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ABSTRACT

Developing electrocatalysts with ingenious active site-environment interactions for robust oxygen evolu-
tion reaction in alkaline seawater is essential for sustainable hydrogen production under industrial condi-
tions, yet remains a significant challenge. Herein, we present a high-entropy amorphous pyrophosphate,
FeCoNiMnPO,, that serves as a highly active and durable electrocatalyst for alkaline seawater oxidation at
large current densities. Our strategy leverages spin-state engineering of active metal sites by modulating
oxygen vacancy concentrations via magnetic superexchange interactions. We found that four-coordinated
Fe sites in FeCoNiMnPOy facilitate the highest spin state transition, boosting dense -bonding with oxy-
gen intermediates, resulting in a near-optimal activity descriptor of AGo- — AGoy- = 1.76 eV. Such an
optimized catalyst achieves a low overpotential of 299 mV at 400 mA cm~2 and exhibits exceptional sta-
bility, maintaining performance for over 1000 h at 500 mA cm~2 in alkaline seawater. This exceptional
stability stems from the formation of a robust hydrogen-bonded network of four-coordinated interfacial
water, which effectively repels detrimental chloride ions, mitigating catalyst corrosion and ensuring long-
term durability. This work underscores the critical role of spin-state engineering in electrocatalysis and
provides a novel pathway for designing highly durable electrocatalysts towards sustainable hydrogen pro-

duction from seawater.
© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

high current densities lead to compromised efficiency and dura-
bility [4-6]. Conventional corrosion-mitigation strategies through

Seawater electrolysis offers a viable pathway to alleviate fresh-
water scarcity while facilitating large-scale hydrogen production,
particularly in arid regions [1,2]. However, chloride-induced cor-
rosion of electrodes presents a formidable challenge [3]. This is-
sue is most pronounced at the anode, where sluggish oxygen evo-
lution reaction (OER) kinetics and structural degradation under
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passivation layers, ion-selective barriers, or corrosion-resistant el-
ements incorporation inevitably compromise catalytic activity via
active site masking or elemental leaching [7-9]. Critically, enhanc-
ing catalytic activity often exacerbates structural instability, render-
ing catalysts more susceptible to Cl~-induced degradation [3]. Re-
cent studies suggest that in-situ generated oxyanions (e.g., molyb-
dates, sulfates, and phosphates) exhibit chloride-repelling capabil-
ities through interfacial charge redistribution, enhancing activity
and long-term stability [10-12]. However, sustaining such dynamic
anion shielding requires precise stabilization of the host matrix
against oxyanions’ continuous leaching over extended operation at
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high current densities [13,14]. Therefore, developing anode mate-
rials with inherent resistance to Cl~ corrosion to balance high ac-
tivity and long stability is a promising but unresolved challenge in
seawater electrolysis.

High-entropy materials, incorporating multiple transition met-
als with diverse orbital configurations, are highly promising cat-
alysts that may balance activity and stability due to their high-
entropy cocktail effect [15,16]. However, traditional modulation
strategies, such as defects and doping, often encounter difficul-
ties in chloride-rich seawater environments due to the averag-
ing effect of their d-band [4]. Recent advances in spin-state en-
gineering provide a transformative strategy to circumvent these
limitations by manipulating the d-orbital occupancy of active cen-
ters, thereby regulating intermediate adsorption/desorption kinet-
ics and corrosion resistance through spin-selective electron trans-
fer [17,18]. Unlike conventional high-entropy oxides limited by
rigid oxygen sublattices, high-entropy pyrophosphates (M,P,07)
are a novel class of spin-tunable electrocatalysts, where the unique
P,0,4~ framework enables dynamic modulation of active center
coordination geometry through oxygen vacancy (Oy) concentration
[19-21]. Moreover, the phosphate matrix not only enhances struc-
tural integrity through strong covalent P-O bonding but also facil-
itates spin-polarized interactions via m-conjugated PO, units [22].
Despite their potential, achieving simultaneously high activity and
stability in seawater electrolysis through spin modulation remains
challenging.

To address these challenges, we propose an innovative strategy
that employs spin-state engineering to introduce dense w-bonding
interactions by regulating Oy concentrations in high-entropy amor-
phous FeCoNiMnPOy (HE-APOs), enriching surface OH~ ions, and
mitigating Cl~-induced corrosion. As demonstrated below, Oy in-
crement induces a four-coordinated Fe configuration, promoting
low-spin to high-spin transition. High-spin states facilitate r-bond
formation via magnetic superexchange interactions, which stabilize
oxygenated intermediates while enriching hydroxide ion concen-
trations. This, in turn, promotes the formation of four-coordinated
hydrogen-bonded interfacial water, establishing a strong hydrogen-
bonded network that mitigates Cl~-induced corrosion and en-
hances OER performance in seawater electrolysis. Consequently,
the optimized HE-APOs catalyst exhibits a remarkably low over-
potential of 299 mV at 400 mA cm~2 and exceptional durability,
sustaining the performance for over 1000 h at 500 mA cm~2. Our
study highlights the transformative role of spin-state modulation
in catalysis, offering a new paradigm for designing advanced elec-
trocatalysts with molecular-level selectivity for sustainable hydro-
gen production.

