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ground work for future technologies. In 
addition to the compositional tunability, 
the crystal structure and strain can also 
be varied to enhance the catalytic perfor-
mance of 2D-TMD-based catalysts for 
the HER. [ 2–5 ]  Such strategies have already 
been applied in electronic and optical 
devices for improving the performance 
and studying fundamental behavior of the 
materials, [ 6–10 ]  but fewer examples have 
been reported for electrocatalysis. In this 
article, we present recent developments in 
TMDs for electro- and photocatalysis for 
the production of hydrogen.  

  2.     TMDs as Electrocatalysts for the HER 

  2.1.     Hydro-desulfurization Reaction using TMDs 

 Early studies have shown that TMDs and in particular MoS 2  
are useful catalysts in hydro-desulfurization (HDS) reactions. [ 11 ]  
Initial studies of the HDS reaction using scanning tunneling 
microscopy (STM) and thiophene as the reactant have revealed 
that adsorption occurs at the edges of the TMDs. [ 12 ]  TMDs pos-
sess edges that comprise chalcogen or transition-metal atoms. [ 13 ]  
Edges can also be covered with 0%, 50%, 75%, or 100% of chal-
cogen atoms, depending on the synthesis conditions and the 
size of the nanosheets. [ 14,15 ]  STM images of MoS 2  nanoclusters 
reveal bright brims, indicating that the 1D edges are metallic, 
as confi rmed by DFT calculations. [ 16 ]  Understanding the edge 
structure and conductivity has been important in elucidating 
the fundamental HDS reaction mechanisms. [ 17,18 ]   

  2.2.     MoS 2  as a Hydrogen-Evolution Catalyst 

 In electro- and heterocatalysis, the reactivity is correlated to the 
adsorption energy ( Figure    1  a). According to the Sabatier prin-
ciple, the interactions between catalysts and reactants should 
neither be too strong nor too weak, for the reaction to proceed 
effi ciently. [ 19 ]  If the free energy of adsorption is too high then 
the binding is not effi cient and the reaction is rate-limited by 
the adsorption of the reactant. On the other hand if Δ G  H*  is too 
strong, then the conversion and desorption are slow, leading 
to poisoning of the catalyst surface. In 2005, Hinnemann et al. 
used DFT calculations to estimate the free energy of hydrogen 
adsorption (Δ G  H*  on the MoS 2  edge [ 20 ] ), which revealed that 
Δ G  H*  is indeed close to thermo-neutral, making MoS 2  poten-
tially promising as an HER catalyst. [ 20 ]  The theory results were 

 Two-dimensional (2D) transition-metal dichalcogenide (TMD) nanosheets 
have emerged as a fascinating new class of materials for catalysis. These 
nanosheets are active for several important catalysis reactions including 
hydrogen evolution from water. The rich chemistry of TMDs combined with 
numerous strategies that allow tuning of their electronic properties make 
these materials very attractive for understanding the fundamental principles 
of electro- and photocatalysis, as well as for developing highly effi cient, 
renewable, and affordable catalysts for large-scale production of hydrogen. 
Recent developments are highlighted and important challenges in using 
TMDs as catalysts are also discussed. 

  1.     Introduction 

 In the past 10 years, two dimensional (2D) materials have 
become the focus of researchers working on nanomaterials 
because of their interesting optical and electronic properties 
that arise from the absence of the third dimension. The inter-
esting surface and electronic properties of 2D materials have 
been widely studied and applied to a variety of proof-of-concept 
devices. One avenue of research that seems particularly prom-
ising with 2D transition-metal dichalcogenides (TMDs) is elec-
trocatalysis for the hydrogen evolution reaction (HER). A key 
advantage of 2D TMDs is that all of the catalytically active sites 
are exposed due to the atomically thin nature of the nanosheets. 
Layered TMDs consist of alternating sheets of transition-metal 
atoms sandwiched between two chalcogen atoms. The oxida-
tion degree of the metal and the chalcogen atoms is +4 and −2, 
respectively. The difference in oxidation degree induces the for-
mation of strong ionic bonds between the metal and the chal-
cogen atoms, which preserve the structure of the nanosheets, 
whereas the existence of weak van der Waals bonds between 
the individual layers enables the exfoliation of bulk crystals 
down to single layers. A variety of compounds with different 
transition metals and chalcogens can be realized. [ 1 ]  The vari-
ations in chemistry of the compounds leads to dramatic dif-
ferences in their catalytic activity, providing a rich platform 
for studying the fundamental properties, as well as laying the 
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confi rmed experimentally by electrochemical measurements 
on MoS 2  particles grown on graphite. [ 20 ]  Bonde et al. calcu-
lated the free energy of hydrogen adsorption on the Mo and S 
edges of the MoS 2 . [ 21 ]  These values have been further refi ned 
recently by Nørskov’s group. [ 22 ]  The results show that the best 
edge confi gurations correspond to Mo edges covered by 50% S 
with Δ G  H*  = 0.06 eV compared to S edges covered by 100% S: 
Δ G  H*  = −0.45 eV. [ 22 ]  WS 2  edges have also been found to be active 
with Δ G  H*  = −0.04 and −0.06 eV for 50% W edges and 100% S 
edges, respectively. [ 22 ]  Experimental evidence on the crucial role 
of edges in the HER was obtained by Jaramillo et al. who corre-
lated the electrochemical activity and edge length of MoS 2  nano-
clusters measured by STM. [ 23 ]  They also obtained the exchange 
current density per active site and the turnover frequency (TOF) 
(the number of hydrogen molecules/atoms per second. being 
produced per active site per second) using the same measure-
ments. The TOF at equilibrium potential reaches ca. 0.02 s −1  for 
the MoS 2  edges compared with 0.9 s −1  for Pt (111) and rapidly 
increases with the overpotential (Figure  1 b, grey regions). These 

