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Iron-Cobalt Co-Doped Nickel Sulfides: A Robust
Electrocatalyst for High-Current-Density Seawater Splitting

You-li Sun, You-yi Sun, Yuxuan Zhang, Takeshi Yanagida,* Johnny C. Ho,* and SenPo Yip*

Nickel–iron-based sulfides have recently attracted considerable attention as
promising candidates for water oxidation. However, the high concentration of
chloride ions (Cl−) in seawater poses a major challenge, as they readily
corrode active sites and significantly compromise long-term durability. Most
nickel–iron-based sulfides suffer from poor stability under these conditions,
particularly at high current densities, which greatly hinders their practical
application in large-scale seawater electrolysis. In this study, an innovative
iron and cobalt co-doped nickel sulfide (NiFeCoS) electrode is introduced,
produced via a simple fabrication method, which effectively protects the
active sites from Cl− attack during alkaline seawater oxidation, even under
high current densities. The NiFeCoS catalyst exhibits remarkable stability,
maintaining stable performance for over 148 h at a current density of
1 A cm−2 in alkaline seawater electrolytes. In an alkaline electrolyte, it
achieves low overpotentials of 261, 312, and 342 mV to reach current
densities of 100, 500, and 1000 mA cm−2. This research presents a novel
approach for constructing NiFeCoS electrodes through a straightforward
two-step synthesis process, offering a promising and efficient strategy for
large-scale hydrogen production via seawater electrolysis.
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1. Introduction

The renewable energy sector is pivotal for
the sustainable advancement of human so-
ciety. Hydrogen, with its impressive en-
ergy density and environmentally benign
byproducts, has attracted substantial inter-
est worldwide.[1–4] However, traditional hy-
drogen production methods heavily rely on
fossil fuels, contradicting the fundamental
goal of fostering clean and pollution-free hy-
drogen energy. Electrochemical water split-
ting, powered by renewable sources, is rec-
ognized as a viable solution for generating
clean and sustainable hydrogen fuel on a
large scale, addressing both the global en-
ergy crisis and environmental concerns.[5–7]

Freshwater, constituting a mere frac-
tion of the Earth’s total water reserves,
is unevenly distributed and limited in
availability. Most current water electrol-
ysis processes depend on freshwater as
the primary electrolyte, raising concerns
about potential resource strain as hydro-
gen demand escalates.[8–10] Conversely, sea-
water, which comprises ≈96.5% of the

planet’s water resources, offers a more abundant and evenly
distributed alternative. Direct seawater electrolysis emerges as
an innovative industrial and large-scale hydrogen production
strategy.[9–12]

Despite its advantages, electrocatalytic seawater splitting faces
several challenges. The competition between the chlorine evo-
lution reaction (ClER) and the oxygen evolution reaction (OER)
in seawater electrolysis diminishes system efficiency due to the
high concentration of chloride ions (≈0.5 m) in seawater.[11–14]

Effective electrocatalytic seawater splitting necessitates anodes
with high oxygen evolution selectivity, particularly limiting the
OER overpotential to within 490 mV to prevent hypochlorite
formation.[15–18] Furthermore, the formation of insoluble precip-
itates likeMg(OH)2 and Ca(OH)2 on the electrode surface during
electrolysis reduces the active area for electrocatalysis, further im-
peding catalyst efficiency.[19]

The competitive interaction between ClER and OER in sea-
water electrolysis was first identified by Bennett, prompting nu-
merous researchers to explore practical strategies for preparing
electrocatalysts that exhibit high activity and stability for hydro-
gen evolution reactions (HER) and the OER.[20] Among vari-
ous electrocatalyst types, transition metal sulfides (TMSs) have
gained significant attention as promising candidates due to their
affordability, abundance, unique band structure, and excellent
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electrocatalytic properties.[21–25] Compared to transitionmetal ox-
ides, TMS-based materials generally offer superior electrical con-
ductivity, attributed to their smaller bandgap and semiconduct-
ing properties. 2D TMSs, in particular, boast a large specific
surface area, remarkable stability, and numerous exposed active
sites, resulting in exceptional catalytic performance for both the
HER and the OER.[23,26]

