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Broader context

The transition to a carbon-neutral energy economy hinges on the ability to produce clean
hydrogen using abundant and sustainable resources. While water electrolysis is a
promising pathway for green hydrogen production, its large-scale implementation is
constrained by freshwater scarcity in many parts of the world. Seawater, which constitutes
over 96% of the Earth's water reserves, represents an attractive alternative feedstock, yet
its complex ionic composition poses significant challenges for catalyst durability and
selectivity, particularly at the anode, where the chlorine evolution reaction and corrosion
threaten performance. In this study, we present a simple and scalable strategy to design
a highly active and corrosion-resistant oxygen evolution reaction (OER) electrocatalyst
based on Fe modified CoCr layered double hydroxide (LDH). The catalyst, synthesized
via a room-temperature coprecipitation method from a Co MOF precursor, shows
excellent OER activity and stability in natural seawater, even at industrial current
densities. When coupled with a NiMoN hydrogen evolution reaction catalyst, the full
electrolyzer delivers high-efficiency overall water splitting with prolonged operational
stability in concentrated alkaline seawater. Our findings offer a practical route toward low-
cost, high performance electrocatalytic systems for seawater electrolysis, with direct
implications for decentralized hydrogen production in water stressed regions.
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The development of efficient and stable oxygen evolution reaction
(OER) electrocatalysts for seawater electrolysis is vital to enable
sustainable hydrogen production in coastal and arid regions
without further burdening scarce freshwater resources. Here we
report the design of an iron-modified cobalt—-chromium layered
double hydroxide (Fe-CoCr LDH) derived from a cobalt-based
metal-organic framework (Co MOF) for the OER in alkaline
seawater media. The synthesis was carried out entirely at room
temperature using a rapid, solution-based process. The resulting
Fe-CoCr LDH catalyst demonstrates outstanding OER activity,
achieving low overpotentials of 250, 300, and 320 mV at current
densities of 100, 500, and 1000 mA cm~2, respectively. Furthermore,
the catalyst exhibits excellent long-term stability in both 1 M KOH
and 6 M KOH containing natural seawater, maintaining
performance over 100 hours at 100 and 500 mA cm™2. These results
highlight the potential of earth-abundant transition metal-based
LDHs as efficient OER electrocatalysts for seawater electrolysis
applications.

Introduction

Hydrogen is widely recognized as a key component of the future
sustainable energy landscape due to its high gravimetric energy
density and environmental compatibility.)* However, the
sustainability of hydrogen as an energy carrier is inherently tied to
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Broader context

The transition to a carbon-neutral energy economy hinges on the
ability to produce clean hydrogen using abundant and sustainable
resources. While water electrolysis is a promising pathway for green
hydrogen production, its large-scale implementation is constrained
by freshwater scarcity in many parts of the world. Seawater, which
constitutes over 96% of the Earth's water reserves, represents an
attractive alternative feedstock, yet its complex ionic composition
poses significant challenges for catalyst durability and selectivity,
particularly at the anode, where the chlorine evolution reaction and
corrosion threaten performance. In this study, we present a simple
and scalable strategy to design a highly active and corrosion-
resistant oxygen evolution reaction (OER) electrocatalyst based on
Fe-modified CoCr layered double hydroxide (LDH). The catalyst,
synthesized via a room-temperature coprecipitation method from a
Co MOF precursor, shows excellent OER activity and stability in
natural seawater, even at industrial current densities. When
coupled with a NiMoN hydrogen evolution reaction catalyst, the full
electrolyzer delivers high-efficiency overall water splitting with
prolonged operational stability in concentrated alkaline seawater.
Our findings offer a practical route toward low-cost, high-
performance electrocatalytic systems for seawater electrolysis, with
direct implications for decentralized hydrogen production in water-
stressed regions.

