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Nickel sulfides-based electrocatalyst has been believed to be a very promising alternative for noble
metal catalysts for efficient oxygen evolution reaction (OER). However, the dispersion and intrinsic
activity of active sites for OER still need improvements. In our work, a facile two-step
electrodeposition has been used to help the better dispersion of Ni sties and realize the Mo doping for
enhanced intrinsic activity of NisS, supported on nickel foam (Mo-NizS2/NF). Firstly, Mo/Ni/NF as
precursor has been obtained by through the two-step electrodeposition of Ni and Mo, respectively.
Secondly, the hydrothermal sulfurization of the precursor provides the homogeneous dispersion of Mo-
Ni3S2 nanoparticles on NF. The prepared Mo-NisS2/NF for OER only needs a low overpotential of 179
mV to reach the current density of 50 mA cm2 in alkaline solution. The excellent stability has also
been kept for more than 10 h. This result suggest that the method of electrodeposition can be a
promising way for constructing transition metal-based sulfides electrocatalysts for OER.
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1. INTRODUCTION

With the increasingly serious environmental pollution and energy shortages that hinder the
development of the world, green energy has gradually entered people's field of vision [1-10]. Among
them, hydrogen molecules have attracted widespread attention due to their high energy density and
absolutely clean final product water [11-15]. As a catalyst for the release of hydrogen molecules,
precious metal chemical complex Iridium oxides (such as IrO2) and ruthenium oxides (such as RuOy)
were found be the most active catalysis for oxygen evolution reaction. Nevertheless, due to their
expensive price and its low earth content, it cannot be widely applied [16-21]. Therefore, finding
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effective and cheap catalysts is still a prerequisite for large-scale application of hydrogen energy [22-
26].

Based on the earth abundance and chemical properties, molybdenum, nickel are ideal elements
of transition metals, which are deemed as potential catalyst for hydrogen evolution reaction (HER),
OER, etc [27-30]. However, most materials made by Mo and Ni have been actually prepared for HER.
And the reports about OER are very few. For instance, our group has reported a Ni-Co-Mo based
catalyst with one-dimensional and hierarchical nanostructures for efficient HER [31]. In addition, The
Ni-Mo alloys are helpful for the development of alkaline HER [31]. The major reason lies in the poor
catalytic properties of the currently prepared molybdenum and nickel sulfide in the OER reaction [32-
36]. Therefore, designing a better Ni-Mo based catalyst for OER is seems meaningful [37].

As for preparation method of catalysts, the most common is one-step synthesis. While saving
energy consumption, it also greatly reduces the investment of time. However, due to the
uncontrollability of this synthesis method, many active sites cannot be uniformly distributed. And so as
to let the performance of the catalyst could not be fully demonstrated. Especially for catalysts
containing various metal elements, one-step synthesis method makes it impossible to get directional
control between the elements. In order to overcome the problems mentioned above, a stepwise
synthesis method is come up.

Herein, a hierarchically structured molybdenum doped nickel sulfide (Mo-NisS2/NF ) has been

prepared in a electrodeposition method. And the synthesis process can be divided into three steps,
where nickel nanoparticles are first to be electrodeposited on nickel foam (NF); then the molybdenum
is electrodeposited onto the surface of nickel nanoparticles; at last, the synthesized molybdenum-nickel
precursor is subjected to a brief hydrothermal process, which are all shown in the schematic of
Scheme.1. Relevant electrochemical measurements reveal that the obtained Mo-Ni3S2/NF has an
excellent catalytic ability for OER and only requires a low overpotential of 179 mV to reach the
current density of 50 mA cm, which can rivaling the most reported transition metal based catalysts at
large current density (Table 1). This work may provide an idea for the synthesis of Mo-Ni-based
catalysts, so that they can be applied for other based OER progress.
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Scheme. 1 Schematic diagram of Mo-NizS2/NF synthesis.

2. EXPERIMENTAL SECTION

2.1 Synthesis of the Ni/NF

One piece of clean nickel foam (1x2 cm?), the saturated calomel electrode and a graphite rod
serve as the working electrode, reference electrode and counter electrode, respectively. And then
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electrodeposition operation is performed at -0.85 V for 20 mins in the bath solution, which contains 0.1
M Nickel sulfate hexahydrate (NiSO4-6H20), 0.5 M boracic acid (HsBOz3) and 30 ml water. After that,
the prepared specimen is rinsed three times with ethanol and deionized water before vacuum drying.

2.2 Synthesis of the Mo/Ni/NF

The precursor obtained in the previous step is immerged in 20 ml 0.2 M Sodium molybdate
dihydrate (Na2MO4-H>0) homogenous solution for 4 hours, which then serves as working electrode.
Nickel foam and saturated calomel electrode (SCE) are used as the counter electrode, and then the

precursor is electrodeposited in 20 ml 0.2 M sodium molybdate solution. Finally, the sample is cleaned
by deionized water and ethanol for three times before vacuum drying.