2. Materials and methods

2.1. Chemicals and materials

Fe(C02CH3)2-4H20 (985%), CO(NO3)2-6H20 (990%),
Ni(NO3),-6H,0 (99.0%), Mn(NOs3),-4H,0 (98.5%), ammonium
fluoride (NH4F, 99.0%), N,N-dimethylformamide (DMF), 2,5-

dihydroxyterephthalic  acid, N,N-diethyl-1,4-phenylenediamine
sulfate (DPD), ethanol, KOH, dilute sulfuric acid (99.0%), and hy-
drogen peroxide (99.0%) were purchased from Shanghai Macklin
Biochemical Technology Co., LTD. IrO, (98.5%), NaH,PO, H,0
(99.0%), NapS-9H,0 (99.0%), and Nafion (5 wt.%) were obtained
from Johnson Matthey and Dupont, respectively. All chemicals
and reagents were used without further purification. Carbon cloth
(CC) was purchased from Kunshan Longsheng. Deionized water
(resistivity: 18.3 M cm) was used for the reaction and pure
aqueous solution configuration. The seawater solution used for
the tests was collected from Haikou Bay, Haikou, Hainan Province,
China.
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2.2. Synthesis of FeCoNiMn metal-organic framework (MOF),
HE-APOs, and optimized HE-APOs-18

FeCoNiMn MOF was synthesized on CC (40 cm x 3.0
cm) using a simple hydrothermal method. First, the CC was
soaked in a solution of dilute sulfuric acid and hydrogen per-
oxide (3:1 v/v) for 1 h. After soaking, the CC was thor-
oughly washed and dried, preparing it for use as a template in
the MOF synthesis. For the synthesis, equimolar amounts (0.25
mmol each) of metal nitrates—Fe(CO,CHj3),-4H,0, Co(NO3),-6H,0,
Ni(NO3),-6H,0, Mn(NOs3),-4H,0—were dissolved in 45.0 mL
of dimethylformamide (DMF), along with 0.34 mmol of 2,5-
dihydroxyterephthalic acid, 2.7 mL of anhydrous ethanol, and 2.7
mL of deionized water. After 30 min of magnetic stirring, the
mixture and the CC were transferred to a 100.0 mL Teflon-lined
stainless-steel autoclave for a hydrothermal reaction at 120 °C for
30 h. Once the reaction was complete and cooled to room temper-
ature, the FeCoNiMn MOF was washed several times with DMF and
ethanol, then dried at 60 °C for 12 h.

Amorphous HE-APOs were synthesized using a standard phos-
phating process. First, 0.5 g of NaH,PO,-H,0 and a piece of Fe-
CoNiMn MOF (4 cm x 3 cm) were placed in the upstream and
downstream sections of a tube furnace, respectively. The furnace
was then heated to 400 °C over 75 min under a high-purity argon
(Ar) atmosphere and maintained at that temperature for 4 h. To
investigate the effect of calcination temperature on electrocatalytic
performance, the calcination temperature was adjusted to 350 and
450 °C, respectively, for comparison. After cooling to room temper-
ature, HE-APOs were collected.

The HE-APOs-18 was synthesized using a simple etching
method. A piece of HE-APOs was soaked in 30.0 mL of an
8.3 mmol/L Na,S-9H,0 solution for 30 min. This etching pro-
cess is driven by the reductive action of aqueous sulfide species
(S%~/HS™), which selectively remove surface lattice oxygen from
the HE-APOs to create a controlled concentration of oxygen vacan-
cies. The sample was then dried in a vacuum oven at 60 °C for 12
h. To examine the influence of etching time on electrocatalytic per-
formance, times were adjusted to 15 and 60 min. Additionally, the
effect of Na;S-9H,0 solution concentration was studied by varying
concentrations to 6.3, 10.3, and 12.3 mmol/L.

2.3. Materials characterization

The microstructure and morphology of the catalysts were ana-
lyzed using a scanning electron microscope (SEM, CrossBeam 350,
ZEISS, 5 kV) and a transmission electron microscope (TEM, Tecnai
G2 F30). X-ray diffraction (XRD) patterns were collected over a 5°
to 80° range using a Smart Lab XRD system with Cu-Ka radiation
to determine the crystalline phases. Raman spectra were recorded
using a laser Raman spectrometer (in Via, Renishaw plc) with a
514 nm wavelength. Fourier transform infrared spectroscopy (FT-
IR, T27, Bruker) was used to identify chemical bonding. Electron
paramagnetic resonance (EPR) measurements were performed us-
ing a BRUKER EMXPLUS spectrometer. The contents of Fe, Co, Ni,
and Mn were obtained by inductively coupled plasma emission
spectroscopy (ICP-OES) conducted on an Agilent 720ES/iCAP PRO
instrument. X-ray photoelectron spectroscopy (XPS, NexsaG2) was
used to determine the chemical states of the catalysts, with all XPS
spectra calibrated to the C 1s line at 284.8 eV. Fe K-edge X-ray ab-
sorption spectroscopy (XAS) measurements were performed at the
beamline station BL17B1 of Shanghai Synchrotron Radiation Facil-
ity (SSRF) using an X-ray fluorescence signal detector. Then, the
obtained XAS data were processed using the Athena and Artemis
packages [23]. The effective magnetic moment (/tes) is calculated
according to the following Eq. (1) [24]:

Mefr = v/8Clip (1)
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where C is the Curie constant and i is the Bohr magneton, a fun-
damental physical constant representing the magnetic moment of
an electron.

x=C/(T-0) (2)

where © represents the Curie-Weiss temperature and the slope of
the x~1-T curve. T is the absolute temperature at which the mea-
surement is taken, expressed in Kelvin (K). Susceptibility (x) can
be obtained from the following Eq. (3):

x =M/H (3)

where M is the magnetization of the material (the magnetic mo-
ment per unit volume or mass, representing the material’s re-
sponse to the field), and H is the strength of the applied external
magnetic field.

