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ABSTRACT: The exposure of rich active sites is crucial for
MoS2 nanocatalysts in efficient hydrogen evolution reaction
(HER). However, the active (010) and (100) planes tend to
vanish during preparation because of their high surface energy.
Employing the protection by thiourea (TU) reactant, a
microwave-assisted reactant-protecting strategy is successfully
introduced to fabricate active-site-rich MoS2 (AS-rich MoS2).
The bifunctionality of TU, as both a reactant and a capping
agent, ensures rich interactions for the effective protection and
easy exposure of active sites in MoS2, avoiding the complicated
control and fussy procedure related to additional surfactants and templates. The as-obtained AS-rich MoS2 presents the superior
HER activity characterized by its high current density (j = 68 mA cm−2 at −300 mV vs RHE), low Tafel slope (53.5 mV dec−1)
and low onset overpotential (180 mV), which stems from the rich catalytic sites and the promoted conductivity. This work
elucidates a feasible way toward high performance catalysts via interface engineering, shedding some light on the development of
emerging nanocatalysts.
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■ INTRODUCTION

Hydrogen is considered as a clean energy carrier alternative to
exhaustible resource.1,2 And the electrochemical hydrogen
evolution reaction (HER) from water has become a hotspot
in sustainable hydrogen production, promoted by the booming
technology for generating electricity from renewable resources
(e.g., sunlight and wind).3,4 Although noble metals, e.g.,
platinum, show high efficiency in electrochemical HER, the
scarcity and high cost severely inhibit their practical
application.5−7 In this regard, advanced catalysts with element
abundance, economic cost, and high stability are desired for
HER to scale-up such clean energy technologies.7−9

With a hydrogen-binding energy approximate to that of Pt,
molybdenum disulfide (MoS2) displays a good activity in HER
from water, and the earth-abundance and economic-cost
significantly ensure it as one of the promising substitutes for
high-cost Pt catalysts.6−8,10 The pioneering work of Chorken-
dorff has demonstrated that the (010) and (100) planes of
MoS2 exposing unsaturated Mo- and S-edges are active for
HER, whereas the basal plane of (002) is inert.11 Motivated by
this understanding, intense research efforts have been focused
on the surface engineering of nanosized MoS2 to maximize the

number of exposed edge sites.7,12−15 For example, MoS2 with
rich edge-sites can be achieved on an ordered double-gyroid
network with nanopores via hard-templating processes.16 And
1T-MoS2 monolayers with intrinsically promoted edge-sites can
be obtained through chemical and electrochemical exfoliation
of 2H-MoS2 bulks, via which new active sites are even created
on the basal planes due to crystal-strain.17−20 However, the
above strategies suffer fussy procedures or rigid manipulation
expelling O2 and water. Moreover, although hydro/solvo-
thermal processes provide a facile achievement to various
nanostructured MoS2,

21−24 the desired exposure of edge-sites is
usually absent because the (010) and (100) planes with high
surface energy tend to vanish, leaving inert (002) exposed.6

This highlights the importance of protecting active sites via the
rich interactions during hydro/solvothermal synthesis.
Herein, we propose a reactant-protecting strategy to achieve

rich active sites on MoS2 through a microwave (MW) assisted
hydrothermal route, as shown in Scheme 1. Enhanced by MW
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irradiation, the capping of excessive thiourea (TU) on in situ
formed MoS2 (denoted as TU-capped MoS2) effectively
protects the active planes during crystal growth. After the
following treatment with diluted H2SO4, TU capping is
removed, resulting in active-site-rich MoS2 (denoted as AS-
rich MoS2) nanosheets. In this strategy, MW irradiation
accelerates the synthesis of MoS2 to several minutes owing to
the special heating via dipolar polarization and ionic
conduction.25,26 And, TU acts not only as a reactant but also
as a capping agent for protecting active sites, avoiding the
complicated control and fussy procedure associated with
additional surfactants and templates.27 As a result, such AS-
rich MoS2 delivers an excellent HER activity with a high current
density of 68 mA cm−2 (at η = 300 mV), a low η10
(overpotential required to reach a current of −10 mA cm−2)
of 220 mV, a low Tafel slope of 53.5 mV dec−1, and a low ηonset
(overpotential referring to the beginning of linear regime in
Tafel plot) of 180 mV, outperforming those of MoS2 fabricated
by conventional hydrothermal methods.28−31 As further
compared with the edge-terminated MoS2 derived from fussy
templating, mechanically activated annealing, electro-polymer-
ization and electrochemical Li-intercalation procedures,16,32−34

