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ABSTRACT

The instability of transition metal sulfides (TMSs) electrocatalysts poses challenges in seawater splitting,
particularly in the oxygen evolution reaction (OER). Lattice strain is an effective strategy to enhance the per-
formance of TMSs. In this work, a lattice-strained NisS> (NiFeCoS-LS) was synthesized via a facile room-
temperature strategy, where the effective incorporation of Fe and Co induces substantial lattice strain that
significantly improves the resistance to Cl--induced corrosion during alkaline seawater oxidation. As a result, the
NiFeCoS-LS catalyst exhibits exceptional long-term stability, maintaining stable performance for over 300 h at a
current density of 0.5 A cm™2 in alkaline seawater electrolysis. In contrast, the hydrothermally synthesized
NiFeCoS (NiFeCoS-HT), which lacks lattice strain, exhibits significantly reduced stability. The enhanced per-
formance arises from the improved thermodynamic stability of NisSz induced by lattice strain, which reinforces
its structural robustness under operating conditions. Supported by theoretical calculations, the reconstruction
and corrosion resistance behavior of NiFeCoS-LS were further elucidated. This work provides mechanistic in-

sights into designing corrosion-resistant TMS-based electrocatalysts for effective seawater electrolysis.

1. Introduction

Electrocatalytic water splitting powered by renewable energy sour-
ces, such as solar and wind energy, stands out as a practical and envi-
ronmentally friendly approach [1-4]. Most hydrogen production via
water electrolysis relies on ultra-high-purity water as the electrolyte
feedstock, posing significant challenges, particularly in regions with
limited freshwater availability. Thus, direct seawater electrolysis has
attracted increasing attention as a promising strategy for hydrogen
production in arid regions [5-8]. However, this process faces significant
challenges due to the high concentration of inorganic ions, such as Ca*,
Mg2+, and CI- in seawater [9,10]. These ions can deactivate electro-
catalysts over time, and the aggressive Cl™ ions can trigger the unwanted

chlorine evolution reaction (CER), which competes with the OER at the
anode, thereby impeding efficient hydrogen generation [5]. As a result,
these challenges significantly hinder the practical feasibility and
large-scale commercialization of seawater electrolysis technologies.

To overcome these challenges, it is crucial to develop robust elec-
trocatalysts that offer high selectivity, strong corrosion resistance, and
long-term stability in seawater environments. Although noble metal-
based catalysts like Ir and Ru show excellent activity for both the
hydrogen evolution reaction (HER) and OER, their effectiveness in
seawater is severely hindered by Cl- poisoning and corrosion [11,12].
Moreover, their scarcity and high cost limit their applicability for
large-scale applications. As a result, there is growing interest in
non-precious transition metals such as Ni, Fe, Co, Cu, Cr, and Mo, which
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have been integrated into a variety of catalytic systems, including hy-
droxides, oxides, nitrides, sulfides, phosphides, as well as alloys. Sub-
stantial progress has been made, with excellent performance achieved in
various transition metal-based seawater splitting systems [13,14],
through strategies such as intrinsically “chlorophobic” electrocatalysts
[15,16], Cl-repelling/blocking layers [17-19], and self-reconstructing
electrocatalysts [17,18], which demonstrating promising results.

Among the various categories of electrocatalysts, transition metal
sulfides (TMSs) have garnered significant attention due to their facile
synthesis, natural abundance, unique electronic structures, and excel-
lent electrocatalytic activity [7,20]. Various synthetic strategies have
been developed, and the sulfurization of metal precursors is one of the
most widely used methods [21]. This approach can preserve the original
morphology of the precursor, such as nanowires, nanosheets, or porous
structures, thereby enhancing the surface area and maximizing the
exposure of active sites, which is beneficial for electrocatalytic appli-
cations [7,22]. Their application in seawater splitting has also been
widely explored, and despite their excellent performance, their stability
under harsh, high-current-density conditions remains one of the most
critical challenges for large-scale applications [7,23]. During operation,
metal sulfides undergo surface reconstruction into oxyhydroxides under
anodic conditions. Meanwhile, the high concentration of Cl- (~0.5 M) in
seawater can infiltrate defective or non-uniform oxide layers, accelerate
localized corrosion, and destabilize the partially oxidized surface layer.
Under high-current-density conditions, such continuous reconstruction
leads to material loss, cracking, and detachment of the catalyst layer
[24]. Therefore, strategies to improve structural stability and corrosion
resistance are urgently needed. Strategies like lattice strain engineering
[25-27], heterointerface engineering [10,28], defect introduction [29],
and multiphase composite hybridization [7,30] are widely explored to
enhance electrocatalytic performance. Among them, lattice strain en-
gineering is widely employed to modulate the physical and chemical
properties of inorganic materials [31,32]. In practice, compressive strain
shortens the interatomic distance, enhances orbital overlap, and
strengthens chemical bonding, thereby improving the stability of the
material [32].

