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In acidic systems, elucidating the structural forms and mechanisms of Ru that achieve high activity and
stability upon combination with oxides offers valuable insights for designing efficient and durable PEM
water electrolysis catalysts. In this study, different Ru forms, including single atoms, sub-nanometric
clusters, and heterostructures, were strategically introduced into a WO, template to systematically
investigate their effects on OER performance. In situ characterization techniques (ATR-SEIRAS, DEMS,
and in situ Raman) combined with theoretical calculations reveal that the d—m interactions within the
continuously coupled orbitals introduced by subnanometer Ru clusters accelerate electronic
delocalization, thereby optimizing the interfacial water structure and hydrogen-bond network and
enhancing *OH adsorption. Meanwhile, this interaction facilitates the deprotonation of intermediates,
maintains a high surface coverage of *O species, and modulates the post-adsorption electronic

structure, which collectively promote *O-*O coupling and the Oxide Path Mechanism (OPM) pathway,
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Introduction

Hydrogen production via water electrolysis driven by renewable
energy represents a key technology for generating green
hydrogen and offers a promising solution to the current energy
and environmental challenges. Among the available
approaches, proton exchange membrane (PEM) water electrol-
ysis has emerged as a critical driver for advancing the hydrogen
economy due to its high efficiency, operational flexibility, and
excellent compatibility with renewable energy sources.'**
Nevertheless, the commercial viability of PEMWE remains
constrained by the sluggish kinetics of the oxygen evolution
reaction (OER), which necessitates the use of robust and effi-
cient catalysts.>® While IrO, has been widely employed in PEM
electrolyzers owing to its exceptional durability, its high cost
and the limited supply of Ir pose significant obstacles to large-
scale commercialization.”® Consequently, the development of
alternative materials that combine high catalytic activity with
lower cost has become a major research focus. Among various
candidates, Ru-based catalysts stand out due to their relatively
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cm~2 operation for over 1000 hours.

low overpotential and outstanding intrinsic activity.'**

However, in contrast to IrO,, the long-term stability of Ru-based
catalysts under acidic conditions is poor, which remains
a major limitation for their practical application.'*'*
Currently, in the design of Ru-based catalysts, the intro-
duction of a template is considered an effective strategy."**° For
example, Qi et al. dispersed Ru single atoms onto a layered
manganese dioxide (MnO,) template to form a Ru-Mn;O,
catalyst. This catalyst triggered and regulated the lattice oxygen
redox mechanism, achieving a current density of 10 mA cm ™2 at
an overpotential of only 176 mV and maintaining stability for
over one year (8800 hours) at 50 mA cm™> *, Furthermore, Li
et al. utilized tantalum-based oxide as a template to construct
a RuO,@TaO, catalyst with a core-shell structure, which
exhibited low overpotentials of 163 and 232 mV at current
densities of 10 and 100 mA cm ™2, respectively.*® This approach
not only significantly reduces the amount of Ru used, thereby
controlling catalyst costs, but also enhances the structural
stability of the catalyst and the dispersion of active sites through
interactions with the template.”**® It has been reported that
a small amount of Ru doping can typically be stably anchored
within the template, but due to the limited number of active
sites the catalytic activity is often insufficient.>** For example,
Rong et al. reported that atomically dispersed Ru sites on N-
doped carbon (Rugac/N-C) exhibit lower performance than Ru
sites in RuO, cluster-dispersed systems (Rugac@RuO,/N-C).>®
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Conversely, excessive Ru introduction may increase the number
of active sites but can lead to particle aggregation and dissolu-
tion, causing stability issues and significantly affecting the long-
term performance of the catalyst.””** For example, Chen et al.
reported a heterojunction of ruthenium oxide and zinc-doped
cobalt oxide spinel (RuO,/ZnCo,0,), which exhibited signifi-
cantly weaker stability (deactivation after 38.5 h at 10 mA cm™?)
compared to the Ru cluster catalyst synthesized on zinc (Zn)-
doped cobalt oxide spinel (Ru clusters/ZnCo,0,), which oper-
ated stably for over 700 h at 10 mA cm™2.* Therefore, incor-
porating Ru into the template in a rational form, such that it
maintains structural stability while maximizing OER activity, is
a central scientific challenge in designing efficient Ru-based
catalysts. To date, systematic studies on the relationship
between the form of Ru and both OER activity and stability
remain limited.*** A deep understanding of the structure-
performance relationship of Ru in different forms, along with
the elucidation of the underlying mechanisms for enhancing
OER performance, is crucial for optimizing catalysts with high
activity and durability. Furthermore, this mechanistic insight
provides theoretical guidance and design principles for devel-
oping cost-effective acidic OER catalytic systems.

