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ABSTRACT Low-cost, highly efficient catalysts for hydrogen
evolution reaction (HER) are very important to advance en-
ergy economy based on clean hydrogen gas. Intensive studies
on two-dimensional molybdenum disulfides (2D MoS,) have
been conducted due to their remarkable catalytic properties.
However, most of the reported syntheses are time consuming,
complicated and less efficient. The present work demonstrates
the production of MoS,/graphene catalyst via an ultra-fast
(60 s) microwave-initiated approach. High specific surface
area and conductivity of graphene delivers a favorable con-
ductive network for the growth of MoS, nanosheets, along
with rapid charge transfer kinetics. As-produced MoS,/gra-
phene nanocomposites exhibit superior electrocatalytic activ-
ity for the HER in acidic medium, with a low onset potential of
62 mV, high cathodic currents and a Tafel slope of
43.3 mV/decade. Beyond excellent catalytic activity, MoS,/
graphene reveals long cycling stability with a very high
cathodic current density of around 1000 mA cm™ at an
overpotential of 250 mV. Moreover, the MoS,/graphene-cat-
alyst exhibits outstanding HER activities in a temperature
range of 30 to 120°C with low activation energy of
36.51 k] mol ', providing the opportunity of practical scalable
processing.

Keywords: microwave-initiated synthesis, MoS,/graphene na-
nocomposite, electrocatalysis, hydrogen evolution reaction

INTRODUCTION
Because of present climate issues and the deterioration of
existing natural resources, the energy dependency on

fossil fuels is becoming disputed in many ways. To resolve
this energy crisis, hydrogen is considered as a promising
energy carrier for clean and sustainable energy technol-
ogies, especially for the intermittent renewable resources
such as solar, hydro or wind energy [1-3]. Though water
electrolysis is solely the green approach to generate hy-
drogen energy, large-scale hydrogen production through
photo/electrolysis is still very challenging due to the lack
of energy-efficient and cost-effective techniques. The
electrolysis process requires advanced electrocatalyst to
reduce the overpotential and accelerate the kinetically
rate-limiting steps involved within reductive half reaction
of water splitting, known as the hydrogen evolution re-
action (HER, i.e., 2H"+2e —H,) [1,4]. To date, platinum
(Pt) and its composites are known to be the most effective
HER electrocatalysts in acidic media. However, the high
cost and low earth abundance of these materials severely
hinder their commercial applications. Nonprecious cata-
lysts, which are made from earth-abundant elements are
therefore emerging for a large-scale implementation as
HER catalysts [5,6]. To develop the cost-effective alter-
natives to Pt, intense research is being conducted for
hydrogen production through photo/electrocatalytic
method. Such alternatives typically include nickel or
nickel-based materials, which operate in alkaline elec-
trolytes [7-9]. Nevertheless, HER generally requires acidic
conditions and the long-term stability of low-cost cata-
lysts needs to be improved in acidic electrolytes. Inspired
by the HER mechanisms of natural catalysts such as hy-
drogenase and nitrogenase enzymes, metal chalcogenides
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(MCs) containing non-noble metals (Mo, W or Co) have
been designed to catalyze the electrochemical production
of hydrogen [10,11]. Among all the MCs, molybdenum
disulfide (MoS,) and its compounds have recently
emerged as a very promising class of nonprecious, earth-
abundant HER catalyst with high catalytic activity and
good stability in acidic electrolytes [12-15]. In compar-
ison to bulk MoS,, nanocrystallized MoS, has been
identified as a promising catalyst because of more active
edges in the nanostructured forms. In the past few years,
extensive effort has been devoted to improving the HER
catalytic activity of MoS, by identifying and exposing
active sites [16,17], as well as enhancing electron trans-
port through nanostructuring, shape controlling, phase
engineering, doping, intercalation, hybridization, and so
on [12,16,18-23]. Besides morphology, the electrical
conductivity is another key factor that influences the
electrocatalytic efficiency of HER catalysts. Taking these
factors into account, carbon materials such as conducting
polymers, graphene, reduced graphene oxide (r-GO),
carbon nanotubes (CNTs), etc. are considered as ideal
supports to improve the electrocatalytic activity because
of their unique properties. The honeycomb graphene
structure, which consists of extended two-dimensional
(2D) sheets of sp’-bonded carbon atoms, shows superior
properties, such as fast mobility of charge carriers, high
electrical conductivity and exceptionally large specific
surface area [24,25]. Therefore, various forms of graphene
have been investigated as potential conducting supports
for MoS, catalyst to demonstrate high HER electro-
catalytic activity [18,26,27]. To synthesize these hybrid
materials, most of the approaches require complex
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equipment setups, long processing time, high energy
consumption, along with safety, scalability and cost issues
which limit the range of potential applications. Several
examples involve the use of toxic gases along with calci-
nation under H,/Ar atmosphere [28], long-time heating
of precursor materials [29], complex lyophilization de-
hydration process [30], cumbersome electro-deposition
which requires advanced care [31], and so on. In this
regard, microwave-initiated manufacturing may be a
promising approach to develop efficient MoS,/graphene-
catalyst for HER. In present, the application of microwave
approach in synthetic chemistry is a fast-growing re-
search area, due to its advantages such as faster volu-
metric heating, higher reaction rate, higher selectivity,
reduced reaction time, and increased yields of products
compared with conventional heating methods [32-34].
Successful synthesis of MCs by microwave-initiated ap-
proach has been reported and demonstrated that it can be
used for the highly efficient production of different hy-
brid compounds [35-38].

