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abundant oxygen vacancies enabling lattice-
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High-entropy oxides (HEOs) offer a promising platform for overcoming the activity-stability trade-off in
oxygen evolution reaction (OER) catalysis. Herein, we report a SiO,-templated strategy to construct
porous spinel HEOs with tunable oxygen vacancy concentrations. The optimized HEO-350 catalyst
exhibits a high specific surface area (213 m? g3 and abundant defect sites, delivering an overpotential of
267 mV at 10 mA cm? and excellent durability over 100 h at 100 mA cm? in alkaline media.
Spectroscopic and electrochemical analyses reveal enhanced metal-oxygen electronic interactions and
increased surface-active oxygen species at lower calcination temperatures. pH-dependent measurements,
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tetramethylammonium inhibition experiments, and in situ ATR-FTIR spectroscopy collectively indicate
promoted lattice oxygen participation in the OER process. The synergistic effects of entropy stabilization
and oxygen-vacancy engineering enable high intrinsic activity while preserving structural robustness. This
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work provides an effective route for designing defect-rich HEO electrocatalysts for efficient and durable
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1. Introduction

As the global energy landscape shifts toward a low-carbon
future, hydrogen has emerged as a promising energy carrier
owing to its environmental benignity and high sustainability,
providing an effective route to reduce dependence on fossil
fuels." Electrochemical water splitting is considered a key
technology for large-scale green hydrogen production because
it enables carbon-free operation and yields high-purity
hydrogen.> However, the oxygen evolution reaction (OER) at
the anode represents the primary kinetic bottleneck, involving
a complex four-electron/proton-transfer process that leads to
substantial energy losses and limits the overall efficiency of
water electrolysis systems.’ Therefore, the development of
high-performance OER  electrocatalysts ~ with low
overpotentials and long-term durability is critical to
enhancing hydrogen production efficiency and advancing the
practical deployment of this technology.*

On conventional noble-metal oxide electrocatalysts (e.g.,
IrO, and RuO,) under alkaline conditions, the OER typically
proceeds via the adsorbate evolution mechanism (AEM), in
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which oxygen is generated through the sequential coupling of
surface-adsorbed intermediates (*OH, *O, and *OOH), while
the lattice oxygen remains largely uninvolved.” The AEM
pathway is fundamentally limited by a well-established
scaling relationship (AGoou = AGon + 3.2 eV), which prevents
independent optimization of intermediate binding energies.
As a result, a minimum theoretical overpotential of ~0.37 V
arises, giving rise to the characteristic volcano-type activity
trend.® Consequently, breaking these scaling relations has
become a central objective in OER catalysis research. In this
context, lattice-oxygen-active catalysts operating via the lattice
oxygen mechanism (LOM) have been extensively explored.” In
the LOM pathway, lattice oxygen directly participates in redox
process and can bypass the rate-determining adsorbate
coupling step through direct O-O bond formation.* ™’
Despite the prospect of higher intrinsic activity, LOM-based
catalysts often suffer from structural degradation due to
continuous lattice oxygen participation and associated defect
generation during OER operation.>"" Therefore, developing
robust catalysts capable of sustaining LOM activity while
maintaining structural integrity remains a critical challenge.
Transition-metal-based catalysts are particularly attractive
for large-scale implementation because of their natural
abundance and cost-effectiveness.”>™"” Among them, Fe- and
Ni-based materials have demonstrated promising OER
activity in alkaline media."®>° However, as noted above,
maintaining structural integrity during prolonged operation
remains a critical bottleneck for these catalysts. One
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emerging strategy to address this challenge is the use of
high-entropy oxides (HEOs) as OER electrocatalysts. HEOs are
defined as single-phase solid solutions composed of five or
more principal elements in near-equimolar ratios, where the
high configurational entropy stabilizes the crystal structure
and gives rise to the so-called “cocktail effect”.>"** The
incorporation of multiple cations induces lattice distortion
and diverse local coordination environments, which can
generate abundant unsaturated active sites and oxygen
vacancies, thereby enhancing intrinsic OER activity.>*>” More
importantly, the entropy-stabilized framework can improve
structural robustness under oxidative conditions, helping to
mitigate the degradation issues commonly associated with
lattice-oxygen-participating catalysts.”® Recent studies have
shown that introducing oxyphilic elements (e.g., Sc, Ti, V, and
Cr) into FeCoNiMn-based HEOs modulates the electronic
structure and strengthens metal-oxygen interactions; in
particular, the FeCoNiMnCr system exhibits optimized
oxygen adsorption behavior and improved charge-transfer
capability.>**°

However, the synthesis of HEOs commonly relies on high-
temperature calcination, which often leads to severe particle
sintering and reduced specific surface areas, thereby limiting
the exposure of active sites and compromising catalytic
efficiency.*’ To overcome this limitation, we report herein a
novel SiO,-templated strategy for constructing HEO catalysts
with tunable surface areas. Fe, Co, Ni, and Mn were selected
based on their established OER activity, while high-valent Cr
was incorporated to modulate oxygen adsorption behavior
and electronic structure.**** This synthetic approach enables
the formation of porous HEO architectures composed of well-
dispersed nanoparticles with enlarged specific surface areas.
Moreover, by optimizing the calcination conditions, a
gradient distribution of oxygen vacancies can be introduced
into the lattice.