the method of its production.>® Currently, most is produced via
steam methane reforming and coal gasification, processes that emit
large amounts of carbon dioxide, contributing to climate change and
environmental degradation. In contrast, water electrolysis offers a
carbon-free route to hydrogen generation, especially when powered
by renewable energy sources. This process involves two half-
reactions: the hydrogen evolution reaction (HER) at the cathode and
the oxygen evolution reaction (OER) at the anode.>~** Among these,
the OER is kinetically sluggish and requires efficient electrocatalysts
to drive the reaction at industrially relevant rates. While noble metal-
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based catalysts, such as IrO, and RuO,, exhibit good OER activity,
their high cost and limited availability pose significant barriers to
widespread deployment.’2-> Therefore, the development of low-
cost, earth-abundant, and high-performance OER electrocatalysts is
imperative for the scalable implementation of green hydrogen
technologies.

Seawater, which accounts for approximately 96% of the Earth's
water resources, represents an abundant and virtually inexhaustible
alternative for hydrogen production.’®-® This makes seawater
electrolysis particularly advantageous for regions with limited access
to freshwater. However, this approach presents significant
challenges at both the anode and cathode.®?° On the anode side,
the chlorine evolution reaction (CIER) competes with the OER.
Fortunately, in alkaline media, OER is thermodynamically more
favorable, with an onset potential approximately 480 mV lower than
that of CIER.Y7:2 Designing highly active OER electrocatalysts capable
of operating at industrially relevant current densities is critical to
minimize overpotentials and suppress parasitic CIER.2? In addition,
the presence of chloride ions in seawater introduces serious
corrosion risks, especially for transition metal-based catalysts and
substrates. These ions can accelerate structural degradation, leading
to reduced catalytic lifetime and performance decay.?® Therefore,
developing robust OER electrocatalysts that combine high activity,
CIER suppression, and excellent resistance to chloride-induced
corrosion is a key objective in the advancement of seawater
electrolysis.?*

Cobalt-based metal-organic frameworks (Co MOFs) are highly
attractive precursors for OER electrocatalysts due to their uniform
metal dispersion, large surface area, and structural tunability.?®
These MOFs can be transformed into a range of functional materials,
such as oxides,?® sulfides,?’ tellurides,?® phosphides,?® nitrides,3° and
layered double hydroxides (LDHs),?2 depending on the treatment
conditions. Among these derivatives, LDHs offer considerable
advantages for electrocatalysis, including high compositional
flexibility and tunable chemistry. Although Co-based LDHs have been
widely studied, CoCr LDHs have received less attention, primarily due
to their moderate OER performance.3' However, recent studies
reveal a synergistic interplay between cobalt and chromium ions that
can be leveraged to boost OER kinetics. Mechanistic investigations
show that Co?* serves as the primary active site, undergoing
oxidation to B-CoOOH during the OER, while Cr3* functions as a
charge mediator, enhancing conductivity and promoting efficient
electron transfer across the LDH lattice.3? Further studies indicate
that Cr3* may be oxidized in situ to Cr®* during anodic polarization,
generating additional active sites and contributing to the
stabilization of the catalytic structure.3? To further enhance the
performance of CoCr LDHs, multiple strategies have been employed
to modulate their electronic structure. One approach involves lattice
doping with single Ru atoms, which has been shown to modulate the
electronic structure of Co sites, enhance charge transfer, and
optimize the adsorption energies of key OER intermediates (O*, OH¥,
and OOH*).33 Another effective strategy involves the introduction of
vanadium as a third metal, forming layered triple hydroxides
(LTHs).3* This structural modification not only introduces additional
redox-active sites but also promotes electronic interaction between
Co?* and V%, which facilitates charge transfer and enhances
hydroxide adsorption. The resulting CoCrV LTH catalysts exhibit
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superior OER activity and stability in both alkaline freshwaterand
seawater electrolytes. These findings undeP$ebr® thed pitemisr of
rationally designed multi-metallic CoCr-based LDHs as efficient and
corrosion-resistant electrocatalysts for water oxidation, particularly
in challenging saline environments.

