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Abstract: Water splitting plays an important role in electrochemical and photoelectrochemical 12 
conversion of energy devices. Electrochemical water splitting by the hydrogen evolution reaction 13 
(HER) is a straightforward route to produce hydrogen (H2), which requires an efficient 14 
electrocatalysts to minimize energy consumption. Recent advances have created a rapid rise in new 15 
electrocatalysts, particularly those based on non-precious metals. In this review, we present a 16 
comprehensive overview of the recent developments of ternary and quaternary 6d-group transition 17 
metal chalcogenides (TMCs) based electrocatalysts for water splitting, especially for HER. Detailed 18 
discussion is organized from binary to quaternary TMCs including, surface engineering, 19 
heterostructures, chalcogen substitutions, and hierarchically structural design in TMCs. Moreover, 20 
emphasis is placed on future research scope and important challenges facing these electrocatalysts 21 
for further development in their performance towards water splitting.    22 

Keywords: hydrogen, electrocatalysts, transition metal, layered material, heterostructure, 23 
hierarchical, surface engineering 24 

 25 

1. Introduction 26 

In recent years, there has been increasing attention on renewable and environmentally friendly 27 
energy devices and energy sources as alternatives to fossil fuels [1,2]. In materials science research, 28 
two-dimensional (2D) layered materials such as graphene, transition metal chalcogenides (TMCs), 29 
MXenes, and phosphorene have been heavily researched for many of these energy applications, 30 
including solar cells, batteries, light-emitting diodes, thermoelectric generators, etc. [3-8]. These 31 
layered 2D materials have also been studied as efficient catalysts for the production of hydrogen, 32 
which has been proposed as the ideal energy carrier by virtue of its highest gravimetric energy 33 
density with zero emission of carbon dioxide [9,10].  34 

Hydrogen is not available in free form, but mainly exists in compounds such as hydrocarbons 35 
and water. At present, hydrogen is mainly produced from natural gas via steam reforming of 36 
hydrocarbons, which produces a large amount of greenhouse-gas emissions, making it neither 37 
renewable nor carbon-neutral [11]. Therefore, current demand for hydrogen production is how to 38 
find a sustainable, economical, and large scale route. In this respect, hydrogen production via 39 
electrolytic or photocatalytic water splitting is highly desired for renewable and environmentally-40 
friendly hydrogen production [1,12]. The water splitting reaction is possible through two different 41 
cathodic half electrochemical reactions: the oxygen evolution reaction (OER) and hydrogen 42 
evolution reaction (HER). HER activity is pivotal to a range of energy conversion devices including 43 
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artificial photosynthetic cells. HER activity proceeds through the reduction of protons accompanied 44 
be the subsequent evolution of gaseous hydrogen as follows:  45 

In acidic electrolytes: 46 

     2H(aq)+  +  2e-                      H2(g) 47 

In alkaline electrolytes:  48 

                              2H2O  +  2e-                  H2(g)  + 2OH(aq)- 49 

 50 

The standard reduction potential of the HER is defined versus a normal hydrogen electrode at pH= 51 
0 as:  52 𝑬𝑯 𝑯𝟐𝑶⁄𝟎 = 𝟎 𝑽 53 

On top of the reduction potential, electrochemical processes have to surmount a certain 54 
activation energy barrier (known as overpotential) for water splitting activity to occur. Therefore, to 55 
promote the reaction rate and efficiency, HER activity demands the assistance of electrocatalysts to 56 
lower the overpotential [13,14]. In general, acidic electrolytes are more favorable because these units 57 
are more compact and could potentially run in reverse mode to produce electricity (i.e., in fuel cells) 58 
[15].  59 

To date the most effective catalysts for the HER activity under acidic conditions are the 60 
platinum group metals (PGMs, including Pt, Ru, Rh, Ir and Pd). Among PGMs, Pt is the most 61 
popular choice, which has a near-zero overpotential and is frequently used to benchmark the 62 
activity of other HER electrocatalysts [16]. Nevertheless, the high price and shortage restrict the 63 
commercial application of PGMs for the HER electrocatalysts. Therefore, highly effective alternative 64 
HER electrocatalysts with good activity, high abundance, and low cost [15] are key direction of 65 
research and two general strategies have been pursued. The first one is to use microstructured or 66 
nanostructured electrocatalysts with large surface area. This is because electrocatalysis is a surface 67 
process, meaning that structures with a high surface area can significantly ease the demand on high 68 
catalyst loading [17]. The second strategy is to make alloy PGMs with other metals, which can 69 
increase their active sites, allowing for lower catalyst loading [18]. However, the non-homogeneous 70 
configuration of nanostructures in PGMs restricts the stability towards electrocatalytic activity. 71 

Over the past decade, tremendous efforts have been actively made to replace the PGMs with 72 
many exciting advances [19,20]. In this regard, numerous earth-abundant compounds have been 73 
found to be competitive alternatives for PGMs, such as transition-metal dichalcogenides (MoS2, 74 
WS2, TaS2, etc.), transition metal carbides (WC, Mo2C, etc.), and transition metal phosphides (WP, 75 
MoP, etc.) for efficient electrocatalysis towards water splitting [19,21] . Among the non-noble metal 76 
catalysts, layered transition-metal chalcogenides (TMCs) (MoS2, WS2) are promising because all of 77 
the catalytically active sites can be exposed due to atomically thin nature of 2D materials. Layered 78 
TMCs consist of alternating sheets of transition-metal atoms sandwiched between two chalcogen 79 
atoms [22] . The difference in oxidation degree ( for metal +4 and for chalcogen −2) causes the 80 
formation of strong ionic bonds between the metal and the chalcogen atoms that preserve the 81 
structure of the nanosheets, whereas the existence of weak van der Waals bonds between the 82 
individual layers enables the exfoliation of bulk crystals down to single layers [23]. Moreover, a 83 
variety of compounds such as binary, ternary and quaternary TMCs with stoichiometric control of 84 
transition metals and chalcogens can provide us a rich platform to find the best electrocatalyst to 85 
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replace the noble metals for water splitting. How the variations in chemistry of the different layered 86 
TMCs compounds lead to dramatic differences in their catalytic activity is one of main theme of the 87 
article.    88 

Here we present a review on layered ternary and quaternary TMCs electrocatalysts with an 89 
emphasis on those made of 6d transition metals (Mo and W) and chalcogens (S and Se). First, we 90 
start with a brief introduction to water splitting electrocatalysis especially in acidic medium by 91 
thermodynamics and possible reaction pathways. Consequently, it is followed by detailed 92 
discussions on different TMCs based on their compositions: binary (contains one type of 6d 93 
transition metal and one type of chalcogen atoms), ternary (contains one type of 6d transition metal 94 
and two type of chalcogen atoms or two type of 6d transition metal and one type of chalcogen 95 
atoms), and quaternary (contains two type of transition metal and two type of chalcogen atoms) 96 
electrocatalysts for water splitting in sequential order. For each type of electrocatalyst, we 97 
emphasize the morphology and structure control and its relationship with the electrocatalytic 98 
activities toward H2 production. Specifically, we summarize major achievements and discuss 99 
prevailing trends for improvement in the electrocatalytic activities by variation in atomic 100 
constituents. We also give a detailed overview on the recent progress of hierarchical structure 101 
design of TMCs. Finally, we present a perspective on the development of future research direction 102 
and challenges emerging from the layered TMCs nanomaterials towards water splitting 103 
electrocatalysts. 104 

 105 
2. Electrochemistry and hydrogen evolution reaction (HER): 106 

To understand the fundamentals of HER, Nernstian potential (under standard conditions) to a 107 
normal hydrogen electrode (NHE) is described by: 108 𝐸   =  𝐸 ⁄ −  𝑅𝑇 𝐹 𝑙𝑜𝑔 𝛼 𝑃 ⁄⁄  109 

