse effects of fossil fuels on the environment, it is urgent to explore
abundant, environmentally friendly, sustainable, and renewable energy sources [1]. Many
energy conversion technologies have been extensively used due to elevated efficiency and that
they are environmentally-friendly, such as (i) proton exchange membrane fuel cells, (ii) water
electrolyser, and (iii) unitised regenerative cells [2, 3]. The water electrolyser technology is of
interest in this study, and the electrochemical processes play a crucial role in this system
(oxygen evolution reaction (OER) at the anode and hydrogen evolution reaction (HER) at the
cathode) [4-6]. Noble metal-based electrocatalysts (Pt, Ir, and Ru) are the most efficient [1].
However, the cost and limited resources of noble metals are issues that are unavoidable for
widespread commercial applications [7]. As such, it is crucial to reduce the usage of noble
metals or completely replace the noble metals with abundant, cheap, and highly reactive
materials [1]. In the past, various non-noble metals have been used as alternatives to noble
metal electrocatalysts, including transition metals (oxides, phosphides, chalcogenides,
hydroxides, double perovskites, among others.) [8-14], nanocarbon hybrids [15], metal-free
carbon-based materials [7, 16]. Transition metal dichalcogenides (TMDCs) as electrocatalysts
in hydrogen production have been intensively researched due to their surface area, abundant
edge states, and tunable electronic properties [17-22]. The large surface area is due to their
atomically thin nature, thus providing more exposed catalytic active sites [23-26]. Furthermore,
they provide a pathway for the formation of heterostructures with superior HER activity [27].
However, some TMDCs are not active enough due to poor intrinsic activity, low density of
active sites, weak conductivity, or inert basal plane [28]. The inert basal plane can be used as
a functional substrate to enhance the electrocatalytic activity of hybrid materials. As such,
various strategies have been created to modulate the physiochemical and electronic properties
of TMDC-based electrocatalysts and use their functional substrates to obtain fast reaction
Kinetics [28-35].
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Co has emerged as an attractive non-noble metal for electrochemical reactions because of its
catalytic performance and low prices of 72.82 — 48.07 €/kg [1]. Co is the 32" most abundant
element within Earth’s crust. Recently, researchers discovered that Co-containing compounds
supported on carbon-based materials enhance electrocatalyst activity with rich exposed active
sites, high surface area and electrical conductivity, and fast mass transport [1, 36-41]. Qiao et
al. formed a novel 2D Co-BDC/MoS; hybrid nanosheets through a facile sonication-assisted
solution technique, resulting in good electrocatalytic activity and stability towards alkaline
HER [6, 42]. In this case, the metallic 1T-MoS; and defects activated the inert basal plane by
providing more active sites [6, 42]. Due to structural similarities between NbSe, and MoS;, the
HER electrocatalytic activity of NbSe, can also be enhanced using the same ideas. Herein, the
focus was on the decoration of NbSez using Co, and mixed metals of Pt and Co (10% wt each)
towards HER were evaluated.

4.2. Methodology

4.2.1 Chemicals

Niobium(V) chloride (NbCls, 99%), selenourea (SU) (98%), oleylamine (OLA) (70%), hexane
(95%), ethanol (96%), sodium borohydride (NaBH4, = 98%), potassium hydroxide (KOH,
90%), isopropanol (= 99.5%), Nafion (5 wt%), cobalt(ll) bis(acetylacetonate) (Co(acac),
95%), and platinum(ll) bis(acetylacetonate) (Pt(acac)2, 97%) were all purchased from Sigma-
Aldrich.

4.2.2 Synthesis of NbSez

The 2D NbSe> nanoflowers were synthesised following the Kolokoto et al. heat-up colloidal
synthesis procedure where the optimum conditions were using NbCls and SU in OLA for 120
min at 320 °C under N flow [43].

4.2.3 Decoration of NbSe2 using the ex-situ method

In the ex-situ synthetic method, the reducing agent NaBH4 and Co precursor (Co(acac).) in a
1:1 ratio was added to a degassed OLA in a three-necked round bottom flask. The reaction was
carried out at 280 °C for 120 min. The readily synthesised nanoparticles were washed with
hexane, followed by distilled water to remove excess/unreacted NaBHa, and then dried and
ready for characterisation. Once dried, the Co nanoparticles (20% wt) were mixed with the

NbSe, and added to 1 mL of ethanol. The mixture was sonicated for 60 min then placed onto
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a shaker at 180 rpm for 24 h. The mixture was then washed with hexane, dried, and ready for

characterisation.

4.2.4 Decoration of NbSe2 using the in-situ method

In the in-situ synthesis method, 10% wt. Co /10% wt. Pt (M(acac)2, where M = Co or Pt) were
mixed with the readily synthesised NbSe, and placed on a cylindrical steel reactor. The reactor
was attached to an Ar gas line and loaded into a tubular furnace. The furnace was ramped at
2.5 °C.min! until it reached 100 °C, then held for 30 min at the same temperature to remove
moisture. Then further ramped up at 2.5 °C. min™* until it reached 350 °C and held for 120 min.
The furnace and reactor were cooled to room temperature overnight, and the product was ready

for characterisation.

4.2.5 Characterisation of the pristine NbSez and the hybrid nanomaterials

The structure and phase of the powdered materials were determined using the Bruker MeasSrv
(D2-205530)/D2-205530 diffractometer using secondary graphite monochromated CuKa
radiation (A = 1 1.54184 A) at 30 kV/30 mA. Measurements were taken using a glancing angle
of incidence detector at an angle of 2°, for 26 values over 10 — 90° in steps of 0.026° with a
step time of 37 s, and at room temperature. X-ray photoelectron spectroscopy (XPS)
measurements were performed with a Thermo ESCAlab 250Xi1 using monochromatic Al Ka
(1486.7 eV) X-rays at a power of 300 W with a spot size of 900 mm. An FEI Spirit 120 kV
transmission electron microscope (TEM) was operated at an accelerated voltage of 200 kV
with a beam spot size of 20-100 nm in TEM mode and was also used to study the morphology
of the samples. The samples were dispersed in hexane and drop-casted onto a lacey carbon

copper grid. The solvent was then evaporated at room temperature.

4.2.6 Electrochemical characterisation

The Biologic SP 300 was used to investigate the electrochemical performance of HER in a
three-electrode system. The measurements were performed in an alkaline solution of 0.1 M of
KOH. The Ag/AgCl electrode was used as a reference electrode, the Pt wire as a counter
electrode, and the working electrode made up of the hybrid nanomaterials’ thin film on a glassy
carbon electrode with a surface area of 0.07065 cm?. The electrochemical performance of
pristine NbSe, and Pt/C loaded onto the glassy carbon electrode was also measured for
comparison. The thin films were formed by drop-casting about 10 uL of ink onto the glassy

carbon electrode and left to dry at room temperature. The inks were formed by dissolving 2.2
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mg of the sample and 1.6 mg of Vulcan in a mixture of 20 uL Nafion (5 wt.%) and 400 uL
isopropanol and then sonicated for 1 h. The electrolyte was purged with argon for 30 min. This
was followed by cyclic voltammetry (CV) measurements where the working electrode’s
potential was swept between -0.2 — 0.5 V vs RHE for 20 cycles at 100 mV/s. This process
activates the surface of the electrocatalyst. The double layer was measured within the potential
window of -0.2 — 0.4 V at various scan rates: 10, 15, 20, 25, 30, and 40 mV/s. The linear sweep
voltammetry (LSV) was conducted at a scan rate of 2 mV/s. The electrochemical impedance
spectroscopy measurements were recorded at a potential of -0.836 V vs RHE and a frequency
range between 0.2 Hz and 100 kHz. The working electrode potentials vs Ag/AgCl were

converted to the RHE scale using the equation below:

ERHE == EAg/AgCl + 0.0sng + 0-0197

, Where Erne is the measured potential and pH = 13.