In this work, we developed a high-performance OER catalyst
consisting of Fe-modified CoCr layered double hydroxide (Fe-CoCr
LDH) synthesized via a straightforward chemical transformation of a
cobalt-based metal-organic framework (Co MOF) on nickel foam.
The synthesis involved a one-step coprecipitation process in a mixed
solution of Fe?* and Cr3* salts, resulting in a uniform nanosheet array
morphology with enhanced surface area and porosity. Remarkably,
the Fe-CoCr LDH catalyst achieved low overpotentials of 200, 250,
and 300 mV at current densities of 10, 100, and 500 mA cm™,
respectively, in 1 M KOH, outperforming both the pristine Co MOF
and CoCr LDH, as well as the commercial IrO; benchmark.
Furthermore, when coupled with a good HER catalyst NiMoN in a
two-electrode configuration, the Fe-CoCr LDH//NiMoN system
demonstrated outstanding overall water splitting performance in
both alkaline freshwater and alkaline seawater environments,
exhibiting activity superior to that of many recently reported systems.
These results highlight the effectiveness of our Fe modification
strategy and underscore the potential of Fe-CoCr LDH as a robust
electrocatalyst for seawater electrolysis.

Results and discussion

As shown in Fig. 1 A, our Fe-CoCr LDH catalyst was converted
from Co MOFs grown on nickel foam through a room-temperature
coprecipitation process. A distinct color change from violet (Co MOFs)
to earthy brown (Fe-CoCr LDH) was observed, indicating successful
phase transformation. This transformation is further visually
confirmed by the optical images provided in Fig. S1 in the Supporting
Information, which clearly show the color transition from Co MOFs
to Fe-CoCr LDH. Impressively, this synthesis approach provides good
scalability, which was demonstrated by the successful preparation of
a5 cm x 5 cm sample with a uniform color across the entire surface,
as shown in Fig. S2, and comparable OER activity to that of the small-
scale samples (Fig. S3). Scanning electron microscopy (SEM) images
reveal that the surface of the Ni foam was uniformly covered with
vertically aligned nanosheet arrays following Co MOF growth, with
each sheet having an average thickness of approximately 600 nm
(Figs. 1 B and 1 C). As shown in Fig. S4, the bare Ni foam exhibits a
relatively smooth surface with no nanosheet features, confirming
that the observed architecture arises from the MOF growth process.
In the second step, one piece of the Co MOFs/Ni foam was immersed
in an aqueous solution containing FeSO4 and Cr(NOs)s to produce the
final Fe-CoCr LDH catalyst. This transformation follows an etching-
incorporation-sedimentation mechanism.3>3¢ The FeSO, and
Cr(NOs)s solution forms a weakly acidic environment through the
hydrolysis of Fe2* and Cr®* ions. Simultaneously, Co?* species undergo
a reversible hydrolysis process, generating Co(OH), and H* ions.3¢
The accumulation of H* ions initiates the breakdown of coordination
bonds between the Co centers and organic linkers in the MOFs,
effectively etching the framework. As hydrolysis continues, Cr3*, Fe?*,
and Co®* precipitate as their respective metal hydroxides. These
hydroxides then undergo co-sedimentation on the Ni foam surface

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Catalyst synthesis and characterization. (A) Schematic illustration of the synthesis process for the Fe-CoCr LDH electrocatalyst. (B and
C) SEM images of Co MOFs. (D and E) SEM images, (F) TEM image, (G and H) HRTEM images, (I) SAED pattern, and (J) ADF-STEM image and

corresponding elemental mapping images for Fe-CoCr LDH.