2.3 Synthesis of the Mo-NizS2/NF

The sample obtained above is hydrothermally reacted in a 30 ml solution configured by 0.15 g
of thioacetamide and 0.0591 g of glutathione at 140 °C for 12 hours. Then the obtained product is
washed several times with deionized water and ethanol.

2.4 Material characterization

The microscopic morphology of the sample is indicated by obtaining Scanning electron
microscopy (SEM) images (Hitachi S-4800). The X-ray diffraction(XRD) data are recorded on the
X’Pert PRO MPO diffractometer utilizing Cu Ka with 26 range from 5° to 75°. X-ray photoelectron
spectroscopy (XPS) is performed on a Thermo Fisher Scientific Il spectrometer utilizing Al as the
photo-source.

2.5 Electrochemical measurements

The electrochemical properties of all samples are measured on a typical device (Gamry 3000)
in 1.0 M KOH electrolytic solution (where pH = 14). The method utilizes the preliminary sample as
the working electrode, the saturated calomel electrode (SCE) as the reference electrode and the a
graphite rod as the counter electrode. The potential conversion from E (SCE) to the reversible
hydrogen electrode (RHE) is based on the following equation: E (RHE) = E (SCE) + 0.243 + 0.059
pH. The linear sweep voltammetry (LSV) test for OER are measured at a scan rate of 5 mV s. Cyclic
voltammograms (CV) are acquired at scanning speed of 40, 60, 80, 100, and 120 mV s™. In addition,
the samples’ stabilities are obtained by a chronoamperometry program. And the electrochemical
impedance spectroscopy (EIS) measurements were tested at an invariable potential in frequency from
102 to 10° Hz.

3. RESULTS AND DISCUSSION

The structure of the as-prepared samples has been characterized by XRD (Fig. 1a). As shown,
three are three diffraction peaks at 44.4°, 51.8° and 76.3° that involved in Ni/NF and Mo/Ni/NF, which
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is corresponding to the facets of (111), (200) and (220) for nickel foam (PDF no.01-070-1849). After
the final vulcanization step, the obtained Mo-NisS2/NF (Fig. 1b) has five other peaks, which contains
21.7°, 31.0°, 37.7°, 49.7°, and 55.2°, respectively. Corresponding to the lattice of Ni3S, (PDF No. 01-
076-1870) [38-39]. Besides, the peaks are narrow, reflecting its high crystalline structure.
Nevertheless, there are no peaks that represent MoS in the diffraction pattern of the final vulcanization
product, indicating an amorphous structure of Mo element.
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Figure 1. (a) XRD patterns of NF, Ni/NF, Mo/Ni/NF and Mo-NisS2/NF samples; (b) XRD pattern of

Mo-NisS2/NF.
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Figure 2. XPS spectra of Mo-NisS2/NF sample. (a) survey; (b) Mo 3d; (c) Ni 2p and (d) S 2p.
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In order to confirm the chemical composition and electronic state of Mo-NisS2/NF, X-ray
photoelectron spectroscopy (XPS) test is conducted. Fig. 2a is the results of Mo-NisS2/NF survey,
which has the elements of Mo, Ni, S and C. In Fig. 2c, the Ni 2p spectrum shows six peaks. Two peaks
at 852.4 and 869.8 eV, which are corresponding to NiS and the peaks at 855.6 and 873.5 eV is for
oxidic Ni%* region [39]. The other peaks at 860.9 and 879.2 eV binding energies are satellite peaks
(Sat.) of nickel. In the Mo 3d spectrum (Fig. 2b), the binding energy of 226.3 and 231.5 eV are
attributed to Mo 3ds and Mo 3dsp, and the peak of 231.5 eV give an index to +6 oxidation state of
Mo ion. Besides, the peaks at 235.1 eV is the satellite peak (Sat.) of molybdenum [40]. In addition, as
for S 2p spectrum (Fig. 2d), two spin-orbit doublet peaks at 161.9 and 163.1 eV are observed, which
can be indexed to S 2ps;z and S 2p1y2, respectively [39].

Figure 3. (a) SEM image of NF; (b) SEM image of Ni/NF; (c) SEM image of Mo/Ni/NF; (d) SEM
image of Mo-Ni3S2/NF and (e, f) HRTEM images of Mo-Ni3S2/NF.
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The microscopic surface morphologies of the specimen are explored by SEM in the Fig. 3. As
for the clean nickel foam (Fig. 3a), the surface is smooth, which is providing the substrate for the
deposition of Ni and Mo. After the electrodeposition of nickel, the surface of the NF is coverd with
nanospheres, ranging from 20 nm to 30 nm (Fig. 3b), that is formed by Ni substance. Besides, the
molybdenum deposition makes nanospheres grow bigger to 40 nm to 50 nm that is shown in Fig. 3c.
After the vulcanization processing, the nanoparticals aggregate into irregular morphology with the size
of 200 nm to 300 nm (Fig. 3d). On the surface of them, there are many fine wrinkles, which can
provide more surface area for generating more active sites. Besides, the high-resolution transmission
electron microscopy (HRTEM) image (Fig. 3e-f) reveals that distinct lattice streaks with interplane
distance of 0.258 nm, which corresponds to the (101) plane of NizS,, which also proves the amorphous
state of molybdenum.

