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ABSTRACT 

The world aims to reduce carbon emissions by transition to alternative and 

renewable energy sources such as green hydrogen, which is cleaner and more 

sustainable for various applications compares to the traditional fossil fuels. 

Electrocatalytic splitting of water is one of the best promising method for 

hydrogen production due to its affordability, sustainability, and eco-friendliness. 

Transition metal dichalcogenides (TMDs) have emerged as the essential 

electrocatalysts for this process. This paper presents a review on the progress in 

TMDs as electrocatalysts. It starts with a concise discussion on the overview of 

TMDs and their unique properties that made them attractive in the electrocatalysis 

of water. However, various descriptors of a good electrocatalyst were elaborated 

as well as some of the ways of improving the catalytic activity of the existing 

TMDs-based electrocatalysts. The methods of synthesis of the TMDs-based 

electrocatalysts were also explored. The paper concludes by pointing out some of 

the challenges that hinder the progress of the field and future directions that will 

greatly contribute toward improving the entire field of electrocatalytic splitting of 

water for effective hydrogen generation. 

 

INTRODUCTION 

It is evidently clear that, the world is in the quest of 

achieving zero carbon emissions, as such, the ever 

pressing need to eliminate burning fossil fuels has 

becomes necessary (Sukanya et al., 2022). Because 

burning fossil fuels releases carbon dioxide (CO2) which 

is one of the greenhouse gases that are very detrimental 

to the human health, plants and environment among 

others (Zhao et al., 2017; Hoegh-Guldberg et al.,2007; 

Polvani et al., 2020). Therefore, transition to renewable 

and alternative energy sources that are affordable, 

sustainable and environmentally friendly will greatly 

solve the problem. To this regard, hydrogen is regarded 

as a clean fuel that can replace the use of traditional fossil 

fuels in homes, vehicles, industries etc. (Turner, 2004; 

Jiao et al., 2015; Guo et al., 2019; Dresselhaus and 

Thomas, 2001; Zhang et al., 2016; Zhou et al., 2019).  

However, there are various methods of hydrogen 

production, but some of them are very expensive and 

even lead to the emission of CO2. For example, the 

popularly known steam reforming process of hydrogen 

generation (in industry) causes environmental pollution 

(Fu et al., 2020). In contrast, electrocatalytic splitting of 

water is considered as one of the most promising 

approaches in the production of hydrogen due to its 

affordability, sustainability and environmentally friendly 

nature (Zhu et al., 2020; Dresp et al,. 2019). This method 

isn’t achievable without electrocatalysts. They are highly 

required in order to speed up the kinetics of the hydrogen 

evolution reaction (HER) and reduce the electrical energy 

consumption of the process (Fu et al., 2020). The widely 

use electrocatalysts are platinum (Pt), Iridium (Ir) and 

some other precious-metal-based compounds, only that 

those materials are very scarce and expensive, as such 

their applications are restricted (Faber and Jin, 2014; 

Ding et al., 2016; Yin et al., 2016; Wang et al., 2017; Li 

et al., 2019; Liang et al., 2019). Hence there is a need to 

develop new electrocatalysts that are cheaper and 

abundant but with excellent properties comparable to the 

precious Pt-groups. Researchers have recently focused 

on the transition metals based electrocatalysts such as 

transition metal dichalcogenides (TMDs), hydroxides, 

carbides, borides, nitrides, and phosphides, and even 

metal-free carbon-based materials, such as graphene and 

carbon nanotubes (Wazir et al., 2022; Fu et al., 2022; 

Gholamvand et al., 2016; Najafi et al., 2018; Henckel et 

al., 2018).  
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Among all the aforementioned non-precious materials, 

TMDs were reported to be the best substitutes for the Pt- 

groups due to their unique and interesting properties (Li 

et al., 2018; Sukanya et al., 2022). Some of those 

properties that made them most attractive are their 

layered structures, tunable band gaps, outstanding 

chemical stability, high catalytic activities, earth-

abundant and low-cost. Specifically, the TMDs that 

gained more attentions are the two-dimensional (2D) 

TMDs, such as molybdenum diselenide (MoSe2), 

molybdenum disulfide (MoS2), tungsten diselenide 

(WSe2), and tungsten disulfide (WS2), (Gholamvand et 

al., 2016; Najafi et al., 2018; Henckel et al., 2018; Li et 

al., 2018; Lin et al., 2014; Yang et al., 2015; Li et al., 

2019).  

Moreover, it is obvious that there are many excellent 

previous reviews that focus on the use of TMDs-based 

electrocatalysts for hydrogen generation (Fu et al., 2020; 

Sukanya et al., 2022; Sim et al., 2022; Zeng et al, 2024). 

Still much work is required to fully understand and utilize 

those materials for efficient and scalable hydrogen 

production. Thus, herein we systematically reviewed the 

application of the TMDs in electrocatalytic splitting of 

water and particularly emphasized on the need to employ 

hybrid approach within the framework of density 

functional theory (DFT) and machine learning in the 

discovery and preparation of novel TMDs-based 

electrocatalysts. We started with the overview of the 

transition metal chalcogenides, and subsequently delved 

into the TMDs. The properties that made the TMDs to be 

more attractive electrocatalysts were reviewed. The 

concept of electrocatalysis was also highlighted with 

more emphasis on the hydrogen and oxygen evolution 

reactions. Not only that, we also discussed the descriptors 

of good electrocatalysts. The methods of synthesis of the 

TMDs-based electrocatalysts were also explored. 

Finally, the challenges and future directions were 

discussed with the sole intention of exploring more 

TMDs based electrocatalysts for effective hydrogen 

generation.  

 

Overview of Transition Metals Chalcogenides 

(TMCs) 

The transition metals chalcogenides (TMCs) are 

chemical compounds that consist of two parts; the 

transition metals and chalcogen elements. They have a 

general formula MXn, where M = transition metals such 

as molybdenum (Mo), tungsten (W), vanadium (V), 

rhenium (Re), thallium (Ta), titanium (Ti), X = 

chalcogens either sulfur (S), selenium (Se), or tellurium 

(Te) and subscript n = the atomicity of the chalcogen and 

it can take values 1, 2, 3. There is quite a number of 

possible layered structure materials consist of sixteen 

(16) transition metals and three (3) chalcogens atoms 

(Han et al., 2015) as shown in figure 1. However, there 

are three classes of TMCs depending on the atomicity (n) 

of the chalcogen atoms (Kheibar et al., 2023). They are: 

i. Transition metal monochalcogenides (TMMs) when 

n = 1, with the general formula MX (M = Cu, Ag; X 

= S, Se or Te). 

ii. Transition metal dichalcogenides (TMDs) when n = 

2, with the general formula MX2 (M = W, Mo as 

semiconductor and V, Nb, Ta as metal; X = S, Se or 

Te). 

iii. Transition metal trichalcogenides (TMTs) when n = 

3, with the general formula MX3 (M = Ti, Zr, Hf, V, 

Nb, Ta, Db and Cr; X = S, Se or Te) and this is the 

less studied family. 

