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Abstract 

Transition metal dichalcogenides have emerged as promising candidates for the hydrogen evolution 

reaction (HER) due to their unique properties and low costs compared to platinum-group metals 

(PGMs). Despite recent advancements, there is still a gap in reporting the electrochemical rate constants 

and detailed kinetics for improved HER activity due to transition metal dichalcogenides (TMDs) as well 

as the potential effects of mixing various TMDs for enhanced HER performance. This study 

investigated the HER electrocatalytic activity of TMDs as well as novel strategies for enhancing their 

catalytic activity and determining the reaction kinetics. Different structural morphologies (bulk and 

nanoparticle) of one TMD, MoS2, were investigated to ascertain how it affects HER electrocatalytic 

activity. The impact electrochemistry technique was incorporated to study the nanoparticulate forms. 

The MoS2 nanoparticles registered an improved onset potential of -0.10 V (vs RHE) through impact 

electrochemistry compared to 0.29 V (vs RHE) of the bulk MoS2 for HER.  

TMD heterostructures were also investigated, and they were synthesized using a method distinct from 

those that have been reported in the literature. Two methods were employed to create the heterolayers:  

utilising a drop-cast nanoparticle layer and an electrodeposited film. The heterolayers were evaluated 

for HER, and the heterostructures with an overlay of MoS2 displayed superior stability compared to 

those with an overlay of MoSe2. The stable heterolayers registered standard electrochemical rate 

constants (k0) of (3.20  0.10) × 10-4 cm s-1 and (1.73  0.03) × 10-4 cm s-1 for WS2/MoS2 and 

MoSe2/MoS2 respectively, which was an overall improvement compared to reported rate constants for 

electrodeposited MoS2. After evaluating the heterolayers, a novel mechanochemical approach was used 

to synthesize binary and ternary mixtures of TMDs to enhance the catalytic activity of the resulting 

hybrids. Electrochemical testing of the hybrids for HER exhibited improved HER performance in terms 

of onset potential and electrochemical rate constants compared to the individual TMDs. These ranged 

from 0.52 × 10⁻³ cm s⁻¹ to 8.2 × 10⁻³ cm s⁻¹, with hybrids containing selenium having higher 

electrochemical rate constants. This improvement was due to the increased active sites, the exfoliation 

of the TMDs that generated 1T-monolayer components known for their higher activity in HER, and the 

combined effect of mixing two or more catalytically active materials.   
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1 Introduction 
 

1.1 Background of the research 

The dangers of global warming are becoming increasingly prominent due to the rise in global average 

temperatures of approximately 1.0 ⁰C above pre-industrial levels,  with an increase of 0.2 ⁰C per 

decade.1,2 This increase is associated with human activity, which has produced an increase in 

greenhouse gas emissions (GHG) that have had a direct effect on global warming.3-5 Of these 

greenhouse gas emissions, fossil fuel usage accounts for over 75% of their global emissions and carbon 

dioxide (CO2) emissions.6  The GHG and CO2 emissions, alongside the reality of running out of fossil 

fuels, have sparked the need for alternative green energy sources with very low to no CO2 and GHG 

emissions. This led to the emergence of renewable energy generation technologies such as wind, solar, 

hydropower and biofuels to transition to less carbon-intensive, or clean energy.7-10  

These alternative energy generation techniques have their own drawbacks, which makes it challenging 

to fully phase out fossil fuel technologies and be fully dependent on renewable energy. For solar energy 

generation, the intermittent energy production along with the high costs of the systems and large areas 

to site them are proving to be taxing towards developing and expanding  solar energy techniques, hence 

the need for alternative clean energy sources or technologies.11,12 Wind energy, in contrast, has issues 

of low-level noise and limited locations for wind turbines, which limits full utilisation of wind energy 

technologies to provide sufficient energy to compete with fossil fuels.13-15  

The limitations of renewable energy technologies led to the exploration of alternative methods to 

achieve clean energy generation such as fuel cells, energy storage systems, and hydrogen as an 

alternative fuel. Energy storage systems (ESS) are technologies designed to collect energy from 

different sources, transform and store it for later use, helping to balance supply and demand, enhance 

grid stability, and support renewable energy integration.16 These can be divided into electrical, 

chemical, and thermal energy storage systems to suit different applications and environments. Energy 

storage is being explored for a variety of applications, some of which include controlling and tackling 

the intermittent power supply issue in the distributed generation of power. These are usually used for 
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load levelling, that is, to store the excess energy generated that can be later converted to electricity when 

demand increases, and the supply is low. Other applications include the automotive industry, utility 

grids, manufacturing, and aerospace industries. Like many energy technologies, energy storage systems 

face challenges of high initial investment, lifecycle costs, safety issues and durability (limited life cycle 

and performance degradation over time), which hinder most of their applications.17,18

 

Figure 1.1. Schematic diagram of a fuel cell (PEMFC) 

 

Fuel cells are electrochemical devices that convert chemical energy directly into electrical energy 

through reactions between a fuel and an oxidant, typically hydrogen and oxygen.19-21 These consist of 

an anode where the fuel undergoes oxidation and releases electrons and protons which migrate to the 

cathode where they combine with oxygen to create water and produce heat, as shown in figure 1.1. The 

protons pass through the membrane from the anode to the cathode while the electrons get blocked by it 

thereby being forced to take an alternate route through the external circuit, generating a current in the 

process.21 Different types of fuel cells have been developed for various purposes and these include 

proton exchange membrane fuel cells (PEMFCs), solid oxide fuel cells (SOFCs), alkaline fuel cells 

(AFCs), phosphoric acid fuel cells (PAFCs) and molten carbonate fuel cells (MCFCs).22-24 These offer 
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high efficiency, low emissions, and versatility in fuel options. Fuel cells are gaining traction in the 

automotive industry as low or zero emission alternatives to combustion engines due to extensive 

research into the field as a way of tackling the CO2 emissions challenge.25,26  

The main challenge for commercialising fuel cells is their relatively high production costs due to 

catalyst materials like platinum and platinum alloys which are usually used at either the anode or 

cathode. In addition, the stable production and supply of hydrogen are other challenges that are incurred. 

The efficient production, storage and transportation of hydrogen safely also remain a challenge due to 

its properties: primarily its low volumetric energy density, and flammability. Thus, widespread adoption 

of hydrogen as a fuel requires innovative storage solutions with advanced materials to ensure safety and 

durability.27-29  

Despite these challenges, hydrogen remains a promising fuel in the pursuit of a sustainable and low-

carbon energy future. Efficient and cost-effective hydrogen production is crucial for this goal, with 

economical electrocatalyst materials playing a significant role. Consequently, there is a strong interest 

in exploring various materials that are affordable, durable, and possess excellent catalytic activity for 

hydrogen production. This study aims to investigate a group of 2D semiconductors called transition 

metal dichalcogenides (TMDs) as potential economical electrocatalyst materials for hydrogen 

production. 

 

1.2 Hydrogen generation  

Hydrogen has been recognised as a clean energy carrier with the potential to become a cornerstone of 

the global energy system.30-32 It has various applications ranging from energy production and 

transportation to industrial processes while contributing to decreasing greenhouse gas emissions and 

transitioning to a sustainable energy future. As an energy carrier, it can store excess renewable energy 

and deliver usable energy efficiently during peak times, making it an essential part of the energy 

system.33-35 It is also used as a clean fuel in fuel cells to produce electrical energy, and the by-product 

of the reaction is only water, as such, it is an environmentally friendly alternative to fossil fuels. 
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Hydrogen utilization in various industries is increasing, and with this, the demand for hydrogen is also 

growing, hence the need for efficient and environmentally friendly hydrogen production methods. The 

current production methods include steam reforming, partial oxidation and gasification, biomass-based 

hydrogen production and electrolysis, to name a few.  

Steam reforming is the most common method used to produce hydrogen and it mainly consists of 

reacting steam with a hydrocarbon in the presence of a catalysts at temperatures of 750-1000 ⁰C to 

produce hydrogen and carbon dioxide.36,37 The catalyst used is usually nickel-based and typical 

hydrocarbons used include natural gas (methane), liquid petroleum gas (LPG), methanol, and ethanol 

for the reforming process. Methane steam reforming is the most commonly used method to produce 

hydrogen, and it accounts for 48% of world hydrogen production.38 It is an endothermic reaction of 

methane and steam at temperatures of 700-1000 ⁰C in a cobalt-nickel (Co-Ni) catalysed reactor at a 

pressure of 3-25 bar. Methane is converted to hydrogen following the reaction:38 

𝐶𝐻4(𝑔) + 𝐻2𝑂(𝑔) ⇌ 𝐶𝑂(𝑔) + 3𝐻2(𝑔)                            ∆𝐻298 = 206 𝑘𝐽 𝑚𝑜𝑙−1        (1.1) 

𝐶𝑂(𝑔) + 𝐻2𝑂(𝑔) ⇌ 𝐶𝑂2(𝑔) + 𝐻2(𝑔)                               ∆𝐻298 = −41 𝑘𝐽 𝑚𝑜𝑙−1         (1.2) 

where reaction 1.2 is the water gas shift (WGS) reaction. This reaction converts the carbon monoxide 

(CO) produced from methane reformation to carbon dioxide (CO2) and water. This is where the main 

issue with methane steam reformation to produce hydrogen stems from: the generation of significant 

amounts of carbon dioxide, and hence the need for carbon capture and storage (CCS) technologies to 

reduce CO2 emissions. 

Partial oxidation and gasification are techniques used to produce hydrogen by breaking down 

hydrocarbon feedstocks such as coal, biomass, and natural gas into simpler molecules like hydrogen 

and carbon dioxide through high-temperature reactions.39,40 With partial oxidation, the hydrocarbon is 

reacted with a limited amount of oxygen to produce hydrogen, carbon monoxide, carbon dioxide and 

water. This is an exothermic reaction, and the heat generated by the oxidation reaction is used to sustain 

the process, eliminating the need for external heating.38,41 The main benefit of this method is the 

flexibility to use various hydrocarbon feedstocks, and it has a high efficiency which makes it suitable 
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for large-scale hydrogen production. On the other hand, gasification reacts the hydrocarbon materials 

with a controlled amount of oxygen or steam at high temperatures to produce hydrogen and carbon 

monoxide.37,42,43 This is an endothermic reaction and requires external heat for the reaction to occur. 

The gases produced from the reaction (syngas) must be cleaned of particulate matter, sulfur compounds 

and other impurities before hydrogen is extracted from the mixture. The main advantage of the method 

is that a variety of hydrocarbon feedstocks can be used, including low-grade fuels and waste, which 

makes it more economical. However, both partial oxidation and gasification produce significant 

amounts of carbon dioxide, necessitating the use of carbon capture and storage technologies which can 

have a huge impact on capital costs for both methods. 

Electrolysis is another technique used to generate hydrogen and it utilises electricity to split water into 

hydrogen and oxygen. The water-splitting reaction is very endothermic, hence the need for electricity 

to supply the required energy:44-47  

2𝐻2𝑂(𝑙) → 2𝐻2(𝑔) + 𝑂2(𝑔)                     𝐸0 = −1.23 𝑉                (1.3) 

The main advantage of this method over other hydrogen production methods is that there is no direct 

emission of greenhouse gases, but it is more expensive in comparison to them. When powered by 

renewable energy, it produces hydrogen without any direct CO2 emissions thus making it a completely 

green and environmentally friendly hydrogen production method.  

 

1.2.1 Electrolyser 

An electrolyser is a device that performs the electrolysis of water into hydrogen and oxygen and 

comprises an anode, the positive electrode where oxidation occurs; and a cathode, the negative electrode 

where the reduction of protons occurs to produce hydrogen, as shown in figure 1.2. Additionally, there 

is an electrolyte that acts as a medium for conducting ions between the anode and cathode and a 

membrane separating the two.48,49  
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Figure 1.2. Structure of an electrolyser 

 

Different types of electrolysers are being developed with various anode and cathode materials, the 

primary distinction being the type of electrolyte used. Alkaline electrolysers (AEL) use an alkaline 

solution, typically potassium hydroxide, as the electrolyte to conduct hydroxide ions.50 They are 

relatively inexpensive compared to other types but are less efficient at higher pressures, which can limit 

their application. Proton exchange membrane electrolysers (PEM) utilize a solid polymer membrane 

electrolyte, which conducts protons from the anode to the cathode during water splitting.50,51 They are 

highly efficient in hydrogen production and responds quickly to load changes. However, the membrane 

degrades over time, and using expensive materials like platinum group metal (PGM) catalysts makes 

them costly.51 The last type is the solid oxide electrolyser (SOE), which uses a solid ceramic electrolyte 

that conducts oxide ions at high temperatures (700-1000°C).52,53 SOEs offer high hydrogen production 

efficiency and can utilize waste heat from industrial processes. Their main disadvantage is the high 

operating temperatures, which can lead to durability issues. 

An electrolyser produces hydrogen through the water-splitting process, involving two main reactions: 

the hydrogen evolution reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the 
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anode shown in figure 1.2. These half-cell reactions have high overpotentials, resulting from slow 

reaction kinetics, which poses a challenge for the practical use of water splitting to produce hydrogen.54 

Effective catalysis is essential to address this issue, necessitating highly efficient catalyst materials for 

both OER and HER to reduce the overpotentials of these reactions. 

Different catalysts are required for the HER and OER due to the varying operating conditions of the 

electrolysis cell, leading to the use of different catalytic materials for the anode and cathode electrodes. 

For example, the OER often requires noble metal and noble metal oxide electrocatalysts when water 

electrolysis is conducted under acidic conditions.1 However, under alkaline conditions, the range of 

suitable electrocatalysts expands to include non-noble metals and metal oxides. Using noble metal and 

metal oxide electrocatalysts increases the cost of the electrolytic cell while using non-noble metals and 

metal oxides requires alkaline conditions, which lowers the activity of the HER compared to acidic 

conditions.55,56 

This creates a challenge in water electrolysis: the need for low-cost, durable, and highly effective 

electrocatalysts for both the OER and HER, that can function well under the same conditions. Current 

research focuses on finding suitable electrocatalyst materials for both reactions to improve the 

efficiency and economic feasibility of the electrolysers for hydrogen production. This study contributes 

to this research by focusing on the HER half-cell reaction and investigating potential electrocatalyst 

materials that could enhance hydrogen production in the industry. 

 

1.2.2 Hydrogen evolution reaction (HER) 

The hydrogen evolution reaction is an electrochemical reaction that produces hydrogen gas (H2) from 

the reduction of protons.46,57,58 It is a two-electron transfer process that occurs at the cathode during 

water electrolysis. The reaction is highly dependent on environmental conditions, but the general 

equations are as follows in both acidic (eqn. 1.4) and alkaline media (eqn. 1.5):57,59,60 

2𝐻+ + 2𝑒− → 𝐻2                                                           (1.4) 

2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2                                          (1.5) 
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The reactions consist of a series of steps that vary depending on the reaction conditions and catalysts 

used. When HER is conducted in acidic media, the reaction mechanism generally involves the following 

steps:58,61,62 

𝐻+ + 𝑒− → 𝐻𝑎𝑑                Volmer step                          (1.6) 

𝐻+ + 𝑒− + 𝐻𝑎𝑑 → 𝐻2       Heyrovsky step                    (1.7) 

𝐻𝑎𝑑 + 𝐻𝑎𝑑 → 𝐻2               Tafel step                             (1.8) 

The Volmer step is the first step which produces the adsorbed hydrogen from the reduction and 

adsorption of a proton on the catalyst surface, after which the hydrogen evolution reaction proceeds 

either by the Heyrovsky or Tafel steps.46 The Heyrovsky step produces hydrogen gas by combining the 

adsorbed hydrogen with a proton and an electron via equation 1.7, while the Tafel step combines the 

adsorbed hydrogens to produce hydrogen gas (H2). During HER, one of these steps becomes the rate-

determining step due to kinetically limiting the electrochemical reaction, thereby controlling the speed 

at which the reaction occurs.57 These kinetics are linked to the adsorption and desorption speeds of the 

hydrogen atoms on the active sites of the catalysts thus making them dependent on the catalyst material 

used. First shown experimentally by Trasatti, the activity of the hydrogen evolution reaction is closely 

related to the hydrogen adsorption properties of the electrocatalyst.63 The Gibbs energy of hydrogen 

adsorption (∆GH) is used as a key measure of the electrocatalytic activity of a material towards HER. 

Ideally, an optimal ∆GH value close to zero indicates that the material has a balanced ability to adsorb 

and desorb hydrogen, leading to high catalytic efficiency.63-65  

The energy of chemisorption of hydrogen as a descriptor of HER has been used to draw up a volcano 

curve/plot (figure 1.3), which provides a comparison of the catalytic activities of different metals in 

acidic media. The left side of the peak corresponds to metals (e.g. Mo, W and Ti) that have a larger 

negative ∆GH and bind hydrogen strongly, therefore making the desorption more difficult while the 

metals on the right side of the volcano plot (e.g. Au, Ag and Ni) weakly binds hydrogen, which prevents 

the formation of stable intermediates on the catalyst surface, thereby limiting HER.66-70 From figure 1.3, 
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it can be seen that platinum and the platinum group metals (PGM) are located at the top of the volcano 

plot, indicating their high catalytic activity for HER.  

 

Figure 1.3. Volcanic plot of the relationship between exchange current density and hydrogen binding 

energy of various materials (recreated from ref. [67]). The peak of the volcano represents the optimal 

binding energy for the highest catalytic activity, highlighting the most efficient catalysts for the HER. 

 

Platinum group metals (Pt, Pd, Ir, Ru, and Rh) are the most effective electrocatalysts for HER due to 

their favourable electronic properties, stability, and catalytic activity. Despite their excellent 

performance, the high cost and limited availability of these noble metal-based electrocatalysts drive 

ongoing research into alloying and alternative materials to achieve cost-effective and efficient HER 

electrocatalysis. Studies are being conducted on ways of reducing noble metal loading and achieving 

high metal utilization for optimum HER catalytic performance. One approach involved alloying 

platinum with other low-cost transition metals to enhance platinum utilization.46,71  

Some research efforts are directed towards non-noble metal-based materials as alternative 

electrocatalysts for HER. These materials have shown great promise as efficient HER electrocatalysts 

and offer the advantage of being more affordable than noble metal-based electrocatalysts.72-74 Examples 
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include transition metal carbides (TMCs) like Mo2C and WC which have been shown to display high 

catalytic activity for HER due to their excellent electrical conductivity, favourable hydrogen adsorption 

properties and suitable d-band electronic density state similar to that of Pt.46 Density functional theory 

(DFT) calculations  and experimental analysis of the physical, chemical, and electronic structures of 

TMCs have shown that embedding carbon atoms into the lattice interstices gives them d-band electronic 

density OF states comparable to those of platinum hence the improved HER catalytic activity.75,76 

Another interest group is the transition metal phosphides (TMPs), which have been gaining attention 

due to their high catalytic activity for HER and stability in both acidic and alkaline media. Their 

catalytic activity is attributed to the synergy between transition metals and phosphorus atoms, which 

generates active sites and enhances the electronic structure of the material.46,77 TMPs possess a mix of 

covalent and ionic interactions, imparting them with unique electronic properties,  enabling both 

metallic conductivity and semiconducting behaviour, which further supports their catalytic 

performance. 

Non-metal electrocatalysts, such as carbon-based electrocatalysts, have also been explored for HER. 

Carbon is an inert material for most electrochemical reactions, but certain measures have been 

developed to improve catalytic activity. One of these is to introduce heteroatoms to the carbon matrix 

through doping, which modifies the electronic properties of the doped carbon and produces active sites 

for HER.78,79 Non-metal atoms such as P, S and N have been used as dopants to improve HER catalytic 

activity of the carbon.80-83 Hybrid carbon structures have also been proven to produce enhanced HER 

performance. Zheng et. al. synthesised a layer of CoSe2 nanobelts on carbon fibre felt (CoSe2/CFF), and 

this resulted in an overpotential of 141 mV at 10 mA cm-2, a great improvement from the 252 mV 

recorded for the physical mixture of CoSe2 and CFF.84  

MXenes are some of the latest groups of non-PGM catalysts to be investigated for HER activity due to 

their potential as HER electrocatalysts, large surface area, adjustable structure and superior electrical 

conductivity.85-87 These are a group of two-dimensional inorganic compounds that consist of transition 

metal carbides, nitrides or carbonitrides. Their structures comprise two or more layers of transition 

metal atoms arranged in a 2D lattice, with carbon and/or nitrogen layers filling the octahedral sites 
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between the adjacent transition metal layers.86,88,89 Yuan et al. investigated a novel synthesis method for 

highly active MXene nanofibers (Ti3C2) which displayed enhanced HER electrocatalytic activity with 

a low overpotential of 160 mV at a current density of 10 mA cm-2.90 This was due to the high specific 

surface area and exposed active sites of the MXene nanofiber. 

Lastly, transition metal dichalcogenides (TMDs) represent another promising group of non-noble metal-

based electrocatalysts for the hydrogen evolution reaction. TMDs, such as MoS₂, WS₂, and others, have 

shown significant potential due to their unique layered structures, which provide abundant active sites 

for hydrogen adsorption and evolution.91,92 This study specifically focuses on TMDs as HER 

electrocatalysts. The following chapters will delve into the detailed mechanisms of hydrogen evolution 

on TMDs, explore the various synthesis methods, and evaluate their performance compared to other 

non-noble metal-based catalysts. The goal is to identify the most promising TMD candidates and 

optimize their properties for efficient and sustainable hydrogen production. By concentrating on TMDs, 

this research aims to contribute to the development of cost-effective and high-performance 

electrocatalysts that can facilitate the widespread adoption of hydrogen as a clean energy carrier. 

 

1.3 General Electrochemistry 

Electrochemistry encompasses a variety of processes that have wide-ranging applications, including 

electrolysis, batteries, fuel cells, electroplating, and corrosion control. The electrochemical processes 

conducted in these applications can generally be categorized into galvanic and faradaic processes. A 

galvanic process involves a spontaneous redox reaction that generates electrical energy, whereas a 

faradaic process refers to a non-spontaneous reaction where there is a direct transfer of electrons 

between an electrode and a species in solution due to an external potential bias.93 This constitutes a 

heterogeneous electrochemical process since the electron transfer occurs at the interface of two different 

phases, that is, a solid-liquid interface which will be the case for reactions investigated in this study. 

During these reactions, electrons move between two distinct phases (electrode and solution species), 

leading to a net charge separation as equilibrium is approached.94,95 This creates a potential difference 
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at the interface, and if 𝐸𝑚 is electrode potential and 𝐸𝑠 is solution potential, then the potential drop at 

the interface is: 

∆𝐸𝑚 𝑠⁄ = 𝐸𝑚 − 𝐸𝑠                                       (1.9) 

This quantity has a precise finite value for any system, but its direct measurement is not experimentally 

feasible unless an additional electrode is added to complete the electrical circuit thereby creating a two-

electrode electrochemical cell (Fig. 1.4A).94 This additional electrode, should have a constant known 

potential drop so that the potential difference (E) between the two electrodes can be measured and it is 

given by: 

𝐸 = (𝐸𝑚 − 𝐸𝑠) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                      (1.10) 

where the constant refers to counter electrode potential and the term in brackets is the potential drop of 

the electrode of interest. A reference electrode is added to the previously described two-electrode cell 

to form the conventional three-electrode electrochemical cell setup shown in figure 1.4B. This three-

electrode system isolates the potential control and current measurements, allowing for more precise and 

accurate electrochemical measurements.  
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Figure 1.4. Diagrams of a two-electrode (A) and three-electrode (B) electrochemical cells. 

 

For a two-electrode cell, the potential difference 𝐸 is given by: 

𝐸 = 𝐸𝑊𝐸 − 𝐸𝐶𝐸    (1.11) 

Where 𝐸𝑊𝐸 is the potential at the working electrode and 𝐸𝐶𝐸 is the potential at the counter electrode. 

