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An optimal Wy 4Mog ¢S, solid solution, equipped with rich intrinsic
defects, exhibits excellent stability in both 0.5 M H,SO,4 and 2.0 M
NaCl, showing negligible activity degradation after continuous 50
hours of working, thereby showing outstanding practical prospects.

Hydrogen energy is an ideal energy storage medium coupling
carbon-negative green electricity. Producing hydrogen through
the electrochemical hydrogen evolution reaction (HER) in water
electrolysis technologies would bring innumerable ecological
environmental and economic benefits." The high investment
and operating costs have greatly limited its large-scale devel-
opment owing to severe dependence on state-of-the-art pre-
cious metal Pt-based electrocatalysts.> Therefore, development
of non-noble metal catalysts that are utilizable in harsh condi-
tions (acidic and saline waters) is currently receiving enormous
attention is yet of significant challenge.’

Transition metal dichalcogenides (TMDs), especially molyb-
denum sulfide (MoS,) are promising candidates due to the high
similarity of hydrogen adsorption/conversion chemistry to Pt.>’
However, their semiconductor properties limit the electronic
transmission during the electrochemical process.® In addition,
that makes substantial active sites distributed at the edges.’
Thus, the construction of array structures, alien element doping,
and other methods have been adopted to achieve higher edge
activity.'®'" Recent studies also suggest that introducing S defects
in the basal plane benefits the optimization of the electronic
structure of MoS, to enhance the overall electrocatalytic
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Defect-rich W;_,Mo,S, solutions for efficient H»
evolution in acidic electrolytesf

% and

activity.'">"® Electrochemical reduction, H, annealing, and argon
plasma exposure were the general approaches used to remove S
from the basal planes of MoS, partially, but were usually com-
plicated and high operation temperatures were needed.'*™*®
Developing a facile but efficient method to produce rich sulfur
defects throughout MoS, materials remains challenging.

Herein, we develop a simple method that can in situ induce
rich S defects in W, _,Mo,S, solid solution based on formamide
chemistry, in which Mo and W atoms were firstly confined by
rich N ligands derived from formamide.'® Adopting the vulca-
nization operation enables formamide-derived N-doped carbo-
naceous materials to decompose gradually, creating a reductive
atmosphere to promote the formation of S vacancies/defects on
W;_,Mo,S, materials. Raman spectra and X-ray photoelectron
spectroscopy (XPS) results confirmed the presence of abundant
S defects. Electrochemical measurements demonstrated the
coexistence of W and Mo with an optimal ratio of 4: 6 and rich
in situ formed S defects can significantly improve the HER
activity in both 0.5 M H,SO, and 2.0 M NaCl. An overpotential
of only 203 mV vs. RHE is needed to achieve a current density of
10 mA cm™” in an acid electrolyte, which is much smaller than
that for pure phase MoS, (281 mV vs. RHE) and WS, (277 mV vs.
RHE). The W, 4Mo, S, sample also showed excellent activity
stability for over 50 hours.

W;_,Mo,S, materials were prepared through a modified
procedure involving (1) the anchoring of W/Mo species on
formamide-derived N-doped carbonaceous materials and (2)
annealing at high temperature in the presence of S vapor, as
has been graphically depicted in Fig. S1 (ESIt). A range of molar
ratios of W to Mo were adjusted to investigate its effect on HER
activity. Firstly, the texture of the MoW-NC precursor was
examined using scanning electron microscopy (SEM) (Fig.
S2a, ESIt) and transmission electron microscopy (TEM) (Fig.
S2b, ESIt), revealing the typical fine particle-stacking morphol-
ogy of the MoW-NC-180 precursor. High-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) images (Fig. S2c, ESI{) suggest the even distribution of
the W, Mo, C and N elements in the precursor. By utilizing XRD
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Fig. 1 (a) TEM image and (b) HRTEM-HAADF image and element mapping
images of Wg 4M0g S,. (c) Raman and (d) EPR spectra of WS,, Wo 4M0g 652,
and MoS,.

and Raman techniques (Fig. S3, ESIt), the MOW-NC precursor
was shown to be a mixed configuration of Mo,C and graphitic
carbon materials.

