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Designing a highly active and stable bifunctional catalyst is essential for achieving superior overall water
splitting (OWS). In this study, a three-dimensional (3D) core-shell structure Co3S4/CuS@NiFe LDH nanoco-
ral spheres electrocatalyst was constructed on nickel foam (NF) via an interfacial engineering strategy.
This 3D core-shell heterostructure maximizes the exposure of active sites, optimizes the charge transport
pathway and accelerates gas release rates. The protective shell strategy of NiFe LDH provides favorable
stability, which contributes to inhibiting the electrochemical corrosion of the electrocatalyst and mitigat-
ing the toxic effects of ClI~ and other microorganisms during the seawater splitting process. Moreover,
the introduction of NiFe LDH induces a change in the OER mechanism from an adsorption evolution
mechanism (AEM) to a lattice oxygen mechanism (LOM), which improves the intrinsic activity of the cat-
alyst. Consequently, Co3S4/CuS@NiFe LDH demonstrates exceptional performance in the oxygen evolution
reaction (OER) (1100 =251 mV) and in the hydrogen evolution reaction (HER) (7100 =254 mV), alongside
remarkable stability over 100 h. For OWS, it exhibits a voltage of 1.46V at 10 mA/cm? and maintain sta-
bility for 100 h. Impressively, Co3S,;/CuS@NiFe LDH still possesses outstanding activity and stability in
natural alkaline seawater. This work proposes interfacial engineering to construct bifunctional catalysts
with core-shell heterostructures, providing instructive guidelines for the design of highly efficient elec-

trocatalysts toward seawater electrolysis.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The combustion of conventional fossil fuels generates a signifi-
cant quantity of pollutants, resulting in serious environmental pol-
lution [1,2]. Meanwhile, the limited reserves of fossil fuels are ag-
gravating the energy crisis. Energy shortages and environmental
issues have enormously impacted the sustainable development of
humanity [3]. Hydrogen energy is a powerful competitor to fossil
energy owing to its high calorific value of combustion, abundant
reserves and environmental friendliness [4,5]. Currently, the main
methods for producing hydrogen are steam methane reforming,
coal gasification and overall water splitting (OWS) [6]. Compared
with the former two, OWS for hydrogen production is more envi-
ronmentally friendly and has higher product purity. Therefore, hy-
drogen production from OWS is considered to be the most promis-
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ing technology for future hydrogen production [7]. The OWS reac-
tion consists of the hydrogen evolution reaction (HER) and the oxy-
gen evolution reaction (OER) [8]. Nowadays, noble metal Pt-based
and Ru/Ir-based catalysts are still advanced HER and OER mate-
rials. Nevertheless, low abundance and expensive price remain a
major obstacle to their commercialization [9,10]. Therefore, explor-
ing economical and stable non-noble metal catalysts is urgently
needed.

Transition metal materials have gradually become strong com-
petitors of noble metal catalysts owing to their high activity and
low cost over recent years [11]. Due to their huge specific surface
area (SSA), flexible electronic structure, and favorable stability, lay-
ered double hydroxides (LDHs) have become exceptionally promis-
ing non-noble metal catalysts in alkaline electrolytes. They also
have enormous reserves and can be prepared in a cost-effective
and simple manner [12-15]. Nevertheless, the intrinsic conductiv-
ity of LDH is poor, which diminishes the electron transfer rate
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during electrolysis, thus tremendously limiting its catalytic reac-
tion kinetics [16,17]. Accordingly, it is significant to reasonably op-
timize the conductivity of LDH. Transition metal sulphides (TMSs)
have high conductivity and potential high activity [18,19]. Combin-
ing them with LDHs can effectively strengthen the conductivity of
the material, thereby increasing its catalytic performance. For in-
stance, Cui et al. synthesized a FeCo,S,@CoFe LDH complex, which
combines the advantages of LDH and TMS and shows favorable cat-
alytic activity in both OER and HER [20]. Gong et al. assembled
Ni(OH)S nanosheets and CoFe LDH nanosheets in an orderly man-
ner to synthesize efficient and stable OER catalyst [21].