Here, NiFeCoS is used as a model system to investigate how lattice
strain can greatly enhance the stability of seawater electrolysis under
high-current-density conditions. In this work, lattice-strained NiFeCoS
(NiFeCoS-LS) was synthesized in situ on nickel foam (NF) substrates
through sulfurization of metal layered double hydroxide (MLDH) pre-
cursor using a room-temperature soaking method. Compared with the
hydrothermally synthesized NiFeCoS (NiFeCoS-HT), NiFeCoS-LS ex-
hibits remarkable oxidation resistance and thermodynamic robustness,
maintaining superior stability at commercial current density of
0.5 A cm™ in a saline environment, significantly outperforming
NiFeCoS-HT. Density functional theory (DFT) calculations further reveal
that the reconstructed structure synergistically enhances the ionic
selectivity of the catalyst. This study presents a lattice-strain engineering
strategy to enhance the durability of NiFeCoS for alkaline seawater
electrolysis, and provides valuable guidance for the development of
high-performance materials for high-current-density seawater splitting.

2. Experimental section
2.1. Synthesis of NiFeCo LDH

Before material synthesis, NF (1 x 3 cm) was soaked in 2 M HCI
under sonication for 20 min to remove the surface oxides, followed by
rinsing with deionized (DI) water. To prepare the NiFeCo LDH precursor
solution, 60 mg of Fe(NOs)s-9H20 and 80 mg of Co(NOs)2-6H20 were
dissolved in a mixture of 15 mL of DI water and 5 mL of ethanol. The pre-
treated NF was immersed in the solution and left undisturbed for 24 h at
room temperature. Afterward, the sample was removed, rinsed, and
dried to obtain NiFeCo LDH [33].
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2.2. Synthesis of hydrothermally synthesized NiFeCo LDH (NiFeCo LDH-
HT)

NiFeCo LDH-HT was synthesized by a hydrothermal method. Spe-
cifically, 0.3 g of Ni(NOs)2-6H20, 0.1 g of Fe(NOs)s-9H20, 0.1 g of Co
(NO3)2:6H-20, 0.3 g of CO(NH>)2 (urea), and 0.1 g of KCl were dissolved
in 20 mL of DI water. The pre-treated NF was immersed in the solution,
and the mixture was sealed in a Teflon-lined stainless steel autoclave and
maintained at 120 °C for 6 h. After cooling to room temperature, the NF
was removed, washed thoroughly with DI water, and dried to obtain
NiFeCo LDH-HT.

2.3. Synthesis of NiFeCoS-LS

NiFeCoS-LS was prepared by sulfurization. The as-synthesized
NiFeCo LDH was dispersed in 50 mL of DI water together with 168 mg
of NazS. After stirring for 30 min to obtain a uniform suspension, the
mixture was transferred to a Teflon-lined reactor and heated at 120 °C
for 3 h. After cooling to room temperature, the sample was washed with
DI water and dried to obtain NiFeCoS-LS [33].

2.4. Synthesis of NiFeCoS-HT

NiFeCoS-HT was synthesized by hydrothermal sulfurization of the
NiFeCo LDH-HT precursor. In a typical procedure, NiFeCo LDH-HT was
placed into a Teflon-lined stainless steel autoclave containing 168 mg of
NazS dissolved in 50 mL of DI water. The mixture was then heated at 120
°C for 6 h. After cooling to room temperature, the product was collected,
washed with DI water several times, and dried to obtain NiFeCoS-HT
[34,35].

2.5. Electrochemical measurements

Electrochemical measurements were performed using a Gamry
5000 P electrochemical workstation with a three-electrode system.
Linear sweep voltammograms (LSVs) were obtained at a scan rate of
10 mV s~!. The system employed a graphite rod, a Hg/HgO electrode,
and a NF coated with the catalyst as the counter, reference, and working
electrodes, respectively. Electrochemical impedance spectroscopy (EIS)
measurements were performed over a frequency range of 20 kHz to
0.01 Hz at 1.45 V vs. RHE with an amplitude of 10 mV. Long-term
durability was assessed using chronopotentiometry measurements in
alkaline saline and alkaline seawater. The overall water splitting per-
formance was evaluated using a two-electrode configuration with a
PMX18-2A system (Kikusui Electric Industries Co., Ltd.). The conversion
of the working potential to the reversible hydrogen electrode (RHE)
scale is expressed by the equation: Egyg =
-+ 0.098 + 0.059 x pH.

