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Extending the accessibility of catalytic active sites
through L-cysteine assisted sulfidation for
promoting the hydrogen evolution reaction†

Prince J. J. Sagayaraj,a Kavinkumar S.,a Keishi Oyama,b Naoko Okibe,*b

Hyoung-il Kim *c and Karthikeyan Sekar *ac

Green hydrogen production has been a particular focus in recent times for implementing sustainable fuels in

the future energy economy. One of the most effective ways to produce clean and green hydrogen is

electrocatalytic overall water splitting. Various researchers with their persistent explorations have made this

topic, the research hotspot in understanding the catalysis mechanism and developing new novel materials.

As the hydrogen evolution reaction (HER) kinetically limits the overall water splitting reaction, this work

demonstrates the L-cysteine assisted synthesis of millerite nickel sulfide dispersed as particles on nickel foam

(NS/NF) by a simple one-step hydrothermal process as a self-supported working electrode. The controlled

phase of NiS is confirmed by XRD and TEM analysis and the size and morphology of the catalyst are

characterised by SEM analysis. XAS analysis further explores the bulk structure and chemical coordination

within the crystal system according to the XANES and EXAFS findings. The HER performance of the NS/NF

catalyst exhibits superior activity to bare NF, requiring an overpotential of 140 mV to deliver a current density

of �10 mA cm�2 with a Tafel slope of 112.3 mV dec�1. The catalyst demonstrated excellent durability for

50 h with further electro-activation of NS/NF under reduction conditions. In a two-electrode system, NS/

NF||RuO2 required only 1.79 V as the overall cell voltage to generate a current density of 10 mA cm�2. This

study illustrates a simple and facile route for NiS synthesis with extendable electrochemical surface area

(ECSA), demonstrating superior HER activity over time, under alkaline conditions.

Introduction

The need to focus on the production of renewable energy is
inevitable due to the rapid increase in pollution caused by non-
renewably sourced fuels and the consequent demand for energy.
Hydrogen (H2) is considered to be an effective alternative to
conventional fossil-based fuels as a clean sustainable energy
source with high energy density.1–3 Although various methods like
coal gasification, steam methane reforming, thermochemical
methods and hydrocarbon splitting have been in use for H2

production, the problem associated in reaching higher efficiency
often means, seeking an effective alternative method.4–6 Various

electrochemical devices, like electrolyzers, fuel cells, and metal–air
batteries, have been the prime focus for research as they are highly
eco-friendly, producing higher energy conversion efficiencies.7–10

Electrochemical water splitting (EWS)11,12 is a green way to pro-
duce H2, which primarily involves the 2e� hydrogen evolution
reaction (HER) at the cathode and the 4e� oxygen evolution
reaction (OER) at the anode. The whole EWS occurs at a cell
voltage of 1.23V vs. RHE (theoretical value) while the practical cell
voltage is 1.48 V vs. RHE, considering the thermodynamics of the
electrolytic system.13–15 However, noble metals like Pt (for HER) or
RuO2/IrO2 (for OER) are available with high catalytic conversion
efficiencies and optimum adsorption and desorption energy,16,17

but in an alkaline medium these catalysts suffer from poor
durability, and due to their high cost their large-scale development
is still being negotiated.18–20 Hence, the development of earth-
abundant and cost-effective catalysts is imperative.

Transition metal (TM)-based catalysts are optimum for alka-
line EWS due to their stability, earth-abundance, relative non-
toxicity, and high durability and could be suitably modified to
ease the complex 4e� OER process of forming *O–OH bonds,
thereby controlling the overall kinetics of EWS. However, it is
highly challenging to catalyse alkaline HER, which involves an
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additional H2O dissociation step.18,21–25 Several studies on
earth-abundant TM-based chalcogenides, like sulfides,26–29

selenides,30–32 tellurides,33–35 nitrides,36 and phosphides,37–40

have been reported for catalysing HER via alkaline overall water
splitting and promoting the kinetics of the water dissociation
step. Among them, metal sulfides have indeed been explored
for HER due to their excellent stability and they could be
synthesized without any difficulty, resulting in different phases,
crystal systems and varying stoichiometries.41,42 Also the metal
centres show a greater tendency for H� attraction and sulfides
for proton adsorption due to the difference in electronegativity
between the metal and S.43