4.3. Results and discussion

4.3.1 Decoration of NbSe2 using Co-based nanoparticles

Two techniques were used to synthesise Co-decorated NbSe, namely the in-situ and ex-situ
methods. The structure and morphology of the NbSe> sample were characterised in Chapter 3.
Fig. 1 shows that the in-situ (Fig. 1a) and ex-situ (Fig. 1b) Co-decorated NbSe,. The
morphology was made up of 2D NbSe, nanosheets with Co nanoparticles on the surface of the
sheets. The Co nanoparticles on the surface of the nanosheets in the in-situ method (Fig. 1a)
are smaller in size and monodispersed compared to the ex-situ method (Fig. 1b) that were
unevenly distributed and polydispersed with minor agglomeration. Fig. S1 shows the TEM
image of polydispersed Co nanoplates used to decorate NbSe; in the ex-situ method.
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Fig. 1: TEM images of Co-decorated NbSe, nanomaterials using the (a) in-situ method and (b)

ex-situ method.

X-ray photoelectron spectroscopy (XPS) analysis was performed to investigate further the
surface compositions and valency of the as-prepared in-situ and ex-situ Co-decorated NbSe>
nanomaterials. The XPS survey spectra of both nanomaterials in Fig. 2 contained the following
species Co, Nb, Se, C, and O, where O was due to the oxidation of the samples and C due to
the capping agent used in the synthesis [44]. Fig. 3a shows the Co 2p core-level spectrum of
the in-situ sample, which decomposed into two distinct peaks and two weal satellites. The spin-
orbit was assigned to Co oxides corresponding to Co 2p12 and Co 2pzy located at 795.9 and
780.8 eV, respectively. The Co 2p12 was deconvoluted into peaks contributed by Co?* at 799.7
eV, Co" at 796.5 eV, and satellite peak denoted as ‘sat.” at 804.8 eV [45]. Similarly, the Co?*,
Co®, and satellite peaks can also be seen from Co 2ps; at 782.5, 780.6, and 788.2 eV,
respectively. The satellite peaks near two spin doublet peaks further provide evidence of cobalt
oxides [45-47]. Furthermore, Kong et al. synthesised CoSe> grown on carbon fiber paper and
obtained similar results where the electron-binding energies of Co 2pz, were located at 778.4
eV and Co 2p1. at 793.3 eV without satellite peaks, which corresponds to Co?* in CoSe; [48-
50]. However, Smyrnioti et al. synthesised Co3O4 nanoparticles with similar XPS results. They
noted that the energy difference of 15.1 eV between the Co 2ps2 and Co 2pi. splitting is
characteristic of the Co304 cubic phase [45]. The Co 2p12 and Co 2ps2 peaks of the ex-situ
sample were deconvoluted into peaks due to Co?*, Co®*, and satellite at 797.8, 796.4, and 804
eV (2pu2); and 782.4, 780.6, and 786.4 eV (2psr), respectively (shown in Fig. 3b). The
presence of the Co?" peak in both samples indicated the formation of CoSe; [48-50]. In
addition, a Ca® peak located at 777.9 eV corresponds to the Co nanoparticles used to decorate
NDbSe; in the ex-situ method. The presence of the Co 2p12, Co 2psp2, and satellite peaks further

indicates Co304 oxide [45]. Fig. S2c and d show the O1s spectra of both the ex-situ and in-situ
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samples. The O1s peak from the ex-situ and in-situ samples was deconvoluted to three peaks:
C-O at 532 eV, C=0 at 533 eV, and metal oxide at 530 eV. In this case, the C-O peak is
attributed to O* from the oxygen lattice of CosO4 [45]. The C=0 peak at higher binding energy
indicates adsorbed oxygen (O2) onto the surface through the capping agent used to synthesise
NDbSe; this can be attributed to defective sites [45, 51-53]. Fig. S2a and b show the C 1s XPS
spectra of the in-situ and ex-situ samples consisting of C-C (sp®), C-O, O-C=0, and C=0. Fig.
3c and d show the Nb 3d XPS spectra for the in-situ and ex-situ nanomaterials, respectively.
The spectra of the in-situ sample contained three peaks Nb** 3ds/2 (206.0 V), Nb>* 3ds/, (206.9
eV) and Nb°* 3ds, (209.3 eV). The Nb** peak can be attributed to NbSe,, whereas the Nb®*
peaks to Nb2Os [43]. Boscher et al. obtained the same results [43, 54]. The spectra of the ex-
situ sample contained four peaks Nb*" 3ds/2 (203.0 eV), Nb* 3ds/2 (206.0 eV), Nb>* 3ds/» (206.9
eV) and Nb>* 3ds2 (209.3 eV). Similarly, the Nb** peaks correspond to the NbSe, and Nb>* to
Nb2Os. Fig. 3e and f show the in-situ and ex-situ Se 3d core level spectra. The spectra were
deconvoluted into two peaks, 3ds. at 53.8 eV and 3ds,. (53.0 eV), corresponding to the NbSe;
and or CoSe: [48, 49, 54, 55].
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Fig. 2: XPS survey spectra of Co-decorated NbSe> nanomaterials when varying the synthetic

method (a) in-situ and (b) ex-situ.
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Fig. 3: (a) and (b) Co 2p, (c) and (d) Nb 3d, (e) and (f) Se 3d XPS core-level spectra for the in-
situ and ex-situ Co-decorated NbSe> nanomaterials.

Fig. 4 shows the XRD patterns of the in-situ and ex-situ Co-decorated NbSe, samples further
to confirm their phase, composition, and crystallinity. These samples were compared to the
pristine 2D NbSe;. Fig. 4a shows that the in-situ sample consists of NbSe>. In addition, Co3O4
(COD #1526734) peaks were observed at 31.4, 45.0 ° 260 denoted by ‘v’ and CoSe; (COD
#9012536) peaks at 34.3, and 51.8 ° 26 denoted by ‘d’. Some overlapping of Co304 and CoSe>
peaks with the NbSe, peak was observed due to a mixture of the materials. This is consistent

with the XPS results. Fig. 5b shows that the ex-situ sample consists of cubic Co nanoparticles
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with an Fm-3m space group denoted by ‘¢’ (PDF 00-001-1259). The observed diffraction
planes were (100) and (101), corresponding to 41.8 and 51.4 ° 26, respectively. In addition,
hexagonal NbSe, (PDF 01-070-5612) with a P63/mmc space group was also observed. This
corresponds to the TEM image in Fig. 1b, where Co nanoparticles are observed on the surface
of the NbSe> nanoflowers. In addition, the ex-situ sample also had Se peaks (PDF 00-042-1425,
space group = P3121) at 23.5 and 51.4 ° 26 denoted by ‘*’ and Co304 (COD #1526734) peak
at 45.0° 20 denoted by ‘V’ overlapping with the Nb.Os peak. This corresponds to the XPS
results above, where the expected peaks of NbSe, were identified with additional CozO4 and

Co peaks.
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Fig. 4: XRD pattern of the Co-decorated NbSe, nanomaterials formed using the (a) in-situ and
(b) ex-situ method; where Se, Co304, Co, and Nb2Os peaks are denoted by “*’, ‘V’, ‘¢’, and

‘#, respectively.

