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High-entropy oxides offer a promising platform for oxygen evolution reaction catalysis owing to their
entropy-stabilized structures and flexible design of cation metal elements. However, conventional high-
temperature synthesis leads to extensive particle growth and limits access to nanoscale particles with
a higher density of catalytic sites. Here, a subcritical hydrothermal synthesis combined with catechol-
assisted growth regulation is oxide

nanoparticles with controlled crystallite sizes down to the single-nanometer scale. The resulting

introduced to produce high-entropy single-phase spinel

reduction in particle size markedly enhances the oxygen evolution activity. A linear dependence of the
oxygen evolution current density on the inverse crystallite size highlights the critical role of nanoscale
structures in accelerating catalytic reactions. In situ X-ray absorption spectroscopy reveals electronic and
structural robustness of all constituent metal elements under OER conditions, with negligible shifts in the
oxidation state or changes in the local coordination structure, which is distinct from the pronounced
reconstruction typically observed in conventional oxide catalysts. When deployed in a membrane
electrode assembly, our synthesized high-entropy oxide catalysts with the smallest particle size deliver
20Acm 2 at 1.96 V, demonstrating practical relevance for high-current-density electrolysis. This work
establishes low-temperature hydrothermal synthesis with organic molecular regulation as a powerful and
scalable route to engineer highly crystalline, compositionally homogeneous high-entropy oxide

rsc.li/materials-a

Introduction

The oxygen evolution reaction (OER) is the anodic reaction in
electrochemical water splitting. It plays a pivotal role in
enabling the generation of green hydrogen using renewable
electricity sources. However, the OER suffers from sluggish
kinetics and a large overpotential, which significantly reduces
the overall efficiency of water splitting.*>

In recent years, metal oxides composed of only non-precious
metal elements have drawn increasing interest as OER catalysts
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nanoparticles, offering design guidelines for next-generation oxygen evolution reaction catalysts.

due to their high activity under alkaline conditions and the
ability to modulate OER activity through electronic structure
and structural tuning.>® High-entropy oxides (HEOs), usually
composed of more than five metal elements, have recently
attracted significant attention as promising catalytic
materials.”® This growing interest is largely due to their unique
electronic structure, various types of active sites formed on the
surface, and high durability.>® These features distinguish
HEOs from traditional metal oxide catalysts, and these prop-
erties make HEOs highly attractive for various catalytic reac-
tions, including the OER. As OER electrocatalysts, HEOs
composed of transition metals have attracted considerable
attention, particularly because they exhibit efficient and stable
catalytic activity in alkaline solutions.™*™*”

In previous research, HEOs have typically been synthesized
through a high-temperature heat treatment process (~1000 °
C).* This synthesis process allows for the mixing of multiple
metal elements at the atomic level. However, under these high-
temperature conditions, the particle size tends to increase, and
microsized particles are usually formed. From the viewpoint of
catalysis, catalyst particles with small particle sizes are attrac-
tive due to their high surface area and a higher ratio of low-
coordinated sites, which are expected to exhibit enhanced
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catalytic activity. Therefore, control over the particle size of
HEOs is limited under the high-temperature conditions used
during synthesis.

Superecritical and subcritical water have been widely utilized as
reaction media for nanoparticle synthesis owing to their unique
physicochemical properties.’**® In particular, the drastic changes in
water properties near the supercritical state can promote the
simultaneous precipitation of multiple metal species, which is ex-
pected to facilitate the formation of compositionally homogeneous
multicomponent oxides. Previous studies, including our earlier
work, have demonstrated that single-phase high-entropy oxides
composed of five transition metals can be synthesized using
supercritical water, even at relatively low temperatures around 400 ©
C.»**> Compared with supercritical water, subcritical water provides
a milder reaction environment while still retaining unique prop-
erties of high-temperature and high-pressure water that promote
metal oxide nucleation and crystallization.

In the present study, we employed a subcritical hydro-
thermal method for synthesizing size-controlled high-entropy
oxide nanoparticles (HEO NPs). The physicochemical proper-
ties of water change drastically under high temperature and
pressure conditions, which is expected to facilitate the forma-
tion of nanoparticles with homogeneous solid solutions at
lower temperatures than those required by conventional
methods. Furthermore, subcritical water can form a homoge-
neous phase with organic compounds, allowing organic modi-
fiers to interact with the particle surface and suppress particle
growth.” This milder reaction environment is particularly
advantageous for the present study, as it enables effective
interaction between catechol and the surface of HEO nano-
particles and precursor metal ions while minimizing thermal
decomposition of the organic modifier. In this study, we
propose an organic-molecule-assisted subcritical hydrothermal
strategy to achieve precise particle size control of HEO NPs.

