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Ruthenium dioxide electrocatalysts hold promise for achieving high oxygen evolution reaction activity in
proton exchange membrane water electrolysers (PEMWEs). However, the control of their stability
remains extremely challenging due to their easy oxidation and dissolution during electrochemical
reactions. Herein, we address these challenges by constructing atomically dispersed Ta-O-Ru
asymmetric local motifs for an efficient and stable OER process via a simple molten salt-assisted
method. The optimized candidate (RuO,—10Ta) exhibits a low overpotential of 189 mV and high
durability exceeding 700 hours at 10 mA cm™2, boasting a six-fold longer lifespan than commercial
RuOs,. In situ characterizations and DFT calculations reveal that in this asymmetric configuration, high-
valent Ta dopants downshift the O 2p and Ru 4d band centres, thereby moderating the Ru-O covalency
to facilitate water dissociation and intermediate transformation. Meanwhile, this Ta—O—-Ru motif with
a robust Ta—O bond acts as an electron and structural buffer that suppresses lattice oxygen loss and Ru
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catalyst, it achieved a low cell voltage of 1.639 V at 1 A cm ™2 and sustained stable operation for over 200

DOI: 10.1039/d5ta07271a hours at 200 mA cm™2. These findings highlight the potential of asymmetric coordination engineering as

rsc.li/materials-a a generalizable strategy for developing robust and efficient OER catalysts under harsh acidic conditions.
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1 Introduction

A proton exchange membrane water electrolyser (PEMWE),
featuring a rapid response to intermittent renewable electricity
(e.g- solar and wind), compact design, and high-purity hydrogen
production,*™ is pivotal in decarbonized energy systems.
Nevertheless, its efficiency is fundamentally constrained by the
sluggish anodic oxygen evolution reaction (OER)*>* and the fast
deactivation of catalysts.”® Although IrO, represents a state-of-
the-art acidic OER catalyst, the scarcity and prohibitive cost of
iridium severely impede the large-scale PEMWE deployment.®™**
In contrast, Ru-based catalysts, offering better economic feasi-
bility and superior activity, are emerging as a promising alter-
native for the acidic OER.”™ Despite their promising
attributes, bulk RuO, catalysts undergo structural degradation
that stems from their inherent electronic structure. In essence,
strong Ru-O covalency in ruthenium oxides enables the acti-
vation of lattice oxygen and participation in the OER process,
thereby significantly improving the catalytic activity.”® Unfor-
tunately, such involvement of lattice oxygen accelerates the
generation and outward diffusion of oxygen vacancies,
progressively eroding the structural integrity. Concomitantly,
the removal of lattice oxygen raises the local Ru valence and
promotes the formation of high-valent and volatile RuO,,
leading to the irreversible loss of active sites.”**” Consequently,
it is crucial to balance the activity and stability in RuO, with
fine-tuning the electronic structure toward efficient and stable
OER.

To break the activity-stability trade-off, several strategies
including strain engineering,'®” defect engineering,'®*® inter-
face engineering,*** high-entropy alloy design* and hetero-
atom incorporation®*?° have been explored. Among these,
foreign atom doping offers a powerful approach to directly
modify the local catalytic microenvironment for activity
enhancement. Concurrently, effective doping can optimize the
electronic configuration of active sites and enhance the atomic
cohesion, thereby suppressing the lattice oxygen loss and
ruthenium dissolution. For example, Guo et al. demonstrated
that Er doping results in the 4d-2p-4f hybridization in the Er-
doped RuO, catalyst, which continuously tunes the Ru-O
covalency, increases the Ru-/O-vacancy formation energies and
strengthens the oxygen intermediate adsorption, thereby
resulting in enhanced activity and stability.® In this context,
developing an asymmetric M—O-Ru active motif with an opti-
mized local structure through metal atom doping engineering is
attractive to boost an effective and stable OER process. To avoid
the non-uniform doping sites or even phase separation that will
sacrifice the mass activity,*® key criteria are necessary for
rational doping engineering toward building the asymmetric Ru
active motif, including: (i) lattice compatibility with the
matched ionic radii between M and the host cation Ru**, which
ensures the stable solid-solution formation with rich atomic
interfaces and no inert phase segregation;*>* (ii) lattice-oxygen
buffering through strong M-O interactions for stabilizing lattice
oxygen, suppressing Vo aggregation and the collapse of the Ru
oxide lattice;* (iii) electron buffering capability for the dynamic
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charge redistribution in M-O-Ru linkages, which is favourable
for the fine-tuning of the Ru-O covalency and the adjustable
valence state of M against the oxidation condition.*