= -0.59 ╳ ( pH) V vs NHE = 0 V vs RHE 110 

On the reversible hydrogen electrode (RHE) scale, the Nernstian potential for the HER is equal to 111 
zero regardless of electrolytes used. The HER activity does not start until a sufficient cathodic 112 
potential is applied with reaction overpotentials [24]. Taking this into consideration, the potential to 113 
drive the HER can be expressed as: 114 𝐸 =  𝐸 +  𝑖𝑅 +  𝜂 115 

Where η is the reaction overpotential, which is one of the most important electrode parameters to 116 
evaluate its electrochemical performance. The smaller the overpotential, the higher the energy 117 
efficiency. Whereas iR is the ohmic potential drop caused by the flow of current in the ionic 118 
electrolyte [25].   119 

The HER process consists of two primary steps in acidic electrolytes [26]. The first step known 120 
as the discharge reaction or Volmer reaction in which a proton-coupled electron transfer at the 121 
catalyst surface yields an intermediate adsorbed hydrogen atom [27]: 122 𝐻( ) + 𝑒 →  𝐻  123 

Furthermore, hydrogen desorption proceeds through two possible pathways. First, by 124 
electrochemical desorption reaction or Heyrovsky reaction in which the adsorbed hydrogen atom 125 
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can react with another proton from the solution accompanied by a second electron transfer to form 126 
molecular hydrogen as:  127 𝐻 + 𝐻( )  + 𝑒 →  𝐻 ( ) 128 

Another possible way for desorption of hydrogen is the recombination reaction or Tafel reaction in 129 
which two adsorbed hydrogen atoms form molecular hydrogen as [28]: 130 𝐻 +  𝐻 →  𝐻 ( ) 131 

To elucidate the operating mechanism on different HER electrocatalysts, the Tafel slope is taken as 132 
an indication of the rate determining step [29].It is defined that the Tafel slope is 118 mV/dec, 39 133 
mV/dec, or 29.5 mV/dec when the discharge reaction (Volmer reaction), the electrochemical 134 
desorption reaction (Heyrovsky reaction), or the recombination reaction (Tafel reaction) is rate 135 
determining, respectively.  136 

It is clear from the above discussion that hydrogen adsorption and desorption on the electrode 137 
surface are two successive steps in HER electrocatalysis. However, hydrogen adsorption and 138 
desorption are competitive in nature. If catalyst surface has weak bonding strength with hydrogen 139 
atoms, it cannot efficiently adsorb the reactant to initiate the HER, whereas a catalyst surface having 140 
strong bonding strength would have difficulty in releasing the H2 toward the completion of the 141 
HER. Therefore, the ideal HER electrocatalysts should have well balanced hydrogen bonding and 142 
releasing properties [18]. It is know that the maximum exchange current density is attained when 143 
hydrogen adsorption free energy is close to thermoneutral (i.e. ΔGH = 0). In this respect, Nørskov 144 
and co-workers calculated hydrogen adsorption free energy on different transition metals and 145 
plotted the HER exchange current density as a function of the calculated free energy [16]. The 146 
plotted HER exchange current density as a function of the calculated free energy shows volcano-147 
shaped curve with the peak position close to that of platinum. By following these results, they 148 
suggest that ΔGH is a useful descriptor in the selection of new electrocatalysts for hydrogen 149 
evolution.  150 

 151 

3. Non-noble transition metals based electrocatalysts:  152 

Generally, an ideal HER catalyst should be an earth-abundant material possessing good 153 
intrinsic material parameters of a near zero ΔGH and robust stability and extrinsic engineering 154 
parameters of the full utilization of catalytically active sites and efficient charge transfer on the non-155 
noble and earth-abundant materials. In this respect, nanostructures of non-noble metals materials 156 
and their heterostructures on the conducting support have been addressed for efficient HER 157 
electrocatalysts [30,31]. Recently, transition metals alloys and their compounds have been 158 
investigated as a promising low-cost and non-noble metal material with high electrocatalytic 159 
performances. Within the past few years, transition metal carbides, borides and phosphides have 160 
been reported with very promising electrocatalytic activities [32-34]. In 2012, Xile Hu’s group have 161 
reported catalysts based on transition metal boride (i.e. MoB) and transition metal carbide (i.e. 162 
Mo2C) with efficient electrocatalytic activity which are able to rival non-noble metal HER 163 
performance working at pH = 0 [35]. Moreover, transition metal carbide on conductive carbon 164 
nanotubes has shown good HER performance towards by solving the ion transfer problem in 165 
electrocatalytic activities [36].  In addition, Shi et. al. have reported chemical modification of Mo2C 166 
via phosphorus doping for efficient electrocatalytic activity [37]. Transition metal phosphides such 167 
as Ni2P, FeP and Co2P have been also reported for efficient electrocatalytic activity in both acidic 168 
and alkaline electrolytes [38-41]. Other phosphides such as nanoparticles of WP and MoP are also 169 
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showing great promise, and recent reports indicate that they have overpotentials around 110 mV or 170 
even slightly below when freshly prepared [42,43]. Another approach to get efficient 171 
electrocatalysts for HER is to make hybrid structures containing transition metals, carbon and 172 
nitrogen atoms [44-46]. Yin et. al. have reported Ni-C-N nanosheets with extremely high 173 
performance electrocatalyst for HER activity wherein it is indicated that overpotential is 61 mV or 174 
even slightly below, which is benchmark for the electrocatalytic activity for HER [44]. As mentioned 175 
above, there has been tremendous progress made in the field of acid-stable, nonprecious HER 176 
catalysts in the past few years, illustrated by Figure 1, which shows selected highlights from the 177 
recent literature.  178 

 

 

 

Figure 1. Chronological trend in overpotential at current density of 10 mA cm−2 of some reported 179 
earth-abundant transition metal based catalysts along with the Pt/C catalyst. 180 

 181 

4. Layered transition metal chalcogenides:  182 

Over the last decade, transition metal chalcogenides (TMCs) have gained growing attention for 183 
many applications such as electrocatalysts. To maximize the electrocatalytic properties of TMC 184 
materials, there are two primary approaches: increasing the number of active sites through 185 
structural engineering (extrinsic), and modifying the chemical composition to reduce the ΔGH 186 
(intrinsic) [47]. By changing the structures and compositions (intrinsic and extrinsic) of TMCs, a 187 
variety of compounds with different transition metals and chalcogens can be realized. Here we 188 
present three different types of TMCs: binary, ternary, and quaternary.  189 

190 
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4.1. Binary transition metal chalcogenides: 191 

Binary TMCs are mostly known as transition metal dichalcogenides (TMDs), which contain 192 
one type transition metal and one type of chalcogen in their chemical formula. The most well-193 
known example among them is MoS2. MoS2 naturally occurs as a lamellar hexagonally structure 194 
similar to graphite in which the individual S−Mo−S layers weakly interact with each other by van 195 
der Waals forces, and each layer has a thickness of ∼0.64 nm (shown in figure 2 (a)) [48,49]. 196 
Normally, MoS2 occurs in two different phases, 2H and 1T. The hexagonal 2H polytype has two 197 
layers per unit cell along the c-axis, and 1T-polytype has trigonal in nature, the 2H-type is dominant 198 
and more stable, and 1-T can synthesized by 2H phase heating (shown in figure 2 (a)) [50]. There 199 
are many methods have been employed to prepare single- and multi-layer binary TMCs. The top-200 
down methods to create 2D materials, which rely on the exfoliation of layered bulk crystals to make 201 
few layer flakes, include the mechanical cleavage method [51], chemical intercalation and 202 
exfoliation [52-54] electrochemical intercalation and exfoliation [55], liquid phase exfoliation by 203 
direct sonication in solvents [50]. Examples of bottom-up approaches are chemical vapor deposition 204 
(CVD) growth [56-58] and wet chemical synthesis techniques, such as hydrothermal reactions [59]. 205 

