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ABSTRACT Molybdenum disulfide (MoS2) has attracted
extensive attention as an alternative to replace noble electro-
catalysts in the hydrogen evolution reaction (HER). Here, we
highlight an efficient and straightforward ball milling method,
using nanoscale Cu powders as reductant to reduce MoS2 en-
gineering S-vacancies into MoS2 surfaces, to fabricate a defect-
rich MoS2 material (DR-MoS2). The micron-sized DR-MoS2

catalysts exhibit significantly enhanced catalytic activity for
HER with an overpotential (at 10 mA cm−2) of 176 mV in
acidic media and 189 mV in basic media, surpassing most of
Mo-based catalysts previously reported, especially in basic
solution. Meanwhile stability tests confirm the outstanding
durability of DR-MoS2 catalysts in both acid and basic elec-
trolytes. This work not only opens a new pathway to implant
defects to MoS2, but also provides low-cost alternative for ef-
ficient electrocatalytic production of hydrogen in both alka-
line and acidic environments.

Keywords: electrocatalyst, hydrogen evolution, MoS2, defects, S-
vacancies

INTRODUCTION
Hydrogen has been vigorously pursued as a future clean
and renewable energy carrier in the transition from the
current hydrocarbon economy, due to the fossil fuels
consumption. Particularly, sustainable hydrogen produ-
cing in terms of water splitting has attracted growing
attention [1]. Electrochemically splitting water into hy-
drogen is one of most convenient and promising method
among various energy storage techniques [2,3]. A number
of devices for water electrolysis are designed to function
in acidic electrolyte, in which the state-of-the-art hydro-
gen evolution reaction (HER) catalysts are most based on

noble metal such as Pt [4–6]. However, the high price and
scarcity of the noble metal have critically impeded the
large-scale application for hydrogen energy [7]. Thus it
still remains a challenge to develop highly active HER
catalysts based on materials that are more abundant at
lower cost [8–14].
Molybdenum disulfide (MoS2), an earth-abundant and

high activity material, has attracted extensive attention as
an alternative to replace noble electrocatalysts in the HER
[15–18]. MoS2 has a hexagonally layered packed structure,
consisting of a single layer of Mo between two sulfur
layers in a trigonal prismatic arrangement. These cumu-
late sandwiched S–Mo–S layers are held together by van
der Waals force and piled in a graphite-like structure to
form bulk material [19]. Up to now, many efforts have
been made to improve the performance of MoS2 as HER
catalysts [20–24]. There are two strategies to optimize the
electrochemical performance of MoS2 including revealing
active sites and increasing the electrical conduction for
improving the electron transfer [25,26]. Introducing de-
fects has proven to be an effective approach to generate
active sites [27]. During the past few years, previous
studies confirm that the HER activity of MoS2 correlates
with the number of catalytically active edge sites. Hence,
efforts have been made to focus on developing MoS2
electrocatalysts with abundant active edge sites [28,29].
Wang et al. [30] reported ultrasmall molybdenum sulfide
nanoparticles with the enrichment of S edges on mo-
lybdenum sulfide, showing extremely high catalytic effi-
ciency. Xie et al. [31] developed a scalable pathway to
accomplish the task of engineering defects onto MoS2
surfaces to expose active edge sites, showing superior
HER electrocatalytic activity. However, few approaches
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have sought to make use of the basal plane, which con-
stitutes the majority of the bulk material. Very recently,
several studies reported that the basal plane of MoS2 was
successfully activated by creating sulphur (S)-vacancies. S-
vacancies introduce gap states that are favorable to hy-
drogen adsorption [32,33]. Zheng et al. [34] reported that
the monolayer 2H-MoS2 by introducing S-vacancies and
straining yielded an optimal hydrogen adsorption free
energy (∆GH) equivalent to 0 eV, achieving the highest
intrinsic HER activity among molybdenum-sulfide-based
catalysts. Jin et al. [35] suggested that both edges and S-
vacancies also contribute significantly to the catalytic ac-
tivity in porous MoS2. Despite the enormous strides and
many achievements we have made, practical use of MoS2
electrocatalysts is still hampered by some limitations: the
short lifetime of electrode materials, low catalytic activity
especially in alkaline-based condition, and the complex
fabrication process [36,37].
Herein, we highlight an efficient and straightforward

ball milling method, using nanoscale Cu powders as re-
ductant to reduce MoS2 engineering S-vacancies into
MoS2 surfaces, to fabricate a defect-rich MoS2 material
(DR-MoS2). The ball milling method, a costly-effective
and efficient approach for scale-up production, in which
the strong shear forces are generated between high-speed
rotating balls not only produces small-scaled materials
but also promotes the reaction with Cu and orginal MoS2,
introducing rich active sites via the formation of defects
within the material. The as-formed DR-MoS2 catalysts
exhibit significantly enhanced catalytic activity for HER
with an overpotential (at 10 mA cm−2) of 176 mV in
acidic media and 189 mV in basic media, surpassing most
of Mo-based catalysts previously reported, especially in
basic solution. Meanwhile stability tests confirm the
outstanding durability of DR-MoS2 catalysts in both acid
and basic electrolytes.

