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Self-supported Coz04,@Zn—-CoNi,>S;/NF core—shell
nanoarrays as an efficient bifunctional electrode for

overall water splitting
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Itis a crucial matter to develop bifunctional transition metal catalysts for water electrolysis. In this study, we

fabricate a Coz04@Zn-CoNiS,; core-shell heterostructure supported on nickel foam (CozOs@ZNn—

CoNiyS4/NF). The compound structure can generate more active centers and exhibit some unique

characteristics. Moreover, the doping of Zn further enhances the catalytic performance. It can optimize

the lattice structure of the Co30,4,@CoNi,S4/NF heterostructure and reduce the reaction energy barrier

effectively, which can meet the relatively strict requirements of high-performance electrocatalysts. This

material can be used as an efficient bifunctional electrocatalyst. In 1 M KOH electrolyte, the material

shows excellent electrocatalytic performance for OER and HER. It possesses a low overpotential of
190 mV at 10 mA cm™2 for OER and 120 mV at 10 mA cm~2 for HER. Also, it maintains long-term
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stability. The Coz04@ZNn-CoNi»S4/NF electrolytic cell acts as a two-electrode system for overall water

splitting. It needs a battery voltage of 1.45 V to drive the current density to 10 mA cm™2. This research
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1 Introduction

Addressing the severe global energy shortage and environ-
mental deterioration necessitates the pursuit of highly efficient
hydrogen production strategies.”* Hydrogen is a highly prom-
ising energy carrier because of its large storage capacity, wide -
ranging applicability, and natural sustainability. Among the
available hydrogen production techniques, electrochemical
water splitting has become a focal point of research. This is
mainly because it is technologically well - developed, easy to
operate, and highly efficient.>* Electrochemical water splitting
is based on two fundamental half - reactions. At the cathode,
the hydrogen evolution reaction (HER) occurs, while at the
anode, the oxygen evolution reaction (OER) takes place. These
two reactions are the core of the water electrolysis process for
hydrogen production. During the HER at the cathode, breaking
down H,O to obtain H demands overcoming a relatively high
energy threshold.>® Meanwhile, the OER at the anode involves
a complex four - electron transfer mechanism with slow reac-
tion kinetics. This slow kinetics acts as a limiting factor,
reducing the overall efficiency of water splitting. Moreover,
conventional electrode materials typically have low catalytic
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has proved that combining metal doping with heterogeneous interface design is a feasible strategy for
developing high-performance bifunctional electrocatalysts.

capabilities. In severe alkaline conditions, they are susceptible
to corrosion and the detachment of active substances, which
causes a rapid decline in performance.”'* These problems lead
to the degradation of catalytic performance. Therefore, devel-
oping catalysts with three key capabilities has become a current
research focus."

Among various potential materials, cobalt oxide (Co;0,) has
distinguished itself as a superior candidate for designing stable
and bifunctional electrocatalysts.””** Co;0, is a multi-valence
source. The Co®" sites offer abundant active sites for electron
transfer and reactant adsorption. Its mixed-valences source
offers a rich range of active sites to transfer electrons. In OER Co
ions interact stably with oxygenate species and have good
reaction kinetics. However, the electrocatalytic performance of
Co30, is severely degraded by poor electrical conductivity and
low catalytic activity.’® During the HER, Co’" sites in Co;0,
strongly bind hydrogen intermediates (H), impeding H,
formation. Furthermore, their reduction to Co®" under cathodic
potential stabilizes OH™ adsorption, generating Co-OH species
that block the remaining active sites, thus further poisoning the
HER activity.'"*"® To solve these difficulties and improve the
electrochemical performance of Co;O, materials, researchers
have fabricated a composite material using complementary
substances such as metals, semiconductors, other oxides and
sulfides.?*** Transition metal sulfides like CoNi,S, are particu-
larly attractive as they provide metallic conductivity, a rich
number of redox couples (Co*/Co®", Ni**/Ni**) of charge

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transport. The incorporation of sulfides introduces sulfur
vacancies, which not only increase carrier concentration but
also expand the electrochemically active surface area.”*?>* Zheng
et al. demonstrated that a Ni(OH),@NiCo,S, composite exhib-
iting a low overpotential of 230 mV at 20 mA cm > under
alkaline conditions. This superior performance was ascribed to
the improved charge transport facilitated by the conductive
sulfide scaffold.>

