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ABSTRACT: Ampere-level direct seawater electrolysis offers a sustainable approach for green
hydrogen production, but its advancement is hindered by the competitive chloride evolution
reaction (ClER) and catalyst corrosion at the anode. To overcome this limitation, we herein
demonstrate a simultaneous surface and interlayer engineering of NiFe layered double
hydroxide (LDH) anode by incorporating anionic surfactant (sodium dodecyl sulfate, SDS)
through a facile anion exchange strategy. The dodecyl sulfate (DS) anion intercalation
significantly expands the interlayer spacing and modulates the electronic structure of metal
centers, thereby enhancing the intrinsic oxygen evolution reaction (OER) activity.
Concurrently, the anionic groups anchored in the interlayer and adsorbed on the surface
create a persistent electrostatic barrier that effectively repels Cl− ions. Consequently, NiFe
LDH-SDS achieves 1.0 A cm−2 at low overpotentials of 311 mV and 353 mV in alkaline
simulated and natural seawater, respectively, and delivers exceptional corrosion resistance and
durability, operating stably for over 500 h in simulated and 380 h in natural seawater at 1.0 A
cm−2, which far outperforms pristine NiFe LDH. More impressively, it sustains consistent performance for 500 h in overall seawater
splitting at 1.0 A cm−2. This work offers a facile route to develop corrosion-resistant OER electrocatalysts for seawater splitting.

The worldwide shift toward sustainable energy has brought
hydrogen into sharp focus as a high-energy-density fuel

carrier with zero emissions.1−6 Currently, hydrogen production
remains heavily reliant on fossil fuels, resulting in significant
CO2 emissions.7,8 While renewable energy-driven water
electrolysis offers a promising alternative, its current depend-
ence on pure water presents a critical dilemma that large-scale
implementation would inevitably exacerbate the growing
scarcity of freshwater supplies.9 Seawater electrolysis thus
emerges as an attractive solution, leveraging its natural
abundance and high ionic conductivity up to 106 times that
of pure water, which substantially reduce Ohmic losses and
enhances energy efficiency for large-scale operations.10 Never-
theless, direct seawater electrolysis presents considerable
difficulties due to its diverse chemical matrix. At the anode,
the desired oxygen evolution reaction (OER) must compete
with the kinetically favored chlorine evolution reaction
(ClER), while chloride-induced corrosion mechanisms further
degrade catalyst performance.11 Although alkaline conditions
thermodynamically favor OER over hypochlorite formation
(with a ∼490 mV lower onset potential), industrial high-
current-density operation introduces substantial overpotentials
that promote parasitic hypochlorite generation. These
competing reaction pathways collectively reduce Faradaic
efficiency and severely compromise long-term operational
stability in seawater environments.12−15

Overcoming these challenges requires the development of
anode catalysts that achieve superior catalytic activity and
robust chloride tolerance. A dual-approach framework is
therefore proposed to advance both the efficiency and
durability of seawater oxidation anodes. First, engineering the
local microenvironment to electrostatically repel chloride via
anion-rich surfaces, Lewis-acidic sites, and a dense negative
charge network. Second, modifying the catalyst surface through
coordination chemistry, where adsorbed molecular modifiers
tune the electronic structure of active metal centers, intrinsi-
cally reinforcing chloride rejection.16 In this regard, construct-
ing a chloride-repelling interface, typically through in situ-
generated oxyanions or preattached species, represents a
direction actively pursued by several research groups.17,18 For
example, catalysts like NiFe/NiS,19 RuMoNi,20 and CoFe
PBA/Co2P,

21 undergo surface reconstruction under OER
conditions, releasing functional anions such as SO4

2−,
MoO4

2−, PO4
3−, and Fe(CN)63−. These anionic species adsorb
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onto the catalyst surface and create a localized negative layer,
repelling Cl− ions and mitigating corrosion. An alternative
design incorporates stable anionic molecules, such as
polyoxometalates (POMs),18 which are anchored to specific
sites on catalysts like CoFe hydroxide. This design actively
repels Cl− while promoting the desired oxygen evolution. In
addition, protective coatings such as graphene oxide22 or
graphene quantum dots23 have been applied to catalyst
surfaces to block chloride ions via electrostatic interactions.
Despite their effectiveness in seawater oxidation, many of these
designs rely on multistep syntheses or delicate architectures,
making large-scale production challenging.24 Alternatively,
electrolyte engineering, which involves adjustments to electro-
lytic composition, provides another route to mitigate chloride
corrosion. The introduction of specific additives, including
sulfate,25 carbonate,26 fluoride,24 and hexafluorophosphate
(PF6−),27 has been demonstrated to substantially enhance
anode stability. For instance, incorporating F− ions into the
electrolyte can enhance OER performance by altering the
electronic structure of active sites and establishing a local
microenvironment that favors OH− transport over Cl−
intrusion.24

Layered double hydroxides (LDHs) are considered highly
promising anode catalysts for seawater oxidation because of
their unique layered structures, flexible composition, and cost-
effectiveness.28−30 However, their activity and durability are
constrained by limited active site accessibility and poor
chloride corrosion resistance.31,32 Intercalating anions between
LDH layers to expand the interlamellar spacing has been
proven an effective strategy for improving catalytic activity.33