The ex-situ method resulted in Co/C0304-NbSez hybrid nanocrystals, while the in-situ method
resulted in Cos04/CoSe,>-NbSe> hybrid nanomaterial. Both the ex-situ and in-situ samples
contain Co304. In addition, the ex-situ sample’s XRD pattern showed the presence of excess
Se, suggesting that no bonding was formed between the Co and Se during the decoration of
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NbSe,. Whereas the in-situ sample showed no excess Se; instead, CoSe; was present. During
the in-situ process, the heated Co(acac): salt caused the ‘acac’ to dissociate and the Co?* ions
to bond with the excess/vacant Se on the edges of the NbSe> layers. Hence the even distribution
of the nanoparticles on the surface of the nanosheets and the formation of CoSe..

4.3.2 Decoration of NbSe2 using Co/Pt

NDbSe> was also decorated with 10% wt. Pt/10% wt. Co using only the in-situ method. Fig. 5a
shows the TEM image of the resultant sample. The sample was made up of 2D NbSe>
nanoflowers with particles on the surface. Fig. 5b shows the TEM image at a higher

magnification of 50 nm.

(b)

Fig. 5: TEM images of (a) NbSe, decorated with 10% wt. Pt / 10% wt. Co nanomaterial; ((b)
same image at a higher magnification).

XPS analysis was performed to understand the composition and valency of the nanomaterial.
Fig. 6a shows the XPS survey spectrum of the nanomaterial with the following species C, O,
Nb, Se, Co, and Pt present. The Pt 4f XPS spectrum is known to have three possible chemical
states, namely, metallic Pt® with binding energies at 71.5 and 74.8 eV, Pt** (PtO) at 72.9 and
76.2 eV, and Pt** (PtSe; or PtO,) at 73.6 or 74.2, respectively [56, 57]. Fig. 5b shows the Pt 4f
core-level spectrum has two peaks Pt?* at 71.9 (4fs2) assigned to PtO and Pt** at 74.0 eV (4fs/)
assigned to PtO» [58]. Fig. 6¢ shows the Co 2p core-level spectrum, where the Co 2p12 was
deconvoluted to three peaks, satellite (denoted as ‘sat.”) at 803.0 eV, Co?* at 798.8 eV and Co®**
at 794.7 eV. In addition, the Co 2ps2 was also deconvoluted into the satellite and Co®* peaks
at 785.8 and 780.2 eV, respectively. Co 2ps2 and Co 2py2 indicate the formation of CozO4 and
CoSe; [45, 48-50]. In addition, there is a Co® peak that can be attributed to metallic Co Fig.

S3a shows the O 1s XPS spectrum, further confirming the presence of metal oxides due to PtO,
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PtO2, and C030s. Fig. 6d and e show the Nb 3d XPS spectra containing four peaks and Se 3d

XPS spectra containing two peaks in the pristine NbSe, sample, respectively.
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Binding energy (eV) Binding energy (eV)

Fig. 6: XPS (a) survey spectrum, (b) Pt 4f, (c) Co 2p, (d) Nb 3d, (e) Se 3d core-level spectra.

XRD analysis of the NbSe, decorated with 10% wt. Pt / 10% wt. Co nanomaterial was
performed to investigate the samples’ phase, composition, and crystallinity. Fig. 7 shows the
XRD pattern containing NbSe> (PDF 01-070-5612) peaks, namely, (100), (101), (102), (105),
and (110). In addition, the sample also showed the presence of CoSe, (COD #9012536) peak
at 34.1° 26 denoted by ‘¢’, Co304 (COD #1526734) peak at 44.8° 20 denoted by ‘V’, PtO>
(COD #1537410) peak at 40.0° 20 denoted by ’, and PtO (COD #1522314) peak at 33.6° 26
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denoted by ‘a’. These results are in agreement with the XPS results without metallic Co peaks.
As such, the decoration of NbSe, using 10% wt. Pt / 10% wt. Co resulted in
C0304/CoSe,/PtO/PtO2-NbSe; (COS/PTO-NbSe) hybrid nanomaterial.

10 15 20 25 30 35 40 45 50 55
—— .

P
[in-situ

[ NbSe, PDF01-070-5612

L 1 L
r CoSe, COD 9012536

1 1 1 L 1 1 L 1 " |

| Co304 COD 1526734

Intensity (a.u.)

L 1 L 1 L 1 L 1 " 1 | " | 1

PtO, COD 1537410 |

1 L1 . . . . .
[ PtO COD 152231 J
1 1 P 1

IR R S L L
10 15 20 25 30 35 40 45 50 55

Angle 20

Fig. 7: XRD pattern of the NbSe> decorated by 10% wt. Pt /10% wt. Co nanomaterial using the
in-situ method; where C0304, CoSe», PtO, and PtO2 peaks are denoted by ‘V’, ‘¢’, ‘a’, and ‘5’,

respectively.

4.4. Electrochemical characterisation

The HER activity of pristine NbSe> was evaluated in Chapter 3. This study assessed and
compared the Co-decorated NbSe> electrocatalysts’ HER activity to the pristine NbSe>. Fig. 8a
shows the LSV polarisation curves of Co/C030s-NbSe; (ex-situ) and Co304/CoSe2-NbSe: (in-
situ) electrocatalysts. Co/Co0304-NbSe> and Co0304/CoSe>-NbSe> exhibited superior HER
activity compared to pristine NbSe> with a lower overpotential of 707 and 964 mV (to deliver
current density of 10 mA/cm?), respectively. Fig. 8b shows the Tafel slopes of Co/C030:-
NbSe, and Co0304/CoSe>-NbSe,. The Tafel slope was calculated using the Tafel equation

shown below:
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n=blogj+a

where 1 is the overpotential, b is the Tafel slope, and a is the Tafel constant. The intrinsic
property of the electrocatalyst and the reaction mechanism can be determined from the Tafel
slope value [51]. The Tafel slope of Co/Co0304-NbSe: corresponds to the overpotential trend of
120 mV/dec. However, the Tafel slope of Co304/CoSe,-NbSe, was expected to be lower than
pristine NbSe», but the value lies higher than NbSe> due to the tailing effect of the LSV

polarisation curve.

0,75 4 NbSe, 301 mV/dec

0,70 4

0651 Co/Co,0,-NbSe, 120 mV/dec

Co,0,/CoSe,-NbSe,

0,55 4

Overpotential (V)

-10 4 Co/Co,0,-NbSe, B 050 4

Current density (mA/cm?)

Co,0,/CoSe,-NbSe, 454 mV/dec A
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-14

Fig. 8: (a) Polarisation curves and (b) Tafel plots of the Co-decorated NbSe, nanomaterials

compared with the pristine NbSeo.

Furthermore, NbSe> was decorated with 10% wt. Pt / 10% wt. Co. Fig. 9a shows an
improvement in the HER activity with an overpotential of 769 mV (to produce a current density
of 10 mA/cm?) compared to pristine NbSe;. Fig. 9b shows the same was obtained with a Tafel
slope of 294 mV/dec.
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Polarisation curves and (b) Tafel plots of NbSe, decorated with 10% wt. Pt / 10% wt. Co
nanomaterial compared with bare NbSe..

Exchange current density (jo) is another significant parameter which reveals the
electrochemical rate of reaction of the electrocatalyst at equilibrium [56, 59]. The exchange
current density can be calculated from the Tafel equation when the overpotential equals zero.
The exchange current density is directly proportional to the electrocatalyst performance in the
generation of Hy [56, 59]. Table 2 indicates that Co304/CoSe>-NbSe; electrocatalyst has the
lowest exchange current density. The trend is consistent with the LSV and Tafel slope results.
However, Co/C0304-NbSe, was expected to be higher than the exchange current density of
NbSe», but the value lies slightly above NbSe>. The NbSe> decorated with 10% wt Pt /10% wt
Co has an exchange current density value somewhere between Co/Co030s-NbSe; and
C0304/CoSe2-NbSez. The exchange current density trend was as follows: Pt/C > NbSe; >
Co/C0304-NbSe; > COS/PTO-NbSe, > Co304/CoSe2-NbSe».

