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ABSTRACT: Achieving simultaneous activity and durability for acidic
oxygen evolution reaction (OER) remains a central challenge;

interfacial heterostructuring offers a route to stabilize Ru while e %00
exploiting its high intrinsic activity. Here we report a heterostructured *i@@j
nanosheet catalyst Ir,Ru, O,/ WO, that leverages interface-driven ﬂw{f&;p}
electronic and geometric modulation to boost OER performance. %ﬁfi@ﬁ

Density functional theory calculations indicate that interfacial
modulation steers the OER toward the oxide pathway mechanism
(OPM), effectively lowering the energy barrier of the potential-
determining step. In electrochemical tests, the catalyst delivers an
overpotential of 223 mV at 10 mA-cm™ under acidic conditions and

OPM o 1.
maintains an essentially constant potential over 120 h of continuous Do
chronopotentiometry. An OER-oxygen reduction reaction (ORR) 4 a?s%,:% HO

coupled electrochemical oxygen generator (EOG) single cell was
constructed to evaluate the catalyst’s performance, demonstrating a current density of 664 mA-cm™ at 1.2 V and an oxygen
production rate of 126 mL-min™". The Ir,Ru,_,0,/WO; exhibits good stability during 320 h of continuous operation, with a
current decay of less than 3%, which is significantly lower than that of the commercial IrO, (current decay of ~ 15%). These
results establish interfacial heterostructuring as a practical route to combine high activity with long-term durability in acidic
OER, enabling efficient, robust electrochemical oxygen generation.

KEYWORDS: acidic oxygen evolution reaction, heterostructure, molten salt method, oxide pathway mechanism,
electrochemical oxygen generator

corrosion at high potentials impose stringent demands on catalyst
activity and durability. IrO, is widely regarded as the benchmark
acidic-OER catalyst owing to its balanced overall performance
[4-7]. Nevertheless, the scarcity and high cost of Ir severely restrict
its large-scale deployment. In contrast, Ru-based catalysts offer a
more cost-effective alternative and exhibit promising intrinsic OER
activity in acidic media. Ru sites possess a moderate binding
strength toward OER intermediates, which contributes to their
high catalytic performance [8-10]. Yet, under harsh acidic and

1 Introduction

The acidic oxygen evolution reaction (OER) is essential to proton
exchange membrane (PEM) based energy conversion systems
[1-3]. Despite its central role, sluggish kinetics and oxidative
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oxidative conditions, Ru tends to oxidize further into high-valent
species, such as RuO,, leading to rapid deactivation and metal
dissolution [11, 12].
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To address this issue, one effective strategy involves introducing
Ir to stabilize the highly active Ru sites. When homogeneously
dispersed at the atomic scale, IrRu bimetallic oxide (IrRuO,) shows
more favorable adsorption behavior toward OER intermediates
[13-15]. Nevertheless, such alloying alone does not fundamentally
resolve the intrinsic oxidative fragility of Ru, and the high cost of Ir
further limits the industrial viability of this strategy [16]. To
overcome the limitations of conventional bimetallic oxide, the
construction of heterostructures has emerged as a particularly
promising route to engineer the electronic structure at the atomic
level [17-19]. The key lies in the spontaneous charge transfer across
the interface, driven by differences in the intrinsic work functions of
the constituent materials. This interfacial interaction redistributes
the local electron density around the active sites [20]. According to
the d-band center theory, such modulation of the electronic
environment can effectively tailor the adsorption energies of key
reaction intermediates [21-23]. By fine-tuning these interfacial
effects, heterostructured catalysts not only preserve the high
intrinsic activity of Ru but also achieve substantial improvements in
operational durability.