In this work, we demonstrated the direct growth of a
nanocomposite of MoS, on graphene substrate via a fa-
cile, scalable and efficient microwave-initiated approach
(Scheme 1), following the previous study of our group to
synthesize MCs on polypyrrole nanofiber substrate [38].
This technique represents a clean, ultrafast (60s) syn-
thetic approach using microwave heating without any
inert gas protection or use of intense facilities. More
importantly, graphene exhibits strong interaction with
microwaves making it an efficient susceptor to achieve
microwave-heating rapidly and uniformly. During the
reaction, the strong interaction between substrate mate-
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Scheme 1 Illustration of the microwave-initiated synthesis of MoS,/graphene composite, employed as an electrocatalyst for HER.
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rial and microwave-irradiation takes place to achieve fast
thermal decomposition of molybdenum-containing pre-
cursor to synthesize uniformly dispersed MoS,/graphene
nanocomposites. Benefiting from the synergistic effects of
MoS, catalyst and graphene, this MoS,/graphene nano-
composite has been demonstrated to be an active non-
precious metal-based catalyst for HER. As-produced
MoS,/graphene-catalyst exhibited low overpotential,
small Tafel slope with a very high cathodic current den-
sity, along with fascinating cycling activation behavior
and high stability under acidic condition, even at high
operating temperatures (30-120°C).

EXPERIMENTAL

Materials and reagents

Ammonium tetrathiomolybdate ((NH,),MoS,, 99.95%)
was purchased from BeanTown Chemical, Inc. Carbon
disulfide (CS,, liquid, 99.9%), molybdenum(IV) sulfide
(MoS,, ~325 mesh powder, 98%), and poly(vinylidene
fluoride) (PVDF powder, (-CH,CF,-),) were purchased
from Alfa Aesar. N,N-dimethylformamide (HCON-
(CH,),, DMF) was obtained from Macron Fine Chemi-
cals"™. Nitric acid (69%-70%), and acetone (CH,;COCH,)
were supplied by BDH Chemicals, VWR. Graphene
substrate was obtained from Magnolia Ridge Inc. Sulfuric
acid was purchased from Anachemia. All chemicals
purchased were used without further treatment or pur-
ification. For electrochemical characterizations, Pt gauze
(100 mesh, 99.9% metal basis) was obtained from Alfa
Aesar. Glassy carbon electrode (CHI 104, 3 mm in dia-
meter) was purchased from CH Instruments, Inc. and
silver/silver chloride (Ag/AgCl, 3molL "' KCl, E°’=
+0.197 V vs. reversible hydrogen electrode (RHE)) elec-
trode was acquired from Hach.