 206 

Figure 2. (a) Schematic illustration of the 2H-type structure of binary MoS2 and 1T-type structure of 207 
binary MoS2. Reprinted with permission from Reference [50], copyright (2013), Royal Society of 208 
Chemistry. (b) Top and side views of the optimized geometry of two anion contains ternary MoSSe, 209 
and atomic structures of two cation contains ternary Mo1−xWxS2 atomic structures. Reprinted with 210 
permission from Reference [60], copyright (2018), American Chemical Society and Reference [61], 211 
copyright (2017), Scientific Reports. (c) Layered and crystal structure of quaternary Cu2Mo(S1-ySey)4. 212 
Reprinted with permission from Reference [62] , copyright (2016), Elsevier.   213 

4.2 Ternary transition metal chalcogenides: 214 
There are two type of ternary TMCs possible, the first contains two types of transition metal 215 

and one type of chalcogen in their chemical formula, while the other type contains one transition 216 
metal and two types of chalcogen in their chemical compositions. By tuning the atomic ratio of 217 
transition metals or chalcogen atoms, researchers have found interesting tunable electronic and 218 
optical properties, which would be useful for water splitting electrocatalysts. Recently, Guan et. 219 
al. have reported ternary MoSSe materials, which have semiconductor properties with a direct 220 
band gap of 2.14 eV. By theoretical calculation, it is found that MoSSe holds an appropriate band 221 
edge alignment with the water redox potentials. The crystal structure of MoSSe is a compromise 222 
of binary TMCs MoS2 and MoSe2 (shown in figure 2(b)) [60].  Zhang group has reported the 223 
synthesis of MoSSe by simple CVD method, which shows extraordinary results in terms of 224 
electronic properties [63]. However, MoS2(1-x)Se2x and WS2(1-x)Se2x alloy nanoflakes have been 225 
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synthesized by simple solvothermal process [64,65].  Meanwhile, the Jeon group has reported 226 
synthesis of MoSXOy by simple CVD method to modulation of band structures of MoS2 [66]. The 227 
Fan group has analyzed other type of ternary TMCs that contain two type of transition metal, in 228 
which they have shown different ordered and disordered phases of Mo1−xWxS2 monolayer [61]. 229 

4.3 Quaternary transition metal chalcogenides: 230 
Quaternary TMCs contain two types of transition metal and two types of chalcogen in their 231 

chemical formula. Quaternary TMCs can be easily synthesized by a solvothermal method in 232 
which one chalcogen atoms are replaced by other type of chalcogen atoms in the structures. The 233 
Lee group have synthesized monolayer of Cu2Mo(SySe1-y)4 quaternary TMC by a solution 234 
processed method for extraordinary electrocatalytic activity [62].  The structure of quaternary 235 
TMCs can be viewed as layers of transition metals and chalcogen atoms as shown in Figure 2 236 
(c); the layers are perpendicular to the c direction. Similar to binary TMCs, atoms within the 237 
layers of quaternary TMCs are covalently bound, while there are only van der Waals interactions 238 
between the layers [67]. Another description of the structure of quaternary TMCs follows from 239 
the recognition that the chalcogen lattice can be viewed as a distorted cubic close-packed array 240 
of chalcogen atoms (shown in figure 2 (c)). The two-dimensional structure results from transition 241 
metal atom occupation of 3/4 of the tetrahedral holes in alternating layers along the c direction; 242 
only 3% of the total number of tetrahedral holes are filled.  243 

5. Layered transition metal chalcogenides based Electrocatalysts for HER: 244 
In 2005, Nørskov et. al. applied density functional theory (DFT) calculations to analyze the 245 

free energy of hydrogen bonding (ΔGH*) to layered binary TMC MoS2, which revealed that while 246 
the basal plane of MoS2 is catalytically inert, its sulfided Mo-edges are active for the HER with 247 
suitable ΔGH* = 0.1 V, close to those of several efficient HER electrocatalysts including Pt, 248 
nitrogenase and hydrogenase. The theoretical results are confirmed with their experimental 249 
findings, that shows nanosized MoS2 clusters on a graphite support indeed have very decent 250 
HER activity with an overpotential in the range of 0.1- 0.2 V at pH = 0 [68]. The theoretical results 251 
show that the best edge configurations correspond to Mo edges covered by 50% S with ΔGH* = 252 
0.06 eV compared to S edges covered by 100% S: ΔGH* = −0.45 eV (shown in figure 3 (a)) [69]. 253 
Similar to MoS2, WS2 edges have also been found to be active with ΔGH* = −0.04 and −0.06 eV for 254 
50% W edges and 100% S edges, respectively. Jaramillo et al. who correlated the electrochemical 255 
activity and edge length of MoS2 nanoclusters measured by STM obtained experimental 256 
evidence on the crucial role of edges in the HER (Shown in figure 3 (b)) [70]. Experimentally, 257 
exchange current density per active site and the turnover frequency (TOF) (the number of 258 
hydrogen molecules/atoms per second. Being produced per active site per second) for MoS2 259 
edges reaches 0.02 s−1 for compared with 0.9 s−1 for Pt (111) and rapidly increases with the 260 
overpotential (summarized in figure 3 (c)). Moreover, other sulfur and selenium based TMCs 261 
from group 6d transition metal follow same trends as MoS2 and WS2 [68]. The stability of active 262 
sites is important for electrocatalysis process. The stability of edges or the basal planes of TMCs 263 
are predicted from calculation of adsorption energy of hydrogen on the chalcogen atoms (ΔGH-264 
x, X= S, Se). Tsai et. al. calculated the free energy of hydrogen adsorption on chalcogen atoms to 265 
estimate the catalytic activity and the stability of the edges and basal planes of various TMCs 266 
(shown in Figure 3 (e, f)) [71]. The values of adsorption energy reveals that the stability with 267 
activity on the basal plane is significantly lower in the case of metallic TMCs compared with that 268 
of semiconducting TMCs. However, the results indicate that the basal planes of TMCs can be 269 
catalytically activated for metallic TMCs with lower free energy of hydrogen adsorption, which 270 
open new avenues for improving the HER activity of layered TMCs. 271 
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 272 

Figure 3. (a) Molecular model of a platelet exposing both Mo and S-edges from top and side 273 
view. (b) STM on MoS2 nano platelets on Au (111). Reprinted with permission from Reference 274 
[70], copyright (2007), American Association for the Advancement of Science. Thermodynamics 275 
of hydrogen adsorption on 2D transition metal dichalcogenides. (c) Sabatier “volcano” plot 276 
showing the exchange current density as a function of free energy of hydrogen adsorption of 277 
free-standing (FS) MoS2 edges, MoS2 edges on Au (111), MoS2 edges on graphene, vertically 278 
grown Fe, Cu, Ni, Co-promoted MoS2 edges, vertically grown MoS2 edges, vertically grown 279 
MoSe2 edges, 1T WS2 basal plane, and compared with various metals. (d) Evolution of turnover 280 
frequency of several catalysts based on transition-metal chalcogenides with overpotential. (e, f) 281 
Plots of Δ GH*: the free energy of hydrogen adsorption as function of Δ GHX (X = S or Se): the HX 282 
adsorption free energy. (e, f) The evolution is displayed for metallic TMDs (e) and 283 
semiconducting TMDs (f). In general the stronger binding of X (Δ G HX < 0), the higher stability 284 
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of TMDs, the lower the reactivity of TMDs (Δ GH* > 0), the weaker the hydrogen binding. 285 
Reprinted with permission from Reference [23], copyright (2016), Wiley-VCH. 286 

6. Materials engineering for improving electrocatalytic activity of TMCs:  287 

6.1 Edge and defect engineering to enhance the electrocatalytic activity of TMCs:  288 

The study of electrochemical activities of TMC edges has opened a new path for increasing 289 
the catalytic performances by optimizing the basal plane to edge ratio. In this respect, Xie’s 290 
group have developed defect-rich MoS2 nanosheets (Figure 4a) and highlighted that their MoS2 291 
sheets contained abundant defects, which resulted in partial cracking of the catalytically inert 292 
basal planes, leading to the exposure of additional active edge sites (Figure 4a) [72,73]. The as-293 
obtained defect-rich MoS2 sheets shows an excellent HER activity with an onset potential of 0.12 294 
V vs RHE and a Tafel slope of 50 mVdec−1, as well as a prominent electrochemical durability 295 
(Figure 4 (a)). However, it is known that the resistivity through the basal planes of layered multi-296 
layer MoS2 has been measured to be 2200 times larger as compared to the value along the single 297 
layer MoS2 nanosheets, which leads to decrease the electrocatalytic activity with increase the 298 
number of layers of MoS2 [74]. Yu et al. have reported that the catalytic activity of MoS2 decreases 299 
by 4.5 times when adding a layer of MoS2 due to the large potential required for electron hopping 300 
between successive layers (shown in figure 4 (b)) [75].  301 