In this study, we report a heterostructured nanosheet composed
of Ir,Ru,_ O,/WO,. By leveraging the interfacial interaction between
WO, and the Ir,Ru,_O,, the electronic structure of the active sites is
effectively modulated, resulting in enhanced OER performance
under acidic conditions. The catalyst exhibits a low overpotential of
only 223 mV at a current density of 10 mA-cm™ and maintains an
essentially constant potential over 120 h of continuous
chronopotentiometry measurement, outperforming the Ir,Ru, O,
reference sample. Density functional theory (DFT) calculations
reveal that modulation of the active sites” structure and electronic
density of states (DOS) via the WO, heterointerface enables
Ir,Ru, ,O,/WO, to catalyze the OER through the oxide pathway
mechanism (OPM), lowering the energy barrier. Then, the catalyst’
s application performance was validated by an OER-oxygen
reduction reaction (ORR) coupled electrochemical oxygen
generator (EOG) single cell. It revealed a remarkable current
density of 664 mA-cm™ at an operating voltage of 1.2 V, with an
oxygen production rate of 126 mL-min” per single cell
Importantly, the IrRu, ,O,/WO, costs only 55% as much as
commercial IrO, while also exhibiting excellent operational
durability: Over more than 320 h of continuous operation, its
current decay rate is just 20% of that of commercial IrO,. This work
presents a promising strategy for designing high-performance
acidic OER catalysts and highlights their potential in advanced
electrochemical oxygen generation technologies.

2 Results and discussion

The Ir,Ru,_O,/WO, heterostructured nanosheets were synthesized
via a molten salt method. A precursor solution was mixed with
sodium nitrate and subsequently annealed in air, yielding two-
dimensional nanosheets composed of IrRu,_O, and WO,
crystalline grains (Fig. 1(a)). Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images reveal well-
defined lateral dimensions and the characteristic two-dimensional
morphology of the resulting nanosheets (Fig. S1 in the Electronic
Supplementary Material (ESM)). Atomic force microscopy (AFM)
further confirmed an ultrathin thickness of approximately 1.4 nm
(Fig. 1(b)), consistent with a monolayer-like structure that facilitates
the exposure of abundant active sites. For systematic comparative
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assessment, a suite of control materials—Ir.Ru, O, IrO,/WO,,
RuO,/WO,, IrO,, and RuO,—was synthesized using the same
method. These samples exhibited similar nanosheet morphologies,
as shown in Figs. S2 and S3 in the ESM.

High-angle annular dark-field scanning TEM (HAADF-STEM)
image and elemental mapping images of Ir,Ru, ,O,/WO, reveal a
uniform distribution of Ir, Ru, and W elements throughout the
nanosheets (Fig. 1(c)). High-resolution TEM (HRTEM) image
provides further insights into the crystalline arrangement of the
nanosheets. The average grain size was estimated to be ~ 2.15 nm,
indicating the formation of ultrasmall crystallites, which contribute
to an increased surface area and a higher density of heterointerfaces
(Fig. 1(d)). Detailed lattice fringe analysis revealed well-resolved
interplanar spacings of 0.257 and 0.321 nm, corresponding to the
(101) and (110) planes of Ir,Ru, O, respectively, along with a
0.217 nm spacing attributed to the (222) plane of WO, (Figs. 1(e)—
1(g)). These observations confirm the high crystallinity and distinct
facet exposure of the Ir,Ru, ,O,/WO, heterostructure, validating the
successful formation of the targeted hybrid architecture.

X-ray diffraction (XRD) measurements were first conducted to
further verify the phase composition of the synthesized catalysts.
The characteristic diffraction peaks of IrO, RuO, and WO,
confirm the formation of IrRu, O, and WO, phases within the
composite (Fig. 2(a) and Fig. $4 in the ESM). Raman spectroscopy
was subsequently employed to investigate the structural features of
the catalysts. In the RuO,/WO,, IrO,/WO,, and IrRu, O/WO,
samples, the Raman bands located at approximately 257 and
795 cm™ can be attributed to the bending (§(W-0)) and stretching
(V(W-0)) vibrational modes of WO, respectively, indicating that
the crystalline structure of WO, is preserved in the composites
[24-26]. Additionally, peaks observed at around 525 and 643 cm™
correspond to the symmetric stretching (E,) of Ru-O or Ir-O
bonds and asymmetric stretching (A,,) vibrations of Ru-O bonds
[27, 28]. In the Ir,Ru,_O,/WO, sample, both the Ru-O/Ir-O and
v(W-0) modes exhibited varying degrees of blue shift, typically
indicative of lattice distortion and oxygen vacancies induced by
interfacial heterostructure effects (Fig. 2(b)) [29, 30].

