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Stabilizing the lattice oxygen oxidation mechanism (LOM) pathway of Ru-based oxygen evolution reaction
(OER) electrocatalysts under acidic conditions is pivotal for efficient proton exchange membrane (PEM)
water electrolysis. Herein, we propose a Lewis base regulation strategy by introducing In into RuO; to
activate and stabilize the LOM process during the OER. Integrated in situ and ex situ characterization
studies and theoretical calculations reveal that the In acts as an electron donor to modulate the
interfacial water structure and accelerate deprotonation, thereby ensuring a continuous supply of *OH.
Furthermore, In doping optimizes the electronic structure to promote *OH adsorption on Ru sites,
enhance the Ru-O covalency, and stabilize oxygen vacancies generated during the LOM process,
thereby synergistically improving both the activity and stability of the Ru-based catalyst along the LOM

pathway. Benefiting from this Lewis base modulation, In-RuO, exhibits outstanding acidic OER
Received 3rd March 2026 . > . . -
Accepted Oth April 2026 performance, achieving 10 mA cm™“ at an overpotential of only 194 mV with excellent stability (>1000
h). Furthermore, In-RuO, outperforms RuO, in PEM electrolyzer tests, operating stably for over 1000 h

DOI: 10.1039/d6sc01794k at 1 A cm™ This work offers a design principle for highly active and stable LOM catalysts toward
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Introduction

Hydrogen production via water electrolysis driven by renewable
energy sources represents a paradigmatic technology for
generating green hydrogen, offering potential solutions to
alleviate the current energy and environmental crises.'” At
present, proton exchange membrane (PEM) water electrolysis
technology, characterized by its high efficiency, flexibility, and
excellent compatibility with renewable energy sources, is
emerging as a key driver in the advancement of the hydrogen
economy.**. Nonetheless, the commercial viability of PEMWE
technology remains challenged by the sluggish oxygen evolu-
tion reaction (OER) kinetics, requiring the utilization of both
robust and efficient catalysts.”” Despite the widespread appli-
cation of IrO, in proton exchange membrane (PEM) water
electrolyzers owing to its outstanding durability, the prohibitive
cost and limited supply of iridium resources present major
obstacles to large-scale commercialization.'®** Consequently,
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scalable green hydrogen production.

the development of alternative materials with high catalytic
activity and reduced cost has emerged as a central focus of
current research.

Among the potential candidates, RuO, stands out due to its
relatively low overpotential and superior intrinsic activity.
However, its poor long-term stability under acidic conditions, in
sharp contrast to IrO,, remains the primary bottleneck
restricting its practical application.’**® Currently, emerging
evidence suggests that RuO, tends to follow the lattice-oxygen-
mediated mechanism (LOM) under OER conditions.'**®* While
this pathway enables accelerated reaction kinetics through
energy barrier reduction, it inherently requires lattice oxygen
involvement and generates oxygen vacancies (Vp), potentially
disrupting the local electronic structure and damaging crystal-
line integrity.’**" This unstable effect will be significantly
intensified under acidic conditions. Elevated concentrations of
protons (H') in the electrolyte can strongly interact with Ru
sites, promoting excessive oxidation (e.g., Ru** — Ru®>" — Ru”")
and destabilizing the surface electronic structure.”” This
phenomenon not only accelerates the formation and diffusion
of lattice defects but also triggers the dissolution of Ru into
high-valent, soluble species such as RuO, or RuO5>", ultimately
resulting in severe catalyst degradation.** In addition, the
diminished availability of surface hydroxyl species (OH") in
acidic media stemming from the high energy barrier for water
activation hinders the timely replenishment of lattice oxygen,
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thereby causing the accumulation of oxygen vacancies and
further accelerating structural collapse. To address these chal-
lenges, constructing a local alkaline microenvironment around
Ru sites by introducing electron-donating Lewis base (LB)
species has emerged as a promising strategy.***® Such species
can act as proton scavengers, suppressing the overoxidation of
Ru induced by H" and stabilizing oxygen vacancy intermediates
formed during the LOM pathway. Nevertheless, a comprehen-
sive understanding of rational design principles for such
localized environments and their dual role in concurrently
improving both structural stability and catalytic activity of RuO,
catalysts in acidic media remains largely unexplored.