EXPERIMENTAL SECTION

Preparation of the DR-MoS2 materials
The DR-MoS2 catalysts were prepared by a one-step ball
milling method. Commercially-available MoS2 powders
(99.9%) and excess nanoscaled Cu powders were dis-
solved in ethanol solution and then placed in a grinding
bowl flushed with argon. After ball milling for 24 h at 700
rpm, the precipitate was collected by centrifugation and
washed with nitric acid, distilled water and ethanol re-
peatedly for eight times to remove residue Cu and orther
intermediates. The precipitate was dried at 70°C over-
night and ground for further experiments. For compar-

ison, MoS2 (named BM-MoS2) with the same quality was
also ball milled by the same procedure but without the
addition of nanoscaled Cu.

Electrochemical measurements
All electrochemical measurements were carried out using
a CHI 660E electrochemical workstation. A three-elec-
trode system was adopted to evaluate the electrochemical
performance with a graphite rod as the counter electrode
and Ag/AgCl (in saturated KCl solution) electrode as
reference electrode. The catalyst was ultrasonically dis-
persed in a water-ethanol solution (v/v=3:1) containing
0.1 wt.% Nafion to form a homogeneous ink. Then the
mixed ink were attached onto a glass carbon (GC) elec-
trode with 4 mm diameter (loading 2.8 mg cm−2) as
working electrode, polished with alumina slurry and
cleaned with ethanol and distilled (DI) water before
loading. Linear-sweep voltammetry (LSV) measurements
were conducted in 0.5 mol L−1 H2SO4 and 1.0 mol L−1

KOH at scan rates from 5 to 300 mV s−1. The stability
tests for the catalysts were performed with the time de-
pendent current density measurement, where a constant
overpotential was 220 mV vs. reversible hydrogen elec-
trode (RHE) both in 0.5 mol L−1 H2SO4 and 1.0 mol L−1

KOH. All of the potentials were referenced to a RHE.

Characterization
The morphology of the prepared samples was investigated
by scanning electron microscopy (SEM, MERLIN VP
Compact, Carl Zeiss, Germany) and transmission electron
microscopy (TEM, FEI Titan G2) operated at 300 kV.
Images were acquired at low dose in order to minimize
beam damage. X-ray diffraction (XRD) patterns were
obtained by using a D/max-2500 diffractometer with a Cu
Kα irradiation source (λ = 1.54 Å). X-ray photoelectron
spectroscopy (XPS) spectra were obtained with an ES-
CALAB 250Xi from Thermo Fisher Scientific electron
spectrometer using an Al Kα radiation. The particle size
of samples was measured by laser scattering particle
analyzer (Hydro 2000NW, MAlver, Worcestershire, UK).
Photoluminescence (PL) spectra and Raman spectra were
measured on a microscopic confocal Raman spectrometer
(Raman, LabRAM HR800, HORIBA Jobin Yvon, Ville-
neuve d’Ascq, France) using a 514 nm laser as the ex-
citation source.

RESULTS AND DISCUSSION
The DR-MoS2 catalysts were prepared by a one-step ball
milling method. The as-formed DR-MoS2 catalysts have a
well-defined layer structure as shown in Fig. 1a and the
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majority of the particles are in the range of 50–500 nm,
quite consistent with the particle size analysis result (Fig.
1b). The average particle size of DR-MoS2 is 443 nm, al-
most same with the ball-milled MoS2 without the addition
of Cu (BM-MoS2). XRD were carried out to further in-
vestigate the phase information of the product. As shown
in Fig. 1c, all diffraction peaks of the DR-MoS2 catalysts
agree well with the original MoS2, revealing the high
purity of the product. The presence of Cu2S peak in the
product without being washed [DR-MoS2 (Cu)] demon-
strates a reduction of MoS2 by Cu.
Defects induced during ball milling would lead to

