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ABSTRACT: Developing a general strategy to efficiently exfoliate
transition metal dichalcogenide (TMD) electrocatalysts would be
significantly beneficial for the electrocatalytic hydrogen evolution
reaction (HER) from water splitting. However, there are several
challenges in the production of two-dimensional (2D) TMDs,
including the complicated fabrication process, high defect rate, and
low production yield. Herein, we developed a general applicable
mild organic molecular intercalator-assisted liquid-phase exfolia-
tion method to produce TMD nanosheets in a large scale. The as-
prepared ultrathin WSe2, MoSe2, WS2, and MoS2 nanosheets have
a 2D nanosheet structure with a thickness of ∼3 nm and lateral size
in a few hundred nanometers. This mild intercalation method can
avoid introducing harsh exfoliation conditions used in conven-
tional liquid-phase exfoliation, electrochemistry exfoliation, and lithium intercalation, thus resulting in high-quality exfoliation of
TMD crystals. Additionally, benefiting from superior intrinsic electrical conductivity, unique 2D structure, and highly exposed active
sites, the exfoliated WSe2 and MoSe2 nanosheets exhibited excellent catalytic activity for HER in acid with overpotentials of 223 and
225 mV at a current density of 10 mA cm−2 and low Tafel slopes of 64 and 65 mV dec−1, respectively.

KEYWORDS: transition metal dichalcogenides, hydrogen evolution reaction, two-dimensional materials, liquid-phase exfoliation,
intercalation

■ INTRODUCTION

The development of hydrogen energy is one of the best ways
to maintain sustainable development and address environ-
mental pollution issue and energy crisis.1−3 At present, the
commercial catalysts for hydrogen evolution reaction (HER)
are dominated by precious metals (Pt, Ru, Pd, etc.), but the
shortage of resources and the instability of precious metals
severely limit the development of hydrogen energy.4,5 Among
the numerous non-precious metal HER catalysts, transition
metal dichalcogenides (TMDs) have attracted extensive
attention because their free energy of hydrogen adsorption
(ΔGH) is closer to the thermoneutral value and they have a
low material cost, so they are expected to be a good alternative
to precious metal commercial HER catalysts.6−8 Bulk layered
TMDs widely exist in nature; however, their catalytical
properties are severely limited due to the insufficiency of
edge active sites.9 Accordingly, the preparation of ultrathin,
exfoliated two-dimensional (2D) TMDs to release a larger
specific surface area and more edge active sites is the key to
advance TMDs in HER applications.10,11 Up to now, two
strategies have been applied to produce 2D TMD nanosheets,
including bottom-up and top-down.12,13 Chemical vapor
deposition and physical vapor deposition are two common

bottom-up methods for producing large-area and high-quality
TMDs, but the relatively complexed experimental conditions
(such as high temperatures of 600−1000 °C, vacuum
environment, and so on) and difficulty in transferring onto a
substrate significantly increase the cost, making these two
methods more suitable for electronic applications rather than
industry-scale catalyst applications.14,15 For the top-down
approach, it mainly contains mechanical cleavage and liquid-
phase exfoliation (LPE). Although mechanical cleavage can be
used to obtain high-quality single-layer TMD,16,17 the
production is limited. LPE is a well-studied, convenient, and
facile approach to produce mass scale 2D-TMD materials;
however, conventional LPE normally results in poor-quality
TMDs, requiring prolonged production time, and limited by
low exfoliation rate.18,19
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In recent years, electrochemical exfoliation and intercalation-
assisted LPE have been intensively investigated and developed
to improve the quality and efficiency of LPE exfoliation.
Electrochemical exfoliation employs an electric current as a
driving force to intercalate large size intercalators into layered
materials, resulting in successful exfoliation with high
exfoliation yield and good exfoliation quality.20,21 However,
electrochemical exfoliation requires the raw bulk materials to
be conductive and in large dimension single crystals to work as
an electrode.22 Large voltages and high temperatures are also
required for certain plasma-induced electrochemical exfolia-
tion.13 Intercalation-assisted exfoliation is usually driven by
chemical heat to insert alkali metal ions or molecules into the
free spacing of the TMD layers to produce nanosheets.23 For
example, lithium intercalation-assisted exfoliation is one of the
well-studied intercalation methods to exfoliate 2D layered
materials.24 However, lithium is highly explosive and sensitive
to oxygen and water, which makes it unsafe in mass
production.25,26 In addition, such methods are relatively
ineffective for selenides and tellurides.27 As a result, finding a
mild intercalation agent to further promote the development of
intercalation-assisted exfoliation is critical.
Herein, we produced ultrathin TMDs nanosheets using a