Results and discussion

The HEO NPs were synthesized using a hydrothermal method by
modifying a previously reported method. Briefly, the metal-
containing precursors were transferred to a Hastelloy reactor
and heated at 300 °C for 60 min. Each synthesized sample was
labeled according to the concentration of catechol. Samples with
catechol concentrations of 0 M, 0.1 M, 0.3 M, and 0.5 M were
labeled HEO-0, HEO-0.1, HEO-0.3, and HEO-0.5, respectively.
X-ray diffraction (XRD) patterns of the synthesized HEO NPs
are presented in Fig. 1. The observed peaks for all HEO NPs,
including the main peak around 35°, can be indexed to a cubic
spinel structure with the space group Fd3m (No. 227), regardless
of the catechol concentration. This result confirms that a single-
phase cubic spinel oxide structure was successfully formed
without any side products. This result is particularly notable, as
phase separation is often observed in multicomponent systems
such as HEOs.” An increase in catechol concentration leads to
broadening of peaks, which will be discussed in detail later.
Fig. S1 shows synchrotron XRD patterns of HEO NPs. This result
shows good agreement with the XRD patterns in Fig. 1 and also
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Fig. 1 XRD patterns of HEO NPs with different catechol concentra-
tions. (a) Wide-angle view and (b) magnified view around the (311)
peak.

indicates that a single phase cubic spinel oxide structure was
successfully formed during the synthesis.

The particle size and morphologies of the HEO NPs are
directly analyzed by transmission electron microscopy (TEM)
(Fig. 2). The particle size distribution obtained from the TEM
images is shown in Fig. S2. For HEO-0, particles with diameters
of approximately 20 nm were observed. However, the addition
of catechol significantly reduced the particle size, with nano-
particles smaller than 15 nm obtained even at low catechol
concentrations. A clear trend in which increasing the catechol
concentration led to progressively smaller particles was
observed. Notably, the average particle diameter was approxi-
mately 5.6 nm for HEO-0.5. In addition, the particle size
distribution seems to become smaller with the addition of
catechol during the synthesis. Fig. S3 shows the comparison
between the crystallite size calculated from the XRD pattern
shown in Fig. 1 using the Halder-Wagner equation and the
particle size obtained from TEM images against the concen-
tration of catechol.”® A similar trend was observed for both
crystallite size and particle size, which decreased with
increasing catechol concentration. For HEO-0.5, the calculated
crystallite size was approximately 6 nm, further confirming the
size reduction effect of catechol during synthesis.

Fig.2 TEM images of HEO NPs. (a) HEO-O0, (b) HEO-0.1, (c) HEO-0.3,
and (d) HEO-0.5.

This journal is © The Royal Society of Chemistry 2026
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In order to investigate whether catechol molecules were
modified onto the surface of HEO NPs, simultaneous differen-
tial thermal analysis (DTA) and thermogravimetric analysis (TG)
were conducted. Fig. S4 shows the TG and DTA curves for HEO-
0.5 and HEO-0. In the TG curves, a slight weight loss was
observed up to approximately 200 °C, which can be attributed to
the removal of residual water.>**® For HEO-0.5, a significant
weight loss was observed above 250 °C, which was not observed
for HEO-0, accompanied by a strong exothermic peak in the
DTA curve around 280-290 °C. The weight loss above 250 °C can
be assigned to thermal decomposition and/or desorption of
catechol. Notably, this decomposition occurs at temperatures
higher than the boiling point of catechol (245 °C). This result
indicates that catechol is chemically bonded to the particle
surface in a stable manner.”® These findings support that cate-
chol molecules reduced the particle size, likely due to the
suppression of crystal growth by the surface-bound catechol.

The elemental analysis by ICP-OES was conducted for HEO
NPs. The elemental ratios of the starting material and HEO NPs
are summarized in Fig. S5. Notably, the metal elemental ratios
of HEO-0 were almost identical to those of the precursor solu-
tion; however, the ratios for HEOs synthesized with catechol are
different from that of the precursor solution. Specifically, the
ratio of Mn is significantly smaller compared to the precursor
solution. This result indicates that catechol molecules strongly
interact with Mn species. In addition, it is plausible that cate-
chol also forms coordination complexes with other transition-
metal species except Fe, resulting in partial retention of these
metal ions in the solution phase during the hydrothermal
process.

Further detailed structural characterization studies of the
mixing state of the constituent elements were conducted by
scanning transmission electron microscopy (STEM). Fig. 3
shows the HAADF-STEM images and corresponding EDX
mapping of HEO-0.5. The HAADF-STEM image along the [110]
zone axis is shown in Fig. 3a. In this image, the bright spots
indicate the metal elements. The 16d and 8a sites of the cubic
spinel structure marked with red and blue dots were clearly
observed.>* The Fourier transform (FT) image of Fig. 3a is shown
in Fig. 3b. This image provides information on the crystal
structure of this region. The absence of clear unassigned
diffraction spots implies that HEO-0.5 has a single-phase spinel
structure. These results are in good agreement with the
synchrotron XRD patterns. STEM-EDX elemental mapping for
the constituent metal elements (Fig. 3c-h) shows that the
constituent elements are homogeneously distributed across the
particles. These results indicate that no elemental segregation
occurs during the synthesis, even in the presence of catechol.
These results indicate that the five metal elements are
uniformly distributed across the particles. The wide range
STEM-EDX mapping for HEO-0.5 (Fig. S6) also revealed that no
large detectable phase segregation occurred during the
synthesis procedure.

