Open Access Article. Published on 03 January 2025. Downloaded on 7/31/2025 12:50:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 14

Received 16th October 2024
Accepted 13th December 2024

DOI: 10.1039/d4ra07418a

rsc.li/rsc-advances

ROYAL SOCIETY
OF CHEMISTRY

(3

Electrochemically embedded heterostructured Ni/
NiS anchored onto carbon paper as bifunctional
electrocatalysts for urea oxidation and hydrogen
evolution reactiont

Saba A. Aladeemy, Prabhakarn Arunachalam, (2* Mabrook S. Amer
and Abdullah M. Al-Mayouf (2 *

Developing high-efficiency, cost-effective, and long-term stable nanostructured catalysts for
electrocatalytic water splitting remains one of the most challenging aspects of hydrogen fuel production.
Urea electrooxidation reaction (UOR) can produce hydrogen energy from nitrogen-rich wastewater,
making it a more sustainable and cheaper source of hydrogen. In this study, we have developed Ni/NiS
hybrid structures with cauliflower-like morphology on carbon paper electrodes through the application
of dimethylsulfoxide solvents. These electrodes serve as highly efficient and long-lasting electrocatalysts
for the hydrogen evolution reactions (HER) and UOR. In particular, the Ni/NiS cauliflower-like
morphology is confirmed via X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy
(SEM). Furthermore, electrochemical characterization of the Ni/NiS@CP catalyst showed a 1.35 V onset
potential versus RHE for the UOR in 1.0 M KOH and superior electrocatalytic performance compared to
bare Ni@CP. Additionally, the Ni/NiS@QCP catalyst also exhibits a low overpotential of 125 mV at 10 mA
cm~2 for HER in 0.5 M H,SO,4 with excellent durability, which is apparently lower than bare Ni@/CP (397
mV). Based on the results obtained, the synthesized Ni/NiS@QCP catalyst may be a promising electrode

candidate for handling urea-rich wastewater and generating hydrogen.

1 Introduction

Increasing economic and human prosperity needs have led to
a tremendous increase in global energy crises. To meet energy
needs and reduce environmental concerns, clean energy sour-
ces and technologies must be developed. Consequently,
hydrogen has a low carbon content and high energy density,
making it a potential replacement for fossil fuels.” Sustainable
and clean energy is generated by electrochemical processes
involving water and organic molecules.*” In electrocatalytic
water splitting, there are two redox half-reactions occurring
simultaneously: HER and OER (oxygen evolution reaction).
Since the OER has a slow kinetics and a high theoretical voltage
(1.23 V vs. RHE), it is viewed as a bottleneck for hydrogen
economy and electrochemical energy production.">® Due to
these limitations, it is necessary to find a versatile alternative for
OER,” such as the urea electrolysis reaction (UOR), which
generates hydrogen at a much lower theoretical voltage (0.37 V)
than water splitting.'*** As a renewable energy source, urea has
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ideal energy density (16.9 MJ L™ "),> as well as its non-toxicity,
non-flammability, availability, non-volatility, storage stability,
and renewable properties.">* The decomposition of urea
naturally releases products toxic ammonia (NH;3) and nitrate
(NO37), increasing environmental pollution and health
concerns, whereas the alkaline UOR leads to harmless products
of (CO3>7) and nitrogen (N,): CO(NH,), + 60H  — N, + 5H,0 +
CO, + 6e”.7* The deployment of noble metallic electrocatalysts
(pt, Ir, Ru) has been substantially constrained by their limited
global geological reserves and prohibitively elevated economic
procurement and implementation expenses.**>'® In order to
accomplish this, it is urgently required to develop enhanced
and cost-effective bifunctional catalysts for both UOR and HER.