The presence of oxygen vacancies was further probed using O 1s
X-ray photoelectron spectroscopy (XPS) and electron paramagnetic
resonance (EPR) spectroscopy. The O 1s XPS spectra display three
major peaks at 530.0, 531.3, and 533.1 eV, corresponding to lattice
oxygen (metal-oxygen bond (M-O)), oxygen vacancies, and
adsorbed hydroxyl species, respectively (Fig. S5 in the ESM) [31].
Notably, the oxygen vacancy signal in Ir,Ru, O,/WO, exhibits a
significantly larger peak area than in the control samples, with an
area ratio of O, to Oy, reaching 4.11:1, suggesting a high
concentration of oxygen vacancies in the heterostructure. This
result was corroborated by EPR measurements, where Ir,Ru, O,/
WO, showed a strong signal at g = 2.003, indicative of oxygen
vacancies associated with lattice distortions (Fig. 2(c)) [32—34].

The evolution of metal element oxidation states was further
examined by XPS measurement (Fig. S6 in the ESM). In the Ir 4f
spectra, Ir,Ru, ,O,/WO, exhibits two main peaks at 62.5 and
65.5 eV, corresponding to the Ir 4f,, and Ir 4f;, components of Ir",
respectively (Fig. 2(d)). Compared to Ir,Ru, O, (62.2 and 65.2 eV)
and IrO,/WO, (62.3 and 653 eV), these peaks display a slight
positive shift, indicative of an increased oxidation state of Ir in the
heterostructure [35]. While in the Ru 3p;), spectra, a dominant peak
at 463.1 eV is consistently observed across all samples,
corresponding to Ru" species, while a minor peak at 465.8 eV
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Figure1 Schematic illustration of catalyst synthesis steps and morphological characterization. (a) Schematic illustration of the Ir,Ru, [O,/WO, structure (green: Ir; light
gray: Ru; dark gray: W; and red: O). (b) AFM image of Ir,Ru, (O,/WO,. (c) HAADF-STEM and corresponding elemental mapping images of IrRu, ,O,/WO,. (d)
HRTEM image and grain size distribution analysis of Ir,Ru, ,O,/WO,. ((e)-(g)) HRTEM and inverse fast Fourier transform (FFT)-HRTEM images of ((e¢) and (f))

Ir,Ru, 0O, and (g) WO, grains in Ir,Ru, ,O,/WO,.

reveals the presence of Ru™ species (Fig. 2(e)) [36]. The integrated
area ratio of Ru" to Ru" was calculated to evaluate the relative
abundance of reduced species. Ir,Ru, ,O,/WO; exhibits the highest
Ru"/Ru" ratio (0.26), compared to Ir,Ru,_,O, (0.23) and RuO,/WO,
(0.15), suggesting that both Ir and W incorporation promote the
generation of Ru" species. This partial reduction may contribute to
enhanced stability by suppressing the overoxidation of Ru during
the catalytic process. Additionally, the W 4f spectra reveal that the
WY 4f,, and 4f;, peaks of Ir,Ru, O,/WO, appear at 34.9 and
37.0 eV, respectively (Fig. 2(f)), exhibiting a clear negative shift
relative to those of IrO,/WO; (35.4 and 37.5 eV) and RuO,/WO,
(35.5 and 37.6 eV) [37]. This downward shift indicates a partial
reduction in W valence state, further confirming electronic
structure reconstruction induced by the formation of the
heterostructure.

The electrocatalytic performance of the synthesized samples was
systematically evaluated using a standard three-electrode
configuration. As shown in the linear sweep voltammetry (LSV)
curves (Fig. 3(a)), Ir, Ru,_,O,/WO, exhibited the best OER activity in
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0.5 M H,SO, electrolyte, requiring an overpotential of only 223 mV
to reach a current density of 10 mA-cm™ (Fig. S7 in the ESM). This
value is significantly lower than those of Ir,Ru, O, (233 mV),
IrO,/WO, (278 mV), RuO,/WO; (244 mV), IrO, (314 mV), and
RuQ, (305 mV). Moreover, Ir,Ru, ,O,/WO, exhibited a low Tafel
slope of 53.1 mV-dec™, indicative of fast reaction kinetics (Fig. 3(b)).

