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ABSTRACT

Hydrogen production through seawater electrolysis represents a promising route for sustainable energy conversion. Never-
theless, its practical implementation is impeded by severe chloride-induced corrosion and the competing chlorine evolution
reaction (CER), both of which predominantly affect the anodic oxygen evolution reaction (OER) and consequently deteriorate
the overall efficiency and long-term operational stability of the seawater electrolysis system for sustained hydrogen generation.
To address these issues, this study introduces a Ni;N selective anion-gating interlayer (SAGI) on a nickel foam substrate. This
SAGI increases the electron density at the catalyst surface, effectively repelling C1™ ions from the nickel foam skeleton while
allowing OH™ ions to access the NiFeAl-LDH catalytic surface. As a result, the electrolyzer requires only 1.92 and 2.12V to
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achieve current densities of 400 and 1000 mA cm™~, respectively. Moreover, the electrode demonstrates excellent durability,

showing only a 5.8% and 13.6% increase in cell voltage after 500 h of continuous operation at 400 mA cm™2 in simulated and
real alkaline seawater, respectively. This strategy is broadly applicable, extending the operational lifespan of various seawater
electrolysis catalysts by 2-10 times, offering a promising approach to developing corrosion-resistant, high-performance
electrocatalysts for direct seawater splitting.

1 | Introduction resources and high renewable energy production, using sea-
water as a water source for hydrogen production via water
electrolysis offers a practical and sustainable solution for coastal
cities to produce clean energy while addressing local freshwater
resource challenges [14, 15]. Until now, green hydrogen pro-
duction from seawater electrolysis has still faced tremendous
challenges due to the substantial concentration of Cl ions
(around 0.5 M) in seawater, leading to the corrosion of chloride
anions and produced Cl, gas due to the kinetic favorability of
the two-electron process of Cl™ to Cl, during the continuous

Due to hydrogen's higher heating value (1.4 x 10°kJ kg™*) and
the fact that water is the only product of combustion, the pro-
duction of green hydrogen via water electrolysis has significant
potential to mitigate the energy and environmental crises [1-3].
Although numerous studies have been conducted on water
electrolysis, the focus has predominantly been on freshwater
electrolysis [4-8]. Seawater constitutes 96.5% of Earth's
water resources, so its electrolysis holds particular significance
[9-13]. Particularly in coastal regions with abundant seawater
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application of the oxygen evolution reaction (OER) potential
at the anode electrode [16, 17]. This impairs the selectivity of
the OER electrochemical reaction and significantly reduces the
electrode’s lifespan [10, 18]. Meanwhile, magnesium and cal-
cium cations in seawater tend to accumulate on the catalyst's
surface and form magnesium and calcium hydroxides during
electrolysis, thereby obstructing and inactivating the catalyst's
active sites [10, 19]. These intrinsic challenges make seawater
electrolysis significantly more complex than freshwater elec-
trolysis, hindering the development of direct seawater electro-
lysis for green hydrogen production.

To address these critical issues associated with seawater elec-
trolysis, numerous research studies and strategies have been
conducted and proposed. Among them, the most studied,
populated, and effective strategy is to increase seawater alka-
linity by adding KOH to the simulated seawater electrolyte
before electrolysis, thereby precipitating the magnesium and
calcium cations, reducing the working potential for OER, and
suppressing the chlorine evolution reaction (CER) [9, 20, 21].
Even though this kind of smart strategy has already achieved
promising achievements in seawater electrolysis on green
hydrogen production, such as increasing the OER selectivity at
the anode and significantly reducing the deactivation of the
cathodic catalyst, while the anode corrosion induced by the
high concentration of chloride anions near the electrode surface
during the continuous electrolysis of alkaline seawater under
high current densities is still a critical issue, designing the
electrolyzer with high stability performance in seawater is still a
tremendous challenge [10, 22-24].

To further overcome anode electrode corrosion during seawater
electrolysis, two major strategies have been widely explored.
One strategy focuses on electrode design, in which protective
layers are deposited on the anode surface to resist C1~ corrosion
and enhance OER durability. For instance, a core-shell struc-
tured electrode composed of NiFeN nanoparticles anchored
onto NiMoN nanorods on nickel foam was reported to undergo
surface reconstruction during electrolysis, forming an amor-
phous NiFeOOH layer. This layer functioned as both an active
site for oxygen evolution and a physical shield against C1™
attack, enabling stable operation at 500 mA cm™2 for over 100 h
in 1M KOH containing seawater [9]. However, the deposition
of NiFeN nanoparticles partially obscures the catalytically
active sites on NiMoN nanorods, potentially hindering intrinsic
activity and reducing overall electrode performance. Similarly, a
graphene oxide-encapsulated FeOOH-modified NiCo-LDH
architecture (GO@Fe@Ni-Co@NF) exhibited long-term stabil-
ity by suppressing CER and chloride infiltration to catalysts,
achieving continuous performance for 378 h at 100 mA cm™ in
a mixed alkaline-chloride electrolyte [25]. However, in addition
to the drawbacks of active-site coverage and substrate corrosion,
graphene oxide is also susceptible to electrochemical degrada-
tion at high current densities and anodic potentials, which may
further limit its long-term protective function under harsh
operating conditions.