Table 2: Electrocatalytic parameters of decorated NbSe; electrocatalysts in comparison to

pristine NbSe> and Pt/C electrocatalyst

Sample n Mo b Jo R Car
(mV) (mV) (mV/dec) (mA/cm?) (Ohm) (mF/cm?)

NbSe2 686 1017 301 0.579 202 3.00
C0304/CoSe2-NbSe2 432 964 454 0.320 91 4.2

COS/PTO-NbSez 359 769 294 0.370 81 15.6
Co/Co304-NbSe2 323 707 120 0.540 52 21.2
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Pt/C 97 256 77 0.846 n/a n/a

To evaluate the HER kinetics, EIS measurements were performed at an applied potential of 1.4
V. Fig. 10a shows the Nyquist plots fitting the equivalence circuit shown in Fig. 10c. The
smaller the Rt value, the better the charge transfer kinetics of the electrocatalyst [44]. The Rct
trend was as follows: Co/C0304-NbSe; < COS/PTO-NbSe; < C0304/CoSez-NbSez < NbSe.
Fig. 10b shows the linear relationship between the current density and potential scan rate,
where the slope is electrochemical double-layer capacitance (Cal). Indeed, the trend of Cq is
the reverse of R, indicated in Table 2. Fig. S4 of the CVs of all the electrocatalysts in this
study at different scan rates (10, 15, 20, 25, 30, 40 mV/s). The CVs show the expected
rectangular feature of an electrical double-layer capacitor. In addition, the electrochemically
active surface area (ECSA) of the electrocatalysts in this study was also calculated by dividing
the Cq value of the electrocatalyst by the specific capacitance (Cs) from the literature and
summarised in Table S1. (a Cs value of 40 uF/cm? was used in the calculations) [60].
Co/Co304-NbSe; electrocatalyst has the highest ECSA value of 104 cm?, and NbSe; with the
lowest value of 14.7 cm? Stability studies were performed on the Co/Co30s-NbSe;
electrocatalyst, which was the best-performing electrocatalyst, by conducting the
chronoamperometry studies. Fig. 10a showed the chronoamperometry profile when a potential
of 500 mV was applied, and the current density drastically increased. After ~ 30 min, the
current density gradually increased for a further ~ 1.5 h. Therefore, Co/C0304-NbSe>

electrocatalyst continues to generate more current the longer it is used.
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Fig. 10 (a) Nyquist plots, and (b) exchange current density (jo) of NbSe, compared to the
resultant nanomaterials after the decoration of NbSe., (c) equivalence circuit fitted to the
Nyquist plots nanomaterials synthesised, and (d) Chronoamperometry for Co/C030s-NbSe>
nanomaterial at 500 mV vs RHE applied potential and 11 000 s time scale.

Decoration of NbSe, with Co and a mixture of Pt and Co metals nanomaterials resulted in a
significant enhancement in the electrocatalytic activity of NbSe toward hydrogen production.
The Co-decorated NbSe> ex-situ sample was the best-performing electrocatalyst compared to
the in-situ sample and the 10% wt. Pt / 10% wt. Co sample. The ex-situ sample contained
metallic nanoparticles; therefore, according to the volcano plot, it is expected to have superior
HER activity. COS/PTO-NbSe; resulted in an electrocatalytic activity somewhere between
Co/C0304-NDbSe> and C0304/CoSe2-NbSe> because only 10 % wt Pt was used. The results were
consistent with the volcano plot with the following trend: Co/C0304s-NbSe, < COS/PTO-NbSe>
< C0304/CoSex-NbSe; < NbSe,. More specifically, the ex-situ sample had superior activity
compared to the in-situ samples. Tahira et al. formed a Co304-CuO nanocomposite where Cu
was incorporated into Coz04 nanowires [48]. They reported that Cu activated CozO4 to form a
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highly efficient electrocatalyst toward HER [48]. Kong et al. also reported that CoSe, showed
one of the best HER performances compared to the first-row transition-metal chalcogenides
due to the partially filled eg band within CoSe> [61]. As such, forming heterostructures with
NbSe> and Co, Coz04, CoSe>, or Pt oxides has enhanced the HER activity.

4.5. Conclusion

This study indicates that incorporating Co- and Pt-based materials into NbSez nanoflowers
have resulted in highly efficient electrocatalysts toward HER. This is due to the synergistic
effects which result in highly active electrocatalysts. According to the results obtained,
Co/Co0304-NbSe; (ex-situ) had the lowest overpotential at a current density of 10 mA/cm?,
Tafel slope, exchange current density, and R, as well as the highest Cq and ECSA. We
observed that the metallic Co nanoparticles contributed best to the enhancement of NbSe> as
the Co/Co304-NbSe; electrocatalyst was the only catalyst with zero-valent Co, as confirmed

by the XPS results. Therefore, the heterostructures of NbSe, nanoflowers worked.
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Chapter 4

Supplementary information

Fig. S1: TEM images of Co nanoparticles used in the ex-situ method to produce Co/Co304-
NbSe.
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Fig. S2: (a) and (b) C1s, (c) and (d) O1s XPS core-level spectra of Co-decorated NbSe; in-
situ and ex-situ nanomaterials.
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Table S1: ECSA of the decorated NbSe> in comparison to bare NbSe; calculated using

electrochemical double-layer capacitance (Cai) and specific capacitance (Cs) of 40 uF/cm?

Sample ECSA (cm?)
NbSe2 14.7
C0304/C0Se2-NbSe2 20.6
COS/PTO-NbSe 76.4
Co/C0304-NbSe2 104
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Chapter 5
Electrochemical enhancement towards
HER of 2D-TaSe> through decoration with

Co, NI and Pt-based nanocrystals

5.1. Introduction

There has been a tremendous drive to find energy sources that are alternatives to fossil fuels
and that will have minimum impact on the environment. Hydrogen as an energy carrier has
received much attention from researchers as a suitable alternative owing to its zero emission of
greenhouse gases and high energy density [1-2]. The most popular way of producing hydrogen
currently is the steam reforming process that converts natural gas (methane) into hydrogen at
high-temperature conditions (450 -1000 °C). The drawback with steam reforming is its
contribution to global greenhouse gas emissions through the generation of carbon monoxide
and carbon dioxide, as well as the high temperature and pressure required for operation. To
circumvent greenhouse gas emissions, carbon capture and storage are sometimes used [3-6].
However, an alternative to steam reforming, electrocatalytic hydrogen evolution reaction
(HER) is amongst the promising processes that have the potential to produce hydrogen without
polluting the environment [7]. However, the HER requires high overpotentials for the cathodic
reaction. To lower the overpotential, an electrocatalyst is needed. While Pt is the most efficient
electrocatalyst, alternatives are needed that are less expensive and that can ease or reduce the
complete reliance on platinum as a catalyst [8]. Transition metal dichalcogenides (TMDCs)
have attracted interest for hydrogen (HER) [9-11]. TMDCs are typically categorised into
semiconducting and metallic materials from different compositions and crystal structures [12].
Semiconductors such as MoS; and MoSe> have been widely studied. Recently, metallic 2H-
TMDCs from group 5 (e.g. Ta, Nb, V) are of interest for the HER study due to their intrinsic
basal plane activity beyond that of metal or chalcogen edges [13-15]. Group 5 TMDCs'
electrocatalytic activity originates from their unsaturated chalcogen edges and highly active
surface basal planes, whereas group 6 TMDCs' activity originates from chalcogen- or metal-
unsaturated edges only [16]. This has been confirmed by density functional theory calculations.