pioneering experiments provided evidence that MoS 2  catalysts 
perform just below noble metals such as Pd or Pt in the Sabatier 
volcano plot (Figure  1 a) as catalysts for the HER. [ 23 ]  These ini-
tial results have led to substantial effort being devoted by the sci-
entifi c community to increase the concentration of conducting 
edges to enhance their catalytic performance. [ 24–29 ]  Evidence 
for edge activity has been provided using various experiments, 
including recent work showing preferential electro-deposition 
of Li 2 S on edges due to strong binding relative to the surface of 
the nanosheets. [ 30 ]  Higher and faster electrochemical response of 
edge sites compared to the basal planes are also obtained upon 
exposure to [Fe(CN) 6 ] 3+/4+  or [Ru(NH 3 ) 6 ] 3+ /2+  redox couples and 
attributed to higher activity from the edge sites. [ 31 ]    

  2.3.     Other Catalytically Active TMDs 

 Sulfur- and selenium-based TMDs from group VI are expected 
to follow the same trends as MoS 2  because of minimal changes 
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 Figure 1.    Thermodynamics of hydrogen adsorption on 2D transition metal dichalcogenides. a) Sabatier “volcano” plot showing the exchange current 
density as a function of free energy of hydrogen adsorption of free-standing (FS) MoS 2  edges, MoS 2  edges on Au (111), MoS 2  edges on graphene, verti-
cally grown Fe, Cu, Ni, Co-promoted MoS 2  edges, vertically grown MoS 2  edges [ 32 ] , vertically grown MoSe 2  edges, [ 27 ]  1T WS 2  basal plane, [ 2 ]  and compared 
with various metals. Data taken from refs. [ 2,27,32,33 ]  b) Evolution of turnover frequency of several catalysts based on transition-metal chalcogenides 
with overpotential. Data taken from refs. [ 2,23,24,26,34,35,29 ]  c,d) Plots of Δ G  H* : the free energy of hydrogen adsorption as function of Δ G  HX  (X = S or Se): 
the HX adsorption free energy. c,d) The evolution is displayed for metallic TMDs (c) and semiconducting TMDs (d). In general the stronger binding 
of X (Δ G  HX  < 0), the higher stability of TMDs, the lower the reactivity of TMDs (Δ G  H*  > 0), the weaker the hydrogen binding. c,d) Reproduced with 
permission. [ 36 ]  Copyright 2015, Elsevier.
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in the thermodynamics of hydrogen binding between the 
different transition metals and chalcogens. [ 22 ]  In electroca-
talysis, the catalytic activity and stability of the active sites are 
important. The stability of the edges or the basal planes can 
be predicted from calculations of H–X (where X = S or Se is 
the adsorption-site atom) adsorption free energy, Δ G  H–X . For 
Δ G  H–X  > 0, desorption of H–X groups in the form of H 2 X 
becomes favorable. Δ G  H–X  is generally inversely proportional 
to the energy of hydrogen adsorption. In other words, a less 
stable catalyst (Δ G  H–X  > 0) possesses strong hydrogen binding 
(Δ G  H*  < 0). Tsai et al. recently calculated the free energy of 
hydrogen adsorption, as well as the free energy of H–X adsorp-
tion to estimate the catalytic activity and the stability of the 
edges and basal planes of various 2D TMDs (Figure  1 c,d). [ 36 ]  
The evolution of the stability with activity on the basal plane is 
signifi cantly lower in the case of metallic TMDs compared with 
that of semiconducting TMDs. This suggests that TMDs with 
active (Δ G  H*  ≈ 0) basal planes are also electrochemically more 
stable. [ 36 ]  Very interestingly, these results indicate that the basal 
planes of TMDs can be catalytically activated for metallic TMDs 
with free energy of hydrogen adsorption as low as 0.05 eV in 
the case of 1T phase VS 2  (Figure  1 d). These calculations open 
new avenues for improving the HER activity of 2D TMDs.   