The optimized catalyst delivers highly competitive OER
performance, requiring an overpotential of only 267 mV to
reach a current density of 10 mA cm™. Mechanistic
investigations, including pH-dependent measurements,
chemical probing experiments, and in situ FTIR spectroscopy,
reveal that the enriched oxygen vacancies facilitate lattice
oxygen participation, thereby promoting the LOM pathway.
Overall, this work presents a high-performance HEO
electrocatalyst for green hydrogen production and provides
new insights into defect engineering strategies for high-
entropy materials in energy conversion applications.

2. Experimental
2.1. Synthesis of SiO,-templeted HEOs

All chemicals were purchased from commercial suppliers in
China with analytical-grade purity or higher, and used as
received. In a typical synthesis, 5 mmol of each metal
nitrate precursor, including Fe(NO3);:6H,0, Co(NOj3);:6H,0,
Ni(NO;),-6H,0, Mn(NO,),-4H,0 and Cr(NO;);-9H,0, were
dissolved in 10 mL of deionized water. Subsequently, 1.5 g
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of fumed SiO, was added to the solution under continuous
stirring until a homogeneous suspension was obtained. The
mixture was maintained at 80 °C under continuous stirring
to evaporate water until a viscous gel formed that could no
longer be stirred. The gel was then divided into six
portions, each of which was transferred to a muffle
furnace and calcined in air at 350, 400, 550, 700, 850, or
1000 °C for 5 h. After naturally cooling to room
temperature, the resulting solids were ground into fine
powders and subsequently etched in 2 M NaOH aqueous
solution at 70 °C for 12 h under continuous stirring to
remove the SiO, template. The products were then filtered,
thoroughly washed with deionized water until neutral pH
was reached, and dried to obtain the final HEO catalysts.
These samples are denoted as HEO-T, where T represents
the calcination temperature (e.g., HEO-350 corresponds to
the sample calcined at 350 °C).

For comparison, a reference non-high-entropy catalyst
with the same overall composition was prepared by
physically mixing the five individual metal oxides, each
synthesized via the same SiO,-templated route, followed by
calcination at 350 °C. This sample was labeled as non-
HEO-T.

2.2. Characterizations

Powder X-ray diffraction (XRD) patterns were recorded on a
Haoyuan DX-2800 diffractometer using Cu Ka radiation (1 =
1.5406 A) to determine the crystalline structure. Data were
collected over a 26 range of 5-90° with a step size of 0.02°. N,
adsorption-desorption isotherms were measured using an
iPore 620 surface area and porosity analyzer at -186 °C. Prior
to analysis, samples were degassed under vacuum at 300 °C
for 16 h. The specific surface areas were calculated using the
Brunauer-Emmett-Teller (BET) method, while pore size
distributions were derived from the adsorption branches
using the Barrett-Joyner-Halenda (BJH) model.

The morphology of the catalysts was examined using a
Thermo Scientific Apreo 2 scanning electron microscope
(SEM). Detailed microstructural characterization was
performed by high-resolution transmission electron
microscopy (HRTEM) combined with energy-dispersive X-ray
spectroscopy (EDS) elemental mapping on a JEOL JEM-F200
microscope operated at an accelerating voltage of 200 kV,
with a point resolution of 0.23 nm. For SEM observation,
samples were mounted on carbon-coated conductive tape
and sputter-coated with a thin Pt layer to improve
conductivity. For TEM and EDS analyses, the powders were
ultrasonically dispersed in ethanol for 30 min, followed by
drop-casting onto copper grids and drying under ambient
conditions.

X-ray photoelectron spectroscopy (XPS) measurements
were conducted on a Thermo Fisher ESCALAB Xi system
equipped with an Al Ko X-ray source (hv = 1486.6 eV) under
ultra-high vacuum (~8 x 107'° Pa). Survey spectra were
collected with a step size of 1.0 eV, while high-resolution

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectra of the relevant elements were recorded with a step
size of 0.1 eV. All binding energies were calibrated using the
adventitious C 1s peak at 284.8 eV.

