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Herein, we report on the one-step growth of nickel sulfide (NiS) heterostructures on nickel foam (NF) substrate
via a facile electrodeposition method, employing Ni(NO3),-6H20 and CH4N»S as Ni and S precursors, respec-
tively. For the first time, a systematic study was carried out on the impact of the Ni/S molar ratio on the elec-
trochemical performance of as-prepared electrodes for water splitting. The optimum performance was obtained
for a Ni:S ratio equal to 2:1, whereas lower or higher ratios resulted in much inferior performance. The NiS@NF

Thiourea electrode with a Ni:S ratio of 2:1 exhibited the lowest overpotentials |n19| = 136 mV, |n100| = 209 mV, extremely
low Tafel slope (60 mV dec‘l), and very high double layer capacitance value (2.78 mF cm’z), Field emission
scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), and X-
ray photoelectron spectroscopy (XPS) revealed the formation of a coral-like nanoarchitecture, resulting in
enhanced HER activity.

Introduction the hydrogen adsorption-free energy (AGy) [9]. Several studies have

The high global demand for energy consumption and the calls for the
transition to green energy led to the search for alternative energy
sources such as solar, wind, water, and hydrogen [1,2]. Hydrogen pro-
duction could be pollution-free, independent of the timescale and the
weather, and act as a secure and clean energy carrier [3,4].

Generally, industrial water-splitting devices operating in an alkaline
medium have gained particular attention toward producing Hy and Oy
[5]. Most of these devices use Pt-based porous nanomaterials because of
their superior electrochemical performance for hydrogen evolution re-
action (HER). However, their scarcity and high cost hinder their prac-
tical application, rendering essential the turn into the rational design of
cost-efficient and highly active non-precious metal HER electrodes [6].
Among the different candidates, transition metal sulfides (TMS) have
gained particular attention due to their high electrical conductivity,
ideal atomic arrangement, and intrinsic electrocatalytic activity for HER
[7,8]. Moreover, according to recent studies, sulfur vacancies optimize

* Corresponding authors.

explored TMS for HER, such as MoS; fabricated with chemical vapor
deposition and spin-coated for alkaline and neutral electrolytes [7],
MoS,/FesNisSg fabricated with a 2-step hydrothermal process for alka-
line solutions [10], NisS3 with the addition of C¢gHsO7Nas for better
adhesion[11], NiS@CuBiyO4 via the one-pot electrochemical method
and cyclic voltammetry[12], NiS/Ni on carbon cloth via solvothermal
method presenting a very low Tafel slope[13], and hollow Chevrel-
Phase NiMogS4 fabricated with a template-directed anion exchange
pathway [14]. Moreover, He et al. [15] explored the impact of various
applied current densities during electrodeposition of sulfur layers on NF,
while Edison et al. [16] prepared a NiS@NF electrode to act as an anode
in a hybrid-capacitor system with promising results.

Although various studies have been devoted to the transition metal
sulfides with satisfying results, there is no a systematic study on the
influence of sulfur/metal atomic ratio during the preparation procedure,
which is expected to affect the structural and electrochemical properties
notably and, in turn, the HER efficiency. In addition, although
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Fig. 1. XRD analysis (a), XRF analysis (b), XPS survey pattern (c), XPS Ni2p spectra (d) of the NF, Ni:S (1:0), Ni:S (0:1), Ni:S (1:1), Ni:S (2:1) electrodes.

satisfactory results have been obtained with the aforementioned TMS,
the multi-step and the time-consuming fabrication procedures followed
in most cases further hamper their widespread applicability.

Motivated by these issues, a one-step electrodeposition process was
applied to fabricate NiSy heterostructures with different Ni:S atomic
ratios, employing Ni(NO3)2-6H20 and Thiourea as Ni and S sources. In
this regard, the novelty and originality of the present work rely on the
systematic impact of the Ni/S atomic ratio on HER efficiency, which, to
the best of our knowledge, has not yet been explored. Interestingly,
neither Ni-rich nor S-rich electrodes performed satisfactorily, revealing
the importance of adjusting the metal/sulfur ratio. It was clearly dis-
closed that the Ni:S ratio could profoundly influence the electrochemical
performance by optimizing the Ni:S ratio to 2:1, which offers a very low
Tafel slope (60 mV dec™h), low overpotentials, and enhanced Cpy, value
(2.78 mF cm’z).