 

 
Figure 1: The periodic table showing 16 transition metals and 3 chalcogen atoms obtained from (Han et al., 

2015; Chhowalla et al., 2013) 

 

Transition Metals Dichalcogenides (TMDs) 

After the discovery of graphene, a lot of new two-

dimensional (2D) materials were reported (Sun et al., 

2022; Yu and Breslin, 2020; Sukanya et al.,2022; 

Manzeli et al., 2017), among which are transition metal 

dichalcogenides (TMDs) with the chemical formula MX2 

(M = W, Mo as semiconductor and V, Nb, Ta as metal; 

X = S, Se or Te). This class of materials has gained much 
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attention around the globe due to their unique and 

fascinating properties that include but not limited to high 

surface areas, good chemical stability and tunable band 

gaps (Sun et al., 2022).  

 

Structural Properties of TMDs 

The interesting and outstanding properties of TMDs are 

highly connected to their crystal and electronic structures 

(Liu et al., 2017; Mak et al., 2010; Splendiani et al., 2010; 

Wilson et al., 1974). The TMDs exhibit a layered 

structure similar to that of graphite, with each single layer 

composed of stacked X−M−X sheets and the sequential 

stacking of layers forming the material. Each layer is 

weakly coupled by the van der Waals force, whereas the 

metal−chalcogen bond is covalent in nature (Giuffredi et 

al., 2021). However, according to the nature of the metal 

and chalcogen atoms, the stacking of the various X−M−X 

layers and the metal coordination in each layer may vary, 

giving rise to different polymorphs. The TMDs can 

exhibit different phases, with the two main 

heterogeneous polymorphic structures being the 

octahedral coordination phase (1T) as shown in figure 

2(B), which shows metallic-like properties, and the 

trigonal prismatic phase (2H), which gives 

semiconductor-like properties as illustrated in figure 

2(A). However, in the H phase for the hexagonal 

symmetry (Figure 2A), the six X atoms are arranged 

symmetrically in the upper and lower tetrahedrons with 

the KKK M atoms as the symmetrical point. The 2H and 

3R phases are identified based on sequence stacking of 

the 1H layer. The two layers with AB stacking as a unit 

cell in the 2H phase show a hexagonal symmetry (point 

group D3h), whereas the 3R phase composed of three 

layers with ABC stacking exhibits a rhombohedral 

symmetry (point group C3v). Another major structure, the 

T phase shown in Figure 2B, is formed by rotating the 

upper (or lower) tetrahedron by 1800, which characterizes 

tetragonal symmetry (point group D3d). Furthermore, the 

dimerization of transition metal atoms can lead to the 

distortion of the 1T phase including the monoclinic (1T’) 

and orthorhombic (Td) structures (Sim et al., 2022).  

 

 
Figure 2: Crystal Structure of TMDs (A) H-Phases (B) T- Phases obtained from (Sim et al., 2022). In this 

notation, the digit signifies the number of X−M−X layers in the crystalline unit cell, and the letter gives the 

symmetry of the material: T refers to a tetragonal symmetry, H to hexagonal symmetry, and R for rhombohedral 

symmetry 
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Furthermore, the 1T phase is characterized by having a 

low charge transfer resistance and enhanced 

electrocatalytic activity, thereby making it a very 

interesting material for electrochemical applications 

(Tang and Jiang, 2016). On the other hand, the 2H phase 

is the most favourable phase thermodynamically. 

However, solution phase intercalation is one of the 

popular methods used in the conversion of the 2H to 1T 

polymorph. Also, it was reported that non-metal doping 

with phosphorus (P) can be used to promote the 

formation of the metallic 1T phase (Sun et al., 2022).  

The creation of defects and distortions to give active sites 

on the TMDs layered structures has become an intense 

research topic in recent years with various transition 

metals doped TMDs emerging (Xiong et al., 

2018;Kunhiraman et al., 2021;Huang et al., 2021). 

Methods such as defect engineering, electron beam 

irradiation or heteroatom doping (Ye et al., 2016; Ramki, 

et al., 2019) can be employed to give a high density of 

active sites. 

 

 

Electronic Properties of TMDs 

The tunability of electronic band gap of TMDs is one of 

the factors that made them more attractive and applicable 

in so many areas. For example, Coehoorn et al., claimed 

that some of the TMDs have band gaps that matched solar 

spectrum (Coehoorn et al., 1987). This made them very 

good candidates for photocatalytic water splitting. 

However, the decrease in the thickness of the layers of 

the TMDs has a significant effect on their band gaps. It 

was reported that the band gap of MoS2 increases from 

1.29 eV to 1.9 eV as the thickness reduced from bulk to 

a monolayer (Kam and Parkinson, 1982; Splendiani et al., 

2010; Mak et al., 2010). This is as a result of quantum-

mechanical confinement in the vertical direction and the 

resulting change in hybridization in orbitals related to 

transition metal (M) and chalcogen (X) atoms. However, 

the bulk MoS2 material exhibits an indirect band gap 

behavior whereas the single layer MoS2 is a direct gap 

semiconductor. This seems to be a general characteristic 

exhibited by many other semiconducting TMDs (Kuc et 

al., 2011; Li and Galli, 2007; Liumet al., 2011; Ding et 

al., 2011; Ataca et al., 2012)

 

 
Figure 3: Band structure of MoS2 (top) and WSe2 (bottom) for monolayer (ML) and bilayer (BL) obtained from 

reference (Kuc et al., 2015) 
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Figure 3 illustrates that the MoS2 and WSe2 when thinned 

down to monolayers, undergo the indirect to direct 

bandgaps transition (Kuc et al., 2015). However, using 

calculations based on density functional theory (DFT), 

Zhu et al. reported massive spin–orbit (SO) splitting for 

MoS2 monolayer (Zhu et al., 2011). Because of the 

interplay between the inherent electron spin and its 

angular orbital momentum, this powerful quantum effect 

modifies the material's electronic levels based on their 

spin signature. With values reaching 480 meV for WTe2, 

this effect is likewise universal for all 2H Group VI TMD 

materials (Zibouche et al.,2014). Giant SO splittings are 

visible in monolayers, but they are not present in the bulk 

or in bilayers as depicted in figure 3. This discrepancy 

can be attributed to the existence of an inversion center, 

which produces two degenerate orbitals with opposite 

spin at any given position in the band structure. Hence, it 

is possible to exploit the symmetry for tuning the SO 

splitting, offering interesting materials for spintronic 

applications (Kuc et al., 2015). 

However, defects that frequently arise as a result of the 

synthesis process have a significant impact on the 

electronic characteristics of TMD materials. For 

example, in MoS2 MLs, point defects result in additional 

photoemission peaks and increased photoluminescence 

intensity (Tongay et al., 2013). Localized excitons and 

the trapping capacity of free charge carriers are 

responsible for these effects. Electronic and structural 

simulations of faulty MoS2 ML reveal that defects 

introduce mid-gap states that serve as scattering centers 

(Ghorban-Asl et al., 2013).  