One of the most commonly studied forms of metal sulfides
are nickel sulfides, as Ni sites could afford abundant water
dissociation sites and the S atoms chemically react to form
stoichiometric or non-stoichiometric polymorphs (NiS, NiS2,
Ni3S2, Ni3S4 and Ni9S8). Over the last few decades, Ni3S2 has been
more evident in alkaline HER by confining the sizes and shapes,
varying synthetic routes and the controlled use of different
precursors.44,45 However other polymorphs have been less
explored and are expected to be less HER active. Jiang et al.46

reported a case study comparing the HER activity of NiS, NiS2

and Ni3S2 and concluded that Ni3S2 performed better. But these
materials are synthesized via a microwave-assisted solvothermal
route and the catalyst is drop-cast on a glassy-carbon electrode
(GCE). Efforts have been made to adapt NiS and NiS2 catalysts to
access the sites for HER activity. Cimen et al.47 synthesized NiSx

microspheres via the atomic layer deposition (ALD) method and
presumed that high-area supports and template-free synthesis
could be advantageous in creating more spaces for proton
adsorption and hydrogen evolution. Wang et al.48 theoretically
and experimentally analysed the mesoporous NiS and inferred
that S atoms in NiS is highly resistive to *OH poisoning, leaving a
rational avenue for alkaline electrolysis.

To avoid all these pitfalls, we synthesized NiS in a self-
supported manner via a simple hydrothermal treatment. The 3-
dimensional Ni foam (NF) is adapted as a substrate with high-
area support and L-cysteine is employed to be the S source.
During hydrothermal synthesis, the L-cysteine solvates with Ni
ions and hydrolyses to form NiS in the millerite phase and
pyrite phase in a highly dispersed manner. The resulting NiS
grown on NF (NS/NF) has reduced solution resistance and the
durability of the electrode is enhanced. Under alkaline HER
conditions, NS/NF exhibits a low overpotential of 140 mV at
�10 mA cm�2 with a Tafel slope value of 112.3 mV dec�1. On
coupling with the OER catalyst RuO2 in a two-electrode system,
NS/NF||RuO2 required an overall cell voltage of 1.79 V at
10 mA cm�2. The durability of the catalyst is well maintained
with noticeably voltage-induced improved HER activity and
wetness-assisted activity in both half-cell and full-cell reactions.

Results and discussion

Scheme 1 illustrates the synthetic scheme for preparing the
nickel sulfide catalysts. Under hydrothermal conditions at

120 1C, Ni2+ ions are slowly liberated from the Ni foam, forming
a complex with L-cysteine molecules. Under redox conditions, L-
cysteine hydrolyses to HS� anions, liberating NH3, which then
nucleates with Ni2+ ions, forming nickel sulfide particles on
nickel foam (NS/NF). As the reaction proceeds, clusters of
millerite NiS grow and aggregate through an Ostwald ripening
process and Ni2+ ions are swiftly released into the solution over
time, thereby increasing the Ni concentration.49–51 In addition,
the pressure inside the autoclave increases, and the excess of Ni
ions slightly distorts the millerite lattice, forming pyrite nuclei
within the NS/NF catalyst. Since the hydrothermal reaction is
arrested within 6 h, complete transformation into the pyrite
phase is avoided. To confirm the crystallinity and phase purity
of NS/NF, powder X-ray diffraction (PXRD) analysis was per-
formed. The XRD pattern (Fig. 1) reveals the formation of
highly crystalline nickel sulfide in the millerite phase (NiS).

The diffraction peaks at 2y = 18.71, 32.71, 35.91, 37.91 and
58.31 correspond to the planes (110), (300), (021), (220) and

Scheme 1 Schematic representation of the synthetic strategy for an NS/
NF catalyst.

Fig. 1 Comparison of the XRD patterns for the electrocatalysts, bare NF
and NS/NF.
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(330), respectively, following the JCPDS 03-065-3867 pattern
(NiS; crystal system – rhombohedral; space group – R3M; space
number – 160). The peaks at 21.7 and 61.2 follow hexagonal
pyrite NiS from JCPDS 01-1286 and 01-075-0613, respectively,
since the pH of the hydrothermal reaction mixture is neutral,
which favours the formation of NiS in millerite and pyrite
phases. The NS/NF also shows the characteristic Ni foam peaks
at 44.41, 51.61, and 76.11, matching the pattern JCPDS 03-065-
0380 with planes (111), (200) and (222) planes, respectively.