Although the aforementioned electrolyte engineering approach
can significantly enhance corrosion resistance through anion
intercalation and surface adsorption, small-molecule anionic
additives can barely widen the interlayer gap, hindering the
utilization of interlayer active sites. Recent studies indicate that
macromolecular intercalants can induce a more pronounced
expansion of the interlayer spacing, leading to faster ion
diffusion and better electrochemical performance.31 Inspired
by these insights, the incorporation of large anionic surfactants
into the interlayers of LDH may represent a compelling
strategy. This approach not only widen the interlayer spacing
to boost seawater oxidation activity but also utilizes the
electrostatic repulsion to block Cl− diffusion and corrosion
within the interlayers. Simultaneously, the surfactant anions
adsorbed onto the LDH surface can generate a protective layer,
further strengthening the chloride resistance.
In this work, we employed sodium dodecyl sulfate (SDS) as

a large intercalant to achieve simultaneous surface and
interlayer engineering of NiFe LDH for stable ampere-level
seawater oxidation. The SDS-modified NiFe LDH (denoted as
NiFe LDH-SDS) was prepared via a straightforward interlayer
anion exchange process. The dodecyl sulfate (DS) anion
insertion significantly expands the interlayer distance, which
not only exposes more active sites but also subtly tunes the
electronic states of metal centers, leading to promoted intrinsic
OER property. At the same time, the negatively charged sulfate
groups anchored within the interlayer and adsorbed on the
surface establish an electrostatic barrier that effectively repels
Cl− ions, dramatically improving corrosion resistance. When
tested in alkaline seawater electrolyte, the NiFe LDH-SDS
catalyst demonstrates exceptional catalytic activity, achieving a
current density of 1.0 A cm−2 with minimal overpotentials of
just 311 mV (simulated seawater) and 353 mV (natural

seawater). More notably, it sustains stable operation in an
overall alkaline seawater electrolysis for 500 h at 1.0 A cm−2,
showcasing unprecedented durability for practical applications.
Figure 1a illustrates the modification of NiFe LDH catalysts

by SDS through a facile anion-exchange method. First, self-

supported NiFe LDH nanostructures were hydrothermally
grown on a precleaned Ni foam substrate. Subsequently, the
prepared NiFe LDH was subjected to an anion exchange
process to intercalate DS anions into its interlayer spaces,
yielding the final NiFe LDH-SDS electrode. Low-magnification
scanning electron microscopy (SEM) images shown in Figure
S1a,b for NiFe LDH-SDS and Figure S2a,b for NiFe LDH
clearly illustrate the uniform distribution, continuity, and total
coverage of the catalyst on the surfaces of the porous nickel
foam support, providing strong evidence of the successful
preparation process. High-magnification SEM images (Figure
1b and Figure S2c) display vertically aligned two-dimensional
nanosheets grown on the Ni foam for both pristine NiFe LDH
and the NiFe LDH-SDS. No significant morphological change
after SDS modification indicates that the ion-exchange process
does not disrupt the nanosheet architecture, thereby preserving
the structural integrity of the NiFe LDH. The nanosheet
morphology was further verified using transmission electron
microscopy (TEM) (Figure 1c and Figure S2d), which reveals
a sheet-like and semitransparent morphology for both NiFe
LDH and NiFe LDH-SDS.34,35 High-resolution TEM (HR-
TEM) images confirm the crystalline structure of NiFe LDH-
SDS (Figure 1d) and NiFe LDH (Figure S2e), with measured
lattice fringes exhibiting d-spacings of 0.257 and 0.254 nm,
respectively. These values are attributed to the (012)
crystallographic plane of NiFe LDH (see Figure S3 for further
details).36 The selected-area electron diffraction (SAED)
patterns for both samples (Figure 1e and Figure S2f) exhibit

Figure 1. Preparation method and morphological analysis of NiFe
LDH-SDS. (a) Schematic of the preparation procedure. (b) High-
magnification SEM image. (c) TEM image. (d) HR-TEM image. (e)
Corresponding SAED pattern. (f) Elemental mapping for Ni, Fe, O,
C, and S.
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distinct rings rather than sharp spots, confirming their
polycrystalline nature.33 Furthermore, Energy dispersive X-
ray (EDX) elemental mappings reveal a homogeneous
dispersion of Ni, Fe, O, C, and S throughout the NiFe-
LDH-SDS nanosheets (Figure 1f), suggesting the introduction
of DS anions into the structure.
X-ray diffraction (XRD) was carried out to probe the crystal

structure of the as-synthesized samples. As illustrated in Figure
2a, both NiFe LDH and NiFe LDH-SDS display the same set
of strong diffraction peaks at 44.6°, 51.9°, and 76.5°, which
originate from the metallic nickel foam substrate (PDF#04−
0850).37 In addition, the XRD pattern of pristine NiFe LDH
reveals distinct reflections consistent with iron nickel carbonate
hydroxide hydrate (PDF#40−0215),36 verifying the successful
synthesis of NiFe LDH. Following SDS modification, a new
diffraction peak emerges at 6.96° for NiFe LDH-SDS, which
can be attributed to the expanded (003) plane of pristine NiFe
LDH.33 According to Bragg’s law, this peak corresponds to an
interlayer spacing of 1.27 nm, a significant expansion from 0.77
nm (2θ = 11.52°) in the NiFe LDH. After accounting for the
0.48 nm thickness of host layers, the observed gallery
expansion of 0.79 nm provides clear evidence for the successful
intercalation of DS anions into the interlayer of NiFe LDH.33