 

Electrocatalytic Splitting of Water 

Electrocatalytic splitting of water is the process of 

breaking down water (H2O) into oxygen (O2) and 

hydrogen (H2) gas with the use of an electric current. It is 

also known as water electrolysis. However, the whole 

process of electrocatalytic splitting of water involves two 

half reactions which take place at different electrodes; the 

hydrogen evolution reaction (HER) at the cathode and 

oxygen evolution reaction (OER) at the anode (Fu et al., 

2020). A chemical substance called electrocatalyst is 

needed to speed up the rate of these reactions. The 

electrocatalysts are very crucial in the process, because 

in addition to increasing the rate of the reactions, they 

reduce the electrical consumption of the entire process.  

 

Hydrogen Evolution Reaction (HER) 

HER is the reduction of proton (H+) to form hydrogen gas 

(H2). It involves two different mechanisms in electrolyte. 

These are:  

Volmer–Tafel (V–T) Mechanism: This mechanism forms 

the adsorbed hydrogen atom (Hads
∗ ) at the active site of 

the catalyst, when a transferred electron first combines 

with a proton (acidic solution) or water molecule (in basic 

solution) and is adsorbed by the catalyst (the Volmer 

step). Then, two Hads
∗  combine to produce H2 gas (the 

Tafel step) as seen in table 1. The hydrogen adsorption 

site is indicated by the symbol "*" in this description (Fu 

et al., 2020; Sukanya et al., 2022).  

Volmer–Heyrovsky (V–H) Mechanism: In contrast to the 

V-T process, after the Volmer step, the Heyrovsky step 

occurs when H+ in the electrolyte and another transmitted 

electron from an external circuit combine with the Hads
∗ , 

thereby forming H2 gas as shown in table 1(in acidic 

solution). In basic media, after the volmer step, the water 

molecule (H2O) and the transmitted electron are combine 

with the Hads
∗ to form the H2 and OH− in the Heyrovsky 

step (table 1) (Fu et al., 2020; Sukanya et al., 2022). 

 

Table 1: Her Mechanisms in both Acidic and Basic Media 

Mechanisms Acidic Medium Basic Medium 

Volmer Step ∗ +H+ + e− → Hads
∗  ∗ +H2O + e− → Hads

∗ + OH− 

Tafel Step  2Hads
∗ → H2 + 2∗ 2Hads

∗ → H2 + 2∗ 

Heyrovsky Step ∗ +H+ + e− + Hads
∗ → H2 +∗ ∗ +H2O + e− + Hads

∗ → H2 + OH− +∗ 

 

Furthermore, it can be seen that HER is a pH-dependent 

response as well (table 1). There are some changes 

between the processes in basic and acidic solutions, 

particularly in the Volmer and Heyrovsky Steps as shown 

in table 1. Since there is an abundance of H+ in acidic 

solutions, the hydrogen adsorption sites can readily 

acquire protons by the Volmer reaction. The HER 

process is hampered when the alkaline medium is utilized 

as the electrolyte since there are no enough protons 

available. As a result, water molecules (H2O) must serve 

as the proton donor for the succeeding reactions, which 

will first split into H+ and OH−. This is the reason why 

HER reacts slowly in basic media (Wei et al., 2018;Yu et 

al.,2013). Normally, high overpotentials are needed in 

basic/alkaline solutions due to the sluggish kinetics of the 

HER and this remains a challenge in the development of 

active and stables HER electrocatalysts in alkaline media 

(Faid et al., 2021). 

 

Oxygen Evolution Reaction (OER) 

OER is one of the two half reactions that take place 

during the electrocatalytic splitting of water process. It 

occurs at the anode and is given by equation 1(acidic 

media) and equation 2 (basic media). 

2H2O → 4H+ + 4e− + O2   (1) 

4OH− → 2H2O + O2   (2) 

However, OER involves the transfer of four protons 

coupled with four electrons and bond breakage and 
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formation, as such much higher applied potentials are 

needed for the production of O2, leading in high 

overpotentials (Sukanya, et al., 2022). It is the more 

kinetically demanding counter-reaction to the HER when 

splitting H2O into hydrogen and oxygen using electricity. 

Frankly, the entire efficiency of the electrocatalytic water 

splitting reaction in an electrochemical cell is usually 

limited by the OER. Moreover, the mechanism of OER is 

complex and strongly relies on the nature of the 

electrocatalyst, the most commonly used mechanism for 

the OER is called the Adsorbate Evolution Mechanism 

(AEM). In AEM, the first step (in alkaline solution) is the 

adsorption of OH− at an adsorption site (*), to produce 

the adsorbed OHads
∗  (equation 3). The OHads

∗  

intermediates then further combine with OH− to form 

H2O and adsorbed Oads
∗  atoms, (equation 4). This is 

followed by the formation of adsorbed OOHads
∗  (equation 

5), which then reacts with additional OH− to give O2 and 

H2O (equation 6).  

∗ +OH− → OHads
∗ + e−   (3) 

OHads
∗ + OH− → Oads

∗  +H2O + e−  (4) 

Oads
∗ + OH− → OOHads

∗ + e−  (5) 

OOHads
∗ + OH− →∗ +O2 + H2O + e− (6) 

 

Parameters to be Considered When Choosing a Good 

Electrocatalyst 

The descriptors of a good electrocatalyst material are 

discussed briefly as follows: 

 

Surface area 

This is one of the best indicators in assessing the 

electrocatalytic activity of a material. Materials with high 

values of surface area exhibit more electrocatalytic 

activity. This is because; the value translates to the 

approximate information about the quantity of active 

sites on the surface of the catalysts. Even though possibly 

not all sites could show catalytic activity, the surface area 

can still serves as a reference for evaluating the 

performance of electrocatalysts in the HER and OER 

processes (Lin et al., 2019;Dang et al., 2018;Zhang et al., 

2015). However, TMDs are characterized by having a 

large surface area with the bulks TMDs having lower 

surface area in comparison to their nano-sized/thin 

counterparts. 

 

Gibbs Free Energy Change (∆GH*
 and ∆GOH

* for acidic 

and alkaline media respectively) 

It is obvious that hydrogen adsorption is intermediary 

step in both V-T and V-H mechanisms of the HER 

process, as such Gibbs free energy of hydrogen atom 

adsorption (∆GH*) is considered as only essential 

descriptor to screen the performance of the acidic HER 

electrocatalyst (Liu et al., 2019). That is why many 

previous computational studies have only focused on it 

(Lin et al., 2020; Prabhu, 2020;Wu and Hofmann, 2021). 

However, recent works have stressed the need of 

including the hydroxyl (OH) adsorption Gibbs free 

energy changes (∆GOH
*) as another important indicator 

for the alkaline HER catalysts’ design (McCrum and 

Koper, 2020;Ogunkunle et al., 2024). Based on the 

Sabatier plot (which is also called the Volcano plot) 

shown in figure 4, the free energy for adsorption of 

reactants and reaction intermediates should be neither too 

low nor too high (∆GH*
 ≈ 0, i.e., is the idealist value) 

(Chen et al., 2017; Koper, 2013; Nørskov et al., 2005).

