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Abstract

Electrocatalysts for hydrogen evolution made from earth’s rich elements are key to a sustainable and clean hydrogen economy.
Now, using a straightforward way to make valid catalysts with preferable catalytic activity from inexpensive raw materials
in large scale remains challenge. The preparation of nickel-sulfur hybrid nanoplate electrocatalyst has a deep consideration
because of its ordinary preparation process, outstanding property, and fine stabilization. In this work, employing an improved
chemical vapor deposition (CVD) synthesis method to fabricate a highly efficient and stable NiS,/NiS electrocatalyst pre-
pared by changing the mass of nickel-sulfur ratios of 8:1 (NiS,/NiS-8), 4:1 (NiS,/NiS-4), 2:1 (NiS,/NiS-2), and 1:1 (NiS,/
NiS-1), applied to hydrogen evolution reactions (HER). The acquired NiS,/NiS-4 showed excellent HER performance with
an overpotential of 202 mV to drive 100 mA/cm? in 1 M KOH solution with a Tafel slope of 69.0 mV/dec, also with 30 h
stability testing. This vigorous catalyst, fabricated from commercial Ni foam, has a potential for industrialization of hydrogen
economy and will stimulate the industrial development of nonprecious metal catalyst.

Keywords NiS,/NiS hetero-nanoplate arrays - Transition metal sulfide - Hydrogen evolution reaction - Synergistic effect

Introduction

With environmental pollution and heavy consumption of
fossil fuels, it becomes increasingly crucial to find a clean
pollution-free energy source [1, 2]. Hydrogen, as a new type
of energy, fabricated by electrochemical, is seen as a clean
energy source comparable to fossil fuels [3] and has the
merit of high calorific power and pollution-free combus-
tion [4]. While, using cathode to produce molecular hydro-
gen during electrolysis is regarded as an effective way to
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manufacture large-scale hydrogen [5]. However, electrocata-
lyst is a slow process, and thus highly efficient cathode mate-
rials are desirable to ameliorate the energy conversion ratio.
Nowadays, rare metals electrocatalysts display predominant
activity, Pt-based materials are seen as the most impactful
hydrogen evolution electrode, but their large-scale applica-
tions are rigorously hindered by the shortage and high cost
[6]. Hence, it is significant to develop an efficient material
to substitute the Pt-based group metals [7]; noble-metal-free
earth-abundant materials have to be fabricated to depress the
cost for the hydrogen production gas.

For acquiring preeminent hydrogen evolution electrocata-
lysts, a great deal of measure has been adopted to supersede
noble metals by non-precious metal electrocatalysts, such
as earth-abundant transition metal sulfides (Ni5S,, NiS,,
MoS,, etc.) [8—10], carbides (Mo,C, WC, etc.) [11, 12], sele-
nides (MoSe,, CoSez’ etc.) [13, 14], nitrides (Ni,N, Co,N,
etc.) [15, 16], and phosphides (NiP,, NiP,/CoP,, etc.) [17,
18]. Well-designed nanostructures have been extensively
explored, and they reveal highly efficient activity in terms
of electrochemical water splitting. For example, bimetal
(Ni-Mo) based sulfides [19—-24] can be modulated by nitro-
gen incorporation to show a high efficiency and stable HER
activity. There have been many reports on Ni;S, [25], using
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Na,S-9H,0 and commercial Ni foam with different tempera-
tures to get 3D edge rich Ni,;S, thin film, for HER, because
it is treated as one of the promising HER catalysts to replace
Pt. NiS/Ni [26] also attracted vital research interest, because
of its structural and electronic. Despite encouraging progress
has been made, developing a kind of Pt-like electrocatalysts
with good stability remains challenging. Comparatively,
commercial nickel foam (NF) is promising for manufactur-
ing efficient catalysts due to their structural integrity, rich
large holes, and low price.

In this work, we synthesized highly active hydrogen evo-
lution electrocatalyst nanoplates that were grown on Ni foam
which is in situ conversion from Ni(OH),/nickel foam. The
as-prepared electrocatalyst consists of a mixture of NiS,/
NiS nanoplate arrays that were synthesized in argon (Ar)
atmosphere through a vapor phase sulfurization process,
showing a good morphological property, which can assist
the desorption of as-generated H, bubbles in HER process
with the many reactive active sites on the electrode surface.
Furthermore, Ni foam, as the base of the electrocatalyst, has
strong electron conductivity and is beneficial to the contact
between the electrocatalyst and the electrolyte. A large num-
ber of literatures show that many heterogeneous interfaces
are beneficial to the decomposition of water and improve-
ment of the alkaline HER performance.