Detailed analyses of the valence states and coordination
environments of the metal elements were conducted using X-
ray absorption spectroscopy (XAS). XAS was selected because
conventional X-ray photoelectron spectroscopy (XPS) is not

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 STEM images of HEO NPs. (a) Magnified HAADF-STEM image
(zone axis: [110]). Red and blue dots correspond to 16d sites and 8a
sites of the cubic spinel structure, respectively. Scale bar: 2 nm. (b)
Fourier-transformed magnified HAADF-STEM image. Scale bar: 5
nm™L. (c—h) EDX-mapping of HE-SOs: (c) merged image, (d) Mn, (e) Fe,
(f) Co, (9) Ni, and (h) Zn. Scale bar: 2 nm.

suitable for this system; in multicomponent oxides containing
several first-row transition metals, overlapping Auger and metal
2p peaks make reliable valence analysis difficult.

The XANES spectra of the Mn, Fe, Co, Ni, and Zn K-edges for
HEO-0.5 are listed in Fig. 4a-e, respectively. The absorption
edges of Mn, Co, Ni, and Zn exhibit absorption-edge energies
similar to the corresponding metal oxides containing divalent
metal ions (M(n)), whereas Fe exhibits absorption-edge energies
similar to the corresponding trivalent metal ions (M(m)). These
results suggest that Mn, Co, Ni and Zn exist as M(u), and Fe
exists as M(ur). XANES spectra of the metal K-edges for HEO-0,
-0.1 and 0.3 are shown in Fig. S7. Although all metal K-edges
for HEO-0.1 and HEO-0.3 exhibited a similar tendency to
HEO-0.5, HEO-0 showed a different absorption-edge energy for
the Mn K-edge, and the absorption edges are similar to Mn,O3,
suggesting that Mn species for HEO-0 exist as Mn(m). This result
also suggests that catechol molecules largely affect the valence
state of Mn species, as discussed in the ICP analyses, whereas
the particle size itself doesn't affect the valence states of the
constituent metal elements.

The corresponding Fourier transformed extended X-ray
absorption fine structure (FT-EXAFS) spectra also reveal well-
defined first shell M-O (~1.5 A) and second-shell M-O-M
(~2.5-3.1 A) peaks, which are observed in the cubic spinel
structure (Fig. 4f-j).>” In HEO-0.5, Ni shows clear second-shell
features around ~2.6 A, consistent with its occupancy at octa-
hedral (16d) sites, while Zn shows clear second-shell features
around ~3.1 A, consistent with its occupancy at tetrahedral (8a)

J. Mater. Chem. A
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Fig. 4 Metal K-edge (a—e) XANES and (f—j) FT-EXAFS of constituent
metal elements of HEO-0.5. (a and f) Mn, (b and g) Fe, (c and h) Co,
(d and i) Ni, and (e and j) Zn.

sites. For the Mn, Fe, and Co K-edges, the spectra displayed
features distributed over both tetrahedral (8a) and octahedral
(16d) sites, suggesting that these metal elements occupy both 8a
and 16d sites. FT-EXAFS spectra of the metal K-edges for HEO-0,
-0.1 and 0.3 are shown in Fig. S8. The tendency is similar to that
observed in the XANES spectra of these samples. Although the
shapes of the FT-EXAFS spectra for HEO-0.1 and HEO-0.3
exhibited tendencies similar to that of HEO-0.5 for all metal
elements, HEO-0 showed a different peak position for the Mn K-
edge. The second-shell M-O-M spectra for HEO-0 showed
a single peak at a shorter distance around 2.6 A, suggesting that
Mn occupies octahedral sites. These results indicate that cate-
chol affects not only the Mn valence state but also its local
coordination environment. This change is possibly the reason
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for the reduced Mn incorporation observed by ICP-OES, sug-
gesting that catechol selectively modifies the Mn incorporation
pathway during HEO formation.

To evaluate the OER activity, cyclic voltammetry (CV) was
recorded in O,-saturated 1 M KOH aqueous solution (Fig. 5a).
All samples exhibited a clear increase in anodic current
assignable to the OER approximately from 1.5-1.55 V vs. the
reversible hydrogen electrode (RHE). A comparison among the
samples clearly shows that the anodic current increases with
increasing catechol concentration during the synthesis, with
HEO-0.5 exhibiting the highest OER current. The current
density at 1.65 V vs. RHE reached approximately 190 mA cm 2
for HEO-0.5. The overpotentials determined at a current density
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Fig. 5 OER activity of HEO NPs in this study. (a) Cyclic voltammo-
grams of HEO NPs and (b) Tafel plots of HEO NPs obtained by the
chronoamperometric measurement. (c) Summary of the current
density at 1.65 V vs. RHE as a function of the inverse crystallite size.
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of 10 mA ecm ™2 for these catalysts ranged between 342 and
327 mV, which are comparable to the values reported so far for
NiFe- and CoFe-based spinel oxides, as summarized in Table
S1.2*%2 HEO synthesized without catechol shows the highest
overpotential, implying that catechol addition is effective for
enhancing OER activity.