The catalytic performance of a catalyst is influenced by its
structure [22]. The core-shell structure has unparalleled application
potential in the field of OWS because of its large SSA, well-defined
interfaces and speedy mass/charge transfer rate [9,23-26]. In ad-
dition, the coupling of the core material encapsulated in the shell
with the shell material at the interface can result in interfacial syn-
ergistic effect and strong electronic interactions, leading to a signif-
icantly higher catalytic efficiency than that of a single component
[27]. Moreover, the selection of compounds with excellent stabil-
ity as the shell material can protect the core material from being
oxidized easily during the electrolysis process, thus improving its
stability in OWS and even overall seawater splitting [28]. There are
many ways for constructing core-shell structures, and electrodepo-
sition has been proven to be a convenient, fast and economical ma-
terial synthesis method [29]. Electrodeposition growth of electro-
catalysts on conductive substrates (NF) avoids the use of binders,
decreases charge transfer resistance [30]. Furthermore, by making
use of NF's inherent benefits, such as its superior conductivity, high
porosity and large SSA, it is possible to maximize the charge trans-
fer channel and quicken the bubble release rate [31,32]. This will
optimize the intrinsic conductivity of the catalyst.

In this work, three-dimensional (3D) core-shell structured
Co3S4/CuS@NiFe LDH nanocoral spheres were successfully synthe-
sized on NF utilizing straightforward hydrothermal step and elec-
trodeposition step. Benefiting from the advantages of the 3D core-
shell structure and the synergistic effect between multi-component
compounds, the Co3S4/CuS@NiFe LDH nanocoral spheres elec-
trocatalyst represents peerless catalytic activity and stability.
In alkaline solution, the catalyst only needs overpotentials of
251 mV (OER) and 254 mV (HER) to achieve a current density of
100mA/cm? and is found to be stable for 100h. Subsequently,
when this catalyst is employed for OWS, it displays ultra-low cell
voltages of 1.46 (10 mA/cm?) and 1.59V (50 mA/cm?) and impres-
sive stability. Additionally, due to the favorable stability of the
shell material NiFe LDH and its strong interfacial interaction with
bimetallic sulphides, the Co3S4/CuS@NiFe LDH nanocoral spheres
catalyst still exhibits extraordinary catalytic performance (OER:
N100 =269 mV, HER: 17199 =307 mV) and stability in the electrolysis
of alkaline seawater. Similarly, when this catalyst is used for two-
electrode seawater electrolysis it also exhibits amazing activity and
stability. This research provides a practical and feasible avenue for
further developing extraordinary bifunctional catalysts.

The 3D core-shell structur nanocoral sphere electrocatalyst has
been successfully synthesized, as shown in Fig. 1a. To be specific,
CoCu LDH nano sea urchins were grown in situ on NF through
hydrothermal reaction in the presence of NH4F and urea, utiliz-
ing Co(NO3), and Cu(NOg3), as the sources of Co and Cu. Subse-
quently, the product was sulfided (50 min) using sodium sulfide as
the sulfur source to obtain Co3S4/CuS nanoflowers. As a compari-
son, products with sulphurisation times of 10 and 50 min were also
prepared to explore the optimal sulphurisation time ratio. Finally,
NiFe LDH nanosheets were encapsulated in Co3S4/CuS nanoflowers
to generate 3D core-shell structure Co3S4/CuS@NiFe LDH nanoco-
ral spheres by the electrodeposition process. Appropriate elec-
trodeposition time will result in optimal interfacial interaction of
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Fig. 1. (a) Synthesis illustration. SEM images and TEM images of (b, e) CoCu LDH, (c,
f) Co3S4/CuS and (d, g) Co3S4/CuS@NiFe LDH. (h) HRTEM image with selected mag-
nified areas (I, II and III) and (i-n) elemental mapping images of Co3S;/CuS@NiFe
LDH.

