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HIGHLIGHTS

® CoFe layered metal hydroxide (LMH) was synthesized via a MgO nanoparticle assisted method, fluorine (F) doping effectively modu-
lated the electronic structure of CoFe LMH by selectively tuning Fe sites while preserving Co integrity, resulting in a high spin Fe

configuration conducive to enhanced catalytic activity.

e F-CoFe LMH-8 as a bifunctional catalyst , exhibiting strong hydrophilic and oxophilic behavior while effectively repelling chloride

ions (chlorophobic) in seawater conditions.

e F-CoFe LMH-8 (+II-) anion exchange membrane device delivered a current density of 1 A cm™ at 2.3 V in seawater and maintained

exceptional operational durability, exhibiting a degradation rate of only 0.15 pV h™" over 500 h of continuous operation.

ABSTRACT Green hydrogen production through seawater electrolysis
is a promising strategy, although challenges such as sluggish oxygen
evolution reaction (OER) kinetics and chlorine (C17) corrosion hin-
der its practical applicability. A novel fluorine (F)-doped cobalt (Co)
and iron (Fe) layered metal hydroxide (F-CoFe LMH-8) is developed
as a robust bifunctional catalyst achieving 81.23 and 265.5 mV at

./ OH dominated adsorp!
/| Degradation :

10 mA cm™2 for hydrogen evolution reaction (HER) and oxygen evolu-

tion reaction (OER), respectively. Theoretical and experimental studies

demonstrate that the F-doping modulates the electronic structure, effec- e T:Z:, rp;;n =
. . . . . . . X 1 Corrosion __ _'. sl - |
tively tuning Fe sites toward a high-spin configuration that optimizes Viredon X1 Dogradation S NSt HeSRRINH s

binding energies and induces a chlorophobic effect that repel corrosive

(CI7) ions. Notably, the F-CoFe LMH-8( +Il —) bifunctional catalyst integrated anion exchange membrane water electrolyzer (AEMWE)
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exhibited outstanding performance for continuous H, production, achieves a current density of 1.2 A ecm™2in 1 M KOH, 1.02 A cm™2in
1 M KOH+0.5M NaCl, and 1 A cm~2in 1 M KOH in seawater at 2.3 V. Furthermore, a long short-term memory-based machine learn-

ing model was employed to forecast and predict the stability of F-CoFe LMH-8. This approach provides a comprehensive pathway for

heuristic design of durable, chlorophobic, and advanced electrocatalyst for seawater-based AEMWE and large-scale hydrogen production.

KEYWORDS Corrosion resistance; F-doping; H2 generation; Seawater electrolysis; Long short-term memory (LSTM)

1 Introduction

The excessive consumption of fuels and the detrimental envi-
ronmental problems that emerged during the past human
endeavors compel us to explore clean and sustainable energy
resources for future energy demands [1-4]. Hydrogen econ-
omy through water electrolysis is a future-proof technology
since the generation and combustion product for hydrogen is
simply water [5]. In commercial water electrolyzers, noble
metals like Pt and Ir/Ru are used to facilitate the hydrogen/
oxygen evolution half-reactions (HER/OER) [6, 7]. Water elec-
trolysis is a promising technology, yet scaling up is heavily
hindered by its cost, stability, activity, and excessive amount
of freshwater demand [8]. To eliminate the cost and fresh-
water demand, direct electrolysis of seawater has emerged
as an illimitable raw material for green hydrogen production
[9-11]. Despite its unlimited advantages of seawater electroly-
sis, anode catalysts are hindered due to competing complex
chloride evolution reaction (CIER) and sluggish OER. There-
fore, a highly efficient and OER-selective anodic catalyst is the
ultimate requirement for seawater electrolysis [12]. The strong
interaction between CI™ ions and catalyst active site acceler-
ates catalyst corrosion in the saline environments. Moreover,
the operational voltage employed in commercial water elec-
trolyzer systems at current densities (0.1-1 A cm™2) adds extra
unwanted stress at the electrocatalytic interface [13].

In recent year, alternative strategies have been explored
that can achieve high activity, excellent stability, and lower
cost for an electrolyzer. Transition metal hydroxide-based
catalyst, due to their abundance and electrocatalytic activ-
ity, is a promising avenue which are being explored as a
potential alternative [1, 5, 14, 15]. Currently, various nitrides
[16, 17], oxides [18, 19], phosphides [20], and sulfides [21]
have been reported for seawater electrolysis. These anodes
normally undergo phase-transformative reconstructions, dur-
ing which create surface defects that provide opportunities

© The authors

for chlorine (C17) attacks [22, 23]. Therefore, these anodes
become challenging to operate stably, because they experi-
ence gradual degradation and their disordered anion distri-
bution can reduce OER activity by affecting intermediate
adsorption.

Major focus has been placed on regulating the doping
and intercalation of anions into layered double hydroxide
(LDH)-based anodes in alkaline seawater electrolyzers.
Electrode protection by introducing anions at the anode
interface has been proposed, and its feasibility has been
demonstrated in the published literatures, where LDH-based
materials were intercalated with various anions [22]. For
example, Cl™ ions are introduced in the NiFe sites, although
the catalyst only performed for 100 h of stable operation
@ 200 mA cm~2 current density @ 30% KOH seawater in
80 °C [24]. Regulating electronic structure and local coor-
dination environment of Fe sites seems to play a key role
in optimizing catalytic performance in seawater. Fluorine
incorporation into NiFe LDH has been previously employed
to stabilize high-valent Fe sites; however, the Pt||F-NiFe
AEM device exhibited relatively low operating voltage of
2.04 V at 500 mA cm~2 and maintained stability for only
80 h in seawater. A sulfate (SO,>7) coating was applied
through surface reconstruction from la-S-NiFe-LDH/NFF
where device exhibited operational stability for only 120 h
[25]. Sulfate (SO42_) ions were also intercalated through a
buffer solution in CoFe LDH, although the Pt Il CoFe LDH/
(SO,%") device exhibited high overpotentials of 2.51 V at
1.0 cm™ at 60 °C indicating inadequate catalytic perfor-
mance [26]. Anodes have also been reported to be interca-
lated with aromatic small molecules to boost its operational
time; although this approach extended the operational time
of the alkaline seawater electrolyzer to 220 h, the cell exhib-
ited suboptimal operational performance, requiring voltages
above 2.5 V at 65 °C to reach 1.0 A cm™2 [27].

In this work, we developed a simple, scalable, and cost-
effective synthetic route for producing metal hydroxide

https://doi.org/10.1007/s40820-026-02230-8
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nanostructures, which can be readily expanded to large-scale
reactions. F was employed as the charge-balancing ion func-
tioning as an effective weak field ligand, serving as doping/
intercalant species that selectively occupies Fe-centered coor-
dination sites while leaving the Co-based active centers intact.
This targeted modulation Fe electronic environment, stabilizes
high-spin Fe-O states, expands the lattice framework, and
enables sustained OH™ accessibility at the catalytic interface.
The resulting electronic configuration also provides strong
resistance against chloride-induced degradation, thereby
enhancing the catalyst’s operational durability under alkaline
seawater electrolysis conditions. Overall, this synthesis plat-
form offers a practical pathway toward large-scale manufac-
turing of high-performance electrocatalysts suitable for indus-
trial alkaline and seawater electrolysis applications.

2 Experimental Section
2.1 Synthesis of CoFe LMH and F-CoFe LMH

At first, cobalt nitrate hexahydrate and iron sulfate hexa-
hydrate were dissolved one-by-one in 25 mL of deionized
(DI) water and stirred at room temperature for 10 min. Then,
MgO nanoparticle (NPs) powder was added to the solution
slowly and stirred at room temperature for 1 h, after which
the catalyst was kept uninterrupted for 24 h. The reaction
mixture was centrifuged at 5000 rpm for 3 min, and the
supernatant was discarded. The solid product obtained after
centrifugation was washed repeatedly with DI water and
ethanol until a pure powder was obtained. Finally, the syn-
thesized powder is dried in hot-air oven at 60 °C overnight.

For F-CoFe LMH synthesis, 25 mL of 1 M (ammonium
fluoride) NH,F in DI water is used instead of pure DI water,
while keeping the other synthesis parameters intact. The
precursor concentrations taken for the synthesis of the cata-
lyst and their corresponding catalyst names are outlined in
Table S1.

3 Results and Discussion
3.1 Structural Characterizations
F-doped CoFe LMH nanostructured sheets were fabricated

using a one-step ion exchange method using MgO NPs as
a template, as illustrated in Fig. la. Initially, MgO NPs
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react with water to form surface hydroxyl species, which
gradually transform into magnesium hydroxide (MgOH,).
These Mg(OH), layers act as a sacrificial template, enabling
ion exchange with cobalt and iron ions in solution. During
this process, Co**/Co”* and Fe’*/Fe*" incorporate into the
hydroxide framework, forming layered CoFe hydroxides,
while Mg?* ions are released into the solution. To monitor
the structural evolution of the catalyst, aliquots were peri-
odically retrieved throughout the synthesis and analyzed via
scanning electron microscopy (SEM) and powder X-ray dif-
fraction (XRD) (Figs. S1 and S2). SEM imaging revealed
the progressive formation of a sheet-like morphology. Con-
currently, XRD profiles indicated significant reconstruc-
tion, evidenced by the emergence of new diffraction peaks
corresponding to newly formed crystallographic planes. A
series of fluorine-doped and undoped catalysts with various
stoichiometric ratios was synthesized. The SEM analysis of
these catalysts revealed that they exhibited a nanosheet-like
morphology, highlighting their distinct structural features.
The energy-dispersive analysis X-ray (EDAX) and elemental
mapping were performed to confirm the uniform distribu-
tions of the constituting elements in the synthesized catalyst
(Figs. S3-S12). TEM analysis of CoFe LMH-3 showed a
nanosheet-like morphology, found to be identical with the
SEM analysis (Fig. 1b). The d-spacing of the CoFe LMH-3
is found to be 0.2521 nm which is consistent with the (102)
planes of CoFe LMH-3 (Fig. 1c). Similarly, TEM images of
the F-CoFe LMH-8 are well matched with the SEM images
(Fig. 1d). After F-doping, the d-spacing is increased to
0.2612 nm for the F-CoFe LMH-8 (Fig. le). Additionally,
ring pattern of selected area electron diffraction (SAED)
reveals the polycrystalline nature of the doped and undoped
catalyst (inset of Fig. 1c, e respectively). The elemental map-
ping of CoFe LMH-3 and F-CoFe LMH-8 demonstrated uni-
form distribution of Co, Fe, O, and F, respectively (Figs. S13
and S14).