mild intercalation-assisted liquid exfoliation strategy. In this
study, driven by thermal dynamics, dodecyl trimethyl
ammonium chloride is used as a general intercalant to
intercalate into TMD materials. To demonstrate its general
applicability, four TMD materials are investigated in this
paper: WSe2, MoSe2, WS2, and MoS2. Full morphology and
structure characterizations show that bulk WSe2, MoSe2, WS2,
and MoS2 can be successfully exfoliated into single or few layer
nanosheets after intercalation with an ultrathin thickness of ∼3
nm and contain less defects. The lateral sizes of the four
exfoliated nanosheets are around 500 nm or below. Compared
with conventional LPE which uses prolonged time sonication,
our method requires less ultrasonic time and is feasible for
sensitive layered materials, which is applicable for sulfide and
also effective for selenides. Moreover, although layered MoS2
and WS2 have been shown to be effective in HER
electrocatalysts, WSe2 and MoSe2 have better electrical
conductivity, making them preferable to sulfide in HER.28 In
this study, we investigated four exfoliated TMD nanosheets but
focused on testing the performance of WSe2 and MoSe2.
Benefiting from their unique 2D structure and highly exposed
active sites, the exfoliated WSe2 and MoSe2 nanosheets
exhibited excellent catalytic activity for the HER in acid with
overpotentials of 223 and 225 mV at a current density of 10
mA cm−2 and low Tafel slopes of 64 and 65 mV dec−1,
respectively.29 Among them, the performance of WSe2 is
superior to those reported for other WSe2-based HER
electrocatalysts.

■ EXPERIMENTAL SECTION
Synthesis of Exfoliated TMDs. The exfoliated TMDs were

produced by intercalation-assisted LPE. The synthesis mechanism of
exfoliated TMDs is shown in Figure 1a. First, 0.25 g of bulk TMD
powder (99.999%, Six Carbon Technology, Shenzhen) was mixed
with 1.5 g of dodecyl trimethylammonium chloride (99%, Aladdin) in
125 mL of dimethyl sulfoxide (DMSO) (99.8%, Aladdin). The
reaction was performed for 48 h under the protection of N2 at 160 °C.
The intercalated mixture was repeatedly washed with ethanol to
remove DMSO from the surface, and then, 35 mL of N-methyl-2-
pyrrolidone (NMP) (99.5%, Aladdin) was added for use. The
exfoliation was carried out with an ultrasonicator (Ultrasonic

Processor 300 W, Cole-Parmer, amplitude 20%) with a probe tip
for 30 min using a cyclic program of 3 s on followed by 2 s off.
Subsequently, the exfoliated TMDs were collected via centrifugation
at 1500 rpm for 15 min. The prepared nanosheet dispersion solution
was vacuum-dried at 65 °C for 10 h to obtain the final powder.