Herein, we present the example of atomically dispersed Ta-
O-Ru asymmetric centres for robust OER through Ta doping
regarding the strong Ta-O bond (839 k] mol *),***” higher and
adaptable valence (Ta>" vs. Ru**)*® and similar ionic radius (Ta>*
64 pm = Ru*" 62 pm).* The resulting atomic dispersion of Ta
within the RuO, matrix enables finely modulated local envi-
ronments of Ru and O sites. Both experimental results and
theoretical calculations reveal that the asymmetric Ta-O-Ru
unit, characterized by moderate Ru-O covalency and strong Ta-
O-Ru linkage, effectively promotes the lattice oxygen-involved
OER process, wherein excessive lattice oxygen loss and Ru
overoxidation are simultaneously suppressed. As expected, the
optimized RuO,~10Ta exhibits high OER performance with an
outstanding mass activity of 477.17 A gg, " at 1.5 V vs. RHE,
which is 62% higher than the pristine RuO, and 13-fold supe-
rior to commercial RuO,. This is achieved alongside a low
overpotential of 189 mV at 10 mA em ™2 and remarkable stability
exceeding 700 h at 10 mA cm ™2 in 0.5 M H,S0O, (6-fold superior
to commercial RuO,), ranking among the most advanced Ru-
based OER catalysts. Furthermore, a PEMWE device equipped
with a RuO,-10Ta anode demonstrated a low cell voltage of
1.639 V at 1 A cm ? and maintained stable operation for over
200 hours at 200 mA cm >, highlighting its good feasibility for
the practical application. Our work highlights the potential of
rationally developing atomically dispersed M-O-Ru asymmetric
centres for acidic OER.

2 Results and discussion
2.1 Preparation and structural characterization

A series of tantalum-doped Ru oxide nanoparticles (RuO,~aTa,
a =5, 10, and 20, corresponding to the nominal Ta loadings of
5%, 10%, and 20%, respectively) and pristine RuO, were
synthesized via a modified molten salt-assisted method (see
details in the SI, Fig. $1).**** The molten NaNO; was used to
facilitate the metal-ion exchange and oxide formation. X-ray
diffraction (XRD) patterns showed that all RuO,~aTa (« = 5,
10, and 20) and RuO, presented a similar single rutile phase
compared to C-RuO, (commercial Ru0O,), with no detectable
impurities from Ta,Os (Fig. S2). A systematic downshift of the
diffraction peaks is observed as the Ta content increases, which
is likely due to lattice expansion caused by the substitution of
Ru with the larger Ta atoms. SEM imaging combined with
elemental mapping (Fig. S3) indicated that the RuO,-10Ta
sample consists of interconnected nanoparticles, wherein the
Ru, Ta, and O elements are uniformly distributed without
detectable Na signal, suggesting the effective removal of the
NaNO; salt after synthesis. Inductively coupled plasma mass
spectrometry (ICP-MS, Table S1) confirmed that the elemental
composition of RuO,-10Ta closely matches the nominal
loading values. In addition, transmission electron microscopy
(TEM) images (Fig. 1a, S4 and S5) show well-dispersed nano-
particles for RuO,-5Ta/10Ta/20Ta with an average size of
~7.8 nm, slightly smaller than the homemade RuO, (9.3 nm,