In terms of mass activity, the Ir,Ru, O,/WO; catalyst showed a
pronounced advantage due to its high intrinsic activity and reduced
noble metal content, achieving 186 mA-mg,,,~" at 145 V (vs.
reversible hydrogen electrode (RHE)) and 537 mA-mg,,z,™ at 1.48 V
(vs. RHE) (Fig. 3(c) and Fig. S8 in the ESM). Electrochemical
impedance spectroscopy (EIS) was employed to probe the charge
transfer properties at the electrode/electrolyte interface. The Nyquist
plots (Fig. 3(d)) and the corresponding fitted values reveal that
Ir,Ru, ,O,/WO, possesses the lowest charge transfer resistance
(18.9 ), which is substantially lower than those of IrRu, O,
(19.8 ), IrO,/WO; (136.4 Q2), RuO,/WO; (20.0 Q), IrO, (560.0 Q),
and RuO, (349.3 Q), suggesting more efficient interfacial electron
transport (Table S2 in the ESM).
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Figure2 Structural characterization of the catalyst samples. (a) XRD patterns of catalyst samples. (b) Raman spectra of catalyst samples. (c) EPR spectra of catalyst

samples. (d) Ir 4f, () Ru 3p, and (f) W 4f XPS spectra of catalyst samples.

The double-layer capacitance (C,) was measured from cyclic
voltammetry (CV) in the non-Faradaic region to estimate the
electrochemical surface area (ECSA) (Fig. 3(e) and Fig. S9 and
Table S3 in the ESM). Ir,Ru, ,O,/WO; displayed the highest C, of
39.7 mF-cm?, significantly surpassing that of commercial IrO,
(174 mF-cm™) and RuO, (3.4 mF-cm™), indicating a larger number
of active sites afforded by its ultrathin nanosheet architecture.

To assess the OER stability of the Ir,Ru, ,O,/WO, catalyst, metal
dissolution tests were performed at 10 mA-cm™. Although minor
leaching of noble metals was observed at the initial stage, the
dissolution gradually stabilized over time. After 30 h of continuous
electrolysis, the cumulative dissolution ratios of Ru and Ir were only
60 wt% and 0.9 wt.%, respectively (Fig. S10 in the ESM),
demonstrating the catalyst’s strong resistance to electrochemical
degradation. To quantitatively evaluate the intrinsic durability, the
stability number (S-number) was calculated based on the 30 h
stability test (Fig. 3(f)). The Ir,Ru,_O,/WO, catalyst achieved an S-
number as high as 7.18 x 10", which outperforms those of Ir,.Ru, ,O,
(4.06 x 10%, IrO, (3.27 x 10, and RuO, (3.14 x 10°). Considering
that WO, may undergo dissolution under acidic conditions, we
further quantified W leaching at 10 mA-cm™. After over 30 h of
electrolysis, the cumulative W dissolution was 3.97 wt.%.
Importantly, this extent of W loss did not cause any obvious
performance degradation (Fig. S11(a) in the ESM). As evidenced by
the LSV curves measured before and after the test, the overpotential
at 10 mA-cm™ increased by only 5 mV (from 228 to 233 mV) (Fig.
S11(b) in the ESM). These results highlight the significant
advantage of heterostructure engineering in enhancing the long-
term  stability of acidic OER catalysts. Furthermore,
chronopotentiometry measurements revealed that Ir,Ru, ,O,/WO,
maintained a nearly constant potential over 120 h of continuous
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operation (Fig. 3(g)), confirming its outstanding long-term
electrochemical robustness. TEM images after stability test (Fig. S12
in the ESM) show that the overall morphology of the nanosheets
remained well preserved, with no evidence of particle aggregation
or structural collapse, thereby providing microscopic validation of
the catalysts structural stability throughout prolonged
electrochemical cycling. Meanwhile, comparison with other
previously reported Ir- and Ru-based catalysts shows that this
catalyst exhibits both a relatively low Tafel slope and a low
overpotential (Fig. 3(h)), demonstrating favorable OER activity in
acidic media.