  3.     Strategies for Improving the HER Activity 
of TMDs 

  3.1.     Edge Engineering of MoS 2  and Other TMDs 

 The observation of MoS 2  edge activity for the HER has opened 
new avenues for increasing catalyst performance by optimizing 
the basal plane to edge ratio. Several routes for improving the 
density of accessible edges at the surface of TMDs have been 
proposed in the past few years. They typically involve engi-
neering the surface of the catalysts to expose edges, or intro-
ducing structural defects to create new surfaces with edges 
(e.g., creating holes). [ 37–40 ]  One such strategy to this end is the 
synthesis of high-surface-area MoO 3  nanowires that are con-
verted to MoS 2  by sulfi dation. [ 25 ]  This method creates high-
surface electrodes with a substantial fraction of edge-exposed 
MoS 2 , which shows effective performance toward the HER. 
Kibsgaard et al. have reported an elegant method to prepare 
mesoporous MoS 2  from MoO 3  using a double-gyroid silica tem-
plate. [ 26 ]  Characterization of the mesoscopic structure reveals 
that the surface is predominantly composed of MoS 2  edges. 
Despite this, the decrease in the HER activity with increasing 
number of layers suggests that optimization of the edge con-
centration is still not ideal in these structures (Figure  1 b, light 
blue curve). The decrease in catalytic activity with the number 
of layers was investigated by Yu et al., who reported that the 
activity of MoS 2  catalysts decreases by 4.5 times when adding 
a layer of MoS 2  due to the large potential required for electron 
hopping between successive layers ( Figure    2  a,b). [ 41 ]  A similar 
trend was observed by Seo et al., although the authors of the 
study attribute the better performance to the modifi cation of 
the electronic structure of MoS 2  nanosheets with decreasing 
number of layers (Figure  1 b, dashed curves). [ 34 ]  Recent pro-
gress on chemical vapor deposition (CVD) of TMDs allows 

careful examination of the catalytic process on single-layer 
materials with well-defi ned edge and basal plane structures. 
MoS 2  nanosheets can be grown on or transferred onto con-
ducting substrates and studied for the HER. However, due 
to the large size of the crystals, the edge to basal sites ratio is 
signifi cantly lower than in the case of nanoclusters. [ 23 ]  Zhang 
et al. reported the growth of MoS 2  having a fractal morphology 
(Figure  2 c,d). [ 42 ]  The performance of MoS 2  electrodes increases 
with the dendritic character of the edges (Figure  2 e). Alterna-
tively, nanosheets can be grown vertically since the in-plane 
conductivity of the basal plane is >2000 times higher than 
of the out-of-plane confi guration between the layers. This 
approach constitutes a promising method to synthesize MoX 2  
(X = S or Se), which combines a high density of edges and an 
improved electron mobility of the electrode materials. [ 43 ]  Cui’s 
group at Stanford demonstrated the growth of vertically aligned 
TMDs nanosheets by CVD on various substrates. [ 27,44 ]  From 
the HER results and the structural characterization based on 
transmission electron microscopy, TOFs at 0 V reach 0.013 and 
0.014 s −1  for vertically aligned MoS 2  and MoSe 2  fi lms, respec-
tively, in good agreement with Jaramillo’s values (Figure  1 a). [ 27 ]    

  3.2.     Defect Engineering in TMDs Nanosheets 

 The high catalytic activity of the edges is thought to originate 
from unsaturated sulfur atoms at the edges. This has led to the 
synthesis of amorphous TMDs that presumably have a high 
concentration of unsaturated sulfur atoms. [ 45,46 ]  Alternatively, 
edge sites can be created by increasing the density of struc-
tural defects on the nanosheets (Figure  2 f,g). [ 37,47 ]  Numerous 
types of defects have been observed in single-layer TMDs [ 15,48 ]  
and studied using STEM. Defects are known to dramatically 
perturb the local density of states and create additional energy 
levels between the valence and conduction bands. [ 15,48 ]  So far, 
very limited number of investigations have focused on the 
importance of defects on the HER activity of TMDs. The under-
standing of the role of defects and their controlled synthesis 
can potentially open new directions for increasing the density 
of active sites or increasing the conductivity of basal planes of 
the nanosheets.   