In recent years, transition metal chalcogenides (e.g. sulfide)
nanocatalysts have recently been recommended as more pref-
erable electrocatalysts for HER, OER, and alkaline UOR."™** It
has been shown that various nickel sulfides (Ni,S,) are more
electrochemically active in acidic and alkaline conditions than
their oxide counterparts due to their ability to control their
electronic structure. Various electrocatalysts have been con-
structed by strategically integrating high-density catalytically
active sites and structural defects with lattice distortions,
a multifunctional catalytic architecture is engineered to
enhance catalytic performance and versatility.”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conventionally, Ni,S, nanostructured catalysts have been
synthesized utilizing hydrothermal or solvothermal synthetic
methodologies, employing nickel foam as the primary substrate
and structural support. Moreover, Ni,S, catalysts for HER and
UOR can be readily reconstructed by facile electrodeposition
from aqueous solutions.”*** An additional point to be noted is
that some Ni,S, phases (such as a- NiS, B-NiS, NiS,, Ni;Se Ni3S,,
and NigSg) can enhance the structure and composition tuning
more effectively to suit a given catalytic reaction. As an example,
Tian et al* have developed a metal-organic framework-
embedded microwave sulfurization method for pyrite-type
NiS, microspheres. Similarly, Ren et al** fabricated bifunc-
tional Ni;S, films on Ni foam by directly depositing mercap-
toethanol solution, followed by thermal annealing at 300 °C. In
a recent study, Wu et al.*® successfully prepared nanoflower
nano-NiS catalyst by hydrothermal method. Similarly, Li et al.*®
have developed hierarchically 3D-heteropore di-functional
MoS,/Ni;S, catalysts for urea splitting. Additionally, it delivers
646 mA cm ™ (vs. RHE) from the heteropore MoS,/Ni,S, over 20
hours of operation. Liu et al.*’ have grown Ni;S, nanowires
directly on NF and employed them as a dual-functional catalysts
for urea electrolysis in 1.0 M NaOH and 0.33 M urea. Liu et al.*®
fabricated N-doped NiS/NiS, (N-NiS/NiS,) materials through
low-temperature calcination and used them as trifunctional
catalysts for UOR, HER, and OER. In addition, most Ni,S,
materials with superior electronic conductivity and durability
have been demonstrated for HER and OER reactions.”?*"
However, few recently published works utilized these catalysts
as electrocatalysts for UOR in alkaline solution.>**”*® Moreover,
early studies have combined carbon materials with Ni as an
electrocatalyst to achieve UORs. Using a hydrothermal
approach, Plascencia et al.** developed the first highly active
carbon-supported Ni electrocatalyst. CP is favored for this
reaction because of its key properties, including electrochem-
istry, porous structure, and electrical conductivity.*> However,
their reconstructions by potentiodynamic deposition from an
organic dimethylsulfoxide solvent (DMSO) using CP support for
UOR have not been investigated yet. Thus, further research is
needed to explore the potential of these catalysts for UOR in
alkaline solutions.

Herein, and, for the first time, a series of various Ni,S/CP
electrodes were successfully prepared via single-step electrode-
position using nickel chloride and thiourea as precursors for
nickel and sulfur, in addition to DMSO as complexing agent and
solvent for alkaline UOR and HER in acidic conditions on CP
substrates. In both UOR and HER, Ni/Ni,S@CP exhibits excel-
lent catalytic features, requiring a working potential of 1.75 V to
achieve a current density of 100 mA cm > for UOR and an
overpotential of 376 mV for HER. A variety of physicochemical
and electrochemical methods have been used to investigate the
composition and morphology of surfaces. Consequently, this
research presents a pragmatic and precisely modulated
approach for synthesizing Ni,S-derived electrocatalysts with
potential scalable applications in nitrogen-laden effluent
remediation and hydrogen generation within industrial process
engineering frameworks.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2 Experimental section

2.1. Materials

Anhydrous nickel chloride (NiCl,, 99.0%) was acquired from
Alfa Aesar. We acquired urea from AVONCHEM Corp. and
DMSO (99.0%) and thiourea from LOBA Chemie. For the
working electrode, CP substrate was used (SIGRACETR, grade
GDL-24BC, SGL Technologies). We obtained potassium
hydroxide pellets (KOH, 85%) from AnalaR group. We used
Milli-Q ultrapure water purification systems (18 MQ resistivity)
to purify the deionized water (DI). We used all chemicals
without further purification.

