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ARTICLE INFO ABSTRACT

Keywords:

Advanced electrocatalysts that combine corrosion resistance and chloride tolerance are essential for seawater
electrolysis-based hydrogen production. However, their application is limited by the lack of efficient and stable
catalysts for the oxygen evolution reaction (OER). Herein, we employ an ultrafast photoelectrodeposition (PED)
strategy to synthesize configurational entropy-tailored borides (MEB), which undergo in situ reconstruction into
M-OOH during electrolysis, yielding an efficient and corrosion-resistant OER catalyst. Mn incorporation facili-
tates active sites capture of OH™ from the electrolyte, generating abundant highly active and stable oxy-
hydroxides. The reconstructed CoFeNiMnOOH modulates the electronic structure, activates lattice oxygen, and
improves the reaction kinetics. Meanwhile, the surface effectively repels Cl™ ions, offering enhanced corrosion
protection. The MEB demonstrates excellent performance in KOH-seawater electrolyte, characterized by a low
overpotential (278 mV at 10 mA cm~2) and outstanding long-term stability (> 4000 h). This outstanding cat-
alytic performance positions our medium-entropy electrocatalyst among the most efficient OER catalysts re-
ported to date for alkaline seawater electrolysis, representing a significant advancement in the development of
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seawater-based electrolysis technologies.

1. Introduction

Global climate change necessitates an urgent transition to sustain-
able energy systems. Hydrogen, as an advanced secondary energy car-
rier distinguished by its high heating value, cleanliness, and emission-
free characteristics, plays a pivotal role in enabling international ef-
forts toward emission reduction. The electrolysis-based hydrogen pro-
duction approach emerges as a frontrunner among clean Hj
technologies, characterized by its absence of carbon discharge, ultra-
pure hydrogen output, and ecologically harmless operational nature.
This method effectively addresses global energy deficits while seam-
lessly coupling with intermittent renewable sources like solar and wind
energy [1,2]. To enable large-scale sustainable hydrogen generation and
efficient storage of clean renewable power, high-performance catalysts
are essential. These catalysts must exhibit exceptional activity, pro-
longed stability, and economic viability [3-5]. However, large-scale
green hydrogen production utilizing freshwater is deemed impractical
due to the deficiency of freshwater resources in coastal areas and arid
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regions [6]. Seawater accounts for 97.3 % of water resources. Its com-
plex composition, particularly the high concentration of Cl~, poses
substantial challenges to the stability of electrocatalysts [7]. The elec-
trolysis of seawater mainly faces three problems: (1). The cathode sur-
face accumulates significant quantities of cations (e.g., Ca%t, Mg?") that
are attracted to and adsorbed onto the cathode surface through elec-
trostatic interactions [8]. (2) The halide ions present in seawater (e.g.,
Cl™, Br7) significantly accelerate the corrosion of electrode materials
and deactivate their active sites [9]. (3). When the OER and chlorine
evolution reaction (CER) reactions compete, C1I~ undergo oxidation to
generate ClO~, which substantially reduces the overall electrolytic
performance [10]. These challenges render the electrocatalytic active
sites ineffective and significantly impair the overall performance of the
electrolytic cell. Consequently, the development of electrocatalysts that
resist corrosion, suppress CER and operational stability is a critical area
of research in advancing seawater electrolysis technology.

Medium and high-entropy metal systems composed of three to five
metallic components have garnered considerable interest in

Received 21 July 2025; Received in revised form 31 August 2025; Accepted 7 September 2025

Available online 8 September 2025

2211-2855/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0001-6905-0952
https://orcid.org/0000-0001-6905-0952
mailto:hzhang0807@163.com
mailto:bgan@ustl.edu.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2025.111454
https://doi.org/10.1016/j.nanoen.2025.111454
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2025.111454&domain=pdf

S. Chen et al.

electrocatalysis [11-13]. Given their controllable compositions and the
robust synergetic effects inherent in their medium-entropy architec-
tures, demonstrate superior catalytic activity and remarkable long-term
durability. Transition metal catalysts, characterized by their adjustable
electronic configurations, versatile architectures, and high terrestrial
abundance, offer a viable substitute for precious metals [14]. However,
these catalysts experience structural degradation and material erosion
under highly oxidative and corrosive conditions during prolonged OER
operation, which limits their practical applicability [15]. Thus,
achieving both exceptional activity and long-term stability in OER
electrocatalysts still presents a critical challenge. In medium- and
high-entropy borides, the electronic properties of boron atoms deter-
mine the bonding mechanisms and intrinsic bond strengths in transition
metal borides [16]. These borides offer significant potential in catalysis
due to the combined effects of high entropy and electron-deficient boron
sites. The synthesis of entropy metal materials typically demands com-
plex equipment and high-temperature, high-pressure conditions to
ensure uniform mixing of metal elements [17].