strains. It is thus useful to study the sample at nanoscale
to evaluate the strains locally. The DR-MoS2 and BM-
MoS2 were then studied by high resolution TEM
(HRTEM) as shown in Fig. 2. Fig. 2a is the HTREM image
where the area of BM-MoS2 was indicated by arrows.
Geometric phase analysis (GPA) was performed and
corresponding strain components were shown in Fig. 2b–
d. The color scale was included in the figure, which shows
different strain components quantitatively. For compar-
ison, the HRTEM of BM-MoS2 at the same imaging
condition is shown in Fig. 2e, with the corresponding
strain components (Fig. 2f–h) plotted using the same
color scale. It is clear that the BM-MoS2 is nearly defect-
free, whereas the DR-MoS2 presents significantly higher
amount of strain and thus defects.
Raman and PL spectra were also applied to investigate

the difference of DR-MoS2 and BM-MoS2. As shown in
Fig. 3a, the peak position of DR-MoS2 shifts from 401.51
to 402.53 cm−1 for A1g mode (the out-of-plane optical
vibration mode of S atoms), and from 374.23 to
376.07 cm−1 for E1

2g mode (the in-plane optical vibration
mode of Mo-S bond). Consequently, the position of A1g

mode blue shifts about 1.02 cm−1, while E1
2g mode blue

shifts about 1.84 cm−1. The Raman spectra confirms lat-
tice distortion [38]. Furthermore, intensity of the DR-
MoS2 PL peak (680 nm) also decreases compared to BM-
MoS2, as shown in Fig. 3b. Thus, the decrease of PL in-
tensity further suggests that more defects and cracks are
formed on DR-MoS2. Overall, the changes of the Raman
and PL spectra suggest that during the ball milling pro-
cess, sulfur atoms are effectively removed from the intact
specimen and the defects are generated, which may ben-
efit for MoS2 as an electrochemical catalyst. XPS was
further used to confirm the formation of S-vacancies in
the DR-MoS2 sample. It is clearly observed that the
doublet signals corresponding to S-2p1/2 and S-2p3/2 of
DR-MoS2 shift towards low binding energy comparing to
BM-MoS2, demonstrating that the number of S atom
decreased and S-vacancies were generated (Fig. 3c) [34].
Furthermore, Mo4+ 3d3/2 and 3d5/2 signals of DR-MoS2 are
observed around 233 and 230 eV, respectively, almost
same with BM-MoS2, confirming the original structure of
MoS2 is still remained (Fig. 3d).
HER activity of the samples was analyzed using a

conventional three-electrode setup with 0.5 mol L−1

H2SO4 as electrolyte. All curves presented here were
corrected for the voltage drop due to solution resistivity
(IR drop), measured before each run via electrochemical
impedance spectroscopy (EIS). As shown in Fig. 4a, the
overpotential of DR-MoS2, 176 mV at the current density
of 10 mA cm−2, is more positive than that of BM-MoS2,
suggesting a prominent HER activity. From the extra-
polation of the linear region of overpotential (η) versus
logj (Fig. 4b), we obtained Tafel slopes of 22, 63, and
85 mV per decade for Pt/C, DR-MoS2, and BM-MoS2,
respectively. The Tafel slope of DR-MoS2 falls within the
range of 40–120 mV dec−1, indicating that the HER would
proceed through a Volmer-Heyrovsky mechanism, and
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Figure 1 (a) SEM image shows the morphology of the DR-MoS2 powders; (b) particle size analysis of the DR-MoS2 and BM-MoS2; (c) XRD patterns
of different samples. DR-MoS2 (Cu) is the ball-milled MoS2 without Cu removal. Cu2S and residue Cu are clearly observed after ball milling, indicating
the reaction between Cu and MoS2.
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the desorption of hydrogen is the rate limiting step. From
the intercept of the linear region of the Tafel plots, the
exchange current density is determined to be 7.6 μA cm−2

for the DR-MoS2 sample, almost one order of magnitude
higher than that of BM-MoS2 (0.50 μA cm−2), again sug-
gesting the excellent HER catalytic activity. Durability of

catalysts should be one of the most important aspects for
their real applications. To investigate the electrochemical
stability of DR-MoS2 catalysts, we carried out a long-term
test in acid electrolytes. Obviously, as shown in Fig. 4c,
after 24 h the DR-MoS2 catalysts exhibit negligible de-
gradation, revealing the superior stability in an acid en-
vironment. We list a number of latest literature about
Mo-based materials and compare their HER performance
in acidic condition in Fig. 4d. It can be noticed that the
low overpotential of DR-MoS2 (176 mV vs. RHE for
achieving 10 mA cm−2) is better than or at least compar-
able to most of the reported Mo-based HER catalysts.
We further investigated the HER performance of the