The crystallinity of the catalyst was characterized by
powder X-ray diffractometer (XRD). The powder XRD of
the synthesized catalyst is presented in Figs. 1f and S15.
The XRD pattern exhibited well-defined diffraction peaks
position at 10.47°, 21.69°, 33.7°, and 39.0° is correspond-
ing to the (003), (006), (102), and (105) plane of the CoFe
LMH [ICSD file No. 00-050-0235 for CoFe(OH),; 00-046-
0605 for Co(OH),; and ICSD pattern of 98-011-0293 for
Fe(OH),]. With varying the Co and Fe ratio in addition with
the F-doping, diffraction peaks gradually shifted to the lower

@ Springer
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Fig. 1 a Schematic representation of synthesis. HR-TEM images at various magnifications of b, ¢ CoFe LMH-3 and d, e F-CoFe LMH-8 and
their corresponding SAED patterns (inset). f P-XRD analysis and corresponding d-spacing, g Raman spectra, h FT-IR spectra, and i EPR analy-

sis for CoFe LMH-3 and F-CoFe LMH-8

two theta value. The downshift in 20 values can be attrib-
uted to lattice expansion induced by high-spin configura-
tions. Moreover, a peak shift was identified on the modified
catalyst, which can be attributed to F-doping, verifying the
fact that F was only doped into the lattice without forming
other separate crystallite phases [28—30]. The XRD patterns
downshift shows d-spacing value obtained from (003) plane
of F-CoFe LMH-8 (8.45 ;A) as compared to CoFe LMH-
3(8.10 A) to be increasing suggesting that anionic molecules
occupy the interlayer spaces relative to the case of alpha spe-
cies which corresponds to the observation made through HR-
TEM. The doped and undoped catalyst were further inves-
tigated by Raman spectroscopy as presented in Figs. 1g and
S16. The CoFe LMH-1 exhibited three distinct vibrational

© The authors

peak position at 250, 437.2, and 507.8 c¢cm~!. The vibra-
tion band position at 250 cm™~! originates from the O-M—-O
(M-Metal) bond bending (E,) or rocking mode, whereas
the Raman shift position at 437.2 cm™! originates from the
oMM

most intense vibration band appeared at 507.8 cm™

—O" bond asymmetric stretching (E,) vibration. The
! corre-
sponding to the O"-M-O™" bond symmetric stretching (A
mode of vibration. However, the vibration band is found to
be shifted higher value with increasing the Fe content for the
CoFe LMH-1 to CoFe LMH-3. However, further increasing
the Fe concentration, vibration band intensity correspond-
ing to the 437.2 and 507.8 cm™' is significantly decreased
and or disappeared, whereas new vibrational bands appeared

at 270 and 635.6 cm™'. The vibrational band 207.1 cm™!

https://doi.org/10.1007/s40820-026-02230-8
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attributed to Fe—OH bending vibrations and 635 cm™! aris-
ing from M—-O symmetric stretching M—O bond for the CoFe
LMH-4. The vibration band shift further observed for the
CoFe LMH-5 with increasing Fe content. The Raman analy-
sis indicated that at low Fe concentration, Co-OH/Co-O
bond vibration is dominated, as observed from the from the
peak shift. However, at higher Fe concentration in the CoFe
LMH catalyst, the Fe—OH/Fe—O bond vibration is domi-
nated [31, 32]. Moreover, similar trend is also found after
the F-doping, indicating that the core band structure of the
synthesized catalyst remains unaffected by F-doping. The
apparent shift after F-doping indicates that the F-doping tune
the M—O/M-OH bond strength.

FT-IR spectroscopy was employed to analyze the sur-
face properties of the doped and undoped sample as pre-
sented in Figs. 1h and S17. The changes could be detected
among the catalysts, where the absorption bands at 3317,
1658, 1366, 1106, 657, and 473 cm™! could be assigned
to the vibration bands corresponding to the OH, H-O-H,
C-H, CO32_, M-OH, and M-0, respectively. The absorption
peak from 2800 to 3680 cm™! is the distinguishing peak of
bulk hydroxyl and surface hydroxyl representative of the
oxygen stretching vibration of hydroxyl and water mol-
ecules in the interlayer, including hydrogen-bonded water.
The characteristic absorption peak present at 1366 cm™!
and 1106 cm™! can be attributed to presence of C—H and
carbonate (CO5>7) in the interlayer of the catalyst. Fur-
thermore, the characteristic absorption between 1000 and
500 cm™! can be attributed to the metal oxygen (M—O) and
metal hydroxyl stretching (M-OH). To investigate whether
doping-induced defects and d-orbital electronic structure
modulation, electron paramagnetic resonance (EPR) spec-
troscopy was employed (Fig. 1i). The EPR signals reveals
that the CoFe LMH-8 exhibited a higher peak intensity as
compared to CoFe LMH-3, which indicated a higher number
of unpaired electrons present in the F-doped catalyst. The
high peak intensity of the F-CoFe LMH-8 signifies a high-
spin configuration, which is expected to be more beneficial
for enhanced electrocatalytic activity [33-35].

X-ray photoelectron spectroscopy (XPS) was employed
to characterize the chemical oxidation/compositional state
disparities between CoFe LMH-3 and F-CoFe LMH-8. The
survey spectrum of the catalyst is presented in Fig. S18.
The high-resolution XPS of Co 2p is presented in Fig. 2a.
The Co 2p XPS is deconvoluted to two distinct binding
energy (BE) peaks, displaying the co-existence of Co (III)

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

(780.58 eV (Co 2p5,) and 796.30 eV (Co 2p,,)) and Co (II)
at (782.70 eV (Co 2p5;,) and 797.89 eV (Co 2p,,,)) state.
The pair of peaks at 786.35 and 802.84 eV is ascribed to the
multi-electron shake up satellite peaks. However, the BE
is shifted around 0.24 eV for the F-CoFe LMH-8 catalyst
compared to CoFe LMH-3 after F-doping, suggesting that
the incorporation of F slightly alters the electronic structure
of cobalt [36]. The Fe 2p XPS shows BE peaks at 713.06 and
726.63 eV corresponding to the Fe (III) oxidation state and
BE peaks at 710.61 and 724.39 eV corresponding to the Fe
(IT) oxidation state of Fe. Moreover, BE peaks at 718.91 and
733.83 eV are ascribed to the multi-electron shake up satel-
lite peaks (Fig. 2b) [37]. The BE value of Fe 2p is shifted to
0.45 eV for F-CoFe LMH-8 compared to the CoFe LMH-3
suggesting that F-doping significantly tunes the electronic
environment of Fe atom. The O 1s XPS is deconvoluted
to four distinct BE peaks (Fig. 2c). Specifically, the BE
peak positioned at 529.58, 531.18, 532.08, and 533.18 eV
is ascribed to the metal-oxygen bond (M—O bond), oxy-
gen in hydroxyl groups (M—-OH), oxygen vacancy (O, ), and
adsorbed oxygen [38, 39]. The O 1s BE value is shifted
0.12 eV to higher energy after F-doping, indicating electron
migration from O to F due to the higher electronegativity of
F. The F 1s signature of the F-CoFe LMH-8 catalyst indi-
cates successful incorporation of F into the CoFe LMH cata-
lyst. The high-resolution F 15 XPS is presented in Fig. 2d.
The deconvoluted F 1s spectrum revealed two distinct BE
region. The BE value ~684.5 eV is attributed to metal—fluo-
ride (M-F) bonds, indicating substitutional F-doping into the
Co/Fe layered hydroxide lattice. Moreover, BE peak posi-
tions at~688.5 eV, corresponding to carbon—fluorine (C-F)
bonds, likely arising from surface-adsorbed or intercalated
fluorine-containing species [40]. Furthermore, to ascertain
the role of F in F-CoFe LMH-8, its chemical signature was
analyzed through '°F MAS NMR (Fig. S19). The spectrum
revealed a broad response, indicative of a distribution of
absorbed and substituted sites (F atoms for OH™ ions). This
observation is consistent with F 1s XPS and XRD analyses,
confirming the presence of fluorine both as a dopant and as
an intercalant [41, 42].

X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) were con-
ducted to investigate the electronic structure and coordina-
tion environment of Co and Fe of CoFe LMH-3 and F-CoFe
LMH-8. Barely minimal changes in the XANES spectra
of Co K-edge energy are found after F-doping (Fig. 2e).