The experimental results show that the prepared hydrogen
evolution catalyst possesses nice catalytic activity with a low
starting overpotential and a corresponding Tafel slope of
69 mV/dec. And an overpotential of 202 mV was observed
for the generation of HER current of 100 mA/cm?. Our cata-
lyst also showed good stability after a test period up to 30 h.
On the one hand, this work uses a simple method to prepare
efficient and stable electric catalysts, and on the other hand,
we provide a method for large-scale practice for converting
transition metal nickel into sulfide.

Experimental
Preparation of NiS,/NiS electrocatalysts

NiS,/NiS electrocatalyst was synthesized by direct vulcan-
izing the hydrothermal Ni(OH),/ Ni foam in a tube furnace
in a direction perpendicular to the Ar gas flow. A piece of
1 cmx3 cm X2 mm Ni(OH),/Ni foam was ultrasonically
treated with ethanol and 3 M HCI, each for 30 min, to elimi-
nate surface oxides and contamination, and then rinsed with
distilled water. First, the treated Ni(OH),/Ni foam was put
into the oven with a temperature of 60 ‘C, which sustains 6 h.
Then, a ceramic boat loaded sulfur powder and a small piece
of Ni(OH),/Ni foam on the side near the sulfur powder were
placed in the heat zone of tube furnace. The temperature was
kept at 400 °C for 1 h for the growth. After that, the furnace
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was automatically turned off and naturally cooled down to
room temperature under Ar atmosphere. For the best per-
forming NiS,/NiS-4 sample, the nickel-sulfur mass ratio
is 4:1. For comparison, other samples were also prepared
with nickel-sulfur ratios which are 8:1 (NiS,/NiS-8), 2:1
(NiS,/NiS-2), and 1:1 (NiS,/NiS-1). All of the electrolytes
are sulfured in tube furnace by tuning temperature to 400
°C for 1 h. The mass loading of catalyst NiS,/NiS-4 on NF
was about 2.0 mg cm~2. The contrast electrode of Pt/C was
fabricated by drop-coating Pt/C catalyst solution on Ni foam.
Pt/C catalyst ink was prepared by dispersing 10 mg Pt/C (20
wt%) and 25 pL Nafion solution in 975 pL isopropanol. A
200 pL of powder ink was loaded onto as-cleaned NF (1x 1
cm?), followed with the dry in air at room temperature. The

average mass loading of Pt/C on NF is about 2.0 mg-cm™.

Materials characterization

The crystal structures of the samples were characterized
using X-ray diffraction (XRD, Smart Lab) and X-ray pho-
toelectron spectroscopy (XPS, Thermo ESCALAB 250XI).
The surface morphology of as-prepared NiS/NiS, were
characterized by scanning electron microscopy (FESEM,
JSM-7610F), energy-dispersive X-ray spectroscopy (EDX),
and microstructure which were observed by transmission
electron microscopy (TEM, FEI Tecnai F20).

Electrochemical characterization

The electrochemical property of hydrogen evolution reac-
tion was investigated at room temperature and in a stand-
ard three-electrode system using a CHI660E electrochemi-
cal workstation (CH Instruments, Shanghai, China) and
using 1 M KOH as the electrolyte under a nitrogen satu-
rated atmosphere. NiS,/NiS, Hg/HgO, and graphite elec-
trode were used as the working electrode, reference elec-
trode, and counter electrode, respectively. All the measured
potentials were converted to reversible hydrogen electrode
(RHE). The conversion formula is E (vs RHE)=E (vs Hg/
HgO) +0.059*pH + 0.098 for Hg/HgO electrode in 1 M
KOH electrolyte. Linear sweep voltammetry (LSV) was
measured by changing the potential from—0.9 to— 1.5 V vs
Hg/HgO with a scan rate of 5 mV/s and managed with IR
compensation unless being specifically indicated. The elec-
trochemical double-layer capacitances (Cg;) data of NiS,/NiS
electrodes were evaluated by the measurement of cyclic vol-
tammetry (CV) at diverse scan rates (20, 40, 60, 80, 100, and
120 mV/s) in the range between 0.24 and 0.3 V (vs RHE).
The electrochemical impedance spectroscopy (EIS) tests
were taken in the frequency range of 100 kHz to 0.01 Hz. It
should be emphasized that the KOH solution is treated by
high purity N, to remove oxygen before each electrochemi-
cal measurement. Long-term stability tests were conducted
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using galvanostatic technique with applied current density
of 25 mA/cm” in 1 M KOH.