Fourier-transform infrared (FTIR) spectroscopy was em-
ployed to further prove the successful incorporation of DS
anions into the NiFe LDH interlayer. As shown in Figure 2b,
both samples share common bands indicative of the LDH
structure, comprising a strong band at ∼ 3500 cm−1 from O−
H stretching of water molecules confined within the
interlayers, a band at 1645 cm−1 from H−O−H bending
mode of water, and a band at 1355 cm−1 assigned to
antisymmetric stretching vibration of CO3

2− anions.38 In
addition, the NiFe LDH-SDS exhibits distinct new vibrational
bands that are absent in the NiFe LDH, including the
asymmetric and symmetric C−H stretches of the SDS alkyl
chain at 2922 cm−1 and 2850 cm−1, the −CH2 scissoring mode
at 1465 cm−1, the −CH3 deformation mode at 980 cm−1, and

S�O stretching bands at 1050 cm−1 and 1190 cm−1.39−41 The
origin of these bands is confirmed by comparison with the
FTIR spectrum of pure SDS, provided in Figure S4. The
presence of the SDS-specific bands, concurrent with the
attenuation of the carbonate band, confirms that DS anions
have partially replaced the CO3

2− anions within the interlayer
space, verifying successful intercalation.
The surface chemistry and electronic structure of both

catalysts were studied through X-ray photoelectron spectros-
copy (XPS). The survey spectrum of NiFe LDH-SDS in Figure
S5a reveals the presence of the S 2p peak, which is absent in
the pristine NiFe LDH. The high-resolution S 2p spectrum
(Figure 2c) of NiFe LDH-SDS exhibits a distinct doublet with
peaks at 168.9 eV (S 2p3/2) and 170.0 eV (S 2p1/2). These
observed peaks match those reported for the −SO3

− group of
SDS.42−44 Further evidence comes from the C 1s region. As
shown in Figure 2d, the C 1s spectra are divided into three
distinct chemical states. The peak at the binding energy of
288.9 eV is a definitive marker for the carbonyl (C�O) group,
and the peaks at 284.8 and 286.0 eV correspond to the C−C/
C-H and C−O bonds, respectively. Following SDS inter-
calation, the C�O intensity drops noticeably, while the C−C/
C−H component grows substantially (Table S1), which is
related to the long alkyl group of the intercalated DS anions.
These changes in the carbon environment confirm the partial
replacement of carbonate by SDS within the LDH interlayer,38

corroborating the structural evidence obtained from FTIR.
The deconvoluted Ni 2p spectrum in Figure 2e displays the
spin−orbit doublet consisting of the Ni 2p3/2 and Ni 2p1/2
peaks and their satellites for both catalysts. The Ni2+/Ni3+ ratio
increases from 1.65 to 2.05 following anion exchange with DS
(Table S2), reflecting the replacement of CO3

2− by the lower
charge density of DS.27,33 For the Fe 2p spectra (Figure S5b),
the observed positive shift in the binding energy of the Fe 2p3/2
peaks following SDS intercalation may be attributed to the
presence of new chemical bonds at the SDS-Fe interface.27 The
O 1s XPS spectra of both catalysts are deconvoluted into three

Figure 2. Phase and composition characterization of prepared catalysts. (a) XRD pattern. (b) FTIR spectra. High-resolution XPS spectra of (c) S
2p, (d) C 1s, and (e) Ni 2p. (f) Zeta potential analysis.
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components: 530.8 eV (metal−oxygen, M-O), 531.6 eV
(metal-hydroxide, M−OH), and 533.1 eV (adsorbed H2O)
(Figure S5c).37 The high intensity of the M−OH signal
suggests a metal hydroxide-dominated composition.
Zeta potential was measured to characterize the change in

surface charge upon the modification of NiFe LDH with SDS.
As shown in Figure 2f, the average zeta potential shifted
significantly from 38.265 mV to −18.569 mV following SDS
incorporation. This marked transition signifies a substantial
increase in negative charge on the modified electrode surface,
corroborating the successful incorporation of SDS.45,46 The
negatively charged interface establishes a repulsive electrostatic
environment that hinders the adsorption of Cl− ions onto the
catalyst surface, which is conducive to the improvement of
both corrosion resistance and catalytic durability. In addition,
scaling water electrolysis at high current densities is often
constrained by kinetic mass transport at the electrode−
electrolyte interface, a process strongly governed by electrode
wettability. To assess this property, we performed dynamic
contact angle measurements employing alkaline simulated
seawater droplets (1.0 M KOH + 0.5 M NaCl). As shown in
Figure S6, the as-prepared NiFe LDH-SDS exhibits super-
hydrophilicity, causing an electrolyte droplet to spread quickly,

whereas the Ni foam electrode remains distinctly hydrophobic
with a large contact angle. The enhanced hydrophilicity of
NiFe LDH-SDS facilitates charge transfer and ensures rapid
electrolyte refreshment at the interface under demanding
catalytic conditions.47