  4.     Emerging Strategies for Enhancing the HER 
Activity 

  4.1.     Phase Engineering in TMDs 

 It is known that the electronic structure strongly infl uences the 
catalytic properties of materials. [ 49 ]  TMDs offer opportunities 
for varying and therefore testing different atomic and electronic 
structures. For example, MoS 2  or WS 2  nanosheets can be pre-
pared with semiconducting trigonal prismatic (2H phase) or 
metallic octahedral (1T phase) structures by increasing the elec-
tron density in the d orbitals of the metal atoms ( Figure    3  a). [ 50 ]  
Chhowalla’s group has investigated the HER activity from 
chemically exfoliated WS 2  prepared via lithium intercalation. [ 2 ]  
The characterization of the exfoliated materials showed that 
the nanosheets are predominantly composed of the distorted 
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metallic 1T phase (1T’ phase) with tungsten zig-zag chains 
characteristic of the (2 a  ×  a ) superstructure (Figure  3 b). [ 2 ]  They 
correlated the catalytic performance to the concentration of the 
1T phase and the overall strain in the nanosheets. Interestingly, 

they found that the activity of the electrode is progressively 
reduced when restoring the 2H phase at the expense of the 1T 
phase (Figure  3 c). DFT calculations revealed that Δ G  H*  on the 
basal plane of 1T-WS 2  is sensitive to the strain. The strain in 
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 Figure 2.    Infl uence of the number of layers and density of edges on HER activity of MoS 2  electrodes. a) Schematic illustrating the electron hopping 
between the layers of MoS 2 . Extra potential is required for electrons to hop from one layer to one other. Yu et al. [ 41 ]  estimated the extra-potential,  V  0 , to 
be ca. 120 mV. b) Evolution of the exchange current density of MoS 2  with increasing number of layers. a,b) Reproduced with permission. [ 41 ]  Copyright 
2014, American Chemical Society. c,d) Chemical vapor deposition of MoS 2  with fractal edges. e) Polarization curves from various MoS 2  electrodes with 
60% (a), 40% (b) and 12% (c) coverages. The improvement in performance is attributed to the higher dendritic character of the MoS 2  nanosheets 
rather than coverage. c–e) Reproduced with permission. [ 42 ]  Copyright 2014, American Chemical Society. f) Schematic representation of defect-free and 
defect-rich MoS 2  nanosheets. g) Polarization curves obtained from MoS 2  nanosheets with various densities of defects. Higher current densities are 
obtained from defect-rich nanosheets. f,g) Reproduced with permission. [ 37 ]  Copyright 2013, Wiley-VCH.
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turn is related to the increase in the density of states below the 
Fermi level. For a tensile strain of ca. 2.7% the hydrogen adsorp-
tion was calculated to be thermo-neutral. Similar enhancement 
of the HER activity has been observed for exfoliated MoS 2  when 

converting the 2H phase to the 1T phase. [ 3–5 ]  The results also 
agree with recent calculations from Nørskov’s group on the 
energy of hydrogen adsorption on the basal planes of metallic 
TMDs. [ 36 ]   
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 Figure 3.    Phase engineering and importance of the electrical coupling. a) Crystal structures from the 2H and 1T phases that correspond to trigonal 
prismatic and octahedral coordination of the transition metal, respectively. b) Scanning transmission electron microscopy (STEM) image of chemi-
cally exfoliated strained 1T-WS 2  exhibiting typical (2 a  ×  a ) superlattice. c) Evolution of exchange current density of WS 2  nanosheets with increasing 
concentration of 1T phase. a–c) Reproduced with permission. [ 2 ]  Copyright 2013, Nature Publishing Group. d,e) Scanning electron microscopy (SEM) 
images for WS 2  (d), WS 2 −rGO hybrids (e). f) High-resolution transmission electron microscopy (HRTEM) images of WS 2 –rGO hybrids showing both 
in-plane and out-of-plane confi gurations for the WS 2  nanosheets on rGO. g) Nyquist plot of the WS 2 , WS 2 –rGO and annealed WS 2 –rGO electrodes 
demonstrating the decrease of the charge-transfer resistance when improving the electrical coupling between the rGO and the WS 2 . d–f) Reproduced 
with permission. [ 51 ]  Copyright 2013, Wiley-VCH. h–j) SEM images of CVD-grown VS 2  nanosheets and VS 2 -based electronic devices. k) Evolution of the 
conductivity of VS 2  with temperature. l) Tafel plots obtained from VS 2 . Tafel slopes as low as 34 mV dec −1  have been obtained thanks to the metallic 
character of VS 2 . g–l) Reproduced with permission. [ 52 ]  Copyright 2015, Wiley-VCH.
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dicted to be unstable and should relax to the distorted (2 a  ×  a , 
also noted √3 a  ×  a ) superstructure. However, Eda et al. [ 53 ]  and 
others [ 54 ]  have experimentally observed 1T and distorted 1T 
phases in chemically exfoliated nanosheets. The 1T phase is 
metallic, whereas the (2 a  ×  a ) distorted 1T phase is a narrow-
energy-gap semiconductor with a bandgap of few tens of 
meV. [ 54–56 ]  Clear identifi cation of the 1T phase and distorted 1T 
(1T’) phase is often missing in the literature. Raman spectro-
scopy can be used to identify the distorted 1T phase using the 
additional vibration modes that originate from the zig-zag clus-
tering of the metal atoms due to distortions. [ 57,58 ]  Observations 
of these Raman signatures have been reported in several dif-
ferent studies, suggesting that the 1T’ phase of MoS 2  is indeed 
distorted. [ 3–5 ]   