Experimental details
Materials and reagents

All the chemical reagents in this work were used as received without
further purification. Thiourea (CH4N,S, 98 % Penta Chemical), nickel
nitrate hexahydrate (Ni(NO3)2-6H20, 99 % Sigma-Aldrich), potassium
hydroxide (KOH, technical grade, Sigma-Aldrich), ethanol (CH3CH,OH
99.8 %, ACROS Organics), hydrochloric acid (HCI 98 % Sigma Aldrich).
Nickel foam (99.8 %, Beike advanced materials Store).

Electrodeposition on Ni foam

All the fabricated NF electrodes were electrodeposited with chro-
noamperometry using a Princeton Applied Research electrochemical
station (VersaSTAT 4) in a standard three-electrode electrochemical cell.

The electrochemical cell was equipped with a pure Pt (99.9 %) (Good-
fellow) counter electrode and an Ag/AgCl (3.5 M KCl) (Palmsens)
reference electrode equipped with a Luggin capillary. The NF substrate
acted as the working electrode.

Before the electrodeposition, the working electrode (NF) was ultra-
sonicated in 3 M HCl to remove organic contaminations from its surface
and activate the substrate [17]. Afterward, it was rinsed with deionized
water, ultrasonicated in pure ethanol, and finally rinsed again with
deionized water.

The deposition time was 10 min, at 298 K, for all the fabricated
electrodes. The applied potential varied from —0.18 to —0.2 V vs. RHE,
in order to avoid hydrogen mass production, resulting in poor electro-
deposition on the NF substrate, as well as to overcome the low con-
ductivity of the sulfur-rich solution . Also, a magnetic stirrer was used for
uniform deposition. Thiourea and Ni(NOg3),-6H2,0 compounds were
used as precursors of Ni and S, respectively, in a wide range of Ni:S
molar ratios, i.e., 1:0, 0:1, 1:1, 2:1, 4:1, 1:2 and 1:4. For comparison
purposes pure Ni (1:0) and S (0:1) electrodes on NF substrate were
fabricated. Finally, all the fabricated electrodes were heated at 573 K for
two hours to decompose the precursor compounds and to increase the
electrodes’ crystallinity and stability [18-20].

Structural characterization and chemical analysis

The fabricated Ni foam electrodes were morphologically character-
ized with field emission scanning electron microscopy (FE-SEM,
JSM7000F, JEOL) at various magnification scales. Also, XRD (BEDE D1
with CuKa radiation), XPS analysis (SPECS, FlexMod XPS), and XRF
(Amptek X-123) analyses were carried out to gain insight into the
structural features and chemical composition of the NiS@NF electrodes.
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Fig. 2. FE-SEM of the Ni:S (1:0) (a) inset NF, Ni:S (0:1) (b), Ni:S (1:1) (c), Ni:S (2:1) (d), Ni:S (2:1) higher magnification scale (e, f).

Electrochemical evaluation

The electrochemical evaluation of the electrodeposited NF electrodes
was studied by cyclic voltammetry (CV), linear sweep voltammetry
(LSV), Tafel slope, double layer capacitance values (Cpp), electro-
chemical active surface area (ECSA), and electrochemical impedance
spectroscopy (EIS). The VersaSTAT 4 electrochemical workstation was
used for the electrochemical analysis of the fabricated NiS@NF elec-
trodes. The electrochemical cell was equipped with a pure Pt (99.9 %)
(Goodfellow) counter electrode and an Ag/AgCl (3.5 M KCl) (Palmsens)
reference electrode, while the fabricated NF electrodes acted as working
electrodes. The electrolyte for the electrochemical measurements was a
1 M KOH solution. Before each experiment, N5 gas was purged into the
cell to remove the dissolved oxygen gas. All the experiments were
repeated at least three times to confirm the obtained results. In addition,
all potential values in this manuscript are converted to a reversible
hydrogen electrode (RHE) with the equation Erye = Eag/agct + 0.059°
PH + Eo ag/agcl

where E ag/agcl is the potential measured with Ag/AgCl reference
electrode.

