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Efficient and durable oxygen evolution reaction (OER) electrocatalysis is essential for advancing sustainable
seawater electrolysis. In this work, a high-performance Ni-Fe—Mn-Ce medium-entropy oxyhydroxide is
constructed via in situ electrochemical reconstruction strategy for the OER. Guided by density functional
theory (DFT), the effects of eight candidate fourth-metal elements (Al, Ce, Co, Cr, Cu, Sn, Zn, or Zr) on
the electronic structure and reaction energetics of the NiFeMn(O)OH matrix are comprehensively
investigated, revealing the unique advantages of Ce in optimizing intermediate adsorption energies and
lowering the theoretical overpotential. The catalyst requires an overpotential of only 183 mV at 10 mA

-2

cm™“ in 1 M KOH, while maintaining a low overpotential of 224 mV in alkaline seawater, along with

excellent resistance to Cl™ corrosion. Operando spectroscopic characterizations reveal dynamic valence
evolution and charge redistribution among Ni**, Fe3*, and Ce®*/Mn?* species, which contribute to

stabilizing intermediate adsorption and promoting electron transfer. Further electronic structure analysis
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Accepted 16th October 2025 demonstrates a favorable d-band center near the Fermi level and pronounces spin polarization in the
medium-entropy system, which synergistically enhance OER kinetics. This work highlights the potential

DOI: 10.1039/d5sc05118e of entropy engineering combined with theoretical guidance in the development of advanced multi-
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Introduction

Electrochemical water splitting is considered one of the most
promising technologies for large-scale hydrogen production,
offering a sustainable pathway toward carbon neutrality."?
Among the two half-reactions involved, the OER at the anode is
particularly sluggish due to its complex four-electron transfer
process and high kinetic barriers,*” thereby limiting the overall
efficiency of water electrolysis. Developing low-cost, high-
performance, and durable OER electrocatalysts is thus crucial
for enabling practical hydrogen production. Transition-metal
(oxy)hydroxides, especially NiFe-based materials, have
emerged as state-of-the-art non-precious OER catalysts in alka-
line environments due to their earth abundance, favorable
redox chemistry, and tunable electronic structures.®® Recent
studies have further demonstrated that the electrochemically
reconstructed (oxy)hydroxides are the true active species during
OER. For instance, surface-reconstructed (CoNiFe)OOH derived
from its parent alloy has been reported as the real catalytically
active phase.” Similarly, oxyhydroxide products can also be
generated from the corresponding hydroxides under anodic
polarization.' These findings highlight the universal tendency
of transition-metal precursors to transform into (oxy)hydroxides
as the real active phases during OER. However, their catalytic
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metallic electrocatalysts for efficient seawater splitting.

performance is still restricted by limited intrinsic activity,
sluggish electron transfer, and suboptimal adsorption of reac-
tion intermediates.>**> To overcome these limitations, multi-
metallic engineering strategies have attracted increasing
attention, wherein the incorporation of a third transition metal
such as Mn has shown promise in modulating the local coor-
dination environment, inducing oxygen vacancies, and
enhancing charge transport.”*'* Zhang et al. demonstrated that
the incorporation of Fe and Co into Ni-based catalysts can
regulate the structural transformation from hydroxide to oxide
phases, forming ternary metal active sites and significantly
reducing the OER overpotential to 146 mV. In particular, the
introduction of Co tunes the electron distribution and d-orbital
occupancy, optimizes the adsorption energies of reaction
intermediates, lowers the energy barriers, and enhances the
magnetic moment, thereby further improving the catalytic
activity.*

More recently, the concept of medium-entropy catalysts
(MECs), involving three to four principal metallic elements, has
emerged as a powerful strategy to enhance catalytic activity
through synergistic electronic effects and structural
stability.’®"” Unlike high-entropy alloys that may suffer from
over-randomization and potential activity dilution,*® MECs offer
a balance between compositional complexity and performance
optimization.' The presence of multiple active centers, coupled
with enhanced charge redistribution and flexible orbital occu-
pancy, enables favorable adsorption energies for key OER
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intermediates and improved reaction kinetics. Wu et al
demonstrated that the medium-entropy metal sulfide Fe; ,(-
CoNi), ¢Se exhibited excellent activity and stability for OER."”
Sulfidation increased the valence state of the active sites,
thereby lowering the reaction energy barrier and accelerating
reaction kinetics. DFT calculations revealed that the medium-
entropy configuration effectively modulates the electronic
structure, reduces charge transfer resistance, and enhances
chemical bonding strength, resulting in improved catalytic
efficiency. Huang et al. prepared porous CoNiFe alloys* via
phosphate decoration and CoNiFeCu,, alloys* via a solution
combustion method, effectively tuning the metal composition
and surface structure, which enhanced electron transport and
the distribution of active sites, thereby exhibiting excellent
catalytic activity and long-term stability for the OER. Moreover,
the configurational entropy contributes to structural robust-
ness, particularly under harsh electrochemical conditions.**

At the same time, alkaline seawater electrolysis is gaining
attention as a viable route to sustainable hydrogen production
by directly utilizing abundant natural seawater.” However, the
presence of aggressive ions, such as Cl, Mg2+, and Ca*',
imposes significant challenges, including electrode corrosion,
competitive chlorine evolution reactions (CIER), and
precipitation-induced passivation.”**® These issues demand
electrocatalysts with OER activity, exceptional selectivity and
durability in seawater electrolysis. The combination of medium-
entropy design and robust oxyhydroxide frameworks presents
a compelling route to tackle these challenges simultaneously.