  4.2.     Effect of Doping and Strain on HER Activity 

 The electronic properties of TMDs are largely tunable by chem-
ical modifi cations, such as strain engineering or doping. [ 59–63 ]  
In the bulk, most dopants are trapped within the structure and 
are not available on the surface, which is where the catalytic 
reactions occur. However, in the case of nanosheets, dopants 
are present on or very close to the surface of the materials and 
play an active role in the catalysis reaction. For instance, the 
catalytic properties of graphene can be dramatically enhanced 
by inserting nitrogen, boron, sulfur, and phosphorus into 
the carbon lattice. [ 64 ]  Doping can be used to tune the energy 
of hydrogen adsorption. Early experiments carried out on 
MoS 2  nanoclusters used transition metals such as Co or Ni as 
dopants. [ 18,21 ]  The morphology of the particles is largely per-
turbed by the incorporation of cobalt atoms, and STM analyses 
have shown that the Co–MoS 2  nanoclusters are more trun-
cated. [ 18 ]  Recently the energy of hydrogen adsorption has been 
calculated for the Mo and S edges of MoS 2  promoted with 
nickel, copper, cobalt, and iron. [ 32 ]  The results show that the 
energy to adsorb hydrogen on promoted MoS 2  is dramatically 
affected by the presence of heteroatoms. The ideal scenario 
corresponds to cobalt-doped MoS 2  catalysts with minimum 
Δ G  H*  = 0.01 eV on S-edges (Figure  1 a). The substitution of 
atoms strains the structure of the TMD nanosheets, which pro-
foundly modifi es the electronic properties. [ 65 ]  Kuo’s group has 
studied the infl uence of biaxial tensile strain of the distorted 1T 
phase group-VI TMDs on the free energy of hydrogen adsorp-
tion. [ 66 ]  The application of strain increases the density of states 
near the Fermi level, decreases the energy of hydrogen adsorp-
tion, and stabilizes the adsorbed hydrogen at the surface of the 
basal plane.  

  4.3.     Infl uence of Catalyst Support Material 

 The choice of substrates can infl uence the energy of hydrogen 
adsorption. [ 33,67 ]  In general, the stronger the binding between 
the MoS 2  and the substrate, the weaker the hydrogen adsorp-
tion. [ 67 ]  Tsai et al. calculated the free energy of hydrogen adsorp-
tion for MoS 2  supported on various substrates, such as gold, 
graphene, and MoS 2 . [ 67 ]  Interestingly Δ G  H*  for the Mo edge on 

graphene or gold is signifi cantly higher compared to the free-
standing Mo-edge: 0.20 eV on Au(111) and 0.24 eV on graphene 
compared to 0.06 eV for free-standing MoS 2 . [ 67 ]  The estimated 
theoretical exchange current density ( j  0 ) of unsupported MoS 2  
reaches ca. 2 × 10 −4  A cm −2 , giving a TOF of ca. 0.6 s −1 , very 
close to the TOF of Pt: 0.9 s −1  (Figure  1 a). [ 67 ]  This value is also 
signifi cantly higher than the experimental values obtained from 
MoS 2  nanoclusters grown on Au (111) (8 × 10 −6  A cm −2 ), [ 23 ]  sug-
gesting that further improvements in designing appropriate 
substrates are required to decrease Δ G  H*  to a thermo-neutral 
value. 