H, temperature-programmed  reduction  (H,-TPR)
experiments were performed on a Micromeritics AutoChem
II 2920 instrument equipped with a thermal conductivity
detector (TCD). Approximately 100 mg of catalyst (60-80
mesh) was used for each measurement. Prior to reduction,
the sample was pretreated in a 5% O,/N, flow (30 mL min™")
at 300 °C for 1 h and then cooled to 50 °C under the same
atmosphere. The system was subsequently purged with Ar
(30 mL min™) to remove residual oxygen until a stable
baseline was obtained. A 10% H,/Ar mixture (30 mL min ")
was then introduced, and the temperature was ramped from
50 °C to 800 °C at a rate of 10 °C min™" while monitoring H,
consumption with the TCD.

In situ attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy was carried out on a
Thermo Fisher iS50 spectrometer coupled with a PIKE
VeeMAX III electrochemical cell. Spectra were collected with
32 scans at a resolution of 4 em™ in 1 M KOH, with the
applied potential varied from 0.00 to 1.00 V versus the
reversible hydrogen electrode (RHE).

2.3. Electrochemical measurements

Electrochemical measurements were carried out at ambient
temperature using a standard three-electrode configuration
connected to a CHI 660E electrochemical workstation. An N,-
saturated 1 M KOH solution was used as the electrolyte. A
platinum sheet and a Hg/HgO electrode (with a salt bridge)
served as the counter and reference electrodes, respectively.
The working electrodes were prepared by ultrasonically
dispersing catalyst powder (5.0 mg) and carbon black (3.0 mg)
in a mixed solution of 20 puL 5.0 wt% Nafion and 980 pL
ethanol for 1 h to form a homogeneous ink. Subsequently,
200 pL of the suspension was drop-cast onto a 1.0 cm? carbon
paper substrate and dried under ambient conditions,
resulting in a catalyst loading of 1.0 mg cm ™2,

Cyclic voltammetry (CV) was initially performed to activate
the electrode, scanning in the range of 1.0-2.0 V vs. RHE at
30 mV s until two consecutive results completely
overlapped. Linear sweep voltammetry (LSV) was conducted
at a scan rate of 2 mV s ', with 90% iR compensation
applied. The overpotential () was calculated according to 7 =
Egrue — 1.23 V. Tafel plots were derived from the LSV data
using the equation # = blog(j) + a, where b is the Tafel slope
and j is the current density. Electrochemical impedance
spectroscopy (EIS) measurements were performed over a
frequency range of 0.01 Hz to 100 kHz with an AC amplitude
of 5.0 mV and the corresponding voltage when the current
density was 10 mA ecm™. The electrochemical double-layer
capacitance (Cq;) was estimated from CV curves recorded in
the non-faradaic region at scan rates of 10-100 mV s *. The
electrochemically active surface area (ECSA) was calculated
using ECSA = Cq)/Cs, where C was taken as 0.040 mF ¢cm ™.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Catalyst stability was evaluated by chronopotentiometry
(CP) at a constant current density of 100 mA cm™ for 100 h,
along with an accelerated degradation test (ADT) consisting
of 10000 CV cycles. LSV curves were recorded before and
after the stability tests to assess performance changes. The
proton reaction order (p®"F) was determined using p*"F =
olog(j)/op over a pH range of 12-14 at 1.55 V versus the
reversible hydrogen electrode (RHE). All measured potentials
were converted to the RHE scale according to the Nernst
equation.

3. Results and discussion
3.1. Structural characterization

The crystal structures of the HEO-T catalysts were first
examined by X-ray diffraction (XRD). As shown in Fig. 1a, the
diffraction peak intensity and sharpness progressively
increase with increasing calcination temperature, indicating
enhanced crystallinity and grain growth at higher
temperatures. All diffraction peaks can be well indexed to a
standard spinel oxide phase (PDF#80-1668; space group:
Fd3m (227)), and the corresponding crystallographic planes
are labeled in the figure.>* Notably, no secondary phases or
impurity peaks are detected, no residue of the hard template
agent SiO, is observed, confirming the successful formation
of single-phase high-entropy oxide nanoparticles. Of
particular interest is that the HEO-350 and HEO-400 samples
exhibit broadened and relatively weak diffraction peaks,
indicative of low crystallinity. This behavior can be attributed
to severe lattice distortion and abundant structural defects
arising from multicomponent cation incorporation, which is
often found in entropy-stabilized systems.>”