@ Springer
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Fig. 2 XPS core level spectra of a Co, b Fe, ¢ O, and d F of CoFe LMH-3 and F-CoFe LMH-8. The XANES spectrum of e Co K-edge and f
corresponding EXAFS. XANES spectrum of g Fe K-edge and h corresponding EXAFS. WT-EXAFS of Co K-edge i CoFe LMH-3, j F-CoFe
LMH-8 and Fe K-edge, k CoFe LMH-3 and 1 F-CoFe LMH-8

The coordination environment of Co-site is believed to be wavelet-transformed (WT)-EXAFS of Co shows two Co—O
intact. The bond lengths of Co-O (1.595 A) and Co-Co/Fe  and Co—Co/Fe coordination peaks located at 1.5 and 2.7 A.
(2.73 A) estimated from the EXAFS spectra are found to ~ The Co-O and Co-M coordination peaks remain essentially
be similar for both the CoFe LMH-3 and F-CoFe LMH-8  unchanged after F-doping, indicating that the Co active sites
catalyst (Fig. 2f) [4]. However, XANES of Fe K-edge spec-  are structurally preserved and largely unaffected by F incor-
tra significantly is shifted to higher energy after F-doping. poration (Fig. 2i, j). Furthermore, the WT-EXAFS analysis
The upshift of Fe K-edge spectra suggested the formation  of Fe reveals an increased intensity for the Fe—O coordina-
of higher valent Fe metal centers (Fig. 2g). The Fe K-edge  tion at~1.5 Aanda corresponding decrease in the Fe—Fe/Co
EXAFS analysis revealed a pronounced alteration in the  scattering contribution at~2.7 A along with a shift toward
local coordination environment upon doping. A shift was  higher R-space of Fe—O after F-doping (Fig. 2k, 1). This
observed after doping and the presence of Fe-O (1.533 A)  indicates a strengthened Fe—O local environment and a par-
is found to be more dominant and Fe-Fe/Co (2.73 10\) bond  tial disruption of the extended metal-metal network. Mag-
is suppressed (Fig. 2h). The Fourier-transform k> weighted ~ netic hysteresis (M-H) analysis revealed that F-CoFe LMH-8

© The authors https://doi.org/10.1007/s40820-026-02230-8
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possesses an enhanced saturation magnetization relative to
CoFe LMH-3. Additionally, F-CoFe LMH-8 exhibited an
effective magnetic moment of 4.125 pB, confirming the
formation of a high-spin state configuration (Fig. S20). As
fluorine functions as a weak-field ligand, its incorporation
suppresses medium-spin electron pairing configurations
and stabilizes a high-spin configuration. The M—O high-
spin bond environment regulation of the F-CoFe LMH-8
strengthens the M 3d-O 2p hybridization through spin-con-
served electron transfer, which enhances HER/OER-kinetics
and selectivity [22, 43].

3.2 Electrocatalytic Performance for HER

To verify the effect of electronic structure modulation toward
enhanced electrocatalytic activity, the HER performance
was evaluated in 1 M KOH using a standard three-electrode
system. Before measuring linear sweep voltammetry (LSV)
and electrochemical impedance spectroscopy (EIS), a cyclic
voltammetry (CV) at 50 mV s™! scan rate was performed to
stabilize the electrode. The LSV profile of the synthesized
catalyst is presented in Fig. 3a. The F-CoFe LMH-8 cata-
lyst exhibited tremendous activity, required overpotential of
only 81.23 mV @10 mA cm~2 among the as-synthesized
catalyst, far superior to the to the other undoped and doped
catalyst such as CoFe LMH-3 (122.73 mV), CoFe LMH-1
(196.89 mV), CoFe LMH-2 (132.5 mV), CoFe LMH-4
(110.83 mV), CoFe LMH-5 (133.11 mV), F-CoFe LMH-6
(144.7 mV), F-CoFe LMH-7 (118.76 mV), F-CoFe LMH-9
(105.65 mV), and F-CoFe LMH-10 (115.41 mV). The
relative catalytic performance comparison is presented in
Fig. S21. The Tafel slope of the catalyst is estimated from
LSV profile to analyze the reaction kinetics (Fig. 3b). The
lower Tafel slope value of F-CoFe LMH-8 (85.5 mV dec™!)
is associated with the faster kinetics compared to CoFe
LMH-3 (104.4 mv dec™!). The EIS was analyzed to deter-
mine the charge transfer kinetics of the catalyst by apply-
ing — 50 mV. The Nyquist plots along with equivalent circuit
diagram are presented in Fig. 3c. The solution resistance
(R,) and charge transfer resistance (R_,) are found to be lower
for the F-CoFe LMH-8 (R,=0.487 Q and R ,=6.77 Q) com-
pared to the CoFe LMH-3 (R,=0.604 ©Q and R =11.069 )
which is well aligned with the LSV signatures. To analyze
micro-kinetics of the catalyst, in situ scanning electro-
chemical microscopy (SECM) was employed. The surface

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

(I,) and tip (I,) currents at the applied potential around the
HER region are presented in Fig. S22. The SECM measure-
ments of CoFe LMH-3 were performed at applied poten-
tial of — 1.1 V vs Ag/AgCl; the substrate micro-currents
response is found to be in the range of I, of —23.8 — —26.3
pA along with the I, in found to be 1.6 - 1.7 pA. The I/
I; increases gradually with increasing the applied potential
(Figs. 3d, e and S23), whereas F-CoFe LMH-8 showed a
micro-current response of I of —66 — —62.1 pA and the
corresponding I, of 1.9 — 2.0 pA (Figs. 3f, g and S24). The
higher I/I, response of the F-CoFe LMH-8 indicates a signif-
icant electronic structure regulation after F-doping, resulting
the remarkable activity of F-CoFe LMH-8. A performance
comparison table compiling previously reported non-pre-
cious metal-based HER catalyst in alkaline electrolyte is
presented in Table S2.

Long-term catalytic activity is analyzed by chronopoten-
tiometry (V-t plots) measurements by applying a constant
current density of —50 mA cm~2 for 24 h. The voltage
response at the applied current density remained constant
throughout the stability test without any degradation, indi-
cating excellent durability of the as-synthesized F-CoFe
LMH-8 catalyst (Fig. 3h). The LSV profile measured after
the stability also shows negligible degradation of the LSV
performance (Fig. S25). To analyze the physicochemical
changes after the electrochemical stability test, the FT-IR
and Raman spectroscopy were performed (Figs. S26 and
S27). The FT-IR shows a characteristic shift in the OH
vibration band, due to the removal of water molecules pre-
sent in the interlayer of M-OH, and the upshift representa-
tive of the free, non-H bonded hydroxyl ions. The Raman
spectra reveals that the vibration band 587 cm™! corre-
sponding to the M! —O4 1, bond vibration broadens and
shifts to higher wavenumber, signifying the formation of
higher valent oxygenated surface species (oxy-hydroxide
and or oxide) formed during the HER stability test.

Spin-polarized density-functional theory (DFT) cal-
culations were performed to gain atomic insights into the
possible origin of the preeminent performances of F-CoFe
LMH-8 toward HER. A F@CoFe LMH-8 model slab was
constructed to quantify the effect of an electronegative F
perturbs site-specific HER activity. The computational
modeling settings and convergence criteria are described in
the supporting information. The Gibbs free energy of H*
intermediate adsorption (AGy:) serves as a decisive descrip-
tor for determining of the HER activity. The free energies
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referenced to RHE at 298.15 K within the computational
hydrogen electrode. The H* adsorption models on the
three different adsorption sites are presented in Figs. 3i—k
and S28. For the HER, the redistribution manifests in dis-
tinct adsorption thermodynamics: AGy.= —0.367 eV for
Co, —0.265 eV for Fe, and 0.541 eV for O (Fig. 31). The

© The authors

near-thermoneutral value, the Fe-site identifies as the Kineti-
cally preferred H* site, whereas Co-site and O-site is found
to be over-binds and under-binds, respectively, both devi-
ating from the ideal descriptor window. The role of F is
twofold: It withdraws charge from Fe and Co, enhancing

https://doi.org/10.1007/s40820-026-02230-8
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metal-F/O polarizations, while simultaneously tuning the
Fe-site into the HER active center.

