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Molybdenum sulfide materials have been shown to be promising

non-precious metal catalysts for the hydrogen evolution reaction

(HER). This work reports a facile and scalable preparation method for

amorphous MoS2 nanosheet arrays directly deposited on carbon cloth

(a-MoS2 NA/CC) using a highly reproducible physical vapor deposition

(PVD) approach. As a result of the three-dimensional nanostructure of

the catalyst, the amorphous nature and the abundant exposed edge

sites of MoS2, the a-MoS2 NA/CC composite exhibited superior cata-

lytic activity and stability for the HER in acidic solutions.
Hydrogen as a clean, efficient energy carrier has been exten-
sively pursued and considered as a promising alternative to
traditional fossil fuels for the future by virtue of its high energy
density and the zero environmental impact of the combustion
product.1,2 Electrocatalytic systems are one of the most impor-
tant ways for H2 generation, where platinum and its alloys are
the most effective catalysts with a signicant rate at a very low
overpotential.3,4 However, the high material costs and limited
resource of these catalysts hinder the practical applications of
electrochemical H2 generation. Consequently, the ongoing
search for efficient alternatives composed of low-cost materials
is crucial for a sustainable ‘hydrogen economy’.

Plenty of non-noble metal materials have been exploited for
catalyzing the hydrogen evolution reaction (HER), including
transition metal suldes,5–8 selenides,9,10 carbides,11,12

phosphides,13–15 and nitrides,16,17 as well as some combina-
tions.18–20 Among all these materials, molybdenum disulde
(MoS2), two-dimensional sheets of vertically stacked S–Mo–S
interlayers, has been drawing broad attention due to its high
activity and low-cost, earth-abundant composition since
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Norskov and coworkers reported the catalytic activity of MoS2
nanoparticles for the HER.21 Tremendous effort has been
devoted to developing multifarious MoS2-based HER electro-
catalysts in the form of crystalline10,22,23 or amorphous
states,24–27 and even molecular mimics28 during the past few
years. It was reported that amorphous MoS2 exhibited a better
electrocatalytic performance than the crystalline version due
to more defects and catalytically active sites. However, MoS2
exhibits a poor intrinsic conductivity, which severely
suppresses charge transport and thus the electrocatalysis
efficiency.29 The practical applications of these catalysts
demand that the catalysts are graed onto conductive
substrates using polymer binders as lm-forming agents,
which will block some of the active sites and deteriorate the
mass diffusion,30 thus causing degradation of the catalytic
activity. Therefore, developing nanostructured MoS2 that is
directly self-supported on a highly conductive substrate with a
large surface area is desirable to improve its electrocatalytic
activity in practical applications.31,32 It was recently reported
that depositing MoS2 nanoparticles on graphene was effective
to enhance their electrocatalytic performance for the HER.33,34

Carbon cloth (CC) possesses a high electrical conductivity, a
large surface-area, excellent chemical stability, maneuver-
ability and exibility, making it an ideal support to construct
functional nanostructures for applications in electrochemical
energy conversion and storage.