Consistent with the XRD results, N, adsorption-
desorption measurements (Fig. S1 and Table S1) display
mixed-type (III/IV) isotherms with distinct H3-type hysteresis
loop, indicative of mesoporous structures.’® The specific
surface areas of HEO-350, -400, -550, -700, -850, and -1000 are
213, 162, 75, 55, 40, and 29 m*> g', respectively,
demonstrating a pronounced decrease with increasing
calcination temperature. HEO-350 and HEO-400 exhibit a
high proportion of small mesopores (<10 nm), whereas
samples calcined at higher temperatures (550-1000 °C) show
progressively larger average pore diameters (10-35 nm). This
evolution reflects thermally induced particle growth and pore
coarsening, in agreement with the XRD measurements. The
exceptionally high surface area and smaller pore size of HEO-
350 can be attributed to the SiO, templating strategy.>” As a
hard template, the SiO, effectively suppresses direct
agglomeration of high-entropy oxide grains in a physical
barrier form during low-temperature calcination, effectively
inhibiting particle aggregation; as a sacrificial template, it
preserves a porous architecture after NaOH etching, creating
void space.*®?°

Prior to NaOH etching, SEM analysis (Fig. S2) reveals that
the precursor consists of quasi-spherical aggregates with a
broad size distribution ranging from submicron to several
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Fig. 1 (a) XRD patterns of HEO-T samples calcined at different temperatures. (b) HRTEM image of HEO-350 revealing crystalline spinel domains

coexisting with amorphous regions and localized lattice defects. (c) EDS elemental mapping of Fe, Co, Ni, Mn, Cr, and O in HEO-350,
demonstrating homogeneous elemental distribution. (d) Atomic-resolution HAADF-STEM images of HEO-350. (e) EELS spectra between domain A
and domain B and atomic contrast intensity graph of the metal columns from blue line A and green line B in Fig. 1a.

micrometers. After calcination at 350 °C and then NaOH
etching, the SEM image of HEO-350 (Fig. S3) shows irregular
secondary aggregates composed of nearly spherical primary
nanoparticles with sizes of ~18-28 nm. As the calcination
temperature increases, these primary particles progressively
coalesce and grow (Fig. S4-S8). For instance, the average
particle size in HEO-1000 increases to ~30-50 nm, indicating
thermally induced grain growth (Fig. S8). HRTEM
characterization of HEO-350 (Fig. 1b) reveals lattice fringes
with interplanar spacings of 0.262, 0.213, and 0.160 nm,
which can be assigned to the (311), (400), and (511) planes of
the spinel structure, respectively. These values show slight
deviations from those of a standard spinel lattice, suggesting
pronounced lattice distortion at this relatively low calcination
temperature. The presence of amorphous regions
(highlighted by blue dashed lines) and localized lattice
defects (red circles) is also observed, which are associated
with defect formation and oxygen vacancies induced by
multicomponent cation incorporation.

Aberration-corrected scanning transmission electron
microscopy was used to characterize the defects in the
catalyst, and the results are shown in Fig. 1d and e. In the
HAADF-STEM dark-field image (Fig. 1d), the white bright
spots correspond to metal atoms with higher atomic
numbers. Notably, a significant absence of metal atoms is
observed in region A, while region B exhibits a complete
lattice arrangement. In the linear intensity distribution
curves shown in Fig. 1e, Line A shows irregular response
signals, further confirming the presence of metal defects.**"
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In addition, atomic-resolution electron energy loss spectra
(EELS) of the O K-edge were collected from different regions
of the same material to reveal the local chemical state of
oxygen (Fig. 1e). The results show that the O K-edge spectra
in region A is lower and broader, with a significantly
decreased peak intensity, indicating the loss of neighboring
oxygen coordination;*> meanwhile, the O K-edge shoulder
peak at 532 eV further confirms the presence of oxygen
vacancies.”® The above results not only reveal the strong
correlation between metal defects and oxygen vacancies but
also further confirm that the regions circled in red in the
main.

HRTEM images are defect structures. EDS elemental
mapping (Fig. 1c and S4-S8c) demonstrates a homogeneous
spatial distribution of Fe, Co, Ni, Mn, Cr, and O across all
samples, regardless of calcination temperature, confirming
that the high-entropy configuration is maintained throughout
thermal treatment, consistent with the XRD results. In
contrast, the non-HEO-T reference sample (Fig. S9) exhibits
clear structural inhomogeneity and elemental segregation, as
evidenced by the presence of large, faceted particles and
distinct diffraction features.