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Structural characterization of RuO,—«Ta. (a) TEM image with the diameter distribution (inset) of RuO,—10Ta. (b) HR-TEM image of RuO,—
10Ta with the SAED image (inset). (c) Elemental mappings of RuO,—10Ta. (d) Aberration-corrected HAADF-STEM image. (e) 3D atom-overlapping
Gaussian function fitting mapping of the selected red square area in (d). (f) Intensity profiles along the white rectangle regions in (d). (g) Ru K-edge
XANES spectra of RuO,—10Ta and the corresponding reference samples. (h) Fourier transforms of the k3—weighted spectra at the Ru K edge of
RuO,—10Ta and the corresponding reference samples. (i) Wavelet transform for the k*-weighted EXAFS signals at the Ru K-edge of RuO,—10Ta

and the corresponding reference samples.

Fig. S6). The slight reduction in particle size upon Ta incorpo-
ration can be attributed to the effect of dopants on nucleation
dynamics during molten synthesis.”” In Fig. 1b, well-resolved
lattice fringes with d-spacings of 0.32 nm are attributed to the
(110) planes of the rutile RuO, phase, similar to those of C-
RuO, (Fig. S7). The selected area electron diffraction (SAED)
pattern analysis (inset of Fig. 1b) confirms the polycrystalline
rutile structure with clear (110), (101), (211) and (200) diffrac-
tion rings for RuO,-10Ta and no detectable Ta,O5 signatures,
which is consistent with the XRD results. In addition, the
energy-dispersive X-ray spectra (EDS, Fig. S8) and elemental
mapping together with EDS line-scans (Fig. S9) demonstrate the
homogeneous distribution of Ta throughout RuO, nano-
particles. As shown in Fig. 1d, the aberration-corrected high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image reveals that Ta atoms were
atomically dispersed throughout the lattice of the RuO, matrix.

This journal is © The Royal Society of Chemistry 2025

It was found that Ta (Z = 73) dopants appeared as isolated and
significantly brighter dots within the atom columns (encircled
in red), owing to their stronger electron scattering compared to
the surrounding Ru (Z = 44) and O (Z = 8) atoms. The distinct
atomic-scale distribution was further corroborated by 3D
Gaussian fitting mapping (Fig. 1e) and intensity profile analysis
(Fig. 1f). These results evidence the high dispersity of the Ta
dopants, which indicates abundant Ta-O-Ru motifs. Raman
spectroscopy was used to further investigate the crystal struc-
ture of RuO,-10Ta (Fig. S10). The absence of discernible peaks
assignable to crystalline Ta,O5 excludes the phase segregation.
Three peaks which can be assigned to the Eg, A1, and B,, modes
of rutile RuO, are broadened compared to the pristine RuO,,*®
which is associated with the fact that the substitutional doping
of Ta impaired the crystalline symmetry.*>**