In this study, a novel Ni-Fe-Mn-Ce medium-entropy oxy-
hydroxide catalyst was developed for efficient and stable OER in
both alkaline and alkaline seawater conditions. Building on
previous work that established the Ni-Fe-Mn ternary system as
a promising OER catalyst,” DFT was employed to screen eight
potential fourth metal elements. Among them, Ce was identi-
fied as the optimal dopant due to its ability to tune the elec-
tronic structure, lower intermediate adsorption energies, and
improve the reaction pathway. Guided by these insights,
NiFeMnCe, g(O)OH/NF was successfully synthesized via an in
situ electrochemical reconstruction method on nickel foam.
Electrochemical tests in 1 M KOH and alkaline seawater
demonstrated excellent OER activity and long-term stability.
Combined operando fourier transform infrared spectroscopy
(FTIR), operando Raman, and XPS analyses revealed the valence
evolution and synergistic interactions among the metal
components during OER. Further theoretical calculations of
density of states (DOS), d-band center, and reaction free energy
diagrams confirmed the essential role of Ce in optimizing the
electronic structure and lowering reaction energy barriers.

Results and discussion

To evaluate the theoretical OER catalytic performance of the Ni-
Fe-Mn-M (M = Al, Ce, Co, Cr, Cu, Sn, Zn, and Zr) oxyhydroxides,
we computed the AG values of key intermediates using DFT. As
illustrated in Fig. 1a, the OER process follows the conventional
adsorbate evolution mechanism (AEM), comprising four
sequential steps:*® (1) OH  adsorption to form *OH; (2)
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deprotonation of *OH to generate *O; (3) coupling of *O with
OH™ to form *OOH; and (4) desorption of *OOH to release O,
and regenerate the active site. The computational results indi-
cate that the *OH — *O and *O — *OOH steps are potential
rate-determining steps. Notably, the AEM pathway exhibits
lower activation energy barriers for the reaction intermediates
and transition states compared to alternative mechanisms,
demonstrating its thermodynamic feasibility. Consistent with
previous mechanistic analyses of NiFe-based catalysts under
alkaline conditions, the AEM is identified as the more plausible
descriptor for the OER behavior in this system.?** Building
upon the conventional two-dimensional volcano plot frame-
work, this study introduces AG+oon as a third dimension to
construct a three-dimensional reaction energy barrier model
(Fig. 1b). The x-axis (AG+o — AGxon) quantifies the thermody-
namic driving force for the *OH — *O transition, reflecting the
kinetic barriers associated with the second OER step. The y-axis
represents the theoretical overpotential (n), serving as
a universal descriptor for the minimum electrochemical
potential required to drive the overall reaction. The z-axis
(AG+oomn) characterizes the adsorption strength of the *OOH
intermediate, critically influencing the thermodynamic feasi-
bility of the third OER step (*O — *OOH). This three-
dimensional energy landscape enables a more comprehensive
analysis of the synergistic interplay among intermediate
adsorption energies, thereby transcending the limitations of
traditional volcano plots that focus exclusively on single-step
energy barriers. Conventionally, an optimal AG+g — AG+on
value near 1.6 eV is desired to balance the adsorption strengths
of *OH and *O intermediates.** Remarkably, the NiFeMnCe(O)
OH system exhibits the lowest theoretical overpotential despite
deviating from this optimal range on the x-axis. This apparent
discrepancy suggests superior synergistic tuning of key inter-
mediate adsorption energies across the entire reaction pathway.
Detailed analysis reveals that NiFeMnCe(O)OH achieves this
performance through moderate *OOH adsorption strength
along the AG+oon dimension, which effectively compensates for
the elevated energy barrier of the *OH — *O step and enables
holistic optimization of the overall reaction energy profile.
Thus, the three-dimensional energy model thus uncovers the
multifactorial synergistic nature governing OER activity,
demonstrating how NiFeMnCe(O)OH achieves minimal theo-
retical overpotential through coordinated optimization of
adsorption energies among critical intermediates.

In order to verify the accuracy of theoretical simulations, we
fabricated a series of NiFeMnM(O)OH/NF electrocatalysts by
a dynamic anodic reconstruction strategy (Fig. 2a). Taking
NiFeMnCe(O)OH/NF as an example, hydrothermally synthe-
sized NiFeMnCe-TPA/NF (TPA = terephthalic acid) was used as
the precursor, and constant potential polarization was applied
in 1.0 M KOH electrolyte to induce in situ structural recon-
struction to form NiFeMnCe(O)OH/NF. This process involves
ligand dissociation and formation of metal oxyhydroxide
species, enabling the transformation from precursor to active
phase. The surface morphology and microstructure of the
catalyst before and after reconstruction were systematically
characterized by scanning electron microscopy (SEM) and
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Fig. 1