 
Figure 4: Sabatier plot that shows the relationship of exchange current density of some 

materials and their corresponding ∆GH* obtained from reference (Yu et al., 2019) 
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It was reported that the Pt-groups have their hydrogen (H) 

and hydroxyl (OH) adsorption Gibbs free energy (∆GH*
 

and ∆GOH
*) values around 0.0 eV and – 0.3 eV 

respectively (Yu et al., 2019;McCrum and Koper, 2020). 

Thus, for a material to be good in HER process, its ∆GH* 

and ∆GOH
* should be very close to these values. This is 

why, MoS2, as typical TMDs, with a modest value of 

∆GH* (which is close to the Pt-groups) is considered as a 

highly efficient HER electrocatalyst (figure 7). 

Theoretically, ∆GH*
 and ∆GOH

* can be computed using 

the following relations (Huang et al., 2022; Ogunkunle et 

al., 2024). 

∆𝐺𝐻∗ = ∆𝐸𝐻∗ + 𝑇∆𝑆 + ∆𝑍𝑃𝐸  (8) 

Where ∆𝐸𝐻∗ is the adsorption energy of H atoms, which 

can be calculated from the following equation: 

∆𝐸𝐻∗ = 𝐸𝐻∗ − 𝐸∗ −
1

2
𝐸𝐻2

   (9) 

Where, 𝐸𝐻∗ and 𝐸∗ are the energies of the TMD 

monolayers with and without absorbed H atoms, 

respectively and 𝐸𝐻2
 is the energy of the free H2 

molecule. T, ∆S, and ∆ZPE in equation (8) are the room 

temperature (T = 298.15 K), entropy change, and zero-

point energy change, respectively, whose values can be 

obtained from the literatures (Huang et al., 2022;Dong et 

al., 2018;Skulason et al., 2010;Huang and Li, 2019).  

However, the ∆GOH
* can be computed as follows: 

∆𝐺𝑂𝐻∗ = ∆𝐸𝑂𝐻∗ + 𝑇∆𝑆 + ∆𝑍𝑃𝐸  (10) 

Where, ∆𝐸𝑂𝐻∗  is the adsorption energy of OH and can be 

calculated as follows:  

∆𝐸𝑂𝐻∗ = 𝐸𝑂𝐻∗ − 𝐸∗ + 𝐸𝐻2𝑂 +
1

2
𝐸𝐻2

− 2𝐸𝐻2𝑂 

     (11) 

𝐸𝑂𝐻∗ is the energies of the monolayer with adsorbed OH, 

and 𝐸𝐻2𝑂 is the energy of an isolated water molecule. 

 

Overpotential (η) 

Overpotential is another descriptor for assessing the 

performance of electrocatalysts in the HER process. In 

practical situation, the value of ∆GH* is either greater or 

lower than zero which implies that a thermodynamic 

overpotential is required to drive the HER process (Fu et 

al., 2020). The excess voltage needed to drive the HER 

above its thermodynamic potential is referred to as the 

overpotential. In other words, it's the extra energy 

required to get past the kinetic barriers and speed up the 

reaction. However, since the overpotential in HER 

directly influences the amount of energy needed for the 

reaction, reducing it is essential to increasing the 

sustainability and efficiency of hydrogen production. As 

such, researchers concentrate on creating sophisticated 

electrocatalysts and refining reaction conditions to 

reduce overpotential and improve HER performance as a 

whole. Therefore, an excellent electrocatalyst should 

produce hydrogen gas at a lower overpotential value.  

 

 

 

Exchange Current Density (𝒊𝟎) 

Exchange current density (𝑖0) is another outstanding 

parameter that describes the electrocatalytic activity of a 

material. The current density at which there is no net 

current flow and the rates of the forward and reverse 

reactions are equal is known as the exchange current 

density. The exchange current density in HER, denoted 

by 𝒊𝟎, is the point at which hydrogen evolution and 

oxidation events happen simultaneously. However, 

improved electrocatalytic activity and quicker reaction 

kinetics are indicated by a larger exchange current 

density. The units used to measure 𝒊𝟎 are usually mA/cm² 

or A/cm². One of the challenges now is to create 

electrocatalysts that can enhance the efficiency and 

performance of hydrogen evolution reactions by having 

a high exchange current density.  

Theoretically, 𝒊𝟎 can represent the rate of the proton 

transfer to the surface, which can be derived on the basis 

of ∆𝐺𝐻∗. At standard conditions (pH = 0 and T = 300 K), 

the i0 can be computed using equations (12) and (13) 

when the proton transfer is exothermic (∆𝐺𝐻∗< 0) and 

endothermic (∆𝐺𝐻∗ > 0) respectively (Nørskov et al., 

2005). 

𝑖0 =
−𝑒𝑘0

1+𝑒𝑥𝑝(
−∆𝐺𝐻∗

𝐾𝑇
)
    (12) 

𝑖0 =
−𝑒𝑘0𝑒𝑥𝑝(

−∆𝐺𝐻∗
𝐾𝑇

)

1+𝑒𝑥𝑝(
−∆𝐺𝐻∗

𝐾𝑇
)

   (13) 

Where 𝑘0 is the rate constant (200 s−1/site) and K is the 

Boltzmann constant. 

 

Tafel Slope 

The Tafel slope (b) is a crucial metric in electrocatalysis 

that characterizes the relationship between the logarithm 

of the catalytic current density (log 𝑖) and the 

overpotential (η) for an electrochemical process. The 

Tafel slope can be described by the Tafel equation which 

is given as (Gileadi and Kirowa-Eisner, 2005). 

η = ±b log (
𝑖

𝑖0
)    (14) 

Where, η is the overpotential, 𝑖0 is the exchange current 

density, b is the Tafel slope and 𝑖 is the catalytic current 

density. The +/- sign seen in the equation relates to 

whether the analysis refers to an anodic (+) or cathodic (-

) process. 

The Tafel slope b (mV dec−1) could be written as:  

𝑏 =
2.3𝑅𝑇

𝛼𝑛𝐹
    (15) 

Where, R and F represent ideal gas constant (8.314 J 

mol−1 C−1) and Faraday constant (96 485 C mol−1), 

respectively. T, α, and n represent Kelvin temperature, 

electrochemical transfer coefficient, and electrons that 

transferred, respectively. 

However, Tafel slope is typically used to determine the 

rate-determining step (RDS) for the V-T and V-H 

mechanisms as discussed above (Chen, et al., 2017;Wu 
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et al., 2019). The Tafel slope at room temperature for the 

Tafel, Heyrovsky and Volmer steps were determined to 

be around 30, 40, and 120 mV dec−1 respectively (Tian et 

al., 2019). According to the computed Tafel slope, the 

Volmer reaction is the RDS and the hydrogen atoms are 

too slow to be adsorbed on the catalyst surface if the b is 

more than 120 mV dec−1. The Heyrovsky reaction 

becomes the RDS and the hydrogen atom can be 

adsorbed more quickly on the catalyst surface but will 

desorb slowly if the b is between 40 and 120 mV dec−1. 