However, Relying merely on the simple composite of two
materials, the interface regulation methods are relatively
singular, making it difficult to achieve precise control over the
interfacial electronic structure and active sites.””*® In order to
realize improved control over intrinsic activity, heteroatom
doping is adopted. For example, zinc (Zn), possessing a stable
fully filled configuration, serves as an ideal dopant to regulate
the electron density of the host lattice without introducing
competing redox active sites.>*** These characteristics enable
effective regulation of the electron distribution in the support or
host material. Additionally, Zn** possesses a large ionic radius.
When doped into the lattice, it readily induces significant lattice
distortion.** Consequently, these combined characteristics offer
a novel strategy for engineering highly efficient bifunctional
electrocatalysts.

Herein, we systematically investigate the impact of Zn
doping on Co03;0,@ CoNi,S,/NF by constructing a core-shell
heterostructure Co;0,@Zn-CoNi,S,/NF electrocatalyst via
a facile hydrothermal strategy followed by thermal annealing.
With the introduction of the CoNi,S, precursor, CoNi,S,
nanosheets were in situ grown on Co;O, nanowires. This
structural design provides more free electrons and a larger
specific surface area for the catalytic reaction process. Mean-
while, Zn doping induces structural evolution and lattice
modulation of the Co;0,@Co0Ni,S, composite, which helps
expose additional active sites. Electrochemical tests were con-
ducted in an electrolyte of 1 M KOH. For the OER, the over-
potential of the prepared catalyst at a current density of 10 mA
cm ™2 was 190 mV, which was 113 mV lower than that of the
Co3;0,4/NF catalyst. In the HER test, the overpotential of this
catalyst corresponding to a current density of 10 mA cm™ > was
119 mV. In addition, when used as both the cathode and anode
for bifunctional water electrolysis, C03;0,@Zn-CoNi,S,/NF
exhibited excellent performance. It only required a cell voltage

of 1.45 V to reach a current density of 10 mA cm 2.

2 Experimental

2.1 Materials preparation

2.1.1. Preparation of Co;0,/NF. The Co;0,/NF sample was
prepared by a one-step hydrothermal method. Firstly, 0.582 g of
Co(NO3),-6H,0, 0.07 g of NH,F, 0.6 g of CO(NH,),, and 60 mL of
deionized water (DI) were mixed and stirred thoroughly until
completely dissolved, followed by immersing nickel foam (NF)
in the solution. The prepared solution was transferred into
a 100 mL Teflon-lined autoclave and heated at 120 °C for 8 h.
The Co3;0,/NF precursor was obtained, which was repeatedly
washed with C,H;OH and DI water, then dried at 60 °C for 7 h.
Subsequently, the precursor was calcined in a muffle furnace at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a heating rate of 2 °C min™ ", raised to 350 °C, and held at that
temperature for 2 h. Finally, Co;0,/NF was obtained.

2.1.2. Preparation of Co3;0,@CoNi,S,/NF. To fabricate the
Co03;0,@CoNi,S,/NF heterostructure, a secondary hydrothermal
treatment was employed. Specifically, 0.582 g of Co(NO;),-
-6H,0, 0.2908 g Ni(NO;),-6H,O and 0.2 g of Na,S were di-
ssolved in 60 mL of DI water under vigorous magnetic stirring.
The previously calcined Co;0,/NF substrate was immersed in
this solution within a Teflon-lined autoclave. The system was
heated at 120 °C for 8 h and then allowed to cool naturally. The
final product, denoted as Co;0,@CoNi,S,/NF, was washed and
dried in an oven for 7 h.

2.1.3. Preparation of Co0;0,@Zn-CoNi,S,/NF. The
synthesis protocol for Co;0,@Zn-CoNi,S,/NF mirrors that of
Co030,@CoNi,S,/NF, with the modification of introducing an
additional 0.06 g of Zn(NOj3),-6H,0 during the precursor solu-
tion preparation. The subsequent hydrothermal and drying
procedures remained identical to those described above.

Specifically, to investigate the effect of sulfide loading,
precursor solutions with total metal ion concentrations of
0.025 M, 0.100 M, and 0.150 M were employed, maintaining
a constant Co/Ni molar ratio of 1 : 2. These samples were labeled
as C-25, C-100, and C-150, respectively. Additionally, to evaluate
the impact of Zn incorporation, samples with varying Zn doping
contents (nominal concentrations of 1, 5, and 6 at%) were
prepared under otherwise identical conditions.