2.4. Electrochemical measurements

Room-temperature electrochemical tests were conducted us-
ing a Bio-Logic multichannel electrochemical workstation (VMP-
300). For OER assessments, a standard three-electrode setup was
used: the prepared samples served as the working electrode, a
graphite rod as the counter electrode, and a standard Hg/HgO elec-
trode as the reference. Three different electrolytes were tested:
1.0 M KOH, 1.0 M KOH + 0.5 M NaCl, and 1.0 M KOH + Sea-
water, all with a pH of approximately 14. The seawater was
sourced from Haikou Bay near Haikou, Hainan, China. OER polar-
ization curves were measured at a scan rate of 5 mV s~!. The
solution resistance (Rs) was obtained from high-frequency elec-
trochemical impedance spectroscopy (EIS) measurements at the
corresponding electrolyte conditions. All polarization curve data
were reported with iR compensation applied automatically using
a current-interrupt model on the electrochemical workstation. A
90% iR correction was adopted to minimize the influence of ohmic
drop while avoiding possible overcompensation artifacts. The resid-
ual uncompensated resistance (< 10%) ensures that the reported
overpotentials reliably reflect the intrinsic catalytic behavior. All
potentials were further converted to the reversible hydrogen elec-
trode (RHE) scale for comparison. All potentials measured against
Hg/HgO were converted to the RHE using the Nernst equation
E(RHE) = E(Hg/HgO) + 0.059 x pH + 0.098 [25].

Double-layer capacitance (Cy;) values were determined from CV
curves obtained at various scan rates ranging from 20 to 160 mV
s~1, in increments of 20 mV s~!. The electrochemical surface area
(ECSA) was estimated by normalizing the Cy with a standard spe-
cific capacitance (Cs) of 0.04 mF cm~2 in 1.0 M alkaline electrolyte.
The intrinsic activity normalized by ECSA was calculated using the
following Eq. (4):

Jecsa = J/ECSA = j/(Cq/Cs) (4)

EIS were recorded at an overpotential of 274 mV across fre-
quencies from 0.01 Hz to 100 kHz [26]. Stability evaluations were
conducted under a constant current density of 500 mA cm~2.
The turnover frequency (TOF) was calculated using the following

Eq. (5) for OER [27]:
TOF = j/(4 x F x n) (5)

The O, faradaic efficiency was determined using Faraday’s law
in conjunction with the ideal gas Eqs. (6-9) [10]:

jxt=nxzxF (6)

pxV=nxRxT (7)
_J xR xT

Vtheor—z < F x p (8)
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FE(%) — Vnominal

theor

(9)

where j is the applied current in ampere (A); t is the time in sec-
ond (s); n is the number of substances in molarity (mol); z of 4
represents the electrons transferred for OER; F, p, R, and T are the
faradaic constant of 96,485.33 s A mol~!, the atmospheric pres-
sure of 101000 Pa, the ideal gas constant of 8.314 kg m? s~2 mol!
K-1, and temperature 298.15 K, respectively; V is the gas volume
in cubic meter (m3), and FE is the gas evolution rate of O, in cubic
meter per second (m3 s~ 1),

2.5. Sodium hypochlorite detection experiment

The hypochlorite content in seawater electrolytes, after under-
going a 100 h OER test at 500 mA cm~2, was quantified using
the DPD colorimetric method. The pH of a 20 mL sample was
first brought to 6-7 with HCl. Subsequently, the addition of 5
mL of DPD solution (1.0 g L) initiated the formation of colored
Worcester dye from the reaction with hypochlorite. The resulting
absorbance was measured at a wavelength of 550 nm on a Shi-
madzu UV-1780 spectrophotometer.

2.6. Density functional theory (DFT) calculation

All the calculations were performed in the framework of the
DFT with the projector augmented plane-wave method, as imple-
mented in the Vienna ab initio simulation package [28]. We used
the generalized gradient approximation with the Pedrew-Burke-
Ernzerhof (PBE) function and Hubbard U corrections (4.6, 5.3, 3.3,
and 6.2 eV for treating Mn, Fe, Co, and Ni 3d orbitals) were in-
troduced to consider the self-interaction error of transition met-
als [29]. The cut-off energy for the plane wave is set to 500 eV.
The energy criterion is set to 107> eV in the iterative solution of
the Kohn-Sham equation. The vacuum layer of 15 A is added per-
pendicular to the sheet to avoid artificial interaction between pe-
riodic images. The Brillouin zone integration is performed using a
2 x 2 x 1 k-mesh. All the structures are relaxed until the residual

forces on the atoms have declined to less than 0.01 eV/A.

3. Results and discussion
3.1. Synthesis and structural characterizations

The high-entropy amorphous phosphorus oxides (HE-APOs)
with various oxygen vacancy (Oy) concentrations were synthesized
via a three-step process involving hydrothermal treatment, phos-
phorization, and subsequent etching, as schematically depicted
in Fig. 1(a). Initially, Fe-Co-Ni-Mn-based metal-organic frame-
works (FeCoNiMn MOFs) are first nucleated in-situ on CC via
coordination between the metal ions and the oxygen-containing
functional groups of 2,5-dihydroxyterephthalic acid. These MOFs
are then reacted with NaH,PO, at high temperature, where PO,3~
species undergo condensation to form P,0;%", resulting in the
phosphorized HE-APOs. Finally, the S2~/HS~ ions generated from
the dissolution act as a mild reducing agent to selectively remove
surface lattice oxygen from the HE-APOs, thereby creating Oy. By
tuning the concentration of Na,S-9H,0 and the etching time, we
precisely controlled the Oy concentration to obtain the optimized
HE-APOs catalyst.

