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The design and synthesis of non-precious-metal catalysts for the efficient electrochemical transformation
of water into molecular hydrogen in acid environments are of paramount importance in reducing energy
losses during the water splitting process. Here, unique hybrid nanostructures of Cu/MoS, have been
prepared by a one-pot microwave-assisted synthesis. The resultant nano-assembled catalyst has
excellent hydrogen evolution reaction (HER) electrocatalytic properties, including an overpotential of as
low as 120 mV, a Tafel slope of 55 mV dec™, and a remarkable cycling stability. The observed
outstanding catalytic performance can be attributed to Cu nanoparticles (NPs) that improved not only
the electrical conductivity of the catalyst but also the catalytic activity by a synergistic effect with the
edge exposed, nano-sized MoS,. These findings confirmed that this earth-abundant material was
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1. Introduction

Hydrogen is a scalable and renewable energy that, once
produced, is environmentally and climatically clean over the
entire length of its conversion chains, from production to
utilization." These advantages are enough to make it a prom-
ising alternative energy source to address the existing environ-
mental emission issues from fossil energy.> Due to its
sustainability, water splitting has become one of the most
promising approaches for hydrogen production.* During the
HER, the advanced electrocatalyst is a key component that
reduces the overpotential of electrodes to be low enough that
they match the solar photon flux, producing a high current
density and consequently increasing the yield of this important
electrochemical process.* To date, Pt-group metals have been
the most effective catalysts in HER.>® However, the high mate-
rial costs and limited resource of these catalysts hinder the
hydrogen economy.”” Alternative low-cost materials for such
applications are still in urgent demand.****

Molybdenum disulfide (Mo0S;,), a typical member of transition
metal sulfides, has a layered structure held together by weak van
der Waals forces. It is abundant, geographically ubiquitous, and
a potentially cheap graphene analogue material.*> Recent reports
that investigated MoS, found it to be a competitive
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electrocatalyst for HER, and both computational and experi-
mental data suggested that the edge sites of MoS, nanoparticles
are the active sites, so interest in using MoS, as water-splitting
electrocatalyst has intensified.”*** However, the poor intrinsic
conductivity of MoS, materials is a matter of concern because it
suppresses charge transport.*®” Taking this factor into account,
we hypothesized that designing MoS,-based materials with more
active edge sites and good conductivity would be an effective way
to improve the electrocatalytic HER.

Earth-abundant Cu-based materials have recently attracted
more attention, particularly due to their favourable electrical
conductivity and low-cost."®* Meanwhile, according to a volcano
plot of the exchange current density as a function of the DFT-
calculated Gibbs free energy of adsorbed atomic hydrogen, the
value of Cu just lies below those of the noble Pt-group metals.*
The combination of Cu with MoS, appears to be a promising way
to increase the conductivity and improve the HER performance.
Herein, compared with the Cu/MoS,-based catalyst reported in
previous works,***' we have creatively directly prepared the Cu/
MoS, nano-assembled structure for high HER activity using
a more facile one-step microwave-assisted synthesis.

2. Experimental details
2.1 Preparation of Cu/MoS, nano-assembled structure

The Cu/MoS, nano-assembled structure (NAS) was prepared by
the one-step microwave-assisted method. Sodium molybdate
(242 mg), thiourea (286 mg), and CuCl,-2H,O (2.18 mg) were
added to 60 mL of a mixture solution of isopropyl alcohol and
ethylene glycol (EG) (v/v =1 : 4) and sonicated for 30 min. A1 M
NaOH/EG solution was added to the mixture until a pH of 12 was
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reached, and then argon was blown into the mixture for 20 min.
The mixture was microwaved for 120 s at a dynamic power of
1700 W by a microwave oven (Panasonic NE-1753) in a draught
cupboard and then cooled naturally. Next, 1 M dilute nitric acid
was added until a pH of 2 was reached. The product was
collected by vacuum filtration and vacuum-dried at 60 °C. For
comparison, Cu-modified MoS, nanosheets (Cu/MoS, NSs) were
fabricated by using a similar method to that described above,
but with the sodium molybdate and thiourea replaced by 20 mg
of MoS, NSs. (The detailed synthesis procedure of the MoS, NSs
and the Cu/MoS, NSs material can be found in the ESI section.{
The TEM images of the MoS, NSs were shown in Fig. S1.})

2.2 Material characterization

The morphologies of the electrocatalysts were observed by
transmission electron microscopy (TEM) using a microscope
operated at an accelerating voltage of 300 keV. X-ray diffraction
(XRD) profiles of Cu/MoS, NAS with high-intensity Cu Ka radi-
ation (A = 1.5406 nm) in the range of 10-90°. X-ray photoelec-
tron spectroscopy (XPS) was used to record the elemental
composition and the electron binding energy using a K-Alpha
instrument.