Photoelectrodeposition (PED) has revitalized conventional electro-
deposition techniques. By integrating light energy into the simple and
cost-effective process of traditional electrodeposition, resulting in
improved deposition rates and enhanced material quality [18]. Herein,
we have successfully utilized the method of ultrafast synthesis of
corrosion-resistant ~medium-entropy  boride electrodes  using
photo-assisted electrodeposition technology. Upon PED, the local redox
microenvironment on NF surface was modulated, thereby optimizing
the electrochemical deposition dynamics. The MEB electrocatalyst
demonstrates exceptional performance in seawater splitting, requiring
only 278 mV overpotential to reach 10 mA cm 2 while exhibiting
favorable kinetics (Tafel slope = 51.67 mV dec™1). Notably, the catalyst
maintains stable operation for over 4000 h under continuous seawater
electrolysis conditions. The MEB facilitates the transformation of active
sites from borides to oxyhydroxides and induces surface reconstruction,
thereby enhancing catalytic performance. Moreover, the addition of Mn
enhances OH™ adsorption, promotes lattice oxygen activation, and in-
troduces electrostatic repulsion to inhibit chloride-induced corrosion,
thereby improving both the corrosion resistance and catalytic activity of
the catalyst in seawater environments. This work presents an innovative
and effective strategy for synthesizing medium- and high-entropy elec-
trocatalysts with enhanced performance in seawater electrolysis.

2. Experimental
2.1. Materials

All chemicals were of analytical grade and used as received. Ferrous
sulfate (FeSO4-7H20), nickel nitrate hexahydrate (Ni(NO3)2-6H20), co-
balt nitrate hexahydrate (Co(NO3)2-6H20), manganese sulfate
(MnSO4-H20), potassium borate (K3B407-4H20), potassium hydroxide
(KOH), ruthenium oxide (RuOy), and ethanol were procured from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis of MEB

Nickel foam (3 cm x 4 cm) was ultrasonically cleaned in ethanol for
30 min, then immersed in 1 M HNOs for 1 h to remove the surface oxide
layer. It was subsequently rinsed three times with deionized water and
dried under vacuum at 60 °C for 12 h. The preparation of MEB began by
dissolving stoichiometric amounts of metal salts, 0.16 mmol FeS-
04-7H20, 0.08 mmol Co(NO3)2-6H20, 0.08 mmol Ni(NOs)2-6H50,
0.08 mmol MnSO4-H50, and 0.25 mol K3B407-4H50 in 200 mL of DI
water, which as a proton receptor (pH 7-9 buffer system). The resulting
solution was homogenized via ultrasonication for 30 min. The medium-
entropy boride (MEB) was photoelectrodeposition onto pretreated
nickel foam (working electrode) using a standard three-electrode
configuration with Pt and Ag/AgCl as counter and reference
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electrodes, respectively. Under AM 1.5 G simulated sunlight, a constant
potential of —0.30 V (vs. Ag/AgCl) was maintained for 1 min. Following
the deposition process, the electrode was carefully rinsed with DI water
to eliminate residual ions before OER testing. The final product was
labeled as MEB.

3. Results and discussion
3.1. Synthesis and characterization

The detailed synthetic process of MEB using one-step ultrafast pho-
toelectrodeposition (PED) method is illustrated in Fig. la. Firstly, pre-
treated nickel foam was cut into 1 x 1 cm pieces and subjected to PED
for only 1 min at a constant potential of —0.3 V (vs. Ag/AgCl). Potassium
tetraborate solution served a dual role as both a pH buffer (maintaining
pH 7-9) and a boron source for MEB catalyst formation. As observed by
scanning electron microscopy (SEM), the MEB displayed a roughened
surface with a uniform distribution of B, O, Co, Fe, Mn, and Ni elements.
Moreover, the aggregated MEB nanoparticles formed a dense thin-film
structure (Fig. S1) [19]. The structural advantages of MEB arise from
the introduction of boride groups and increased surface roughness,
which collectively reduce the contact angle from 101.6° (NF) to 21.1°
(MEB) (Fig. S2) [20]. Compared to the conventional electrodeposition
method, the PED method yields smaller nuclei with uniform dispersion,
demonstrating that photo-assisted deposition promotes the homoge-
neous co-deposition of Fe, Co, Ni, and Mn (Fig. S3). Simultaneously,
X-ray photoelectron spectroscopy (XPS) analysis revealed decreased
peak intensities for B, Co, Mn, and Fe, but an enhanced Ni signal in the
PED samples compared to those obtained by electrodeposition, which
can be attributed to reduced deposition rates limiting substrate coverage
(Fig. S4). Transmission electron microscopy (TEM) analysis of ultra-
sonically exfoliated MEB catalysts revealed lattice fringes with a spacing
of 0.206 nm, corresponding to the (110) plane of CoFeB [21]. Elemental
mapping showed a uniform spatial distribution of all five elements (B,
Co, Fe, Ni, Mn), confirming successful incorporation without phase
segregation (Fig. 1b-e). In addition, Fourier-transform infrared (FT-IR)
spectroscopy identified characteristic vibrational modes that unambig-
uously confirm the formation of M-(BO3) species in MEB (Fig. 1f). FT-IR
analysis of MEH revealed the absence of characteristic BOg and M-O-B
absorption peaks. Instead, distinct vibrational modes corresponding to
OOH, 0-0, and M-OH groups were identified, confirming the leaching of
boron from the material structure (Fig. S5). X-Ray Diffraction (XRD)
patterns reveal three distinct peaks at 44.48°, 51.83°, and 76.35°
(Fig. S6), corresponding to the (111), (020), and (022) planes of fcc
nickel (PDF#04-0850). Simultaneously, MEB powder exhibits two
broad peaks that align with the weak peaks of FeB, demonstrating its
amorphous and low-crystallinity characteristics (Fig. S7) [22-25]. Sec-
ondly, cyclic voltammetry (CV) activation transformed the morphology
of MEB from a thin-film structure into two-dimensional nanoarrays,
forming medium-entropy  oxyhydroxides (MEH) (Fig. S8).
High-resolution transmission electron microscopy (HR-TEM) revealed
well-defined nanosheets with lattice spacings of 0.200 nm and
0.244 nm, corresponding to the (018) and (104) planes of NiOOH,
respectively. Raman spectroscopy confirmed the irreversible phase
transformation, as evidenced by the emergence of M-OOH peaks in MEH
(Fig. S9). These structural changes facilitate more efficient interactions
between reactants and active sites, thereby enhancing the catalytic
performance [26].