Fig. 5b presents the Tafel plots obtained from the chro-
noamperometric OER measurements. The Tafel slope value is
summarized in Table S1. All HEO NPs showed linear region in
the range of approximately 1.50-1.56 V and the Tafel slope value
of HEO-0 was approximately 37.7 mV dec '. This value is
superior to those of typical NiFe- and CoFe-based spinel oxides,
as summarized in Table S1, indicating better OER kinetics of
the synthesized HEO catalysts. This Tafel slope value indicates
that the rate-determining step is possibly the formation of M-O
species from M-OH species or M-OO- species from M-OOH
species.®® For HEO NPs synthesized using catechol, as the
catechol concentration increased, the Tafel slope value slightly
decreased, reaching approximately 34.0 mV dec™ " for HEO-0.5.
Although this change does not indicate a substantial change in
the overall reaction mechanism, it implies subtle modifications
to the surface electronic structure and the adsorption energetics
of reaction intermediates. Another possible reason is that the
increase in low-coordination surface sites and lattice distortion
accompanying the reduction in particle size may influence the
adsorption energies of OER intermediates (*OH, *O, and
*OOH), thereby affecting the reaction kinetics.****

The enhancement of OER activity could also be attributed to
the reduced particle size caused by increasing catechol
concentration upon catechol addition. Therefore, to clarify the
correlation between OER activity and particle size, the current
density at 1.65 V vs. RHE was plotted as a function of the inverse
crystallite size (1/d), as shown in Fig. 5c. A clear linear rela-
tionship was observed against the inverse crystallite size,
demonstrating that the reduction in particle size directly
contributes to the enhancement of OER current density. This
trend suggests that the increased number of accessible active
sites, together with the higher density of low-coordination
atoms and surface lattice distortion, plays a significant role in
accelerating the OER. In particular, previous studies have re-
ported that surface strain originating from the configurational
disorder of constituent elements can act as active sites of the
reaction, especially in nanoscale high-entropy oxides.*® The
present results for our HEO catalysts indicate that not only the
metal mixing entropy effect suggested by previous studies but
also the particle size showed a positive effect on the catalytic
activity. Overall, these findings demonstrate that particle-size
control through organic molecule modification not only tunes
the geometric structure of the catalyst but also leads to
substantial improvements in electrocatalytic activity.

To investigate whether the electrochemical surface area
(ECSA) supports the observed particle-size-dependent OER
activity, the double-layer capacitance (Cq4;) was estimated from
CVs recorded in the non-faradaic region at different scan rates
(Fig. S9). In this study, carbon nanotubes (CNTs) were added
during the preparation of HEO-modified electrodes (see the
Experimental section for details). However, CNT-free HEO

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 In situ (a) XANES and (b) FT-EXAFS spectra of the Ni K-edge for
HEO-0.5 in the redox region. The potential sweep was initially per-
formed from 1.2 V to 1.47 V in the forward scan and then returned to
1.2 V during the reverse scan.

electrodes were specifically employed for the Cq; measurements
to exclude the contribution of CNT capacitance. The estimated
Cq1 did not show a monotonic increase with decreasing particle
size, nor did it correlate with the trend in OER activity. This
result indicates that CV-derived Cq, is not a reliable descriptor of
the ECSA of HEO-modified electrodes under the present elec-
trode configuration, likely due to its sensitivity to film conduc-
tivity, interparticle contact, and electrolyte accessibility. Since
the capacitance in CNT-containing electrodes is dominated by
CNTs, the Cg-derived ECSA was not used as a quantitative
measure of active site density in this study.

To investigate the redox behavior and local coordination
structure changes of the constituent elements of the redox
region (around 1.4 V, as shown in Fig. 5a) and around the
starting potential of the OER, in situ XAFS measurements were
conducted for the HEO with the highest OER activity, HEO-0.5
(Fig. 6). Previous studies have suggested that nanoparticles
with particle sizes below approximately 20 nm possess a higher
ratio of surface metal atoms, making it possible to analyze redox
and structural changes.*”*

Fig. 6a and b show the in situ XANES and FT-EXAFS spectra
for the Ni K-edge, respectively. For the XANES spectra, no
significant energy shifts or noticeable changes in white-line
intensity were observed within the redox potential window of
1.2-1.47 V wvs. RHE. This behavior contrasts with the
pronounced structural changes previously observed for
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monometallic Ni-based oxides and is instead consistent with
the behavior reported for HEOs with particle sizes around
20 nm composed of Mn, Fe, Co, Ni and Zn.*” This result realized
the moderate oxidation and structural stability of Ni species. In
addition, no obvious changes for the M-O peaks or M-O-M
peaks were observed for in situ FT-EXAFS (Fig. 6b). These results
also indicate that HEOs possess structural stability against
potential changes within the potential region examined in this
study. In situ XANES and FT-EXAFS spectra for other elements
are summarized in Fig. S10 and S11, respectively. For all metal
species, no significant energy shifts or noticeable changes in
white-line intensity were observed within the redox potential
window of 1.2-1.47 V in XANES spectra and FT-EXAFS. These
results also suggest that all constituent elements in HEO-0.5
show structural stability within the potential window exam-
ined in this study.