The other strategy emphasizes electrolyte design, introducing
functional additives to regulate ion distribution at the electrode-
electrolyte interface, thereby repelling Cl™ ions and suppressing
CER [26, 27]. Chen et al. demonstrated that sulfate additives
could create a negatively charged layer on the anode surface,
effectively reducing CI~ concentration through electrostatic

repulsion [26]. This approach addresses the challenges posed by
high chloride concentrations by limiting chloride ions near the
catalyst/support, thereby mitigating corrosion. However, these
additive anions may also compete with OH™ for adsorption sites,
decreasing OER performance. Therefore, it remains a tremen-
dous challenge to design high-stability anode electrodes that do
not sacrifice catalytic activity and active sites during seawater
electrolysis. As far as we know, nitrides show great potential for
marine corrosion resistance due to their high corrosion potential,
low corrosion current density, low friction factor, and low wear
rate [28-31]. Inspired by these features of nitrides and the suc-
cessful application of these materials in marine environments, we
propose a hypothesis that coating a uniform and dense metal
nitride layer on the nickel foam substrate, which also provides a
suitable surface for the growth of a high-performance bulk OER
catalyst, could serve as a selective anion-gating interlayer (SAGI)
to enhance corrosion resistance without sacrificing OER per-
formance during seawater electrolysis. In this context, “gating”
refers to an energetically selective barrier established by
the modulated electronic structure of the Ni3N interlayer,

which preferentially repels Cl~ via electrostatic forces, rather
than relying on physical pore-size exclusion.

In this work, we create a uniform, dense layer of nickel nitride
on the nickel foam (NF) surface via a nitridation pretreatment.
Subsequently, a straightforward hydrothermal process forms a
layer of NiFeAl-LDH on the NizN-coated Ni foam. The resulting
catalyst is referred to as NF@Ni;N/LDH. The OER over-
potentials of as-prepared electrodes at 100 and 1000 mA cm 2
are only 240 and 270 mV, respectively, in alkaline seawater at
25°C. Besides, under the same conditions, the as-prepared
electrodes, when assembled as the anode and cathode in an
electrolyzer for direct alkaline seawater electrolysis, deliver
current densities of 400 and 1000 mA cm ™~ at cell voltages of
1.92 and 2.12V, respectively. Control experiments further
demonstrate the broad applicability of this SAGI, which
effectively extends the operational lifespan of various
high-performance freshwater OER catalysts, including MOFs,
oxides, delafossites, and LDHs, by 2-10 times compared with
their original electrodes. Meanwhile, we verified the dispersion
and trajectory of Cl~ during seawater splitting using kinetic
simulation. Combined with in situ/ex situ methods, the catalyst
evolution in seawater electrolysis has also been studied. It's
found that the SAGI could effectively increase the work func-
tion on the surface of NF, indicating that the electrons are more
likely to stay on the surface of NF@Ni;N and form an anion
layer to repel Cl™ species and protect the Ni skeleton without
hindering OH™ accessibility to the LDH catalysts. We believe
that the new insights demonstrated in this work will contribute
to the engineering of electrocatalysts for seawater electrolysis.

2 | Results and Discussion

2.1 | Synthesis and Characterization of Electrode
Materials

SAGI has been schematically presented in Figure 1A. First, after
cleaning and removing the oxide layer, NF is directly used as a
substrate (Figure S1A). After HCI treatment, these NF are
immersed in deionized water to obtain NF with uniform
Ni(OH), growth, as previously reported work (Figure S1B) [32].
The obtained materials are then subjected to sintering in a
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FIGURE 1 | Material characterization. (A) Schematic illustration of the synthesis procedures for NF@Ni;N/LDH, (B) SEM image of NF@NisN,
(C) Cross-section SEM image of NF@Ni;N/LDH. (D) XRD pattern (diffraction positions of NiFe-LDH are shown at the bottom) of NF@Ni;N/LDH.
(E) HAADF-STEM image and corresponding Ni, N EDX elemental maps of NF@Ni;N. (F) TEM, (G) HRTEM, and (H) corresponding FFT-SAED

pattern of NF@Ni3N.

flowing NH; atmosphere to form a dense Ni;N-protected NF
structure (denoted as NF@Ni;N, as shown in Figure 1B). The
Ni;N was prepared according to the reported work, which could
be indexed to Niz;N (PDF: 000-010-0280) and agreed with
our results (Figure 1E-H) [33]. First, the high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectrometer
(EDX) test (Figure 1E) showed the uniform distribution of Ni
and N in NF@Ni;N. Then, the lattice spacings are measured to
be 0.198 and 0.203 nm in high-resolution transmission electron
microscopy (HRTEM) (Figure 1F,G), corresponding to the (111)
and (—102) planes of Ni;N. The angle between these lattice
planes is 86.8°, as confirmed by the fast Fourier transform of the
selected area electron diffraction (FFT-SAED) pattern
(Figure 1H). As shown in Figure 1C, the final product of
surface-grown LDH with uniform nanosheets on the surface of
NF@Ni;N is obtained through a one-pot method (NF@Ni;N/
LDH). The lattice spacings are measured to be 0.15 and 0.21 nm
in HRTEM (Figure S2B), corresponding to the (110) and (015)

planes of NiFe-LDH (PDF: 00-040-0215). For a comparative
study, the electrode with LDH directly grown on clean NF is
prepared under the same conditions (NF/LDH). As shown in
Figure S3, an observable color change and a uniform surface
color are observed at different stages.