Ultraviolet photoelectron spectroscopy (UPS) was used to quantify
the charge transfer effect [27,28]. As shown in Fig. S10, Mn incorpo-
ration in MEB modifies the electronic band structure, raising the valence
band maximum (Eyg) from 3.78 eV in CoFeNiB to 4.80 eV. This higher
Eyp reduces the energy required for interaction with adsorbates. Addi-
tionally, the low kinetic energy cutoff (Ecywoff) of MEB increased by
0.68 eV, corresponding to a decrease in the work function from 4.12 eV
to 3.44 eV due to Mn. These modifications facilitate electron transfer
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Fig. 1. (a) MEB structures of different structural systems were prepared using a one-step photoelectrodeposition technique. (b) The SEM images of MEB. (c) The HR-
TEM image of MEB. (d) The lattice fringe images of MEB. (e) The element distribution mapping of TEM-EDS. (f) The FT-IR spectroscopy of MEB. The XPS of (g) Mn

and (h) Ni.

from the bulk to the surface, enhancing electrocatalytic performance.
XPS was employed to investigate the elemental distribution and oxida-
tion states of CoFeNiB and MEB. As shown in Fig. 1g, the Mn 2p spec-
trum displays four well-defined peaks at 637.3 eV (Mn®"), 640.9 eV
Mn®), 643.7 eV (Mn*"), and 646.9 eV (Ni LMM), indicating the
coexistence of multiple oxidation states. Such mixed-valence states,
which are typical for transition-metal-based catalysts, promote surface
reconstruction and thereby enhance catalytic performance [29,30]. The
Co, Fe, and Ni 2p spectra display characteristic doublets in the 2ps,5 and
2p1,2 regions, confirming the presence of both +2 and +3 oxidation
states. Notably, the incorporation of Mn alters the electronic environ-
ment of Ni, Fe, and Co, as evidenced by a 0.30-0.40 eV shift of the MEB

peaks toward lower binding energies. This shift promotes electron
transfer to the metal centers, thereby potentially enhancing the catalytic
efficiency of the active sites (Fig. S11 and Fig. 1h) [30]. The MEB
catalyst successfully incorporates boron as borate anions, as evidenced
by the B 1 s XPS peak at 191.9 eV (Fig. S11d), corresponding to the B>+
oxidation state in borate-like M-(BO3) structures [31].

3.2. OER performance
The OER performance of the catalysts was assessed in a 1 M KOH

solution using a standard three-electrode setup. Linear Sweep Voltam-
metry (LSV) measurements revealed that the MEB catalyst achieved a
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current density of 10 mA cm™2 at a low overpotential of 248 mV,
demonstrating enhanced electrocatalytic activity. This overpotential of
the catalyst is significantly lower than that of various materials,
including commercial RuO2 (275 mV), CoFeMnB (302 mV), FeNiMnB
(311 mV), CoNiMnB (328 mV), CoFeNiB (313 mV) and pure NF
(399 mV) (Fig. 2a and Fig. S13). MEB demonstrates outstanding cata-
lytic efficiency under industrial-scale operating conditions, maintaining
an overpotential of 350 mV at 400 mA cm~2, demonstrating its
outstanding catalytic efficiency and exceptional suitability for large-
scale water splitting systems. Moreover, MEB demonstrates
outstanding electrocatalytic performance for the OER, with a remark-
ably low Tafel slope (33.42mV dec™!) that outperforms commercial
RuO, (50.27 mV dec™) and CoFeNiB (52.42 mV dec™ 1) by significant
margins (Fig. 2b and 2c). With a Tafel value of 33.42 mV dec_l, the
catalytic mechanism appears to be dominated by the formation of
*OOH/00 intermediates during the rate-determining step (RDS),
indicative of a single-electron transfer preceding the oxygen-oxygen
coupling event [32-34]. To investigate the charge-transfer dynamics,
electrochemical impedance spectroscopy (EIS) was performed. The
Nyquist plots depicted in Fig. S12 were fitted utilizing a hypothetical
equivalent circuit model, which is constituted of three distinct compo-
nents [35]. The Nyquist plots revealed that MEB exhibits the lowest
charge-transfer resistance (0.47 ), significantly lower than that of
RuO; (1.17 Q) and CoFeNiB (1.74 Q) (Fig. 2d and Table S1). The low
resistance at the electrode-electrolyte interface facilitates efficient
electron transfer, which is crucial for high catalytic performance [36]. It
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is noteworthy that MEB manifests the smallest values for both Ry and Ry,
thereby signifying its heightened tendency towards oxidation and
reconstruction processes. This performance not only surpasses that of
benchmark catalysts, but also indicates the presence of optimized re-
action pathways with reduced energy barriers for intermediate
formation.