Microwave-initiated synthesis of MoS,/graphene
nanocomposites

MoS,/graphene compound was prepared by the reaction
of ammonium tetrathiomolybdate (ATTM) and CS, on
graphene substrate using microwave-initiated synthesis
method. Equal amounts (15 mg each) of ATTM and
graphene were taken in a glass vial and mixed together
homogeneously by a speed mixer at 2000 rpm. After a
while, CS, solvent (200 pL) was added and mixed well by
speed mixer at 2000 rpm. The solvent was evaporated
after 10 min of air drying. Next, the uniform blend of
dried ATTM-graphene-CS, was subjected to microwave
irradiation in a domestic microwave oven (frequency
2.45 GHz, power 1250 W) for 60 s. Graphene served as a

64 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

substrate to absorb the microwave energy and convert it
to heat energy. During the process, microwave heating
triggered the reduction of ATTM to MoO,, and then
converted to MoS, dispersed on graphene substrate, re-
leasing other constituents in gaseous forms. Thus, the
synthesis of MoS,/graphene nanocomposite took place
for 60 s under microwave irradiation.

Characterizations

The surface morphologies and chemical compositions of
graphene and MoS,/graphene were characterized by
scanning electron microscope (SEM; JEOL 7000 FE),
coupled with an energy dispersive X-ray spectrometer
(EDS, Oxford Instruments) with an acceleration voltage
of 20 kV. The transmission electron microscopy (TEM),
high resolution TEM (HRTEM) and selected area elec-
tron diffraction (SAED) experiments were carried out
using JEOL JEM-3010 TEM with a LaB6 electron gun
operated under 300 kV. Micro-Raman spectroscopy was
performed on the samples at room temperature by em-
ploying back-scattering geometry using the 442 nm line
(80 mW) of a dual wavelength He-Cd laser (Kimmon
Electric). The X-ray diffraction (XRD) patterns of MoS,/
graphene were analyzed by a Bruker D8 Advance X-ray
powder diffractometer with Ni filtered CuKa radiation
(wavelength, 1=1.5406 A). Photoemission measurements
were performed in a load-locked Kratos XSAM 800 sur-
face analysis system and X-ray photoelectron spectro-
scopy (XPS) spectra were recorded in the fixed analyzer
transmission (FAT) mode with a pass energy of 80 eV. In
addition, nitrogen adsorption isotherms were measured
with the aid of Quantachrome’s Nova 2200e instrument
at 77 K. The Brunauer-Emmett-Teller (BET) method was
used to calculate the specific surface area.

