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Abstract

The sluggish kinetics of the anodic oxygen evolution reaction (OER) in water electrolysis for hydrogen production and its heavy
dependence on noble metal catalysts restrict the large-scale application of green hydrogen energy. In this work, we designed and
prepared a self-supported dual-phase high-entropy layered double hydroxide/spinel (HELDH/HESO) heterostructured oxygen
evolution electrocatalyst, (K)-NiCoFeCrCe-HELDH/HESO@NF, synergistically driven by alkali metal potassium (K). Through
a one-step hydrothermal method, six metal salts containing K, Ni, Co, Fe, Cr, and Ce were co-deposited on a nickel foam (NF)
substrate, yielding a self-supported electrode with a three-dimensional nanosheet structure and moderate pore size. The
introduction of catalytically inactive alkali metal K into the lattice induces lattice expansion and distortion, optimizes the
electronic density of states of adjacent transition metals (Ni, Co, Fe), and regulates the d-band center position, thereby optimizing
the adsorption free energies of oxygen-containing intermediates (OH*, O*, OOH*) and significantly enhancing the intrinsic
OER activity. The dual-phase LDH/spinel heterointerfaces provide high-density defects and unsaturated coordination sites,
strengthening interfacial electronic regulation. In 1 M KOH electrolyte, (K)-NiCoFeCrCe-HELDH/HESO@NF requires only
overpotentials of 279 mV and 355 mV to achieve current densities of 100 mA ¢m? and 1000 mA c¢m, respectively,
outperforming the K-free counterpart electrode. In an anion exchange membrane (AEM) electrolyzer under simulated industrial
conditions, the electrode operated continuously at a constant current of 1 A for 100 h with only about 6.4% voltage increase,
demonstrating excellent long-term stability. The preparation process is simple, reproducible, cost-controllable, and
environmentally friendly, offering a new strategy for the development of efficient, stable, and low-cost non-noble-metal OER
catalysts.
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1. Introduction

Fossil fuels are finite, and their continued use is running
into resource depletion, environmental pollution, and carbon
emissions. To move toward a low-carbon energy system and
green, sustainable development, China has set clear “dual car-
bon” goals: peaking carbon emissions before 2030 and reach-
ing carbon neutrality by 2060 [1-3]. This has spurred rapid
growth in renewable power generation, including solar, wind,
and hydropower. However, these sources are inherently inter-
mittent and variable, which makes large-scale, high-penetra-
tion grid integration difficult, and surplus electricity is hard to
store and use efficiently. Hydrogen—a clean and efficient sec-
ondary energy carrier—offers a promising way to convert and
store surplus renewable electricity. Water electrolysis for hy-
drogen production has therefore become a key route to large-
scale green hydrogen production [4].

At present, hydrogen production via water electrolysis
mainly follows four technological routes: alkaline water elec-
trolysis (ALK), proton exchange membrane water electrolysis
(PEM), high-temperature solid oxide electrolysis (SOEC), and
anion exchange membrane water electrolysis (AEM) [5-7].
AEM water electrolysis combines the low cost of ALK with
the simplicity and high efficiency of PEM. It features high hy-
drogen purity, fast system response, and good gas tightness,
making it well matched to the intermittent and fluctuating out-
put of renewable power generation, while also allowing a
broad choice of catalysts for the membrane electrode assembly.
However, AEM water electrolysis involves two half-reactions:
the anodic oxygen evolution reaction (OER) and the cathodic
hydrogen evolution reaction (HER). OER is a complex four-
electron transfer process with sluggish kinetics and a rela-
tively high overpotential, which restricts the overall energy
conversion efficiency and economic feasibility [8, 9]. At the
same time, high-performance catalysts still rely on noble met-
als such as Ir and Ru, keeping costs high. Therefore, develop-
ing efficient, highly stable, and low-cost non-noble-metal
OER celectrocatalysts has become key to advancing the large-
scale deployment of this technology [10].