Electrochemical Measurements. All electrochemical measure-
ments were performed on a CHI760E electrochemical workstation
(Chenhua, Shanghai), in which a glassy carbon (GC) electrode (3
mm in diameter, 0.07 cm2) with catalyst ink acted as the working
electrode in a standard three-electrode cell system, a graphite rod was
used as the counter electrode, and a saturated calomel electrode
(SCE) was used as the reference electrode. The electrochemical HER
measurements were performed in 0.5 M H2SO4 solutions at 25 °C.
Prior to the test, the surface of the GC electrode was polished with
0.05 μm alumina particles on a polishing pad and then rinsed with
deionized water and dried, and N2 gas was injected for 30 min to
remove oxygen from the electrolyte. Typically, 2.5 mg of catalyst and
2.5 mg of XC-72 with 50 μL of Nafion solution (5 wt %) were
dispersed in 450 μL of ethanol and treated with ultrasound for 30 min
to form a uniform ink. Next, uniform ink is loaded onto the surface of
the GC electrode (loading amount of 0.357 mg cm−2). Linear sweep
voltammetry was carried out from −0.2 to −0.65 V (vs SCE) with a
scan rate of 5 mV s−1. All polarization curves were presented with iR
correction. The formula for compensation is as follows: E (correction)
= E (measurement) − iR, where i is the measured current and R is
obtained from the impedance test of the corresponding material. All
the potentials were converted into the reversible hydrogen electrode
(RHE) reference scale by using the Nernst equation: E(vs RHE) =
E(vs SCE) + 0.0591 × pH + 0.244 V. To investigate the long-term
stability of exfoliated TMDs, cyclic voltammetry (CV) was carried out
in a potential window of −0.5 to −0.4 V (vs SCE) at a sweep rate of
50 mV s−1. Electrochemical impedance spectroscopy (EIS) was
obtained at an overpotential of 0.48 V (vs SCE) with an amplitude of
5 mV and frequency range of 1−105 Hz. CV was performed at
different scanning rates (20−200 mV s−1) in the potential range of
−0.244 to −0.044 V (vs SCE) to estimate the electrochemically active
surface area (ECSA).

Calculation Method. The present first-principles density func-
tional theory (DFT) calculations are performed by Vienna Ab initio
Simulation Package (VASP) with the projector augmented wave
method.30,31 The exchange-functional is treated using the generalized
gradient approximation of the Perdew−Burke−Ernzerhof functional.
The energy cutoff for the plane-wave basis expansion was set to 450
eV, and the force on each atom less than 0.02 eV/Å was set for the
convergence criterion of geometry relaxation.32 15 Å vacuum was
adopted for all systems in order to avoid the interaction between
periodic structures. The Brillouin zone integration is performed using
1 × 3 × 1 or 3 × 1 × 1 for WSe2 (-1010) or MoSe2 (10-10),
respectively. The self-consistent calculations apply a convergence
energy threshold of 10−5 eV. The DFT-D3 method was employed to
consider the van der Waals interaction.33

The Free energies of the adsorption atomic hydrogen (ΔGH) was
calculated by using equation34

Δ = Δ + Δ − ΔG E E T SH DFT ZPE (1)

where ΔEDFT is the DFT energy difference and the ΔEZPE and TΔS
terms were obtained based on vibration analysis.

■ RESULTS AND DISCUSSION
The composition of layered TMD materials is MX2, where M
= transition metal and X = chalcogenides, such as S, Se, Te,
and so forth. Each layer in TMDs is three atoms thick and
made up of XMX, where the MX bonds are held together by
strong covalent bonds and only weak van der Waals attraction
exists between each stacking layer.12 Figure S1 illustrates the
single-layer and multilayer stacking structures of MX2. Each
layer of MX2 is superimposed vertically along with the
crystallization, and the weak van der Waals force is maintained
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between layers.35,36 Figure 1a represents the mechanism of our
intercalation-assisted LPE at where dodecyl trimethyl
ammonium chloride molecules are thermally dynamically
intercalated into the interlayer of raw bulk TMDs (powder)
as a long chain molecule to expand the interlayer spacing and
weaken the van der Waals attraction. Due to the extended free
spacing and generated sheer force, TMDs can then be
exfoliated in NMP with mild ultrasound in less than 30 min
to obtain stable TMD suspensions (Figure 1b), which can
exhibit a Tyndall effect, as shown in Figure 1c, indicating well-
dispersed TMD nanosheets and successful exfoliation.
The XRD patterns of four bulk TMDs and their