Based on these considerations, we strategically introduced
Ru in different forms into the WO, template, including atomi-
cally dispersed Ru, subnanometer Ru clusters, and hetero-
structured RuO,. Through systematic design and comparative
studies of these Ru forms, we seek to elucidate their respective
reaction mechanisms during the OER process. Specifically, we
aim to clarify the underlying principles that govern how the
form of Ru modulates three critical aspects: the distribution of
active sites, the interfacial water structure, and the formation
and transformation of reaction intermediates. Ultimately, this
work serves to establish a scientific foundation for optimization
of the catalytic activity and stability in Ru-based catalysts.
Combining in situ and ex situ characterization studies with
density functional theory (DFT) calculations, the results indi-
cate that the introduction of subnanometer Ru clusters
enhances electronic delocalization via d-m interactions within
continuously coupled orbitals during the OER process. This
effect optimizes the interfacial water structure and hydrogen-
bond network within the electric double layer (EDL), acceler-
ates water-splitting kinetics, and increases *OH coverage on the
catalyst surface. Moreover, this structure facilitates deprotona-
tion of intermediates and maintains high *O surface coverage,
and modulates the post-adsorption electronic structure, thereby
promoting *O-*O coupling and the Oxide Path Mechanism
(OPM) pathway, resulting in high catalytic activity and excellent
stability. Consequently, the synthesized Rugncs-WO, catalyst
exhibits an ultralow overpotential of approximately 171 mV to
reach 10 mA cm ™2 in 0.5 M H,SO,. Moreover, when employed as
the anode catalyst in a proton exchange membrane (PEM)
electrolyzer, RugncsWO, operates at 1 A cm ™ > with a cell voltage
of only 1.696 V and maintains stable performance even after
1000 hours. This study provides a new theoretical framework
and design guidance for the rational design of Ru configura-
tions, aiming to enhance the acid stability and long-term cata-
lytic activity of Ru-based OER catalysts.
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Results and discussion

To investigate the effect of Ru species with different sizes on
catalytic performance, three types of comparative structures
were designed: single atoms (Rugas-WO,), sub-nanometer clus-
ters (Rusncs-WO,), and heterojunctions (RuO,/WO,) (Fig. 1a).
Among them, the sub-nanometer cluster (Rugncs-WO,) electro-
catalyst was synthesized via a straightforward two-step method
involving rapid thermal annealing (RTA) and hydrothermal
treatment. Specifically, WO, nanosheet templates (WO, NSs)
were prepared by calcining tungstic acid, followed by a hydro-
thermal reaction with RuCl; to obtain the target catalyst. The
Rugacs-WO, single-atom catalyst was prepared by impregnating
WO; nanosheets with a RuCl; solution, to achieve a uniform
distribution of Ru precursors on the surface, followed by
inductively coupled plasma etching (ICP etching) to anchor
isolated Ru atoms. The RuO,/WO, heterojunction catalyst was
synthesized by co-dissolving tungstic acid and RuCl;, mixing
thoroughly, and directly calcining the mixture to form
a heterointerface between RuO, and WO,. The powder X-ray
diffraction (XRD) patterns of RugacsWO, and RugyncsWO,
show the characteristic peaks of hexagonal monoclinic WO;
(PDF#43-1035), with the main peaks (002), (020), and (200)
located at 23.04°, 23.54°, and 24.33°, respectively (Fig. 1b and
S1). And the XRD pattern of RuO,/WO, exhibits distinct char-
acteristic peaks corresponding to both WO; and RuO, phases.
Based on the observations from transmission electron micros-
copy (TEM), all three samples are composed of uniformly sized
and well-dispersed nanosheets (Fig. S2-4). The high-resolution
transmission electron microscopy (HRTEM) image of Rugas
WO, displays well-defined lattice fringes with an interplanar
spacing of 0.330 nm, corresponding to the (120) plane of WOj3,
which is consistent with the XRD results (Fig. 1c). In the HRTEM
image of the Rugncs-WO, sample, similar WO; lattice fringes are
observed; however, distinct lattice distortions appear in several
sub-nanometer regions (Fig. 1d). These distortions are
primarily attributed to the incorporation of sub-nanometer Ru
clusters, which locally disrupt the WO; lattice structure.
Furthermore, the HRTEM image shown in Fig. 2g reveals the
crystalline coexistence of RuO, and WO; within the same
nanosheet, confirming the successful formation of the RuO,/
WO, heterostructure (Fig. 1e). Furthermore, individual charac-
terization of the Rugncs-WO, nanosheet sample (Fig. 1f)
revealed an interplanar spacing of 0.285 nm, corresponding to
the (022) plane of WO; (Fig. 1g and h). Further analysis showed
that continuous Ru atoms occupied the original W atomic sites,
resulting in the formation of the WO,-like Ru-based phase
(Fig. 1i). This structural feature indicates that the sub-
nanometer Ru units are not simply supported on the surface
of WO; but are embedded in the WO; lattice through doping or
substitution (Fig. 1a). Additionally, scanning transmission
electron microscopy-energy dispersive X-ray spectroscopy
(STEM-EDS) elemental mapping images reveal a uniform
distribution of all elements within Rugyxcs-WO, (Fig. 1j).

To determine the chemical states of the synthesized cata-
lysts, X-ray photoelectron spectroscopy (XPS) (Fig. S5 and 6) and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the synthesis of WO, NSs, single atoms (Rusas-WO,), sub-nanometer clusters (Rusncs-WO,) and hetero-

junctions (RUO,/WOQ,). (b) XRD patterns of Rusas-WO,, Rusncs-WO, and RuO,/WO,. High-magnification HRTEM images of (c) Rusas-WOy, (d)
Rusncs-WOy and (e) RuO,/WO,. (f and g) TEM image of Rusncs- WO, and high-magnification HRTEM image of the square regions. (h and i) Lattice
rheology profiles of Rusycs-WOy in the square regions in (g). (j) TEM images of elemental distribution of Ru, W, and O in Rusycs-WOy.

