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Recent Progress in NiFe-based Catalysts for High Current Density
Oxygen Evolution Reaction

Jaira Neibel Y. Bamba?, Maricor F. Divinagracia-Luzadas?, Donghyun Yoon®<, Jung-goo Choi®<, Joey
D. Ocon*9, Jaeyoung Lee*"ce

The global transition to green hydrogen via water electrolysis is constrained by the sluggish oxygen evolution reaction (OER),
particularly at the high current densities required for industrial applications. Among Earth-abundant materials, nickel-iron
(NiFe)-based compounds have emerged as leading candidates, offering intrinsic activity, synergistic interactions, and cost
advantages that reduce the OER energy barrier, positioning them as viable alternatives to noble-metal catalysts such as IrO;
and RuO.. Yet, achieving long-term activity and structural stability under high current densities (HCDs) remains a critical
challenge. This review highlights strategies to advance NiFe-based OER catalysts for sustained high-current operation,
focusing on recent innovations including heteroatom doping, vacancy engineering, heterostructure formation, active-site
modulation, and self-healing mechanisms. Developments across oxides, (oxy)hydroxides, non-metallic heteroatomic
composites, layered double hydroxides, metal-organic framework-derived materials, and noble-metal-integrated hybrids
are examined to provide a rational design framework for robust and efficient OER catalysts. Key pathways to tune
morphology, composition, and electronic structure are identified, offering insights to bridge the gap between laboratory-

scale studies and scalable electrolyzer deployment.

1. Introduction

As the world shifts towards sustainable energy sources,
hydrogen has emerged as a promising candidate for clean fuel
due to its high energy density and zero-carbon emissions. A
pivotal process for hydrogen production is water electrolysis,
which splits water into oxygen and hydrogen. However, the
efficiency of water electrolysis is limited by the sluggish oxygen
evolution reaction (OER), a half-reaction involving a complex
multielectron transfer process. Therefore, developing efficient,
stable, and cost-effective OER catalysts is crucial for advancing
hydrogen technologies.! Noble metal-based catalysts (Ru, Ir,
and their oxides) are known for their superior OER activity but
are constrained by their high cost and limited availability.2
interest in
alternative catalysts composed of Earth-abundant materials.
Among these, nickel- and iron-based compounds have garnered
attention due to their inherent catalytic properties,
affordability, tuneable properties, and synergistic effects that
enhance OER activity.3* However, commercial viability

Consequently, there is a significant research
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demands not only high activity but also long-term stability at
high current densities (= 200 mA cm~2).56 High-current-density
(HCD) OER poses significant challenges due to the rapid
formation of oxygen bubbles, which create concentration
gradients, block active sites, and strain porous nanostructures.”
At the same time, harsh oxidative conditions accelerate
corrosion, leaching, and structural degradation of the catalyst.
Surface reconstruction can sometimes be beneficial, exposing
new active sites, but uncontrolled changes often lead to a
decline in performance.8?

Despite extensive efforts to enhance OER activity and elucidate
the active sites of NiFe-based catalysts, relatively few studies
have focused on achieving sustained high current densities (>
200 mA cm™2), which are equally vital for practical applications,
and several critical gaps remain in the existing literature. Most
existing studies and reviews primarily benchmark catalyst
performance at low current densities (typically 10 mA cm™2),

often for limited durations and at room temperature,
conditions that do not adequately reflect the harsh
environments encountered in industrial electrolyzers.10-12

Degradation mechanisms specific to high current regimes,
particularly Fe leaching, surface reconstruction, and bubble-
induced mechanical stress, remain insufficiently addressed,
despite their critical impact on catalyst durability. Although Ni
species are largely insoluble in alkaline media, Fe components
are susceptible to leaching or segregation, potentially leading to
uneven distribution of Fe elements or unwanted doping into the
host lattice.’® In addition, most prior reviews predominantly
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Fig. 1 Overview of recent design strategies for NiFe-based catalysts aimed at enhancing OER activity and stability at high current density (HCD).

emphasize half-cell OER measurements, with comparatively
limited discussion of overall water splitting and full electrolyzer
performance. These factors accentuate the need for continuous
improvement and development of durable NiFe-based catalysts
through advanced strategies, including introducing vacancies to
optimize the electronic structure, constructing
heterostructures, enhancing interfacial interactions, doping
with heteroatoms, etc. 13-17

Considering these factors, this work provides an overview of
recent design strategies for NiFe-based catalysts that exhibit
high activity, stability, and current density, as illustrated in Fig.
1. Moreover, the advancements across various systems,
including oxides, (oxy)hydroxides, non-metallic heteroatomic
composites, layered double hydroxides (LDHs), metal-organic
frameworks (MOFs), and noble metal-doped materials, have
been highlighted. Through a systematic examination of recent
NiFe-based catalysts, this review elucidates the key factors
governing HCD performance, specifically the necessity of
balancing the adsorbate evolution mechanism (AEM) and the

2| J. Name., 2012, 00, 1-3

lattice oxygen mechanism (LOM) pathways, and the role of
electronic structure modulation in stabilizing active species.

2. OER mechanism of NiFe-based catalysts

OER in alkaline conditions constitutes a complex multielectron
transfer process with O-O bond formation, rendering it more
thermodynamically challenging compared to the two-electron
hydrogen evolution reaction (HER). Thus, considerable efforts
have been dedicated to deciphering the OER mechanism
through kinetic studies, density functional theory (DFT)
calculations, and operando or in-situ spectroscopic
techniques.1®21 DFT is widely used to calculate the Gibbs free
energy barriers (AG¥) for reaction intermediates and identify
the rate-determining step (RDS), offering theoretical insight
into the preferred reaction channels. Operando and in-situ
spectroscopic methods (like Raman or X-ray absorption
spectroscopy) are critical for observing dynamic changes in the
catalyst structure and electronic environment during the OER,
which helps validate computational models and track the
formation of active species.?2

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Proposed reaction mechanism of oxygen evolution on NiFe-based LDH catalysts.