 Together with the free energy of hydrogen adsorption, the 
electrical conductivity of the catalyst is an important param-
eter in catalytic performance. The energy of hydrogen adsorp-
tion is calculated in vacuum conditions for idealized systems. 
Although Δ G  H*  provides useful insights into the HER proper-
ties; it provides only a partial picture of the HER process at the 
surface of the nanosheets. Moreover, the exchange current den-
sity does not take into account the effectiveness of the substrate 
(the cathode that provides electrons) and the catalyst to provide 
an electron to the active site, since, at 0 V, the fl ow of electrons 
is greater than the TOF. [ 68 ]  At higher overpotentials, the TOF 
increases and the electrical conductivity largely governs the 
HER activity of the electrode. For this reason, a direct compar-
ison of the catalytic performance of the basal and edges sites of 
nanosheets remains challenging due to the large difference in 
electrical properties between the metallic edges and the semi-
conducting basal plane. [ 30,31 ]  In poorly conducting materials, 
an additional potential is required to drive electrons more effi -
ciently to the active sites. This is a major drawback for group-
VI TMDs, which typically consist of a semiconducting trigonal 
prismatic structure. Additionally, because MoS 2  is semicon-
ducting, large Schottky barriers are typically formed between 
the catalysts and the metallic substrates. [ 6 ]  Thus, metallic TMDs 
that form good electrical contact with metallic substrates have 
natural advantages over semiconducting catalysts. 1T-MoS 2  
or WS 2  thin fi lms exhibit a conductivity of ca. 50–100 S cm −1  
compared with 10 −5  S cm −1  for their 2H phase counterparts. [ 3,69 ]  
Chhowalla’s and Jin’s groups have shown a large improvement 
in the catalytic response from the 1T phase. [ 3,4 ]  The impor-
tance of conductivity on the catalytic activity of the 1T phase 
materials was illustrated in these works by decreasing the Tafel 
slopes and the lower internal resistances in the Nyquist plots 
obtained by impedance spectroscopy. The intrinsic conductivity 
of 2H MoS 2  can be enhanced via doping without inducing 
phase transformation. [ 47,70 ]  Alternatively, the catalytic activity 
of semiconducting TMDs can also be increased by growing 
the nanosheets on a conducting surface. Li et al. reported the 
synthesis of MoS 2 –rGO (reduced graphene oxide) hybrids via 
hydrothermal reaction (Figure  1 b, blue curve). [ 35 ]  Similarly Yang 
et al. reported a method to prepare layered WS 2  from a hydro-
thermal reaction on rGO (Figure  3 d–f). The growth of TMDs 
on graphene enables a strong anchoring of nanosheets on 
the graphene basal plane, which improves the electrical com-
munication between the two moieties and leads to a dramatic 
decrease of the charge-transfer resistance (Figure  3 g). [ 51 ]  Group-
V TMDs with the electron count d 1  are typically semi-metallic 
or metallic. Lou’s group reported the synthesis of thin crystals 
of 1T-VS 2  by CVD (Figure  3 h). [ 52 ]  Owing to its high electrical 

Adv. Mater. 2016, 
DOI: 10.1002/adma.201505597

www.advmat.de
www.MaterialsViews.com



7wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
ES

EA
R
C
H
 N

EW
S

conductivity of ca. 3000 S cm −1  (Figure  3 i–k), VS 2  demonstrates 
high electrocatalytic activity toward the synthesis of hydrogen, 
with a negligible onset potential and Tafel slopes as low as 
34 mV dec −1  (Figure  3 l). [ 52 ]    

  5.     TMDs for Photocatalysis 

 Since the fi rst report of photoelectrical water-splitting using 
TiO 2  electrodes, water-splitting for hydrogen production using 
solar energy has become an important fi eld of research for 
renewable energy. [ 71,72 ]  Most semiconducting electrodes are 
limited by a lack of absorption over the entire solar spectrum, 
and recombination of electron–hole pairs before hydrogen evo-
lution can occur. [ 73 ]  So far, MoS 2  and WS 2  have been used as 
active materials coupled to light-harvesting materials, such as 
graphitic carbon nitride, n- or p-doped silicon, TiO 2 , Eosin Y, 
or CdS. [ 74–77 ]  Highly active metallic TMDs such as 1T-MoS 2  can 
serve as co-catalysts to increase the number of active sites on 
the photocatalyst. [ 77 ]  Effi cient charge separation can be obtained 
by coupling TMDs and other materials with energy levels that 
facilitate charge transfer. TMDs with a range of bandgap values 
can, in principle, also be integrated together to absorb a large 
portion of the solar spectrum. [ 78 ]  

 In 2008, Zong et al. demonstrated that the activity of CdS 
can be greatly increased by mixing with MoS 2.  [ 77 ]  MoS 2 /CdS 
showed a higher rate of hydrogen production than Pt/CdS. The 
authors suggest that structural coupling between MoS 2  and 
CdS formed due to S 2−  anions of each material results in a high 
photocatalytic activity. ( Figure    4  a) Similarly, MoS 2  loaded onto 

TiO 2  and CdS has been investigated for H 2  evolution, where 
TiO 2  and CdS act as both light absorbers and catalysts. [ 73,79,80 ]  
Recently, Chen et al. synthesized transition-metal disulfi de 
nanosheets (MS 2 ) with lateral sizes ranging from 4 to 10 nm 
on the Cd-rich (0001) surface of wurtzite CdS nanocrystals. [ 81 ]  
This structure has a large number of MS 2  edge sites that are 
active for the HER. The photocatalytic performance of WS 2 –CdS 
and MoS 2 –CdS nanohybrids toward the HER under visible-
light irradiation (>420 nm) is about 16 and 12 times that of 
pure CdS, respectively. TMDs can broaden the light-harvesting 
window of photocatalysts toward visible light. The integration 
of TMDs with TiO 2 -based photocatalysts is synergistic because 
TiO 2  undergoes signifi cant absorption at wavelengths shorter 
than 400 nm, while the absorption of TMDs can be tuned 
by the number of layers and by the composition to improve 
absorption of visible and near infra-red (NIR) wavelengths. For 
example, MoS 2  nanosheets on TiO 2  nanobelts show enhanced 
absorption in the visible region compared with pure TiO 2  nano-
belts. [ 78 ]  TiO 2  nanobelts in turn exhibit a hydrogen production 
rate of 1.6 mmol h −1  g −1  when loaded with 50 wt% of MoS 2 . 
It is also believed that matching of the energy levels between 
MoS 2  and TiO 2  favors charge transfer and inhibits recombina-
tion of photoelectrons and holes.  

