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Recent studies proved that MoS, is a promising noble metal-free electrocatalyst for hydrogen evolution
reaction. Here, we report the three-dimensional (3D) structures of MoS,/Cu,S hybrids were prepared by a
one-step hydrothermal method using copper foam. Cu,S derived from the copper foam was used as the
self-template of the 3D structures. The MoS, nanosheet arrays were vertically aligned on the surface of
Cu,S networks. The MoS, nanosheets on the 3D Cu,S structure maximized the exposure of their edge
sites at the atomic scale and presented superior catalysis activity for hydrogen production. The ease of
composite fabrication suggested that the MoS,/Cu,S composite is a promising candidate electrode mate-
rial for hydrogen evolution.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is regarded as a promising replacement for tradi-
tional petroleum fuels in the future. The electrolysis of water can
be an important and environmentally friendly pathway for hydro-
gen production. Hence, hydrogen production from water splitting
has attracted growing attention [1-5]. Noble metal catalysts, such
as Pt, Ry, and Ir, are the most effective catalysts for hydrogen evo-
lution reaction (HER). Although these noble metals exhibit excel-
lent electrocatalytic activity and the lowest overpotential for
HER, their scarcity and high cost limit their applications [6]. There-
fore, extensive efforts have been carried out to develop noble
metal-free electrocatalysts.

Transition metal dichalcogenide (TMDs) have been recognized
as low-cost catalyst alternatives for HER reaction because of their
highly catalytic activity [7-9]. The most extensively studied TMD
material is MoS, because of its electrocatalyst properties and nat-
ural abundance [10]. The catalytic performance of MoS, for HER
mainly relies on catalytic site numbers (defects at edges or planes)
and efficient exposure surfaces. The exposure surfaces are closely
associated with microstructures and nanostructures at electrodes
(e.g., vertical nanosheet arrays) [11]. However, prepared MoS, lay-
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ers tend to aggregate during practical application, resulting in the
loss of active sites [12]. To date, the preparation of MoS, compos-
ites is an important strategy to improve the catalytic activity of
MoS, [21-23]. In this paper, we report for the first time the use
of Cu,S derived from copper foam as a self-template of 3D MoS,/
Cu,S structures in a one-step hydrothermal synthesis, in which
MoS, nanosheet arrays are vertically aligned on the surface of
Cu,S networks.

2. Methods and materials

All chemical reagents used in the experiment were of analytical
grade and were not subjected to further purification.

Preparation of MoS,: 1 mmol of ammonium molybdate tetrahy-
drate ((NH4)sMo070,4-4H,0) and 30 mmol of thiourea (SC(NH),)
were dissolved in 35 mL of deionized water. The homogeneous dis-
persion was transferred into a Teflon-lined autoclave (50 mL) and
heated at 180 °C for several hours.

Preparation of Cu,S: 30 mmol of thiourea (SC(NH;),) were dis-
solved in 35 mL of deionized water. A piece of Cu foam
(1 cm x 1 cm x 0.1 cm) was reduced in an H, flow of 500 sccm
at 1050 °C for 10 min. Then the homogeneous dispersion and the
hydrogen-reduced Cu foam were transferred into a Teflon-lined
autoclave (50 mL), and heated at 180 °C for several hours.
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Fig. 1. FESEM images of (a) Cu foam and (b) hollow structure of Cu foam. (c, e) Low-magnification FESEM images of MoS,/Cu,S growing for 8 and 24 h, (d and f) cross-
sectional view of FESEM images of (c) and (e). The insets of (d) and (f) show the high-magnification FESEM images of MoS,/Cu,S. (g, h) Low-magnification FESEM images of
MoS; power and 3D Cus,S. The insets of (g) and (h) show the high-magnification FESEM images of MoS, power and 3D Cu,S.

Preparation of MoS,/Cu,S hybrids: 1 mmol of ammonium
molybdate tetrahydrate ((NH4)sMo07024-4H,0) and 30 mmol of
thiourea (SC(NH,),) were dissolved in 35 mL of deionized water.
A piece of Cu foam (1 cm x 1 cm x 0.1 cm) was reduced in an
H, flow of 500 sccm at 1050 °C for 10 min. Then the homogeneous
dispersion and the hydrogen-reduced Cu foam were transferred
into a Teflon-lined autoclave (50 mL), and heated at 180 °C for sev-
eral hours.