OER mechanisms are typically classified based on the source of
oxygen in O-0 coupling: the adsorbate evolution mechanism
(AEM), where oxygen originates from water molecules
adsorbed on the catalyst surface with metal ions as active sites,
and the lattice oxygen mechanism (LOM), where oxygen comes
from lattice oxygen ions within the catalyst structure, which
themselves serve as active sites.23 In the AEM, the reaction
proceeds via sequential proton-electron transfer steps involving
intermediates such as *OH, *O, and *OOH, with the metal
cations facilitating adsorption and O-O bond formation. The
activity of AEM catalysts is often limited by the intrinsic linear
scaling relationship between *OH and *OOH adsorption
energies, which imposes a theoretical overpotential
threshold.2* In contrast, the LOM involves direct participation of
lattice oxygen in O-O coupling, generating transient oxygen
vacancies that are replenished by water molecules from the
electrolyte.?> This pathway can bypass the scaling constraints of
AEM, potentially lowering the energy barrier for OER, but may
introduce structural instability if vacancy regeneration is
insufficient. Recent DFT studies on the (001) facet of a nickel
ferrite (NiFe,04) catalyst revealed that the Fe-assisted LOM
pathway is the preferred mechanism, exhibiting the lowest
energy barrier (AG* = 0.84 eV at U = 1.63 Vsye) for the RDS
involving O-O bond formation.2 Another study proposed an
AEM pathway (Fig. 2) for NiFe-based LDH catalysts at different
electrolyte pH levels using combined electrochemical and
operando spectroscopic measurements.26 In alkaline media (pH
> 13), it was found that the adsorption of *OH occurs during the
transformation from Ni(OH), to NiOOH. The adsorption
coverage of OH* is high during OER, making this step both fast
and efficient. Furthermore, a portion of *OH is converted to *O
concurrently with the formation of Fe?#*, representing the pre-
equilibrium step. The RDS involves the nucleophilic attack of
OH~ on *O (Fe*=0) to generate M—OOH intermediates (M=Ni
or Fe), with the final step being the rapid oxidation of *OOH and
the release of O..

This journal is © The Royal Society of Chemistry 20xx

LOM-type mechanisms can enhance OER activity; however,
catalysts typically undergo significant surface reconstruction
during the LOM process due to the redox and migration of
lattice oxygen, leading to potential catalyst dissolution and
instability.?’” Conversely, catalysts generally exhibit higher
stability but lower activity when following the AEM process.?8
Achieving sustained HCDs in NiFe-based materials critically
relies on controlling the OER pathway between the high-
activity, low-stability LOM and the high-stability, low-activity
AEM. Specifically, advanced material
employed to tailor the catalyst's unique electronic structure,
optimizing the adsorption of intermediates and effectively
striking a balance between LOM and AEM to ensure optimal
durability and performance.

engineering can be

3. Emerging NiFe-based materials for high current
density OER

Recent advancements have highlighted the potential of NiFe-
based systems to achieve HCD with long-term stability for OER.
The synergistic interplay between Ni and Fe active sites within
diverse frameworks, including oxides,
(oxy)hydroxides, non-metallic heteroatomic composites, LDHs,
MOF-derived materials, and noble metal-doped compounds, is
believed to underpin this exceptional performance. While
existing review papers have comprehensively covered NiFe-
based electrocatalysts for alkaline OER2°-31, a systematic
analysis of catalysts capable of efficiently delivering HCDs
remains limited. The succeeding sections address this gap by
outlining robust NiFe-based materials reported over the last
three years, prioritizing those demonstrating sustained HCD
performance and detailing the synergistic design strategies that
maximize stability and activity in commercially relevant
environments.

structural
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Fig. 3 (a) Schematic illustration of vacancy filling in Cr-doped FeNis/NiFe,0s Mott-Schottky heterojunctions, accompanied by surface reconstruction that
enhances OER performance. Reproduced from Ref 3¢. Copyright 2024, Elsevier. (b) Schematic illustration of partial Fe leaching and surface reconstruction
in FexNi1 alloy fiber paper. Reproduced from Ref “3. Copyright 2021, Elsevier. (c) Gibbs free energy diagram illustrating the four OER steps on Feo4Nios and
FeoNi1o alloy fiber papers. Reproduced from Ref #3. Copyright 2021, Elsevier. (d) Underwater aerophobicity of NiFe/NF, Ni3S2/NiFe/NF, and P-NisS2/NiFe/NF
electrodes (top), and a schematic of their Oz bubble adhesion behaviour (bottom). Reproduced from Ref #6. Copyright 2022, Elsevier. (e) XRD pattern of
NiMoN-T and OER polarization curve of NiMoN-T/NiFe LDH (T represents the nitridation temperature). Chronoamperometry curve of NiMoN/NiFe LDH
for 250 h. Reproduced from Ref 5. Copyright 2023, Springer Nature. (f) Schematic illustration of the structure of NiCoFe-B; and its self-healing mechanism,
catalysed by Co. Reproduced from Ref . Copyright 2021, Springer Nature. (g) Chronoamperometric stability and cyclic voltammetry curves of FCN-
MOF/NF at 1000 mA cm. Reproduced from Ref 72. Copyright 2020, Elsevier. (h) Scanning electron microscopy (SEM) image of NiFe nanocone with
superhydrophilic surface, enabling rapid mass transfer in an industrial water electrolyzer. Reproduced from Ref #. Copyright 2024, Elsevier.
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3.1. NiFe-based oxides