The electrochemical active surface area (ECSA) of electrocatalysts
exhibits a linear correlation with their double-layer capacitance (Cq)), as
established in prior studies [37]. CV scans across a 10-50 mV s~! range
in the non-Faradaic potential window revealed a linear correlation be-
tween capacitive current and scan rate, enabling precise ECSA quanti-
fication and characterization of the electrode’s capacitive behavior.
Subsequent analysis revealed distinct Cq; values, with MEB exhibiting a
significantly higher capacitance (144.1 mF cm™2) compared to CoFeNiB
(106.9 mF cm %) (Fig. 2e and Fig. S14) [38]. To isolate intrinsic catalytic
activity from surface-area effects, we evaluated both turnover frequency
(TOF) and ECSA-normalized current density. The MEB’s reaction rate of
up to 2.938s7! at 1.55V vs. RHE compared to other materials
(FeNiMnB: 0.122s!, CoFeNiB: 0.774s”!, CoNiMnB: 0.170s %,
CoFeMnB: 0.144s™! and NF: 0.011s™!) (Fig. S15 and Table S2).
Notably, MEB exhibits a TOF value of 1.64 s!at N300, outperforming
CoFeNiB (0.296 s~1) by more than fivefold, which highlights its mark-
edly improved OER efficiency (Fig. 2f). Consequently, the incorporation
of Mn activates additional catalytic sites and enhances the intrinsic
catalytic activity, enabling MEB to deliver superior performance. The
results indicate that MEB exhibited the best catalytic performance
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Fig. 2. (a) OER LSV curves of MEB, CoFeNiB, commercial RuO,, and pure NF. (b) Tafel plots. (c) The bar graph of overpotentials and Tafel slope. (d) Nyquist plots at
1.51 V. (e) Cq plots. (f) TOFs plots. (g) Comparison diagram of activity with other reported catalysts.
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among comparative samples, with significantly superior normalized
OER activity compared to CoFeNiB (Fig. S16). The OER selectivity of
MEB in alkaline electrolyte was evaluated by determining its Faradaic
efficiency (FE) via the drainage method and gas collection analysis. An
H-type electrolysis cell was employed to monitor gas production at
200 mA cm 2 over 550 s. The measured volumes of H5 (12.6 mL) and O,
(6.3 mL) exhibited the expected 2:1 stoichiometric ratio, consistent with
water splitting (Fig. S17 and S18). This resulted in a consistent volume
ratio of Vyga/Vogz = 2:1 throughout the reaction process. The measured
volumes closely matched the theoretical values derived from relevant
equations. These results indicate that the FE for electrocatalytic overall
water splitting in alkaline electrolyte is approaching 100 %.

The durability of OER catalysts is a key determinant of their practical
viability, requiring consistent performance over time. Remarkably, LSV
analysis demonstrated that MEB maintained its catalytic activity after
1000 CV cycles, with even a slight but measurable performance increase
(Fig. S19a). This enhancement is attributed to the dynamic surface
restructuring of the catalyst during cyclic voltammetry, wherein the
MEB pre-catalyst is in situ transformed into MEH [39,40]. The catalyt-
ically active MEB demonstrates stable operation across a range of po-
tentials (1.5 V—-1.9V) (Fig. S19b). Chronopotentiometric testing
showed that the catalyst maintained consistent performance over 400 h
at 100 mA cm™2, with a remarkably slow potential degradation rate of
only 0.04 pv h™! (Fig. S20). Because industrial electrolysis requires
catalysts to withstand harsh conditions over extended periods, an
AEMWE system was constructed using MEB as the anode and Raney
nickel mesh as the cathode. The system demonstrated stable perfor-
mance at 2.0V and 1 A cm™2 over 160 h of continuous operation,
further exceptional MEB’s suitability for practical applications
(Fig. S21). Moreover, the MEB electrode outperforms most reported
catalysts in catalytic efficiency (Fig. 2g and Table S3), making it a highly
promising candidate for sustainable electrolysis applications.

