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GRAPHICAL ABSTRACT
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products

ABSTRACT

Slow kinetics and emotive design of electrocatalysts are the main barriers to effective
oxygen evolution and hydrogen production from water. To overcome these challenges,
nickel sulfide impregnated electrocatalysts with auxiliary structural features have recently
attracted attention as effective alternatives for the oxygen evolution reaction (OER). Herein,
nickel sulfide (NiS) nanowires are developed directly on nickel foam (NF), which have
proven to be a highly efficient electrocatalyst for OER in an alkaline medium. For this, NiS
nanowires were grown on NF for short intervals of 30, 60, 90 and 120 min through an
aerosol-assisted chemical vapor deposition (AACVD) process using nickel dieth-
yldithiocarbamate as a precursor. The as-developed NiS electrode showed excellent OER
activity in 1.0 M KOH solution. It is noteworthy that the NiS electrode produced after 90 min
provides a reference current density of 10 mA cm ™ at an overpotential (n) of 210 mV and
achieves a higher current density of 500 mA cm 2 at an overpotential of 340 mV. Moreover,
the nanocatalyst has observed a low Tafel value (60 mV dec?) and good OER stability. After
the electrolysis, it was found that the surface of the NiS catalyst was partially modified into
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nickel oxide. The S atom in the NiS catalyst can provide an activator function that first
converts the sulfide to a hydroxide and then eventually becomes an oxyhydroxide species.
The more active nickel hydroxide/oxyhydroxide phase raises the water oxidation perfor-

mance to a new level. The facile synthesis of NiS nanowire films by AACVD tends to be
used as an anodic material in various other power generation and energy conversion de-
vices such as batteries, fuel cells, and supercapacitors.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The scarcity of fossil fuels and their impact on environmental
pollution have pushed the world to explore green and sus-
tainable energy routes. Due to its high energy density,
hydrogen is considered as the most convincing substitute for
traditional fossil fuels [1,2]. In particular, the use of hydrogen
as a fuel guarantees zero emission of CO, and minimizes
greenhouse gases in order to make the earth hygienic,
healthy, and green [3]. Hydrogen can be converted into
ammonia, whose use as a fuel is being investigated [4].
Currently, hydrogen is largely extracted from hydrocarbon-
based fossil fuels such as coal, oil, and natural gas, which
emit a large portion of the CO, directly into the air. Thus, the
hydrogen produced in this way increases the amount of toxic
gases in the air and cannot meet the requirement for ecolog-
ical sustainability [S]. Alternatively, the hydrogen generated
from water electrolysis is a renewable method that doesn't
contain the environment and has great potential to meet
global energy needs over longer periods of time [6].

In general, water dissociation occurs in two half-cell redox
steps called the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER). Large-scale water splitting remains a
challenge due to the slow kinetics of the OER, which must be
intensified with the help of a highly stable and active catalyst
in order to generate high oxygen concentrations through low
overpotentials [7,8]. Precious metals oxides such as RuO, and
IrO, are naturally blessed to catalyze OER at low over-
potentials and are therefore regarded as benchmark electro-
catalysts in this domain [2,9,10]. However, their high cost, low
bulk, and poor stability are certain disadvantages that limit
their use on a commercial scale. Therefore, the development
of inexpensive, stable, and high-performance OER catalysts
for remarkable water splitting are sought.

To address these issues, various earth-rich OER electro-
catalysts based on transition metals [11,12] such as metal
oxides/hydroxides [13—16], perovskites [17—19], chalcogen-
ides [20—22], carbides [23,24], phosphates [25—27] and molec-
ular electrocatalysts [28—30] have been studied intensively. It
has been observed that nickel-based nanomaterials actively
participate in energy storage and conversion applications
[31-33]. In this regard, the nickel chalcogenides have gained
considerable importance because of their wonderful elec-
tronic structures and their propensity for multiphase. In
addition, the low price, radial availability, and accessibility of
nickel compounds have increased their popularity for energy-
based applications [34—37].