a multimetallic Fe-CoCr LDH catalyst.3” SEM images (Fig. S5) further
show that CoCr LDH synthesized without iron loses the nanosheet
structure exhibited by the Co MOFs, suggesting collapse of the MOF-
derived morphology during transformation. In contrast, the Fe
modified sample retains this morphology. This is an effect attributed
to the presence of Fe?*, which partially neutralizes the strong acidity
of the Cr®* solution, leading to a milder etching environment that
helps preserve structural integrity. SEM images (Figs. 1 D and 1 E) of
Fe-CoCr LDH reveal a nanosheet array morphology similar to that of
the Co MOFs. However, after the etching and transformation process,
the LDH material exhibits increased surface roughness on the
nanosheets, indicating successful structural modification. These
observations confirm that the coprecipitation process yields a
uniformly distributed nanosheet architecture across the Ni foam

This journal is © The Royal Society of Chemistry 2016

substrate, along with a large surface area beneficial for
electrochemical reactions. The transmission electron microscopy
(TEM) image in Fig. 1 F reveals the high degree of roughness on the
surface of each nanosheet, as well as the clearly visible extensive
internal porosity marked by vyellow dashed circles. These
observations are further supported by additional TEM and high-
resolution transmission electron microscopy (HRTEM) images of Fe-
CoCr LDH in the Supporting Information (Fig. S6), which reveal
internal mesoporous structures throughout the nanosheets marked
by yellow dashed circles. HRTEM images in Fig. 1 G and H reveal two
distinct lattice fringes with interplanar spacings of 0.245 nm and
0.260 nm, corresponding to the (101) plane of CoOOH and the (009)
plane of CoCr LDH, respectively. Additionally, the selected area
electron diffraction (SAED) pattern in Fig. 1 | displays two prominent

EES Catalysis, 2017 00, 1-3 | 3

Please do not adjust margins

N,

\
\



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00267b

Page 5 of 11

Open Access Article. Published on 05 November 2025. Downloaded on 11/10/2025 2:18:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

diffraction rings, which are indexed to the (110) plane of CoCr LDH
and the (012) plane of COOOH. An annular dark-field scanning TEM
(ADF-STEM) image and associated elemental mapping images (Fig. 1
J) further confirm the homogeneous distribution of Co, Cr, Fe, and O
throughout the nanosheet arrays, validating the successful
incorporation of Fe into the CoCr LDH framework.

To determine the exact composition of the catalyst, X-ray
diffraction (XRD) analysis was performed on Fe-CoCr LDH. As shown
in Fig. 2A, in addition to the three characteristic peaks originating
from the Ni foam, a weak peak at 20.23° was observed and indexed
to the (003) plane of CoOOH (PDF#07-0169) and another at 22.60°,
corresponding to the (006) plane of CoCr LDH.3! The presence of
these peaks confirms the successful conversion of the Co MOFs
precursor into a LDH structure. Importantly, the coexistence of
CoOOH is catalytically beneficial. A growing body of evidence
identifies CoOOOH as an active species for oxygen evolution. For
example, nanocrystalline, hydrated B-CoOOH films have been shown
to exhibit high activity by enabling efficient hydroxyl ion transport
and exposing additional active sites at grain boundaries.3® Operando
investigations further confirm that Co-based oxides and hydroxides
undergo in situ transformation into CoOOH under OER conditions,
with Fe incorporation lowering the energy barrier for oxygen
evolution and optimizing the adsorption of OER intermediates.3%4°

Fe-CoCr LDH Fe-CoCr LDH

I Fe2p,,

Intensity (a.u.}
o

Intensity (a.u.}
. f’

L N ) N

I
| Ni (PDF# 04-0850)

1 O S S S S S
740 735 730 725 720 715 710

Binding enetgy (eV)

[ D
Fe-CoCr LDH

Fe-CoCr LDH
Co 2p.;

Sab. . A

Co 2p;, N
o ™ A \\ Sat

CoCr LDH CoCrLDH

Intensity (a.u.)
Intensity (a.u.)

810 805 800 795 790 785 780 775 502 568 584 580 576

Binding energy (eV) Binding energy (6V)

Fig. 2 (A) XRD pattern for Fe-CoCr LDH on Ni foam in comparison with
those of standard CoOOH (Red line PDF no. 07-0169) and Ni (Blue
line PDF no. 04-0850). High-resolution XPS of (B) Fe 2p for Fe-CoCr
LDH and of (C) Co 2p and (D) Cr 2p for CoCr LDH and Fe-CoCr LDH.

