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Abstract

It is an effective strategy to improve the catalytic activity of materials by constructing hydroxide/sulfide hybrid structure.
In this work, nickel hydroxide/CoNi sulfide (Ni(OH),/CoNi,S,) nanoflowers supported on nickel foam (NF) were synthe-
sized by simple hydrothermal reaction and subsequent sulfurization, used as an efficient hydrogen evolution reaction (HER)
electrocatalyst in acidic medium. The results show that as-synthesized Ni(OH),/CoNi,S,/NF catalyst exhibits good HER
catalytic activity and stability in acidic electrolyte. When the current density is 10 mA cm™2, the overpotential and Tafel
slope of Ni(OH),/CoNi,S,/NF in 0.5 M H,SO, solution is 124 mV and 84 mV dec™!, respectively, displaying better catalytic
activity than Ni(OH),/NiS/NF. The introduction of Co and synergistic effect of Co and Ni bimetallic sites promote the HER
activity of the catalyst. In addition, the unique nanoflower structure of Ni(OH),/CoNi,S,/NF catalyst increases the active

area of the material, thus providing more catalytic active sites.
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Introduction

With the rapid development of modern industrial technol-
ogy, the traditional fossil energy has been unable to meet the
increasing demand of people [1, 2]. Long-term dependence
on non-renewable fossil fuels will not only accelerate energy
crisis but also cause many problems such as global warming
and environmental pollution. Therefore, it is urgent to find an
environmentally friendly, efficient, and renewable alternative
energy [3, 4]. Hydrogen energy is considered as one of the
ideal clean energies to replace fossil fuels because of its high
energy density, environmental friendliness, and zero carbon
emissions [5]. At present, hydrogen production technology
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via electrochemical water splitting is the most promising
way to achieve sustainable development of energy and zero
carbon emissions [6-8]. Electrolysis of water is composed
of cathodic hydrogen evolution reaction (HER) and anodic
oxygen evolution reaction (OER). However, slower kinetics
and higher overpotential in the process of water splitting
will seriously affect the efficiency of hydrogen production.
The design and development of efficient and stable electro-
catalysts can effectively reduce the overpotential in HER
and improve the efficiency of hydrogen production [6]. At
present, noble metal platinum-based (Pt) catalysts exhibit
excellent HER catalytic activity, but their scarce reserves
and high price limit the large-scale industrial applications
[9]. So, it is urgent to develop non-noble metal-based cata-
lysts with abundant reserves, low cost, high efficiency, and
stability, which is very important for industrial application
of electrolysis of water [10—12].

In recent years, the most studied non-noble metal HER
catalysts are transition metal compounds, such as transition
metal oxides/hydroxides [13, 14], borides [15, 16], carbides
[17, 18], nitrides [19], phosphides [20], sulfides [21], and
selenides [22]. Especially, transition metal sulfides (TMSs)
have been widely studied as HER electrocatalysts because of
their abundant defect sites, controllable electronic structure,
and various forms [23, 24]. KIM et al. [25] prepared CoS, on
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carbon fiber paper (CFP), used as an efficient HER electro-
catalyst, which exhibited high catalytic activity and stability
because of its unique nanostructure and synergy with car-
bon substrate. ZELEKE et al. [26] synthesized a monolayer
molybdenum disulfide (MoS,) electrocatalyst on carbonized
polyacrylonitrile, displaying excellent electrochemical HER
performance. Many studies have confirmed that bimetallic
sulfides show better catalytic performance than monometal-
lic sulfides due to the fact that different chemical activity of
bimetallic sulfides components leads to more defects, which
is beneficial to providing more active sites. At the same time,
the synergistic effect of bimetallic sites can effectively adjust
the electronic structure, thus improving electrocatalytic
activity [27]. Therefore, it is an effective strategy to improve
the catalytic activity by constructing bimetallic sulfides with
abundant active sites. WU et al. [28] successfully prepared
Mn-doped molybdenum disulfide/reduced graphene oxide
(Mn-MoS,/rGO) composites by hydrothermal method. The
results showed that as-prepared Mn-MoS,/rGO exhibited
better catalytic activity than undoped MoS,/rGO. ZHANG
et al. [29] synthesized bimetallic FeS/NiS/NF material by
solvothermal sulfidation. Compared with monometallic FeS/
NF and NiS/NF materials, FeS/NiS/NF showed better HER
performance.