Moreover, unlike metal carbides and nitrides, which typi-
cally require complex high-temperature synthesis, and metal
phosphides, which often release toxic gases during produc-
tion, TMS materials can be synthesized under relatively mild
conditions.[27,28] Extensive research on various TMSs (such as
MoS2, Ni3S2, and FeS) has demonstrated their significant poten-
tial as catalysts for the OER and the HER. Through approaches
like surface engineering, phase structure control, and composi-
tion regulation, the activity of some TMS-based electrocatalysts
has approached that of noble metal catalysts.[29,30] Nevertheless,
challenges remain for the practical application of TMSs, includ-
ing their instability at oxidation potentials and inevitable conver-
sion into corresponding oxides or oxysulfides.[31] Moreover, stud-
ies validating their stability under high current density in saline
environments are scarce.
In this study, we introduce a novel corrosion-resistant NiFe-

CoS with a nanosheet morphology, synthesized on nickel foam
(NF) through a straightforward room-temperature process fol-
lowed by solvothermal treatment. The optimized catalyst requires
362 and 392 mV to achieve a current density of 1 A cm−2 in alka-
line saline and seawater electrolytes, respectively. It demonstrates
exceptional stability, with minimal degradation for over 100 h at
0.5 A cm−2 in alkaline seawater electrolytes. The incorporation
of Co species effectively tunes the local electronic structure of
Fe-doped Ni3S2 (NiFeS), significantly enhancing its resistance to
chloride-induced corrosion. Density functional theory (DFT) re-
sults reveal that Co species synergistically enhance the ionic se-
lectivity of the catalysts. This study offers a promising strategy for
designing highly efficient and stable TMS-based electrocatalysts
for industrial-scale alkaline seawater electrolysis.

2. Results and Discussion

2.1. Synthesis and Characterization of NiFeS and NiFeCoS
Nanosheets

NF was selected as the substrate due to its high electrical con-
ductivity, porous structure, and excellent resistance to sulfur-
containing solutions. Figure 1a presents a schematic illustra-
tion of the two-step synthesis method used to synthesize NiFeS
and NiFeCoS nanosheets on NF. The process involves first syn-
thesizing NiFe(Co) layered double hydroxide (NiFe(Co) LDH)
nanosheet arrays on NF at room temperature, followed by vul-
canization through a solvothermal process. The detailed proce-
dure was presented in the Experimental Section (Supporting In-
formation). As shown in Figure S2 (Supporting Information),
the photographic image shows changes in the surface color of
NF in each stage. The catalyst morphology was analyzed using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM images of NiFeCoS and NiFeS in
Figures 1b and S3b (Supporting Information) reveal that the NF
surface is coveredwith a layer of thin nanosheets arranged in neat

and uniform arrays. These nanosheet arrays provide a large sur-
face area and abundant active sites for water electrolysis, enhance
electrolyte dispersion, and facilitate bubble release.[32] Addition-
ally, the NiFeS nanosheets appear relatively thin (Figure S3b,
Supporting Information). With Co doping, the thickness of the
nanosheets increases (Figure 1b), indicating that Co influences
the morphology of the nanosheet structure. Further structural
characterization was conducted using TEM imaging of the NiFeS
and NiFeCoS. Figure 1c,f show that NiFeS and NiFeCoS main-
tain a stacked nanosheet structure. The standard lattice spacings
of the (003) and (202) crystal planes of Ni3S2 (PDF#44-1418) are
0.238 and 0.204 nm, respectively. Due to the Fe doping, the lattice
of Ni3S2 becomes smaller after the formation of NiFeS.[33] High-
resolution TEM (HR-TEM) imaging revealed lattice spacings of
0.235 and 0.203 nm, corresponding to the (003) and (202) crystal
planes of Ni3S2 (Figure 1d). With the co-introduction of Co and
Fe atoms, the HR-TEM imaging revealed further reduced lattice
spacings of 0.232 and 0.200 nm, corresponding to the (003) and
(202) crystal planes of Ni3S2 (Figure 1g).