Co3S4/CuS@NiFe LDH core-shell structure, which contributes to
the enhancement of catalytic performance. Therefore, three elec-
trocatalysts, Co3S4/CuS@NiFe LDH-1, Co3S4/CuS@NiFe LDH-2 and
Co3S4/CuS@NiFe LDH-3, were synthesized by adjusting different
electrodeposition times to investigate the optimal electrodeposi-
tion time.

The 3D nano sea urchins structure can be observed in Fig. 1b,
indicating the CoCu LDH precursor was successfully grown in situ
on NF. Fig. 1e shows that the nanowires constituting the 3D struc-
ture of CoCu LDH have smooth edges. For transmission electron
microscopy (TEM) measurement, it is necessary to sonicate the
product from NF to form a powder sample [33]. However, due to
the prolonged and powerful ultrasonic treatment, the 3D structure
of the product is broken down into 1D nanowires, and therefore,
the TEM images display a 1D nanowire structure. The 3D nano sea
urchins structure aids in generating active sites and accelerating
gas release [34]. Therefore, further processing based on this can
effectively improve the performance of electrocatalysts. After sul-
phurisation, Co3S4/CuS-2 nanowires aggregate into irregular sheet-
like structures, and the structure of the catalyst changes from 3D
nano sea urchins to 3D nanoflowers (Fig. 1c). The sheet-like struc-
ture contributes to the stability of the catalyst, while the het-
erostructure constructed between bimetallic sulphides forms abun-
dant defects at the interface, which facilitates the generation of
active sites [35,36]. Fig. 1f shows that the edges of Co3S4/CuS-2
nanowires become rough, which is caused by the sulphurisation
reaction. On the other hand, the structures of the catalysts with
sulphurisation times of 10 and 90 min are also transformed into 3D
nanoflowers (Fig. S1a and b in Supporting information). However,
the aggregation degree of nanowires in the structure of Co3S4/CuS-
1 is relatively low, and a clear linear structure can be observed.
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Fig. 2. Physical characterizations of CoCu LDH, Co3S4/CuS and Co3S4/CuS@NiFe LDH: (a) XRD pattern, XPS spectra of (b) Co 2p, (c) Cu 2p, (d) S 2p, (e) Ni 2p and (f) Fe 2p.

In the structure of Co3S4/CuS-3, although a sheet-like structure is
formed, the nanosheets are thicker and sparser compared to the
nanosheets formed by Co3S4/CuS-2, which can lead to the active
sites being partially masked and unfavorable release of the gases.
Compared with Co3S4/CuS-2, the TEM images of Co3S4/CuS-1 and
Co3S4/CuS-2 show no significant changes (Figs. S2a and b in Sup-
porting information). The subsequent electrodeposition process re-
sults in the decomposition of the sheet-like structure in Co3S4/CuS-
2 back into nanowires, and NiFe LDH nanosheets are encapsu-
lated on the generated nanowires, ultimately forming 3D core-shell
structured nanocoral spheres (Fig. 1d). By comparing the SEM im-
ages of Co3S4/CuS@NiFe LDH-1 and Co3S4/CuS@NiFe LDH-3 (Figs.
S1c and d in Supporting information), it is indicated that the sheet-
like structure in Co3S4/CuS breaks down more thoroughly with the
increase of the electrodeposition time, resulting in the formation
of finer and denser nanocorals. An overly dense structure can re-
sult in the active site being partially covered and is not conducive
to gas release. The TEM images of the above three all display clear
core-shell structures (Fig. 1g, Figs. S2c and d in Supporting infor-
mation). In addition, the EDS (Fig. S3h in Supporting information)
and elemental mapping images (Figs. 1i-n) of Co3S4/CuS@NiFe LDH
reveal the presence of Co, Cu, S, Ni and Fe, confirming the success-
ful synthesis of the Co3S4/CuS@NiFe LDH catalyst. Meanwhile, the
HAADF image and STEM elemental mapping images further con-
firm the existence of core-shell structure (Figs. S3a-g in Supporting
information).