Eng/Hgo

2.6. Materials characterization

Surface morphology and elemental information were acquired from
a field-emission scanning electron microscope (FE-SEM, JEOL) equipped
with energy-dispersive spectroscopy (EDS, JED-2300). Transmission
electron microscopy (TEM) images were collected using a Thermo Fisher
STEM. X-ray diffraction (XRD) analysis was conducted to determine the
crystal structure of the catalysts using a SmartLab (Rigaku Co., Ltd.),
which was equipped with Cu Ka radiation (A = 1.5406 A) at a scanning
step of 2° min~!. X-ray photoelectron spectroscopy (XPS, EscaLab Xi™)
was conducted to investigate the surface chemical states of the catalysts.
An Avio 220 Max inductively coupled plasma optical emission spec-
trometer (ICP-OES) was used to analyze the elemental composition of
the samples. The concentration of the produced hypochlorite was
determined by ultraviolet-visible spectrophotometry (UV-Vis). Quasi in
situ Raman spectroscopy was performed using a standard three-
electrode system and a laser with a wavelength of 532 nm.



Y.-l Sun et al.

3. Results and discussion

NF was selected as the substrate due to its porous structure, large
effective surface area, and high electrical conductivity, which facilitates
charge transfer and bubble diffusion during the OER process [36]. NisS2
is widely utilized as a catalyst and battery material owing to its low cost
and excellent electrochemical performance (Fig. 1a), and doping can
further enhance its physicochemical properties. Fig. Sla (Supporting
Information) presents a schematic of the two-step method used to syn-
thesize NiFeCoS-LS and NiFeCoS-HT nanosheets on NF. The detailed
procedure is presented in the Experimental section. As shown in Fig. 1b,
the XRD patterns of both NiFeCoS-LS and NiFeCoS-HT samples exhibit
characteristic diffraction peaks corresponding to NisS: (PDF No.
44-1418). The diffraction peaks at 20.7°, 31.3°, 37.8°, 49.8°, and 55.2°
are assigned to the (101), (110), (003), (113), and (122) crystal planes of
NisS2, respectively. Notably, in comparison to NiFeCoS-HT, the diffrac-
tion peaks of NiFeCoS-LS display a slight rightward shift of ~0.2°, which
can be attributed to lattice contraction of NisS2 induced by the incor-
poration of Fe and Co [26,37,38]. Among the three metal atoms (Ni, Fe,
and Co), the atomic radii follow the order of Fe > Co > Ni. Therefore, the
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incorporation of Fe and Co into the NisS> phase introduces compressive
lattice strain, resulting in shorter interatomic distances, as evidenced by
the rightward shift of the characteristic XRD peaks. This compressive
strain enhances orbital overlap and strengthens the M-S bonding,
thereby improving the structural stability and electronic coupling of the
catalyst. The surface morphologies of the two sulfides were further
characterized by SEM, revealing distinct structural differences. As
shown in Fig. S1b, NiFeCoS-LS exhibits a rough and porous surface
composed of aggregated nanosheets. This morphology increases the
specific surface area and promotes exposure of active sites, which is
favorable for electrochemical reactions. In contrast, NiFeCoS-HT
(Fig. Slc) displays a dense and uniformly distributed porous structure,
also indicative of a high surface area. Such an architecture provides an
abundance of catalytic sites, thereby enhancing its electrocatalytic
performance [39-41].

To further examine the microstructure and crystal structure of
NiFeCoS-LS and NiFeCoS-HT, TEM characterization was performed. As
shown in Figs. 1c and le, both samples exhibit layered nanostructures.
Specifically, NiFeCoS-LS displays a uniform and layered morphology
(Fig. 1c¢), indicating a single-phase microstructure. In contrast, distinct

Fig. 1. Crystal structure and microstructure. a) Crystal structure of Ni3S,. b) XRD patterns of NiFeCoS-LS and NiFeCoS-HT. c,e) TEM images of NiFeCoS-LS and
NiFeCoS-HT. d,f) HR-TEM images of NiFeCoS-LS and NiFeCoS-HT. (insets: HR-TEM images showing the (003), (101), and (202) facets).
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nanoneedle and nanosheet structures were observed in the TEM image
of NiFeCoS-HT (Fig. le), indicating its multiphase nature. High-
resolution TEM (HRTEM) was employed to determine the lattice spac-
ings of the two materials. The inverse fast Fourier transform (IFFT)
images derived from the selected lattice regions are provided in Fig. S2,
which further confirm the well-resolved lattice fringes. For NiFeCoS-LS
(Fig. 1d), interplanar spacings of 0.230 nm and 0.200 nm correspond to
the (003) and (202) facets of NisS2. Compared with standard NisSz, the
reduced lattice spacing can be attributed to lattice contraction caused by
the incorporation of Fe and Co, which is consistent with the XRD results
[42,43]. In the nanosheet phase of NiFeCoS-HT (Fig. 1f), lattice spacings
of 0.238 nm and 0.248 nm were indexed to the (003) plane of NisS. and
the (101) plane of FeS (PDF No. 49-1632), respectively. The
well-resolved lattice fringes in the IFFT images (Fig. S2) also indicate
that NiFeCoS-LS exhibits shorter interplanar spacings than NiFeCoS-HT.
The larger lattice spacing likely indicates that the incorporation of Fe
and Co is less efficient than in the NiFeCoS-LS sample. Additional TEM
analysis (Fig. S3, Supporting Information) further confirmed that the
nanoneedle structures consisted of FeS, with an interplanar spacing of
0.248 nm assigned to the (101) plane of FeS. Furthermore, no crystalline
Co-rich phases were detected. Overall, TEM analysis confirms that
NiFeCoS-LS is a lattice-strained NisS2 induced by the incorporation of Fe
and Co, whereas NiFeCoS-HT, which lacks lattice strain, is a hetero-
structure consisting of NisSz nanosheets and FeS nanoneedles. Moreover,
TEM-EDS mapping (Fig. S4, Supporting Information) shows a homoge-
neous distribution of Ni, Fe, Co, and S across both materials. ICP-OES
analysis (Table S1, Supporting Information) provided quantitative
elemental ratios of Ni:Fe:Co =~ 17:2:1 for NiFeCoS-LS and 29:1:1 for
NiFeCoS-HT.