2.2. Electrodeposition of Ni/NiS nanostructured catalysts on
CP support

Within a sealed three-electrode electrochemical configuration,
the Ni,S cauliflower-morphology catalyst was synthesized via
potentiodynamic electrodeposition methodology. In the
conventional three-electrode cell, commercial CP was applied as
the working electrode, Ag/AgCl (3.0 M KCl) was used as the
reference electrode, and blank CP was engaged as the counter
electrode. For a typical procedure, the electrode was immersed
in a 50 mL solution of non-aqueous DMSO, containing different
concentrations of anhydrous NiCl, (0.020, 0.035, 0.045, and
0.065 M), as well as 0.5 M thiourea. In the deposition solution,
nitrogen bubbled incessantly for at least 30 minutes before
electrodeposition and throughout the deposition procedure.
The electrodeposition process was executed via cyclic voltam-
metry (CV) within a potential of successive linear sweeps
between —1.25 and 0.2 V vs. Ag/AgCl at a sweep rate of 5mV s
for 10 cycles at a reaction temperature at 60 °C to attain the Ni,S
nanostructured anchored CP, which were labeled as Nij ,,S/CP,
Nig.035S/CP, Nig 045S/CP, and Nij 65S/CP, respectively. After
electrodeposition, Ni,S/CP electrodes were gently rinsed with DI
water after being removed from the deposition bath. The Ni,S/
CP were stored overnight at room temperature and annealed at
350 °C for 30 minutes in N, atmosphere, with 5 °C min*
heating and cooling. During electrochemical measurements,
Ni,S/CP films were always kept under vacuum at room
temperature. For comparison, the bare nickel film (Ni@CP) was
also electrodeposited under the same condition. The mass
loading of the as-made catalysts: Nig ¢,0S/CP (Ni/NiS-1@CP),
Nig035S/CP  (Ni/NiS-2@CP),  Nig 045S/CP  (Ni/NiS-3@CP),
Nig.065S/CP (Ni/NiS-4@CP) and Niy o45/CP (Ni@CP) was quanti-
fied through gravimetric analysis, determining the differential
mass before and after electrodeposition, yielding specific
loadings of 0.6, 1.5, 1.75, 2.05, and 0.75 mg cm™ >, respectively.

2.3. Characterization

Powdered X-ray diffraction (XRD) data were collected via
MiniFlex-600 (Rigaku) under Cu Ko irradiation (40 KV, 15 mA)
to investigate crystallographic information and crystal structure
of the as-deposited catalyst. FE-SEM images were logged on
a JSM-7610F operating at 15 kV armmed with a EDX analyzer to
identify catalyst morphology. A JEOL 2100F microscope (Japan)
with 200 kV operation was applied to conduct a high-resolution
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transmission microscope analysis (HR-TEM). An Escalab 250
spectrometer (Thermo-Fisher Scientific) was used to perform X-
ray photoemission spectra analysis (XPS) on the surface. CV and
chronoamperometry (CA) electrochemical measurements were
conducted using autolabIII/FRA2 potentiostat/galvanostats
controlled by NOVA1.11 software directly connected to a clas-
sical three-electrode electrochemical cell. During the UOR test,
three electrode systems were employed: a working electrode (1.0
cm?), a counter electrode (CP), and an Ag/AgCl reference elec-
trode to deposit catalysts on a CP substrate's conductivity side.
Electrolytes for UOR and HER were 1.0 M KOH in 0.33 M urea
and 0.5 M H,SO, respectively.

3 Results and discussion

3.1. Catalyst characterization

Using a potentiodynamic deposition approach, Ni/NiS-
decorated CP catalytic materials with a cauliflower-like struc-
ture were prepared with DMSO solution of anyhydrous NiCl,
and thiourea. Fig. 1 shows the preparation process for Ni,S
catalytic materials on CP. The structured Ni,S active materials
were synthesized on carbon paper via a singular co-
electrodeposition methodology, employing systematic varia-
tion of linear potential scanning and electrolyte composition,
utilizing anhydrous NiCl, concentrations of 0.020, 0.035, and
0.065 M, with a constant 0.5 M thiourea concentration in DMSO
under N, atmosphere. Fig. S17 illustrates the typical consecutive
linear scans in the potential range between +0.2 to —1.25 V at
a slow scan rate of 5.0 mV s~ " for the direct growth of hybrid Ni/
NiS on CP at 60 °C using 0.065 M NiCl, and 0.5 M thiourea as
precursors for Ni and S respectively, in addition to DMSO as the
complexing agent and solvent. Accordingly, the observed peaks
are due to the reduction of thiourea after its one-electron
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oxidation to formamidine disulfide,® and its corresponding
equation follows.
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H,S can be released at elevated temperatures due to thiourea
decomposition, which further reacts with NiCl, complex to
produce the NiS nucleus.?® Moreover, during repeated cycling,
the peak current increases with cycling and with increasing the
nickel amount for various ratios of Ni,S films. Notably, the color
of the exposed area of CP turns into faint yellow from black after
several cycles. Various Ni/Ni,S/CP composite films were elec-
trodeposited on carbon paper through precisely controlled
potentiodynamic cyclic voltammetry, with an optimized depo-
sition protocol of 10 cycles, resulting in systematically labeled
specimens: Ni/NiS-1@CP, Ni/NiS-2@CP, and Ni/NiS-3@CP.