Building on this concept, we strategically introduced p-block
elements (Al, Ga, and In) to establish a localized Lewis basic
environment surrounding Ru sites by leveraging the distinctive
s—p orbital coupling interactions between these elements and
protons, configuring these elements to act as proton-targeted
electron donors. Combined in situ and ex situ characterization
studies along with density functional theory (DFT) calculations
indicate that In, functioning as an enhanced Lewis base
component during the OER process, establishes an electron-
redistribution mechanism that inhibits the coupling between
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H' and Ru electrons, thereby suppressing excessive oxidation of
Ru. Furthermore, In participates in charge compensation by
balancing the local electronic perturbations caused by the
formation of oxygen vacancies (Vo), thus stabilizing the Vg
intermediates associated with the LOM pathway. In addition,
the Lewis acid-base interaction between In and Ru modulates
the structure and hydrogen bonding network of interfacial
water within the electrical double layer (EDL). This enhances
the concentration of free water molecules, accelerates water
dissociation kinetics, and increases *OH coverage on the cata-
lyst surface. Consequently, the continuous supply of reactants
and rapid replenishment of lattice oxygen vacancies during the
LOM are realized, synergistically improving the catalytic activity
and durability. As a result, the synthesized In-RuO, catalyst
exhibits an ultralow overpotential of approximately 193 mV to
achieve 10 mA cm ™2 in 0.5 M H,SO,. Moreover, when applied as
the anode catalyst in a proton exchange membrane (PEM)
electrolyzer, In-RuO, enables operation at 1 A cm™> with a cell
voltage of only 1.67 V and exhibits stable performance beyond
1000 h. This strategy provides a novel theoretical framework
and design principle for enhancing the acid stability and long-
term activity of Ru-based OER catalysts.
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Fig.1 Design and characterization of the RuO, based catalyst. (a—c) Overview of catalyst design for acidic OER. (d) XRD patterns of RuO, and M—
RuO; (M = In, AL, Ga). (e) TEM image of In-RuO,. (f) EDX elemental mapping of In-RuO, at a 250 nm scale. (g) HRTEM image of In-RuO,. (h)
Magnified HRTEM image of (g). (i) The simulated molecular structure of In-RuO,.
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Results and discussion
Synthesis and structural characterization

Under acidic conditions, the Ru sites undergo proton-induced
electron ejection due to the attack of H', which subsequently
leads to the over-oxidation of Ru (Fig. 1a). Theoretically, the
electron transfer of this process mainly relies on the coupling
between s and d orbitals. To effectively block the erosion path of
H' on Ru sites, the most direct strategy is to introduce new p-
orbital electron donors (Lewis base sites) near the Ru site.?**° By
utilizing the lower orbital coupling energy barrier and stronger
electronic cloud overlap associated with s—p orbital interac-
tions, new electron transfer channels can be constructed
(Fig. 1b). The Lewis acid-base pair synergy significantly
suppresses electron dissipation at the Ru active sites, thereby
maintaining an optimized charge distribution state in an acidic
environment while simultaneously enhancing the OER activity
and structural stability of the Ru-based catalyst (Fig. 1c).
Building on the above strategy, we prioritized the selection of
p-block elements M (M = Al, Ga, or In) as the Lewis base
component to construct Lewis acid-base pair systems (i.e. In-
Ru), aiming to gain deep insights into their mechanistic role in
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enhancing OER performance. Specifically, the M doped RuO,
(M-RuO,) catalysts were prepared via homogeneously mixing
the Ru and In precursors solutions, followed by calcination
treatment. The X-ray diffraction (XRD) patterns of Al-RuO,, Ga-
RuO,, In-Ru0,, and RuO, exhibit well-defined diffraction peaks
that align with the characteristic rutile phase of RuO, (JCPDS
No. 40-1290) (Fig. 1d). The structural morphology of the
synthesized catalysts was examined through transmission
electron microscopy (TEM) characterization. As illustrated in
Fig. 1e and S1-S4, the In-RuO,, Ga-RuO,, Al-RuO, and RuO,
catalysts consist of uniform nanoparticles with comparable size
distributions. The energy-dispersive X-ray spectroscopy (EDX)
mapping images reveal a uniform distribution of In, Ru and O
in In-RuO,, indicating that In atoms have been successfully
incorporated into the RuO, lattice (Fig. 1f). Additionally, high-
resolution transmission electron microscopy (HR-TEM) and
the corresponding fast Fourier transform (FT) images of In-
RuO, indicate a lattice fringe of 0.33 nm, which corresponds to
the (110) plane of RuO, (Fig. 1g-i and S4).