Electrochemical measurements

Before each electrochemical experiment, glassy carbon
electrode (GCE) was polished with alumina powder
(ALO;, 0.05 pm) on a polishing mat to obtain a mirror-
finished surface, followed by immersing in 6 mol L'
HNO; for 10 min, rinsing with deionized (DI) water and
vacuum drying. To prepare the working electrode, MoS,/
graphene hybrid catalyst (2 mg) was mixed with PVDF
powder (0.2 mg) and DMF (50 uL) to form a homo-
geneous black slurry. The catalyst slurry was drop-coated
onto the clean surface of GCE (0.07 cm’) with a mass
loading of ~5 mg cm 2, which was then dried in a vacuum
dryer at 60°C for 30 min. For comparison, GCEs were
also coated with pure MoS,, pure graphene, and a phy-
sical mixture of MoS, and graphene (MoS,+graphene)
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following the same steps. All electrochemical studies were
performed using a CH Instrument (CHI 760D) po-
tentiostat using ‘Electrochemical Analyzer’ software
(version 15.03) in a standard three-electrode setup con-
sisting of a glassy carbon working electrode, silver
chloride electrode (Ag/AgCl, 3mol L ' KCl) as the re-
ference, and Pt mesh as a counter electrode in 0.5 mol L™
H,SO, electrolyte. To determine the HER activities of
samples, the potentials were referred to the RHE by using
the equation: V (vs. RHE) = V (vs. Ag/AgCl) + 0.197 +
(0.059 x pH). The electrocatalytic activity of MoS,/gra-
phene towards HER was examined by polarization curves
using linear sweep voltammetry (LSV) at a scan rate of
1mVs 'in05molL" H,SO, at room temperature. Be-
fore each LSV measurement, cyclic voltammetry (CV)
was run for 50 cycles to achieve stable condition. CV was
also performed to determine active surface area of catalyst
samples. Prior to each measurement of LSV and CV, a
resistance test was made and the iR compensation was
applied using the CHI software. Electrochemical im-
pedance spectroscopic (EIS) measurements were carried
out in 0.5 mol L' H,SO, at various overpotentials from
50 to 300 mV (vs. RHE) in the frequency range of 10 ~ to
10° Hz with a single modulated alternating current (AC)
potential of 5 mV. Afterward, the EIS spectra were fitted
by the EC-Lab software.

RESULTS & DISCUSSION

As-produced MoS,/graphene composite was analyzed by
physical characterizations to confirm the successful
synthesis of MoS, nanosheets on graphene substrate, as
well as for morphologies and microstructural analyses.
Furthermore, several electrochemical characterizations

were performed to obtain the enhanced catalytic activities
of MoS,/graphene toward HER.

Material characterizations

The surface morphologies of pure graphene and MoS,/
graphene were investigated by SEM. As shown in Fig. 1a,
b, graphene shows thick flake-like structures. Whereas
after microwave-initiated synthesis, the MoS, layers
(Fig. lc, d) were embedded in graphene flakes, sub-
stantiating the successful synthesis of MoS,/graphene
nanocomposite. HRTEM imaging was performed to ex-
amine the microstructure and crystallinity of MoS,/gra-
phene nanocomposite (Fig. le, f), displaying the
difference between graphene and MoS, nanosheets. The
MoS, exhibits the few-layered structure with an interlayer
distance of 6.4 A, while the graphene shows 3.75 A in-
terlayer distance. MoS, nanosheets demonstrate the cor-
rugated layers in the low-magnification TEM image, as
shown in Fig. 1g. In addition, the SAED pattern of cor-
responding area (marked as ‘area 1” in Fig. 1g, h) displays
broad and hazy diffraction rings, which indicates low
crystallization of MoS, on crystal graphene surface.

The EDS results reveal (Fig. 2a) that the nanosheets are
primarily composed of molybdenum (Mo) and sulfur (S).
Additionally, a huge amount (~80 wt%) of carbon (C)
was found due to the graphene substrate. The atomic
ratio of Mo and S is very close to 1:2, confirming the
formation of MoS, in the as-produced nanocomposites.
Furthermore, Raman spectra of pure graphene and MoS,/
graphene are shown in Fig. 2b, c. The characteristic
Raman peaks for graphene (D, G and 2D bands) are clear
and in the MoS,/graphene peaks, the composite is crys-
talline 2H-MoS,, confirmed by the Raman peaks located

Figure 1 SEM images of (a, b) graphene flakes and (c, d) layered MoS, embedded in graphene, at low and high magnifications. (¢) HRTEM image of
MoS,/graphene. (f) High-magnification HRTEM image of MoS, nanosheets and graphene. The interlayer distance of MoS, nanosheets is around
6.4 A. (g) Low-magnification TEM image of MoS,/graphene nanocomposite. (h) SAED pattern of MoS, nanosheets.
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Figure 2 (a) EDS pattern of MoS,/graphene nanocomposite (inset table: wt% and at% of carbon (C), sulfur (S), and molybdenum (Mo). Raman
spectra of (b) pure graphene and (c) MoS,/graphene composite (inset: MoS, peaks).

at 384.9 cm ' (in-plane El2g mode) and 409.3 cm ' (out-
of-plane A;, mode) [39,40]. Previously, it has been re-
ported that the energy difference between two Raman
peaks (A) can be used to detect the number of MoS,
layers [39,41]. In this work, A is about 24.4 cm ', in-
dicating the existence of the five to six layered MoS,
nanosheets.