The morphology and dimensions of the NS/NF catalyst were
demonstrated using field-emission scanning electron micro-
scopy (FE-SEM). As can be seen from the FESEM (Fig. 2a and b),
sea-urchin like microspheres of NiS with an average size of 7
mm are formed on the NF. Fig. S1 (ESI†) shows the FESEM
images of bare NF under different magnifications. On captur-
ing them with higher magnification (Fig. 2c), each microsphere
consists of smaller aggregated NiS particles, as expected.51 The
uniform distribution of Ni and S atoms as seen in the elemental
mapping (Fig. S2a–c, ESI†) and energy dispersive X-ray (EDX)
spectra (Fig. S2d, ESI†) confirms the presence of Ni and S atoms
and confirms the formation of NiS with a relatively high Ni
concentration, as the catalyst is self-supported on NF.

To further explore the morphology, high resolution trans-
mission electron microscopy (HR-TEM) images are demon-
strated. The TEM and HR-TEM images in Fig. 2d–f reveal the
formation of thin wrinkled sheets with dispersed NiS particles.
The high-resolution images clearly depict the presence of
lattice fringes with interplanar spacing d = 0.27 nm for the
(300) plane, as confirmed by the XRD analysis, supporting the
formation of crystalline NiS. The selected area electron diffrac-
tion (SAED) pattern (Fig. 2e) implies that NiS is polycrystalline

in nature with hkl planes calculated for the NiS millerite and
pyrite phases.

To provide more insight into the structural transformation
and chemical composition in bulk, NS/NF was subjected to X-
ray absorption spectroscopy (XAS) analysis. The X-ray absorp-
tion near edge spectra (XANES) for the Ni-K edge are displayed
in Fig. 3a. The pre-edge region NS/NF closely resembles stan-
dard Ni(0) and the rising part matches Ni in the +2 oxidation
state, which supports the presence of NiS formed on Ni foam.52

Linear combination fitting (LCF) was performed, showing that
20% of Ni is in the +2 state while the remaining Ni is in the zero
oxidation state, which supports the slow release of Ni2+ ions
involved in Ni–S formation. The extended X-ray absorption fine
structure (EXAFS) was ascertained to infer the radial distance
and coordination number of Ni and S atoms. Fig. 3b shows the
Fourier transform (FT-EXAFS) spectra of the normalized Ni-K
edge fitted in R space with the NiS millerite model. NS/NF has
the first shell with a 2.44 Å radial distance corresponding to Ni–
S and the second coordination shell corresponds to Ni–Ni with
a radial distance of 2.19 Å while Reff is 2.24 Å. The presence of
shortened bonds reveals lattice distortion arising from pyrite
nucleation in millerite NiS.

Electrochemical studies

Electrochemical measurements were undertaken in a single-
compartment three-electrode cell-setup in 1.0 M KOH (pH =
14) utilising Hg/HgO as the reference electrode, Ni foam with a
large surface area as the counter electrode and the synthesized
catalysts as the working electrode. All the voltammogram mea-
surements were compared with the benchmark HER catalyst Pt/
C coated on Ni foam under similar operating conditions.

Fig. 2 (a)–(c) FESEM images under different magnifications, (d) TEM, (e) HR-TEM showing lattice fringes and (f) SAED pattern for the catalyst NS/NF.
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The linear sweep voltammogram (LSV) studies provided in
Fig. S3 (ESI†) confirm that NS/NF shows higher catalytic activity
than bare NF. To further exclude the contributions from char-
ging current, sampled current voltammetry (SCV) was per-
formed by extracting the values from the chronoamperometry
(CA) curves (Fig. S4, ESI†) in a region where the double-layer
charging current ceases. Fig. 4a depicts the SCV curves for the
catalyst in comparison with bare NF and Pt/C. After iR com-
pensation, the plot implies enhanced HER activity for NS/NF.
The overpotential required by NS/NF to deliver �10 mA cm�2

(Z10) was only 140 mV, whereas bare NF required 210 mV. Pt/C
required 95 mV to deliver same amount of current density. This
is attributed to the polycrystalline nature of NS/NF, where the
extended grain boundaries can facilitate the exposure and
accessibility of more electro-active sites with greater dispersion,

reducing the diffusion path for charge-carriers (H atoms and
electrons), which enabled it to reach a maximum current
density of �287 mA cm�2 at �0.318 V vs. RHE. On increasing
the cathodic potentials, the activity increased with overpoten-
tials of 220, 260 and 295 mV required to deliver current
densities of 50, 100 and 200 mA cm�2, while bare NF hardly
reached 150 mA cm�2. Fig. 4b shows a comparative plot of
overpotential Z10 and onset overpotential for all the catalytic
materials. NS/NF exhibits significant HER activity with lowered
overpotential and HER onset overpotential of only 50 mV. This
is attributed to the increased electrochemical surface area
(ECSA) of NS/NF, which activates a greater number of H atoms
in generating a sufficient amount of H2 at the requirement of
low overpotential, as evidenced in Fig. S5 (ESI†). To further
explore the kinetics of NS/NF, the Tafel plot is demonstrated
from SCV in the catalytic-turnover region. In general, the
kinetics of HER is limited by the electrochemical discharge of
a proton accompanied either by another electrochemically
discharged proton to evolve H2 or by another proton that is
yet to discharge.53 However, under alkaline conditions, the
prospect of finding a free proton is unlikely; hence each step
has to rely on the H2O splitting step following eqn (1)–(3).54