[33,34] The well-resolved
lattice fringes of the samples were presented in Figures S4 and
S5 (Supporting Information). The lattice distortion was further
confirmed by selected area electron diffraction (SAED) patterns
(Figure 1e,h). Figure 1e displays typical diffraction patterns in-
dexed to the (003), (022), (133), and (040) planes of NiFeS, while
Figure 1h shows diffraction rings indexed to the (003), (022),
(133), and (040) planes of NiFeCoS. These patterns alignwell with
the obtained X-ray diffraction (XRD) patterns (discussed later).
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images, combined with the energy
dispersive spectroscopy (EDS) analysis mapping, revealed a ho-
mogeneous distribution of Fe, Ni, Co, and S elements (Figures 1i;
S3c, Supporting Information). EDS results further indicate that
the atomic ratio of Ni, Fe, and Co in the prepared NiFeS andNiFe-
CoS nanosheet arrays is 21:1 and 36:2:1, respectively (Table S1,
Supporting Information). The ICP-OES results quantitatively dis-
play the elemental ratios of the two sulfides (Table S2, Support-
ing Information). The ratios of the Fe/Co are consistent with the
TEM-EDX results.
The crystal structure of the samples was further analyzed us-

ing XRD. As shown in Figure S6 (Supporting Information), the
diffraction peaks of the as-synthesized NiFe LDH closely match
the standard XRD patterns of NiFe LDH (PDF#49–0188). Upon
the introduction of Co atoms, the intensity of the diffraction
peaks significantly decreases, indicating the successful forma-
tion of NiFeCo LDH nanosheets on the NF surface and a reduc-
tion in the crystallinity of the NiFeCo LDH nanosheets.[33] Based
on the standard diffraction pattern of Ni3S2 (PDF#44-1418), the
characteristic peaks at 31.10°, 37.78°, 49.73°, 50.12°, and 55.16°

correspond to the (110), (003), (113), (211), and (122) crystal
planes of Ni3S2, respectively. For the as-synthesized NiFeS, the
diffraction peaks at 32.17°, 38.20°, 51.21°, 51.28°, and 56.38° cor-
respond to the (110), (003), (113), (211), and (122) crystal planes.
Introducing Fe decreases the intensity of diffraction peaks, sug-
gesting increased lattice disorder.[33,35] Furthermore, with the in-
troduction of Co, the diffraction peaks of the NiFeCoS at 32.37°,
51.37°, 51.46°, and 56.57° correspond to the (110), (113), (211),
and (122) crystal planes. A significant rightward shift in the
diffraction peaks is observed with the introduction of Co, at-
tributed to the smaller atomic radius of Co2+ than Ni2+, which
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Figure 1. Microstructures of NiFeS and NiFeCoS. a) Schematic illustration of the synthesis process of NiFeCoS. b) FE-SEM image of NiFeCoS. c,f) TEM
images of NiFeS and NiFeCoS. d,g) HR-TEM images of NiFeS and NiFeCoS (insets: lattice fringes corresponding to the (003) and (202) facets). e,h)
SAED patterns of NiFeS and NiFeCoS (the scale bars in e and f are 5 nm−1). i) HAADF-STEM image and corresponding element mappings of NiFeCoS.

induces a change in the diffraction peaks.[33–35] These XRD re-
sults align with the TEM observation, confirming that the incor-
poration of Co induces lattice distortion.
X-ray photoelectron spectroscopy (XPS) was performed to ana-

lyze the surface chemical composition and valence states. In the
high-resolution spectrum of Ni 2p (Figure 2b), two characteris-

tic peaks at 855.2 and 873.1 eV correspond to Ni 2p3/2 and Ni
2p1/2 of theNiFeS sample.[36] UponCo incorporation, these peaks
shift slightly to 855.9 and 873.4 eV, indicating a positive shift. The
high-resolution XPS spectrum of Fe 2p (Figure 2c) shows the two
peaks at 725.5 and 711.7 eV in NiFeS, corresponding to Fe 2p1/2
and Fe 2p3/2, respectively.

[37] With the introduction of Co, the Fe
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Figure 2. Crystal structure and surface chemical states characterization. a) XRD patterns of NiFeS and NiFeCoS. High-resolution XPS spectra of b) Ni
2p, c) Fe 2p, d) Co 2p, and e) S 2p of NiFeS and NiFeCoS. f) Schematic illustration of the electronic interactions in NiFeCoS catalyst and the orbital
splitting of Ni 3d.