In particular, nickel sulfide in various forms, including
Ni3S,, NiS, and NiS, has shown potential for OER catalysis

[38—40]. It is worth noting that the synthesis of nickel sulfide
on conductive supports such as Ni foam (NF), graphene or
carbon cloth etc. has dramatically improved the OER activity
[41—44]. The porous 3D cross-linked architecture of NF pro-
vides a large accessible active site, minimizes catalyst
agglomeration, and improves electron transfer rates, resulting
in improved electrocatalytic OER performance [45,46].
Recently, Ni3S, nanorods developed on NF have shown
excellent OER activity [47]. The higher catalytic activity was
due to the formation of several mixed oxidation states of Ni
including Ni°, Ni*, and Ni*" as well as to the synergetic
chemical bond that developed between the different phases of
the Ni;3S, nanorod/NiO layer and the NF support. On the other
hand, it was also found that the manufacturing process and
the concentration of sulfur in the nickel sulfide compound
have a positive influence on the OER activity [48]. For instance,
the Ni,Sy film made by pulse electrodeposition was evaluated
for OER catalysis. It was observed that the nickel sulfide
catalyst was completely converted into a highly active amor-
phous nickel oxide phase in the electrochemical oxidation
process and that sulfide ions were depleted from the catalyst
surface [49]. Although several important studies have been
performed to uncover the catalytic activity of the NisS, cata-
lyst, its performance is still limited by its inherent problems
such as particles aggregation, limited active sites, and low
conductivity [50]. Therefore, it is important to find efficient
ways to address these challenges and ultimately develop
nickel sulfide catalyst with improved OER performance.
Inspired by previous studies, here we evaluate the OER
performance of NiS nanowires obtained directly on a NF sur-
face by means of one-step aerosol-assisted chemical vapor
deposition (AACVD). Although several reports on the synthe-
sis of specialized precursors and their use in AACVD to pro-
duce nickel sulfide thin films are known [51-53], these films
have not been investigated for electrochemical water oxida-
tion purposes. AACVD is a viable approach to produce cata-
lytic thin films of controlled thickness and to distinguish
morphologies in the shortest possible time. Like the other
manufacturing processes such as electrodeposition, calcina-
tion, and hydrothermal, AACVD enables porous NF to be used
as the substrate surface. However, the catalyst synthesis via
AACVD is quick and easy compared to the conventional hy-
drothermal process [54—56]. Instead of sulfurizing the NF with
elemental S or thiourea, as observed in hydrothermal tech-
nology, AACVD consumes the nickel diethyldithiocarbamate
compound (Ni(S,CN(C,Hs),) as a single source precursor (SSP).
Both the Ni and S atoms in SSP decompose simultaneously on
the NF surface to produce a NiS product that is completely
different from the common nickel sulfide (Ni;S,) obtained
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through hydrothermal processes and the catalyst loading can
be carefully monitored as the deposition time increases. It is
noteworthy that the obtained NiS nanowire catalyst after
90 min of AACVD process showed remarkable OER perfor-
mance with lowest overpotential of 210 mV to reach the
standard current density of 10 mA cm ™2 and a higher current
density of 500 mA cm ™2 was reached at an overpotential of
340 mV. In addition, the catalyst performed the OER contin-
uously for 19 h, which shows its excellent stability under
electrochemical conditions.

Experimental
Materials and chemicals

Nickel (1) nitrate hexahydrate [Ni(NO3),-6H,0] and sodium
diethyldithiocarbamate hydrate NaS,CN(C,Hs),).xH,0O from
Sigma Aldrich were used as received. Methanol and toluene
from Merck chemicals were used during the synthesis of the
nickel diethyldithiocarbamate precursor and for the fabrica-
tion of nickel sulfide thin films in the AACVD process.

Synthesis of nickel diethyldithiocarbamate precursor

In a typical experiment, 500 mg (2.22 mmol) sodium dieth-
yldithiocarbamate (NaS,CN(C,Hs),)) was dissolved in 30 mL
methanol, followed by the addition of 321 mg (1.10 mmol)
Ni(NOs),-6H,0. The green solution thus obtained was stirred
at room temperature for 30 min. The reaction mixture was
filtered, and the filtrate was slowly evaporated until the green
crystals of the desired precursor Ni(S,CN(C,Hs)), were ob-
tained in two days. The precursor without prior character-
ization was used directly in AACVD to produce NiS catalyst.