Volmer–H2O dissociation step

H2O + e� - HO� + Hads (1)

Heyrovsky–H2O dissociation step

Hads + H2O + e� - HO� + H2 (2)

Fig. 3 Ni-K edge (a) XANES spectra and (b) FT-EXAFS spectra fitted in R-
space for the catalyst NS/NF.

Fig. 4 Electrochemical HER studies in 1.0 M KOH showing (a) an SCV plot derived from CA studies with 100% iR compensation, (b) a comparative plot of
overpotential values at �10 mA cm�2 and onset overpotential, (c) a Tafel plot under catalytic-turnover conditions extracted from the SCV plots for bare
NF, NS/NF and Pt/C, respectively, (d) a linear plot of current density against scan-rates showing 2Cdl values recorded in a non-faradaic region, (e) a
Nyquist plot and (f) a Bode-phase angle plots for bare NF and NS/NF catalysts, respectively.
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Tafel step

Hads + Hads - H2 (3)

The NS/NF catalyst exhibited a lower Tafel slope value of
112.3 mV dec�1, which implies that the kinetics of HER is
limited by the Volmer–Heyrovsky step with the associated water
splitting step (Fig. 4c). Although the reaction proceeds through
the slowest step, the kinetics are even fast at maximum current
densities relative to Pt/C (113.8 mV dec�1), as there is an
increase in the ECSA of NS/NF. This also suggests that the
adsorption of H atoms is mainly responsible for pushing the
onset of HER closer to 0 V vs. RHE and that the evolution of H2

is greater due to the higher packing efficiency in the rhombo-
hedral NiS system, which favours the formation of activated H
atoms in closer proximity.55 The improved accessibility of
active sites promoting the HER kinetics in NS/NF is assessed
from the linear plot (Fig. 4d) of current density versus scan-rate
by the Cdl method. The current densities are deciphered from
the difference between the anodic and cathodic current

densities of the cyclic voltammograms (CVs) recorded in the
non-faradaic region from their respective scan-rates (Fig. S6,
ESI†). The slope gives the double-layer capacitance value 2Cdl

whose value is extremely high for NS/NF at 30.2 mF cm�2 due to
the high dispersibility of NiS particles compared to bare NF
(2Cdl = 30.2 mF cm�2). Supporting the aforementioned results
of improved activity and kinetics of NS/NF, the quickness of
electron transit during the electrochemical reaction is analysed
from electrochemical impedance spectroscopy (EIS) studies.
From the Nyquist plot (Fig. 4e), it is calculated that NS/NF
has a low charge-transfer resistance at (Rct) of 1.33 O, whereas
bare NF has an Rct value of 3.12 O. This supports the improved
electrochemical conductivity with an easiness in the charge
transfer rate at the electrode–electrolyte interface of NiS due to
the increased creation of active sites. The uncompensated
resistances Ru for NS/NF are 1.587 O and 3.987 O for bare NF.
The reduction in Ru reveals that the roughness of the catalyst
increases the wettability for water adsorption. The resistance
values agree with the Bode-absolute impedance plot (Fig. S7a,
ESI†) and from the calculated admittance (Y) values for NS/NF

Fig. 5 (a) i–t curve demonstrating the durability of NS/NF catalyst for HER at a constant potential in 1.0 M KOH, (b) SCV curves of NS/NF before and after
HER stability, (c) polarisation curves showing overall cell voltage and (d) chronopotentiometry curves for NS/NF||RuO2 in 1.0 M KOH.

Energy Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

12
:0

9:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00578c


© 2025 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2025, 4, 296–303 |  301

(Y = 0.24 O�1) and bare NF (Y = 0.067 O�1) the lifetime of
electrons in the NS/NF catalyst is long, which facilitates the
charge-transfer kinetics in HER. The Bode-phase angle indicates
the nature of an electrochemical reaction. All the catalysts show
a phase shift of o451, which is distinctive for a charge-transfer
reaction (HER is a 2e� process), as can be seen from Fig. 4f. NS/
NF exhibits a phase shift of y = 10.81, whereas bare NF shows 171,
supporting the improved HER activity in NS/NF.