HRTEM image is utilized to further investigate the composition
and the interface of the core-shell structure [34]. A well-defined
interface is seen between the bimetallic sulphides and NiFe LDH,
as shown in Fig. 1h. It is evident that there exist lattice stripes in
regions I and Il within the interface, which are owned by the (220)
plane of Co3S4 (0.323nm) and the (102) plane of CuS (0.302 nm).
Similarly, a lattice stripe on the (015) plane of NiFe LDH exists in
region III outside the interface (0.216 nm). The above phenomenon
proves the existence of the core-shell structure.

The crystal structure of the sample is analyzed using X-ray
diffraction (XRD) [37]. To attenuate the effect of the high-intensity
peaks of the NF on the test results, the sample was subjected to
ultrasonic treatment and its powder state was tested by XRD. As
is shown in Fig. 2a, the (220), (311), (400) and (440) planes of
Co3S,4 corresponded to diffraction peaks at 26.5°, 31.4°, 38.2° and
55.1°, respectively [38,39]. And the diffraction peaks at 26 =38.8°,
47.9° and 59.3° are attributed to the (105), (110) and (116) planes of
CuS (PDF #06-0464) [40]. While the (003), (006), (012), (015) and

(110) planes of NiFe LDH (PDF #40-0215) corresponded to intensive
peaks at 11.6°, 23.4°, 34.5°, 38.8° and 59.9°, respectively [41]. Fur-
thermore, Figs. S5a and b (Supporting information) [42,43] show
the XRD analysis of samples grown in situ directly on NF. The peaks
at 44.5°, 51.8° and 76.4° are vested in the (111), (200) and (220)
planes of NF (PDF #07-0407), respectively [44]. The peaks of CoCu
LDH at 43.5° and 74.3° are attributed to the (131) and (024) planes
of Cu(OH), (PDF #13-0420), and the peak at 50.6° is owned by the
(221) plane of CoO(OH) (PDF #02-0566).

The elemental valence states of materials are analyzed using X-
ray photoelectron spectroscopy (XPS). For the Co 2p spectrum of
Co3S4/CuS@NiFe LDH in Fig. 2b, the peaks located at 781.3, 797.0eV
and 782.8, 798.3 eV indicate the existence of Co’* and Co?*, along
with two satellite peaks (786.8 and 803.4eV) [45,46]. A new peak
at 776.3 eV also appears after electrodeposition, which corresponds
to the Co LMM Auger. In addition, due to the strong reducibility of
Na,S, a new peak related to Co® appears in the spectrum [47]. The
Co 2p peak position of Co3S4/CuS@NiFeLDH has shifted forward by
0.6 eV based on Co3S4/CusS, suggesting that the introduction of NiFe
LDH optimizes the electronic interactions of Co with other metals
and redistributes its electrons. Regarding the Cu 2p XPS spectrum
of Co3S4/CuS@NiFe LDH in Fig. 2c, the two intensive peaks located
at 932.2 and 952.0eV evidence the existence of Cu*, whereas the
two weaker peaks located at 933.8 and 954.0eV are owned by
Cu?* [48]. Meanwhile, there is a satellite peak at 943.3eV. Ob-
viously, compared to the Cu 2p spectrum of Co3S4/CuS, the peak
position of Cu sites shifted negatively, indicating that Cu obtained
electrons after the electrodeposition step. In Fig. 2d, the S 2p XPS
spectrum of Co3S4/CuS@NiFe LDH is reasonably deconvoluted. The
peaks of S2~ appear in the spectrum (161.6 and 162.6 eV), signaling
the formation of metal-S bonds [49]. The peaks located at 168.1 is
assigned to S-O bonds in SO42~ [50]. The peaks located at 163.7
and 164.5eV can be owned by polysulfides (Sn?~) produced dur-
ing the electrodeposition process [51,52]. In Fig. 2e, four intensive
peaks located at 855.8, 873.2, 856.8 and 874.6eV are assigned to
2ps3p; and 2pyp; of Ni** and Ni3*, and the peaks located at 861.9
and 879.9eV have been proven to be satellite peaks of Ni [53].
The Fe 2p spectrum of Co3S4/CuS@NiFe LDH contains two sets of
peaks at 710.9, 724.4eV and 712.6, 726.4eV attributed to Fe** and
Fe3+, respectively (Fig. 2f) [54]. The peaks at 719.2 and 733.7 eV are
owned by satellite peaks of Fe3*. Since the intensity of the satel-
lite peak of Fe2t at 729.5 is below the detection limit, only one
satellite peak of Fe2t (715.1eV) is present in the spectrum [55].
Additionally, there is a peak related to Fe? in the spectrum [56].
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Fig. 3. OER, HER and OWS performances of CoCu LDH, Co3S4/CuS, Co3S4/CuS@NiFe LDH, RuO,, Pt/C and NF: (a, f, h) LSV plots, (b, g) Tafel slope, (c) Cy values, (d) Nyquist