X-ray absorption spectroscopy (XAS) were utilized. As shown in
Fig. 2a, the W®" peaks corresponding to the W 4f,, binding
energy in RugasWO,, RugncsWO, and RuO,/WO, exhibit
a negative shift relative to WO3;, indicating electron transfer
from Ru species to the W sites. With the increase in Ru content,
the electron transfer effect becomes more pronounced. There-
fore, the valence state of W is the lowest in RuO,/WO,, followed
by RugncsWO,, and is the highest in Rugss-WO,. However,
owing to the distinct electronic interactions between Ru and the
WO, support in different structural configurations, Ru itself
displays significantly different valence characteristics (Fig. 2b).
Specifically, Ru in Rugncs-WO, exhibits the highest valence
state, while Ru in Rugas-WO, shows the lowest, with RuO,/WO,
lying in between. This finding indicates that the distinct forms
of Ru significantly influence the electron transfer behavior
between Ru and the substrate. In addition, as shown in the X-
ray absorption near-edge structure (XANES) spectra of Ru K-
edge (Fig. 2c and d), Rugncs-WO, exhibits a higher absorption
edge than Rugss-WO, and RuO,/WO,, which is consistent with
the conclusions drawn from the XPS analysis. Notably, the
Fourier transform extended X-ray absorption fine structure (FT-
EXAFS) spectra of Ru K-edge displays two distinct peaks that

© 2026 The Author(s). Published by the Royal Society of Chemistry

correspond to the first coordination shell of Ru-O and the
second coordination shell of Ru-Ru, respectively (Fig. 2e). The
absence of the Ru-Ru peak in Rugas-WO, further confirms the
successful construction of isolated Ru single atoms. Further-
more, compared with Rugys-WO, (2.039 A) and RuO,/WO, (2.016
A), the slightly elongated Ru-O bond length in RugyncsWO,
(2.041 A) indicates a stronger Ru-O covalency (Fig. 2f, S9, 510,
and Table S1). This result is further supported by the wavelet
transform (WT) analysis of the EXAFS data (Fig. 2g and S11),
demonstrating that the enhanced Ru-O covalent interaction
facilitates the adsorption of oxygen intermediates during the
acidic OER process.***

Electrochemical and in situ spectroscopic techniques were
employed to further investigate the catalytic mechanisms of
RugpsWO,, RuO,/WO,, RugncsWO,, and RuO, reveals the
specific contribution of Ru structural effects to the catalytic
process. The pH-dependent activity, reflective of the proton
transfer decoupled from the electron transfer process, is
a hallmark of the lattice oxygen-mediated mechanism (LOM)
involving lattice oxygen participation, electrolyte-compensated
oxygen vacancies, and chemical deprotonation.*® As shown in
Fig. S12, the LSV curves for Rugss-WO,, RuO,/WO,, Rugncs-WO,,

Chem. Sci., 2026, 17, 5899-5910 | 5901
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(a) W 4f core level XPS spectra of Rusas-WO,, Rusncs-WO,, RUO,/WO, and WOs. (b) Ru 3p core level XPS spectra of Rusas-WOy,, Rusncs-

WO, and RuO,/WO,. (c) XANES spectra at the Ru K-edge of Rusas- WOy, Rusncs-WO,, RuO,/WO,, Ru foil and RuO,. (d) Oxidation states of various
ruthenium species derived from Ru K-edge XANES. (e) FT-EXAFS of Rusas-WO,, Rusncs-WO,, RuO,/WO,, Ru foil and RuOs. (f) The fitted Ru—-M
bond length data of Rusas-WO,, Rusncs-WO,, RuO,/WO, and RuO,. (g) Wavelet transform of Ru K-edge EXAFS data of Rusas-WO,, Rusycs-WO,

and RuO,/WO,.

and RuO, in H,S0, solution (pH 0-1) were measured at a scan
rate of 5 mV s~ '. The RugsWO, and RugncsWO, samples
showed negligible pH dependence on OER kinetics on the RHE
scale, providing evidence for the suppression of lattice oxygen
participation during the OER process. And RuO,/WO, and RuO,
exhibit significant pH dependence, indicating their OER
proceeds via the LOM pathway with nonconcerted proton-
electron transfer. To further verify the OER pathway, peroxo-like
*0,>~ chemical species generated during the LOM were tracked
using tetramethylammonium cation (TMA'), known for its
specific interaction with negatively charged species on the
catalyst surface and inhibit the LOM cascade (Fig. S13). The
RuO,/WO, and RuO, displayed reduced OER activity and
increased Tafel slopes in the presence of TMA', indicating the
inhibition of the LOM pathway due to strong binding of TMA'.
In contrast, the OER kinetics of RugyeWO,, Rugncs-WOy, and O
remained largely unaffected in the presence of TMA®, providing
further confirmation that RugyWO, and RugngsWO,