2.2 Material characterizations

The morphology of the catalysts was characterized using
a scanning electron microscope (SEM, Model Quanta 450 FEG),
a transmission electron microscope (TEM, Model JEM-2020 F),
and an X-ray energy dispersive spectrometer (EDS, Model
SUPER-X EDX). The Brunauer-Emmett-Teller (BET) surface
area was determined using N, adsorption at 77 K. Electron
paramagnetic resonance (EPR) spectroscopy was performed on
a Bruker EMX-10/12 spectrometer at room temperature to detect
unpaired electrons associated with oxygen vacancies. Mean-
while, the microstructure, crystallographic orientation, and
elemental composition of the as-prepared nanoparticles were
analyzed. The crystallographic structures of the catalysts were
determined vig an X-ray powder diffractometer (XRD, Model D8
Discovery). The surface chemical states and elemental valences
of the catalysts were investigated using an X-ray photoelectron
spectrometer (XPS, Model ESCALAB 250 Xi).

2.3 Electrochemical measurements

The electrochemical performance was evaluated in a standard
three-electrode configuration using a CHI 760E workstation,
with a 1.0 mol L' aqueous potassium hydroxide (KOH) solu-
tion as the electrolyte. The sample was used as the working
electrode, the Pt sheet was used as the counter electrode
(surface area 1 cm®), and Hg/HgO was used as the reference
electrode respectively. Linear Sweep Voltammetry (LSV) curves
were recorded at a scan rate of 5 mV s~ with 90% iR (ohmic)
compensation. For the Oxygen Evolution Reaction (OER),
a reverse scan was employed to minimize interference from the

RSC Adv, 2026, 16, 4848-4858 | 4849
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oxidation peak of nickel species. The Tafel slope, a core
parameter describing the relationship between the kinetic rate
of the electrocatalytic reaction and the overpotential, was
calculated from the polarization curves using the following
equation:

n=alogj+b

where 7 is the overpotential, b is the Tafel slope, j is the current
density, and a is a constant.”” Electrochemical Impedance
Spectroscopy (EIS) measurements were conducted over
a frequency range of 100 kHz to 0.1 Hz. The stability of the
electrode was assessed via chronopotentiometry (CP). Addi-
tionally, the electrochemical double-layer capacitance (Cq;) was
determined as follows: cyclic voltammetry tests were performed
in the non-faradaic region at different scan rates ranging from
10 to 50 mV s~ ', and the Cq, value is represented by the slope of
the plot of current density versus scan rate.

3 Results and discussion

3.1 Characterization analyses

The Co;0,@Zn-CoNi,S,/NF sample is fabricated via a two-step
hydrothermal synthesis combined with heat treatment. The
flow chart of the sample preparation mechanism is shown in
Fig. 1. The synthesis begins with growing Co;O4 nanowires on
the NF support via a hydrothermal method and calcination.
These nanowires serve as a skeleton for the secondary growth of
CoNi,S, nanosheets. The resulting Co;0,@CoNi,S,/NF struc-
ture provides a larger specific surface area for subsequent
doping. During the second hydrothermal synthesis, Zn”* is
introduced into the solution, leading to the successful prepa-
ration of the Co3;0,@Zn-CoNi,S,/NF sample. The surface
morphologies of the as-prepared Co3;04/NF, Co;0,@CONi,S,/
NF, and Co30,@Zn-CoNi,S,/NF are examined by SEM. The
corresponding SEM images are shown in Fig. 2a-c. In Fig. 2a,
Co304/NF forms a nanowire array structure where the nano-
wires grow regularly on the NF substrate with a smooth surface.
Fig. 2b displays the microstructure of Co;0,@Co0Ni,S,/NF.
When CoNi,S, is composited onto the surface of Co;0,/NF,