Studies have consistently demonstrated that NiFe-based oxides
exhibit superior activity compared to oxides based solely on Ni
or Fe, attributed to a synergistic interplay between Ni and Fe.32
Specifically, Ni lattices provide an ideal framework for anchoring
Fe sites due to their exceptional electrical conductivity under
anodic potentials.33 Ni thus serves as a conductive scaffold,
while Fe incorporation induces structural transformations,
creating additional active sites and leading to enhanced OER at
HCDs. A recent theoretical investigation by Friebel et
al.3%explored the impact of bond lengths and Lowdin charges by
varying Ni:Fe atomic ratios. The study found that Fe substitutes
for Ni within the NiO; structure, forming Ni—-O—Fe motifs that
minimize overpotential (n) for OER. Furthermore, a minimum Fe
content of 10% has been identified as crucial for significant OER
improvements in NiFe-based oxide catalysts.3> Introducing
oxygen vacancies (Vo) through dual-defect engineering can also
enhance the electrical conductivity and intrinsic activity of NiFe-
based oxides, leading to low overpotentials and good durability.
Recently, Khatun et al.3¢ developed a surface-modified Cr-
doped FeNis3/NiFe,04 heterojunction OER catalyst rich in Vo. The
generated Vo is believed to modulate the electronic
configurations, creating numerous unsaturated coordinated
metal active sites (Fig. 3a). This enhances the adsorption ability
of oxygen intermediates, resulting in robust OER performance
(nsoo = 360 mV) and achieving sustainable HCD (200 h at 1000
mA cm~2). It is also noteworthy that during OER with NiFe-based
oxides, intrinsic Vo can induce spontaneous electrochemical
surface reconstruction, generating highly reactive
(oxy)hydroxides (M—OOH) species, which are also recognized as
active OER sites.3?

NiFe-based oxides exhibit superior OER performance due to
synergistic Ni—Fe interactions, where Ni provides a conductive
framework, and Fe creates highly active sites that lower
overpotential, particularly at HCDs. Optimal Fe incorporation
and oxygen vacancy engineering further enhance activity and
durability by tuning electronic structure, promoting active Ni—
O—Fe motifs, and enabling dynamic surface reconstruction into
catalytically active (oxy)hydroxide species.

3.2. NiFe-based (oxy)hydroxides

Early research on NiFe (oxy)hydroxide catalysts predominantly
focused on powder forms. To enhance their performance,
researchers have previously explored various strategies,
including optimizing composition38, incorporating conductive
carbon-based  supports3?, introducing  structural/lattice
defects??, etc. However, the inherent limitations of powder-
based catalysts, such as durability and mass transport
challenges, have hindered their practical applications in
demanding environments like HCD electrolysis.*}( Due to these
challenges, research has shifted towards developing alternative
catalyst architectures. One promising approach involves the
direct growth of catalysts on conductive porous
substrate/support. For instance, a recent study by Wu et al.*2
demonstrated the formation of NiFeOOH on a NiFe/Ni film

This journal is © The Royal Society of Chemistry 20xx
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through anodic electro-oxidation. The NiFe/Ni filim, fabricated
via a dynamic hydrogen bubble-template@! grosss Dracifitdted
efficient electron transport due to its high conductivity and
served as a robust support for the catalyst layer. Additionally,
the three-dimensional laminar porous structure of the film
enhanced mass transport, reduced interfacial resistance, and
maximized exposure of active sites. These combined factors
contributed to the catalyst's enhanced performance (nio00= 300
mV), enduring 100 h of testing at 500 mA cm~2.

Interestingly, while Fe leaching is often considered detrimental
to the stability of NiFe-based catalysts, recent studies have
revealed its potential to enhance catalytic performance. Zhang
et al.*3 showed that the partial dissolution/leaching of surface
Fe atoms in a FeNi alloy exposes Ni sites (Fig. 3b), promoting
lattice oxygen formation, which subsequently transforms into
(oxy)hydroxides with low overpotential (nico = 287 mV).
Specifically, it activates the initially inactive Ni component,
inducing the surface reconstruction of a FeNi-
(oxy)hydroxide/alloy heterojunction with longer N-O bonds
within the (oxy)hydroxide structure compared to pure NiOOH.
This significantly lowered the energy barrier for *OOH
intermediate decomposition (Fig. 3c), enabling stable operation
at HCD (80 h at 250 mA cm~2). Meanwhile, Kang et al.** recently
demonstrated that surface functionalization of NiFe
(oxy)hydroxide catalysts (FSN) with tetraphenylporphyrin (TPP)
significantly enhances their durability. O-labelling experiments
combined with in-situ Raman revealed that TPP does not alter
the OER pathway of FSN, indicating that TPP's stability
enhancement mechanism is unrelated to a shift from the LOM
to the AEM. Instead, TPP functions as a protective layer,
inhibiting the protonation of Fe-O sites and consequently
reducing Fe dissolution. This protective effect enabled the TPP-
FSN to maintain HCD (110 h at 500 mA cm™2).

Another effective strategy to enhance performance in these

systems is to design three-dimensional nanostructured
catalysts that enlarge the specific surface area, expose more
active sites, and create heterojunctions between the metallic
core and the (oxy)hydroxide shell to improve charge transport.
For example, hierarchical FeNiz@(Fe,Ni)S, core-shell
heterojunctions with tunable shell thickness were fabricated
through NiFe(OH)y reduction followed by partial sulfidization.*>
The analysis revealed that the FeNis3 core substantially increases
the conductivity, acting as an electron highway, while the
(Fe,Ni)S, shell provides an active surface for the in-situ
generation of S-doped NiFe (oxy)hydroxides with remarkable
OER activity (nioco = 288 mV) and stability (1200 h at 200 mA
cm™2). Notably, S-doping was also found to improve the
conductivity of the catalyst, as evidenced by the reduced
bandgap of S-NixFe;xOOH than NixFe;xOOH, contributing to

the enhancement of catalytic performance.

NiFe-based (oxy)hydroxide catalysts have evolved from powder
systems toward engineered architectures that address
durability and mass-transport limitations at HCDs. Strategies
such as direct growth on conductive porous substrates,

J. Name., 2013, 00, 1-3 | 5
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controlled Fe leaching, surface protection to suppress Fe
dissolution, and 3D core-shell or heterojunction designs
collectively enhance conductivity, active-site exposure, and
structural stability, enabling sustained OER operation under
industrially relevant conditions.