Furthermore, XRD and XPS analyses were performed
to identify the formation of crystalline MoS, nanosheets.
The XRD pattern of the MoS, (Fig. 3a) displays diffrac-
tion peaks in the range from 10° to 70°. The peaks at
14.2°, 33.5°, 39.8°, 43.1°, 49.1° and 59.3° are corre-
sponding to (002), (100), (103), (006), (105) and (110)
planes, respectively, indexed to the standard hexagonal
2H-MoS, structure (JPCDS No. 37-1492) [42], indicating
that after reacting under microwave irradiation Mo-pre-
cursor with CS, solution completely reduce to MoS,.
With almost 80 wt% graphene, the MoS,/graphene com-
posite displays a peak at ~26° with high intensity as a
reflection from carbon layers (002) [43]. The peak around
18° could be indexed to (003) plane, suggesting that some
of the graphene inset in the van der Waals gap of MoS,
layers, leading to an expansion of the interplanar spacing
[44]. XPS was analyzed to further confirm the microwave
reduction of Mo(VI) in (NH,),MoS, precursor to Mo(IV)
in MoS,. The survey spectrum is represented in Fig. 3b

66

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

for MoS,/graphene, showing the peaks for C, Mo, S, and
O. The high-resolution XPS spectrum for Mo 3d (Fig. 3c)
shows the binding energies of Mo 3d”* and Mo 3d””
peaks at 229.4 and 232.7 eV, respectively, which match
with the typical values for Mo(IV) in MoS,. The peaks at
162.1 and 164.2 eV in Fig. 3d are attributed to 2p"* and
2p”” of S*. The binding energies observed from this
study are close to the previously reported values for MoS,
[27,30], which further signifies the formation of MoS, in
the as-produced nanocomposite. In addition, the BET
analyses were performed to measure the specific surface
areas of pure MoS,, and MoS,/graphene nanocomposite,
which were found as 3.35 and 28.30 m’ g ' (see Supple-
mentary information Fig. Sla, b), respectively. Compar-
ing the BET values of pure MoS, and MoS,/graphene
nanocomposite, the graphene support clearly increases
the surface area of the nanocomposite. Moreover, to get
better catalytic activities for HER, higher surface areas are
preferred which can maximize the number of possible
reaction sites while minimizing the total volume of the
catalyst.

HER activities of MoS,/graphene nanocomposite

The electrocatalytic HER activities of MoS,/graphene
were investigated in 0.5 mol L' H,S0, solution by LSV at
room temperature, with a scan rate of 1 mV s using a

January 2020 | Vol.63 No. 1
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Figure 3 (a) XRD pattern, and (b) XPS spectrum of MoS,/graphene composite. High resolution XPS spectra of (¢) Mo 3d, and (d) S 2p of MoS,/

graphene.

typical three-electrode setup. The pure MoS, particles,
pure graphene, a physical mixture of MoS, and graphene
(MoS,+graphene), commercial Pt catalyst and bare GCE
were also studied under the same conditions for com-
parison. The GCE was coated with catalyst loading of
around 5 mgcm ° for each of the electrochemical test.
The LSV (iR corrected) recorded on MoS,/graphene
shows a small onset potential of 100 mV (Fig. 4a), beyond
which the cathodic current increases abruptly when the
potential turns more negative. All the major electro-
chemical parameters are shown in Table 1, which shows
the overpotentials (#) for Pt and MoS,/graphene to reach
the current density of 10 mA cm * are 53 and 183 mV,
respectively. In contrast, pure MoS, and MoS,+graphene
mixture display trivial HER catalytic activities, while bare
GCE and graphene show no catalytic activity with the
absence of MoS, catalyst (Fig. 4a). To further demonstrate
the HER activities, Tafel plots were derived from LSVs by
fitting the linear regions to Tafel equation (y=blogi + a;
where 7 is the overpotential, b is the Tafel slope, i is the
current density and a is a constant). Tafel slope is an
inherent property of the catalyst, related to the electro-
catalytic reaction mechanism. Theoretically, there are