However, synthesizing vertical or mesoporous MoS2 can tackle the challenge of layer 302 
dependence and utilization of active edge sites for electrocatalytic activity. Jaramillo et al. have 303 
reported contiguous large-area thin films of a highly ordered double gyroid MoS2 network by 304 
templating mesoporous silica films [76]. The as-synthesized highly ordered double gyroid MoS2 305 
exhibits an HER onset overpotential of 150–200 mV, and a Tafel slope of 50 mV per decade. 306 
However, Cui et al. have demonstrated vertically aligned MoS2 films by a rapid sulfurization 307 
process to convert Mo thin films deposited on various substrates [77]. The vertically aligned 308 
MoS2 films show excellent electrocatalytic activity with a large exchange current density of 2.2 x 309 
10-6 A cm-2 and a TOF =0.013 s-1. 310 

6.2 Support of conducting material to improve catalytic activity of TMCs:  311 

The conducting support materials can influence the energy of hydrogen adsorption for 312 
TMCs [78]. Normally, if the binding between conducting material and TMCs is strong then 313 
hydrogen adsorption will be weak. Tsai et al. have calculated the free energy of hydrogen 314 
adsorption for MoS2 supported on various conducting substrates, such as gold, graphene, and 315 
MoS2, which shows that ΔGH* for the Mo edge on graphene or gold is significantly higher 316 
compared to the freestanding Mo-edge [78]. Although ΔGH* reveals useful insights for HER 317 
electrocatalytic activity, it provides only a partial picture of HER process at the heterostructures 318 
of conducting substrate and TMCs [23]. The electrical conductivity is an important parameter to 319 
enhance electrocatalytic activities. In poorly conducting materials, an additional potential is 320 
required to drive electrons more efficiently to the active sites for electrocatalytic activity. This is 321 
a major drawback for group 6d TMCs, which typically consist of a semiconducting trigonal 322 
prismatic structure. The intrinsic conductivity 6d TMCs can be enhanced via doping or by 323 
growing the nanosheets on a conducting surface. Li et. al. have synthesized MoS2 nanoparticles 324 
on the conducting reduced graphene oxides (r-GO) surface [79]. As seen in Figure 4c and 4d, the 325 
introduction of rGO enhances significantly catalytic activity of MoS2, showing a small onset 326 
potential of 0.1 V vs RHE and a low Tafel slope of 41 mV dec−1. Similarly, Yang et al. have 327 
reported a layered WS2 on rGO with enhanced electrocatalytic activity [80]. The growth of TMCs 328 
on graphene enables a strong anchoring of nanosheets on the graphene basal plane, which 329 
improves the electrical conductivity and leads to a dramatic decrease of the charge-transfer 330 
resistance [80]. Efforts have been made to enhance electrocatalytic activity of TMCs by materials 331 
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engineering via making heterostructures and different architectures of TMCs but structural 332 
instability and difficulty in correlation of morphology control or atomic scale modification with 333 
improved HER activity make the strategy less useful [81].  334 

 335 

Figure 4. (a) Schematic representation of defect-rich MoS2 nanosheets and polarization curves 336 
obtained from MoS2 nanosheets with various densities of defects. Reprinted with permission 337 
from Reference [73], copyright (2013) Wiley-VCH. (b) Schematic illustrating the electron 338 
hopping between the layers of MoS2 and evolution of the exchange current density of MoS2 339 
with increasing number of layers. Reprinted with permission from Reference [75], copyright 340 
(2014), American Chemical Society. (c) Illustration for the MoS2 nano particles decoration on 341 
conductive graphene layer. (d) Tafel plots for the MoS2 nano particles, and MoS2 nano particles 342 
decorated graphene samples along with Pt. Reprinted with permission from Reference [79], 343 
copyright (2011), American Chemical Society. 344 

6.3 Design of hierarchical structure to further improve the catalytic activity of TMCs: 345 

In principal, the further performance improvement of catalysts can be achieved in two 346 
aspects, which include the increase of their intrinsic activity of single/multi-active sites and the 347 
upturn of their surface area. The former one has been discussed above through the 348 
synergistic effect among multicomponents towards the adjustment of their active sites. The latter 349 
one can be achieved by increasing the exposure surface area of catalysts in the electrolyte. 350 
Normally, the higher surface-to-volume ratio is favorable for exposing the active sites. However, 351 
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the agglomerated nanoparticles often bring alone adverse effects on the electrocatalytic 352 
performance, for instance the low utilization of catalysts and high charge transfer resistance. 353 
Simultaneously, the coated electrocatalyst layer on the electrode is prone to peel off from the 354 
substrate during vigorous gas evolution under a high current density, which significantly limits 355 
the practical applications. Hence, the design and synthesis of hierarchical structure is necessary 356 
that can solve the above problems effectively by offering a seamless integration. At the same 357 
time, the use of hierarchical structure also provides many other advantages, such as improving 358 
the penetration of electrolyte and releasing gas bubbles efficiently because of the associated 359 
increasing amount of free space there. 360 

Particularly, hierarchically nanostructured NiFeSe can be prepared as an efficient OER 361 
catalyst using Prussian blue as the template [81]. The preparation process is divided into two 362 
steps. Ni-Fe Prussian blue analog is first etched via ammonia and then followed by selenylation 363 
at N2 atmosphere. As chemical etching time increases, the morphologies evolve from nanocubes 364 
and nanodisks to nanocages, as seen in Figure 5a. The final product of NiFeSe nanocages shows 365 
the excellent OER performance that affords a current density 10 mA/cm2 at a small overpotential 366 
of 240 mV. The excellent performance can be attributed to the larger electrochemically active 367 
surface area, which benefits from the high electrolyte-catalyst contact interface area provided by 368 
the open and hollow structure. 369 

Typically, the hierarchical structure can be mainly divided into three categories, including 370 
the polyhedral shape with special structures (e.g. star-shaped, concave tetrahedral, etc.), the 371 
unusual morphological features formed via the interaction of nanoparticles (e.g. core-shell, 372 
segments and branches, etc.) and the integration of multiple dimensional subunits in the 373 
nanoscale (e.g. zero dimensional nanoparticles, one dimensional nanowires or nanotubes, two 374 
dimensional nanosheets, etc). Until now, there are many excellent reviews on the design of 375 
hierarchical structure [82-84]. In terms of TMC served as electrocatalysts, most of the hierarchical 376 
structure are belonged to the third configuration discussed above, in which they are mostly 377 
prepared via the solvothermal method. In this regard, the following section will particularly 378 
focus on the recent research progress of hierarchical structure from the perspective of 379 
solvothermal synthesis. 380 

6.4 Support/template synthesis for hierarchical structures: 381 

The preparation of hierarchical structure by template-assisted methods can be rather 382 
straightforward in the concept. In general, the template-assisted synthesis can be divided into 383 
three kinds, in which they are the hard-template method, soft-template and self-template 384 
schemes.  385 