To compare our synthesized electrodes, X-ray diffraction (XRD)
was used to characterize the crystalline structure of the mate-
rials. As shown in Figure 1D and Figure S4A, it can be found
that the three strong peaks of NF@Ni;N/LDH and NF/LDH at
11.4°, 23.0°, and 34.4° are consistent with the NiFe-LDH (PDF:
00-040-0215). Besides, no other impurity peaks were observed,
indicating that the crystal structures of NF@Ni;N/LDH and
NF/LDH are the same; both are LDHs with high purity. In
addition, the Fourier transform infrared (FT-IR) spectra at
4000-400cm™ of these two samples were also studied
(Figure S5). As shown in Figure S5, the peaks at 3447 and
1640cm™" elucidate the stretching vibration and bending
vibration of O-H, respectively [34]. The peaks at around
1387cm™" are attributed to the interlayer anion asymmetric
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vibration (NO;*~/CO5*7), and the peaks in the 700-600 cm™*
range are ascribed to the M—O/M-O-M vibration [34-36].
Raman spectroscopy was also employed to characterize the
different samples (Figure S6). Typically, the bands at 301, 456,
and 540 cm ™" are assigned to the Egry, Ajg, and Egr) modes of
the HO-M-OH framework of the NiFeAl-LDHs, respectively
[37]. Besides, the bands at 730 cm™" can be assigned to CO;*~
derived from CO, dissolved by urea hydrolysis [37]. Combined
with the above data, the as-prepared catalysts are typical LDH
with carbonate and nitrate between the layers. Both NF@Ni;N/
LDH and NF/LDH show the same phase and structure
characteristics.

To study the morphology and structure of the synthesized
electrode materials, scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were carried
out. As confirmed by the cross-sectional SEM (Figure S7), a
NiFeAl-LDH layer with a thickness of roughly 1.2pm
formed on the surface of Niz;N. Concretely, during the
hydrothermal process, the following reactions will occur.
First, urea slowly hydrolyzes as the temperature rises, pro-
ducing carbonate and OH™, which increases the pH. Under
such conditions, metal ions (Ni**, Fe**, AI’**) will react
with OH™ to form corresponding hydroxide monomers: M**
+ xOH™ — M(OH),. These monomers will accumulate on
the NF surface to form crystalline nuclei. As these crystal-
line nuclei increase and agglomerate, these Ni**, Fe**, and
Al**-based oxides will link with hydroxyl groups and form a
staggered octahedral lattice. Then, it would slowly grow
along the c-axis. In the meantime, the carbonate and nitrate
will be inserted between the layers, gradually forming
NiFeAl-NO5/CO5-LDH.

Combining with the TEM image (Figure S4C), it can be found
that these stacked hydrangea structures of LDHs are relatively
uniform with a size of ~2.7 um. As shown in Figure S4D,E, the
lattice spacing in HRTEM was measured to be ~0.25, ~0.21, and
~0.15 nm, corresponding to the diffraction rings observed by the
SAED pattern of (012), (015), and (110) of NiFe-LDH (PDF: 00-
040-0215) It can be found that the morphology, coordination,
and phase of NF/LDH are consistent with NF@Ni;N/LDH, and
it can be concluded that the existence of Ni;N does not change
the growth of LDH.

X-ray photoelectron spectroscopy (XPS) was also applied to
further study the chemical composition of the synthesized
catalytic materials (Figure S8). The survey spectra proved the
existence of Ni, Fe, Al, N, C, and O in both NF@Ni;N/LDH
and NF/LDH (Figure S8A). The Fe 2p XPS spectra show the
characteristic spin-orbit peaks of Fe** (Figure S8B). The two
binding peaks at 711.5eV (2ps,2)/724.8eV (2p;1,2) and the
corresponding satellite peaks at 716.0eV (2ps/,)/733.8eV
(2p1,,) are attributed to Fe** [38]. For Ni 2p XPS spectra
(Figure S8C), the peaks around 856.4eV (2ps,)/874.2eV
(2p1,,) are attributable to Ni** [39]. Besides, the peaks at
855.1 eV (2ps/»)/872.7 eV (2p,,,) are attributable to Ni**, and
the peaks at 861.4 and 879.3 eV are satellite peaks [39]. In
Figure S8D, the Al 2p XPS spectra can be divided into two
peaks at 74.0 and 68.0 eV, which can be attributed to AIP* and
Ni M,;VV, respectively [40]. High-resolution O 1s XPS
spectra are fitted by four peaks, namely, the CO5*~ (531.9 eV)
[41], NO;~ (531.2€eV) [34], M=O (530.9¢eV) [42], and O-H
(529.2 eV) [34], respectively (Figure S8E). In addition, the N

1s XPS spectra were also provided (Figure S8F). The rela-
tively weak binding peak of N 1s confirms the low content of
NO;~. The XPS results indicated that the chemical environ-
ments of NF@Ni;N/LDH and NF/LDH are similar, and the
presence of NizN does not alter the LDH coordination on the
electrode surface.