However, 𝐸𝐶𝐸 can vary because the counter electrode also carries the current required for the reaction, 

leading to potential drops due to solution resistance (𝑖𝑅 drop): 

𝐸𝐶𝐸 = 𝐸𝑟𝑒𝑓 + 𝑖𝑅𝑠𝑜𝑙   (1.12) 

with 𝐸𝑟𝑒𝑓 being the reference potential of the counter electrode, 𝑖 is the current and 𝑅𝑠𝑜𝑙 is the solution 

resistance. When a reference electrode is added to the system, to make it a three-electrode cell, it 

provides a stable and known potential (𝐸𝑅𝐸) due to the potentiostat providing infinite impedance, which 

ensures no current flows through it. Infinite impedance ensures that the reference electrode is not 

disturbed by the electrochemical reactions occurring in the cell, thereby preventing any drift in the 

reference potential that could affect the accuracy of the measurements. The potential difference of the 

cell then becomes: 
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𝐸 = 𝐸𝑊𝐸 − 𝐸𝑅𝐸   (1.13) 

 The counter electrode carries the current, thereby completing the electrical circuit and it is typically 

constructed from materials that are electrochemically inert in the system under study.96 It should also 

possess a high surface area and excellent electrical conductivity to ensure that it does not limit the 

electrode kinetics at the working electrode. The working electrode is where the desired electrochemical 

reactions take place, with its potential accurately controlled and measured against the reference 

electrode by a potentiostat. The working electrode is essential to the operation of an electrochemical 

cell, with its material, surface area, and conductivity being crucial for the efficiency and precision of 

electrochemical measurements.97  

 

1.3.1 Electrochemical equilibrium: Nernst equation 

The Nernst equation relates the reduction potential of a half-cell to activities (or concentrations) of the 

electroactive species involved. It connects chemical thermodynamics with practical measurements in 

electrochemistry, providing insight into the behaviour of cells and the properties of the involved species 

under various conditions. For a given reduction process where an oxidized species gains n electrons to 

form a reduced species: 

𝑜𝑥 + 𝑛𝑒− ⇌ 𝑟𝑒𝑑   (1.14) 

 the Gibbs energy is given by:98 

∆𝐺 = ∆𝐺𝑜 + 𝑅𝑇 ln
(𝑎𝑟𝑒𝑑)

(𝑎𝑜𝑥)
  (1.15) 

where ∆𝐺𝑜 is the standard Gibbs energy, 𝑅 is the gas constant (8.314 J K-1 mol-1), 𝑇 is the temperature 

(K) while 𝑎𝑟𝑒𝑑 and 𝑎𝑜𝑥 are the activities of the reduced and oxidised species, respectively. The Gibbs 

energy for the half-reaction is connected to the electrode potential E through the following equation: 

  ∆𝐺 = −𝑛𝐹𝐸                 (1.16);                    

 ∆𝐺𝑜 = −𝑛𝐹𝐸𝑜  (1.17) 
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where 𝐹 is the Faraday constant (96485 C mol-1) and 𝑛 is the stoichiometric number of electrons 

transferred. The standard electrode potential 𝐸𝑜 corresponds to the standard Gibbs energy (∆𝐺𝑜), which 

occurs when the activities of products and reactants are equal to unity.99 From equation 1.16, it can be 

deduced that positive electrode potential values are thermodynamically favourable. In contrast, negative 

electrode potential values indicate that the electrochemical cell would require an external driving force 

to initiate the reaction.  

When equations 1.15, 1.16 and 1.17 are combined, it results in the following expression, known as the 

Nernst equation: 

𝐸 = 𝐸𝑜 −
𝑅𝑇

𝑛𝐹
ln

(𝑎𝑟𝑒𝑑)

(𝑎𝑜𝑥)
   (1.18) 

For the hydrogen evolution reaction: 

𝐻+ + 𝑒− →
1

2
𝐻2   (1.19) 

The Nernst equation takes the form: 

𝐸 = 𝐸𝑜 −
𝑅𝑇

𝐹
ln

(𝑓𝐻2

1
2⁄

)

(𝑎𝐻+)
   (1.20) 

When accounting for the fugacity of hydrogen 𝑓𝐻2

1
2⁄
 which is 1 under ideal gas conditions, and 

converting from natural logarithm, we obtain the expression:98,100 

𝐸 = 𝐸𝑜 −
2.303𝑅𝑇

𝐹
log10

1

𝑎𝐻+
  (1.21) 

At 298 K, 𝑝𝐻 = log10 (
1

𝑎𝐻+
), and when substituting for that in eqn 1.21, we finally get: 

𝐸 = 𝐸𝑓
𝑜 − 0.059𝑝𝐻   (1.22) 

with the formal potential 𝐸𝑓
𝑜 replacing the standard potential 𝐸𝑜 to account for non-ideal behaviour and 

practical conditions. This quantitatively illustrates the pH sensitivity of the HER, showing that for each 

unit change in pH, the electrode potential shifts by 59 mV at 298 K. 
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1.3.2 Electrode kinetics 

Electrochemical reactions involve electron transfer, and a quantitative model can be developed to 

describe the rate of electron transfer as a function of overpotential. Considering the following 

electrochemical reaction: 

𝑂𝑥(𝑎𝑞) + 𝑒−(𝑚)
𝑘𝑟𝑒𝑑

⇄
𝑘𝑜𝑥

𝑅𝑒𝑑(𝑎𝑞)    (1.23) 

where 𝑘𝑟𝑒𝑑 and 𝑘𝑜𝑥 are the first-order heterogeneous rate constants of the forward (reductive) and 

backward (oxidative) electron transfer reactions. The net current I for the reaction, which is the sum of 

the reductive (Ired) and oxidative (Iox) component, is expressed as: 

𝐼 = 𝐼𝑜𝑥 − 𝐼𝑟𝑒𝑑 = 𝐹𝐴(𝑘𝑜𝑥[𝑅𝑒𝑑]𝑜 − 𝑘𝑟𝑒𝑑[𝑂𝑥]𝑜) (1.24) 

given that 𝐼𝑜𝑥 = 𝐹𝐴𝑘𝑜𝑥[𝑅𝑒𝑑]𝑜 and 𝐼𝑟𝑒𝑑 = 𝐹𝐴𝑘𝑟𝑒𝑑[𝑂𝑥]𝑜. [𝑅𝑒𝑑]𝑜 and [𝑂𝑥]𝑜 are the bulk concentrations 

of the reductive and oxidative species, respectively, while A is the electrode area (cm2).  

The electrode overpotential (𝜂), defined as the difference between the applied potential E and the formal 

potential 𝐸𝑓
𝑜, is linked to the activation Gibbs energies of the reductive and oxidative reactions, which 

results in: 

𝑘𝑜𝑥 = 𝑘𝑜𝑒𝑥𝑝 (
(1−α)𝑧𝐹𝜂

𝑅𝑇
)  (1.25);                  

𝑘𝑟𝑒𝑑 = 𝑘𝑜𝑒𝑥𝑝 (
−α𝑧𝐹𝜂

𝑅𝑇
)   (1.26) 

where 𝑘𝑜 is the standard rate constant, while α is the charge transfer coefficient, and 𝑧 is the number of 

electrons. The charge transfer coefficient (0< α <1) is sometimes referred to as the symmetry factor as 

it reflects the symmetry of the energy barrier for the electrochemical reaction. For α values close to 1, 

the energy barrier is significantly lowered by the applied potential, while for values close to 0, the 

energy barrier for the reaction is largely unaffected by the applied overpotential.  

Equations 1.25 and 1.26 can be included in equation 1.24 to form: 
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𝐼 = 𝐹𝐴𝑘0 {[𝑅𝑒𝑑]𝑜𝑒𝑥𝑝 (
(1−α)𝑧𝐹𝜂

𝑅𝑇
) − [𝑂𝑥]𝑜𝑒𝑥𝑝 (

−α𝑧𝐹𝜂

𝑅𝑇
)}  (1.27) 

Normalizing the above equation by the electrode area A and rearranging the above equation using 𝑗𝑜 =

𝐹𝑘𝑜[𝑅𝑒𝑑]𝑜 and 𝑗𝑜 = 𝐹𝑘𝑜[𝑂𝑥]𝑜, we get the Butler-Volmer equation:101 

𝑗 = 𝑗𝑜 {𝑒𝑥𝑝 (
(1−α)𝑧𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−α𝑧𝐹𝜂

𝑅𝑇
)}    (1.28) 

The Butler-Volmer equation can be transformed into the Tafel equation under conditions of high 

overpotential, where one of the exponential terms (reductive or oxidative) dominates. This results in 

one of the terms being negligible, and for the case of high anodic overpotential (η≫0) and taking natural 

logarithms, this results in: 

ln(𝑗) = ln(𝑗𝑜) + (
(1−α)𝑧𝐹𝜂

𝑅𝑇
)     (1.29) 

while for high cathodic overpotential (η≪0), we get: 

ln|𝑗| = ln|𝑗0| − (
α𝑧𝐹𝜂

𝑅𝑇
)      (1.30) 

These Tafel equations provide a linear relationship between the overpotential η and the logarithm of the 

current density j. The slope of the resulting line, known as the Tafel slope is related to 𝑎 and the y-

intercept value relates to the exchange current density 𝑗𝑜. The application of these equations will be 

outlined in the results chapters. At low overpotentials, a Tafel expression can be derived from a series 

expansion of eqn 1.28 which would describe the current density (𝑗) as a function of overpotential (η): 

𝜂 = 𝑎 + 𝑏 log(𝑗)       (1.31)   

where 𝑎 is a constant, and 𝑏 is the Tafel slope. 

 

1.3.3 Electric Double Layer 

The electric double layer (EDL) is a layer that forms at the interface of an electrode and electrolyte 

solution when a potential difference is applied due to charges on the electrode surface attracting 

oppositely charged ions from the electrolyte. It consists of two layers (inner and outer layer) of charges 
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with opposite polarity, creating a region where electrical potential and charge distribution are 

significantly different from those in bulk phases.102,103 The inner layer, also known as the Helmholtz or 

Stern layer is immediately adjacent to the electrode surface and includes adsorbed ions (counter-ions) 

which are strongly bound to the surface and solvated ions.94,102 This layer can be further divided into 

the Inner Helmholtz Plane (IHP) where the specifically adsorbed ions reside and the Outer Helmholtz 

Plane (OHP), where solvated ions approach the electrode surface but do not adsorb, as shown on figure 

1.5.104 Beyond the Helmholtz layer, is the outer layer (diffuse or Gouy-Chapman layer) which contains 

ions that are influenced by the electric field of the electrode. These ions are distributed in a gradient, 

forming a diffuse cloud of charges that gradually balances the charge of the electrode.105 The electrical 

potential varies across the EDL, and it drops sharply in the Stern layer and more gradually in the diffuse 

layer until the boundary of the diffuse layer, where this potential is referred to as the zeta potential. 

 

Figure 1.5. Electric double layer (EDL) formed on a positively charged electrode surface (adapted from 

ref [105]). 
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1.3.4 Mass Transport: Diffusion 

Mass transport significantly affects the efficiency, rate, and overall performance of electrochemical 

systems. When mass transport is slow, it can become rate-limiting, controlling the observed current 

rather than the intrinsic kinetics of the reaction.106 The primary forms of mass transport are diffusion, 

convection, and migration,95,107 although the latter two are often eliminated experimentally, thereby 

allowing diffusion to be the primary mode of transport for electroactive species. Adding an excess of 

inert electrolyte to the solution compresses the electric double layer (EDL), thereby regulating the 

distance over which the electrical potential decreases from the electrode surface to the bulk solution.94 

This is crucial because eliminating potential gradients outside the narrow EDL prevents migration 

effects, while the short distance supports electron tunnelling between the electrode surface and reactant 

ions. Additionally, limiting the timescale of the experiments to approximately 20-30 s can mitigate the 

effects of natural convection. With convection and migration mitigated, only diffusion remains to 

transport the electroactive species to the electrode-electrolyte interface, driven by a concentration 

gradient. The rate of diffusion for the electroactive species can be determined and incorporated into 

kinetics calculations for accurate analysis of electrochemical cells.  This rate of diffusion, according to 

Fick’s first law, is proportional to the concentration gradient and is expressed as:94,108 

𝐽 = −𝐷
𝜕𝐶

𝜕𝑥
    (1.32) 

where 𝐽 is the diffusion flux, 𝐷 is the diffusion coefficient and 
𝜕𝐶

𝜕𝑥
 is the concentration gradient. The 

second law goes on to describe how the concentration of electroactive species changes over time (
𝜕𝐶

𝜕𝑡
) 

due to diffusion and is given by:108 

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2    (1.33) 

 

1.3.5 Linear sweep and cyclic voltammetry 

Linear sweep (LSV) and cyclic voltammetry (CV) are fundamental electrochemical techniques used to 

investigate redox properties, reaction mechanisms, and kinetics of electrochemical systems. LSV has 
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the potential of the working electrode linearly ramped at a constant rate over time while measuring the 

resulting current, while with CV, the potential is swept linearly between two set values and then 

reversed back to the starting potential point as shown in figure 1.6 A&B.94 Figure 1.6A shows the usual 

transient voltammogram resulting from a CV from which two distinct current peaks are observed.  

 

Figure 1.6. (A)This voltammogram displays the characteristic curve, illustrating the current response 

as a function of the applied potential. The distinct shape provides insights into the electrochemical 

behaviour of the system under study, with specific regions corresponding to different electrochemical 

processes. (B) LSV plot from a microelectrode, divided into three regions: kinetically controlled, mixed 

control, and diffusion-controlled, highlighting the transition from electron transfer kinetics to diffusion-

limited current. 

These are the anodic and cathodic peaks which have a peak-to-peak separation (∆𝐸𝑝) of 59/n mV (n 

being the number of electrons) for a reversible redox couple.96,109 For irreversible or quasi-reversible 

reactions, the peak-to-peak separation is larger (∆𝐸𝑝> 120/n mV) if the reverse peak is present, 

indicating slower electron transfer kinetics. The size of the peak current (𝐼𝑝 in A)  is proportional to the 

rate at which the potential is swept (voltage scan rate 𝑣 in V s-1) and this correlation brings forth the 

Randles-Ševčík equation:94 

Reversible:  𝐼𝑝 = 2.69 × 105𝑛3 2⁄ 𝐴𝐶𝐷1 2⁄ 𝑣1 2⁄    (1.34) 
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Irreversible:  𝐼𝑝 = 2.99 × 105𝑎1 2⁄ 𝐴𝐶𝐷1 2⁄ 𝑣1 2⁄    (1.35) 

where α is the transfer coefficient, 𝐶 is the concentration (mol cm-3), 𝐷 is the diffusion coefficient (cm2 

s-1) and 𝐴  is the electrode area (cm2). This equation enables the determination of diffusion coefficients 

(𝐷) and other kinetic parameters like the transfer coefficients and number of electrons transferred in an 

electrochemical reaction. 

Figure 1.6B shows an LSV plot obtained from a microelectrode, illustrating the electrochemical 

behaviour of the system under investigation. The curve is divided into three distinct regions: the 

kinetically controlled region, where the reaction rate is determined by the electron transfer kinetics; the 

mixed region, where both kinetics and mass transport influence the current; and the diffusion-controlled 

region, where the current (Ilim) is limited by the rate at which the reactants diffuse to the electrode 

surface.110 The steady state limiting current (Ilim) is given by the following equation:93,111  

𝐼𝑙𝑖𝑚 = 4𝑛𝐹𝐶𝑏𝑢𝑙𝑘𝐷𝑟                 (1.36) 

where 𝑛 is the number of electrons, 𝐹 is the Faraday constant, 𝐶𝑏𝑢𝑙𝑘  is the bulk concentration of the 

electroactive species, 𝐷 is the diffusion coefficient, and 𝑟 is the radius of the microelectrode. 

 

1.4 Impact Electrochemistry 

Impact electrochemistry or single-entity electrochemistry as it is sometimes known, is a branch of 

electrochemistry that focuses on studying the behaviour of individual nanoparticles, droplets or other 

small entities when they interact with an electrode surface. It focuses on single nanoparticles colliding 

with an electrode surface, where this interaction can result in electron transfer processes if the electrode 

material is suitable for the reaction and is held at an adequate potential.112-115 When the particle collides 

with the electrode, it can either serve as a surface for the reduction or oxidation of electroactive species 

(indirect impacts) or undergo reduction or oxidation itself (direct impacts).  

In terms of hydrogen evolution reaction, indirect impacts (figure 1.7) occur with the nanoparticle 

colliding with an electrode surface held at a sufficiently negative overpotential, leading to proton 
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reduction on the nanoparticle surface.116-118 When successful collision occurs, a current signal is 

generated and from this current spike, information regarding the kinetics of the system under 

investigation can be extracted. The main benefit of the technique is that detailed information on the 

heterogeneity and individual behaviour of particles can be determined, which is not possible with bulk 

methods. In this study, the technique will be used to investigate the HER kinetics at the nanoparticle 

level, allowing for a comparison with bulk methods. 

 

Figure 1.7. Illustration of a MoS2 nanoparticle colliding with an electrode surface and acting as a 

surface for proton reduction. The process involves three main steps: (1) the nanoparticle collides with 

the electrode held at a sufficient potential, (2) protons on the nanoparticle surface are reduced to form 

hydrogen gas (H₂), and (3) the nanoparticle and the produced H₂ leave the electrode surface. This 

sequence illustrates the catalytic role of MoS₂ in the proton reduction reaction. 
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1.5 Research Aims and Objectives 

The global push towards sustainable and renewable energy sources necessitates advancements in green 

energy technologies, with efficient hydrogen production being pivotal to this energy transition.  

Although platinum group metals are highly effective catalysts for the hydrogen evolution reaction, their 

scarcity and high cost drive the need for alternative materials that are both efficient and economically 

viable. Transition metal dichalcogenides have emerged as promising candidates for HER due to their 

unique properties and low costs compared to PGMs. Research on TMDs has evolved from initial studies 

on bulk materials to exploring few-layer TMDs, doping strategies, phase engineering, and 

heterostructuring to enhance catalytic activity. Despite these advancements, there is a significant gap in 

reporting the electrochemical rate constants and detailed kinetics, and the potential effects of mixing 

various TMDs for enhanced HER catalysis have not been thoroughly investigated. This study aims to 

fill these gaps by investigating TMDs to a further degree in order to enhance their HER electrocatalytic 

performance as well as determining the reaction kinetics due to these improved TMDs. The focus is on 

the hydrogen evolution reaction (HER) because it directly impacts hydrogen production efficiency and 

complements existing efforts to address the more kinetically challenging oxygen evolution reaction 

(OER), enabling a balanced and efficient water-splitting system. 

This research aims to investigate the catalytic performance of bulk and nanoparticulate forms of 

transition metal dichalcogenides by utilizing impact electrochemistry to gain kinetic insights at the 

nanoscale. Additionally, the study will explore alternative synthesis methods for creating TMD 

heterostructures, with a focus on evaluating the stability of the resulting heterolayers and their 

effectiveness in the hydrogen evolution reaction (HER). The electrochemical rate constants and reaction 

kinetics of these enhanced TMDs will be studied and reported, providing a deeper understanding of 

their catalytic behaviours. Furthermore, the research will examine the potential synergistic effects of 

combining different TMDs to enhance HER catalytic activity. 
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1.6 Thesis Outline 

• Chapter 2- Literature Review 

• Chapter 3- Experimental Methods 

• Chapter 4- Impact electrochemistry of MoS2: electrocatalysis and hydrogen generation at low 

overpotentials 

• Chapter 5- Electrochemically deposited transition metal dichalcogenide heterostructures as 

electrocatalysts: accelerated kinetics for the hydrogen evolution reaction 

• Chapter 6- Novel electrocatalyst via mechanochemistry: binary & ternary mixed transition 

metal dichalcogenides 

• Chapter 7- Conclusion and Outlook 

• Chapter 8- Appendix 
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2 Literature review 

This chapter introduces transition metal dichalcogenides by touching on their background, structural 

properties, and their applications. It also investigates how they are synthesised as well as their 

electrocatalytic activity for the hydrogen evolution reaction, focusing mostly on what makes them 

suitable for this application and how they compare to other electrocatalysts. Lastly, strategies used to 

enhance the catalytic activities of TMDs by exposing more active edge sites, activating the basal plane 

sites and improving electronic properties are explored. 

 

2.1 Transition Metal Dichalcogenides: Background 

Green energy technologies are increasingly attracting attention because of the move away from methods 

that emit large amounts of carbon dioxide and other pollutants. A critical element of these green 

technologies is the use of catalyst materials, with platinum group metals (PGMs) being the most 

prevalent. However, their high cost and limited availability have driven research into alternatives, 

leading to the development of various catalytic materials, including transition metal dichalcogenides 

(TMDs). TMDs have important applications in energy storage, semiconductors, and photo- and 

electrocatalysis, particularly in catalysing the hydrogen evolution reaction (HER).1-4 TMDs are a class 

of materials composed of transition metals and chalcogen elements (sulfur, selenium, tellurium etc) 

with the general formula MX2, where M is a transition metal and X is a chalcogen.5,6 They have garnered 

significant interest due to their unique chemical, physical and electronic properties. These have a two-

dimensional tri-layered crystalline structure similar to that of graphite, with the layers held together by 

weak van der Waals forces (vdW).5 This kind of structure allows them to be easily exfoliated into thin 

layers or even monolayers for various applications. 

The individual tri-layers consist of three atomic planes with a typical thickness of 6-7 Å, featuring a 

hexagonally packed plane of metal atoms positioned between two planes of chalcogen atoms (figure 

2.1).7 The local coordination of the metal atoms within the tri-layer can either be trigonal prismatic or 

octahedral as shown in figure 2.1. The tri-layers are stacked together to form the bulk structural forms 
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of the TMDs, and these can exist in three different polymorphs being the 1T (trigonal), 2H (hexagonal) 

and the 3R (rhombohedral) forms.7-9 TMDs can exist in different phases and can be converted from one 

phase to the other. For example, MoS2 can exist as 1T-MoS2 or as 2H-MoS2 and it can be transformed 

to either phase via intralayer atomic gliding.10,11 1T-MoS2 is thermodynamically unstable, and it will 

gradually transform to the more stable 2H-MoS2 phase.7,9 These phases have different electronic 

properties, that is, 1T-MoS2 is metallic and more active catalyst for HER than 2H-MoS2 which is 

semiconducting.12-14 The altered electronic and physical properties resulting from phase transformations 

make TMDs particularly intriguing as HER electrocatalysts. This opens up numerous possibilities for 

modifying these properties to enhance the HER activities of the resulting materials.  

 

Figure 2.1. Metal coordination and stacking sequences of transition metal dichalcogenides. 

Reproduced from ref [10,11] 

 

The phases of TMDs are determined by their electronic properties, which are influenced by the filling 

of the non-bonding d-bands for groups 4 to 10 TMDs. When these d-band orbitals are partially filled, 

TMDs exhibit metallic properties. Conversely, when the d-band orbitals are fully filled, TMDs display 

semiconducting properties.9,15 The partial filling allows for free movement of electrons, contributing to 

high electrical conductivity while the fully occupied d-bands leads to a bandgap between the valence 
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and conduction bands, restricting electron flow and enabling semiconducting behaviour. XiaoBo et al 

investigated the energy band structure of different phases of MoS2 and this is illustrated in figure 2.2.16 

For the 2H phase, an indirect band gap of 0.93 eV was determined, which was smaller than the 

experimentally calculated one of 1.29 eV.16,17 The valence band maximum (VBM) is located at Γ, while 

the conduction band minimum (CBM) is positioned halfway between Γ and K for the 2H phase in figure 

2.2. The 3R phase also has an indirect band gap of 0.86 eV, but the VBM is shifted from Γ to A, and the 

CBM moves from midway between Γ and K to H, due to the band folding effect caused by the increased 

stacking periodicity. Unlike the 2H and 3R phases, the 1T phase exhibits metallic characteristics. 

The different phases of TMDs make them versatile for various applications: their 2H-phase properties 

make them suitable as semiconductors, their high surface area makes them ideal for supercapacitors in 

energy storage, and their tunable and direct bandgaps in monolayer form (1T-phase) make them 

excellent for optoelectronics and photovoltaic cells.13,15,18-20 Lastly, the electronic structure, high surface 

area, stability and durability and the presence of catalytic active sites makes TMDs effective 

electrocatalysts for the hydrogen evolution reaction. 

 

Figure 2.2 The energy band structures of the 2H, 3R, and 1T phases of MoS2 across the high-

symmetry points. Reproduced from ref [16]. 
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2.2 Transition Metal Dichalcogenide electrocatalysts for HER 

TMDs have active edge sites that are highly reactive and provide efficient catalytic activity for HER.5,21-

23 These edge sites provide a favourable environment for the adsorption and reduction of protons which 

makes it possible for TMDs to act as electrocatalysts for the hydrogen evolution reaction. Research on 

MoS₂ has aimed to identify the nature of its active sites using scanning tunnelling microscopy (STM) 

and catalytic performance testing.24 The findings indicated a correlation between the reaction rate and 

the edges of the sample/electrocatalyst, rather than its area, suggesting that the edges of MoS₂ are the 

catalytically active sites for HER and this has been proven for other TMDs such as WS2, MoSe2 and 

WSe2.25,26 The basal planes of the TMD and more especially for the 2H phases, are relatively inert 

compared to the edge sites. However, modifying the basal planes can enhance their catalytic activity 

thereby improving the overall activity of the TMD for HER.27-29  

Several TMDs have been explored as potential HER electrocatalysts and the most widely researched is 

molybdenum disulfide (MoS₂), which has demonstrated promise due to its stability and high catalytic 

activity for HER.12,30-32 Similarly, molybdenum diselenide (MoSe₂), with its narrow bandgap and low 

Gibbs energy, is also well-suited for HER.33-36 Metallic tungsten diselenide (WSe₂) has also been 

reported to exhibit improved electrocatalytic activity for the hydrogen evolution reaction (HER). 

Additionally, WSe₂ has demonstrated excellent long-term durability, maintaining its performance over 

extended periods.37 This combination of high activity and stability makes it a promising candidate for 

efficient and durable HER electrocatalysis. The reported enhanced HER activities of various TMDs as 

well as their large abundance and being relatively cheap, is what makes them much more promising as 

HER electrocatalysts compared to other earth-abundant electrocatalysts with the possibility of replacing 

PGMs. Among these, molybdenum disulfide (MoS₂) has been reported to have a hydrogen binding 

energy of 0.08 eV at 50% hydrogen coverage, which is nearly zero.32,38 This binding energy is 

comparable to that of active noble metal catalysts like platinum (Pt), highlighting the potential of MoS2 

as an effective and economical HER electrocatalyst. 
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2.3 Preparation methods of TMDs 

Several methods have been reported for preparing TMDs, each with its own advantages and 

disadvantages. These synthesis techniques can produce TMDs with varying levels of HER catalytic 

activity and different physical forms, ranging from bulk structures to monolayers, depending on the 

intended application. The following sections describe some common methods used to synthesize 

various TMDs. 