For the hard-template method, the introduced template with high uniformity is usually 386 
employed as physical scaffolds to create continuous voids in the final product, which can be 387 
subsequently removed. Specifically, there are four key steps involved: (1) template preparation, 388 
(2) template surface functionalization, (3) target material coating and (4) template removal. 389 
Typical hard template materials consist of SiO2, carbon sphere, anodized aluminum oxide 390 
(AAO), metal-based structures with specific shapes, 2D materials and many others. For example, 391 
multiscale MoS2 foam was successfully prepared by using SiO2 as the hard template [85]. 392 
Detailed TEM characterization reveals that the MoS2 foam possess abundant spherical voids, 393 
where MoS2 nanosheets are also vertically aligned around the mesopores with a large fraction 394 
of edge sites exposed. This study can evidently demonstrate many advantages of hierarchical 395 
structure via overall consideration of the mass transport and the accessibility towards HER. 396 
Besides, hierarchical transition-metal dichalcogenide nanosheets can as well be prepared from 397 
2D nanosheets. Zhang’s group reported the hierarchical TMC nanosheets (MoS2 and WS2) via a 398 
one-pot heating treatment of melamine and metal precursors, as seen in Figure 5b [86]. At first, 399 
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the polymerization of melamine into carbon nitride during thermal treatment can direct the 400 
horizontal growth of TMD nanoplates. Then, the subsequent decomposition of carbon nitride 401 
can guide the vertical growth of hierarchical TMC nanosheets. In any case, although uniform 402 
shapes and morphologies of the hierarchical structure can be readily prepared via hard-template 403 
methods, the tedious and complex preparation process would limit their practical applications. 404 
Importantly, homogeneous nucleation often takes precedence over heterogeneous nucleation on 405 
the surface of the template in solution, which would eventually induce the failure of the warp 406 
structure. 407 

 408 

Figure 5. (a) The evolution of hierarchical Ni-Fe-Se nanocages prepared via chemical etching. 409 
Reprinted with permission from Reference [81], copyright (2017), Wiley-VCH. (b) Procedure of 410 
hierarchical TMC nanosheets using carbon nitride as the template. Reprinted with permission 411 
from Reference [86], copyright (2015), Wiley-VCH. (c) Hierarchical MoS2/NiCo2S4/CFP 412 
structure prepared via anion-exchange reaction. Reprinted with permission from Reference 413 
[87], copyright (2018), Elsevier.  414 

On the other hand, soft templates mainly refer to the templates formed by organic 415 
surfactants, polymers, viruses, bacteria, and bubbles, etc. These materials can self-assemble 416 
into the ordered structures under certain conditions, such as micelles or reverse micelles, 417 
emulsions or micro-emulsion, vesicles, and such. The target substance or its precursor is 418 
typically nucleated on the surface of the template composed of these ordered structures. For 419 
example, coral-like CoSe could be prepared via two-step solvothermal reaction. Flower-like 420 
Co(OH)2 could be synthesized using Pluronic P123 (polyethylene-polypropylene glycol) as 421 
surfactants and then followed by anion exchange [88]. The prepared coral-like CoSe electrode 422 
exhibit a low overpotential of 295 mV to drive a current density of 10 mA cm-2 with a small 423 
Tafel slope of 40 mV dec-1. Notably, the removal of soft templates is easier than that of the hard 424 
templates; therefore, the associated template damage to the successively obtained hierarchical 425 
structure can then be minimized. At the same time, the shell structure is often porous, which is 426 
beneficial to the exposure of active sites in the inner hole. However, as similar with hard 427 
template methods, the surface properties of the template and the interaction between the 428 
template and the precursor have a decisive effect on the formation of hierarchical structures. 429 
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This process is inevitably complicated, which limits the application domains of these soft and 430 
hard template methods.  431 

In contrast, the self-template method is a scheme of synthesizing micro/nanoscale templates 432 
and then transforming them into hierarchical structures. This way, the template not only acts as 433 
a physical support, but also directly participates in the formation of the shell layer. Metal 434 
hydroxides, metal oxide and metal-organic framework (MOF) are all popular templates, which 435 
can be directly converted into a shell or as a precursor to the shell [89-94]. For example, Lou’s 436 
group reported CoSexS2−x@Co(OH)2 hierarchical nanotubes as an efficient OER catalysts [95]. 437 
Separate selenylation and sulfurization on the Co(OH)2 via the anion-exchange reactions play 438 
an important role on the formation of hierarchical structures. It is also noted that MOF usually 439 
has the stable and uniform shape, which the composition can be controlled rationally via 440 
selecting proper precursors and post-treatment. CoSe2@Carbon nanotubes derived from MOF 441 
were prepared successfully as an efficient HER catalyst [96] . The final product possess the 442 
uniform morphology with an average size of 300 nm and as well with the surface surrounded 443 
by carbon nanotubes. This unique hierarchical structure can bring the excellent electrocatalytic 444 
performance, including a low onset potential of 40 mV and a small Tafel slope of 82 mV dec-1 in 445 
0.5 M H2SO4 solution. Yu’s group also reported the Ni-Co-MoS2 nanoboxes through the reaction 446 
between Prussian blue and ammonium thiomolybdate under solvothermal condition [90]. Well-447 
defined cubic voids inside the nanoboxes are surrounded by ultrathin MoS2 nanosheets, which 448 
are clearly observed through TEM characterization. The same group as well constructed the NiS 449 
nanoframes using Prussian blue as the self-template scheme with the similar method [89].  450 

Furthermore, direct growth of active nanomaterials onto the three-dimensional conductive 451 
substrate is commonly adopted to prepare hierarchical structure. In this case, the clear solution 452 
contained with precursors of active material and the substrate are prepared. The hierarchical 453 
structure can be simply obtained via controlling the temperature and reaction time. Until now, 454 
nickel foam, iron foam, carbon paper and carbon fiber are all suitable candidates here. Evidently, 455 
huge amounts of work have already proved that the introduction of 3D substrate would 456 
substantially improve the corresponding electrocatalytic performance [97-99]. To be specific, our 457 
group prepared readily the ultrathin P-doped MoS2 nanosheets on carbon cloth [100]. The 458 
synergistic effect between large surface area and modified active sites would make the P-doped 459 
(3.3 at%) MoS2 nanosheets exhibiting the significantly lower overpotentials of 133 and 189 mV 460 
to drive the current densities of 20 and 100 mA cm-2, respectively. Except these commercial 461 
substrates, metal oxide/hydroxide nanowire arrays on the 2D substrate can also a good choice 462 
here [101]. Arrays of ZnSe/MoSe2 nanotubes on fluorine doped tin oxide (FTO) glass substrates 463 
are synthesized and employed as an efficient HER catalyst [102]. The arrays of ZnO on FTO can 464 
also be functioned as 3D template for the subsequent modification. All these can illustrate the 465 
versatility of all template-assisted methods for the formation of efficient hierarchical 466 
electrocatalysts.  467 

6.5 Self-organized nanostructures 468 

Different from the support/template method, the hierarchical structure synthesized via self-469 
assembly schemes can be commonly controlled by a careful selection of solvents, reaction time, 470 
temperature, metal precursors and so on [87,103,104]. An example of a hierarchical structure 471 
formed by hydrothermal anion exchange method is shown in Figure 5c. The formation of these 472 
hierarchical structures can be mainly divided into two stages: the nucleation stage and the 473 
growth stage. Uniquely, it is effective to control the thermodynamic and kinetic parameters to 474 
tune these two stages in order to reach the morphological control here [105]. Particularly, the 475 
hierarchically nanostructured MoS2 nanosheets can be prepared as a HER catalyst in water-476 
ethylene glycol mixture solution under solvothermal condition. As the ethylene glycol 477 
concentration increases, the morphologies evolve from nanoflowers and nanosheets to 478 
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nanoflake aggregates. TEM characterization also confirm that the nanosheets possess the rich in-479 
plane edges reaching a low onset potential of 87 mV and a Tafel slope of 41 mV dec-1, indicating 480 
the usefulness of these self-organized nanostructures for high-performance hierarchical 481 
electrocatalysts. 482 

7. Chemical modifications for improving electrocatalytic activity of TMCs: 483 

After the initial research into binary TMCs showed promising results for electrocatalysts, a 484 
natural new direction of study was opened into ternary TMC systems featuring more complex 485 
blends. These can include binary TMCs that undergo doping or other post-synthesis treatments 486 
to introduce another component, or bottom-up synthesis methods that utilize varying precursor 487 
ratios to tune the composition. In this section, we will explore current results and trends 488 
regarding double anion, double cation, and quaternary (i.e. double anion and double cation) 489 
TMC electrocatalysts.   490 