It is well known that transition-metal oxides, including Ni-,
Co-, and Fe-containing spinel oxides, often undergo structural
reconstruction during the OER, involving phase transitions
(e.g., from spinel oxides to layered metal oxyhydroxide struc-
tures) and changes in the oxidation state.**** These recon-
struction processes are widely considered to play a key role in
enhancing the OER activity of transition-metal oxides.** In
contrast to conventional spinel-type transition metal oxides,
which typically undergo irreversible surface reconstruction into
hydroxide or oxyhydroxide phases under OER conditions,***
HEO-0.5 retains a relatively stable multi-cation local structure
even under applied potential conditions, as evidenced by in situ
XAS analysis. This relatively higher structural stability, while not
excluding subtle structural modifications at the outermost
surface, can be rationalized by the synergistic effects of entropy-
driven stabilization and the high crystallinity of the nano-
particles. First, the homogeneous mixing of multiple metal
cations gives rise to higher configurational entropy, which can
contribute to the stabilization of the multication spinel frame-
work. This stabilization may mitigate cation segregation and
extensive structural reconstruction, both of which are closely
related to degradation in conventional spinel oxide catalysts.*>**
Second, unlike typical amorphous or polycrystalline catalysts,
where phase transformations often initiate at grain boundaries
or defect sites,* the high crystallinity of the single-nanometer
scale HEO-0.5 nanoparticles could provide a robust frame-
work that resists extensive self-oxidation and bulk phase
transformation.* The low density of extended defects in highly
crystalline HEO-0.5 may also inhibit the nucleation of oxy-
hydroxide phases. Thus, while subtle surface reconstruction or
trace metal dissolution cannot be excluded, the in situ XAS
results indicate that HEO-0.5 largely preserves its multication
spinel framework under the examined oxidative conditions.

To quantitatively evaluate the changes in the oxidation state
for each metal species, the mid-point energies (half-height
positions of the absorption edge) of the in situ XANES spectra
were plotted as a function of the applied potential (Fig. 7).>* For
Ni, a reversible shift toward higher energies was observed,
particularly in the high-potential region above 1.45 V. In
contrast, Mn, Fe and Zn exhibited no apparent potential-
dependent energy shifts within the range of 1.2-1.47 V. The
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Fig. 7 Mid-point plots of the in situ XANES spectra for the metal K-
edges. (a) Mn, (b) Fe, (c) Co, (d) Ni, and (e) Zn.

Co K-edge appears to slightly shift to a higher energy region
under higher applied potentials, although the noise by the
fluctuation was observed. This indicates that, over the potential
window where the redox process proceeds, as shown in Fig. 5a,
the average oxidation states of these metals, Mn, Fe and Zn,
remain essentially unchanged or undergo only minimal
changes. On the other hand, Co and Ni show moderate redox
activity during the potential applications. These observations
are consistent with the absence of obvious potential-dependent
features in the full XANES spectra shown in Fig. 6, S9 and S10,
further supporting that the constituent elements in HEO-0.5
remained more stable under reaction conditions. This
suggests that entropy-driven stabilization by multi-metal cation
mixing and the robust spinel framework of the high-entropy
oxide suppress local structural changes, leading to enhanced
electronic stability relative to traditional oxide catalysts.?*"*?
For further investigating the impact of the synthesis process
on morphology and OER activity, HEOs were synthesized under
hydrothermal conditions at 200 °C with and without catechol,
which are labelled as HT-HEO-0.5 and HT-HEO-0, respectively.
In the XRD patterns of both catalysts (Fig. S12), clear peaks
assignable to a single phase spinel structure were observed, as
for HEO-0-HEO-0.5, although main peaks around 36° were
broadened for HT-HEO-0.5. TEM images also show that nano-
scale particles were obtained (Fig. S13). However, amorphous-
like regions appearing with brighter contrast were also
observed along with darker contrast particles, which could
originate from more crystalized particles. OER activities were
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evaluated in a similar manner to those of the HEO catalysts
(Fig. S14). Clear OER current is observed for both catalysts
(Fig. S14a). Notably, the overpotential for HT-HEO-0.5 shows the
smallest value among the samples synthesized in this study.
However, the Tafel plot for HT-HEO-0.5 shows a larger slope
value than those of the other samples synthesized in this study
(Fig. S14b). The Tafel slope value for HT-HEO-0.5 also shows the
largest value, as summarized in Table S1. The OER current of
the samples against the inverse of crystalline size is plotted in
Fig. S14c. Interestingly, the OER current at 1.65 V for HT-HEO
catalysts shows the same tendency as the HEO -catalysts,
where catalysts with smaller crystalline sizes show higher OER
current. However, although the crystallite sizes are similar to
HEO catalysts, the OER current at 1.65 V for HT-HEO shows
a smaller value. This result indicates that synthesis process can
affect the OER activity. We hypothesize that the superior OER
activity for HEO catalysts is derived from higher crystallinity due
to the higher temperature during the synthesis. Further study
investigating the relationship between the physicochemical
properties, such as crystallinity and size, and OER activity is
ongoing in our laboratory.