X-ray photoelectron spectroscopy (XPS) was performed to
characterize the chemical states and the electronic
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configurations of the catalysts (Fig. S11). In the Ta 4f region
(Fig. S11b), two peaks centred at 24.95 eV and 26.85 eV are
assignable to Ta 4f,, and 4fs),, respectively, consistent with
successful Ta incorporation. These binding energies fall
between those of Ta®" (25.90/27.90 eV) and Ta*" (23.30/25.20
ev),**¢ suggesting an intermediate Ta oxidation state (+4 to
+5). The slight decrease in average valence is likely caused by
oxygen vacancies and other structural defects formed during
molten-salt synthesis.***” Such valence state is beneficial for the
electron donation from Ta to Ru via Ta-O-Ru linkage.”® The
overlapping region with the O 2s signal was not analysed due to
the peak interference. Compared to the commercial RuO, (Ru**,
Ru 3ds/, located at 280.50 eV and 3d;,, at 284.70 eV),"*"* the
Ru 3ds,, peak of the homemade RuO, shifts by ~0.10 eV toward
lower binding energy, indicating a slight electron enrichment
around Ru. This modest negative shift is possibly related to the
molten salt synthesis as well. Crucially, upon Ta doping (RuO,~
10Ta), the shift further increases to ~0.20 eV, demonstrating
further electron donation to Ru from Ta via the Ta-O-Ru
linkage. O 1s XPS deconvolution (Fig. S11d and e) uncovered
four oxygen species: lattice oxygen (529.02 eV), oxygen vacancy
(530.00 eV), adsorbed -OH (531.30 eV) and adsorbed H,O
(532.86 eV).*"** Compared with C-RuO,, the home-made RuO,
possessed an elevated oxygen-vacancy concentration, attributed
to the etching effect of the molten salt synthesis.***”* Signifi-
cantly, the introduction of Ta increased the amount of lattice
oxygen, which was attributable to the presence of more
surrounding O®~ ions for achieving a higher valence of Ta and
strong binding between Ta and O. The concomitant increase in
Ru electron density and lattice oxygen content suggested the
effective electronic modulation by the Ta-O-Ru configuration.
Moreover, no Na-related signal was detected from RuO,-10Ta
(Fig. S11a), further ruling out residual Na and its possible
effects on the OER performance.*® H, temperature-programmed
reduction (H,-TPR) (Fig. S12) corroborated the tuned bond
strength and oxygen lability via Ta doping. RuO, exhibited
a significant shift of the reduction peak to a lower temperature
(~50 °C) compared to C-RuO,, indicating enhanced lattice
oxygen activity. Upon Ta incorporation, the peak slightly shifted
to higher temperature with decreased area and minor splitting,
suggesting fewer labile oxygen species for RuO,-10Ta, which
was probably attributable to stronger Ta-O-Ru interactions.*"*
The signal for RuO,-10Ta remained lower than that of C-RuO,,
indicating that the lattice oxygen was maintained in a more
activated state relative to C-RuO,, which indicates the appro-
priate oxygen activity and strong stability of the Ta-O-Ru
motifs. Furthermore, X-ray absorption spectroscopy (XAS) was
employed to probe the environment of Ru sites for RuO,-10Ta.
Fig. 1g depicts the Ru K-edge X-ray absorption near-edge
structure (XANES) spectrum of RuO,-10Ta, alongside Ru foil
and C-RuO, as references. A shift in the absorption edge of
RuO,-10Ta toward lower energy compared to that of C-RuO,
reference (Fig. 1g) demonstrated a moderately reduced Ru
oxidation state (<+4) in RuO,~10Ta.>* This result is in line with
the XPS data, further verifying the electron transfer in Ta-O-Ru
linkages, which increases electron density around the Ru sites
and thereby prevents overoxidation of Ru during the OER
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processes. The Fourier-transformed extended X-ray absorption
fine structure (FT-EXAFS) spectrum (phase-uncorrected) of
RuO,~10Ta at the Ru K-edge shows a prominent peak at ~1.55 A
affiliated with the first Ru-O coordination shell, which is
identical to rutile RuO, (Fig. 1h).>® Quantitative FT-EXAFS fitting
reveals an average Ru-O coordination number of 5.68 (Fig. S13
and Table S2), which is significantly lower than the ideal value
of 6.00 for octahedrally coordinated Ru in C-RuO,, indicating
the generation of oxygen vacancies (O,) around the Ru sites
upon Ta incorporation. In addition, the Ru-O bond length
shows only a slight increase (1.98 A for C-RuO, and 1.99 A for
RuO,-10Ta), in good agreement with the XRD results. It is thus
clear that the overall rutile RuO, lattice remains intact despite
the introduction of O, for RuO,-10Ta. Wavelet-transform (WT)
analysis, providing simultaneous resolution in k and R-space,
allows for the discernment of atoms sharing similar coordina-
tion environments and proximities. In Fig. 1i, the WT contour
plot of RuO,-10Ta exhibits enhanced scattering intensity
around k = 12 A1 compared to C-RuO,, which can be attrib-
uted to the heavier element Ta that is incorporated into the
RuO, matrix, further indicating the formation of the Ta-O-Ru
linkage.” Overall, these comprehensive structural and elec-
tronic investigations confirm that Ta atoms are atomically
dispersed in the RuO, lattice and contributed to the fine elec-
tronic modulation, which is anticipated to play a pivotal role in
the electrocatalytic performance.