5902 | Chem. Sci, 2026, 17, 5899-5910

effectively suppress the lattice oxygen participation and do not
follow the LOM pathway.**** Moreover, due to faster acidic OER
kinetics (Tafel slope: 56.41 mV dec™ '), better durability, and
suppressed lattice oxygen participation, Rugncs-WO, outper-
forms other samples significantly. Furthermore, operando
DEMS analysis employing isotope labeling was performed in 0.5
M H,S0, prepared with H,"®0 to confirm the OER mechanism.
For RugncsWO,, the mass signals of >0, (*°0'°0), **0, (**0"%0)
and *°0, (**0'®0) were detected (Fig. 3a). It is noteworthy that
the appearance of *0,, which results from the direct coupling
of two surface-adsorbed '°0 species, can be ascribed to the OPM
route occurring exclusively on Rugycs-WOj (Fig. 3a). In addition,
when the '®0O-labeled sample was examined under identical
conditions in 0.5 M H,SO, prepared with H,°0, the *°0,
(**0"®0) mass signal was still observed, further validating the
proposed reaction mechanism (Fig. 3b).** Subsequently, in situ
attenuated total reflection surface-enhanced infrared absorp-
tion spectroscopy (ATR-SEIRAS) and in situ Raman analysis were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (aand b) DEMS tests of 00, 1800 and 800 signals from the catalysts for 120-labeled Rugnes-WOy in 0.5 M H,S0,4 in H,0. (c and
d) In situ FTIR spectra of the OER on Rusncs-WO, and RuO, in 0.5 M H,SO4. (e) In situ FTIR spectra recorded at potentials from 1.1V to 1.6 V on
Rusncs-WOy. (f) In situ Raman spectra recorded at potentials from 1.1V to 1.6 V on Rusncs-WO,. Percentage of different types of interfacial water
structures at applied potentials, as determined by (g) in situ FTIR spectra and (h) in situ Raman spectra. (i) The proportions of free H,O at varied
potentials of Rusas-WO,, Rusycs-WO,, RuO,/WQO,, and RuO,, respectively. (j and k) In situ FTIR spectra of the OER on Rugycs-WO, and RuO, in
0.5 M H,SOy4. (1) Simplified schematic diagram of the OER mechanisms for the AEM, LOM, and OPM.

employed to confirm OER mechanisms and elucidate the
specific roles of Ru structural effects (Fig. S14 and S15). Fig. 3¢
shows the emergence of distinctive vibration frequencies at
1095 cm ™" and 1310 cm ™" with the applied potential gradually
increasing from 1.3 to 1.5 V in Rugncs-WO,. Based on previous
reports, the emergence of vibration bands at approximately
1100 and 1300 cm ™' can be assigned to the bridging oxygen
configuration at the dual active site.***® This potential-
dependent SR-FTIR absorption band indicates that the key

© 2026 The Author(s). Published by the Royal Society of Chemistry

*0O-O* intermediate emerges at the dual-metal active sites
simultaneously, forming a characteristic M-*O-O*-M configu-
ration, suggesting that Rugycs-WO, follows an OPM pathway. In
contrast, a distinct potential-dependent peak in RuO,/WO, and
RuO, emerges at ~1200 cm™!, which are attributed to the
stretching vibrations of the *OO intermediate, confirming the
reaction pathway of the LOM route (Fig. 3d and $16).>>*” On
RugasWO,, only the *OOH intermediate (~1050 cm ') corre-
sponding to the AEM pathway is detected, further supporting

Chem. Sci., 2026, 17, 5899-5910 | 5903
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that the low covalency of Ru-O in Rugas-WO,, fails to activate the
lattice oxygen.™