Taken together, these findings establish that CoOOH is not only a
catalytically active species but also benefits from Fe-induced
electronic tuning, features directly relevant to our Fe-modified CoCr
LDH system.

X-ray photoelectron spectroscopy (XPS) was employed to investigate
the oxidation states of Fe-CoCr LDH and CoCr LDH. The high-
resolution Fe 2p spectrum for Fe-CoCr LDH (Fig. 2 B) reveals two
distinct peaks at 713.3 eV (Fe 2ps/2) and 724.5 eV (Fe 2pys2), along
with two satellite (denoted as Sat.) peaks at 717.2 eV and 731.9 eV.
These features are characteristic of Fe** species, confirming that iron
exists predominantly in the trivalent state.*! In the Co 2p region (Fig.
2 C), the spectra for CoCr LDH and Fe-CoCr LDH show two main spin—

4 | EES Catalysis, 2017, 00, 1-3

EES:Catalysis

orbit peaks at 781.9 eV (Co 2ps/2) and 798.9 eV (Co 2py), alongwith
accompanying satellite peaks, indicating the ESexi5téAé8/GIbESRN o™
and Co* oxidation states.*2 Importantly, no significant shift was
observed in the Co 2p peaks after iron incorporation, suggesting that
the Co chemical environment remained largely unchanged. In
contrast, the Cr 2p spectrum displays a clear shift following Fe
modification. As shown in Fig. 2 D, for the pristine CoCr LDH, the Cr
2ps/2 and Cr 2py, peaks are located at 578.0 eV and 587.8 eV,
respectively, consistent with Cr3* oxidation state. Two additional
low-intensity peaks at 579.5 eV and 589.3 eV are attributed to shake-
up satellite peaks, commonly observed for Cr3* systems.*? After Fe
modification, both Cr peaks shift by approximately 0.5 eV to lower
binding energies (577.5 eV and 587.3 eV, respectively), indicating an
increase in electron density around the Cr centers, which is favorable
for the OER.3273%44 Additionally, the high-resolution O 1s spectra for
CoCr LDH and Fe-CoCr LDH (Fig. S7) feature two peaks at 532.1 eV
and 533.4 eV, attributed to metal-OH and adsorbed H,O species,
respectively.*>47

We first evaluated the electrocatalytic OER activity of our
catalysts in 1 M KOH using a standard three-electrode system. As
shown in Fig. 3 A, the Fe-modified CoCr LDH exhibits the best OER
performance among the different catalysts, including the benchmark
IrO,. It achieves low overpotentials of 200, 250, and 300 mV at
current densities of 10, 100, and 500 mA cm™2, respectively. To
further assess the reaction kinetics, we analyzed the corresponding
Tafel slopes. As shown in Fig. 3 B, the Fe-CoCr LDH catalyst
demonstrates the lowest Tafel slope of 36.8 mV dec™, confirming its
superior OER activity and efficient kinetics. Furthermore, to optimize
the catalyst’s performance, we systematically examined the effects
of reaction time and Fe?* (FeSO4-7H,0) concentrations during the
second synthesis step on the catalytic activity (Fig. S8). Catalytic
activity was found to decrease when the reaction time was either too
short or too long but the difference among them is small, which is
even better for large scale production, and a similar trend was
observed for Fe?* concentration. Given its excellent performance in
1 M KOH, we investigated the potential of our Fe-CoCr LDH catalyst
for alkaline seawater electrolysis. According to the Pourbaix diagram,
the difference between the onset potentials of OER and the
competing CIER reaches a maximum (480 mV) when the electrolyte
pH exceeds 7.5, providing a favorable window for selective OER. Thus,
we tested the Fe-CoCr LDH catalyst in various alkaline simulated and
natural seawater electrolytes. Fig. 3 C presents polarization curves
representing the catalyst’s performance in 1 M KOH, 1 M KOH + 0.5
M NaCl, 1 M KOH + 1.5 M NaCl, 1 M KOH + Natural Seawater, and 6
M KOH + Natural Seawater. As indicated by the overpotentials at
different current densities shown in Fig. 3 D, the Fe-CoCr LDH catalyst

