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Abstract: Water splitting is one of the efficient ways to produce hydrogen with zero carbon dioxide
emission. Thus far, Pt has been regarded as a highly reactive catalyst for the hydrogen evolution
reaction (HER); however, the high cost and rarity of Pt significantly hinder its commercial use.
Herein, we successfully developed an HER catalyst composed of NiSy (x = 1 or 2) on stainless steel
(NiS,/SUS) using electrodeposition and sulfurization techniques. Notably, the electrochemical active
surface area(ECSA) of NiS,/SUS was improved more than two orders of magnitude, resulting in a
considerable improvement in the electrochemical charge transfer and HER activity in comparison with
stainless steel (SUS). The long-term HER examination by linear scan voltammetry (LSV) confirmed
that NiS,/SUS was stable up to 2000 cycles.
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1. Introduction

Hydrogen production via electrochemical water splitting is regarded as an ideal energy source
that can potentially substitute conventional fossil fuel because of its large energy density and zero
carbon dioxide emission [1-3]. Developing efficient and durable electrocatalysts with cost- effectiveness
is highly desirable for the practical usage of water splitting devices. Pt-based catalysts are highly
reactive toward the hydrogen evolution reaction (HER) due to the optimal binding energy with
adsorbed hydrogen species formed during the HER process [4]; however, the high cost and rarity of Pt
significantly hinder its commercial use. Therefore, tremendous effort has been devoted to develop
earth-abundant materials that can substitute Pt in HER [5,6]. Among those, TMS (transition metal
sulfides), such as nickel sulfides, appear to be a promising class of HER electrocatalysts owing to their
earth abundance, remarkable HER performance, and long-term operational stability in both acidic and
alkaline solutions [7-12]. For example, T. E. Hung et al. reported that the nickel sulfide nanostructure
showed high electrochemical performance in HER and supercapacitors [13,14]. Nanostructured nickel
sulfide was also superior to the bulk counterpart as reported by P. Liu et al. [14]. Although a number of
synthetic methods for nickel sulfide (e.g., solvothermal and hydrothermal [7,9], and electrospinning [13]
have been reported, it is still very important to establish an effective and simple approach to fabricate
the nickel sulfide-based electrodes for HER application.

Electrode substrates are equally important in terms of HER efficiency as for the catalytically
active phase deposited on the electrode surface since the electrochemical performance and operational
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stability of HER electrodes can be substantially affected by the substrates used [15,16]. In this regard,
stainless steel (SUS) has potential for efficient hydrogen evolution as a substrate because of its mechanical
strength, corrosion resistance, cost-effectiveness, and good electrical conductivity compared to other
substrates [17,18]. However, growing electrochemically active materials on the surface of SUS remains
a challenging task. This is mainly because SUS is composed of many kinds of metals such as iron, nickel,
molybdenum, chromium, and magnesium, and these metals can inevitably diffuse to the surface at high
pressure and temperature [19]. This prevents researchers from controlling the material composition
and in understanding the composition-HER performance correlation. Further, the slippery surface
of SUS and the generation of hydrogen bubbles during HER result in the undesired detachment of
catalysts from the SUS and the electrode eventually to lose its reactivity [20].

Herein, we directly fabricated nickel sulfide (NiSx) nanostructures on SUS (NiSx/SUS) with a
facile method to enhance the stability of electrocatalysts on SUS and improve the electrocatalytic
activity. Nickel electrodeposition was carried out to introduce a nickel overlay on the surface of
SUS. The following sulfurization at relatively low temperature, while preventing the metal diffusion
from SUS to the surface catalytic phase, was sufficient for the direct growth of NiSs on the SUS.
The reported synthetic approach is important to prevent the undesired detachment of NiSy from
the SUS surface during the HER process. The crystallinity, chemical composition and oxidation
state, and morphologies of NiS,/SUS were fully characterized by XRD (X-ray diffraction), XPS (X-ray
photoelectron spectroscopy), and SEM (scanning electron microscopy). HER examination shows that
the NiS,/SUS led to a substantial improvement in the electrochemical activity and long-term stability
in comparison with SUS.

2. Results

2.1. Characteristics of the NiSy/SUS Electrode

Figure 1 depicts a schematic illustration of the electrode preparation via two steps. The first
step, the nickel electrodeposition of SUS, was optimized at =5 mA cm~2 for 30 min in 1 M nickel
sulfate solution for a uniform covering of nickel on SUS. The sulfurization (step 2) involved the
chemical reaction between vaporized sulfur and nickel on SUS to generate NiS,/SUS. The sulfurization
temperature was set at 300 °C because lower or higher temperatures only resulted in inefficient
sulfurization or electrode damage, respectively. This synthetic approach is very facile and can be easily
scaled up. For comparison, SUS was also sulfurized under the same condition (see more details in the
experimental section). After the sulfurization, the colors of the electrodes changed to black (NiS./SUS)
and grey (S-SUS).