 

2.3.1 Electrochemical deposition 

This a technique that involves the reduction of metal and chalcogen precursors from an electrolyte 

solution onto a conductive substrate such as glassy carbon (GC) or indium tin oxide (ITO), forming a 

film of the TMD through either cyclic voltammetry or chronoamperometry.39-41 This is one of the most 

cost-effective and versatile method for synthesizing TMDs. The main advantages of this method are 

that it can be easily scaled up for large-area deposition along with offering precise control over film 

thickness, composition and morphology.31,42 Parameters such as deposition time, temperature and 

applied potential can be adjusted to control the thickness and morphology of the resulting TMD film. 

The electrochemically deposited layer is amorphous in structure with some complex surface groups. 

These can include molybdenum oxysulfides (MoOxSy), free terminal sulfur groups, and bridging sulfur 

groups for electrodeposited MoS2.31,43 These make it difficult to control the stoichiometry of the 

electrodeposited layer and often results in sulfur-poor products (MoS2-x).31 The technique has been used 

to produce TMDs with enhanced HER catalytic activity such as MoS2, WS2 and MoSe2 among others 

and their usual precursors are ammonium tetrathiomolybdate ((NH4)2MoS4), ammonium 

tetrathiotungstate ((NH4)2WS4) and molybdic acid and sodium selenite respectively.39,42,44-47 This is the 

technique mainly used in this study to synthesize the various TMDs used.  

For MoS2, the deposition reactions are as follows:46,47 

[𝑀𝑜𝑆4]2− → 𝑀𝑜𝑆3 +
1

8
𝑆8 + 2𝑒−                                                      (2.1) 

[𝑀𝑜𝑆4]2− + 2𝐻2𝑂 + 2𝑒− → 𝑀𝑜𝑆2 + 2𝐻𝑆− + 2𝑂𝐻−                   (2.2) 
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For MoSe2, the deposition reactions are as follows:39 

𝐻2𝑀𝑜𝑂4 + 6𝐻+ + 6𝑒− → 𝑀𝑜 + 4𝐻2𝑂   (2.3) 

𝐻2𝑆𝑒𝑂3 + 4𝐻+ + 4𝑒− → 𝑆𝑒 + 3𝐻2𝑂   (2.4) 

 

For WS2, the deposition follows the reactions:44 

[𝑊𝑆4]2− → 𝑊𝑆3 +
1

8
𝑆8 + 2𝑒−                      (2.5) 

𝑊𝑆3 + 2𝑒− + 2𝐻+ → 𝑊𝑆2 + 𝐻2𝑆(𝑔)   (2.6) 

 

2.3.2 Chemical vapour deposition  

Chemical vapour deposition is a technique that involves the chemical reaction of gaseous precursors at 

temperatures between 600-1000 ⁰C, to form a thin film of TMDs on a substrate.48 The method follows 

one of two routes, one in which the metal-based precursors are initially deposited on the substrate and 

then followed by the chalcogen-based precursors.5 The second route involves both the metal and 

chalcogen precursors being processed and reacted at the same time to form the TMD on the substrate. 

In both synthesis routes, the precursors are transported into the reaction chamber by using carrier gases 

like argon or hydrogen and they react at the surface of the substrate, forming a thin film of TMDs. After 

this process, post-deposition annealing is performed to improve the crystallinity and phase of the 

films.5,7,15,48 The technique produces TMD films with excellent crystallinity, purity and sometimes sulfur 

rich results ideal for HER electrocatalytic activity. It also allows for precise control over film thickness, 

composition and morphology. The main drawback is the high operational costs and safety when it comes 

to handling gaseous precursors. 

This technique has been frequently employed to produce multi-layered MoS₂. In one study, a three-

layered MoS₂ film was synthesized by dip-coating a substrate in ammonium thiomolybdate 

[(NH₄)₂MoS₄], then annealing it at 500°C to convert it to MoS₂, followed by sulfurization at 1000°C in 

sulfur vapor to improve the crystallinity.9,49 The conversion of [(NH₄)₂MoS₄] to MoS₂ is reported to 

follow the chemical reaction below:49 

(𝑁𝐻4)2Mo𝑆4 + 𝐻2 → 2𝑁𝐻3 + 2𝐻2𝑆 + 𝑀𝑜𝑆2          (2.7) 
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Other alternative CVD methods have been reported where monolayer MoS2 was synthesized from a gas 

phase reaction of MoO3 and S powders through sulfurization.50 This demonstrates how the CVD method 

is being continually explored and modified to produce a wide range of TMDs, from monolayers to bulk 

forms. These advancements highlight the versatility and adaptability of the CVD process in the 

synthesis of various TMD structures. 

 

2.3.3 Mechanical and liquid exfoliation 

Exfoliation is a technique used to obtain thin layers or monolayers of TMDs from their bulk materials 

by leveraging the weak van der Waals forces between the layers, making it possible to separate them 

into thinner sheets.5,7 The commonly used methods are mechanical exfoliation and liquid exfoliation to 

obtain the thin layer TMDs. Mechanical exfoliation involves physically peeling off layers from the bulk 

TMD crystal using adhesive tape or other mechanical means.15,51,52 This method is simple and does not 

require any chemical reagents while producing high-quality monolayers. Its main disadvantage is the 

low yield and scalability making it mostly suitable for small scale application and laboratory research. 

 

Liquid phase exfoliation, on the other hand, entails dispersing TMD powder in a solvent and applying 

ultrasonic energy to separate the TMD layers. This process is facilitated by the structure of TMDs, 

which allows intercalation by organic molecules, lithium ions, and transition metal halides, among other 

intercalates. Once intercalated, the compound can be exfoliated into monolayer or few-layer TMD 

sheets through ultrasonication.15,53-55 TMDs such as MoS2, MoSe2, MoTe2, and WS2 have been 

exfoliated using this method using N-methyl-2-pyrrolidone as the solvent and this produced single layer 

and multilayer nanosheets of these materials.56 Lithium ions solutions have also been extensively used 

for exfoliation of 2D TMDs. The lithium ions are inserted into the interlayer spacing of the TMD 

crystals and this increases the interlayer distance, thereby weakening the van der Waals forces and this 

combined with sonication successfully exfoliates the TMD into few layers and even 1T monolayer 

TMDs.57,58 Exfoliation method is advantageous due to being able to produce large quantities of 
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exfoliated TMDs but this comes at the cost of having mixed layer thicknesses and lower crystallinity 

compared to mechanical exfoliation.  

Table 2.1 below summarise the discussed synthesis methods and how they compare to each other. 

Table 2.1. Comparison of synthesis methods for transition metal dichalcogenides (TMDs) highlighting 

their advantages, limitations and achievable catalytic activity range (HER overpotential). 

TMD 

synthesis 

method 

Activity range 

(HER 

overpotential 

at -10 mA cm-

2 ) 

Benefits Limitations Additional 

information 

Electrochemic

al deposition 

150-400 

mV31,39-47 

 

• Simple and 

scalable setup. 

• Tunable 

deposition 

conditions 

• Results in 

increased edge 

sites and defects 

that benefits HER 

catalysis. 

• Cost-effective 

method for 

producing TMDs. 

• May produce 

mixed phases of 

TMDs. 

• Difficult to 

control 

stoichiometry of 

resulting 

products. 

• Limited to 

conductive 

substrates. 

• Enables 

direct 

deposition on 

electrodes. 

Chemical 

vapour 

deposition 

(CVD) 

200-400 

mV5,7,9,15,48,49 

• Produces high 

quality, pure 

crystalline TMDs. 

• Can produce 

monolayer and 

few-layers TMDs. 

• Can result in 

sulfur rich TMDs, 

which are ideal for 

HER. 

• High operational 

costs. 

• Safety 

consideration 

due to the 

possibility of 

releasing toxic 

gases such as 

H2S. 

• High 

crystalline 

TMD 

products. 

• Can be 

adjusted to 

conduct 

doping of 

TMDs. 

Mechanical 

exfoliation 

300-400 

mV5,7,15,51,52 

• Produces high 

quality 

monolayers. 

• Cheap method of 

producing TMD. 

• Limited 

scalability. 

• Low yield. 

• Ideal for 

fundamental 

studies 

requiring few 

or monolayer 

TMDs 
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Liquid phase 

exfoliation 

200-350 

mV15,53-58 

• Large scale 

production of few 

to monolayer 

TMDs. 

• Random size 

distribution of 

particles. 

• Extra steps 

required to 

separate and 

clean the final 

TMD products. 

 

 

2.4 Modification of TMDs for improved HER activity 

The two-dimensional structure of TMDs permits structural modifications to enhance their catalytic 

activity for the hydrogen evolution reaction. Additionally, their basal plane sites can be activated and 

utilized for HER catalysis through various techniques such as doping, defect and strain engineering. 

These capabilities have created numerous possibilities for optimizing TMDs to improve their catalytic 

performance, which has become a primary focus of research. Below are some strategies employed to 

modify TMDs for enhanced HER activity: 

 

2.4.1 Doping 

Doping entails incorporating different atoms into the TMD lattice in order to change its electronic 

properties and creating more active sites for HER. Doping is typically examined from two perspectives. 

The first involves doping with elements to induce crystal distortion, which subsequently improves the 

electronic structure.59 The second focuses on the dopant element itself becoming new active sites, 

thereby increasing the overall number of adsorption sites.60 Doping can be divided into two, namely 

metal element doping and non-metal element doping, with each having its own benefits. With metal 

element doping, there is a change in physical properties such as electrical conductivity and magnetic 

properties of the resulting TMD.61-64 Tsai et al. conducted plane-wave DFT employing ultrasoft-

pseudopotentials for calculations on HER activities of MoS2 doped by a variety of transition metal 

atoms such as Co, Fe, V, Mn and Ta.65 It was observed that there were binding strength modifications 

for the sulfur and metal atoms close to the doped atoms which became optimised for HER. Non-metal 

doping differs in that it requires greater consideration to be taken to determine suitable doping sites and 
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for a more stable configuration, replacing the S atoms or fitting the dopant in the S-vacancies in the 

basal plane has been shown to have better effect.52 It causes crystal distortion and formation of an 

amorphous structure which results in additional active sites. Table 2.2 below shows the HER 

performance of various TMDs resulting from both metal and non-metal doping. Both metal and non-

metal doping can enhance the HER catalytic activity of TMDs, and other times leads to poor HER 

performance, and this shows how selection of appropriate dopants is key in achieving TMD 

modification. 
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Table 2.2. HER performance of various doped TMDs. All potentials were corrected for the pH used in 

each solution. 

TMD Dopant HER overpotential 

at -10 mA cm-2 / mV 

(vs RHE) 

Tafel / mV 

dec-1 

Synthesis method 

Bulk MoS2 powder - -900 - Commercial 

powder66 

Exfoliated MoS2 

powder 

- -580 - Lithium 

intercalation66 

MoS2 Zn -194 80-125 Defect engineering 

and heteroatom 

doping67 

MoS2 Ni -400 
 

Hydrothermal 

method68 

MoS2 Co -350 101 Wetness 

impregnation 

followed by 

sulfurization with 

H2S23 

MoS2 V -130 60-75 Solid state reaction 

and liquid 

exfoliation69  

Bulk WS2 powder  - -830 - Commercial 

powder66  

Exfoliated WS2 powder  - -380 - Lithium 

intercalation66  

WS2 Te -213 94 Spin coating, 

sulfuration and 

tellurization70   

WS2 Co -350 132 Wetness 

impregnation 

followed by 

sulfurization with 

H2S23 

WS2 N -197 69.7 Sol-gel process71  

 

2.4.2 Defect engineering 

Defect engineering is one of the methods that has been devised to improve the number of active edge 

sites in TMDs by introducing defects to the TMD structure by means of crack formation among other 

ways.26 Recent studies have investigated introduction of defects to TMDs to modify them through 

plasma treatment. One study investigated Ar and O2 plasma treated MoS2, and this was done by treating 

the MoS2 with Ar plasma and O2 plasma for varying time periods before conducting HER studies with 
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the resulting plasma treated MoS2.72 There was an improved HER performance for the Ar plasma treated 

MoS2, registering a current density of 16.3 mA cm-2 at -35 mV which was approximately 11.7 times 

higher than the 1.39 mA cm-2 of pristine MoS2. Another study reported on how cracks due to oxygen 

plasma created defects which resulted in increased concentrations of exposed edge sites which 

ultimately improved HER performance.73 Engineering defects in the TMD structures can have both 

negative and positive effects for HER performance but it has been proved to influence number of 

exposed active sites this can be studied further to improve the catalytic activity of various TMDs. 

 

2.4.3 Nanostructured TMDs 

Synthesis of nanostructured TMDs maximizes the exposure of the TMD edges thereby exposing more 

of the edge sites that are catalytically active. Nanostructuring involves formation of nanoparticles, 

vertical nanoflakes, and nanowires which significantly increases the surface area-to-volume ratio, 

thereby proving more active sites for HER. The fabrication of MoSe2 and WSe2 on carbon microfibers 

and Si nanowires was investigated by Wang et al, and this vertical layer configurations maximised the 

exposure of layer edges which in turn enhanced the HER catalytic activity.74 Another study created a 

mesoporous, high surface area and double gyroid MoS2 bicontinuous network which had a higher ratio 

of edge sites, and this enhanced the catalytic activity for HER.75 The large number of active sites and 

improved electron transport pathways in nanostructured TMDs result in improved catalytic 

performance compared to the bulk TMDs. The enhanced HER activity of the nanostructure TMDs is 

shown in table 2.3, where a reduction in overpotential and Tafel slope values can be observed in relation 

to the bulk forms of the corresponding TMDs in table 2.2. When comparing nano and bulk materials, it 

is worth noting that the normalisation of surface area is usually done using the geometric surface area 

of the substrate electrode which might be different from the actual surface area of the amorphous or 

porous catalyst material. This is a widespread problem in the field and one way of tackling this is to use 

the Brunauer-Emmett-Teller (BET) method for accurate determination of surface area.76 This is a 

technique that measures the amount of nitrogen adsorbed on a surface as a function of pressure and this 

allows for calculation of the specific surface area of the material. Using this technique for surface area 



51 
 

normalisation would greatly improve the accuracy of reported values for amorphous and porous TMD 

electrocatalysts. 

Table 2.3. Comparison of the HER activity of different nanoparticulate forms of various TMDs. 

TMD HER overpotential 

at -10 mA cm-2 / mV 

(vs RHE) 

Tafel / 

mV dec-

1 

Synthesis method 

MoS2 nanosheets -200 40 Commercial obtained12 

MoS2 nanosheets -187 43 CVD followed by chemical 

intercalation77 

WS2 nanosheets -142 70 CVD followed by microwave assisted 

chemical intercalation78 

MoSe2 nanosheets -350 82 Commercial obtained followed by Li 

intercalation66 

MoSe2 nanofilm -250 59 CVD74 

WSe2 nanofilm -300 77 CVD74 

 

2.4.4 Heterostructures 

Recent studies have explored TMD heterolayered structures, which consist of two stacked TMD layers, 

to modify the bandgap and enhance photoelectrocatalysis for HER.79-82 Computational methods have 

been employed to predict how stacking different TMDs could impact the bandgap, either positively or 

negatively, depending on the location of the valence band maximum and conduction band minimum in 

the layers.81,82 For water splitting, a bandgap of 1.2-2.5 eV is desirable for to balance light absorption 

and charge carrier dynamics. Hydrothermal and chemical vapor deposition methods have been utilized 

to create these heterostructures, which have demonstrated improved electrocatalytic hydrogen evolution 

performance.83,84 Additionally, some TMD heterolayers can be fabricated from electrodeposited TMD 

films; for instance, heterolayers formed from electrodeposited MoS₂ and MoSe₂ films have shown 

enhanced proton reduction activity.39 Table 2.4 highlights some of the HER improvements in terms of 

overpotential and Tafel slopes values for TMD heterostructures. It highlights the various heterostructure 

methods reported in literature and how each result in different heterostructures with varying HER 
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performance hence the diverse nature of the synthesis methods. Creating TMD heterostructures results 

in increased number of active sites and facilitates efficient charge transfer between the layers, reducing 

recombination losses and improving the overall catalytic performance of the heterostructure. A 

synergistic effect can arise between the two TMD layers that can result in unique electronic properties 

such as enhanced conductivity or fine-tuning adsorption energy to enhance catalytic activity and 

selectivity, which would aid in electrocatalytic behaviour.  

Table 2.4. HER performance of various TMD heterostructures in comparison to the individual TMDs 

making them up.  

TMD 

heterostructures 

HER overpotential at -10 

mA cm-2 / mV (vs RHE) 

Tafel / 

mV dec-1 

Synthesis method 

MoSe2/WS2 -75 60 Chemical bath and CVD 

sputtering83 

MoSe2 -112 136 Chemical bath83 

WS2 -158 114 CVD83 

    

MoSe2/MoS2 -186 71 Exfoliation and microwave 

assisted85 

MoS2 -214 109 Exfoliation85 

MoSe2 -254 73 Hydrothermal and exfoliation85 

    

MoS2/WS2 -157 44 Microwave assisted 

solvothermal reaction86 

MoS2 -214 81 Microwave assisted 

solvothermal reaction86 

    

MoS2/CoS2 -69 62 Hydrothermal, electrodeposition 

and sulfurization87 

MoS2 -147 77 Hydrothermal synthesis87 

CoS2 -107 63 Electrodeposition and 

sulfurization87 

 

Table 2.5 below summarise the discussed TMD modification methods and how they compare to each 

other. 
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Table 2.5. Comparison of modification methods for TMDs, highlighting advantages, limitations and 

achievable catalytic activity ranges. 

Modification 

method 

Activity 

range (HER 

overpotenti

al at -10 mA 

cm-2 ) 

Benefits Limitations Additional 

information 

Doping 100-400 

mV23,59-71 

• Improves 

conductivity and 

catalytic activity. 

• Tailoring 

electronic 

properties for 

HER. 

• Enhances edge 

activity and carrier 

mobility. 

• Can negatively 

affect stability of 

the resulting 

TMD. 

• Precise control 

of dopant 

distribution and 

location is 

challenging. 

• Can cause 

crystal 

distortions 

and 

formation of 

an 

amorphous 

structure. 

Defect 

engineering 

35-200 

mV26,72,73 

• Creates active 

sites. 

• Enhances intrinsic 

activity of the 

TMD. 

• Can cause a 

reduction in 

material 

stability. 

• Defects are 

balanced in 

such a way 

that it avoids 

structural 

degradation. 

Nanostructuring 80-350 

mV12,66,74-77 

• Increases surface 

area of TMD. 

• Increases exposed 

active sites. 

• Aggregation of 

nanoparticles 

can occur and 

negatively affect 

catalytic activity. 

• Requires 

complex 

synthesis 

processes. 

• Ideal for 

HER due to 

high edge to 

surface 

ratios. 

Heterostructures 50-200 

mV39,78-86 

• Enhances charge 

transfer. 

• Increases number 

of exposed active 

sites. 

• Enables 

synergistic effects 

between materials. 

• Requires precise 

layer control. 

• Interfacial 

instability may 

arise during 

fabrication. 

• Improves the 

bandgap of 

the resulting 

heterostructu

re. 
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2.5 Conclusion 

This chapter provides a comprehensive overview of transition metal dichalcogenides (TMDs), covering 

their fundamental background, structural properties, and HER applications. It delves into the synthesis 

methods and HER electrocatalytic performance of TMDs, highlighting their advantages and potential. 

Furthermore, the chapter examines various strategies to enhance the catalytic efficiency of TMDs by 

increasing the exposure of active edge sites, activating basal plane sites, and improving their electronic 

properties, thereby underscoring their promise as efficient and tunable materials for HER catalytic 

applications. 
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3 Experimental Methods 

This chapter outlines the different materials and methods used along with the theory and purpose behind 

each technique used while investigating transition metal dichalcogenide materials for HER 

electrocatalysis. 

 

3.1 List of Chemicals 

The following chemicals were purchased commercially: ammonium tetrathiomolybdate (>99%, Sigma 

Aldrich), molybdenum (IV) sulfide nanoparticles (90 nm, 99% trace metal basis, Sigma Aldrich), 

ammonium tetrathiotungstate (>99% trace metal basis), tungsten (IV) sulfide nanoparticles (90 nm, 

99% trace metal basis), sodium selenite (>99%, Fisher Chemical), molybdic acid (>85%, Honeywell), 

molybdenum (IV) selenide (powder form, Ossila Ltd ), molybdenum sulfide selenide (powder form, 

Ossila Ltd), tungsten (IV) selenide (powder form, Ossila Ltd), molybdenum (IV) telluride (powder 

form, Ossila Ltd), tungsten (IV) telluride (powder form, Ossila Ltd), potassium sulfate (99.0%, Sigma 

Aldrich), sodium perchlorate (>98%, Sigma Aldrich), sodium hydroxide (97%, Alfa Aesar), potassium 

chloride (99.0-100%, Alfa Aesar), hydrochloric acid (37%, Honeywell), perchloric acid (60%, Fisher 

Scientific), and sulfuric acid (98%, Acros Organics). All solutions were made using ultrapure water with 

a resistivity of not less than 18.2 MΩ cm (MilliQ, Millipore), and were thoroughly degassed with 

nitrogen (oxygen-free, BOC Gases plc) before each experiment and a nitrogen atmosphere maintained 

throughout the experiment. 

 

3.2 Electrochemical cell  

A three-electrode electrochemical cell was used throughout this research for conducting electrochemical 

experiments. The set up consisted of a working, counter and reference electrode all connected to a 

computer-controlled potentiostat (Autolab PGSTAT302N), which applied the potential and measured 

the resulting current. The reference electrode was positioned as close as practicable to the working 

electrode (avoiding the counter electrode) to minimise Ohmic drop. Throughout the course of this study, 
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experiments were conducted in a solution of 10 mM H2SO4 with 0.1 M K2SO4 as the chosen supporting 

electrolyte unless stated otherwise.  

 

3.2.1 Electrodes 

For the purpose of this research, the working electrodes used were glassy carbon (GC) macroelectrodes 

(3 and 5 mm diameter, BASi Inc), and carbon fibre (CF) microelectrodes (9 and 33 µm diameter). The 

33 µm microelectrodes were purchased (IJ Cambria Scientific Ltd) while the 9 µm microelectrodes 

were produced in-house using pitch-derived carbon fibres (Goodfellow Cambridge Ltd) embedded in 

epoxy resin (RS Components). These electrodes were rigorously polished with alumina slurries of 

decreasing size from 3 µm to 0.5 µm successively on microcloth lapping pads (Buehler Inc, USA). Both 

the GC and CF electrodes were later modified by either electrodepositing or dropcasting a transition 

metal dichalcogenide on the surface and then used as working electrodes in further electrochemical 

experiments for the hydrogen evolution reaction. 

A graphite rod (6 mm diameter) was used as the counter electrode in this study for all electrochemical 

experiments unless stated otherwise. This ensured that the surface area of the counter electrode was 

always over 10 greater than the surface area of the working electrode. 

In this work, the reference electrodes used were either a saturated silver/silver chloride electrode or a 

saturated calomel electrode (SCE), with standard electrode potentials of 0.197 V and 0.242 V at room 

temperature and pressure, respectively.1 Their corresponding redox couples are: 

𝐴𝑔𝐶𝑙 + 𝑒− → 𝐴𝑔 + 𝐶𝑙−                                    (3.1) 

1

2
𝐻𝑔2𝐶𝑙2 + 𝑒− → 𝐻𝑔 + 𝐶𝑙−                             (3.2) 
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3.3 Synthesis 

3.3.1 Electrochemical Deposition of TMD films 

Electrochemical deposition of different TMD electrocatalysts was conducted via cyclic voltammetry in 

a covered (not airtight) three-electrode electrochemical cell. An oxygen-free atmosphere was 

maintained, to avoid forming transition metal oxides, by continuously pumping nitrogen gas into the 

cell. For most depositions, the cell consisted of a glassy carbon (3 mm diameter) working electrode, 

graphite rod counter and a saturated silver/silver chloride reference electrode along with the solution 

containing the analyte and supporting electrolyte. The voltammetry was performed using an Autolab 

PGSTAT302N potentiostat running Nova 2.1 software. For the electrochemical deposition of 

molybdenum disulfide (MoS2) film onto a glassy carbon surface, a solution of 2 mM (NH4)2MoS4 and 

0.1 M NaClO4 was used, and the potential was cycled between 0.4 V and -1.1 V (vs Ag/AgCl) for 50 

cycles at a voltage scan rate of 50 mV s-1 for full coverage of the glassy carbon surface which was 

marked by the height of the oxidative and reductive current peaks reaching saturation (shown in chapter 

4).2-5 Equations 3.3 and 3.4 show the MoS2 deposition routes.3 The same cell set-up was used for the 

electrochemical deposition of tungsten (IV) sulfide (WS2) film onto a glassy carbon surface but with a 

10 mM (NH4)2WS4 and 0.1 M KCl solution.6 The deposition was conducted by cycling the potential 

between 1.1 V and -1.3 V (vs Ag/AgCl) at a voltage scan rate of 50 mV s-1 for 50 cycles. For the 

electrodeposition of molybdenum (IV) selenide (MoSe2), the precursor solution used contained 0.05 M 

H2MoO4, 0.01 M Na2SeO3, 0.1 M NaClO4 which was adjusted to pH 6.5 with NaOH and a saturated 

calomel electrode (SCE) reference electrode was used.7 Cyclic voltammetry was also used for this 

deposition with the potential being scanned between 0.0 V and -1.2 V (vs SCE) for 50 cycles at a voltage 

scan rate of 50 mV s-1.7,8 Further details about the deposition as well as the deposition scans are provided 

in chapters 4 and 5. 