To evaluate the practical applicability of the synthesized
HEO, we integrated the most OER-active composition, HEO-0.5,
into a MEA and tested its performance under device-relevant
conditions. Anion exchange membrane water electrolysis
(AEMWE) cells were assembled using HEO-0.5 as the anodic
OER catalyst and PtRu/C as the cathode, operated with
a commercially available thin anion-exchange membrane and
1.0 M KOH at 80 °C. The anodic catalyst layer composition was
systematically tuned by varying the mass ratio of HEO-0.5 to
metallic Ni while keeping the total loading weight constant.
Fig. S15a shows the polarization curves obtained from these
MEAs. The dependence of MEA performance on the Ni: HEO
ratio highlights the importance of balancing -electronic
conductivity and active site density in the anodic catalyst layer.
At a Ni: HEO ratio of 5: 5, the polarization curve was shifted to
lower cell voltages across the entire current density range
compared with those at 3:7 and 7:3, indicating that this
composition provided the most efficient compromise between
a well-percolated conductive network and a high density of

251 T T T T
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1
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Fig. 8 Polarization curve of the AEMWE cell using HEO-0.5/Ni anodes
in 1.0 M KOH at 80 °C. In this measurement, the HEO-0.5: Ni ratio is
5:5. For details of the optimization of the catalyst : Ni ratio, see Sl
Fig. S15.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

active HEO-0.5 sites. When the Ni fraction was reduced to
30 wt% (Ni:HEO = 3:7), the cell voltage slightly increased,
which is attributed to higher ohmic and contact resistances
associated with an insufficiently connected Ni network.
Conversely, when the Ni fraction is increased to 70 wt% (Ni:
HEO = 7:3), the performance deteriorates more significantly,
especially in the high-current-density region, indicating that the
loss of active HEO-0.5 per geometric area outweighs the benefit
of enhanced conductivity. These trends indicate that perfor-
mance is governed by the balance between electronic conduc-
tivity and active-site density, and that an intermediate Ni
content maximizes the effective utilization of both the
conductive additive and the catalyst.

Fig. 8 shows the polarization curve obtained from the MEA
with the optimized Ni:HEO-0.5 ratio (5:5). The cell with an
optimized Ni: HEO ratio of 5:5 exhibited a current density of
1.0 A cm™? at 1.83 V and reached 4.0 A em 2 at 2.19 V under
differential-pressure-free conditions. These results demonstrate
that the fully non-noble HEO-0.5 catalyst can drive the OER in
a device-relevant configuration, achieving high current densi-
ties at low cell voltages around 1.8-2.2 V. When compared with
recently reported non-noble AEMWE cells operated at 80 °C in
1.0 M KOH, which typically require 1.65-2.03 V to deliver 1.0 A
cm >, the present HEO-0.5 MEA lies in the upper tier of
performance (Table S2 and Fig. S16),**>* despite the relatively
modest catalyst loading and the absence of advanced electrode
structuring. This device-level activity is in good agreement with
the high intrinsic OER activity of HEO-0.5 evidenced by half-cell
measurements (Table S2 and Fig. S16).

To gain further insight into the origin of these MEA-level
trends, electrochemical impedance spectroscopy (EIS) was
conducted under operating conditions (Fig. S15b, see the
Experimental section for experimental details). In all cases, the
high-frequency intercept of the Nyquist plots was nearly iden-
tical, indicating that the bulk ohmic resistance of the
membrane and cell hardware was essentially unchanged by the
Ni : HEO ratio. In contrast, the diameter of the main semicircle,
associated with the charge-transfer resistance (R.), depended
strongly on the anode composition: R remained small for Ni :
HEO = 3:7 and 5:5 but increased markedly for 7:3, in line
with the larger voltage losses observed for the Ni-rich electrode
at high current densities. Furthermore, EIS-based analysis of
the cell voltage allowed separation of the anodic and cathodic
contributions at each electrode (Fig. S15¢ and d). The cathodic
overpotential was almost identical for all cells, as expected from
the identical cathode configuration, whereas the anodic over-
potential varied with the Ni: HEO ratio and reached a minimum
at 5:5. This composition-dependent trend in anodic over-
potential closely matches the polarization behavior in Fig. 8,
with the lowest anodic losses coinciding with the best MEA
performance at Ni: HEO = 5: 5.

Overall, the combination of polarization and EIS analyses
demonstrates that the size-controlled HEO-0.5 catalyst, when
combined with an optimally balanced Ni content in the anode,
delivers high MEA performance using only non-noble metals.
Because the catalyst is entirely non-noble, increasing its loading
and refining the electrode architecture should further enhance
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MEA performance. Since the choice of metal cations and cell
configuration can influence both the catalytic activity and the
stability of the catalyst'* and MEA cell operation, further studies
aimed at enhancing stability as well as OER activity represent
promising future directions.