3.3 Electrocatalytic Performance for OER

Due to the typical four-electron transfer process, OER shows
sluggish kinetics, which is regarded as one of the bottle-
necks for the overall water electrolysis process. The LSV
profile of the OER is presented in Fig. 4a. The order of OER
performed in terms of overpotential is as follows: F-CoFe
LMH-8 (265.5 mV) <F-CoFe LMH-9 (280 mV) < F-CoFe
LMH-4 (304 mV) < F-CoFe LMH-7 (308 mV) < CoFe
LMH-6 (310 mV) < CoFe LMH-2 (312 mV) < CoFe LMH-3
(317.1 mV) <CoFe LMH-1 (320 mV) < CoFe LMH-10
(340 mV) CoFe LMH-5 (380 mV) (Fig. S29). Tafel slope
value observed for 79.7 mV/dec for F-CoFe LMH-8 is the
lowest among the as-synthesized catalysts, and much lower
than the undoped CoFe LMH-3 (101.9 mV dec™!) as pre-
sented in Fig. 4b. Moreover, enhanced activity of the catalyst
can be rationalized from the electrochemical active surface
area (ECSA). The electrochemical double-layer capacitance
(Cy) of the catalytic materials was obtained by conducting
CV at different scan rates (Fig. S30). The F-CoFe LMH-8
(8.17 mF cm~2) showed higher C compared to the CoFe
LMH-3 (5.37 mF cm™2). The ECSA of the catalyst is directly
correlated with the number of active sites of the catalyst.
In general, higher ECSA is directly correlated with higher
number of exposed active sites of the catalyst. The ECSA
of the F-CoFe LMH-8 (204.25 cm?) is found to be much
higher than the CoFe LMH-3 (134.25 cm?), indicating that
the F-doping exposed the higher number of active sites
(Fig. S31a). Notably, F-doping enhanced both active site
exposure and intrinsic OER activity of the catalyst, with
F-CoFe LMH-8 exhibiting a superior ECSA-normalized
TOF at 300 mV (2.883x 1075 s~! cm™2) compared to the
pristine CoFe LMH-3 1.098 x 107> s~! cm™ (Fig. S31c¢).
The Nyquist plots of F-CoFe LMH-8 and CoFe LMH-3 were
measured by applying 1.5 V vs RHE to determine the R, and
R, at the electrode/electrolyte interface. The CoFe LMH-3
(Ry=0.6 Q and R =11.74 Q) exhibited larger semicircle
than the CoFe LMH-8 (R;=0.73 Q and R ,=3.0 ), indicat-
ing that the F-doping tunes the surface electronic structure
of the FeCo LMH, and consequently, the reduced charge
transfer resistance enhances the OER performance kinetics
in Fig. 4c. Furthermore, the micro-kinetics of the catalyst
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analyzed by SECM at various potentials around the OER
region is presented in Fig. S32. The measured surface cur-
rent maps (Iy) and tip (I,) showed that at 0.35 V vs. Ag/
AgCl applied potential, F-CoFe LMH-8 exhibited a higher
substrate and tip current response in the range of 10.3 to 8.5
pA (I) and—5.7 pA ——5.8 pA (1), respectively, whereas
CoFe LMH-3 catalyst exhibited lower I, (6.5 — 5.2 pA)
and I, (=5.5 —=5.7 pA), indicating the superior activity
of CoFe LMH-8 (Figs. 4d—g, S33, and S34). The catalyst’s
performance was also benchmarked against reported OER
catalysts, as shown in Table S3. Furthermore, chronopo-
tentiometry was performed at a fixed current density of
50 mA cm~2 for 24 h to investigate the durability of the
synthesized catalyst. The F-CoFe LMH-8 catalyst exhib-
ited stable voltage output over the 24 h measurement time
with no degradation, demonstrating excellent stability of the
catalyst (Fig. 4h). Moreover, after the stability test, LSV
was performed (Fig. S35). Almost negligible changes are
observed in the LSV profile before and after the stability
test. Post-analysis of the catalysts was performed after the
stability test to cross check phase transition after the stability
test. The FT-IR and Raman analysis of the fresh and stability
test performed electrode is presented in Figs. S36 and S37.
The FT-IR shows a shift in the OH stretching peak, repressed
due to the removal of water molecules in the inter-space,
and the upshift representative of the free or non-H bonded
hydroxyl ions. In Raman spectroscopy, the M -0, , broad-
ens and upshifts, signifying the formation of more prevalent
MM -0 a1g onds, which act as the active centers.

To identify the active site of the catalyst for OER,
theoretical calculation was carried out. The intermedi-
ates of the metal center and the conversion of the metal
and their site-specific slab models to its corresponding
the intermediate state M-OH, M—O, and M-OOH forma-
tion are shown (Figs. 41 and S38-S40). The four-electron
OER pathway (M* — *OH — *O — *OOH — O,) shows
distinct site-dependent energetics. At metal centers, *OH
formation (AG; =2.32 eV for Co-site and 2.13 eV for Fe-
site) emerges as the rate-limiting step, while at O-sites the
*OOH formation penalty (AG;=3.01 eV) dominates. The
computed n°FR (max(AG) —1.23 V) is yielded 1.09 V (Co-
site), 0.90 V (Fe-site), and 1.78 V (O-site) (Fig. 4j). The
estimated n°FR highlighted that the Fe-site is the energeti-
cally favorable OER active site, whereas Co-site suffered
from the *OH over-stabilization and surface O-site exhib-
ited poor *OOH kinetics. Bader charge analysis confirms
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substantial electron redistribution upon F incorporation.
The adsorbed localized F atom accumulates — 0.46 e, with
electron depletion localized primarily on Fe (+0.72 e) and
to a lesser extent on adjacent Co atoms (+0.46 e, +0.52
e), evidencing strong electron withdrawal and polariza-
tion of the metal-O network. The corresponding charge
density difference (CDD) reveals complementary spatial
features, with electron accumulation (yellow) centered
on F and depletion (blue) on neighboring metal centers,
consistent with a strong electron-withdrawing effect. This
interfacial polarization subtly upshifts Co d states relative
to Fe, rationalizing stronger Co—adsorbate coupling and
stabilizing Fe sites closer to the optimal binding condition
(Fig. S41). The combined Bader-CDD-PDOS-AG frame-
work therefore establishes a coherent mechanistic picture:
Surface F functions as an anion promoter that withdraws
electron density, polarizes the M—OH coordination envi-
ronment, and selectively tunes Fe d states to balance HER
and OER energetics. The result is a bifunctional active
site distribution, where Fe centers are optimized for both
near-thermoneutral H binding and reduced OER overpo-
tentials, consistent with the experimentally observed cata-
lytic synergy. Projected densities of states (PDOS) reveal
metal-dominated states at the Fermi level (E;) with d-band
centers €,(Co)= —1.41 eV and g (Fe)= —1.49 eV, for
CoFe LMH-3, whereas the PDOS reveal metal-dominated
states at the Fermi level (E;) with d-band centers g,(Co) =
—1.165 eV and g, (Fe)= —0.945 eV, indicating that Fe
E, values lie closer to the Fermi level (E;) thermoneutral
binding regime for F-CoFe LMH-8 (Fig. 4k-1).

3.4 Corrosion and In Situ Electrochemical Study

The LSV of the anode catalyst in 1 M KOH, 1 M
KOH + 0.5 M NaCl, and 1 M KOH in seawater (geo-
graphical location of seawater collection site is presented
in Fig. S42) is shown in Fig. 5a. The catalyst performance
decreases in 1 M KOH+0.5 M NaCl and 1 M KOH in
seawater compared to the 1 M KOH electrolyte. The lin-
ear polarization is measured to understand the CI corro-
sion resistance properties of the catalysts as presented
in Fig. 5b. The CoFe LMH-3 showed a corrosion poten-
tial (E,,,) of 0.6808 V with a corrosion current (I
of 0.2599 mA. The E_,,, value is shifted higher value
0.7277 V, and the I_,, is decreased to 0.134 mA for the

corr)
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F-CoFe LMH-8 catalyst. The positive shift of E_,, and
value indicates that the F-CoFe LMH-8 exhib-
its higher Cl™ corrosion resistance compared to the CoFe

lower I,
LMH-3. To validate the chlorophobic barrier mechanism
of F-CoFe LMH-8, DFT calculations were performed
comparing C1™ adsorption energies on pure CoFe LMH-3
and F-CoFe LMH-8 surfaces. The adsorption energy of
CI™ on pure CoFe LMH was calculated to be —4.092 eV,
indicating strong Cl~ affinity for the unprotected sur-
face, which explains the susceptibility of pristine CoFe
LMH-3 to chloride corrosion in seawater. In contrast,
F-doping on the F-CoFe LMH-8 framework significantly
weakened CI™ adsorption to —2.354 eV, a destabilization
of 1.738 eV. This substantial reduction in Cl1~ binding
energy provides direct DFT evidence for the proposed
chlorophobic barrier: F~ ions modify the electronic struc-
ture of Co and Fe active sites, reducing their affinity for
CI™ and suppressing chloride corrosion during seawater
electrolysis (Fig. 5¢). Nyquist plot was analyzed by apply-
ing a constant potential of 1.576 V vs RHE to decipher the
R, and R; F-CoFe LMH-8 (0.66 and 1.24 Q) showed a
smaller semicircle compared to CoFe LMH-3 (0.64 and
2.02 Q) (Fig. 5d). DRT was derived which separated the
overlapping processes, and three different elements were
uncovered showing a large resistance peak and slower
time constant (t) for CoFe LMH-3; when compared to
F-CoFe LMH-8 the absence of these peaks at higher time
constants and the smaller resistance peak modulates the
reaction site necessary much quickly for F-CoFe LMH-8
for M"'~0,,, formation (Fig. 5e). To study the behavioral
changes, Bode plot was taken to analyze the change and
is presented in Fig. 5f, g. Bode plot shows that there is a
reduction in the phase angle, as well as a gradual faster
decline in the phase angle for F-CoFe LMH-8 in the lower
frequency regions. The peak shift at 1.45 V represents
the onset of OER, this peak shift to higher frequency is
observed much earlier for F-CoFe LMH-8, and this might
be due to formation of faster Helmholtz layer/electro-
chemical double layer (EDL) near the surface of the cata-
lyst. Furthermore, to analyze the evolved oxygen species,
differential electrochemical mass spectrometry (DEMS)
was analyzed in 0.5 M NaCl, where mass signal of O for
F-CoFe LMH-8 indicated higher than that of CoFe LMH-
3, indicating a greater abundance of oxygenated interme-
diates (Fig. S43). Furthermore, in situ Raman at various
potentials was performed to identify the catalytic activity