In acidic electrolytes, the OER mechanisms of AEM, LOM,
and OPM all rely on *OH compensation, making water disso-
ciation a critical factor due to the inherently low OH™
concentration.***** The hydrogen-bond network in electrical
double-layers governs water adsorption/dissociation and proton
transfer for the acidic OER. Thus, precisely controlling interfa-
cial water availability and activity is a vital strategy to improve
the OER performance. The Raman peaks located at ~3200,
~3400, and ~3600 cm ' were attributed to 4-coordinated
hydrogen-bonded water (4-HB H,0), 2-coordinated hydrogen-
bonded water (2-HB-H,0), and free H,O, respectively. As
shown in Fig. 3e, g and S17-19, 2-HB-H,O0 is the predominant
species at all detected potentials in all catalysts, ensuring
effective proton transfer during the acidic OER process.> "
With increasing voltage, the proportion of free H,O increases
progressively in all Ru-based-WO, samples, most significantly
in Rugncs WOy, followed by RugasWO, and RuO,/WO,, while
RuO, exhibits a reverse trend (Fig. 3i). This behavior is attrib-
uted to the Ru-W interaction and sub-nanometer Ru size, which
enhance hydrogen-bond regulation and modulate the elec-
tronic environment of interfacial water. Consequently, bound
water dynamically converts to active free water, sustaining
interfacial reactions by replenishing water consumed during
the acidic OER.*” This result was further validated by in situ
Raman spectroscopy (Fig. 3f, h and S17-19). We further
employed rotating ring-disk electrode (RRDE) measurements
(see the Methods section in the SI) to perform in situ monitoring
of the local pH at the disk electrode. We observed that the initial
local pH values of the RugncsWO,, RusassWO,, and RuO,/WO,
electrodes were identical and comparable to that of the bulk
solution. Furthermore, when the potential reached the onset
potential for the oxygen evolution reaction (OER) (1.4 V vs. RHE
for Rugncs WO, and 1.45 V vs. RHE for Rugys-WO, and RuO,/
WO,), the local pH of the catalysts changed due to the genera-
tion of protons at the interface during the OER process, as
illustrated in Fig. S20-S22. More notably, given that the OER is
a proton-coupled electron transfer (PCET) process, Rugncs-WO,
exhibited both accelerated deprotonation kinetics and a smaller
variation trend in the interfacial local pH, as shown in
Fig. S23(b). Specifically, at the same potential (e.g., 1.75 V vs.
RHE), Rugncs-WO, delivered a higher OER current density than
Rugss-WO, and RuO,/WO,, accompanied by an enhanced local
pH. This collectively indicates that the deprotonation capability
at the Rugncs-WO, interface is strengthened. In addition, the
correlation between the local pH and current density in
Fig. S23(c) reveals that the pH variation of Rugyxcs-WO, was
negligible compared to that of Rugas-WO, and RuO,/WO,. This
implies that Rugncs-WO, does not suffer from proton accumu-
lation at the interface, providing compelling evidence for the
enhanced proton flux at the Rugycs—WO, interface.’®**® More-
over, the in situ Raman spectra in Fig. 3j, k and S24 reveal
characteristic signals at approximately ~450 cm ™, ~510 cm™*,
and ~700 cm™*, corresponding to the Eq, Asq, and B,; modes of
RuO,, respectively.*® As the potential increases, the E; and A
peaks of Rugncs-WO, show a marked enhancement, attributed
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to the increased Ru-O bonding caused by intermediate
adsorption during the OPM process. Conversely, this enhance-
ment in Rugas-WO, is less evident and requires higher poten-
tials, indicating faster reaction kinetics along the OPM pathway
of Rugncs-WO,. Notably, unlike in RuO,/WO, and RuO,, no blue
shift of the E, and A, peaks in Rugncs-WO, is observed, where
the blue shift arises from the elongation of Ru-O bonds caused
by the formation of oxygen vacancy intermediates during the
LOM process, which confirm that RugncsWO, does not follow
the LOM path. Notably, the continuous intensity enhancement
of the asymmetric B,, mode Raman peak in RugncsWO, with
increasing potential, which is not prominent in other Ru
samples, provides additional evidence for the rapid compen-
sation of *OH in Rugncs-WO,. Based on the above analysis, the
sub-nanocluster effect can alter the OER mechanism and
significantly modulate the electronic environment of water
molecules (i.e. promoting the transition of interfacial water
from a bound state to a more reactive free state). This transition
contributes to improved reaction kinetics for the OER, facili-
tates more efficient water dissociation and increases the
generation rate of *OH intermediates at Ru sites, thereby
enhancing the dynamic replenishment of intermediates during
the OPM process and ultimately improving the catalytic activity
and stability of Ru-based catalysts (Fig. 31).

The acidic OER performance of the prepared catalysts was
evaluated in 0.5 M H,SO, electrolyte using a standard three-
electrode system. As shown in the linear sweep voltammetry
(LSV) curves in Fig. 4a, RugncsWO, exhibits superior OER
activity compared with other samples. To achieve a current
density of 10 mA cm ™2, Rugycs-WO, requires an overpotential of
171 £+ 1 mV, which is significantly lower than those of Rugas-
WO, (207 + 1 mV), RuO,/WO, (208 £+ 1 mV), and RuO, (240 £+ 1
mvV) (Fig. 4b). Furthermore, the reaction kinetics of all samples
were evaluated from the Tafel slopes derived from the polari-
zation curves, as shown in Fig. 4c. Rugncs-WO, exhibits a Tafel
slope of 56.41 mV dec™ !, which is lower than those of Rugas-WO,
(110.66 mV dec '), RuO,/WO, (71.04 mV dec '), and RuO,
(132.89 mV dec™ '), indicating its superior electrochemical
kinetics. The smaller charge transfer resistance (R.) of Rugncs-
WO, at 1.5 V vs. RHE, as measured by in situ electrochemical
impedance spectroscopy (EIS), further supports this conclusion
(Fig. S25). Combined with the analysis of the Bode phase plots,
although RugncsWO, exhibits behavior similar to other cata-
lysts in terms of the low phase angles in the high-frequency
region (corresponding to the electron transfer response within
the catalyst layer), its high phase angles in the low-frequency
region (corresponding to the electron transfer response at the
catalyst-electrolyte interface) decrease more rapidly with
increasing potential (Fig. 4d, e and S$26). This observation
indicates an accelerated electron transfer response at the
Rugncs-WO, catalyst-electrolyte interface, which facilitates
more efficient reaction kinetics and thereby enhances the OER
activity.*®® To further evaluate the intrinsic activity of Rugncs-
WO,, its turnover frequency (TOF) and electrochemical active
surface area (ECSA) were calculated. Notably, at 1.55 V vs. RHE,
Rugncs-WO, exhibits the highest TOF value of 0.202 s, which
is 5.19 times that of RuO, (0.039 h™ "), indicating its markedly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(@) LSV curves of Rusas-WO,, Rusncs-WO,, RuO,/WO, and RuO, in 0.5 M H,SO4 solution. (b) Comparison of overpotentials at a current