2p1/2 peak exhibits a slightly negative shift of 0.5 eV. Notably, the
peak area ratios of Ni2+/Ni3+ and Fe2+/Fe3+ for the NiFeS electro-
catalyst are larger than those of the NiFeCoS electrocatalyst (Table
S6, Supporting Information), indicating that Ni2+/Fe2+ are trans-
formed into Ni3+/Fe3+ species with the Co doping.[38] Co doping
also induces a significant shift in the S spectrum, suggesting that
Co modifies the electronic structure of Ni, Fe, and S.[39] Ni 2p
and Fe 2p peaks shift toward higher binding energy, indicating
the increased valence states of both Ni and Fe species for NiFe-
CoS. The combined XRD and XPS results confirm the formation
of Co─S─Ni bonds in the NiFeCoS catalyst. A structural illustra-
tion of the Co─S─Ni unit is provided in Figure 2f, highlighting
the electronic interactions among Ni, S, and Co atoms. Here, the
S atoms in the Co─S─Ni bond create an efficient electron trans-
fer channel from Ni to Co, driven by their complementary orbital
occupancy and diverse valence states. Specifically, Ni2+ species
(t2g

6eg2), with fully occupied and 𝜋-symmetric (t2g) orbitals, in-
teract with the S atom due to strong electron–electron repulsion

between Ni and Co. In contrast, the electron-deficient Co3+/Co2+

species possess partially filled t2g d-orbitals, enabling strong or-
bital coupling with S. This asymmetry facilitates spontaneous
electron transfer fromNi to Co via S, inducing an orbital electron
equilibrium that optimizes the electronic structure. As a result,
the adsorption of OER intermediates is improved, enhancing ion
selectivity and overall catalytic performance.

2.2. OER Performance of NiFeS and NiFeCoS Nanosheets in
Alkaline Saline Medium at High Current Density

The hydrophilicity of the electrode plays a critical role in water
splitting. Therefore, the water contact angle of NiFeS and NiFe-
CoS was studied and shown in Figure S8 (Supporting Informa-
tion), demonstrating the good hydrophilicity of NiFeS and NiFe-
CoS. After that, the electrocatalytic performance of the NiFeS
and NiFeCoS catalysts for the OER was evaluated in 1.0 m KOH
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Figure 3. Electrocatalytic properties were characterized in an alkaline electrolyte. a–d) LSV curves, overpotentials, Tafel plots, and EIS curves of NiFeS,
NiFeCoS, NiFe LDH, and NiFeCo LDH electrodes in 1.0 m KOH. e) LSV curves of NiFeS, NiFeCoS, NiFe LDH, and NiFeCo LDH electrode in alkaline
saline electrolyte. f) Polarization curves for NiFeS, NiFeCoS, NiFe LDH, and NiFeCo LDH electrode. g) Chronopotentiometry test of NiFeS and NiFeCoS
electrode at 1 A cm−2 without ohmic compensation. h) LSV curves of NiFeCoS electrode before and after 100 h of operation.

solution, leveraging their nano-porous structures. The iR-
corrected OER polarization curves were measured using a three-
electrode system, with a Hg/HgO electrode as the reference elec-
trode, a graphite rod as the counter electrode, and the fabricated
electrocatalyst on NF as the working electrode. Linear sweep
voltammetry (LSV) curves of different electrocatalysts (Figure 3a)
were measured with a scan rate of 5 mV s−1 at room temper-
ature. Among the tested samples, the NiFeS and NiFeCoS ex-
hibit the best OER activities, achieving overpotentials of 260 and
261 mV at a current density of 100 mA cm−2, respectively. This
performance surpasses that of NiFe LDH and NiFeCo LDH. The
NiFeS showed superior OER performance, requiring ultralow
overpotentials of 260, 309, and 332 mV to reach current densi-
ties of 100, 500, and 1000mA cm−2, respectively. These values are
slightly smaller than NiFeCoS (261, 312, and 342mV), and signif-
icantly smaller than those of NiFe LDH (261, 315, and 348 mV),
and NiFeCo LDH (265, 323, and 361 mV) under the same cur-
rent densities (Figure 3b). The nickel component is known to

serve as an active site in the OER process.[40] With the introduc-
tion of Co, some Ni sites are replaced (Tables S1 and S2, Sup-
porting Information), potentially reducing the number of active
sites. This accounts for the slightly higher overpotential of NiFe-
CoS compared to NiFeS. Tafel plots were derived from the cor-
responding polarization curves to assess the OER reaction kinet-
ics and catalytic performance. As shown in Figure 3c, NiFeS ex-
hibited the smallest Tafel slope (35.81 mV dec−1), followed by
NiFeCoS (36.20 mV dec−1), NiFe LDH (40.12 mV dec−1), and
NiFeCo LDH (46.12 mV dec−1). This indicates faster reaction ki-
netics for NiFeS and NiFeCoS, attributed to their enhanced ad-
sorption and desorption of oxygenated intermediates.[29] Electro-
chemical impedance spectroscopy (EIS) was employed to evalu-
ate the charge transfer behavior of the electrodes. The Nyquist
plots are shown in Figure 3d. The charge transfer resistance of
NiFeS is determined to be ≈0.48 Ω, slightly smaller than that of
NiFeCoS (0.51 Ω), indicating more efficient charge transfer for
NiFeS.
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Figure 4. Electrocatalytic properties characterized in an alkaline seawater electrolyte. a,b) LSV curves and overpotentials of NiFeS, NiFeCoS, NiFe LDH,
and NiFeCo LDH electrodes. c) Polarization curves for NiFeS and NiFeCoS. d) Chronopotentiometry test of NiFeS and NiFeCoS electrode at 0.5 A cm−2

