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ABSTRACT
High-efficiency and low-cost catalysts for the oxygen evolution reaction (OER) in acidic electrolytes are critical for electrochemical water
splitting in proton exchange membrane (PEM) electrolyzers to produce green hydrogen, a clean fuel for sustainable energy conversion and
storage. Among OER catalysts, solid-state synthesized SrCo1⌐xIrxO3 has demonstrated superior activity compared to commercial standards,
such as IrO2 and RuO2. However, the solid-state synthesis process is economically inefficient for industrial use due to the potential for
impurities and low yield of the final product. In addition, the requirement for electrochemical cycling to activate the catalyst introduces con-
taminations and uncertainties for industrial applications. In this study, a modified solution-based sol–gel method was employed to produce
SrCo0.5Ir0.5O3 (SCIO) with high purity and yield. Subsequent ball milling and acid leaching treatments were applied, resulting in a catalyst
with higher efficiency than those activated solely by electrochemical cycling. The electrochemical analysis and physical characterizations of
our SCIO catalyst after ex-situ post-synthesis treatments show a similar active phase in composition and structure to those obtained through
in situ electrochemical cycling and activation. Our approach simplifies the preparation process, making the catalyst ready for direct use in
PEM electrolyzers without further treatment, offering a promising solution for producing high-performance, industrial-scale OER catalysts.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0242496

I. INTRODUCTION

Producing clean fuels by converting and storing renewable
energy into molecular bonds such as hydrogen (H2) is imperative
in combating societal and environmental issues, such as climate
change, air pollution, limited resources leading to energy insecurity,
and economic instability.1–4 Electrolyzers are a vital tool to ensure
such processes by splitting water using electricity generated from
renewable energy sources (e.g., solar, wind) to green hydrogen.3 The
high efficiency and ability to operate at high current densities, along
with a compact design, make proton exchange membrane (PEM)
electrolyzers one of the most favored choices (e.g., compared to
alkaline electrolyzers) for green H2 production. In addition, they

are well-suited for integration with intermittent renewable energy
sources, such as wind and solar.5,6 However, the H2 production cost
from PEM electrolyzers is relatively high (∼$5/kg), mainly due to
the use of expensive, precious metals, such as iridium (Ir) and plat-
inum (Pt), in the anode and cathode, respectively.7,8 In addition, the
acidic condition in which PEM electrolyzers operate corrodes the
materials, leading to low durability of the device. Under optimistic
projections, achieving H2 production costs below $1/kg by 2031
(a goal set by the U.S. Department of Energy) depends on significant
reductions in capital costs and the effective utilization of regional
renewable energy potentials.9 In particular, for PEM electrolyzers,
the main challenge lies in addressing the slow reaction kinetics and
the reliance on expensive precious metals, such as iridium (Ir), for
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the oxygen evolution reaction (OER) at the anode. Overcoming
these challenges is crucial for enhancing the efficiency and economic
viability of PEM electrolyzers, making them a more cost-effective
solution for hydrogen production.10

Currently, commercially ready electrocatalysts used for OER
are ruthenium- or iridium-based.11–13 Although ruthenium-based
catalysts exhibit higher initial activity for OER, iridium-based cata-
lysts provide significantly greater stability under acidic conditions.14
The enhanced stability makes iridium-based catalysts more suitable
for long-term use in acidic environments and better prepared for
applications in PEM electrolyzers and fuel cells.13,15 In 2016, Seitz
et al.12 demonstrated an innovative IrOx/SrIrO3 catalyst that has
high activity for OER in acidic environments. It was hypothesized
that strontium (Sr) completely leached out from strontium irid-
ium oxide (SrIrO3) catalyst top layers in electrochemical cycling,
thus forming a highly active surface that makes the catalyst achieve
an overpotential of 270–290 mV at 10 mA/cm2