Conclusions

In conclusion, in this study, we have demonstrated a subcritical
hydrothermal synthesis strategy combined with surface organic
modification as an effective route to synthesize size-controlled
multi-metal HEOs as OER catalysts. This approach enabled
the synthesis of single-phase, highly crystalline cubic spinel
HEO nanoparticles with tunable particle sizes down to the
single-nanometer scale, which is difficult to achieve via
conventional high-temperature annealing synthesis protocols.
Systematic particle size reduction induced by catechol addition
resulted in a pronounced enhancement of OER activity. The
optimized HEO-0.5 catalyst delivered high current densities and
exhibited a clear linear correlation between the OER current
density and the inverse crystallite size, highlighting the critical
role of nanoscale structural control in maximizing accessible
active sites. Beyond activity enhancement, in situ XAS analysis
revealed that the multi-cation local structure of HEO-0.5
remains relatively stable under potential applied conditions,
showing minimal changes in the oxidation state and coordi-
nation environment. This behavior contrasts sharply with the
extensive surface reconstruction typically observed in conven-
tional oxide catalysts and can be attributed to the synergistic
effects of entropy-driven structural stabilization and high crys-
tallinity enabled by the subcritical hydrothermal synthesis
process. Furthermore, the practical relevance of this material
design was demonstrated by MEA measurements, where the
HEO-0.5 catalyst achieved high current densities at low cell
voltages. Taken together, this work establishes subcritical
hydrothermal synthesis with organic molecular regulation as
a powerful and scalable platform for designing durable, high-
performance HEO catalysts, providing valuable guidelines for
OER catalysts in practical water electrolysis systems.

Experimental section
Material synthesis

HEO NPs were synthesized via subcritical hydrothermal pro-
cessing. A mixture of 0.111 mmol manganese() acetate tetra-
hydrate (Wako, Guaranteed Reagent grade, 99.9%), 0.222 mmol
iron(n) acetate (Sigma-Aldrich, 99.99%), 0.056 mmol cobalt(m)
acetate tetrahydrate (Wako, Guaranteed Reagent grade, >99.0%),
0.056 mmol nickel(u) acetate tetrahydrate (Kanto Chemical,
98.0%), and 0.056 mmol zinc(u) acetate dihydrate (Wako, Guar-
anteed Reagent grade, >99.9%) was dissolved in 5 mL of ultra-
pure water (Milli-Q EQ 7000, 18.2 MQ cm '). The resulting
solution, along with a predetermined amount of catechol (Wako,
Guaranteed Reagent grade), was sealed in a 10 mL Hastelloy tube
reactor. The reactor was heated at 300 °C for 60 minutes, and
after cooling, the contents were transferred to a centrifuge tube.
The product was washed several times with ultrapure water, and
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unreacted precursors were removed by repeated centrifugation.
The collected particles were then redispersed in water and freeze-
dried to obtain the final powder samples.

Physical characterization

The crystal structure of the synthesized HEO NPs was charac-
terized by powder X-ray diffraction (XRD) using a SmartLab
OMTP diffractometer (Rigaku) with Cu-Ka radiation (A = 1.5418
A). Diffraction patterns were recorded over a 26 range of 10° to
80° at a scan rate of 3.00° min . The step size was set to 0.02°,
with an accelerating voltage of 45 kV and a tube current of 200
mA. The primary particles of the synthesized HEO NPs were
examined using transmission electron microscopy (TEM,
HITACHI H-7650) operated at an accelerating voltage of 100 kv
and a filament current of 20 mA.

The amount of organic modifier bound to the product was
evaluated by thermogravimetry differential thermal analysis
(TG-DTA, Thermo plus Evoll (Rigaku)). The sample was heated
from room temperature to 800 °C at a rate of 10 °C min~ ' under
a flow of pure air at 100 mL min~". Prior to measurement, the
samples were preheated at 60 °C for at least one hour to remove
moisture contained within the particles. The elemental ratio of
HEO NPs was analyzed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) using SPECTRO ARCOS
(SPECTRO Analytical Instruments, Germany). Scanning trans-
mission electron microscopy (STEM) observations were per-
formed using a Titan3 60-300 Double Corrector microscope
(FEI Company) equipped with a Super-X system operated at 200
kv. X-ray absorption spectroscopy (XAS) measurements were
carried out at the BLO1B1 and BL14B2 beamlines of SPring-8
(Japan Synchrotron Radiation Research Institute (JASRI)). A
Si(111) double-crystal monochromator was employed for energy
selection. The ex situ XAS measurements were performed in
transmission mode, while the in situ measurements were con-
ducted in fluorescence mode using a 19-element solid-state
detector. The obtained data were analyzed using ATHENA
software.> The energy levels were calibrated by setting the first
peak maximum in the Cu foil spectrum equal to 8980.3 eV
during the measurements.