our AS-rich MoS2 possessing the comparable electrocatalytic
activity is highlighted by its facile synthesis with dramatically
reduced reaction time. This work further reveals that the
effective protection and good exposure of active sites are
indispensable to access active MoS2 catalysts, verifying the
reactant-protecting mechanism.

■ RESULTS AND DISCUSSION

Through a typical MW-assisted hydrothermal process, TU-
capped MoS2 is fabricated by reacting ammonium heptamo-
lybdate with excessive TU (ns/nMo = 12.0) at 220 °C for only
10 min, and after the following treatment with 0.05 M H2SO4 at
150 °C, the AS-rich MoS2 nanosheets are finally received.
Figures 1a, b show the scanning electronic microscopy (SEM)
images of TU-capped MoS2 and AS-rich MoS2. Similar
nanosheets with a lateral size of 200−300 nm are observed in
both TU-capped MoS2 and AS-rich MoS2, confirming the well-
retained morphology after H2SO4 treatment. In their transition
electronic microscopy (TEM) images (Figure 1c, d), the lattice
fringes of 0.27 nm can be indexed as the (100) or (010) of
hexagonal MoS2. And the corresponding fast Fourier transform
(FFT) patterns, showing irregular diffraction rings, suggest the
disordered arrangement of nanodomains on both nanosheets
with abundant defects.22,35,36 Moreover, TU-capped MoS2
shows a larger interlayer spacing of 0.92 nm (Figure 1c), in
contrast to that of 0.62 nm in AS-rich MoS2 with typical
hexagonal phase (Figure 1d). Obviously, a structural evolution
is indicated from TU-capped MoS2 to final AS-rich MoS2
nanosheets.

The structural evolution from TU-capped MoS2 to AS-rich
MoS2 nanosheets, related to TU removal, was further
investigated by X-ray diffraction (XRD), Fourier Transform
Infrared (FT-IR) and thermogravimetric analysis coupling with
differential scanning calorimeter (TGA/DSC) analysis. Figure
2a shows the XRD patterns of the TU-capped MoS2 and the
AS-rich MoS2 for comparison. Besides the characteristic
diffraction peaks assigned to (100), (102) and (110) of
hexagonal MoS2 (JCPDS No. 37−1492), a shifted peak (2θ =
9.64°, d = 9.16 Å) associated with the expanded (002) d-
spacing is observed in TU-capped MoS2. It disappears in AS-
rich MoS2, and instead of that, the peak attributed to typical
MoS2 (002) emerges. This is in accordance with the
observation by TEM (Figures 1c, d). Furthermore, their FT-
IR spectra illustrate the corresponding evolution in composi-
tion (Figure 2b). TU-capped MoS2 displays the absorption
bands associated with vCS (1400 cm−1), vC−N (1108 cm−1)
and δN−H (619 cm−1), which are absent in AS-rich MoS2,
demonstrating the removal of TU by H2SO4 under MW-
irradiation (CS(NH2)2 + H2SO4 = 2SO2 + N2 + CO2 + 3H2O).
Accordingly, in TGA/DSC curves (Figure 2c), TU-capped
MoS2 presents an obvious weight loss and two endothermic
peaks in the range of 280−350 °C due to the decomposition of
adsorbed TU. In comparison with the easier decomposition of
free TU (175−245 °C, Figure S1), this delayed decomposition
implies strong interactions between TU and MoS2 in TU-
capped MoS2. Because of the successful removal of TU by
diluted H2SO4, the above evolution is negligible in AS-rich
MoS2. Noticeably, the similar exothermic reactions around
250−260 °C in their DSC curves are probably associated with
the conversion of high-surface-energy planes to stable ones
upon heating.