[𝑀𝑜𝑆4]2− → 𝑀𝑜𝑆3 +
1

8
𝑆8 + 2𝑒−                                                      (3.3) 

 

[𝑀𝑜𝑆4]2− + 2𝐻2𝑂 + 2𝑒− → 𝑀𝑜𝑆2 + 2𝐻𝑆− + 2𝑂𝐻−                  (3.4) 
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3.3.2 Nanoparticle drop-casting 

Drop-casting is a technique whereby an aliquot of a suspension containing an insoluble material in a 

chosen solvent (e.g. water, water-propanol mixture) is pipetted onto an electrode surface and allowed 

to dry either at normal room temperature or under a light source, resulting in a deposited layer of 

material forming on the electrode surface. Whilst drop-casting often results in some layer roughness 

and is prone to ‘coffee-ring’ effects, it has the advantage of simplicity and does not suffer the restrictions 

on solvents of spin-coating.9-11 The TMD nanoparticle powders were added to deionised water at 0.5 

mg mL-1 and sonicated for 30 minutes to make well mixed suspensions. From the suspensions, a 5 µL 

aliquot of the nanoparticle suspension was drop-cast onto a glassy carbon (3 mm diameter) electrode 

and left to dry under a light source (shown in figure 3.1). Upon drying, a TMD layer was formed on the 

electrode surface and this modified electrode would be used as the working electrode during 

electrochemical experiments. MoS2 and WS2 were commercially bought as nanoparticles and could be 

readily made into suspensions. However, the other TMDs (MoSe2, WSe2, MoTe2, WTe2, and MoSSe), 

were purchased as powders (5 mm average size) and were subsequently crushed to submicron size 

through mechanochemical comminution. This technique uses a solvent-free sealed environment where 

comminution occurs to achieve particle breakdown and chemical transformations.12,13 It is a physical 

process used to reduce bulk materials into nanoparticles by using mechanical energy to induce physical 

and chemical transformations on the sample material. This results in nanoparticles with a broad range 

of sizes and morphologies, depending on the milling parameters such as time, speed and media. The 

TMD powders (150 mg each) were ground using a 15 mL stainless steel jar from Form-Tech Scientific 

with two 7 mm stainless steel balls at 2500 rpm for 5 min using a FlackTek SpeedMixerTM (model DAC 

330-100 Pro) and a custom-made jar holder. 
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Figure 3.1. Graphical representation of how the nanoparticle suspensions were dropcast onto the 

surfaces of glassy carbon electrodes. 

3.4 Electrochemistry 

3.4.1 Hydrogen evolution reaction 

The hydrogen evolution reaction (HER) is the cathodic half-reaction of the water splitting reaction. To 

facilitate the reaction and produce a significant amount of hydrogen requires electrocatalysts, hence the 

TMDs are used as working electrodes during the reaction. For all the HER experiments conducted in 

this study, a standard three-electrode electrochemical cell set up was used consisting of a graphite 

counter (Goodfellow Cambridge Ltd), a saturated Ag/AgCl (IJ Cambria Ltd) reference and either 

modified or unmodified glassy carbon (3mm diameter, BASi Inc) working electrodes. For 

determination of the standard electrochemical rate constant, a 33 µm diameter carbon fibre (IJ Cambria 

Ltd) microelectrode was used as the working electrode to conduct linear sweep voltammetry. The 

solution used throughout the course of this study was 10 mM H2SO4 with 0.1 M K2SO4 supporting 

electrode unless stated otherwise. Cyclic and linear sweep voltammetry were carried out using an 

Autolab PGSTAT302N potentiostat running Nova 2.1 software and the data obtained was analysed 

using Microsoft Excel and OriginPro 2022. Electrochemical simulation of the data to acquire kinetic 

data was performed using DigiElch v8 software (www.elchsoft.com).  

 

http://www.elchsoft.com/


72 
 

3.4.2 Electrochemical Particle Impacts 

Chronoamperometric particle-impact measurements were conducted using a specialized setup 

comprising a custom low-noise potentiostat with a high-speed variable-gain low-noise current amplifier 

(DHPCA-100, femto.de) controlled by PyFemto_0.8 software.14,15 This achieved a sampling rate of 105 

s-1 due to the amplifier bandwidth of 220 kHz and a rise time of 1.6 µs at an operating gain of 108, in 

conjunction with a National Instruments data acquisition card (NI-6003) with a bandwidth of 300 kHz. 

The nanoparticle impact scans generated very low current signals in the nanoampere (nA) range, 

necessitating the use of a low-noise potentiostat to minimize external noise effects during scanning.16,17 

To enhance signal quality and facilitate the identification of impact signals, a 250 Hz Bessel digital filter 

was applied to the chronoamperometry scans using PyFemto software, while preserving the raw data 

for subsequent analysis. In the experimental setup, the reference electrode was positioned in a fritted 

compartment to prevent contamination during impact experiments. This methodology ensured precise 

and reliable measurements of nanoparticle impacts with minimized interference from noise and 

contamination. Data analysis was carried out using Microsoft Excel and OriginPro 2022 for peak 

identification, background correction and peak analysis. 

 

3.4.3 Hydrogen generation 

To confirm that the detected impact signals during the nanoparticle impact study were indeed due to 

hydrogen evolution, a scaled-up and modified three-electrode cell (figure 3.2 below) was employed to 

capture and analyse any evolved gases using gas chromatography. The cell featured a graphite rod 

working electrode (6 mm diameter, 125 mm length) to provide a larger surface area for particle impacts, 

along with correspondingly larger graphite counter and Ag/AgCl reference electrodes housed in 

separate fritted compartments. The volume of the nanoparticle suspension was increased to 500 mL 

with a concentration of 3.0 nM to ensure sufficient gas production for testing. Chronoamperometric 

measurements were conducted at two potential values (-0.40 V and -0.15 V vs RHE) over a period of 4 

hours to generate adequate gas quantities. The evolved gas was collected in a gas syringe via a shut-off 

valve connector and subsequently injected into a gas chromatograph for analysis to determine its 
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composition, specifically whether hydrogen was present or not. This experimental approach allowed 

for the identification and characterization of gases produced during the electrochemical measurements, 

providing valuable insights into the nature of the impact signals observed. 

 

Figure 3.2. Schematic diagram of the scaled up and modified three-electrode cell set-up for the 

nanoparticle impact study. 

 

3.5 Characterization 

3.5.1 Scanning electron microscope and energy dispersive spectroscopy (SEM-EDS) 

The characterization of transition metal dichalcogenide (TMD) samples was conducted using scanning 

electron microscopy with energy dispersive spectroscopy (SEM-EDS) utilizing a Hitachi TM3030 

tabletop electron microscope. In this method, electron beams emitted from an electron gun are directed 

towards the sample and pass through a series of apertures and lenses for focusing before reaching the 

sample surface. The interaction of these electrons with atoms on the sample surface generates signals 

in the form of secondary and backscattered electrons, which are detected by sensors to produce high-

resolution images.  
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Sample preparation involved dropcasting TMD suspensions onto a carbon conductive tab and allowing 

them to dry prior to imaging. For electrodeposited samples, glassy carbon studs were mounted on a 

stand and placed inside the microscope chamber for imaging. This approach facilitated detailed 

examination of TMD structures and elemental composition, enabling comprehensive characterization 

of sample morphology and chemical composition using SEM-EDS analysis. 

 

3.5.2 Focused ion beam scanning electron microscope (FIB-SEM) 

A focused ion beam scanning electron microscope (FIB-SEM) utilizes a beam of gallium ions to 

selectively remove material from a sample surface, enabling precise cross-sectioning, imaging, and 

analysis of internal structures. FIB-SEM analysis was conducted on TMD heterolayer samples to 

determine the thickness of individual TMD layers and the overall heterolayer thickness through cross-

sectional imaging, by Dr Nigel Neate at Nanoscale and Microscale Research Centre (NMRC), 

University of Nottingham. The characterization process was performed using a Zeiss Crossbeam 550 

FIB-FEG-SEM equipped with an Oxford Instruments EDS system. Sample preparation involved sputter 

coating with platinum to ensure electrical conductivity and protect against ion beam damage. 

Subsequently, an additional layer of platinum was deposited using the ion beam. A trench was then cut 

into the sample surface using the gallium ion beam operated at 30 kV and 700 pA. The back face of the 

trench was polished using the ion beam set to 30 kV and 50 pA. The cross-sectional image was obtained 

with the electron beam set to 5 kV and 200 pA, at a working distance of 5 mm, utilizing both Everhart-

Thornley and In-lens secondary electron detectors for imaging. This enabled precise measurement and 

analysis of the TMD heterolayer structure, providing valuable insights into layer thicknesses and overall 

morphology at the nanoscale. 

 

3.5.3 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique employed to discern 

the elemental composition, as well as the chemical and electronic states of materials. XPS analysis was 

conducted by Dr Hannah Constantin and Dr Long Jiang at Nanoscale and Microscale Research Centre 
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(NMRC), University of Nottingham, using a Kratos Liquid Phase Photoelectron Spectroscopy (LiPPS) 

system equipped with a monochromated Al Kα X-ray source (1486.6 eV), operating at 10 mA emission 

current and 12 kV anode potential (120 W). Wide resolution scans were performed with a step size of 

0.5 eV and a pass energy of 160 eV, while high-resolution scans utilized a step size of 0.1 eV and a pass 

energy of 20 eV. High-resolution scans focused on photoelectron peaks corresponding to the detected 

elements identified in the wide spectra. The acquired spectra were charge corrected relative to the C 1s 

peak (adventitious carbon) set at 285 eV. Data analysis was carried out using CASA XPS software 

(version 2.3.23), enabling detailed examination and interpretation of elemental composition and 

chemical states present in the TMD samples. This methodology provided valuable insights into the 

surface chemistry and electronic structure of the TMD materials. 

 

3.5.4 Raman spectroscopy 

Raman spectroscopy is an analytical technique used to study the vibrational, rotational and other low 

frequency modes in materials by examining the interaction between the sample and monochromatic 

light. It provides detailed information about the phase, chemical structure and molecular interactions 

based on the interaction of light with the chemical bonds of the material. In-plane vibrational mode 

(E2g) and out-of-plane vibrational mode (A1g) are the two primary vibrational modes commonly 

observed in many materials including TMDs. In-plane vibrational mode involves the vibration of atoms 

within the 2D plane of the materials while out-of-plane vibration mode involves the vibration of atoms 

perpendicular to the 2D plane of the material.18 Raman spectroscopy has been used to determine layer 

thickness, interlayer interactions, strain and defects in various TMDs such as MoS2, WS2 and MoSe2.19,20 

Raman analysis was conducted on transition metal dichalcogenide (TMD) powder samples using a 

Renishaw InVia Raman Microscope equipped with a 532 nm laser, controlled by WiRETM (Renishaw) 

software. Sample preparation involved depositing an appropriate amount of the TMD sample onto a 

microscope slide, which was then placed inside the microscope chamber for imaging. Careful 

positioning of the sample ensured optimal focus for the imaging process. The obtained Raman spectral 

data, which captured the vibrational modes and structural properties of the TMD samples, were 
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extracted and further analysed using OriginPro 2022 software. This analysis involved peak 

identification and characterization based on the Raman spectra, providing valuable insights into the 

composition and crystallographic features of the TMD samples. Raman spectroscopy served as an 

effective technique for the non-destructive characterization of TMD materials, offering detailed 

information about their molecular and structural properties based on light-matter interactions. 

 

3.5.5 Powder X-ray diffraction (XRD) 

Powder X-ray diffraction is a technique utilised to determine the crystal structure of materials and relies 

on the principle of Bragg’s law, which explains that when X-rays interact with a crystal lattice, they 

undergo constructive interference and produce a diffraction pattern that is characteristic of the atomic 

arrangement of the crystal. The law states that when an X-ray hits a crystal surface at an incident angle, 

θ, it reflects at the same angle, θ and constructive interference occurs when the path difference, d, equals 

an integer multiple, n, of the wavelength, λ.21,22 The expression for the law is as follows: 

𝑛𝜆 = 2𝑑 sin(𝜃)  (3.5) 

XRD was conducted on the transition metal dichalcogenide (TMD) powder samples using the 

PANalytical Empyrean X-ray Diffractometer equipped with a copper (Cu) source and a Pixel Medipix 

3D detector. The instrument was configured in reflection mode for the analysis. During the XRD 

analysis, the TMD samples were securely mounted on a clean stand and positioned within the X-ray 

chamber, which was then sealed for sample characterization. X-rays emitted by the Cu source were 

directed onto the sample, causing them to be diffracted based on the atomic arrangement and 

crystallographic properties of the TMD material. The diffracted X-rays were captured by the Pixel 

Medipix 3D detector. By moving the detector to vary the diffraction angle (the angle between the 

incident X-ray beam and the diffracted beam), the intensity of the diffracted X-rays was measured and 

recorded as diffraction data. 

XRD analysis using this setup enabled the investigation of the crystalline structure and phase 

composition of the TMD samples. The resulting diffraction patterns provided valuable information 
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about the atomic arrangement and crystallographic properties of the TMD materials, allowing for 

detailed characterization and identification of specific phases present in the samples. This technique is 

essential for studying the structural properties and phase transitions of materials at the atomic level. 

 

3.5.6 Gas chromatography 

Gas identification was performed using a Shimadzu GC2014 gas chromatograph fitted with a thermal 

conductivity detector (TCD). Gas samples generated from the reaction cell were collected using a gas 

syringe and subsequently injected into the gas chromatograph for analysis. Nitrogen served as the 

carrier gas during the chromatographic separation process. The thermal conductivity detector was 

utilized to detect and identify the various gases present in the samples, allowing for accurate and reliable 

gas identification based on their retention times and thermal conductivity properties. This analytical 

approach facilitated the characterization and quantification of gases produced during the experimental 

reactions. 

 

3.5.7 Atomic force microscope (AFM) 

Surface topography imaging was conducted using Atomic Force Microscopy (AFM) by Dr Chris Jones, 

University of Birmingham, with a Flex AFM system from Nanosurf AG, Switzerland, operated in phase 

contrast (tapping) mode. Tap150DLC cantilevers (BudgetSensors, Bulgaria), featuring a diamond-like-

carbon tip coating and a 15 nm nominal tip radius, were utilized for imaging. The AFM measurements 

were performed on particles deposited onto a freshly cleaved mica sheet (Agar Scientific Ltd, UK), 

which was positioned on the sample stage of an IX73 inverted microscope (Olympus, Japan). Care was 

taken to position the cantilever away from large, aggregated particles visible under the microscope. 

Images were captured over a 5 µm2 area with 512 points recorded per line, and smaller scan sizes were 

employed in areas of interest. Image analysis was conducted using Gwyddion software (v2.58, 

http://gwyddion.net/)23 to align rows within each image and quantify particle sizes, providing detailed 

surface topography data and particle size distributions of the examined samples. 

http://gwyddion.net/
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3.5.8 Spectroscopic Ellipsometry 

Spectroscopic ellipsometry was used to measure the thickness of transition metal dichalcogenide 

(TMD) heterolayers at three different angles (65°, 70°, and 75°) using an alpha-SE ellipsometer (J.A. 

Woollam Co. Inc). This non-destructive optical technique relies on changes in the polarization state of 

light as it reflects obliquely from a thin film sample, providing information about film thickness, surface 

roughness, and optical properties. Ellipsometry analyses changes in the polarisation state of light, 

represented by two parameters being the amplitude ratio of the reflected p-polarised and s-polarised 

light components (Psi Ψ) and the phase difference between these components (delta Δ). This technique 

has been used to for accurate determination of film thickness, bandgap as well as evaluating film 

homogeneity and crystallinity for thin films of TMDs like MoS2.24,25 

In the ellipsometry setup (figure 3.3), a light source emits a beam directed at the sample. Some of the 

light is absorbed by the sample while the rest is reflected towards a detector, which records the intensity 

of the reflected light beam. The acquired ellipsometry data was analysed and modelled using 

CompleteEASE software (J.A. Woollam Co. Inc), allowing for precise determination of layer thickness 

and structural parameters based on changes in polarized light. This characterization technique offered 

valuable insights into the thickness and optical properties of the TMD heterolayers, facilitating detailed 

analysis through advanced data analysis and modelling methods. Spectroscopic ellipsometry is a 

powerful tool for non-destructive characterization of thin film materials, providing essential information 

for understanding film properties and performance. 
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Figure 3.3. Graphical display of how an ellipsometer functions. Light produced from the light source 

is reflected by the heterolayer sample surface while a detector captures and measures the polarisation 

change. 
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4 Impact electrochemistry of MoS2: electrocatalysis and 

hydrogen generation at low overpotentials 

 

 

 

 

 

 

 

 

This chapter is based on the publication: 

T. Manyepedza, A. Snowdon, C. R. Jones, J. M. Courtney and N. V. Rees. Impact 

Electrochemistry of MoS2: Electrocatalysis and Hydrogen Generation at Low Overpotentials. 

J. Phys. Chem. C. 2022, 126, 17942-17951. 

 

 

 

Credit authorship contribution statement 

Tshiamo Manyepedza: Investigating, Conceptualization, Data curation, Formal analysis, 

Validation, Writing-original draft. Abigail Snowdon: Resources, Writing-Review and Editing. 

Christopher R. Jones: Resources, Writing-Review and Editing. James M. Courtney: 

Supervision, Writing-Review and Editing. Neil V. Rees: Conceptualization, Supervision, 

Writing-Review and Editing. 



84 
 

4.1 Introduction 

The growing demand for alternative electrocatalyst materials has sparked research into molybdenum 

disulfide (MoS2) as an economical and efficient electrocatalyst for the hydrogen evolution reaction. 

This 2D crystalline compound has edge sites that are catalytically active for HER while the basal sites 

are inert.1,2 Studies have shown an improved catalytic activity towards HER for nanostructured forms 

of molybdenum disulfide as compared to its bulk crystalline form due to having more active edge sites 

exposed.2,3 To fully explore the catalytic properties of nanoparticulate MoS2, impact electrochemistry 

was used. The technique focuses on single nanoparticles colliding with an electrode surface which may 

result in electron transfer provided that the applied potential and choice of materials are suitable for a 

reaction to occur.4-7 

This chapter investigates the amorphous film and nanoparticle forms of MoS2 and their catalytic effect 

on the HER, as two different structural morphologies of the material. Electrochemical deposition was 

carried out to produce the bulk amorphous MoS2 and its catalytic effect on the HER and its stability 

was tested through linear sweep voltammetry. Nanoparticle impact voltammetry was conducted 

stepwise across a range of potentials, from the non-active region (at positive overpotentials) to the active 

region (at negative overpotentials). The frequency of impact events was recorded, and the transient 

signal analysed to elucidate kinetic information. Tafel analysis of this data and modelling of kinetic 

behaviour was compared to gain further insight into the HER kinetics due to the different catalyst 

structures. The nanoparticle impact study was extended to explore the hydrogen producing capabilities 

of the nanoparticles via bulk electrolysis, using gas chromatography to confirm the earlier onset was 

due to the HER.  

4.2 Results and discussion 

4.2.1 Electrodeposition and characterization of amorphous MoS2 

The hydrogen evolution reaction was investigated using MoS2 as electrocatalyst in two different 

structural forms, that is as electrodeposited amorphous and nanoparticles, in order to compare 

performance and kinetics. To establish a baseline of performance and to guide potentials of interest for 
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the impact electrochemistry study electrodeposited MoS2 was studied.  The electrochemical deposition 

of MoS2 onto a glassy carbon electrode was carried out via cyclic voltammetry in a solution of 2 mM 

(NH4)2MoS4 and 0.1 M NaClO4 between 0.6 V to -0.9 V (vs RHE) at a voltage scan rate of 50 mV s-1 

for 50 cycles (discussed further under Experimental Methods in section 3.3.1).  

 

Figure 4.1. Cyclic voltammogram of the deposition of MoS2 on a glassy carbon macroelectrode at a 

scan rate of 100 mV s-1 in a solution containing 2 mM (NH4)2MoS4 and 0.1 M NaClO4 

 

 

The resulting voltammograms (Fig. 4.1) exhibited the expected broad oxidation and reductive peaks at 

-0.1 V and -0.6 V (vs RHE) respectively, due to the following redox processes:8-12   

 

[𝑀𝑜𝑆4]2− → 𝑀𝑜𝑆3 +
1

8
𝑆8 + 2𝑒−                                                      (4.1) 

 

[𝑀𝑜𝑆4]2− + 2𝐻2𝑂 + 2𝑒− → 𝑀𝑜𝑆2 + 2𝐻𝑆− + 2𝑂𝐻−                  (4.2) 
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The increased oxidative and reductive peaks indicate the growth of the MoS2 film formed on the surface 

of the glassy carbon.11 The deposition occurred via oxidation of [𝑀𝑜𝑆4]2− to form a film of MoS3 as 

shown by equation 4.1 at potential -0.3 to 0.0 V  and reduction of [𝑀𝑜𝑆4]2− to MoS2 following equation 

4.2 at potentials -0.4 to -0.7 V. This results in an amorphous film of MoS2 and MoS3 being created on 

the electrode surface. The increase in current during successive cycles indicates continuous nucleation 

and growth of MoS₂ and MoS₃ particles, which increase the electrochemically active surface area of the 

electrode. As the film grows, it facilitates faster electron transfer and enhances ion accessibility, leading 

to progressively higher peak currents.11,12  

 

Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) was used to determine 

the elemental composition of the electrodeposited MoS2 film. The EDS detected small amounts of 

molybdenum and sulfur in the electrodeposited sample, shown on the spectra in Fig. 4.2 with the 

detected elements in the sample. It should be noted that the deposited layer of MoS2 is estimated to be 

in the nano range in terms of thickness as reported by Merki et al, hence the low ratios in comparison 

to carbon in the spectrum.8 This confirms that a layer of Mo and S exists on the glassy carbon after the 

electrochemical deposition process.  
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Figure 4.2. EDS spectra of the of the electrodeposited sample on glassy carbon. Molybdenum and 

sulfur were detected proving that the deposition resulted in some form of MoSx. 

 

Characterisation of the modified MoS2/GC electrode and nanoparticle samples by X-ray photoelectron 

spectroscopy confirmed the presence of both Mo and S in both samples. High resolution XPS spectra 

of the S 2p and Mo 3d regions (see Fig. 4.3A), indicates the presence of Mo4+ by the peaks at 228.8 eV 

and 232.6 eV, and Mo6+ is shown by the peaks at 232.5 eV and 235.6 eV, with the spin-orbit splitting 

of ca 3.8 eV and 3.1 eV respectively.13,14 The Mo(VI) is believed to be due to the presence of MoO3, 

and this is supported by the detection of a significant amount of oxygen (O 1s) in the sample. Ambrosi 

and Pumera also detected the Mo peak at ≈236 eV which they assigned to the Mo (VI) oxide species 

because of the presence of significant amounts of oxygen in their XPS spectra.13  
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Figure 4.3. High resolution spectra of the Mo (A &C) and S (B&D) regions from the wide scan spectra. 

A and B spectra are from the modified electrode sample while C and D are from the nanoparticle sample. 