To evaluate the compositional robustness and scalability of the
Ir,Ru, ,O,/WO, catalyst, a series of samples with varying Ir-Ru:W
precursor ratios was synthesized. The morphology and crystal
structure of these samples were characterized by TEM, SEM, and
XRD, confirming that the variation in precursor ratios did not
induce any significant structural differences (Figs. S13 and S14 in
the ESM). Subsequently, all synthesized samples were evaluated for
OER performance in 0.5 M H,SO,, with overpotentials ranging
narrowly between 223 and 228 mV and Tafel slopes spanning
50.4-53.1 mV-dec" (Fig. S15 in the ESM). This indicates a high
degree of compositional tolerance within the catalytic system,
suggesting that the electrocatalytic performance is largely insensitive
to moderate fluctuations in precursor ratios. Such low sensitivity is
particularly valuable for practical large-scale synthesis, as it
enhances process reliability and improves product yield. Building
on this, the initial precursor quantity was further scaled up by 20-
fold to evaluate the adaptability and consistency of the synthetic
strategy under large-scale conditions. The appearance and
morphology of the resulting large-scale sample are shown in Figs.
S16 and S17 in the ESM. Electrochemical measurements revealed
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Figure3 Electrocatalytic OER performance evaluation of the catalyst samples in acidic media. (a) LSV curves of catalyst samples in 0.5 M H,SO,. (b) Tafel plots of
catalyst samples. (c) Corresponding mass activities of catalyst samples at 1.48 V (vs. RHE). (d) Nyquist plots and equivalent circuit diagram of catalyst samples at the
applied potential of 1.47 V (vs. RHE). (e) C, plots of catalyst samples derived from CV curves at different scan rates from 5 to 30 mV-s™. (f) S-number of catalyst samples
after 30 h chronopotentiometry tests at 10 mA-cm™ (g) Chronopotentiometry tests at 10 mA-cm™ for catalyst samples. (h) Comparison of OER activity with

representative Ir- or Ru-based catalysts in acidic media.

that the large-scale catalyst exhibited OER activity and stability
comparable to those of the originally prepared small-batch catalyst
(Fig. S18 in the ESM), thereby demonstrating potential for future
large-scale production and practical application of this method.

To systematically investigate the origin of the enhanced OER
activity of Ir,Ru, ,O,/WO,, DFT calculations were performed on
two models: a heterostructured Ir.Ru, O,/WO, and a reference
Ir,Ru, ,O, without the heterointerface (Figs. S19 and S20 in the
ESM). Considering that morphology modulation by the WO,
heterostructure may permit the coexistence of single-site-adsorbate-
driven and dual-site-adsorbate-driven pathways, we computed both
the adsorbate evolution mechanism (AEM) and the OPM and
compared their Gibbs free energy profiles on these two models. The
values of Gibbs free energy calculations are presented in Table S5 in
the ESM.

In the AEM pathway, the reaction proceeds via sequential proton-
coupled electron transfer (PCET) steps *OH > *O »> *OOH - O,
(Fig. 4(a)) [16, 38]. On Ir,Ru, O,/WO,, the potential-determining
step (PDS) is *O > *OOH, giving a theoretical overpotential (#) of
1.12 V. By contrast, Ir,Ru, O, without the heterostructure exhibited
its PDS at the subsequent *OOH - O, step, requiring a significantly

(& 7% 7w | Sci®@pen

94908622 (5 of 9)

higher overpotential of 1.59 V. In comparison, the OPM bypasses
the high-energy *OOH intermediate via direct O-O coupling
between adjacent surface *O species (Fig. 4(b)) [39, 40]. Under this
mechanism, the Ir,Ru,_O,/WO, displayed a PDS at the *OH + *O
> *O + *O step, with a much lower overpotential of 0.70 V.
Meanwhile, the Ir.Ru, O, showed its PDS at the *O + *O > O,
coupling step with an overpotential as high as 2.33 V (Fig. 4(c)).
These results suggest that the spatial constraints in Ir,Ru, ,O, limit
the accessibility of the OPM, thus enforcing the use of the less
favorable AEM. In contrast, the introduction of the WO,
heterostructure effectively expands the spacing between adjacent
metal active sites, rendering the OPM pathway kinetically feasible
[41]. This hypothesis is supported by the interatomic distances
between adjacent Ru sites at the dual active centers. Structural
analysis revealed that the Ru-Ru distance in Ir.Ru, ,O,/WO, is
increased to 3.18 A, compared to 3.09 A in IrRu, O, (Fig. S21 in
the ESM), thereby facilitating the dual-site O-O coupling process.
Moreover, Bader charge analysis at the interface further
substantiates the presence of electronic redistribution induced by
the WO, heterostructure. Both Ru and Ir atoms in Ir,Ru,_O,/WO,
exhibit lower Bader charges compared to their counterparts in
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Figure4 DFT calculations of Ir,Ru, ,O,/WO.. ((a) and (b)) Schematic illustration of (a) AEM and (b) OPM mechanism on the Ir,Ru, ,O,/WO; (green: Ir; light gray: Ru;
dark gray: W; red: O; and white: H). ((c) and (d)) Gibbs free energy diagrams of OER steps via (c) AEM and (d) OPM pathway at the potential of 0 and 1.23 V for

Ir.Ru,_ O/WO; and Ir,Ru,_,O.