Nonetheless, the Tafel reaction will be recognized as the 

RDS if the value of b comes out to be roughly 30 mV 

dec−1 (Fu et al., 2020). A smaller Tafel slope denotes a 

more effective electrocatalyst since it signifies faster 

kinetics.  

 

TMDs – Based Electrocatalyst 

Jaramillo and his co-researchers used Scanning 

Tunneling Microscopy (STM) experiments to 

demonstrate the catalytic activity of TMDs edge sites 

(Jaramillo, et al., 2007). The basal plane of TMDs – 

which is the majority of their surface area, is considered 

to be catalytically nonreactive (Kuc et al., 2015). 

Researchers have developed various methods of 

overcoming this issue of non-reactivity of the basal plane 

(Tsai et al., 2017;Ouyang et al., 2016;Gao et al., 2016). 

However, the edge planes or defective basal planes are 

usually preferred for catalytic applications due to their 

higher reactivity. Thus, several works were reported on 

the activation of edge sites in TMDs (Kibsgaard et al., 

2012).  

Table 2 below shows comparison between 

electrocatalytic activities of different TMDs-based 

electrocatalysts. It is important to note that among the 

TMDs-based electrocatalysts that were reported, MoS2 is 

the most studied electrocatalyst (Jaramillo et al., 2007; 

Lukowski et al., 2013; Li et al., 2011;Tsai et al., 

2017;Ouyang et al., 2016 ;Gao et al., 2016). Even though 

these materials exhibit some electrocatalytic properties 

comparable to those of the precious Pt-groups, still their 

catalytic activities need to be improved for effective HER 

process. 

 

Table 2: Comparison of the Electrocatalytic Ability of Some Available TMDs-Based Electrocatalysts. 

TMDs-Based 

Electrocatalyst 

Solution ∆GH*/∆

GOH
* 

(eV) 

η 

(mV) 

Current 

Density 

(mAcm-2) 

i0 

(mA cm-2) 
 

Tafel slope 

(mV dec-1) 

References 

1T MoS2 acidic - 100 10 - 40 Voiry et al., 2013 

1T MoS2 acidic - 187 10 - 43 Lukowski et al., 

2013 

N-MoS2 acidic 
 

168 10 - 40.5 Li et al., 2017 

1T' MoS2 acidic/alk

aline 

0.29/1.78 - - - - Ogunkunle et al., 

2024 

1T' MoSe2 acidic/alk

aline 

1.81/1.65 - - - - Ogunkunle et al., 

2024 

1T' WS2 acidic/alk

aline 

0.43/1.85 - - - - Ogunkunle et al., 

2024 

1T' WSe2 acidic/alk

aline 

0.92/1.76 - - - - Ogunkunle et al., 

2024 

Fe-MoS2 acidic/alk

aline 

- 88/92 - - 75/49 Vikraman et al., 

2022 

1T/2H MoSe2 acidic - 192 10 - 48 Shi et al., 2021 

MoS2 acidic - 300 10 126.5 55 Xie et al., 2013 

V-WS2 acidic - 148 10 0.33 71 Jiang et al., 2018 

ReS2 acidic - 142 10 - 64 Li et al., 2016 

VS2 acidic - 
 

10 - 159 Chia et al., 2016 

CoS2 acidic - 197 10 - 29.9 Jaberi et al., 2021 

TaS2 acidic - 200 10 - 135 Li et al., 2016 

FeS2 acidic - 217 10 1.44 X10-4 56.4 Faber et al., 2014 

Mn-CoSe2 acidic - 174 10 6.83X10-2 36 Liu et al., 2016 
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Some Strategies of Improving the Catalytic Activity of 

TMDs-Based Electrocatalysts 

The catalytic activities of TMDs can also be enhanced 

through: Doping, formation of Janus TMDs, construction 

of heterostructures among others.  

 

Doping 

Doping as one of the strategies of improving the 

electrocatalytic activities of TMDs, creates more active 

sites for catalysis, increases the conductivity and 

decreases the value of Gibbs free energy of hydrogen 

adsorption (∆GH*) leading to higher hydrogen evolution 

reaction (HER) performance. Several works were 

reported in relation to the doping of TMDs for enhanced 

HER performance using both metal and nonmetal 

dopants. It was reported that Vanadium atom doping on 

the MoS2 nanosheets enhances its conductivity but 

decreases the density of active sites (Sun et al., 2014). 

However, it was common practice to dope MoS2 with Ni 

and Co to increase its HER activity (Zhang et al., 

2014;Bonde et al., 2009;Lv et al., 2013). These two 

dopants have the potential to lower ∆GH* and raise the 

density of active sites, hence improving HER 

performance. Co-doped MoS2 was prepared by Xiong et 

al. via a one-step hydrothermal process (Xiong et al., 

2018), and when compared to pure MoS2, it showed 

increased HER catalytic activity. In alkaline media, the 

sample Co-MoS2-0.5 showed the greatest HER 

performance when the doping amount of Co source was 

0.5 mmol. The decrease in ∆GH* and the controlled 

electronic structure brought about by Co doping are 

responsible for this improvement.  

Additionally, a wide variety of nonmetal-doped TMDs 

exhibit distinctive characteristics and superior HER 

performance. In contrast to the metal doping approach, 

nonmetal doping produces crystal distortion or an 

amorphous structure with lots of active sites in addition 

to optimizing the ∆GH*(Wang et al., 2019;Fu et al., 

2015;Yang et al., 2015). A study based on DFT revealed 

that high Phosphorus (P)-doping concentrations on the 

tungsten-based dichalcogenides (WS2 ,WSe2 and WTe2) 

can enhance the number of active sites and exhibit a 

suitable ∆GH* (Huang, et al., 2022). 

By using a hydrothermal process, Xie et al. created MoS2 

nanosheets doped with oxygen(Xie et al., 2013). A tiny 

amount of Mo–O bonds were inherited by MoS2 

nanosheets as a result of the relatively low synthesis 

temperature. Additionally, the DFT results showed that 

the bandgap of MoS2 slab combined with oxygen was 

1.30 eV shorter than the value of 2H MoS2 slab, which is 

1.75 eV. The oxygen insertion into MoS2 nanosheets 

produced this bandgap narrowing effect by increasing the 

carrier concentration and improving conductivity. The 

outcome was an optimized oxygen-incorporated MoS2 

catalyst with a Tafel slop of 55 mV dec−1 and a 

overpotential (η) of 120 mV (at 1 mA cm−2). 

Furthermore, Jin's group discovered that doping with 

chlorine (Cl) improved the HER activity of both MoS2 

and MoSe2 catalysts and adjusted the electronic structure 

of the amorphous MoSe2 and MoS2 (Ding et 

al.,2015;Zhang et al., 2015). Ultimately, the multiple 

active sites and ideal electronic structure improved 

MoSxCly and MoSexCly's HER performance (Ding et al., 

2015). However, the dopants still need to be carefully 

chosen because different atoms would have different 

effects on catalytic activity and improper elements could 

even have a negative effect on the final performance (Fu 

et al., 2020). Another confusing result is that the HER 

catalytic activities can show different results, sometimes 

even inversed, even after doping with the same elements 

(Shi et al., 2017;Zhang et al., 2014). This may be due to 

different preparation methods and doping amounts cause 

the dopants to anchor on different sites of the TMDs. 