To determine the chemical states of M-RuO, catalysts, X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS) were utilized. As shown in Fig. 2a, the peak
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Fig. 2 Electronic structure characterization of RuO, and M-RuO,. (a) Ru 3d XPS spectra. (b) Ru 3p XPS spectra. (c) Band structures of the
compounds synthesized from M—RuO,. (d) Ru K-edge XANES spectra. (e) Ru K-edge EXAFS fitting curves in R space for In-RuO,. (f) Ru K-edge

EXAFS spectra. (g—i) Wavelet transform for Ru K-edge EXAFS signals.
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positions corresponding to Ru** in Ru 3ds,, binding energy for
In-Ru0,, Ga-RuO, and Al-RuO, exhibit positive shifts relative to
RuO,.**** This trend is consistently observed in the Ru 3p spectra
(Fig. 2b), suggesting that the introduction of Lewis basic
elements (Al, Ga, and In) triggers directional electron transfer
from the Ru center to the incorporated heteroatoms, thereby
enabling these dopants to function as effective electron donors
for H'. Notably, comparative analysis reveals that the introduc-
tion of In induces a more pronounced electron transfer
compared to Ga and Al, which can be attributed to In's stronger
Lewis basicity and better energy level matching with Ru (Fig. 2c),
making it more conducive to enhancing the interfacial charge
redistribution during the interaction process. As a more effective
electron donor, In substantially promotes electron interaction
with H', thereby facilitating H,O dissociation and accelerating
the supply of *OH intermediates at Ru sites, ultimately
enhancing the overall electrocatalytic activity and stability.®
Furthermore, the high-resolution XPS spectra of Al 2p, Ga 2p and
In 3d further indicate that Al, Ga and In were successfully
incorporated into RuO, in their respective +3 oxidation states
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(Fig. S5). Additionally, in In-RuO,, the intensity of the white-line
peak at the Ru K-edge in the X-ray absorption near-edge structure
(XANES) spectrum is slightly lower compared to that in RuO,,
indicating that In doping leads to a reduction in the local
symmetry around Ru sites in RuO,, thereby providing further
evidence for the partial replacement of Ru sites by In atoms
(Fig. 2d).>**” Notably, the Ru K-edge FT-EXAFS spectra display two
distinct peaks, which are attributed to the first shell of Ru-O
bonds and the second shell of M-O-Ru bonds, respectively
(Fig. 2e-f).***° Compared with the Ru-O bond length (1.96 A) in
RuO,, the slight elongation (1.97 A) observed in In-RuO, induces
enhanced lattice oxygen activity (Fig. S6, 7 and Table S1), which is
further supported by wavelet transform (WT) analysis of the
EXAFS data, as shown in Fig. 2g-i, ultimately promoting acidic
OER performance with an earlier onset potential.

Acidic OER performance

The acidic OER performances of the prepared catalysts were
evaluated using a standard three-electrode system in a 0.5 M
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Fig. 3 OER performance measurements. (a) LSV curves of RuO, and M-RuO, in a 0.5 M H,SO, solution. (b) The overpotentials at 10 mA cm™

2

and 100 mA cm~2 of RuQO, and M-RuOs. (c) Corresponding Tafel plots according to the LSV curves in (a). (d) pH-dependent test of In-RuO.. (e)
LSV curves for In-RuO, in 0.5 M H,SO4 with and without methanol (0.5 M). (f) CV analysis of the redox peaks of RuO, and M-RuO.. (g)
Chronopotentiometric curves of RuO, and In-RuO; at a current density of 10 mA cm™2. (h) LSV curves of the PEMWEfor RuO, and In-RuO, at 25
and 80 °C. (i) Durability cell voltage—time plots for the PEMWE at a constant current density of 1 A cm~2 for 1000 h.
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H,SO, electrolyte. All potential values were adjusted to the
reversible hydrogen electrode (RHE) scale for calibration. Linear
sweep voltammetry (LSV) curves presented in Fig. 3a and S8
indicate that In-RuO, exhibits enhanced OER performance
compared to other samples. To reach a current density of 10 mA
cm’z, In-RuO, requires an overpotential of 194 £+ 2 mV,
significantly lower than that of RuO, (282 + 2 mV), Al-RuO, (214
+ 6 mV) and Ga-RuO, (202 £ 2 mV) (Fig. 3b).