Step | ) Electrodeposition Step Il ) Sulfurization

WE: Stainless steel
CE: Pt mesh

Figure 1. Schematic illustration of two-step sample preparation. Step (1) nickel electrodeposition in
1 M nickel sulfate solution and step (2) sulfurization for NiS,/SUS at 300 °C for 30 min.
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The morphological properties of the prepared samples are revealed in Figure 2. The morphology
of S-SUS sparsely shows nanorod shapes lying horizontally on the SUS (Figure 2a,c). On the other
hand, NiS,/SUS was densely covered by the NiSx nanoparticles with mean size of approx. 100 nm and
thickness of approx. 24 pm. There are many more exposed active sites than for that of S-SUS (Figure 2b,d,
Figure S1). These morphologies from sulfurization are consistent with previous studies [21].

Figure 2. Typical SEM images of S-SUS (a,c) and NiS,/SUS (b,d) at scale of 1 um and 500 nm, respectively.

The crystallinity of the prepared electrodes was investigated using X-ray diffraction (XRD)
analysis performed in the 20 range from 20 to 90°. Figure 3 shows the XRD results of SUS, S-SUS,
and NiS,/SUS. SUS shows normal FCC (face centered cubic) crystal structure of (111), (200), and (220)
at 43.5, 50.7, and 74.5° respectively, indicating consistency with previous studies [22], and there is
no significant difference from XRD results between SUS and S-SUS, suggesting that SUS is relatively
passive toward sulfur vapor at low temperatures. After the sulfurization of nickel on SUS, the evolution
of a new set of diffraction peaks can be assigned to NiS ((100), (101), (102), and (110) at 30.1, 34.6, 45.7,
and 53.5°, respectively) [7] and NiS; ((200), (210), (211), (220), and (311) at 31.4, 35.3, 38.8, 45, and 53.4°,
respectively) [14]. The peak intensity corresponding to those characteristic of SUS is seen to lessen to
some extent, implying that the surface of SUS is covered with a thick layer of NiSy.
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Figure 3. X-ray diffraction analysis of SUS (black), S-SUS (blue), and NiS,/SUS (red) with JCPDS No.
01-089-7142 (NiS,) and 03-065-3419 (NiS).

In order to investigate the chemical composition and binding states of the prepared electrodes,
XPS analysis was carried out as shown in Figure 4. The XPS survey spectra of SUS, which mainly
consists of Fe, Ni, Cr, and Mn, shows high intensity of Ols and Cls and very low intensity of Fe
2p indicating metal oxide film on SUS (Figure 4a) [23]. In case of S-SUS, because the intensity of
Fe 2p and Cr 2p was too small to quantify the metal sulfides, S 2p was analyzed by the four peaks
at 163.98 eV, 163.08 eV, 162.3 eV, and 161.2 eV (S, Sn2",S,27, and 52—) indicating the metal-S bonds
(Figure S2) [24-26]. Therefore, it was elucidated that small amounts of metals were combined with
sulfur on the surface of S-SUS. The survey spectra of NiS,/SUS shows higher intensity of Ni2p and S 2p
compared to others. The low intensity of Fe 2p and Mn 2p is ascribed to minor metal diffusion during
the synthesis. In order to confirm the binding states of NiSy, the XPS result of NiS,/SUS was presented
by Ni 2p and S 2p deconvolution. The Ni 2p spectrum of the spin-orbit doublet was deconvoluted into
six well-resolved peaks. As shown in Figure 4b, two major peaks are observed at 854.2 eV and 872.6
eV designated to Ni%*, while the two peaks at 856.1 eV and 875.9 eV are attributed to Ni>* in the Ni
2p12 and Ni 2p3); [27]. The elemental contents of SUS, S-SUS, and NiS,/SUS are shown in Table S1.
From this result, it was confirmed that the surface of the electrode was covered by NiSy and no metallic
nickel remained. The high resolution scan of S 2p is exhibited in Figure 4c. The binding states of S?~
and S, are observed at 161.2 eV and 162.3 eV respectively, which is indicative of NiS and NiS; [24].
These results are highly consistent with the XRD results of NiS,/SUS, implying that the sulfurization
was successful in synthesizing the hybrids of NiS and NiS; without metal diffusion from SUS during

the synthesis.
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Figure 4. X-ray photoelectron spectroscopy of prepared electrodes. (a) Survey spectra of SUS (black),
S-SUS (blue), and NiS,/SUS (red); (b) high resolution XPS scans of Ni 2p; and (c) S 2p from NiS,/SUS.