Some studies have also shown that the catalytic activity
of the TMSs can be further improved by combining with
other active substances, such as layered double hydroxides
(LDHs). LDH shows better activity and stability because of
its unique structure, but its poor electrical conductivity will
limit its electrocatalytic activity. Therefore, it inspires us
to combine LDH with TMSs to achieve hydroxide/sulfide
hybrid structure. Because the high electrical conductivity of
TMSs and high intrinsic activity of LDH can function simul-
taneously to compensate each other’s drawbacks, which may
improve the catalytic performance by taking advantage of
the strong synergistic effects between different components
[30-33]. WANG et al. [30] synthesized CoNi,S,@NiMn-
LDH/SCC heterostructure nanoarrays on superhydrophilic
carbon cloth, displaying high catalytic activity and stabil-
ity as bifunctional electrocatalysts. WU et al. [34] prepared
self-supporting hollow Co(OH),/Ni-Co-S nanotube arrays
by hydrothermal method and subsequent sulfurization. The
catalyst showed good electrocatalytic performance for OER,
HER, and overall water splitting.

In addition, it is a promising strategy by in situ growth of
active materials on binder-free three-dimensional (3D) con-
ductive substrates such as NF, which is beneficial to heighten
the conductivity, increase active surface area, promote elec-
tron transportation, and improve the catalytic activity of the
materials [35-37]. Du et al. [38] constructed Ni(OH),/Ni;S,
heterojunction nanosheets on NF substrate, used as efficient
electrocatalyst for OER and HER. Ni(OH),/Ni;S, NF with
unique nanostructure and high specific surface area showed
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better catalytic activity of OER and HER. CHEN et al. [37]
reported that Fe, Rh-codoped Ni,P nanosheet arrays were
in situ grown on 3D NF under hydrothermal condition and
successive phosphorization. As-synthesized Fe, Rh-Ni,P/
NF catalyst exhibited better electrocatalytic performances
for the HER, OER, and overall water splitting. ZHANG
et al. [39] prepared straw-like phosphorus-doped Co,MnO,
nanoneedle arrays supported on NF (P-Co,MnO,/NF) by
successive hydrothermal treatment, oxidation, and P doping
for high-efficiency HER.

In view of this, we constructed nickel hydroxide/CoNi
bimetallic sulfide (Ni(OH),/CoNi,S,) nanoflower composite
supported on NF substrate by simple hydrothermal reac-
tion and subsequent sulfurization. As-synthesized Ni(OH),/
CoNi,S,/NF exhibits good HER catalytic activity and sta-
bility in acidic medium and is used as an efficient HER
electrocatalyst.

Experimental section
Materials

Hydrochloric acid, acetone, ethanol, and urea were pro-
duced from Sinopharm Chemical Reagent Co., Ltd. Nickel
nitrate hexahydrate and cobalt nitrate hexahydrate were pur-
chased from Shanghai Zhongqin Chemical Reagent Co., Ltd.
Sodium sulfide nonahydrate and ammonium fluoride were
supplied by Yantai Shuangshuang Chemical Co., Ltd. All
chemicals utilized were of analytical grade and were used
as supplied without any further purification.

Synthesis of Ni(OH),/CoNi,S,/NF

Nickel nitrate hexahydrate (2 mmol), cobalt nitrate hexa-
hydrate (1 mmol), ammonium fluoride (6 mmol), and urea
(10 mmol) were added to 20 mL of deionized water, forming
a pink clarifying solution after stirring for 30 min. The above
solution and acid-washed NF were introduced into 50 mL
of high-pressure reactor and kept at 120 °C for 12 h in the
oven. Bimetallic CoNi hydroxide (CoNi LDHs @NF) precur-
sor supported on NF were prepared by simple hydrothermal
reaction. Subsequently, the precursor was sulfurized at low
temperature to produce Ni(OH),/CoNi,S/NF. The obtained
precursor and 20 mL of sodium sulfide nonahydrate solu-
tion were placed into 50 mL of high-pressure reactor and
kept at 120 °C for 4 h in the oven. The product was natu-
rally cooled down to room temperature, washed with etha-
nol and deionized water alternately for several times, and
dried in a vacuum oven at 60 °C to obtain Ni(OH),/CoNi,S,/
NF composite. It is a promising strategy by in situ growth
of Ni(OH),/CoNi,S, on binder-free 3D NF. The prepara-
tion process of Ni(OH),/CoNi,S,/NF is shown in Fig. 1. In
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Fig. 1 Schematic illustration
of the preparation of Ni(OH),/
CoNi,S,/NF

C02+
o Ni2*

Urea
e NH,F

addition, Ni(OH),/NiS/NF and Ni(OH),/NF were synthe-
sized by the similar method, and their preparation process
are given in the “Supplementary information.”