Preparation of NiS catalyst thin films by AACVD

The methanol solution of the precursor Ni(S;CN(CyHs)),
served as the feedstock for aerosol-assisted chemical vapor
deposition (AACVD). The catalyst synthesis was carried out on
a nickel foam (NF) substrate of size (1 x 2 cm?) at a tempera-
ture of 400 °C. The mass loading of the catalyst was controlled
by changing the deposition time periodically every 30, 60, 90
and 120 min. For this, the weight of the NF substrate was
measured with a microanalytical balance before and after the
deposition experiment.

The experimental setup and operation of AACVD was
described in our earlier work [56,57]. Briefly, the precursor feed
was placed in a two-neck round bottom flask immersed in a
water bath of an ultrasonic humidifier equipped with a
piezoelectric modulator. The aerosol vapor generated in this
setup was injected into the reaction chamber. The aerosol
flowed over a preheated NF substrate in the reaction chamber
(400 °C) and formed the desired NiS deposits. During the entire
deposition process, nitrogen gas (99.99% purity) was used at a
flow rate of 110 mL/min. Apparently the black mass was
deposited evenly on the NF. The deposition time was varied
between 30 and 120 min and the samples obtained were
labeled as NiS-30, NiS-60, NiS-90 and NiS-120. After comple-
tion of the deposition process, the mass of the catalyst

produced was immediately recorded and determined as fol-
lows: 0.08 mg cm 2 (NiS-30), 0.18 mg cm 2 (NiS-60),
0.3 mg cm 2 (NiS-90) and 0.45 mg cm 2 (NiS-120). The catalyst
mass is observed to increase with deposition time, indicating
the higher growth rates of CVD reactions over longer periods
of time.

Characterization of NiS catalysts

The crystal structure of the NiS catalyst was determined by
Rigaku CuKo radiation using a benchtop MiniFlex X-ray
diffraction (mini-XRD) instrument. The thin film morphol-
ogies were examined on a dual beam field emission scanning
electron microscope TESCAN Lyra 3. Elemental detection was
performed using Energy Dispersion X-ray (EDX) spectroscopy
on EDX, INCA Energy 200, Oxford Instrument. The surface
chemistry and oxidation state of the NiS catalyst were
examined by X-ray photoelectron spectroscopy (XPS). For this,
the Thermos Scientific Escalab 250Xi spectrometer equipped
with a monochromatic Al Ko (1486.6 eV) X-ray source with a
resolution of 0.5 eV was used.

Electrochemical OER studies

The electrochemical measurements of the NiS electrocatalyst
were recorded using Gamry INTERFACE 1010 E Potentiostat.
The typical three-electrode cell was constituted; the NiS
electrode developed on NF served as a working electrode
together with a platinum coil and Ag/AgCl as a counter and
reference electrode, respectively. All electrochemical experi-
ments such as cyclic voltammetry (CV), linear sweep vol-
tammetry (LSCV) and chronopotentiometry (CP) were
performed in 1.0 M KOH solution. For the durability test,
chronopotentiometry measurements were carried out at two
different current values over several hours. The electro-
chemical impedance spectroscopy (EIS) was performed in the
frequency range of 100 kHz to 0.1 Hz at open circuit potential
using amplitude value of 10 mV.

Results and discussion
Characterization of NiS catalysts

Fig. 1 shows the XRD patterns of as-prepared nickel sulfide
samples, NiS-30, NiS-60, NiS-90 and NiS-120. In XRD pat-
terns, the characteristic reflections (100), (101), (102), (110)
and (202) located at 26 = 30.5°, 35.0°, 46.0°, 53.5° and 73.4°
correspond to the monocrystalline NiS in hexagonal phase
(ICSD no. 002-1280). No other impurity peaks such as
metallic Ni and NiO were detected in XRD patterns, indi-
cating the of nickel dieth-
yldithiocarbamate to pure NiS products without the need for
an additional sulfurization process. Initially, the NiS-30
sample showed two broad XRD peaks at 26 = 30.5° and
46.0°, which became strong and intense as the deposition
time increased, and some additional and important peaks
appeared in the 120-min developed sample. The observation
suggests that the crystallinity of the sample improves with
increasing deposition time.

successful conversion
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Fig. 1 — XRD patterns of nickel sulfide samples, NiS-30, NiS-
60, NiS-90 and NiS-120 deposited via AACVD for periods of
30, 60, 90 and 120 min, respectively.