3.3. Non-metallic heteroatomic combinations

To boost intrinsic activity and stability, pristine catalysts often
require surface and/or structural modifications by introducing
heteroatoms like P, S, N, and C to form stable functional groups.
Oxidation states and electronic structures are modified,
generating defects that aid HCD operation.

3.3.1. Phosphides

Since the water electrolysis reaction occurs at the three-phase
gas-liquid-solid interface, OER is influenced not just by the
intrinsic activity but also by the surface properties of the tested
working electrode and catalyst. Consequently, a distinctive
aerophobic structure is crucial for efficient OER under these
conditions. Zhang and co-workers’*® recent findings
demonstrate that synergistically incorporating P and S ions into
NiFeOy electrocatalyst (NiFe/NF) can modify its interfacial and
surface characteristics, leading to optimized surface properties.
The resulting P-Ni3S,/NiFe/NF catalyst exhibited a lower surface
contact angle compared to NiFe/NF and Ni3S,/NiFe/NF,
indicating enhanced aerophobicity, as shown in Fig. 3d.
Similarly, recent studies in HCD electrolysis have demonstrated
that ordered porous structures and steric confinement effects
can modulate local reactant-surface interactions and mass
transport, emphasizing the importance of optimizing triple-
phase interfaces.?’*8¢ These insights provide valuable
conceptual guidance for enhancing HCD OER performance by
improving gas transport, bubble detachment, and interface
stability.

Meanwhile, integrating P into the S structure induces electron
transfer from Ni to S via heterointerface formation, creating
favourable hydride-acceptor (Ni®*) and proton-acceptor (S%--
P%-) sites. This optimized electronic configuration, coupled with
improved aerophobicity, enables the catalyst to achieve
exceptional activity (nio00 = 372 mV) and stability at HCD (20 h
at 1000 mA cm™2). Additionally, the —PO4 groups contribute by
lowering the free-energy barrier for OER at NiFe sites. Other
works have also shown that phosphate ions in LDHs improve
mass transfer and catalyst durability by mitigating metal
leaching caused by local OH- depletion.*® Similarly, Sheng et
al.5% observed improved overall durability in a NiFe-P catalyst
despite slight structural instability. The catalyst films,
synthesized via flame aerosol deposition, were initially
encapsulated by a carbonaceous (soot-like) matrix. The
controlled electrochemical removal of this carbon under OER
conditions triggered a self-refreshing mechanism, causing
gradual and mild detachment of the film material while
continuously exposing fresh catalytic sites. This dynamic
process mitigated the selective leaching of Fe, preserving an Fe-

6 | J. Name., 2012, 00, 1-3

rich, highly active surface. As a result, high activity, (niesc245
mV) and stability (100 h at 500 mA cm~2) WeréGEhianed aHEDS

NiFe-P catalysts have spurred considerable research interest in
recent years due to their bifunctional activity towards both OER
and HER across various pH conditions. Recently, Hu et al.>?
developed a core-shell Ni-FeOH@Ni-FeP bifunctional catalyst
for overall water splitting (OWS) and proposed a reaction
mechanism in which FeOOH transiently forms at Fe sites with a
low theoretical overpotential (0.14 eV). However, the
subsequent O; release from FeOOH is hindered by a high
overpotential (0.63 eV), whereas the transition from FeOOH to
NiOOH occurs with a lower energy barrier (=0.43 eV), and O3
release from NiOOH is more favourable (0.2 eV). The presence
of Fe in the Ni-FeOH@Ni-FeP electrode facilitates NiOOH
formation, thereby enhancing OER activity. Additionally, the
hydroxide layer interacts with the phosphide core, modulating
electronic structures and surface microenvironments. This
interaction regulates FeOOH formation rather than completely
suppressing it, ensuring a balance between active site
regeneration and catalytic efficiency. Hence, the catalyst
exhibited remarkable stability at HCDs of 750 and 935 mA cm2
in OWS.

NiFe-based phosphide catalysts enhance HCD OER by
optimizing  triple-phase interfaces through improved
aerophobicity, porous architectures, and interfacial electronic
modulation. Phosphorus incorporation and heterointerface
formation promote efficient charge transfer, favorable
intermediate energetics, suppressed metal leaching, and self-
refreshing or stabilized active surfaces, enabling high activity
and durability under industrially relevant current densities.

3.3.2. Sulphides

The incorporation of sulphides/sulphur vacancies (Vs) into
catalyst structures has been shown to significantly boost NiFe
performance by modifying the material's electronic properties,
as demonstrated by the computational studies of He et al.>2
Under OER conditions, the thermodynamic preference for oxide
formation makes sulphides susceptible to oxidation, leading to
the potential formation of (oxy)sulphide intermediates. The
oxidation of divalent metal ions to trivalent states within the S
structure during OER can generate fresh oxysulphide phases,
exposing new active sites that enhance catalytic activity (nio00=
235 mV) and stability (260 h at 500 mA cm~2). S-rich materials
with abundant Vs tend to contain more divalent metallic
elements, which are beneficial for the in-situ generation of
active oxysulphides after HCD OER tests, thereby maintaining Vs
and ensuring high durability. Computational modelling further
suggests that these Vs improve electrical conductivity, with Fe
sites identified as primary active centers. Similarly, combined
computational modelling and operando characterizations
revealed that optimal S contents in sulphur-tuned, low-
crystalline-reduced NiFe-based coordination polymer catalysts
(S-R-NiFe-CPs) can effectively regulate local electronic
structures compared to S-free Og4-R-NiFe-CPs>3. This promotes

This journal is © The Royal Society of Chemistry 20xx
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the generation of highly oxidized Fe** and Ni** species, leading
to oxygen-bridged Ni'V-O-Fe'V moieties, which serve as the true
OER active intermediates and enable the system to reach HCD
operations.