To systematically investigate the roles of light, electrical potential,
and deposition dynamics in the synthesis process, we conducted a
comprehensive study. MEB exhibited significantly enhanced material
properties compared to samples prepared without the photo-assisted
method. The results demonstrate that under photo-assisted condition,
the OER performance of MEB is enhanced by 137 mV, as evidenced by
polarization curves showing a significant improvement. Moreover, the
electrical resistance of MEB is notably reduced compared to that of
samples synthesized without light exposure. Furthermore, as shown in
Fig. S22 and S23, the ECSA of MEB increases by 38 % under PED
compared to dark conditions. Collectively, these results confirm that
photo-assisted electrodeposition effectively enhances both the structural
and electrochemical performance of MEB. Subsequently, the effect of
varying PED durations was systematically investigated. The sample
subjected to 1-minute PED exhibits superior OER activity, optimal po-
larization behavior, and the lowest impedance compared with the 30-
second and 1-hour samples. SEM analysis further reveals that illumi-
nation duration strongly influences MEB deposition (Fig. S24).
Furthermore, both excessively short and prolonged PED times result in
reduced ECSA values relative to the 1-minute condition (Fig. S25). PED
is driven by light-enhanced nucleation and growth of the catalyst. The
applied potential controls the mass loading, with an optimal bias
maximizing deposition efficiency. Prolonged deposition can cause
nanoparticle aggregation, reducing active site accessibility and perfor-
mance (Fig. S26). As a result, the deposition reaction kinetics are
significantly improved.

Seawater electrolysis offers a sustainable approach due to the vast
abundance of seawater. However, the presence of Cl™ ions and severe
corrosion during electrolysis can suppress the OER and lead to gradual
electrode degradation [9,10]. Seawater collected from the Yellow Sea
(Dalian, China) underwent systematic purification prior to experimental
use (Fig. S27 and S28). To evaluate the industrial potential of the MEB
catalyst, its performance was evaluated in 1 M KOH + 0.5 M NaCl and
1 M KOH + seawater [41]. The MEB catalyst exhibited overpotentials of
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252 mV in simulated seawater and 278 mV in alkaline seawater elec-
trolytes to achieve a current density of 10 mA cm ™2 (Fig. 3a), and Tafel
slopes of 38.69 mV dec ! and 51.67 mV dec ™! in simulated and alkaline
seawater, respectively (Fig. 3b). To demonstrate superior electro-
chemical stability in alkaline seawater, as demonstrated by the Tafel
corrosion polarization curves of MEB, CoFeNiB, and NF were analyzed
under alkaline conditions and compared (Fig. S29) [42,43]. The MEB
exhibits the lowest corrosion current density (5.94 pA cm™2) and highest
potential (1.18 V vs. RHE), outperforming CoFeNiB (12.65 pA em 2,
1.05 V) and pure NF (24.23 pA cm’2, 0.73 V), confirming its superior
stability (Fig. 3c). Meanwhile, the Tafel curves and impedance of MEB
and CoFeNiB in different electrolytes were investigated. MEB maintains
a higher corrosion potential (1.02 V), a lower corrosion current density
(19.19 pA cm_z), and lower impedance (5.50 Q) in seawater electrolytes
(Fig. S30) compared to CoFeNiB (0.92 V, 70.22 uA cm 2and 7.1 Q). The
higher corrosion potential of MEB indicates enhanced corrosion resis-
tance, while the lower corrosion current density reflects a reduced
corrosion rate. These results indicate that the introduction of Mn en-
hances its corrosion resistance and charge transfer resistance under
alkaline seawater conditions.

The hypochlorite detection method using N, N-diethyl-p-phenyl-
enediamine (DPD) as a colorimetric indicator is illustrated in Fig. 3d,
with quantitative analysis performed post-stability testing via UV-Vis
spectroscopy [44,45]. During the durability assessment, optical imag-
ing was utilized to monitor real-time changes in ClIO™ concentration
within the electrolyte. The electrolyte from the MEB catalyst remained
colorless and transparent throughout the testing period, whereas the
CoFeNiB electrolyte exhibited noticeable discoloration by 100 h.
Remarkably, MEB maintains an extremely low signal after 3000 h, as
confirmed by UV-Vis spectroscopy, demonstrating its outstanding sta-
bility and chlorine evolution reaction (CER) selectivity (Fig. 3e).
Extended testing up to 3000 h reinforces this superior CER selectivity.
Moreover, the selectivity between CER and OER was found to be
pH-dependent. Therefore, selectivity assessments were conducted in
alkaline seawater under various pH conditions. Operating at pH 14
effectively suppresses the CER and ensures selective OER (Fig. S31)
[46]. After 1100 s of electrolysis, 12.4 mL of Hy and 24.8 mL of O, were
produced, corresponding to a Faradaic efficiency of 97.18 % (Fig. S32).
These results confirm that the primary reaction is OER rather than CER,
thereby validating the excellent OER selectivity of the MEB catalyst.
Furthermore, the MEB catalyst exhibits a significant 110 mV reduction
in OER overpotential in 6 M KOH + seawater, compared to alkaline
seawater (Fig. 3f and Fig. S33). Moreover, after 4000 h of testing,
compared with most reported catalysts, no obvious changes in activity
were observed (Fig. 3g and Table S4). In contrast, CoFeNiB and NiB
exhibited noticeable performance degradation after only 200 h of
testing (Fig. S34). Under harsh conditions and high current densities, the
catalyst maintains remarkable stability, indicating its promising pros-
pects for industrial-scale seawater electrolysis.