 The use of ternary composites in which one component is 
capable of light absorption (CdS or TiO 2 ) for the generation of 
an electrochemical potential, one that provides catalytic active 
sites for hydrogen production (MoS 2  and WS 2 ), and one to 
increase the conductivity of the catalysts by using reduced gra-
phene oxide (rGO) has been attempted. [ 73,79,85,82,86 ]  A typical 
example was reported by Jaroniec’s group who investigated 
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 Figure 4.    a) HRTEM image of MoS 2 /CdS photocatalysts. Reproduced with permission. [ 77 ]  Copyright 2008, American Chemical Society. b) Schematic 
illustration and TEM image of MoS 2 /rGO/CdS composites. Reproduced with permission. [ 82 ]  Copyright 2014, American Chemical Society. c) The 
electronic confi guration of 2H-MoS 2  and 1T-MoS 2  and proposed mechanism for photocatalytic activity of 1T-MoS 2 . [ 74 ]  Copyright 2012, Wiley-VCH. 
d) Scheme for charge generation on p-MoS 2 /n-rGO heterostructures. Reproduced with permission. [ 83 ]  Copyright 2013, American Chemical Society. 
e) WS 2  nanosheets with strong absorption of UV–vis and NIR light. Reproduced with permission. [ 84 ]  Copyright 2015, Wiley-VCH.
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tating transport of photogenerated electrons from TiO 2  to 
MoS 2  and to improve the charge-separation properties. [ 13 ]  
Similarly, ternary CdS/MoS 2 /graphene hybrid catalysts have 
shown better photocatalytic activity for water splitting in com-
parison with single or binary CdS, CdS–MoS 2 , and CdS–gra-
phene materials [ 82,87 ]  (Figure  4 b). Maitra et al. reported the 
fi rst use of 1T-MoS 2  for photocatalysis using eosin as a sensi-
tizer [ 74 ]  (Figure  4 c). 1T-MoS 2  (metallic) displays signifi cantly 
higher photocatalytic activity than 2H-MoS 2  (semiconducting) 
and 2H-MoS 2 /rGO hybrids reported thus far. [ 74 ]  Ozin and 
co-workers demonstrated the direct synthesis of colloidal WS 2  
monolayers with 2H and the 1T structure. [ 88 ]  1T-WS 2  with 
TiO 2  as a sensitizer showed a higher rate of H 2  production 
(2570 µmol g −1  h −1 ) than 2H-WS 2 . 

 A recent study by Bernardi et al. showed that 2D materials 
can absorb superior amounts of light compared to conven-
tional photovoltaic materials such as silicon or GaAs. [ 89 ]  Meng 
et al. also reported high catalytic activity of MoS 2 /rGO hybrids 
in which MoS 2  is the light-harvesting material (Figure  4 d). [ 83 ]  
Multi-layer WS 2  with a bandgap of 1.35 eV can expand the light 
absorption region to 910 nm. To this end, Sang et al. demon-
strated that WS 2  nanosheets are active photocatalysts under vis-
ible and NIR irradiation for the fi rst time (Figure  4 e). [ 84 ]  Specifi -
cally, WS 2  nanoparticles with lateral dimensions of 2–3 µm and 
thicknesses of ca. 100 nm were prepared by thermal decompo-
sition of (NH 4 ) 2 WS 4  at 1200 °C [ 84 ]  and tested as anodes.  Table    1   
summarizes the photocatalytic activities of a variety of MoS 2  
and WS 2  catalysts. [ 73,74,77,79,81,83,85,87,88 ]   

 Zhuang et al. calculated the electronic structures of 27 
single-layer MX 2  samples [ 91 ]  Although most single-layer MX 2  
structures have band-edge energies that are unfavorable 
for photocatalytic water splitting without an external bias 
potential, they suggested that MoS 2 , WS 2 , PtS 2 , and PtSe 2  
could be promising. Kang et al. demonstrated that the band-
edge positions depend on the number of layers of MX 2 , and 
that MoX 2 –WX 2  lateral heterostructures have type-II band 
alignment, making them good candidates for spontaneous 
photosplitting of water. [ 92 ]  TMD-based photocatalysts have 
yet to achieve reasonable activity and stability, and thus the 

calculations provide important insights toward improving 
their photocatalytic activity.  