hydrotherm

NF

Fig. 1 Schematic diagram of the synthesis of Coz04,@Zn—-CoNiS4/NF.
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a nanosheet structure is in situ grown on the surface of the
pristine CozO, nanowires. This unique structure provides
a significantly larger surface area, which facilitates the following
doping process. As shown in Fig. 2c, the Co3;0,@Zn-CoNi,S,
sample maintains this morphology after Zn** doping. It exhibits
a typical core-shell structure, where the inner nanowires are
tightly wrapped by the outer nanosheets. As shown in Fig. S2,
the isotherm is of typical Type IV with an H; hysteresis loop at P/
P, > 0.4, indicative of a mesoporous structure formed by slit-like
pores. The BET specific surface area is determined to be 43.34
m? g7, and the mesoporous nature is further verified by the
pore size distribution. This large surface area and porous
architecture not only expose abundant active sites but also
promote electrolyte infiltration and ion diffusion, which are
crucial for improving electrocatalytic activity. As illustrated in
Fig. 2d, the TEM characterization results confirm that
C050,@Zn-CoNi,S,/NF exhibits a micro-heterostructure, where
nanosheets are tightly wrapped around the nanowire core, and
this structural feature is clearly observable. HRTEM is used to
further verify the heterostructure. As illustrated in Fig. 2e, well-
defined lattice fringes are visualized. The interplanar distances
of 0.47 nm and 0.24 nm are in excellent agreement with the
(111) and (311) crystal planes of Co30,, respectively. In contrast,
the interplanar spacing of 0.27 nm is consistent with the (222)
plane of CoNi,S,. Moreover, a clear heterophasic interface is
detected between the lattice structures of Co;0, and CoNi,S,.
Such heterogeneous interfaces are capable of triggering spon-
taneous electron transfer across the interfacial regions, which
in turn facilitates the optimization of electron transportation
dynamics during the catalytic reactions occurring on the
surface of Co;0,@Zn-CoNi,S,/NF.**** Additionally, active sites
situated near heterogeneous interfaces exhibit enhanced effi-
ciency in adsorbing reactants, activating reaction intermedi-
ates, and reducing the energy barrier for chemical reactions.**
The SAED pattern and corresponding EDS results are displayed
in Fig. 2f and g. The SAED pattern shows typical polycrystalline
diffraction ring characteristics. This further confirms that the
sample has a composite crystalline structure. The phase
composition matches the TEM data, confirming the formation

hydrotherm

10
Calcination
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of the Co;0,@CO0Ni,S, heterostructure. In addition, EDS anal-
ysis reveals that all constituent elements in the composite are
uniformly distributed, including Co, Ni, O, S, and Zn.

The XRD patterns of the as-fabricated samples are presented
in Fig. 3a. First, the strong peaks located at 44.1°, 51.4°, and
75.6° are detected in all samples, which are assigned to the NF
substrate (JCPDS no. 65-2865). For the final Co3;0,@CoNi,S,/NF
catalyst, distinct diffraction peaks at 31.1°, 36.8°, 38.8°, and
65.2° are indexed to the cubic Co30, phase (JCPDS no. 00-009-
0418). Moreover, the additional peaks appearing at 16.2°, 33.2°,
38.12°, and 54.9° match well with the (111), (220), (311), (440),
and (551) planes of CoNi,S, (JCPDS no. 04-010-2269), confirm-
ing the successful formation of the sulfide phase. The above
XRD results are consistent with the TEM-SAED and EDS anal-
yses, collectively verifying the coexistence of the dual phases in
the Co;0,@Co0Ni,S,/NF composite. Notably, a distinct shift in
the XRD peaks can be clearly observed from the patterns,
indicating that Zn>* has been incorporated into the lattice via
substitutional doping, with the lattice undergoing modulation.

To investigate the surface chemical states, XPS measure-
ments are performed. As displayed in Fig. 3b, the survey spec-
trum of Co30,@Zn-CoNi,S,/NF exhibits distinct peaks
corresponding to Ni, Co, O, S, and Zn. This result confirms the
coexistence of all expected elements in the final catalyst. The
distinct Zn 2p signal confirms that Zn is effectively the lattice of
Co30,@CoNi,S,/NF at the atomic scale. High-resolution XPS