All the W,_,Mo,S, samples exhibit similar XRD patterns
(Fig. S4, ESIt), suggesting the same crystal structure of 2H
phase MoS, or WS,. The diffraction peaks at 14.3°, 33.4°, 40.1°,
and 58.5° are well in agreement with the (002), (101), (103), and
(110) planes of hexagonal 2H-MoS, (JCPDS 37-1492). The pure
phases of MoS, and WS, (JCPDS 08-0237) were also prepared
for comparison. SEM images (Fig. S5, ESIt) reveal the typical
flower-like infrastructure upon the introduction of W. For the
W,.4Mo ¢S, sample, diverse lattice fringes with an interplanar
distance of 0.63 nm corresponding to the (002) plane of MoS,
can be observed in higher resolution TEM (HRTEM) images
(Fig. 1a), which are larger than that of natural MoS, (0.62 nm),"*
and which may be due to the presence of defects enlarging the
interlayer space. The main elements of Mo, W, S, C, and N are
evenly distributed, as displayed in Fig. 1b; the presence of C
and N signals may arise from the residual N-doped carbon from
the formamide-derived precursor.>®*' The N, adsorption-
desorption isotherms suggest that the W, ;M0 ¢S, possesses
a larger surface area of 74.91 m* g~ over MoS, (66.49 m”> g~ )
and WS, (44.48 m*> ¢~ ') (Fig. S6, ESIT).

Fig. 1c shows the Raman spectra of MoS,, WS,, and
W.4MO0yg 6S,. Wo.4sMo0y 6S, exhibits a similar pattern to that of pure
phase MoS,, confirming that the crystal structure of this solid
solution bears more resemblance to that of MoS,. The bands
positioned at 276 and 372 cm ' can be assigned to the Eq
vibration mode and the in-plane E;, vibration mode of 2H phase
MoS,.%° The peaks located at 142, 233, and 331 em™? correspond
to the J;, J», and J; peaks of 1T phase MoS,, which should originate
from the defect-induced phase transformation.*® The peaks at 373
and 398 cm ™' correspond to the Ej, and A;, modes of MoS,; when
W is introduced into the lattice of MoS,, both the A;; and Eig
modes become broadened and show intensity attenuation, sug-
gesting the different vibrations of the S atom due to the

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm

replacement of the W atom. Meanwhile, compared with the pure
MoS,, the J;, Ay, and Eig modes of W, 4Moy ¢S, shift to higher
frequencies, demonstrating that crystal symmetry was broken to
some extent. The minor bands located at 107, 119, 190, and
207 cm ' suggest that the lattice structure has been distorted
owing to the largely altered structure during the in situ trans-
formed process from W/Mo-NC to Wy 4Mo0o S, solution.**** An
indicator of the intensity ratio of the peak at 107 cm ™ * (disordered)
to the 1T-J1 peak is made to compare the disordering extent, as
marked in Fig. 1c, which shows that W, 4sM0g S, has an Iyisorder/
Lty of 1.046, which is much larger than that of MoS, (0.871),
implying that W, sMo0, S, has a higher extent of defects. The broad
peaks at 1359 and 1606 cm ™" at the high frequency can be assigned
to the disorder (D) and graphitization (G) bands of graphitic
carbon. It is also noteworthy that W, 4Mo, S, also shows char-
acteristic peaks of WS,, the peaks at 305 and 344 cm ' that
correspond to the emergence of J; and Eig modes of WS,. In
addition, the EPR spectra in Fig. 1d confirm that there appear
strong signals at the g factor = 2.003 in the W, ;Mo ¢S, sample,
confirming the existence of more sulfur vacancies in Wy 4Mo0g ¢S,
than in MoS,.