Results and discussion
The NiS/NiS, nanoplates were straightly fabricated in

Fig. 1. The Ni(OH),/Ni foam were converted to NiS,/NiS/
NF through a chemical vapor deposition process. This

Fig. 1 Schematic illustration for
the formation of NiS,/NiS

preparation process is mild, simple, and very suitable for
large-scale production.

Structural characterization

To further explore the crystal-line phases of the samples, the
X-ray diffraction (XRD) patterns of NiS,/NiS-1, NiS,/NiS-2,
NiS,/NiS-4, and NiS,/NiS-8 are presented in Fig. 2a. The
results demonstrate that the NiS,/NiS/NF were successfully

Fig.2 a XRD patterns of NiS,/
NiS-1, NiS,/NiS-2, NiS,/NiS-4, a b Ni2p
and NiS,/NiS-8. b XPS pattern NiS,/NiS-1
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synthesized. The peaks in XRD pattern confirm the co-exist-
ence of NiS,, NiS, and Ni. The peaks at 20=27.13°, 31.43°,
35.25°, 38.75°, 45.04°, 47.94°, and 53.38° are assigned
to the (111), (200), (210), (211), (220), (221), and (311)
planes of cubic structured NiS, (PDF#88-1709), while the
peaks at 20 =44.49°, 51.84°, and 76.38° are assigned to the
(111), (200), and (220) planes of cubic structured Ni foam.
The peaks marked with red lines are consistent with hex-
agonal structured NiS (PDF#75-0613), which the peaks at
20=30.14°, 33.79°, 34.66°, 45.91°, 53.54°, and 61.09° are
assigned to the (100), (002), (101), (102), (110), and (103)
planes. And with the increasing of the mass of S powder, the
intensity of XRD peaks is getting stronger. No other peaks
were observed.

X-ray photoelectron spectroscopy (XPS) is used to
explore the element composition and atomic valence states
of the sample surface. As shown in Fig. 2b, the XPS spec-
trum shows the presence of Ni and S elements in NiS,/NiS.
The Ni 2p spectrum (Fig. 2¢) can be well fitted to 2p;,
(located at 855.80 eV) and 2p,,, (located at 873.08 eV),
which indicates the existence of Ni** and one set of
shakeup satellites, accompanying with the binding energy
of 862.5 eV and 878.6 eV, respectively. In the S 2p region
(Fig. 2d), the binding energies at 162.68 eV (S 2p;/,) and
163.08 eV (S 2p,,) are ascribable to Ni-S bonds. The high
binder energy at 167.6 eV is the satellite peak, which can be
regarded as oxides formed on the surface of metal sulfide
[27]. XPS analysis and XRD results demonstrate the pres-
ence of NiS,, NiS.

The surface morphology of the prepared catalysts was
explored by SEM. The Ni(OH),/Ni foam with a smooth
and large scale of the surface was converted into NiS,/NiS
nanoplates (Fig. 3a and d). Indicating that after the chemi-
cal vapor deposition, the NiS,/NiS presented a nanoplate
arrays with a thick diameters about~35 nm which supported
a large scale of specific surface area and the surface of Ni
foam getting tougher than others. In order to check the sul-
furation degree of different mass of nickel-sulfur ratio, dif-
ferent samples were prepared and then analyzed. Compared
to the nickel-sulfur mass ratio of 1:1, 2:1, and 8:1, nano-
plates with a little difference were formed with the nickel-
sulfur mass ratio of 4:1. The NiS,/NiS-4 formed much more
nanoplates than others. Moreover, the single nanoplate is
several dozens of nanometers in thickness and distributes
uniformly. The special structure of the NiS,/NiS is referred
to as “nanoplate”; this kind of heterojunction structure not
only increases more accessible active sites which plays an
important role in the catalytic performance [28, 29], ena-
bling fast redox reaction, but also provides abundant paths
for rapid mass transport and facilitates gas bubble diffusion,
so the water splitting catalytic activities was better improved.