Moreover, the reaction kinetics of M-RuO, were evaluated
from the Tafel slope derived from polarization curves, as shown
in Fig. 3c. In-RuO, exhibits a Tafel slope of 72.6 mV dec™*,
demonstrating its superior electrochemical kinetics compared
to Al-RuO, (82.3 mV dec™ '), Ga-RuO, (74.1 mV dec™ '), and RuO,
(140.2 mV dec™"). This is further evidenced by the smaller
charge transfer resistance (R.) value at 1.5 V vs. RHE for In-
RuO, from operando electrochemical impedance spectra (EIS)
(Fig. S9 and 10). Then combining the Bode phase plot analysis,
while In-RuO, exhibits a comparable behavior to other catalysts
in the low-frequency region (electron transfer responses at the
catalyst-electrolyte interface), its phase angle in the high-
frequency region (electron transfer responses at the catalyst
layer) decreases more rapidly with the increase of the potential
(Fig. S11 and 12).** This indicates that the accelerated electron
transfer response of In-RuO, within the catalyst layer promotes
more efficient reaction kinetics, thereby enhancing OER
activity. To further evaluate the intrinsic activity of In-RuO,, the
turnover frequency (TOF) and electrochemically active surface
area (ECSA) were calculated. Notably, In-RuO, exhibits a TOF
value of 0.518 s~ ' among M-RuO, at 1.55 V vs. RHE, which is
about 10 times higher than that of RuO, (0.055 s~ '), indicating
its higher intrinsic OER activity (Fig. S13). The double-layer
capacitance (Cqj), a key parameter for estimating the ECSA,
was experimentally characterized to assess intrinsic catalytic
activity (Fig. S14). As depicted in Fig. S15, the Cy, value of In-
RuO, is determined to be 72.4 mF cm ™2, which exceeds the
values of AI-RuO, (51.3 mF cm ™ 2), Ga-RuO, (61.4 mF cm ™), and
RuO, (36.3 mF em™?), suggesting a higher availability of active
surface sites for the OER process. Moreover, the ECSA-
normalized OER activity of In-RuO, is consistently superior to
that of Al-RuO,, Ga-RuO,, and RuO,, confirming its exceptional
intrinsic acidic OER activity (Fig. S16). Furthermore, the H,
desorption potential of In-RuO, shifts significantly to more
positive direction as the pH value of the electrolyte increases
(Fig. 3d and S17). This indicates that the incorporation of In
with stronger Lewis basicity markedly enhances the catalyst's
ability to promote water dissociation, thereby increasing the
coverage of *OH on the catalyst surface.'”* To further quantify
the surface coverage of *OH intermediates, methanol was
employed as a molecular probe, leveraging the methanol
oxidation reaction (MOR), wherein methanol acts as a nucleo-
phile to selectively react with electrophilic *OH groups adsor-
bed on the catalyst surface.*>** Experimental results show that
upon introducing 1.0 M methanol into a 0.5 M H,SO, solution,
both M-RuO, and RuO, exhibit a significant increase in current
density, attributed to the electrooxidation of methanol (Fig. 3e
and S18). The current density difference resulting from the
MOR was quantified by integrating the area enclosed between