Over the past few years, high-entropy materials (HEMs)
have shown considerable promise in electrocatalytic OER,
largely because of their unique multi-element synergy and tai-
lorable electronic structures [11]. Typically, such materials are
composed of five or more metals in equal or nearly equal mo-
lar ratios, leading to a highly disordered atomic arrangement
along with plentiful surface defects and active sites . This
high-entropy design strategy has further been expanded to lay-
ered double hydroxides (LDHs), producing high-entropy
LDHs that offer greater elemental variety and structural ad-
justability [12]. However, the multi-component nature of
HEMs makes it challenging to achieve an ideal trade-off be-
tween catalytic activity and structural durability. Moreover,
the entropy-induced complexity of inter-component interac-
tions can adversely affect electron transport and reaction ki-
netics [13, 14]. Thus, how to realize effective cooperation
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among metal components and concurrently optimize both ac-
tivity and stability is a key scientific issue for advancing
HEMs in OER [15].

Heterostructure engineering has proven to be an effective
route to improved OER performance [16]. Heterointerfaces
tend to create abundant defect sites and dangling bonds, which
can act as additional catalytic centers with high intrinsic activ-
ity. Owing to the work-function difference between the two
phases, directional electron transfer and redistribution occur
at the interface, thereby optimizing the adsorption free ener-
gies of oxygen-containing intermediates (OH*, O*, OOH*)
on the active sites and effectively lowering the reaction over-
potential and the energy barrier of the rate-determining step
[17, 18]. Yet heterostructures also face issues such as poor in-
terfacial stability, uncertain resistance, and ambiguous active
sites. The high-entropy heterostructure design concept
achieves directional control over the electronic structure by
constructing multi-metal active sites. Its entropy stabilization
effect and sluggish ion-migration kinetics help suppress phase
evolution and metal-ion dissolution during electrochemical
processes, pointing the way toward efficient and stable non-
noble-metal OER catalytic systems [19-21].

Alkali metal ions, with their low electronegativity and large
ionic radius, can be introduced into oxide/hydroxide lattices
as non-catalytically active species. Their incorporation causes
lattice expansion and distortion, which helps tune the elec-
tronic density of states of nearby transition metals and shift
the d-band center. This, in turn, optimizes the adsorption free
energies of oxygen-containing intermediates and boosts in-
trinsic OER activity [22-25]. Building on this idea, we de-
signed and prepared a self-supported dual-phase high-entropy
layered double hydroxide/spinel (HELDH/HESOQ) hetero-
structured electrode, (K)-NiCoFeCrCe-HELDH/HESO@NF,
in which alkali metal potassium (K) acts as a synergistic driver.
A one-step hydrothermal method was used to co-deposit six
metal salts—K, Ni, Co, Fe, Cr, and Ce—on nickel foam. The
resulting electrode takes advantage of high-entropy effects,
heterointerface synergy, and K-mediated electronic regulation
simultaneously. Its structure and electrocatalytic OER perfor-
mance were systematically studied, and its potential for indus-
trial use was further confirmed in an anion exchange mem-
brane electrolyzer.

2. Materials and Methods

Nickel foam (NF; 1 cm % 8 cm) was ultrasonically cleaned
in 1 M HCI, acetone, and anhydrous ethanol for 20-30 min in
sequence. After rinsing with deionized (DI) water, it was dried
in a vacuum oven at 60 °C and set aside for use.
Ni(NOs3),-6H,0, Co(NO3)2 6H0, Fe(NO3)3-9H,0,
Cr(NO3)3-9H,0, and Ce(NOs3)3-6H,O were dissolved in 35
mL DI water. The total transition-metal amount was fixed at 2
mmol, with the Ni:Co:Fe:Cr:Ce molar ratio at
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0.4:0.4:0.4:0.4:0.4 (0.4 mmol each). KNO3 was then added to
give K:(Ni+Co+Fe+Cr+Ce) = 0.8:2. The mixture was mag-
netically stirred for 5 min until homogeneous. Urea (12 mmol)
and NH4F (8 mmol) were added, and stirring continued for
another 5 min. The resulting solution was transferred together
with the pretreated NF into an 80 mL PTFE liner, sealed in a
stainless-steel autoclave, and heated at 120 °C for 8 h. This
produced an NF-supported dual-phase high-entropy layered
double hydroxide/spinel heterostructured electrode, denoted
(K)-NiCoFeCrCe-HELDH/HESO@NF. The obtained sample
was washed alternately with DI water and 95% ethanol until
the washings became neutral, then vacuum-dried at 60 °C. To
assess the role of potassium, a K-free control electrode, NiCo-
FeCrCe-HELDH/HESO@NF, was prepared under identical
conditions except that KNO; was omitted.