The catalytic properties of their basal planes could make these materials suitable for scalability.
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To date, 2H-TaS, nanoplatelets synthesized by chemical vapour deposition have displayed
record-high surface HER activity (e.g., 110 < 60 mV with a loading of the catalyst <60 ug cm™
2) among all of the reported TMDCs [17]. In this work, the electrochemical performance of
TaSe> was evaluated. In order to improve the performance, TaSe> was decorated with small

amounts of Co, Ni and Pt (20% wt) for hybrid formation.

5.2. Methodology

5.2.1 Chemicals

Tantalum(V) chloride (TaCls, 99%), selenium powder (Se) (99.9%), octadecene (ODE) (70%),
hexane (95%), ethanol (96%), sodium borohydride (NaBH4, = 98%), potassium hydroxide
(KOH, 90%), isopropanol (= 99.5%), Nafion (5 wt%), nickel(ll) bis(acetylacetonate)
(Ni(acac)z, 95%), cobalt(ll) bis(acetylacetonate) (Co(acac)z, 95%), and platinum(ll)
bis(acetylacetonate) (Pt(acac).2, 97%) were all purchased from Sigma-Aldrich.

5.2.2 Synthesis of TaSe2

Octadecene was added to a three-neck round-bottomed flask and degassed for 15 min. This
was followed by a stoichiometric 1:3 addition of TaCls and Se. The mixture was heated up to
310 °C for 2 h under N2 flow. The reaction was cooled to room temperature, and the black
precipitate was washed with large amounts of hexane, allowed to dry, and ready for

characterisation.

5.2.3 Decoration of TaSez using the ex-situ method

In the ex-situ synthetic method, a 1:1 ratio of the reducing agent NaBH4 and metal precursors
(Ni(acac). for the Ni source, Co(acac). for the Co source, and Pt(acac). for the Pt source) was
added to a degassed OLA in a three-necked round bottom flask. The readily synthesised
nanoparticles were washed with hexane, followed by distilled water to remove
excess/unreacted NaBHs, and then dried and ready for characterisation. Once dried, the
transition metal-based nanoparticles (20% wt), Ni, Co, Pt, were mixed with the TaSe> and
added into 1 mL of ethanol. The mixture was sonicated for 60 min then placed onto a shaker
at 180 rpm for 24 h. The mixture was then washed with hexane, dried, and ready for

characterisation. Table 1 contains the reaction conditions used for each sample.
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Table 1: Summary of the reaction conditions for the synthesis of Ni, Co, and Pt nanoparticles

Sample Metal Capping Concentration Temperature Time
precursor  agent (M) (°C) (min)

1 Ni(acac). OLA 0.0500 280 120

2 Co(acac)2 OLA 0.0251 280 120

3 Pt(acac) OLA 0.0234 300 120

5.2.4 Characterisation of the pristine TaSez and the hybrid nanomaterials

The structure and phase of the powdered materials were determined using the Bruker MeasSrv
(D2-205530)/D2-205530 diffractometer using secondary graphite monochromated CuKa
radiation (A = 1 1.54184 A) at 30 kV/30 mA. Measurements were taken using a glancing angle
of incidence detector at an angle of 2°, for 26 values over 10 — 90° in steps of 0.026° with a
step time of 37 s, and at room temperature. X-ray photoelectron spectroscopy (XPS)
measurements were performed with a Thermo ESCAlab 250Xi using monochromatic Al Ka
(1486.7 eV) X-rays at a power of 300 W with a spot size of 900 mm. An FEI Spirit 120 kV
transmission electron microscope (TEM) was operated at an accelerated voltage of 200 kV
with a beam spot size of 20-100 nm in TEM mode and was also used to study the morphology
of the samples. The samples were dispersed in hexane and drop-casted onto a lacey carbon

copper grid. The solvent was then evaporated at room temperature.

5.2.5 Electrochemical characterisation

The Biologic SP 300 was used to investigate the electrochemical performance of HER in a
three-electrode system. The measurements were performed in an alkaline solution of 0.1 M of
KOH. The Ag/AgCI electrode was used as a reference electrode, the Pt wire as a counter
electrode, and the working electrode made up of the hybrid nanomaterials’ thin film on a glassy
carbon electrode with a surface area of 0.07065 cm?. The electrochemical performance of
pristine TaSe, and Pt/C loaded onto the glassy carbon electrode was also measured for
comparison. The thin films were formed by drop-casting about 10 uL of ink onto the glassy
carbon electrode and left to dry at room temperature. The inks were formed by dissolving 2.2
mg of the sample and 1.6 mg of Vulcan in a mixture of 20 uL Nafion (5 wt%) and 400 uL
isopropanol and then sonicated for 1 h. The electrolyte was purged with argon for 30 min. This
was followed by cyclic voltammetry (CV) measurements where the working electrode's

potential was swept between -0.2 — 0.5 V vs RHE for 20 cycles at 100 mV/s. This process
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activates the surface of the electrocatalyst. The double layer was measured within the potential
window of -0.2 — 0.4 V at various scan rates: 10, 15, 20, 25, 30, and 40 mV/s. The linear sweep
voltammetry (LSV) was conducted at a scan rate of 2 mV/s. The electrochemical impedance
spectroscopy measurements were recorded at a potential of -0.836 V vs RHE and a frequency
range between 0.2 Hz and 100 kHz. The working electrode potentials vs Ag/AgCl were

converted to the RHE scale using the equation below:

ERHE ES EAg/AgCl + 0-059pH + 0.0197

where Erne is the measured potential and pH = 13.

5.3. Results and discussion

5.3.1 Synthesis and characterisation of TaSe:

XRD and TEM analysis was performed to investigate the structure and morphology of the
readily synthesised 2H-TaSe, nanomaterial. Fig. 1a shows the XRD pattern of TaSe; resulted
in the formation of 2H-TaSe, (PDF 01-073-1798) hexagonal phase with some impurities
denoted by ™' and '&' due to excess Se and surface oxidation (Ta20s), respectively. Fig. 1b
shows a TEM image of 2H-TaSe> containing a mixture of rodlike and irregularly shaped
wrinkled structures. At higher magnification, the rodlike structures are made up of sheets with

an interlayer spacing of 0.63 nm (shown in Fig. 1b), suggesting multi-layer sheet formation.
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Fig. 1: (a) XRD pattern, (b) and (c) TEM images of TaSe, nanomaterial; *' and '&' represent
Se and Ta20s, respectively.

X-ray photoelectron spectroscopy (XPS) analysis was performed to investigate further the
surface compositions and valency of the as-prepared TaSe, nanomaterials. Fig. 2a shows that
the XPS survey spectra contained the following species Ta, Se, C, and O, where O was due to
the oxidation of the samples and C due to the capping agent used in the synthesis [31]. Fig. 2b
shows the Ta 4f XPS spectrum of the TaSe2 sample and reveals four prominent peaks attributed
to Ta-Se and Ta-O bonding [12, 18]. The weaker Ta-O peaks of Ta 4fs; at 29 eV and Ta 4f72
at 27 eV are caused by oxidation on the surface. The Ta-Se peaks of Ta 4fs;» 24 eV and Ta 4f72
22 eV imply that TaSe, was synthesised [12, 19, 20]. Tsai et al. synthesised TaSe, on a Si/SiO>
supported and also obtained four prominent peaks (Ta 4f XPS spectrum) attributed to Ta-Se
and Ta-O [12]. Fig. 2c shows the Se 3d XPS spectrum deconvoluted two peaks, 3ds at 54.2
eV and 3ds,2 (53.0 eV); these peaks agree with the TaSe> spectra [19, 18]. Fig. S1a show the
O1s spectra deconvoluted to three peaks: metal oxide at 530 eV, C-O at 532 eV, and C=0 at
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33 eV. In this case, the C-O peak is attributed to O% from the Ta-O lattice. The C=0 peak
indicates surface-adsorbed oxygen (Oz) through the capping agent synthesising TaSe> [12].
Fig. S1b shows the C 1s XPS spectra consisting of C-C (sp? and sp?), C-O, O-C=0, and C=0.