oxide (normalized
to the catalyst surface area) for over 30 hours. Later, Wan et al.16
used smooth, epitaxial SrIrO3 thin films as a model system and
combined multimodal surface-sensitive x-ray characterizations with
density functional theory (DFT) to show that a highly disordered Ir
octahedral network with Ir square-planar motifs is the final active
phase that is induced by the partial leaching of Sr from the sur-
face during the electrochemical cycling. Furthermore, Chen et al.17
successfully synthesized a micrometer-level cobalt-doped SrIrO3
catalyst, SrCo0.5Ir0.5O3 (SCIO), in powder form via a solid-state
synthesis method and demonstrated the restructured and electro-
chemically activated honeycomb-like IrOxHy phase, similar to what
Wan et al. showed, with comparable OER performance as SrIrO3
thin film catalysts under acidic conditions but with 50% reduced
iridium usage.12,16,18 Although these works provided a deep mech-
anistic understanding and moved toward more applied research,
the solid-state synthesis approach presented notable drawbacks,
including the presence of impurities, significant yield losses, and the
production of large particle sizes. Moreover, the necessity for addi-
tional electrochemical activation hindered the catalyst’s commercial
viability.

To address these challenges, a solution-based sol–gel synthesis
is developed in this work. This facile method offers the poten-
tial for higher yield and purity, thereby mitigating the issue of
impurities associated with the solid-state method. Furthermore,
post-synthesis processes such as ball milling and acid leaching
are introduced to reduce the particle size down to hundreds of
nanometers and activate the material without requiring further
electrochemical treatments. These refinements aim to enhance the
catalyst’s surface area and reactivity, facilitating its practical applica-
tion in acidic OER environments of commercial PEM electrolyzers.
In this article, we also discuss the optimization of synthesis con-
ditions and subsequent treatments to enhance cobalt mobilization
and iridium exposure, ultimately improving the performance and
commercial feasibility of SCIO. Our synthesized and pre-activated
SCIO catalyst exhibits a lower OER overpotential (221 mV to
reach 10 mA/cm2

geo in 1M HClO4), higher mass activity (1.47
A/mgIr ECSA in 1M HClO4), and a better Tafel slope (35.1 mV/dec
in 1M HClO4) compared to those previously reported for SrIrO3-
based catalysts and commercial super-high-surface-area TKK IrO2
standards under the same perchloric acid (HClO4) electrolyte
conditions.12,17,19,20

II. METHOD
A. Synthesis

A sol–gel synthesis method was meticulously developed for
the preparation of pseudo-cubic SCIO. Citric acid was employed
as a stabilizing agent, while ethylenediaminetetraacetic acid (EDTA)
served as a chelating agent. Various ratios of metal to EDTA to cit-
ric acid were evaluated, and the optimal ratio was determined to
be 1:1:1.5. Ammonium hydroxide was introduced to facilitate the
hydrolysis reaction with EDTA. The pHwas carefully adjusted using
nitric acid to maintain an acidic environment with a pH below 3,
which is critical for smooth gelation and the production of fine
particle sizes. The gelation process was allowed to proceed over a
12-h period. Subsequently, the gel was dried at 150 ○C in air for a
minimum of 4 h to eliminate impurities, with additional drying per-
formed as necessary to achieve a fully interlinked dry gel. The dried
gel was finely ground and then subjected to calcination at 1150 ○C
for 12 h, with a controlled heating rate of 4 ○C/min, using a Sentro
Tech Corp 1200 ○C muffle box furnace. After naturally cooling back
to room temperature, the sample was ground using an agate mortar
and collected for further analysis.

B. Post-synthesis treatment
To reduce the SCIO particle size and increase the surface

area, the sample underwent ball milling. Acid leaching was sub-
sequently performed to ex-situ activate the SCIO catalyst as the
alternative method for in situ electrochemical cycling used in previ-
ous reports.12,16,17,19 Optimal conditions were determined as shown
in Fig. S1 for ball milling time and Fig. S2 for acid leaching condi-
tions. The best condition was determined as ball milling for 24 h,
followed by leaching in 1M HClO4 for 5 h. The optimized proce-
dures of synthesis and post-synthesis treatments are illustrated in
Fig. 1.