January 2020 | Vol.63 No. 1

three principal steps for HER in acidic electrolytes, which
can elucidate electron transfer kinetics of the catalysts
[45,46]. Three possible reactions are given in Equations
(1-3):

Volmer: H;0%(aq) + e + = H' + H,0(l), (1)
Heyrovsky: H + H;0'(aq) + e =H,(g) + HLO) + , (2)
Tafel H+ H = H,(g) + 2. (3)

In the above equations, * indicates an empty active site
and H is a hydrogen atom bound to an active site of
catalyst material. The overall HER reaction proceeds
through a discharge step (Volmer reaction, Equation (1))
with a Tafel slope around 120 mV/decade, followed by
either a desorption step (Heyrovsky reaction, Equation
(2)) or recombination step (Tafel reaction, Equation (3)),
with the Tafel slopes around 40 and 30 mV per decade,
respectively [47]. In this study, MoS,/graphene exhibits
the Tafel slope of 43.3 mV/decade (Fig. 4b), indicating
that the Volmer-Heyrovsky reaction mechanism dom-
inates in the HER process of MoS,/graphene catalyst and
the electrochemical desorption is the rate determining
step. This high performance of MoS,/graphene demon-
strates the advantage of synergistic effect between MoS,
nanosheets and graphene, which generates more active

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 67
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Figure 4 Electrochemical performance of the HER catalysts in 0.5 mol L' H,SO, with a catalyst load of ~5 mgcm > (a) LSVs at a scan rate of
1mVs ' for bare GCE, pure MoS,, pure graphene, MoS,+graphene mixture, MoS,/graphene composite, and Pt catalyst. (b) Corresponding Tafel
plots, showing the Tafel slopes. Electrochemical capacitance measurements: (c) CVs of MoS,/graphene in a potential window without faradaic
reaction; (d) average capacitive current densities at different scan rates for MoS,/graphene composite, MoS,+graphene mixture and pure MoS,.

Table 1
pure graphene samples

Electrochemical parameters of MoS,/graphene nanocomposite, comparing with commercial Pt, MoS,+graphene mixture, pure MoS,, and

Onset potential,

Over potential,

Tafel slope Exchange current density, i,

Samples o (mV vs. RHE) 10 (mV vs. RHE) (mV/decade) (mA cm °)
Platinum 45 53 28 3.981
MoS,/graphene 100 183 43.3 2.512
MoS,+graphene 201 365 57.5 1.007
Pure MoS, 293 > 400 114.4 -
Pure graphene 204 374 61.3 -

sites for hydrogen evolution. Previous reports show that
the exchange current density (iy) is proportional to the
active surface area of catalyst materials, which can be
obtained by an extrapolation method (see Fig. S2) on the
basis of Tafel equation [48,49]. The i, of MoS,/graphene
catalyst was calculated to be 2.512 mA cm ~, very close to
the i, of commercial Pt (3.981 mA cm ) (Table 1).