High-resolution XPS was employed to examine the elemental
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composition and chemical states of NiFeCoS-LS and NiFeCoS-HT. The
XPS spectra reveal distinct binding energies for Ni, Fe, Co, and S, indi-
cating that the two materials possess different ligand field environments.
For the Ni 2p spectrum (Fig. 2a), both samples exhibit characteristic Ni
2ps/2 and Ni 2p1,2 peaks, accompanied by satellite features [44]. The Fe
2p spectrum (Fig. 2b) shows two primary peaks (Fe 2ps/2 and Fe 2p1,2)
along with satellite features, while the Co 2p spectrum (Fig. 2c) presents
Co 2ps/2 and Co 2p1,2 peaks and a prominent satellite peak [42]. The S 2p
spectrum of NiFeCoS-LS exhibits two dominant peaks at 161.80 eV (S
2pss2) and 164.40 eV (S 2pa,2), corresponding to metal-sulfur bonds
(M-S) [45,46]. A weaker feature at 169.42 eV is assigned to SOx*" spe-
cies, likely arising from surface oxidation. In contrast, the S 2p spectrum
of NiFeCoS-HT shows slightly shifted peaks at 159.04 eV (S 2ps,2) and
162.01 eV (S 2p1,2), reflecting differences in the sulfur chemical envi-
ronment due to the coexistence of NisS: and FeS phases [47]. Quanti-
tative fitting (Fig. 2e) indicates that the ratios of Co® are higher in
NiFeCoS-HT than in NiFeCoS-LS, suggesting that higher-valence metal
states are more prevalent on the surface of NiFeCoS-LS [48]. In
NiFeCoS-LS, the incorporation of Co promotes the formation of Ni-S-Co
bonds. The electron-deficient Co** species withdraw electron density
from S atoms, thereby inducing electron transfer from Ni through the
Ni-S bond. Consequently, both Ni and Co adopt higher valence states,
while S exhibits an higher binding energy. In contrast, NiFeCoS-HT
contains Co mainly in the Co** state, giving rise to a multiphase heter-
ostructure with relatively weak interactions between Ni, Fe, and Co.
The electrocatalytic performance of the catalysts toward the OER
was evaluated in a 1.0 M KOH + 0.5 M NaCl electrolyte at room tem-
perature, taking advantage of their nanoporous structures. Their corre-
sponding MLDH counterparts, namely NiFeCo LDH and NiFeCo LDH-
HT, were also examined as references. Among the tested samples,