Sulphide incorporation and sulphur vacancy engineering in NiFe
catalysts enhance HCD OER by tuning electronic structures,
improving conductivity, and enabling in situ formation of active
oxysulphide and high-valence Ni**/Fe** species. These dynamic
transformations expose new active sites, stabilize sulphur
vacancies, and promote oxygen-bridged Ni-O-Fe intermediates,
resulting in high activity and durability under demanding
electrolysis conditions.

3.3.3. Nitrides

Nitrogen’s lone pair electrons promote stronger interactions
with OER reactants, making N-doping an effective strategy to
elevate the performance of NiFe-based materials under HCD
conditions.® Zhai et al.>* developed a hierarchical core-shell
nitride/hydroxide catalyst (NiMoN/NiFe LDH) to regulate the
electronic states of active sites and enhance OER activity. As
shown in Fig. 3e, optimizing the nitridation temperature
influenced the crystallinity and catalytic performance of
NiMoN/NiFe LDH, with 500°C identified as the best condition.
The optimized catalyst outperformed MoNis/MoO,/NiFe LDH
and NiMoOy/NiFe LDH, achieving stable OER at HCD (250 h at
1000 mA cm?), attributed to enhanced conductivity and
accelerated electron transport from nitridation treatment.
Meanwhile, N-doping is known to alter the d-electron density
of the metal, leading to a contraction of the d-band structure
that resembles the electronic structure of noble metals near the
Fermi level, potentially contributing to the enhanced stability at
HCD.>> However, though studies show that N-doping has
potential for improving OER activity>®>7, a critical gap exists in
the long-term stability of these
materials under HCD conditions, as most reports only cover
stability testing at 10 mA cm~2 or below 200 mA cm~2.

literature regarding the

Nitride formation and N-doping enhance NiFe-based OER
catalysts at HCDs by strengthening reactant interactions, tuning
electronic structures, and improving conductivity and charge
transport. Core-shell nitride or hydroxide architectures
demonstrate exceptional HCD stability, although long-term
durability data under industrially relevant current densities
remain limited in the literature.

3.3.4. Carbides

Integrating inexpensive, chemically stable, and highly
conductive carbon materials is another approach to boost OER
performance by exposing more active sites and enhancing
electron transport. Carbon supports can also improve the
stability of NiFe catalysts under demanding operating
conditions. A notable example is Li et al.’s>® self-supported
tellurium (Te)-doped NiFe;Os with a carbon-stabilized
nanosheet structure on nickel foam (Te-NiFe;04,@C/NF),
fabricated via NiFe LDH calcination. Experimental and DFT

This journal is © The Royal Society of Chemistry 20xx
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studies confirmed that the low overpotential (nNsge, 7,180 MV)
and remarkable stability of the catalyst c&®bélattéfuted te/thE
highly graphitized carbon layer, which exhibits strong oxidation
resistance, effectively protecting the active sites of the Te-
NiFe,04@C/NF nanoparticles. It was also found that Te-doping
altered the local electron environment, adjusting the
interaction intensity between the adsorption intermediate and
active site, thus lowering the energy barrier for the OER step.
Impressively, the catalyst had negligible degradation after a
180-h stability test at 500 mA cm~2. In another report by Wang
et al.>®, encapsulating FegsNigs alloy nanoparticles within a
porous carbon matrix can both enhance OER (n10=219 mV) and
effectively prevent agglomeration, which
challenge for nanosized particles that can impair catalytic
activity, and thereby eliminates the need for surfactants.
Despite these advances, the durability of most of these catalysts
under HCD is still unclear, warranting further investigations.

is a common

Carbon integration in NiFe-based catalysts enhances OER
performance by improving electrical conductivity, exposing
active sites, and stabilizing catalysts under harsh conditions.
Graphitized or porous carbon structures, coupled with dopants
or alloy encapsulation, protect active phases, suppress
agglomeration, and lower OER energy barriers.

3.4. NiFe-based layered double hydroxides

For LDHs or other NiFe-based materials in general, the
synergistic effect among multiple metal ions is not limited to Ni
and Fe. Adding a third metal may further improve the catalytic
performance by effectively changing the adsorption/desorption
energy and surface electronic structure of LDH catalysts. 60 Wu
et al.®t employed a ternary NiFeCo LDH through operando
incorporation of Co?* into NiFe LDH catalyst (NiFeCo-0.6),
identifying 0.6 mmol as the optimal Co-doping content. Here,
Co-doping reduced the Ni oxidation potential and accelerated
the formation of highly active Ni(Co).«FexOOH species during
OER, resulting in lower overpotential (N1000= 353 mV) compared
to pristine NiFe LDH (n1000 = 502 mV). Co-doping also enabled
NiFeCo-0.6 to follow the LOM pathway with a lower RDS Gibbs
free energy (0.35 eV) than that of NiFeOOH (1.23 eV).
Additionally, the Fe dissolution rate in NiFeCo-0.6 was lower
than that of NiFe LDH, indicating greater stability. It showed that
Co-doping stabilized the Fe local coordination environment,
reducing dissolution and enhancing the overall stability of the
NiFeCo-0.6 catalyst (300 h at 500 mA cm™2). Similarly, various
metals have also been used to improve the performance of
NiFe-based LDHs®2-64, To fully optimize trimetallic LDH systems,
a comprehensive understanding of the interplay between metal
ion species within the brucite layers and the nature of the
interlayer anions is crucial, as these factors collectively
influence activity and stability.