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) OER polarization curves for different catalysts in 1 M KOH. (B) Tafel slopes derived from the results shown in (A). (C) OER polarization
curves for Fe-CoCr LDH in different electrolytes. (D) Grouped column chart based on the results in (C) showing the overpotential values
required to achieve current densities of 10, 100, and 500 mA cm-2 in different electrolytes. E) EIS Nyquist plots for different catalysts. Inset:
the equivalent circuit. (F) Long-term stability testing of Fe-CoCr LDH in different electrolytes for 50 hours at a current density of 100 mA cm-
2 followed by an additional 50 hours at a higher current density of 500 mA cm2,

has similar performance in all the simulated and natural seawater alkaline and corrosive 6 M KOH + Natural Seawater electrolyte, the

electrolytes studied, with overpotentials at 500 mA cm™2 well below  catalyst achieves further enhanced OER activity, delivering
the CIER threshold of 480 mV. More impressively, in the highly overpotentials of only 180, 240, and 280 mV at 10, 100, and 500 mA
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cm2, respectively. To gain insight into the enhanced activity, we

conducted electrochemical impedance spectroscopy (EIS), as shown
in Fig. 3 E. The Fe-CoCr LDH catalyst exhibits a charge transfer
resistance (Rct = 3.2 Q) lower than that of CoCr LDH (Rt = 9.3 Q), Co
MOFs (Re¢t = 15.2 Q), and bare Ni foam (R¢ = 65.5 Q), indicating
significantly improved charge transport due to Fe incorporation.
These observations are consistent with previous studies, which have
shown that introducing Fe into layered hydroxide systems reduces
charge transfer resistance and accelerates charge transport, thereby
boosting catalytic efficiency. 84 Beyond enhanced conductivity, Fe
incorporation is also known to modulate the electronic structure of
neighboring Co and Cr sites, thereby tuning the adsorption
energetics of OER intermediates and improving intrinsic activity. >0->3
In addition, Fe species can serve directly as active centers, promoting
the stabilization of high-valent intermediates that sustain OER
catalysis under operating conditions. 80 Taken together, these
synergistic effects contribute to the excellent OER performance of
Fe-CoCr LDH in alkaline seawater. To further explore the origin of
the improved OER activity, we evaluated the electrochemical active
surface area (ECSA) of different catalysts by determining the double-
layer capacitance (Cgq) via cyclic voltammetry at various scan rates.
As shown in Fig. S9, the Cq; values for Co MOFs, CoCr LDH, and Fe-
CoCr LDH are 1.02, 1.28, and 1.60 mF cm™2, respectively, indicating
that the iron-modified catalyst possesses the highest ECSA.
Furthermore, the ECSA-normalized polarization curves (Fig. S10)
confirm the superior intrinsic OER activity of Fe-CoCr LDH.
Interestingly, after normalizing the current density by the ECSA, Fe-
CoCr LDH still shows the highest intrinsic activity among the catalysts
studied. To further probe the intrinsic activity, we calculated the
turnover frequency (TOF) for Fe-CoCr LDH, CoCr LDH, and Co MOFs.
As shown in Fig. S11 (Supplementary Information), Fe-CoCr LDH
exhibits the highest TOF values across the measured potential range,
further demonstrating its enhanced intrinsic OER activity. Finally, we
evaluated the long-term stability of Fe-CoCr LDH in 1 M KOH, 1 M
KOH + Natural Seawater, and 6 M KOH + Natural Seawater. As shown
in Fig. 3 F, the catalyst was subjected to continuous operation for 50
hours at 100 mA cm™2, followed by an additional 50 hours at 500 mA
cm™2, It is clear that the current density remains stable across all
electrolytes, including the harsh 6 M KOH + Natural Seawater
condition, demonstrating the catalyst’s excellent operational
durability and stability in harsh conditions. To evaluate the structural
durability of the catalyst, we carried out post-stability
characterizations after long-term electrolysis in 1 M KOH + Natural
Seawater. Both the SEM (Fig. S12B) and TEM results (Figs. S13) reveal
that, although partial loss of nanosheets occurred during the
prolonged operation, the overall nanosheet architecture and surface
roughness were largely preserved. This observation confirms that the
Fe-CoCr LDH catalyst maintains its nanosheet framework under
harsh operating conditions, thereby ensuring sufficient exposure of
active sites and sustained electrochemical performance. In addition,
the chemical structure of Fe-CoCr LDH was also preserved without
any changes (Fig. S13), demonstrating good structural stability. To
further evaluate the corrosion resistance of the catalysts, corrosion
polarization measurements were carried out in natural seawater.
The corrosion potential (Ecorr) and corrosion current density (jeorr)
provide key indicators of intrinsic corrosion-resistance of a material.
>4 55 As summarized in Fig. S14, Co MOFs exhibit Ecorr = 0.268 V vs.
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RHE With jeorr = 0.27 mA cm™2, while CoCr LDH shows Eeqpr7i0:251, Y
vs. RHE and jeorr = 0.06 mA cm~2. In contrast,FeLA8CPED R di¥phars 8