The XRD pattern was probed to investigate the crystal
structure of a sequence of different as-synthesized Ni/NiS
samples grown on CP substrate, as well, Ni film (Fig. 2a).
Clearly, NiS (JCPDS No. 02-1280) diffraction peaks can be seen
after template assisted electrodeposition reaction (shown as Ni/
NiS-time). The comprehensive sulfidation of nickel is con-
strained by fundamental parametric variables including depo-
sition duration, thermal conditions, and sulfur precursor
concentration, thereby rendering the structural transformation
process modifiable. Concomitantly, during NiS formation, XRD
reveals characteristic crystallographic peaks corresponding to
both Ni and NiS phases. The enlarged diffraction pattern of the
Ni/NiS@CP samples in Fig. 2b matches the diffraction lines of
Ni and NiS (JCPDS No. 02-1280). Sulfurization did not give rise
to any other XRD peaks, indicating that no crystalline phase

" Carbon paper (CP)

One-Step
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COZ! N27 HZO
=F=0 O
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Fig. 1 A schematic illustration of the electrodeposition methods for Ni/Ni,S films on CP substrates.
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Fig. 2 (a) X-ray diffraction patterns of Ni@CP and different Ni/NiS@CP samples prepared by single-step electrodeposition process, (b) enlarged

diffraction pattern and (c) Raman spectra of Ni and different Ni/NiS electrode materials.

emerged. The XRD pattern indeed shows both NiS and NiS,
phases. However, upon further analysis and peak intensity
comparison, it is evident that the NiS phase is dominant in our
samples. In our samples, the predominant phase is NiS, while
NiS, is the minority phase. Additionally, Fig. 2c shows Raman
spectra of different deposited Ni/Ni,S catalysts. The weak
vibrational bands (322.4 and 353.7 cm ') might be caused by
Ni/Ni,S catalysts.***> However, it is difficult to observe Raman
peaks characteristic of Ni,S in Ni/Ni,S@CP heterostructures
because of the small Ni,S volume.**** Due to Ni,S's low volume,
heterostructures have weak signal intensities, making peaks
difficult to distinguish from background noises. In addition,
the Raman peaks were also observed at higher wavenumbers
(639, 864, and 1080 cm '), associated with the CP substrate
bands.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The structure morphology of the as-deposited Ni/NiS
samples was probed by FE-SEM. As shown in Fig. 3, FE-SEM
images of bare CP electrodes were taken before and after the
electrodeposition of Ni/NiS hybrid nanostructures prepared
with different concentrations of anhydrous NiCl, and thiourea
in DMSO solution. As shown in the results, the CP consisted of
aggregated carbon nanoparticles with a particle size of 70-
100 nm. In addition, the CP substrate features a mesoporous
structure between nanoscale particle structures, enhancing
diffusive transport and promoting interfacial catalysis (Fig. 3a).
After electrodeposition of nickel from a non-aqueous electro-
Iytic medium, the CP was fully enveloped by the nickel nano-
particles electrocatalyst layer, as illustrated in Fig. 3b.
Obviously, after electrodeposition of Ni,S, the microstructure
morphology of the hybrid catalyst mainly reveals a uniform

RSC Adv, 2025, 15, 14-25 | 17
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Fig. 3 Morphological characterizations. FE-SEM photographs of (a) CP substrate, (b) Ni@CP, (c) Ni/NiS-1@CP, (d) Ni/NiS-2@CP, and (e and f) Ni/

NiS-3@CP samples prepared by single step electrodeposition process.

dispersed cauliflower-like nanostructure over the CP support
with an average size of 80-100 nm, indicating completely
coating of the CP by the deposited catalyst, as drawn in Fig. 3c-f.
The coatings exhibit a cauliflower or broccoli-like surface
morphology even at lower Ni concentrations (Fig. 3c). From
Fig. 3e and f we can infer that the Ni/NiS-3@CP sample can
completely cover the surface of the CP substrate forming
a denser film due to its higher deposited mass (2.0 mg cm™?)
compared with other materials previously mentioned. More-
over, Fig. S21 displays the EDS elemental analysis using the
related SEM images for the Ni/NiS-3 film. The EDS spectrum
confirms the presence of Ni, C, O and S at an atomic ratio of
36.10, 35.34, 25.64, 2.92 at%.

Furthermore, Fig. 4a-d displays the HR-TEM images of the
as-made Ni/NiS-3@CP catalyst in which a mixture of crystalline

and amorphous regions was precisely measured. The clear
lattice fringe with interplanar d-spacing of 0.299 nm in the
crystalline region was assigned to the (100) plane of Ni/NiS-
3@CP, attributing to the formation of hybrid nickel sulfide.
The SEM, EDS, and HR-TEM results are well in agreement with
that previously confirmed by XRD and Raman analysis.