The molar fractions of the constituent metal elements in
the HEO-T samples were determined by ICP-OES, and the
results are summarized in Table S2. Given that the
constituent metal oxides are not expected to volatilize under
the applied calcination conditions, all samples should exhibit
similar overall compositions, with elemental ratios close to

the nominal equimolar value (1:1:1:1:1) within

© 2026 The Author(s). Published by the Royal Society of Chemistry
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experimental error. This expectation is largely met for
samples calcined at 550 °C and above. However, the
measured Cr contents in HEO-350 and HEO-400 are
noticeably lower than those of the higher-temperature
samples. To pinpoint the stage at which Cr loss occurs, ICP-
OES analysis was performed on the HEO-T samples before
NaOH etching (ie., after calcination) (Table S2). By
comparing these data with the post-etching results, the
reduction in Cr content can be attributed to two distinct
stages: (1) partial loss during low-temperature calcination,
and (2) leaching during the NaOH etching process. The
underlying mechanism for both pathways is likely as follows:
at lower calcination temperatures, manganese nitrate
hexahydrate in the precursor preferentially decomposes into
MnO,, which drives the slow oxidation of Cr(ur) to Cr(vi).***°
Consequently, chromium fails to fully incorporated into the
spinel lattice, instead temporarily existing as labile, surface-
bound Cr(v) species (e.g., CrOsz-related species). These highly
mobile species are prone to volatilization during calcination
and dissolution during the subsequent alkaline etching
step.*®™*®  Upon calcination at higher temperatures,
chromium is more effectively stabilized as lattice Cr** within
the spinel framework, thereby suppressing further loss.
Importantly, even with the slight compositional deviation
observed for HEO-350, the configurational entropy (ASpi)
calculated from the ICP results is 1.55R, exceeding the
commonly accepted threshold of 1.5R for high-entropy
materials."*® For the remaining samples, the calculated
ASnix values are even higher, further confirming the high-
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X-ray photoelectron spectroscopy (XPS) was employed to

investigate the valence states and surface chemical
environment of the HEO-T samples. The O 1s spectra
(Fig. 2a) were deconvoluted into three components

corresponding to lattice oxygen (01, ~529.5 eV), defect-
related/adsorbed oxygen (02, ~531.0 eV), and surface
hydroxyl species (03, ~533-534 eV).**”? In crystalline high-
entropy oxide systems, higher calcination temperatures (350-
1000 °C) usually lead to a significant reduction in the content
of surface adsorbed species. Therefore, the O2 component is
commonly associated with surface defects, particularly
oxygen vacancies, and thus reflects the degree of structural
disorder at the catalyst surface.’® To quantify this feature, the
relative area ratio So,/ (So1 + Soz + Sos) was calculated, which
can serve as a semi-quantitative reference for the trend of
oxygen vacancy concentration. As summarized in Fig. 2b, the
proportion of defect-related oxygen increases markedly with
decreasing calcination temperature, rising from ~32% for
HEO-1000 to ~60% for HEO-350, indicating a substantially
higher concentration of oxygen vacancies in the low-
temperature samples.

In addition, the O1 and O2 peaks of HEO-350 and HEO-
400 exhibit negative shifts of approximately 0.32 and 0.42 eV,
respectively, compared with those of the higher-temperature
samples, suggesting modified electronic interactions between
metal cations and oxygen.

High-resolution spectra of Fe, Co, Cr, Ni, and Mn (Fig.
S10-S14) reveal mixed oxidation states for most transition
metals. For instance, the Fe 2p spectrum (Fig. S10) displays

entropy characteristics of the entire catalyst series. the coexistence of Fe** and Fe*" accompanied by
1
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(a) High-resolution XPS O 1s spectra of the HEO-T catalysts. (b) Relative content of defect-related oxygen species derived from O 1s peak

deconvolution. (c) H, temperature-programmed reduction (H,-TPR) profiles of the HEO-T series. (d) Raman spectra collected over the HEO-T.
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characteristic satellite features,” while the Co 2p spectrum
(Fig. S11) confirms the presence of both Co*" and Co*"
species.”® Chromium is predominantly present as Cr’" (Fig.
S12), consistent with its stabilization in the spinel lattice,
and the corresponding binding energies are summarized in
Table S4. The binding energies of Fe, Co, and Cr show
minimal variation with calcination temperature.