Herein, a reproducible physical vapor deposition approach
was developed to prepare large-area amorphous MoS2
nanostructures supported on carbon cloth. The morphology of
the MoS2 nanostructures could be easily tuned by the deposi-
tion power of the PVD. As a result of the three-dimensional
nanostructure of the catalyst, the amorphous nature and the
abundant exposed edge sites of MoS2, the MoS2 nanosheet
arrays on CC demonstrated an excellent catalytic performance
and long-term stability for the HER in acidic solutions. The
reported approach provides a facile way to explore new
nanostructured electrocatalysts for applications involving water
splitting and energy conversion.
J. Mater. Chem. A, 2015, 3, 19277–19281 | 19277
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Fig. 1 (a) Optical image of the synthesized a-MoS2/CC; (b) XRD
patterns of a-MoS2/CC and bare carbon cloth with a standard pattern
of hexagonal MoS2 crystals (JCPDS 37-1492) as a reference; (c) and (d)
high resolution XPS signals of Mo 3d and S 2p, respectively.
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MoS2 nanostructures with different morphologies were
prepared by the physical vapor deposition of MoS2 directly on
carbon cloth via a magnetron sputtering system. It was found
that well-dened nanosheet arrays could be obtained when
using a sputtering power of 100 W at a gas pressure of 3 mtorr.
Fig. 1a is a typical optical image of the obtained product. The
uniform colour indicates that molybdenum sulde is distrib-
uted evenly on the surface of the carbon cloth. The size of the
product is dependent on the substrate size of the magnetron
sputtering system. The composition and crystal structure of the
product were rst investigated by the X-ray diffraction (XRD)
technique. Fig. 1b presents typical XRD patterns of the product
and the bare CC. By comparing the two patterns, it can be seen
that all of the recorded diffraction peaks in the XRD pattern of
the synthesized product can be indexed to the diffraction peaks
from the CC. The only difference is the decreased intensities of
the peaks, implying the formation of a MoS2 layer on the CC and
the amorphous nature of MoS2 in the product. The EDS
spectrum (Fig. S1†) shows that the product is composed of C,
Mo and S elements, and the atomic ratio of Mo : S is 1 : 2,
corroborating that the product contains MoS2. Fig. S2† shows
the transmission electron microscopy (TEM) images of the
MoS2 nanosheets coated on the surface of the CC. A typical
lamellar structure of MoS2 with a lattice spacing of 0.62 nm was
observed from the TEM image, which is consistent with the
interlayer spacing of MoS2. Meanwhile, no obvious lattice
fringes were found during the TEM observations, corroborating
that these MoS2 nanosheets were not well-crystallized. This
result is consistent with the XRD measurements. It has been
demonstrated that amorphous MoS2 usually exhibits a higher
HER activity than the crystalline version due to the larger
number of exposed edges in the amorphous structure.25,35,36

Therefore, it is expected that the nanometer sized, amorphous
MoS2 nanosheets supported on the CC here could provide more
abundant edges and catalytically active sites. In order to further
investigate the chemical nature and bonding state of MoS2 on
the CC surface, the X-ray photoelectron spectroscopy (XPS)
spectrum was recorded. Fig. 1c depicts the high-resolution XPS
signals of Mo 3d with two characteristic peaks at 229.3 and
232.4 eV, which arise from Mo4+ 3d5/2 and 3d3/2 orbitals,
respectively. This result suggests that Mo4+ dominates in the
product. The S 2p spectrum (Fig. 1d) shows a single doublet
with a binding energy of 162.2 and 163.2 eV, which is attributed
to the sulde (S2�) ligand in MoS2.22 These results conrmed
the existence of MoS2 in the product.

The scanning electron microscopy (SEM) image (Fig. 2a)
clearly shows that sheet-like structures �60 nm wide and
�2 nm thick were vertically grown on the ber of the carbon
cloth and cross-linked together. The corresponding energy
dispersive X-ray (EDS) elemental mapping images of elemental
Mo, S and C shown in Fig. 2d clearly show that both Mo and S
elements are uniformly distributed throughout the whole
nanosheet array. Therefore, all the above evidence indicates
that the whole area of the CC is covered with densely packed
amorphous MoS2 nanosheet arrays (a-MoS2 NA/CC).