without ohmic compensation. e) LSV curves of NiFeCoS electrode before and after 100 h of operation under 0.5 A cm−2.

Building on the outstanding performance of NiFeS and NiFe-
CoS in alkaline water, OERmeasurements were extended to alka-
line simulated seawater (1.0 m KOH+ 0.5 mNaCl) to evaluate the
robustness in saline environments. As shown in Figure 3e, the
NiFeS showed ultralow overpotentials of 250, 300, and 330 mV
in alkaline saline solution at current densities of 100, 500, and
1000 mA cm−2, respectively. NiFeCoS also demonstrates remark-
able OER activity under the same conditions, achieving over-
potentials of 261, 327, and 362 mV at the same current densi-
ties. To further investigate corrosion resistance in the alkaline
saline environment, the corrosion behaviors of the related cat-
alysts were assessed in the same electrolyte (1.0 m KOH + 0.5 m
NaCl). The corrosion voltage follows the order: NiFeCoS (0.323 V
vs Hg/HgO) > NiFeCo LDH (−0.288 V vs Hg/HgO) > NiFeS
(−0.564 V vs Hg/HgO) > NiFe LDH (−0.661 V vs Hg/HgO), as
shown in Figure 3e and Table S7 (Supporting Information). The
results confirm that Co doping significantly enhances the corro-
sion resistance of NiFeS in saline water electrolysis. Moreover,
NiFeCoS exhibits excellent stability in alkaline saline environ-
ments (Figure 3f), demonstrating minimal performance degra-
dation after 100 h of operation at a current density of 1 A cm−2

(Figure 3g). NiFeS can only sustain operation for less than 7 h un-
der the same conditions. After 100 h of operation, the appearance
of the material remains intact, as shown in the Figure 3g insert,
and the poststability-test LSV curve (Figure 3h) overlaps with the
original curve, showing only an 8mV increase in overpotential at
a commercialized current density of 0.5 A cm−2. This highlights
the superior resistance to chloride-induced corrosion. To further
examine its Cl− corrosion resistance, a comparative electrolytic

lifespan test was conducted for NiFeS andNiFeCoS in 1.0 mKOH
+ 1.0 m NaCl, which represents a higher chloride concentration
than in our prior experiments, at a current density of 1 A cm−2, as
shown in Figure S11 (Supporting Information). NiFeCoS demon-
strates a stable operation for over 20 h, whereas NiFeS exhibits
significant fluctuations, indicating minimal performance degra-
dation of NiFeCoS. The experimental results confirm the excel-
lent OER selectivity and corrosion resistance of NiFeCoS in saline
water oxidation.

2.3. OER Performance of NiFeS and NiFeCoS Nanosheet in
Alkaline Seawater Medium at High Current Density

Building on the excellent performance of NiFeS and NiFeCoS
nanosheet arrays in alkaline simulated seawater, their catalytic
activity for OER was further evaluated in alkaline natural seawa-
ter (1.0 m KOH + seawater). As shown in Figure 4a,b, NiFeS
and NiFeCoS exhibit remarkable OER activity in this environ-
ment, achieving a current density of 500 mA cm−2 at overpoten-
tials of 332 and 349 mV, respectively. These values are signifi-
cantly lower than those of NiFe LDH (365 mV) and NiFeCo LDH
(410 mV). The corrosion resistance of these catalysts in alkaline
seawater was also investigated. The corrosion potential follows
the order as shown in Figure 4c and Table S7 (Supporting Infor-
mation): NiFeCoS (0.341 V vs Hg/HgO) > NiFeS (−0.327 V vs
Hg/HgO). Co-doping significantly enhances its corrosion resis-
tance, demonstrating superior robustness for seawater electrol-
ysis. Chronopotentiometry measurements further highlight the