The OER activity of the synthesized electrocatalysts was first
examined in an alkaline simulated seawater electrolyte using a
typical three-electrode cell. The linear sweep voltammetry
(LSV) polarization curves in Figure 3a demonstrate that the
NiFe LDH-SDS (prepared at the optimal SDS concentration,
Figure S7) exhibits better OER activity than NiFe LDH and
significantly outperforms both the RuO2 and Ni foam
electrodes. As illustrated in Figure 3b, the incorporation of
SDS lowers the overpotentials required to achieve current
densities of 0.1, 0.5, and 1.0 A cm−2 (262, 300, and 311 mV)
compared to the corresponding values of 276, 323, and 328
mV for pristine NiFe LDH. For RuO2, it requires larger
overpotentials of 382, 510, and 519 mV to obtain the same
current densities. The enhanced OER activity is further
reflected in the Tafel analysis. As depicted in Figure 3c,
among the synthesized catalysts, NiFe LDH-SDS exhibits a
Tafel slope of 51.0 mV dec−1, which is lower than that of NiFe
LDH (57.9 mV dec−1) and significantly lower than that of

Figure 3. Comprehensive evaluation of the OER performance for the synthesized catalysts in an alkaline simulated seawater electrolyte. (a) iRs-
corrected LSV curves. (b) Overpotential values at various current densities. (c) Corresponding Tafel plots. (d) Nyquist plots with an equivalent
circuit. (e) Scan rate dependence of the capacitive current at 1.2 V (vs. RHE). (f) Arrhenius plot for activation energy. (g) Corrosion Tafel
polarization plots. (h) Chronoamperometric measurement at 1 A cm−2.
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RuO2 (145.6 mV dec−1). This trend indicates more favorable
OER kinetics and enhanced electrocatalytic efficiency for NiFe
LDH-SDS.48 Electrochemical impedance spectroscopy (EIS)
was conducted to probe the interfacial reactions kinetics. The
Nyquist plots in Figure 3d were fitted using the Randles
equivalent circuit (inset). This model consists of a solution
resistance (Rs), a charge-transfer resistance (Rct), and a
constant phase element representing the double layer
(CPEdl). The corresponding fitting parameters are summarized
in Table S3. The results show that NiFe LDH-SDS exhibits the
smallest semicircle diameter and the lowest Rct (2.266 Ω),
outperforming both NiFe LDH (2.887 Ω) and RuO2 (10.740
Ω), indicating the accelerated interfacial electron transfer.
To determine the electrochemical surface area (ECSA), the

double-layer capacitance (Cdl) of the synthesized catalysts was
measured via cyclic voltammetry (CV) within the nonfaradaic
potential window (Figure S8). As illustrated in Figure 3e, the
Cdl of NiFe LDH-SDS is slightly higher than that of NiFe
LDH. This finding aligns with the larger ECSA of 40.25 cm2

for NiFe LDH-SDS, compared to 38.50 cm2 for NiFe LDH
(Figure S9a). This suggests that NiFe LDH-SDS has a higher
density of accessible active sites. Furthermore, even after
normalizing the current to the ECSA, NiFe LDH-SDS
maintains a higher specific activity than NiFe LDH (Figure
S9b), confirming its superior intrinsic catalytic performance.
This activity trend remains consistent when the current is
normalized by geometrical surface area, as shown in Figure 3a.
The intrinsic OER activity of the synthesized catalysts was
further determined in simulated seawater through activation
energy (Ea) determination. As an intrinsic property, Ea
provides a direct measure of inherent catalytic efficiency,
independent of extrinsic factors such as surface area.49 The Ea
was determined by applying the Arrhenius equation to current
densities obtained from LSV at a fixed overpotential (400 mV)
across various temperatures (Figure S10). The current density
(j) is directly related to the rate constant (k) in electrocatalytic
reactions. Therefore, based on the Arrhenius relationship
k Ae( )E RT/a= , where A is the pre-exponential factor, R is the
ideal gas constant, and T is the temperature, a linear
correlation exists between ln(j) and 1/T. The Ea was
subsequently derived from the slope of this plot.50,51 As
depicted in Figure 3f, the NiFe LDH-SDS catalyst exhibits an
Ea of 19.96 kJ mol−1, substantially lower than that of NiFe
LDH (25.60 kJ mol−1). This lower activation energy implies a
diminished energy barrier for OER, demonstrating that SDS
incorporation enhances the intrinsic activity of the pristine
NiFe LDH.
In chloride-rich environments, the long-term electrochem-

ical stability hinges critically on the corrosion resistance of
catalysts. To assess this, Tafel polarization measurements were
performed in a simulated seawater electrolyte.25,52 As shown in
Figure 3g and Table S4, the incorporation of SDS into the
NiFe LDH structure improved its corrosion resistance, which
is evidenced by a decrease in the exchange current density (j0)
from 2.26 × 10−6 A cm−2 to 1.86 × 10−6 A cm−2 and an
increase in the corrosion potential (Ecorr) from 0.87 to 0.90 V.
This behavior can be traced to the negatively charged interface
generated on the NiFe LDH-SDS by SDS incorporation,
effectively shielding the DS anions from anion exchange with
Cl− in the electrolyte.33 For more details, the Cl 2p XPS
spectra of NiFe LDH-SDS and NiFe LDH were evaluated after
a continuous operation of 6 h at a current density of 1.0 A

cm−2 to investigate the differential adsorption characteristics of
Cl− on the electrodes. Figure S11 shows reduced Cl−
adsorption on the NiFe LDH-SDS compared to the NiFe
LDH electrode. This observation indicates that the negatively
charged surface layer of the NiFe LDH-SDS electrode hinders
the interaction and subsequent adsorption of Cl− ions onto the
electrode surface and decreases Cl-induced corrosion.53,54