This speculation was further confirmed by the mea-
surement of electrochemical double-layer capacitance
(Cq) at solid-liquid interface, another approach to esti-
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mate the electrochemically active surface area (ECSA).
The ECSA gives an estimation of active reaction sites,
which is proportional to Cy [48,50]. To determine Cy
values, CV measurements were conducted for MoS,/
graphene catalyst within a potential range (0.3-0.4 V vs.
RHE) with no apparent faradaic process (Fig. 4c), where
the currents were mainly attributed to the charging of the
double layer. The double-layer charging current (i.) is
equal to the product of the scan rate (v) and Cy, which
can be shown as i, = vCy [50]. From this equation, Cy can

January 2020 | Vol.63 No. 1
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be measured from the slope by plotting a straight line of i
vs. v. Representative plots for the determination of active
surface areas of MoS,/graphene, MoS,+graphene mix-
ture, and pure MoS, catalysts are shown in Fig. 4d and
Figs S3-S5. The capacitance of MoS,/graphene was cal-
culated to be 56.08 mF cm °, whereas those of MoS,
+graphene and MoS, were only 1.83 and 0.085 mF cm -,
respectively. The measured capacitance (Cy) of MoS,/
graphene composite is higher than the previously re-
ported values for MoS, compounds, further confirming
high catalytic performance [27,30].

Previously reported onset potentials (r,) and Tafel
slopes of molybdenum (Mo-) compounds were compared
with the present data of MoS,/graphene composite in
Table 2. In contrast with ultrafast, facile microwave-in-
itiated synthesis performed in this study, previously re-
ported Mo- compounds were synthesized by different
complex approaches. Moreover, it is obvious that the
present material exhibits low onset potential and a small
Tafel slope, that are comparable to other similar com-
pounds. The improved electrocatalytic activity of MoS,/
graphene may be attributed to strong chemical and
electronic coupling between MoS, nanosheets and gra-
phene, resulting in fast electronic kinetics between the
catalyst and electrode surface. This hypothesis was further
confirmed by EIS measurements in 0.5 mol L' H,S0,.
The electrical equivalent circuit diagram in Fig. 5a was
used to model the solid liquid interface, where the con-
stant phase element (CPE) was associated to electrical
double layer formed at electrode/electrolyte interface of
MoS,/graphene catalyst. As shown in Fig. 5b, the MoS,/
graphene displays much lower impedance than pure
MoS, particles and MoS,+graphene mixture. The charge
transfer resistance R, is related to the kinetics of elec-
trocatalysis and a lower value resembles to a faster reac-
tion rate. Because of the highly conductive surface and
strong hydrogen adsorption capacity, MoS,/graphene
catalyst shows a R, of 1.50kQ at overpotential of

180 mV, while pure MoS, and MoS,+graphene mixture
present very large R, of 37.7 and 246.4 kQ), respectively
(Fig. 5b). The solution resistance (R;) for MoS,/graphene
is 5 Q, while pure MoS, and MoS,+graphene show higher
values of 234.1 and 11.84 Q, respectively. Hence, much
faster electron transfer between the catalytic edge sites of
MoS,/graphene and the electrode surface is one of the key
factors contributing to the superior HER kinetics in acidic
electrolyte. Additionally, Fig. 5c¢ represents the Nyquist
plots of MoS,/graphene catalyst at various overpotentials
of 50—300 mV. In the high frequency zone, the MoS,/
graphene exhibits one capacitive semicircle, indicating
that the reaction is kinetically controlled. In this system,
R, decreases significantly with increasing overpotentials,
from 7.4kQ at 50 mV to only 2045Q at 300 mV
(Fig. 5d). Lower R, illustrated the superior electro-
catalytic activity at higher overpotential.

Besides high catalytic activities, good stability towards
HER is also a key parameter for practical applications. To
investigate the durability under an acidic environment,
long-term stability of MoS,/graphene was tested by CV
from 0 to —350 mV vs. RHE scanning for 4000 cycles at a
scan rate of 50 mV's ' (Fig. 6a). Very interestingly, the
catalytic performance of MoS,/graphene nanocomposite
enhances with the potential cycling by reaching the
overpotential of only 62mV after 4000 cycles (see
Fig. S6), which is very close to the overpotential (53 mV)
of Pt catalyst. Similar improvement in the catalytic per-
formance of MoS, by electrochemical cycling has been
reported previously [53,54]. The improved catalytic per-
formance during the potential cycling is due to catalytic
activation by proton intercalation in MoS,-layers. An-
other reason could be the self-optimizing morphological
changes by perforation of H, bubbles, generating thinner
and more porous catalyst materials. To compare the
performances, cyclic stabilities of pure MoS, and the
physical mixture of MoS,+graphene were conducted (see
Figs S7 and S8). As shown in Fig. S7a, pure MoS, does not