Defect modification can also be an efficient and cost-effective
way to achieve high-performance NiFe LDHs. According to the
DFT study of Mohammed-Ibrahim®3, creating unsaturated NiFe
coordination sites in LDHs through defect engineering of Ni-O-
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Fe coupling at the atomic scale can reduce the Gibbs free energy
of the deprotonation step in OER. In another study by Wang et
al.%6, a hexagonal NiFe-LDH/FeEOOH heterostructure with
oxygen defects was synthesized using a facile hydrothermal
method, based on the in-situ competing growth strategy of
bimetallic ions and OH- ions. Oxygen defects were found to
enhance OH™ nucleophilic attack and promote synergy at Fe-O
sites, particularly between AEM and LOM, thereby maximizing
the utilization of surface metal and oxygen atoms. The
projected density of states (PDOS) analysis showed that
introducing Vo shifts the Fe-3d band center down, reducing
over-strong adsorption and weakening the Fe-O bond, thus
enhancing both AEM and LOM catalytic performance. As a
result, the catalyst exhibited low overpotential (N1000 = 353 mV)
and remarkable stability (20 h at 1000 mA cm~2) under HCDs.

Another emerging strategy to mitigate the instability of NiFe-
based LDH materials involves investigating their capacity for
self-repair or regeneration. Recent studies have demonstrated
the potential of such systems to restore catalytic activity and
maintain stability at HCDs.67-%° For instance, the presence of
both ferrous and borate ions in the electrolyte was critical for
the self-healing of a borate-intercalated NiCoFe-LDH (NiCoFe-
Bi).%8 The addition of ferrous ions restored Fe content by
activating a self-healing mechanism (Fig. 3f) where Co catalyses
the redeposition of Fe oxyhydroxide, compensating for the
leaching of Fe active sites. Concurrently, borate ions prevented
further degradation by replenishing the depleted borate ions
within the LDH structure, resulting in sustained stability (100 h
at 500 mA cm2). However, the exploration of the self-healing
ability of NiFe-based materials remains relatively untapped and
requires further investigation, as its effectiveness is contingent
on factors including catalyst properties, electrolyte and buffer
composition, pH, applied current and potential, temperature,
and mass transport conditions.

NiFe-based LDH performance at HCDs can be significantly
enhanced through multimetal synergy, defect engineering, and
emerging self-healing strategies. Trimetallic doping (e.g., Co)
tunes electronic structure, lowers overpotential, suppresses Fe
dissolution, and stabilizes active oxyhydroxide species, while
oxygen vacancies optimize adsorption energetics and promote
dual AEM/LOM pathways; additionally, electrolyte-assisted
self-repair mechanisms offer a promising route to sustain long-
term stability under harsh OER conditions.

3.5. MOF-derived NiFe-based catalysts

NiFe-based MOFs often suffer from leaching/exfoliation under
testing conditions, significantly impacting long-term stability.”®
To address this, the interaction between catalysts and support
should be reinforced, as the adhesion between them may be
insufficient to withstand the stresses induced by gas bubble
formation during HCD operations.’”? One of the effective
strategies to tackle this issue is through the in-situ growth of
catalysts on conductive 3D porous substrates. For example,
equimolar Fe, Co, Ni(FCN)-based trimetallic MOFs, grown in-situ

8| J. Name., 2012, 00, 1-3

on NF, exhibited exceptional OER activity (Nnio0q/5, 284. AV).
operating at HCD of 1000 mA cm~2 with[SHIyh18%3/Beesy @iter
50 h (Fig. 3g).”? The binder-free, in-situ growth strategy
enhanced both mechanical adhesion and intrinsic activity by
promoting synergistic interactions among the well-dispersed
metal ions within the MOF structure. The intrinsically low
electrical conductivity and mass permeability of many NiFe-
based MOFs limit their direct use as catalysts. Instead, these
materials are often used as precursors to derive composites
containing NiFe derivatives as active species through high-
temperature thermal treatments. The incorporation of good
conductors, such as carbon nanotubes (CNTs) or graphene, has
also been explored to improve OER performance, as their higher
degree of graphitization provides better structural stability and
resistance to carbon corrosion induced by oxidation currents. A
recent study by Wang et al.”3 demonstrated the effectiveness of
anchoring FeNi LDH nanoflakes onto MOF-derived CNT network
to create stable, self-supported catalysts, achieving low
overpotential (n10=200 mV) and robust stability for over 160 h
at 1000 mA cm=2. Meanwhile, the scalability and cost-
effectiveness of MOF-derived NiFe catalysts pose challenges for
practical applications. Most of their metal oxides are produced
via calcination with low yields.”* Thus, exploring new synthesis
strategies to improve product yield and preparation efficiency
is both important and urgent.

MOF-derived NiFe catalysts address the instability and poor
conductivity of pristine MOFs by strengthening catalyst—
support interactions and enhancing charge transport. Strategies
such as in-situ growth on conductive 3D substrates and
conversion into carbon- or CNT-integrated NiFe derivatives
improve mechanical adhesion, activity, and durability at HCDs,
although scalability and
challenges for practical deployment.

low-yield synthesis remain key

3.6. Noble metal-containing NiFe-based catalysts

In recent years, several groups have reported that integrating
noble metals (NMs) into NiFe-based catalysts offers a promising
avenue for enhancing activity and durability while mitigating
the reliance on these scarce and costly resources.’>76 While NM
oxides like RuO; exhibit superior OER activity, their instability
under harsh operating conditions remains a critical challenge.”?
To address these, researchers have explored strategies to
maximize the utilization of NMs through size reduction and
structural optimization.76.7879

Single-atom catalysts (SACs) represent the ultimate limit in
terms of particle size and offer the potential to overcome the
cost and stability challenges associated with traditional NM-
based catalysts.89 Recent studies have demonstrated the
feasibility of incorporating NM single atoms (SAs) into complex
nanostructures to achieve exceptional OER performance.8! For
instance, Wang et al.7”8 developed a bifunctional catalyst
comprising Rusas integrated into a Ni(OH),-FeEOOH nanowire
heterostructure with enhanced stability. The unique
architecture exhibited superior aerophobicity, facilitating