The obtained solid products (MoS, power, 3D Cu,S and 3D
MoS,/Cu,S hybrids) was washed several times with deionized

water and ethanol for several times, and then dried in a vacuum
oven at 60 °C for 12 h.

A saturated calomel electrode (SCE) and a graphite rod were
used as the reference electrode and counter electrode, respectively.
The produced 3D Cu,S or MoS,/Cu,S composite was used as the
working electrode. The produced MoS, power (3 mg was needed)
and 120 pL Nafion solution (5 wt%) were dispersed in a 1.5 mL
water-ethanol solution with volume ratio of (3:1) and sonicated
for 0.5 h to form a homogeneous ink. Then 5 pL of the suspension
was drop-casted onto the glassy carbon electrode (GCE) surface.
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Fig. 2. (a) XRD patterns of MoS,, Cu,S and MoS,/Cus,S, respectively. (b) HRTEM images of as-prepared 3D MoS,/Cu,S structure grown for 24 h, and (c) XPS survey spectra of

MoS;/Cu,S, (d-f) XPS spectra of Mo 3d, Cu 2p, and S 2p.

Linear sweep voltammetry (LSV) measurement with a scan rate of
5 mV/s was conducted in a 0.5 M H,SO4 (purged in pure N, for
30 min before activity test).

Scanning electron microscopy (SEM) was performed using a
HITACHI TM-1000 scanning electron microanalyzer. X-ray photo-
electron spectroscopy characterization (XPS, Axis Ultra) was uti-
lized to characterize elemental composition. High-resolution TEM
(HRTEM) and selected area electron diffraction were performed
on a JEOL 2100F with a beam energy of 200 keV. X-ray diffraction
(XRD) was conducted using a DX-2700A X-ray diffractometer (Pre-
cision Instruments Co. Ltd, Shanghai, China). All electrochemical
measurements were conducted on a CHI 660D electrochemical
workstation (Shanghai Chenhua Instrument Co., China) in a
three-electrode cell at room temperature.

3. Results and discussion

The MoS, grown on the 3D structures of Cu,S in the hydrother-
mal synthesis involved three key steps based on the common
knowledge of sulfur compounds and the published literature
[14]. First, the MoS, nuclei was rapidly formed via the redox reac-

tions of H,S (from the hydrolysis of CSN,H, in Eq. (1)) with MoO3~
(from the ionization of (NH4)sMo070,4), as shown in Eq. (2).

NH,CSNH; + 2H,0 — 2NHj3; + H,S + CO, (1)

4MoO2™ + 9S% + 24H* — 4MoS, + SO2~ + 12H,0 (2)

The MoS, nuclei grew into nano-plates according to the crystal
growth habit. The MoS, nano-plates were then convoluted to form
a larger flowerlike structure. In the hydrothermal process, the hol-
low copper was separated by several layers, and the copper foam
was vulcanized, consequently forming cuprous sulfide. The formed
MoS, was arranged vertically on the surface of different layers of
the Cu,S structures.

The morphologies of the 3D MoS,/Cu,S, 3D CuS, and MoS,
power were confirmed by SEM, as shown in Fig. 1. The porous cop-
per foam surfaces and the hollow structure are shown in Fig. 1(a,
b). After 8 h of hydrothermal reaction, the Cu,S substrate was cov-
ered by MoS; nanosheets. The inset of Fig. 1(d) shows that the as-
grown MoS, nanosheets were vertically and sparsely arranged on
the surface of the Cu,S substrate. The arrangement of MoS, was
intensive, and the size of the MoS, nanosheets increased with time
from 8 h to 24 h, as shown in Fig. 1(e, f). The hollow Cu,S tube was
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Fig. 3. Polarization curves of pure 3D Cu,S, MoS,, and MoS;/Cu,S hybrids grown for
24 h.

separated by several layers, the formation of the multilayer Cu,S
was attributed to the volume expansion during the transformation
of Cu into Cu,S, and the number of layers increased with time. The
morphology of MoS, power was shown in Fig. 1(g). We can see
from the picture that the dispersion of MoS, power is poor and
the size is not uniform. Cu foam promotes the dispersion of MoS,
nanosheets and increases the surface area. The 3D Cu,S synthe-
sized by hydrothermal process is shown in Fig. 1(h). The inset of
Fig. 1(h) shows that the 3D Cu,S is composed of block structure.
Comparing Fig. 1(h), (d) and (f), we have reason to speculate that
the MoS; covering on the surface inhibits the formation of block
Cu,S.