Morphological transformations during phosphorization and
etching processes were examined via SEM. The initial spherical
MOF structure (~1 pm diameter) with needle-like features (Fig. S1
in the Supplementary Materials) evolved into a rough surface cov-
ered with ~80 nm pellets post-etching (Fig. 1(b-d)). This structural
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Fig. 1. Fabrication procedure and structural characterization of optimized HE-APOs. (a) Schematic diagram of the optimized HE-APOs. Morphology characterization: (b-d)
SEM images, (e-h) TEM and HRTEM images (inset, SAED image), and (i) corresponding elemental mapping images, scale bar, 200 nm.

modification enhances surface area and active site exposure. TEM
images (Fig. 1(e-g)) confirm the amorphous nature of the mate-
rial, as evidenced by the absence of lattice fringes, further sup-
ported by high-resolution TEM (HRTEM) and selected area elec-
tron diffraction (SAED, Fig. 1(h)). Energy-dispersive X-ray spec-
troscopy (EDX) mapping (Fig. 1(i)) demonstrates the uniform dis-
tribution of Fe, Co, Ni, Mn, P, and O elements, with atomic ratios
of 3.8:4.8:4.4:1.9:12.8:72.4 (Fig. S2). These findings were corrobo-
rated by ICP-OES (Fig. S3).

To further verify the synthesis of optimized HE-APOs, XRD, Ra-
man spectroscopy, and FT-IR spectroscopy were employed to char-
acterize the crystal structure and vibrational modes. XRD patterns
confirm the amorphous nature (Fig. S4), while Raman spectra (Fig.
S5) exhibit D and G bands associated with carbon-carbon (C-C) vi-
brations, consistent with XRD results [30]. FT-IR spectra (Fig. S6)
display peaks at 1080.1 cm~! (P-O antisymmetric stretching) and
5419 cm~! (M-O vibrations), confirming successful phosphoriza-
tion [2,31]. Collectively, these results validate the successful syn-
thesis of optimized HE-APOs, which are characterized by their
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rough, pellet-covered surfaces, amorphous structure, and uniform
elemental distribution with near-equimolar metal cation composi-
tion.

To investigate the effects of etching conditions on the electronic
structure, the concentration of the etching agent was systemat-
ically varied across a range of 0 to 12.3 mmol/L, specifically at
0, 6.3, 8.3, 10.3, and 12.3 mmol/L. The resulting chemical states
and structural modifications were analyzed using XPS and EPR.
The high-resolution O 1s spectra (Fig. 2(a)) reveal peaks at 531.2,
532.2, 533.4, and 534.2 eV, corresponding to metal-oxygen (M-0),
phosphorus-oxygen (P-0), Oy, and adsorbed H,O, respectively [32].
The Oy content systematically increases from 12% at 0 mmol/L to
25% at 12.3 mmol/L, accompanied by shifts to lower binding ener-
gies, indicating alterations in the local electronic environment (Ta-
bles S1-S5). To examine the effects of O, on HE-APOs, we initiated
with a baseline sample, HE-APOs-12, featuring 12% O,. Subsequent
samples were etched to increment Oy concentrations, designated
as HE-APOs-16 (16% O), HE-APOs-18 (18% Oy), HE-APOs-21 (21%
Oy), and HE-APOs-25 (25% Oy).
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Fig. 2. (a) XPS of O 1s with different etching agent concentrations. (b) XPS of Fe 2p. (c) EPR with different etching agent concentrations. (d) M-T susceptibility xm-T curves.
(e) Fe K-edge XANES spectra. (f) Fourier transform and fitting of k3>-weighted EXAFS oscillation. 3D contour WT-EXAFS plots of Fe K-edge: HE-APOs-12 (g) and HE-APOs-18 (h).

XPS survey spectra of HE-APOs-18 confirm the presence of
expected elements (Fig. S7(a)). Quantitative analysis of this data
reveals surface elemental ratios consistent with bulk compositions
from ICP-OES (Fig. S3), confirming the compositional homogeneity
of the catalyst and the absence of any detectable sulfur incorpo-
ration from the etching process (Table S6, Fig. S7(b)). In the Fe
2p XPS spectrum (Fig. 2(b)), peaks at 710.2/722.7 and 713.3/726.1
eV correspond to Fe?+ and Fe3t, respectively [32,33]. The positive
shift of these peaks with increasing Oy concentration suggests that
the introduction of oxygen vacancies facilitates Fe to act as elec-
tron donors, facilitating the transformation of high-valent metal,
which is essential for high catalytic activity. High-resolution XPS
analysis of Mn, Co, and Ni (Fig. S8) shows binding energy shifts
to lower values, indicating their function as electron acceptors and
contributing to electron balance. Detailed fitting parameters for
the high-resolution XPS spectra of Fe, Co, Ni, Mn, and P can be
found in Tables S7-S16. This electron redistribution emphasizes
Fe’s role as the main active site and highlights the synergistic
electronic effects within the high-entropy catalyst. The EPR spectra
(Fig. 2(c)) exhibit a g-factor of 2.003, characteristic of Oy [34],
with signal intensity increasing as the etching agent concentration
increases, indicating a direct correlation between O, content and
etching conditions.