transmission electron microscopy (TEM). SEM images reveal
that the NiFeMnCe-TPA/NF precursor exhibited petal-like hier-
archical nanosheet architecture with typical layered topological
feature (Fig. 2b and S1). TEM analysis further confirms the
presence of sharply defined ultrathin nanosheet stacks at the
edges, highlighting the two-dimensional layered nature
(Fig. 2¢). High-resolution TEM (HRTEM) images (Fig. 2d and f)
reveal a multi-phase crystalline precursor, as evidenced by the
presence of multiple lattice fringe sets. Among these, the two
most prominent and measurable spaces of 0.21 nm and
0.23 nm are indexed to specific phases. The 0.21 nm spacing is
assigned to the (003) plane of the Ni-TPA phase, as determined
by simulation using its crystal structure (CIF file) in VESTA
software. The 0.23 nm spacing corresponds to the (121) plane of
a NiO-NiOOH-like phase, consistent with the standard powder
diffraction file (PDF#40-1179). Energy-dispersive X-ray spec-
troscopy (EDX) mapping reveals the uniform distribution of Ni,
Fe, Mn, and Ce elements, indicating successful incorporation of
these metal components (Fig. S2). After electrochemical recon-
struction, the SEM images display a transformation into a three-
dimensional porous layered structure with interlaced nano-
sheets (Fig. 2g). TEM observations indicate significant modu-
lation of interlayer spacing, along with increased local lattice
distortion and defect density (Fig. 2h). HRTEM analysis reveals
the disappearance of long-range crystalline order in the recon-
structed regions (Fig. 2i), suggesting a phase transition from
crystalline to amorphous state during the activation process.**
This structural evolution is expected to expose more active sites
and enhance mass transport pathways, thereby improving
catalytic performance. Post-reconstruction EDX mapping of the
NiFeMnCe(O)OH/NF catalyst continues to show a homogeneous
distribution of Ni, Fe, Mn, and Ce, confirming the composi-
tional uniformity and structural stability (Fig. 2j).

X-ray diffraction (XRD) analysis reveals pronounced struc-
tural evolution of the catalyst with varying reconstruction
durations (Fig. 2k). Initially, the XRD patterns display distinct
diffraction peaks corresponding to Ni-TPA (PDF#35-1676), Fe-
TPA (PDF#33-1724), and NiO-NiOOH (PDF#40-1179). After 5
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(@) AEM on NiFeMnM(oxy)hydroxide. (b) Three-dimensional reaction energy barrier model.

minutes of reconstruction, the characteristic peaks of Ni-TPA
and Fe-TPA were significantly reduced or completely vanished,
while the intensity of NiO-NiOOH peaks increased, accompa-
nied by the emergence of new peaks assigned to FeOOH
(PDF#26-0792). With reconstruction extended to 15 minutes, all
diffraction signals further weakened, and by 30 minutes, all
crystalline peaks completely disappeared, indicating the
formation of an amorphous phase.*® These findings correlate
consistently with HRTEM observations.

Under constant voltage, the current density of NiFeMnCe-
TPA/NF initially rises, then gradually falls, and finally keeps
stable (Fig. 21). Operando Raman spectroscopy was used to study
this dynamic change. The initial Raman spectrum shows TPA
ligand vibrations at specific wavenumbers (in-plane: 1611, 1438,
and 1132 cm™'; out-of-plane: 854, 813, and 630 cm )33
confirming successful synthesis of NiFeMnCe-TPA/NF (Fig. S3).
After the immersion in KOH solution, the TPA ligand signals
disappear, indicating ligand degradation and exposure of metal
active sites. During dynamic structural reconstruction, two
novel Raman peaks emerge at 479 cm™ ' and 556 cm™ ' during
the initial 5-minute reconstruction phase (Fig. 2m). These peaks
are assigned to the E, bending vibration of Ni**-O in y-NiOOH?*®
and the A, stretching vibration of Fe’'-0 in y-FeOOH,”
respectively, directly confirming the in situ formation of Ni-Fe
oxyhydroxide active phases. The observation of peak broad-
ening further suggests a catalytic morphology characterized by
short-range atomic order yet long-range disorder, indicative of
amorphous structure development post-reconstruction.*® Upon
extending the reconstruction duration to 0.5 hours, a distinct
F,, vibrational mode appears in the 452-455 cm ™' range, cor-
responding to Ce**-O bonding (Fig. 2m). Notably, this peak
exhibits a red shift (460-465 cm ™" in pure Ce0,), which can be
attributed to Ni**/Mn*" doping-induced Ce-O bond length
relaxation and lattice distortion effects.*** Continuous
enhancement of Ce'-O F,, peak intensity with prolonged
reconstruction times suggests a phase transformation pathway:
metastable CeOOH intermediates likely undergo dehydroxy-
lation to form thermodynamically stable CeO, phases.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Schematic diagram of the preparation of NiFeMnCe(O)OH/NF. (b) SEM, (c) TEM, and (d) HRTEM characterization of NiFeMnCe-TPA/NF.