2.2 | OER and HER Catalysis in Alkaline
(Simulated) Seawater Electrolytes

The OER performance in alkaline simulated seawater electro-
lyte (1.0M KOH + 0.5M NacCl) was comprehensively studied.
The NF@Ni;N/LDH only needed an overpotential of 242 mV to
achieve a current density of 100 mA cm ™2, much smaller than
that of NF/LDH (300 mV), NF@Ni;N (520mV), and NF
(760 mV) (Figure 2A). In addition, as shown in Figure 2C, the
Tafel slopes of NF@Ni;N/LDH are the smallest (71 mV dec™)
among NF/LDH (94 mV dec™), NF@Ni;N (176 mV dec™"), and
NF (493 mV dec™). Due to the more complex environment, the
kinetics of the OER reaction are relatively sluggish than that in
pure 1M KOH electrolyte (Figure S9). To further verify the
protection and enhancement derived from Ni;N in a complex,
multi-component ionic real environment, seawater collected
from the coast of Xiamen, China, has been used to prepare an
alkaline natural seawater electrolyte (1.0 M KOH + seawater)
(Figure S10). In this electrolyte, the hydrogen evolution reaction
(HER) performance of NF@Ni;N/LDH still outperforms better
than other catalysts (Figure 2B). At a current density of
100 mA cm ™2, its overpotential is only 240 mV, much smaller
than that of NF/LDH (350 mV), NF@Ni;N (400 mV) and NF
(790 mV). In addition, as shown in Figure 2D, the Tafel slopes
of NF@Ni;N/LDH are the smallest (57 mV dec™') among NF/
LDH (101mVdec™!), NF@NisN (113mVdec™), and NF
(359 mVdec™!). Besides, the overpotential increment of
NF@Ni;N/LDH when switching from alkaline electrolyte to
alkaline (simulated) seawater (Figure 2E). This phenomenon
indicates that the SAGI can effectively improve the catalyst's
OER activity in the Cl™-containing electrolyte. Compared with
the reported catalysts, our engineered electrocatalyst also shows
lower overpotential at the same working current density
(Table S2). In addition, the HER performance of NF@Ni;N/
LDH also exhibits enhanced performance in alkaline simulated
seawater and alkaline seawater compared to other controlled
catalysts (Figure 2A,B). The advantage of NF@Ni;N/LDH in
catalytic seawater splitting is also confirmed by the electro-
chemical impedance spectroscopy (EIS) results, which show
improved dynamic kinetics during electrolysis (Figures S11
and S12). The synergistic effect of NizN and LDH structure also
contributes to the enhanced OER and HER performance, as
further demonstrated in 1.0 M KOH electrolyte (Figures S9
and S13-S18).

Stability is a crucial performance parameter for evaluating
electrocatalytic electrodes, particularly for the potential com-
mercial application of catalytic materials for green hydrogen
production in seawater-based electrolytes. Therefore, ex situ
SEM of these reacted samples was performed to examine the
morphological variation of the catalytic materials after 20 h of
continuous electrolysis at 400 mA cm™2 in 1.0 M KOH + 0.5 M
NaCl. As shown in Figure S19A,B, NF@Ni;N/LDH maintains
its original morphology. However, on NF/LDH and NF
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FIGURE 2 | Electrochemical characterization. Water splitting performance for NF@Ni;N/LDH, NF/LDH, NF@Ni;N, and NF in (A) 1.0M
KOH + 0.5M NaCl and (B) 1.0M KOH + seawater. Corresponding Tafel plots of catalysts in (C) alkaline simulated seawater electrolyte and
(D) alkaline seawater electrolyte, respectively. (E) Comparison of the OER and HER overpotentials required to achieve current densities of
100 mA cm ™2 for different catalysts in 1.0 M KOH, 1.0 M KOH + 0.5M NacCl, and 1.0 M KOH + seawater.

surfaces, varying degrees of catalyst detachment and corrosion
were observed (Figure S19C-H). Additionally, ex situ TEM
(Figure S20) and XPS (Figure S21) analyses of the NF@Ni;N/
LDH sample after 20 h of OER reveal minimal changes relative
to the pristine electrode, indicating that the SAGI effectively
protects the electrode in simulated alkaline seawater. Mean-
while, as shown in Figure S22, the ex situ SEM was also carried
out in alkaline seawater under the same conditions. The surface

of NF@Ni;N/LDH still maintains the original morphology after
the test.

In-situ Raman was also applied to further study the OER of
NF@Ni;N/LDH (Figure S23A). During the test, the peaks of
NF@Ni;N/LDH at 456 and 540 cm™' showed a slight increase
trend, indicating a small amount of phase change in the con-
version of LDH to oxyhydroxide during the reaction [43]. This
result also agrees with the ex-situ XPS (Figure S24), confirming
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that most catalyst parts remain in the pristine structure. This
phenomenon is observed in the in-situ Raman spectra in alka-
line seawater (Figure S23B). Two prominent peaks at 456 and
540 cm™* could be observed during the reaction process, which
might indicate the production of Ca** or Mg>* hydroxides
[44, 45]. Despite negligible surface reconstruction during test,
the results above confirm the stability of structures derived from
SAGI in both alkaline simulated seawater and alkaline
seawater.

2.3 | Overall Electrochemical Splitting of Water
in Alkaline (Simulated) Seawater Electrolyte

The overall electrochemical water splitting performance is a
crucial metric for evaluating the potential of the developed
catalysts in practical green hydrogen production. Therefore, the
electrochemical tests for all synthesized electrodes were con-
ducted in alkaline simulated seawater and alkaline seawater
electrolytes in the symmetric electrolyzer, in which the cathode
and anode are the same catalysts. Figure 3A,B show that
NF@Ni;N/LDH outperforms the other catalysts in both
environments. Specifically, NF@Ni;N/LDH achieves a current
density of 400 mA cm™ at potentials of only 1.83V in 1.0M
KOH + 0.5M NacCl and 1.92V in 1.0 M KOH + seawater. These
values are significantly lower than those required for NF/LDH
(2.2/2.35V), NF@Ni3N (2.37/2.41V), and NF (2.6/2.98V),
demonstrating the superior performance of NF@Ni;N/LDH