7.1 Double anion ternary transition metal chalcogenides as electrocatalysts for water splitting 491 

Before they were widely studied as catalysts, double-anion TMCs such as mixed 492 
sulfur/selenium or partially oxidized sulfide had already seen research in other electronic or 493 
optical applications. However, their potential for HER catalysts was unique due to the possibility 494 
for these ternary blends to activate the basal plane in TMCs. Xie et al. [72] was among the first 495 
to publish major research into double anion TMCs for HER. By controlling the synthesis 496 
temperature of a bottom-up synthesis reaction for MoS2 flakes, the oxygen content was 497 
controlled, with lower temperature reaction conditions leading to increased oxygen content. The 498 
flakes showing an increasing degree of disorder as the content increased, eventually becoming 499 
fully amorphous. The best performing sample (2.28 at.% O and 35-40% disordered) showed a 500 
Tafel slope of 55 mV/dec, a dramatic improvement over the pure MoS2 value of 81 mV/dec. This 501 
showed the potential of double anion TMCs and the importance of inducing disorder/defects in 502 
the basal plane.  503 

A similar strategy of defect creation and partial oxidation was used by Tao et al. [106], 504 
where the effects of Ar and O2 plasma on CVD MoS2 were studied. The formation of these defects 505 
as well as localized MoO3 was attributed to improved HER properties, and the best sample (O2 506 
plasma treated for 720 s) was shown to have a Tafel slope of 105 mV/dec compared to 160 507 
mV/dec for the pristine MoS2. 508 

Although this type of defect creation and oxidation can successfully activate the basal 509 
planes of TMCs, another issue for TMCs is the charge transport from the elctrocatalysts to the 510 
electrode, an issue that could be worsened by the amorphous or oxygen-rich regions of TMCs 511 
due to their lower electrical conductivity. To solve this issue, Zhang et al. [107] created 512 
amorphous MoSxCly supported by graphene. By using a low-temperature CVD process, the 513 
MoCl5 precursor was only partially sulfurized and did not crystallize. These composite samples 514 
showed outstanding HER properties, with the amorphous sample on vertical graphene 515 
requiring only -160 mV at 10 mA cm-2 and having a Tafel slope of only 46 mV/dec. 516 
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517 
Figure 6. (a) Crystal structures of two anion contain MoSSe with changing the proton energy 518 
and band diagrams. Reprinted with permission from Reference [108], copyright (2017), 519 
American Chemical Society. (b) Schematic illustration of MoSSe alloy formation and turnover 520 
frequency at  η = 150 Mv for different compositions. Reprinted with permission from Reference 521 
[64], copyright (2015), American Chemical Society. (c) The polarization curves recorded on 522 
MoS2(1-x)Se2x/NiSe2 foam hybrid, MoS2/NiSe2 foam hybrid and pure NiSe2 foam electrodes 523 
compared with a Pt wire [109]. (d) By taking advantage of the electrostatic attraction between 524 
the two oppositely charged nanosheets, MoSSe@rGO composite materials are obtained 525 
exhibiting superior electrocatalytic activity and stability for the HER allowing a current density 526 
of 5 mA cm−2 at a low overpotential of only 135 mV. Reprinted with permission from Reference 527 
[110], copyright (2016), Elsevier. 528 

Another popular strategy for double anion TMC catalysts is to substitute Se for S to induce 529 
a similar increase of active sites. Xu et al. [65] synthesized WS2(1-x)Se2x nanotubes by a 530 
transforming WO3 nanowires via a chemical vapor method, with the S/Se ratio controlled by 531 
varying the elemental precursors. Although the Tafel slope of the mixed-phase WS2(1-x)Se2x was 532 
not shown to be improved compared to pure WSe2 (105 mV/dec and 99 mV/dec, respectively), it 533 
was noted that the overpotential and current exchange density of WS2(1-x)Se2x was superior to 534 
pure WS2, WSe2, or WO3.  535 
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Gong et al. [64] also created a mixed S/Se TMC through a bottom-up method using MoCl5 536 
and varying the elemental S/Se added, as seen in Figure 6b. Here, an even ratio of S and Se 537 
(MoSSe) was shown to be the most efficient electrocatalyst. The work reported a Tafel slope of 538 
48 mV/dec the overpotential at 10 mA cm2 of 164 mV, as well as 93% current density retention 539 
after 8000 cycles. The authors noted that previous theoretical work had suggested that sulfided 540 
Mo edges have a positive hydrogen adsorption energy (ΔGH = 80 meV) [68], while selenided Mo 541 
edges have a negative adsorption energy (ΔGH = - 140 meV) [111]. It was therefore suggested 542 
that the alloyed composition could reduce this value to near thermoneutral.  543 

Molybdenum sulfoselenide was also studied by Zhou et al. [109] by growth over a 3D 544 
porous NiSe2 foam (Figure 6c). The underlying foam provided high surface area and a metallic 545 
electrical conduction pathway, while the MoS2(1-x)Se2x particles with vertically aligned layers 546 
provided the catalytically active sites. The Tafel slope and overpotential at 10 mA cm-2 were 547 
reported to be 42 mV/dec and 69 mV, respectively, both of which were much better than pure 548 
MoS2 over NiSe2 foam.  549 

Although S and Se are far more widely researched, Te is another chalcogen that can be 550 
utilized to create efficient HER catalysts. Kosmala et al. [112] synthesized MoSe2-xTex films 551 
through molecular beam epitaxy and reported a Tafel slope and overpotential at 10 mA cm-2 of 552 
62 mV/dec and 410 mV, respectively. The authors showed that the system contains many 553 
metallic twin boundaries, thermodynamically stable defects which can increase catalytic 554 
activity. Interestingly, the ideal composition was found to be Te-rich (MoSe0.12Te1.79), and it was 555 
also noted that the pristine MoTe2 was far more catalytically active that the pristine MoSe2 556 
prepared under the same conditions. This is a result that contradicts previous computational 557 
[113] and experimental [114] research that had suggested tellurides would not be as intrinsically 558 
catalytically active as sulfides or selenides. Therefore, research into telluride-based TMC 559 
catalysts may be an avenue worth further exploration. 560 

Other anions explored for substitution into TMCs include nitrogen, which was studied by 561 
Sun et al. [115] to create N-doped WS2 nanosheets through a one-step sol-gel process using WCl6 562 
and thiourea followed by post-annealing in H2. The work demonstrated a Tafel slope of 70 563 
mV/dec and no significant loss of current density over 10 h at 200 mV. Like other double anion 564 
TMCs, the result was attributed to increased active sites due to defect formation.  565 

Phosphorus substitution was recently studied by Liu et al. [116] using a bottom-up method 566 
to create P-doped MoS2 nanosheets. A doping level of up to 5 at.% was achieved, and this sample 567 
showed outstanding catalytic properties, including a Tafel slope of 34 mV/dec, which is 568 
extremely close to the reference Pt/C benchmark catalyst (30 mV/dec). Interestingly, the 569 
performance enhancement was attributed to not only the increased active sites but also an 570 
improvement in the electrical conductivity due to increased charge carriers. In addition, the 571 
expanded interlayer distance of the P-doped sample (0.91 nm) compared to the reference MoS2 572 
(0.65 nm) was asserted to lower the ΔGH value.  573 