The detailed morphology and microstructure of NiS,/NiS
were characterized by the TEM (Fig. 3b). The surfaces of
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smooth nanoplates are converted to tough nanoplate, form-
ing a hierarchical nanoplate structure, which would provide
more active sites for electrochemical reactions occurring at
the electrode/electrolyte interface. Figure 3e is an enlarged
view of nanoplate with a thin diameter. The HRTEM images
of NiS,/NiS nanoplate are presented in Fig. 3c and f with
well-defined lattice fringes. The lattice spacings of 0.3 nm
and 0.23 nm correspond to the (100) plane of NiS and the
(211) plane of NiS,, respectively, confirming the chemi-
cal composition of NiS,/NiS. In addition, elemental map-
ping was performed to illustrate the element distribution
and structural properties of the NiS,/NiS (Fig. 3g—i). It is
observed that the Ni and S elements are all evenly distrib-
uted throughout the nanoplates. Differently from that, Ni
shows high content in the edges of the nanoplates, and S
shows high content in the center of the nanoplates.

Electrochemical performance

The electrocatalytic performance of NiS,/NiS was evalu-
ated on a three-electrode system in 1 M KOH. Electrodes
composed of bare NF, NiS,/NiS-1, NiS,/NiS-2, NiS,/NiS-
4, NiS,/NiS-8, and a commercial Pt/C for comparison, and
the results are shown in Fig. 4. Figure 4a displays the LSV
curves of NF, NiS,/NiS-1, NiS,/NiS-2, NiS,/NiS-4, NiS,/
NiS-8, and Pt/C. According to IR-corrected polarization
curves, the bare NF exhibits negligible HER activity. The
NiS,/NiS-4 electrode exhibits the best HER performance
among all the samples. The current density of 100 mA/
cm? is about 202 mV for NiS,/NiS-4, which is smaller than
NiS,/NiS-1 (372 mV), NiS,/NiS-2 (244 mV), and NiS,/
NiS-8 (302 mV). Moreover, the cathodic current density
of NiS,/NiS-4 could reach 250 mA/cm? at about 245 mV.
These values are comparable to those of most of the reported
NiS,-based electrocatalysts toward HER in alkaline electro-
lyte, which demonstrate the potential of this heterostructure
as an available candidate toward HER. It is worth nothing
that the HER performance of NiS,/NiS has been improved
significantly by adding the mass of S powder. This result
demonstrates the existence of the synergistic effect between
Ni and S.

Figure 4b compared the overpotential at the current den-
sity of 50 and 100 mA/cm?. At the 50 mA/cm?, the over-
potentials of NF, NiS,/NiS-8, NiS,/NiS-4, NiS,/NiS-2, and
NiS,/NiS-1 are 296, 148, 161, and 300 mV, respectively. The
whole conductivity of NiS,/NiS-4 can be enhanced obvi-
ously. By comparing the overpotentials of different samples
at different current densities, NiS,/NiS-4 shows the better
electrocatalytic hydrogen analysis properties than other
samples.

Electrochemical impedance spectra (EIS) was used to
characterize the electrode kinetics of the interface reactions
during the HER process, which was operated at the potential
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Fig.3 Morphology and crystal structure. a,d SEM images showing
the nickel-sulfured nanoplates. b,e TEM images showing a piece of
nanoplate. ¢,f HRTEM images showing orientation of NiS, and NiS

of —200 mV vs RHE. Through Fig. 4c of the EIS, the size
of the charge-transfer resistances (R) of each sample can
be obtained. Obviously, the Rct of NiS,/NiS-1, NiS,/NiS-2,
NiS,/NiS-4, and NiS,/NiS-8 are 4.7 Q, 3.2 Q, 1.8 Q, and 4
Q, respectively. NiS,/NiS-4 exhibits the lowest charge trans-
fer resistance (R,). This means an efficient charge transfer
rate of NiS,/NiS-4, which is consistent with the fact that
NiS,/NiS-4 exhibits an excellent electrocatalytic capability.
The intimate nickel-sulfur ratio of 4:1 can take advantage of
the high conductivity of Ni foam.