This journal is © The Royal Society of Chemistry 20xx
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efficient mass transport and bubble removal, which is a
common cause of active layer degradation. The synergistic
interplay among Rusas, FeOOH clusters, and the porous
nanostructure resulted in enhanced active site exposure (N1ooo
=386 mV) and accelerated reaction kinetics, leading to minimal
overpotential increase after 140 h of stability testing at 500 mA
cm™2. In another aspect, the structural mismatch between LDHs
can generate abundant defects, providing ideal supports and
unique anchoring sites for NM atoms. Van et al.”> demonstrated
the strong electronic interaction between lanthanum (La) and
the host metals in a NiFe LDH not only considerably increased
the number of catalytic sites and reduced charge transfer
resistance, but also elevated Fe d-band levels and created more
Vo than in pristine NiFe catalysts, leading to superior activity
(nsoo = 309 mV) and long-term stability (600 h at 500 mA cm™2).
Similarly, Hu et al.”® reported an Irsac-NiFe-LDH catalyst with
long-term stability (120 h at 200 mA cm™2), where charge
redistribution at the active Ni sites (induced by the high-valence
Irsas) lowered the energy barrier of *OOH dissociation via the
AEM pathway, thereby facilitating the fast reaction kinetics of
Irsac-NiFe-LDH. Beyond serving as anchoring sites, the
interaction between monatomic NM atoms and the NiFe-based
support in determining activity/stability at HCDs is still elusive
for SACs, which should be of critical importance for maximizing
the efficiency of NMs and exploring novel properties.

Incorporating noble metals into NiFe-based catalysts, especially
as single-atom sites, enhances OER activity and durability by
improving active-site exposure, accelerating reaction kinetics,
and facilitating mass transport. Strategies like size reduction,
defect-rich supports,
maximize noble-metal utilization, while electronic interactions
with the NiFe host further optimize activity and stability at
HCDs, though the full mechanisms in single-atom systems
remain underexplored.

and heterostructure engineering

As a summary, Table 1 lists the catalytic activity and HCD
stability of recently reported NiFe-based catalysts designed for

HCD operations. For alkaline OER, strategies such as
heteroatom doping, heterostructure formation, and
defect/vacancy engineering have proven effective in

modulating the physical, electronic, chemical, and surface
properties of catalysts. These modifications directly influence
intermediate adsorption/desorption, OER mechanism, and
charge transfer kinetics, leading to substantial enhancements in
intrinsic activity. Additionally, employing techniques like in-situ
growth on conductive substrates, surface wettability
engineering, and the creation of 3D porous architectures can
significantly extend catalyst lifespan and boost overall
performance, aligning with the commercial requirements of
practical water electrolysis.

Importantly, the performance descriptors governing NiFe-
based electrocatalysts vary significantly across different
electrochemical processes. In half-cell OER measurements,
activity is primarily dictated by intrinsic parameters such as Fe
coordination environment, electronic structure modulation,

This journal is © The Royal Society of Chemistry 20xx
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and adsorption energetics of oxygen intermediates;3/ Howeyer,
under bifunctional operation or full-cell BléctfolyskPaddiionhal
parameters, including catalyst-support adhesion, bubble
management, mass transport, and structural robustness under
continuous polarization, become equally critical.®2 For instance,
strategies that promote surface reconstruction and lattice
oxygen participation may enhance intrinsic OER kinetics in half-
cell tests but can accelerate Fe dissolution and structural
degradation during prolonged high-current operation in
electrolyzers.” This process-dependent behavior highlights the
necessity of tailoring NiFe catalyst design according to the
targeted electrochemical configuration rather than relying
solely on half-cell performance metrics.

4. Scale-up technologies

Shifting focus towards large-scale systems, the performance
and durability of NiFe-based catalysts in a full electrolyzer cell
may deviate from half-cell tests due to variations in pH,
temperature, and pressure.

While HCDs can enhance reaction kinetics, they also entail higher
investment costs, requiring a balance between cost and efficiency to
optimize current density. Moreover, concentration polarization and
severe localized stresses induced by rapid gas bubble generation in
HCDs can compromise catalyst stability, ultimately leading to
inactivity.8384 To ensure the longevity and efficiency of electrolyzers,
it is essential to examine the catalyst performance within the context
of the entire system's operations. Liu et al.8> employed an alkaline
electrolyzer using an optimized NiFe alloy anode and NiMo cathode,
operating at 80°C with 30wt% KOH electrolyte. The superhydrophilic
structure of the NiFe catalyst (Fig. 3h) helped enhance mass transfer
and likely minimized gas bubbles that could obstruct active sites
during operation. This led to a low cell voltage (1.841 V at 500 mA
cm~2) and reduced energy consumption (4.4 kWh Nm= Hy). In
addition to its the NiFe//NiMo electrolyzer
demonstrated exceptional durability, maintaining stable operation
at HCD (50 h at 500 mA cm~2). Similarly, Ha et al.8 developed a NiFeV-
oxide thin-film electrocatalyst via magnetron sputtering, introducing

high activity,

oxygen vacancies that enhanced catalytic activity. Operando Raman
revealed that these vacancies, along with vanadium leaching,
promoted NiFe(oxy)hydroxide,
optimizing water adsorption and accelerating OER. The single-stack
NFV-0.7(-)|INFV-0.7(+) electrolyzer, operating at 60°C, achieved a
low cell voltage (1.84 V at 1000 mA cm~2), attributed to the formation
of Vo species resulting from vanadium substitution into NiFe, as well
as robust stability at the same current density for 50 h,
demonstrating its potential for industrial-scale electrolysis. In
another study, Fe ions were introduced as an electrolyte additive to
promote the activity of NiFe LDH in an anion exchange membrane
water electrolyzer, resulting in a low cell voltage of 1.73 V and a high
energy conversion efficiency of 69.4% at 3000 mA cm~2.87 Additional
comprehensive stability assessments under simulated industrial
conditions have recently been carried out, offering more reliable
quantitative data and enabling a more effective comparison of the
scalability potential of NiFe-based catalysts.88-20

surface reconstruction into
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Table 1 Stability of the reported NiFe-based OER catalysts at high current densities.