@ Springer



393 Page 12 of 19

Nano-Micro Lett. (2026) 18:393

a b c d e
500 ——on 001 ec e tvns ™ FCoFe LMH 28 o Fooreimns © F-CoFe LMH-8
@ 1MKOH+ 0.5 MNaCl E o CoFelMH-3 o [T coFe LH - O FCofe LMH- 60 = CoFe LMH-3
&E‘ 400 | @ 1MKOH + Seawater F S L r
% o001 | J 21 [ sor
& & 2 - R r
i ® ®
Faad § g = | . . a0l
b € 1ea S 4 £,al Saol
§200f 5 § N o® =l
- = ° - CPE 20l
€ g Ecorr : 0.6808 ° . g- -6
2100l = 1E-5 Brcorr: 02509 mA IEczc::r 0017;7;/\ g 0.7 o‘,a" i®9 %, 10 3
3 : o e . I ?fﬁ Qf I
............ F ?
o L N B L— 1 111 0.0 o
1.2 1.4 1.6 1.8 0.60 064 0.68 072 076 0.80 00 07 14 21 28 1021010° 10" 102
Potential (V vs RHE) Potential (V vs RHE) Z (O ©(s)
1
g h Intensity (a.u.)
-Phase (deg.) 7 18
p 54.80 1.4
49.24
s @ [MER3S
3812 E E
32.56
H g
i 27.00
Slow decline Fast decline o > 12 >
15.88 E ﬁ
10.32 g E
4.760 s § |
o MR- 0.8000 o 14
1.0
400 600 800 1000 1200 0 5 10 15 20 25
Time (h)
Raman shift (cm™)
Current (A) p r
32y 50 [ [ |
30u I: T O HO
: B w © ©
23 I e o
2 > S on OH Ho
) -
b s c
130 -
K X (um) @
Current (A) q Current (A) OH
50 el 50 ,:_zu = P H0
g y 580 pusy
=B - 5.0 [}
°
ool o on D
s €
s <
EXY
.00 Ho
= .00 EDL

X (um)

Fig. 5 a LSV of F-CoFe LMH-8 in 1 M KOH, stimulated seawater (1 M KOH+0.5 M NaCl) and 1 M KOH in real seawater. b Linear polariza-
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vs Ag/AgCl. r Schematic representation of ions’ behavior in F-CoFe LMH-8

of CoFe LMH-3 and F-CoFe LMH-8 (Figs. 5Sh and S44).
The CoFe LMH-3 shows an E, band (M''-0) along with
A, (MO-H) as a result of the metal-oxygen and metal-
oxo-hydrogen bond, additionally the in-bound M-OH and
M-02%"—M bond formations are absent, whereas in F-CoFe
LMH-8, the Eg is formed, additionally at 550-600 cm™?
the M'-O a1 Dand broadens and upshifts signifying the
formation M"-0, | o> and the M act as active centers for
the catalytic reactions. Additionally, a bridging peroxo
species () is formed. Since the MH—OEg vibrations are
consistent and M"-0,, . broadens and upshifts, delaying

© The authors

M-OOH transitions can be confirmed (Fig. S45) [22, 44].
Furthermore, ex-situ XPS reveals the potential-dependent
surface oxidation dynamics of the catalyst (Fig. S46). Ex-
situ XPS analysis reveals that anodic polarization drives
dynamic surface reconstruction, progressively oxidizing
the Co and Fe environments to transform the pre-catalyst
into an active state enriched with the high-valence metal-
oxo motifs requisite for O—O bonding sites. Stability of the
catalysts was then performed in 1 M KOH + 0.5 M NaCl
by applying 50 mA cm~2, and a negligible degree of deg-
radation was found (Fig. 51). Since the catalyst remained
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stable in stimulated seawater, chronopotentiometric sta-
bility was then performed in 1 M KOH + seawater by
applying 50 mA c¢cm~2, and only negligible degradation
was observed after the 24 h of stability (Fig. S47). To
analyze the micro-kinetics, in situ SECM was employed
by applying 0.3 V vs Ag/AgCl and 0.35 V vs Ag/AgCl.
The substrate and tip potential of CoFe LMH-3 at 0.3 V
vs Ag/AgCl achieves I  of 0.954 — 1 pA and I, of A and
on applying 0.35 V vs Ag/AgCl the current gradually
increased to I, of 2.8 — 3.8 pA and I, of —5.8 - —5.9 pA
(Fig. 5j—m). In contrast, F-CoFe LMH-8 showed better
performance onsetting early with a current response of
I, of 1.3 — 3.2 pA and corresponding I, of —5.4 — —5.6
pA, when bias potential was increased to 0.35 V vs. Ag/
AgCl; a corresponding increase of I, of 6.4 — 9.1 pA and
I, of —=5.8 — — 6.0 pA was observed (Fig. 5n—q). Corrobo-
rating the kinetic and structural insights from the preced-
ing DEMS, in situ Raman, DFT, and Bode DRT analyses,
these elevated SECM current responses confirm a highly
enriched local OH™ environment on the F-CoFe LMH-8.
This dense layer of OH™ ions sustains stable OER activ-
ity and acts as a robust chlorophobic barrier within the
EDL, effectively reducing C1~ influx to lower corrosion
and enhance long-term durability (Fig. 5r) [35, 40]. FT-IR
was analyzed ex situ, and similar to OER, the OH stretch-
ing peak was shifted to a higher wavenumber and with
lesser intensity which may be created due to the vast num-
ber of oxygen vacancy created when potentiometric tests
were performed (Fig. S48). Furthermore, the catalyst was
then dried and analyzed for XPS and found that a shift
was observed in Co 2p and Fe 2p, whereas M—O bonds
increased after stability while analyzing O 1s signifying
the alterations to the catalyst during OER (Figs. S49-S51)
[45].

3.5 Full-Cell Anion Exchange Membrane Water
Electrolyzer

After systematic HER and OER performances evolution
under the three-electrode configuration, the F-CoFe LMH-8
is explored for the overall water splitting in a conventional
two-electrode system (F-CoFe LMH-8IIF-CoFe LMH-8)
at room temperature in 1 M KOH + 0.5 M NaCl. Figure 6a
shows the F-CoFe LMH-8 Il F-CoFe LMH-8 required a

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

voltage of 1.61 V to attain 10 mA cm™2. Stability of the
catalyst was analyzed by applying various potentials of 10,
30, 50, and 100 mA c¢cm~2 for 25 h (Fig. 6b). The catalyst
exhibited stable performance during the stability testing
without any apparent performance degradation. Thereafter,
the stability is also tested by applying a high current density
of 200 and 400 mA cm™2 to check the robustness of the cata-
lyst, under harsh conditions (Fig. 6¢). Notable, the F-CoFe
LMH-8IIF-CoFe LMH-8 system exhibited stable perfor-
mance at higher current density, suggesting its robust nature
in the presence of corrosive CI™ ions. Moreover, CIER is
evaluated using N, N-diethyl-p-phenylenediamine (DPD)
colorimetric test. The electrolyte is collected after chrono-
potentiometry measurements at fixed current density of 10,
30, 50, and 100 mA cm™2 for 5 h. The colorimetric reac-
tion of hypochlorite and N, N-diethyl-p-phenylenediamine
(DPD) is presented in Figs. S52-S54. The UV—-Vis spectra
of the DPD solution are presented in Fig. S55. The intensity
of spectra is directly correlated with the hypochlorite ions
concentration, which is formed due the CIER. Notably, week
UV-Vis spectral intensity for the F-CoFe LMH-8 catalyst
indicating very low hypochlorite ions formations at differ-
ent current densities. The F-CoFe LMH-8 || F-CoFe LMH-8
is subjected to the multi-step chronopotentiometry in 1 M
KOH + seawater to analyze the robustness of the catalyst
in real-seawater conditions (Fig. S56). The CoFe LMH-8
catalyst exhibited stable performance throughout the entire
multi-step current stability test. Moreover, near identical
LSV profile measured before and after the stability test sug-
gested the excellent durability of the CoFe LMH-8 catalyst
in real seawater (Fig. S57).