d=0.47 nm

Co304 (111) V'
v\

10 nm

200 nm

200 nm

200 nm

Fig. 2
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spectra are analyzed to investigate how Zn incorporation affects
the surface electronic structure. By comparing the Co 2p spectra
before and after doping (Fig. 3c), distinct changes can be
observed. The Co;0,@Co0Ni,S,/NF sample displays typical
spin-orbit doublets, corresponding to the 2p;/, and 2p,, states.
The peak pairs with binding energies of 780.8 eV and 796.7 eV
indicate the presence of the Co®" oxidation state in the sample.
Meanwhile, the peak pairs at 781.4 eV and 797.5 eV matches the
typical characteristic of Co>", revealing the coexistence of mixed
valence states.*® The satellite peak of 2p;/, is located at 800.0 eV,
reflecting the presence of unsaturated coordination or defect
structures on the material surface. After Zn doping into Cos-
0,@CoNi,S,/NF, the introduction of Zn>" the local coordination
environment of Co. To maintain charge balance, partial Co>" is
induced to convert to Co®*, leading to an increase in the
oxidation state of Co. The abundant presence of Co*", which has
stronger oxidizing ability, promotes charge transfer and opti-
mizes reaction pathways.*® In Fig. 3d, the peaks at 854.8 eV and
872.8 eV confirm that Ni in the sample mainly exists in the
divalent state. Associated with the Ni*" state are the binding
energies located at 856.4 eV and 874.5 eV. In the meantime,
high-intensity satellite peaks are found at 879.3 eV and 861 eV.
Zn doping leads to a slight positive shift in the binding energies
of Ni**, which move from 854.8 eV and 872.8 €V to 855.2 €V and
873.2 eV. Additionally, Zn doping triggers the oxidation of Ni**
to Ni**, resulting in a positive shift of the Ni** main peaks from

CoNizS4

200 nm 200 nm

200 nm

(a) SEM images of CozO4/NF; (b) SEM images of Cos04,@C0oNi,S4/NF; (c) SEM images of Coz04@Zn—-CoNiyS4/NF; (d) TEM images of

Co304@ZNn-CoNiSy; (€) HRTEM of Coz04@Zn—-CoNiySy; (f) SAED of Coz04@Zn—-CoNi,Sy; (g) EDS of Coz04,@Zn—CoNizS,.
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CoNi,S4; (b) wide scan XPS spectrum; (c—g) high-resolution XPS spectra

of Co 2p, Ni 2p, S 2p, O 1s and Zn 2p for CozO04@CoNi»S4 and CozO,@Zn—-CoNiyS4. (n) EPR spectra of the samples CozO4@Zn—CoNiySg.

856.4 eV and 874.5 eV to 856.5 eV and 875.2 eV; the satellite
peaks also exhibit a positive shift, changing from 879.3 eV to
879.6 eV. Since the electronegativity of Zn is lower than that of
Co and Ni, Zn substitution for Co/Ni sites after doping requires
the oxidation of adjacent Ni** to Ni** to maintain charge
balance, leading to an increase in the binding energy of Ni main
peaks.’”*® in Fig. 3e, the S 2p binding energies of Co;0,@Zn-
CoNi,S,/NF are slightly lower than Co;0,@Co0Ni,S,/NF. the
characteristic peaks shift from 162.5 eV and 164.4 eV to 162.1 eV
and 163.7 eV, respectively. After Zn>* doping, charge transfer

4852 | RSC Adv, 2026, 16, 4848-4858

occurs from the 3d orbital of Zn to the 3p orbital of S.>**° This
transfer increases the valence electron density of S. It also
weakens the adsorption of *OH. As a result, OER performance is
enhanced. For Fig. 3f, the O 1s peaks of Co;0,@C0Ni,S,/NF are
located at 531.7 eV and 533.1 eV. In contrast, those of
C030,@Zn-CoNi,S,/NF are at 531.4 eV and 532.4 eV. Compared
with the undoped sample, there are notable changes in surface-
adsorbed species and subtle modifications to the overall elec-
tronic structure. Meanwhile, this observation indicates that the
material itself maintains a stable oxidation state. In the O 1s

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectrum, the peak located at 531.4 eV is correlated with oxygen
vacancies. For the Zn-doped sample, this peak exhibits a higher
intensity and a negative shift of 0.3 eV. The generation of
abundant surface oxygen vacancies is indicated by this result,
and these vacancies can facilitate the adsorption of *OH inter-
mediates.”* As shown in the Fig. 3g, a clear doublet corre-
sponding to Zn 2p;z, and Zn 2p,, can now be observed at
binding energies of approximately 1022.3 eV and 1045.3 eV,
respectively. These values are confirming the successful incor-
poration of Zn into the CoNi,S, lattice. As shown in Fig. 3h,
a distinct EPR signal with a g-value of 2.0036 is observed at room
temperature. This g-value is close to that of a free electron
(2.0023), which is a typical characteristic of unpaired electrons
associated with oxygen vacancies in metal oxides. The slight
deviation may originate from spin-orbit coupling and the local
electronic environment surrounding the defect sites. The
emergence of this strong EPR signal confirms that a large
number of oxygen vacancies are successfully introduced into
the Co;0,@Zn-CoNi,S,/NF structure.