density of 10 mA cm~2 and 100 mA cm™2. (c) Corresponding Tafel plots according to the LSV curves in (a). (d) Bode phase plots of Rusycs- WOy at
different voltages. (e) Summarized phase peak angles of Rugas-WOy, Rusncs-WO,, RuO,/WO, and RuO, at 1.25-1.50 V. (f) pH independent CV
analysis of redox peaks of Rusycs-WO, measured from 0.0 to 1.4 V vs. SCE. (g) LSV curves of Rusncs-WO, recorded with and without 1 M
methanol. (h) The enclosed area between the integrated corresponding polarization curves of (g). (i) CV analysis of redox peaks of Rusas-WO,,
Rusncs-WO,, RuO,/WO, and RuO, measured from 0.0 to 1.4 V vs. SCE. (j) LSV curves of initial and after 1000 CV cycles on Rusycs-WO. (k) The
chronopotentiometric curves of Rusas-WOy, Rusncs-WO,, RuO,/WO,, and RuO,, alongside the TEM images of Rusncs-WO, recorded before and
after the OER test, where the chronopotentiometric curves were all acquired at a constant current density of 10 mA cm™2,

enhanced intrinsic OER activity (Fig. S27). The double-layer
capacitance (Cyq) is a key parameter for estimating the ECSA
and was experimentally determined to assess the intrinsic
catalytic activity (Fig. S28). As shown in Fig. S29, the Cyq; value of
RugncsWO, was measured to be 39.2 mF ¢cm™ >, surpassing
those of RugysWO, (14.4 mF cm ™ ?) and RuO,/WO, (36.2 mF
cm™?), indicating a greater number of active surface sites for the
OER process. Furthermore, the ECSA-normalized OER activity
of RugnesWO, consistently outperforms those of Rugys-WO,,
RuO,/WO,, and RuO,, confirming its outstanding intrinsic
acidic OER activity (Fig. S30). In addition, as the electrolyte pH
increases, the H, desorption potential of RugncsWO, shifts
markedly in the positive direction (Fig. 4f and S31). This
suggests that the incorporation of Ru sub-nanoclusters signifi-
cantly enhances the catalyst's ability to promote water dissoci-
ation, thereby increasing the surface coverage of *OH species.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Subsequently, methanol was employed as a molecular probe to
assess the surface coverage of *OH species, as the methanol
oxidation reaction (MOR) proceeds via nucleophilic attack of
methanol molecules on electrophilic *OH groups. Upon intro-
ducing 1.0 M methanol into 0.5 M H,SO, solution, all samples
and RuO, exhibited a pronounced increase in current density,
attributable to methanol electro-oxidation (Fig. 4g and S32). The
difference in current density induced by the MOR was quanti-
fied by integrating the enclosed area between the corresponding
polarization curves, since this area is directly proportional to
the amount of charge transferred. Compared with Rugss-WO,,
RuO,/WO,, and RuO,, RugncsWO, displayed a larger current
difference between the MOR and OER (Fig. 4h), indicating
a stronger *OH replenishment capability, which in turn
contributes to its enhanced OER activity and stability. Cyclic
voltammetry (CV) measurements were performed at a scan rate

Chem. Sci., 2026, 17, 5899-5910 | 5905
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(a—c) Charge transfer behavior of Rusas-WO,, Rusycs-WO,, and RuO,/WO,. (d—f) The ELF graphs for Rusas-WO,, Rusncs-WO,, and RuO,/
i) DOS plots of Ru 4d states in Rusas-WO,, Rusncs-WO,, and RuO,/WO,.
) Schematic diagram of the influence of d-band coupling on the electron transfer rate of ruthenium sites in

(j—1) Crystal Orbital Hamiltonian Population of Rusas-WO,,

Rusas-WOy, Rusncs-WO,, and RuO,/WO, during the oxygen reduction reaction. (n) Schematic diagram of Ru 4d and O 2p orbitals in Rugas-WO,,

RUSNCS-WOX and RUOX/WOX.
pathways.

of 5 mV s to investigate the oxidation behavior of Ru sites at
high potentials in Ru-based-WO, and RuO,. For RuO,/WO, and
RuO,, three distinct redox peaks were observed at approxi-
mately 0.64, 1.03, and 1.12 V, corresponding to the Ru**/Ru®",
Ru**/Ru®’, and Ru®"/Ru®" transitions, respectively.®* In
contrast, the Rugncs-WO, sample showed no detectable peaks
associated with the Ru*"/Ru®" and Ru®'/Ru®’ transitions
(Fig. 4i), indicating that Ru sub-nanoclusters can suppress the
electron-donating behavior of Ru, thereby inhibiting the
formation of high-valent Ru"" (n >4) species and enhancing the
OER stability. The long-term operational stability of Rugncs-