 

The detection of a doublet peak for the S 2p signal indicates that the sulfur components present are S2− 

and S2
2−.47 Detection of the S2

2− species suggests the presence of MoS3 in the sample which agrees with 

past structural studies that discovered the S2
2−species and gave the formal composition as 

MoIV(S2−)(S2
2−).15 The formation of MoS2 via cyclic voltammetry (involving both cathodic and anodic 

potentials) has been reported to create a mixed composition film of MoS2 and MoS3.8,13 Accounting for 

the presence of Mo oxides, the Mo:S ratio obtained for the deposited layer resulted in a ratio of 1:2.2 

from the wide spectra. XPS analysis of the nanoparticle sample, shown in Fig. 4.3 (C &D), shows a 

attenuation in the Mo oxide peak as compared to the electrodeposited sample thereby indicating a 

greater proportion of Mo4+.  
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4.2.2 pH and kinetic study of HER on electrodeposited MoS2 

 

The electrodeposited MoS2-modified electrode was then used to study the HER using linear sweep 

voltammetry at a range of pH values. The aim of the pH study was to determine a pH at which the HER 

signal from the deposited MoS2 did not significantly degrade after continuous voltage scanning. This 

was to ensure that with the selected pH, the MoS2 nanoparticles did not degrade over the timescale of 

the nanoparticle impact study. Linear sweep voltammetry was then carried out to study the HER. A 

potential sweep from 0.2 V towards negative potentials was run at a voltage scan rate of 20 mV s-1 in a 

pH 2 sulfuric acid solution and the resulting current change recorded. The pH of the solution was then 

changed, and the experiment repeated. Varying the pH resulted in a change in onset potential (defined 

here as the potential at which the current density was 0.5 mA cm-2) for HER as shown in Fig. 4.4A 

confirming the varying  HER activity according to specific pH regions, as reported in the literature.9 

The acidic region (0 ≤ pH < 4), acidic to neutral (4 ≤ pH < 7) and neutral to alkaline (7 ≤ pH ≤ 10) 

regions showed different HER mechanisms due to differences in the predominant HER active sites at 

the electrodeposited MoS2 surface within each region.16 For pH ≤ 2, the HER mechanism is operated 

by the electroreduction of hydronium ions while for pH ≥ 3 the HER occurs via the water reduction 

mechanism. Some pH display a peak/maximum in current and this result from non-uniform distribution 

of catalytic active sites on the MoS₂ film which leads to maximum activity or blockage by adsorbed 

species at specific pH levels and potentials, causing a peak in current density. 
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Figure 4.4. (A) LSVs recorded at a voltage scan rate of 20 mV s-1 in different pH solutions using a GC 

working electrode modified with electrodeposited MoS2. The solutions contained sulfuric acid and 

sodium hydroxide of varying concentrations to achieve the pH required, along with 0.49 M of K2SO4 

as supporting electrolyte. (B) A plot of the relationship between onset potentials and pH value, with a 

best-fit line, of equation 𝐸 = −(9.56 × 10−2)𝑝𝐻 − 0.112, obtained by linear regression. The plot ends 

at pH 2.5 because of degradation of the electrodeposited layer started occurring at pH 3 (dashed line). 

 

According to the Nernst equation (Eqn 1.22 in chapter 1), a potential change of 59 mV is expected per 

each pH unit for a single electron reaction. Based on this, a plot of onset potential against pH was drawn 

(see Figure 4.4B) and the gradient of the line of best fit was found to be 96 mV per pH unit. This 

suggests a mixture of a one electron one proton (59 mV/pH) and a one electron two protons (118 

mV/pH) mechanisms for the proton coupled electron transfer mechanism. Overall, there is an onset 

potential increase with an increase in pH value but at pH 3 to 4 there is degradation of the MoS2 substrate 

hence the huge shift in onset potential from pH 3. The degradation is a chemical process driven by pH 

and hydroxide ions that weakens the Mo-S bonds and HER electrochemical reactions exacerbate the 

degradation due to applied potential and accumulation of OH- ions near the electrode surface.17 

 

To further investigate the stability of the electrodeposited MoS2 a series of LSV scans were recorded in 

different pH solutions. A total of 10 consecutive scans were completed for each modified electrode in 
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each pH solution. The degradation of MoS2 is shown by the change in onset potential on the consecutive 

scans on Fig. 4.5. A solution of pH 2 was selected for further study of HER kinetics because the MoS2 

degradation is lower at this pH compared to pH >3. At pH 2, the onset potential for HER was -0.29 V 

(vs RHE).  

 

 

 

 

Figure 4.5. Repeated HER scans for electrodeposited MoS2 in different pH solutions to investigate 

degradation: (A) pH 1.5, (B) pH 2, (C) pH 3, and (D) pH 4. In all cases a graphite counter and Ag/AgCl 

reference electrode were used and a voltage scan rate of 5 mV s-1. A total of 10 successive scans for 

each modified GC electrode in a specific pH was carried out and the change recorded (the colour key 

shown in (A) applies to all plots). 
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To obtain data for kinetic analysis of HER experiments, LSV scans from 0.2 to -0.8 V (vs RHE) in a 

pH 2 sulfuric solution at a scan rate of 20 mV s-1, were conducted on an MoS2-modified 

(electrodeposited) carbon fibre microelectrode (shown in figure 4.6 below). Electrochemical deposition 

was carried out on the carbon fibre microelectrode (33 µm diameter) under the same conditions as for 

the electrodeposition on the GC electrode.  

  

 

Figure 4.6 (A) LSV scan of the HER at the MoS2 modified carbon fibre microelectrode in a solution of 

0.01 M H2SO4 and 0.49 M K2SO4 at a scan rate of 20 mV s-1. (B) Experimental data ( ̶ ) and best-fit plot 

of the waveshape fitting simulation () using DigiElch software. 

 

The MoS2-modified microelectrode scans were then analysed to extract kinetic information. The Tafel 

slope for the electrodeposited MoS2 was found to be 45 mV dec-1 with a transfer coefficient of 0.64 

(Figure 4.7). Automated waveshape fitting was then performed using DigiElch software using a formal 

potential of -0.12 V (vs RHE), and diffusion coefficient of 9.6 × 10-5 cm2 s-1.16 Grid parameters were 

varied in each coordinate to ensure the simulation result was independent of them (i.e. converged). This 

resulted in a standard electrochemical rate constant of (3.17  0.3) × 10-5 cm s-1 and a transfer coefficient 

of  = 0.67  0.02 which is in excellent agreement with the value derived from Tafel analysis. A 
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minimum of five voltammograms were used and Fig. 4.6B illustrates an example of the best-fit plots 

from the simulations. 

 

Figure 4.7. (A) A voltammogram obtained using electrodeposited MoS2 for HER and the Tafel slope 

(B) derived from this voltammogram  

 

The HER reaction mechanism is believed to involve a two-step process which may be restricted by any 

of the rate determining steps below:18-20 

 

Table 4.1. HER mechanism. Data from [18-20] 

Step Equation Tafel slope / mV dec-1 

Volmer 𝐻3𝑂+ + 𝑒− → 𝐻𝑎𝑑𝑠 + 𝐻2𝑂 120 

Heyrovsky  𝐻𝑎𝑑𝑠 + 𝐻3𝑂+ + 𝑒− → 𝐻2 + 𝐻2𝑂    40 

Tafel 𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 → 𝐻2 30 

 

The calculated Tafel slope value of ca 45 mV dec-1 for the MoS2-modified electrode suggests that the 

Heyrovsky step is rate determining and falls within the literature range of Tafel slope values (40 to 50 

mV dec-1) reported for MoS2 as an electrocatalyst for the hydrogen evolution reaction.8,21,22  
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4.2.3 HER at MoS2 particles via impact voltammetry 

Particle-impact electrochemistry was conducted with MoS2 nanoparticles in pH 2 sulfuric acid solution 

(10 mM H2SO4 and 0.49 M K2SO4), using chronoamperometry at a range of potentials 0.3 V to -0.6 V 

(vs RHE) for 30 s duration using the low-noise potentiostat (discussed in detail under Experimental 

methods in section 3.4.2). Control experiments without nanoparticles were conducted at all potentials 

to confirm the absence of current transient signals, and no transient ‘spikes’ were detected in these scans 

(see Appendix 8.2). Next, analogous chronoamperograms were recorded using an identical solution 

containing 100 pM of MoS2 nanoparticles. Reductive spikes were observed in chronoamperograms at 

potentials at (and more negative than) -0.10 V vs RHE. Figure 4.8 shows some typical current-time 

traces recorded with MoS2 nanoparticles for potentials -0.25 V and -0.50 V (vs RHE). The spikes are 

due to the nanoparticles striking the surface of the working electrode at a sufficient overpotential at 

which the reduction of protons occurs at the MoS2 particle surface.7 

  

Figure 4.8. MoS2 impact spikes for potentials held at (A) -0.25 V and (B) -0.50 V (vs RHE) for 30 

seconds using a pH 2 suspension of 100 pM MoS2 nanoparticles. 
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Analysis of the impact scans consisted of impact frequency determination and peak height calculations. 

Calculation of peak height involved separating the individual peaks in a scan and baseline correction 

for each of them. Figure 4.9 shows the overlaid individual peaks for scans at -0.2 V and -0.4 V (vs 

RHE). From the baseline corrected data, the peak height of each peak was derived, and this was done 

for all the scans at each potential from 0.2 V to -0.6 V (vs RHE). The overall average peak height at 

each potential was calculated and used in plotting the peak height graph in Fig. 4.10C. The frequency 

was calculated as the number of peaks recorded for the duration of that scan. For each potential from 

0.2 V to -0.6 V (vs RHE), an average impact frequency was calculated and used in the impact frequency 

graph (see Fig. 4.9A) 

 

Figure 4.9. Individual peaks were identified and separately analysed for peak height derivation. A and 

C show the overlaid peaks for scans carried out at potentials -0.2 V and -0.4 V (vs RHE) respectively. 
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B and D displays the average peak height and shape for the peaks at -0.2 V and -0.4 V (vs RHE) 

respectively. 

 

Figure 4.10 highlights the onset potential of MoS2 for the HER impacts, shown in both impact signal 

frequency and average charge per impact, and was found to be -0.10 V (vs RHE). This is significantly 

different to the onset potential at the electrodeposited MoS2 (-0.29 V vs RHE).  

 

 

Figure 4.10. Plots of (A) average frequency, and (B) average charge of nanoparticle impacts at different 

potentials. The ‘switch on’ potential at -0.10 V (vs RHE) of the MoS2 nanoparticles for the HER is 

shown in both plots.  

 

To investigate the shift in onset potential between the electrodeposited and nanoparticle impacts, HER 

experiments were conducted using drop cast nanoparticles on the glassy carbon electrode. A 100 pM 

suspension of MoS2 nanoparticles was made using ultrapure water and an aliquot of 10 µL was drop-

cast onto a glassy carbon electrode and left to dry under a light source. The resulting coverage was 

sufficiently high to ensure planar diffusion to the NP-modified surface (average particle separation of 

0.12 µm compared to approximate diffusion length >200 µm calculated from equation 𝐿 = √𝐷𝑡, 

where D is diffusion coefficient in cm2/s and t is timescale of the experiment in seconds). This 

nanoparticle modified electrode was then used for HER in a solution of 0.01 M H2SO4 and 0.49 M 

K2SO4 at a scan rate of 20 mV s-1. Figure 4.10B shows the resulting voltammogram, indicating an onset 
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for hydrogen evolution of ca -0.49 V (vs RHE) compared to electrodeposited MoS2 (-0.29 V vs RHE) 

and the MoS2 nano-impacts (-0.10 V vs RHE), which is within the range reported in literature of -0.30 

V to -0.8 V (vs RHE), when adjusted for pH and reference electrode).16,23,24 (Note here that the lower 

overpotential of the electrodeposited MoS2 compared with the drop cast MoS2 is due to the different 

surface moieties, structure and activity of these two forms16) 

 

Figure 4.11. Comparison of the resulting current-potential curves for HER in 0.01 M sulfuric acid 

solution from using (A) electrodeposited MoS2 from Figure 4.4A and (B) drop cast MoS2 nanoparticles 

from Figure 4.6A. The peak heights from the nanoparticle impacts study have also been included (C) 
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to highlight the shift in onset potential between the different scans (shown in more detail in Figure 4.11). 

The red dotted lines indicate the onset potentials, as identified in the main text, for ease of reference. 

 

Since the onset of HER for the drop cast MoS2 NPs may be expected to be approximately the same as 

that recorded for the same NPs using the impact technique, the nano-impacts were analysed to gain 

kinetic information from the peak currents (shown on Fig. 4.11B). In conducting the analysis, care was 

required since the effects of electronic filtering on the transient current signals detected during impact 

experiments have been well-documented.25,26 These effects can significantly distort the resulting data, 

and as such only minimal filtering was applied to the data for analysis27 (here minimal filtering refers 

to only that inherent in the amplifier/DAC electronics, and no additional digital filtering). The 

nanoparticle spike currents were obtained from the unfiltered data and plotted versus potential to form 

an approximate voltammogram (Fig. 4.11C). Notwithstanding the approximate nature of interpreting 

the spike-derived voltammogram,25-27 based on the known formal potential of -0.12 V (vs RHE), and  

= 0.65 (taken as an average of the value determined from above), a range of k0 values have been 

simulated in Figure 4.12.28 The modelling of this data is necessarily approximate: the layered structure 

where thickness is likely to be the smallest dimension has been treated as a disc, and effective radius 

has been fitted as a variable, since the size of the nanoflake fragments in solution cannot be known.  

 

The particularly large values for the standard electrochemical rate constant are due to the few trilayer 

to single trilayer MoS2 as they have been shown to be more catalytical active for HER. These values 

are within the range reported by McKelvey et al, where values of k0 were found to vary with the number 

of trilayers of MoS2 from ca 1.5 cm s-1 for 3 trilayers to 250 cm s-1 for a single trilayer.29 Based on their 

analysis, the results above indicate the impact signals commencing at the potential of ca -0.10 V (vs 

RHE) are derived from impacts of particles with approximately 2 trilayers,29-31 which we ascribe to 

partial exfoliation of the commercial MoS2 particles during the sample preparation involving dispersion 

in water via ultrasonication, given widespread literature reports on the use of ultrasound for exfoliating 

TMDs and other layered materials.32-34 
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Figure 4.12. Experimental data (◼) and simulated waveshapes for impact signals of HER at MoS2 

particles. Simulations are for D = 9.6 × 10-5 cm s-2,  = 0.67, Ef
0 = -0.120 V (vs RHE), r = 8 nm and k0 

values (all in cm s-1) of: 10-2 (- •• -), 0.1(- • -), 1.5 (- - -), 7.5 (• • •), and 250 (⎯). 

We therefore postulate that the HER onset at -0.10 V (vs RHE) due to these few trilayer particles may 

be present in the drop cast voltammetry (due to similar preparation of the NP suspension) but are not 

visible on the current scale of the experiment due to the greater capacitance of the GC macroelectrode, 

hence the apparent onset of HER appears at greater overpotentials than either the NP impact or 

electrodeposited MoS2 results. 

 

The varying degrees of exfoliation caused by the sonication of the MoS2 NP suspension will have 

resulted in a wide distribution of particle sizes, ranging from 1-2 trilayer nanoflakes to complete 90 nm 

particles. The rates of diffusion of these particles, and hence the frequency of impacts under diffusion-
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only conditions, are expected to be inversely proportional to their size (via the Stokes-Einstein equation) 

as well as influenced by their shape (i.e. spherical, ellipsoidal, etc).35 Hints of these effects may be seen 

in figure 4.10, where the impact frequency increases from the onset potential (-0.10 V vs RHE) before 

slightly decaying past an approximate maximum around -0.2 to -0.3 V (vs RHE), notwithstanding the 

error bars: this trend could result from a particle size distribution where the relative occurrence of small, 

rapidly diffusing, fragments is low increasing to more abundant, larger 90 nm particles, which diffuse 

more slowly. The impacts due to larger particles, with slower kinetics and an HER onset of ca -0.49 V 

(vs RHE), are not noticeable in figures 4.11C and 4.12 due to the relatively low number of impacts 

analysed (n=10-12) for each potential more negative than -0.49 V (vs RHE). 

 

To probe this hypothesis, a rotating disk electrode (RDE) was used in the NP suspension containing 

0.01 M H2SO4 and 0.49 M K2SO4, to record a voltammogram during rotation. In this way the high rates 

of convection due to the RDE would minimise capacitative charging currents, transport the different 

sizes of fragments at a more uniform rate than diffusion alone, and the HER kinetics (which become 

slower as the number of trilayers in the fragments increase) may manifest itself in different apparent 

onset potentials if the size distribution of MoS2 fragments was unequal. Figure 4.13 shows the resulting 

linear sweep voltammogram, recorded at a rotation speed of 1600 rpm, where 3 onsets appear to be 

present: at approximately -0.10 V, -0.25 V, and -0.50 V (vs RHE). The aim of the RDE study was to 

show the various onset potentials related to the different trialyers of MoS2 hence showing only a single 

rotation speed in figure 4.13. 
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Figure 4.13.  Rotating disk linear sweep voltammetry of a GC electrode in a solution containing 0.01 

M H2SO4 and 0.49 M K2SO4 at 1600 rpm without MoS2 NPs (⎯) and MoS2 NPs (⎯). 

To confirm the presence of few trilayer platelets of MoS2, atom force microscopy images were recorded 

for a deposit of the ultrasonicated MoS2 NPs, deposited onto a freshly cleaved mica surface. A wide 

range of particle sizes were observed (see Appendix 8.6 for further images), and figure 4.14 shows an 

area of deposit displaying smaller NP fragments. The smallest NPs observed had an approximate height 

of ca. 0.6 - 0.7 nm with the next smallest a factor of two larger, around 1.3 - 1.4 nm. This is in excellent 

agreement with literature values for the thickness of a trilayer of MoS2 of 0.615 for single nanosheets,36 

and confirms the interpretation of the kinetic analysis of the electrochemical impacts. 
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Figure 4.14. (A) AFM surface topography image of drop cast MoS2 NPs on cleaved mica substrate, 

and (B) cross sectional height profile for 5 platelets representative of the overall scan area, showing 

thicknesses in multiples of ca. 0.65 nm. 

 

4.2.4 Hydrogen production 

To verify that impact signals detected at potentials negative of -0.10 V (vs RHE) were due to hydrogen 

evolution, the three-electrode cell was scaled-up and modified to capture any gases evolved for analysis 

and identification via gas chromatography (see figure 4.15 below). 
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Figure 4.15. Schematic diagram of the electrolyser set up for the scaled-up nanoparticle impact study.  

 

A graphite rod (6 mm diameter and 125 mm length) working electrode was used for an increased surface 

area for impacts to occur on, with a correspondingly larger graphite counter electrode and Ag/AgCl 

reference electrode which was housed in a separate fritted compartment. The volume of the nanoparticle 

suspension was increased to 500 mL and the concentration to 3.0 nM to ensure that a sufficient volume 

of gas for testing would be produced.  A control experiment without the MoS2 nanoparticles was initially 

conducted at -0.40 V and -0.15 V vs RHE for 4 hours and from this set-up, hydrogen gas was not 

detected when gas chromatography testing was conducted. Chronoamperometric measurements were 

then conducted in solution containing MoS2 nanoparticles at two potential values (-0.40 V and -0.15 V 

vs RHE) for 4 hours for sufficient gas to be produced. The gas produced (0.9 mL by volume at -0.15 V 

and 2.1 mL at -0.40 V vs RHE) was collected in a gas syringe via a shut off valve connector (see figure 

4.15) and injected into the gas chromatograph which confirmed it to be hydrogen (see Fig. 4.16). The 

faradaic efficiency was calculated at these two potentials and found to be 45% and 48% for -0.15 V and 

-0.40 V (vs RHE) respectively.  
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Figure 4.16. Gas chromatograms of the impact experiments at potentials (A) -0.15 V, and (B) -0.40 V 

(vs RHE). 

 

4.3 Conclusion 

In this chapter, the catalytic effects of amorphous and nanoparticulate forms of MoS2 on the hydrogen 

evolution reaction (HER) were investigated as distinct structural morphologies of the material. An 

amorphous film of MoS2 was electrodeposited onto a glassy carbon electrode, and its chemical 

composition was confirmed through energy-dispersive spectroscopy (EDS) and X-ray photoelectron 

spectroscopy (XPS) characterization. Subsequently, a stability study was conducted in various pH 

solutions, demonstrating that the MoS2 film remained stable in pH 2 sulfuric acid solution. This stability 

finding suggests that the nanoparticles of MoS2 would also exhibit stability under similar pH conditions. 

The impact electrochemistry of MoS2 nanoparticles was studied in comparison with the voltammetry 

of both dropcast MoS2 nanoparticles and electrodeposited MoS2. Each was found to have a different 

onset potential for the hydrogen evolution reaction in pH 2 sulfuric acid. The impact study revealed an 

onset potential of -0.10 V for HER, compared to -0.49 V and -0.29 V (vs RHE) for the dropcast and 

electrodeposited MoS2 respectively. Scale-up of the impact experiment confirmed the impact 

production of H2 gas via gas chromatography.  



105 
 

Analysis of the peak currents suggested that “few-trilayer” fragments were responsible for the low-

overpotential for HER, with the apparent electrochemical rate constants for these 1-3 trilayer fragments 

in line with those reported by McKelvey et al.28 The apparent absence of the -0.10 V (vs RHE) onset in 

the drop cast experiment is ascribed to the ultralow currents being lost within capacitative currents of 

the diffusion-only voltammogram. This hypothesis was supported by an experiment using a rotating 

electrode within the NP-suspension which appeared to indicate that an onset of ca -0.10 V (vs RHE) 

was present and confirmed by AFM imaging showing the presence of NPs of heights ca 0.65 nm and 

1.30 nm corresponding to 1 and 2 trilayers in agreement with literature.35 
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5.1 Introduction 

Several methods have been explored to enhance the hydrogen evolution reaction (HER) catalytic 

activity of transition metal dichalcogenides (TMDs), including doping, phase engineering, 

nanostructuring, and exfoliation aimed at increasing active edge sites.1-3 Additionally, studies have 

investigated TMD heterolayer structures to modify band gaps, leading to improved 

photoelectrocatalysis for HER.4-7 These heterolayers have demonstrated enhanced electrocatalytic 

hydrogen evolution behaviour.8,9 Heterolayers can be fabricated using various methods such as 

hydrothermal synthesis, chemical vapor deposition, and electrochemical deposition. 

Electrodeposition has been found to produce heterolayers with enhanced proton reduction activity. The 

cost-effectiveness of electrodeposition compared to more energy-intensive methods like chemical vapor 

deposition makes it an attractive method for synthesizing heterolayers as electrocatalysts for further 

investigation in HER applications.10-12 This approach offers promising avenues for optimizing TMD 

heterolayer structures to achieve improved catalytic performance in hydrogen evolution. 

This chapter investigates the hydrogen evolution reaction (HER) performance of various transition 

metal dichalcogenide (TMD) heterolayers prepared using nanoparticulate and electrodeposited forms. 

The experimental approach involved dropcasting a base layer of one type of TMD onto an ITO/glassy 

carbon substrate, followed by electrochemical deposition of a second TMD layer on top to create the 

heterolayer structure. For the electrodeposited form, a base layer of one type of TMD was first 

electrodeposited onto a glassy carbon substrate, followed by deposition of an overlayer of a different 

TMD. The catalytic effect of the resulting TMD heterolayers on the HER was evaluated using linear 

sweep voltammetry, and their stability in acidic media was assessed. Analysis of the voltammograms 

included Tafel and reaction kinetics analysis to gain insights into the HER kinetics and compare the 

catalytic activity of different heterolayers. 
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5.2 Results and discussion 

5.2.1 Heterolayer formation 

Heterolayer samples were fabricated from combinations of two different transition metal 

dichalcogenides (TMDs) to explore their HER catalytic activities compared to the individual layers of 

the starting TMDs. Two methods of forming the heterolayers were used: first, where the heterolayer 

consisted of a dropcast nanoparticle layer with an electrodeposited layer of a different TMD on top 

(‘NP/L’), and second where the heterolayer was formed was by sequential electrodeposition of layers 

of the two different TMDs (‘L/L’). Since the particulate and electrodeposited forms of the TMDs have 

different morphologies (crystalline vs amorphous), these two methods produced samples with 

potentially different interactions at the NP-L or L-L interface. The electrochemical deposition MoS2 

typically results in amorphous because the short time scales and local electrochemical environments 

favour the formation of disordered structures rather than crystalline MoS2.12,13 Other factors such as 

electrolyte composition, deposition potential and temperature can affect the degree of crystallinity 

achieved. 

The first heterolayer fabricated was the MoSe2/MoS2 (NP/L) consisting of MoS2 film electrodeposited 

on top of a layer of MoSe2 particles on a glassy carbon (GC) electrode surface. An aliquot of 5 µL of a 

suspension of molybdenum diselenide powder in deionised water (concentration of 3.9 mM) was drop 

cast onto a 3 mm GC electrode and left to dry under light source (further explained in Experimental 

methods under section 3.3.2). MoSe2 was mechanochemically milled using a 15 mL stainless steel jar 

with two 7 mm stainless steel balls at 2500 rpm for 5 min using a FlackTek SpeedMixerTM (model DAC 

330-100 Pro) and a custom-made jar holder. The milled MoSe2 particles had an average size of 240 nm 

with the size distribution ranging from 68 nm to 330 nm. The dropcast MoSe2 particles had 

approximately 76% area coverage of the GC surface, calculated from the suspension concentration and 

volume dropcast. The modified electrode was then placed in a solution of 2 mM (NH4)2MoS4 and 0.1 

M NaClO4 and cycled at a voltage scan rate of 50 mV s-1 for 50 cycles between 0.4 V and -1.1 V (vs 

Ag/AgCl) to electrodeposit a film of MoS2 onto the MoSe2 NP layer. Figure 1 shows the resulting 
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voltammogram with the expected oxidative and reductive peaks at -0.3 V and -0.8 V (vs Ag/AgCl) 

respectively as a result of the redox processes below:12-14  

[𝑀𝑜𝑆4]2− → 𝑀𝑜𝑆3 + 1
8⁄ 𝑆8 + 2𝑒−                                                (5.1) 

 

[𝑀𝑜𝑆4]2− + 2𝐻2𝑂 + 2𝑒− → 𝑀𝑜𝑆2 + 2𝐻𝑆− + 2𝑂𝐻−                  (5.2) 

 

Figure 5.1. Cyclic voltammogram of the electrodeposition of MoS2 onto MoSe2 modified glassy 

carbon electrode in a solution of 2 mM (NH4)2MoS4 and 0.1 M NaClO4 at a scan rate of 50 mV s-1. 