To evaluate the dynamic process involved in HER, the
Tafel plots of all samples were measured, and the corre-
sponding results are given in Fig. 4d. Evidently, NiS,/
NiS-1, NiS,/NiS-2, NiS,/NiS-4, and NiS,/NiS-8 have the
Tafel slope of 189.4 mV/dec, 110 mV/dec, 69 mV/dec,

crystals respectively. g,h,i EDS elemental mapping, showing Ni and
S, in the as-prepared NiS,/NiS catalyst

and 138 mV/dec, respectively. So, NiS,/NiS-4 displayed a
smaller Tafel slope value than others. It is obvious that NiS,/
NiS-4 exhibits a better dynamic process in HER.

To further explore the mechanism of enhanced conductiv-
ity of NiS,/NiS-4, C, was carried out to estimate the elec-
trochemically active surface area (ECSA) of the samples
[30]. Figure 5a, b, and c show the CV patterns of different
nickel-sulfur mass ratios of 1:1, 2:1, 4:1, and 8:1. A series of
scan rates were conducted to extract the linear relationship
of current density difference (Aj/2) against scan rate. From
Fig. 5d, it can be seen that NiS,/NiS-4 exhibits the Cg of
31.6 mF/cm? among other samples. As can be clearly seen,
the NiS,/NiS-1, NiS,/NiS-2, and NiS,/NiS-8 show the Cdl
of 15.2 mF/cm?, 25.4 mF/cm?, and 23.2 mF/cm?, respec-
tively. This result indicates that NiS,/NiS-4 has a larger
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Fig.4 HER performance of var- 500
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Fig.5 Investigation of the electrochemical active surface areas. The cyclic voltammetry (CV) curves of a NiS,/NiS-1, b NiS,/NiS-2, ¢ NiS,/
NiS-4, and d NiS,/NiS-8. d Estimation of Cdl by plotting the current density variation against scan rate to fit a linear regression

effective electrochemical area and exposes more available
active sites on the surface, which is beneficial to the HER
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activity. Therefore, the catalytic properties of NiS,/NiS-4
could be ascribed to the large specific surface area.
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Stability is another important parameter to measure the
performance of the catalyst. Applying a current density of
25 mA/cm? to the catalyst and the overpotential s stable for
30 h (Fig. 6a). No prominent change is found, so the nickel-
sulfur electrocatalyst perform an outstanding electrocatalyst
stability in alkaline solution. Accelerated cyclic voltamme-
try was carried out for 3000 cycles between —0.5 Vand 0 V
vs RHE at the scan rate of 50 mV/s. Compared to the initial
LSV curve, there is just a little change after 3000 cycles
(Fig. 6b), which may show a nice potential to be a stable
electrocatalyst and imply it as a durable hydrogen evolution
electrode in large scale [31]. The consistent high resolution
peak position of Ni 2P and S 2p for NiS,/NiS/Ni hybrid
electrode before and after HER test indicates that the cata-
lyst has good stability in Fig. 6¢c and d. The SEM images of
NiS,/NiS/Ni also indicate that the catalyst remains a good
stability (Fig. 6e and f).

Conclusion

In summary, a highly efficient electrocatalyst for hydrogen
evolution is designed by chemical vapor deposition. Via
controllably tailor the mass of S powder, the constructed
NiS,/NiS nanoplates catalysts exhibit excellent catalytic
activity for HER, with low Tafel slope of 69 mV/dec and
a low overpotential of 202 mV to achieve 100 mA/cm?.
Benefiting from the strongly coupled NiS,/NiS interface,
the enriched electrons on in situ formed NiS,/NiS domains
contribute to HER performance improvement. The promis-
ing HER catalytic activity of this electrode is the conse-
quence of its numerous active sites from a large surface
area, thereby promoting its catalytic activity. We believe
that our study will significantly advance the development

Fig. 6 Stability test of the cata- 0.1
lyst. a Steady-state chronopo- a — NiS,/NiS-4 b
tentiometry curve of NiS,/NiS-4 0.0 or
under a 25 mA/cm? current o~
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for 30 h. b The polarization Z N < sof
curves of NiS,/NiS-4 before and £-02F = nitial
after 3000 CV cycles. ¢,d The Z g after 3000 cycles
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of efficient HER catalysts for eventually large-scale com-
mercialization of hydrogen evolution.
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