Electrochemical measurements

Electrochemical measurements were conducted in a custom-
built PTFE electrochemical cell containing 70 mL of 1 M
potassium hydroxide (KOH) aqueous solutions as the electro-
lyte. During measurements, the electrolyte was continuously
saturated with oxygen (O,) by bubbling O, gas through the
solution. A three-electrode setup was employed, consisting of
the catalyst-modified glassy carbon working electrode, a Hg/
HgO (1 M NaOH) reference electrode, and a graphite rod as
the counter electrode, respectively. The working electrodes were
prepared by drop-casting a catalyst ink onto a glassy carbon
electrode, which was polished using an alumina slurry prior to
use. The catalyst ink was prepared by dispersing 3 mg of the
synthesized catalyst and 2 mg of oxidized carbon nanotubes
(Sigma-Aldrich) in a mixture of 40 uL Nafion solution (5 wt%,
Sigma), 200 pL isopropanol (Wako), and 400 pL ultrapure water.
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The suspension was first vortexed and then sonicated for 20
minutes to achieve a homogeneous dispersion. A volume of 7.5
uL of the ink was drop-cast onto a 5 mm-diameter glassy carbon
electrode and dried at room temperature. The working elec-
trode was rotated at 900 rpm using a rotating electrode system
(Pine Research Instrumentation). All electrochemical measure-
ments were performed using a potentiostat (SP-150e, Bio-Logic).

Preparation of the membrane electrode assembly

The water electrolysis performance of the synthesized catalysts
in this study was also investigated by the membrane electrode
assembly (MEA) following the reported method.*>*® Pt;,Ru;¢/C
(Tanaka Precious Metal Technologies) was used as the cathode
catalyst in the MEA. PiperION-A (13.3 mg, Versogen) was di-
ssolved in a mixed solvent consisting of ethanol (3.5 mL) and
deionized water (1.5 mL), and the solution was stirred overnight
at 20 °C. Subsequently, 40 mg of Pt;,Ru,¢/C was added to the
ionomer solution and thoroughly mixed in a planetary ball mill
(Pulverisette 6, Fritsch) for 1 h at 150 rpm using 5 mm ZrO,
balls. The resulting catalyst ink was sprayed onto a PiperION
anion-exchange membrane (20 pm thickness, Versogen) using
a spray coater (Nordson K.K.) to form a cathode catalyst layer
with a geometric area of 1 cm” and a Pt loading of 0.3 mgPt
cm 2,

To prepare the anode catalyst ink, a total of 40 mg of
a physical mixture of HEO-0.5 and Ni particles (Aldrich, <100
nm) was combined with PiperION-A (13.3 mg), deionized water
(1.5 mL), and ethanol (3.5 mL). The mass ratio of Ni to HEO was
adjusted as described in the main text, while keeping the total
mass of Ni and HEO constant at 40 mg. The suspension was
mixed in a planetary ball mill under the same conditions as for
the cathode ink (1 h, 150 rpm, 5 mm ZrO, balls), and then
sprayed onto the opposite side of the PiperION membrane to
form the anode catalyst layer. The anode loading was controlled
so that the combined mass of Ni and HEO was 1.2 mg cm ™.
Specially designed electrolyzer cell hardware (Chemix, Japan)
was used for all water electrolysis tests, and the MEA was sealed
between the bipolar plates with gaskets of appropriate thick-
ness prior to measurements.

Water electrolysis test

A 1 M KOH solution was circulated through the electrolyzer at
a flow rate of 5 mL min ™' overnight to activate the membrane
and ionomer by exchanging ClI- with OH . Electrochemical
impedance spectroscopy (EIS) was monitored at a cell voltage of
1.5 V using an impedance analyzer (Solartron 1260) coupled
with an electrochemical interface (Solartron 1287) until stable
spectra were obtained. The cell temperature was then increased
to 80 °C. To maintain the operating temperature, KOH solutions
preheated to 80 °C were supplied to the anode and cathode
through heated tubing. After stable impedance spectra were
confirmed at 80 °C, the MEA was conditioned by applying
a current density of 0.2 A cm™2 for 20 min. Polarization curves
were then recorded to evaluate the water electrolysis perfor-
mance. During all measurements, the alkaline electrolyte was
continuously circulated on both the anode and cathode sides.
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Electrolysis tests were carried out using a charge-discharge
system (Hokuto Denko Co., Ltd).

Electrode-resolved EIS measurements in water electrolyzers
were performed using a dual-reference-electrode electrolyzer
cell based on the design reported by Nagasawa et al.>” The cell
allows reference electrodes to be inserted on both the anode
and cathode sides of the membrane, enabling separation of the
local anodic and cathodic potential responses. Before the
measurement, the reference-electrode compartments were fil-
led with 1 M KOH and allowed to stabilize for approximately
20 min. Mini-HydroFlex reference electrodes were then inserted
into both sides of the cell. EIS spectra were recorded using
a Solartron 1260 impedance analyzer coupled with a Solartron
1287 electrochemical interface. The anodic and cathodic
impedance contributions were evaluated from the AC potential
responses between each electrode and the corresponding
nearby reference electrode.
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