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the polarization curves, as this area correlates directly with the
quantity of transferred charges. A greater current difference
between the MOR and OER is observed for In-RuO, compared to
Al-RuO,, Ga-RuO, and RuO,, suggesting a higher capability for
*OH compensation on In-RuO,, which contributes to enhanced
OER activity and stability. The O 1s XPS spectra investigations
also reveal a higher abundance of *OH (~531.8 eV) on the In-
RuO, catalyst compared to that of Al-RuO,, Ga-RuO, and RuO,,
which is consistent with the MOR results (Fig. S19 and Table
S2). Then, cyclic voltammetry (CV) analysis of M-RuO, and RuO,
was conducted at a scan rate of 1 mV s~ ' to investigate the
oxidation behavior of Ru sites at high potentials. Three distinct
redox peaks can be observed in RuO,, AI-RuO, and Ga-RuO,
located at approximately 0.64, 1.23 and 1.36 V, which can be
attributed to Ru**/Ru*", Ru**/Ru®" and Ru®"/Ru®" transitions,
respectively.* In contrast, no characteristic peaks correspond-
ing to Ru*/Ru®" and Ru®*/Ru®" are detected in the In-RuO,
sample (Fig. 3f), indicating that the introduction of In
suppresses the electron-donating behavior of Ru and thereby
inhibits the formation of high-valence Ru™" (n > 4) species,
leading to improved OER stability. Then, the long-term opera-
tional stability of In-RuO, under acidic conditions was validated
via chronopotentiometric stability testing and extended CV
cycling. As expected, In-RuO, demonstrates almost no signifi-
cant decay in the LSV curves before and after 2000 cycles of CV
testing (Fig. S20a). By contrast, the RuO, electrocatalyst exhibits
a notable rise in overpotential (Fig. S20b). Moreover, the
stability of In-RuO, and RuO, was evaluated through chro-
noamperometric measurements conducted at a current density
of 10 mA cm™?, demonstrating that In-RuO, exhibited stable
operation for over 1000 h, whereas RuO, exhibits rapid perfor-
mance degradation under identical conditions (Fig. 3g). Evalu-
ations of the activity and stability of In-RuO, were also
conducted relative to recently reported Ru-based catalysts,
demonstrating its better performance than the majority of the
Ru-based catalysts reported to date (Table S3). Inductively
coupled plasma mass spectrometry (ICP-MS) was further per-
formed to quantify the dissolution rates of Ru. As illustrated in
Fig. S21and 22 and Table S4, In-RuO, demonstrates exception-
ally low dissolution rates of 0.38% for Ru after 60 h of stability
testing, with the stability number (S-number) determined to be
3.18 x 10° at 60 h, indicating its excellent activity and long-term
durability. Besides, the outstanding structural robustness of In-
RuO, is further demonstrated by the XPS and XRD spectra after
the OER, which are consistent with those observed before the
OER (Fig. S23 and 24).

Capitalizing on the overall high activity and stability of In-
RuO, for the OER, we integrated In-RuO, as the anode catalyst,
commercial Pt/C as the cathode catalyst and a proton exchange
membrane (Nafion 117) to construct a membrane electrode
assembly (MEA) and further used it to assemble a PEMWE
(Fig. S25). As illustrated in Fig. 3h, for the In-RuO,| Pt/C
electrolyzer, to achieve a water electrolysis current density of
1.0 A cm 2, the required voltages are only 1.78 V (room
temperature) and 1.67 V (80 °C), respectively, demonstrating
markedly lower overpotentials compared to the benchmark
RuO,||Pt/C electrolyzer under identical operating conditions.
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Moreover, the In-RuO,||Pt/C electrolyzer exhibits remarkable
stability, retaining operation at 1.0 A cm™> for over 1000 h with
only a minimal cell voltage increase of 7.6%, suggesting that the
In-induced enhancement of *OH coverage greatly boosts both
the activity and stability of RuO, under realistic operating
conditions (Fig. 3i). The performance of the In-RuO,-based
PEMWE challenges the established views on the durability
limits of Ru-based catalysts while rivaling the performance of
reported Ru-based catalysts (Table S5), highlighting its poten-
tial for sustainable hydrogen production.