plots, (e) TOF values, (i, j) i-t curves, (k) CP curves.

To avoid the interference of anodic peaks appearing during
positive scanning, the polarization curves are gained by nega-
tive scanning [57]. First, the OER activities of Co3S4/CuS cat-
alysts with different sulphurisation times are examined, and
the optimal OER performance of Co3S4/CuS-2 can be clearly
seen from Fig. S6a (Supporting information). Therefore, selec-
tively using Co3S4/CuS-2 as a precursor catalyst for electrodepo-
sition reaction will tremendously enhance the catalytic activity
of Co3S4/CuS@NiFe LDH. The Co3S4/CuS@NiFe LDH exhibits un-
paralleled OER performance (17199 =251 mV, 1399 =292 mV), which
is much lower than NF (1199=395mV, 1399=450mV), CoCu
LDH (7’]100:380 mV, 1390=433 lTIV), CO3S4/CUS (7’]1002321 mV,
N300 =376 mV) and RuO, (7199 =344mV, 1399=454mV), as il-
lustrated in Fig. 3a and Fig. S7 (Supporting information). This
phenomenon suggests that the synergistic effect present in the
Co3S4/CuS@NiFe LDH heterostructure optimizes the electronic
structure and interfacial properties of the components within the
catalyst, endowing the electrocatalysts with extraordinary intrin-
sic activity [58]. The above advantages also make Co3S;/CuS@NiFe
LDH outperform the most OER catalysts (Table S1 in Supporting
information). Furthermore, the OER activities of Co3S;/CuS@NiFe
LDH with different electrodeposition times are also investigated,
and Fig. S8a (Supporting information) shows that the sample with
an electrodeposition time of 60 s exhibits the best catalytic activity.
The reaction rate of the electrocatalyst can be explored by calculat-
ing the Tafel slope. As expected, the Co3S4/CuS@NiFe LDH displays
the minimum Tafel slope (33.7 mV/dec) in Fig. 3b, which is much
lower than NF (70.2 mV/dec), CoCu LDH (62.2 mV/dec), Co3S4/CuS
(50.2mV/dec) and RuO, (67.7 mV/dec). This result illustrates that
the Co3S4/CuS@NiFe LDH catalyst has fast reaction kinetics. Of
course, the Tafel slopes of Co3S4/CuS-2 and Co3S4/CuS@NiFe LDH-2
remain the lowest for electrocatalysts with different sulphurisation
times and different electrodeposition times (Figs. S6b and S8b in
Supporting information).