Material characterization

X-ray diffraction (XRD) tests were performed on a D/Max-
2400 powder diffractometer to analyze crystal phases of the
as-synthesized materials. Scanning electron microscopy
(SEM, JSM-6701F) was used to characterize the morphol-
ogy of the materials. Transmission electron microscopy
(TEM) and energy-dispersive X-ray (EDX) spectrometry
measurements were carried out on a TF20 to characterize
lattice fringes and chemical elements. X-ray photoelectron
spectroscopy (XPS) characterization was performed on a
PHI 5702 XPS instrument to analyze the chemical composi-
tions and valence states of the materials.

Electrochemical measurements

All the electrochemical measurements were conducted
on a three-electrode electrochemical cell by Autolab
PGSTAT128N electrochemical workstation. Ni(OH),/
CoNi,S,/NF and other samples as controls were used as the
working electrode, Ag/AgCl as the reference electrodes,
and graphite rod as counter electrode. Electrochemical tests
were performed in 0.5 M H,SO, electrolyte. The presented
potentials in this work were all converted to reversible
hydrogen electrode (RHE) via the equation: E (RHE)=E

Fig.2 XRD patterns of

Hydrothermal Sulfuration

CoNi-LDHs/NF Ni(OH),/CoNi,S,/NF

(Ag/AgCl)+0.059 pH+0.197. All of the polarization
curves were recorded using linear sweep voltammetry
(LSV). Electrochemical impedance spectroscopy (EIS)
measurements were performed at the corresponding open
circuit potential to the electrode with the frequency range
of 50 kHz-0.01 Hz. The charge-transfer resistance (R)
was calculated by the diameter of the semicircular arc in
the Nyquist plots. The double-layer capacitance (C) values
were determined by performing cyclic voltammetry (CV)
measurements at different scanning rates of 20~ 100 mV s
under a non-Faradaic potential range.

Results and discussion

XRD tests were used to identify the crystal structure of
materials. Figure 2 shows XRD patterns of the as-synthe-
sized Ni(OH),/CoNi,S, and Ni(OH),/NiS. From Fig. 2a, it
can be seen that the diffraction peaks of Ni(OH),/CoNi,S,
are well indexed to Ni(OH), (PDF#14-0117) and CoNi,S,
(PDF#24-0334). The peaks at 19.2, 33.0, 38.5, 52.1, 59.0,
and 62.7° are assigned to (001), (100), (101), (102), (110),
and (111) crystal planes of Ni(OH), (PDF#14-0117),
respectively. The diffraction peaks appeared at 16.2, 26.6,
31.4, 38.1, 50.2, and 55.0° are corresponding to (111),
(220), (311), (400), (511), and (440) crystal planes of
CoNi,S, (PDF#24-0334), respectively. It indicates that
Ni(OH),/CoNi,S, composite was successfully prepared
by hydrothermal reaction and subsequent sulfurization.
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Figure 2b presents XRD pattern of Ni(OH),/NiS. The dif-
fraction peaks of Ni(OH),/NiS are also well indexed to
Ni(OH), (PDF#01-1047) and NiS (PDF#12-0041), dem-
onstrating that Ni(OH),/NiS material was successfully syn-
thesized. The XRD patterns of Ni(OH), and CoNi LDHs
are given in the “Supplementary information” (Fig. S1),
and their diffraction peaks are basically consistent with the
standard card.

Figure 3a—b shows the SEM images of Ni(OH),/NiS/NF.
It can be clearly observed that a large number of Ni(OH),/
NiS nanosheets were vertically grown on the surface of
nickel foam. The porous structures formed by the interlaced
nanosheets are beneficial to the ion migration of electrolytes
and the release of bubbles produced by electrolysis of water.
Figure 3c—d displays SEM images of Ni(OH),/CoNi,S,/
NF. Ni(OH),/CoNi,S,/NF is characterized with nanoflow-
ers composed of nanowire arrays and nanosheets. Further-
more, many nanowire arrays were grown on the surface of
nanosheets. The unique structure of Ni(OH),/CoNi,S,/NF is
helpful to increase specific surface area, expose more cata-
lytic active sites, and improve the electrocatalytic perfor-
mance of the material. As seen from TEM image of Ni(OH),/
CoNi,S, (Fig. 3e), as-prepared material exhibits nanoflowers
structure composed of nanowire arrays and nanosheets, in