In contrast, more pronounced shifts are observed for Ni
and Mn. The Ni 2p spectrum of HEO-350 (Fig. S13), contains
characteristic peaks of Ni** (854.95 and 872.54 €V) and Ni’**
(856.53 and 874.58 eV) along with four satellite peaks;> these
peaks shift toward higher binding energies by ~0.30 eV (Ni**)
and ~0.74 eV (Ni*") relative to HEO-1000. Similarly, the Mn
2p spectrum (Fig. S14) indicates the coexistence of Mn*>* and
Mn*" species,”® with both peaks shifting by ~0.46 eV to
higher binding energies in HEO-350. Combining the results
of XPS (Table S5) and ICP (Table S2), it is demonstrated that
the appearance of zero-valent metal Mn is due to partial
enrichment of Mn on the material surface.’’">° The opposite
shift of O 1s toward lower binding energy, together with the
positive shifts of Ni and Mn core levels, suggests enhanced
metal-oxygen electronic interaction and strengthened Ni-O
and Mn-O bonding. Such strengthened covalent M-O
interactions are expected to facilitate charge transfer between
the metal centers and oxygenated intermediates, thereby
improving the intrinsic catalytic activity for OER.® In
addition, Fe, Co, Ni, and Mn metals exhibit mixed valence
states and occupy both tetrahedral and octahedral sites,
while Cr has a stable valence of +3 and a strong preference
for octahedral occupancy.®’

The H, temperature-programmed reduction (H,-TPR)
profiles (Fig. 2c) of the HEO-T catalysts exhibit two broad
reduction features. The low-temperature peak (<450 °C) is
attributed to the reduction of surface oxygen species and
defect-related oxygen, whereas the high-temperature peak
(>450 °C) corresponds to the reduction of bulk lattice oxygen
within the spinel framework.®*®> As the calcination
temperature increases, the overall intensity of both reduction
peaks gradually decreases and shifts to higher temperatures,
indicating enhanced thermal stability of oxygen species in
the more highly crystallized samples.®® Notably, HEO-350
displays the most intense low-temperature reduction peak at
the lowest onset temperature among the series, suggesting
the highest concentration of surface-active oxygen species
and the greatest reducibility. This observation is consistent
with the XPS analysis, which revealed a higher proportion of
defect-related oxygen in the low-temperature samples.

Raman spectroscopy was employed to investigate the
local structural features of the samples (Fig. 2d). In the
spectral range of 200-900 cm™', four Raman active modes
were identified for the HEO-T: A, (673 cm™'), two Fyy
modes (634 cm™, 178 c¢m™'), and T,y (508 cm™').*” The
positions and bandwidths of these peaks are consistent with
the vibrational modes of the Fd3m space group. Specifically,
the A;; mode is assigned to the symmetric vibration of
octahedral metal-oxygen (M-O) bonds, while the F,, and
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T,y modes involve vibrations at both the tetrahedral and
octahedral sites.®®®® As the calcination temperature
decreases, the Raman bands progressively shift to lower
frequencies, broaden, and become more asymmetric,
accompanied by a suppression in peak intensity. This
spectral evolution is indicative of enhanced short-range
structural disorder, reflecting the presence of lattice defects
and oxygen vacancies.”®”"

3.2. Electrocatalytic performance

The OER activity of the HEO-T catalysts is evaluated in N,-
saturated 1 M KOH electrolyte. Perform multiple CV cycles
before testing to activate the catalyst surface. As shown in the
LSV curves (Fig. 3a), HEO-350 exhibits the highest catalytic
activity among the series, requiring an overpotential of only
267 mV to reach a current density of 10 mA cm > In
comparison, samples calcined at higher temperatures show
progressively inferior performance, consistent with their
reduced surface areas and lower defect concentrations. The
superior activity of HEO-350 can be attributed to its large
specific surface area, which maximizes the exposure of
catalytically active sites, as well as its high concentration of

oxygen vacancies. These vacancies not only provide
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Fig. 3 Electrochemical OER performance of the catalysts: (a) linear
sweep voltammetry (LSV) curves of HEO-T samples in 1 M KOH. (b)
Corresponding Tafel plots derived from the LSV data. (c) Comparison
of overpotentials required to reach current densities of 10, 50, and
100 mA cm2, along with Tafel slopes. (d) Electrochemical impedance
spectroscopy (EIS) Nyquist plots. () LSV curves comparing HEO-350
with non-HEO-T and commercial IrO, and RuO; catalysts. (f) Benchmark
comparison of the OER activity of HEO-350 with representative high-
entropy oxide electrocatalysts reported in the literature.
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additional active centers but also modulate the local
electronic structure, thereby facilitating charge transfer and
optimizing OH™ adsorption during the OER process.”*”* The
combined structural and electronic advantages render HEO-
350 the most active catalyst in this series. After performing
CV activation and LSV experiments, the metal ion content in
the electrolyte after the OER reaction for the HEO-350 sample
was tested (Table S3). The results show that the HEO
structure is intact, with no significant metal ion leaching,
ruling out the contribution of metal ion leaching to the
current.