The XPS analysis was probed to further provide the element
composition and the surface chemical state of the electro-
deposited Ni/NiS-3@CP film. Fig. 5a (wide scan) indicated the
presence of C, O, Ni and S peaks, which was approximately in
agreement with the EDS analysis (Table S11). Other peaks in the
XPS survey could have been caused by surface species on the
electrode. These peaks are likely caused by residual solvents,
adventitious carbon, and oxide formation on NiS surfaces. In
these electrodes, there is a rather high oxygen content, which

, ¥
S (100)§\

(0.299 nm)

Fig. 4 TEM photographs of fabricated optimal Ni/NiS-3@CP electrodes at dissimilar magnifications (a—d).
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Fig. 5 Surface and chemical features of electrodes (a) XPS survey spectrum for the synthesized Ni/NiS-3@CP, (b and c) high-resolution XPS

spectra for Ni 2p and S 2p correspondingly.

might be the result of surface oxidation of NiS.*® The Ni and S
elements were individually scanned to show the uniform
distribution on the CP surface. Besides, it was also observed the
existence of O species in the survey spectra supports the EDS
analysis, which may attribute to the oxygen-containing in an
electrolyte bath and surface oxidation during the prepara-
tion.>**” As seen in Fig. 5b, the high-resolution Ni 2p spectrum
can be fitted with two spin-orbit doublets centered at 855.8 and
873.9 eV assigning to Ni 2pz,, and Ni 2p,,, lattice Ni*", respec-
tively, and two shark-up satellites marked as “Sat”.*® An addi-
tional peak is observed at 850.3 eV, associated with metallic Ni
on the exposed CP film.** XPS results further confirm the
coexistence of Ni and NiS phases, highlighting the metallic
nature of Ni in the composite material. For the high-resolution
S 2p spectrum of the Ni/NiS-3@CP electrode (Fig. 5¢), the peaks
appeared at binding energy 163.3 and 164.7 eV correspond to
the typical metal-sulfur bonds, confirming the presence of S
element as a sulfur anion in the NiS lattice.** While, the peak at
167.9 eV is assigned to oxidized S species formed on the surface
of Ni/NiS-3@CP due to the exposure of the sample to air.”

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.2. Electrochemical measurements of Ni/NiS catalyst

The electrocatalytic performance of unmodified CP, nickel-
deposited CP, and varied Ni/NiS@CP compositional catalysts
toward UORs was comprehensively evaluated through cyclic
voltammetry (CV), constant current/voltage analyses, and elec-
trochemical impedance spectroscopy (EIS) under systematically
modulated experimental conditions. The electrocatalytic
behavior of a series of as-deposited Ni/NiS@CP (0.5 x 1.0 cm™?)
electrodes for the UOR was carried out in 1.0 M KOH and 0.33 M
urea per KOH (Fig. 6a). Clearly, the as-prepared Ni/NiS@CP and
bare Ni@CP electrocatalysts exhibit characteristic redox trans-
formation peaks related to the Ni(u)/Ni(m) species about 1.45 V
vs. RHE.*»* An upsurge in cathodic current density with
increasing the Ni content is associated with the characteristic
reduction peak of NiOOH species. However, with the intro-
duction of 0.33 M urea, the Ni/NiS-3/CP electrode exhibits better
performance for UOR, where the anodic current density can
reach up to 75.1 mA cm > at 1.60 V, whereas only smaller anodic
currents are recorded over the bare Ni/CP (27.6 mA cm™?),
implying that the Ni/NiS-3@CP electrode has more active sites

RSC Adv, 2025, 15, 14-25 | 19
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Fig. 6 Electrochemical analysis for UOR. (a) Cyclic voltammetric plots of bare Ni@CP and different ratios of Ni/NiS-x@CP films at 50 mV s~ in
1.0 M KOH/0.33 M urea (b), CV of Ni/NiS-3@CP electrodes under the presence and absence of 0.33 M urea at 50 mV s~ 2, (c) corresponded Tafel
plots of obtained catalysts for UOR (d), double layers capacitances of as-deposited Ni@CP and different ratios of Ni/NiS-x@CP electrocatalysts
plotted vs. different scan rates (e), the current density of Ni@CP and different ratios of Ni/NiS-x@CP electrocatalysts at 1.4 and 1.6 V vs. RHE (f), EIS
nyquist plots of Ni@CP and different ratios of Ni/NiS-x@CP electrodes at 1.55 V vs. RHE.

than other electrodes, as drawn in Fig. 6b. Notably, the Ni/NiS-
3@CP electrode displays a comparable anodic current density
to the Ni/NiS-4@CP electrode for the alkaline UOR process,
indicating no more enhancement for alkaline UOR as the nickel