In the sections below, the samples with Ni:S ratios of 1:2, 1:4, and 4:1
are not included for brevity’s shake and are included in the supple-
mentary information (SI), considering that their electrochemical per-
formance is similar or inferior to the rest of the samples.

Results and discussion
Electrodeposition

During electrodeposition, the electrochemical reaction and diffusion
rate mainly control the overall process. When the diffusion rate is faster
than the reaction rate, the electrodeposition is governed by the elec-
trochemistry reaction. On the other hand, if the diffusion rate is slower
than the reaction rate, the diffusion controls the electrodeposition [21].

During the electrodeposition process in the current work, the
mixture of Ni?" and thiourea solution produces a stable nickel-thiourea
complex, which afterward is reduced to insoluble heterostructures of
NiS on the NF surface, according to the following reaction scheme
[16,22-24]:

2H,0 +2e”—20H +H, (€D
CH,N,S +20H =5~ + CON,H, + H,0 2
Ni** + 8% =Nis 3)

In this work, the temperature was held constant (298 K) during
electrodeposition, and the distance of the electrodes was set at 3 mm.

Structural/morphological characterization

Fig. la depicts the XRD patterns of representative electrodes, i.e.,
bare NF and NiS@NF samples with Ni:S ratio of 0:1 (pure S), 1:0 (pure
Ni), 1:1, and 2:1. The XRD analysis of the fabricated electrodes (Fig. 1a)
shows three major peaks for the pure nickel foam (NF) and for the
sample without Thiourea, i.e., Ni:S (1:0) at the 20 angle of 45.2°, 52.5°
and 77°, which correspond to the (111), (200) and (220) planes of
crystalline Ni [16]. These results verify the metallic nature of Ni before
and after the electrodeposition in nickel foam. However, in the case of
thiourea-doped electrodes, the Ni peaks were shifted to higher angles
46°, 53.50°, and 77.8°, which are attributed to (102), (110), and (202)
crystalline planes of NiS, respectively (JCPDS file No. 02-1280)[25,26].
Furthermore, the FWHM of sulfur-doped electrodes is higher than the NF
sample, suggesting the successful formation of NiS phase on the NF
substrate, in line with the literature [16].

The crystallite size was also calculated by applying the Scherrer
equation. The smallest crystallite size of 28 nm was obtained for Ni:S
(2:1), followed by the Ni:S (1:1) sample, which obeys a size of 29 nm. All
other samples exhibit a higher crystallite size varying between 31 and 34
(Table S1). Since the samples with smaller crystallite sizes also
demonstrated the optimum electrochemical performance (see below),
this could imply a structure-performance relationship; smaller crystal-
lite sizes with higher lattice strain result in more active sites (Table S1),
thus improving the HER performance in accordance with relevant
studies [27-29].

The successful formation of NiS heterostructures was further
confirmed by the XRF and XPS analysis (Fig. 1) over the NiS (2:1)
electrode, which exhibits the best electrochemical performance (see
below). In particular, XRF analysis indicates the presence of S and Ni,
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Fig. 3. Cyclic voltammograms of Ni:S (1:0), Ni:S (0:1), Ni:S (1:1), Ni:S (2:1)
electrodes with 100 mVs~! sweep rate in 1 M KOH.

further supporting the XRD results (Fig. 1b). Also, the XPS spectra of
bare NF and Ni:S (2:1) samples are presented comparatively in Fig. 1c, d.
The NiS heterostructure creation on the NF substrate was further sup-
ported by the shift of Ni2p peaks to lower binding energies since the
electronegativity of sulfur is higher than nickel [30].

