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This study presents a simple one-pot synthesis method to achieve
few-layered and defective Mo(S,Se), and (Mo,W)S, by using super-
critical water with organic reducing agents from simple and less-toxic
precursors. This synthesis process is expected to be suitable for
preparing other various kinds of TMD solid solutions.

Two-dimensional transition metal dichalcogenides (TMDs),
such as MoS,, MoSe,, WS,, NbS,, and TaS,, are attracting much
attention as energy-related materials for electrode catalysts,
battery electrodes, and field effect transistors."* In particular,
TMD materials are expected to be promising hydrogen evolu-
tion reaction (HER) catalysts.>* In 2H-MoS, and 2H-WS,, the
HER activity increases with increasing ratio of edges to the total
volume,>® and the S-vacancies also contribute significantly to
the electrocatalytic properties of MoS,.” In addition, high HER
activities have been demonstrated with few-layered TMDs with
composition control.**® Generally, solid-solutions of alloys
such as Mo(S,Se), and (Mo,W)S, are synthesized by a chemical
vapor deposition (CVD) process'** and a physical vapor depo-
sition (PVD) process.”*** CVD and PVD processes can produce
large single crystal domains and continuous films of TMD solid
solutions, while, they are not suitable for mass production of
edge-rich structured materials.

Materials synthesis based on the use of supercritical fluids
(SCFs) has various advantages, such as the dispersibility owing
to its natural convection and the fast reaction rate due to the
high diffusion rate of solute.®™ Our group previously
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fabricated Cu,ZnSnS,_,Se, thin films for the absorbing layer of
solar cells” and synthesized few-layered and defect-rich
MosS, ,Se, (ref. 19) as an HER catalyst using metal oxides as
metal sources, pure sulfur and selenium or selenium oxide as
chalcogen sources, and supercritical ethanol (scEtOH) as
a solvent. scEtOH has a high reductive power and plays a critical
role in reducing metal oxides. This method is easy for mass
production of solid solutions owing to the short reaction time
and is henceforth referred to as the SCF sulfurization and
selenization (chalcogenization) process.

The hydrothermal process is a well-known materials
synthesis process using water as a solvent at high-temperature
and high-pressure. Previously, synthesis of MoS, nanosheets
for the HER was demonstrated using the hydrothermal process
from MoO; and thiourea precursors.” This study proved that
metal phases and semiconductor phases of MoS, can be
synthesized depending on temperature. However, this process
requires a long reaction time (12 h) for synthesizing MoS,.

In this study, we developed a process using supercritical
water (SCW) instead of scEtOH under reductive and acidic
conditions to achieve simple rapid synthesis of few-layered and
defect-rich TMD solid solutions with high yield. This study
focused on the synthesis of MoSe,, MoS,, WS,, Mo(S,Se),, and
(Mo,W)S, nanosheets from MoO;, WOj3, pure sulfur, and sele-
nium at 400 °C for 30-60 min. We achieved the synthesis of
TMDs using metal oxides and pure chalcogen sources under
supercritical hydrothermal conditions.

The composition of Mo(S,Se), was controlled by changing
the molar ratio of the S and Se sources, while that of (Mo,W)S,
was controlled by changing the molar ratio of the MoO; and
WO; sources. To achieve the reductive and acidic conditions
in SCW, ascorbic acid with a redox potential of 0.390 V (vs.
SHE) as a reducing agent dissolved in water was employed for
MoS,, Mo(S,Se),, and MoSe,. On the other hand, since the
reduction reaction from tungsten trioxide to tungsten dioxide
has a lower reduction potential than that of molybdenum
trioxide, formic acid with a redox potential of —0.199 V (vs.
SHE) dissolved in water was used for synthesizing WS, and
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(Mo,W)S,. Detailed experimental methods are presented in
the ESL7

We analyzed the products using X-ray photoelectron spec-
troscopy (XPS) and the results are shown in Table S2.7 All
products showed almost stoichiometric compositions. After
ball milling mixtures of MoO; and WOj;, the Mo : W ratio was
around 0.5 : 0.5, and this ratio did not change significantly after
SCF sulfurization. The hexavalent Mo and W peaks had a very
low intensity. Hence, it was concluded that the reduction
process by ascorbic acid and formic acid had progressed suffi-
ciently during processing. Other elemental composition anal-
yses are shown in the ESLt