HEO-350 also exhibits the smallest Tafel slope (47.6 mV
dec™, Fig. 3b) among all samples, indicating more favorable
reaction kinetics and a faster increase in current density with
applied potential.””> The overpotentials required to achieve
current densities of 10, 50, and 100 mA cm 2, together with
the corresponding Tafel slopes, are summarized in Fig. 3¢ for
comparison. Electrochemical impedance spectroscopy (EIS)
measurements (Fig. 3d) further reveal that the solution
resistance (Rs) remains nearly identical (~1.8 Q) for all
catalysts, whereas HEO-350 displays the lowest charge-
transfer resistance (R.). This result confirms that HEO-350
enables the most efficient interfacial electron-transfer process
at the same voltage, consistent with its superior OER
activity.”®

The electrochemical double-layer capacitance (Cq) was
measured to estimate the electrochemically active surface
area (ECSA) (Fig. S15). As summarized in Fig. S16a, the Cg
values of HEO-350, -400, -550, -700, -850, and -1000 after
subtracting the background are 12.36, 8.77, 6.96, 5.54, 4.39,
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and 3.56 mF cm™?, respectively. The substantially higher Cq
value of HEO-350 suggests a greater density of accessible
active sites, which can be attributed to its loose and highly
porous structure. To decouple geometric effects from
intrinsic activity, the LSV curves were normalized by ECSA
(Fig. S16b). After normalization, HEO-350 and HEO-400 still
exhibit higher intrinsic activity than the higher-temperature
samples, indicating that their superior performance is not
solely due to increased surface area. Nevertheless, the overall
advantage of HEO-350 arises from the synergistic
contribution of enhanced intrinsic activity and a larger
surface area that exposes more active sites.”””® A similar
trend is observed when comparing BET surface area with
ECSA values (Fig. S16c), further confirming the positive
correlation between catalytic performance and specific
surface area within this catalyst series.

A comparison with reference catalysts (Fig. 3e), shows that
HEO-350 significantly outperforms the non-HEO-T sample as
well as the commercial IrO, and RuO, benchmarks under
identical testing conditions. Furthermore, when compared
with recently reported state-of-the-art OER electrocatalysts
(Fig. 3f and Table S6), HEO-350 ranks among the leading
performers, highlighting its competitive catalytic activity.

Beyond intrinsic catalytic activity, long-term stability is a
critical requirement for practical application.”
Chronopotentiometric testing at a constant current density of
100 mA cm™ (Fig. 4a) reveals that HEO-350 maintains a
nearly constant overpotential with fluctuation during
operation. After 100 h of continuous electrolysis, the
performance shows only a 1.97% increase in overpotential,

2
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(a) Chronopotentiometric stability of HEO-350 compared with non-HEO-T and commercial IrO, and RuO, at a constant current density of

100 mA cm™ for 100 h. (b) LSV curves of HEO-350 recorded before and after the 100 h durability test. (c) Polarization curves of HEO-350 before
and after the accelerated durability test (ADT, 10 000 CV cycles). (d) Enlarged view of panel (c) highlighting the minimal change in overpotential.
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whereas non-HEO-T and commercial IrO, and RuO, exhibit
much faster degradation, with significant activity loss within
20 h under the same conditions. The LSV curve recorded
after the durability test closely overlaps with the initial
polarization curve (Fig. 4b), confirming the excellent
structural robustness and sustained catalytic performance of
HEO-350. The accelerated durability test (ADT) conducted
over 10000 CV cycles (Fig. 4cd and ) shows a negligible
polarization shift of less than 5 mV compared to the initial
LSV curve, further demonstrating the outstanding
electrochemical stability of HEO-350. Such remarkable
durability can be attributed to the entropy-stabilized
structure of the high-entropy oxide, in which Fe, Co, and Cr
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RSC Applied Interfaces

contribute to the formation of a robust spinel framework
capable of maintaining structural integrity under high anodic
potentials and repeated redox cycling.***° Meanwhile, the
synergistic electronic interactions among Ni, Mn, and defect
sites (oxygen vacancies) facilitate efficient charge transfer and
help sustain high catalytic activity over prolonged operation.

3.3. OER mechanism investigations

To gain insight into the OER mechanism, pH-dependent
electrochemical measurements were performed. In contrast
to the conventional adsorbate evolution mechanism (AEM),
the lattice oxygen mechanism (LOM) involves partially
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(a) Polarization curves measured in KOH electrolytes with different pH values (left) and the corresponding current densities at 1.55 V vs.