Adv. Funct. Mater. 2025, e17978 © 2025 Wiley-VCH GmbHe17978 (6 of 11)

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 5. Overall water splitting. a) Schematic representation of the overall water splitting process, b) LSV curves of NiFeCoS electrode for the HER.
c) Comparisons of NiFeS and NiFeCoS electrodes regarding OER and HER performance. d) Polarization curves of NiFeCoS ‖ NiFeCoS in 1 m KOH +
seawater. e) Chronopotentiometry curve of NiFeCoS ‖ NiFeCoS under the corresponding potential at 1 A cm−2 for 148 h in alkaline natural seawater.

outstanding electrochemical stability of NiFeCoS nanosheets at
0.5 A cm−2(Figure 4d). After 100 h of electrolysis, NiFeCoS shows
a slight change in overpotential, whereas NiFeS exhibits signifi-
cant decay within 10 h of operation (Figure 4d). The LSV curve
forNiFeCoSmeasured after the durability test (Figure 4e) showed
a notable increase in overpotential. The surface condition of the
poststability test electrocatalyst was examined using SEM-EDS,
revealing signals of Ca and Mg (Figure S12b, Supporting Infor-
mation). Calcium and magnesium are commonly found in sea-
water, and the deposition of the related hydroxide, which covers
the active sites on the surface, is one of the reasons for the perfor-
mance degradation. The electrochemical performance of NiFe-
CoS was compared with previously reported materials (Tables
S8–S11, Supporting Information), showing its superior perfor-

mance and stability. Furthermore, the reaction selectivity was as-
sessed by monitoring the concentration of ClO− ions, which may
form due to competitive ClER during seawater electrolysis. Us-
ing a colorimetric method based on ISO 7393-2:2017, no charac-
teristic absorption peak of the Würster dye was observed in the
UV–Vis absorption spectra even after 100 hwith 1 A cm−2 (Figure
S14, Supporting Information), confirming the excellent selectiv-
ity of NiFeCoS during the OER process in natural seawater with-
out ClO− formation.
The overall seawater-splitting performance of NiFeCoS in alka-

line seawater was further evaluated (Figure 5a). Initially, the HER
performance of NiFeCoS was investigated. NiFeCoS presents
HER overpotentials of 300, 292, and 280 mV at a current den-
sity of 100 mA cm−2 in alkaline water, alkaline saline water,
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Figure 6. Crystal structure and surface chemical states characterization after stability test. a) XRD patterns of NiFeS and NiFeCoS after operation at
1 A cm−2. XPS spectra b) Ni, c) Fe, d) Co, e) O, and f) Cl of NiFeCoS after 20 h of operation at 1 A cm−2 in the alkaline saline electrolyte, g) normalized
XANES Ni K−edge spectra, h) Fourier-transform Ni K−edge EXAFS spectra, and i) wavelet transform contour plots of Ni of NiFeS and NiFeCoS after
20 h of operation at 0.5 A cm−2 in the alkaline saline electrolyte.

and alkaline natural seawater, respectively. Figure 5c compre-
hensively compares the HER, OER performance, and stability
of NiFeS and NiFeCoS in different electrolytes. Based on its ex-
cellent HER and OER performance in alkaline seawater, a two-
electrode configuration employing NiFeCoS as both cathode and
anode was assembled for performance investigation. The LSV
curves for NiFeCoS(−)//NiFeCoS(+) in alkaline saline water and
alkaline natural seawater are shown in Figure 5d. To achieve cur-
rent densities of 100 and 500 mA cm−2 in alkaline saline wa-
ter, the NiFeCoS(−)//NiFeCoS(+) catalytic cell required cell volt-
ages of 1.774 and 1.899 V, respectively, demonstrating excellent
bifunctional activity. Similarly, in alkaline seawater, the cell re-
quired slightly higher cell voltages of 1.778 and 1.904 V to achieve
the current densities of 100 and 500 mA cm−2, highlighting the
outstanding seawater-splitting activity of NiFeCoS. The stability
of NiFeCoS for overall alkaline seawater splitting was examined
under a high current density of 1 A cm−2 (Figure 5e). Remark-

ably, the electrocatalytic cell maintained a stable performance
for 148 h, showcasing its long-term durability. Furthermore, gas
analysis of the collected gases generated from the anode and cath-
ode confirmed that only O2 and H2 were detected (Figure S16,
Supporting Information), with no other undesirable gaseous by-
products observed under the applied conditions. The experimen-
tal results highlight the potential of NiFeCoS nanosheets as in-
dustrial electrocatalysts for efficient and stable freshwater and
seawater splitting, particularly at high current densities.
To investigate the activity and stability origin of NiFeCoS, XRD

and XPS analyses were performed to examine the NiFeS and
NiFeCoS after OER stability tests at 1 A cm−2. XRD patterns
(Figure 6a) revealed that both catalysts underwent a phase trans-
formation from metal sulfides into metal oxides/hydroxides.[41]