Mechanistic investigation of acidic OER

Electrochemical and in situ spectroscopic techniques were
employed to further investigate the catalytic mechanism of In-
RuO,, as well as to elucidate the specific roles of In and Ru sites.
As shown in Fig. 4a and S26, the LSV curves for M-RuO, and
RuO, in H,SO, solution (pH 0-1) were measured at a scan rate
of 5 mV s, All the M-RuO, and RuO, samples exhibit signifi-
cant pH dependence, indicating nonconcerted proton—electron
transfer processes for the lattice oxygen mechanism (LOM)
(Fig. 4b). A tetramethylammonium cation (TMA') probe
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experiment was conducted to investigate the potential presence
of 0,>” species during the OER process of M-RuO, and RuO,,
leveraging its specific sensitivity to these negatively charged
0,%" species derived from the LOM pathway.*® The result
demonstrates an obvious difference in the LSV curves of the
samples with and without TMA®, revealing the existence of O,>~
species during the OER process, and confirms the involvement
of the LOM pathway for these catalysts (Fig. 4c and S27).
Subsequently, in situ attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) was
employed to confirm the unique LOM process (Fig. 4d). An
obvious potential-dependent peak emerges at ~1200 cm '
across all catalysts, attributable to the stretching vibration of
the *OO intermediate, confirming the reaction pathway
consistent with the LOM (Fig. 4e and S$28).*° Notably, the
dynamic *OO absorption band emerges at a lower voltage (~1.1
V) for In-RuO, compared to Al-RuO,, Ga-RuO,, and RuO,, which
contributes to the lower overpotential of In-RuO,. *O-labeled in
situ differential electrochemical mass spectrometry (DEMS)
measurement was carried out to elucidate the OER mechanism
associated with In-RuO, and RuO, (Fig. S29). RuO, and In-RuO,
were initially subjected to three LSV cycles in 0.5 M H,SO,
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Fig. 4 OER performance measurements. (a) LSV curves of In-RuO, in electrolyte with different pH values. (b) The linear relationship of current
density vs. pH. (c) OER polarization curves of In-RuO, in 0.5 M H,SO4 electrolyte with and without TAM™. (d) In situ ATR-SEIRAS device diagram.
(e) In situ ATR-SEIRAS spectra. (f and g) DEMS signals of 20, [**0®0, mass/charge ratio (m/z) = 32], 3*O, (100, m/z = 34), and >0, (1200,

m/z = 36) from the reaction products for 80-labelled RuO, and In-RuO,
the LOM.
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prepared with H,'®0 as the solvent to isotopically label the
catalysts. Subsequently, the '®O-labeled catalysts were rinsed
with pure water to remove the adsorbed H,'®0 before being
cycled in 0.5 M H,S0, solution prepared with H,'°0. As depic-
ted in Fig. 4f-g, In-Ru0, and RuO, produce **0, and **0,, as
well as trace amounts of the >0, product, further confirming
their participation in the LOM pathway.””** Therefore, the
introduction of the Lewis basic element (In) sustains the LOM
pathway, as depicted in Fig. 4h.

View Article Online
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To further verify the *OH compensation capability and the
replenishment of lattice oxygen, an in-depth analysis of in situ
Raman and ATR-SEIRAS data was performed. The hydrogen-
bond network within the electrical double-layer governs water
adsorption/dissociation and proton transfer during acidic OER,
where theoretical studies reveal reduced water dissociation
energy with weaker hydrogen bonding, while exhibiting
enhanced proton transfer with stronger bonding.*>** This inter-
play necessitates precise regulation of interfacial water avail-
ability and activity to optimize OER performance. In situ ATR-
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Fig. 5

In situ Raman spectra were recorded at potentials from 1.3 to 1.7 V on (a) RuO, and (b) In-RuOs,. (c) Percentage of various types of