corresponding intercalation and exfoliation are shown in
Figure 1d−g. The bulk TMDs’ diffraction peaks are all
consistent with their standard diffraction file.37 All of the
TMDs’ (00l) peaks are enhanced after intercalation, while
others are weakened or disappear. This trend is because
during/after exfoliation, the nanosheets’ structure reassembles
in 00l reflect direction and forms a more ordered laminate
structure rather than being randomly oriented in bulk
materials. Furthermore, the positions of the magnified (002)
peaks are shifted to the left (Figure S2), indicating that the
layer spacing expands to some extent according to the Bragg
equation 2d sin θ = nλ.38 All of the (002) peaks are more
pronounced with ultrasound treatment, and almost all of the
other peaks have vanished, indicating the success of TMD
exfoliation.10,39 Figure 1h,i shows the Raman spectrum of
WSe2 and MoSe2, respectively. The bulk WSe2 has two distinct
strong peaks at 251 and 256 cm−1, corresponding to the (in-
plane) and A1g (out-of-plane) modes,40 while the two strong

peaks of the bulk MoSe2 are located at 241.6 and 284.1 cm
−1.41

All of the full width at half-maximum of nanosheets’ peaks is
found to increase and A1g modes’ redshift supports the success
of exfoliating.42,43 The same trend can also be observed in WS2
and MoS2 (Figure 1j,k). Furthermore, UV−vis absorption
spectra of the exfoliated nanosheets containing all signature
peaks demonstrated the exfoliated nanosheets’ high quality
(Figure S3).44 The peak positions of the four TMDs
correspond to their 2H phase, indicating that no phase
transition has taken place after exfoliation.13

The chemical composition and valence information of the
bulk WSe2 and MoSe2 and their corresponding nanosheets
were further characterized using X-ray photoelectron spectros-
copy (XPS) to demonstrate the nanosheets’ quality. WSe2 and
MoSe2 were chosen for further investigation because not only
their 2D structure is less studied but also they are less stable
when compared to WS2 and MoS2, making exfoliation more
difficult. As shown in Figure S4a,d, no new impurities were
introduced except for oxygen. The weak oxidation peaks of
WSe2 and MoSe2 nanosheets may mainly attributed to the
ultrathin WSe2 and MoSe2 nanosheets, which can be oxidized
during test conditions. For WSe2 nanosheets, the high-
resolution of the W 4f spectrum displays two apparent peaks
at 32.5 and 34.6 eV (Figure S4b), which are attributed to W
4f5/2 and W 4f7/2, respectively.

45 In Figure S4c, the fitting peaks
Se 3d are located at 54.8 and 55.7 eV, corresponding to Se
3d5/2 and Se 3d3/2, respectively, confirming the formation of
Se2−.46,47 Figure S4e,f shows the Mo 3d and Se 3d spectra of
MoSe2, respectively. According to the data, the peaks of MoSe2
nanosheets at 232.1 and 229.1 eV coincide with the binding

Figure 1. (a) Schematic of intercalation and exfoliation. Transition metal (M), chalcogenides (X), and dodecyl trimethyl ammonium chloride
(C15H34ClN) are represented by orange, blue, and red balls, respectively. (b) Photographs of four exfoliated TMD nanosheets dispersed in NMP
solvent. (c) Tyndall effect of the WSe2 nanosheets after exfoliation. X-ray diffraction (XRD) patterns of (d) WSe2, (e) MoSe2, (f) WS2, and (g)
MoS2. Raman spectra of (h) WSe2, (i) MoSe2, (j) WS2, and (k) MoS2.
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energies of Mo 3d3/2 and Mo 3d5/2, respectively, demonstrating
that Mo is the +4 oxidation state. The high-resolution of Se 3d
spectrum about MoSe2 nanosheets show that its peaks are at
55.0 and 54.1 eV, corresponding to the Se 3d5/2 and Se 3d3/2,
respectively.48,49 The XPS results shown above demonstrate
that no defects or impurities (such as organic intercalators or
solvents residues) were introduced during the exfoliating
process.
The morphology of the bulk raw materials and exfoliated

samples were analyzed by scanning electron microscopy
(SEM) and/or transmission electron microscopy (TEM).
SEM images in Figures 2, S5, and S6 clearly show the
morphological changes of WSe2, MoSe2, WS2, and MoSe2
during the exfoliation process. The bulk raw TMDs exhibit
larger crystal sizes and thicknesses (Figure 2a1−d1). After