Ta-Se 4f,

- (b)

O1ls
C1s

()

Ta-O 4f_,

Counts (s)
Ta 4f
Intensity (cps)

Ta-O 4f,,
Ta-Se 4f

Se 3p
Se 3d
1

T T T T T T T T T T T T
1200 1000 800 600 400 200 0 34 32 30 28 26 24 22 20
Binding energy (eV)

Binding Energy (eV)

©

Intensity (cps)

60 5'8 5'6 5'4 5'2 50
Binding energy (eV)

Fig. 2: (a) XPS survey spectra, (b) Ta 4f, and (c) Se 3d XPS core-level spectra of TaSe;.

5.3.2 Decoration of TaSe2 using Co nanopatrticles
The phase, composition, and crystallinity of the ex-situ Co-decorated TaSe> sample were

confirmed using XRD (shown in Fig. 3). The sample was compared to the pristine 2D TaSe;.
The sample is a mixture of structures obtained in the pristine TaSe, with additional Co
nanoplates. Fig. 3a shows that the sample comprises 2H-TaSe, (PDF 01-073-1798) hexagonal
phase and Co cubic phase (PDF 00-001-1259) denoted by '#'. Fig. 3b shows the TEM image of
the Co-decorated TaSe2 sample. In addition, Ta.Os (CDO #1540126) peak was observed at
36.4 ° 26 denoted by '&', Se (PDF 00-042-1425) peak at 43.6 ° 26 denoted by *', and C0304
(COD #1526734) peak overlapping the Se peak at 43.6 ° 26 denoted by 'V’. The overlapping

of Co and C0304 peaks with the TaSe> peaks were observed due to a mixture of the materials.
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Fig. 3: (@) XRD pattern and (b) TEM images of Co-decorated TaSe, nanomaterial; ‘*’, ‘&’,
‘¢’, and ‘V’ represent Se, Ta20s, Co, and Co30s, respectively.

Fig. 4a shows the XPS survey spectra of the Co-decorated TaSe, nanomaterial. The
nanomaterial contained expected species such as Co, Ta, Se, C, and O, where O was due to the
oxidation of the samples and C was due to the capping agent used in the synthesis [21]. Fig 4b
shows that the Co-decorated TaSe> nanomaterial Ta 4f XPS spectra have two Ta-Se peaks (4fs;
at 24.9 eV and 4f;» at 23.1 eV) attributed to TaSe> and a Ta-O peak (4f72 at 27.7 eV) due to
oxidation at the surface of the nanomaterial [12, 18, 20]. Similarly, the Se 3d XPS spectra also
comprised two peaks at 55.0 eV (3ds2) and 53.2 eV (3ds2) (shown in Fig. 3c) [17, 18]. This
confirms the presence of TaSe, nanomaterial within the sample. Fig. 4a shows the Co 2p XPS
spectrum of the Co-decorated TaSe, nanomaterial, which decomposed into two distinct peaks
and two weak satellites. The spin-orbit was assigned to Co oxides corresponding to Co 2p1
and Co 2pz2 located at 795.9 and 780.8 eV, respectively. The Co 2p12 was deconvoluted into
peaks contributed by Co?* at 798.6 eV, Co®* at 796.4 eV, and satellite peak denoted as ‘sat.” at
803.5 eV [22]. Similarly, the Co?*, Co®", and satellite peaks can also be seen from Co 2ps; at
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782.6, 780.7, and 788.0 eV, respectively. The satellite peaks near two spin doublet peaks
further provide evidence of cobalt oxides such as Co304 [34-36]. Smyrnioti et al. synthesised
Co304 nanoparticles with similar XPS results [22-24]. This agrees with the XRD results;
however, no Co® peak was observed in Co 2p XPS spectra for metallic Co observed in the XRD
pattern. Fig. S2a show the O1s spectra deconvoluted to three peaks: metal oxide at 530.2 eV,
C-O at 531.5 eV, and C=0 at 532.8 eV. The C-O peak is attributed to O from the Ta-O and
Co-O lattice [24]. Similarly, Fig. S1b shows the C 1s XPS spectra consisting of C-C (sp°), C-
0, 0-C=0, and C=0.
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Fig. 4: (a) XPS survey spectra and XPS core-level spectra: (b) Ta 4f, (c) Se 3d, and (d) Co 2p

of Co-decorated TaSey.

The Co-decoration of the TaSe, ex-situ method resulted in Co/Co30s-TaSe, hybrid
nanomaterial formation. The XRD pattern showed the presence of excess Se, indicating that
no bonding was formed between the Co and Se during the decoration of TaSe>. Hence the

random distribution of the Co nanoplates on the irregular structures of TaSes.
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5.3.3 Decoration of TaSez using Ni nanoparticles

Fig. 5a shows the XRD pattern of the readily synthesised Ni-decorated TaSe, sample compared
to the pristine TaSe,. The Ni-decorated TaSe> sample comprises 2H-TaSe, (PDF 01-073-1798)
and cubic phase Ni (PDF 01-071-4655) denoted by ‘X’. The ex-situ method involved adding
Ni nanoparticles to TaSe,> and mixing overnight; hence the results obtained are expected.
However, the sample also contained Se (PDF 00-042-1425) peak at 44.2 ° 26 denoted by *’
and Ni(OH), (COD #1011134) peak at 38.6 ° 26 denoted by ‘2”. Fig. 5b shows the TEM image
of the Ni-decorated TaSe2 nanomaterial containing irregular structures similar to pristine TaSe>

and Ni nanoplates within the structures.
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Fig. 5: (@) XRD pattern and (b) TEM images of Ni-decorated TaSe, nanomaterial; ‘*’, ‘&’,
‘Q’, and ‘X’ represent Se, Ta20s, Ni(OH)2, and Ni, respectively.

Fig. 6a shows the XPS survey spectra of the Ni-decorated TaSe, nanomaterial containing
expected species such as Ni, Ta, Se, C, and O, where O was due to the oxidation of the samples
and C due to the capping agent used in the synthesis [21]. Fig 6b shows that the Ni-decorated
TaSe, nanomaterial Ta 4f XPS spectra also have two Ta-Se peaks (4fs at 25.8 eV and 4f72 at
23.3 eV) attributed to TaSez and a Ta-O peak (4f72 at 27.7 eV) due to oxidation at the surface
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of the nanomaterial [19, 20]. Similarly, two peaks of Se 3d XPS spectra at 55.0 eV (3ds12) and
53.2 eV (3dsp2) (shown in Fig. 3c) [17, 18]. This confirms that TaSe; is within the nanomaterial
and consistent with the XRD pattern. Fig. 6a shows the Ni 2p XPS spectrum of Ni-decorated
TaSe; nanomaterial with two peaks, Ni 2p12 and Ni 2ps2. The Ni 2py/, peak was deconvoluted
into peaks contributed by Ni?* at 873.0 eV, Ni®" at 875.7 eV, and the satellite peak denoted as
‘sat.” at 879.4 eV [25-27]. Similarly, the Ni?*, Ni**, and satellite peaks can also be seen from
Ni 2ps» at 855.8, 858.1, and 862.4 eV, respectively. The satellite peaks further provide
evidence for the presence of Ni* [28-30]. Fingerle et al. reported that Ni** ions might undergo
surface reduction to Ni?* ions; the unstable nature of Ni®* leads to the formation of Ni(OH)
[27, 29]. Fig. S3a show the O1s spectra deconvoluted to three peaks: metal oxide at 530.2 eV,
C-O at 531.5 eV, and C=0 at 532.8 eV. The C-O peak is attributed to O from the Ta-O and
or Ni-O lattice [27]. Similarly, Fig. S3b shows the C 1s XPS spectra consisting of C-C (sp?),
C-0, 0-C=0, and C=0.
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Fig. 6: (a) XPS survey spectra and XPS core-level spectra: (b) Ta 4f, (c) Se 3d, and (d) Ni 2p
of Ni-decorated TaSeo.