RHE plotted on a logarithmic scale as a function of pH (right). (b) LSV curves recorded in 1 M KOH and 1 M TMAOH electrolytes (left) and
comparison of current densities at 1.55 V vs. RHE in the two electrolytes (right). In situ FT-IR spectra of (c) HEO-350 and (d) non-HEO-T collected
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decoupled proton-electron transfer steps, rendering the
reaction rate more sensitive to pH variations.*’ The proton
reaction order (p""F) is commonly used to evaluate this
dependence.®” As shown in Fig. 5a, the OER activity of HEO-
350 decreases markedly when the pH is reduced from 14 to
12, whereas the non-HEO-T sample exhibits negligible pH
dependence under identical conditions. Correspondingly, the
calculated p®"'® value of HEO-350 is significantly higher than
that of the non-HEO-T catalyst (Fig. 5a), indicating stronger

pH sensitivity and suggesting the involvement of a non-
83,84

concerted proton-electron transfer pathway. Moreover,
p""E increases progressively with decreasing calcination
temperature (Fig. S17), correlating with the higher

concentration of oxygen vacancies identified by O 1s XPS
analysis. These results suggest that oxygen vacancies promote
lattice oxygen participation by facilitating decoupled proton-
electron transfer steps. Therefore, increasing the
concentration of oxygen vacancies enhances OER activity and
strengthens the contribution of the LOM pathway in the HEO
catalysts.

Moreover, direct O-O coupling in the LOM pathway is
proposed to generate negatively charged peroxide-like
intermediates (*0,>7), which can be selectively stabilized by
tetramethylammonium (TMA") cations, thereby suppressing
the LOM route. In contrast, the AEM pathway is generally
associated with the formation of superoxide-like (*O,)
species that are less sensitive to such cation interactions.®>*’
As shown in Fig. 5b, replacing KOH with 1 M TMAOH leads
to a pronounced decrease in OER activity for the HEO-T
catalysts, with the current density dropping by more than
500%, accompanied by a noticeable increase in the Tafel
slope (Fig. S18). In comparison, the non-HEO-T sample
exhibits only a modest performance decline (~50%),
indicating minimal sensitivity to the electrolyte substitution
and suggesting that it primarily follows the AEM pathway.
These observations strongly support the involvement of the
LOM pathway in the HEO catalysts and highlight the critical
role of oxygen vacancies in enabling lattice oxygen
participation.

In situ ATR-FTIR spectroscopy was employed to monitor
the evolution of reaction intermediates during OER. The
characteristic band at ~1100 cm™" is assigned to the *OOH
intermediate associated with the AEM pathway, whereas the
feature in the 1200-1250 cm™.

region corresponds to the O-O stretching vibration of
peroxide-like (*O,”) species, indicative of lattice oxygen
coupling in the LOM pathway.®*®®*® For HEO-350 (Fig. 5¢), the
signal in the 1200-1250 cm™* region exhibits pronounced
potential dependence. A negative-going band appears at
lower potentials and intensifies as the applied potential
increases, suggesting the dynamic formation and
consumption of lattice-oxygen-derived intermediates. At
higher potentials, accelerated OER kinetics lead to rapid O,
evolution, making oxygen release the rate-limiting step (step
6 in Fig. 5f).°° In contrast, the non-HEO-T sample (Fig. 5d)
shows the evolution of the ~1100 em™ *OOH band from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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positive to inverted with increasing potential, indicating
progressive acceleration of the adsorbate-mediated step (step
4 in Fig. 5e), consistent with the AEM pathway. Both catalysts
display broad features in the 3000-3500 cm ' region
corresponding to OH-related vibrations, confirming active
interaction with hydroxyl species during OER.”' Together,
these observations suggest that the combination of the high-
entropy effect and abundant oxygen vacancies modulates the
reaction pathway, promoting lattice oxygen participation and
contributing to the enhanced catalytic performance of the
HEO catalyst.

4. Conclusions

In summary, we have developed a SiO,-templated strategy
to synthesize porous (FeCoNiMnCr)O spinel high-entropy
oxides with tunable defect chemistry and surface structure.
By regulating the calcination temperature, the concentration
of oxygen vacancies and specific surface area can be
effectively controlled, enabling systematic modulation of
catalytic properties. The optimized HEO-350 catalyst
exhibits superior OER activity, requiring an overpotential of
only 267 mV at 10 mA c¢cm >, along with excellent durability
over 100 h of continuous operation and 10000 potential
cycles. Structural and spectroscopic analyses reveal that the
combination of entropy stabilization and defect-rich
surfaces enhances metal-oxygen electronic interactions and
increases the availability of surface-active oxygen species.
Mechanistic investigations indicate that abundant oxygen
vacancies promote lattice oxygen participation, contributing
to improved intrinsic activity while maintaining structural
robustness. This work demonstrates an effective route for
defect engineering in high-entropy oxides and provides new
insights into designing efficient and durable electrocatalysts
for alkaline water oxidation.
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