Due to the wide availability of both dopant anions and synthesis methods available to create 574 
double anion TMCs, it is likely that research in this direction will continue to progress. It is 575 
possible that future works will combine double anion active materials with the conductive 576 
supports previously discussed, such as MoSSe/rGO catalysts shown in Figure 6d [110]. It is 577 
worth noting that all work reported to date has used methods that cannot produce any sort of 578 
regular ordering or arrangement of the substituting atoms. It is possible that periodic or ordered 579 
double anion structures, such as the “Janus” TMCs suggested by recent theoretical works 580 
[60,108,117] would yield unique electrocatalytic properties. In these structures, one side of the 581 
transition metal (W or Mo) is sulfurized while the other is selenided (illustrated in Figure 7a). 582 
However, the only reported synthesis method [63] for these structures is a comple ex and multi-583 
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step process, which may limit research into their potential for HER catalysts. We also predict 584 
that stragegies utilizing naturally high surface area starting materials such as Ni foam (shown 585 
in Figure 7b and 7c) will receive growing interest in the near future.  586 

 587 

Figure 7. (a) Schematic for WSSe with Δ GH volcano” plot, the illustration shows that strain free Janus 588 
TMDs possess better HER activities. (b) TEM of WS2(1−x)Se2x particles with a 3D porous metallic NiSe2 589 
foam and corresponding polarization curves recorded on WS2(1-x)Se2x/NiSe2 foam. (c) TEM of 590 
WS2(1−x)Se2x nano tubes and corresponding polarization curves recorded on WS2(1-x)Se2x in comparison 591 
with WS2. Reprinted with permission from Reference [65], copyright (2014), American Chemical 592 
Society. 593 

7.2 Double cation ternary transition metal chalcogenides as electrocatalysts for water splitting: 594 

Like double anion TMC catalysts, double cation catalysts have been extensively studied as 595 
HER catalysts. In many ways, the core goals are similar in both cases, namely, to disrupt the 596 
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normally inactive basal plane and create addition active sites through defect or strain formation. 597 
However, because the transition metal atoms are generally not adsorption sites for layered TMC 598 
materials, many works have suggested that the benefit of double cation TMCs may be more 599 
attributable to electron density and local field effects, as illustrated in Figure 8a [61]. 600 

Li et al. [103] synthesized Mo(1-x)WxS2 using a hydrothermal method with Na2MoO4∙H2O and 601 
Na2WO4∙H2O in varying ratios and analyzed the effect of cation ratio on HER performance. The 602 
Mo0.85W0.15S2 composition showed the best electrocatalytic properties, including a Tafel slope of 603 
89 mV/dec and stability demonstrated for 1000 cycles. Using DFT calculations, it was shown that 604 
the band gap of MoWS2 (0.88 eV) was smaller than that of MoS2 (1.14 eV) and that W atoms 605 
create an “electron-rich” configuration through directional transfer. It was asserted that this 606 
electronic modification improves the conductivity and therefore decreases the charge transfer 607 
resistance. 608 

609 
Figure 8. (a) Unfolded energy band of two cations contains ternary Mo1−xWxS2. Reprinted with 610 
permission from Reference [61], copyright (2017), Scientific Reports. (b) Schematic illustration for the 611 
formation of Mo1−xWxS2 and Mo1−xWxS3 and corresponding polarization curves recorded on Mo1−xWxS2 612 
and Mo1−xWxS3. Reprinted with permission from Reference [118], copyright (2017), American 613 
Chemical Society. 614 

Tan and Pumera [118] synthesized composition-graded, sulfur-deficient MoWSx. The 615 
material was initially synthesized through electrodeposition using (NH4)2MoS4 and (NH4)2WS4 616 
dissolved in 0.1 M KCl solution (Figure 8b). Because these were synthesized using bipolar 617 
deposition, two distinct compositions were designated based on whether the deposition was 618 
cathodic (creating MoxW(1-x)S2) or anodic (creating MoxW(1-x)S2). The Tafel slope and overpotential 619 
at 10 mA cm-2 for the samples were 45.7 mV/dec and 315 mV for the cathodic sample, and 50.5 620 
mV/dec and 278 mV for the anodic sample. The even Mo/W ratio and high exposed surface are 621 
of the small particles were cited as the primary reasons for the increased performance compared 622 
to pure MoS2 or WS2.  623 
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Several other works have reported similar Mo/W mixtures for HER catalysts, including Li 624 
et al. [119] reporting MoWS on carbon cloth and Gan et al. [120] demonstrating MoXWyS2 625 
supported by pyrolytic carbon. These works consistently report that the mixed systems 626 
outperform the single-cation TMCs, but the ideal Mo/W ratio for HER activity is different for 627 
each study. This indicates that differences in processing conditions or supporting structures may 628 
greatly affect the ideal composition. 629 

Many other metals have been studied for TMC catalysts in the form of cation dopants. Shi 630 
et al. [121] studied MoS2 doped with a variety of metals: Co, Cu, Fe, Ni, and Zn. Zn was shown 631 
to be the best dopant, with a Tafel slope of 51 mV/dec representing a dramatic improvement 632 
over the pristine MoS2 value (101 mV/dec). The improvement was attributed to both energy level 633 
modification and morphological effects induced by Zn doping.  634 

However, not all dopant cations have shown improved catalytic performance. Chua et al. 635 
[122] reported that both niobium and tantalum doing in MoS2 and WS2 failed to improve the 636 
HER performance, and the undoped MoS2 showed the best overpotential at 10 mA cm-2 of any 637 
of the tested samples. This result was particularly notable because the authors confirmed the 638 
increased presence of the 1T metallic phase after doping, which had been shown to be beneficial 639 
in other HER studies [123] [124]. In addition, Tsai et al. [125] had computationally predicted that 640 
many types of cation dopants, including Ta and Nb, would bring the ΔGH value closer to 641 
thermoneutral and benefit HER properties.  642 

Although not technically ‘double’ cation catalysts, Askari et al. [126] synthesized two mixed 643 
cation systems – MoWCoS and MoWCuS – by a hydrothermal method using sodium molybdate, 644 
sodium tungstate, and either cobalt chloride or copper chloride as precursors. When hybridized 645 
with reduced graphene oxide, the MoWCoS showed particularly strong HER properties, with 646 
the Tafel slope and overpotential reported to be 38 mV/dec. It was asserted that the CoS phases 647 
present within the material create new interfaces and introduce additional defects, greatly 648 
increasing the catalytic activity.   649 

A more unusual TMC system was studied by Zhan et al. [127]: Ag2WS4 prepared through a 650 
low-temperature (60 ˚C) ion-exchange reaction using (NH4)WS4 and AgNO3 precursors. The 651 
sample showed a Tafel slope of 62 mV/dec and was stable for 24 h. Edge-sharing of AgS4 and 652 
WS4 tetrahedra was asserted to create numerous active sites. We do note that the use of silver 653 
undermines the typical goal of “noble-metal free catalysts” that is often stated in HER research. 654 
However, the price of silver is still far less than that of typical benchmark noble metal for 655 
electrocatalytic reactions (i.e. Pt and Ru).   656 

Zhou et al. [128] created another TMC based on a rarely-studied metal by coating MoSx on 657 
NbS2 nanoflakes. The initial NbS2 over glassy carbon (GC) was synthesized by CVD followed 658 
drop casting over glassy carbon (GC) and coating with ammonium thiomolybdate to create 659 
MoSx@NbS2/CG electrocatalysts. The sample showed solid HER performance, with a Tafel slope 660 
of 43.2 mV/dec and an overpotential of -164 mV at -10 mA cm-2. The authors also noted that the 661 
performance at high current densities was particularly strong; the overpotential at -200 mA cm-662 
2 (-233 mV) was claimed to be even lower than that of the commercial Pt/C catalyst (-274 mV). It 663 
was shown that the interface region creates numerous S vacancies in MoSx, which lowers the 664 
ΔGH value.  665 

In addition to W and Mo-based TMCs, many other metals have been studied for use in HER 666 
catalysts. Amin et al. synthesized CoNi2Se4 via electrodeposition for overall water splitting (i.e. 667 
OER and HER). The vacancy-ordered spinel structure was shown to be a highly efficient OER 668 
catalyst, but the HER properties were not as impressive: the overpotential was reported as 220 669 
mV at 10 mA cm-2.  670 
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Like mixed anion TMC HER catalysts, it is likely that this direction will also continue to see 671 
a wide range of research interest. However, the exact role of the mixed cation seems to be slightly 672 
less clear than that of mixed anion systems, with many different suggested mechanisms claimed 673 
to be responsible for performance enhancements (electron density modulation, 2H/1T phase 674 
transformation, morphological effects, etc.). For this reason, more fundamental studies and 675 
detailed investigations into the roles of specific cation dopants would undoubtedly be beneficial 676 
for future HER research.  677 