2.2 Electrocatalytic performance

The acid OER performance of RuO,-aTa was systematically
evaluated in a three-electrode system. Crucially, RuO,-10Ta
exhibited high mass activity (477.17 A gg, " at 1.5 V vs. RHE),
representing a 62% improvement over pure RuO, (294.68 A
gry ') and 13-fold higher than C-RuO, (35.35 A gg, ) (Fig. 2a
and S14), consistent with the TOF (turnover frequency) results
(Fig. S15). It is worth noting that suitable Ta doping is crucial in
improving the OER catalytic activity of Ru sites. Less or more Ta
doping would cause catalytic activity compromise, which is due
to the smaller amounts of Ta—O-Ru active motifs or the exces-
sive site dilution and even phase separation, respectively.***® In
addition, commercial Ta,O5 and homemade TaO, (Fig. S16)
exhibited negligible current densities (<0.2 mA cm™?) even at
a high potential of 1.70 Vvs. RHE, underscoring the intrinsically
inert nature of Ta oxides toward OER. In the linear sweep vol-
tammetry (LSV) tests (Fig. 2b), RuO,-10Ta required a low over-
potential of only 189 mV to achieve a current density of 10 mA
em™?, surpassing RuO,~5Ta (202 mV), RuO,~20Ta (210 mV) and
C-RuO, (250 mV) (Fig. S17). It should be noted that RuO,-10Ta
with lower Ru loading still exhibited high performance
comparable to RuO,, further indicating the crucial role of Ta
doping in enhancing the intrinsic activity of Ru. The high
activity is further reflected by the smallest Tafel slope (55.9 mV
dec™?, Fig. 2¢), compared to RuO, (59.5 mV dec '), RuO,~5Ta
(65.5 mV dec™ '), RuO,~20Ta (66.2 mV dec ') and C-RuO,
(147.4 mV dec™ "), indicative of favourable OER kinetics.***” The
double-layer capacitances (Cq) were extracted from the cyclic
voltammogram (CV) curves in the non-faradaic region (Fig. 2d

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Electrocatalytic performance. (a) LSV curves normalized by the Ru mass of RuO,—aTa (« =5, 10 and 20), homemade RuO, and C-RuO,.
(b) LSV curves of RuO,—aTa, homemade RuO, and C-RuO,. (c) Tafel plots derived from the polarization curves in (b). (d) Electrochemical
double-layer capacitance (Cq) of the electrocatalysts. (e) Chronopotentiometric plots of C—RuO,, RuO, and RuO,—10Ta at 10 mA cm™2. (f) LSV
curves of RuO,—10Ta before and after 55 h CP at 50 mA cm™2. (g) Comparison of the overpotential and durability of RuO,—10Ta atj = 10 mA
cm™2 with those of the previously reported OER catalysts in acidic media.

and S18) for the estimation of the electrochemical surface area
(ECSA). RuO,-10Ta shows the largest Cq (108.7 mF cm ™ ?)
compared with RuO,~5Ta (50.2 mF cm ™ ?), RuO,~20Ta (70.2 mF
cm %), RuO, (89.3 mF cm™?) and C-RuO, (31.4 mF cm™?). This
highest Cy; value for RuO,-10Ta indicates its largest ECSA,
suggesting the most abundant accessible active sites among the
series of catalysts. Electrochemical impedance spectroscopy
(EIS) further demonstrated the lowest charge-transfer resistance
(Rce) for RuO,-10Ta, highlighting the improved charge transfer
efficiency introduced by Ta doping (Fig. S19).>°

Moreover, RuO,~10Ta delivered long-term durability under
acidic OER conditions. At the current density of 10 mA cm ™ ? in
0.5 M H,SO,, RuO,~10Ta maintains stable performance over
700 hours without apparent decay, far exceeding the pristine
RuO, (less than 200 h) and C-RuO, (120 h), and most of the
reported Ru-based electrocatalysts (Fig. 2g and Table S4). Even
at a higher current density of 50 mA cm ™ (Fig. $20), RuO,~10Ta
also demonstrated impressive durability for more than 300 h.