more positive Ecor of 0.377 V vs. RHE and a lower jeorr of 0.054 mA
cm™2. The higher Ecorr and lower corrosion jeor clearly indicate that Fe
incorporation enhances resistance to chloride-induced corrosion.
After confirming the excellent OER performance of Fe-CoCr LDH, we
paired it with a good HER catalyst NiMoN in a two-electrode
configuration (Fe-CoCr LDH//NiMoN) to evaluate the overall water
splitting performance under various electrolytes at room
temperature, as shown in Fig. 4 A. Fig. 4 B summarizes the cell
voltages at different current densities for the various electrolytes. In
both 1 M KOH and 1 M KOH + 0.5 M NaCl, the system exhibited
comparable performance, achieving voltages of 1.55V and 1.66 V at
100 and 500 mA cm™2, respectively. The slightly higher cell voltages
observed in 1 M KOH + 1.5 M NaCl arise from degradation of the
NiMoN cathode in chloride-containing electrolytes, rather than from
the Fe-CoCr LDH anode. This explanation is supported by additional
HER measurements of NiMoN in both electrolytes (Fig. S15), which
confirm its reduced activity in the presence of high concentrations of
chloride ions. In more chemically challenging environments, such as
6 M KOH + Natural Seawater, it showed a slight improvement,
reaching 1.63 V at 500 mA cm™2. The voltages achieved in alkaline
freshwater (1 M KOH) and alkaline seawater (1 M KOH + Natural
Seawater) electrolytes are comparable, and both sets of voltages are
even better than those previously reported for other catalyst
systems, as illustrated in Fig. 4 C.>575% In order to study the selectivity
of Fe-CoCr LDH toward OER in seawater, we evaluated the Faradaic
efficiency at 500 mA cm2 for 1.5 hours in 1 M KOH + Natural
Seawater using an H-type cell (Fig. S16 A). Impressively, as shown in
Fig. S16 B, the catalyst maintained high Faradaic efficiency of average
99.3%, with no detectable hypochlorite formation as verified by a
hypochlorite detection test (Fig. S17), highlighting its excellent
selectivity for OER in real seawater environments. In addition to
confirming high OER selectivity, these results also provide insights
into the corrosion resistance of the catalyst in alkaline seawater. The
absence of chlorine-related byproducts indicates that chloride
adsorption and subsequent corrosion pathways are effectively
suppressed under operating conditions. Previous studies have shown
that transition-metal oxyhydroxides generated in situ during anodic
polarization can act as protective layers, selectively promoting OER
while inhibiting chloride attack.>® Similarly, Fe incorporation has
been reported to facilitate the self-reconstruction of hydroxide
phases into robust metal oxyhydroxide layers, which enhance both
catalytic activity and chloride tolerance.”® In our system, the
coexistence of CoOOH and Fe-modified CoCr LDH is likely to play a
comparable role, where the oxyhydroxide phase not only contributes
to OER activity but also improves resistance against chloride-induced
degradation. These synergistic effects further substantiate the
durability of Fe-CoCr LDH for seawater electrolysis. To further probe
its robustness, the Fe-CoCr LDH//NiMoN system was evaluated in 6
M KOH mixed with natural seawater under elevated temperature
conditions, which yielded additional enhancements in catalytic
activity (Fig. 4D). To gain additional insight into the robustness of Fe-
CoCr LDH, we measured its OER activity in 1 M KOH at different
temperatures (20, 30, 40, 50, and 60 °C). As shown in Fig. S18 A, the
polarization curves consistently improve with increasing
temperature, and the enhancement is uniform across the entire
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range without irregular deviations. From these data, an Arrhenius
plot was constructed (Fig. S18 B) yielding an activation energy that
reflects the intrinsic kinetics of the catalyst.”? This consistent
temperature dependence demonstrates that Fe-CoCr LDH maintains
stable and predictable catalytic behavior under different operating
conditions, underscoring its robustness for practical alkaline OER
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200 hours at 500 mA cm~2 followed by another 150 hours at 1000 mA
cm~2 (Fig. 4E). Complementary long-term tests at 40 °C in the same
electrolyte further confirmed its resilience, as the electrode pair
sustained 500 mA cm~2 for 150 hours with negligible degradation (Fig.
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Fig. 4 (A) Overall water splitting performance of Fe-CoCr LDH//NiMoN in different electrolytes at room temperature. Inset: schematic
illustration of the 2-electrode configuration cell. (B) Grouped column chart based on the results in (A) showing the voltage values at current
densities of 10, 100 and 500 mA cm2. (C) Grouped column chart showing comparisons of overall water splitting performance at current
densities of 10, 100 and 500 mA cm2 in different electrolytes between Fe-CoCr LDH//NiMoN and previously reported electrocatalysts in the
2-electrode configuration. (D) Overall water splitting performance of Fe-CoCr LDH//NiMoN in 6 M KOH + Natural Seawater at different