intercalating with dodecyl trimethylammonium chloride, the
outer edge of bulk TMDs is turned over, and the layer spacing
is increased obviously. Even a small portion of the nanosheet is
exfoliated successfully (Figures S5a,b and S6a,b). Furthermore,
mild sonication reduces the thickness of exfoliated WSe2,
MoSe2, WS2, and MoSe2 nanosheets, Figure 2a2−d2, and the
lateral size is about and below 1 μm, and the morphology of
corresponding individual nanosheets can be seen in Figures
S5c,d and S6c,d. Figure 2a3−d3 shows the TEM images of
exfoliated TMDs, which display super thin layers with clear
boundary and complete crystal structure. Atomic force
microscopy (AFM) images show that the thicknesses of
exfoliated WSe2, MoSe2, WS2, and MoSe2 nanosheets are 1.5,
0.9, 1.2, and 1.6 nm, respectively, implying that the number of
layers is about single layer or bilayer33 (Figure 2a4−d4). Figure

Figure 2. Scanning electron micrographs of bulk (a1) WSe2, (b1) MoSe2, (c1) WS2, and (d1) MoS2. Scanning electron micrographs of exfoliated
(a2) WSe2, (b2) MoSe2, (c2) WS2, and (d2) MoS2 nanosheets. TEM images of exfoliated (a3) WSe2, (b3) MoSe2, (c3) WS2, and (d3) MoS2
nanosheets. AFM images of exfoliated (a4) WSe2, (b4) MoSe2, (c4) WS2, and (d4) MoS2 nanosheets. Statistical distribution of size and thickness
of (a5) WSe2, (b5) MoSe2, (c5) WS2, and (d5) MoS2 nanosheets.
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2a5−d5 further proves an ultrahigh yield of ∼100% of
characterized 2D TMDs is at most three layers based on a
statistical analysis of AFM images. To directly compare the
advantages of thermal intercalation, we performed conven-
tional LPE using only sonication to exfoliate bulk WSe2 for 30
min, and the characterization results are shown in Figure S9.
SEM images show that the lateral size of the WSe2 nanosheets
is about 1 μm. TEM and high-resolution TEM (HRTEM)
show that the WSe2 nanosheets have thick thickness and a
large number of defects. AFM results confirm that the WSe2
thickness obtained by direct liquid exfoliation is 47 nm, which
is much higher than that obtained by intercalation-assisted
liquid exfoliation.
To further assess the quality and thickness of exfoliated

WSe2 nanosheets, HRTEM was performed to analyze the
crystal structure of exfoliated nanosheets. In Figure 3a,d, the
lattice fringes of WSe2 and MoSe2 nanosheets are all measured
to be 0.278 nm, corresponding to the (101) plane of the WSe2
and (101) plane MoSe2 crystal, respectively.

11 Insets in Figure
3a,d filtered the corresponding HRTEM images, revealing the
continuous lattice fringes and periodic atomic arrangement of
WSe2 and MoSe2 nanosheets, which also confirm their high
crystallinity and hexagonal structure. Fast Fourier transform
(FFT) of WSe2 and MoSe2 nanosheets demonstrate their
hexagonal structure and well-stacked single-crystal layer feature
(Figure 3b,e). Moreover, the uniform distribution of W, Mo,
and Se elements in energy-dispersive X-ray spectroscopy
(EDX) proves the excellent purity of WSe2 nanosheets and
MoSe2 nanosheets (Figure 3c,f). Similarly, the exfoliating
effects of WS2 and MoS2 are shown in Figures S7 and S8
exhibiting their high crystallinity and purity. These results

suggest that the crystal structure of TMD nanosheets is not
damaged significantly by intercalation and mild sonication.
Subsequently, the electrocatalytic performance of exfoliated