Post-OER characterizations corroborated the structural integ-
rity of the catalyst after long-term electrolysis. RuO,-10Ta exhibits
negligible variation of the LSV curve after 55 hours running at 50

This journal is © The Royal Society of Chemistry 2025

mA cm? (Fig. 2f), demonstrating good activity retention. Addi-
tionally, the recovered RuO,-10Ta remains structurally and
compositionally stable. SEM shows a continuous network of con-
nected nanoparticles, and compositional mapping indicates
uniform Ru and Ta distributions (Fig. S21). TEM further shows
well-dispersed particles with only slight growth (average size: 9.3
nm) and minimal agglomeration (Fig. S22a). The well-resolved
lattice fringes and SAED pattern confirmed the retention of the
rutile phase (inset of Fig. S22b). Consistently, EDS maps (Fig. S22¢
and d) show homogeneous Ru and Ta without evidence of phase
segregation. High-resolution XPS spectra after OER (Fig. S23)
exhibit high-valent Ru®" species in RuO, and C-RuO,. However,
such Ru species were not observed for RuO,-10Ta, suggesting the
suppressed Ru overoxidation as a result of Ta doping. This is
consistent with the high S-number (stability number, 2.70 x 10°)
of RuO,~10Ta, calculated from ICP-MS analysis of the electrolyte
after 400 h CP at 10 mA cm > Furthermore, the O 1s spectra
revealed a higher lattice oxygen content, as evidenced by a larger
peak area in RuO,-10Ta relative to both undoped RuO, and C-
RuO,, demonstrating better preservation of the oxygen framework
under harsh electrochemical conditions.

J. Mater. Chem. A, 2025, 13, 39831-39840 | 39835
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Additionally, the generality of the asymmetric active unit was
further extended by introducing Zr, Hf, and Nb dopants, which
also feature strong bonding to oxygen, and adjustable high
valence states similar to Ta. All variants exhibited good OER
activity with overpotentials below 220 mV at 10 mA cm >
(Fig. S24) and significantly prolonged durability at 50 mA cm™
when compared to pristine RuO, (Fig. S25). Structural analyses
(XRD, TEM and XPS) confirmed the analogous modulation of
the crystallinity, Ru oxidation states and oxygen species
(Fig. S26-528), which further affirms that the asymmetric M-O-
Ru active unit via high-valent doping engineering can effectively
enhance the catalyst durability, while preserving the high
activity.