The Ni-decoration of the TaSe» ex-situ method resulted in Ni/Ni(OH).-TaSe> hybrid

nanomaterial formation. No bonding was formed between the Ni and Se during the decoration
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of TaSe,. Hence the random distribution of the Ni nanoplates on the irregular structures of
TaSe,.

5.3.4 Decoration of TaSe2 using Pt

Fig. 7a shows the XRD pattern of the readily synthesised Pt-decorated TaSe, sample compared
to the pristine TaSe,. The Pt-decorated TaSe> sample comprises 2H-TaSe, (PDF 01-073-1798)
and cubic phase Pt (PDF 01-087-0640) denoted by ‘c’. However, the sample also contained
PtO (COD #1522314) peak at 51.2° 26 denoted by ‘@’ and PtO. (COD #1537410) peak at
39.8° 26 denoted by ‘k’. The ex-situ method involved mixing Pt nanoparticles with TaSe.
Therefore, the results obtained are expected. Fig. 7b shows the TEM image of the Pt-decorated
TaSe> nanomaterial containing irregular structures similar to pristine TaSe> samples and Pt-

agglomerated nanoparticles within the structures.
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Fig. 7: (a) XRD pattern and (b) TEM images of Pt-decorated TaSe> nanomaterial; ‘*’, ‘&’, ‘o’

‘@’, and ‘K’ represent Se, Ta2Os, PtO, and PtOy, respectively.
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Fig. 8a shows the XPS survey spectra of the Pt-decorated TaSe, nanomaterial containing
expected species such as Pt, Ta, Se, C, and O, where O was due to the oxidation of the samples
and C due to the capping agent used in the synthesis [17]. Fig 8b shows that the Pt-decorated
TaSe> nanomaterial Ta 4f XPS spectra also have two Ta-Se peaks (4fs at 25.8 eV and 4f7» at
23.5 eV) attributed to TaSe, and two Ta-O peaks (4fs; at 28.9 eV and 4f7; at 27.6 V) due to
oxidation at the surface of the nanomaterial [18, 19]. Se 3d XPS spectra contained two peaks
at 54.8 eV (3ds/2) and 54.3 eV (3dsr2) (shown in Fig. 3c) [17, 18]. This confirms that TaSe; is
within the nanomaterial. The Pt 4f XPS spectrum has three possible chemical states, namely,
Pt® with binding energies at 70.7 (4f72) and 74.7 eV (4fs2) due to metallic Pt nanoparticles,
Pt?* at 72.1 eV (4f72) due to PtO, and Pt** at 73.8 eV (4f+12) due to PtO;, respectively [31]. Fig.
S3a show the O1s spectra deconvoluted to three peaks: metal oxide at 530.3 eV, C-O at 531.6
eV, and C=0 at 533.1 eV. The C-O peak is attributed to O> from the Ta-O and or Ni-O lattice.
Similarly, Fig. S3b shows the C 1s XPS spectra consisting of C-C (sp®), C-O, O-C=0, and
C=0. The Pt-decoration of the TaSe> ex-situ method resulted in the formation of Pt/PtO/PtO,-
TaSe> hybrid nanomaterial (PTO- TaSe»).
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Fig. 8: (a) XPS survey spectra and XPS core-level spectra: (b) Ta 4f, (c) Se 3d, and (d) Pt 4f of
Pt-decorated TaSey.
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5.4. Electrochemical characterisation

The LSV polarisation curve was used to determine the onset potential (1) and overpotential at
10 mA/cm? (n4,). Fig. 9a shows the LSV polarisation curve of TaSe, with an onset potential
of 194 mV compared to Pt/C at 97 mV. The overpotential at 10 mA/cm? is the operating current
density used for a cost-competitive photoelectrochemical cell [32]. To deliver a current density
of 10 mA/cm?, TaSe; returned an overpotential of 721 mV. Fig. 9b shows the Tafel plot used
to calculate the Tafel slope (b) and the exchange current density. The Tafel slope was calculated

from the Tafel equation shown below:

n=n>blogj+a

where 1 is the overpotential, b is the Tafel slope, and a is the Tafel constant. The Tafel slope
reveals the intrinsic property of the electrocatalyst as well as the reaction mechanism. The Tafel
slope's value is determined by HER's rate-limiting step [33]. The measured Tafel slope for Pt/C
is 77 mV/dec, double the reported value of 30.6 mV/dec [34]. This illustrated that the VVolmer-
Heyrovsky mechanism dominated the HER process [35]. The Tafel slope of TaSe, was higher
than Pt/C at the value of 206 mV/dec, indicating a low catalytic activity. In this case, the rate-
determining step was the VVolmer step [36]. As such, this motivated us to form hybrid structures

with TaSe; to enhance its electrocatalytic activity for HER.
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Fig. 9: (a) Polarisation curves of TaSe, nanomaterial and Pt/C, and (b) Tafel plots of TaSe;
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nanomaterial and Pt/C.
The HER activity of TaSe> decorated using various transition metals (20% wt. each; Co, Ni,

and Pt) was evaluated. Fig. 10a shows that the PTO-TaSe> electrocatalyst exhibits superior
HER performance compared with TaSe, with an extremely low overpotential of 262 mV (to
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deliver a current density of 10 mA/cm?). In addition, the overpotential of PTO-TaSe; is slightly
higher than Pt/C at 256 mV. Furthermore, Fig.10a shows that Co/Co030s-TaSe, and
Ni/Ni(OH)2-TaSe; also resulted in much lower overpotentials of 685 and 558 mV compared to
TaSe; (to deliver a current density of 10mA/cm?), respectively. As such, the trend is as follows:
PTO-TaSez < Ni/Ni(OH)2-TaSe, < Co/Co0304-TaSe;. Fig. 10b shows that the same trend was

observed with the Tafel slopes; the values are summarised in Table 2.
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Fig. 10: (a) Polarisation curves and (b) Tafel plots of the Co-, Ni-, and Pt-decorated TaSe>

nanomaterials compared with pristine TaSe, and Pt/C.

Exchange current density (jo) is a crucial kinetic parameter used to assess the performance of
the electrocatalyst. The exchange current density reveals the electron transfer rate at zero
overpotential. It can be calculated from the Tafel equation (log J = a), where a is the x-intercept
of the Tafel plot. As such, the exchange current density is directly proportional to the catalytic
performance. Table 2 indicates that PTO-TaSe2 nanomaterial has the highest exchange current
density, and TaSe, with the lowest exchange current density compared to the other
nanomaterials. This trend is consistent with the LSV and Tafel slope results. However, Pt/C
was expected to have the highest exchange current density value compared to all the
electrocatalysts, but the value lies slightly below the PTO-TaSe; electrocatalyst. The exchange
current density trend was as follows: PTO-TaSe, > Pt/C > Ni/Ni(OH)2-TaSe; > Co/C030s-
TaSe, > TaSe». The tailing of the LSV may be the reason for this trend.
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Table 2: Electrocatalytic parameters of decorated TaSe; electrocatalysts in comparison to

bare TaSe, and Pt/C electrocatalyst

Sample N Mo b Jo R Cal
(mV) (mV) (mV/dec) (mA/cm?) (Ohm) (mF/cm?)