7.3 Quaternary transition metal chalcogenides as electrocatalysts for water splitting: 678 

Because both mixed anion and mixed cation systems have shown better HER properties 679 
than their binary reference materials, combining these two approaches to create quaternary 680 
systems was a natural next step in electrocatalyst research. Compared to the double anion and 681 
double cation works, this approach has not yet seen as much published research, but it is likely 682 
to grow in popularity as the standards for electrocatalytic performance increase and researchers 683 
looks for new ways to innovate.  684 

Tiwari et al. [62] synthesized a quaternary TMC through a bottom-up direct reaction using 685 
[Cu(MeCN)](BF4), (NH4)2[MoS4], and diphenyl diselenide (DPDS) (Figure 9a). By adjusting the 686 
DPDS concentration, the ratio of S to Se could be tuned, creating Cu2Mo(SySe1-y)4. The sample 687 
with ~3 at% Se doping showed the best HER properties: 52 mV/dec Tafel slope and -170 mV 688 
overpotential at 10 mA cm-2. DFT calculations suggested that similar to Se substitution in 689 
previously studied ternary TMCs, Se substituation increases the number of active sites and 690 
reduces the ΔGH value.  691 

 692 

Figure 9. (a) Schematic illustration of HER activity on single layer Cu2Mo(S1-ySey)4 and 693 
corresponding polarization curves and Tafel plots for single and multi-layer Cu2Mo(S1-ySey)4. 694 
Reprinted with permission from Reference [62], copyright (2016), Elsevier. (b) Schematic 695 
illustration of HER activity on Cu2W(S1-ySey)4 and corresponding polarization curves and Tafel 696 
plots for Cu2W(S1-ySey)4. Reprinted with permission from Reference [129], copyright (2018), 697 
Royal Society of Chemistry.   698 

Later, Kim et al. [130] used a similar method to synthesize Cu2MoS4 and decorated the 699 
surface with MoSe2 nanodots. The nanodot size and concentration was optimized, and the 700 
authors found that the smallest diameter nanodots (30 nm) were most effective at enhancing 701 
HER performance due to their higher surface area. The optimized sample showed a Tafel 702 
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slope of 74.7 mV/dec and an overpotential of 166 mV at mA cm-2, with the mechanism of 703 
enhancement claimed to be the additional active sites created by the MoSe2 nanodots.  704 

Recently, Tiwari et al. [129] also used the previously reported selenium doping technique 705 
[62] in the Cu2WS4 system to synthesize Cu2W(SySe1-y) (Figure 9b). The Tafel slope and 706 
overpotential at 10 mA cm-2 for the best sample (Cu2WS1.3Se2.7) were reported to be 46 mV/dec 707 
and 320 mV, respectively. It was concluded through XRD and Raman analysis that the Se 708 
substation created chemical strain in the lattice, lowering the ΔGH value and creating a greater 709 
number of active sites.  710 

A thorough study of the composition compositional effects using Mo, W, S, and Se was 711 
performed by Gong et al. [131], where 25 different compositions were synthesized through a 712 
solution-phase method. The work identified WS2, Mo0.67W0.33S2, Mo0.5W0.5SSe, and 713 
Mo0.33W0.67S1.33Se0.67 as the best performing compositions, and noted that in general the ternary or 714 
quaternary catalysts outperformed their binary counterparts. A summary of the electrocatalytic 715 
performance of all 25 compositions is shown in Table 1. 716 

 717 

Table 1. Summarizing the onset overpotential, Tafel slope, and TOF @ η = 160 mV of different 718 
compositions. The red color labels compositions with TOF > 0.1 s −1; the magenta color labels 719 
compositions with 0.06 < TOF < 0.1 s −1; the blue color labels compositions with 0.04 < TOF < 0.06 s −1. 720 
Reprinted with permission from Reference [131], copyright (2016), Wiley-VCH. 721 

Another quaternary system was reported by Wang et al. [132] by using a carbothermal 722 
ammonia reduction strategy over nickel foam to synthesize MoNiNC. The optimized structures 723 
delivered a Tafel slope of 65 mV/dec and overpotential at 10 mA cm-2 of 110 mV. Although not 724 
technically a chalcogenide, work is notable because DFT calculations revealed that both the 725 
double metal (Mo and Ni) as well as the double anion (N and C) weaken the bond strength 726 
between the active site and the adsorbed reactive intermediate, resulting in improved HER 727 
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properties. This proves that the synergistic effects of quaternary TMCs is a research avenue 728 
worth further development and exploration. 729 

8. Conclusions 730 
We have summarized the recent progress in the development of ternary and quaternary TMCs 731 

as electrocatalysts for the water splitting especially for HER. To date, different types of TMCs 732 
electrodes consisting of various structures and chemical compositions (including nanoparticles, 733 
nanosheets, films, and composites) have exhibited excellent HER efficiencies. It is revealed that to 734 
improve the catalytic activity of TMCs, two main strategies are being pursued: i) structure 735 
engineering of TMCs to expose additional active sites or provide conductive pathways to fully utilize 736 
the materials’ catalytic potential (extrinsic) and ii) chemical modification through heteroatom 737 
substitution to enhance hydrogen adsorption by decreasing the ΔGH values (intrinsic). However, 738 
many challenges remain associated with the use of TMCs as electrocatalysts. The electrocatalytic 739 
activities are affected by the morphology, structure, and density of active sites, therefore, close 740 
attention should be paid to the specific surface area and chemical composition of the designed TMCs 741 
electrocatalysts. In this regards, TMCs consisting of small nanoparticles or containing 742 
heterostructures with conductive materials have shown great advantages due to their large amount 743 
of active sites and high conductivity, but these kind of materials are easy to aggregate and show poor 744 
stability. The strategy to form ternary or quaternary TMCs electrodes may be a feasible way to solve 745 
stability problem. In the case of ternary and quaternary with rich active sites, shows great promises 746 
for scalable application, but further utilization of inactive basal planes remains to be undertaken. As 747 
for the hierarchical structures of TMCs on conductive template or self-organized nanostructures can 748 
be effective way to further utilizations of active sites for efficient electrocatalytic activity. For this 749 
method, the ease of preparation, cost-effectiveness, repeatability, and stability are all important 750 
factors which would strongly affect the practical applications of all these catalysts.  751 

In addition, the improvement of the inherent activity of TMCs electrocatalysts is important for 752 
efficient electrocatalytic activity for water splitting. Potential strategies to improve inherent activity 753 
include elemental substitution in host TMCs materials. Although this heteroatom substitution 754 
method has not been realized for active edge sites of TMCs, chalcogen-atom substitution to form 755 
chemical strain for activation of basal planes is a good example showing how such an effect could be 756 
realized. However, substitution near the active edge sites of TMCs still need further investigation to 757 
provide clear insight for the efficient electrocatalytic activity. Further study could be focus on 758 
biomimetic and molecular catalysts using discrete molecular units as catalysts for efficient 759 
electrocatalytic activity. Stabilization of molecular catalysts with suitable substrates, such as metal 760 
organic framework (MOF) and finding bimetallic organometallic complexes with terminal chalcogen 761 
ligands could provide another insight for non-noble metal electrocatalysts.    762 

Owing to the demand for renewable energy, the field of the electrochemical water splitting using 763 
TMCs as electrocatalyst has been experiencing a renaissance in recent years. Despite encouraging 764 
results in research laboratory, few results have demonstrated the use of TMCs electrocatalysts in 765 
large-scale applications. Thus, a great deal of effort is still needed for further expanding the search 766 
for high-performance electrocatalysts and exploring the practical use of the efficient advanced 767 
electrocatalysts. 768 
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