SK 18.36 30.48
Ni K 68.88 62.45
Mo L 12.76 7.08
Total 100.00

Figure 4. (a) SEM mapping of Mo-NisS2/NF, (b) EDX of Mo-NizS2/NF.
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In order to know the surface element distribution, a SEM mapping analysis has been performed
(Fig. 4a), and the results confirms that the elements containing Mo, Ni, and S are evenly distributed on
the Mo-Ni3So/NF catalyst. Moreover, Energy Dispersive X-ray (EDX) is employed to analyze the
element distribution. As is shown in Fig. 4b, the elemental molar concentrations of Mo, Ni and S in
Mo-Ni3S2/NF are 12.76 %, 68.88 % and 18.36 %.

Meanwhile, the electrochemical properties of Ni/NF, Mo/Ni/NF and Mo-NizS,/NF are measured
in 1.0 M KOH solution. From the OER polarization curve (Fig. 5a), catalytic capacity of each sample
Is demonstrated. Ni/NF and Mo/Ni/NF performs general nature, which require an overpotential of 500
mV and 537mV to transfer a current density of 50 mA cm, respectively. However, sulfide products
Mo-NisS2/NF exhibits enhanced catalytic capacity with an overpotential of 179 mV at 50 mA cm™
current density, performing better than other reported similar catalysts. Besides, in order to affirm the
effect of Mo doping, NiS/NF is also tested, the results show that its overpotential is 400 mV that is
larger than Mo-NisS2/NF, which mirrors the significate role of Mo doping. At the same time, the Tafel
slopes of each sample (Fig. 5b) are explored to know the reaction kinetics. As shown, the Tafel slope
of Mo-Ni3S2/NF (60 mV dec?) is lower than those of other comparisons, which contain NiS/NF (140
mV dec?), Ni/NF (109 mV dec?) and Mo/Ni/NF (104 mV dec™?) electrodes, proving a faster reaction
rate.
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Figure 5. (a) LSV curves of each sample after OER process in 1 M KOH, (b) Tafel plots of Mo-
Ni3S2/NF, NiS/NF, Ni/NF and Mo/Ni/NF; (c) Double-layer capacitance for Ni/NF, Mo/Ni/NF
and Mo-NizSo/NF/NF samples in 1 M KOH: relationship between scan rate and current density;
(d) stability test of Mo-NizS2/NF (I-T for 10 hour).
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Table 1 Comparison of OER performance between Mo-NisSo/NF and other non-precious metal

catalyst
Overpotential at
Electrocatalyst Electrolyte 50 mA cm2 Reference
(mV)
Mo-NizS2/NF 1 M KOH 179 This work
. 41
NiS-MoS; 1M KOH 300
MoSz on Ni foam 1 M KOH 430 42
Mos.9Nigs1S/NF 1M KOH 350 43
Mo-doped NisS; 1M KOH 180 44
Mo doped NiS/Ti 1M KOH 390 45
Fe-MoS; 1M KOH 290 46
N-(Ni,Fe)sS2/NIF 1 M KOH 195 47
(BO3)1.08-Ni3S4 1 M KOH 330 48
Nio.gFeo1M0oO4 1M KOH 380 49
MoCoNiS/NF 1 M KOH 204 50

The electrochemical active surface area (ECSA) of Ni/NF, Mo/Ni/NF and Mo-Nis3S2/NF
samples are also measured to compare the effective catalytic area by comparing the electrochemical
double-layer capacitance (Cai), which is in direct proportion to ECSA and surface roughness. Fig.5¢c
shows the value of Ni/NF is 0.336 mF cm, the Mo/Ni/NF is 0.455 mF cm and the Mo-NisS2/NF is
0.619 mF cm?, respectively. From the above discussion, it is known that the improvement in catalytic
performance is partly attributed to the larger ECSA. Moreover, to ascertain the electrochemical
stability of the Mo-NisS2/NF, a chronoamperometry test is experimentally operated (Fig. 5d). The
current-time curve reflects 10-hour steady current, which means that Mo-NizS2/NF can keep high
activity during actual catalysis experiments for a long time.
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4, CONLUSIONS

In summary, a two-step electrodeposition route has been designed to synthesize the Mo-
Ni3So/NF, which shows excellent catalytic performance in the alkaline OER process. Where the
transition metal Mo and Ni are used innovatively to catalyze OER course rather than HER. In actual
catalysis experiments, the final-product Mo-NisS2/NF performs well with a lower overpotential (179
mV to reach the current density of 50 mA cm2), smaller Tafel slope (60 mV dec™) and larger Cq value
(0.619 mF cm™). At the same time, it can maintain a long-time stability for more than ten hours. This
work may provide an idea for step-by-step synthesis of catalysis and make them more widely used in
the field of electrocatalysis.
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