TaSe2 160 1017 301 0.472 433 2.65
Ni/Ni(OH)2-TaSe> 142 741 118 0.827 257 3.06
Co/Co0304-TaSe2 146 795 140 0.476 411 3.01
PTO-TaSez 57 501 60 1.352 89 3.10
Pt/C 97 256 77 0.846 n/a n/a

Electrochemical impedance spectroscopy was used to investigate the electron transport
properties of the electrocatalyst. Rct is charge transfer resistance, the smaller the Rct values,
the faster the transfer kinetics. Fig. 11a shows the Nyquist plots, which show improvement in
the performance of TaSe; due to the formation of hybrid nanomaterials using transition metal
nanoparticles. There was a significant Rct reduction from TaSe> to PTO-TaSe; electrocatalyst.
As such, this denotes a substantial improvement in the charge transfer kinetics of HER in the
electrocatalytically activated electrocatalyst. Fig. 11 ¢ shows the equivalence circuit fitted to
the Nyquist plots. The trend R¢t was as follows: PTO-TaSe, < Ni/Ni(OH)2-TaSez < Co/C0304-
TaSe; < TaSez.

The electrochemical double-layer (Ca) is calculated using cyclic voltammetry (CV)
measurements at different scan rates. Fig. S5 shows the CV curves used to obtain the change
in current density (between the anode and cathode) at zero potential for each scan rate (15, 20,
25, 30, 35, 40). The change in current density vs the scan rates was plotted, resulting in a linear
plot, where Cq = gradient. Fig 11b shows the Cq plots. As expected, the Cdl values trend agrees
with the Rct trend's reverse (summarised in Table 2). The electrochemically active surface area
(ECSA) can be calculated by dividing the Cdl value of the electrocatalyst by the specific
capacitance (Cs) of 40 pF/cm? from the literature [37, 38]. The ECSA values of the
electrocatalysts in this study are summarised in Table S1. where a Cs value of 40 uF/cm? was
used in the calculations. PTO-TaSe; electrocatalyst has the highest ECSA value of 15.2 cm?
and TaSe2 with the lowest value of 13.0 cm?. The stability of the best-performing PTO-TaSe;

electrocatalyst was evaluated by performing chronoamperometry studies. Fig. 11d shows the
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chronoamperometry profiles; when a potential of 500 mV was applied, the current density
increased exponentially for approximately ~4 h and began to stabilise for 1 h. This indicates

that PTO-TaSe, generates more current the more it is being used.
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Fig. 11: (a) Nyquist plots, and (b) exchange current density (jo) of TaSe» compared to the
resultant nanomaterials after the decoration of TaSez, (c) equivalence circuit fitted to the
Nyquist plots nanomaterials synthesised, and (d) Chronoamperometry for PTO-TaSe>

nanomaterial at 500 mV vs RHE applied potential and 13 000 s time scale.

According to the volcano plot, the trend for the electrocatalyst HER activity under alkaline
conditions is as follows: Pt > Ni > Co [38]. Pt has the highest electrocatalytic activity. As such,
the decoration of TaSe»> with these transition metals resulted in enhanced electrocatalytic
activity following the volcano plot trend. PTO-TaSe; hybrid material was the best-performing
electrocatalyst. The increase in the Cq value from one TaSe,-based electrocatalyst to another
suggests an increase in the surface area of the electrocatalyst or the introduction of new active
sites [37, 38]. Najafi et al. formed a TaS,/TaSe, hybrid and obtained enhanced HER activity
under alkaline conditions [1]. They reported that forming the hybrid tunes the Gibbs free energy
of the adsorbed hydrogen onto the TaS> basal planes to the optimal thermo-neutral value [1].
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5.5. Conclusion

This work evaluated the electrocatalytic activity of 2H- TaSe, nanomaterials. The performance
of TaSe, was relatively poor, with high overpotential, high onset potential, low exchange
current density, and a high Tafel slope. This motivated us to find new ways to enhance the
performance of TaSe,. The enhancement was obtained by decorating TaSe, with transition
metals such as Pt, Ni, and Co. The hybrids’ electrocatalytic activity followed the volcano plot
trend, i.e. Pt > Ni > Co. As such, the PTO-TaSe> electrocatalyst (resulted from decorated TaSe>
with 20 % wt Pt using the ex-situ method) presented the lowest overpotential at a current
density of 10 mA/cm?, Tafel slope, exchange current density, and R, as well as the highest Cqj
and ECSA. Therefore, the process worked and has the potential to produce electrocatalysts that

are comparable to Pt.
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Chapter 5

Supplementary information
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Table S1: ECSA of the decorated TaSe, in comparison to pristine TaSe, calculated using

electrochemical double-layer capacitance (Cai) and specific capacitance (Cs) of 40 uF/cm?

Sample ECSA (cm?)
TaSez 14.7
Ni/Ni(OH)2-TaSe: 14.8
Co/Co30s-TaSe2 70.6
PTO-TaSe2 56.4
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Chapter 6

Conclusions

6.1. Overall conclusions

Herein we reported on the successful synthesis of NbSe,> and TaSe, 2D materials. These
materials are different from their 2D counterparts such as MoS;, MoSe2, WS, and WSe> due to
their properties. More specifically for electrocatalytic application, they have been shown to
have active sites not only on the edges but also on the basal planes. In addition, the 2H phase
is known to be more metallic rather than the semiconducting 1T phase (these are the most
common phases). Therefore this suggests that they will outperform those of group 6 TMDCs
(MoSe2 and WSez). Shown in Fig. 1 is the Volcano Plot of some of the commonly studied
TMDCs. While these are metal sulphides, the trend however suggests that the performance of
Nb and Ta TMDC:s is closer to that of Pt. The chemistry of selenides is similar to sulfides with

the selenides being slightly more metallic.
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Fig. 1: Volcano plot of the exchange current density as a function of the DFT-calculated Gibbs

free energy of adsorbed atomic hydrogen at the basal planes of 2D TMDCs and pure metals
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Fig. 2: Plot of exchange current densities of the synthesized electrocatalysts.

In this study, pristine NbSe> was a slightly better-performing catalyst than TaSe,. While both
were poorer than the model Pt/C catalyst. This trend was similar to the one observed in Fig. 1.
To improve their performance, hybrid nanostructures were formed with Ni, Co, Pt, Pt/Ni and
Pt/Co based nanocrystals. The Pt-based nanohybrids had the highest exchange current densities
(good catalyst) for both NbSe> and TaSe, as compared to the model Pt/C. This was attributed
to the increased surface area as the platinum particles are supported on the 2D materials as well
as the additional active sites of the 2D materials. Moreover, the Ni-based catalysts showed
promising activities towards the HER as significant improvement of both the NbSe> and TaSe>
were observed with the latter having jo similar to the model Pt/C electrocatalyst. Finally, the
ex-situ method for the formation of hybrids appeared to be the better method as it resulted in
higher catalytic activities. This can be attributed to the presence of metal nanoparticles and the

minimization of oxide formation.

While this study has yielded promising results, further improvements may result in better
performance, such as:

e Minimization of the oxidation of the metallic particles using a glove box.
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e Electrochemical activation of the active site by performing a 1000 cycles of CV prior
to measurements. This has been shown to increase performance, although this is not
yet well understood [2].

e Performing ligand exchange on NbSe; and TaSe, where the long-chain OLA is
replaced by shorter molecules. This has been shown to be effective in solar cell
application of the capped metal chalcogenides. The shorter molecules result in a

compact film thus allowing for better electron flow [3].

Finally, the obtained results will contribute effectively to the field and will edge us closely to
the discovery of non-noble metal electrocatalysts or electrocatalysts where noble metals are

used with better performance compared to the model Pt/C electrocatalyst, as in our case.
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