3.3. Insight into OER mechanism and Cl~ repulsion

To understand why the MEB show better OER activity, we studied
the reaction kinetics. We calculated the activation energy using LSV
polarization curves. The measurements were taken at different tem-
peratures (300 K to 320 K) [47]. In general, reactants need to possess
kinetic energy higher than the energy barrier to form products. When
temperature rises, the molecules move faster. This gives them more
energy to overcome the reaction barrier. As a result, the OER requires
less extra voltage to proceed [48]. When the reaction temperature in-
creases from 300 K to 320 K, more reactants participate in the reaction
(Figs. 4a and 4b). Consequently, the OER overpotentials of the MEB and
CoFeNiB samples are significantly reduced. Additionally, the data
demonstrate that at 328 mV, the activation energy (E,) of MEB is
29.10 kJ mol~!, while that of CoFeNiB is 51.51 kJ mol~'. The data
shows that higher temperatures lower the overpotential for both
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catalysts. For the MEB, the overpotential drops from 247 mV to 231 mV,
and similarly, CoFeNiB’s overpotential decreases from 307 mV to
276 mV (Fig. 4a and 4b), with the apparent E, derived from the slope of
the Arrhenius plot. Furthermore, the E, of the two catalysts under
different overpotentials were calculated based on the Arrhenius equa-
tion (Fig. S35). It can be observed that the E, of MEB is lower than that of
CoFeNiB under all overpotentials (Fig. S35d and Table S5). These results
show that MEB has a much lower energy barrier than CoFeNiB during
the OER process, with the incorporation of Mn substantially lowering
the activation energy barrier for oxygen evolution and thereby facili-
tating the reaction kinetics.

To explore interfacial characteristics at the electrode-electrolyte
interface and elucidate reactant adsorption behavior, we employed in
situ EIS testing coupled with Laviron equation analysis for quantitative
evaluation of *OH adsorption on catalytic surfaces [32,49,50].
Measured from Nyquist plots (Fig. S36), the total resistance of MEB and
CoFeNiB reveals that Mn incorporation in MEB lowers its charge transfer
resistance, enhancing interfacial charge transfer kinetics and surface
activity. This improvement reflects Mn’s role in facilitating electron
exchange at the catalyst-electrolyte interface, while changes in overall
resistance can serve as an indicator of OH adsorption behavior-a key
parameter in catalytic performance. MEB has a resistance of 80 Q, much

lower than CoFeNiB (400 Q) at 1.3 V. This means MEB adsorbs *OH
faster with less driving potential. The Bode plot reveals how the elec-
trocatalyst’s performance and the OER process evolve over time, and
how the phase angle shifts with frequency (Fig. 4c and 4d). Typically,
the phase angle peak at low frequencies is tied to the catalyst’s surface
charge transfer and inner-layer electron transfer, while the peak at high
frequencies is linked to the OER process and the electrocatalyst’s
electro-oxidation activity. With the potential at 1.25 V, the phase angle
of MEB reduces more rapidly in the high-frequency segment, high-
lighting significant electro-oxidation activity of the electrocatalyst and
quick inner-layer charge transfer. In contrast, CoFeNiB exhibits intense
reactions solely at a potential of 1.4 V. In the low-frequency segment,
the smaller phase angle indicates substantial OER activity for MEB after
1.3V (Fig. 4c), whereas CoFeNiB exhibits similar activity starting at
1.4 V (Fig. 4d). The MEB exhibits superior electrochemical performance
relative to CoFeNiB, as evidenced by improved *OH adsorption kinetics
and charge transfer efficiency. To further elucidate the underlying
mechanisms, the behavior of adsorbed *OH species on the electro-
catalyst was investigated using the Laviron equation. The steady-state
REDOX currents were linearly related to the square root of the poten-
tial scanning rate (Fig. S37) [51,52]. As shown in Fig. 4e and 4f, the K
values of MEB is 0.163s™!, which is larger than that of CoFeNiB
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(0.088 s~1). The incorporation of Mn into MEB significantly improves its
electrochemical performance, evidenced by reduced resistance,
enhanced *OH adsorption kinetics, and superior catalytic activity rela-
tive to CoFeNiB. In summary, MEB demonstrates faster charge transfer
on the surface and within the inner layer, showcasing superior electro-
chemical performance compared to CoFeNiB. This performance
enhancement stems from synergistic electronic coupling effects that
simultaneously optimize adsorption thermodynamics and accelerate
kinetic processes.