20 | RSC Adv, 2025, 15, 14-25

amount in various ratios of Ni/N;S@CP exceeds 0.065 M for
heterostructure electrodes. Furthermore, the overpotential (n)
at 10 mA cm ™ are just 1.36, 1.36, 1.35, 1.35, and 1.40 V vs. RHE
for Ni/NiS-1@CP, Ni/NiS-2@CP, Ni/NiS-3/CP, Ni/NiS-4@CP, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bare Ni@CP, respectively. Notably, the Ni/NiS-4@CP displays
relatively lower oxygen evolution performance with a high
overpotential of 1.80 V vs. RHE in 1.0 M KOH at 50 mA cm >
(Fig. 6b), however, after the introduction of 0.33 M urea, the
onset potential is lowered to 1.36 V vs. RHE, indicating that the
electrocatalytic of UOR is more energetically favorable than the
water oxidation reaction in alkaline conditions. Additionally, an
increase in the anodic current density in 0.33 M urea solution
has occurred at the same onset potential (1.35 Vgyg) where the
NiOOH is formed, confirming that NiOOH is the active form for
UOR. Notably, compared with most of the heterostructure Ni/
NiS-based catalysts reported in the alkaline solution literature,
our NiNiS-3@CP material has superior UOR, as shown in
Table 1. To further investigate the UOR kinetics on the elec-
trodeposited electrodes, the Tafel plots analysis for all samples
in the presence of 0.33 M urea at 50 mV s~ ' was employed, as
seen in Fig. 6¢c. It was estimated by fitting the Tafel equation to
the linear region of Fig. 6a for all catalysts: Ni/NiS-1@CP, Ni/
NiS-2@CP, Ni/NiS-3@CP, Ni/NiS-4@CP, and Ni@CP, which
are 144, 131, 87.7, 88.1, and 174 mV dec ', respectively.
Comparatively, the results confirmed that the Ni/NiS-3@CP
(87.7 mV dec™') film had a much lower Tafel slope than that
of bare Ni@CP (174 mV dec ™), indicating that the UOR kinetic
and a superior UOR catalytic performance could be quicker over
the Ni/NiS-3@CP surface.

Generally, the intrinsic electrocatalytic performance of
synthesized electrocatalysts displays a direct correlation with
their electrochemically accessible surface area (ECSA). Signifi-
cantly, the electrochemical double-layer capacitance (Cg),
derived from voltammetric measurements, serves as a quanti-
tative metric directly proportional to the electrode's surface area
accessibility. Fig. 6d exhibits the electrochemical Cq4 of as-
deposited Ni,S/CP films in the potential range of —0.05 to
—0.15 V in 1.0 M KOH at different sweep rates from
10-110 mV s~ '. The average values of anodic and cathodic
current (j,~j.) of the obtained catalysts were plotted in Fig. 6d.
The Cq4; values of the as-made films Ni/NiS-1@CP, Ni/NiS-2@CP,
Ni/NiS-3@CP, Ni/NiS-4@CP, and Ni@CP were found to be 15.6,
31.5, 52.6, 37.9, and 13.9 mF, respectively, confirming that the
more active sites exposure for Ni/NiS-3@CP than other ratios of
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Ni/NiS@CP and bare Ni@CP. Conventionally, the specific
capacitance (Cs) for a standardized 1 cm” planar surface is
approximated at 40 pF cm™ > The ECSA can be quantitatively
determined through the mathematical relationship: ECSA =
Ca/Cs, where Cyq, represents the measured double-layer capaci-
tance. Also, the ECSA values for Ni@CP, Ni/NiS-1@CP, Ni/NiS-
2@CP, Ni/NiS-3@CP and Ni/NiS-4@CP were 348 cm? 390
cm?®, 788 cm?, 1315 cm” and 948 cm?, respectively indicates that
the more active sites significantly resulted from the Ni/NiS-3
film deposited over CP (Fig. 6d and S6f). The ECSA is
primarily influenced by the surface roughness, the surface
exposure, and the conductivity of the electrodes. As mentioned
earlier in Fig. 6a, the Ni/NiS-3@/CP catalyst clearly reveals
a higher anodic current density in 0.33 M urea at 1.6 V vs. RHE,
which was 2.5 times than bare Ni@CP catalyst, supporting the
significance conductivity enhancement. For comparison, Fig. 6e
presents the peak current density of as-prepared catalysts at 1.4
and 1.6 Vyyg. Certainly, the larger current density of Ni/NiS-
3@CP electrode can reach ca. 75.1 mA cm 2 at 1.6 Vgyg,
which was greater than bare Ni@CP catalyst (27.6 mA cm ).
Evidently, the Ni/NiS-3@CP catalyst shows the lowest Tafel
slope and highest Cyq;, which further accounts for its best UOR
performance among them. The EIS analysis were also executed
for the alkaline UOR at 1.35 V at all the studied materials, as
shown in Fig. 6f. The radii of the arc obtained for all materials
followed the order as bare Ni@CP > Ni/NiS-1@CP > Ni/NiS-
2@CP > Ni/NiS-3@CP electrodes. The EIS measurements were
also fitted via a typical equivalent circuit (inset in Fig. 6f) similar
to those mentioned in the literature associated with alkaline
urea oxidation reaction.*»** The circuit consists of a parallel
combination of the contact resistance (R,) between the CP
support and the catalyst material, and the constant phase
element, CPE (R,, CPE,), and charge transfer resistance arising
from the electrocatalytic UOR, R (R.;, CPE,) element in series
with solution resistance of R;. The CPE refers to the double layer
capacitor at the electrode/electrolyte interface and is generally
employed to replace the pure capacitor according to its physical
basis relating to the CPE to the frequency distribution of the
capacitance.'>* The fitted EIS parameters were reported in
Table S2.f By comparing the R, values of all the evaluated