The electrochemically active surface area (ECSA) reveals the
active surface area of the catalyst in contact with the elec-

trolyte during the electrochemical reaction, which is linearly
related to the double-layer capacitance (Cy) [59]. The Cy
value of Co03S4/CuS@NiFe LDH is 15.65mF/cm?, and it is larger
than NF (1.12mF/cm?2), CoCu LDH (2.01 mF/cm?) and Co3S4/CuS
(15.13 mF/cm?), attesting that it has the utmost ECSA (Fig. 3c). In
other words, the Co3S4/CuS@NiFe LDH heterostructure is favorable
for providing more active sites under the same geometric area.
Figs. S6¢c and S8c (Supporting information) show the Cy values
of Co3S4/CuS and Co3S4/CuS@NiFe LDH with different sulphurisa-
tion times and different electrodeposition times. The comparison
results show that Co3S4/CuS-2 and Co3S4/CuS@NiFe LDH-2 have
the utmost ECSA. Moreover, the LSV curve gained by normalizing
the current density using the ECSA value is more representative of
the intrinsic activity of the electrocatalyst [28]. Fig. S11 (Support-
ing information) indicates that Co3S4/CuS@NiFe LDH has higher in-
trinsic activity, which further confirms the superiority of core-shell
heterostructure. Rapid charge transfer reflects outstanding catalytic
kinetics [60]. The electron transfer rate of the electrocatalysts is
evaluated by the EIS test. It can be seen from the Nyquist plots
(Fig. 3d) that Co3S4/CuS@NiFe LDH has the smallest radius of semi-
circle, signaling that it possesses the fastest catalytic kinetics. The
Co3S4/CusS substrate serves as a bridge for charge transfer between
NF and NiFe LDH and provides favorable conductivity. Similarly,
the charge transfer resistance of Co3S4/CuS-2 and Co3S4/CuS@NiFe
LDH-2 is the smallest in the comparison of their respective sul-
phurisation times and electrodeposition times (Figs. S6d and S8d in
Supporting information). The turn-over frequency (TOF) is an eval-
uation of the rate at which the electrocatalyst catalyzes the reac-
tion, which reflects the intrinsic activity of the catalyst. As shown
in Fig. 3e and Fig. S12 (Supporting information), the TOF values of
Co3S4/CuS@NiFe LDH at different potentials were larger than those
of CoCu LDH and Co3S4/CuS, indicating that Co3S4/CuS@NiFe LDH
has more active sites.

Stability is a meaningful indicator for assessing the commer-
cial application of electrocatalysts [61]. Therefore, multiple stabil-
ity tests are employed to comprehensively evaluate the OER stabil-
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ity of Co3S4/CuS@NiFe LDH. Firstly, the stability of Co3S4/CuS@NiFe
LDH is tested by i-t testing at 100 mA/cm? (Fig. 3i). The remarkable
stability of Co3S4/CuS@NiFe LDH is indicated by the 11% decrease
in the current density after 100 h of testing. Subsequently, the sta-
bility of Co3S4/CuS@NiFe LDH is again evaluated by CP testing (Fig.
S13a in Supporting information). The performance of the electro-
catalyst remain almost consistent during long-term testing, further
confirming the outstanding OER stability of Co3S4/CuS@NiFe LDH.
In addition, Fig. S13b (Supporting information) shows that after
2000 CV cycles, the LSV curves of Co3S4/CuS@NiFe LDH basically
coincide with its initial curve, which once again suggests that the
catalyst has excellent stability. Based on the above three stabil-
ity test results indicate that the electrodeposition of NiFe LDH on
C03S4/CuS substrate to form a core-shell structure utilizing the in-
terface engineering strategy can improve the catalytic performance
of the catalysts while NiFe LDH can also act as a protective shell
to effectively inhibit the electrochemical corrosion of the catalysts
at high current densities, thereby improving its catalytic stability
[28].

Furthermore, SEM and XPS analyses were performed on
Co3S4/CuS@NiFe LDH after the OER test. As shown in Fig. S14a
(Supporting information), the overall morphology of the catalyst
did not change significantly after the OER test, and the coral sphere
structure was still retained, which confirms that Co3S4/CuS@NiFe
LDH has high stability. After the test, the elemental valence states
on the surface of the sample changed significantly, with a signif-
icant increase in the content of high-valence species of all metal
elements, a result that indicates that all metal elements are oxi-
dized during the OER process (Fig. S15 in Supporting information).