The sample morphology was analyzed using a Zeiss Sigma
500 scanning electron microscope (SEM), and the elemental
composition and distribution were determined by an Oxford
X-Max energy-dispersive spectrometer (EDS). The crystal
structure was analyzed with a Haoyuan DX-2700BH X-ray
diffractometer (XRD, Cu Ka radiation, 40 kV, 30 mA, scan-
ning range 20 = 10°-80°, scan rate 5°/min).

The oxygen evolution performance was evaluated using a
Gamry Reference 3000 electrochemical workstation (USA). A
three-electrode system was employed: Hg/HgO as the refer-
ence electrode, platinum foil as the counter electrode, and the

prepared electrode as the working electrode, with 1 M KOH
aqueous solution as the electrolyte. The potential was con-
verted to reversible hydrogen electrode (RHE) scale using the
equation E(RHE) = E(Hg/HgO) + 0.059 x pH + 0.098. Long-
term stability tests were conducted in an anion exchange
membrane (AEM) electrolyzer using chronoamperometry at a
constant current of 1 A for continuous operation over 100
hours.

3. Results and Discussion

hydrothermal

(== 2
120°C 8h

Nickel Foam (NF) (K)-NiCoFeCrCe-HELDH/HESO@NF

Figure 1. Schematic diagram of the synthesis of the (K)-NiCo-
FeCrCe-HELDH/HESO@NF.

Figure 2. (4) SEM images of (K)-NiCoFeCrCe-HELDH/HESO@NF. (B) Elemental distribution maps of (K)-NiCoFeCrCe-

HELDH/HESO@NF.
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Figure 1 illustrates the preparation route of (K)-NiCo-
FeCrCe-HELDH/HESO@NF. The high-entropy (K)-NiCo-
FeCrCe-HELDH/HESO@NF was grown in situ on NF via
hydrothermal synthesis. Figure 2A presents SEM images, re-
vealing that the surface of the (K)-NiCoFeCrCe-
HELDH/HESO@NF electrode exhibits a three-dimensional
nanosheet architecture, with individual nanosheets approxi-
mately 200600 nm in lateral size. This two-dimensional
nanosheet structure endows the material with a relatively
large specific surface area, which helps expose more catalyt-
ically active sites and facilitates rapid electron transport and
transfer. The suitable pore channels on the surface also pro-
mote the transport and adsorption/desorption of the alkaline
electrolyte and reaction intermediates. Figure 2B shows EDS
analysis results: the six elements K, Ni, Co, Fe, Cr, and Ce
are uniformly distributed across the electrode surface, con-
firming that the high-entropy multi-metal components un-
derwent homogeneous co-precipitation during hydrothermal
co-deposition, with elemental segregation effectively sup-
pressed.

— (K)-NiCoFeCrCe-HELDH/HESO@NF

Intensity (a.u.)

PDF#00-004-0850 NF
PDF#00-080-1537 Co,0,

10 20 30 40 50 60 70
20 (degree)
Figure 3. XRD images of (K)-NiCoFeCrC-HELDH/HESO@NF.

80

Figure 3 presents the XRD pattern. Peaks appear at roughly
11.6°,23.4°,34.5° and 39.1°. Based on the standard database
(PDF#049-0188), these correspond to the (003), (006), (012),
and (015) reflections of a hexagonal NiFe-LDH structure. A
peak near 18.9° matches the Co30s4 spinel phase (PDF#080-
1537). Together, these results show that the sample contains
both a high-entropy layered double hydroxide phase and a spi-
nel phase, i.e., a dual-phase heterostructure. The interface re-
gion between the two phases usually has a high density of de-
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fects and unsaturated coordination sites, which can act as effi-
cient catalytic active centers. The two phases are also tightly
bound, which helps prevent elemental segregation and pre-
serve structural stability.