C. Optimization
The optimal acid concentration for leaching was determined

through a series of experiments. Initially, 0.1M perchloric acid was
used, following the method of Chen et al., but it proved insufficient
(e.g., low activity) for activation under ex-situ conditions. Concen-
trations increased to 0.5M, 0.7M, and 1M, with the best results
obtained using 1M acid. Homogeneous soaking methods, includ-
ing stirring and ultrasonic waves, were also evaluated, with stirring
proving slightly more efficient. Tests conducted at 30 ○C showed
that the ultrasonic method improved penetration but was less effec-
tive overall than stirring. To improve the catalytic performance of
SCIO, the sequence of ball milling followed by acid leaching was
adopted, with 12 h of milling and 5 h of leaching yielding optimal
results at higher acid concentrations, namely the best stability and
activity. Our optimization processes show that longer durations of
acidic leaching led to excessive removal of cobalt and strontium,
compromising structural stability, while shorter durations struck a
balance between activity and stability. Higher acid concentrations
(2M, 5M, and 8M) were tested, too, but did not outperform 1M per-
chloric acid, confirming that 1M was the optimal choice. Efforts to
reduce particle size below 500 nm through ball milling were par-
tially successful. Despite 72 h of milling, some particles remained
over 2 ωm. Extended milling disrupted the Sr and Co structures,
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FIG. 1. Synthesis scheme of SCIO syn-
thesized utilizing the sol–gel method-
ology with post-synthesis treatment to
attain a high efficiency final product.

as the SEM analysis revealed, leading to instability during testing.
This instability was linked to sample detachment from the carbon
disk, resulting in a poor oxygen evolution reaction (OER) perfor-
mance under acidic conditions. The findings highlight the need to
balance particle size reduction with maintaining structural integrity
for efficient post-processing.

D. Characterization
X-ray diffraction (XRD) analysis was utilized to confirm the

sample’s purity and crystallinity, using a Rigaku SmartLab diffrac-
tometer with a Mo source and a 1D line detector operating on a flat
plate configuration with a 5 mm slit. Scanning electron microscopy
(SEM) was conducted using an FEI Quanta 3D dual-beam SEM-
FIB, which provided insights into the particle size and elemental
composition. X-ray fluorescence (XRF) measurements were taken
at the X-Ray Analytical Facility at the University of Oregon using
a Rigaku ZSX Primus IV. Powder samples were loaded onto a cru-
cible and covered tightly in shrink wrap before being placed into the
tool. The measured data were analyzed using the Python package
scipy.integrate in order to get elemental counts. X-ray photoelec-
tron spectroscopy (XPS) was performed using a ThermoScientific
ESCALAB 250 at the Surface Analysis Facility at the Center for
Advanced Materials Characterization in Oregon (CAMCOR) at the
University of Oregon and a PHI 5600 XPS at Oregon State Univer-
sity to gather detailed information on the chemical environment of
the sample. The XPS is done under an Al K alpha source with a
step size of 0.1 or 0.2 eV. The scan rate was varied from sample to
sample. Nitrogen adsorption–desorption isotherms were measured
at 77 K using aMicromeritics 3FLEX adsorption analyzer. Before the
measurement, the samples were activated at 120 ○C for 20 h under
vacuum to remove residual solvent molecules within the structure.
The Brunauer–Emmett–Teller (BET) surface areas were determined
using the BET model.21,22

E. Electrochemical Tests
Catalyst ink was prepared by grinding 2.5 mg of the SCIO cat-

alyst with 1 mg of carbon (C65), followed by air drying at 80 ○C
for 4 h. Subsequently, 375 ωl of water, 112.5 ωl of isopropanol, and
12.5 ωl of Nafion were added to the dried mixture, which was then
sonicated for at least 1 h until the sample was fully dispersed. A 10 ωl
aliquot of the catalyst ink was deposited onto a glassy carbon disk to
achieve a catalyst loading of 0.05 mg. Cyclic voltammetry (CV) tests
were conducted under nitrogen flow at 1600 rpm in 0.1M HClO4
across a voltage range of 1.161–1.461 V in a three-electrode system.
A double junction silver chloride (Ag/AgCl) electrode was used as
the reference electrode, and a platinum wire served as the counter
electrode. To obtain the Tafel slope, chronoamperometry measure-
ments were performed in steps of 10 mV, where a relaxation time
of 60 seconds is used for each step to allow the current to achieve a
steady state.18 All OER measurements were performed using a Cor-
rtest CS2350 biopotentiostat coupled with amodulated speed rotator
(Pine Research Instrumentation).