To reveal the effect of the introduction of NiFe LDH on the
OER performance of the electrocatalysts, the OER mechanisms of
different samples were further explored. The conventional adsor-
bate evolution mechanism (AEM) pathway consists of four syner-
gistic proton-electron transfer processes involving the intermedi-
ate adsorption limitation of *OOH, while the lattice oxygen oxida-
tion mechanism (LOM) pathway utilizes the involvement of lat-
tice oxygen in the OER process, which achieves the direct cou-
pling of O-O radicals and improves the OER activity of the cat-
alyst. The LOM pathway exhibits a strong pH dependence due
to its non-synergistic proton-electron transfer process [62]. There-
fore, the OER performance of all samples was tested at differ-
ent pH environments. Figs. S16a-c (Supporting information) show
that the pH dependence of the catalysts gradually increases as
the vulcanization and electrodeposition process proceeds, with
Co3S4/CuS@NiFe LDH exhibiting the strongest pH dependence, a
phenomenon that suggests that the catalyst tends to be more ori-
ented towards the LOM pathway after the introduction of NiFe
LDH. In addition, tetramethylammonium ions can specifically bind
to negatively charged oxygenated species, thereby hindering the
LOM pathway [63]. Therefore, 1 mol/L TMAOH was used instead
of 1 mol/L KOH to evaluate the OER activity of the electrocatalysts
employed. Fig. S16d (Supporting information) shows no significant
change in the activity of CoCu LDH, indicating that its OER pro-
cess follows the AEM pathway. On the contrary, the OER activity
of Co3S4/CuS@NiFe LDH was significantly reduced, further confirm-
ing that Co3S4/CuS@NiFe LDH follows the LOM pathway during the
OER process (Fig. S16f in Supporting information).

To evaluate the dual functionality of electrocatalysts, the HER
performance of all samples is measured. Co3S4/CuS@NiFe LDH ex-
hibits excellent HER activity (17199 =254 mV), surpassing CoCu LDH
(n100 =311 mV) and Co3S4/CuS (1190 =296 mV) in Fig. 3f and Fig.
S17 (Supporting information). This performance is superior to most
HER catalysts (Table S2 in Supporting information). Meanwhile,
comparing the Tafel slopes of CoCu LDH (185.4 mV/dec), Co3S4/CuS
(1449 mV/dec) and Co3S4/CuS@NiFe LDH (113.8 mV/dec), it can
be found that Cos3S4/CuS@NiFe still possesses the smallest Tafel
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slope, suggesting that it possesses fast HER kinetics (Fig. 3g).
The above phenomena signal that between Co3S4, CuS and NiFe
LDH generates strong interface electronic interactions, accelerat-
ing charge transfer and leading to rapid HER kinetics. Besides, the
HER stability of the product is further improved by the modifi-
cation of NiFe LDH. The only slight decrease in the potential of
Co3S4/CuS@NiFe LDH during the i-t testing for 100 h demonstrates
that the NiFe LDH protective shell strengthens the HER stability
(Fig. 3j). Fig. S14b (Supporting information) shows the SEM image
of Co3S4/CuS@NiFe LDH after the HER test. The overall morphology
of the catalyst is still preserved.

Considering the distinguished OER and HER performances
of the material, Co3S4/CuS@NiFe LDH is used for OWS test-
ing. Fig. 3h and Fig. S18 (Supporting information) signal that
Co3S4/CuS@NiFe LDH exhibits incomparable OWS activity, requir-
ing only 1.46V for Co3S4/CuS@NiFe LDH||Co3S4/CuS@NiFe LDH at
10 mA/cm?2, outdistancing that of CoCu LDH||CoCu LDH (1.63V),
C03S4/CuS||Co3S4/CuS (1.55V) and RuO,/Pt/C||RuO,/Pt/C (1.57V).
Meanwhile, Co3S4/CuS@NiFe LDH||Co3S4/CuS@NiFe LDH can main-
tain impressive performance even at high currents. Additionally,
the stability of the bifunctional electrocatalyst Co3S4/CuS@NiFe
LDH is tested using CP testing. Fig. 3k shows that the cell volt-
age of Co3S4/CuS@NiFe LDH||Co3S4/CuS@NiFe LDH remains almost
constant over 100 h, indicating its remarkable stability.