DR-MoS2 in 1.0 mol L−1 KOH. As shown in Fig. 5a, the
polarization curve recorded for the DR-MoS2 exhibits a
lower overpotential at j = 10 mA cm−2 in basic media, 189
mV at j = 10 mA cm−2. The fitted Tafel plot of the DR-
MoS2 in Fig. 5b gives a Tafel slop value of 98 mV dec−1,
which is much lower than that of BM-MoS2. The ex-
change current densities (j0) for DR-MoS2 is 0.063
mA cm−2, which outperforms that of BM-MoS2 (0.031
mA cm−2). Potentiostatic test was performed to assess the
electrochemical stability of the DR-MoS2 electrode in an
basic environment. As shown in Fig. 5c, the current
density stabilized up to 24 h while the DR-MoS2 electrode
performed still steadily, suggested by the smooth curve
recorded after 24 h along with negligible current de-
gradation.
It should be noted that Mo-based catalysts available in

the literature usually perform relatively lower HER ac-
tivity in basic media because of the limited amount of
hydrogen ions for proton reduction reaction in basic so-
lution. Only several examples of Mo-based catalysts have
been tested for HER in basic media. Our DR-MoS2 cata-
lysts only required 189 mV to achieve 10 mA cm−2,
showing better performance than most HER catalysts in
basic solution (Fig. 5d). Thus, this work represented a
new breakthrough for advanced MoS2 electrocatalysts
highly performed in a basic media for HER.
During the ball milling process, the reaction between

Cu and MoS2 occurs, and thus sulfur atoms are removed
effectively from the surface and S-vacancies are created.
According to previous studies, S-vacancies introduce gap
states that allow favorable hydrogen adsorption. Increas-
ing the number of S-vacancy sites strengthens hydrogen
adsorption, allowing the simultaneous manipulation of
the hydrogen adsorption free energy (�GH) and the ac-
tive site density. Therefore, the enhanced catalytic activity
of DR-MoS2 catalysts is mainly attributed to the S-va-
cancies.

a b

c d

e d

f g

�0.2 0.2

Figure 2 HRTEM image (a) and the corresponding strain maps (b–d)
of DR-MoS2: the area of DR-MoS2 is confined by the dash lines in (a).
The corresponding strain maps are shown in (b–d), which reveals the
presence of strains in the specimen. HRTEM image (e) and the corre-
sponding strain maps (f–g) of BM-MoS2: the area of BM-MoS2 is in-
dicated by an arrow. The corresponding strain maps are shown in (f–g),
indicating that the specimen is almost defect-free. Color scale is shown
at the bottom of the figure.
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Figure 3 (a) Raman spectra of DR-MoS2 and BM- MoS2; (b) PL spectra of DR-MoS2 and BM- MoS2; XPS spectra of DR-MoS2 and BM- MoS2: (c) S 2p
and (d) Mo 3d.
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Figure 4 (a) HER polarization curves of various catalysts (Pt/C, DR-MoS2 and BM- MoS2) with a scan rate of 50 mV s−1 in 0.5 mol L−1 H2SO4; the
comparison of overpotential for these catalysts were all measured at current density, 10 mA cm−2; (b) the corresponding Tafel plots of various catalysts
(Pt/C, DR-MoS2 and BM- MoS2). Yellow dashed line is the fitting slope of the corresponding Tafel plot. (c) The I-t curves of the DR-MoS2 in
0.5 mol L−1 H2SO4. Test performed at 220 mV RHE. (d) Comparison of HER current density at 10 mA cm−2versus overpotential for catalysts in acidic
media. Catalysts include DR-MoS2, BM-MoS2 and others previously reported [34,39–42].
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CONCLUSION
In summary, we developed a simple ball-milling reducing
method to fabricate a defect-enriched MoS2 (DR-MoS2)
catalyst, showing excellent HER activity both in acid and
basic media. The DR-MoS2 catalysts exhibit significantly
enhanced catalytic activity for HER with an overpotential
(both tested at 10 mA cm−2) of 176 mV in acid media and
189 mV in basic media, surpassing most of Mo-based
catalysts previously reported, especially in basic solution.
This study provides new and comprehensive insights to
reveal the critical factors that influence the catalytic ac-
tivity of MoS2, which will enable the design and im-
provement of earth-abundant electrocatalysts based on
MoS2 and other layered materials with further enhanced
catalytic performance.