The MoS2 deposition voltammogram on MoSe2 layer was identical to the voltammogram of MoS2 

deposition on bare GC (Appendix 8.1). A further study onto the MoS2 deposition cycles was conducted 

to investigate the effects of deposition cycles/ film thickness on HER scans as well as determining the 

optimum number of cycles for full coverage of the electrode surface. The cycles were varied from 1, 2, 

5, 10, 25 and 50 deposition cycles for the MoS2 overlayer in the heterolayer samples. The resulting 

heterolayers were used for HER scans in a 10 mM H2SO4 and 0.1 M K2SO4 solution at a voltage scan 

rate of 20 mV s-1. Figure 5.2 shows how the onset potential varied with the number of deposition cycles 

(which corresponds to film thickness) up until the 25th and 50th deposition cycles which have the same 

onset potential. At this point, full coverage of the GC-MoSe2 layer is achieved and a stable MoSe2/MoS2 
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(NP/L) heterolayer is created. It was found that 50 CV cycles for the electrochemical deposition were 

sufficient for full coverage and forming a stable heterolayer. 

 

Figure 5.2. Linear sweep voltammograms carried out using MoSe2/MoS2 (NP/L) heterolayers with 

varying electrochemical deposition cycles of MoS2. The different cycles correspond to the thickness of 

the deposited MoS2 layer. 

 

The formation of WS2/MoS2 (NP/L) heterolayer followed a similar procedure to that of MoSe2/MoS2 

(NP/L) heterolayer, with the main difference being the use of WS2 nanoparticles for the drop cast layer 

instead of MoSe2. For the MoS2/MoSe2(NP/L) and WS2/MoSe2(NP/L) heterolayers, the nanoparticle 

underlayers were drop cast, and the MoSe2 overlayer was electrodeposited onto them. The 

electrochemical deposition of MoSe2 onto modified glassy carbon electrodes involved cyclic 

voltammetry carried out between 0 to -1.2 V (vs saturated calomel electrode, SCE) at a voltage scan 

rate of 50 mV s-1 for 50 cycles in a solution of 0.05 M H2MoO4, 0.01 M Na2SeO3 and 0.1 M NaClO4 to 

ensure complete coverage of the electrode surface. Figure 5.3 illustrates the resulting voltammogram 

obtained during the MoS2/MoSe2 (NP/L) heterolayer formation process.11 
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Figure 5.3. Cyclic voltammetry of the deposition of MoSe2 onto a modified glassy carbon electrode at 

a scan rate of 50 mV s-1 in a solution containing 0.05 M H2MoO4, 0.01 M Na2SeO3, 0.1 M NaClO4 and 

adjusted to pH 6.5 with NaOH. 

  

The heterolayers were then tested for hydrogen evolution reaction (HER) catalytic activity and stability 

in acid solution through a series of cyclic voltammograms (CV). To determine the stability of the 

heterolayers, 10 successive CV scans were conducted in a solution of 10 mM H2SO4 and 0.1 M K2SO4 

to observe any changes in the scan and onset potential for HER. Throughout this work, onset potential 

is defined as the potential (vs Ag/AgCl) at which current density is 0.5 mA cm-2. Figure 5.4A shows 

that the onset potential remained approximately constant for the 10 scans of MoSe2/MoS2 (NP/L) 

heterolayer and no obvious degradation of the heterolayer was observed thus confirming that the 

previously reported high stability of electrodeposited MoS2 in acidic conditions is not affected by the 

presence of the underlying drop cast MoSe2 NPs.14-16 These studies highlighted how stable an 

electrodeposited layer of MoS2 is through repeated cycling in various conditions without observing any 

noticeable changes in overpotential during the scans. The electrochemical deposition of MoS2 in this 
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study was conducted in a similar manner to these studies,14,15 hence the similar high stability observed 

in sulfuric acid solution during HER scans. Another study was carried out to determine the stability of 

drop cast MoSe2 particles during the hydrogen evolution reaction. The drop cast MoSe2 particles were 

observed to be unstable in the acid solution when conducting HER voltammetry, where degradation of 

the layer was noticed as early as the second CV scan. The MoSe2 layer dissolved into the solution with 

each scan until only the bare glassy carbon surface remained. This is not the case for the MoSe2/MoS2 

(NP/L) heterolayer thanks to the stable overlayer of MoS2 film which insulates the MoSe2 layer thereby 

ensuring that the heterolayer remains intact during HER scans. 

 

 

Figure 5.4. Stability of the different heterolayers in 10 mM H2SO4 and 0.1 M K2SO4 (A) 

MoSe2/MoS2(NP/L), (B) MoS2/MoSe2(NP/L), (C) WS2/MoS2(NP/L), (D) MoS2/MoSe2(L/L). Each 

heterolayer was subjected to 10 successive scans at a voltage scan rate of 20 mV s-1. 
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The other TMD heterolayers investigated were MoS2/MoSe2 (NP/L), WS2/MoS2 (NP/L), WS2/MoSe2 

(NP/L) and MoS2/MoSe2 (L/L). The stability of these heterolayers were also investigated in pH 2 

solution for HER and the results are shown on figure 2 (WS2/MoSe2 is given in figure 5.5B). Those 

with an overlayer of MoSe2 (B & D) have low stability compared to those with MoS2 overlayers. The 

degradation of the heterolayer from the glassy carbon surface for both MoS2/MoSe2 and WS2/MoSe2 

occurred after the first scan and continued with each run/scan. This degradation can be seen in figure 

5.4 as the onset potential progressively moves to higher overpotentials with each cycle, tending towards 

the response for a bare GC surface. Electrodeposited MoSe2 films have been observed to be less stable 

in acidic media for HER (Fig. 5.5A) and adding that to a dropcast layer of WS2 and MoS2 had no 

positive effect on the stability of the resulting heterolayer.  

 

Figure 5.5. Stability study of (A) electrodeposited MoSe2 and (B) WS2/MoSe2 heterolayer in an acid 

solution of 10 mM H2SO4 and 0.1 M K2SO4. The TMDs were subjected to 10 successive scans at a 

voltage scan rate of 20 mV s-1. 

 

5.2.2 HER activity 

After determining the stability of the different heterolayers, their catalytic effects towards the HER were 

evaluated. The heterolayers were created with the aim of increasing active sites for adsorption of 

hydrogen as well improving charge transport due to the heterostructure.9,16,17 Heterostructure formation 

has been reported to result in increased active edge sites and channels for charge transport thus 
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enhancing the electrical conductivity of the heterolayer, which all positively affects electrocatalytic 

activity.8,18,19 The additional active edge sites are due to the increased surface area of the heterolayer as 

well as formation of defects at the heterointerfaces.20 Catalytic activities of the two forms (particle-

dropcast and electrodeposited forms) of TMDs making up the heterolayer were compared with that of 

the heterolayer, using linear sweep voltammetry (LSV) at a voltage scan rate of 20 mV s-1 in a solution 

of 10 mM H2SO4 and 0.1 M K2SO4 (see figure 5.6). Of the five combinations studied, MoSe2/MoS2 

(NP/L) and WS2/MoS2 (NP/L) displayed a response indicative of improved kinetics over the 

electrodeposited layer (MoS2) alone. MoS2 has been the TMD of choice for most HER studies with its 

excellent catalytic activity and the ability to be modified to improve catalytic activity.3,21 Of the many 

different structural forms of MoS2, the electrodeposited form can be easily modified to change the 

thickness of the film formed by adjusting the cyclic voltammetry conditions. This combined with the 

formation of MoS2 heterolayers results in improved HER activity thus showing the benefits of forming 

heterolayers. 
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Figure 5.6. Linear sweep voltammograms of (A) MoSe2/MoS2, (B) MoS2/MoSe2, (C) WS2/MoS2 and 

(D) WS2/MoSe2 heterolayers as electrocatalysts for the hydrogen evolution reaction in comparison to 

the TMDs that make them up. This was done in a solution of 10 mM H2SO4 and 0.1 M K2SO4 at 

voltage scan rate of 20 mV s-1 for all the scans. 

A similar heterolayer response was reported in previous studies looking into TMD heterostructures 

which revealed increased electrocatalytic ability for HER.8,9,16 One study investigated MoSe2/MoS2 

heterostructure fabricated from thin sheets of the TMDs and this heterostructure showed a lowered 

overpotential needed to generate 10 mA cm-2 as compared to the component layers as well as improved 

electrocatalytic activity.16  For MoS2/MoSe2 (NP/L), WS2/MoSe2 (NP/L) and MoS2/MoSe2 (L/L) (Fig. 

5.7), the current response (normalised by electrode surface area) was shifted to higher overpotentials 

(i.e., slower kinetics) compared to the electrodeposited layer (MoSe2) alone. Electrodeposited MoSe2 

displays an earlier onset for HER than electrodeposited MoS2 but is less stable in acid solutions (see 

below).  
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Figure 5.7. Linear sweep voltammogram of the MoS2/MoSe2 heterolayer and the TMDs that make it 

up as electrocatalysts for HER in a solution of 10 mM H2SO4 and 0.1 M K2SO4.  

 

 

It was observed that the dropcast layers did not influence the stability of the electrodeposited overlayer, 

as degradation of the MoS2/MoSe2 and WS2/MoSe2 samples followed that of MoSe2, with rapid increase 

of overpotential on consecutive CVs and reverting to a response akin to bare GC after less than 10 

scans. Similarly, the samples with MoS2 overlayers had similar stability to MoS2 itself, albeit less 

catalytic than MoSe2. A visual comparison of the heterolayers is shown on figure 5.8, having an overlay 

of the HER scans using the different heterolayers.  
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Figure 5.8. Overlay of the different heterolayers and how they compare to each other. All conditions 

were kept the same and the voltammetry was carried out in a 10 mM H2SO4 and 0.1 M K2SO4 solution 

and with a Ag/AgCl reference electrode and a graphite rod counter at a scan rate of 20 mV s-1. 

 

Tafel analysis was conducted for the heterolayers used and the resulting Tafel slopes along with onset 

potentials were determined. The reaction mechanism for HER is assumed to involve a series of steps 

which may be restricted by either the Volmer, Heyrovsky or Tafel steps as the rate determining steps 

and their associated Tafel slope values are as follows (table 5.1):10,22-24   
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Table 5.1. HER mechanism steps. 

Step Equation Tafel slope / mV dec-1 

Volmer 𝐻3𝑂+ + 𝑒− → 𝐻𝑎𝑑𝑠 + 𝐻2𝑂 120 

Heyrovsky  𝐻𝑎𝑑𝑠 + 𝐻3𝑂+ + 𝑒− → 𝐻2 + 𝐻2𝑂    40 

Tafel 𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 → 𝐻2 30 

 

Table 5.2 highlights the calculated Tafel slope values for HER due to the heterolayers. These provide 

an indication of the rate determining step in the HER reaction mechanism as a result of catalysis from 

the heterolayers. WS2/MoS2 and MoSe2/MoS2 (NP/L) Tafel slope values are closer to the Heyrovsky 

step value thus indicating that the Heyrovsky is the rate determining step in the HER mechanism. The 

other heterolayers, that is MoS2/MoSe2 (L/L), MoS2/MoSe2 (NP/L) and WS2/MoSe2 (NP/L) have Tafel 

slope values which fall between the reported Tafel values for the Volmer and Heyrovsky steps. This 

suggests a mixture of the Volmer and Heyrovsky steps as rate determining steps in HER reaction 

mechanism involving these electrocatalysts. All the heterolayers yielded Tafel slopes values less than 

the previously reported values except for WS2/MoSe2 heterolayer. For most heterolayers, the HER onset 

value falls between the individual particle drop cast and electrodeposited form apart from the WS2/MoS2 

(NP/L) heterolayer. It is worth noting that various methods used to create heterostructures impact 

crystallinity and defect density, which alters the electrochemical behaviour of the resulting 

heterostructures. This is showcased by the varying Tafel slope values in comparison to literature (table 

5.2) as a result of different synthesis techniques. 
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Table 5.2. Onset potential and Tafel slope values for the various TMDs and their heterolayers. 

Heterolayer Onset 

Potential at 

0.5 mA cm-2 (± 

0.01) / V 

Tafel slope 

(± 0.5) / mV 

dec-1 

Reported 

Tafel slopes / 

mV dec-1 

Synthesis method for reported 

Tafel slopes 

MoSe2/MoS2 

(NP/L) 

-0.50 57 289 

71 

Electrodeposition11 

Hydrothermal and microwave-

assisted method16 

MoS2/MoSe2 

(NP/L) 

-0.39 94 315 Electrodeposition11 

MoS2/MoSe2 

(L/L) 

-0.34 89 315 Electrodeposition11 

WS2/MoS2 

(NP/L) 

-0.49 46 72 Chemical bath deposition and RF 

magnetron sputtering system25 

WS2/MoSe2 

(NP/L) 

-0.39 98 60 Chemical bath and chemical 

vapor deposition sputtering8 

 

Scan rate studies were carried out and a Randles-Ševčík plot derived to establish whether the reactions 

on the heterolayer surface were diffusion controlled or mass-transport limited. This study only worked 

for stable heterolayers such as MoSe2/MoS2 and WS2/MoS2 which could withstand several successive 

runs for HER in acidic media. An example of the MoSe2/MoS2 results with the Randles-Ševčík plot is 

displayed on figure 5.9A&B. Ideally the Randles-Ševčík plot has a zero intercept but with the obtained 

experimental results, a non-zero intercept was recorded. This was the case for the other heterolayers as 

well and suggested the surface of the heterolayers to have a non-homogenous nature.26,27 
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Figure 5.9. HER scan rate study using the (A) MoSe2/MoS2 and (C) WS2/MoS2 heterolayer. The scan 

rate was varied from 10 to 250 mV s-1. The Randles-Ševčík plots with linear fit for both MoSe2/MoS2 

(B) with equation 𝐼 = (19.1𝑣 + 1.41) × 10−4 and WS2/MoS2 (D) with equation 𝐼 = (18.6𝑣 +

2.96) × 10−4 from the resulting scan rate studies. 

 

The Randles-Ševčík plot confirmed that a diffusion-controlled process is occurring on the surface of 

the heterolayers during the HER scans, from the linear relationship between the peak current and square 

root of the scan rate.27 Figure 5.10 highlights the difference between theoretical and experimental results 

as well as proof of a diffusion-controlled process as opposed to a surface-controlled one. It also shows 

the non-zero intercepts of the other modified electrodes in the Randles-Ševčík plot which are a result 

of surface roughness of these electrocatalysts.  
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Figure 5.10. (A)  A peak current vs scan rate plot comparing experimental results to those obtained 

theoretically. (B) Overlay of the Randles-Ševčík plots for the various heterolayers and those from 

theoretical results. 

 

Next, the HER performance of the heterolayered electrodes were investigated via rotating disk 

voltammetry to determine kinetic performance. A surface modified glassy carbon rotating disk electrode 

was used to run LSV measurements from 0 to -1.6 V (vs Ag/AgCl) in an acid solution of 10 mM H2SO4 

and 0.1 M K2SO4. Given the nature of the rotating disk electrode, only stable heterolayers such as 

MoSe2/MoS2 and WS2/MoS2 which could withstand the rotation were used in the study. The rotational 

speed was varied between 400 to 2000 rpm from 0 to -1.6 V (vs Ag/AgCl) at 20 mV s-1 and the resulting 

voltammograms used for the Koutecky-Levich analysis. Figure 5.11 displays the voltammogram 

resulting from WS2/MoS2 heterolayer along with the Koutecky-Levich plot (B) and Tafel graphs (C) 

used in calculating the rate constant. Plotting the Tafel plot resulted in a best-fit line from which the 

intercept corresponding to the exchange current density (𝑗0), was used to calculate the standard 

electrochemical rate constant (𝑘0) using Eq. 5.3 below:28 

𝑗0 = 𝑛𝐹𝑘0𝐶𝑏𝑢𝑙𝑘                          (5.3) 
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Where F is the faraday constant (s A mol-1), n is the number of electrons and 𝐶𝑏𝑢𝑙𝑘 is the bulk 

concentration (mol cm-3). 

 

Figure 5.11. (A). HER voltammograms at various rotation rates using the WS2/MoS2 heterolayer 

electrocatalyst in a solution of 10 mM H2SO4 and 0.1 M K2SO4. (B). Koutecky-Levich plot resulting 

from the voltammograms in (A). (C). Tafel plot from using the intercepts and potentials data in (B). A 

best fit line was drawn with the resulting equation 𝑙𝑜𝑔10(𝐼𝑘) = −2.32𝐸 − 4.36, from which the 

electrochemical rate constant was calculated. 

 

The standard electrochemical rate constant was calculated to be k0= (3.20  0.10) × 10-4 cm s-1 and a 

transfer coefficient of  = 0.62  0.02. The same was done for MoSe2/MoS2 heterolayer (Fig. 5.12) and 

a rate constant of k0= (1.73  0.03) × 10-4 cm s-1 and a transfer coefficient of  = 0.85  0.02 were 

calculated. Both WS2/MoS2 and MoSe2/MoS2 heterolayers have resulted in an improved rate constant 

by an order of magnitude compared to the reported MoS2 rate constant of k0= (3.17  0.30) × 10-5 cm 
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s-1 which had the same preparative method via electrochemical deposition.15 This highlights the 

improved catalytic activity of the two heterolayers for the hydrogen evolution reaction. 

 

Figure 5.12. (A). HER voltammograms at various rotation rates using the MoSe2/MoS2 heterolayer 

electrocatalyst in a solution of 10 Mm H2SO4 and 0.1 M K2SO4. (B). Koutecky-Levich plot resulting 

from the voltammograms in (A). (C). Tafel plot from using the intercepts and potentials data in (B). A 

best fit line was drawn with the resulting equation 𝑙𝑜𝑔10(𝐼𝑘) = −2.05𝐸 − 4.63, from which the 

electrochemical rate constant was calculated. 

 

5.2.3 Heterolayer characterization 

SEM and EDS characterization were used to gain insight into the atomic components and surface 

morphology of the heterolayers via imaging and spectrum analysis. SEM images and EDS spectra of 

the heterolayers are shown on Fig. 5.13-5.17. These show the top-view of the heterolayer surfaces: 

rough surfaces can be observed, and further magnification reveals particles of different sizes thus 
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supporting the non-homogeneity of the heterolayer surfaces. The EDS spectral results confirmed the 

presence of the different elements arising from the various TMDs used in making the heterolayers. For 

the MoSe2/MoS2 heterolayer, molybdenum, sulfur and selenium elements were detected during EDS. 

Detection of Se in the EDS spectra indicates that there might be dissolution and redeposition of the 

MoSe2 layer during the electrochemical deposition of the MoS2 layer. 

 

Figure 5.13. (A&B) SEM top images of MoSe2/MoS2 hetero sample at different magnifications. (C). 

EDS spectra of the sample showing the detection of Mo, Se, and S elements in the sample. 
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Figure 5.14. (A&B) SEM top images of MoS2/MoSe2 hetero sample at different magnifications. (C). 

EDS spectra of the sample showing the detection of Mo, Se, and S elements in the sample. 
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Figure 5.15. (A&B) SEM top images of WS2/MoS2 hetero sample at different magnifications. (C). EDS 

spectra of the sample showing the detection of Mo, W, and S elements in the sample. 
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Figure 5.16. (A&B) SEM top images of WS2/MoSe2 hetero sample at different magnifications. (C). 

EDS spectra of the sample showing the detection of Mo, W, Se, and S elements in the sample. 
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Figure 5.17. (A&B) SEM top images of MoS2/MoSe2 (L/L) hetero sample at different magnifications. 

(C). EDS spectra of the sample showing the detection of Mo, Se, and S elements in the sample. 

 

 Direct imaging of the WS2/MoS2 heterolayer cross-section by FIB-SEM (focused ion beam scanning 

electron microscopy) (Fig. 5.18B) showed a top layer of the deposited platinum and below it a single 

layer of material instead of two distinct layers. This may be due to the dissolution-deposition of the 

underlayer during the deposition of the overlayer forming a single “alloy-type” layer as reported by 

Strange.11 

 

 

2 4 6 8 10 12 14
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

 cps/eV

  C 
  O 

  S 
  S 

  Mo 
  Mo 

  Mo 

  Se   Se 

A B 

C 



134 
 

 

Figure 5.18. Cross-sectional SEM image of the WS2/MoS2 heterolayer from which the film thickness 

was to be determined. 

 

Further characterization was conducted through XPS to determine the elemental compositions of the 

heterolayers. For the MoSe2/MoS2 sample, XPS confirmed the presence of Mo, S and Se in the sample 

as shown in the wide spectra on Fig 5.19A. High resolution spectra of these peaks revealed the Mo 3d, 

S 2s, S2p, Se 3s and Se 3d peaks. The Mo 3d peak area consisted of the Mo4+ at peaks 229 eV and 232 

eV along with the Mo6+ at 236 eV.14,29-31 The Mo6+ is attributed to the presence of MoO3 in the sample 

and this is supported by the detection of significant amounts of oxygen in the sample. MoO3 results 

from the partial oxidation of the layers when in contact with oxygen. S 2s and Se 3s were also detected 

in this spectrum at 228 eV and 232 respectively.30,32 Two other chemical states of Se were detected, i.e., 

the Se 3d and Se 3p. For Se 3d, the peak of the spin-orbit doublet of Se 3d3/2 and Se 3d5/2 was detected 

with their peaks at 55.3 and 54.1 eV respectively.16,33 To derive the elemental composition of the sample, 

accurate quantification would normally involve the analysis of the S 2p and Se 3p peaks. However, here 

these peaks overlap which makes peak deconvolution difficult: hence the S 2s and Se 3d peaks have 

been used for quantification.11 This is also the case for the MoSe2/MoS2 sample. The S 2s: Se 3p peak 

area ratio for the MoS2/MoSe2 was calculated to be 1.0:1.9, while for the MoSe2/MoS2 it was 7.9:1.0. 

The difference is due to the amount of TMD film electrodeposited which is significantly more in 

comparison to the dropcast nanoparticles. 
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Figure 5.19. (A) Wide area spectra of the MoSe2/MoS2 sample displaying all the elements in it. High 

resolution spectra of the (B) Mo 3d peak, (C) S 2p peak and the (D) Se 3d peaks from the sample 

MoSe2/MoS2. 

Analysis of the wide survey spectrum of the WS2/MoS2 heterolayer sample confirmed the presence of 

Mo, W and S elements which were detected via SEM-EDS. High resolution spectra of the Mo peak area 

also showed both Mo4+ and Mo6+ species along with the S 2s peak as displayed on Fig. 5.20. For this 

sample, partial oxidation also occurred hence the Mo6+ peaks observed. The chemical composition 

could not be determined since the S2- was a common anion to both layers but the relative amounts of 

W4+ and Mo4+ could be used to determine the ratio of WS2 to MoS2 in the heterolayer sample. The ratio 

of W4+ to Mo4+ was calculated to be 1:2.7 thereby showing there is approximately 3 times more MoS2 

in the WS2/MoS2 heterolayer sample. The spectra of the other heterolayers are depicted in Figures 5.21 

to 5.23, and from these spectra, the atomic percentage of each element was determined and is presented 

in Table 5.3. 
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Figure 5.20. (A) Wide area spectra of the WS2/MoS2 sample displaying all the elements in it. High 

resolution spectra of the (B) Mo 3d peak, (C) S 2p peak and the (D) W 4f peaks from the sample 

WS2/MoS2. 
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Figure 5.21. (A) Wide area spectra of the MoS2/MoSe2 sample displaying all the elements in it. High 

resolution spectra of the (B) Mo 3d peak, (C) S 2p, Se 3p peaks and the (D) Se 3d peaks from the sample 

MoS2/MoSe2. 
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Figure 5.23. (A) Wide area spectra of the MoS2/MoSe2 sample displaying all the elements in it. High 

resolution spectra of the (B) Mo 3d peak, (C) S 2p, Se 3p peaks and the (D) Se 3d peaks from the sample 

MoS2/MoSe2. 
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Table 5.3. Percentage composition of the different elemental states of the various components in each 

heterolayer. 

 

 

Spectroscopic ellipsometry was used to determine the thickness of the electrodeposited films. The 

experimental data, obtained through spectroscopic ellipsometry, was analysed using the Tauc-Lorentz 

model to determine the optical constants and ultimately the thickness of the sample. The model 

combines two approaches to accurately describe both the absorption edge (Tauc part) and the resonant 

response of bound electrons (Lorentz part) for amorphous materials or materials with some degree of 

disorder. For the MoS2/MoSe2 (L/L) heterolayer, a total layer thickness of (43.3 ± 4.4) nm with the 

MoS2 film having a thickness of (25.5 ± 5.4) nm and (17.8 ± 3.4) nm for MoSe2. The root mean 

squared error (MSE) value of 2.38 indicates a good fit of the model to the experimental data, as shown 

in figure 5.24.  