Magnetic susceptibility measurements further elucidated the
role of Oy in modulating spin states. Temperature-dependent mag-
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netization (M-T) curves (Fig. 2(d)) recorded under a 2 kOe field af-
ter zero-field cooling reveal that the plot of inverse susceptibility
(1/xm-T) versus temperature plots (Fig. S9) follow Curie-Weiss be-
havior above 200 K [35]. The effective magnetic moment (Lef) in-
creases with Oy concentration, peaking at 3.15 up at 18.0% Oy be-
fore declining at higher concentrations (Table $17). This trend high-
lights the presence of an optimal electron spin configuration and
magnetic coupling at moderate Oy levels, which facilitates robust
superexchange interactions across Fe-O-M bridges (M representing
other cations), crucial for catalytic performance.

X-ray absorption fine structure (XAFS) analysis provides further
insights into the impact of Oy on coordination and bonding struc-
tures. X-ray absorption near-edge structure (XANES, Fig. 2(e)) re-
veals an increase in Fe valence states from +2.27 in HE-APOs-12
to +2.44 in HE-APOs-18 and +2.60 in HE-APOs-25, consistent with
XPS results. The emergence of a pronounced pre-edge feature in
etched samples suggests significant alterations in geometric sym-
metry and coordination environments. Extended X-ray absorption
fine structure (EXAFS, Fig. 2(f)) analysis demonstrates a progressive
reduction in Fe-O bond lengths from 1.64 A (HE-APOs-12) to 1.53 A
(HE-APOs-18), while the Fe-O coordination number decreases from
5.6 (HE-APOs-12) to 4.6 (HE-APOs-18) and further to 2.9 (HE-APOs-
25) (Table S18), confirming the formation of a four-coordinated Fe
environment at moderate Oy levels [24]. Wavelet transform (WT)
analysis (Figs. 2(g and h) and S10) further substantiates these find-
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10 mA cm~2 in 1.0 M KOH.

ings, illustrating the evolution of local coordination as a function
of Oy concentration.

Collectively, these results underscore the critical role of Oy in
modulating spin states and the coordination environment of HE-
APOs. As Oy concentration increases, the coordination number of
metal centers decreases, and the spin state reaches its maximum
at an 18% Oy concentration. Specifically, EXAFS revealed that the
optimal catalyst featured a prevalence of four-coordinate Fe sites, a
highly unsaturated geometry that was critical for binding interme-
diates. This structural transformation was accompanied by a syn-
ergistic, system-wide electronic redistribution, whereby Fe acted
as an electron donor (valence increased) while Mn, Co, and Ni
served as electron acceptors (valence decreased), as evidenced by
both XPS and XANES. This highlighted that the four-coordinated Fe
site, electronically optimized via hetero-element charge compen-
sation, served as the primary active center for OER. Furthermore,
the P,0,% framework not only provided structural integrity but
also mediated the strong magnetic superexchange interactions be-
tween the different metal cations, which were essential for stabi-
lizing the catalytically crucial high-spin state of Fe. These findings
highlighted the delicate balance between geometry, inter-element
electronics, and spin coupling required for optimizing catalytic ac-
tivity and stability in seawater electrolysis.

3.2. Electrochemical measurement of OER activities

The OER performance of the catalysts was rigorously evalu-
ated in a 1.0 M KOH solution (pH = 14), with commercial IrO,
on CC serving as the benchmark for comparison. Detailed opti-
mization steps are provided in Figs. S11 and S12. The optimized
results indicate that the OER activity is the most superior when
the Oy concentration reaches 18%. Consequently, HE-APOs-18 were
compared to unetched HE-APOs-12 and IrO, using linear sweep
voltammetry (LSV, Fig. 3(a)). Specifically, HE-APOs-18 exhibits su-
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perior activity, achieving current densities of 10 and 100 mA cm~2
at overpotentials of 224 and 260 mV, respectively, outperform-
ing both HE-APOs-12 (265 and 322 mV) and IrO, (336 mV at 10
mA cm~2). To further investigate the kinetics and charge-transfer
resistance (Rc), Tafel slopes and R values were examined. HE-
APOs-18 achieves a Tafel slope of 38.6 mV dec~!, lower than both
HE-APOs-12 (55.3 mV dec~!) and IrO, (85.3 mV dec™!), indicat-
ing faster reaction kinetics (Fig. 3(b)). Additionally, HE-APOs-18
exhibits a reduced Rct of 1.77 2 compared to HE-APOs-12 (2.29
), confirming improved electron transport efficiency (Fig. 3(c),
Table S19).

ECSA, assessed via Cy (Figs. 3(d) and S13) [36], reveals a higher
Cyq for HE-APOs-18 (2.52 mF cm~2) than HE-APOs-12 (0.90 mF
cm~2). This increase suggests a greater number of exposed ac-
tive sites due to O, modulation. Moreover, intrinsic activity nor-
malized by ECSA (Fig. 3(e)) further corroborates the superior cat-
alytic performance of HE-APOs-18. Therefore, HE-APOs-18 out-
performs not only HE-APOs-12 and IrO, but also other alkaline
OER electrocatalysts. When compared to reported high-entropy
catalysts, HE-APOs-18 demonstrates lower overpotentials, under-
scoring its exceptional performance in alkaline OER (Fig. 3(f),
Table S20).