Table 2 Comparison of electrochemical activities of microwave-synthesized MoS,/graphene with previously reported MoS,-graphene compounds

Onset potential

Tafel slope

Material (mV vs, RHE) (mV/decade) Synthesis approach Ref.
GA-MoS, 100 41 Hydrothermal [30]
MoS,/MGF 100 42 Solvothermal [51]
MoS,/RGO 100 41 Solvothermal [18]
MoS,/GO-CNT 35 38 Wet-chemical strategy [43]
MoS,/RGO, 140 41 Solvothermal [52]
MoS,/graphene 100 43.3 Microwave irradiation Present study
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Figure 5 EIS tests: (a) equivalent electrical circuit used to model the HER process on all catalyst samples; (b) EIS of pure MoS,, physical mixture of
MoS,+graphene, and MoS,/graphene nanocomposite at an overpotential of 180 mV; (c) Nyquist plots showing the EIS responses of MoS,/graphene at
different overpotentials (50-300 mV) in 0.5 mol L' H,S0,; (d) R, as a function of HER overpotentials for MoS,/graphene catalyst.

show any catalytic activity while the physical mixture of
MoS,+graphene (Fig. S7b) exhibits a slight activation,
reaching the current density around —50 mA cm ~ with
an overpotential of around 250 mV vs. RHE. These re-
sults clearly indicate that the as-produced MoS,/graphene
catalyst possesses the best catalytic behaviors during
cyclic stability. Besides cycling stability, the practical op-
eration of as-produced MoS,/graphene catalyst was ex-
amined by electrolysis at constant potential over extended
periods. As shown in Fig. 6b, the MoS,/graphene catalyst
shows a stable increase in current density from —140 to
—210 mA cm ~ for electrolysis over 90 h at a constant
overpotential of 180 mV. The increase in current density
supports the hypothesis of catalytic activation during the
cycling stability. Furthermore, the Cy was calculated for
MosS,/graphene based on CV measurements (Fig. 6c)
after 4000 cycles. A remarkable increase was found in Cy
from 56.08 to 556 mF cm - (Fig. 6d), substantiating the
increase in ECSA of hybrid catalyst during the cycling
activation process. The physical characterizations after

70 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

running CV for 4000 cycles are shown in Fig. S8, where
the XRD and EDS results (Fig. S8a and b) confirm the
existence of MoS, nanosheets on graphene substrate,
maintaining the atomic ratio of Mo and §S at 1:2. More-
over, the TEM images (Fig. S8¢c) exhibit larger interlayer
spacings, 8.75 A for MoS, and 4.37 A for graphene na-
nosheets. This phenomenon clearly indicates the activa-
tion of MoS,/graphene catalyst by proton intercalation
during the cyclic stability test.

In practical applications, water electrolysis cells may
operate at relatively high temperature about 50-70°C.
Therefore, the stability of as-produced MoS,/graphene
composite was measured by LSVs at in temperature range
from 30 to 120°C (Fig. 7a). In addition, i, were measured
from the corresponding Tafel slopes, which were shown
in Fig. S9 and the electrochemical parameters (7, and i,)
were summarized in Table S1. The improvement in HER
activities was clearly observed with the increase in tem-
perature by decreasing the onset potentials and increasing
in exchange current densities. Even at high temperature

January 2020 | Vol.63 No. 1
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of 120°C, MoS,/graphene shows good stability exhibiting  portant parameter to measure the electrocatalytic per-
a very low onset potential of 57.2 mV with a high current  formance of the HER catalyst. Based on the Arrhenius

. . . . . -E, .
density. Moreover, activation energy (E,) is another im- equation (4 = 4o77), E, can be calculated by using the
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