The XPS survey (Fig. S7a, ESIT) identifies the presence of the
W, Mo, S, C, and N elements in W, Mo, ¢S,. The elemental
contents of W, 4Mo,6S, measured by XPS suggest that the
atomic ratio of W, Mo and S atoms was 0.35:1:2.28 (Table
S1, ESIt). Fig. 2a shows that there is some energy overlapping
between N 1s and Mo 3p, where the N species are mainly
divided into pyridinic N, pyrrolic N, and graphitic N. The high-
resolution Mo 3d spectrum (Fig. 2b) of W, 1Mo, ¢S, displays two
characteristic peaks around 229 and 232 eV, which can be
attributed to the 3d;, and 3ds,, branches for Mo** species in
the 2H phase. Compared to pure MoS,, these are two peaks
showing obvious negative shifts of x~0.2 eV in W, 4Mo0g 6S,,
proving that W doping in MoS, increases the surface electron
density of Mo, which may benefit the release of H atoms on
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MoS,, promoting the HER process.>® For the XPS spectrum of
W (Fig. 2c), three peaks located at 33.1, 35.2, and 37.4 eV
correspond to the W 4f;,, 4f5,,, and 5p3,, branches, and there
exists a slight negative shift of about 0.1 eV compared to that of
pure WS,, confirming the presence of W** in MoS,. As shown in
Fig. 2d, two typical peaks at 162.5 and 163.7 eV are assigned to
the S 2p;/, and S 2p;, orbitals of the S, species in Wy 4M0y 6S.,
and the obvious negative shifts of 0.1 and 0.2 eV can be
observed compared with that of pure phase MoS, and WS,,
indicating the reduced electron density which originates from
the positively charged sulfur defect in Wy 4Mog6S,.>*>> The
above-compared evidence reveals a synergistic effect between W
and Mo atoms that greatly affects the chemical states of S and
therefore the performance of § sites.?*2728

The HER performance was first measured in 0.5 M H,SO,.
To reflect the real working conditions, all the linear sweep voltam-
metry (LSV) curves were presented without any iR-correction
(Fig. 3a). The LSV curves demonstrate that all the samples show
improved electrocatalytic activity compared to MoS, or WS,; when
the feeding molar ratio of W:Mo reaches 4:6 (W,4Mo0,6S, as
mentioned above), optimal HER electrocatalytic activity is achieved,
which needs only 203 mV vs. RHE to reach a current density of 10
mA cm !, which is much smaller than that of MoS, (281 mV vs.
RHE) and WS, (277 mV vs. RHE) (Fig. 3b). Tafel slopes are obtained
from their LSV curves. W, ;2Mo, ¢S, displays the smallest Tafel slope
value (74.95 mV dec™ ') among these W;_,Mo,S, samples (Fig. 3b
and Fig. S8, ESIt), proving that it experiences a Volmer-Heyrovsky
mechanism (H*(aq) + €~ — Haqs, H'(aq) + Hags — Hy(g)).>° The
HER activity of W, 4Mo0, ¢S, is also measured in 1 M NaOH
for comparison (Fig. S9, ESIY), and the W, 4Mo, ¢S, shows a
lower overpotential of 260.2 mV to obtain a current density of
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Fig. 3 Electrochemical measurements of W;_,Mo,S, and Pt/C in 0.5 M
H,SO4: (a) polarization curves, (b) overpotentials at the current density of
10 mA cm™2 (i30) and Tafel slope of TOF curves, (c) polarization curves
after normalized by BET surface area, (d) TOF curves, (e) long-term
durability tests with a three-electrode setup. Water splitting measurement
using Wy 4M0g 6S2[|RUO, in 0.5 M H,SO4 and 2.0 M NaCl: (f) LSV curves, (g)
long-term stability test.
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10.0 mA cm 2, which is almost 60 mV more sluggish than that
in 0.5 M H,S0,.