In regard, to the excellent bifunctional performances in
seawater under the conventional two-electrode configuration,
F-CoFe LMH-8 is tested as bifunctional catalyst to be fab-
ricated as an anion exchange membrane water electrolyzer
(AEMWE). The schematic presentation of the AEMWE is
shown in Figs. 6d and S58. The F-CoFe LMH-8§ catalyst-
coated electrodes were sandwiched between a Fumasep FAS
50 membrane, and the cross-sectional image of the mem-
brane electrode assembly (MEA) is presented in Fig. S59.
The comparative performance of the F-CoFe LMH-8 and
CoFe LMH-3 catalyst in 1 M KOH at 50 °C is presented in
Fig. $60. The F-CoFe LMH-8 catalyst delivered 1 A cm™
at 2.14 V, outperforming the undoped CoFe LMH-3 catalyst
which required 2.3 V to attained 1 A cm™2. The F-CoFe
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LMH-8 bifunctional catalyst integrated AEMWE is tested
in series of electrolytes of 1 M KOH, 1 M KOH + Na(Cl,
1 M KOH + Seawater at 50 °C as presented in Fig. 6e. The
device required 2.14, 2.23, and 2.29 V to achieve 1 A cm™2
in 1 M KOH, 1 M KOH+0.5 M NaCl,and 1 Acm™2in I M
KOH, respectively, indicating that the device polarization
profile or performance is almost preserved in the presence
of seawater. Moreover, EIS of the AEMWE is performance
in the presence of these different electrolytes. The Nyquist
measurements were tested by applying O V bis potential,
which suggests an increase in interfacial charge transfer
kinetics due to chlorine incorporation, consistent with the
corresponding LSV (Fig. 6f). To analyze the durability of
the device in stimulated seawater, the system MEA was fab-
ricated for F-CoFe LMH-8 and commercial NiFe LDH. The
commercial electrode degraded within 40 h, while a cur-
rent density of 0.125 A cm~2 was applied, whereas F-CoFe
LMH-8 (+/-) showed excellent durability without any deg-
radation at a current density of 0.5 A cm~2 (Figs. S61 and
S62). The anolytes were then collected and analyzed with
inductively coupled plasma mass spectrometry (ICP-MS),
which showed substantial leaching of the commercial cata-
lyst, whereas for F-CoFe LMH-8 the leaching was negli-
gible (Co of 0.005 ppm and Fe with 0.98 ppm, Fig. S63).
Furthermore, the AEMWE device stability was analyzed in
1 M KOH + seawater, which exhibited device steady perfor-
mance without loss for 500 h, indicating excellent durability
of the F-CoFe LMH-8 catalyst in the seawater electrolyte
(Fig. 6g). As the stability of the catalyst in key factor for
the practical feasibility of seawater electrolysis, especially
high halide ions concentration, the degradation rate (Dv)
was calculated, which was found to be 0.15 uV h™! which is
significantly lower than department of energy (DOE) target
of 1 uV h™! (Fig. 6h). EIS monitoring over the operational
time (Fig. S64) revealed a slight enlargement of the Nyquist
semicircle, consistent with minimal degradations observed
in long-term MEA operation. Complementary DRT analysis
resolved the underlying processes, highlighting well-main-
tained cathodic and anodic distributions (Fig. 51) [46]. The
machine learning and deep learning techniques are becom-
ing increasingly important in materials and device research
[47]. In this case, the stability of F-CoFe LMH-8 was fore-
casted and predicted using a machine learning-based long
short-term memory (LSTM) technique. The experimental
and forecasted voltage values are shown in Fig. S65. The
experimental and forecasted values are closely associated,
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and no usual deviation was observed. Furthermore, the
model accurately predicts the voltage of CoFe LMH-8 over
the next 50 h, as shown in Fig. 6j. This suggests that the
LSTM is an excellent machine learning technique for pre-
dicting and forecasting the stability of CoFe LMH-8. The
cross-sectional SEM of the MEA was then analyzed to vis-
ualize the membrane electrode interface, which remained
intact after 500 h of stability in seawater (Fig. S66). The
MEA was subsequently dismantled, and the individual half-
electrodes (cathode/anode) were examined using SEM, ele-
mental mapping, EDS. These analyses revealed the presence
of majority elements like Fe and Co along with some trace
elements such as calcium and chlorine, albeit in very minor
quantities (Figs. S67 and S68, Tables S5 and S6).

The performance of the F-CoFe LMH-8 catalyst was
compared with previously published literature, as pre-
sented in Table S4. Furthermore, a gram-scale synthe-
sis protocol is developed as a heuristic validation of the
scalable synthesis protocol as industrial electrolyzer large
quantity of catalyst (Fig. S69a). The physicochemical
characterization of bulk-synthesized catalyst is analyzed
for the morphological and crystallographic structure
by XRD, Raman analysis, and FE-SEM with EDS and
elemental mapping. The physicochemical characteriza-
tion confirmed that the bulk-synthesized F-FeCo LMH
catalyst’s crystallographic phase and morphology is well
matched with the batch synthesized catalyst as presented
in Fig. S69b-1. Furthermore, the electrochemical per-
formance of the bulk-synthesized catalyst was analyzed
against that of the bench-scale synthesis (Fig. S70). Both
catalysts exhibited comparable activity in the anodic and
cathodic half-cell tests. Furthermore, EIS measurements
for the OER in 1 M KOH + 0.5 M NaCl revealed that sim-
ilarity remained invariant, suggesting that the MgO-medi-
ated synthesis methodology can be effectively upscaled,
while retaining the nanosheet-like morphology, enabling
large-scale production without any significant losses in
catalytic activity or electrochemical performance. Addi-
tionally, in alignment with the green initiative, the elec-
trolyzer cell of F-CoF LMH-8(—) Il F-CoF LMH-8 (+)
AEMSWE was integrated with solar PV cell to demon-
strate the practical application of the developed system
(Fig. S71, Video S1).

The fluorine-mediated tuning of CoFe-LMH induces a
pronounced modulation of the Fe—O coordination envi-
ronment, generating a higher population of high-spin

@ Springer



393 Page 16 of 19

Nano-Micro Lett. (2026) 18:393

Fe active sites, as evidenced by EPR spectroscopy and
WT-EXAFS analysis without altering the Co metal active
centers. Despite the incorporation of fluorine, the lay-
ered nanosheet-like structure of F-CoFe-LMH was well
preserved exhibiting lattice expansion attributed to the
altered electronic environment around Fe centers. The
increased density of catalytically accessible high-spin
sites directly enhances the intrinsic activity toward both
HER and OER.

Moreover, the formation of the M™-O A, e band in the
F-CoFe LMH provides an additional protective effect,
effectively mitigating chlorine-induced corrosion under
seawater electrolysis conditions. The strategic exploita-
tion of spin-state modulation through fluorine incorpo-
ration significantly optimizes the electronic structure of
the catalyst, promoting accelerated charge transfer kinet-
ics and facilitating rapid interfacial electron migration
at the electrode—electrolyte boundary while effectively
blocking the CI ion attack at the electrode—electrolyte
interface. Collectively, these synergistic effects culmi-
nate in superior seawater electrolysis performance with
minimal structural degradation and enhanced long-term
operational stability.

4 Conclusions

To summarize, a robust and stable bifunctional electrocata-
lyst catalyst is engineered for sustained seawater electrolysis
incorporating F-doping in CoFe LMH. The precision tun-
ing of CoFe LMH by F-doping manipulated Fe coordina-
tion site without altering the Co OER active metal centers.
The as-prepared F-CoFe LMH-8 showed excellent HER
and OER performance, achieving 81.23 and 265.5 mV @
10 mA cm™2, respectively. F-doping manipulated Fe sites
for higher Fe—O bonding, which resulted in sustained high
OH- ions influx at EDL resulting in enhanced CI corrosion
inhibition, enhancing performance and durability. Besides,
the AEM seawater electrolyzer F-CoFe LMH-8 |IF-CoFe
LMH-8 achieves 1 A cm™ @ 2.3 V running stably for 500 h
at 0.125 A cm~2 applied current, with a remarkably low deg-
radation rate of 0.15 uV h™! demonstrating the industrial
viability and surpassing the DOE technical targets. This
work provides a new paradigm for facile synthesis for high-
performance, corrosion-resistant seawater catalyst for sus-
tained AEM seawater electrolyzer operations.

© The authors

Acknowledgements This work was supported by the Basic Sci-
ence Research Program (RS-2023-NR077252) and Regional
Leading Research Center (RS-2024-00405278) through National
Research Foundation of Korea (NRF) grant funded by the Korea
Government (MSIT). Additionally, the DFT study was sup-
ported by the Korea-Vietnam Joint Research Program (RS-2026-
16063221) through NRF grant funded by the Korea Government
MSIT and Virtual Engineering Platform Project (Grant No.
P0022336), funded by the Ministry of Trade, Industry & Energy
(MOTIE, South Korea).

Author Contributions Anandhan Ayyappan Saj contributed to
writing—original draft, visualization, validation, methodology,
investigation, formal analysis, data curation, and conceptualiza-
tion. Sampath Prabhakaran was involved in writing—review draft,
visualization, formal analysis, and data curation. Mohsin Rasool
contributed to formal analysis, data curation, and visualization.
Kousik Bhunia was involved in writing—review and editing, visu-
alization, validation, supervision, formal analysis, data curation,
and conceptualization. Dongho Lee contributed to validation,
supervision, formal analysis, and data curation. Hyunseok Ko was
involved in validation, supervision, formal analysis, and data cura-
tion. Tukaram D Dongale contributed to validation, formal analy-
sis, and data curation. Muthukumar Perumalsamy was involved in
formal analysis and data curation. Arul Saravanan Raaju Sundhar
contributed to formal analysis and data curation. Do Hwan Kim
was involved in formal analysis, data curation, validation, and
supervision, Sang Jae Kim contributed to validation, supervision,
resources, project administration, funding acquisition, and data
curation and provided software.

Declarations

Conlflict of interest The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-026-02230-8.

https://doi.org/10.1007/s40820-026-02230-8


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-026-02230-8
https://doi.org/10.1007/s40820-026-02230-8

Nano-Micro Lett.

(2026) 18:393

Page 170f 19 393

References

1.

10.

11.

12.