Scheme 1. Schematic Illustration for the MW-Assisted Reactant-Protecting Strategy

Figure 1. (a, b) SEM and (c, d) TEM images of (a, c) TU-capped
MoS2 and (b, d) AS-rich MoS2 nanosheets. Insets of c and d are the
FFT patterns obtained on nanosheets.
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Obviously, TU can be integrated with MoS2, and then
removed by the treatment with diluted H2SO4. Regarding the
high surface energy of (100) and (010) planes in MoS2,

6 it is
reasonable to assign most of the TU protection to edge-sites
(Figure 2d). Not only that, the observably enlarged interlayer
spacing (d = 9.16 Å) in TU-capped MoS2 further implies that
some of TU intercalates into S−Mo−S layers, which is similar
to the founding in interlayer-expanded MoS2 (d = 9.4 Å)
intercalated by oxidized N,N-dimethylformamide species.37

However, it is different from recent work reporting expanded
interlayers in hydrothermally prepared MoS2.

22,38,39 Xie et al.
ascribed a large interlayer spacing of d = 9.5 Å to oxygen
incorporation,22 in which the absence of TU was confirmed by
IR and TGA investigations. Meanwhile, it is reported by other
groups that the intercalation of NH4

+-cation will expand the

interlayer spacing of MoS2.
38,39 To determine the state of N in

TU-capped MoS2, we performed X-ray photoelectron spectra
(XPS) analysis (Figure S2). The N 1s binding-energy of 399.8
eV is close to that of alkylamine (399.6 eV), but far from that of
ammonium (402.4 eV),40,41 indicating the presence of TU but
not NH4

+. This further confirms the TU intercalation into S−
Mo−S layers of TU-capped MoS2 (Figure 2d) due to the
interactions between TU and the sites on basal planes. And,
extra active sites (e.g., defects) beyond edges can be even
created after TU removal.
Moreover, the chemical states of Mo and S in both TU-

capped MoS2 and AS-rich MoS2 are analyzed by XPS
measurement. As shown in Figure 3, the coincident XPS
peaks of Mo 3d3/2, Mo 3d5/2, S 2p1/2, and S 2p3/2 in the both
two samples verify the similar chemical environment of Mo and

Figure 2. (a) XRD patterns, (b) FT-IR spectra, (c) TGA/DSC curves of TU-capped MoS2 and AS-rich MoS2 nanosheets, and (d) schematic
structural evolution from TU-capped MoS2 to AS-rich MoS2.

Figure 3. XPS profiles of (a) Mo 3d and (b) S 2p in TU-capped MoS2 and AS-rich MoS2 nanosheets.
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S before and after TU removal. In Mo 3d profiles (Figure 3a),
the peaks at 229.0 ± 0.1 and 232.0 ± 0.1 eV are ascribed to
3d5/2 and 3d3/2 of Mo4+, respectively.42 And those located at
232.7 and 235.2 eV are associated with Mo6+ resulting from the
surface oxidation of MoS2 in air. The small satellite-peak
around 226.1 corresponds to 2s of S species.23 Meanwhile, the
peaks at 161.6 ± 0.1 and 163.2 ± 0.1 eV in the both of TU-
capped MoS2 and AS-rich MoS2 are assigned the 2p3/2 and
2p1/2 of S

2− (Figure 3b).23,42 The visible ones for S 2p3/2 (162.4
eV) and S 2p1/2 (163.9 eV) indicate the presence of bridging
S2