It is well known that the morphology and size of
nanostructures signicantly inuence the performance of
19278 | J. Mater. Chem. A, 2015, 3, 19277–19281
nanomaterials, especially for electrocatalysis, since the elec-
trocatalytic activity of a catalyst is closely related to the amount
of catalytically active sites on its surface. In order to investigate
the capability of tuning the morphology of a-MoS2 NA/CC via
the simple PVD method reported here, and thus optimize its
electrocatalytic performance for the HER, a series of experi-
ments were carried out by changing the deposition conditions,
such as the sputtering power. It was interestingly found that the
morphologies of the MoS2 nanostructures were closely corre-
lated to the sputtering power. The typical SEM images of two
samples prepared under the same conditions except for using
70 W and 150 W sputtering powers are shown in Fig. 2b and c.
Although the XRD results show that both products are
composed of amorphous MoS2 (Fig. S3†), the products display
different morphologies compared to that of the sample
prepared at 100 W. Unlike the densely compacted nanosheet
arrays prepared at 100 W (Fig. 2a), sparse short nanostructures
were obtained at 70 W (Fig. 2b) and a lm-like structure with
smooth surface but no protruding sheet-like nanostructures
was achieved when the sputtering power was increased to 150W
(Fig. 2c). These results indicate that the sputtering power
signicantly inuences the morphology of the MoS2
nanostructures.

Encouraged by the nanosheet morphology and amorphous
structure of MoS2, the synthesized a-MoS2 NA/CC was directly
used as a working electrode to explore its potential in HER
applications. The catalytic activity of the a-MoS2 NA/CC
composite for the HER was evaluated in N2 saturated 0.5 M
H2SO4 solution and compared with the catalytic activity of bare
CC, a-MoS2/CC obtained at different sputtering powers, and the
commercial Pt/C catalyst (20 wt% Pt, Johnson Matthey). The
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 SEM images of MoS2 nanostructured films obtained at different sputtering powers: (a) 100 W; (b) 70 W; (c) 150 W; (d) SEM image and the
corresponding EDS elemental mapping images of Mo, S and C for a-MoS2 NA/CC at 100 W.

Fig. 3 Electrochemical measurements for the a-MoS2 nanostructured
film/CC composite catalysts in H2SO4 (0.5 M). (a) Polarization curves
for bare CC, Pt/C, and a-MoS2 nanostructured film/CC deposited with
different sputtering powers at a scan rate of 2 mV s�1. (b) Tafel plots for
the a-MoS2 nanostructured film/CC and Pt/C.
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loading of MoS2 was kept at 0.41 mg cm�2 for all three a-MoS2/
CC samples. Electrochemical measurements were carried out
using the standard three-electrode setup with a saturated
calomel electrode (SCE) as the reference electrode and a
graphite rod as the counter electrode (see experimental section
for details†). Fig. 3a shows the polarization curves of all the
catalysts. Pt/C exhibits the expected HER activity with a near
zero overpotential, while bare CC shows a very poor HER
activity. The amorphous MoS2 with a smooth, at surface
prepared at 150 W reveals a poor catalytic activity for the HER
with an onset overpotential of 180 mV and an output current
density of 10 mA cm�1 at an overpotential of 242 mV. All
potentials are versus RHE. When the surface of the amorphous
MoS2 becomes rougher, i.e. the product obtained at a sputtering
power of 70 W, an improved activity for the HER with a lower
onset overpotential of 177 mV is observed. The best perfor-
mance was achieved with a-MoS2 NA/CC, which exhibits the
smallest overpotential of 224 mV at a current density of 10 mA
cm�2 and the largest cathodic current density at the same
potential among the three a-MoS2/CC catalysts. This catalytic
activity is comparable to some of the best MoS2 based HER
catalysts that have been developed by other groups.5,6 The
enhancement of the electrocatalytic activity of a-MoS2 NA/CC
can be ascribed to the increase in the number of exposed edges
of MoS2 as catalytically active sites due to the structure of the
nanosheet arrays vertically grown on the CC. It should be noted
that magnetron sputtering deposition is a highly reproducible
method. During the experiments, it was found that almost
exactly the same results can be achieved when keeping the
deposition conditions and catalyst loading exactly the same.