Page 10 of 14

View Article Online

DOI: IRdASHI aftert703K

Catalyst Design strategy used Overpotential Stability test Electrolyte stability test
[2INiFeOOH/NiFe/Ni42 Core-shell 300 mV at 1000 100 h at 500 1M KOH Small voltage
heterostructure mA cm2 mA cm2 decrease
P—Nis3S,/NiFe/ NF4e Phosphorous-doped 372 mV at 1000 20 h at 1000 1M KOH Pristine structure and
(or Phosphide) mA cm™2 mA cm2 morphology were
heterostructure retained
NiMoN/NiFe LDH>* Core-shell 266 mV at 1000 250 h at 1000 1M KOH Negligible
heterostructure / mA cm™2 mA cm™2 degradation
Nitrogen doping
NiFe-P-1.8830 Phosphorous (or 360 mV at 1000 100 h at 500 1M KOH Reasonable stability
Phosphide) doping mA cm™2 mA cm2
CeF3-NiFe LDH®! Heteroatom doping / 340 mV at 1000 90 h at 500 mA 1M KOH No significant change
Surface modification mA cm2 cm2
laINiFe-S-0.652 Sulphur (or Sulphide) 235 mV at 1000 140 h at 500 6M KOH Only 8.9% increase in
doping mA cm™2 mA cm2 potential
NiFeCo-0.6%1 Ternary LDH / Co- 353 mV at 1000 300 h at 500 1M KOH Negligible
doping / Optimized mA cm™2 mA cm2 degradation
LOM pathway
[EIWO;,Ni;7W3/NiFe(OH),/NF2 Core-shell 338 mV at 1000 120 h at 1000 6M KOH Negligible potential
heterostructure / mA cm~2 mA cm~2 rise
Heteroatom doping
Ni3S4/FeS(FNF-0.5 V)93 Sulphide-doped 395 mV at 1000 200 h at 1500 1M KOH No significant
heterostructure mA cm2 mA cm2 degradation
MoS,/NiFeS,/NF%4 Sulphide-doped 314 mV at 1000 35 h at 500 mA 1M KOH Onlya 76 mV
heterostructure mA cm~2 cm~2 increase in potential
NiFe-LDH/ FHO% LDH heterostructure 248 mV at 500 1000 h at 500 1M KOH Onlya30 mV
mA cm™2 mA cm2 increase in potential
leINiFeLa LDH-275 Heteroatom doping / 309 mV at 500 600 h at 500 1M KOH No significant
Defect engineering mA cm2 mA cm2 degradation
Cr-doped(4mol%) Oxide heterojunction / 360 mV at 500 200 h at 1000 1M KOH No noticeable decay
FeNis/NiFe,0436 Dual-defect mA cm™2 mA cm™2
engineering
Fe,N-Ni(OH),/NF®& Nitrogen doping 340 mV at 500 10 h at 500 mA 1M KOH Excellent potential
mA cm™2 cm2 sustention
laINiFe/PN/NF26 Phosphorous/Nitrogen- 297 mV at 500 40 h at 500 mA 6M KOH Onlya20 mV
doped (Dual-Doping) mA cm2 cm2 increase in potential

[a] Catalyst performance was tested in an alkaline electrolyzer or simulated industrial conditions.

5. Conclusions and future perspectives

The development of NiFe-based catalysts for the oxygen
evolution reaction (OER) has progressed rapidly, yet achieving
simultaneous high activity and long-term stability under high
current densities (HCDs) remains a critical challenge. Stability is
as crucial as intrinsic catalytic performance, particularly under
harsh oxidative conditions encountered in industrial water
electrolysis. Protective coatings, such as carbon-based layers or
metal oxides, can shield NiFe catalysts from corrosion and
structural degradation, but their effectiveness depends on
chemical robustness and electrical conductivity. Core-shell
architectures, in which a stable shell encases a reactive NiFe
core, can extend operational lifespan by preserving the active
core, yet the precise mechanisms that govern activity retention
remain poorly understood. To fully understand the precise
mechanism by which performance is enhanced in these
systems, further in-depth investigations are still necessary.

10 | J. Name., 2012, 00, 1-3

Future research must employ advanced operando and in-situ
characterization techniques to definitively resolve the precise
OER mechanism in complex systems, such as core-shell
structures. Crucially, the location of the true active site,
whether it resides on the conductive core, the protective shell,
or the reconstructed interface, remains a subject of debate that
must be clarified to enable rational catalyst optimization.

High catalytic performance also requires large surface areas and
dense active sites, ideally integrated on three-dimensional
conductive porous substrates to enhance mass transport,
electron conductivity, and bubble management. Gas bubble
accumulation at HCDs can impede reaction kinetics and damage
nanostructures. Strategies including surface (wettability)
engineering, hierarchical porosity, superaerophobic or
superhydrophilic interfaces, conductive scaffolds, and flow-
assisted bubble removal can improve gas evacuation, stability,
and overall performance. Structural reconstruction during OER
can either expose new active sites or degrade catalysts, and its

This journal is © The Royal Society of Chemistry 20xx
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beneficial aspects can be further optimized through defect
engineering, alloying, heteroatom doping, and self-healing
materials, enhancing durability under demanding conditions.
Despite these advances, key challenges remain. A
comprehensive understanding of degradation mechanisms
under HCDs, including corrosion, leaching, structural collapse,
and bubble-induced stress, is lacking. Moreover, bridging the
gap between lab and industrial OER requires a standardized
benchmark catalyst for HCD evaluation under industry-relevant
conditions, including elevated temperatures (60-90°C), high
pressure (6-200 bar), and high alkaline electrolyte
concentration (20-30wt%). Lastly, developing scalable and
energy-efficient synthesis methods for the catalytic electrode is
equally important for economic viability.
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