2−, which are related to the well-maintained active sites.23

To investigate the reactant-protecting strategy toward
improved electrocatalytic HER performance, we modified
TU-capped MoS2 and AS-rich MoS2 onto glassy carbon
electrodes (GCEs) for test in 0.5 M H2SO4 solution using a
typical three-electrode setup. Figure 4a displays the polarization

curves of TU-capped MoS2 and AS-rich MoS2 with iR-drop
corrections, along with the performance of the benchmark Pt/
C catalyst. The featureless polarization curve for bare GCE
guarantees a minimal background. Remarkably, AS-rich MoS2
presents a well-improved activity, as compared with TU-capped
MoS2. To achieve a current density of 10 mA cm−2, they
require a η10 of 220 and 255 mV, respectively. At η = 300 mV,
the current density of 68 mA cm−2 delivered by AS-rich MoS2 is
nearly three times as high as that by TU-capped MoS2 (26 mA
cm−2).
Tafel plot is a useful metric to assess the HER performance

of electrocatalysts and at the same time is an available indicator
of the reaction mechanism.43−45 As displayed in Figure 4b, a
ηonset of 180 mV and a Tafel slop of 53.5 mV dec−1 are observed
on AS-rich MoS2, which are respectively lower than those for
TU-capped MoS2 (225 mV and 84.5 mV dec−1). The small
Tafel slope of AS-rich MoS2 indicates a fast increase of
hydrogen generation rate with the applied overpotential,
corresponding to the high activity presented in the polarization
curves. According to the classic theory, HER in acidic aqueous
media proceeds in two steps (eqs 1−3),7,44 where the *
indicates the active site of MoS2, and H* a hydrogen atom
bound to an active site. The first one is a discharge step
(Volmer reaction) with a Tafel slope of 118 mV dec−1 (eq 1),
and the second one is either the ion and atom reaction
(Heyrovsky reaction) with a slope of 40 mV dec−1 (eq 2) or the
atom combination reaction (Tafel reaction) with a slope of 30
mV dec−1 (eq 3).7,10,44 Although the Tafel slope alone is
insufficient to determine the specific mechanism, the evidently
reduced slope on AS-rich MoS2 (53.5 mV dec−1), as compared

with that on TU-capped MoS2 (84.5 mV dec−1), still confirms
the promoted Volmer step in HER kinetics.42 In this way, the
Volmer reaction as the rate-determining step can be eliminated
on AS-rich MoS2.

+ + * → * ++ −H O (aq) e H H O(l)3 2 (1)

+ + * → * + ++ −H O (aq. ) e H H (g) H O(l)3 2 2 (2)

* + * → * +H H 2 H (g)2 (3)

As compared with that of TU-capped MoS2, the obviously
improved HER performance in AS-rich MoS2 confirms the
function of reactant-protecting under MW irradiation, which
stems from the well-retaining active sites. The accurate
measurement of the effective electrochemically active surface
area (ECSA) is difficult owing to its unclear capacitive behavior.
Because the double-layer capacitances (Cdl) is linearly propor-
tional to ECSA, an alternative way to calculate Cdl is utilized in
many previous reports,17,22,37,46 providing a relative compar-
ison. In this work, cyclic voltammograms (CV, Figure S3) were
taken in the region of 150−350 mV vs RHE, in which CV
responses mostly results from the charging of double-layer.
And, the Cdl value can be estimated by plotting the ΔJ/2 at 250
mV vs RHE against the scan rate, where the slope is the Cdl.
The obviously increased Cdl of 25.7 mF cm−2 is presented by
AS-rich MoS2 nanosheets (Figure 5a), three times of that by

TU-capped MoS2 (8.4 mF cm−2). This indicates the high
exposure of active surface via MW-assisted reactant-protecting
strategy. Furthermore, electrochemical impedance spectroscopy
(EIS) analysis was also applied to study the electrode kinetics
during HER process. As shown in the Nyquist plots (Figure
5b), AS-rich MoS2 has a smaller charge transfer resistance (Rct)

Figure 4. (a) Polarization curves with the scan rate of 2 mV s−1 in 0.5
M H2SO4, and (b) the corresponding Tafel plots of TU-capped MoS2,
AS-rich MoS2, and Pt/C (40% Pt on carbon black from Johnson
Matthey), with a loading mass of 0.285 mg cm−2.