Practical deployment of electrocatalysts in seawater demands
excellent durability at ampere-level current densities under
aggressive anodic conditions. Therefore, the long-term stability
of NiFe LDH-SDS was evaluated and compared to NiFe LDH
via chronopotentiometry at 1.0 A cm−2 in simulated seawater.
As can be seen in Figure 3h, the NiFe LDH-SDS catalyst
demonstrates exceptional stability, maintaining stable oper-
ation for over 550 h at 1.0 A cm−2, with a potential increase of
less than 30 mV. The minor periodic fluctuations observed in
the stability curve stem from diurnal temperature variations
and water replenishment cycles. In sharp contrast, the NiFe
LDH electrode degraded rapidly, suffering a potential surge by
more than 500 mV after only 350 h. This failure is visually
evident, as the NiFe LDH catalyst after stability test shows
obvious physical damage in the optical image (Figure S12a),
whereas its SDS-modified counterpart remains structurally
intact (Figure S12e). The superior durability of NiFe LDH-
SDS was further corroborated by the post-test SEM images
(Figure S12b-d,f−h), which revealed a better-preserved
morphology compared to pristine NiFe LDH. Table S5
compares the stability of the DS anion-boosted strategy with
other anion-based Cl−-repelling strategies, confirming the
superior durability of our modified catalyst for seawater
electrolysis.25,31,55−58 Moreover, the post-XPS analysis reveals
that the Ni2+/Ni3+ ratio decreases after the stability test for
both samples (Figure 4a and Table S6). However, this
reduction in NiFe LDH-SDS is more pronounced, indicating
the formation of more catalytically active oxyhydroxide. The Fe
2p spectra show a similar trend (Figure S13 and Table S6),
reinforcing this conclusion. ICP-OES analysis of electrolytes
after stability test reveals that the leaching amounts of both Ni
and Fe from NiFe LDH-SDS are substantially diminished
relative to NiFe LDH (Figure 4b and Table S7), confirming
the improved structural stability of NiFe LDH after SDS
incorporation. In addition, the interaction of water molecules
and −SO3

− on the catalyst surface during electrolysis creates a
hydrogen-bonded, semipermeable framework. This structure
selectively blocks Cl− ions, which are poor hydrogen-bond
acceptors, while permitting the free diffusion of OH− ions.
Consequently, the NiFe LDH-SDS electrode achieves
enhanced durability and corrosion resistance without com-
promising its catalytic activity.59

Raman spectroscopic analysis of the NiFe-LDH following
SDS incorporation exhibits a marked blue shift in the
characteristic Ni(OH)2 vibrational modes (Figure S14). The
signal associated with the CO3

2− species (727.59 cm−1) in
NiFe LDH is significantly weakened after SDS incorporation,
further proving successful preparation of NiFe LDH-SDS.27

Furthermore, in situ Raman spectroscopy was employed to
investigate the dynamic evolution of the catalyst surface in
alkaline simulated seawater (Figure S15). A key spectral
change emerged with increasing applied potential. For NiFe
LDH (Figure 4c and 4d), a phase transition occurred at 1.4 V
vs RHE: the peaks at ∼460 and ∼530 cm−1, attributed to the
Ni−O and Fe−O vibrations of the pristine LDH phase, shifted
to an active NiOOH phase. This transformation is indicated by
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the emergence of new peaks at 488 and 569 cm−1,
characteristic of γ-NiOOH and Fe-doped γ-NiOOH, respec-
tively.60,61 This transformation, entailing a nickel valence
transition to a mixed Ni3+/Ni4+, was observed at a lower
potential of 1.35 V vs RHE for NiFe LDH-SDS (Figure 4e and
4f). This earlier onset of active phase formation at lower
overpotential is a critical factor in the enhanced OER
performance of the SDS-modified catalyst.60

To assess real-world applicability, the OER performance of
NiFe LDH-SDS was evaluated in alkaline natural seawater (1.0
M KOH + seawater), with the seawater sourced from Macau,
China (22.10° N, 113.32° E) (Figure S16). As evidenced by
the LSV curves (Figure 5a), the NiFe LDH-SDS electrode
exhibits enhanced electrocatalytic activity relative to the
pristine NiFe LDH, requiring lower overpotentials of 282,
333, and 343 mV to deliver current densities of 0.1, 0.5, and
1.0 A cm−2, respectively. In contrast, the NiFe LDH requires
overpotentials of 291, 345, and 364 mV to attain equivalent
current densities. This enhanced performance, manifested in
both simulated and natural seawater electrolytes, underscores
the efficacy of the SDS incorporation. Benchmarking against
recent literature in alkaline natural seawater (Figure 5b, Table
S8) show that our catalyst outperforms most reported catalysts,
highlighting its practical potential.15,48,56,62−67 Furthermore,
the chronopotentiometry measurements (Figure 5c) demon-
strate the superior stability of NiFe LDH-SDS, which
maintains its catalytic operation for over 380 h at 1 A cm−2.