under both conditions. For overall alkaline seawater splitting
with higher current density, NF@Ni;N/LDH exhibits the
best catalytic performance, requiring only 2.12V to achieve
1000 mA cm~2. Furthermore, the electrochemical reaction
selectivity of NF@Ni;N/LDH and NF/LDH at a current density
of 100mAcm™ was systematically compared (Figure 3C,
Figure S25). To minimize interference from gas dissolution, the
electrolyzer was operated overnight before gas collection to
saturate the water used in the displacement method with the
generated gases. Drainage-based gas collection tests
(Figure S26) revealed that the volume ratio of gases collected
from the cathode and anode for NF@Ni;N/LDH was close to
2:1, indicating nearly 100% selectivity toward the OER. In
contrast, NF/LDH exhibited a gas ratio near 1:1, suggesting a
dominant contribution from the competing CER. These find-
ings confirm that SAGI significantly enhances both the selec-
tivity and activity of the catalysts for OER during seawater
electrolysis. Additionally, an NF@Ni;N/LDHIINF@Ni;N/LDH
cell was assembled to evaluate stability in both alkaline simu-
lated seawater and alkaline natural seawater (Figure 3D).
Results show that NF@Ni;N/LDH maintains stability for over
500h at current densities of 400, 800, and 1000 mA cm™2 in
alkaline simulated seawater. In alkaline natural seawater, it
remains stable at 400 mA cm™2 for more than 550h, demon-
strating significantly greater durability compared to NF/LDH
(Figure 3D). Furthermore, the seawater electrolyzer was paired
with a commercial Si solar cell (Renogy E-FLEX10, 10 W, 5V,
1.92A) for high-current testing under natural sunlight. The
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FIGURE 3 | Water splitting performance. LSV curves of NF@Ni;N/LDH, NF/LDH, NF@Ni;N, and NF in (A) alkaline simulated seawater and
(B) alkaline seawater, respectively. (C) Gas product volume ratio of the cathode to the anode. (D) Chronoamperometry curves of NF@Ni;N/

LDHIINF@Ni;N/LDH under different current densities in alkaline simulated seawater and alkaline seawater, respectively. The replenishment of

electrolytes caused the fluctuations in the curves. (E) Photograph of a commercial solar cell-driven seawater electrolysis.
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system achieved a notably high current of ~640 mA with a pho-
tovoltage of 4.16 V, demonstrating the successful integration of
renewable energy to power hydrogen production. This highlights
the practical potential of our developed catalysts for sustainable
energy conversion and green hydrogen production (Figure 3E).

To further investigate the stability of the NF@Ni;N/LDH catalyst
in alkaline seawater after 550 h of testing, ex situ SEM, TEM, and
XPS analyses were performed on the post-test samples
(Figure S27-S29). Remarkably, even after 550 h at 400 mA cm™2,
NF@Ni;N/LDH retains its original morphology (Figure S27A,B).
Ex situ TEM analysis confirms that the catalyst structure remains
well-preserved despite the formation of a thin amorphous layer
on its surface (Figure S27C). The crystal structure and elemental
distribution remain consistent with those of the pristine sample
(Figure S4). Notably, localized surface regions exhibit Mg and Ca
enrichment (Figure S28A,B), while Cl is absent, consistent with
in-situ Raman observations (Figure S23). This suggests that trace
amounts of Ca and Mg unavoidably precipitate on the catalyst
surface during testing, which can be reasonably considered
negligible. However, the electrode’s ability to repel Cl™ ions
effectively mitigates corrosion, thereby enhancing the long-term
stability of the OER. Ex-situ XPS further shows minimal changes
in the chemical environment of the catalyst after 550 h of oper-
ation (Figure S29).

2.4 | Further Examining and Understanding the
Anion Protection Strategy of Catalysts in Alkaline
(Simulated) Seawater Electrolysis

To further demonstrate the advantages of the SAGI, additional
catalysts were developed and thoroughly characterized elec-
trochemically (Figure 4, Figure S30). In this section, several
well-established catalysts with excellent OER performance in
freshwater were prepared both with and without SAGI for
comparison [46-48]. For various catalyst types, the SAGI
strategy not only enhances overall water-splitting performance
but also significantly extends catalyst stability in seawater,
with working lifetimes increased by 2-10 times under condi-
tions of overall water electrolysis at 400 mA cm™2 and 23°C.
Stability comparisons for alkaline seawater electrolysis reveal
the following trend: NF@Ni;N/NiFe-LDH > NF@Ni;N/FeCo
delafossite analog (NF@Ni;N/FeCo-AN) > NF@Ni;N/NiFe-
MOF (Figure 4A-F). Simulation calculations (Figure 5) sug-
gest that these differences may stem from the smaller particle
size and higher porosity of FeCo-AN and NiFe-LDH compared
to NiFe-MOF. The relatively thicker and denser NiFe-MOF
structure likely diminishes the synergistic and protective effect
of the underlying Ni;N layer. Furthermore, IrO, and NiFeAl-
LDH developed in this study were formulated into inks and
applied to different electrodes at a loading of 1mgcm™.
Results indicate that samples using NF@Ni;N as the
substrate maintain superior OER performance and stability
(Figure S31), which is mainly because coating a uniform and
dense metal nitride layer on the nickel foam substrate could
enhance corrosion resistance during seawater electrolysis as
illustrated in Figure 4G. Based on these findings, future
research could explore the effects of catalyst thickness,
porosity, and loading methods to optimize the electrochemical
performance further.