To evaluate the industrial potential of HE-APOs-18 for seawater
electrolysis, their OER performance was compared with that of HE-
APOs-12 in both alkaline simulated seawater (1.0 M KOH + 0.5 M
NaCl) and alkaline natural seawater (1.0 M KOH + seawater) elec-
trolytes. In the 1.0 M KOH + 0.5 M NaCl solution, HE-APOs-18 ex-
hibits superior catalytic activity, achieving current densities of 10
and 100 mA cm~2 at overpotentials of 243 and 277 mV, respec-
tively, compared to 280 and 340 mV for HE-APOs-12 (Fig. S14). The
Tafel slope of HE-APOs-18 (35.7 mV dec~!) is significantly lower
than that of HE-APOs-12 (65.4 mV dec™1), indicating faster kinetics
(Fig. S15). EIS measurements (Fig. S16, Table S19) confirm a lower
Rt for HE-APOs-18, while Cy values (Figs. S17 and S18) suggest a
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higher density of active sites, highlighting their strong potential as
seawater electrocatalysts.

In alkaline natural seawater, HE-APOs-18 maintains compara-
ble activity, delivering 10 and 400 mA cm~2 at overpotentials of
243 and 299 mV, respectively, outperforming commercial catalysts
(Fig. 4(a and c)). HE-APOs-18 also exhibits the lowest Tafel slope
(38.3 mV dec™!) and R (3.16 ) compared to HE-APOs-12 (60.4
mV dec!, 7.99 Q) (Figs. 4(b and c) and S19 and Table S19). The
generation of Oy increases the number of active sites, as confirmed
by the Cy results (Figs. S20 and S21). Moreover, the TOF analysis
under alkaline natural seawater electrolysis (Fig. S22) reveals that
HE-APOs-18 possesses a much higher TOF across the whole over-
potential range than HE-APOs-12, further confirming its superior
intrinsic activity. Consequently, HE-APOs-18 emerges as a top-tier
seawater OER catalyst (Fig. 4(d), Table S21), achieving high Faradaic
efficiency (approximately 98.8%), with O, volumes matching theo-
retical values (Figs. S23 and 4(e)).

To elucidate the origin of the catalyst’s superior stability, we
systematically investigated the influence of Oy, concentration on its
resistance to chloride corrosion. Corrosion polarization curves were
measured for catalysts with varying Oy levels, including HE-APOs-
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12, -16, -18, -21, and -25 (Fig. 4(f)). The key corrosion parameters,
including corrosion potential (Ecorr) and corrosion current density
(jeorr), are summarized in Table S22. A clear volcano-type relation-
ship is observed, with HE-APOs-18 exhibiting the highest Ecorr and
the lowest jeorr, indicating its optimal resistance to chloride cor-
rosion. Specifically, as the Oy concentration increased from 12% to
18%, the corrosion resistance was significantly enhanced. However,
a further increase in Oy concentration to 21% and 25% led to a no-
table decline in corrosion resistance. This trend suggests that while
a moderate Oy concentration is crucial for inducing the protective
high-spin state, excessive vacancies might compromise the mate-
rial’s structural integrity, creating defect sites that are susceptible
to corrosive attack.

This finding was strongly corroborated by our long-term stabil-
ity tests conducted at an industrial-scale current density of 500
mA cm~2. As shown in the corrected Figs. 4(g) and S24, the op-
erational durability of the catalysts directly correlates with their
corrosion resistance. HE-APOs-18 demonstrates exceptional stabil-
ity, maintaining a remarkably steady operating potential for over
1000 h. In contrast, catalysts with both lower (HE-APOs-12) and
significantly higher (HE-APOs-25) oxygen vacancy concentrations
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exhibit much poorer long-term durability. Specifically, HE-APOs-12
degrades rapidly after only 160 h of operation, while HE-APOs-25
also shows poor stability, underscoring the critical importance of
an optimal oxygen vacancy concentration for achieving robust per-
formance.

To further verify the inhibition of the competitive chlorine
evolution reaction, a DPD colorimetric assay was performed on
the electrolyte to detect hypochlorite (CIO~) following 100 h of
high-current-density operation. UV-vis spectroscopic analysis con-
firms that no ClO~ is formed (Figs. S25 and S26), which serves
as direct chemical proof of the catalyst’s exceptional robustness
against chlorine-induced side reactions. Collectively, these system-
atic electrochemical data provided compelling evidence that our
etching strategy, by precisely tuning the oxygen vacancy concen-
tration to an optimal level (around 18%), was the key to simulta-
neously enhancing the intrinsic corrosion resistance and achieving
exceptional long-term operational stability in seawater electroly-
sis. Building on these promising results, future investigations will
be crucial to address its ultimate long-term phase stability, poten-
tial metal leaching under pilot-scale conditions, and the engineer-
ing challenges of scalable production, thereby bridging the gap be-
tween laboratory-scale success and industrial viability.

3.3. Reaction kinetics and surface reconstruction

To further investigate charge transfer kinetics, Operando EIS
was conducted. At lower voltages (1.20-1.40 V), the EIS spectra of
HE-APOs-18 exhibit near-vertical lines, indicative of high R (Fig.
S27). At 145 V, a distinct semicircle emerges, signaling the onset
of OER. HE-APOs-12 displays a similar trend but with a larger R,
confirming its slower reaction kinetics and inferior electron trans-
port compared to HE-APOs-18. Bode-phase plots (Fig. 5(a and b))
reveal phase angle shifts across frequencies, with intermediate fre-
quency angles corresponding to inner-layer electron transport and
low-frequency angles to surface electron transfer. HE-APOs-18 ex-
hibits smaller phase angles at both frequencies, indicating en-
hanced electron transport and an earlier OER onset.