Table1 Comparison of the UOR performance of several previously reported active nickel sulfide catalysts supported on different substrates in

alkaline medium

Current density

Tafel slope, mV

Catalysts No, V at 1.6 V, mA cm 2 dec™? ECSA, mF Substrate Ref.
Ni/NiS-3@CP 1.35 75.1 88.1 52.6 CP This work
Ni/NiS-2@CP 1.36 46.7 144 15.62 CP This work
Bare Ni@CP 1.40 27.6 174 13.94 CP This work
B-NiS nanoflower 1.40 100 66 1.92 NF 25
MoS,/Ni;S,/Ni/NF 1.33 ~700 42 64.4 NF 26

NizS, nanowires 1.30 400 46 — NF 27
N-NiS/NiS, 1.33 ~140 28.34 5.8 CP 28

NiSe, nanoflakes 1.324 ~110 20 5 NF 44
CoS/Ni;S,@CP 1.32 72 206 17.81 cp 45
Ni@C-V,05/NF 1.36 ~100 59.52 — NF 46
Co,P-NisS, 1.338 ~100 54.52 — GCE 47
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samples, the Ni/NiS-3@CP catalyst had the smallest R value
(1.424 ohm), confirming its highest catalytic activity for UOR
performance in 1.0 M KOH. To further probe the excellent
electrocatalytic performance of Ni/NiS-3@CP catalyst for the
UOR in 1.0 M KOH containing 0.33 M urea solution, Nyquist
plot at different potentials was also performed. Fig. S31 shows
the Nyquist plot for urea oxidation reaction in an alkaline
environment at Ni/NiS-3@CP at varied potentials. Clearly, it was
observed that the semicircle diameter decreases as the anodic
oxidation potential was displaced from 1.35 to 1.55 V vs. RHE,
indicating urea oxidation reaction at Ni/NiS-3@CP catalyst is
considerably improved at a higher potential of 1.55 Vgyg, that
agrees with the CVs results (Fig. 6a).

To further assess the electrochemical stability of the ob-
tained Ni/NiS@CP electrodes for alkaline UOR, the CA
measurements at a constant potential of 1.55 V vs. RHE for
about 18 h in 0.33 M urea per KOH were carried out. As shown
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in Fig. 7a, generally, a stable current remains through
a measurement time of about 18 h in 0.33 M urea per KOH
without any decay. Moreover, the Ni/NiS-3@CP material clearly
displays a superior current density than that of bare Ni@CP and
other different ratios of Ni/NiS@CP, evaluating the high elec-
troactivity performance and exceptional durability for UOR at
this catalyst, consisting with the voltammetric results (Fig. 6a).
Importantly, the above electrochemical measurements confirm
that the Ni/NiS-3@CP have superior activity and excellent
durability for alkaline UOR compared with bare Ni@CP under
the same condition, indicating the presence of heteroatom of
sulfur led to a variety in the active sites and resulting in highly
enhancement during UOR process. The structure and compo-
sition of Ni/NiS-3@CP after the test were also analyzed
synthetically using XRD, Raman spectra and FE-SEM. Further-
more, the XRD (Fig. 7b) and Raman spectra (Fig. 7c) of the Ni/
NiS-3@CP reveal a slight crystallinity change after i-¢
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Fig.7 Durability tests. (a) Time-dependent current density curves for Ni/NiS-x@CP under a constant potential in 1 M KOH/0.33 M urea solution.
(b) XRD, (c) Raman, and (d) FE-SEM imaged of Ni/NiS-3@CP electrodes before and after durability tests.
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measurements, verifying the phase stability. More importantly,
FE-SEM images of Ni/NiS-3@CP electrocatalysts were attained
at 19 h to inspect the mass loss of electrodes during the UORs
(Fig. 7d). This electrode material was found to be more durable
than other UOR electrocatalysts examined. In an alkaline
medium, the Ni/NiS-3@CP electrocatalyst exhibits extremely
high UOR activity and excellent stability.