NiFeS showed a stronger Ni and Fe oxide peak after 9 h of
operation, indicating a higher degree of oxidation. In contrast,
the Ni and Fe oxide peak for NiFeCoS was significantly weaker,
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demonstrating that the incorporation of Co species effectively
mitigatesmaterial oxidation during electrolysis. XPS analysis fur-
ther confirmed these findings by characterizing surface chemi-
cal compositions and valence states. The high-resolution Ni 2p
spectrum (Figure 6b) of NiFeCoS displayed peaks at 854.0 and
872.1 eV for Ni 2p3/2 and Ni 2p1/2,

[27] while Fe 2p peaks at
721.0 and 710.2 eV corresponded to Fe 2p1/2 and Fe 2p3/2.

[29]

The Co 2p spectrum (Figure 6c) of NiFeCoS showed peaks at
778.1 and 794.6 eV for Co 2p1/2 and Co 2p3/2.

[33] In the O 1s
spectrum (Figure 6e), the peaks can be attributed to M─OH
and M─O groups, indicating the formation of metal hydroxide
species (NiFeCoOOH).[42] Notably, the Cl 2p spectrum (Figure 6f)
showed no chlorine signal after the stability test, highlighting the
excellent ion selectivity of NiFeCoS during OER in alkaline saline
water. Additionally, the S 2p spectrum indicated the presence of
a small sulfur peak on the surface of NiFeCoS even after 20 h
at 1 A cm−2 (Figure S17, Supporting Information). Whereas no
sulfur peak was observed in NiFeS after 12 h at 300 mA cm−2

(Figures S18 and S19, Supporting Information), confirming that
Co doping significantly slows metal sulfide oxidation. X-ray ab-
sorption spectroscopy (XAS) was conducted to further elucidate
the electronic structure evolution induced by Co doping after the
stability test. As shown in Figure 6g, the Ni K-edge X-ray ab-
sorption near-edge structure (XANES) spectra of post-stability-
test NiFeS and NiFeCoS reveal distinct differences. Compared
with NiFeS, the absorption edge of NiFeCoS exhibits a slight blue
shift toward higher energy, indicating that the Ni species in NiFe-
CoS attain a higher valence state after the OER stability test due to
Co incorporation.[34,43] Meanwhile, the enhanced white-line peak
intensity in NiFeCoS suggests a decrease in the occupancy of Ni
3d orbitals, which can be attributed to electron transfer from Ni
to Co.[35] Furthermore, the Fourier-transformed EXAFS spectra
(Figure 6h) and the corresponding wavelet transform (WT) plots
of Ni (Figure 6i) provide additional evidence that Co doping alters
the local coordination environment around the Ni.[36,44] The ad-
vantages of doping processes mainly lie in their ability to signifi-
cantly improve the electrical, magnetic, and optical properties of
materials, which have been widely studied and are one of the pri-
mary methods for modifying high-performance materials.[29] In
the reported study, theoretical calculations verified that the dop-
ing of V, Co, and Ir in the NiS2 system significantly enhances the
binding strength of sulfur atoms on the catalyst surface. The the-
oretical electric potential of the sulfide oxidation reaction (USOR)
and the difference between the theoretical electric potential of the
sulfide oxidation reaction(ΔU) represented the initiation electric
potential of reconstruction and the intrinsic reconstruction abil-
ities of metal sulfides. With the doping of V, Co, and Ir of pyrite-
type NiS2, the USOR shows a larger potential, and theΔU shows a
bigger value during OER.[45] Therefore, doping can enhance the
resistance to reconstruction of material and stabilize the phases
after reconstruction, while simple composites, due to weaker in-
teratomic forces, exhibit a pronounced tendency toward struc-
tural reconstruction. Sun et al.[29] experimentally demonstrated
that doping with cobalt can regulate the electronic structure of
nickel sulfide. Co-doped Ni3S2 exhibits excellent corrosion resis-
tance. After operating at high current density for 50 h, it still
demonstrates outstanding catalytic performance. In our experi-
ments, we found that NiFeCoS exhibits excellent dynamic and
thermodynamic stability (Figure 6a), indicating that Co doping

plays a critical role in slowing down metal sulfide oxidation and
stabilizing the highly active Ni(Fe)OOH structure in the OER re-
action kinetics.[29]