The NiS microstructure produced on the NF surface by
varying deposition time was examined with FESEM and the
corresponding micrographs are shown in Fig. 2. Low-
magnification FESEM images, Fig. 2 ((a)—(d)), clearly reflect
the change in growth behavior of the NiS deposits over time.
The morphologies are well connected to the NF surface. In the
first 30 min, the NF struts receive copious amounts of NiS
nanocrystallites and globe-shaped objects grow on the un-
even spots of NF. This structure tends to grow from the same
center to produce thick nanocrystallites and large spherical
objects when the time extends to 60 min. After 90 min, the NF
pores are densely covered with nanocrystallite flakes of NiS,

which form a fur-rug shaped structure, as shown in Fig. 2c.
Finally, at 120 min, the NF top skeleton is completely covered
with spherical, berry-like features protruding from the NF
surface. The corresponding high-resolution FSEM images of
NiS samples (Fig. 2 (al)—(d1)) show a view of entangled,
conglutinated and disordered nanowires, and this nano-
structure remains in all NiS samples.

In AACVD, thin film microstructures are generally trans-
formed with increasing calcination/deposition time due to the
application of the additional thermal energy. In the present case,
however, the nanowire structure remains sable if the calcina-
tion periods are increased from 30 to 90 min, and no significant
change is observed in high-resolution FESEM images, Fig. 2
(al—cl). However, the NiS sample prepared after 120 min
shows some growth of nanoribbons like features in the upper
surface, but the nanowire prints below are also visible (Fig. 2
(d1)). Interestingly, the nanowires are stacked to form a three-
dimensional (3D) structure, which, compared to other nano-
structures, has a better conductivity and a higher surface-to-
volume ratio [58]. The catalyst comprising such morphological
features exhibits improved catalytic activity and prolongs
durability in OER catalysis.

The elemental composition of the NiS sample was verified
by energy dispersive X-ray analysis (EDX). Fig. 3 shows the EDX
spectra of all NiS samples with the measured concentrations of
Niand S elements. In the NiS-30 sample, the Ni concentration is
very high compared to S, which is due to the nickel contribution
of the NF surface. As the thickness of the NiS deposit increases
over time, the contribution of nickel from the NF substrate
surface decreases. It is worth noting that no oxygen is detected
in these samples and NiS is the only product made in all cases.

XPS analysis was performed on a NiS-90 sample to better
understand the chemistry of the surface components. The
high-resolution spectra of Ni 2p and S 2p are shown in Fig. 4.

Fig. 2 — FESEM images of NiS deposits on a nickel foam substrate for various deposition times of; (a, al) 30 min, (b, b1)
60 min, (c, c1) 90 min and (d, d1) 120 min. (a—d) low-magnification (1.0 Kx); (a1-d1) high-magnification (50 Kx).
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Fig. 3 — EDX spectra of different NiS samples prepared on nickel foam substrate (a) NiS-30, (b) NiS-60, (c) NiS-90 and (d) NiS-

120.

The Ni 2p spectrum shown in Fig. 4 (a) shows two spin-orbit
doublet peaks for Ni 2ps/, and Ni 2p,/, at 855.4 and 873.4 eV,
respectively. The corresponding satellite peaks are observed
at 861.3 and 879.5 eV, which suggests the presence of Ni*"
species [47]. A small shoulder peak at 853.1 eV besides Ni 2ps/»,
corresponds to the characteristic peak for NiS [59,60]. The S2p
spectrum in Fig. 4 (b) shows a binding energy value of 162.3 eV.
The fitting peak at around 162.3 eV belongs to S 2ps/,, and the
peak at 163.5 eV is assigned to S 2py» [61]. These values agree
with previous reports of NiS [62]. The XPS result confirms the
observations from those of the XRD pattern and confirms the
presence of a pure NiS deposit.