Ir Ru,_,O,, indicative of enhanced electron delocalization across the
interface (Fig. S22 and Table S6 in the ESM). This observation is
corroborated by the differential charge density plot of
IrRu, O,/WO; (Fig. S23 in the ESM), which highlights
pronounced interfacial charge reorganization. Such an effect is
expected to facilitate the initial adsorption of O, species during OER
catalysis.

To further explore the influence of the heterointerface on the
local electronic structure, we analyzed the partial DOS (PDOS) of
Ru, Ir, and W d-orbitals (Fig. 4(e)). A marked downshift in the d-
band center (g,) of both Ru and Ir was observed in Ir,Ru,_O,/WO;
relative to Ir,Ru,_O,, with ¢, shifting from —1.68 and —-2.75 eV to
-1.87 and -2.90 eV, respectively. This downshift of the d-band
center is schematically illustrated in Fig. 4(f). It indicates a
weakened interaction between active sites and oxygen
intermediates, thereby facilitating intermediate desorption and
lowering the energy barrier for the final O, release step—previously
identified as the PDS in IrRu, O, [42, 43]. Moreover, similar
downshifts in e; were observed in the PDOS of key OPM
intermediates (*O + *O and *OH + *O) on Ir,Ru,_O,/WO, (Fig.
S24 in the ESM), further confirming the electronic modulation of
the active center. Thus, DFT calculations reveal that the atomic and
electronic modulation of the IrRu,_O,/WO, heterointerface
enables a more efficient OER via the OPM pathway.
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,. (6) The PDOS curves for Ir,Ru, ,O,/WO; and Ir,Ru, ,O,. (f) Schematic diagram of d-band structure for Ir,Ru, ,O,/WO, and Ir,Ru, O,

EOG is a PEM-compatible energy conversion approach that we
previously developed [44, 45]. Under an applied potential, it drives
the directional transport of ambient O, from low to high
concentrations. During operation, air was introduced into the
cathode compartment via a gas pump, where the O, component is
reduced through the ORR, while OER occurred at the anode,
generating O, that was subsequently expelled along with the water
feed (Fig. 5(a)). The catalytic capability of Ir,Ru, [O,/WO, was
evaluated by assembling it into the EOG single cell with an active
area of 50 cm’. As illustrated in Fig. S25 in the ESM, the catalyst-
coated membrane (CCM) configuration was employed, with
Ir,Ru,_O,/WO, and commercial Pt/C serving as the anodic and
cathodic catalysts, respectively. A titanium mesh was used as the
anodic current collector, while a gas diffusion electrode (GDE) was
applied on the cathode side to ensure efficient mass transport of
gaseous reactants. The cell components were assembled using flow
plates with serpentine channels, which minimized Ohmic resistance
and enabled excellent proton conductivity under liquid-electrolyte-
free conditions [46—48]. Photographs of the EOG single cell and its
structure with assembled connections are shown in Figs. S26 and
S27 in the ESM.

Polarization curves comparing Ir,Ru, ,O,/WO, and commercial
IrO, as anodic catalysts under varying voltages are shown in
Fig. 5(b). At an operating voltage of 1.2 V, the Ir,Ru, O,/WO,-
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Figure5 Performance evaluation of IrRu, [O,/WO, in the EOG device. (a) Schematic illustration of the EOG working principle. (b) Polarization curves and
corresponding oxygen evolution rates of Ir,Ru, ,O,/WO; and IrO, in the EOG. (c) Stability comparison of Ir,Ru, ,O,/WO, and IrO, in the EOG under a constant voltage
of 1.2'V. (d) Radar chart of key performance metrics comparison between Ir,Ru, ,O,/WO; and IrO,.