To in-depth research deeper into the structure of the catalyst after
activation, high-resolution XPS was utilized. Compared with MEB before
activation, the MEH exhibited increased ratios of Fe?t/Fet (1.155),
Co®'/Co?" (1.143), Ni**/Ni*" (0.755), and Mn*"/*"/Mn*" (17.911)
(Fig. S38a-d). Simultaneously, the near-disappearance of B elemental
peaks in the XPS spectrum after cycling confirms a significant reduction
in surface B content, likely resulting from boron dissolution into the
electrolyte during the reaction (Fig. S38f and Table. S6). The high-
resolution XPS spectrum of the MEB catalyst after testing shows M-O
makes up 22.05 % of the surface. This suggests the catalyst slowly oxi-
dizes to form M-OOH, which is likely the key active species driving the
OER (Fig. S38e and Table S7). Electron-deficient boron acts as an elec-
tron trap by accepting delocalized electrons from the metal, thereby

facilitating the formation of active species through the M(II)-OH — M
(II1)-O0H transformation. This electron-trapping effect optimizes the
electronic structure of the metal centers, while Mn facilitates electron
transfer to the metal, potentially enhancing the catalytic efficiency of
the active sites [53].

This structural change is driven by electrochemical reactions during
operation. HR-TEM and EDS mapping (Fig. S8) characterize the MEH
structure and confirm the presence of M-OOH as the active site for the
OER in MEB. To elucidate the realistic active sites for OER on the MEB
catalyst, operando Raman measurements were performed under real-
istic electrolysis conditions. The electrochemical cell used a standard
three-electrode setup: MEB (WE), Pt wire (CE), and Ag/AgCl (RE)
(Fig. 4g). The electrolyte (1 M KOH) flows over the surface of MEB to
remove the gas bubbles generated during the reaction. A focused laser
was directed through a quartz viewing port, irradiating the MEB surface
to track dynamic variations in reactive intermediates throughout the
OER. The thermodynamic spectra of in situ Raman revealed that both
MEB and CoFeNiB maintained structural stability below 1.30 V (Fig. 4h
and 4i). Upon increasing the applied potential, MEB exhibited promi-
nent vibration peaks at 475 cm ™! and 553 cm ™}, corresponding to the Eg
(Ni-O bending) and A; ¢ (Ni-O stretching) vibrational modes of (CoFe)
NiOOH, respectively [25,54-56]. The applied potential reaching 1.8 V
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led to changes in the Raman peak intensity ratio (I475/Is53), confirming
the formation of (CoFe)NiOOH on the MEB surface. The increasing
concentration of (CoFe)NiOOH indicated continuous catalyst recon-
struction. Notably, MEB initiated the formation of (CoFe)NiOOH species
at a relatively low potential of 1.4 V, whereas CoFeNiB required higher
potentials to trigger surface restructuring. In-situ Raman spectroscopy
revealed that (CoFe)NiOOH phases form at higher potentials and are
largely retained upon returning to OCP (Fig. S39). The peak evolution
indicates that the surface reconstruction is predominantly irreversible.
Mn incorporation accelerates stabilization of these M-OOH phases,
facilitating a mechanistic shift from the AEM to LOM pathway. Addi-
tionally, after 800 s of stability testing, weak FeOOH signals were
observed, presumably due to Fe dissolution and subsequent redeposition
during the OER process (Fig. S40). ICP-MS analysis (Table S6) indicated
a notable increase in Fe concentration in the electrolyte after 2 h, fol-
lowed by a considerable decrease over the subsequent 12 h durability
test, implying the redeposition of FeOOH [57].