XRD was performed to study the structure of MoS,, Cu,S and
MoS,/Cu,S, and the results are shown in Fig. 2(a). The well-
defined peaks of Cu,S can be well-indexed to the face-centered
cubic Cu,S (JCPDS no. 26-1116) [13]. The XRD peaks pertaining
to MoS, revealed the hexagonal phase of MoS, (JCPDS no. 37-
1492). As presented in Fig. 2(a), MoS, showed peaks at 26 = 14.1°
, 33.8°, and 59.3°, which can be indexed to the (0 0 2), (1 0 0),
and (1 1 0) planes, respectively. The peak at 14.1° corresponded
to the c-plane of MoS,. The weakness of the peak (14.1°) indicated
that the MoS, nanosheets might have comprised only a few layers
and were thus too thin to detect anything but the weak peak [15].
HRTEM were employed to further confirm the structure and mor-
phology of the Cu,S/MoS, composite. The image shown in Fig. 2(b)
displays slices consisting of a bi-component of MoS; and Cu,S. The
interlayer fringes of the selected area were 0.65 and 0.24 nm,
which agreed well with the (0 0 2) plane of MoS, and the (1 1 0)
plane of Cu,S, respectively. Comprehensive information on the sur-
face electronic state and chemical composition of MoS,/Cu,S com-
posites can be further provided by XPS measurements, as shown in
Fig. 2(c-f). The wide scan XPS spectra of the MoS,/Cu,S composites
(Fig. 2c) clearly indicated that the sample was composed of Mo, Cu,
S, and O elements and that no peaks of other elements were
observed. High-resolution Mo 3d spectrum (Fig. 2d) showed char-
acteristic peaks centered at 232.3 and 229.2 eV and corresponded
to Mo 3d3/2 and Mo 3d5/2 orbitals, respectively. This result sug-
gested that Mo in the MoS,/Cu,S hybrid was the Mo** state. In
addition, the peak at 235.2 eV corresponded to a small amount
of unreacted MoOs; on the surface of MoS, [16]. Similarly, the broad
peak in Fig. 2(f) shows the S 2p spectrum, which, on further decon-
volution, revealed the presence of peaks at 161.7 and 163.2 eV that
respectively indicated the presence of S 2p3/2 and S 2p1/2 levels
[17]. In addition, the peaks at 932.4 eV (Cu 2p3/2) and 952.4 eV

(Cu 2p1/2) confirmed the formation of monovalent copper sulfide
(chalcocite), which is consistent with the NIST XPS database. The
presence of an auger peak at 569.6 eV, as depicted in Fig. 2(e), indi-
cated the presence of copper in (I) state and validated the forma-
tion of Cu,S. Moreover, the absence of any satellite peaks in the
Cu 2p spectra implied that the synthesized material was devoid
of other crystallographic phases of copper [18-20].

We further explored the activity of the hybrids toward HER in
0.5 M H,S0, using a three electrode electrochemical cell. The elec-
trochemical polarization curves plotted in Fig. 3 confirm that the
hybrid materials improved the HER catalysts relative to pure
MoS, particles or 3D Cu,S at an overpotential of —0.42 V.

4. Conclusions

In summary, we present a one-step hydrothermal method to
prepare MoS,/Cu,S hybrids with vertically aligned MoS,
nanosheets grown on 3D Cu,S structures. Cu,S derived from cop-
per foam is used as the self-template of the 3D structures. The ver-
tically oriented nanosheets grown on the surface of the layered
Cu,S not only increase the density of active sites but also decrease
the charge transfer resistance during the HER process. As a result,
the 3D MoS,/Cu,S hybrids exhibit better activity in acid media in
comparison with pure MoS; particles and 3D Cu,S.
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