Fig. 2. Surface chemical states of NiFeCoS-LS and NiFeCoS-HT. High-resolution XPS spectra of a) Ni 2p, b) Fe 2p, c¢) Co 2p, and d) S 2p of the NiFeCoS-LS and
NiFeCoS-HT. e) Relative proportions of different Co oxidation states obtained from XPS fitting.
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NiFeCoS-LS and NiFeCoS-HT exhibited the best OER activities, deliv-
ering overpotentials of 253 and 257 mV, respectively, at 100 mA cm™2,
much lower than those of their MLDH counterparts (262 mV for NiFeCo
LDH and 310 mV for NiFeCo LDH-HT). The enhanced OER performance
can be attributed to the higher electrical conductivity of the metal sul-
fides compared with their MLDH counterparts, which facilitate more
efficient electron transfer on the catalyst surface during the OER process,
highlighting the superior activity of the sulfide-based catalysts [49]. At
higher current densities, NiFeCoS-LS demonstrated outstanding perfor-
mance, requiring ultralow overpotentials of 310 and 340 mV to reach
current densities of 500 and 1000 mA cm™2, respectively. These values
are close to those of NiFeCoS-HT (312 and 340 mV) and significantly
smaller than those of NiFeCo LDH (330 and 377 mV) and NiFeCo
LDH-HT (393 and 447 mV) under identical conditions (Fig. 3b). To
further assess the reaction kinetics, Tafel plots were derived from the
polarization curves. As shown in Fig. 3c, NiFeCoS-LS exhibited the
lowest Tafel slope (37.61 mV dec), followed by NiFeCoS-HT
(44.79 mV dec™), NiFeCo LDH (45.69 mV dec™), and NiFeCo LDH-HT
(49.98 mV dec™), confirming its faster reaction kinetics due to
enhanced adsorption and desorption of oxygenated intermediates. The
EIS curves further supported these results (Fig. 3d), NiFeCoS-LS
exhibited the lowest charge transfer resistance (0.77 Q), which is
slightly lower than that of NiFeCoS-HT (0.79 Q), indicating more
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efficient charge transport. Corrosion resistance was also examined in the
same electrolyte. As shown in Fig. 3e, the corrosion potential followed
the order: NiFeCoS-LS (0.353 V vs. Hg/HgO) > NiFeCo LDH (0.0216 V
vs. Hg/HgO) > NiFeCo LDH-HT (-0.0303V vs. Hg/HgO)
> NiFeCoS-HT (—0.641 V vs. Hg/HgO), confirming the superior corro-
sion resistance of NiFeCoS-LS. Long-term stability tests further high-
lighted the robustness of the catalyst in a saline environment:
NiFeCoS-LS maintained its activity for 100 h at 0.5 A cm™2 with negli-
gible performance degradation (Figs. 3f and 3g), whereas NiFeCoS-HT
failed after less than 10 h under the same conditions. These results
demonstrate that NiFeCoS-LS exhibits not only excellent catalytic ac-
tivity and fast OER kinetics but also remarkable resistance to Cl™-induced
corrosion, making it a highly promising catalyst for high-current-density
seawater electrolysis.

The OER performance of the catalysts was further evaluated in
alkaline natural seawater (1.0 M KOH + seawater). As shown in Figs. 4a
and 4b, both NiFeCoS-LS and NiFeCoS-HT exhibited remarkable activ-
ity, achieving a current density of 0.5 A cm at overpotentials of 346
and 350 mV, respectively. These values are significantly lower than
those of NiFeCo LDH (370 mV) and NiFeCo LDH-HT (397 mV), high-
lighting the superior catalytic efficiency of sulfide-based materials [48].
The corrosion resistance of the catalysts in alkaline seawater follows the
trend shown in Fig. 4c: NiFeCoS-LS (0.368 V vs. Hg/HgO)

Fig. 3. Electrocatalytic properties evaluated in an alkaline saline electrolyte. a-d) LSV curves, overpotentials, Tafel plots, and EIS curves of NiFeCoS-LS, NiFeCoS-HT,
NiFeCo LDH, and NiFeCo LDH-HT electrodes in 1.0 M KOH + 0.5 M NaCl. e) Polarization curves of NiFeCoS-LS, NiFeCoS-HT, NiFeCo LDH, and NiFeCo LDH-HT
electrodes. f) LSV curves of the NiFeCoS-LS electrode before and after 100 h of operation. g) Chronopotentiometry tests of NiFeCoS-LS and NiFeCoS-HT elec-

-2

trodes at 0.5 A cm™“ without ohmic compensation.
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Fig. 4. Electrocatalytic properties evaluated in an alkaline seawater electrolyte. a-b) LSV curves and overpotentials of NiFeCoS-LS, NiFeCoS-HT, NiFeCo LDH, and
NiFeCo LDH-HT electrodes in 1.0 M KOH + seawater. c) Polarization curves of NiFeCoS-LS and NiFeCoS-HT electrodes in an alkaline seawater electrolyte. d)
Chronopotentiometry test of the NiFeCoS-LS electrode at 0.5 A cm™2 without ohmic compensation. e) LSV curves of the NiFeCoS-LS electrode before and after 95 h of
operation. f) Chronopotentiometry curves of NiFeCoS-LS || NiFeCoS-LS at 0.5 A cm ™2 in alkaline natural seawater at different temperatures.

> NiFeCoS-HT (—0.585V vs. Hg/HgO). The NiFeCoS-LS nanosheets
exhibit excellent corrosion resistance, indicating superior robustness for
seawater  electrolysis. ~Chronopotentiometry measurements at
0.5 A cm™ (Fig. 4d) further confirm the outstanding electrochemical
stability of NiFeCoS-LS, as the catalyst maintains stable operation for
95 h, whereas NiFeCoS-HT shows significant degradation within 10 h.
Post-stability LSV measurements (Fig. 4e) confirm that NiFeCoS-LS re-
tains excellent catalytic performance. Performance degradation in
seawater is often attributed to the deposition of Ca®>* and Mg** hydrox-
ides, which can block active sites, but NiFeCoS-LS shows minimal
impact from this effect within the testing period.