The surface area and morphology of the fabricated electrodes, which
play a pivotal role in the electrochemical performance, are analyzed by
FE-SEM (Fig. 2). In the S-free Ni:S (1:0) sample, a dense electrode sur-
face is obtained without any apparent cracks (Fig. 2a). However, as the
molar ratio of Ni:S increases cracks are starting to appear on the entire
electrode’s surface. These cracks are more evident at Ni:S (2:1) (Fig. 2d,
e), resulting in a coral-like protrusion morphology. The internal stress of
Ni foam and NiS doping during the electrodeposition is most probably
responsible for the produced cracks, as also postulated in previous
relevant studies [25]. Also, considering Fig. 2d, the surface micro-
structure of Ni:S (2:1) consists of a bulky crystalline core and ultra-thin
nanowires attached to every crack, providing a higher electrochemical
area with more effective active sites for electrocatalysis [26,27]. Similar
morphologies have been previously observed upon increasing the con-
tent of Thiourea over Ni@NF, attributed to the formation of bubbles and
the difference in internal stress of Ni and NiS during the electrochemical
deposition [11].
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Electrochemical performance

In Fig. 3, the cyclic voltammograms of Ni:S (2:1), Ni:S (0:1), Ni:S
(1:1), and Ni:S (1:0) samples are depicted. Well-defined redox peaks
appeared, indicating the Faraday reaction nature of the NiS@NF elec-
trode [31].

The reaction of nickel sulfides in an alkaline medium can be
expressed through the equation[32-34]:

NiS+ OH™ < NiSOH + e~ 4

Generally, the enclosed area of the CV curves can be used as the first
estimation of specific capacitance, whereas the maximum value of cur-
rent density peaks (Jpeak) can be correlated with the electrochemically
active surface area (ECSA) [35-37]. Interestingly, the Ni:S (2:1) sample
exhibits the largest enclosed area and the highest Jpeak, implying that a
Ni:S ratio 2:1 results in the maximum specific capacitance and ECSA, in
line with its structural and morphological characteristics.

Cathodic polarization curves (0 to —0.4 V vs. RHE) were obtained
(Fig. 4a, S1, and Table 1) with a sweep rate of 1 mVs ! to explore the
overpotential values and to gain insight into electrode kinetics.
Considering Fig. 4a, it is evident that electrodes with only S deposition
(Ni:S (0:1)) exhibit inferior catalytic activity. In contrast, the NiS@NF
electrodes of various molar ratios (Figs. 4 and S1) demonstrated much
lower overpotential values. Considering the impact of thiourea content,
similar phenomena have been observed by Huijuan Jing et al. [38],
where large sulfur ratios decrease HER efficiency.

It is evident from Fig. 4a and S1 (involving the whole range of Ni:S
ratios investigated) that the best electrochemical values, summarized in
Table 1, can be obtained with the NiS@NF sample with a Ni:S molar
ratio of 2:1. In particular, the overpotential value at current density 10
mA cm 2 (In1o]) of the Ni:S (2:1) is the lowest (0.136 V) compared to all
the other fabricated electrodes. Moreover, a stability test was performed
for the Ni:S (2:1) electrode in 1 M KOH electrolyte for 12 h (Fig. S2),
demonstrating its adequate stability.

Moreover, the HER mechanism was investigated by considering the

Table 1
Electrochemical values for the NiS@NF fabricated electrodes in 1 M KOH.
Electrode N|10| (V) Tafel slope b (mV dec™)
NF 0.31 128 + 0.8
Ni:S (0:1) 0.27 181 £ 1.5
Ni:S (1:4) 0.21 165 + 0.8
Ni:S (1:2) 0.19 135 + 0.4
Ni:S (1:1) 0.18 113 +£ 0.3
Ni:S (2:1) 0.13 60 + 0.5
Ni:S (4:1) 0.17 131 £ 0.6
Ni:S (1:0) 0.2 119 + 0.4
000 1 1 1 1
b) NF
——Ni:S (0:1)
005 ——Ni:S (1:0)| [
—Ni:S (1:1)
-0.10 - —Ni:S (2:1)|
-1
181 mV dec™ 60 mv dec
-0.15 4 -
-0.20 4 119 mVdec™ |
-0.25 113 mV dec'}
-0.30 : T T T
0.5 0.0 0.5 1.0 15

log Current density (mA cm?)

Fig. 4. Polarization curves (a) and Tafel slopes (b) for the NF (reference), Ni:S (1:0), Ni:S (0:1), Ni:S (1:1), Ni:S (2:1) electrodes in 1 M KOH.
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Tafel slope (Table 1), which is calculated by plotting the overpotential
value vs. the logarithm of the current density. As depicted in Fig. 4b and
S3, the Ni:S ratio of 2:1 results in an ultra-low Tafel slope of 60 mV dec’l,
which is among the lowest in literature (Table S2), implying its
enhanced HER kinetics [39-41].