Building on the detailed results above, SAGI exhibits signifi-
cant potential as a general strategy to enhance both the cat-
alytic efficiency and stability of water-splitting catalysts in
alkaline seawater electrolytes. The observed improvements in
electrochemical performance are attributed to the finely
optimized 3D structural design of the catalysts to increase the
catalytic activity/sites and the SAGI to enhance the catalyst's
lifetime (Figure 4G). Specifically, from the structure design
aspect, due to the slow hydrolysis rate of urea, the controlled
release of OH ions promotes the growth of large nanosheets.
This mechanism, driven by the dispersed nucleation of crystal
seeds, yields a robust 3D interwoven porous nanosheet
architecture. The penetrating pores within the NF scaffold
further facilitate effective electrolyte penetration. Addition-
ally, NH,F functions as a surfactant to direct nanosheet
assembly, resulting in a hydrangea-like architecture on the
original framework. This hierarchical reorganization effec-
tively utilizes the 3D spatial configuration of the NF skeleton
and, with a carefully optimized composition, achieves high
catalyst loading (~0.98 mgcm™2), thereby significantly en-
hancing catalytic efficiency and activity.

To gain deeper insights into the mechanistic role of the SAGI in
enhancing the electrochemical durability of the catalyst under
prolonged alkaline seawater electrolysis, we established opti-
mized surface models of NF with and without the Ni;N inter-
layer (denoted as NF and NF@Ni;N, respectively). First-
principles density functional theory (DFT) calculations were
conducted to examine the CI™ adsorption behavior, the position
of the d-band center, and the work function variations associated
with the introduction of the Ni;N layer (Figure 5A-D). As
depicted in Figure 5B, the Cl™ adsorption energy becomes less
negative, and the d-band center downshifts from 3.75eV
(—=1.17 eV relative to the Fermi level) for bare NF to 3.13eV
(—1.35eV) for NF@Ni;N. This downshift in the d-band center
implies a greater population of antibonding states, which effec-
tively weakens the interaction between CI™ anions and the sur-
face, thereby mitigating their adsorption. This electronic
structure modulation contributes to reduced chloride-induced
corrosion and enhanced surface stability. The calculated work
function increases from 5.07 to 5.40eV upon NizN deposition
(Figure 5C,D), reflecting a deeper Fermi level and elevated
electron localization at the interface. This increase in surface
electron density is expected to generate a more negative surface
potential, which facilitates electrostatic repulsion of Cl~ species
[49]. Together, these theoretical findings provide compelling
evidence that the NizN interlayer not only modulates surface
electronic properties but also establishes a protective electrostatic
environment, thereby effectively suppressing chloride adsorption
and prolonging the operational stability of the electrode under
harsh seawater electrolysis conditions [50]. Additionally,
although the anion layer formed on the surface of NF@Ni;N may
have the potential to repel hydroxide ions (OH"), this effect is
negligible when considering the short-range interaction repulsive
distance dictated by the electrical double layer. Specifically, in
the 1.0 M KOH + seawater electrolyte, the effective interaction
range of the anion layer to the OH™ is typically less than 1 nm, as
estimated from the Debye length and classical electrical double
layer theory. Meanwhile, the LDH catalyst grown on the surface
of NF@Ni;N exhibits a thickness of approximately 1.2um
(Figure S7), which is more than three orders of magnitude

186

Interdisciplinary Materials, 2026

85U017 SUOWILWIOD BAITEID) 8|qed!dde ay) Aq pausencb ae sspie YO ‘88N Jo sejni 1oy AriqiT8UIIUQO AB|IA UO (SUORIPUOD-PUR-SWBH W00 A8 | IMAeIq1 Ul UO//:SdNy) SUONIPUOD pue SWis | 8U188S *[9202/90/60] U0 AriqiTauliuO AB|IM BuIyDBURIL0D A TE00L ZWPY/Z00T OT/I0P/W00" A3 1M Ae.q 1 puluoy//Sdiy wolj pepeojumod ‘T ‘9202 ‘XTiy29/2



(A) NF@Ni;N/NiFe-LDH NG NF

(D) (E) + NF/NiFe-MOF (F) 44 ToNFiFeCoAN
is o o 5.0 1 « NF@NisN/NiFe-MOF * NF@NigN/FeCo-AN
. o 1 ‘
. 4.0 :
~ 4.0 3 ° [
> ° 8 < — °
= . , s S36 1
g351 : g g, ,
% o g g 3 2 -
>30{ § S $ >
J 2.8
2l L—f o NF/NiFe-LDH h"
» NF@Ni;N/NiFe-LDH 2.5 1
20 4+— - - T T T . . T T : T 24 T T T T
0 10 20 30 40 50 0 1000 2000 3000 4000 0 4 8 12 16
Timei(h) Time (s) Time (h)
(G) Anion protection strategy
0,
e

Nickel foam

CI” corrosio

Surface catalysts,”

High OER selectivity area

FIGURE 4 | Extended studies of the SAGL. SEM images of (A) NF@Ni;N/NiFe-LDH, (B) NF@Ni;N/NiFe-MOF, and (C) NF@Ni;N/FeCo-AN
in a two-electrode electrolyzer tested in alkaline seawater. (D-F) The corresponding durability test under 400 mA cm™ of these catalysts in a
two-electrode electrolyzer was tested in alkaline seawater. (G) Schematic diagram of SAGI strategy.

greater than that of the repel distance to the OH™. Therefore, the
potential suppression of the catalytic activity of LDH due to OH™
repulsion by the anion layer can be reasonably considered neg-
ligible. In summary, the LDH layer itself acts as the primary
catalytic and physical barrier. The SAGI ensures the structural
integrity of the substrate, which in turn supports the durable
operation of the surface catalyst.