In order to understand the kinetics process of hydrogen
evolution, the Tafel plots were calculated for all the catalysts by
This journal is © The Royal Society of Chemistry 2015
plotting the overpotential versus the current density in loga-
rithmic scale (s vs. log j), as shown in Fig. 3b.37 The linear portions
of the Tafel plots were tted to the Tafel equation (s ¼ b log j + a,
where j is the current density and b is the Tafel slope). The values
of the Tafel slopes were estimated from Fig. 3b to be�36 and�58
mV per decade for Pt/C and a-MoS2 NA/CC, respectively. It should
be noted that the HER is a multi-step electrochemical process
taking place on the surface of an electrode. There are three
principle steps for converting H+ to H2 in the generally accepted
reaction mechanism in acid solutions:38,39

H+ + M + e 4 H*–M (Volmer reaction) (1)

H*–M + H+ + e 4 H2 + M (Heyrovsky reaction) (2)

2M–H* 4 H2 + 2M (Tafel reaction) (3)
J. Mater. Chem. A, 2015, 3, 19277–19281 | 19279
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where H* represents a hydrogen atom chemically adsorbed on
an active site of the electrode surface (M). The theoretical Tafel
slopes for the typical Volmer, Heyrovsky, and Tafel reactions are
120 mV per decade, 40 mV per decade and 30 mV per decade,
respectively.10,40 In view of the Tafel slope of 58 mV per decade
for a-MoS2 NA/CC, a combination of the Volmer reaction,
involving an electrochemical desorption step that converts
protons into absorbed hydrogen atoms on the catalyst surface,
and the Heyrovsky reaction, involving the formation of surface-
bound hydrogen molecules, should dominate the HER on the
surface of the a-MoS2 NA/CC electrode.41

Moreover, the durability of the a-MoS2 NA/CC composite was
probed by continuous cyclic voltammetry (CV) sweeps for 1000
cycles between +280 and �319 mV vs. RHE at a scan rate of 100
mV s�1 in 0.5 M H2SO4 solution. At the end of the cycling, the
catalyst was measured using the same applied potential range
as the initial test. As shown in Fig. 4a, the current density of the
a-MoS2 NA/CC composite catalyst remained almost unchanged
even aer the continuous 1000 cycling (226 mV at 10 mA cm�2),
indicating the remarkable long-term stability of electrocatalytic
activity. In addition, SEM analysis of a-MoS2 NA/CC aer the
stability testing shows that the original morphology of the
nanosheet arrays was well-maintained (Fig. 4b). XRD (Fig. S4†)
and XPS (Fig. S5†) analyses also indicate no obvious changes in
the crystalline structure before and aer the durability test.
These results validate the superior durability of a-MoS2 NA/CC,
which could be attributed to the direct integration of MoS2
nanosheet arrays on the CC without any need for a polymer
binder and strong interactions between the MoS2 nanosheets
and the CC in the one-step PVD procedure.42 The carbon cloth
not only facilitated fast electron transfer and collection, but also
provided a monolithic self-supporting substrate, which enables
the direct assembly of electrode for the HER. These results
suggest the potentials of a-MoS2 NA/CC as a low-cost and
efficient hydrogen evolution cathode.

In summary, amorphous MoS2 nanosheet arrays have been
directly constructed on a conductive carbon cloth substrate via a
facile and reproducible PVD approach. Beneting from the
amorphous nature of MoS2 and the abundant exposed edge
sites in the structure of the nanosheet arrays as well as the
three-dimensional conductive structure of the catalyst, the
synthesized a-MoS2 NA/CC composite exhibited superior
Fig. 4 (a) Polarization curves of a-MoS2 NA/CC before and after 1000
cycles of CV scanning between +280 and �319 mV (vs. RHE); (b) SEM
image of a-MoS2 NA/CC after 1000 CV scans.

19280 | J. Mater. Chem. A, 2015, 3, 19277–19281
catalytic activity and durability for the HER in acidic solutions.
These results suggest that this facile and easy scale-up process
could be useful to explore monolithic MoS2-based
electrocatalysts or other low-cost, earth-abundant, and
environmentally friendly materials for their potential applica-
tion in the HER.
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