However, more theoretical and experimental research is 

needed to understand the underlying mechanism (Fu et 

al., 2020). 

 

Formation of Janus TMDs 

In the recent years, much interest and focus have been 

made on asymmetric TMDs, which are known as Janus 

TMDs, with an asymmetric X–M–Y structure, such as 

TeMoSe, as shown in the schematic in figure 5. In Janus 

TMDs, the transition metal layer (M) is sandwiched 

between two different chalcogen layers (X and Y) and 

this leads to a decrease in structural symmetry, which in 

turn can give rise to different electronic and optical 

properties (Sukanya et al., 2022). These Janus TMD 

layers are also attracting considerable attention in both 

electrocatalysis (He et al., 2021; Kaur and Kumar, 2021) 

and photocatalysis (Idrees et al., 2020). Because they 

exhibit an improved catalytic activity compared to the 

non-janus TMD materials. However, the asymmetric 

structure gives rise to an intrinsic dipole moment due to 

the different electronegativities of the two chalcogen 

atoms. The layer with the lower electronegativity will 

become positively charged, whereas the layer with the 

higher electronegativity will be negatively charged 

(Sukanya, et al., 2022). Dipole moments and electrostatic 

potentials for a range of Janus TMDs were computed by 

Ji and his co-researchers (Ji et al., 2018). The dipole 

moments of 0.19 D and 0.77 D were reported for SMoSe 

and OMoTe respectively, with the higher dipole due to 

the greater difference in electronegativity of the O and Te 

atoms. Also, surface potential differences as high as 0.77 

eV and 3.26 eV were computed for SMoSe and OMoTe 

respectively, and these are sufficient to cause electronic 

band bending. 

However, according to research, the structural 

asymmetry in Janus TMDs causes electrons to 

redistribute, which increases charge accumulation on 

metal atoms and raises catalytic efficiency (Wang et al., 

2022; Er et al., 2018). An encouraging substitute for 
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precious metal catalysts, research has demonstrated that 

anchoring transition metals on Janus MoSSe surfaces can 

result in efficient single-atom catalysts for HER and OER 

applications (Wang et al., 2022; Paez-Ornelas et al., 

2021). Furthermore, without necessitating appreciable 

strain or vacancy concentrations, the introduction of in-

gap states and changes in the Fermi level brought about 

by Janus asymmetry boost intrinsic catalytic performance 

(Er et al., 2018). These results imply that Janus TMDs are 

not only feasible but also possibly better options for a 

range of catalytic uses in energy storage and conversion 

technologies. It should be highlighted, nonetheless, that 

the Janus TMDs with two distinct chalcogen surfaces are 

much harder to make experimentally and are usually 

made via modified chemical vapour deposition (CVD) 

methods (Zhang et al., 2020). 

 
Figure 5: Representation of Janus TMDs: (a) Layered Structure of Janus TMDs (b) Plot of energy 

versus time of some Janus TMDs (c) Charge density plot of Janus WSSe (d) Charge density plot of 

Janus MoSeTe, obtained from reference (Wang et al., 2018) 

 

Construction of Heterostructures 

TMD heterostructures are also considered as new 

materials with interesting properties. In these materials, 

different TMD monolayers are coupled by weak van der 

Waals forces to form heterostructures, such as 

MoSe2/WS2 (Vikraman et al., 2021). Heterostructures 

have a band alignment whereby the conduction band 

minimum (CBM) and valence band maximum (VBM) 

are situated in different monolayers. This leads to the 

formation of interlayer excitons and boosts interlayer 

charge transfer, thereby providing a new avenue to 

engineer more efficient electrocatalysts (Sukanya et al., 

2022). 

Moreover, preparation of heterostructures made up of 

TMDs and their corresponding transition metals oxides 

has also gained more attention. Chen et al. created 

MoO3/MoS2 nanowires, in which the two materials are 

arranged in a core/shell configuration (Chen et al., 2011). 

They discovered that this design produced an architecture 

with notable stability during HER catalysis as shown in 

figure 6a, with the core acting as a conducting scaffold 

for the MoS2 catalyst shell (Chen et al., 2011). The MoS2 
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nanoparticles on a reduced graphene oxide (RGO) 

substrate were synthesized by Li and his co-researchers 

(Li et al., 2011). When compared to either MoS2 

nanoparticles or the RGO alone, the electronic and 

chemical interaction of the RGO and MoS2 was observed 

to generate improved electrocatalytic activity toward the 

HER as seen in figure 6b. The study's solvothermal 

synthesis technique preserved the TMD's catalytic 

activity while preserving the one-dimensional structures' 

porosity and conductivity. In comparison to nanorods 

made entirely of MoO2 or WO2, porous nanorods with 

MS2/MO2 (M= W or Mo) heterointerfaces exhibit a lower 

overpotential and a higher current density when used as 

HER catalysts as depicted in figure 6c (Wang et al., 

2016). 

 

 

 
Figure 6: Catalytic Properties of TMDs (a) Plots showing the excellent stability of MoO3/MoS2 nanowires during 

HER catalysis over 10,000 cycles and electron microscopy images of MoO3 (core)−MoS2 (shell) nanowires 

reproduced from reference (Chen et al., 2011) (b) Plots of current−voltage attesting to the lower overpotential and 

smaller Tafel slope of MoS2 crystals when supported on reduced graphene oxide (RGO) reproduced from reference 

(Li et al., 2011) (c) Micrographs of layered WS2 decorating WO2 nanorods (top) and layered MoS2 decorating MoO2 

nanorods reproduced from reference (Wang et al., 2016). 
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Methods Used To Synthesize Tmds-Based 

Electrocatalysts  

Since the layered structure of TMDs-based 

electrocatalysts is largely responsible for their excellent 

catalytic performance, the synthesis of layer-controllable 

TMDs materials with large-area uniformity is essential to 

their wide range of practical applications (Fu et al., 

2020). Generally, there are two main approaches used for 

preparing TMDs-based electrocatalysts, namely: 

i. Top - Down Approach  

ii. II. Bottom - Up Approach 

 

Top - Down Approach 

Top-down approach involves breaking down bulk TMD 

materials into nanoscale structures or single layers. This 

method uses TMDs that have already been synthesized as 

precursors, and then transfers them to the necessary 

substrates using various techniques. Therefore, in top-

down methods, TMDs materials are not synthesized from 

constituent elements but only transferred from one 

substrate to another (Mehta et al., 2024). One of the 

widely known techniques is called mechanical 

exfoliation. This technique physically separates layers 

from bulk TMDs, yielding high-quality materials but 

often at low yield rate to satisfy the application in 

practical electrocatalysis (Li and Xue., 2016; Cao et al., 

2019). Thus, it is more appropriate for some mechanism 

investigations or the fabrication of devices (Fu et al., 

2020).  