Y. Liu, Y. Wang, P. Fornasiero, G. Tian, P. Strasser et al.,
Long-term durability of seawater electrolysis for hydrogen:
from catalysts to systems. Angew. Chem. Int. Ed. 63(47),
€202412087 (2024). https://doi.org/10.1002/anie.202412087

F.-Y. Gao, P.-C. Yu, M.-R. Gao, Seawater electrolysis tech-
nologies for green hydrogen production: challenges and oppor-
tunities. Curr. Opin. Chem. Eng. 36, 100827 (2022). https://
doi.org/10.1016/j.coche.2022.100827

J. Li, G. Fu, X. Sheng, G. Li, H. Chen et al., A comprehen-
sive review on catalysts for seawater electrolysis. Adv. Powder
Mater. 3(5), 100227 (2024). https://doi.org/10.1016/j.apmate.
2024.100227

H. Sun, L. Chen, Y. Lian, W. Yang, L. Lin et al., Topotactically
transformed polygonal mesopores on ternary layered double
hydroxides exposing under-coordinated metal centers for
accelerated water dissociation. Adv. Mater. 32(52), 2006784
(2020). https://doi.org/10.1002/adma.202006784

A.A. Saj, K. Bhunia, A. Sajeev, S.J. Kim, Doping-mediated
interface engineered Ni;S,: economically viable electrochemi-
cal methanol-mediated water splitting. Chem. Eng. J. 499,
156284 (2024). https://doi.org/10.1016/j.cej.2024.156284

A.Y. Faid, S. Sunde, Anion exchange membrane water elec-
trolysis from catalyst design to the membrane electrode assem-
bly. Energy Technol. 10(9), 2200506 (2022). https://doi.org/
10.1002/ente.202200506

. W. Yan, Y. Mou, M. Li, K. Ma, Z. Xu et al., C15-phase plati-

num-lanthanide intermetallics for efficient hydrogen evolution:
identifying lanthanide’s enhanced mechanism. Adv. Mater.
37(34), 2506936 (2025). https://doi.org/10.1002/adma.20250
6936

C. Santoro, A. Lavacchi, P. Mustarelli, V. Di Noto, L. Elbaz
et al., What is next in anion-exchange membrane water electro-
lyzers? bottlenecks, benefits, and future. Chemsuschem 15(8),
€202200027 (2022). https://doi.org/10.1002/cssc.202200027

. N.U.H.L. Ali, M.S.M. Saleem, A. Sathyaseelan, V. Krishnan,

P. Pazhamalai et al., Thermo-electric powered high energy-
density hybrid supercapattery for driving overall water split-
ting: a novel trifunctional builder for self-powered hydrogen
production. Small 21(25), 2504667 (2025). https://doi.org/10.
1002/smll.202504667

M. Li, W. Dong, X. Zhang, L. Xu, X. Gao et al., Tuning metal/
oxygen redox sequence through constructing [Eu-O-Co] unit
for enhancing oxygen evolution. Adv. Funct. Mater. 35(47),
2507578 (2025). https://doi.org/10.1002/adfm.202507578
X. Wang, J. Hu, T. Lu, H. Wang, D. Sun et al., Importing
atomic rare-earth sites to activate lattice oxygen of spinel
oxides for electrocatalytic oxygen evolution. Angew. Chem.
Int. Ed. 64(3), 202415306 (2025). https://doi.org/10.1002/
anie.202415306

N.R. Vempuluru, Y. Yoon, J.P. Das, V. Elumalai, A.A. Saj
et al., Nanocluster catalyst driving ampere-level current
density in direct seawater electrolysis quantum leap towards

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

sustainable energy. Mater. Sci. Eng. R. Rep. 167, 101092
(2026). https://doi.org/10.1016/j.mser.2025.101092

A. Lim, K. Ham, S. Elrefaei, I. Spanos, Operando interpreta-
tion of reaction mechanisms and local phenomena on OER

catalysts in seawater electrolysis. Curr. Opin. Electrochem. 47,
101560 (2024). https://doi.org/10.1016/j.coelec.2024.101560

A. Sajeev, M. Perumalsamy, V. Elumalai, A. Sathyaseelan,
S.A. Ayyappan et al., Harnessing wind energy for ultraeffi-
cient green hydrogen production with tin selenide/tin telluride
heterostructures. Small Sci. 4(3), 2300222 (2024). https://doi.
org/10.1002/smsc.202300222

A. Sathyaseelan, S. Ramasamy, V. Elumalai, P. Kumar,
N.U.H.L. Ali et al., Electrosynthesis of formate coupled green
hydrogen production on the interface of CuMoO, nanostruc-
tures: a novel electrocatalyst for hybrid water electrolysis sys-
tem. Appl. Catal. B: Environ. Energy 359, 124472 (2024).
https://doi.org/10.1016/j.apcatb.2024.124472

L. Yu, Q. Zhu, S. Song, B. McElhenny, D. Wang et al., Non-
noble metal-nitride based electrocatalysts for high-perfor-
mance alkaline seawater electrolysis. Nat. Commun. 10(1),
5106 (2019). https://doi.org/10.1038/s41467-019-13092-7

S. Mahadik, S. Surendran, J. Choi, G.H. Jeong, H. Lim et al.,
Oxyanion-regulated Fe-NiMoN electrocatalyst for efficient
and durable alkaline seawater electrolysis: advancing energy
chemistry through interface engineering. Int. J. Hydrog.
Energy 203, 153017 (2026). https://doi.org/10.1016/j.ijhyd
ene.2025.153017

L. Shao, X. Han, L. Shi, T. Wang, Y. Zhang et al., In situ gen-
eration of molybdate-modulated nickel-iron oxide electrodes
with high corrosion resistance for efficient seawater electroly-
sis. Adv. Energy Mater. 14(4), 2303261 (2024). https://doi.org/
10.1002/aenm.202303261

S.C. Jesudass, S. Surendran, G. Janani, T.-H. Kim, Y.I. Park
et al., Defect-induced bimetallic cubic-spinel NiO/NiCo,0O,
heterostructures via Na-incorporation towards efficient elec-
trochemical water splitting performances. Appl. Surf. Sci. 688,
162352 (2025). https://doi.org/10.1016/j.apsusc.2025.162352
H.-Y. Wang, J.-T. Ren, L. Wang, M.-L. Sun, H.-M. Yang et al.,
Synergistically enhanced activity and stability of bifunctional
nickel phosphide/sulfide heterointerface electrodes for direct
alkaline seawater electrolysis. J. Energy Chem. 75, 66-73
(2022). https://doi.org/10.1016/j.jechem.2022.08.019

M.A. Khan, Y. Liu, M. Hayat, F. Lu, M. Zhou, Tuning the
sulfide interface of MnCo,0,-based nanostructures enables
efficient water/seawater electrolysis. Int. J. Hydrog. Energy 89,
1-9 (2024). https://doi.org/10.1016/j.ijjhydene.2024.09.315
X. Sun, W. Shen, H. Liu, P. Xi, M. Jaroniec et al., Corrosion-
resistant NiFe anode towards kilowatt-scale alkaline seawater
electrolysis. Nat. Commun. 15(1), 10351 (2024). https://doi.
org/10.1038/s41467-024-54754-5

S. Mahadik, S. Surendran, J. Choi, G. Janani, D.J. Moon et al.,
Seawater electrolysis: unlocking a new path for hydrogen pro-
duction. EnergyChem 7(6), 100173 (2025). https://doi.org/10.
1016/j.enchem.2025.100173

@ Springer


https://doi.org/10.1002/anie.202412087
https://doi.org/10.1016/j.coche.2022.100827
https://doi.org/10.1016/j.coche.2022.100827
https://doi.org/10.1016/j.apmate.2024.100227
https://doi.org/10.1016/j.apmate.2024.100227
https://doi.org/10.1002/adma.202006784
https://doi.org/10.1016/j.cej.2024.156284
https://doi.org/10.1002/ente.202200506
https://doi.org/10.1002/ente.202200506
https://doi.org/10.1002/adma.202506936
https://doi.org/10.1002/adma.202506936
https://doi.org/10.1002/cssc.202200027
https://doi.org/10.1002/smll.202504667
https://doi.org/10.1002/smll.202504667
https://doi.org/10.1002/adfm.202507578
https://doi.org/10.1002/anie.202415306
https://doi.org/10.1002/anie.202415306
https://doi.org/10.1016/j.mser.2025.101092
https://doi.org/10.1016/j.coelec.2024.101560
https://doi.org/10.1002/smsc.202300222
https://doi.org/10.1002/smsc.202300222
https://doi.org/10.1016/j.apcatb.2024.124472
https://doi.org/10.1038/s41467-019-13092-7
https://doi.org/10.1016/j.ijhydene.2025.153017
https://doi.org/10.1016/j.ijhydene.2025.153017
https://doi.org/10.1002/aenm.202303261
https://doi.org/10.1002/aenm.202303261
https://doi.org/10.1016/j.apsusc.2025.162352
https://doi.org/10.1016/j.jechem.2022.08.019
https://doi.org/10.1016/j.ijhydene.2024.09.315
https://doi.org/10.1038/s41467-024-54754-5
https://doi.org/10.1038/s41467-024-54754-5
https://doi.org/10.1016/j.enchem.2025.100173
https://doi.org/10.1016/j.enchem.2025.100173