2.2. Electrochemical Results and Analysis

To investigate the HER performance of the prepared electrodes, a conventional three electrode
experiment was performed in 1 M KOH. NiS,/SUS was used as a working electrode, Pt and the
saturated calomel electrode (SCE) were used as a counter electrode and reference electrode respectively.
In order to see how much the HER performance was improved, SUS and S-SUS were used for the
working electrodes as well. The polarization curve of NiS/SUS was considerably improved compared
to SUS and S-SUS. For specific comparison we observed the 1)1 (overpotential at =10 mA cm ™2, mV vs
reversible hydrogen electrode (RHE)) of each electrode (Figure 5a). The 1319 of NiS,/SUS was 258
mV, which is much smaller than those of S-SUS (494 mV) and SUS (457 mV). Tafel slope was used to
understand the HER kinetics (Figure 5b,c). In general, the mechanism of HER in alkaline medium
involves a two-step process [28]. The first step is the Volmer reaction (H,O + e~ — H,4s + OH")
associated with the hydrogen adsorption on the electrocatalysts. The second step is the Heyrovsky
(H,O + e™ + Hygs — Hp + OH™) or Tafel (Hags + Hags — Hp) reaction which explain the H; dissociation
from the electrocatalysts. Figure 5b shows that the Tafel slope of NiS,/SUS was determined as
100 mV dec™! which shows the improved electrocatalytic activity of NiSy from the SUS. The Tafel slope
reveals that the HER mechanism of NiS,/SUS can be elucidated by the Volmer—Heyrovsky reaction
as shown in Figure 5c. SUS and S-SUS show low Tafel slopes of 170 and 154 mV dec™, respectively,
indicating poor electrocatalytic activity. As shown in the linear scan voltammetry (LSV) and Tafel plot,
the HER performance of S-SUS was barely improved from the SUS even after sulfurization, which
means the enhanced HER performance of NiS,/SUS mainly stems from the NiSx on the SUS. To better
understand the electrocatalytic activities of the prepared electrode, double layer capacitances (Cq;)
and electrochemical impedances were measured by cyclic voltammetry (CV) and electrochemical
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impedance spectroscopy (EIS) experiments (Figure 5d,e). Cq; has a linear relationship with ECSA,
which is correlated with the electrochemical performance of a given electrode (Figure 5d). Figure S3
shows the CV result obtained in the non-faradaic region at different scan rates (20 to 260 mV s~ for
NiS,/SUS, S-SUS, and SUS. S-SUS has 0.2 mF cm™2 for Cq4; which is ten times higher than that of SUS
(0.018 mF cm™2) which is indicative of the similar trend with the LSV graph (Figure 5a). NiS,/SUS
show the highest Cq; value (2.63 mF cm~2) which is 140 times higher than SUS and 13 times higher
than S-SUS. For analysis of EIS, the Nyquist plot was used as shown in Figure 5e. All electrodes show
the semicircles of the Nyquist plot and have similar Ry (solution resistance) around ~3 (3 in 1 M KOH.
On the other hand, Rt of NiS,/SUS has the smallest value of 11.1 (), however, SUS and S-SUS show
very high impedances (231.5 and 186.1 ). It was confirmed that the interfacial charge transfer reaction
during the HER process occurs much more rapidly on the NiS,/SUS than on the other electrodes.
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Figure 5. Hydrogen evolution reaction (HER) performances of prepared electrodes. (a) Linear scan
voltammetry (LSV) in the range of 0 to —0.6 V vs reversible hydrogen electrode (RHE) in 1 M KOH;
(b) Tafel plots; (c) illustration for hydrogen evolution reaction of NiSy/SUS; (d) increased current
density in non-faradaic region depending on the increasing scan rates for double layer capacitances of
electrodes; (e) Nyquist plot at —0.4 V vs RHE; and (f) LSV 2000 cycles of NiSy/SUS for 33 h.