Finally, the overall seawater-splitting performance of NiFeCoS-LS
was evaluated in an electrocatalytic cell (Fig. 4f). Here, NiFeCoS-LS
was used as both the anode and cathode to examine durability.
Notably, the electrochemical cell exhibited excellent operational sta-
bility, maintaining consistent performance for 300 h at ambient tem-
perature, thereby highlighting the remarkable long-term durability of
the NiFeCoS-LS electrode. The bifunctional electrocatalytic performance
of the NiFeCoS-LS electrodes was further assessed at an elevated tem-
perature of 70 °C in a 1 M KOH + seawater electrolyte. As shown in
Fig. 4f, the NiFeCoS-LS catalyst exhibited sustained OER activity,
maintaining stable performance at a high current density of 0.5 A cm™2
for over 180 h at 70 °C, with only negligible performance degradation

during the prolonged operation. These results highlight the potential of
NiFeCoS-LS nanosheets as industrial electrocatalysts for efficient high-
current-density water splitting in freshwater and seawater. The reac-
tion selectivity was evaluated by monitoring ClO~ formation, a product
of the competitive CER during seawater electrolysis. UV-vis spectros-
copy showed no characteristic ClO™ absorption peaks after 150 h at
0.5 A cm™, confirming the excellent ion selectivity of NiFeCoS-LS to-
ward the OER (Fig. S5, Supporting Information).

The degradation behavior of NiFeCoS-LS and NiFeCoS-HT in
seawater splitting was further investigated after the stability test. Metal
sulfides are known to transform into metal oxides or hydroxides during
the OER process [50,51]. To investigate the phase evolution of
NiFeCoS-LS and NiFeCoS-HT, their crystal structure and chemical states
were examined after electrolysis for 20 hin an 1.0 M KOH + 0.5 M NaCl
electrolyte (Fig. S6, Supporting Information) at 200 mA cm™ using XRD
and XPS. The resulting samples were labeled as NiFeCoS-LS-20 and
NiFeCoS-HT-20, respectively. As shown in Fig. 5a, the XRD pattern of
NiFeCoS-LS-20 exhibits a distinct NisS: diffraction peak with almost no
signal from oxidized phases, indicating the antioxidation properties of
the lattice-strained sample during OER. In contrast, NiFeCoS-HT-20
shows a very weak NisSz (110) peak, along with the appearance of a
nickel-iron oxide diffraction peak, suggesting that the heterostructure is
more susceptible to oxidation under operating conditions. These results
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Fig. 5. Crystal structure and surface state characterizations after the stability test. a) XRD patterns of NiFeCoS-LS-20 and NiFeCoS-HT-20. High-resolution XPS
spectra of b) Ni 2p, c) Fe 2p, d) Co 2p, €) S 2p, and f) O 1 s of NiFeCoS-LS-20 and NiFeCoS-HT-20. g) In situ Raman spectra of NiFeCoS-LS at different cur-

rent densities.

indicate that lattice strain and heterojunction engineering lead to
markedly different kinetic behaviors. High-resolution XPS was further
employed to probe the chemical state changes. In Figs. 5b-5d, the Ni 2p,
Fe 2p, and Co 2p spectra of NiFeCoS-LS-20 and NiFeCoS-HT-20 display
characteristic 2ps,2 and 2p1,2 peaks along with satellite features [52].
The S 2p spectra (Fig. 5e) show peaks at 160-163.2 eV corresponding to
M-S, with SOx*" signals observed, particularly for NiFeCoS-HT-20,
indicating mild surface oxidation or partial sulfur loss. The O 1s
spectra (Fig. 5f) of NiFeCoS-LS-20 can be deconvoluted into M-O
(529.44 eV), M-OH (531.12 eV), and H20 (532.85 eV), with M-OH
accounting for 80.78%, reflecting a high concentration of surface hy-
droxyl groups. On the other hand, in NiFeCoS-HT-20, the M-OH fraction
decreases to 48.58%, while M-O increases to 37.94%, suggesting a
higher degree of oxide formation. These observations confirm that ki-
netic reconstruction during the OER differs significantly between the
materials. The NiFeCoS-LS exhibits exceptional oxidation resistance and

anti-reconstruction behavior, whereas the NiFeCoS-HT is more suscep-
tible to surface oxidation and structural changes. Additionally, during
seawater electrolysis, NiFeCoS-LS generated minimal deposits at the
bottom of the electrolyte after 20 h (Fig. S6, Supporting Information),
while NiFeCoS-HT produced substantial black precipitates, reflecting
differences in kinetic stability. Fig. 5g presents the quasi in situ Raman
spectra of the NiFeCoS-LS sample. The characteristic Ni-S peaks, initially
located at 304 and 350 cm™, gradually decrease in intensity with
increasing current density. Meanwhile, a new peak appears at 470 cm™ ,
which is assigned to NiOOH species. This evolution provides direct
spectroscopic evidence of the dynamic surface reconstruction of
NiFeCoS-LS during the OER, revealing the structural origin of its
enhanced catalytic activity.