3.2 Electrochemical measurements

As can be seen from the figure, with the increase of CoNi,S,
loading, the electrocatalytic activity of the samples first
increased and then decreased in Fig. S3a and b. When the total
concentration of Co>* and Ni**was 50 mmol L ™" (corresponding
to the C-50 sample), the electrocatalytic performance reached
the optimal level; when the total concentration of metal ions
further increased, excessive CoNi,S, loading led to the collapse
of the pore structure, which in turn reduced the contact area
between the electrode and the electrolyte as well as the electron
transfer efficiency, resulting in a significant attenuation of
electrocatalytic performance.

To further investigate the regulatory role of Zn introduction,
a series of Co;0,@Zn-CoNi,S,/NF composites were synthesized
with varying Zn*'doping levels (x = 1, 3, 5, and 6 at%) in Fig. S3¢
and d. Electrochemical evaluations revealed that the catalytic
activity followed a trend dependent on the doping concentra-
tion, with the optimal performance achieved at 3 at% Zn. This
enhancement is attributed to the synergistic effects of Zn-
induced lattice defects, the modulation of the electronic struc-
ture, and optimized interfacial interactions. With the optimal
synthesis parameters established, the electrochemical activity
of the resultant Co3;0,@Zn-CoNi,S,/NF was systematically
evaluated in a three-electrode system.

The OER performance is evaluated in a three-electrode
system. As shown in the LSV curves (Fig. 4a), C0o;0,@Zn-
CONi,S,/NF exhibits the lowest overpotential among all
samples. Specifically, the catalyst delivers 10 and 100 mA cm >
at overpotentials of merely 190 and 313 mV in Fig. 4b. This
result underscores the superior activity of the Zn-doped core-
shell architecture, which can be traced back to the favorable
synergistic interactions. The highly conductive outer shell
serves as a conduit for rapid interfacial electron transfer,
effectively mitigating the redox overpotential. Concurrently,
lattice expansion triggered by Zn doping further amplifies the
intrinsic electrocatalytic activity. Reaction Kkinetics are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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elucidated via Tafel plots (Fig. 4c), where a lower slope typically
serves as a hallmark of reduced charge transfer resistance.
Notably, Co;0,@Zn-CoNi,S,/NF demonstrates a superior Tafel
slope of 47.2 mV dec™, significantly outperforming both Cog-
0,@CONi,S,/NF (46.94 mV dec ') and pristine Coz;O,/NF
(116.4 mV dec™'). This result confirms that Co;0,@Zn-
CoNi,S,/NF shows the optimal electrochemical reaction
kinetics. The incorporation of Zn adjusts the electronic struc-
ture of Ni*‘and creates abundant oxygen vacancies. These
factors work together to lower the energy barrier, leading to
faster charge transfer. The fitting of EIS tests is performed
under open-circuit potential in Fig. 4d, the Co3;0,@Zn-CoNi,S,/
NF sample possesses the smallest charge transfer resistance
(Ree) of 2.7 Q, offering direct proof of its enhanced conductivity.
To determine the electrochemical active surface area, Cg is
calculated from the non-faradaic region (Fig. 4e). The
C030,@Zn-CoNi,S,/NF sample records the high Cg, signifying
a larger active surface area and a greater number of exposed
active sites for OER. Stability is equally crucial as catalytic
activity. As shown in Fig. 4f, the durability was tested using
chronopotentiometry at 10 mA cm™>, the potential remained
stable at roughly 190 mV for 20 h without significant fluctuation,
proving its excellent long-term stability.