Figure 5. (a) Estimation of Cdl by plotting the current density
variation (Δj = (ja − jc)/2, at 250 mV vs RHE; data obtained from the
CV in Figures S3a, b) against scan rate to fit a linear regression, and
(b) Nyquist plots (at η = 200 mV) of TU-capped MoS2 and AS-rich
MoS2 catalysts.
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of 165.5 Ω than that of TU-capped MoS2 (395.5 Ω), indicating
the fast Faradaic process and thus a high HER activity. The
obviously reduced Rct on AS-rich MoS2 can be ascribed to the
removal of TU molecules, which are insulating and hinder the
electron transfer in MoS2 nanocatalysts. In addition, a control
experiment fabricating MoS2 without TU protection further
verifies the above function of reactant-protecting toward a high
activity on MoS2. Such MoS2 nanosheets, which are directly
synthesized from reacting AHM with TU (RS/Mo = 12.0) in
0.05 M H2SO4 under the same MW condition, only display a
low HER activity due to the eliminated TU protection by
H2SO4 (Figure S4).
Moreover, the long-term stability of AS-rich MoS2 and the

ability to continuously catalyze the generation of H2 was
examined using cycling continuously for 1000 cycles and
chronoamperometry, as shown in Figure 6. At the end of the

cycling procedure, the catalyst affords similar j−V curves to the
initial cycle with negligible loss of the cathodic current. As been
further evaluated by prolonged electrolysis at a fixed potential
(−195 mV vs RHE, inset of Figure 6), the current density of
AS-rich MoS2 generally remains stable in 0.5 M H2SO4 for 24 h.
Remarkably, the as-received AS-rich MoS2 exhibits a good

HER activity featured by a high current density of 68 mA cm−2

(η = 300 mV), a low η10 of 220 mV, a low Tafel slope of 53.5
mV dec−1, and a low ηonset of 180 mV, comparing favorably with
the reported MoS2-only catalysts (Table S1). In particular, the
η10 of AS-rich MoS2 (220 mV) is obviously lower than those of
V0.09Mo0.91S2 nanosheets (ca. 230 mV),47 MoS2 quantum/nano
dots (∼250 mV),48,49 ammoniated MoS2 (325 mV)38 and
MoS2 nanoflowers (275 mV).29 The HER activity of our AS-
rich MoS2 can be also confirmed by the high current density of
AS-rich MoS2 (68 mA cm−2) at η = 300 mV. However, AS-rich
MoS2 present the moderate Tafel slope and onset overpotential
among the previously reported MoS2,

16,17,29,32−34,38,47−49 which
is probably associated with the various mass loading of
electrocatalysts (0.013−0.285 mg cm−2). Because the precise

analysis of electronic transport for proton reduction can be
masked by the multiple proton-coupled electron transfer
reactions, Tafel analysis based on polarization curves is highly
dependent on the scalability of catalyst use (i.e., increased
resistance in thicker catalyst films).50,51

Our work presents a new route toward active MoS2
electrocatalysts for HER, distinguishing from the previous
reports. Xie et al. have conducted hydrothermal synthesis
employing excessive TU to fabricate defect-rich and oxygen-
incorporated MoS2, which are directly used as efficient HER
electrocatalysts.22,24 The excessive TU can create abundant
defect-based active sites on MoS2,