This extended lifetime significantly surpasses the unmodified
NiFe LDH, which fails within 240 h, and positions our catalyst
competitively among other leading materials, as supported by
the comparative analysis in Figure 5d and Table
S8.15,48,56,62−67 Moreover, the generation of corrosive chloride
oxidation byproducts (e.g., hypochlorite, ClO−) during OER
was monitored using an iodide titration method, wherein
hypochlorite formation is qualitatively identified by the
emergence of a yellow color.15 As shown in Figure S17, the
electrolyte surrounding the NiFe LDH-SDS catalyst remains
nearly colorless after prolonged electrolysis, in stark contrast to
the significant change observed with NiFe LDH. This finding
confirms the effective suppression of reactive chlorine species
and directly demonstrates the superior OER selectivity of NiFe
LDH-SDS in seawater electrolyte compared to the pristine
counterpart.
To assess the system-level performance of NiFe LDH-SDS,

overall seawater splitting was performed in a two-electrode
configuration by employing NiFe LDH-SDS as the anode and
commercial 20% Pt/C as the cathode (denoted as NiFe LDH-
SDS||Pt/C). As illustrated in the polarization curve (Figure
5e), the resulting cell exhibits excellent performance in a 1.0 M
KOH + seawater electrolyte, requiring low voltages of 1.66,
1.91, and 1.99 V to deliver 0.1, 0.5, and 1.0 A cm−2,
respectively. In comparison, the NiFe LDH||Pt/C system
requires higher voltages to obtain the same current densities
(Figure S18a). In addition, the electrolyzer exhibits impressive
long-term stability, with minimal performance degradation
observed during 500 h of continuous operation at 1.0 A cm−2.
This performance exceeds the typical 190-h limit seen with
pristine NiFe LDH anodes (Figure S18b), highlighting the
exceptional durability and mechanical robustness of the NiFe
LDH-SDS under demanding operational conditions. Direct
benchmarking against state-of-the-art water electrolyzers
(Table S9) confirms the practical competitiveness of our
integrated NiFe LDH-SDS||Pt/C system. Our electrolyzer
achieves a low operating voltage and demonstrates superior
long-term stability compared to many recently reported
alternatives.20,22,54,58,64,68−72 Additionally, the OER Faradaic
efficiency (FE) was calculated by measuring the evolved O2 gas
through the drainage method in an H-type electrolytic cell
(Figure S19). The NiFe LDH-SDS catalyst achieves a superior
OER FE of ∼100% at 0.1 A cm−2 in alkaline seawater, which is
maintained across different testing durations (Figure 5g),
confirming its high selectivity and stability during electrol-
ysis.47,69

In summary, this work develops a facile surfactant-assisted
method to create highly corrosion-resistant NiFe LDH anodes
for seawater oxidation. This approach substantially improves
operational durability without compromising catalytic activity.
The enhanced performance of NiFe LDH-SDS stems from an
expanded interlayer space coupled with the negative surface
and interlayer charges, which electrostatically repel Cl− ions to
inhibit the destructive anion exchange and structural
degradation. Consequently, the optimized NiFe LDH-SDS
shows superior OER electrocatalytic performance in alkaline
simulated and natural seawater, which requires low over-
potentials of 311 and 353 mV to sustain 1.0 A cm−2,
respectively. More critically, it demonstrates remarkable long-
term stability, operating for over 500 h in alkaline simulated
seawater and 380 h in alkaline natural seawater at 1.0 A cm−2,
significantly surpassing the prestine NiFe LDH. When
integrated into a two-electrode electrolyzer with a Pt/C

Figure 4. (a) Ni 2p XPS spectra for NiFe LDH-SDS and NiFe LDH
after stability. (b) Measured concentrations of leached Ni and Fe ions
via ICP-OES. In situ Raman analysis in alkaline simulated seawater for
(c,d) NiFe LDH and (e,f) NiFe LDH-SDS, demonstrating (c,e) the
recorded spectra and (d,f) their derived contour maps across a
potential range of 1.15 to 1.45 V (vs. RHE).
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cathode, the system requires low voltages of just 1.68, 2.03, and
2.22 V to reach 0.1, 0.5, and 1.0 A cm−2 in alkaline natural
seawater, respectively, and operates continuously for 500 h
without obvious degradation at 1.0 A cm−2. This work provides
a robust and practical framework for developing durable
catalysts for industrial-scale hydrogen production from sea-
water.