Based on the detailed characterizations and electrochemical perfor-
mance results, NiFeCoS-LS and NiFeCoS-HT exhibit distinct micro-
structures and Cl-induced corrosion behavior in OER. To reveal the
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underlying factors that govern their development, the growth mecha-
nisms were reviewed, and further studies were carried out. For the
growth of NiFeCoS-LS, NiFeCo LDH was first formed. Fe** ions in the
precursor are readily hydrolyzed in aqueous solution, thereby gener-
ating an acidic environment. Given that the standard electrode potential
of Ni (E°wiz/ni) = —0.257 V) is lower than that of the nitrate ion
(E° (vox/noy = 0.96 V), nickel is etched from the NF surface to form Ni**
ions [53]. Simultaneously, Fe*, Co*, and Ni** ions spontaneously form a
polymetallic MLDH on the NF substrate. Subsequent sulfurization in a
sodium sulfide solution converts the MLDH into lattice-strained NiaS..
The reactions are summarized in the following equations:

Acid environment generation: Fe®" + (x + y)H20 — [ Fe(OH)x(H20),]®
0 xHT

The formation of Ni*: 3Ni + 8H* + 2NO; — 3Ni** + 2NO + 4 H,0

Ionic self —assembly : Co*" + Ni** + [Fe(OH), (H,0),]° ™" + NO;
+ H,O—NiFeCoLDH

Sulfurization: NiFeCo LDH + NayS — NiFeCoS-LS

Here, the Fe* ions are crucial in stabilizing the MLDH structure,
while Co?* ions, with a radius similar to that of Ni**, readily incorporate
into the interlayer, promoting the formation of lattice-strained NisS2. In
contrast, NiFeCo LDH-HT, the precursor of NiFeCoS-HT, is primarily
formed under alkaline conditions, which are generated during the hy-
drolysis of urea at elevated temperatures. The alkaline environment
allows the Fe®**, Co?*, and Ni* ions to co-deposit on NF, forming a pol-
ymetallic hydroxide layer, leading to ineffective incorporation of Fe and
Co into NisSz [54]. An ion-exchange process then transforms these hy-
droxides into metal sulfides, resulting in a heterostructure of poly-
metallic sulfides. The reactions are represented in the following
equations:

Alkaline environment generation: NHoCONH; + 3H,0 — NHj + 20H
+ CO2

Ionic co — deposition : Co®" + Ni*" + Fe®* + OH~
+ CO2”—NiFeCoLDH — HT

Sulfurization: NiFeCoLDH-HT + NayS — NiFeCoS-HT

The distinct growth pathways of the two sulfides account for their
differing structural features and differences in performance. The mate-
rial characterizations further support this claim. XRD patterns of both
MLDH samples (Fig. S7, Supporting Information) reveal that the (003)
diffraction peak of NiFeCo LDH shifts approximately 0.2° to the left. At
the same time, NiFeCo LDH-HT displays a clear Ni(OH). peak. The XRD
results indicate that NiFeCo LDH exhibits lattice expansion [55], while
NiFeCo LDH-HT is a heterostructure consisting of multiple phases.
High-resolution XPS spectra of Ni, Fe, Co, and O (Fig. S8, Supporting
Information) provide additional insights. Both NiFeCo LDH and NiFeCo
LDH-HT show Ni 2ps/2 and Ni 2ps,2 peaks with satellite features, as
shown in the Ni 2p spectrum (Fig. S8a) [52]. The Ni** peak is more
pronounced in NiFeCo LDH-HT, indicating a lower proportion of
high-valence Ni and minimal change in valence during deposition [56].
As shown in the Fe 2p spectrum (Fig. S8b), the Fe* fraction increases
while Fe?* decreases in NiFeCo LDH, reflecting the oxidation state ad-
justments during hydroxide formation [57]. The Co** peak in the Co 2p
spectrum (Fig. S8¢) is more pronounced in NiFeCo LDH, suggesting a
higher proportion of high-valence Co and a more stable hydroxide
structure. The O 1 s spectrum (Fig. S8d) shows that the NiFeCo LDH-HT
contains a higher fraction of M-OH, indicating greater hydroxide con-
tent on the surface. In contrast, NiFeCo LDH has more oxygen vacancies,
which correlates with its superior OER performance [58]. The durability
of NiFeCo LDH and NiFeCo LDH-HT was evaluated in 1.0 M KOH
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+ 0.5M NaCl solution (Fig. S9, Supporting Information). Notably,
NiFeCo LDH maintained stable operation for 80 h, highlighting its
long-term durability, whereas NiFeCo LDH-HT showed degradation
after 8 h of operation. This is attributed to the presence of the Ni(OH):
and Fe(OH)3; phases in NiFeCo LDH-HT. During saline electrolysis, Cl-
readily corrodes the Ni(OH): and Fe(OH)3 phases, leading to the struc-
tural collapse of the material and subsequent performance degradation.
Overall, these analyses indicate that NiFeCo LDH forms a hydroxide
structure with abundant oxygen vacancies and a higher density of active
sites. In contrast, NiFeCo LDH-HT primarily generates stable M-OH
species, which explains their differences in catalytic behavior. The
structural differences induced variations in electrochemical reactions
that further extend to their sulfide counterparts, highlighting the
importance of suitable synthesis methods for enhancing seawater sta-
bility under high-current-density conditions.