24 and even balance the
number of active sites and electrical conductivity toward
prominent HER activity.22 And, Sun et al. recently reported a
MW-assisted strategy for synthesizing MoS2 with an edge-
terminated structure and an expanded interlayer spacing.37 The
expansion of interlayers due to the intercalating N,N-
dimethylformamide species effectively modifies the electronic
structures and electrical conductivity of MoS2 edge sites,
resulting in superior performance for electrochemical HER.
Different from the above reports, the TU-capped MoS2 in this
work only presents a low HER activity owing to TU-capping on
active sites, whereas AS-rich MoS2 is highly active after TU
removal. This indicates another mechanism, i.e., reactant-
protecting promoted by MW irradiation.
To elucidate the reactant-protecting mechanism toward

highly exposed active sites on MoS2 electrocatalysts, a series
of control experiments have been further conducted. It is found
that the effective adsorption of capping agents and their
successful removal are the key factors, which are associated with
the protection and exposure of active sites, respectively.
MW-irradiation is indispensable in this reactant-protecting

strategy. We examined a typical hydrothermal synthesis
employing the same conditions of MW-assisted procedures to
fabricate MoS2. The products before and after H2SO4 treatment
are denoted as TU-capped MoS2−HT and MoS2−HT (“HT”
stands for “hydrothermal”), respectively, which present the
similar morphology of nanosheets (Figure S5) to those derived
from MW-assisted routes. Both of them only present a poor
HER activity in the polarization curves (Figure 7a), with slight
increase after H2SO4 treatment. In comparison with the active
AS-rich MoS2 derived from MW routes, TU-capped MoS2−HT
and MoS2−HT displays the low current density of 9 and 11 mA
cm−2 at η = 300 mV, respectively, and their Tafel slopes of 90.1
and 87.5 mV dec−1 indicate the poor kinetic behaviors. It can
be explained by their low electrochemical Cdl and large Rct
(Figure 7b, c). As ascertained by CHN elemental analysis, the
content of N (0.9 wt %) in TU-capped MoS2−HT is obviously
lower than that of TU-capped MoS2 (3.5 wt %, Figure S6). It is
suggested that the TU protection is insufficient in hydrothermal
synthesis. Therefore, the successful reactant-protecting strategy
toward highly active MoS2 electrocatalysts should be reasonably
ascribed to the special heating by MW-irradiation on the basis
of dipolar polarization and ionic conduction,26 which prefers
the formation of Mo−S polar bonds and consequently
enhances the adsorption of TU on MoS2.
Furthermore, the feeding ratio of nS/nMo (RS/Mo) makes an

obvious influence on the activity of final AS-rich MoS2
nanosheets received after the successful removal of TU (c.f.
polarization curves in Figure S7). To conveniently illustrate the
different promotion in activity, the current densities at η = 300
mV are compared in Figure 8a, the same as the following
discussion in the treatment for TU removal (Figure 8b). As

Figure 6. Polarization curves recorded from AS-rich MoS2 with a
sweep rate of 10 mV s−1 before and after 1000 potential cycles
between −300 and 150 mV vs RHE. The inset shows the time
dependence of catalytic currents during electrolysis for AS-rich MoS2
in 0.5 M H2SO4 at −195 mV vs RHE.
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shown in Figure 8a, the poor activity with a low current density
of 3 mA cm−2 is observed on AS-rich MoS2 nanosheets when a
low RS/Mo of 2.0 is adopted, without obvious improvement in
comparison with TU-capped MoS2. This is due to the
insufficient TU for MoS2 generation and effective protection

on active sites, as indicated by its XRD pattern showing the
remaining phase of (NH4)2Mo3O10 (Figure S8). With TU
feeding increased to RS/Mo = 6.0, the obviously improved
activity is well presented on MoS2, in which the current density
of 57 mA cm−2 at η = 300 mV is more than twice of that on
TU-capped MoS2 (23 mA cm−2). And the highest activity with
a current density of 68 mA cm−2 is achieved with RS/Mo of 12.0.
Because the highly excessive TU with strong interactions would
even disturb the crystallization of MoS2 at RS/Mo = 18.0 (c.f.
XRD patterns in Figure S8), the activity is a bit lower than the
case with RS/Mo of 12.0. Nevertheless, the improvement related
to the recovery of active sites is still visible.
A suitable treatment is crucial to successfully remove the