To evaluate the OER performance of (K)-NiCoFeCrCe-
HELDH/HESO@NF, electrochemical measurements were
carried out in 1 M KOH using the standard three-electrode
configuration shown in Figure 4. OER activity of (K)-NiCo-
FeCrCe-HELDH/HESO@NF and the K-free control elec-
trode was then compared by linear sweep voltammetry (LSV).
At a current density of 100 mA cm™, the overpotential of the
K-containing electrode was 279 mV, whereas the K-free elec-
trode required 299 mV. When the current density was in-
creased to 1000 mA cm?, the corresponding overpotentials
were 355 mV and 389 mV, respectively. Thus, the K-contain-
ing electrode lowered the overpotential by 20 mV at 100 mA
cm? and by 34 mV at 1000 mA c¢cm™. The larger overpoten-
tial gap at high current density indicates that K doping not
only improves the intrinsic activity of the material but also
helps maintain favorable reaction kinetics under more de-
manding operating conditions. This performance enhance-
ment can be explained by the combined electronic and struc-
tural effects introduced by K. Because K has low electroneg-
ativity and a large ionic radius, its incorporation into the
HELDH lattice causes lattice expansion and distortion. This
perturbation alters the electronic density of states of neigh-
boring Ni, Co, and Fe and shifts the d-band center, thereby
optimizing the adsorption free energies of the oxygen-con-
taining intermediates OH*, OOH*, and O* and lowering the
energy barrier of the rate-determining step. As a result, the
intrinsic OER activity is enhanced. Since both the K-doped
electrode and the K-free electrode share the same high-en-
tropy LDH/spinel framework, the lower overpotential of the
(K)-electrode specifically highlights the electronic modula-
tion role of K, rather than merely compositional or morpho-
logical differences. The dual-phase heterointerface and high-
entropy matrix further reinforce this effect. The LDH/spinel
interface provides abundant defects and unsaturated coordi-
nation sites that can serve as additional active centers; mean-
while, the work-function difference between the two phases
drives directional electron transfer and redistribution at the
interface, thereby tuning intermediate binding and interfacial
charge transport. The high-entropy composition contributes
to entropy stabilization and sluggish ion-migration kinetics,
thus suppressing metal-ion leaching and phase transfor-
mation during electrocatalysis. In addition, the three-dimen-
sional nanosheet structure and suitable pore channels facili-
tate electrolyte penetration, intermediate diffusion, and gas
bubble release. Collectively, these features explain why (K)-
NiCoFeCrCe-HELDH/HESO@NF exhibits significantly
lower overpotentials than the K-free control at both moder-
ate and high current densities.
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Figure 4. A) LSV curves of (K)-NiCoFeCrCe-HELDH/HESO@NF. (B) Overpotentials in y100 and y1000.

To assess how (K)-NiCoFeCrCe-HELDH/HESO@NF
performs under practical conditions, we carried out a long-
duration stability test in an anion exchange membrane water
electrolyzer (AEMWE), aiming to gauge its feasibility for
industrial-scale hydrogen production. Figure 5A depicts the
assembled AEMWE setup, and Figure 5B provides the corre-
sponding stability profile. At room temperature and an indus-
trially relevant current density of 1 A cm™, the cell voltage
rose only from 2.18 to 2.32 V after more than 100 h of con-
tinuous operation—an increase of roughly 6.4%. This indi-
cates outstanding durability and meets the long-term opera-
tion demands of an AEM water electrolysis system under
simulated industrial conditions. The stable behavior can be
traced to several coupled mechanisms. Potassium incorpora-
tion into the HELDH lattice causes lattice expansion and dis-
tortion, altering the electronic density of states of adjacent
Ni, Co, and Fe and displacing the d-band center. Accordingly,
the adsorption free energies of OH, O, and OOH* become
more favorable. Meanwhile, the barrier associated with the