After the cyclic stability test, comprehensive characterization
by HRTEM, Raman and XPS spectroscopy, and revealed
a significant surface reconstruction of the material, elucidating
the structural and chemical evolution underlying its electro-
catalytic activity. The HRTEM image of the post-OER sample in
Fig. S8 reveals a well-defined core-shell heterostructure. The
crystalline core retains distinct lattice fringes corresponding to
the CoNi,S, and Co;0, phases, confirming the preservation of
long-range order and structural robustness. In contrast, the
surface is encapsulated by an outer layer, consistent with the
characteristics of oxyhydroxide formation. This reconstructed
shell provides abundant coordinatively unsaturated sites
favorable for OER catalysis, while the intact crystalline core
ensures efficient electron transport. In Fig. S9, Raman spec-
troscopy results further corroborate these findings. Before
cycling, the characteristic peaks located at 300 cm™' and
350 cm ™' are attributed to the lattice vibrations of metal-sulfur
(M-S) bonds, while the peaks at 526 cm ' and 669 cm '
correspond to Coz;0,, verifying the composite nature of the
pristine material. After electrocatalytic cycling, the vibrational
modes of M-S bonds nearly vanish, indicating the complete
oxidation of surface sulfur species. Concomitantly, a new broad
and intense peak appears at 552 cm ™, which is assigned to the
metal oxyhydroxide (M-OOH) phase, further confirming the
formation of a surface oxyhydroxide layer.

The XPS analysis reveals significant alterations in the elec-
tronic structure and chemical valence states of surface
elements. As shown in Fig. 7b and c, the Co 2p and Ni 2p
spectral peaks shift toward higher binding energies, accompa-
nied by a significant increase in the relative proportions of
trivalent cobalt (Co**) and trivalent nickel (Ni**). The generation
of these high-valence metal states indicates the formation of
more electrophilic active centers during the electrochemical
reconstruction. Such electron-deficient sites are theoretically
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Fig. 4 Electrocatalytic performance evaluation for OER. (a) LSV curve

spectra. (e) Cy calculations. (f) Chronopotentiometry curves at 10 mA cm

favorable for facilitating the adsorption and deprotonation of
oxygenated intermediates, which substantially lowers the
kinetic energy barrier and boosts the overall OER performance.
Concurrently, as depicted in Fig. 5d, the S 2p signal intensity
decreases drastically. This surface desulfurization process
exposes more accessible metal active centers, representing
a critical activation step. In the O 1s spectrum (Fig. 5e), the
intensity of the metal-hydroxyl (M-OH) characteristic peak at
531.5 eV increases significantly after cycling, while the intensi-
ties of lattice oxygen (M-O) and adsorbed water remain rela-
tively stable, providing strong evidence for the formation of
a hydroxyl-rich oxyhydroxide layer. Furthermore, the decrease
in Zn content post-cycling indicates partial zinc leaching,
a process that likely induces the generation of surface vacan-
cies, thereby further enhancing the accessibility of active sites;
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Time/h

in 1.0 M KOH. (b) Comparison of overpotential. (c) Tafel plots. (d) EIS
-2

if zinc is retained, its role in stabilizing the bulk framework
structure should be emphasized (Fig. 5f).

In summary, the post-characterization results confirm that
C030,@Zn-CoNi,S, acts as a pre-catalyst. Under OER condi-
tions, it undergoes surface reconstruction to form a CoOOH/
NiOOH active shell supported on a conductive Coz0,/CoNi,S,
core. This unique architecture combines abundant active sites
with efficient electron transport channels, leading to superior
electrocatalytic performance.

In the HER tests, LSV performances of three samples
(Co30,@Zn-CoNi,S,/NF, Co3;0,@CoNi,S,/NF, and Co;0,/NF)
are compared. As presented in Fig. 6a, the overpotentials
required to reach a current density of 10 mA cm™* are 120 mV,
159 mV, and 168 mV for Co;0,@Zn-CoNi,S,/NF, Co;0,@-
CoNi,S,/NF, and Co;0,4/NF, respectively. The Pt/C catalyst is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The post-OER XPS spectra (a) wide scan XPS spectrum; (b—f)
C0304@Zn—CONi254.

only 42.4 mV under the same conditions. This confirms that Pt/
C possesses outstanding activity as a benchmark catalyst for
HER. Although there is a performance gap between our sample
and Pt/C, the performance of our sample is superior to that of
many other non-noble metal materials compared, which high-
lights its potential application value. This indicates that the
electrocatalytic performances of the Co;0,@Zn-CoNi,S,/NF
sample are significantly enhanced. Fig. 6b illustrates the over-
potentials of the catalysts at current densities of 10 mA cm ™2,
100 mA cm ™%, and 200 mA cm 2. The enhanced HER activity of
Co030,@Zn-CoNi,S,/NF originates from the synergistic effect
between the constructed core-shell heterostructure and Zn