In-situ Raman spectroscopy provides further insights into the
role of Oy in accelerating surface reconstruction (Fig. 5(c and d)). A
peak at 577 cm™!, indicative of oxy-hydroxide formation, appears
at 1.30 V for HE-APOs-18 but is delayed to 1.40 V for HE-APOs-
12, suggesting a more facile activation process. Crucially, this oxy-
hydroxide peak in HE-APOs-18 remains stable in position across
the entire potential window up to 1.60 V. In stark contrast, the cor-
responding peak for HE-APOs-12 exhibits a sharp blue-shift at 1.60
V, a spectroscopic fingerprint of uncontrolled over-oxidation and
structural instability under high anodic stress [37]. This stark dif-
ference in structural evolution is attributed to the protective, high-
spin-induced hydrogen-bonded water network on the HE-APOs-
18 surface, which shields the active sites from direct exposure
to the harsh electrochemical environment, unlike the unprotected
surface of HE-APOs-12. This observation provides direct evidence
that the spin-engineered HE-APOs-18 possesses superior struc-
tural robustness, which is fundamental to its enhanced durabil-
ity. Furthermore, FeOOH peak analysis reveals a higher proportion
in HE-APOs-18 (Fig. S28), suggesting stronger bonding between
four-coordinated Fe and oxygen intermediates [38]. H,O stretching
bands (Fig. 5(e and f)) are deconvoluted into three peaks: ~3238
cm~! (4HB-H,0), ~3433 cm~! (2HB-H,0), and ~3586 cm~! (K*-
H,0). For HE-APOs-12, K*-H,0 and 4HB-H,0 contents remain rel-
atively unchanged (Table S23), whereas in HE-APOs-18, K*-H,0
content decreases from 12.1% to 6.0%, while 4HB-H,O increases
from 44.3% to 56.6% as potential rose from 0 to 1.60 V (Table S24)
[39,40]. This suggests that Oy-induced high-spin states facilitate
K*-H,0 desolvation, forming a robust hydrogen-bonding network
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that enriches hydroxide ions, enhancing ClI~ corrosion resistance
and stability.

After a 24-h chronopotentiometry test, HE-APOs-18 retain their
amorphous structure and surface roughness (Figs. S29 and S30).
HRTEM reveals surface lattice fringes consistent with crystalline
or semi-crystalline oxy-hydroxide formation (Fig. S30(c)), while the
bulk structure remains amorphous [41,42] (Fig. S30(d)). EDX map-
ping confirms uniform elemental distribution (Fig. S30(e)). To fur-
ther probe the compositional integrity, post-OER ICP analysis was
performed. The results (Fig. S31) show that the bulk elemental
composition remains consistent with the as-synthesized catalyst,
confirming its excellent resistance to elemental leaching during
the stability test. Remarkably, this structural robustness was main-
tained even after the extended 1000-h stability test. As shown in
the post-operational SEM image in Fig. S32, the initial rod-like
morphology is largely preserved beneath a layer of reconstructed
nanoparticles, providing powerful evidence for the catalyst’s excep-
tional corrosion resistance under prolonged operation.

XPS analysis (Fig. 5(g-i)) shows oxidation of Fe2t to Fe3+, Niz+
to Ni3*, and Co?t to Co3t, with Mn shifting to higher oxidation
states (Fig. S33(a)). The O 1s spectra reveal an increase in sur-
face hydroxyls (Fig. S33(b)), indicating strong *OH enrichment. P 2p
spectra confirm the presence of phosphorus species on both HE-
APOs-18 and HE-APOs-12 (Fig. S33(c and d)), suggesting that the
excellent catalyst stability is weakly correlated with phosphorus
species, challenging the conventional assumption that P-induced
surface anion repulsion of Cl~ governs stability [43,44].

3.4. Mechanistic insights into HE-APOs’ electrocatalytic enhancement
via theoretical calculations

DFT calculations were performed to elucidate the mechanisms
underlying the enhanced electrocatalytic performance of optimized
HE-APOs. To systematically investigate the effect of oxygen va-
cancy concentration on the catalyst, we constructed four models:
HE-APOs-pri (no Oy), HE-APOs-12 (12% Oy), HE-APOs-18 (18% Oy),
and HE-APOs-25 (25% Oy). Details of the model constructions with
varying Fe coordination numbers, based on EXAFS and XRD results
(Figs. 2(f) and S34, Table S18), are provided in the experimental
section and illustrated in Fig. S35. Gibbs free energy (AG) calcula-
tions for the four OER steps across different metal sites identified
the *OH — *O transformation as the rate-determining step (RDS)
for Fe, Ni, and Mn, while for Co, the RDS was *O — *OOH (Fig. 6(a
and b)). Oy regulation reduced AGgps for Fe, Co, Ni, and Mn sites
from 2.02, 2.22, 2.18, and 2.11 eV (HE-APOs-pri) to 1.76, 1.81, 2.09,
and 1.85 eV (HE-APOs-18), respectively, with Fe achieving a AGg+—
AGoy+ value closest to the theoretical optimum of 1.60 eV, demon-
strating that Fe is the primary active site, consistent with the ex-
perimental results presented earlier.

As shown in Fig. 6(c), increasing the O, concentration initially
lowers AGgps for the Fe sites, but this effect diminishes at higher
Oy levels, aligning with experimental results. This suggests that
moderate Oy effectively reduces the RDS energy barrier and
enhances OER kinetics by altering Fe coordination number. In
addition, spin-state correlation analysis of AG (Fig. S36) reveals
that Fe sites experience a reduction in AGgps when modulated
to high-spin states. This finding underscores the critical interplay
between Oy modulation, spin state optimization, and the enhanced
OER performance.