2.3 Modification of the glassy carbon electrode

4 mg of the synthesized Cu/MoS, NAS catalysts and 80 pL of 5
wt% Nafion solution were dispersed in 1 mL of a water/ethanol
mixture (3 : 1 v/v) followed by a sonication for 15 min to obtain
a homogeneous catalytic slurry. Afterward, a glassy carbon
electrode (GCE) with a diameter of 3 mm, which was polished by
alumina suspensions, was treated with 5 pL of the catalytic
slurry and dried at a temperature of 26 °C (loading 0.285 mg
cm?). In addition, Cu/MoS, NSs, MoS, NSs, small-sized MoS,
NSs and Pt/C modified electrodes were prepared by the same
method for comparison purposes.

2.4 Electrochemical evaluation

The HER activities of these catalysts were evaluated via linear
sweep voltammetry (LSV) in 0.5 M H,SO, solution at a scan rate
of 5mV s~ " and at a temperature of 26 °C. All electrochemical
measurements were conducted using an electrochemical
workstation (CHI 660D) and a standard three-electrode setup
containing a saturated calomel electrode (SCE) as the reference
electrode, a graphite rod as the counter electrode, and the
modified GCEs as working electrodes. The AC impedance
measured in the frequency range between 10° Hz and 0.02 Hz
with an AC voltage of 5 mV. Before electrochemical measure-
ment, all polarization curves reported in our work were treated
for IR loss and all of the potentials were calibrated to a revers-
ible hydrogen electrode (RHE) by adding a value of (0.241 +
0.059pH) V and the utilized electrolytes were degassed by
bubbling Ar gas for 1 h.

3. Results and discussion

The morphologies of Cu/MoS, NAS and Cu/MoS, NSs were
characterized by transmission electron microscopy (TEM).
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Fig. 1a gives a close-up view of Cu nanoparticles (NPs) uniformly
distributed on MoS,. The mean size of Cu NPs, extracted by
directly measuring 138 particles from the TEM, is estimated to
be approximately 5.8 nm. Fig. 1b shows an HRTEM image of the
Cu/MoS, NAS with a lattice spacing of 0.24 nm, corresponding
to the (111) plane of Cu.?? Also visible is the clear lattice fringes
of MoS,. As shown in Fig. 1c and Fig. S2,7 TEM was used to
observe the morphology of Cu/MoS, NSs, in which Cu NPs (with
a diameter of 12.5 nm) aggregated on the surface of MoS, NSs.
HRTEM (Fig. 1d) indicated that having many highly crystalline
Cu NPs covering the edges of MoS, NSs may lead to the
reduction of HER electrocatalytic performance.

Fig. 2a shows the XRD pattern of the Cu/MoS, NAS. For the
pattern of the sample, the peaks at 26 = 14.2°, 33.0°, 39.7°, and
59.1° are attributed to the (002), (100), (103) and (110) planes of
MoS,.* The peaks of Cu at 43.5°, 50.5° and 74.5° in the range of
40-80° can be assigned to the diffraction from the (111), (200),
(220) planes of reductive Cu NPs with cubic phase, respec-
tively.>* XPS spectra were recorded to gain further insights into
the chemical nature and bonding state of the Cu/MoS, NAS. As
shown in Fig. 2b, the high-resolution Mo 3d XPS spectrum
contains two strong characteristic peaks at 228.9 eV and
231.9 eV, which can be attributed to the Mo*" oxidation state,>
while the relatively weak peak detected at 235.7 eV corresponds
to the Mo®" oxidation state (the latter feature most likely
resulted from the formation of a very small amount of MoO;
species during catalyst preparation). Hence, the majority of the
synthesized Mo species exhibited an oxidation state of +4.
Furthermore, the high-resolution S 2p,, and S 2ps/, spectra,
which were centred at 161.8 eV and 162.9 eV, respectively,
revealed the presence of divalent S*~ ions (Fig. 2¢).2 After peak
deconvolution of Cu 2pj;), in Fig. 2d, XPS spectrum peaks cen-
tred at 935.4 and 932.7 eV can be assigned as CuO and Cu,S.””