However, for scalable production of layered TMDs-

based electrocatalysts, lithium insertion is proposed. This 

process of lithium insertion does not only reduce the 

number of layers of the bulk TMDs, but also creates some 

structural changes in TMDs which subsequently lead to 

improved catalytic activity. There are three methods of 

lithium intercalation that are commonly used. Firstly, 

there is chemical exfoliation method using organolithium 

compounds such as butyllithium (BuLi), methyllithium 

(MeLi), or lithium borohydride (LiBH4) (Ambrosi et al., 

2015;Voiry et al., 2013) as depicted in figure 7a–c. Only 

that this method consumes a lot of time, and the final 

result was sometimes unsatisfying. The second method 

that was proposed is called electrochemical lithium 

insertion method. This method exhibits some advantages 

over the first one, including the fact that the lithium 

insertion was carried out in a lithium battery test cell as 

shown in figure 7d. Nevertheless, this method still has 

some drawbacks, including a complex process that 

requires the assembly of battery cells and the possibility 

of impurities being introduced into the final products due 

to additional additives that are typically used during the 

electrode fabrication process (Tan et al., 2017).  

Recently, a novel process called liquid ammonia-assisted 

lithiation (LAAL) technique for the exfoliation of bulk 

TMDs was introduced (Fu et al. (2020). This method 

proved to be an effective means of obtaining ultrathin 2D 

nanosheets (Yin et al., 2016;Yin et al., 2014). Lithium 

metal must first be placed within a quartz tube that is 

protected from air by argon (Ar) in order to perform the 

LAAL procedure as shown in figure 7e. After that, the 

tube is removed and submerged in a bath of liquid 

nitrogen. A very pure ammonia gas is added at the same 

time, and it eventually condenses into a liquid state. The 

lithiation reaction starts as soon as the powder is 

submerged in liquid ammonia, and the color of the liquid 

progressively changes from blue to colorless, serving as 

a gauge for the reaction progress. Through meticulous 

evaporation, ammonia gas is extracted from the tube once 

the "blue color" has fully disappeared. The ultrathin 2D 

nanosheets are also generated by adding water into the 

sample that has been intercalated with lithium as seen in 

figure 7f–h.  

Conclusively, though top-down approaches were proved 

to be among the methods of obtaining layered-TMDs 

from the bulk materials and despite all the efforts being 

made to improve them, they still suffer from different 

challenges which limit their applicability in producing 

TMDs-based electrocatalysts with appreciable properties 

such as regular morphologies and controllable layer 

number. As such, they are popularly use in the fabrication 

of devices (Mehta et al., 2024). 
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Figure 7: Three commonly used lithium-insertion methods to obtain layered TMDs materials NSs. (a) Exfoliating the 

bulk WS2 with organolithium compounds to produce 1T WS2 NSs. Reproduced (Lukowski et al., 2014) (b) The SEM 

images for the bulk WS2 and (c) after the BuLi treatment with subsequent exfoliation in water Reproduced (Eng, et 

al., 2014) (d) Fabrication of 2D NSs from the layered bulk material with electrochemical lithiation process Reproduced 

feom (Zeng et al., 2011) (e) A diagrammatic drawing of LAAL processes.(f) Morphology of mesoporous 1T MoS2 

NSs. (g) The corresponding SAED pattern and (h) atomic force microscopy (AFM) image of exfoliated MoS2 NSs. 

(e–h) Reproduced from (Yin et al., 2016) 

 

Bottom - Up Approach 

Bottom-up methods deal with the synthesis of materials 

from molecular or atomic precursors. The common 

techniques are:  

 

Chemical Vapor Deposition (CVD) 

This is a widely used method that allows for the growth 

of TMDs on substrates through chemical reactions in 

vapor phase (Mehta et al., 2024; Yu et al., 2024). 

Halogen-containing gases, such as hydrogen sulfide 

(H2S), or a gaseous chalcogen made by evaporating 

chalcogen powder are used as chalcogen precursors in 

this method. However, the CVD of TMDs can be 

achieved by the vapor-phase reaction of evaporated metal 

oxides with gaseous chalcogens or by the direct 

chalcogenization of pre-deposited thin films of metal (or 

metal oxide) as shown in Fig. 8(a), (Shim et al., 2017). 

Thin TMDs are synthesized in a chalcogen environment 

at high temperatures (>700◦C). TMDs materials produced 

by this method are characterized by having high surface 

area, homogeneous thickness, high crystallinity, and 

superior electrochemical performance (Tanwar et al., 

2021). The method also makes it possible to modify and 

adjust the value of ΔGH, create a large number of edge 

sites all of which contribute towards enhancing the HER 

catalytic performance (Shim et al., 2017; Chen et al., 

2016;Zhang et al., 2017). However, modified CVD 

techniques are usually used to produce the Janus TMDs, 

which are much more difficult to form experimentally 

(Zhang et al., 2020). 

 

Hydrothermal Method 

The hydrothermal method is the most popular bottom-up 

technique for creating nanomaterials due to its cost-

effectiveness, ease of use, quick synthesis, high yields, 

high purity, low environmental impact and versatility in 

creating various hybrid materials (Baig et al., 

2021;Dhand et al., 2015). It is often carried out at high 

temperatures and pressures in closed vessels, as 

illustrated in Fig. 8(b). TMDs synthesized at higher 
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temperatures and pressures exhibit improved 

crystallinity, phase purity, and distinctive morphologies 

(Swain et al., 2021;Tanwar et al.,2021). In hydrothermal 

method, water and organic/inorganic solvents are utilized 

as reaction medium to dissolve precursor materials. The 

common precursors employ in this method include 

inorganic salts and metal oxides, particularly; 

molybdenum and selenium sources such as Na2MoO4 and 

Na2S2O3. TMDs in a range of shapes, including 

nanoflowers, nanoflakes, nanoplates, nanoparticles, and 

quantum dots, can be created by hydrothermal synthesis 

Sukanya et al., 2022). For instance, Ni-doped MoSe2 

nanoplates were created by dissolving Na2MoO4 and 

Ni(NO3)2 in water, then adding selenium and hydrazine 

drop by drop over the course of 30 minutes. In an 

autoclave, the reaction mixture was then kept at 180 °C 

for 12 hours (Sakthival et al., 2019). It was also 

discovered that MoSe2 nanosheets made by hydrothermal 

reaction were an effective HER catalyst. The products 

would exhibit varying crystal phases and degrees of 

disorder if the reaction temperature, as well as the ratio 

of NaMoO4·2H2O and Se precursors to the reductant 

(NaBH4), were adjusted (Yin et al., 2017). To create a 

variety of ternary composite materials for a range of uses, 

researchers have also employed hydrothermal synthesis 

processes (Shen et al., 2016;Shifa et al., 2016;Naz et al., 

2019). 