3 | Conclusion

In conclusion, this work addresses the long-standing chal-
lenges of direct alkaline seawater electrolysis, including
chloride-induced anode corrosion, competitive CER, and
catalyst deactivation, by proposing a SAGI based on the for-
mation of a dense Ni;N interlayer on nickel foam. This
interlayer not only modulates surface electron density to
repel corrosive Cl™ species but also preserves the accessibility

of OH™ to the overlying NiFeAl-LDH catalytic layer, ensuring
high electrocatalytic activity. Comprehensive electrochemical
evaluation demonstrates that the NF@Ni;N/LDH electrodes
exhibit low overpotentials, high current densities (up to
1000 mA cm ™2 at 2.12V), excellent OER selectivity (~100%),
and exceptional long-term durability (> 500 h in both simu-
lated and real seawater). Beyond a single catalyst system, the
SAGI concept has been successfully extended to multiple
OER-active materials, enhancing their operational stability
by 2-10 times without compromising intrinsic activity. Cou-
pled with theoretical insights, including DFT calculations
and work function analysis, this study establishes SAGI as an
efficient and scalable strategy for designing corrosion-
resistant, high-performance electrodes for practical seawater
splitting. These findings offer valuable design principles for
next-generation electrolyzers and make a meaningful con-
tribution to the advancement of green hydrogen production
from abundant seawater resources.
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4 | Experiments and Methods
4.1 | Synthesis of NF@NizN

The NF@Ni;N was prepared following the previously reported
procedure (Angew. Chem. Int. Ed. 2019, 58, 7445) with some
modifications. The nickel foam (NF, 350 g m™2) was first sonicated
in ethanol and water for 15 min, respectively. Then the NF was
soaked in 3 M HCI for 1.5 h, followed by soaking in water for 22 h.
After drying overnight at 70°C, the treated NF was placed in a
crucible in a pipe furnace. The furnace was purged with ammonia
at 143mLmin"%, then heated to 350°C at 10°C min™ ' After
reacting at 350°C for 3h, the NF@Ni;N could be obtained.

4.2 | Synthesis of NF@Ni;N/LDH

First, 0.5 mmol Fe(NO3);-9H,0, 2 mmol Ni(NO3),-6H,0, 0.5 mmol
AI(NOs);-9H,0, 8 mmol NH,F, and 10 mmol urea were dissolved
in 70mL deionized water. Then, the as-prepared NF@Ni;N
(3x5cm?) was immersed in the mixed solution, followed by a
hydrothermal reaction at 100°C for 12 h. After that, the slice was
washed with ethanol three times and dried in a vacuum drying
oven (80°C) overnight. The LDH mass loading was calculated to be

~0.98 mgcm ™.

4.3 | Synthesis of NF/LDH

The synthesis of NF/LDH was the same as that of NF@Ni;N/
LDH, except that NF@Ni;N is replaced by clean NF.

4.4 | Characterization

XRD patterns were recorded on a Bruker D8 Discover
X-ray diffractometer with Cu K, radiation (1 =1.5418 A). Field-
emission scanning electron microscopy (FESEM, JEOL JSM-
7100F) and transmission electron microscopy (TEM, Titan G2
60-300) were used to characterize the sample morphologies. The
elemental mapping was collected using a TEM equipped with an
energy-dispersive X-ray spectrometer (EDX). X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Thermo-
Fisher Scientific ESCALAB 250Xi system. The Inductively Cou-
pled Plasma-Optical Emission Spectrometer was employed to
analyze the Fe/Co content (ICP, Prodigy 7). Fourier transform
infrared (FT-IR) was applied on Nexus. Raman spectra were
recorded using a confocal Raman microscope (DXR, Thermo-
Fisher Scientific). Electrochemical data of the drainage test were
collected by the CHI 760E electrochemical workstation. The dis-
placement volume of the volumetric cylinder was read visually.
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The gas collection setup was calibrated before experiments by
electrolyzing in the SAGI system, where the Faradaic efficiencies
for H, and O, evolution were assumed to be 100%, confirming the
system's accuracy. The primary sources of error include the
graduated cylinder's resolution (+0.1 mL) and fluctuations in
ambient temperature and pressure. The propagated uncertainty
was calculated to be within +5%.

4.5 | Computational Details
4.5.1 | Models

The slab models of Ni;N supercell with a lattice constant of
9.49%9.49 A, consisting of 48 atoms, were separated by a
vacuum region of 15 A along the direction normal to the sheet
plane to avoid artificial interactions between layers. During
optimization, the bottom three Ni;N layers were fixed. The
slab models of NF@Ni;N heterolayer with a lattice constant of
9.49 X 9.49 A were comprised of three Ni;N layers and two Ni
layers, where the bottom Ni layer was fixed during optimiza-
tion. NisN and Ni;N/Ni were modeled from the Ni;N (001)
and Ni (001) planes.

4.6 | Calculated Details

All DFT calculations were performed using the Vienna ab initio
simulation package (VASP; see Comput. Mater. Sci. 6 (1996)
15-50; Phys. Rev. B 54 (1996) 11169). Using the electron ex-
change and correlation energy, the generalized gradient
approximation in the Perdew—Burke—Ernzerhof functional
(GGA-PBE,; see J. Chem. Phys. 109 (1998), 3313) was used. The
calculations were performed with a plane-wave basis set with a
kinetic energy cutoff of 450eV. The k-point sampling was
obtained using the Monkhorst—Pack scheme, with a (3 x3x 1)
mesh for optimization and a (5X5x1) mesh for electronic
calculations. The geometry optimization and energy calculation
were finished when the electronic self-consistent iteration and
force reached 107> eV and 0.02eV A™", respectively.