III. RESULTS AND DISCUSSION
The SCIO synthesized via the sol–gel method was confirmed

to exhibit high phase purity through XRD analysis, as shown in
Fig. 2(a). SEM images, depicted in Figs. 2(b) and 2(c), revealed
that the particles synthesized using the sol–gel method had an
average size of ∼2.11 ωm, indicating relatively large particle dimen-
sions (see the particle distribution analysis in Fig. S4). The element
ratios were analyzed using energy dispersive x-ray (EDX) (Table
S1), x-ray photoelectron spectroscopy (XPS) (Table S6), and x-
ray fluorescence (XRF) (Table S7), showing that the composition
closely matches the nominal value of SrCo0.5Ir0.5O3. Subsequently,
ball milling and acid leaching were conducted, with the optimal
conditions to achieve the best electrochemical performance deter-
mined, as shown in Figs. S1 and S2, respectively. Following ball
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FIG. 2. (a) XRD of SCIO synthesized
with the sol–gel method compared to
the reference XRD spectrum of SCIO
synthesized with the solid-state method
from Chen et al.17 (b) SEM images of
the SCIO pristine sample synthesized by
the sol–gel method (SCIO-SG) and (c)
SEM images of SCIO synthesized by the
sol–gel method after ball milling and acid
leaching processing (SCIO-SG-P). (d)
Particle size distribution plot of sol–gel
synthesized SCIO after ball milling for
24 h and acid leaching for 5 h.

milling for 24 h and subsequent acid leaching for 5 h, a significant
reduction in particle size was observed. The ball-milled and acid-
leached samples were analyzed using XRD, revealing the same phase
(Fig. S3). The decrease in diffraction intensity and the broadening of
the XRD peak widths indicate a reduction in particle size. However,
this reduction was not uniform, as some large particles remained.
As illustrated in Fig. 2(d), the average particle size was found to
be ∼461 nm, with the majority of particles exhibiting diameters in
the range of 400–500 nm. In addition, the crystalline domain size
of our samples after post-synthesis treatments was estimated using
Debye Scherrer’s equation to be 123.4 nm (see the supplementary
material formore details), which is smaller than the averaged 461 nm
overall particle size measured by SEM. This suggests that amor-
phous structures existed in these particles, probably dominating on
the outer surfaces due to the ex-situ acid leaching from the post-
synthesis treatment. The elemental ratios of the SCIO sample after
post-synthesis treatment were analyzed using EDX (Table S1), show-
ing a reduction in Sr, Co, and O concentrations and thus forming
a Sr- and Co-deficient SCIO composition. Further XPS analysis
(Table S6; Figs. S5–S7) on SCIO synthesized from solid-state and
sol–gel methods and corresponding treatments (i.e., in situ acti-
vation and post-synthesis treatment) also confirms the leaching of
Sr and Co with Sr- and Co-deficient compositions. These results
also match the structure and composition of SrIrO3-based catalysts
after electrochemical cycling from Chen et al. and Seitz et al.,12,17
suggesting that our SCIO samples, after the optimized synthesis
and post-synthesis treatment procedures, are similar to the final
active phases obtained in previously reported in situ electrochemical
activation.

To understand the chemical effects on SCIO samples through
ball milling and acid leaching processes, XPS measurements were
carried out on pristine SCIO synthesized by the sol–gel method
(SCIO-SG) and the SCIO synthesized by the sol–gel method after
ball milling and acid leaching processes (SCIO-SG-P). The EDX
analysis above showed that the SCIO-SG sample has a slight
oxygen deficiency, resulting in a composition approximated as
SrCo0.5Ir0.5O2.75. A subsequent XPS analysis revealed that iridium is
present in mixed oxidation states of +4 and +5, while cobalt exhibits+2 and +3 oxidation states, as shown in Figs. 3(a) and 3(b), consis-
tent with the expected chemical states in the composition calculated
from the EDX analysis. In contrast, the Ir3+/4+ was identified in
the Ir 4f XPS spectra of SCIO-SG-P, in addition to Ir4+/5+, sug-
gesting that the post-synthesis treatment processes induce a shift in
iridium’s oxidation states, with Ir partially reduced to the 3+ and
4+ states. The combined EDX and XPS data for the post-synthesis
treated SCIO sample suggested the existence of a mixed composi-
tion in SCIO-SG-P, for example, Sr0.3Co0.3Ir0.7O2.15 (with Ir4+) and
Sr0.3Co0.3Ir0.7O1.8 (with Ir3+). Interestingly, the EDX results indicate
a higher overall oxygen content, possibly because EDX captures the
bulk oxygen composition, whereas XPS is more surface-sensitive,
detecting potential differences in surface chemistry. Furthermore,
ambient oxygen may occupy vacancies at the catalyst’s surface,
further contributing to these different observations.