adsorbed TU molecules while retain the active sites. We have
demonstrated that the diluted H2SO4 (0.05 M) with mild
oxidizability can drive TU decomposition, without destroying
the structure of MoS2. In comparison, no improvement in HER
activity is observed (Figure 8b and Figure S9) after the
treatment with HCl (0.1 M), which should be ascribed to the
failure in TU removal due to the weak oxidizability of HCl
(Figure S10). On the contrary, HNO3 (0.1 M) is so strong in
oxidation that only the oxidized product of MoO3 with a poor
HER activity is received (Figure 8b and Figures S9 and S10).
Besides, the HER activity also depends on the concentration of
H2SO4, treating time, and reaction temperature in control
experiments (Figure 8b and Figure S9), suggesting an
optimized treatment (CH2SO4 = 0.050 M, t = 2.0 h, and T =
150 °C) for fully exposed active sites without any damage.
Furthermore, the removal of capping agents to recover the
active sites of MoS2 is also associated with the molecular
structure of S-containing reactants. The improvement in
activity is visible with thioacetamide (TAA, Figure S11), but
is negligible with L-cysteine (L-cys). FT-IR spectra clearly
identify the successful removal of TAA after H2SO4 treatment,
but failure in the case of L-cys (Figure S11), interpreting the
difference in HER performance. The strong interactions
between L-cys and MoS2, prohibiting the removal of adsorbed
L-cys, should be ascribed to the multiple function groups of
−SH, −NH2, and −COOH.

Figure 7. (a) Polarization curves with the scan rate of 2 mV s−1 in 0.5 M H2SO4, and (inset of a) the corresponding Tafel plots of MoS2 derived from
typical hydrothermal processes. (b) Cdl estimated by plotting the current density variation (Δj = (ja − jc)/2) at 250 mV vs RHE (data obtained from
Figures S3c, d) against scan rate, and (c) Nyquist plots (η = 200 mV) of TU-capped MoS2−HT and MoS2−HT.

Figure 8. HER activity over various TU-capped MoS2 and AS-rich
MoS2 nanosheets derived from varying (a) feeding RS/Mo in the first
synthetic step and (b) treating condition for removing adsorbed TU.
The activity is featured by the current density at η = 300 mV in 0.5 M
H2SO4.
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Additionally, the MW-assisted reactant-protecting strategy
can be extended to supported MoS2 catalysts. On the
conducting supports of CNTs and RGO, the structural
evolution associated with TU adsorption and removal is visible
(Figure S12). The further promoted HER performance is
achieved on such supported MoS2 catalysts. Remarkably,
MoS2/CNTs and MoS2/RGO with rich active sites present
the high current density of 7.0 and 10.6 mA cm−2 μgMoS2

−1 at η
= 300 mV, respectively, which is higher than that on bare AS-
rich MoS2 (3.3 mA cm−2 μgMoS2

−1).

■ CONCLUSION

In this paper, we introduced a new MW-assisted reactant-
protecting strategy to fabricate highly active MoS2 with rich
active sites, employing the enhanced adsorption of excessive
TU on MoS2 by MW. The AS-rich MoS2 nanosheets presents a
superior HER activity characterized by a high current density of
68 mA cm−2 (η = of 300 mV), a low η10 of 220 mV, a low tafel
slope of 53.5 mV dec−1, and a low ηonset of 180 mV. For
achieving efficient MoS2 catalysts, TU capping, and removal are
further demonstrated crucial in a series of control experiments.
This work provides a feasible strategy toward active-site-rich
catalysts via interface engineering, opening up new oppor-
tunities for developing high-performance nanomaterials in
energy field.