4.7 | The Gibbs Free Energy Variation

The change in Gibbs free energy (AG) for each adsorbed
intermediate is calculated using the computational hydrogen
electrode method developed by Nerskov et al. At standard
conditions (T=298.15K, pH=0, and U=0V (vs. SHE)), the
free energy G is defined as follows:

AG = AE + AEZPE - TAS + AGpH + AGU,

where AE is the energy change obtained from DFT calculation,
AEzpg is the difference between the adsorbed state and gas,
which was calculated by summing vibrational frequency for all
model based on the equation: Ezpr = 1/22hV; (T is the tem-
perature (298.15K) in the above reaction system, and AS
represents the difference on the entropies between the
adsorbed state and gas phase. The entropies of free molecules
were obtained from the National Institute of Standards and
Technology (NIST) database (https://janaf.nist.gov/). AG,y =
—kTIn[H*]=pH - kT - In10 — 0.0591pH is used to correct the

free energy of H* +e~ referenced by a standard hydrogen
electrode (SHE) at various pH values.

AGy = -neU, where U is the applied electrode potential and n is
the number of electrons transferred, AGy is the free energy
change resulting from an extra applied potential U versus SHE.

4.8 | d-Band Center

The d-band center proposed by Norskov and co-workers
(refer to Proc. Natl. Acad. Sci. 2011, 108(3):937-943) is a semi-
quantitative descriptor to describe the trend of reactivity of transi-
tion metals (TM), which is defined as the d-band center (&) relative
to the Fermi level (Ep). A transition metal with a low g5 value
relative to the Fermi level shows a weak adsorption for a given
adsorbate, and the d-band center (gy) is calculated as follows:

+ 0o
f _ooxp(x)dx
="
J - et
where p(x) is the projector density of states (PDOS) with respect
to Ni-related catalysts.

4.9 | Electrochemical Measurements

Electrochemical measurements were conducted on a CHI 1140 C
electrochemical workstation using a three- or two-electrode system.
As-obtained catalysts (1 x 1cm?) were served as the working elec-
trode. The IrO, and NiFeAl-LDH were prepared by dispersing 5 mg
of IrO, into 1 mL of a mixed solution containing 50 uL of 5wt%
Nafion, 800 uL of isopropanol, and 150 uL of deionized water. Then,
the ink was loaded onto the 1 cm?® NF or NF@Ni;N by drop-casting
10 L of ink, resulting in a loading of 1 mgcem™. A platinum wire
electrode and an Hg/HgO electrode were used as counter and ref-
erence electrodes, respectively. All the electrochemical data were
recorded in 1.0M KOH (pH=14), 1.0M KOH+0.5M NaCl
(pH=14), or 1.0M KOH + seawater (pH =14) electrolytes, and
potentials were converted to a reversible hydrogen electrode (RHE)
reference scale via the equation: E(RHE) = E(Hg/HgO) + (0.098 +
0.0592pH). Before evaluating the OER/HER activity, catalysts were
activated by 100 cyclic voltammetry (CV) cycles across different
potential windows at a scan rate of 50 mVs™, and 95% iR com-
pensation will be performed. Following the pre-activation process,
linear sweep voltammetry (LSV) was performed at a scan rate of
5mVs~". iR drop was corrected using the uncompensated series
resistance obtained from EIS over a frequency range of 1-10° Hz.
Long-term stability was measured by chronopotentiometry at dif-
ferent current densities. In situ Raman spectra were recorded using
a confocal Raman microscope (DXR, Thermo Fisher Scientific) with
532nm excitation from an argon-ion laser. Each spectrum was
recorded on the NF@NisN/LDH (0.25x 0.025 cm?), which was
scanned from 0.924 to 1.547 V (vs. RHE) at 0.25mV's ™.

410 | Electrochemically Active Surface
Area (ECSA)

The ECSA was determined by the double-layer capacitance (Cgp).
To obtain the Cy value, CV measurements were performed in the
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https://janaf.nist.gov/

non-Faradaic region at different scan rates of 20, 40, 60, 80, and
100 mV s™*. Cy was estimated by plotting the AT = (J, — J,) against
the scan rate. The linear slope is equivalent to twice of the Cy;.

The Cy can be further converted to ECSA using the specific
capacitance of a standard with 1cm™ of real surface area.
A NF electrode was used as the support, and the specific
capacitance of NF was taken as the standard (1.8 mFcm™?)
for the following calculation. The ECSA of each catalyst can be
calculated according to:

Cq — catalyst (mF cm™2)
Cq — NF electrode (mF cm™2) per ECSA cm™2"

Agcsa =

Taking NF@Ni;N/LDH as an example, upon the OER, the
NF@NIi;N/LDH can be calculated as:

3.1 (mF cm™2)

= 1.72 cm?gcsa.
1.8 (mF cm~2) per ECSA cm™2 Fesa

Agcsa =

411 | Turnover Frequency (TOF) Calculation

The TOF values were calculated via the following equation:

TOF = l,

where |jl is the current density at an overpotential of 270 mV
during the LSV measurement in the electrolyte, F is the
Faraday constant (96,485 Cmol™"), m accounts for the
electrons consumed to form one H, or O, molecule from
water (i.e., two electrons for the hydrogen evolution
reaction and four electrons for the oxygen evolution
reaction), n represents the quantity of active sites, and n can
be calculated as follows.

If all the metal ions take part in the electrocatalytic reaction, the
value of n can be calculated based on the ICP results:

Meatalyst X Cwit%—Fe + Mecatalyst X Cwitg%—Al + Mecatalyst X Cwt%—Ni

Mre Mai Mni

Aelectrode

where Meaeyse is the catalyst loading on the disk electrode
(0.98 mg for LDH mass loading), Cy.q is the concentration of
metal derived from ICP, and Agjectrode 1S the area of the disk
electrode (1 cm?).
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