In order to evaluate the electrochemical stability of NiS,/SUS, the electrode was subjected to
2000 cycles of LSV (0 to —0.6 V vs RHE at 10 mV s~!) for 33 h. As seen in Figure 5f, there is no significant
difference in the LSV before and even after 2000 cycles, indicating the excellent long-term stability of the
NiS,/SUS. In addition to this, XPS results revealed that the NiSx on NiS,/SUS is stable after 2000 cycles
of LSV in alkaline condition (Figure S4). These results imply high ECSA and low R of NiSy high
corrosion resistance of SUS not only enhances the stability but also improves the HER performance
in alkaline solution. Because SUS has slippery surface, electrodeposition was used for attachment of
nickel on SUS for the stability of the electrode. To overcome the electrochemically poor activity of SUS,

the ECSA of the electrode was considerably increased and Rt was decreased by sulfurization of nickel
on the SUS.
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3. Materials and Methods

3.1. Preparation of Electrodes

Commercial stainless steel 304 (SUS, 10 mm X 20 mm X 250 pum) was used as a substrate for HER.
DI water, ethanol, and acetone were used to clean the SUS subsequently. Nickel electrodeposition
was carried out at =5 mA cm~2 for 30 min in 1 M nickel sulfate solution (Kanto, Tokyo, Japan).
The deposited Ni on SUS was placed in the electric furnace for sulfurization. Ar gas (100 sccm)
and sulfur powder (300 mg, Sigma Aldrich, St. Louis, MO, USA) were used as a carrier gas and
an S precursor respectively. Sulfurization was carried out at 300 °C for 60 min in a low vacuum
environment and the cooling temperature was controlled at a rate of 20 °C-min~!. After synthesis, the
electrode (denoted as NiS,/SUS) was washed with acetone and dried at room temperature for 10 min.
For comparison, SUS was sulfurized and dried, without electrochemically deposited nickel (denoted
as S-SUS).

3.2. Characterizations

Field emission-scanning electron microscopy (FE-SEM; Hitachi, S-4300, Tokyo, Japan) was used
to analyze the morphologies of NiS,/SUS and S-SUS at the scale of 1 pm and 500 nm, respectively.
The chemical composition and binding state of the electrode surface were confirmed through an
XPS (Thermo Fisher Scientific Co, Waltham MA, USA) which had a micro-focused Al-K« source.
XRD (X'Pert PRO MRD, Phillips, Eindhoven, The Netherlands) analysis was carried out in the 26 range
of 20 to 90°.

3.3. Electrochemical Measurements

HER performance was evaluated by using potentiostat/galvanostat (Vertex, IVIUM Technology,
Eindhoven, Netherlands) for a conventional three electrode system. To see the hydrogen evolution
from alkaline solution, 1 M KOH was used as the electrolyte. The prepared electrodes, Pt and a
saturated calomel electrode (SCE, Hg/Hg,Cl,) were used as working electrodes, a counter electrode,
and a reference electrode respectively. LSV data were acquired in the range of 0 to —0.8 V vs RHE
(versus reversible hydrogen electrode) at a scan rate of 10 mV s!, and CV experiments were carried at
scan rates for every 20 mV s™! increments up to a scan rate of 300 mV s~! in the non-faradaic regions.
The Nyquist plot was used for the analysis of EIS at the —0.4 V vs RHE in the frequency from 100k to
0.5 Hz. For a stability test, LSV 2000 cycles were carried out in the range of 0 to —0.6 V vs RHE at a
scan rate of 10 mV s~! for 33 h.

4. Conclusions

In this research, we overcame the limitations of SUS as a substrate and directly synthesized nickel
sulfides through electrodeposition and sulfurization. The reported synthetic paradigm is very facile and
straightforward, rendering the fabrication of the water splitting electrode at a large scale. Importantly,
the NiS,/SUS shows substantially improved HER kinetic performance in alkaline solution compared
with SUS and S-SUS. The enhanced HER activity and long-term operational durability mainly stem
from the increased ECSA of NiS,/SUS and the high corrosion resistance of SUS. These results indicate
that SUS substrate can be used for efficient HER with various electrocatalysts and nickel sulfides also
can be synthesized on other substrates with the same methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1274/s1,
contains supporting XPS and CV data. Figure S1: The thickness of the SEM image of NiS,/SUS. Figure S2:
Deconvolution of the XPS peaks of S-SUS in the S 2p region. Table S1: Surface chemical analysis of samples by
X-ray photoelectron spectroscopy (XPS). Figure S3: CV of the prepared electrodes in the non-faradaic regions at

different scan rates (20 mV s~! to 260 mV s~1). Figure S4: XPS of NiS,/SUS after 2000 cycles in 1M KOH.
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