In addition, cobalt appears to be converted entirely to Co3+
after post-synthesis treatment processes [Fig. 3(b)]. This can be
attributed to the dissolution of cobalt from the acid leaching step.
Acid leaching might preferentially remove Co2+ species that are
not strongly bound to the material because Co2+ has a more stable
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FIG. 3. XPS analysis of SCIO-SG and
SCIO-SG-P: (a) Ir 4f, (b) Co 2p, and (c)
O 1 s.

octahedral coordination with ligands such as water.23 It exhibits
higher solubility under acidic conditions and is removed during acid
leaching. In contrast, the Co3+ forms insoluble oxides or remains
bound in the crystal structure. As Co is leached from the sur-
face, the remaining iridium becomes more exposed with mixed
Ir3+ and Ir4+ that are much more stable under acidic conditions.
As a result, iridium tends to remain on the surface, exhibiting high
OER activity of the SCIO-SG-P.22–24 Finally, in the SCIO-SG sam-
ple [Fig. 3(c)], the O–H peak (531–532 eV) could be attributed
to moisture absorption from the ambient environment, while the
M–O peak near 529–530 eV reflects a strong lattice oxygen bonding
with metal cations.17,19 The observed decrease in hydroxide group
intensity in SCIO-SG-P can be attributed to a transition toward
an oxygen-deficient phase. This shift is further supported by the
EDX elemental composition analysis of SCIO-SG and SCIO-SG-P,
where the acid-leached samples showed an even lower oxygen con-
tent. Such a reduction in the oxygen content suggests that oxygen
vacancies are formed in the iridium-rich phases. Consequently, the
decrease in hydroxide groups is likely a direct result of these vacan-
cies. They may have played a role in enhancing the efficiency of
SCIO-SG-P. In addition, the structural defects and disorder intro-
duced during leaching may lead to the formation of new oxygen
states. These defects, particularly near metal cations that have tran-
sitioned to lower oxidation states (e.g., Ir3+/4+), can alter the local
electronic environment of oxygen atoms. Consequently, the XPS
spectrum of the post-processed sample might show a peak close to
the carbonyl binding energy range, even in the absence of carbon,
due to these newly formed oxygen species and the modified M–O
bonding structure.

After physical and chemical characterizations, comprehensive
electrochemical tests were carried out to evaluate the performance
of SCIO as an OER catalyst. The initial cyclic voltammetry (CV)
curves, normalized to the geometric surface area of the rotation disk
electrode (RDE), are presented in Fig. 4(a), with the upper potential
reaching 1.53 V vs the reversible hydrogen electrode (RHE). Dif-
ferent reduction–oxidation (redox) peaks of CV on SCIO before
and after processing were observed in the first cycles, suggesting