(e and f) FFT images of the matrix. (g) SEM, (h) TEM, (i) HRTEM, and (j) EDX characterization of NiFeMnCe(O)OH/NF. (k) Operando XRD patterns. (1)

Anodic reconstruction curve. (m) Operando Raman spectra.

Concurrently, the emergence of a strong Mn-O A, vibrational
peak at 622-627 cm™ " provides spectroscopic evidence for the
formation of NiFeMn-OOH ternary oxyhydroxide active species
(Fig. 2m).**

Kinetic analysis reveals that the electrochemical recon-
struction proceeds through a three-stage dynamic evolution.
Initially, the strongly alkaline electrolyte removes TPA ligands,
exposing Ni/Fe metal centers that are progressively oxidized to
form active NiOOH and FeOOH phases, leading to an increase
in current density. As the process continues, some high-energy
intermediates may restructure or convert into more stable but
less active oxides. At the same time, surface metals may be over-

© 2025 The Author(s). Published by the Royal Society of Chemistry

oxidized to high-valence states (e.g., Ni*", Mn**), which have
unfavorable electronic structures for intermediate adsorption,
thus hindering OER performance. Eventually, the surface forms
a stable, multi-phase, medium-entropy oxyhydroxide layer with
uniform electronic properties and stable active sites, ensuring
long-term catalytic activity and steady current output.

The excellent OER performance and the mechanism on the
NiFeMnCe(O)OH/NF catalyst are revealed by systematic
electrochemical analysis. Linear sweep voltammetry (LSV)
curves indicate that in 1 M KOH, the catalyst exhibits a low
overpotential (1,,) of only 183 mV at 10 mA cm 2, which is
significantly lower than those of NiFeMnM(O)OH/NF catalysts

Chem. Sci., 2025, 16, 22010-22020 | 22013
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(M = Al: 222 mV, Co: 198 mV, Cr: 201 mV, Cu: 199 mV, Sn:
247 mvV, Zn: 202 mV, Zr: 213 mV) (Fig. 3a). These results are
consistent ~with theoretical calculations, confirming
outstanding OER activity of the NiFeMnCe(O)OH/NF. Ce
features a unique 4f electronic structure, enabling it to serve as
an additional electron donor or acceptor. However, excessive Ce
can disrupt surface electron distribution, hindering water
adsorption and activation. To optimize the OER performance,
the effect of Ce doping was investigated. As illustrated in Fig. 3b,
the NiFeMnCe, ¢(O)OH/NF catalyst, with a stoichiometric ratio
of Ni:Fe:Mn:Ce=1:1:1:0.8, demonstrates the optimal OER
activity, achieving a low 7, of 181 mV. This performance is
comparable to that of state-of-the-art OER catalysts reported in
recent studies (Fig. 3c and Table $1)'®*****%7 and surpasses
that of the benchmark IrO, catalyst (1,0 = 245 mV). Original LSV
curves (without iR compensation) for all samples are provided
in (Fig. S4a—c) to allow Tafel slope calculations. In addition,
a comparison of the overpotentials at 10 mA cm™> for iR-
compensated and uncompensated data is included in Table S2.
Remarkably, it delivers up to 500 mA ecm™> at only 265 mV.
Comparison with single-doped systems highlights the key role
of Mn/Ce synergy in enhancing OER Kkinetics. Relative to
NiFe(O)OH/NF, which shows an overpotential of 208 mV at 10
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mA cm > and a Tafel slope of 46.4 mV dec ', individual
incorporation of Ce or Mn reduces the overpotential to 210 or
191 mV, with corresponding Tafel slopes of 37.1 or 33.6 mV
dec™" (Fig. 3d). These improvements suggest that each dopant
independently enhances OER kinetics by modulating the elec-
tronic environment. Remarkably, Mn and Ce codoping in
NiFeMnCe, g(O)OH/NF leads to a pronounced synergistic effect,
achieving a substantially lower overpotential of 181 mV and
a Tafel slope of 29.4 mV dec™ . This enhancement is attributed
to the moderate configurational entropy introduced by dual
doping, which promotes balanced adsorption-desorption
kinetics and significantly improves overall catalytic activity.
Electrochemical impedance spectroscopy (EIS) was used to
monitor the reconstruction of the NiFeMnCe, g(O)OH/NF pre-
catalyst. As shown in Fig. S4d, the Nyquist plots gradually
shrink with activation time, indicating a continuous decrease in
charge transfer resistance (R.). The spectra at 90 and 120 min
are almost identical, showing that the transformation into
a highly conductive active phase is essentially complete after
90 min. Among the fully reconstructed catalysts,
NiFeMnCe, g(O)OH/NF has the smallest semicircle, confirming
the lowest R (Fig. 3e). This improvement is mainly due to the
combined effect of Mn and Ce doping: Mn increases bulk
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Fig. 3 LSV curves of (a) NiFeMnM(O)OH/NF and (b) NiFeMnCe,(O)OH/NF with 90% iR-compensation. (c) Comparison of overpotential at 10 mA
cm™2 in 1 M KOH. (d) LSV curves of NiFe(O)OH/NF, NiFeMn(O)OH/NF, NiFeCeqg(O)OH/NF and NiFeMnCeqg(O)OH/NF with 90% iR-
compensation. The inset shows the corresponding Tafel slope. (e) Nyquist plots. (f) Arrhenius plots. (g) LSV curves in 1 M KOH and alkaline
seawater with 90% iR-compensated. The illustration shows the comparison of overpotential at 10, 100, and 1000 mA cm~2. (h) The comparison
chart of LSV before and after the CV cycles with 90% iR-compensation. (i) Chronoamperometric response of NiFeMnCeg g(O)OH/NF in 1 M KOH
and alkaline seawater.
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conductivity by providing extra charge carriers, while Ce with its
4f orbitals tunes the surface electronic structure to facilitate
charge transfer. As shown in Fig. S5, NiFeMnCe, 3(O)OH/NF
exhibits an electrochemical active surface area (ECSA) of 154
cm?, markedly higher than NiFe(O)OH/NF (94 cm?), NiFeMn(O)
OH/NF (126 cm?), and NiFeCe,(O)OH/NF (106 cm?). These
results demonstrate that Mn-Ce co-doping synergistically
enhances the exposure of active sites. Ce-incorporated catalysts
(NiFeCe, g(O)OH/NF, NiFeMnCe, 3(O)OH/NF) show a negative
shift in cyclic voltammetry (CV) curves compared to Ce-free ones
(NiFe(O)OH/NF, NiFeMn(O)OH/NF), reflecting Ce**/Ce**-medi-
ated modulation of the electrode-electrolyte interface. This
shift does not affect ECSA values derived from scan-rate-
dependent current differences. LSV measurements were con-
ducted between 298 and 348 K to generate Arrhenius plots of the
natural logarithm of current density versus inverse temperature
(Fig. 3f and S6), allowing accurate determination of the activa-
tion energy (E,). NiFeMnCe, s(O)OH/NF displays a notably lower
E, of 14.6 k] mol™' than NiFe(O)OH/NF (19.6 kJ mol ™),
NiFeMn(O)OH/NF (17.8 k] mol™!), and NiFeCe, 4(O)OH/NF
(19.0 k] mol™'). The quaternary metal synergy enables fine
tuning of the OER pathway via multidimensional electronic
modulation. Importantly, the multivalent nature of Ce and Mn
facilitates cooperative catalysis by effectively balancing inter-
mediate adsorption and desorption energies. Moreover, the
catalyst exhibits a notable positive shift in the LSV curve in
0.1 M KOH compared to 1 M KOH (Fig. S7), indicating enhanced
OER activity with increasing OH™ concentration and pH
dependence. This behaviour is consistent with the kinetic
characteristics of the AEM, supporting a reaction pathway in
which OH™ acts as a direct reactant.”*°