393 Page 18 of 19 Nano-Micro Lett. (2026) 18:393
24. H. Liu, W. Shen, H. Jin, J. Xu, P. Xi et al., High-performance 35. X.He, Y. Yao, M. Zhang, Y. Zhou, L. Zhang et al., Engineered
alkaline seawater electrolysis with anomalous chloride pro- PW(12)-polyoxometalate docked Fe sites on CoFe hydroxide
moted oxygen evolution reaction. Angew. Chem. Int. Ed. anode for durable seawater electrolysis. Nat. Commun. 16(1),
Engl. 62(46), 202311674 (2023). https://doi.org/10.1002/ 5541 (2025). https://doi.org/10.1038/s41467-025-60620-9
anie.202311674 36. L. Wen, X. Zhang, J. Liu, X. Li, C. Xing et al., Cr-dopant
25. S.Song, Y. Wang, P. Tian, J. Zang, Activating lattice oxygen in induced breaking of scaling relations in CoFe layered double
local amorphous S-modified NiFe-LDH ultrathin nanosheets hydroxides for improvement of oxygen evolution reaction. Small
toward superior alkaline/natural seawater oxygen evolution. J. 15(35), 1902373 (2019). https://doi.org/10.1002/sml1.201902373
Colloid Interface Sci. 677(Pt A), 853-862 (2025). https://doi. 37. M. Wang, X. Li, Y. Su, J. Wu, T. Sun et al., Satisfactory deg-
org/10.1016/].jcis.2024.08.031 radation of tetracycline by a pH-universal CoFe-LDH/MoS,
26. Y. Yu, W. Zhou, J. Yuan, X. Zhou, X. Meng et al., A hydrogen- heterojunction catalyst in Fenton process. iScience 27(2),
bond network sieve enables selective OH/CI™ discrimination 108996 (2024). https://doi.org/10.1016/j.is¢i.2024.108996
for stable seawater splitting at 2.0 A cm™>. Energy Environ. Sci. 38, S. Jung, R.A. Senthil, C.J. Moon, A. Kumar, M. Ubaidullah
18(22), 9949-9958 (2025). https://doi.org/10.1039/d5ee04595a et al., Laser-regulated CoFeRu-LDH nanostructures: nitrite-
27. Q. Niu, F.-Y. Gao, X. Sun, Y. Zheng, S.-Z. Qiao, Chloride- to-ammonia production in Zn—nitrite battery and oxygen evo-
mediated electron buffering on Ni-Fe anodes for ampere-level lution in water electrolysis. Small 21(32), 2502821 (2025).
alkaline seawater electrolysis. Adv. Funct. Mater. 35(36), https://doi.org/10.1002/smll.202502821
2504872 (2025). https://doi.org/10.1002/adfm.202504872 39. JI.Li, J. Shi, Y. Hu, M. Li, Y. Kang, Plasma-induced vacancy
28. M. Rong, H. Zhong, S. Wang, X. Ma, Z. Cao, La/Ce doped defects of Ru-doped CoFe layered double hydroxide for supe-
CoFe layered double hydroxides (LDH) highly enhanced oxy- rior oxygen evolution activity. J. Alloys Compd. 976, 173076
gen evolution performance of water splitting. Colloids Surf. A (2024). https://doi.org/10.1016/j.jallcom.2023.173076
Physicochem. Eng. Aspects 625, 126896 (2021). https://doi. 40, J. Mu, C. Yu, X. Song, L. Chen, J. Zhao et al., A super-chloro-
org/10.1016/j.colsurfa.2021.126896 phobic yet weak-reconstructed electrocatalyst by fluorination
29. J.P. Das, S.S. Nardekar, V. Ravichandran, S.-J. Kim, From engineering toward chlorine oxidation-free and high-stability
friction to function: a high-voltage sliding triboelectric nano- seawater electrolysis. Adv. Funct. Mater. 35(23), 2423965
generator for highly efficient energy autonomous IoT’s and self- (2025). https://doi.org/10.1002/adfm.202423965
powered actuation. Small 20(48), 2405792 (2024). https://doi. 41. J.W. Min, J. Gim, J. Song, W.-H. Ryu, J.-W. Lee et al.,
org/10.1002/sml1.202405792 Simple, robust metal fluoride coating on layered
30. J.P.Das, S.S. Nardekar, D. Kesavan, K. Bhunia, V. Ravichan- Li; »3Ni0."*Coy ;,Mny 540, and its effects on enhanced elec-
dran et al., Unveiling the effect of growth time on bifunctional trochemical properties. Electrochim. Acta 100, 10-17 (2013).
layered hydroxide electrodes for high-performance energy https://doi.org/10.1016/j.electacta.2013.03.085
storage and green energy conversion. J. Mater. Chem. A Mater. 42. C. Ren, M. Zhou, Z. Liu, L. Liang, X. Li et al., Enhanced
Energy Sustain. 12(31), 20179-20190 (2024). https://doi.org/ fluoride uptake by layered double hydroxides under alkaline
10.1039/D4TA02940B conditions: solid-state NMR evidence of the role of surface
31. A.M.P. Sakita, R.D. Noce, E. Vallés, A.V. Benedetti, Pulse >MgOH sites. Environ. Sci. Technol. 5§5(22), 15082-15089
electrodeposition of CoFe thin films covered with layered dou- (2021). https://doi.org/10.1021/acs.est.1c01247
ble hydroxides as a fast route to prepare enhanced catalysts for 43. Y. Ni, D. Shi, B. Mao, S. Wang, Y. Wang et al., Under-coor-
oxygen evolution reaction. Appl. Surf. Sci. 434, 1153-1160 dinated CoFe layered double hydroxide nanocages derived
(2018). https://doi.org/10.1016/j.apsusc.2017.11.042 from nanoconfined hydrolysis of bimetal organic compounds
32. L. Peng, N. Yang, Y. Yang, Q. Wang, X. Xie et al., Atomic for efficient electrocatalytic water oxidation. Small 19(45),
cation-vacancy engineering of NiFe-layered double hydrox- 2302556 (2023). https://doi.org/10.1002/sml1.202302556
ides for improved activity and stability towards the oxygen 44. T. Zhang, H.-F. Zhao, Z.-J. Chen, Q. Yang, N. Gao et al.,
evolution reaction. Angew. Chem. Int. Ed. Engl. 60(46), High-entropy alloy enables multi-path electron synergism
24612-24619 (2021). https://doi.org/10.1002/anie.202109938 and lattice oxygen activation for enhanced oxygen evolution
33. Z.-L. Wang, G.-Y. Huang, G.-R. Zhu, H.-C. Hu, C. Li et al., activity. Nat. Commun. 16, 3327 (2025). https://doi.org/10.
La-exacerbated lattice distortion of high entropy alloys for 1038/s41467-025-58648-y
enhanced electrocatalytic water splitting. Appl. Catal. B: Envi- 45. L. Tan, H. Wang, C. Qi, X. Peng, X. Pan et al., Regulating Pt
ron. Energy 361, 124585 (2025). https://doi.org/10.1016/j. electronic properties on NiFe layered double hydroxide inter-
apcatb.2024.124585 face for highly efficient alkaline water splitting. Appl. Catal. B
34. Y. Bao, J. Xiao, Y. Huang, Y. Li, S. Yao et al., Regulating Environ. 342, 123352 (2024). https://doi.org/10.1016/j.apcatb.
spin polarization via axial nitrogen traction at Fe—N35 sites 2023.123352
enhanced electrocatalytic CO, reduction for Zn—CO, batter- 46. M. Ranz, B. Grabner, B. Schweighofer, H. Wegleiter, A.
ies. Angew. Chem. Int. Ed. Engl. 63(43), €202406030 (2024). Trattner, Dynamics of anion exchange membrane electrolysis:
https://doi.org/10.1002/anie.202406030 unravelling loss mechanisms with electrochemical impedance
© The authors https://doi.org/10.1007/s40820-026-02230-8


https://doi.org/10.1002/anie.202311674
https://doi.org/10.1002/anie.202311674
https://doi.org/10.1016/j.jcis.2024.08.031
https://doi.org/10.1016/j.jcis.2024.08.031
https://doi.org/10.1039/d5ee04595a
https://doi.org/10.1002/adfm.202504872
https://doi.org/10.1016/j.colsurfa.2021.126896
https://doi.org/10.1016/j.colsurfa.2021.126896
https://doi.org/10.1002/smll.202405792
https://doi.org/10.1002/smll.202405792
https://doi.org/10.1039/D4TA02940B
https://doi.org/10.1039/D4TA02940B
https://doi.org/10.1016/j.apsusc.2017.11.042
https://doi.org/10.1002/anie.202109938
https://doi.org/10.1016/j.apcatb.2024.124585
https://doi.org/10.1016/j.apcatb.2024.124585
https://doi.org/10.1002/anie.202406030
https://doi.org/10.1038/s41467-025-60620-9
https://doi.org/10.1002/smll.201902373
https://doi.org/10.1016/j.isci.2024.108996
https://doi.org/10.1002/smll.202502821
https://doi.org/10.1016/j.jallcom.2023.173076
https://doi.org/10.1002/adfm.202423965
https://doi.org/10.1016/j.electacta.2013.03.085
https://doi.org/10.1021/acs.est.1c01247
https://doi.org/10.1002/smll.202302556
https://doi.org/10.1038/s41467-025-58648-y
https://doi.org/10.1038/s41467-025-58648-y
https://doi.org/10.1016/j.apcatb.2023.123352
https://doi.org/10.1016/j.apcatb.2023.123352

Nano-Micro Lett. (2026) 18:393

Page 190f 19 393

47.

spectroscopy, reference electrodes and distribution of relaxa-
tion times. J. Power. Sources 605, 234455 (2024). https://doi.
org/10.1016/j.jpowsour.2024.234455

K. Sharma, K. Bhunia, S. Chatterjee, M. Perumalsamy, A.A.
Saj et al., Deep learning-assisted organogel pressure sensor for
alphabet recognition and bio-mechanical motion monitoring.

Nano-Micro Lett. 18(1), 63 (2025). https://doi.org/10.1007/
$40820-025-01912-z

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jpowsour.2024.234455
https://doi.org/10.1016/j.jpowsour.2024.234455
https://doi.org/10.1007/s40820-025-01912-z
https://doi.org/10.1007/s40820-025-01912-z

	High Polarity Doping of CoFe Layered Hydroxides: Bifunctional and Corrosion-Resistant Anion Exchange Membrane Seawater Electrolyzers
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Synthesis of CoFe LMH and F-CoFe LMH

	3 Results and Discussion
	3.1 Structural Characterizations
	3.2 Electrocatalytic Performance for HER
	3.3 Electrocatalytic Performance for OER
	3.4 Corrosion and In Situ Electrochemical Study
	3.5 Full-Cell Anion Exchange Membrane Water Electrolyzer

	4 Conclusions
	Acknowledgements 
	References