differences in the mechanisms of iridium reconstruction on the
surface. The smaller but asymmetric redox pair in the range of
0.3–1.1 V vs RHE in the CV of the SCIO-SG is the sign of irreversible
restructuring that can lead to the Sr and Co leaching and surface
amorphization, as found in previous reports.12,16,17 The single redox
pair observed between 1.2 and 1.4 V for SCIO-SG suggests the pres-
ence of Ir4+/5+, which was identified by XPS of SCIO-SG, as shown
in Fig. 3(a).19 In contrast, the redox pairs in the CV of SCIO-SG-P
are more symmetric, suggesting the reversible charge transfer and
stable catalytic phase. The multiple redox pairs suggest the existence
of Ir3+/4+ and Ir4+/5+ in SCIO-SG-P, as detected in the XPS spectra
[Fig. 3(a)]. To understand how the redox peaks are associated with
charge transfer and catalytic performance, Xu et al.25 studied iridium
oxide (IrOx) catalysts in acidic OER using time-resolved operando
spectroelectrochemistry and assigned three redox pairs to three key
redox transitions of iridium. In their study, the first oxidative peak
involves the oxidation of iridium from Ir3+ to Ir3.x+ at ∼0.9 V vs
RHE, which prepares the iridium sites for active catalysis by initi-
ating changes in the electronic environment. This stage is visible in
CV as the onset of activity before the main catalytic current rise. The
second oxidative peak progresses the oxidation state from Ir3.x+ to
Ir4+ around 1.3 V vs RHE, enhancing the catalytic activity essen-
tial for OER. This transition corresponds to increased currents in
CV, indicating greater involvement in oxygen evolution. The third
oxidative peak, occurring around 1.5 V vs RHE, further oxidizes
Ir4+ to Ir4.y+, fully activating the catalytic sites for oxygen evolution.
This highest state is linked with the peak catalytic currents in CV,
representing the most active phase for water oxidation. Similarly,
three oxidative peaks at 0.7 and 1.2 V vs RHE in the CV of SCIO-SG-
P were identified. Based on Bozal-Ginesta et al.’s26 finding, iridium
in SCIO-SG-P was predominantly reconstructed from Ir3+ to Ir4+
(∼0.7 V) with a minor transition from Ir4+ to Ir5+ (∼1.2 V), indi-
cating the formation of surface Ir hydrous oxide (IrOxHy), which
is believed to enhance catalytic efficiency. This assignment is sup-
ported by a prior study from Chen et al.,17 who calculated using
DFT to obtain a theoretical overpotential for H2IrO3 of 247 mV
at 10 mA/cm2

geo, which matches the overpotential observed for
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FIG. 4. (a) Initial cyclic voltammograms (CVs) of SCIO synthesized by the sol–gel method before the process (SCIO-SG) and SCIO synthesized by the sol–gel method
after the process (SCIO-SG-P) with the upper potential reaching 1.53 V vs RHE. (b) iR-corrected OER polarization curves normalized to the geometric surface area of SCIO
synthesized by the sol–gel method before the process (SCIO-SG) and SCIO synthesized by the sol–gel method after the process (SCIO-SG-P) compared to literature (denoted
as ⌐ in the figure) from Chen et al. on solid state synthesized SCIO (SCIO-SS).17 (c) iR-corrected OER polarization curves normalized to the Faradaic electrochemical surface
area of SCIO synthesized by the sol–gel method before the process (SCIO-SG) and SCIO synthesized by the sol–gel method after the process (SCIO-SG-P) compared to
the literature solid state synthesized SCIO (SCIO-SS).17 (d) The corresponding Tafel slope of SCIO synthesized by the sol–gel method before the process (SCIO-SG) and
SCIO synthesized by the sol–gel method after the process (SCIO-SG-P) compared to literature from Chen et al. on solid state synthesized SCIO (SCIO-SS) and IrOx (110).17

SCIO-SG-P [245 mV at 10 mA/cm2
geo, Fig. 4(b)], suggesting that a

honeycomb H2IrO3 structure may dominate the surface. The con-
sistency of redox pairs in CV measurements between our work
and literature results further supports our post-synthesis treatment,
which produces the final active SCIO phase that is similar to those
obtained through electrochemical cycling and activation.27,26

Figures 4(b) and 4(c) compare the iR-corrected OER polariza-
tion curves for the SCIO-SG, SCIO-SG-P, and SCIO prepared via a
solid-state method (SCIO-SS), tested under 0.1M HClO4, with the
current normalized to both the geometric surface area and electro-
chemically active surface area (ECSA). Note that both Faradaic and
non-Faradaic ECSAs of SCIO were measured using CV (Fig. S10)
and electrochemical impedance spectroscopy (EIS) (Fig. S9), respec-
tively, with comparable values (∼2.44 cm2; see the supplementary
material for more details). As shown in Fig. 4(b), when normaliz-
ing the exchange current to the geometric surface area, SCIO-SG-
P exhibited the lowest overpotential (245 mV at 10 mA/cm2

geo),
namely the highest OER activity, compared to those of SCIO-SG
(296 mV) and SCIO-SS (267 mV). Interestingly, when normaliz-
ing the current to the ECSA, SCIO-SG-P had a slightly lower OER
activity (248 mV at 1 mA/cm2