Electrochemical water oxidation of NiS nanowires electrodes

The catalytic performance of electrodes made from as-
synthesized NiS nanowires was examined by the

electrochemical water oxidation performance in an alkaline
1.0 M KOH solution. Initially, all NiS catalyst electrodes were
electrochemically activated by performing cyclic voltam-
metry (CV) in the potential range of 1.0—1.8 V (RHE). Each NiS
electrode was scanned for fifty consecutive CV cycles and the
results of the 1st and 50th profiles are overlaid in Fig. 5. All
catalyst samples showed anodic peaks between 1.3 and 1.5
Vrue due to the oxidation of Ni species into Ni(II)/Ni (III) (i.e.
Ni(OH), to NiOOH) [45,63—65]. It is worth noting that the
amplitude of this peak increases with each CV cycle. This
suggests that the electrochemical oxidation of NiS creates
more catalytically active spices in the form of NiOOH on the
NF surface. The increase in the catalytic sites leads to an
improvement in the overpotential and the current density of
the catalyst. A final current density ~1000 mA cm ™2 at a po-
tential 1.7 V (Vs RHE) was achieved with each NiS electrode.
Remarkably, the NiS-90 electrode exhibited superior activity
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Fig. 4 — High-resolution XPS spectra of NiS-90 sample; (a) Ni 2p spectrum, (b) S 2p spectrum.
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Fig. 5 — Cyclic voltammetry (CV) scans for various NiS catalysts; NiS-30, NiS-60, NiS-90 and NiS-120 electrodes, 1st CV cycle
(dash black line) and 50th CV cycle (solid red line). The CV was performed at a scan rate of 50 mV s”. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

and the current density of 1000 mA cm~2 was reached even
before 1.6 V (Vs RHE) and no further current density could be
measured because the maximum current sensing capacity of
the potentiostat was 1 A.

Fig. 6 (a) shows the polarization curves (Linear Sweep
Voltammetry) of the electrochemically activated NiS elec-
trodes, which were carried out with a scan rate of 10 mV s .
To confirm the OER catalytic activity, the overpotential () of
all catalysts at current densities of 10 and 500 mA cm 2 were
compared (Fig. 6 (b)). It can be seen from the polarization

curves that NiS-90 catalyst clearly outperformed other NiS
catalyst by exhibiting the lowest overpotential (n;0) of 210 mV.
The observed trend for OER activity was as follows: Bare NF
(110495 mV) < NiS-30 (130 290 mV) = NiS-120 (330 290 mV) < NiS-
60 (110 270 mV) and NiS-90 (710 210 mV). A similar trend was
observed when overpotential (nsq0) values were evaluated and
the NiS-90 catalyst displayed a smallest 5sqo of 340 mV. It is
worth noting that the OER kinetics of NiS-30 and NiS-120
electrodes is almost the same, and their overpotential (710
and 7so) and current densities are almost comparable.
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The enhanced OER activity of the electrochemically
oxidized NiS-90 catalyst can be attributed to the unique and
uniform fur-rug shaped microstructure shown in Fig. 2 (c). The
catalytic centers appear to be more aligned and unidirectional,
which provides a large contact area between the catalyst and
reactant species. However, other NiS catalyst surfaces are less
uniform as shown by the microstructure images in Fig. 2 ((a),
(b) and (d)). Another factor that contributes to the improved
OER performance of the NiS-90 catalyst could be the optimum
mass loading of the catalyst (0.3 mg), which leads to its su-
perior activity. Fig. 6 (c) shows the polarization curves recor-
ded at different scan rates for the best performing NiS-90
catalyst and no apparent change in current density was
identified at different scan rates. Tafel plots for all catalysts
were made to study the OER kinetics. Fig. 6 (d) shows the Tafel
plots obtained by fitting the linear parts of the polarization
curves. Tafel slope values for bare NF, NiS-30, NiS-60, NiS-90
and NiS-120 were measured to be 92, 85, 75 and 60 mV
dec !, respectively. The NiS-90 electrode had the lowest Tafel
slope value (60 mV dec™?), suggesting faster OER reaction ki-
netics, probably due to its uniform microstructure and
optimal catalyst mass loading. In addition, the Tafel value of
NiS-30is close to that of NiS-120, suggesting similar pathways
and rate determining steps for these electrodes in a similar
alkaline environment.