The results of detailed materials characterization of the
MoSe,, Mo(S,Se),, and MoS, are shown in Fig. 1(a-c). As shown
in the X-ray diffraction (XRD) patterns in Fig. 1(a), after SCF
chalcogenization of the MoOj; precursors, only broad peaks
corresponding to MoSe,, Mo(S,Se),, and MoS,, i.e., (100), (103),
and (110), were observed. The diffraction patterns were very
similar to those of the bulk materials,*® except that the (002)
peak, which is related to stacked layers, was not observed for
our samples (indicating that they were composed of a small
number of layers). In fact, the formation of few-layered MoS,
and a high monolayer content in the synthesized MoSe, were
verified from the Raman spectrum shown in Fig. S2.1 The XRD
peaks of Mo(S,Se), were located between the ones of MoS, and
MoSe,, attributed to the variation of the lattice constant as
a result of the substitution of S atoms by larger Se atoms,
demonstrating their mixing at the atomic level.

Fig. 1(b) shows the peaks for Mo 3d, S 2s, and Se 3p from
high-resolution XPS spectra of MoSe,, Mo(S,Se),, and MoS,. The
binding energies were calibrated using the C 1s peak. Based on
the valence states, the trigonal prismatic 2H phase was identi-
fied from the XPS spectra.'® Tetravalent Mo 3ds/, and Mo 3d;,
peaks were observed at ~229 eV and ~232 eV, respectively. It
was confirmed that the peak intensity of S 2s increased after
sulfur addition. Fig. 1(c) shows the peaks for S 2p and Se 3d
from the products. For Mo(S,Se),, both peaks derived from
sulfur and selenium were observed.

Results of the materials characterization of (Mo,W)S, and
WS, are shown in Fig. 2(a—c). All spectra of MoS, are the same as
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Fig.1 The materials characterization of synthesized MoSe,, Mo(S,Se),,
and MoS,. (a) XRD patterns, (b) XPS spectra of Mo 3d, and (c) XPS
spectra of S 2p/Se 3d.
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Fig. 2 The materials characterization of synthesized MoS,, (Mo,W)S,,
and WS,. (@) XRD patterns compared to the respective precursor
sources. XPS spectra of (b) Mo 3d for (Mo,W)S; and MoS, and (c) W 4f
for (Mo,W)S, and WS,.

those shown in Fig. 1(a-c). The XRD patterns of (Mo,W)S,, WS,,
and metal oxide precursors are shown in Fig. 2(a). After SCF
sulfurization for the precursors, peaks due to the metal oxide
precursors were not detected and only broad peaks corre-
sponding to (Mo,W)S, and WS,, ie., (002), (100), (103), and
(110), were observed. The (002) peak suggesting thicker stacking
structures was observed for (Mo,W)S, and WS,. In addition, the
XRD pattern of (Mo,W)S, showed peak broadening due to be
interstitial distortion in the planar direction due to mixing of
Mo and W. The broadening tendency was shown in a previous
report.”® The peak positions for (Mo,W)S, were very similar to
those for MoS, and WS,.

Fig. 2(b and c) show XPS spectra of Mo 3d and W 4f in the
synthesized (Mo,W)S, nanosheets. For comparison, we also
measured the XPS spectra of MoS, and WS, synthesized by
SCF sulfurization. As for both samples, the trigonal prismatic
2H phase was identified. The core levels of Mo 3d;, at
232.1 eV and Mo 3d;,, at 228.9 eV from the (Mo,W)S, sample
showed slightly lower binding energies than those of the
synthesized MoS,, while W 4f;,, (at 34.7 eV) and W 4f,, (at
32.5 eV) from (Mo,W)S, had slightly higher binding energies
than those in the synthesized WS,. In previous reports,">>*
a similar peak shift was confirmed. The observed shifts in Mo
3d and W 4f core levels indicate changes in the composition
by the incorporation of W in (Mo,W)S,. This phenomenon was
expected as the electron affinity of W (0.816 eV)** is larger than
that of Mo (0.747 eV).>® Hence, the monotonic shifts in the
core levels of Mo 3d and W 4f suggest that the W atoms were
randomly substituted for Mo in the 2D crystal lattice of MoS,
without any phase separation. Further results of character-
ization of the solid solutions using EXAFS analyses are shown
in Fig. S3 and S4.7F