ECSA) compared to SCIO-SG (231 mV
at 1 mA/cm2

ECSA), but still showed better activity than SCIO-SS
(255 mV at 1 mA/cm2

ECSA). This is because the ECSA of SCIO-SG-P

increased from the ball milling and acid leaching processes, giving
2.263 cm2, which is approximately 20 times more than the ECSA
of SCIO-SG, 0.11 cm2 (Fig. S8), meaning more active surface sites
participating in the reaction. The electrochemical performance of
our SCIO samples was also compared with the commercial standard,
TKK IrO2, with all measurements performed in electrolytes with 1M
proton concentration (Fig. S10), namely SCIO-SG and SCIO-SG-P
in 1M HClO4 and TKK IrO2 in 0.5M H2SO4. SCIO-SG showed a
worse and SCIO-SG-P exhibited a better OER activity (overpoten-
tial at 10 mA/cm2

geo) compared to TKK IrO2. Note that SCIO-SG-P
has approximately the same performance (a minimal difference of
only 24 mV at 10 mA/cm2) in both 0.1 and 1M HClO4 electrolytes
(Fig. S11).

The Tafel slopes at 0.1M [H+] of several catalysts are illustrated
in Fig. 4(d). The SCIO-SG-P demonstrated good kinetics compared
to all other OER catalyst references with the smallest Tafel slope
(39.4 and 62.3 mV/dec). The similar Tafel slopes observed for the
SCIO-SS after electrochemical activation and SCIO-SG-P within a
similar potential range of 1.4–1.55 V suggest similarity of structure
and composition of the final active SCIO phase. Under 1M [H+], the
Tafel slope of SCIO-SG-P after processing was 35.1 mV/dec between
1.3 and 1.45 V, which was better than the 49 mV/dec slope of TKK
IrO2 between 1.45 and 1.50 V, as shown in Fig. S9. With less iridium
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FIG. 5. (a) Overpotential comparison of
some common commercialized OER cat-
alysts (denoted as ⌐⌐ in the figure) from
Tan et al. with sol–gel synthesized SCIO
after processing (SCIO-SG-P).20 (b) Ini-
tial surface-specific activities (SA) mea-
sured at 1.53 V vs RHE normalized to
iridium ECSA of some common com-
mercialized OER catalysts compared
to sol–gel synthesized SCIO after pro-
cessing (SCIO-SG-P).20 (c) Initial mass
activities (MA) measured at 1.53 V
vs RHE normalized to mg iridium of
some common commercialized OER cat-
alysts compared to sol–gel synthesized
SCIO after processing (SCIO-SG-P).20
(d) BET surface area of sol–gel syn-
thesized SCIO after processing (SCIO-
SG-P) compared to sol–gel synthesized
SCIO before processing (SCIO-SG-P)
and solid-state synthesized SCIO.

usage, our sol–gel synthesized SCIO after post-synthesis treatment
processes is more efficient.

To demonstrate the potential of our SCIO for commercializa-
tion, SCIO-SG-P was further tested in 1M HClO4 and compared
with other commercial standards, which were tested in 0.5M H2SO4
electrolytes and reported in the literature.20 A more detailed future
study could be needed since the anion species (ClO4

⌐ and SO4
2⌐)

can also influence OER.28 As shown in Fig. 5(a), the SCIO-SG-
P exhibited the smallest overpotential of 221 mV to reach 10
mA/cm2

geo and 223 mV to reach 1 mA/cm2
ECSA, indicating that

SCIO-SG-P is the most effective in terms of both overall and intrin-
sic performance. At 1.53 V vs RHE, SCIO-SG-P achieved the high-
est current density of 6 mA/cm2 per iridium ECSA, as shown in
Fig. 5(b), compared to other standards. This led to the best mass
activity among all commercial standards, as shown in Fig. 5(c). In
particular, SCIO-SG-P has a higher mass activity of 1.47 A/mgIr ECSA
compared to the 1.4 A/mgIr ECSA mass activity of TKK IrOx at 1.53 V
vs RHE when normalized to iridium loading, even though TKK
IrOx from Tan et al.20 has ten times the BET surface area, fur-
ther confirming the commercialization potential. Besides forming
an active phase with Sr- and Co-deficiency and an amorphous struc-
ture, the enhanced OER performance of SCIO-SG-P is also due to
the much-increased surface areas with more active sites exposed
for SCIO-SG-P after post-synthesis treatment processes. As shown
in Fig. 5(d), SCIO synthesized via the solid-state method has only
a 0.18 m2/g BET surface area, while the sol–gel synthesized SCIO
exhibits a 3 m2/g BET surface area. Following ball milling and
acid leaching, the surface area further increased to 9 m2/g (Fig.
S13). The ball milling process likely contributed significantly to this
increase in surface area, exposing more high-activity iridium on the
SCIO surface, resulting in an enhanced OER performance compared