Building on the superior OER activity of NiFeMnCe, g(O)OH/
NF in alkaline media, its performance was further assessed in
a practical alkaline seawater environment by dissolving 1 M
KOH in natural seawater. The catalyst requires an overpotential
of only 224 mV at 10 mA cm ™~ (Fig. 3g and S8), which is merely
43 mV higher than that under analogous freshwater conditions.
At 100 mA cm ™, the overpotential remains as low as 265 mV,
demonstrating competitive performance among electro-
catalysts reported to date for alkaline seawater electrolysis
(Fig. S9 and Table S3). Remarkably, at an industrial current
density of 1 A cm™?, the overpotential remained low at 384 mV
(Fig. 3g), substantially below the onset potential of the
competing chlorine evolution reaction (480 mV),*** with
a margin of 96 mV that effectively mitigates catalyst corrosion
from Cl -induced side reactions. The catalytic durability of
NiFeMnCe, g(O)OH/NF was verified via cyclic voltammetry (CV)
cycling and chronoamperometric measurements in both 1 M
KOH and alkaline seawater electrolytes. As shown in Fig. 3h,
after 5000 CV cycles in 1 M KOH, polarization curves overlapped
closely with minimal overpotential increase (An;9o = 3.9 mV),
indicating stable active sites. In alkaline seawater, slight
performance decline was observed (An;0o = 8.4 mV), attributed
to Cl™ blocking active sites and catalyst poisoning by insoluble
precipitates. Chronoamperometric measurements (Fig. 3i)
demonstrate sustained operation at industrial current densi-
ties, with current density decreasing modestly from 570 to 511
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mA cm 2 after 200 h in 1 M KOH. In alkaline seawater, the
current density of the catalyst decreased from 532 mA cm™> to
424 mA cm 2, but the OER stability of this catalyst remained
competitive among the reported catalysts.>*>¢