■ METHODS

Materials
Nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O, Aladdin, ≥99.0%),
iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, Aladdin, 98.5%),
ammonium fluoride (NH4F, Aladdin, ≥98.0%), urea (CO(NH2)2,
Macklin reagent, 99.0%), ruthenium(IV) oxide (RuO2, Aladdin,
≥99.9% metal basis), sodium dodecyl sulfate (CH3(CH2)11OSO3Na,
Macklin reagent, 99.0%), ethanol (C2H5OH, Aladdin, ≥99.5%),
isopropyl alcohol (C3H8O, Aladdin, ≥99.5%), acetone (CO(CH3)2,
Aladdin, ≥99.5%), potassium hydroxide (KOH, Macklin reagent,
≥99.95%), sodium chloride (NaCl, Aladdin, ≥99.5%), hydrochloric
acid (HCl, Sinopharm Chemical Reagent, 37.0%), potassium iodide
(KI, Macklin reagent, 99.5%), sodium thiosulfate (Na2S2O3, Macklin
reagent, 99.0%), and sulfuric acid (H2SO4, Sinopharm Chemical
Reagent, 98.0%) were utilized directly without further purification.
Commercial materials included 20 wt % Pt/C and TGP-H-060
carbon paper (thickness 0.199 mm) were supplied by Suzhou Sinero

Technology Co., Ltd. Nafion 117 solution (5.0%, D520) was bought
from E. I. Dupont de Nemours and Company. 1.5 mm thick Nickel
foam was acquired from Kunshan Jiayisheng Electronic Co., Ltd., and
carefully prewashed with hydrochloric acid (3 M), ethanol, and
acetone solutions, assisted by ultrasonication, to effectively eliminate
the nickel oxide and hydrocarbons present on its surface. Natural
seawater was collected from the waters of Macau, located in Macau,
China (22.10° N, 113.32° E).
Preparation of NiFe LDH
A clear homogeneous solution was obtained via dissolution of 2.4
mmol Ni(NO3)2·6H2O, 0.8 mmol Fe(NO3)3·9H2O, 10.0 mmol urea,
and 6.0 mmol NH4F in 60.0 ml ultrapure water under vigorous
stirring for 30 min. Next, a 1.5 cm × 4.0 cm piece of prewashed Ni
foam was soaked in the solution. The mixture was sealed in a 100 mL
Teflon-lined autoclave and subjected to a 12-h reaction at 120 °C.
Upon reaching ambient temperature, the NiFe LDH on Ni foam with
a loading of ∼3.5 mg cm−2 was obtained by washing with ultrapure
water and ethanol several times and drying in a vacuum oven at 60 °C
overnight.
Preparation of NiFe LDH-SDS
Surfactant solutions were prepared at varying SDS concentrations
(0.05−0.3 M) by dissolving a certain amount of surfactant in 100 mL
of ultrapure water. The NiFe LDH on Ni foam was subsequently
immersed in this solution and maintained for 24 h under a nitrogen
atmosphere with vigorous stirring. Afterward, the modified NiFe LDH
was removed from the solution, thoroughly rinsed copiously with DI

Figure 5. OER performance of the synthesized catalysts in an alkaline natural seawater electrolyte. (a) LSV curves. (b) Overpotential comparison
of NiFe LDH-SDS with recently reported OER catalysts. (c) Chronoamperometric test at 1 A cm−2. (d) Durability comparison of NiFe LDH-SDS
with recently reported OER catalysts. Overall alkaline seawater splitting performance of the NiFe LDH-SDS||Pt/C two-electrode system in 1.0 M
KOH + seawater: (e) Polarization curve and (f) Chronopotentiometry tests. (g) The amount of O2 collected via the water drainage method as a
function of time and the corresponding Faradaic efficiency for NiFe LDH-SDS.
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water and ethanol, and then subjected to vacuum drying for 24 h. The
prepared sample was labeled as NiFe LDH-SDS.
Preparation of RuO2 Electrode
A uniform dispersion was obtained by ultrasonicating 5.0 mg of
commercial RuO2 powder in a mixed solvent of 0.97 mL of H2O and
ethanol (1:1) and 30 μL of Nafion 117 solution. Afterward, a certain
amount of prepared ink was carefully dropped onto prewashed nickel
foam (1 × 1 cm2) and vacuum-dried at 60 °C for 12 h. The total mass
loading of RuO2 on the Ni foam was ∼3.5 mg cm−2.
Preparation of Pt/C Electrode
A uniform dispersion was obtained by ultrasonicating 15.0 mg of Pt/
C (20 wt %) in a mixed solution of 3.52 mL of ultrapure water and
isopropyl alcohol in a 1:3 ratio, along with 240 μL of Nafion 117
solution. The prepared ink was then loaded onto carbon paper using a
spray coating method at 50 °C on a heating plate with vacuum
support. The mass loading of catalyst on the carbon paper was 0.55
mgPt cm−2.
Physical and Chemical Characterizations
Scanning and transmission electron microscopy were employed to
characterize the morphology of the synthesized catalysts, utilizing a
Thermo Fisher Scientific Helios 5 CX for SEM and a Talos F200X for
HRTEM imaging. Phase composition was revealed through X-ray
diffraction (XRD, Malvern Panalytical Empyrean) conducted at 40 kV
and 40 mA with Cu Kα radiation. Functional groups were
characterized by Fourier-transform infrared spectroscopy (FTIR,
Bruker INVENIO S) in attenuated total reflectance (ATR) mode.
Surface chemical states were probed via X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific Nexsa G2) with
monochromatic Al Kα radiation, where all spectra were calibrated
to the C 1s peak at 284.8 eV. Surface charge properties were
measured by zeta potential analysis (Malvern Panalytical Zetasizer
Pro) at 25 °C, while wettability was evaluated with an optical contact
angle meter (DataPhysics OCA 25). Finally, the concentration of ions
leached during stability testing was determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES, Agilent 5110).
Raman spectroscopy measurements were conducted employing a
Thermo Fisher Scientific DXR3 xi Raman microscope equipped with
a 532 nm laser.
In Situ Raman Measurements
For in situ Raman studies, we employed an electrochemical cell
(Shanghai Chuxi Industrial Co., Ltd.) containing the as-prepared
catalysts (1 × 1 cm2) as the working electrode, with an Ag/AgCl
electrode and a platinum wire ring as the reference and counter
electrodes, respectively. During measurements, the electrolyte
solution (1.0 M KOH + 0.5 M NaCl) was continuously fed into
the cell using a peristaltic pump while Raman spectra were acquired
by focusing the laser beam through the quartz window onto the
catalyst surface at given potentials.
Electrochemical Characterizations
All electrochemical data were acquired with a CORRTEST CS2350
M bipotentiostat workstation, using a three-electrode cell config-
uration for OER studies and a two-electrode setup for overall water
splitting experiments at room temperature. Electrochemical measure-
ments utilized both three-electrode and two-electrode configurations.
The three-electrode cell consisted of a prepared catalyst working
electrode, an Ag/AgCl reference (saturated KCl, salt bridge), and a Pt
plate counter. The two-electrode cell employed the prepared catalyst
and Pt/C as the anode and cathode, respectively. Electrolytes were
simulated and natural alkaline seawater solution. For OER activity
studies, linear sweep voltammetry (LSV) was conducted at a scan rate
of 5 mV s−1 after activating the electrode with 25 cyclic voltammetry
(CV) cycles. Electrochemical impedance spectroscopy (EIS)
measurements were carried out at an overpotential of 250 mV, with
a frequency range from 100 kHz to 100 mHz and a perturbing AC
amplitude of 5 mV. The obtained EIS data were fitted using ZView
software. Catalyst stability was evaluated through chronopotentiom-
etry tests at a constant current density of 1.0 A cm−2.