2

2.3 Mechanism investigation

To unravel the oxygen evolution process on RuO,-10Ta,
electrochemical and in situ spectral characterizations were
performed. First, pH-dependent linear sweep voltammetry
(LSV) revealed a clear activity decline with increasing pH on
RuO, and RuO,~-10Ta (Fig. 3a, b and S30), which is a hallmark of
the lattice oxygen participation process (LOM) as the LOM is
inherently sensitive to proton availability.”®*® Furthermore, the
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tetramethylammonium cations (TMA') were used as mecha-
nistic indicators. It was found that peroxo-like (*0,>7) inter-
mediates generated via the LOM pathway feature longer
lifetimes than the superoxo-like (*O,”) species produced
through adsorbate evolution mechanisms (AEM), thus enabling
the direct probing of *0,>~ during the OER process.®®** As the
electrophilic site, TMA" selectively stabilizes the negative *0,>~
species through coulombic trapping, thereby inhibiting the
O-O coupling kinetics and inhibiting the LOM pathway. A
marked suppression in OER performance was observed for both
RuO, and RuO,~10Ta along with the addition of 0.1 M TMA",
corroborating the involvement of the LOM pathway on RuO,
and RuO,-10Ta (Fig. S31 and 3c). The hypothesis is also
strongly supported by in situ differential electrochemical mass
spectrometry (DEMS) using '°0 isotopic labelling,** wherein
distinct **0, signals were detected (Fig. 3d and S$32) following
electrochemical pre-conditioning in H,'®0 (see Experimental
section in SI). In addition, in situ attenuated total reflection
surface-enhanced infrared absorption spectroscopy (ATR-
SEIRAS) measurements were carried out to detect the reaction
intermediates. As the potential increases, the absorption bands
at 1170 cm ' (RuO,) and 1190 cm™ ' (RuO,-10Ta) exhibit
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Fig. 3 OER mechanism studies. (a) pH-dependent LSV curves of RuO,—10Ta. (b) Overpotentials of RuO,—10Ta at 20 mA cm™2 as a function of
pH values. (c) LSV curves of RuO,—10Ta in 0.5 M H,SO, electrolyte with or without TMA™. (d) In situ DEMS with *¥O-labelled measurements for

Ta—-RuOy. (e) In situ ATR-SEIRAS measurements of RuO,—10Ta. (f) DFT-c
maps for RuO, and RuO,—10Ta. (h) Free energy diagram of LOM reacti
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alculated DOS curves for RuO, and RuO,—10Ta. (g) DFT-calculated CDD
on pathways for RuO, and RuO,—10Ta at U = 1.23 V.
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progressive intensification (Fig. S33 and 3e), which is assignable
to the *O-O* intermediate.”**** This observation provides
direct molecular spectroscopic evidence that the oxygen evolu-
tion reaction on both RuO, and RuO,-10Ta catalysts proceeds
through the lattice oxygen-mediated pathway. Additionally, in
situ EIS provided further insights into the electrochemical
processes on the catalysts (Fig. S34). In the Bode plots, the high-
frequency region represents the oxidation of the catalysts and
RuO,-10Ta exhibited a near-zero phase angle, indicating
minimal surface oxidation.*® The low-frequency region corre-
sponds to the interfacial charge transfer during OER. RuO,-
10Ta exhibited a smaller phase angle, demonstrating the facil-
itated charge transfer and enhanced reaction Kkinetics of
OER‘67,68

To better understand the OER mechanism with the atomi-
cally dispersed Ta-O-Ru asymmetric motifs, density functional
theory (DFT) calculations were conducted. Based on the afore-
mentioned analyses, computational models of pristine RuO,
and Ta-doped RuO, were constructed (Fig. S35-S38). The
densities of states (DOS) (Fig. 3f) for RuO, and RuO,-10Ta show
a downward shift of the O 2p band centre from —3.286 eV
(RuO,) to —3.691 eV (RuO,-10Ta) and of the Ru 4d centre from
—1.102 eV (RuO,) to —1.392 eV (RuO,-10Ta), suggesting
a moderately reduced Ru-O covalency and the stabilization of
both Ru and O sites.>**>*® The gap between the O 2p band and
Ru 4d band centres for RuO,-10Ta increases from 2.184 to
2.299 eV (4 = 0.115 eV), further evidencing a moderate atten-
uation of the Ru-O covalency, which is favourable for