To investigate surface structural changes, operando FTIR
spectroscopy was conducted on NiFeMnCe, g(O)OH/NF under
different OER potentials. The C=O stretching band at
1680 cm ™~ ' weakens with increasing potential,”” indicating the
removal or transformation of surface carbonyl groups during
catalysis. At higher potentials, a broad band appears around
3300 cm ™, assigned to the O-H stretching of adsorbed water
(*H,0) or hydrated hydroxyls (*OH,), which gradually shifts
toward the region characteristic of adsorbed hydroxyls (*OH)
(Fig. 4a).’® This shift suggests that OH™ ions penetrate the
surface, modulating the interfacial structure and promoting the
formation of active sites. Operando Raman spectroscopy of
NiFeMnCe, g(O)OH/NF under alkaline seawater conditions
shows clear structural evolution with increasing applied
potential. The characteristic Ni-O and Fe-O bands at around
470 cm ™' and 560 cm ' gradually intensify, indicating the
electrochemical oxidation of Ni and Fe sites into active NiOOH
and FeOOH phases (Fig. 4b).>>® These results directly confirm
the in situ formation of NiOOH and FeOOH phases during
reconstruction, consistent with previous observations that (oxy)
hydroxides are the true active species for the OER.*' Mean-
while, a broad band appears in the 900-1100 cm ' region,
corresponding to *OOH and other key OER intermediates,
suggesting that the OER proceeds efficiently in alkaline
seawater.®*

Quantifying the chlorine evolution reaction (CER) in alkaline
media via gas-phase analysis is difficult because Cl, rapidly
hydrolyzes to form OCI1, leading to significant underestimation
of CER faradaic efficiency. The gaseous Cl, detected only
represents a small fraction of the total chlorine produced,
dependent on mass transfer. To better assess chloride-ion
reactions, this study combines ion chromatography (IC) with
post-reaction electrode characterization (SEM-EDX). IC
measurements (Fig. 4c) reveal that the C1~ concentration in the
electrolyte decreases during alkaline seawater electrolysis for all
catalyst systems, suggesting the occurrence of Cl -consuming
processes. However, the NiFeMnCe,g(O)OH/NF catalyst
exhibits the smallest decrease in Cl~ concentration, markedly
outperforming the other catalysts. This minimal CI™
consumption, coupled with the high OER activity, implies that
this catalyst is the most effective in mitigating undesirable
reactions involving chloride ions. This result suggests that the
synergistic effect among multiple metal components effectively
regulates the surface electronic structure, leading to the
observed reduction in CI” consumption. Further SEM-EDX
analysis of the post-reaction NiFeMnCe,g(O)OH/NF catalyst
reveals a uniform distribution of Cl on the surface (Fig. S10a
and b). Together with the minimal change in Cl™ concentration
in the electrolyte, this strongly suggests that the detected ClI
species primarily result from limited adsorption of Cl™ at active
sites, rather than from continuous CER. These adsorbed Cl
species likely form a protective interfacial layer that passivates
the surface. We propose that this passivation layer effectively
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(a) Operando FTIR spectra of NiFeMnCeq g(O)OH. (b) Operando Raman of NiFeMnCeq g(O)OH. (c) Cl™ concentration after reaction

determined by IC. XPS spectra of (d) Ni 2p, (e) Fe 2p, (f) Mn 2p, (g) Ce 3d and (h) O 1s. (i) Schematic diagram of charge transfer.

limits further extensive Cl~ oxidation, which is consistent with
the observed stability of CI~ concentration in the bulk electro-
lyte. Overall, the combination of minimal ClI™ consumption and
surface Cl adsorption points to a surface chloride-passivation
mechanism on NiFeMnCe,g(O)OH/NF. This mechanism
appears to be highly effective in minimizing chloride-related
side reactions, thereby promoting a stable OER process.
Despite the minimal consumption of Cl~, the current density
gradually decreased by approximately 20% during 200 hours of
continuous operation. To investigate the cause of this decay,
this study focused on the deposition of insoluble inorganic salts
during seawater electrolysis. SEM image of the catalyst after the
stability test (Fig. S10a) reveals that its surface is covered with
blocky crystalline deposits, and EDX analysis further confirms
that these deposits are rich in Ca and Mg (Fig. S10c and d),
indicating the formation of inorganic scale. The significant
decrease in Ca** and Mg”* concentrations in the electrolyte was
confirmed by inductively coupled plasma optical emission

22016 | Chem. Sci., 2025, 16, 22010-22020

spectroscopy (ICP-OES) (Fig. S11). These results suggest that the
gradual decrease in current density is mainly due to the physical
coverage of active sites and pore blockage by these insulating
deposits, which hinder mass transport and reduce the electro-
chemically active surface area. In contrast, the surface chlorine
species form a passivating layer that does not block pores or
cover active sites. Thereby, the root cause of the current decay is
conclusively attributed to the deposition of inorganic salts
under high interfacial pH conditions during the OER.