The S-O substitution process occurring in the pre-catalytic stage
highlights distinct reconstruction pathways for the two NiFeCoS mate-
rials, suggesting that the resulting reconstructed structures differ in both
configuration and oxygen evolution mechanism (Fig. 6a). Experimental
results demonstrate that NiFeCoS-LS exhibits exceptional catalytic per-
formance and corrosion resistance in both alkaline saline and seawater.
Its remarkable stability, both thermodynamic and kinetic stability, is
attributed to its intrinsic structure and the in situ formation of NiFe-
CoOOH during the OER process [50,59]. This highly stable,
corrosion-resistant oxyhydroxide layer protects the inner sulfide layers
from rapid oxidation, thereby preserving the structural integrity and
activity of the catalyst [59,60]. In contrast, NiFeCoS-HT exhibits weaker
interaction forces among heterostructured NisSy/FeS, resulting in
reconstructed NiOOH/FeOOH/CoOOH layers that are more susceptible
to Cl- attack. This vulnerability accelerates degradation during seawater
electrolysis, highlighting the importance of lattice strain engineering for
robust performance [59,61]. To gain a deeper understanding of the
synergistic effects between the multimetallic constituents during the
catalytic process after electrocatalytic reconstruction, as well as the
adsorption behavior of reaction intermediates at different metal sites,
DFT calculations were conducted. For NiFeCoS-LS, the in situ recon-
structed NiFeCoOOH structure (Fig. S10a, Supporting Information) is
highly resistant to Cl™-induced corrosion, which can protect the inner
NiFeCoS from rapid phase structural transformation. However,
NiFeCoS-HT quickly transforms into corresponding MOOH (Fig. S10b
and S10c, Supporting Information) during the OER process. Fig. 6d
presents the Cl~ adsorption energies of the three models. The adsorption
energy of NiFeCoOOH is —2.32 eV, which is less negative than that of
NiOOH (-2.56 eV) and FeOOH (-3.23 eV), indicating that NiFeCoOOH
exhibits stronger resistance to Cl™-induced corrosion. Previous theoret-
ical studies have shown that pyrite-type NiSz with the incorporation of
V, Co, or Ir significantly enhances the binding strength of surface sulfur
atoms. The theoretical sulfide oxidation potential (Usor) and the dif-
ference in potential (AU) represent the onset potential for reconstruction
and the intrinsic reconstructive tendency of metal sulfides, respectively.
With the incorporation of V, Co, or Ir, both Usog and AU increase during
the OER, indicating delayed reconstruction and improved phase stability
[62]. In contrast, the heterostructure sulfides have weaker interatomic
bonds and show a much higher tendency for structural reconstruction.
These findings underscore that strong metal-metal and metal-sulfur in-
teractions, as present in lattice-strained NiFeCoS, are critical for resist-
ing Cl” induced corrosion and maintaining long-term catalytic activity
during high-current-density seawater electrolysis.

4. Conclusions

In summary, different types of NiFeCoS-based TMS catalysts were
synthesized via a sulfurization strategy using metal hydroxide pre-
cursors. Experimental and theoretical investigations demonstrate that
lattice-strained NisSy exhibits superior electrocatalytic activity and
exceptional durability in both alkaline saline and natural seawater. This
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Fig. 6. Mechanism investigation. a) Schematic diagram of the lattice oxygen mechanism with a lattice sulfur-oxygen substitution process. b) Adsorption energies of
Cl". ¢,d) Schematic illustrations of the evolution process of NiFeCoS-LS and NiFeCoS-HT in saline solution during the OER.

catalyst maintains high efficiency under prolonged exposure to chloride-
rich environments, highlighting its practical potential for seawater
electrolysis. In contrast, the heterostructure NiFeCoS-HT suffers rapid
degradation due to weaker resistance to chloride-induced corrosion. The
observed differences in kinetics and reconstruction behavior underscore
the critical role of lattice strain engineering for long-term catalyst sta-
bility. While promising performance and durability are achieved
through lattice strain engineering in this work, challenges remain for
future development. In particular, scale-up may lead to non-uniform
current distribution and mass transport limitations, while issues such
as gas bubble management, chloride-induced corrosion, and multivalent
ion precipitation (e.g., Ca®*, Mg**) become increasingly critical chal-
lenges at even higher current densities and must be addressed in future
work. Overall, this work provides valuable insights into the rational
design of robust seawater splitting electrocatalysts, highlighting the
importance of elemental structural uniformity.
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