based device delivered a current of 332 A and an oxygen
production rate of 126 mL-min™, significantly outperforming the
IrO, counterpart, which achieved 24.2 A and 92 mL-min™ under
the same conditions. Gas chromatography (GC) analysis confirmed
that the oxygen produced by IrRu, O,/WO, possessed a high
purity of 99.95% (Fig. S28 and Table S7 in the ESM). Table S8 in
the ESM compares the performance of the EOG single cell in this
work with that reported in previous studies. As shown, our device
achieves highly competitive current densities and oxygen
production rates among reported systems, while operating under
relatively mild conditions (25 °C, deionized (DI) water). In
durability tests conducted at a constant voltage of 1.2 V, the
Ir,Ru, ,O,/WO;-based system exhibited exceptional long-term
stability over 320 h, with less than 3% fluctuation in current and
oxygen output (Fig. 5(c)). In contrast, the IrO,-based system
showed a pronounced performance degradation of up to 15%
under identical conditions. To further verify the catalyst robustness
under industrially relevant high-current operation, a stability test at
a constant current density of 0.5 A-cm™ was performed. After 300 h
of continuous operation, the cell voltage increased by only 31 mV
(from 1.109 to 1.140 V). Meanwhile, the current density at 1.2 V
decreased by merely 24.4 mA-cm™ (from 663.4 to 639.0 mA-cm™),
evidencing minimal voltage drift and negligible polarization
degradation during prolonged high-current operation (Fig. S29 in
the ESM).

Subsequently, we quantified the catalyst’s compositional
evolution after the stability test by inductively coupled plasma (ICP)
analysis to determine changes in elemental contents. The results
show only minor variations in the overall composition: The Ir
content increases slightly, whereas the Ru and W contents decrease
marginally, consistent with the relatively higher dissolution
tendency of Ru and W during operation (Table S9 in the ESM). In
parallel, SEM image comparisons indicate that after 300 h of
continuous operation, the sample largely retains its nanosheet
morphology, showing only a slightly reduced lateral size and more
fragmented edges, which suggests mild surface etching under
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prolonged high-current-density conditions (Fig. S30 in the ESM).
XRD measurements were further used to assess whether long-term
operation induces any structural transformation. The results show
essentially unchanged peak positions and relative intensities of
Ir,Ru, ,O,/WO,, indicating the absence of pronounced phase
transformation or lattice reconstruction during the test (Fig. S31 in
the ESM). In addition, XPS results reveal small positive shifts in the
binding energies of Ir, Ru, and W after operation, implying a
slightly higher average oxidation state of surface metal sites under
acidic OER conditions; however, the limited magnitude of these
shifts suggests that the overall surface chemical environment
remains largely preserved (Fig. S32 in the ESM).

Overall, complementary post-test characterizations indicate that
Ir,Ru,  O,/WO; undergoes only minor changes and shows no
evident structural degradation during the test, demonstrating
robust stability under prolonged high-current acidic OER
conditions.

A comprehensive radar chart analysis (Fig. 5(d) and Table S10 in
the ESM) comparing key performance metrics—including cost,
oxygen production rate, stability, overpotential, and Tafel
slope—further  highlights the superior performance of
IrRu,_O,/WO, relative to commercial IrO, These results
collectively underscore the strong potential of this heterostructured
catalyst for practical deployment in advanced electrochemical
oxygen generation technologies.

3 Conclusions

In summary, we achieved the large-scale synthesis of the
heterostructured nanosheet catalyst Ir,Ru,_O,/WO, via a molten-
salt method. The ultrathin Ir, Ru, O,/WO, nanosheets deliver a low
overpotential of 223 mV at 10 mA-cm™ and maintain an essentially
constant potential over 120 h during chronopotentiometry. DFT
calculations attribute the performance enhancement to WO,-driven
modulation of active-site geometry and electronic states, suggesting
that an OPM contribution helps lower the OER energy barrier.
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When integrated into a PEM-EOG single cell, the catalyst sustains
high throughput—664 mA-cm™ at 1.2 V and 126 mL-min™ O, per
cell. The single cell also exhibits excellent stability, with less than 3%
current decay over 320 h of continuous operation. These results
highlight WO;-mediated interfacial engineering as a promising
strategy for high-performance acidic OER anodes and advance the
practical deployment of PEM-EOG technology.

Electronic Supplementary Material: Supplementary material
(experimental procedures, detailed TEM and SEM images, XRD
patterns, XPS spectra, electrochemical test results, catalyst structural
models, photograph and schematic illustration of EOG, and tables)
is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908622.
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