interfacial water structures at applied potential in In-RuO,. (d) The proportion of free water in RuO, and In-RuO; at different potentials. (e) In situ
Raman spectra of RuO, and In-RuO, during the OER. (f) In situ Raman spectra of RuO, and In-RuO, during the OER. (g) Schematic illustration of
local pH monitoring using a rotating ring-disk electrode (RRDE). (h and i) Changes in the local pH on M-RuO, and RuO, electrodes at OER
potentials in 0.5 M H,SO4 and their variations. (j) Schematic representation of the electrochemical interface of RuO, and In-RuO, during the OER.
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SEIRAS was performed to monitor the behavior of interfacial
water during the OER at various applied potentials. Wave-
numbers ranging from 3000 to 3600 cm ™" are attributed to the
OH stretching mode. Three peaks located at about 3200, 3400
and 3600 cm™" are assigned to the 4-coordinated hydrogen-
bonded water (4-HB-H,0), 2-coordinated hydrogen-bonded
water (2-HB-H,0), and free-H,O with weak hydrogen-bond
interactions, respectively (Fig. 5a, b, S30 and Tables S6-9).°*"*
For all catalysts, 4-HB-H,O consistently dominates across the full
range of detected potentials, facilitating efficient proton transfer
during the acidic OER process.** Upon increasing the voltage,
a gradual rise in the proportion of free-H,O is observed for M-
RuO,, with In-RuO, exhibiting the most pronounced increase,
followed by Ga-RuO, and Al-RuO,, while RuO, shows an
opposing trend (Fig. 5c and d). This phenomenon can be
attributed to the introduction of the Lewis basic element, which
enhances the electron donation ability of the catalyst toward H',
thereby effectively regulating the electronic environment of
interfacial water molecules. Consequently, the aqueous structure
undergoes a dynamic shift from stable bound water to more
active free water, thereby continuously replenishing the water
consumed during the acidic OER process and maintaining the
continuity and activity of the interfacial processes. In addition,
the in situ Raman spectra presented in Fig. 5e and S31 reveal the
characteristic signals at approximately 450 cm ™", 610 cm™ ", and
700 em™ ", corresponding to the Eg, Ajg, and B,; modes of RuO,,
respectively.®® As the potential increases to 1.3 V, the E; and A,
peaks in In-RuO, exhibit a distinct blueshift, originating from the
Ru-O bond elongation caused by the formation of oxygen
vacancy intermediates during the LOM process (Fig. 5f).° With
a further increase in potential, the Raman shifts of these peaks
stabilize, a behavior not observed in RuO,, which can be attrib-
uted to the rapid replenishment of lattice oxygen in In-RuO,,
thereby establishing a stable catalytic cycle. Notably, the contin-
uous intensity enhancement of the asymmetric B,, mode Raman
peak with increasing potential, a feature not observed in RuO,,
provides compelling evidence for the rapid compensation of
*OH. To quantitatively evaluate the influence of introducing
Lewis base moieties on interfacial proton transport behaviour,
a rotating ring-disk electrode (RRDE) technique was employed
(Fig. 52) to in situ monitor the local pH evolution at the surface of
the M-RuO, (M = In, Ga, Al) electrode at different applied
potentials in 0.5 M H,SO, (bulk pH = 0.89), with RuO, for
comparison (Fig. S32-S34). Based on the RRDE measurements,
the M-RuO, and RuO, electrodes exhibit identical initial local pH
values, which are comparable to that of the bulk electrolyte. Upon
reaching the onset potential of the OER, a decrease in the local
PH is observed for all catalysts, primarily due to proton genera-
tion at the electrode-electrolyte interface during the OER process
(Fig. S32). Notably, given that the OER proceeds via a proton-
coupled electron transfer (PCET) mechanism, In-RuO, simulta-
neously exhibits accelerated deprotonation kinetics accompa-
nied by a more moderate decrease in interfacial pH (Fig. 5h, S33
and 34). Specifically, at the same applied potential (e.g., 1.7 V vs.
RHE), In-RuO, delivers a higher OER current density than other
M-RuO, catalysts and pristine RuO,, while showing a smaller
extent of local pH reduction (Fig. 5i), collectively indicating
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significantly enhanced interfacial deprotonation kinetics for In-
RuO,.*® Based on the above analysis, incorporation of the Lewis
basic element (In) markedly enhances the catalyst's electron
donation capability toward interfacial water, thereby modulating
the electronic environment of water molecules and promoting
the structural transition from bound to a more reactive free state
(Fig. 5j). This transformation facilitates more efficient water
dissociation and elevates the accumulation of *OH intermediates
on Ru sites, thereby improving the dynamic replenishment of
lattice oxygen during the LOM process and ultimately enhancing
both the catalytic activity and stability of RuO,.