  XPS Percentage composition / % 

  Mo 3d region S 2p region W 4f region 

  Mo6+ 3d Mo4+ 3d S 2s Se 3s S 2p Se 3p W6+ 4f W4+ 4f 

MoSe2/MoS2 

(NP/L) 

37.35 55.76 4.25 2.63 28.15 71.85 - - 

MoS2/MoSe2 

(NP/L) 

36.51 54.16 1.89 7.43 52.98 47.02 - - 

MoS2/MoSe2 

(L/L) 

39.46 58.62 0 1.91 61.57 38.43 - - 

WS2/MoS2 

(NP/L) 

36.23 54.1 9.66 - 100 - 80.23 19.76 
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Figure 5.24. Model fitting result of the simulated data (---) against experimental data. The experimental 

data was collected at three different angles and then fitted using Tauc-Lorentz model to determine the 

sample thickness. 

 

5.3 Conclusion 

Transition metal dichalcogenide (TMD) heterostructures were investigated for their hydrogen evolution 

reaction (HER) catalytic activity and the resulting reaction kinetics. Two methods were used to form 

the heterolayers: one involved drop casting a nanoparticle layer of one TMD followed by 

electrodeposition of a different TMD on top ('NP/L'), while the second method involved sequential 

electrodeposition of layers of two different TMDs ('L/L'). The formation of these heterolayers on a 

glassy carbon substrate was confirmed through X-ray photoelectron spectroscopy (XPS) and scanning 

electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) characterization. 
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However, accurately determining the chemical compositions of the heterolayer samples proved 

challenging due to peak overlaps in the S 2p and Se 3p spectra, making peak deconvolution difficult. 

Some heterolayer samples contained sulfur chalcogen in both TMD layers, complicating the derivation 

of atomic percentages of S 2p for each TMD layer within the heterolayer sample. This analytical 

limitation highlights the complexity of characterizing TMD heterostructures and underscores the need 

for advanced spectroscopic techniques to resolve overlapping peaks and accurately quantify elemental 

compositions in such systems. 

The stability of the resulting heterolayers was tested in an acidic solution and it was observed that those 

with a film of MoSe2 had low stability while those with a film of MoS2 were very stable even after 10 

consecutive CV scans. Heterolayers with a film of MoS2 displayed an improved HER ability when 

compared to the starting TMD materials. An earlier onset potential for HER was also observed for them. 

The resulting reaction kinetics due to the heterolayers was investigated and these included Tafel analysis 

and electrochemical rate constant calculation. WS2/MoS2 and MoSe2/MoS2 heterolayers registered rate 

constants of (3.20  0.10) × 10-4 cm s-1 and (1.73  0.03) × 10-4 cm s-1 respectively, which was an 

improvement of an order of magnitude compared to the reported rate constant of electrodeposited MoS2. 

This further showed the improved HER catalytic activity of the heterolayers and how there is still room 

for improvement when it comes to TMDs. 
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6.1 Introduction 

TMDs have been studied extensively to enhance HER catalytic activity and methods such as exfoliation 

to reduce the number of tri-layers, nano-structuring, phase transition and doping to increase the number 

of active edge sites have been employed.1-8 From the previous chapter, heterostructure formation was 

explored as one of the methods to improve TMD catalytic activity for HER and an improvement was 

recorded thereby highlighting the significance of bringing two TMDs together and to continue on this, 

the next step would be to mix two or more different TMDs to create a TMD mixture or hybrid. This 

would combine the HER capabilities of two or more TMDs which could potentially boost the overall 

HER activity of the resulting hybrid.  

A more environmentally friendly method for producing TMD mixtures is mechanochemistry, which 

serves as an alternative to traditional TMD synthesis techniques. This approach leverages mechanical 

energy to induce physical and chemical transformations, enabling the preparation of various 

materials.9,10 Mechanochemistry involves applying mechanical forces such as impact and shear to 

materials, thereby initiating chemical reactions.11 During this process, the sample may undergo phase 

and structural alterations, change in crystallinity and surface activation due to energy fluctuations 

caused by impact, shearing, and friction through techniques like manual grinding, ball-milling, pan-

milling or ultrasonication.12-16 Mixed TMD materials can be synthesized mechanochemically from bulk 

TMD particles or crystals in a solvent-free, enclosed environment where mixing or comminution 

facilitates chemical transformations and particle breakdown.17,18 This technique has been used to 

synthesize various TMDs, including MoS2, and some studies have even produced TMD heterostructures 

for example  a MoS2-C60 hybrid,19,20 and varying the milling speed and time when synthesizing MoS2 

using a planetary ball mill, impacted the formation and size of the resulting MoS2.19 

This chapter explores the synthesis of binary and ternary transition metal dichalcogenide mixtures by 

mechanochemical milling to develop electrocatalysts for the hydrogen evolution reaction. The produced 

TMD hybrids were then characterized using XPS, XRD and Raman spectroscopy and followed by 

electrochemical testing through linear sweep and cyclic voltammetry to evaluate their catalytic activity 

for the hydrogen evolution reaction in acidic media. The resulting voltammograms were analysed to 
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obtain HER reaction kinetics and Tafel information, allowing for a comparison of the catalytic activity 

of the TMD mixtures with recent literature. 

The various TMD powders and nanoparticles were combined and milled to submicron sizes 

mechanochemically to create hybrid mixtures. For the binary hybrids, four combinations were 

produced: MoS2+WS2, MoS2+WSe2, MoSe2+WS2, and MoSe2+WSe2. For the ternary hybrids, three 

mixtures were formed: MoS2+MoSe2+WS2, MoS2+MoTe2+WSe2, and MoSSe+WTe2+WS2. Equal 

masses (0.15 g each) of the individual TMD powders were used to prepare the mixtures. 150 mg of the 

chosen mixture powder was milled to submicron size in a 15 mL stainless steel jar from Form-Tech 

Scientific, using two 7 mm stainless steel balls at 2500 rpm for 5 minutes in a FlackTek SpeedMixerTM 

(model DAC 330-100 Pro) with a custom jar holder. The resulting materials were suspended in ultrapure 

water for dropcasting. Glassy carbon electrodes were modified by dropcasting 5 µL of the hybrid TMD 

nanoparticle suspension onto the surface, then drying under a light source before using them as 

electrocatalysts in hydrogen evolution reaction (HER) studies (further discussed in Experimental 

Methods under section 3.3.2). The mechanochemical processing was also performed on individual 

TMD powders to compare their HER effects with those of the TMD hybrids. 

 

6.2 Results and discussion 

 

6.2.1 Characterization of mixed TMDs 

 

6.2.1.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was conducted to obtain the elemental composition of the 

mixed TMDs as well as to detect any changes in chemical composition after mechanochemical mixing. 

For the MoS2+WSe2 mixture, XPS confirmed the presence of Mo, W, S and Se elements in the wide 

survey spectra (Fig. 6.1) and high-resolution spectra of these peaks is shown below in Fig. 6.2 for the 

Mo 3d, S 2p, Se 3p, W 4f and Se 3d peaks. The Mo 3d peak region (Fig. 6.2A) included the Mo4+ 

doublet at 229 eV and 232 eV along with the S 2s at 226.3 eV and the Se 3s at 232 eV.21 The S 2p3/2,1/2 
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and Se 3p3/2,1/2 doublets were also observed at positions 160 eV, 162 eV and 163.5 eV, 166.3 eV 

respectively (Fig. 6.2B).22 The Se 3d5/2,3/2 doublet peak was detected at positions 54.3 eV and 55.5 eV 

(Fig. 6.2D).23,24 In the W 4f peak region, the W4+ 4f7/2,5/2 doublet was detected at 32.0 eV and 34.2 eV 

positions. This doublet position falls between reported W4+ values for 1T-phase WS2 and the 2H-phase 

WS2 thus suggesting a mixture of the two phases in the hybrid sample. For the 1T-WS2, the W4+ doublet 

was reported at 31.9 eV and 34.0 eV, and these positions are shifted to 32.7 eV and 35.3 eV for the 2H-

WS2.25 We also observe the W6+ 4f7/2,5/2 doublet due to the presence of tungsten oxides in the sample. A 

significant amount of oxygen was detected in the samples (Table 6.1), indicating that some of the TMD 

samples were oxidised during sample preparation and mechanochemical processing, leading to the 

formation of tungsten and molybdenum oxides. 

All these peak regions correspond to reported peak positions for both MoS2 and WSe2 TMDs and this 

was also confirmed when determining the chemical composition of the mixtures. The atomic percentage 

of the Mo, W, Se, and S peaks were derived from the spectra, and is shown in Table 6.1 along with those 

of other TMD hybrids. XPS spectra of the other TMD mixtures is provided in figures 6.2-6.11. Accurate 

derivation of the chemical compositions of the TMDs making up the mixtures proved difficult due to 

the overlap of the S 2p and Se 3p peaks which made peak deconvolution a challenge. For other mixtures 

which have the same chalcogen atom such as MoS2+WS2, accurate derivation of the chemical 

composition of the TMDs making up the hybrid was not possible due to having the same S atom. 
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Figure 6.1. Wide area spectra of the MoS2+WSe2 mixture showing all the elements present in it. 

 

Figure 6.2. High resolution spectra of the MoS2+WSe2 mixture showing the (A) Mo 3d peak, (B) S 2p 

peak, (C) W 4f peak and (D) Se 3d peak regions from the wide area spectra. The coloured lines (red, 

blue, green and purple) represent the deconvolution of the peaks. 
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Figure 6.3. (A) Wide area spectra of the MoS2+WS2 mixture displaying all the elements present in it. 

High resolution spectra of the (B) Mo 3d, (C) W 4f and (D) S 2p peak regions. The coloured lines (red, 

blue, green, yellow and purple) represent the deconvolution of the peaks. 
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Figure 6.4. Wide area spectra of the MoSe2+WS2 sample highlighting all the elements detected in the 

sample. 

 

Figure 6.5. High resolution spectra of the MoSe2+WS2 mixture showing the (A) Mo 3d peak, (B) S 2p 

peak, (C) W 4f peak and (D) Se 3d peak regions from the wide spectra. The coloured lines (red, blue, 

green and purple) represent the deconvolution of the peaks. 
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Figure 6.6. (A) Wide area spectra of the MoSe2+WSe2 mixture displaying all the elements present in 

it. High resolution spectra of the (B) Mo 3d, (C) W 4f and (D) Se 3d peak regions from the wide spectra. 

The coloured lines (red, blue, green and purple) represent the deconvolution of the peaks. 
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Figure 6.7. (A) Wide area spectra of the MoSSe sample showing all the elements present in it. High 

resolution spectra of the (B) Mo 3d peak, (C) S 2p peak and (D) Se 3d peak regions from the wide 

spectra. The coloured lines (red, blue, green and purple) represent the deconvolution of the peaks. 

 

Figure 6.8. Wide area spectra of the MoS2+MoSe2+WS2 sample highlighting all the elements detected 

in the sample. 
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Figure 6.9. High resolution spectra of the MoS2+MoSe2+WS2 mixture showing the (A) Mo 3d peak, 

(B) Se 3d peak, (C) W 4f peak and (D) S 2p peak regions from the wide spectra. The coloured lines 

(red, blue, green and purple) represent the deconvolution of the peaks. 
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Figure 6.10. (A) Wide area spectra of the MoS2+MoTe2+WSe2 mixture showing all the elements present 

in it. High resolution spectra of the (B) Mo 3d peak, (C) Se 3d peak, (D) S 2p peak, (E) W 4f peak and 

(F) Te 3d peak regions from the wide spectra. The coloured lines (red, blue, green and purple) represent 

the deconvolution of the peaks. 
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Figure 6.11. (A) Wide area spectra of the MoSSe+WTe2+WS2 mixture showing all the elements present 

in it. High resolution spectra of the (B) Mo 3d peak, (C) W 4f peak, (D) Se 3d peak, (E) Te 3d peak and 

(F) S 2p peak regions from the wide spectra. The coloured lines (red, blue, green and purple) represent 

the deconvolution of the peaks. 
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Table 6.1. Atomic percentages of the different elements in the TMD mixtures. 

 

XPS Atomic % 

 

Binary mixture Ternary mixture 

Elem

ent  

MoS2+

WS2 

MoS2+

WSe2 

MoSe2+

WS2 

MoSe2+

WSe2 

MoS2+WS2+

MoSe2 

MoS2+MoTe2

+WSe2 

MoSSe+WTe

2+WS2 

Mo 18.45 19.94 16.44 20.83 25.79 17.28 9.96 

W 16.04 17.93 18.17 18.13 11.26 10.05 11.92 

S 44.80 34.19 30.50 - 31.18 36.61 43.39 

Se - 20.06 18.15 42.00 16.82 17.28 16.03 

Te - - - - - 13.03 6.38 

O 20.71 7.88 16.74 19.04 14.95 5.75 12.28 

 

6.2.1.2 X-ray powder diffraction 

In order to obtain more information about the physical properties and crystallographic structures of the 

mixtures, X-ray powder diffraction was conducted on the TMD samples, and the results are displayed 

in Fig. 6.12. The diffraction pattern for the different TMD mixtures was essentially an overlay of the 

diffraction patterns of the individual TMDs with some new peaks resulting from the mechanochemical 

mixing and comminution. For the MoS2+WS2 mixture (Fig. 6.12A), the peaks observed at 14.4°, 33°, 

40°, 50° and 59° correspond to the (002), (100), (103), (105) and (110) planes respectively which is 

typical of hexagonal phase MoS2 and other diffraction peaks due to WS2 at 29°, 33° and 60° 

corresponding to the (004), (100) and (008) planes respectively.26-29 An extra diffraction peak was 

detected at 2θ value of 25.9°, which was also observed for the diffraction pattern of the MoSe2+WS2 

mixture in Fig. 6.12C. This peak corresponds to the plane (004) which was not detected in the diffraction 

pattern of the individual TMDs making up the mixture. This shows a slight change in the 

crystallographic structure of the resulting from phase transformations in the TMD hybrid. Another 

noticeable aspect on the MoSe2+WS2 diffraction pattern is the shoulder peak on the 14.4° peak which 

corresponds to the (002) plane of the WS2 sample. This caused the peak to be broader compared to the 

same peak on the WS2 diffraction pattern thus suggesting a decrease in crystallinity of the hybrid TMD. 
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This shoulder peak on the 14.4° peak was observed on the MoS2+WSe2 and MoSe2+WSe2 (Fig. 6.12 

B&D) diffraction patterns as well. The diffraction patterns for MoSSe and the ternary mixtures are 

provided in figures 6.13-6.16. For the MoS2+MoSe2+WS2 hybrid, it is worth noting that the peaks (Fig. 

6.14) are much broader than the corresponding peaks on the constituent TMD patterns. This signifies a 

reduction in crystallinity of the ternary hybrid. The broadening of the peaks was observed for the other 

ternary mixtures (Fig. 6.15 & 6.16) in relation to the diffraction patterns of their constituent TMDs. 

 

Figure 6.12. X-ray powder diffraction patterns of the binary TMD mixtures and the individual TMD 

components (A-D). 
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Figure 6.13. X-ray powder diffraction patterns of the MoSSe sample and the individual TMDs making 

it up. 

 

Figure 6.14. X-ray powder diffraction patterns of the MoS2+MoSe2+WS2 mixture and the individual 

TMDs making it up. 
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Figure 6.15. X-ray powder diffraction patterns of the MoS2+MoTe2+WSe2 mixture and the individual 

TMDs making it up. 

 

Figure 6.16. X-ray powder diffraction patterns of the MoSSe+WTe2+WS2 mixture and the individual 

TMDs making it up. 
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6.2.1.3 Raman spectroscopy 

Raman spectroscopy was then carried out and Fig. 6.17 shows a selection of the spectroscopy results 

for the various TMD mixtures. Similar to the diffraction patterns, the spectrum of the TMD mixtures is 

a combination of the spectra of the two separate TMDs. In Fig. 3A, the MoS2 spectrum has two peaks 

(vibrational modes), being the E2g (in-plane) band at 385 cm-1 and the A1g (out-of-plane) band at 405 

cm-1.30 For WS2, the E2g peak is at 350 cm-1 while the A1g peak is at 417.5 cm-1 which is in good 

agreement with literature.31 All these peaks are still visible on the MoS2+WS2 spectrum and coincide 

with reported spectrum for WS2/MoS2 heterostructures.32,33 However, it is worth noting the shift in peak 

positions in the spectrum which is more evident on the A1g peak for WS2, which has shifted from 417.5 

cm-1 to 423 cm-1 on the MoS2+WS2 spectra. It has been reported that strain effects causing lattice 

deformations can be detected by Raman spectroscopy.34-37 The shift in the E2g peak can  be attributed to 

the phase shift from 2H phase to the 1T phase as it has been previously reported for TMD.38 This shift 

is a result of changes in bond lengths, bond angles and interlayer interactions during phase changes. 

The peak shifts detected on Fig. 6.17 are therefore likely to be due to a strain effect and phase 

transformation resulting from mechanochemical treatment during sample preparation. The MoS2+WSe2 

spectrum on Fig. 6.17B is a combination of the MoS2 and WSe2 spectra which is similar to the spectrum 

of the reported WSe2/MoS2 heterolayer which was also a combination of the two TMDs.39 The positions 

of the E2g and A1g peaks were blue-shifted by 16 cm-1. This peak position shift hence shift in vibration 

modes is due phase transformations resulting from mechanochemical grinding and mixing of the TMD 

powders. The spectra for MoSe2+WS2, MoSe2+WSe2 and the ternary hybrids (Fig. 6.18 to 6.21) were 

also a combination of the spectra of their constituent TMDs with a slight shift in peak positions. 
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Figure 6.17. Raman spectra of the various TMD mixtures along with the spectra of individual TMD 

components (A-D). 
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Figure 6.18. Raman spectra of the MoSSe sample along with the spectra of individual TMDs making 

them up. 

 

Figure 6.19. Raman spectra of the MoS2+MoSe2+WS2 TMD mixtures along with the spectra of 

individual TMDs making them up. 
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Figure 6.20. Raman spectra of the MoS2+MoTe2+WSe2 TMD mixtures along with the spectra of 

individual TMDs making them up. 

 

Figure 6.21. Raman spectra of the MoSSe+WTe2+WS2 TMD mixtures along with the spectra of 

individual TMDs making them up. 
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6.2.2 HER activity 

The catalytic effects of the different TMD mixtures towards the hydrogen evolution reaction were 

investigated and compared to the individual TMDs. This was done by drop casting suspension of the 

TMD hybrids onto a glassy carbon electrode which are then used for linear sweep voltammetry in 10 

mM H2SO4 and 0.1 M K2SO4 solutions at voltage scan rate of 50 mV s-1. Fig. 6.22 below shows the 

activity of the binary TMD mixtures and how they compare to the individual TMDs with the current 

normalised by catalyst surface area which was approximately equal to the electrode surface area.  

 

Figure 6.22. Voltammograms showing the change in onset potential between the TMD mixtures and 

the individual TMD components as electrocatalysts for the hydrogen evolution reaction (A-D). An 

aqueous supporting electrolyte containing 10 mM H2SO4 and 0.1 M K2SO4 was used for the 

measurements with a scan rate of 50 mV s-1. 
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An improvement in onset potential (here defined at 0.5 mA cm-2) was observed for all the TMD mixtures 

with their onset potential becoming less negative as compared to the constituent TMDs. MoS2+WS2 

(Fig. 6.22A) presented the greatest shift in onset potential compared to the MoS2 and WS2 onset 

potentials, highlighting the improvement brought about by the comminution and mixing of the two 

TMDs. This onset potential falls within the 0.33-0.50 V (vs Ag/AgCl) range of reported onset potential 

values for MoS2 and WS2 heterostructures and is thus in good agreement with literature.40-42 Despite the 

different synthetic methods available to prepare TMD heterostructures and mixtures, it is clear that 

linking two or more TMDs, either by overlaying or mixing, enhances the HER catalytic activity. For 

the TMD mixtures, there has been an increase in surface area and presence of metastable phases as a 

result of comminution and this exposes more active edge sites for HER and this along with the combined 

effect of the two TMDs enhances the overall catalytic performance of the mixture towards HER. The 

mixed TMD powders, like the individual TMDs, were made into a suspension with deionised water 

which is then sonicated for 45 minutes, and it has been previously shown that sonicating the TMD the 

suspension has the potential to exfoliate further the nanoparticles thereby increasing the content of the 

more catalytically active 1T phase TMDs in the mixtures.43-45 This could have had an effect on the 

improved HER activity from the mixed TMDs highlighted on Fig. 6.22. 

 

The same improvement trend was observed for the triple mixed TMDs, that is, a shift on onset potential 

as compared to the individual TMDs (shown in Fig. 6.23). Onset potentials of these mixed TMDs are 

displayed in Table 6.2 and highlight that the MoS2+MoSe2+WS2 sample require less applied potential 

for HER to occur in comparison to the other mixtures. For this mixture, this shift is possibly due to the 

presence of MoSe2 which has been shown to have an earlier onset potential for HER compared to the 

other two TMDs in the mixture.  
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Figure 6.23. Voltammograms showing the change in onset potential between the TMD mixtures and 

the individual TMDs making them up as electrocatalysts for the hydrogen evolution reaction (A-C). A 

solution of 10 mM H2SO4 with 0.1 M K2SO4 supporting electrolyte was used for the measurements with 

a scan rate of 50 mV s-1. 
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Table 6.2. HER onset potentials for the various TMD mixtures used as electrocatalysts. Onset potentials 

were determined at a current density of 0.5 mA cm-2 for all materials. 

TMDs Onset Potential      

(± 0.01) / V 

MoS2+WS2 -0.50 

MoS2+WSe2 -0.56 

MoSe2+WS2 -0.65 

MoSe2+WSe2 -0.56 

MoSSe -0.58 

MoS2+MoSe2+WS2 -0.47 

MoS2+MoTe2+WSe2 -0.50 

MoSSe+WTe2+WS2 -0.50 

 

The various TMD mixtures were compared, and Fig. 6.24 shows the overlay of the scans and how they 

vary from each other in terms of overpotential and corresponding current density. Ternary mixtures had 

an earlier onset potential for HER as compared to the binary mixtures with the exception of the 

MoS2+WS2 sample which had an onset approximately equal to these mixtures. For all the mixtures 

highlighted on Fig. 6.24, there was a decrease in onset potential for hydrogen evolution reaction 

compared to the individual TMDs. Unfortunately, onset potential is not commonly reported in literature, 

making it challenging to compare some of these improvements with reported TMD heterostructures. 

There is, however, one study that has shown through density functional theory (DFT) calculation 

combined with experimental investigation that substituting tungsten (W) and other transition metals 

into MoS2 activates more of the remote sulphur (S) active sites, leading to an increase in active sites 

and, consequently, enhanced HER activity.46 Tungsten atoms could be incorporated into MoS2 during 

mechanochemical activation, resulting in a compound with more active S sites, which would explain 

the improved HER activity observed in this study. Another factor contributing to the improvement in 

HER activity could be the introduction of strain in the TMDs during mechanochemical treatment, as 

observed in the Raman spectra exhibiting a shift in peak positions attributed to strain in the material. 

This strain can alter or modify the electronic structure of 2D TMDs, thereby enhancing their catalytic 
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activity.47-49 This alteration likely contributes to the improved performance observed in these hybrids. 

The structural changes (exfoliation and phase transition) and strain induced by mechanochemical 

treatment, combined with the synergistic catalytic effects of two or more TMDs, lead to an overall 

improvement in the HER catalytic activity of the resulting hybrid materials and explain the shift in onset 

potential for HER compared to the individual TMDs. 

 

Figure 6.24. Comparison of the different TMD mixtures as electrocatalysts for HER. The conditions 

were kept the same for all the scans and the voltammetry was conducted in a 10 mM H2SO4 and 0.1 M 

K2SO4 aqueous electrolyte. The cells consisted of a Ag/AgCl (saturated KCl) reference electrode and 

graphite rod counter electrode along with modified glassy carbon as the working electrode. 
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6.2.3 Kinetic analysis 

Hydrogen evolution reaction occurs in a multi-step process involving the Volmer, Tafel and Heyrovsky 

steps as potential rate determining steps.50 These steps are determined by their associated Tafel slope 

values which are outlined in Table 6.3.50-53  

Table 6.3. Rate determining steps in the hydrogen evolution reaction and their respective Tafel slope. 

Step Equation Tafel slope / mV dec-1 

Volmer 𝐻3𝑂+ + 𝑒− → 𝐻𝑎𝑑𝑠 + 𝐻2𝑂 120 

Heyrovsky  𝐻𝑎𝑑𝑠 + 𝐻3𝑂+ + 𝑒− → 𝐻2 + 𝐻2𝑂    40 

Tafel 𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 → 𝐻2 30 

 

The calculated Tafel slope values obtained from the HER measurements conducted using TMD 

mixtures are shown in Fig. 6.  The values lie between the Heyrovsky and Volmer step values with the 

exception of MoS2+WSe2 and MoSe2+WS2 which had a value more than 120 mV dec-1. This suggests 

a mixture of both the Heyrovsky and Volmer as the rate determining steps for TMD mixtures with Tafel 

slope values falling between 40 and 120 mV dec-1. MoSe2 catalysts have been reported to have relatively 

high Tafel slope values ranging from 67 mV dec-1 to 192 mV dec-1,54-57 and the calculated Tafel slope 

values for mixtures containing MoSe2 are in good agreement with this range. Previous studies on MoS2 

electrocatalysts have shown a lower range of Tafel slope values as compared to MoSe2, and these ranged 

from 40 to 60 mV dec-1.58-60 None of the mixtures containing MoS2 registered a Tafel slope within that 

range which could be attributed to an effect from the other TMDs in that mixture resulting in an increase 

in Tafel slope value.  
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Figure 6.25. Tafel slope values for the different TMD mixtures. The Tafel slopes for the pure TMDs 

are: 104 mV dec-1 (MoS2), 143 mV dec-1 (WS2), 97 mV dec-1 (MoSe2), 130 mV dec-1 (WSe2), 66 mV 

dec-1 (MoTe2) and 84 mV dec-1 (WTe2).  