3. Theoretical Calculation

For the sake of further exploring the mechanism of enhanced
resistance to Cl− corrosion by Co species, density functional the-
ory (DFT) calculations were carried out. The structural models of
NiFeS and NiFeCoS are depicted in Figure S20 (Supporting In-
formation). Figure 7a,b presents the charge distribution of NiFeS
and NiFeCoS with Cl− adsorption. NiFeS exhibits a stronger elec-
tronic interaction with Cl−, showing amore pronounced electron
cloud. In contrast, introducing Co into the NiFeS system results
in a diminished electron cloud in NiFeCoS, suggesting weaker
Cl− adsorption. Figure 7c further reveals that Ni and Fe sites be-
come more stable after introducing Co, indicating that Co effec-
tively stabilizes the NiFeS system, consistent with the experimen-
tal results. Additionally, Figure 7d shows the calculated Cl− and
OH− adsorption energies to support this conclusion. The Cl− ad-
sorption energy on NiFeS is −2.523 eV, while it is increased to
−2.178 eV onNiFeCoS. In contrast, OH− adsorption strengthens,
decreasing the energy from −2.923 eV on NiFeS to −3.862 eV on
NiFeCoS. NiFeCoS shows a more positive Cl− adsorption energy,
suggesting that the doping of Co could effectively weaken the ad-
sorption of Cl− on the surface of the material and improve the
ion selectivity in the OER, which is beneficial for the OER and
for resisting chloride-induced corrosion. Total density of states
(TDOS) analysis (black curve) shows that NiFeS and NiFeCoS ex-
hibitmetallic character, with substantial electronic states near the
Fermi level, as shown in Figure 7e,f. From the projected density
of states (PDOS), the Ni-d orbitals are identified as the primary
contributors to electronic conduction, particularly in the range of
−3 to +1 eV, near the Fermi level. Fe-d orbitals also contribute
significantly within the same energy range, though to a slightly
lesser extent. After Co-doping, the Co-d orbitals participate in
conduction as well, complementing the electronic structure of
NiFeS. In contrast, the S-p orbitals are mostly distributed from
−6 to −3 eV and contribute predominantly to the valence band,
with minimal contribution near the Fermi level. Overall, the in-
troduction of Co not only enhances the structural stability of the
NiFeS catalyst but also improves ion selectivity by weakening Cl−

adsorption, thus mitigating Cl−-induced corrosion and enhanc-
ing the long-term durability of the material in Cl−-containing
electrolytes.

4. Conclusion

In summary, the NiFeCoS electrode was successfully synthesized
on NF using a straightforward room-temperature technique fol-
lowed by a solvothermal sulfurization process. Both experimental
and theoretical analyses demonstrate that the Fe and Co co-doped
Ni3S2 exhibits remarkable bifunctional electrocatalytic activity
and exceptional stability under high current densities in both al-
kaline media and seawater environments, achieving overpoten-
tials of 261 and 270 mV, respectively, to sustain a current density
of 100mA cm−2. Moreover, the NiFeCoS electrode showcases im-
pressive performance at elevated current densities, maintaining
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Figure 7. DFT calculations. a,b) The charge density difference of NiFeS and NiFeCoS. Note that the gray, brown, blue, yellow, and green spheres corre-
spond to Ni, Fe, Co, S, and Cl atoms. c) formation energy of NiFeS and NiFeCoS, d) adsorption energies with Cl− and OH−. e,f) TDOS and PDOS of
NiFeS and NiFeCoS, the s, p, and d orbitals represented by red, green, and blue.

stability for 148 h. Incorporating cobalt optimizes the electronic
configuration of nickel, iron, and sulfur elements, effectively de-
celerating the oxidation rate and enhancing the stability of metal
hydroxides during the oxygen evolution reaction in seawater. This
study introduces a novel approach for the design and synthesis of
advanced multiphase nanocomposites, paving the way for their
application in seawater electrolysis.
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