5906 | Chem. Sci., 2026, 17, 5899-5910

(o) lllustration of Gibbs free energy of Rusncs-WO, catalysts during the OER process by AEM, LOM and OPM

WO, under acidic conditions was further confirmed by chro-
noamperometric stability testing and extended CV cycling. The
long-term operational stability of RugncsWO, under acidic
conditions was further evaluated by chronoamperometric
stability testing and extended CV cycling. As expected, the LSV
curves of Rugncs-WO, exhibited negligible degradation after
1000 CV cycles, whereas the overpotential of RuO, increased
significantly (Fig. 4j). Stability was also assessed via chro-
noamperometric measurements at a current density of 10 mA
cm 2, revealing that RugnesWO, maintained a steady operation
for over 1000 h, while RuO, and other samples experienced

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) PEMWE device. (b) Schematic of the PEMWE cell. (c) The polarization curves of PEMWE obtained using RusasWO,, Rusycs-WO,, and

RuO,/WO, as the anode catalysts at 30 °C with a Nafion 117 proton exchange membrane. (d) Comparison of overpotentials for Rusycs-WO,||Pt/
C, Rusps-WO,||Pt/C and RuO,/WO,||Pt/C at a current density of 1 A cm™2. (e) Mass activity of Rusncs-WO,||Pt/C, Rusas-WO,]||Pt/C and RuO,/
WO,||Pt/C based on the mass of Ru. (f) Chronopotentiometry of PEMWE based on Rusncs-WO,||Pt/C and RuO,||Pt/C. (g) Comparison of the
stability of PEMWE using Rusncs-WO, as well as other reported RuO,-based anode catalysts.

rapid performance decay under identical conditions (Fig. 4k).
Compared with recently reported Ru-based catalysts, Rugncs
WO, demonstrated improved activity and durability, out-
performing most state-of-the-art Ru-based catalysts to date
(Table S2). Additionally, post-OER XPS and XRD analyses
confirmed the excellent structural stability of RugycsWOy, with
spectra remaining consistent with those recorded prior to OER
testing (Fig. S33 and S34). The TEM images in Fig. 4K, recorded
before and after the OER stability test, demonstrate that the
morphology of Rugncs-WO, remains unaltered following
stability evaluation.

To elucidate the fundamental reasons Rugycs-WO, exhibits
superior activity and stability compared to RugasWO, and
RuO,/WO,, we performed density functional theory (DFT)
calculations to analyze the local electronic environment of

© 2026 The Author(s). Published by the Royal Society of Chemistry

Rugnes WO, (for additional computational details, please refer
to the Methods section and the computational model illustrated
in Fig. S35). We performed Bader charge analysis to investigate
the surface charge distribution of Rugncs-WOy, Rugas-WO,, and
RuO,/WO,. As shown in Fig. 5a-c, the Ru species in Rugycs-WO,
exhibit the highest oxidation state, which is consistent with the
XPS and XAS results. This elevated oxidation state facilitates the
adsorption of *OH and *O intermediates on the Ru sites of
Rugnes-WO,.**% In addition, the electron localization function
(ELF) was calculated. As shown in Fig. 6d-f and S36, a laterally
overlapped coupled orbital (i.e., an extended m orbital) is
formed between the sub-nanometer Ru clusters and W in
Rugncs-WO,, which facilitates electron delocalization through
d-m interactions. In contrast, the coupling orbitals between Ru
and W in Rugas-WO, and RuO,/WO, remain relatively separated,

Chem. Sci., 2026, 17, 5899-5910 | 5907
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hindering electron transfer between them and resulting in
a significantly lower Ru valence state in these two structures
compared with Rugncs-WO,. The 7 orbital effect between W and
Rugncs in Rugncs-WO, reduces the positive charge on the
surface of the stably existing H;O" ions in solution, thereby
disrupting their stability and causing their decomposition (loss
of one H') into free water molecules (H,O). By observing the
changes in the solvation structure (the arrangement of water
molecules around the W/Ru sites) (Fig. S37 and S38), the
occurrence of this transformation can be clearly seen, thereby
confirming the aforementioned effect. Meanwhile, this accel-
erates the dissociation of H,O and thereby enhances the supply
of *OH, as evidenced by the differential charge analysis
(Fig. S39). In addition, the partial density of states (PDOS)
analysis reveals that the introduction of Ru sub-nanoclusters
upshifts the d-band center of Ru (Fig. 5g-i), thereby strength-
ening the covalency of Ru and enhancing its adsorption capa-
bility toward oxygen intermediates at the Ru sites (Fig. 5n).°°Iin
addition, due to the limited electronic delocalization in the
single-atom system and the heterojunction, the change in the
valence state of adjacent W atoms is minimal when *OH is
adsorbed on the Ru sites in Rugas-WO, and RuO,-WO, (Fig. S40a
and b). In contrast, in the sub-nanostructured RugncsWO,, the
electron delocalization effect enables *OH adsorption at the Ru
site to markedly enhance the electron-donating capability of W
atoms (Fig. S40c and d), thereby facilitating the adsorption of
another *OH at the W site. Moreover, this electron delocaliza-
tion effect also enhances the polarization of *OH (Fig. S41),
thereby promoting its deprotonation to form *O. Moreover, as
shown in Fig. S42, the O*-Ru-*0O bond angle and bond length
on the surface of RusncsWO, decrease to 89.53° and 1.62 A,
respectively, compared with 90.43° and 1.73 A in Rug,cWO, and
95.14° and 1.80 A in RuO,/WO,. This indicates that the lattice
confinement effect in Rugncs-WO, is disrupted, resulting in
a shortened *O-*0 distance and optimized bond angle, thereby
facilitating *O-*O coupling (as evidenced by the smaller COHP
value of RugncsWO) (Fig. 5j-1), which in turn favors the OPM
pathway.’® Moreover, we calculated the Gibbs free energy
changes of RugncsWOy, RugasWO, and RuO,/WO, during
the OER via the AEM, LOM, and OPM pathways. As expected,
Rugncs-WO, exhibits the lowest energy barrier for the rate-
determining step (~1.395 eV) through the OPM pathway
(Fig. 50 and S43). Based on the above discussion, the
improvement in the OER performance of the RugncsWO,
catalyst arises from two main aspects: (i) the incorporation of
Ru sub-nanoparticles facilitates the transformation of the stable
H;0" configuration in acidic media into free water molecules,
which accelerates water dissociation, increases the availability
of *OH intermediates, and thereby enhances the kinetics of the
OPM pathway. (ii) It promotes intermediate deprotonation and
strengthens *OO coupling, effectively reducing the energy
barrier of the rate-determining step in the OPM pathway, thus
markedly improving the catalytic activity.