TMD nanosheets was measured in 0.5 M H2SO4. As selenides
have higher electrical conductivity than transition metal
sulfides, we first explored the HER properties of WSe2 and
MoSe2. Figure 4a,d shows the polarization curves of WSe2 and
MoSe2, and all the potentials measured were iR-corrected. Due
to the large specific surface area of the 2D structure,50 the
exfoliated WSe2 and MoSe2 nanosheets have overpotentials of
223 and 225 mV at the current density of 10 mA cm−2,
respectively, much lower than that of bulk WSe2 (331 mV at
10 mA cm−2) and MoSe2 (291 mV at 10 mA cm−2). To
evaluate the electrochemical reaction kinetics involved in WSe2
and MoSe2, the Tafel slope was calculated by the Tafel
formula: η = b log(j) + a, where j is the current density and b is
the Tafel slope. As shown in Figures S9a and S10a, the Tafel
slope of the exfoliated WSe2 and MoSe2 nanosheets are 64 and
65 mV dec−1, respectively, which are lower than bulk WSe2 (82
mV dec−1) and MoSe2 (90 mV dec−1). Based on the slope of
the mechanism, the Volmer−Heyrovsky combinative mecha-
nism may play a major role in the HER process of WSe2 and
MoSe2 nanosheets.13 Figures S9b and S10b give the
comprehensive comparison of electrochemical properties. In
Figures S9c and S10c, the polarization curve of WSe2 and
MoSe2 nanosheets coincide before and after the CV test,
indicating the robust stability of the catalyst. To further
investigate the HER electron-transfer kinetics of WSe2 and
MoSe2 nanosheets, EIS measurement was carried out at the
potential of −0.236 V (vs RHE). Figure 4b,e shows the
Nyquist plots of WSe2 and MoSe2 nanosheets fitted by an
equivalent circuit with charge-transfer resistance (Rct).Rctis

Figure 3. (a) HRTEM of WSe2 nanosheets. Inset: its partial magnified image. Individual W and Se atoms forming the hexagonal structures were
clearly observed, which are represented by green and yellow balls, respectively. (b) The corresponding FFT pattern. (c) EDX elemental mapping
images of WSe2 nanosheets. (d) HRTEM of MoSe2 nanosheets. Inset: partial magnified image. Individual Mo and Se atoms forming the hexagonal
structures were clearly observed, which are represented by green and yellow balls, respectively. (e) The corresponding FFT pattern. (f) EDX
elemental mapping images of MoSe2 nanosheets.
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related to the charge-transfer process at the electrode interface.
A low Rct value indicates that the electron transfer rate and the
reaction rate are faster.51 Specific fitting results are given in
Table S1. The Rct values of WSe2 and MoSe2 nanosheets are
58.59 and 35.09 Ω, which are much lower than that of bulk
WSe2 (722.1 Ω) and bulk MoSe2 (494.8 Ω). Besides, WSe2
and MoSe2 nanosheets have a much smaller radius of curvature
than the bulk WSe2 and MoSe2, also revealing that the charge-
transfer resistance of the nanosheet is minimal.36 Additionally,
Cdl was used to estimate the electrochemical active surface area
of the catalyst,52 and CV was performed at a sweep rate of 20−
200 mV s−1 to calculate Cdl (Figure S11). The results show
that the Cdl of WSe2 nanosheets is 2.4 mF cm−2, about 1.6
times larger than that of bulk WSe2 (1.5 mF cm−2), and the Cdl
of MoSe2 nanosheets is 7.9 mF cm−2, about 1.2 times larger
than that of bulk MoSe2 (6.8 mF cm−2) (Figure 4c,f).
According to the results of EIS and ECSA, the exfoliated WSe2
and MoSe2 nanosheets both have better reaction kinetics and
more active sites, which are attributed to the increase of
specific surface area after exfoliation. In conclusion, the
exfoliated WSe2 and MoSe2 nanosheets show excellent HER
performance. Especially, the WSe2 catalytic activity has
exceeded most of the reported HER catalysts based on WSe2
(Figure 4g).14,25,47,48,53−61 It has been reported that by
increasing specific surface area and doping, the HER
performance of WSe2 can be improved; however, many of
the reported methods are complex to prepare, which highlights
the advantages of our method. In order to reveal the origin of