All potentials in this study were reported relative to the reversible
hydrogen electrode (RHE), as defined by eq 1 and reported with iR-
compensation

E E pH i R0.1989 0.059 (25 C) ( )RHE Ag AgCl s/= + + × ° ×
(1)

where i and Rs are the current and solution resistance obtained from
EIS measurements, respectively.
The overpotential (η) values were calculated according to eq 2.73

E 1.232RHE= (2)

The Tafel plots were obtained by plotting η versus log j. The Tafel
slopes were extracted by linear regression of the Tafel plots using eq 3.

b j alog= ± × + (3)

Here, j denotes the current density and b is the Tafel slope (mV
dec−1).
The electrochemically active surface area (ECSA) was calculated

based on eq 4.74

ECSA A
C
Cgeo

dl

s
= ×

(4)

where Ageo denotes the geometric surface area of the electrode, Cdl
represents the douuble-layer capacitance and Cs is the specific
capacitance. The value of Cdl was obtained by performing cyclic
voltammetry (CV) at different scan rates (20 to 120 mV s−1) in the
nonfaradaic region (1.17−1.23 V vs RHE). Based on these
measurements, a linear relation of (ja − jc)/2 against the scan rate
values was plotted, and Cdl was estimated from the slope of the linear
fit. Cs is typically regarded as a constant for Ni-based electrodes in
KOH electrolyte (0.040 mF cm−2), consistent with literature values.62

The Faradaic efficiency (FE) was calculated using eq 5 based on
gas volume measurements by the water drainage method in an H-type
electrolysis cell during the electrolysis process.47,69

FE
n F V

Q V
% 100

m
= × ×

×
×

(5)

The stoichiometric factor n equals 4 for the OER, corresponding to
the number of transferred electrons. The Faraday constant F is 96,485
C mol−1. In the calculation, V represents the measured volume of
evolved gas (L), Q is the total electric charge passed (C) during
electrolysis, and Vm is the molar volume of gas (24.47 L mol−1 at
298.15 K and 1 atm standard conditions).
Electrochemical Corrosion Studies
Corrosion studies were conducted via Tafel polarization techniques to
determine the corrosion potential and current. Following stabilization
of the open-circuit potential (OCP), measurements were carried out
within a potential window of ±250 mV relative to the OCP
employing a standard three-electrode cell configuration. The system
consisted of the as-synthesized catalyst as the working electrode, a
saturated Ag/AgCl reference electrode, and a Pt plate counter
electrode.
Hypochlorite Detection
The detection of chlorine species in the electrolyte after the stability
test was conducted using the iodimetric titration method. The
electrolyte (1.0 mL) was first acidified to pH 1−2 using 0.5 M H2SO4.
Subsequently, 0.5 mL of 0.5 M KI was added under continuous
stirring. A yellow color change occurs if chlorine species are present.15
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