Transmission electron microscopy (TEM) images of MoSe,,
Mo(S,Se),, MoS,, (Mo,W)S,, and WS, after SCF chalcogeniza-
tion of precursor sources are shown in Fig. 3(a-e). Flower-like
edge-exposed structures composed of nanosheets (1-5 layers)
with diameters of 50-200 nm were observed for MoSe,,
Mo(S,Se),, and MoS, synthesized under supercritical hydro-
thermal conditions with ascorbic acid. Although similar
flower-like structures were synthesized using a supercritical
ethanol process in our previous work,"” in this study, we
successfully synthesized thinner layer MoSe,, Mo(S,Se),, and

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM images of synthesized (a) MoSe;,, (b) Mo(S,Se),, (c) MoS,,
(d) (Mo,W)S; and (e) WS,. HAADF-STEM images and line scans along
the atomic rows of (f) Mo(S,Se), and (g) (Mo,W)S,.

MoS, using a supercritical hydrothermal process. In contrast,
(Mo,W)S, and WS, synthesized using formic acid had plate-
like structures, which was attributed to the different
reducing agent. With ascorbic acid as a reducing agent, the
dispersed acid molecules prevented aggregation of the chal-
cogenide layers due to its large molecular size, while formic
acid has a smaller molecular size, and the chalcogenide layers
were aggregated and restacked. It can be seen that WS, has
a larger basal area and thickness than (Mo,W)S,, suggesting
that distortion of the basal plane occurs due to the difference
in atomic radii between Mo and W, and crystal growth did not
proceed in the uniform plane direction.

The High-Angle Annular Dark Field Scanning TEM (HAADF-
STEM) images of Mo(S,Se), and (Mo,W)S, are shown in Fig. 3(f)
and (g), respectively. From the image of the monolayer region
according to Fig. 3(f) and (g), we analyzed the atomic distri-
bution in the sheet. In both cases, the trigonal prismatic 1H
phase was predominantly observed, with a defective structure.
The chalcogen sites in 1H-MoS, overlap with each other verti-
cally, and when observed from the Z axis direction with respect
to the plane, it is possible to obtain the signal strength of
chalcogen elements for two sites. Generally, the contrast of the
HAADF image is approximately proportional to the atomic
number to the power of 1.7,>* which was consistent with the
following combinations with contrast increasing in the order of
S + defect (111), S + S (223), Se + defect (401), S + Se (513), Mo
(575), Se + Se (803), and W (1506), where the numbers refer to
the sum of the atomic number to the power of 1.7. In Fig. 3(f)
for Mo(S,Se),, the bright areas were attributed to Mo atoms,
and the center of the triangle composed of neighboring Mo
atoms should be the position of chalcogen atoms. The bright-
ness should be higher for the combinations with Se compared
to S + S. Hence, yellow dots show Se + defect, S + Se or Se + Se
sites. In Fig. 3(g), since W has a high atomic number (and
hence, contrast), it is easy to differentiate W from Mo (darker
areas) and thus the blue dots represent the tungsten sites.
From the both HADDF-STEM images, the formation of solid

This journal is © The Royal Society of Chemistry 2019
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solutions in which each element was well dispersed was
confirmed. It seems that sulfur, selenium, molybdenum oxide,
and tungsten oxide were uniformly mixed due to the high
solubility and dispersibility of SCW, and the reaction pro-
gressed uniformly.

To verify the effect of solid-solution formation, the electro-
catalytic HER activity of five different samples was evaluated
considering the onset potential, overpotential, and Tafel slope,
where lower values of all of these parameters indicate better
HER performance. Here, the adjustment in hydrogen adsorp-
tion free energy (AGy) by composition control is a key factor
determining the function of HER catalysts, where AGy = 0 is
the optimum value as the HER proceeds via a series of
hydrogen adsorption and desorption steps on the surface of the
catalyst.”® It was proposed that the edges of Mo(S,Se), and
(Mo,W)S, can have intermediate AGy values between 60 meV
for MoS, and about —40 meV for MoSe, and WS,.?® Indeed, it
has been previously reported that MoS,_,Se, ** and Mo, _,W,-
S, *¢ have HER properties higher than pure MoS,, MoSe,, and
WS, by the solid solutions. Therefore, controlling the relative
composition enables optimization of AGy to near 0 and hence,
improves the HER performance according to the Sabatier plot
for the HER.