3.3. HER performance of Ni/NiS electrodes

The electrochemical behavior of the different as-deposited Ni/
NiS electrodes was also tested for HER in an acidic medium
of 0.5 M H,SO, at 5 mV s~ " using a typical three-electrode setup.
Fig. 8a exhibits the linear sweep voltammetry (LSV) of the ob-
tained catalysts, the CP support, and a commercial Pt/C@CP
(10%). The LSV curves point out the CP support shows no
HER response; meanwhile, as-deposited Ni/NiS-3/CP electrode
displays a significant enhancement in the cathodic current
density compared with other ratios of Ni/NiS-1@CP, Ni/NiS-
2@CP and bare Ni@CP electrodes. Obviously, the Ni/NiS-
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3@CP catalysts reveal an overpotential of 125 mV at 10 mA
ecm™?, which is apparently lower than bare Ni@CP (397 mV), Ni/
NiS-1@CP (266 mV) and Ni/NiS-2@CP (260 mV), confirming
that the Ni/NiS-3@CP catalyst has more excellent activity for
HER. Additionally, the corresponding Tafel slope of as-prepared
Ni/NiS-3@CP, Ni/NiS-2@CP, Ni/NiS-1@CP, and bare Ni@CP
were found to be 180, 231, 328, and 343 mV dec™ ', respectively,
as shown in Fig. 8b. The lower Tafel slope of Ni/NiS-3@CP
electrode confirms a Volmer mechanism and illustrates the
faster HER kinetic due to its higher exposure active sites, which
is also confirmed by the EIS measurements in Fig. 8c. Tafel
slopes for Ni/NiS-3@CP in an acidic medium indicate that HER
is processed through the Heyrovsky mechanism.*®* Thus,
smaller Tafel values suggest more efficient kinetics and greater
electrocatalytic properties of Ni/NiS-3@CP towards HER.
Nyquist plots of the obtained catalysts in 0.5 M H,SO, at
—0.223 V vs. RHE indicate that the Ni/NiS-3@CP electrode has
the lower charge transfer resistance (R, = 5.525 ohm) than bare
Ni@CP electrode (385.8 ohm) (ESI, Table S37), demonstrating
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(a) Polarization curves of the fabricated Ni@CP and different Ni/NiS@CP electrodes and the benchmark Pt/C for HER, (b) corresponding

Tafel slope, (c) chronoamperometric curves for Ni@CP, Ni/NiS-3@CP electrodes, and Pt/C electrodes for HER. (d) Nyquist plots of fabricated

samples evaluated on a CP electrode at —0.300 Vg for HER catalysis.
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more efficient catalytic HER kinetic. The CA was also carried out
to further confirm the HER activity of the obtained electrodes.
Fig. 8d shows the long-term stability of the Ni/NiS-3@CP elec-
trode in 0.5 M H,SO, at —0.273 V vs. RHE, in which the Ni/NiS-
3@CP catalyst well maintains the current density unchanged
for 20 h after running the HER. The overall results confirm that
the Ni/NiS-3@CP electrode shows the best performance toward
HER, consistent with that previously mentioned in CV analysis.

4 Conclusion

In summary, a bifunctional heterostructured Ni/NiS catalyst
supported on CP toward UOR and HER was successfully fabri-
cated by a facile, easily scalable, and cost-efficient thiourea-
assisted electrodeposition process. These Ni/NiS@CP catalysts
had high surface area (ECSA), strong charge transfer capability,
excellent electrochemical activity, high stability, synergistic
effects, and gas production efficiency. Impressively, the as-
prepared Ni/NiS@CP films displays improved electrocatalytic
activity toward UOR, especially delivering a low overpotential of
1.75 V at 100 mA cm > in basic medium. As well, it requires
a low overpotential of 125 mV at 10 mA cm 2 during the HER
process. In this study, electrodeposited Ni/NiS over CP
enhances the catalytic activity of the UOR and the HER by
a synergistic effect. In this study, we present a promising avenue
for developing effective catalysts for hydrogen production
systems that are fueled by energy-efficient organic molecules.
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