1 pm

agreement with the results of its SEM image in Fig. 3c—d.
The high-resolution TEM image in Fig. 3f shows that the lat-
tice fringes with distances of 0.233 and 0.283 nm correspond
to (101) plane of Ni(OH), (PDF#14-0117) and (311) plane
of CoNi,S, (PDF#24-0334), respectively. It demonstrates
that as-prepared Ni(OH),/CoNi,S, composite is composed
of Ni(OH), and CoNi,S,, which is consistent with its XRD
results (Fig. 2a). The element composition and distribution
of the material were analyzed by the EDX attached to TEM
instrument. As shown in Fig. 3g-k, Ni(OH),/CoNi,S, is
mainly composed of Co, Ni, S, and O elements.

Because the surface structure and composition of the
catalysts affect their catalytic activity, XPS is usually used
to analyze the valence and surface chemical composi-
tion of the materials. Figure 4 displays the XPS spectrum
of Ni(OH),/CoNi,S,/NF. The XPS survey spectrum of
Ni(OH),/CoNi,S,/NF shows the presence of Ni, Co, S, and
O elements in the material (Fig. 4a), which is basically con-
sistent with the results of EDX. From the Ni 2p spectrum
in Fig. 4b, two peaks located at 855.97 and 873.81 eV are
ascribed to Ni 2p;, and Ni 2p, , of Ni** species, and the two
peaks appeared at 861.97 and 880.08 eV correspond to the
satellite peak of Ni** species [40-43]. The Co 2p spectrum
in Fig. 4c shows that two peaks at 782.45 and 797.73 eV

Fig.3 a-b SEM images of Ni(OH),/NiS/NF, c-d SEM images of Ni(OH),/CoNi,S,/NF, e TEM image of Ni(OH),/CoNi,S,, f HRTEM image of
Ni(OH),/CoNi,S,, g~k HAADF-STEM image and EDX elemental mappings
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correspond to Co 2ps, and Co 2p,,, of Co*" species, and
two peaks located at 779.49 and 793.67 eV are ascribed to
Co 2ps, and Co 2p, , of Co>* species [40, 42], respectively.
The peak at 802.67 eV corresponds to the satellite peak of
Co?* species, and the peak appeared at 775.17 eV indicates
that there may be Co species in the material [42—44]. As
seen from the S 2p spectrum in Fig. 4d, two peaks located
at 161.79 and 162.92 eV are ascribed to S 2p;,, and S 2p,,
of S?~ species, respectively. The peak at 168.92 eV may
be the sulfur species produced by the surface oxidation of
the material exposed in air [34, 45]. The O 1 s spectrum in
Fig. 4e displays that the peak located at 531.2 eV are mainly
ascribed to OH™ of Ni(OH), species [41].