AEMIE
HER

OER

AW KOH

Ft K-NiCoFeCrle HELDH@MF

rate-determining step is reduced. Which helps sustain intrin-
sic OER activity at high current density. At the dual-phase
LDH/spinel interface, abundant defects and unsaturated co-
ordination sites are present, and the work-function difference
between the phases induces directed interfacial electron
transfer and redistribution. These features stabilize active
centers and preserve favorable intermediate binding during
prolonged electrolysis. The high-entropy effect also contrib-
utes entropy stabilization and slow ion-migration kinetics;
together with intimate interphase contact, it restrains metal-
ion leaching and phase evolution, maintaining structural in-
tegrity and corrosion resistance. In addition, the 3D
nanosheet architecture and suitable pore channels aid elec-
trolyte permeation, intermediate diffusion, and gas bubble
disengagement, alleviating severe mass-transport constraints
at 1 A cm. Overall, these mechanisms allow the electrode
to retain structural and electrochemical stability beyond 100
h, as reflected in the small voltage rise. This further supports
the catalyst’s potential to advance from three-electrode ac-
tivity screening to industrial-level operation.

m
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4
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Figure 5. (A) Schematic illustration of the AEM electrolyzer configuration of (K)-NiCoFeCrCe-HELDH/HESO@NEF. (B) Long-term durability

measurement was carried out for the AWE at 1 A cm™.
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The outstanding OER performance of (K)-NiCoFeCrCe-
HELDH/HESO@NF originates from several coupled mech-
anisms rather than a single structural feature. Potassium
plays a central electronic role: its low electronegativity and
large ionic radius allow it to enter the HELDH lattice, where
it induces lattice expansion and distortion. This perturbation
alters the electronic density of states of neighboring Ni, Co,
and Fe and shifts the d-band center, thereby bringing the ad-
sorption free energies of OH*, O*, and OOH* closer to op-
timal and enhancing intrinsic OER activity. The dual-phase
LDH/spinel heterointerface provides another level of regu-
lation. It contains abundant defects and unsaturated coordi-
nation sites that can serve as additional catalytically active
centers. Moreover, the work-function mismatch between the
two phases drives directional electron transfer and redistri-
bution across the interface, which further optimizes interme-
diate binding and lowers the energy barrier of the rate-deter-
mining step. Entropy stabilization also contributes. The
high-entropy composition, together with sluggish ion-migra-
tion kinetics and the intimate contact between the two phases,
helps suppress leaching of active metal ions and phase trans-
formation during electrocatalysis. This preserves structural
integrity and corrosion resistance over prolonged operation.
Morphology matters as well. The three-dimensional
nanosheet architecture and suitable pore channels improve
electrolyte transport and intermediate adsorption/desorption,
supporting fast reaction kinetics at high current densities.
Collectively, these effects give the electrode both high activ-
ity and high stability in alkaline media. This design is also
consistent with recent reports on alkali-metal (Na)-doped
high-entropy hydroxides, in which oxygen nonbonding
states are engineered to promote water oxidation.

4. Conclusions

A one-step hydrothermal route was used to co-deposit six
metal salts—K, Ni, Co, Fe, Cr, and Ce—onto nickel foam,
yielding a self-supported dual-phase high-entropy layered
double hydroxide/spinel (HELDH/HESO) heterostructured
electrode, (K)-NiCoFeCrCe-HELDH/HESO@NF, in which
alkali metal potassium acts as a synergistic driver. The elec-
trode features a three-dimensional nanosheet architecture and
a uniform distribution of multiple elements. In 1 M KOH, it
delivers current densities of 100 and 1000 mA cm at overpo-
tentials of only 279 and 355 mV, respectively, outperforming
the K-free control. When tested in an anion exchange mem-
brane electrolyzer under simulated industrial conditions, the
cell showed a voltage increase of just about 6.4% after 100 h
of continuous operation, indicating excellent long-term stabil-
ity. The combined effects of K-mediated electronic regulation,
dual-phase heterointerface synergy, and high-entropy stabili-
zation enable simultaneous optimization of catalytic activity
and structural durability. The preparation method is straight-
forward, reproducible, cost-controllable, and environmentally
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benign, offering a practical design strategy for efficient, stable,
and low-cost non-noble-metal OER catalysts for AEM water
electrolysis hydrogen production.
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AEM  Anion Exchange Membrane
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