Different polarization curves obtained for the studied cata-
lysts via LSV are shown in Fig. 3a. It was found that the Pt/C
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Fig. 1 TEM images of Cu/MoS; NAS (a) and Cu/MoS, NSs (c). HRTEM
images of Cu/MoS, NAS (b), and Cu/MoS;, NSs (d).
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Fig. 2 XRD pattern of Cu/MoS, NAS (a). XPS images of Mo 3d (b), S 2p (c), and Cu 2p (d).

catalyst exhibited very strong HER performance with an over-
potential close to zero, while the Cu/MoS, NAS was character-
ized by a small overpotential of approximately 120 mV. For
comparison, small-sized MoS, NSs without CuCl,-2H,0 are
fabricated by using a similar method to that described for Cu/
MoS, NAS synthesized (Fig. S3 and S4t). In a sharp contrast,
both the Cu/MoS, NSs, pure MoS, NSs, and small-sized MoS,
NSs exhibited poor HER electrocatalytic activity. The linear
segments of the corresponding Tafel plots (Fig. 3b) were fit with
the Tafel equation n = b x lg j + a, where is the current density,
and b is the Tafel slope. As a result, the Tafel slopes of 92, 83, 66,
55, and 34 mV per decade were obtained for MoS, NSs, small-
sized MoS, NSs, Cu/MoS, NSs, Cu/MoS, NAS, and Pt/C cata-
lyst, respectively. It is indicated that the improved performance
of the catalyst is contributed to the introducing of Cu NPs which
is in accordance with previous reports.**** The high HER cata-
Iytic activity of the prepared Cu/MoS, NAS catalyst can be
attributed to the strong electronic coupling between the Cu and
MoS,. To maximize this effect, impedance measurements were
performed at an overpotential of » = 120 mV. As shown in
Fig. 3c, the same amount of the Cu/MoS, NAS catalyst exhibited
an alternating current impedance of approximately 275 Q,
which was much lower than that of the MoS, NSs (approxi-
mately 1800 Q) and Cu/MoS, NSs (approximately 370 Q).

To further evaluate the long-term stability of the synthesized
Cu/MoS, NAS catalyst, cyclic voltammetry (CV) measurements
by scanning 2000 cycles from —300 mV to 300 mV (vs. RHE) with
a scan rate of 100 mV s~ in an acidic environment (0.5 M
H,S0,) was used. Fig. 3d shows the comparison of polarization

This journal is © The Royal Society of Chemistry 2017

curves of the catalyst during the first cycle and 2000™ cycle. The
almost overlapped curves indicate the negligible loss of the
catalytic performance and a remarkable stability of the Cu/MoS,
NAS catalyst.”® In addition, the TEM images depicted in the
insert of Fig. 3d show that the original morphology of the hybrid
catalyst was well preserved after acidic treatment.

Remarkably, Tafel slopes are one of the most significant
factors that can discern the HER mechanism. According to the
classic theory,* Tafel slopes for the typical Volmer, Heyrovsky,
and Tafel reactions are around of 120 mV dec™ %, 40 mV dec ?,
and 30 mV dec™ ", respectively (1-3). The following are the now
accepted steps by which HER in acidic aqueous media
described, where MH,4, represents a hydrogen atom chemically
adsorbed on an active site of various material (M). In view of the
Tafel slope of 55 mV dec™ " for the Cu/MoS, NAS catalyst in the
current work, 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 scope
hydrogen molecules, should dominate the HER on the catalytic
process of the Cu/MoS, NAS catalyst. In other words, the rate
determining step is the electrochemical desorption of Huqs and
H;0' to form hydrogen, and the HER occurs through a Volmer-
Heyrovsky mechanism.

H30+ +e +C — MHads + Hzo (1)
H30+ +e + MHads - C+ H2 + Hzo (2)
MH,4 + MH,4s — 2M + H, (3)
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Fig. 3 Polarization curves for catalysts (a) and the corresponding Tafel plots (b). Impedance spectroscopy at an overpotential of 120 mV (c).

Durability test for the Cu/MoS, NAS (d).

To elucidate the synergistic effect produced by the synthe-
sized Cu/MoS, NAS catalyst on the catalytic process in more
detail, a simple model (Fig. 4) can be considered. The obtained
hybrid contains a large number of active HER catalytic sites due
to the abundance of accessible edges resulting from the small
size and irregular shape of MoS,. The use of Cu NPs not only
improved the electrical conductivity of the catalyst but also
further enhanced the catalytic activity by a synergistic effect
with nano-sized MoS,. Therefore, the produced Cu/MoS, NAS

Fig. 4 Schematic illustration of the mechanism governing the elec-
trocatalytic HER on the Cu/MoS;, NAS.
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catalyst can effectively reduce dissociated H' ions and release
H, molecules on a large number of active sites.

4. Conclusions

In summary, a facile microwave-assisted method has been used
to synthesize a Cu/MoS, NAS catalyst for HER. TEM images show
that Cu NPs can disperse on MoS, uniformly, which improves
conductivity. The Cu/MoS, NAS exhibits excellent HER catalytic
properties and long cycle life, which is attributed to the excellent
electrical coupling between the Cu NPs and the nano-sized MoS,.
Therefore, this work describes an inexpensive method for the
efficient fabrication of a Cu/MoS, NAS catalyst for the HER.
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