In order to evaluate the electrocatalytic HER performance
of Ni(OH),/CoNi,S,/NF, the electrochemical tests were per-
formed in 0.5 M H,SO, using a standard three-electrode
cell by LSV at the scanning rate of 5 mV s~!. As shown in
Fig. 5a, the overpotential of Ni(OH),/CoNi,S,/NF is only
124 mV at a current density of 10 mA cm 2, which is obvi-
ously much lower than that of Ni(OH),/NiS/NF (229 mV),
Ni(OH),/NF (246 mV), and CoNi LDHs/NF (300 mV).
Ni(OH),/CoNi,S,/NF exhibits better HER activity compared
with Ni(OH),/NiS/NF, indicating that the introduction of
Co can improve the catalytic activity of the material. Tafel
slope is a good indicator of reaction kinetics and the rate-
determining step (RDS) of electrocatalytic reactions [46,
47]. As displayed in Fig. 5b, the Tafel slope of Ni(OH),/
CoNi,S,/NF is only 84 mV dec™!, indicating that the HER
process undergoes Volmer-Heyrovsky mechanism [11]. It
is also observed that the Ni(OH),/CoNi,S,/NF shows much
smaller Tafel slope than that of Ni(OH),/NiS/NF (122 mV
dec™"), Ni(OH),/NF (173 mV dec™"), and CoNi LDHs/NF
(195 mV dec™"). It demonstrates that Ni(OH),/CoNi,S,/NF
has faster electrochemical reaction kinetics, exhibiting better
HER catalytic performance. EIS is used to study the elec-
trocatalytic reaction kinetic and the interface characteristics
between the electrode and the electrolyte, which reflects the
charge-transfer properties. The R, was calculated by the
diameter of the semicircular arc in the Nyquist plots. The
smaller the R, value, the faster the charge-transfer kinetics.
Figure 5c presents the Nyquist plots of Ni(OH),/CoNi,S,/
NF, Ni(OH),/NiS/NF, Ni(OH),/NF, and CoNi LDHs/NF. It
can be seen that Ni(OH),/CoNi,S,/NF exhibits the smallest
semicircle, demonstrating its lowest R, value at the elec-
trode/electrolyte interface. The result shows that Ni(OH),/
CoNi,S,/NF has stronger charge-transfer ability and faster
reaction rate. The electrochemically active surface area
(ECSA) reflects the exposure of the active sites, high sur-
face area catalysts can expose more active sites, which can
reduce the interaction between catalysts and reactants, which
is usually estimated by measuring the Cy, at the electrolyte/
electrode interface because of their positively proportional
correlation (ECSA =Cy/C,) [48, 49]. The C, values were
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obtained by performing CV measurements at different scan-
ning rates of 20-100 mV s~! under a non-faradaic potential
range in 0.5 M H,SO, (Fig. S4). As displayed in Fig. 5d,
Ni(OH),/CoNi,S,/NF exhibits a Cy, value of 27 mF cm™2,
which is much higher than that of Ni(OH),/NiS/NF (25
mF cm~2), Ni(OH),/NF (0.43 mF cm~2), and CoNi LDHs/
NF (0.25 mF cm™?). The higher the Cy, value of Ni(OH),/
CoNi,S,/NF indicates its larger ECSA, which is beneficial
to exposing more catalytic active sites and improve the cat-
alytic activity of the material. HER catalysts are required
to possess not only good catalytic activity but also good
stability. In practical applications, good stability means
maintaining good catalytic activity for enough long time.
So stability is an important index to evaluate the quality
of the catalysts. The cycling stability of Ni(OH),/CoNi,S,/
NF was examined by continuous CV with a potential scan
from—0.2 to—0.8 V at a scan rate of 50 mV s~! for 2000
cycles. From the LSV curves in Fig. Se, it can be found that
Ni(OH),/CoNi,S,/NF displays negligible degradation after
2000 CV cycles. Figure 5f shows the chronopotentiometric
curve at a controlled current density of 10 mA cm~? for 30 h.
Ni(OH),/CoNi,S,/NF shows a stable potential response for
HER without significant degradation after continuous testing
for 30 h. The above results reveal that Ni(OH),/CoNi,S ,/NF
has good catalytic stability in acidic medium.

The above results show that as-synthesized Ni(OH),/
CoNi,S,/NF catalyst exhibits better HER catalytic activity
and stability. Compared with Ni(OH),/NiS/NF, the morphol-
ogy of the catalyst changes from nanosheets to nanoflowers
structure composed of nanowire arrays and nanosheets due
to the introduction of Co. The unique morphology and struc-
ture of Ni(OH),/CoNi,S,/NF is beneficial to increasing the
specific surface area and providing more active sites. In situ
growth of Ni(OH),/CoNi,S, on binder-free 3D conductive
substrates such as NF can significantly facilitate the conduc-
tivity, increase ECSA, promote electron transportation, and
improve the catalytic activity of the material. Furthermore,
the introduction of Co can improve the electronic structure
of the material and produce more active sites. In addition,
the synergistic effect of Co and Ni bimetallic sites promotes
the HER catalytic activity of the catalyst.

Conclusions

Ni(OH),/CoNi,S,/NF composite was successfully pre-
pared by simple hydrothermal reaction and subsequent
sulfurization, used as an efficient electrocatalyst for
HER. The results show that as-synthesized Ni(OH),/
CoNi,S,/NF catalyst displays better HER catalytic activ-
ity and stability in acidic medium. It only requires the
low overpotential of 124 mV to drive a current density of
10 mA cm~2 with a Tafel slope of 84 mV dec™!in 0.5 M
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H,S0,, exhibiting better catalytic activity than Ni(OH),/
NiS/NF. This is mainly attributed to the unique nanoflow-
ers structure of Ni(OH),/CoNi,S,/NF catalyst, which can
increase the active area of the material and provide more

CoNi,S,/NF before and after 2000 CV cycles, f chronopotentiometric
curve of Ni(OH),/CoNi,S,/NF at a current density of 10 mA cm=2 for
30h

catalytic active sites. Meanwhile, the introduction of Co
and synergistic effect of Co and Ni bimetallic sites pro-
mote the HER activity of the catalyst.
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