The pivotal role of the Ni:S ratio on the electrochemical performance
is more clearly demonstrated in Fig. 5, which portrays the |njo| and
Tafel slope values as a function of the Ni:S ratio. It is evident that the
lowest |njo| and Tafel slope values are obtained for a Ni:S ratio of 2:1,
whereas either Ni-rich (Ni:S > 2) or S-rich (Ni:S < 2) results in a much
inferior performance.

The improved electrochemical performance of NiS@NF composites
with an adjustable Ni:S ratio can be attributed to the synergistic effects
of Ni-NiS heterostructures towards an enhanced HER kinetics via the
Volmer - Heyrovsky mechanism [11,42]. Specifically, in an alkaline
solution, the hydrogen evolution reaction can be described by the
following elementary steps [11,42,43]:

The Volmer reaction (discharge step) with a Tafel slope around 118
mV dec’:

H,O+e¢ —H,y+OH 5)

and the Heyrovsky reaction (desorption step) with a Tafel slope around
40 mV dec’:

Hug +H,O+e —H, +OH (6)

or the Tafel recombination reaction with Tafel slope around 30 mV dec
1.

2Had5 —H, (7)

The decreased Tafel slope of the Ni:S electrodes indicates that the
Volmer reaction is notably accelerated towards producing more Hygs and
OH™ species. This could be attributed to the fine-tuning of electron
configuration around the active electrocatalytic sites via the formation
of Ni@NiS heterostructures, which facilitates the H,qs and OH™ bonding
to active sites, thus lowering the energy barrier for H»O splitting via the
Volmer reaction [6,11,44].

To gain insight into the different electrocatalytic properties of each
electrode, the Cpy, and ECSA values were next calculated through the
cyclic voltammetry method. Various scan rates (5 to 100 mVs~ 1) were
applied around the open circuit potential (50 mV) in a non-Faradaic
region (Fig. S4) to calculate the Cpp, values [4,45,46]. Cpy values ob-
tained by the cyclic voltammetry method are proportional to the
dependent capacitive current (Jpr) of the fabricated electrodes through
the following equation [46-49]:
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Table 2
Cpy, values obtained with the cyclic voltammetry method at scan rates 0.005 V
s71 - 0.1 Vs}, calculated ECSA and Sy for the NiS@NF electrodes.

Electrode Cpy. values (mF ECSA Sa

cm™?) (cm™?)
NF 0.23 + 0.02 11.5+ 0.6 0.2¥10'7
Ni:S (0:1) 0.26 + 0.01 13+ 0.5 0.25%107
Ni:S (1:4) 1.85 + 0.23 925+ 1.8 8.5%10%7
Ni:S (1:2) 1.01 + 0.05 50.5 + 0.6 4.3*10%7
Ni:S (1:1) 0.76 + 0.02 38 +0.8 4+10%7
Ni:S (2:1) 2.78 + 0.09 139 + 1.1 9.6*10"7
Ni:S (4:1) 2.02 +0.12 101 £ 1.5 8.8%10'7
Ni:S (1:0) 0.63 + 0.07 31.5+0.6 1.3%10Y7
Perfectly smooth Ni 0.02 + 0.004 1+0.2

electrode
v
Jpr = Cpp X X ®

where v stands for scan rate (V s~ 1) and A for the electrode surface
(cmz).

Fig. 6 depicts the current density as a function of scan rate for Ni:S
(0:1), Ni:S (1:0), Ni:S (1:1), Ni:S (2:1) electrodes, whereas the corre-
sponding results for the rest electrodes are presented in Fig. S5. The
obtained Cpy, values for all electrodes are summarized in Table 2.

Itis evident that the Ni:S (2:1) exhibits by far the maximum Cpy, value
(2.78 mF cm ™) compared to all the other fabricated electrodes, also
possessing the higher ECSA, which is related to the population of
exposed active sites and thus improved HER efficiency [50,51]. It should
also be mentioned that the obtained Cp, values of the Ni:S (2:1) are
comparable to those of electrodes used for battery-type or hybrid ca-
pacitors [16,37].