  6.     Stability of TMD Electro- and Photocatalysts 

 Electrochemical stability is a major concern for electro- or 
photo catalysts. Group-VI TMDs have demonstrated good sta-
bility under HER conditions over 10 000 cycles with minimal 
increase of the onset potential or the Tafel slope. [ 25,35 ]  The 1T’ 
phase of group-VI TMDs is known to be less stable than the 2H. 
Calculations have shown that there is an activation barrier of ca. 
1 eV that prevents the fast restoration of the 2H phase. [ 2,56,93 ]  
Experimentally, it has been observed that the transition temper-
ature is relatively high compared to the typical temperatures for 
the HER: 100 °C and 200 °C for 1T-MoS 2  and 1T-WS 2 , respec-
tively. [ 94 ]  Voiry et al. have shown that 1T phase of WS 2  is stable 
both in air and in solution over a few months, possibly due to 
presence of excess charge on the nanosheets and the existence 
of distortions. [ 2 ]  Under HER conditions, 1T MoS 2  and 1T WS 2  
have been found to be stable over 100 h [ 2 ]  or 1000 cycles. [ 4,5 ]  
The stability of other TMDs will require further investigation. 
In the case of group-V TMDs, Yuan et al. have observed good 
stability over 12 000 cycles, with even a slight improvement 
of the activity. [ 52 ]  Nørskov’s group has calculated the energy of 
the H–X adsorption, which predicts the TMD stability during 
the HER reaction (Figure  1 c,d). [ 36 ]  Most TMDs are found to be 
stable, but further experimental investigation is required for 
selecting the most stable TMD catalysts. Similarly, the photo-
stability of TMDs remains largely unexplored. In a recent con-
tribution, Parzinger et al. investigated the stability of MoS 2  
under irradiation. Their results suggest that basal planes are 
stable compared to edges or defect sites. Interestingly edge sites 
are more stable in multilayer stacks than in single layers. [ 95 ]   

  7.     Summary and Outlook 

 The need for renewable energy has driven efforts for the develop-
ment of affordable, earth-abundant catalysts for the production 

Adv. Mater. 2016, 
DOI: 10.1002/adma.201505597

www.advmat.de
www.MaterialsViews.com

  Table 1.    TMD cocatalysts for photocatalytic H 2 -evolution.  

Photocatalyst Cocatalyst Synthetic method Light Source Reactant solution  Activity  
 [µmol h −1  g −1 ] 

Stability Ref.

CdS MoS 2 Impregnation sulfi dation ≥420 nm (Xe) Lactic acid 5400 –  [77] 

CdSe MoS 2 Dispersion–adsorption ≥420 nm (Xe) Na 2 S 890 >5 h  [80] 

CdS WS2 Impregnation sulfi dation ≥420 nm (Xe) Lactic acid 4200 <15 h  [90] 

TiO 2 MoS 2 /rGO Hydrothermal method UV–Vis (Xe) Ethanol 2066 >12 h  [73] 

CdS WS 2  and MoS 2 Wet-chemical mehod ≥420 nm (Xe) Lactic acid 1984 (WS 2 ) 1472(MoS 2 ) >16 h  [81] 

MoS 2 rGO Hydrothermal method UV–Vis (Xe) Ethanol 160 <10 h  [83] 

CdS MoS 2 /rGO Hydrothermal method ≥420 nm (Xe) Lactic acid 2320 –  [87] 

CdS MoS 2 /rGO Mixing UV–Vis (Xe) Lactic acid 3072 –  [85] 

CdS MoS 2 /rGO Hydrothermal and photodeposition ≥420 nm (Xe) Lactic acid 1236 2231 <4 h  [79] 

TiO 2 WS 2 Wet-chemical method ≥420 nm (Xe) Methanol 2570 >20 h  [88] 

Eosin 1T-MoS 2 Chemically exfoliation UV–Vis (Xe) TEOA 30 000 <1 month  [74] 
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of hydrogen. TMDs have demonstrated promising properties 
as electro- and photocatalysts for the HER. TMDs, in particular 
those from group VI, have been studied for hydro-desulfuriza-
tion reactions and the HER. In order to improve the catalytic 
activity of TMD nanosheets, three main strategies are being 
pursued: i) engineering the structure of 2D TMDs to increase 
the density of active sites; ii) improving the hydrogen binding 
on the active sites; and iii) enhancing the electrical coupling 
and conductivity of the nanosheets to effi ciently drive electrons 
to active sites. Metallic TMDs have natural advantages since 
they can be active from their basal plane with a free energy for 
hydrogen adsorption that is close to thermo-neutral, and they 
offer good electrical conductivity. Besides the enhancement of 
electrocatalytic properties, TMDs also hold promise as photo-
catalysts. The rich properties of 2D TMDs can be used to har-
vest sunlight effi ciently, separate electron–hole pairs and drive 
electrons to active sites to facilitate catalytic reactions. Several 
key challenges remain for TMD catalysts. Understanding the 
role of defects, synthesizing TMDs with controlled density of 
defects and structure,and enhancing their stability are a few 
examples. The recent progress on the synthesis of single layers 
and heterostructures of TMDs will allow new possibilities for 
designing effi cient electro- and photocatalysts.  
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