It is common that the solution resistance is normally
participated during measurement of OER activity of electro-
catalysts and the electrocatalyst with low charge transfer

resistance show high electrocatalytic activity for OER. EIS is
used to measure the charge transfer resistance of electro-
catalysts. So, the values of charge transfer resistance are
measured by employing EIS and the EIS data are recorded as
Nyquist plots using 1 M KOH as electrolyte solution at open
circuit potential. The obtained results are presented in Fig. 7,
which clearly indicates that the electrocatalyst NiS-90 has
lower charge transfer resistance compared to other electro-
catalysts, which further confirms its enhanced electro-
catalytic activity for OER [66].

The OER parameters of the NiS-90 catalyst are compared to
the reported data for various nickel sulfide phases fabricated
from different processes, as shown in Table 1. The activity of
the NiS catalyst prepared by AACVD is better than that
mentioned in Table 1.

The electrocatalytic stability of the NiS-90 electrode with the
best performance was also examined by galvanostatic chro-
nopotentiometric measurements at two different applied cur-
rent densities of 10 and 20 mA cm 2, respectively. The resulting
chronopotentiometric profile shown in Fig. 8 (a), revealed that
the electrochemically oxidized Ni-sulfide catalyst was largely
stable during the 19 h of the chronopotentiometric experiment.
The 7,0 value at 10 mA cm ™2 improved from 228 mV to 205 mV
by the first 10 h. When switching the current density from 10 to
20 mA cm 2, a small increase in the 7,0 value from 205 to
221 mV was found. The 75, value at 20 mA cm™2 hardly fluc-
tuated and remained constant between 221 mV and 216 mV in
last 9 h. The result shows that the overvoltage values remain
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Fig. 7 — EIS Nyquist plots recorded in 1.0 M of KOH solution
for NiS-30, NiS-60, NiS-90, and NiS-120 electrocatalysts
loaded on NF.

almost constant with two different applied current densities
and no signs of deterioration or delamination of the film elec-
trode were found during the long-term stability test. After a
chronopotentiometric experiment, the polarization curve of
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the same electrode was recoded and compared with its initial
behavior. As shown in Fig. 8 (b), the current density of the NiS
electrode is slightly increased after the stability. The small
increment in current density is attributed to the reconstruction
of the catalyst structure during the long-term stability test. This
behavior agrees with the reported nickel sulfide catalyst [41].

The turnover frequency (TOF, per catalyst site) was esti-
mated using the equation [TOF =1/(4 x F x m)]. Where [, F and
m are the current, Faraday's constant (96,485 C/mol) and
number of moles of active material (catalyst) that is deposited
on the electrode respectively. The TOF at overpotentials of
210 mV and 340 mV was calculated for the NiS-90 electro-
catalyst and its values were found to be 0.01 s™* and 0.39 s~*
respectively, which is comparable to some reported electro-
catalysts [71,72].

The surface of the used NiS-90 catalyst was re-examined by
FESEM and EDX analyses to observe any morphological and
compositional changes induced by the prolonged electro-
chemical treatment. Fig. 9 shows the FESEM images of the used
catalyst surface. It can be clearly observed that the catalyst
retained its spike and thorn-like microstructure as observed in
its fresh form (Fig. 2 (c)). In some spots the spiky structure is not
visible due to the build-up of the electrolyte (KOH) mass. The
elemental composition of the Ni, S, O and K atoms on the
surface of the used NiS-90 catalyst was also determined. Fig. 10

800
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Fig. 8 — (a) Extended period of oxygen evolution during controlled potential electrolysis of NiS-90 catalyst in 1.0 M KOH
electrolyte solution at two different current densities, (b) LSV polarization curves of NiS-90 catalyst before and after stability

test.

Table 1 — Comparison of OER parameters of NiS catalysts produced from different fabrication methods.