 

Catalytic activity of the TMD mixtures was further investigated by modelling the reaction kinetics and 

extracting electrochemical rate constants for the hydrogen evolution reaction. For this voltametric study, 

a 33 μm carbon fibre electrode was used instead of the 3 mm glassy carbon electrode used in previous 

measurements. For TMD mixtures, an aliquot of 1 μL of their suspensions was drop cast onto the carbon 

fibre electrode surface and left to dry under a light source. These were used to run a series of linear 

sweep voltammograms in 10 mM H2SO4 and 0.1 M K2SO4 aqueous solution at 50 mV s-1 scan rate. The 

resulting voltammograms were then analysed to extract kinetic information by waveshape fitting the 

graphs using DigiElch software with a diffusion coefficient of 9.6 × 10-5 cm2 s-1 and formal potential of 
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-0.32 V (vs Ag/AgCl).61,62 Fig. 7 below shows a selection of the best-fit plots resulting from the 

waveshape fitting simulations. The electrochemical rate constants and transfer coefficients extracted 

from the simulations are shown in Table 6.4. 

 

Figure 6.26. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the TMD mixtures. Best-fit plot of the waveshape fitting simulation () and experimental data (⎯) for 

(A) MoS2+WS2, (B) MoS2+WSe2, (C) MoSe2+WS2 and (D) MoSe2+WSe2. 
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Figure 6.27. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the MoS2+WSe2 TMD mixture. Best-fit plot of the waveshape fitting simulation () and experimental 

data (⎯) for two HER scans (A-B). 

 

 

 

Figure 6.28. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the MoS2+WS2 TMD mixture. Best-fit plot of the waveshape fitting simulation () and experimental 

data (⎯) for two HER scans (A-B). 
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Figure 6.29. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the MoSe2+WS2 TMD mixture. Best-fit plot of the waveshape fitting simulation () and experimental 

data (⎯)  for two HER scans (A-B). 

 

 

 

Figure 6.30. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the MoSe2+WSe2 TMD mixture. Best-fit plot of the waveshape fitting simulation () and experimental 

data (⎯)  for two HER scans (A-B). 
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Figure 6.31. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the MoS2+MoSe2+WS2 TMD mixture. Best-fit plot of the waveshape fitting simulation () and 

experimental data (⎯)  for two HER scans (A-B). 

 

 

Figure 6.32. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the MoS2+MoTe2+WSe2 TMD mixture. Best-fit plot of the waveshape fitting simulation () and 

experimental data (⎯)  for two HER scans (A-B). 
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Figure 6.33. Reaction kinetics modelling of the resulting voltammograms from the HER scans using 

the MoSSe+WTe2+WS2 TMD mixture. Best-fit plot of the waveshape fitting simulation () and 

experimental data (⎯)  for two HER scans (A-B). 

 

Electrochemical rate constants ranged from 5.2 × 10-4 cm s-1 to 8.2 × 10-3 cm s-1 for the different TMD 

mixtures with MoS2+WS2 having the lowest standard electrochemical rate constant value while 

MoSe2+WSe2 had the highest. On average the calculated rate constants are consistent with reported 

electrochemical rate constants for HER using various electrocatalyst materials. Previous studies have 

reported the rate constant for HER due to multi-layer MoS2 electrocatalysts to range around 2.3 × 10-4 

cm s-1 to 3.17 × 10-5 cm s-1.62,63 All the TMD mixtures containing MoS2 have registered an improved 

electrochemical rate constant compared to the reported values which highlights the improvement in 

catalytic activity due to mechanochemical treatment of the different TMDs. Mixtures containing MoSe2 

had a higher electrochemical rate constant than the other mixtures and upon closer inspection, this could 

be attributed to the selenide components. This is more evident when comparing MoS2+WS2 and 

MoS2+WSe2 where an order of magnitude difference is observed for their rate constants with the Se 

containing mixture having a higher rate constant (1.5 × 10-3 cm s-1) than the other. The trend was 

observed again when both TMDs in the mixture were selenides, that is the MoSe2+WSe2 mixture, which 

had an even greater rate constant of 8.2 × 10-3 cm s-1. However, MoSe2 has been shown to degrade easily 

in chapter 5 and this stability limitation is what prevents widespread application of TMDs with the Se 
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chalcogen. Creation of mixed TMD hybrids was in part aiming to improve the stability of the Se hybrids 

for enhanced HER performance. It is also worth noting the overall improved catalytic effect due to the 

mechanochemical comminution and mixing, which reduced the particle sizes to the nano range. This 

reduction increases the surface area-to-volume ratios, providing more surface area of the TMDs and 

thereby exposing more active sites for HER. Another effect would be the exfoliation and phase 

transformations of the TMD particles resulting in 1T-monolayer components which have been proved 

to be more catalytically active for HER.43-45 All these effects combined with mixing different TMDs 

together improved the catalytic effect of the resulting mixture/compound and this is made apparent by 

the overall improvement in onset potential and electrochemical rate constants. 

Table 6.4. The calculated standard electrochemical rate constants (k0) and transfer coefficients () for 

HER from modelling the voltammograms using DigiElch software. 

TMD k0 / 10-3 cm s-1  α 

(all values ±0.01) 

Onset Potential 

(± 0.01)/ V 

MoS2+WS2 0.52 ± 0.01 0.33 -0.50 

MoS2+WSe2 1.5 ± 0.5 0.25 -0.56 

MoSe2+WS2 3.2 ± 0.3 0.24 -0.65 

MoSe2+WSe2 8.2 ± 0.7 0.21 -0.56 

MoS2+MoSe2+WS2 1.2 ± 0.5 0.24 -0.47 

MoS2+MoTe2+WSe2 3.4 ± 0.4 0.36 -0.50 

MoSSe+WTe2+WS2 1.0 ± 0.5 0.28 -0.50 

 

 

6.3 Conclusion 

Binary and ternary mixtures of transition metal dichalcogenide (TMD) materials were synthesized via 

mechanochemical activation and subsequently characterized to investigate their catalytic activity for 

the hydrogen evolution reaction (HER). Diffraction patterns of the hybrids displayed a combination of 

the constituent TMD patterns, with some such as MoS2+MoSe2+WS2 and MoSe2+WS2, having broader 

diffraction peaks which signified a decrease in crystallinity of the TMD hybrids. For the Raman spectra, 
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there was a slight shift in peak positions of the A1g and E2g peaks for both the binary and ternary TMD 

hybrids thereby a shift in vibration modes as a result of mechanochemical treatment. For XPS 

characterization, accurate determination of the chemical compositions of the TMDs in the mixtures 

from the XPS spectra was challenging due to the overlap of the S 2p and Se 3p peaks. Additionally, 

mixtures containing the same chalcogen atom, such as MoS₂+WS₂ and MoSe2+WSe2, made peak 

deconvolution difficult. 

These hybrids were tested in an aqueous solution of 10 mM H₂SO₄ and 0.1 M K₂SO₄, and kinetic 

parameters were derived from HER scans. On average, ternary hybrids exhibited better performance in 

terms of HER onset potential compared to binary hybrids, with the MoS₂+MoSe₂+WS₂ hybrid showing 

the lowest onset potential at -0.47 V (vs Ag/AgCl). This trend was also observed in Tafel slope 

calculations, where ternary hybrids had a lower range of Tafel slope values than binary hybrids. Despite 

these differences, both types of hybrids followed a Volmer-Heyrovsky mechanism, with the Volmer 

discharge step being the rate-determining step for HER. 

Kinetic analysis revealed electrochemical rate constants ranging from 0.52 × 10⁻³ cm s⁻¹ to 8.2 × 10⁻³ 

cm s⁻¹ for the various TMD hybrids. The MoS₂+WS₂ hybrid had the lowest rate constant, while 

MoSe₂+WSe₂ had the highest, indicating that hybrids containing selenium generally had higher 

electrochemical rate constants than those without it. The overall catalytic activity of the TMD hybrids 

improved after mechanochemical treatment, attributed to the increased surface area of the particles and 

the exfoliation of the TMDs, which resulted in 1T-monolayer components known for their higher 

activity in HER. 
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7 Conclusion and Outlook 

 

7.1 Summary 

This study explored the HER electrocatalytic activity of various TMDs as well as strategies of 

enhancing their electrocatalytic activity. The fabrication of these TMDs was investigated and the 

resulting TMDs were characterized through various techniques to determine their chemical and physical 

properties. This was followed by electrochemical testing for HER performance as well as their stability 

in different media and lastly, kinetics analysis in order to compare catalytic performance between them 

and also to literature. 

Chapter 4 commenced by looking into one of the most investigated TMDs, MoS2 and how the different 

structural morphologies of it affect HER electrocatalytic activity. This chapter investigated the bulk 

amorphous form of MoS2, which was synthesised via electrochemical deposition onto a glassy carbon 

electrode; and the nanoparticulate form of MoS2, which was made into a suspension and drop cast onto 

a glassy carbon electrode for electrochemical testing and later through nanoparticle impact 

electrochemistry. Successful electrochemical deposition of amorphous MoS2 film was confirmed 

through energy-dispersive spectroscopy and X-ray photoelectron spectroscopy characterization, from 

which the Mo:S ratio for this deposited film was determined to be 1:2.2. It has been reported that 

formation of MoS2 through cyclic voltammetry produces a mixed composition film of MoS2 and MoS3 

which would explain the disparity in the Mo:S ratio calculated.1,2 

The stability of this deposited MoS2 film was then tested in various pH solutions to ascertain the limits 

of not just the deposited but MoS2 as a whole in preparation for the nanoparticle impact study. The 

MoS2 film remained stable in pH 2 sulfuric acid solution, thereby suggesting that the MoS2 

nanoparticles would display the same stability under similar pH conditions. Another aim of studying 

the electrodeposited form of MoS2 was to determine the onset potential for HER, which would give a 

rough estimate on potentials at which impacts, or current spikes should start occurring during the impact 

study using MoS2 nanoparticles. This impact study was conducted to investigate the HER reaction 
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kinetics of MoS2 to compare them with the drop cast MoS2 nanoparticles and electrodeposited forms. 

These were observed to have varying onset potentials for HER in pH 2 sulfuric acid, with the impact 

study registering an onset potential of -0.10 V (RHE), compared to -0.49 V and -0.29 V (vs RHE) for 

the drop cast and electrodeposited MoS2 forms, respectively.  

The earlier onset potential from the impact study needed to be verified, that it is indeed due to hydrogen 

evolution reaction, and this led to the scale-up of the impact experiment to produce sufficient hydrogen 

gas to be tested via gas chromatography. The gas produced from this scale-up impact experiment was 

confirmed to be hydrogen gas thereby validating the earlier onset potential for HER from the impact 

study. The apparent absence of the -0.10 V (vs RHE) onset in the drop cast experiment is attributed to 

ultralow currents being masked by capacitive currents in the diffusion-only voltammogram. This 

hypothesis was supported by a rotating electrode experiment within the NP suspension, which suggested 

the presence of an onset around -0.10 V (vs RHE).  

Kinetic analysis of the electrodeposited form through automated waveshape fitting MoS2 yielded a 

standard electrochemical rate constant of (3.17  0.30) × 10-5 cm s-1 and a transfer coefficient of  = 

0.67  0.02 along with a Tafel slope of 45 mV dec-1. For the impact study, peak current data was used 

to gain kinetic information and care was required to avoid effects from the electronic filtering on the 

transient current signals as they can greatly distort the resulting data. Due to this, minimal filtering was 

applied to the data for analysis. A range of k0 values were reported ranging from 10-2 to 250 cm s-1. 

Further analysis of these results suggested that “few-trilayer” fragments were responsible for the low 

onset potential and varying apparent electrochemical rate constants for these 1-3 trilayer fragments in 

line with those reported by McKelvey et al.3 This finding was further confirmed by AFM imaging, 

showing the presence of nanoparticles with heights of approximately 0.65 nm and 1.30 nm, 

corresponding to 1 and 2 trilayers, respectively, consistent with literature.4 

 

Chapter 5 expanded the study from just MoS2 to other TMDs, specifically, their heterostructures and 

how they perform compared to individual TMDs in terms of HER catalytic activity. TMD 
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heterostructure studies are ongoing, and this study aimed to investigate a different approach to their 

synthesis and how this approach will affect HER performance. Two methods were employed to create 

the heterolayers: the first method involved drop casting a nanoparticle layer of one TMD followed by 

electrodepositing a different TMD on top ('NP/L'), while the second method involved sequentially 

electrodepositing layers of two different TMDs ('L/L'). Successfully synthesis of these heterolayers was 

confirmed by SEM-EDS and XPS but unfortunately, peak deconvolution proved challenging due to the 

overlap of the S 2p and Se 3p peaks, thereby making it difficult to deduce the chemical compositions 

of the heterolayers. 

Evaluation of the stability and HER catalytic activity of the heterolayers in an acidic solution was 

conducted after characterization and it was found that heterolayers containing a film of MoSe2 exhibited 

low stability, whereas those with a film of MoS2 remained very stable after multiple consecutive scans. 

Electrodeposited MoS2 film has been shown to be stable in a 10 mM H2SO4 and 0.1 M K2SO4 solution 

in chapter 5 and from reported literature,5 hence the high stability of the heterolayers having it as the 

overlayer whereas a separate study has shown that MoSe2 film degrades with each passing scan in the 

same solution. Along with their high stability, the heterolayers with a film of MoS2 also displayed 

improved HER performance when compared to the constituents TMDs making them up. A rotating disk 

electrode was essential for the kinetics study, and due to the requirements of the rotating disk electrode, 

only stable heterolayers like MoSe₂/MoS₂ and WS₂/MoS₂, which could endure the rotation, were used 

in the study. They registered electrochemical rate constants of (3.20  0.10) × 10-4 cm s-1 and (1.73  

0.03) × 10-4 cm s-1 for WS2/MoS2 and MoSe2/MoS2 heterolayers, respectively which was an overall 

improvement compared to reported rate constants for electrodeposited MoS2. This further demonstrated 

the enhanced HER catalytic activity of the heterolayers, highlighting that there is still potential for 

improvement in TMDs. 

The improved HER performance as a result of heterolayer creation displayed what overlaid TMDs can 

achieve, and this piqued interest into what two or more mixed TMDs could achieve in terms of HER 

catalytic activity, as investigated in chapter 6. Mechanochemical activation was used to synthesize 

binary and ternary mixtures of TMDs to enhance the catalytic activity of the resulting hybrids. These 
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hybrids were characterised by XPS, XRD and Raman spectroscopy to explore any chemical or physical 

changes brought about by mechanochemical activation. In the Raman spectra, there was a slight shift 

in the peak positions of the A1g and E2g peaks for both the binary and ternary TMD hybrids, indicating 

a change in vibration modes due to mechanochemical treatment. The diffraction patterns of the hybrids 

showed a combination of the constituent TMD patterns. Some hybrids, like MoS₂+MoSe₂+WS₂ and 

MoSe₂+WS₂, exhibited broader diffraction peaks, indicating a decrease in crystallinity. 

Electrochemical testing of the hybrids for HER exhibited improved HER performance in terms of onset 

potential compared to the individual TMDs, and it is worth noting that the ternary mixtures displayed 

better performance than the binary mixtures. This trend was also evident in the Tafel slope calculations, 

where ternary hybrids exhibited a lower range of Tafel slope values compared to binary hybrids. Despite 

these differences, both types of hybrids adhered to a Volmer-Heyrovsky mechanism, with the Volmer 

discharge step being the rate-determining step for HER. Electrochemical rate constants of the hybrids 

were calculated, and they ranged from 0.52 × 10⁻³ cm s⁻¹ to 8.2 × 10⁻³ cm s⁻¹, with MoS₂+WS₂ hybrid 

having the lowest rate constant, while MoSe₂+WSe₂ had the highest, indicating that hybrids containing 

selenium generally had higher electrochemical rate constants than those without it. The overall catalytic 

activity of the TMD hybrids improved following mechanochemical treatment. This enhancement was 

attributed to the increased surface area of the particles, exfoliation of the TMDs, which produced 1T-

monolayer components known for their higher activity in HER and the synergistic effect of two or more 

catalytically active materials mixed together. 

 

7.2 Future work 

Transition metal dichalcogenides offer a range of possibilities to explore in order to improve or enhance 

their HER catalytic activity, and this study investigated some of those ways. Bulk and nanoparticulate 

forms of MoS2 were studied along with TMD heterostructures and mixtures as electrocatalysts for 

enhanced HER activity. They displayed improved HER performance but like any other research study, 
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there were certain limitations which once addressed, would provide further insights about strategies to 

improve catalytic activity of TMDs. 

Chapter 5 investigated an alternative method of creating TMD heterostructures and these displayed 

enhanced HER activity, with some registering low electrochemical rate constants as compared to 

literature. Although they showed enhanced HER activity, some such as MoS2/MoSe2 (NP/L) and 

MoS2/MoSe2 (L/L) had low stability in acidic solutions which makes them unsuitable for practical 

applications. Further investigations will need to be conducted to determine the root cause of the 

degradation and how to improve the stability of these heterolayers given that their MoS2 counterparts 

are relatively stable in similar solutions. Another area to consider is the characterization of the 

heterolayers since there was a limitation with XPS characterisation to gain chemical compositions of 

the heterolayers. This was due to the overlap of S 2p and Se 3p spectra, which made peak deconvolution 

difficult. This analytical limitation emphasizes the complexity of characterizing TMD heterostructures 

and underscores the necessity for advanced spectroscopic techniques to resolve overlapping peaks and 

accurately quantify elemental compositions in these systems. 

Chapter 6 explored mixed TMDs which also highlighted improved HER performance along with a 

range of low electrochemical rate constants from these hybrids. Characterisation was conducted on 

these hybrids, but more in-depth analysis is needed to fully understand the effects of mechanochemical 

activation on the electronic and chemical properties of the resulting hybrids and how these affected their 

HER catalytic activity. Another study could investigate various rates of mechanochemical activation 

and corresponding HER performance to determine optimum conditions for carrying out 

mechanochemical mixing. This could result in a hybrid that could outperform the previously reported 

hybrids thereby highlighting the importance of mechanochemistry to the synthesis of new TMD 

structures with enhanced electrocatalytic abilities. This study could be further explored by using the 

TMD precursors with a means to reduce them via mechanochemical activation with the aim of 

synthesising co-reduced TMD mixtures with enhanced HER electrocatalytic activity. 

Transition metal dichalcogenides (TMDs), their heterostructures, and mixed hybrids hold strong 

promise for electrolyser applications. They offer scalable, cost-effective alternatives to precious metals 
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with tunable electronic properties and abundant active sites for application as catalysts for HER in the 

cathode section of the electrolyser. Synergistic effects in heterostructures and phase transformations 

hybrids enhance their catalytic performance, making them suitable for hydrogen evolution reactions. 

While challenges remain in optimizing their stability and scalability, further research could enable their 

widespread adoption in sustainable energy technologies. 
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8 Appendix 
 

8.1 Electrodeposition of MoS2 

Electrochemical deposition of MoS2 onto a glassy carbon electrode was conducted by cycling the 

potential between 0.4 V and -1.1 V (vs Ag/AgCl) in a 2 mM (NH4)2MoS4 and 0.1 M NaClO4 a solution 

at a scan rate of 50 mV s-1 for 50 cycles. Below is the resulting voltammogram due to the deposition: 

 

Figure 8.1. Cyclic voltammetry of the deposition of MoS2 onto a glassy carbon electrode at a scan 

rate of 50 mV s-1 in a solution containing 2 mM (NH4)2MoS4 and 0.1 M NaClO4. 
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8.2 Impact Electrochemistry 

Figure 8.2. (A, B) Chronoamperometry scans without any spikes for potentials held at -0.25 V and -

0.50 V (vs RHE) for 30 seconds with a pH 2 solution of 0.01 M H2SO4 and 0.01 M NaOH. (C, D) MoS2 

impact spikes for potentials held at -0.25 V and -0.50 V for 30 seconds using a 100 pM MoS2. 
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8.3 Tafel analysis 

Investigating the HER kinetics involved Tafel analysis and reaction rate calculations to understand and 

express the catalytic properties of MoS2 towards HER. The Tafel slope for the electrodeposited MoS2 

was calculated from the voltammetry scans and was found to be 45 mV dec-1 while an approximate 

Tafel slope of 39 mV dec-1 was found for the fitted spike height curve (see figure 8.3 below). The Tafel 

equation below was used during the analysis to derive Tafel slope and the transfer coefficient (𝑎): 

 

𝑛 =
−𝑎𝑅𝑇

𝑧𝐹
ln(𝑗0) +

𝑎𝑅𝑇

𝑧𝐹
ln(𝑗)                           (8.1) 

 

𝑛 = 𝑐 + 𝑏 log(𝑗)                                             (8.2) 

 

𝑏 =
2.303𝑎𝑅𝑇

𝑧𝐹
                                                    (8.3) 

Where 𝑛 is overpotential (V), 𝑎 is the transfer coefficient, R is the gas constant (J mol-1 K-1), T is 

temperature (K), F is faraday constant (C mol-1), 𝑗0 is the exchange current (A), 𝑧 is the number of 

electrons and 𝑏 is the Tafel slope. 
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Figure 8.3. Tafel slope derivation for the electrodeposited (B) and nanoparticle (D) MoS2 towards 

HER. An LSV (A) obtained using the electrodeposited MoS2 and the nanoparticle impact height (C) 

scan were used for deriving the Tafel plots. 
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8.4 SEM characterisation of MoS2 nanoparticles 

Investigation of the nanoparticle sample via SEM revealed varying sizes of the nanoparticles with most 

of the visible parts being the agglomerated particles (Fig. 8.4). The nano powder has an average particle 

size of 90 nm (material specification sheet) hence the various sizes with an average size of 87±50 nm 

was observed in the SEM image. SEM analysis had only proved the presence of Mo and S elements in 

both samples and further studies were required to ascertain the chemical composition of the elements 

thereby resulting in XPS analysis. 

 

Figure 8.4. Scanning electron micrograph of MoS2 nanoparticles. Scale bar of 10 µm. 
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8.5 Exfoliation of MoS2 nanoparticles 

The earlier onset of HER due to the nanoparticles was investigated to determine what was causing this 

effect from the nanoparticles. It is possible that more active sites on the nanoparticles are being activated 

by one of the processes during experimentation thus causing the shift on onset potential or the structure 

of the particle is being altered in some way to expose more active sites. Ultrasonic exfoliation has been 

outlined as one of the techniques used to exfoliate bulk MoS2 into monolayers and even into the 

nanostructured form.1 Sonicating the nanoparticle suspension in acid helped to disperse and prevent the 

nanoparticles from agglomerating during the impact studies. Sonicating the suspension each time before 

running the experiment is believed to have had an exfoliating effect on the nanoparticle structure, 

converting it from the 2H semiconducting phase to the 1T metallic phase form. The 1T phase of MoS2 

has a high catalytic activity towards HER as compared to the 2H form which explains the earlier onset 

potential for HER due to the nanoparticles.2  

XRD analysis revealed that the MoS2 nanoparticles are in the 2H phase form. This was the raw sample 

of the nanoparticles and next up, the sonicated suspension sample was analysed. This sample was 

sonicated then centrifuged to get supernatant, which was then then centrifuged and washed four times 

before drying it to get the dry solid sample for XRD characterization. The pellet was removed first to 

remove heavier particles that will not have the exfoliated nanosheets before subsequently centrifuging 

at higher velocity to remove the nanosheets as a pellet. In Fig. 8.5, the XRD spectra for the raw and 

sonicated samples are shown. The XRD spectra for the sonicated nanoparticle suspension have less 

peaks compared to that of the raw nanoparticle thereby indicating that a change occurred in their 

structure due to the sonication. The reduction in peak intensity in the ultrasonicated XRD spectra is an 

indication that exfoliation has occurred. This is a result of reduced layers in the 2D material resulting 

in weakened coherent scattering due to loss in long range order thereby causing reduced reflection 

intensity.1 This change in intensity is more evident on the peak at 14.5⁰. 
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Figure 8.5. XRD spectra of the raw and ultrasonicated nanoparticles. The 2H-MoS2 spectra from 

ICSD (https://icsd.psds.ac.uk/search/basic.xhtml) is also shown for comparison. 
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8.6 AFM Imaging of MoS2 Nanoparticles 

Atom force microscopy images were recorded of the MoS2 particles, after ultrasonication and 

deposition onto a cleaved mica surface. The following are a selection of typical images.  

 

Figure 8.6. AFM image of MoS2 on mica (A&B). (C) 3D image of the region shown in B. 
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