Received 11 June 2017; accepted 1 August 2017;
published online 6 September 2017

1 Chen HM, Chen CK, Liu RS, et al. Nano-architecture and material
designs for water splitting photoelectrodes. Chem Soc Rev, 2012,
41: 5654–5671

2 Zou X, Zhang Y. Noble metal-free hydrogen evolution catalysts for
water splitting. Chem Soc Rev, 2015, 44: 5148–5180

3 Lu S, Zhuang Z. Electrocatalysts for hydrogen oxidation and

evolution reactions. Sci China Mater, 2016, 59: 217–238
4 Jiao Y, Zheng Y, Jaroniec M, et al. Design of electrocatalysts for

oxygen- and hydrogen-involving energy conversion reactions.
Chem Soc Rev, 2015, 44: 2060–2086

5 Stamenkovic VR, Mun BS, Arenz M, et al. Trends in electro-
catalysis on extended and nanoscale Pt-bimetallic alloy surfaces.
Nat Mater, 2007, 6: 241–247

6 Yang H, Wang C, Hu F, et al. Atomic-scale Pt clusters decorated
on porous α-Ni(OH)2 nanowires as highly efficient electrocatalyst
for hydrogen evolution reaction. Sci China Mater, 2017, doi:
10.1007/s40843-017-9035-8

7 Morales-Guio CG, Stern LA, Hu X. Nanostructured hydrotreating
catalysts for electrochemical hydrogen evolution. Chem Soc Rev,
2014, 43: 6555–6569

8 Chen WF, Sasaki K, Ma C, et al. Hydrogen-evolution catalysts
based on non-noble metal nickel-molybdenum nitride nanosheets.
Angew Chem Int Ed, 2012, 51: 6131–6135

9 Lu Q, Hutchings GS, Yu W, et al. Highly porous non-precious
bimetallic electrocatalysts for efficient hydrogen evolution. Nat
Commun, 2015, 6: 6567–6574

10 Xu X, Chen Y, Zhou W, et al. A perovskite electrocatalyst for
efficient hydrogen evolution reaction. Adv Mater, 2016, 28: 6442–
6448

11 Chen P, Xu K, Tao S, et al. Phase-transformation engineering in
cobalt diselenide realizing enhanced catalytic activity for hydrogen
evolution in an alkaline medium. Adv Mater, 2016, 28: 7527–7532

12 Xing Z, Liu Q, Asiri AM, et al. Closely interconnected network of
molybdenum phosphide nanoparticles: a highly efficient electro-

�1.0

�60

�40

�20

0

C
ur

re
nt

 d
en

si
ty

 (m
A 

cm
�2

)

Potential (V vs . RHE)

Pt/C
 BM-MoS2

 DR-MoS2

�0.2
0.0

0.2

0.4

0.6

b=41 mV dec��

b=98 mV dec��

b=153 mV dec��

O
ve

rp
ot

en
tia

l (
V

)

log[ j (mA cm�2)]

Pt/C
 BM-MoS2

 DR-MoS2

0
�40

�20

0

C
ur

re
nt

 d
en

si
ty

 (
m

A 
cm

�2
)

Time (h)
�0.5

�20

�10

0

Ref. [44]

Ref. [43]BM-MoS2Ref. [45]

DR-MoS2
C

ur
re

nt
 d

en
si

ty
 (m

A 
cm

�2
)

Potential (V vs . RHE)

�0.8 �0.6 �0.4 �0.2 0.0 0.0 0.2 0.4 0.6 0.8 1.0

6 12 18 24 �0.4 �0.3 �0.2

a b

c d

Figure 5 (a) The HER polarization curves of various catalysts (Pt/C, DR-MoS2 and BM-MoS2) with a scan rate of 50 mV s−1 in 1 mol L−1 KOH; the
comparison of overpotential for these catalysts were all measured at current density, 10 mA cm−2; (b) the corresponding Tafel plots of various catalysts
(Pt/C, DR-MoS2 and BM- MoS2). Yellow dashed line is the fitting slope of the corresponding Tafel plot; (c) the I-t curves of DR-MoS2 in 1 mol L−1

KOH; test performed at 220 mV RHE. (d) The HER current density at 10 mA cm−2versus overpotential for various catalysts in basic media. Catalysts
include DR-MoS2, BM-MoS2 and others previously reported [43–45].
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