Gaskets
a rd
3

B &
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suppressing over-oxidation while stabilizing the lattice oxygen.
In addition, the charge density difference (CDD) maps (Fig. 3g)
clearly reveal the characteristic charge redistribution induced
by Ta doping. Pronounced electron depletion on Ta atoms,
along with enhanced electron accumulation on neighbouring O
atoms, suggested the strong interaction between Ta and O and
the strong Ta-O bond,* which is beneficial for stabilizing lattice
oxygen. Moreover, this charge redistribution further increases
the electron density at adjacent Ru sites with more electron
accumulation (Fig. S39) compared to RuO,, consistent with the
XAS and XPS results. This would be beneficial for suppressing
the overoxidation of Ru sites and thereby improving stability.”®
Furthermore, OER pathways were investigated for analysis of
their intrinsic activity. Accordingly, the rate-determining step
(RDS) of AEM and LOM pathways can be assigned to the
formation of *OOH and the generation of Vi + *O,, respectively.
As shown in Fig. 3h, S35 and S36, both RuO, and RuO,-10Ta
deliver lower energy barriers (0.880 eV and 0.559 eV) for the RDS
of LOM pathways than the AEM (RuO,: 1.122 eV, RuO,-10Ta:
0.756 eV). These results indicate that the subtly attenuated Ru-
O covalency of RuO,-10Ta preserves the high intrinsic activity
through lattice oxygen participation. It should be noted that the
kinetic barrier for the initial water dissociation step is signifi-
cantly reduced on RuO,-10Ta (Fig. 3h, S40 and S41), which is in
line with the in situ Raman observations of enriched free-H,O
populations at the Ta-doped interface (Fig. S$42).°%*7%7> The
facilitated water dissociation contributes to the refilling of
oxygen vacancies (Vo) by the *OH species, limiting excessive
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Fig.4 Performance of the PEMWE device using the RuO,—10Ta OER catalyst. (a) Schematic of a PEMWE. (b) Current—voltage polarization curves
of the PEMWE cell with RuO,—10Ta and C—RuO5. (c) Chronopotentiometry curve using RuOy—10Ta at 60 °C and 200 mA cm 2,
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lattice oxygen loss and structural degradation.>”® Qverall, the
Ta-O-Ru asymmetric motif effectively balances the Ru-O bond
covalency and strength to favour LOM activity, while inhibiting
structural degradation.

2.4 Performance of PEMWE devices

Motivated by the high OER performance of RuO,-10Ta, we
constructed a PEM electrolyser using RuO,~10Ta and 40 wt% Pt/
C as anode and cathode catalysts to evaluate the potential of our
catalysts in practical application (Fig. 4a). The performance
evaluation of all devices was conducted at 60 °C using deionized
water. As depicted in Fig. 4b, the PEMWE cell employing RuO,-
10Ta as an anode catalyst achieves a current density of 1 A cm >
at a cell voltage of only 1.639 V (1.500 V after iR compensation),
which is markedly lower than that required by the commercial
RuO,-based PEMWE system (Fig. $43). Impressively, RuO,-10Ta
exhibits excellent long-term durability, maintaining stable
operation for over 200 hours at a high current density of 200 mA
cm ™ (Fig. 4c). The corresponding degradation rate is as low as
3.75 uv h ™', indicating a negligible performance decay. Overall,
these merits indicate the active and stable feature of RuO,—
10Ta, with promising practical application prospects.

3 Conclusion

In this work, we overcome the intrinsic activity-stability trade-
off in Ru-based acidic OER catalysts by engineering the asym-
metric Ta-O-Ru active motifs via atomically doping Ta into the
catalyst. Fine-tuning of the Ru-O covalency to balance the
lattice oxygen activity and strong Ta—O-Ru bonds for structural
robustness were simultaneously achieved. Combined experi-
mental and theoretical analyses identified the dominant LOM
pathway, which preserves high activity while ensuring enhanced
stability. The resulting RuO,~10Ta delivers a high mass activity
of 477.17 A gg, ' and an exceptional structural robustness
under accelerated degradation conditions (700 h @ 10 mA
cm ), realizing about 6-fold lifespan extension over commer-
cial RuO,. This robustness provides a foundation for high-
current-density operation, as demonstrated by the stable oper-
ation of a PEMWE device at 200 mA cm ™2 for over 200 hours.
This study demonstrates that asymmetric coordination engi-
neering represents a powerful and broadly applicable strategy
for enhancing the activity and stability in acidic OER catalysis. It
opens avenues for the design of high-performance electro-
catalysts based on controlled asymmetric local electronic
structures.
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