Inspired by the excellent overall activity and stability of
RugnesWO, in the OER, we selected Rugncs-WO, as the anode
catalyst (loading: 2 mg cm™?) for the OER and commercial Pt/C
as the cathode catalyst (loading: 1 mg cm™2) for the hydrogen
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evolution reaction (HER) and used a proton exchange
membrane (Nafion 117) to fabricate a membrane electrode
assembly (MEA) to evaluate its performance in an actual proton
exchange membrane water electrolysis (PEMWE) cell (Fig. 6a
and b). All device performance evaluations were conducted in
deionized water at 80 °C. As shown in Fig. 6c, the Rugycs-
WO,||Pt/C membrane electrode assembly achieved a water
electrolysis current density of 1.0 A cm™> and 2.0 A cm > at cell
voltages of only 1.696 V and 1.810 V, which are significantly
lower than those of the RugasWO,||Pt/C and RuO,/WO,]||Pt/C
membrane electrode assembly and superior to most reported
Ru-based catalysts (Fig. 6g and Table S3). In addition, the
RugnesWO,||Pt/C membrane electrode assembly reliably oper-
ated for 1000 hours at a current density of 1 A cm™> (Fig. 6d),
significantly outperforming the other catalysts. Significantly, as
shown in the SEM images of Rugncs-WO,||Pt/C before and after
the stability test, the distribution of the catalyst on the
membrane surface and the microscopic surface morphology
(such as wrinkling) have not changed significantly (Fig. S44),
further confirming the durability and structural integrity of the
MEA during the PEMWE testing. The Rugncs-WO, catalyst
demonstrated outstanding device performance, proving its
great potential for future hydrogen production applications.

Conclusion

In summary, we reveal the significant effect of structural forms.
By comparing systems of Ru single atoms, Ru sub-nanoclusters,
and heterostructured Ru incorporated into WO, nanosheets, we
systematically investigated the impact of structural forms on
catalytic performance. Combined with various in situ charac-
terization techniques and theoretical calculations, we found
that: on one hand, the introduction of Ru sub-nanoclusters
regulates the interfacial water structure, which accelerates water
dissociation and ensures continuous generation of *OH. On the
other hand, the electron delocalization effect of the Ru sub-
nanocluster systems accelerates deprotonation of intermediates
and then maintains a high surface coverage of *O and promotes
*O-*0 coupling, thereby enhancing OPM kinetics. Owing to
this unique subnanocluster regulation strategy, Rusncs-WO, not
only effectively facilitates the OPM pathway but also markedly
enhances OPM kinetics, thereby boosting the OER performance
of Ru-based catalysts. This catalyst exhibits outstanding OER
performance under acidic conditions, achieving a current
density of 10 mA cm™? at an overpotential of only 171 mV and
maintains excellent durability with almost no performance
decay over 1000 hours. Moreover, RugycsWO,||Pt/C demon-
strates exceptional performance in a PEM electrolyzer,
achieving stable operation at 1 A cm™ > under a low cell voltage
of only 1.696 V for over 1000 hours. This work systematically
elucidates the critical impact of size effects on the OER,
providing rational design principles for high-efficiency
Ru-based catalysts for the OPM pathway and laying a solid
foundation for developing highly efficient catalytic systems for
large-scale green hydrogen production. The d-m interaction can
similarly modulate interfacial reactant adsorption (e.g., H,O,
0,, CO,, etc.) and intermediate transformation. By optimizing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the size of metal clusters and the electronic structure of oxide
templates, this strategy can be extended to design highly effi-
cient and durable catalysts for various electrocatalytic reactions,
establishing a universal design principle that bridges structural
configurations and catalytic performance.
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