temperatures. Long-term stability testing of Fe-CoCr LDH//NiMoN in 6 M KOH + Natural Seawater at (E) room temperature performed for
200 hours at 500 mA cm followed by an additional 150 hours at 1000 mA cm2 and (F) 40 °C performed for 150 hours at 500 mA cm2.
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Conclusions

In summary, we have successfully synthesized an efficient Fe-
modified CoCr LDH catalyst on Ni foam by using a Co MOFs precursor
and a straightforward post-synthesis modification method. The Fe-
CoCr LDH catalyst was found to maintain low overpotentials across a
range of current densities in various alkaline electrolytes, including
simulated and natural seawater, showcasing its versatility and
robustness. Electrochemical impedance spectroscopy further
highlighted the enhanced charge transfer kinetics attributed to Fe
modification. Moreover, the catalyst demonstrated remarkable long-
term stability under harsh conditions, including concentrated
alkaline seawater. By coupling Fe-CoCr LDH with a good HER
counterpart, we achieved highly efficient overall water splitting
performance in a two-electrode system with low cell voltages at high
current densities in multiple electrolytes and good stability for over
350 hours at industrially relevant current densities. This work
provides insights into the design of earth-abundant, non-precious
metal catalysts with superior electrocatalytic properties, advancing
the development of cost-effective and scalable solutions for green
hydrogen production.
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