WSe2 and MoSe2 nanosheets’ hydrogen evolution activities,
DFT calculation was performed for the active surface of WSe2
(-1010) and the active surface of MoSe2 (10-10) (Figure 4h,i).
According to the calculation results, the ΔGH values of single-
layer and double-layer WSe2 nanosheets were −0.079 and
0.129, respectively, while those of MoSe2 were −0.125 and
0.08, respectively (Table 1). As well known, low ΔGH indicates

strong bonding of Hads and high ΔGH indicates weak bonding
of Hads to catalyst surface, but both situations have a negative
impact on HER dynamics.62 An ideal catalyst should have the
value of ΔGH close to zero. According to the statistical results,
our exfoliated WSe2 and MoSe2 nanosheets are concentrated in
single and double layers, and their ΔGH calculation results are
very close to 0 eV, representing that the Hads free energy is
close to that of the reactant or product, which is an
energetically feasible HER condition. The above calculation
results strongly prove the improvement of HER performance
after exfoliating. Finally, we explored HER performance of
exfoliated WS2 and MoS2. In Figure S11a,d, the exfoliated WS2

Figure 4. Polarization curves of (a) bulk WSe2, WSe2 nanosheets, and Pt/C, (d) bulk MoSe2, MoSe2 nanosheets, and Pt/C. Nyquist plots of (b)
bulk WSe2 and WSe2 nanosheets, (e) bulk MoSe2 and MoSe2 nanosheets. Inset: an equivalent circuit for fitting impedance data. Cdl values of (c)
bulk WSe2 and WSe2 nanosheets, (f) bulk MoSe2 and MoSe2 nanosheets. (g) Comparison of Tafel slope-η10 for WSe2 nanosheets and WSe2-based
HER catalysts have been reported in other studies. (h) Scheme of the DFT models used for investigating WSe2 and MoSe2 catalytic activity, W/
Mo, Se, and Hads atoms are represented by purple, yellow, and green spheres, respectively. (i) Free energy vs the reaction coordinate of HER for
WSe2 and MoSe2 nanosheets in different layers.

Table 1. Hydrogen Adsorption Free Energy Values of WSe2
and MoSe2 Nanosheets (ΔGH)

surface condition condition ΔGH

WSe2 (-1010) single-layer −0.079
double-layer 0.129

MoSe2 (10-10) single-layer −0.125
double-layer 0.08
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and MoS2 nanosheets delivered overpotentials of 295 and 270
mV to reach the current density of 10 mA cm−2, respectively,
which was much lower than that of bulk WS2 (376 mV at 10
mA cm−2) and bulk MoS2 (371 mV at 10 mA cm−2). Figure
S11b,e shows the Tafel curves of exfoliated WS2 and MoS2
nanosheets. After exfoliating, the Tafel slopes of WS2 and
MoS2 decreased from 108 and 118 to 58 and 66 mV dec−1,
respectively. In Figure S11c,e, the polarization curve hardly
attenuates after 1000 cycles, which proves the good stability of
WS2 and MoS2 nanosheets.

■ CONCLUSIONS
In conclusion, we investigated a general, facile, novel solution-
processable intercalation-assisted exfoliation method for
preparing WSe2, MoSe2, WS2, and MoS2 nanosheets that has
the potential to be extended to all other layered TMD
materials. One of the benefits of our novel method is that it has
few requirements for raw starting materials in terms of stability,
crystal size, electrical conductivity, and so on. The character-
ization results confirmed that our exfoliated nanosheets are of
high quality and with a single layer or bilayer ultrathin
structure. The lateral sizes of the exfoliated nanosheets are in a
few hundred nanometers. When exfoliated TMD nanosheets
were used as electrocatalysts, they all performed among the
best for HER under acidic conditions, especially WSe2 and
MoSe2. Moreover, their superior performance was attributed
primarily to their high crystallinity and more active sites
exposed to the 2D structure, which was also confirmed by DFT
calculations. Our results indicate that intercalation-assisted
LPE of TMD nanosheets in HER is feasible and provides a
simple and effective method for mass production of two-
dimensional materials. This method is expected to be beneficial
for preparing two-dimensional materials in other applications
using intercalation-assisted LPE.
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