To gain deeper insight into the evolution of the electronic
structure in NiFe(O)OH, NiFeMn(O)OH, NiFeCe,4(O)OH and
NiFeMnCe, g(O)OH and its impact on OER performance, XPS
was conducted. Fig. S12 displays the presence of Ni, Fe, Mn, Ce
and O elements in NiFeMnCe, 3(O)OH electrocatalyst. As shown
in Fig. 4d, the Ni 2p;/, spectrum of NiFe(O)OH can be decon-
voluted into two main peaks corresponding to Ni** (855.4 eV)
and Ni*" (856.7 eV),* along with a prominent satellite peak,
indicating partial oxidation of Ni and a certain degree of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electron localization. The introduction of either Mn or Ce
individually increases the proportion of Ni**, suggesting an
elevated average oxidation state of Ni. Notably, in
NiFeMnCe, 4(O)OH, the main peak shifts further to 856.3 eV,
accompanied by the emergence of Ni** shoulder and significant
reduction in satellite intensity, indicating that Mn-Ce co-
doping effectively stabilizes Ni**, enhances electronic delocal-
ization, and thus improves both electron conductivity and
intermediate regulation. The Fe 2p spectrum reveals the coex-
istence of Fe** and Fe®" species (Fig. 4€).* Compared to the
other samples, NiFeMnCe,4(O)OH shows a significantly
increased Fe**/Fe®" ratio, a slight blue shift in the main peak,
a more symmetrical Fe 2p,,, peak shape, and reduced satellite
intensity. These features suggest a higher average oxidation
state of Fe, a more stable valence distribution, and enhanced
Fe-O covalency, leading to a more optimized electronic struc-
ture that benefits OER activity. The Mn 2p;,, spectrum indicates
that Mn primarily exists as Mn®* (641.7 eV) and Mn*" (643.2 eV)
in NiFeMn(O)OH (Fig. 4f),** demonstrating high oxidation state
stability. In NiFeMnCe, 3(O)OH, an additional shoulder peak
appears at lower binding energy (639.7 eV), corresponding to
Mn*", indicating a bipolar distribution of Mn valence states
from low to high.®**® This distribution facilitates charge state
regulation at Mn sites and improves the dynamic modulation of
oxygen intermediates, thereby enhancing the synergistic cata-
lytic performance of the system. The Ce 3d spectrum provides
further insight into the valence state evolution of Ce
(Fig. 4¢).°”%® In NiFeMnCe, 5(O)OH, an increase in the Ce*" peak
area alongside a decrease in Ce®" peaks indicates partial
reduction of Ce*" induced by Mn doping. This reduction can be
attributed to: (1) charge compensation driven by Mn**, and (2)
Mn-induced lattice distortion and oxygen vacancy formation,
which help stabilize Ce*" species. The higher Ce** content
enhances charge carrier mobility, improves adsorption of key
OER intermediates, and contributes to a more favorable elec-
tronic structure for OER. Deconvolution of the O 1s spectra
reveals four main components in all samples: M-O (530.5 eV),
M-OH (533.0 eV), oxygen vacancies (531.9 eV), and C-O species
(531.1 eV) (Fig. 4h).*®* Compared to NiFe(O)OH, both
NiFeCe, g(O)OH and NiFeMn(O)OH show a shift of the O 1s
main peak to lower binding energies, indicating increased
electron density and a more reduced local environment due to
Ce or Mn doping. Mn, in particular, has a stronger effect on
promoting oxygen vacancy formation. In NiFeMnCe, 4(O)OH,
the O 1s main peak shows a slight increase in binding energy
compared to singly doped samples but remains lower than that
of the undoped material, indicating a synergistic effect between
Mn and Ce. As shown in Fig. 4i, high-valent Ni** and Fe’*
withdraw electrons from nearby oxygen atoms (O — Ni**/Fe*"),
increasing their oxidation states and reactivity. In contrast,
Mn>" and Ce®" donate electrons to oxygen (Mn**/Ce*" — 0),
helping to balance charge and stabilize the structure. Addi-
tionally, Mn** promotes the reduction of Ce** to Ce*", with the
released electrons transferred through oxygen bridges to metal
sites, enabling efficient charge redistribution.

To elucidate the role of spin polarization in enhancing OER
kinetics and the superior performance of NiFeMnCe, 3(O)OH,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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we combined external magnetic field experiments with spin-
polarized DFT calculations. Under a +£0.3 T magnetic field,
NiFeMnCe, g(O)OH exhibited a significantly reduced over-
potential of 27 mV at 100 mA cm ™2 alongside a distinct decrease
in Tafel slope from 45.2 to 33.4 and 31.7 mV dec ™ *, as shown in
Fig. 5a. These results clearly demonstrate a pronounced
magneto-spin effect. This enhancement stems from magnetic
alignment of spins via the Zeeman effect, which promotes spin-
selective charge transfer and reduces spin-related barriers
during O, evolution. DFT results reveal consistently high spin
polarization ratios (20-22%) among all investigated catalysts
(Fig. 5b), demonstrating that spin polarization is an inherent
property of these (oxy)hydroxide materials. However, only
NiFeMnCe, g(O)OH shows significant catalytic improvement.
Comparative energy barrier calculations confirm that spin
polarization markedly lowers the energy of the potential-
determining step (O* — OOH*), thermodynamically vali-
dating its key role in enhancing OER kinetics (Fig. 5c).

The results of total density of states (TDOS) show that the
NiFeMnCe, g(O)OH exhibits more excellent electronic structure
characteristics and strong spin polarization behaviour
compared with NiFe(O)OH, NiFeMn(O)OH and NiFeCe, g(O)
OH. In NiFe(O)OH, the d-band center is located at —1.511 eV,
significantly below the Fermi level, which is unfavourable for
effective adsorption of reaction intermediates (Fig. 5d). The
incorporation of Ce shifts the d-band center closer to the Fermi
level through hybridization between Ce 4f and Ni/Fe 3d orbitals,
thereby enhancing the adsorption strength of O and OH inter-
mediates. Mn doping further modulates the d-orbital energy
distribution via its unpaired 3d electrons, bringing the d-band
center closer to the optimal range for adsorption.
NiFeMnCe, g(O)OH also exhibits a higher density of d states and
a narrower band gap near the Fermi level, indicating enhanced
electrical conductivity and electron mobility. This optimized
electronic structure enables efficient use of spin-polarized
electrons at key energy levels and enhances their response to
external magnetic fields, leading to a pronounced magnetic
enhancement.