In order to extract the ECSA value of each electrode (Table 2) and to
directly correlate the HER performance with the exposed active sites of
the electrode’s surface, the following equation was used:

ECSA = Cp. /20 ©)

The value 20 uF cm ™2 is the Cpy value of a perfectly smooth Ni electrode
[52-54]. The highest ECSA value of the Ni:S (2:1), i.e., 139 cm’z, could
be attributed to porous morphology (Fig. 2d) and the excellent con-
ductivity obtained by the 2:1 ratio. The multichannel-created porous-
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Table 3

Elemental values of fitted equivalent circuits obtained by EIS.
Electrode Ry (Q) R (Q)
Ni:S (0:1) 8511 + 802 5.34 + 0.08
Ni:S (1:0) 1059 + 40 2.7 £0.06
Ni:S (1:1) 87+1 0.68 + 0.007
Ni:S (2:1) 2.1 +0.04 0.58 + 0.004
Ni:S (1:2) 7.8+ 0.6 1.9 £0.03
Ni:S (4:1) 2.5 £ 0.05 2.13 £+ 0.006

branch-like structures increased the surface area and accessed more
hydroxyl ions, resulting in higher ECSA values [55].

To further investigate the active electrocatalytic area of the afore-
mentioned electrodes, the number of accessible active sites was calcu-
lated (equation 10) since an abundant number of them enhances the
electrical conductivity of the electrode [56,57].

Sa = (integrated reduction area/scan rate)/charge of one electron (10)

where Sa stands for accessible active sites, the scan rate was 100 mV s L
and the charge of one electron is 1.60217- 101°C. Considering Table 2,
the highest number of SA is attained for the Ni:S (2:1) electrode,
implying its improved electrical conductivity and, thus, HER activity.

In Fig. 7, the Nyquist plots of the fabricated electrodes are presented
to further investigate the electrochemical kinetics through electro-
chemical impedance spectroscopy (EIS). The frequency range was 10
mHz to 10 kHz with an alternate signal (RMS) of 10 mV.

The interception of each line with the Z real axis (at high frequency)
corresponds to the electrolyte’s electronic resistance combined with the
electrode’s internal resistance (Rs) [58-60]. The constant phase element
(CPE) represents the double-layer capacitance between solid and ionic
solutions [61], while R is the charge transfer resistance, which is the
rate of charge exchange between the electrode and the electrolyte
interface [62].

Notably, the Ni- and S-containing electrodes with NiS hetero-
structures exhibit much lower Rg and R, values compared to bare Ni (Ni:
S (1:0)) or bare S (Ni:S (0:1)) electrodes (Table 3), implying the syner-
gistic Ni-S effects towards faster HER kinetics. The optimum values,
especially of R, were obtained for the Ni:S (2:1) electrode, implying its
high conductivity towards improving the charge transfer and the HER
efficiency [63,64]. Moreover, the lowest Rg values obtained for the Ni:S
(2:1) electrode imply its low resistance at the electrode and electrolyte
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interface.

Conclusion

The present work systematically explored the impact of the Ni/S
molar ratio on the HER efficiency in an alkaline medium over NiS@NF
electrodes. CH4N3S and Ni(NO3)2-6H20 compounds were used as Ni and
S precursors at different molar ratios to fabricate NiS heterostructures on
a nickel foam substrate through electrodeposition.

It was found that the Ni:S molar ratio profoundly influences the
structural/morphological characteristics and, in turn, the HER effi-
ciency. The optimum electrochemical results were obtained for the Ni:S
ratio of 2:1, which offers a Cpy, value of 2.78 mF cm ™2, accompanied by a
very low Tafel slope of 60 mV dec! and a low overpotential value at 10
mA cm~? (0.136 V). Moreover, EIS revealed its superior conductivity,
which can be accounted for by the improved charge transfer and HER
kinetics. Structural and morphological characterization clearly disclosed
the formation of NiS heterojunctions over nickel foam, which is
conducive for cracks formation of coral-like morphology, thus
improving the active electrochemical area for hydrogen evolution.
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