Theoretical insights into intrinsic activity and stability

To elucidate the mechanistic origins underlying the enhanced
activity and stability of In-RuO, relative to other M-RuO, (M =
Al, Ga) and RuO,, density functional theory (DFT) calculations
were employed to probe the local electronic environment. The
corresponding computational models are depicted in Fig. 6a-
b and S35 (see the Methods section for computational details).
Two-dimensional electron localization function (ELF) analyses
demonstrate that the substitution of Ru with In induces a local
redistribution of electron density that augments Ru-O orbital
hybridization, thereby elevating Ru-O bond covalency as well as
promoting lattice oxygen activity (Fig. 6¢, d and S36). Further-
more, Bader charge analysis indicates that In doping leads to
electron delocalization at Ru sites, resulting in an increased
oxidation state (Fig. 6e and S37), and thus enhancing the
adsorption affinity of Ru sites toward oxygen intermediates,
which is highly consistent with the XPS results. Concurrently,
the In sites accumulate electron density and function as Lewis
bases, thus tending to serve as an electron donor for H', facil-
itating the transformation of stable H;O" into free H,O config-
uration. This is further corroborated by the solvation models
and ELF results, as presented in Fig. 6f, S38 and S39. This
accelerates H,O dissociation, thereby ensuring a sufficient
supply of *OH and facilitating the rapid replenishment of
lattice oxygen within the LOM pathway. Moreover, the partial
density of states (PDOS) analysis reveals an upshift in the Ru-
d band center following In incorporation (Fig. 6g, h and S40),
which strengthens the adsorption of oxygen intermediates at Ru
sites. Meanwhile, the energy gap between Ru-d and O-p states
gradually decreases with increasing In doping, providing
further evidence for the enhanced reactivity of lattice oxygen.
Additionally, charge density difference results confirm that *OH
adsorption is enhanced in the In-RuO, system (Fig. S41). The
results further indicate that In carries more negative charge,
making the H in *OH more prone to electron exchange with In
(Fig. 6i and j), thereby accelerating the interfacial electron
transfer process. Projected crystal orbital Hamilton population
(pCOHP) analysis further demonstrates the strengthened
bonding interaction between In and H (Fig. 6k and 1), which is
consistent with the aforementioned findings. As expected, In
doping facilitates the deprotonation process, significantly
lowering the energy barrier of the rate determining step (RDS)
in the LOM pathway to 1.40 eV, thus boosting OER activity
(Fig. 6m and S42). In addition, In doping effectively

© 2026 The Author(s). Published by the Royal Society of Chemistry
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redistributes the charge imbalance caused by oxygen vacancy
(Vo) formation in the LOM pathway, which alleviates local
structural distortion and instability associated with Vo genera-
tion, thereby enhancing the structural integrity and electro-
chemical durability of RuO, during the OER (Fig. S43). Overall,
the enhanced OER performance of In-RuO, can be attributed to
the following factors: (i) as a Lewis base, In facilitates the
transformation of H;O" configurations into free water, which
accelerates water dissociation and *OH supply, expedites
deprotonation and lowers the kinetic barrier of the LOM

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

pathway. (ii) The incorporation of In not only strengthens
oxygen species adsorption at Ru sites and enhances the Ru-O
bond covalency, but also mitigates the charge imbalance caused
by Vo formation, thereby suppressing Ru dissolution during the
LOM process and ultimately improving the catalytic activity and
stability (Fig. 6n).

Conclusions

In summary, we propose an innovative strategy involving the
incorporation of Lewis base element In into the RuO, lattice to
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promote and stabilize the LOM pathway during the acidic OER
process. By integrating multiple in situ characterization studies
with theoretical calculations, we reveal that In doping modu-
lates the interfacial water structure and increases the propor-
tion of free water, thereby facilitating water dissociation and
ensuring continuous supply of *OH intermediates to maintain
high surface coverage. The electron effect induced by In accel-
erates the deprotonation process and decreases the energy
barrier of the rate-determining step in the LOM pathway, thus
significantly enhancing the OER activity. Furthermore, In
incorporation not only strengthens the oxygen intermediate
adsorption at Ru sites and increases the Ru-O bond covalency
to boost intrinsic activity, but also effectively mitigates the
charge imbalance caused by Vo to enhance the stability.
Benefiting from this unique Lewis base regulation strategy, In-
RuO, not only successfully resolves the inherent stability issue
of the LOM pathway but also remarkably boosts OER activity.
The catalyst exhibits outstanding acidic OER performance,
requiring only an overpotential of 194 mV to achieve a current
density of 10 mA cm 2> and exhibiting excellent durability.
Furthermore, it demonstrates superior PEM electrolyzer
performance, stably operating at a low cell voltage of only 1.67 V
at 1 A cm ™2 for over 1000 h. This work provides a rational design
principle for optimizing LOM-mediated Ru-based catalysts,
establishing a solid foundation for developing highly efficient
catalytic systems for large-scale green hydrogen production.
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