■ EXPERIMENTAL SECTION
Materials . Ammonium heptamolybdate tetrahydrate

((NH4)6Mo7O24•4H2O), thiourea (CS(NH2)2), thioacetamide
(CH3CSNH2), and L-cysteine (C3H7NO2S) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Carbon
nanotubes and graphene oxide nanosheets were provided by Nanotech
Port (Shenzhen, China) and XFNANO (Nanjing, China), respectively.
And Nafion solution (5 wt % in lower aliphatic alcohols and water)
was purchased from Sigma-Aldrich.
Catalyst Preparation. AS-rich MoS2 nanosheets were synthesized

as fol lowing: ammonium heptamolybdate tetrahydrate
((NH4)6Mo7O24·4H2O) and TU were dissolved in 15.0 mL of
distilled water, and then the solution was turned to a microwave
reactor (Preekem MX-8000, Shanghai). After MW irradiation at 220
°C for 10 min, the as-received TU-capped MoS2 was collected by
centrifugation, thoroughly washed with distilled water for three times,
dried at 50 °C. And then, the AS-rich MoS2 nanosheets were finally
harvested after the treatment with diluted H2SO4 (0.05 mol L−1)
under MW at 150 °C for 2 h. As for the control experiments to
hydrothermally synthesize TU-capped MoS2−HT and MoS2−HT
(HT stands for “hydrothermal”), the process was carried out via the
similar procedures: 0.35 g of AHM was dissolved in 15.0 mL of H2O
containing 1.83 g of thiourea (RS/Mo = 12.0), which were then
transferred to a Teflon-lined stainless-steel autoclave and treated at
220 °C for 24 h. After that, the product was treated with 0.05 mol L−1

H2SO4 under MW-irradiation at 150 °C for 2 h.
As for supported MoS2 electrocatalysts, CNTs and GO were

employed as the supports. Typically, 0.13 g of CNTs or GO was
dispersed in 15.0 mL of H2O containing 0.35 g of AHM and 1.83 g of
TU (RS/Mo = 12.0), and then was processed via the same procedures as
those for fabricating AS-rich MoS2 nanosheets.
Physical Measurement. SEM and TEM investigations were taken

on a ZEISS ULTRA55 and a JEOL JEM 2100F, respectively. XRD
analysis was performed on Bruker D8 diffractometer using Cu Kα
radiation (λ = 1.54056 Å). XPS was processed on a PerkineElmer
PHI5000c XPS, using C 1s (B. E. = 284.6 eV) as a reference. TGA/
DSC was tested on NETZSCH STA449F3 under N2 flow. FT-IR
spectra were collected with a Nicolet 6700 FTIR spectrometer. The N
content in a series of MoS2 samples was determined by CHN
elemental using a Vario EL Elementar. To determine MoS2 loading in

MoS2/CNTs and MoS2/RGO, the Mo elemental analysis was
performed by an inductively coupled plasma-atomic emission
spectroscopy (ICP-AES).

Electrochemical HER Test. MoS2-based nansheets were modified
onto a glassy carbon electrode (GCE) for test in 0.5 mol L−1 H2SO4
solution using a typical three-electrode setup. Typically, 4 mg of
catalyst and 40 μL of 5 wt % Nafion solution were dispersed in 1 mL
of 4:1 v/v water/ethanol by at least 30 min sonication to form a
homogeneous ink. Then 5 μL of the catalyst ink was loaded onto a
GCE of 3 mm in diameter, resulting in the mass loading of 0.285 mg
cm−2. Linear sweep voltammetry (LSV) was conducted with the scan
rate of 2 mV s−1 in 0.5 mol L−1 H2SO4 on a potentiostat of CHI760
(CH Instruments), using a saturated calomel electrode as the reference
electrode, and a graphite electrode as the counter electrode. All the
potentials reported in this work were referenced to a reversible
hydrogen electrode (RHE) by adding a value of (0.241 + 0.059 pH) V.
AC impedance measurements were carried out in the same
configuration at η = 200 mV from 1 × 106 to 0.01 Hz with an AC
voltage of 5 mV.
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