However, despite the fact that hydrothermal reaction is a 

prominent method for creating nanostructured materials, 

but it has some drawbacks and one of them is that the 

products might be readily oxidized during the process, 

either from the solution or from the environment, which 

could affect the purity of the materials. As such, when 

creating TMD-based nanomaterials, the solvothermal 

reaction is used to prevent potential oxidation (Gao et al., 

2015;Xu et al., 2015). 

 

 
Figure 8: Schematic Illustration of Different Methods Based on Bottom-up Approach (a) chemical vapor 

deposition, adapted from Ref.(Hermandez Ruiz et al., 2022) (b) hydrothermal method from Ref. (Sakthival 

et al., 2019).  

 

Solvothermal Method 

This method involves chemical reactions in a solvent 

under high temperature and pressure, enabling the 

formation of TMD nanostructures (Mehta et al., 2024; Yu 

et al., 2024). Solvothermal technique is similar to the 

hydrothermal approach; the main difference is that the 

solvent in the hydrothermal method is aqueous, whereas 

the precursor solution in the solvothermal method is not. 

Depending on the kind of material being created, 

solvothermal synthesis can produce desirable 

characteristics and better morphology than hydrothermal 

synthesis. The advantages of hydrothermal synthesis and 

sol–gel are combined in the Solvothermal approach 

(Swain et al., 2021; Tanwar et al., 2021). Various 

precursors are used for the solvothermal synthesis, such 

as sodium molybdate dihydrate (Na2MoO4⋅2H2O), citric 

acid monohydrate (C6H8O7⋅H2O), copper (II) acetate 

monohydrate (Cu(CH3 COO)2⋅H2O), thiourea (CH4N2S), 

stannic chloride pentahydrate (SnCl4.5H2O), graphite 

powder, sodium nitrate (NaNO3), potassium 

permanganate (KMNO4), ammonium heptamolybdate 

((NH4)6Mo7O24), silicon dioxide (SiO2), tungsten 

chloride (WCl6), cadmium nitrate tetrahydrate 

(Cd(NO3)2⋅4H2O), and molybdenum chloride (MoCl5). 

Hydrochloric acid (HCl), concentrated sulfuric acid 

(H2SO4), ethanol (C2H5OH), N-Dimethyl formamide 

(DMF), hydrogen peroxide (H2O2), ethylenediamine 

(EDA,C2H8N2), and thioacetamide (CH3CSNH2) are 

among the solvents used (Sun et al., 2023; Yin et al., 

2023; Govindaraju et al., 2020; He et al., 2018). 
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Other methods include 

Colloidal Synthesis 

This method creates small particles of colloidal 

substance. In aqueous or non-aqueous solutions, 

surfactants and other additives such as pH modifiers and 

stabilizers are typically added to precursor species. Also, 

heating, agitation, or inert atmospheres may also be used. 

For precise control over the properties of nanostructures, 

colloidal synthesis offers flexibility in adjusting 

parameters including temperature, time, solvent system, 

precursors, concentration, and surfactants. This enables 

controlled synthesis with mono-dispersity, uniform size 

and shape (Tan et al., 2018). 

 

Microwave Synthesis 

Microwave irradiation facilitates rapid and energy-

efficient heating of reactants, promoting close interaction 

among various components (Mehta et al., 2024). 

Compared to traditional heating techniques, this 

approach is more environmentally friendly and avoids 

agglomeration during preparation (Liu et al.,2014). The 

microwave-assisted method works well for creating 

nanocomposites, like those made of graphene and TMDs. 

Among the many benefits of the microwave-assisted 

approach are quick heating, a shorter synthesis time, 

great energy efficiency, good synthesis control, and an 

eco-friendly reaction process. It is evident that these 

benefits outweigh those of conventional heating 

techniques (Wang et al., 2016;Wang et al.,2022). 

 

Additive Manufacturing of TMDs 

Additive manufacturing, also known as 3D printing is a 

manufacturing technique that enables the layer-by-layer 

creation of 3D objects based on a digital model or design. 

Complex designs may now be quickly customized and 

fabricated which are sometimes impractical or unfeasible 

using traditional production methods (Ambrosi et al., 

2020). 

 

Lithography Techniques 

The science of surface patterning is known as 

lithography. Lithography methods are used to precisely 

nanofabricate patterned electrodes for water electrolysis 

and to improve comprehension of the links between 

structure, composition, and activity. There are numerous 

lithography techniques that enable surface patterning 

with resolutions ranging from the nanoscale (10 nm) to 

the macroscale (~1 mm). Based on their operational 

principles, the various lithography techniques can be 

roughly categorized as pattern transfer, self-assembly, 

and direct write approaches (Mehla, 2022). 

 

Challenges and Future Directions 

Even though electrocatalysis has advanced significantly 

in the recent years, there are still a number of issues that 

need to be resolved before these technologies can be 

widely used in real-world applications (Mehta et al., 

2024), such as low electrical conductivities and exchange 

current densities, high overpotentials which subsequently 

lead to poor yields of the overall hydrogen. However, 

despite the intriguing and excellent properties of TMD-

based electrocatalysts toward the HER process, the 

efficiency of sustainable hydrogen production is still 

limited and faces a number of obstacles that include poor 

scalable synthesis of the TMD-based electrocatalysts, 

restricted researches on the TMD-based electrocatalysts 

family, non-reactivity of their basal plane which results 

in the low catalytic activity, etc.  

Therefore, to greatly resolve some of these challenges 

several methods of increasing catalytic activities, 

including heteroatom doping, the formation of janus 

TMDs, the construction of heterostructures, phase 

engineering, and nanostructuring, must be used in order 

to address the issue of the low catalytic performance of 

the reported TMDs-based electrocatalysts. It is also very 

imperative that the different processes for producing 

TMD-based electrocatalysts be improved. Furthermore, 

to fully utilize the potential of other members of the 

TMD-based family in the electrocatalysis field, more 

researches are required. Thus, future studies can 

concentrate on using and utilizing theoretical modeling, 

such as hybrid techniques that combine machine learning 

and density functional theory (DFT), in the design and 

discovery of novel TMD-based electrocatalysts. 

 

CONCLUSION  

The paper presented a review on the application of TMD-

based electrocatalysts in electrocatalytic water splitting. 

Brief overviews of TMDs, their structural and electronic 

properties were discussed in the first place. However, the 

paper delved into the concept of electrocatalytic water 

splitting with clear explanations on the two half reactions 

that constituted the entire process: HER and OER. The 

fact that the sole aim is to improve and develop new 

electrocatalyst materials that are cheaper and earth-

abundant; some important descriptors of a good 

electrocatalyst were elaborated. Not only that, the 

strategies of enhancing the catalytic activity of the 

reported TMD-based electrocatalysts were highlighted, 

such as doping, formation of Janus TMDs, and formation 

of heterostructures. Close to the end, the review 

examined some of the methods of synthesizing and 

preparing the TMDs-based electrocatalysts. Finally, the 

problems limiting the progress of the field as well as 

solutions to some of them were discussed. The primary 

goal is to have TMD-based electrocatalysts with 

comparable catalytic activities to that of Pt groups, and 

achieving this will undoubtedly revolutionize the entire 

field, leading to effective production of green hydrogen. 
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