The performance of Co3S4/CuS@NiFe LDH electrocatalysts is
further evaluated in seawater to meet the demands of indus-
trial applications [64]. In Figs. 4a and b, the OER performance of
Co3S4/CuS@NiFe LDH in alkaline seawater is almost the same at
low current densities compared to the OER test results in 1 mol/L
KOH. There is only a difference of 18 and 33 mV between the two
at 100 and 300 mA/cm?2. Furthermore, the stability testing mani-
fests that the OER performance of Co3S4/CuS@NiFe LDH is essen-
tially unchanged for 100h, indicating that natural alkaline seawa-
ter has little effect on the OER performance of the electrocata-
lyst (Fig. 4c). Figs. 4d and e show that the HER performance of
Co3S4/CuS@NiFe LDH is slightly degraded owing to the presence
of CI~ and potential toxicity from other microorganisms in seawa-
ter [24]. And Co3S4/CuS@NiFe LDH still displays impressive perfor-
mance in the stability test of HER at 90 h (Fig. 4f).

To further investigate the performance of Co3S4;/CuS@NiFe
LDH in alkaline seawater for overall seawater splitting, the cat-
alyst is used for overall seawater splitting in alkaline seawater.
Co3S4/CuS@NiFe LDH also exhibits extraordinary overall seawater
splitting performance (Vi9=148YV, V50 =1.63V) (Figs. 4g and h).
The catalytic activity of Co3S4/CuS@NiFe LDH remains basically un-
changed in the long-term stability testing at 10mA/cm? in Fig.
4i. Additionally, the corrosion curves further confirm the excel-
lent catalytic performance and stability of Co3S4/CuS@NiFe LDH in
alkaline seawater (Fig. S19 in Supporting information). Compared
with the corrosion current values of CoCu LDH and CosS4/Cus,
Co3S4/CuS@NiFe LDH shows the lowest corrosion current density
(Icorr = 0.03648 mA/cm?), indicating that the introduction of NiFe
LDH is beneficial for mitigating the corrosion of the material in
alkaline seawater.

In summary, a 3D core-shell structure Co3S4;/CuS@NiFe LDH
nanocoral spheres electrocatalyst was successfully synthesized us-
ing a straightforward hydrothermal and electrodeposition process.
The interfacial synergistic effect among the three components of
Co3S4, CuS and NiFe LDH enhances the electronic interactions,
thereby accelerating the charge transfer during the electrochemi-
cal process. The doping of NiFe LDH significantly activates the lat-
tice oxygen in the hydroxyl oxides, leading to a shift of the OER
process from the AEM pathway to the LOM pathway, which im-
proves the intrinsic activity of the catalyst. In alkaline solution,
Co3S4/CuS@NiFe LDH exhibits remarkable performances for OER
(1100 =251 mV) and HER (1199 =254 mV) and maintaining stability
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Fig. 4. Catalytic performance of Co3S4/CuS@NiFe LDH in natural alkaline seawater for OER, HER and OWS: (a, d, g) LSV curves, (b, e) overpotential comparison charts, (h)

cell voltage comparison chart and (c, f, i) stability testing curves.

over a period of 100 h. Additionally, Co3S4/CuS@NiFe LDH also ex-
hibits excellent catalytic activity in natural alkaline seawater due
to the protective shell strategy of NiFe LDH that significantly im-
proves the corrosion resistance of the electrocatalyst. Although
the catalytic performance of Co3S4/CuS@NiFe LDH shows a slight
degradation for the OER, HER and OWS processes, an excellent sta-
bility of 100h is maintained. This work broadens the framework
for designing efficient and stable bifunctional catalysts using in-
terface engineering strategies and even demonstrates extraordinary
application potential in the field of overall seawater splitting.
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