The LSV curves were also normalized by the BET surface to
eliminate the influence of surface area on catalytic performance
evaluation (Fig. 3c); W, .4Moy ¢S, needs the smallest potential to
reach the same current densities, implying the beneficial effect of
W doping. Cyclic voltammetry (CV) measurements at pH = 7
phosphate buffer electrolyte (Fig. S10, ESIT) were conducted to
estimate the number of active sites (n), and the LSV curves could
be normalized by n and expressed in the form of the turnover
frequency (TOF) (Fig. 3d).>*"** At the same potential of 250 mV vs.
RHE, the TOF value for W, ;JM0, S, is 0.55 s+, which is 1.9 and
2.8 times that for the WS, (0.29 s~ ') and MoS, (0.19 s~ '), proving
the high intrinsic per-site catalytic activity of W;4Mo0g6S,.
Double-layer capacitance (Cq) values were estimated from the
CV curves from 20 to 120 mV s ' in a non-faradaic potential
window of 0-0.2 V vs. RHE (Fig. S11, ESIt); the W, ;Mo ¢S, shows
the highest Cy; value of 17.0 mF cm™? compared to WS, and
MoS,, corresponding to the largest electrochemically active sur-
face area (ECSA) (~117 ecm?), which is consistent with the BET
surface area analysis, beneficial to the exposure of accessible
active sites.>® Fig. S12a (ESIt) displays the electrochemical impe-
dance spectroscopy (EIS) curves, and the equivalent electrical
circuit consisting of the solution resistance (R), constant phase
angle element (CPE), and the charge transfer resistance (R.) was
also provided.>* The electrochemical impedance circuit fitting
and the values of these parameters can be found in Fig. S12b-d
and Table S2 (ESIf). The W, 4Mo0,6S, has the smallest R, of
2.93 Q, indicating the quickest electron transfer rate during
electrocatalysis. The HER electrochemical performance of the
W,.4MOy 6S, is superior to or at least parallel to that of previously
reported sulfides, as summarized in Fig. S13 (ESIT). Besides, the
W,.4Moy ¢S, also shows very good durability, as shown in Fig. 3e,
at both high and low current densities of 70 and 10 mA cm ™" for
more than 20 h.

Thereafter, W, ;Mo0, S, and RuO, were assembled into a two-
electrode water electrolyzer to test the overall water-splitting
performance. The overall water electrocatalysis, as shown in
Fig. 3f, can be driven at a very low voltage of 1.51 V in 0.5 M
H,SO0,. It needs only a low potential of 1.78 V to drive the current
density to 10 mA cm 2. Moreover, we also tested the overall water
electrocatalysis electrochemical activity of the W, ;M0 ¢S,/ RuO,
system in 2.0 M NaCl, which can be treated as a simulation of
seawater splitting. As shown in Fig. 3f, about 2.0 V was needed to
reach a current density of 10 mA cm ™2 Both in 0.5 M H,SO, and in
2.0 M NacCl, the activities of W, ,M0,¢S, can be maintained for at
least 50 hours without obvious degradation (Fig. 3g). The XPS
spectra of W, ;Mo 6S, after the long-term stability test in 0.5 M
H,SO, are displayed in Fig. S14 (ESIt). As examined, very close
curve patterns are shown compared to those of fresh W, sMoy ¢S,.
After long-term operation in the harsh 0.5 M H,SO, electrolyte, the
Wy.4Moy 65, still shows intact morphology and even distribution of
Mo, W, and S (Fig. S14e and f, ESIT). Meanwhile, the elemental
contents on the material surface display insignificant changes
(Table S3, ESIt), suggesting a robust structure under harsh mea-
suring conditions.

This journal is © The Royal Society of Chemistry 2024
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In summary, a facile and efficient method has been adopted
to produce W;_,Mo,S, solid solutions possessing rich intrinsic
S defects. The replacement of W on Mo atoms disturbs the
crystal symmetry and allows a reductive atmosphere created by
the combustion of the formamide-derived N-doped carbonaceous
precursor to more profoundly impact the lattice structure, result-
ing in more abundant S defects for the enhancement of electro-
catalytic HER activity. Indeed, the W, ;Mo0, ¢S, sample displays
the best HER electrocatalytic activity among all the W;_,Mo,S,
samples, requiring a very low overpotential of 203 mV vs. RHE to
reach a current density of 10 mA ecm ™" in 0.5 M H,SO,, which is
much smaller than that for MoS, and WS,. Assembled with RuO,,
into a two-electrode water splitting system, a low cell voltage of
1.51 V was needed to drive the overall water electrolysis in 0.5 M
H,SO,. Moreover, about 2.2 V was needed to reach a current
density of 10 mA cm™? in 2.0 M NaCl. The W, sMoy ¢S, also shows
excellent activity retention and structural stability for continu-
ously working in 0.5 M H,SO, for over 50 hours, suggesting its
practical application prospects in both acid water and seawater
electrolysis.
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