Free energy calculations reveal that NiFeMnCe,g(O)OH
exhibits enhanced control over reaction intermediates. At U =
0 V, the potential-determining step (PDS) for NiFe(O)OH,
NiFeMn(O)OH, and NiFeCe, 4(O)OH is the conversion of *O to
*OOH, indicating that *OOH formation is the main thermody-
namic barrier (Fig. 5e). In contrast, for the NiFeCe, g(O)OH, the
PDS shifts to *OOH desorption (*OOH — O,) with the lowest
energy barrier, suggesting weakened *OOH binding and
improved oxygen release. This is attributed to the synergistic
effect of Ce and Mn: Ce promotes oxygen vacancy formation and
reduces *OOH binding through its redox activity, while Mn
adjusts the Fe electronic state to further optimize *OOH
adsorption. At the standard potential (U = 1.23 V), the PDS for
NiFe(O)OH, NiFeMn(O)OH, and NiFeCe,4(O)OH remains at
*OOH formation (Fig. 5f). However, for NiFeMnCe, g(O)OH, it
shifts to *OH adsorption, indicating a change in the reaction
pathway at high potentials. This shift likely arises from the
redistribution of the electronic structure under anodic bias,
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NiFeMnCeq g(O)OH at (e) U= 0V and (f) U = 1.23 V. (g) The charge density difference on Ni site in NiFeMnCeq g(O)OH. The Bader charge in (h)
NiFe(O)OH, (i) NiFeMn(O)OH, (j) NiFeCeq g(O)OH and (k) NiFeMnCeq g(O)OH.

which reduces the affinity of Ni sites for nucleophilic OH™
species, thereby increasing the free energy barrier of this step.

The multi-metal synergistic effect on the electronic structure
evolution during OER in NiFeMnCe, g(O)OH is investigated
through differential charge density and Bader charge analyses.
Fig. 5g displays the charge distribution around Fe, Ce, Mn, and
Ni sites, with yellow and cyan isosurfaces representing electron
accumulation and depletion, respectively. Fe and Ce show
moderate charge redistribution, indicating their roles in charge
regulation and transfer. Mn and Ni exhibit stronger charge
polarization, especially electron accumulation around Ni,
highlighting its key role as an electron exchange center in OER.

Bader charge analysis quantifies charge transfer in each
system. In NiFe(O)OH, Ni and Fe lose limited electrons, leading
to minimal overall charge rearrangement (Fig. 5h). Upon Mn
doping, Mn undergoes substantial electron loss (—1.78|e|)
(Fig. 5i), which enhances the electron density of Ni, thereby
improving its electronic environment. In NiFeCe, ¢(O)OH, Ce
experiences significant electron depletion (—2.23|e|) and
modulates the electronic states of neighboring metals (Fig. 5j),

22018 | Chem. Sci., 2025, 16, 22010-22020

reflecting its effective charge buffering and coupling effect. In
NiFeMnCe, g(O)OH, Mn and Ce continuously donate electrons,
stabilizing electron transfer pathways, while the Ni site main-
tains a high electron density (—1.22|e|) (Fig. 5k). Enhanced
electron accumulation around adjacent oxygen atoms further
strengthens Ni's role as the active center for OER. In summary,
Fe maintains structural stability, while Mn and Ce significantly
enhance the electronic state and reactivity of Ni active sites
through strong electron supply and charge rearrangement,
creating a microscopic environment conducive to intermediate
adsorption and electron transport.

Conclusions

In this study, medium-entropy Ni-Fe-Mn-Ce oxyhydroxide
catalysts have been successfully constructed by in situ recon-
struction. The NiFeMnCe,g(O)OH exhibits excellent oxygen
evolution performance in both 1 M KOH and alkaline seawater,
achieving low overpotentials of 183 mV and 224 mV at 10 mA

cm?, respectively. It maintains stability at high current (1 A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cm %) while suppressing chlorine evolution. Operando charac-
terization combined with DFT calculations reveal that the
multivalent nature of Ce enables precise modulation of the
transition metal d-band center position, thereby optimizing
metal-oxygen bond strength. Meanwhile, Mn incorporation
alters orbital energy level distribution to enhance the adsorp-
tion-desorption capacity of key reaction intermediates. The
synergistic spin polarization effects between these elements not
only significantly accelerate interfacial charge transfer kinetics
but also reconfigure the OER pathway by reducing the adsorp-
tion energies of key intermediates (*OOH, *O). This dual
modulation mechanism collectively lowers the reaction energy
barriers, accounting for the observed enhancement in catalytic
activity and selectivity under alkaline seawater conditions. This
work advances both seawater electrolysis catalyst design and
medium-entropy material applications in electrochemical
energy systems.
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