To experimentally validate the mechanism, we conducted pH-
dependent tests and employed tetramethylammonium (TMA™) ions as
molecular probes to investigate the oxygen transfer pathways [57,58].
Given that Ilattice oxygen mechanism (LOM) proceeds via a
non-concerted proton-electron transfer process and exhibits pronounced
pH-dependent behavior [59], we investigated the pH sensitivity of MEB
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and CoFeNiB (Fig. 5a). The OER performance of MEB displayed strong
pH dependence, with a slope of 93 mV pH_l, whereas CoFeNiB exhibi-
ted only marginal sensitivity (53 mV pH™!), further supporting the
dominance of LOM in Mn-modified catalysts. The lattice
oxygen-mediated mechanism facilitates O-O bond formation through a
direct coupling pathway, creating active surface sites on the adsorbate
evolution mechanism (AEM) that stabilize transient superoxide (Oz)
and peroxide (O%’) intermediates [60]. This observation suggests TMA™
cations serve as effective molecular probes for detecting anionic oxygen
intermediates through selective electrostatic interactions. The diag-
nostic capability is evidenced by MEB’s OER performance showing
dramatic deterioration upon TMA™ introduction, whereas CoFeNiB
maintained stable catalytic activity under identical conditions (Fig. 5b).
The experimental data reveal that manganese incorporation markedly
enhances the generation of oxygenated intermediates during OER,
confirming the activation of the LOM pathway [61]. Collectively, both
the TMA™ probe assay and pH-dependent activity trends provide
conclusive evidence for LOM activation in MEB. Additionally, Raman
spectroscopy revealed distinctive peaks at 750 cm™* and 947 cm™! in
the MEB sample under TMA™ conditions, neither of which were detected
in CoFeNiB (Fig. 5¢). The characteristic peak of O%’ species was exclu-
sively observed in MEB, confirming that MEB follows the LOM pathway
[62].
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First-principles density functional theory (DFT) simulations were
systematically conducted to elucidate the fundamental OER mechanism
on MEB catalysts. OER catalysts typically undergo in situ reconstruction
into (oxy)hydroxides on the NF surface, where M-OOH species serve as
the true active sites (Fig. S41). To assess the reactivity of lattice oxygen,
we analyzed the density of states (DOS) for the O 2p and metal 3d or-
bitals. Comparative examination of orbital-projected DOS demonstrates
that the O 2p-band center in Mn-incorporated CoFeNiOOH (—3.87 eV)
exhibits a significant upshift toward Fermi level (Eg) compared to the
undoped counterpart (—4.12 eV) (Fig. 5d). This electronic structure
modification confirms that Mn introduction facilitates lattice oxygen
participation in the catalytic cycle through the LOM. From the
perspective of molecular orbital theory, intense d-electron correlations
induce significant Mott-Hubbard band splitting, generating distinct
electronic states: an unoccupied upper Hubbard band (UHB) and an
occupied lower Hubbard band (LHB). The magnitude of their energy
separation (AU) serves as a crucial descriptor for oxygen redox activity,
with enhanced LOM propensity observed at larger AU values. We
compared the AU values for CoFeNiMnOOH (AU; = —5.39 eV) and
CoFeNiOOH (AU = —5.10 eV) (Fig. 5e and Table S8). These results
show that Mn doping lowers the metal LHB, increases AU, and weakens
metal-oxygen bonds. To further investigate the OER stability of CoFe-
NiMnOOH and clarify the role of Mn incorporation, we performed for-
mation energy calculations [63,64]. The results, consistent with the
long-term stability tests, show that Mn incorporation substantially
lowers the formation energy of CoFeNiOOH (AE = —7.86 eV, Fig. 542),
thereby enhancing its intrinsic structural stability.

A comparative analysis of the AEM and LOM pathways was con-
ducted for both CoFeNiMnOOH and CoFeNiOOH, including Gibbs free
energy calculations of adsorption intermediates. As shown in Fig. 5f,
CoFeNiOOH exhibits deprotonation as the RDS in the AEM pathway,
whereas O-O bond formation becomes the RDS in CoFeNiMnOOH. For
the LOM pathway, the RDS in both catalysts involves the release of
lattice oxygen, leading to the formation of surface oxygen vacancies.
Notably, the RDS energy barrier for CoFeNiOOH is 0.71 eV in the AEM
pathway but 1.44 eV in the LOM pathway, confirming its preferential
AEM activity. In contrast, CoFeNiMnOOH displays a lower LOM barrier
(0.59 eV) than AEM (0.63 eV), suggesting dominant LOM behavior.
Moreover, the LOM RDS barrier of CoFeNiMnOOH is lower than the
AEM RDS barrier of CoFeNiOOH, indicating faster overall kinetics for
CoFeNiMnOOH (Fig. 543-44 and Table S9). Collectively, these findings
confirm that Mn incorporation promotes the LOM pathway and accel-
erates catalyst reconstruction. In addition, to elucidate the protective
role of Mn under corrosive conditions, we systematically evaluated the
Cl- adsorption energies at different metal sites (Co, Fe, and Ni). DFT
results reveal that Mn incorporation significantly strengthens the Cl™
repulsion effect, with Co sites showing the strongest repulsion (Eyqs =
—1.706 eV), while Fe and Ni sites exhibit weaker repulsion (Euqs =
—1.968 and —1.801 eV, respectively). This suppression of Cl~ adsorp-
tion effectively protects both the catalyst and the NF substrate from
corrosion (Fig. 5g, S45, and Table S10). These findings highlight that
high-entropy effects induced by Mn incorporation play a crucial role in
enhancing corrosion resistance and long-term durability in alkaline
seawater environments. These findings highlight how strategic Mn
incorporation significantly improves the catalyst’s tolerance to chloride-
containing environments.

4. Conclusions

In summary, we synthesized uniform nanofilm oxygen electro-
catalysts via an innovative photo-assisted electrodeposition method to
address the challenges of low activity and instability in seawater elec-
trolysis. The MEB exhibited low overpotentials (350 mV@400 mA cm ™2
in alkaline solution; 420 mV@400 mA cm ™2 in alkaline seawater solu-
tion), excellent stability (4000 h@100 mA cm’z), and high selectivity.
CoFeNiMnOOH activates the LOM, thereby lowering the energy barrier
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for oxygen-containing intermediates. Meanwhile, configurational
entropy-tailored borides enhance OH™ adsorption and accelerate the
surface reconstruction process. Additionally, the surface OH™ species
repel Cl™ ions via electrostatic interactions, improving OER selectivity
during seawater electrolysis. The catalyst also delivered outstanding
performance in an AEM system, achieving 1 A cm™2. These findings
provide valuable insights for designing highly efficient and corrosion-
resistant non-precious-metal electrocatalysts.
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