to pristine SCIO. However, as shown in Fig. 2(d), SCIO particles
are not uniform at the nanoscale after ball milling. Some are still
micrometer sized. This indicates the potential for further size reduc-
tion to increase the surface area. However, when SCIO was ball
milled for three days, the attempt to reduce particle size resulted
in poor CV activity and powder dissociation, likely due to Sr and
Co leaching out, which destabilized the catalyst (Fig. S1). This sug-
gests that other methods should be considered for achieving tens of
nanometers of SCIO. Another issue of SCIO catalysts is the stability.
Although stability tests (Fig. S14, chronopotentiometric measure-
ments at 10 mA/cm2

geo) suggested a reasonably good performance
of SCIO under less concentrated acidic conditions (0. 1M HClO4)
for an extended period (20.6 h at 1.49 V vs RHE), the catalyst can-
not survive more than 1.6 h at 1M HClO4. Further efforts should be
devoted to improving SCIO long-term stability.

IV. CONCLUSIONS
In this study, the physical/chemical properties and electro-

chemical performance of SrCo0.5Ir0.5O3 (SCIO) synthesized via the
sol–gel method were systematically evaluated, with a particular focus
on the effects of subsequent ball milling and acid leaching treatments
on its OER activity. XRD and SEM results suggest the reduction
in particle size from micrometers to ∼460 nm and the formation
of an amorphous structure after processes. EDX and XPS spectra
confirm the Sr- and Co-deficiency and oxygen vacancies in the post-
synthesis treated SCIO (SCIO-SG-P), matching the structure and
composition of the active phase obtained from SCIO after elec-
trochemical cycling (or activation). The CV results demonstrated
that the SCIO-SG-P exhibited improved and stable OER activity
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comparable to or even better than SCIO after electrochemical activa-
tion. Notably, SCIO-SG-P outperformed several Ir-based commer-
cial catalysts in terms of OER activities. The SCIO-SG-P has a higher
BET surface area of 9 m2/g compared to both SCIO synthesized via
solid-state methods (0.18 m2/g) and before any processing (3 m2/g).
This substantial increase in the BET surface area is one critical fac-
tor for improving the catalytic performance, as a larger surface area
allows more active sites to participate in the OER. The Tafel slope
analysis confirmed superior OER kinetics, and stability tests indi-
cated a reasonably good performance under less concentrated acidic
conditions for an extended period. Our findings suggest that Ir-
less SCIO as a highly active OER catalyst under acidic electrolyte
conditions can be obtained through ex-situ physical and chemical
processes without in situ electrochemical activation, which positions
SCIO-SG-P as a very promising candidate for direct commercializa-
tion. Future efforts can be emphasized on the improvement of the
catalytic stability of SCIO under acidic conditions. The development
of this catalyst has contributed to the advancement of more robust
and efficient OER catalysts, furthering the potential for sustainable
hydrogen production technology.

SUPPLEMENTARY MATERIAL

The supplementary material provides detailed insights into the
optimization processes for ball milling and acid leaching through
cyclic voltammetry (CV) data, XRD pattern analyses, and particle
size calculations. It includes SEM micrographs showing the effects
of ball milling and acid leaching on particle size, nitrogen adsorption
isotherms for surface area analysis, and EIS fittings for electro-
chemical surface area (ECSA) calculations. Additional data include
comparisons of CV and Tafel slopes with IrO2, stability tests at dif-
ferent electrolyte concentrations, and chronopotentiometry results
demonstrating the catalyst’s efficiency and durability under varying
conditions.
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