The RC time constant (t) is also decreased for NS/NF, as the
time required to charge 63.2% of the electro-active material is
reduced, which is turn implies an increased ECSA. The trend
observed from the EIS results seems to be in good agreement
with all the other results (Fig. S7b, ESI†).

To test the durability and robustness of the material, NS/NF
was subjected to prolonged stability testing for 50 h at a fixed
potential. The material was able to deliver a current density of
�50 mA cm�2, as the highly dispersed polycrystalline NS/NF
exhibits grain boundary pinning, which can improve stability
and durability by reducing grain growth and coarsening whose
activity initially increases with time (Fig. 5a). This could be due
to the improving wettability56 of the electrode material as the S
atom in NiS is highly resistant to hydroxide poisoning, Ni
promotes water dissociation and the millerite phase of NiS is
electrochemically activated under reduction potential over time
under high alkaline conditions, which enables the material NS/
NF to attain a constant current density for 50 h.57 To physically
characterise the NS/NF catalyst, the XRD pattern (Fig. S8, ESI†)
was obtained after stability testing. Since, it is bulk-responsive,
NS/NF showed the XRD pattern for pure NF and an additional
small peak with reduced intensity at 2y = 35.91 corresponding
to the (021) plane of millerite NiS. The lowered intensity of the
2y peaks for NS/NF after stability testing compared to pure NS/
NF is a clear indication of reduced crystallinity due to the
utilisation of surface-active sites introducing disorderliness
into the long-range order of the crystal planes. To check the
activity after stability (AS) testing, SCV was recorded, which
clearly supported the increased HER activity (Fig. 5b) with a
reduced overpotential value Z10 of 92 mV. But, the onset of HER
remains the same as before stability testing, retaining the
intrinsic activity of NiS. The EIS measurements after stability
testing (Fig. S9a and b, ESI†) also prove the improved catalytic
activity of NS/NF during prolonged electrolysis while maintain-
ing its intrinsic activity and extending the accessibility of active
sites over time. The linear plot derived from the non-faradaic
CV curves (Fig. S9c and d, ESI†) also shows an improved
capacitance 2Cdl value of 39.4 mF cm�2, revealing an enhanced
ECSA. All the results suggest that NS/NF could be used as a
cathode material in alkaline electrolyzers for large-scale H2

production.
To check its overall performance, the NS/NF catalyst was

evaluated for overall water splitting in a two-electrode system,
where NS/NF served as the cathode and RuO2 coated on NF was
connected to the anode for the OER reaction. The full cell NS/
NF||RuO2 was tested for alkaline electrolysis (Fig. 5c) in 1.0M
KOH and the cell required only 1.79 V to reach a current density
of 10 mA cm�2. Since NiS impedes hydroxide poisoning and Ni

promotes H2O dissociation, the kinetics of the HER is improved
synergistically in a two-electrode system. The full cell NS/
NF||RuO2 exhibited massive robustness (Fig. 5d) for about
24 h showing similar activating trends to those observed in
half-cell conditions for overall water splitting.

Conclusions

In this work, we successfully synthesized a self-supported NiS
catalyst on Ni foam (NS/NF) using a simple single-step hydro-
thermal process. L-Cysteine was used as a sulfur source for the
slow release of S atoms into the crystal lattice, forming the
millerite phase and the nucleated pyrite phase of NiS, which is
unique and confirmed by XRD analysis. The existence of
polycrystallinity and the highly dispersed NiS particles
improved the ECSA and the accessibility of surface-active sites
to promote the HER mechanism. The NS/NF catalyst required
only 140 mV overpotential to deliver a current density of
�10 mA cm�2 with a reduced Tafel slope of 112.3 mV dec�1.
The durability of the catalyst was checked and it was found to
be highly active for 20 h with increased electrochemical activity
due to its improved wettability and voltage-induced activation,
as the overpotential was reduced to 92 mV after stability testing.
Impressively, the two-electrode overall alkaline water splitting
exhibited a cell voltage of only 1.79 V for j = 10 mA cm�2.
Moreover, this work improved the HER activity of simple NiS
and proposed a new synthetic strategy for controlling the phase
of the crystal in a single-step hydrothermal method.
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Á. Muñoz-Noval, E. Salas-Colera, U. Amador, K. Boulahya
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