To gain further insights into the decreased AGgrps, an analy-
sis of Fe-O bonding revealed a progressive strengthening of Fe-O
bonds with the increment of Oy concentration. Specifically, the in-
tegrated crystal orbital Hamilton population (COHP) values for Fe-
O bonding increase from 0.72 in HE-APOs-pri to 5.29 in HE-APOs-
25 (Figs. 6(d) and S37). It is also necessary to note that exces-
sive Oy leads to over adsorption, which hinders product desorp-
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tion and reduces overall catalytic efficiency [45]. Electron localiza-
tion function (ELF) and Bader charge analyses (Figs. S38 and 6(e))
reveal that moderate Oy levels delocalize electrons around Fe to
O, thus strengthening the Fe-O bonds, while excessive Oy causes
severe localization and low activity [46]. Density of states (DOS)
analysis (Figs. S39 and S40) demonstrates that Oy-induced symme-
try breaking causes significant alterations in the Fe-centered crys-
tal field [47,48]. For instance, total DOS (TDOS) comparisons reveal
pronounced orbital splitting in HE-APOs-18, while projected DOS
(PDOS) indicates enhanced contributions from higher-energy Fe 3d
states due to electrons released from O, formation. As a result, an
increase in -bonding between Fe and *O intermediates was found
(Figs. 6(d) and S41) [49]. Given that the Fe sites show strong spin
polarization, Oy-induced spin polarization enhances spin matching
between metal ions and reaction intermediates, as revealed below
[50].

To evaluate the impact of O, on stability during seawater elec-
trolysis, COHP, adsorption energy analyses, and ELF were employed.
COHP analysis of Fe bonding with adsorbed species (Fig. S42)
highlights significantly stronger Fe-OH bonding compared to Fe-
Cl, which is consistent with adsorption energy calculations, i.e., Fe
sites exhibit a higher affinity for *OH over *Cl (Fig. 6(f)), which
is critical for long-term durability. Comparison of Fe-OH bond-

ing strengths between HE-APOs-pri and HE-APOs-18 further re-
vealed enhanced bonding with *OH across all metal sites in HE-
APOs-18 compared to HE-APOs-pri due to O, modulation, suggest-
ing that Oy-induced high-spin states promote *OH enrichment and
the formation of a hydrogen-bonded water network on the sur-
face. As supported by ELF analysis, unpaired valence electrons at Fe
sites facilitate hydrogen-bonding interactions with interfacial wa-
ter molecules, effectively repelling chloride ions due to charge mis-
match (Fig. 6(g)).

Experimentally, a strong correlation between spin states and
catalytic performance suggests that OER activity can be effectively
modulated by tuning the O, concentration (Fig. 6(h)). The calcu-
lated magnetic moments for each structure, including total and
site-specific magnetization of transition metals, are presented in
Figs. 6(e) and S43. A progressive increase in magnetic moments
is observed, rising from 26.89 ug (HE-APOs-pri) to 33.72 up (HE-
APOs-12), 39.02 up (HE-APOs-18), and slightly decreasing to 37.02
g (HE-APOs-25), confirming that oxygen vacancies effectively en-
hance the spin state of HE-APOs-pri [51]. The presence of net mag-
netic moments facilitates superexchange interactions among tran-
sition metal ions. As shown in Figs. 6(i) and S44, spin density and
magnetic exchange analyses revealed strong coupling among Fe3+-
02--Co?* and Ni%2*-02~-Mn** linkages, underscoring the critical
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role of 02~ and Oy in modifying these interactions. The schematic
in Fig. 6(i) illustrates these magnetic superexchange interactions in
HE-APOs-pri and e-HE-APOs-18. Notably, Fe exhibits the strongest
7-donation to bridging 02~ due to unpaired thg, Co and Mn show
weaker eg-based m-bonding, while Ni, with fully occupied d or-
bitals, experiences electronic repulsion from bridging 0%-, thereby
limiting its interaction (Fig. 6(j)) [52,53].

The high-spin states of HE-APOs-18, induced by Oy, enable Fe
sites to optimize their electronic structure via strengthened su-
perexchange interactions. Since all key OER intermediates (*O, *OH,
and *OOH) possess net spin moments, the increased magnetic mo-
ments of active Fe sites enhance their interaction with these inter-
mediates. This facilitates the formation of an extensive hydrogen-
bonded water network, which carries a negative charge and con-
sequently repels Cl~ species. Such an effect not only boosts the
catalytic activity but also significantly enhances the long-term sta-
bility of HE-APOs-18 in seawater electrolysis.
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4. Conclusions

In this study, we demonstrated an advanced catalyst, HE-APOs,
for seawater electrolysis with excellent catalysis performance and
durability. The key is to engineer the spin states of the transition
metal center mediated by oxygen vacancies. Specifically, the opti-
mized spin electrocatalyst achieved a low overpotential of 299 mV
at 400 mA cm~2 and demonstrated excellent long-term stability of
over 1000 h at 500 mA c¢cm~2 in alkaline seawater. Turning oxy-
gen vacancy can generate four-coordinated FeCoNiMnPOy exhib-
ited the highest spin-state transitions, which enhanced magnetic
superexchange interactions and optimized m-bonding with oxygen
intermediates. Such tuning led to a near-ideal OER activity descrip-
tor value of AGg« — AGoy+ = 1.76 eV, which not only selectively
improved the intermediate adsorption but also facilitated the ac-
cumulation of hydroxide ions, in turn repelling chloride ions to
achieve long-term stability. Our work paves the way for designing
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advanced high-entropy electrocatalysts with molecular-level selec-
tivity for efficient and durable seawater oxidation via spin-state en-
gineering.
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