Catalyst material Synthesis route Overpotential (mV) @ 10 mA cm 2 Reference
NiySs3 Thermal sulfurization 256 [65]

NiS Sulfurization 335 [43]

Ni3S, Hydrothermal 344 [45]

NiS 375 [38]

Nis3S, Polyol solution method 295

NiS, 375

Ni3S,/NiFe layer double hydroxide Electrodeposited 200 [67]
Ni/NiS//N-doped carbon High temperature treatment 337 [68]

IrO, Commercially available 301 [69]

RuO, Commercially available 322 [70]
NiS-90 AACVD 210 This work
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(a1 and a2) shows the EDX spectrum that was recorded from content as compared to its unused form (EDX spectrum Fig. 3
two different points with their respective elemental composi- (c)). While the O contents, which was completely absent on
tions. The used NiS-90 catalyst has significantly reduced the S the surface of fresh catalyst, increased significantly in used

[
59.76 %

Ni = 24.45 %
S=6.34%
0=61.07%
K = 8.146%

~

Electron Image 1

KKa1 Ni Ka1

Fig. 10 — EDX spectra of used NiS-90 catalyst analyzed at two different surfaces (al and a2) and EDX map analysis indicating
the homogenous distribution of Ni, O, S and K atoms on the surface of used NiS-90 catalyst (b).
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catalyst. In addition, an EDX map analysis was performed to
identify the positions of the S and O atoms, and a homogenous
distribution of both elements can be analyzed using the EDX
map images given in Fig. 10 (b). The presence of S together with
O atoms evidences that NiS catalyst was partially oxidized
during the electrochemical OER process, as opposed to the
complete removal of the sulfide ions from the catalyst surface,
which resulted in a complete conversion of NiS to amorphous
NiO, such as described in an earlier study [49,65].

Finally, an XRD analysis of used NiS-90 was performed and
the result is shown in Fig. 11. The XRD pattern indicates the
formation of several nickel oxide phases including “NiO,”,
“K3Niy,O4” and “Kg14NiO,” due to electrochemical treatment.
Some crystalline peaks related to metallic “Ni” are appeared
from nickel foam substrate. No peaks related to the initial
“NiS” phase were identified. Based on post-characterization
results (XRD and EDX), a hypothetical mechanism for water
oxidation on the surface of NiS electrocatalyst was proposed.
During water oxidation process, the sulfide species are
leached out from the film surface and the electrode surface is
transformed into highly reactive “oxo” and “oxyhydroxide”
intermediate spices as indicated by the following pathways
which include unusual and mixed valence states of nickel ions
such as Ni°, Ni*, Ni>" and Ni**:

40H — 0, +2H,0 + 4 e~

VOH™ — OH* + e~; OH* »O* + H+ + e~
20* — 0, 0r O* + OH™ — *OOH + e~
*OOH + OH™ — O, + H,0 + e~

The larger the surface oxide layers on Ni—S, the OER and its
stability will be greatly facilitated. Moreover, the synergetic
chemical coupling effects of different nickel oxide phases also
make a positive contribution to the OER performance. This
proposed mechanism is also supported by the earlier study
based on nickel sulfide over NF surface to improve OER ac-
tivity [65,73,74].

K;NiO, NiO, = 01-085-1977
KsNiO, = 01-071-1982

Ko.14NiO, =01-074-1792
Ni  =03-065-2865

NiO,

NiO,

/(a.u.)

NiO,

Ko.14NiO,

20

Fig. 11 — XRD pattern of the used NiS-90 catalyst after
performing electrochemical water oxidation in 1 M KOH
electrolyte.

Conclusions

In summary, the deposition of NiS nanowires on the surface
of nickel foam using a simple, fast and one-step method of
aerosol-assisted chemical vapor deposition has been suc-
cessfully demonstrated. The various NiS catalysts, developed
for 30, 60, 90 and 120 min, showed great potential for OER
water electrolysis in an alkaline medium. The NiS catalyst
obtained in 90 min of deposition exhibited relatively small
overpotential values of 210 and 340 mV in order to approxi-
mate the characteristic current densities of 10 and
500 mA cm 2, respectively. In addition, the catalyst was
durable and sustainable enough to continuously catalyze the
OER for 19 h. The high OER performance of the NiS catalyst is
related to the partial conversion of nickel sulfide to nickel
oxide during the electrochemical activation process. The
electrochemical and structural characterization suggested
that S atoms near the surface of NiS acted as an activator to
generate important oxidized Ni(OH),/NiOOH intermediates
that promote water oxidation by providing numerous active
sites and thus result in a significant improvement in OER
performance. This study provides important insight into the
nickel sulfide electrocatalyst for water oxidation. Moreover,
the NiS nanowires are considered promising electrode ma-
terials for several other applications such as batteries,
supercapacitor, and fuel cells, etc.
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