Fig. 4(a-d) show current-potential (I-V) curves from linear
sweep voltammetry (LSV) tests and the corresponding Tafel
plots. Synthesized pure MoS,, MoSe, and WS, showed a lower
overpotential and Tafel slope, respectively than those of each
bulk one.?”?® This can be attributed to the fact that
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Fig. 4 (a) Current—potential curves at 10 mV s~ for the 3 cycle, and
(b) Tafel plots of the /-V data at 5 mV s* for the 4" cycle for all
synthesized samples. (c) Current—potential curves at 10 mV s~ for the
224" cycle and (d) Tafel plots of the /-V data at 5 mV s~* for the 225"
cycle for Mo(S,Se), and (Mo,W)S,.
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synthesized MoS,, WS, and MoSe, have more edges than bulk
ones as shown in Fig. 1 and the result of EXAFS (see ESIt). At
the early LSV cycle, Mo(S,Se), and (Mo,W)S, showed a smaller
onset potential (~90 mV) and overpotential (222 mV) at 10 mA
cm~? than synthesized pure MoS,, MoSe,, and WS,. It is
proposed that controlling the relative composition of S and Se
for Mo(S,Se),, and Mo and W for (Mo,W)S, shifted AGy
toward 0, resulting in a smaller overpotential. In addition, the
Tafel slopes were in the range of 70-95 mV dec ™" at the early
cycle. MoSe, should have a lower AGy value than those of
MoS, and Mo(S,Se),, where hydrogen tended to adsorb on the
surface. After turning a long LSV cycle, although a decrease in
the Tafel slope was confirmed, the onset potential and over-
potential of (Mo,W)S, showed a slight increase, suggesting
some decrease in HER activity. Meanwhile, a decrease in the
onset potential (80 mV), overpotential (198 mV at 10 mA
ecm %), and Tafel slope (66 mV dec ') of Mo(S,Se), was
observed with increasing cycle number. It is hypothesized
that the improved HER activity of Mo(S,Se), compared to the
control samples was due to dissolved amorphous Se (see
ESI{) in the test cell. These results show that, by forming solid
solutions, the electrocatalytic HER performance was
improved compared with pure samples. On the other hand,
the HER performance is somewhat inferior to that of the Pt/C
electrode with the highest HER activity?” and Mo(S,Se), and
(Mo,W)S,, synthesized by solvothermal or hydrothermal pro-
cessing in previous reports shown in Table S4.f However,
there are advantages to our process in synthesis reaction time
(<60 min) and process simplicity (one-pot, simple and less-
toxic precursors). In this study, although the HER activities
of synthesized Mo(S,Se), and (Mo,W)S, did not reach those of
Pt/C and the state of the art electrodes, by properly control-
ling the ratio of Mo, W, S, Se and other elements such as Ta,
Nb, Co and Pt, it is possible to obtain higher HER activity
approaching that of Pt/C.

Conclusions

In summary, the proposed synthesis process successfully
produced defective and composition-controlled Mo(S,Se), and
(Mo,W)S, nanosheets from MoO;, WO3, and pure sulfur and
selenium precursors at 400 °C for 30-60 min. This process has
a shorter reaction time and is simpler than other TMD synthesis
processes and does not use highly toxic precursors such as
hydrogen sulfide or thiourea as sulfur and selenium sources.
Moreover, the synthesized Mo(S,Se), and (Mo,W)S, nanosheets
showed higher HER activity than synthesized MoS,, WS,, and
MoSe,. The SCW hydrothermal synthesis process is expected to
be suitable for preparing various kinds of chalcogenide nano-
sheet solid solutions, and is considered a simple process that
has less environmental impact than the existing methods due to
the use of water as a solvent.
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