© 2026 The Author(s). Published by the Royal Society of Chemistry

Binding Energy /eV

high-resolution XPS spectra of Co 2p, Ni 2p, S 2p, O 1s and Zn 2p for

doping. To gain insights into HER kinetics, Tafel slope analysis
was performed to further elucidate the reaction mechanism on
the catalyst surface. As presented in Fig. 6¢c, the Tafel slopes of
C03;0,@Zn-CoNi,S,/NF, Co;0,@CoNi,S,/NF, and Co;0,/NF are
46.3, 51.2, and 68.54 mV dec . Mechanistically, the interfacial
structure of Co;0,@CONi,S,/NF appears to drive electron
transfer primarily through the Heyrovsky pathway. However, the
incorporation of Zn introduces a pivotal kinetic modulation,
accelerating the recombination and desorption processes
characteristic of the Tafel step. Since the Tafel mechanism
typically offers a more energetically favorable route for molec-
ular evolution compared to electrochemical desorption, this Zn-
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induced shift plays a decisive role in maximizing the overall
efficiency of hydrogen production. Fig. 6d shows the open-
circuit voltage fitting plot obtained during the HER electro-
catalytic test. Co3;0,@Zn-CoNi,S,/NF exhibits a smaller R
(2.55 Q) compared to Coz0,@CONIi,S,/NF (2.56 Q) and Coz0,/
NF (2.78 Q). This indicates that the introduction of the CoNi,S,
shell constructs a high-speed electron transport channel at the
heterogeneous interface, reducing the interfacial electric field
gradient, while Zn doping further fine-tunes the surface elec-
tronic structure. Meanwhile, the expansion of the specific
surface area synchronously increases the number of intrinsic
active sites per unit geometric area, thereby enhancing the HER
kinetics. Analysis of Fig. 6e shows the Cg; values,20.9 mF cm >
for Co;0,@Zn-CoNi,S,/NF, 15.3 mF cm 2 for Co;0,@CoNi,S,/

4856 | RSC Adv, 2026, 16, 4848-4858

NF and 3.45 mF cm ™2 for Co30,/NF. C0;0,@Zn-CoNi,S,/NF
outperforms the other two samples mainly because the
heterostructure in Co;0,@Co0Ni,S,/NF forms a porous network,
which increases the specific surface area and exposes more
active sites. Cycling stability tests of Co;0,@Zn-CoNi,S,/NF are
performed at a constant current density of —10 mA em ™ for
20 h (Fig. 6f). The voltage fluctuation is less than 5%, indicating
excellent long-term stability. Furthermore, the influence of
electrolyte pH on the catalytic activity is investigated, and the
results confirm that the as-prepared catalyst delivers superior
performance specifically in alkaline environments, validating
its suitability for alkaline water splitting applications as shown
in Fig. S4.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Motivated by its outstanding performance in both OER and
HER, a two-electrode electrolyzer was constructed employing
Co03;0,@Zn-CoNi,S,/NF as the bifunctional catalyst for both the
anode and cathode (Fig. 7a). As shown in Fig. 7b, this system
requires a cell voltage of only 1.45 V to drive a current density of
10 mA cm . To verify its durability, the LSV curve is recorded
again after 20 hours of continuous operation. As displayed in
Fig. 7c, the curve overlaps well with the initial one, indicating
negligible degradation. Furthermore, this performance is
superior to the most reported catalysts listed in Fig. 7d.*>*® To
evaluate the catalytic efficiency, FE measurements are per-
formed in a two-electrode system using Co3;0,@Zn-CoNi,S,/NF
as both anode and cathode, with H, and O, collected separately
through water displacement. The molar ratio of H, to O, is
found to be nearly 2 : 1, confirming the high FE and authenticity
of the overall water splitting performance in the Fig. S7.

4 Conclusion

This study presents a low-cost, self-supported Co;0,@Zn-
CoNi,S,/NF electrode with a core-shell heterostructure. The
synergistic effect of Zn doping and heterointerfaces effectively
modulates the electronic structure, creates abundant active
sites, and thereby endows the material with remarkable
bifunctional catalytic activity in alkaline media. The electrode
requires low overpotentials of only 190 mV for OER and 120 mV
for HER to achieve 10 mA cm ™2, alongside excellent stability. An
electrolyzer assembled with this electrode delivers the same
current density at a low cell voltage of 1.45 V for overall water

© 2026 The Author(s). Published by the Royal Society of Chemistry

splitting. This work provides a viable strategy for designing
efficient electrocatalysts through interfacial engineering.
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