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Developing durable, high-activity acidic oxygen evolution catalysts
remains difficult. Here, we present atomically dispersed, spatially
neighboring Ru—Co pairs anchored on hollow S,N-doped carbon
via robust coordination. RuCo/SNC achieves a superior overpoten-
tial of 230 mV at 10 mA cm~2 and remarkable stability compared to
RuO,. Operando spectroscopy detects concurrent *OOH and *O-O
intermediates, revealing a mechanism where adsorbate evolution
coexists with moderated lattice oxygen participation. This coopera-
tive pathway significantly suppresses metal leaching. Consequently,
engineering anchored, electronically coupled Ru—Co pairs provides
an effective strategy to regulate reaction pathways and overcome
activity—stability trade-off in acidic oxygen evolution.

Electrocatalytic water splitting via proton-exchange membrane
electrolyzers is pivotal for sustainable hydrogen production, yet
it is hindered by the sluggish kinetics and instability of the
oxygen evolution reaction (OER) in acidic media.’”® While RuO,
and IrO, serve as benchmarks, they suffer from high costs and
severe degradation due to metal dissolution and lattice oxygen
loss.””® Enhancing intrinsic activity often involves triggering the
lattice oxygen oxidation mechanism (LOM), which bypasses the
scaling limitations of the conventional adsorbate evolution
mechanism (AEM). However, LOM participation typically accel-
erates lattice collapse, establishing a persistent trade-off between
activity and stability.”™”

Atomically dispersed metal catalysts, particularly those
featuring neighboring metal pairs, offer a precise platform to
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evolution reaction
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modulate electronic structures and break scaling relations.*®™*

Despite their potential, engineering such pairs to cooperatively
moderate lattice oxygen activity, enhancing kinetics without
inducing catastrophic structural failure, remains a major
challenge.*>?*

Herein, we address this by designing atomically dispersed
Ru-Co pairs anchored on hollow S,N-doped carbon (RuCo/
SNC). The hollow architecture facilitates mass transport, while
robust M-N/M-S coordination stabilizes the metal sites. Using
aberration-corrected microscopy and synchrotron spectroscopy,
we confirm the formation of neighboring, electronically coupled
Ru—Co centers. Operando spectroscopy and electrochemical stu-
dies reveal that this unique configuration promotes a balanced
mechanism where AEM steps coexist with moderated LOM parti-
cipation. This synergy yields superior acidic OER activity and
significantly suppresses metal leaching, providing a robust strat-
egy for designing durable catalysts.

In Fig. 1a, hollow SNC spheres hosting atomically dispersed
Ru and Co species were constructed via a hard-templating
strategy. Monodisperse SiO, cores were coated with S-doped
polydopamine (SiO,@SPDA), followed by metal precursor
adsorption. Pyrolysis at 800 °C under N, converted SPDA into
SNC, simultaneously immobilizing Ru and Co centers via robust
M-N/M-S coordination. Subsequent HF etching removed the
silica core, yielding hollow mesoporous spheres with abundant
intra-shell nanopores. Notably, carbon is not electrochemically
inert under acidic OER conditions; if local potential and defect
density are not well controlled, carbon corrosion can compete
with OER. Here, a hollow carbon framework is used to mitigate
this, enabling the hollow S,N-doped carbon support to remain
chemically stable above 1.5 V vs. reversible hydrogen electrode
(RHE). This architecture, combined with polar S/N functional-
ities, enhances wettability and electrolyte accessibility. These
structural features facilitate interfacial charge transport, and
the hollow carbon framework further provides system-level
benefits, including improved mass transport, regulated current
distribution, facilitated bubble release, and mitigation of local
current hotspots that could otherwise accelerate degradation.
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Fig. 1 (a) Synthetic scheme of Ru/SNC, Co/SNC and RuCo/SNC. (b) XRD
patterns, (c) SEM image, (d) and (e) TEM images, (f) AC-HAADF-STEM
images, (g) atomic density plot, (h) EDS elemental mapping, scale bar:
50 nm. (i) Contact angles, of Co/SNC, Ru/SNC, and RuCo/SNC (from top
to down).

X-ray diffraction (XRD) patterns of RuCo/SNC (Fig. 1b) exhi-
bit only broad diffraction features at ~25° indexed to graphitic
carbon (002), with no reflections for crystalline metal phases,
indicating the absence of long-range ordered metal species and
high dispersion.>* Scanning and transmission electron micro-
scopy images (SEM/TEM, Fig. 1c—e) reveal hollow carbon nano-
spheres (average diameter ~102.7 nm; shell thickness ~ 15 nm).
This thin and porous shell architecture provides internal void
space and short diffusion pathways. Additionally, Barrett-Joy-
ner-Halenda analysis shows a mesopore-centered pore size
distribution (Fig. S1a). The N, adsorption-desorption isotherm
displays a type-IV profile with an H3 hysteresis loop, confirming
a hierarchical porous structure with a BET surface area of
179 m> g~ (Fig. S1b).*>*° Notably, this surface area is a
deliberately designed, sufficiently high yet moderate choice that
avoids exacerbating carbon corrosion and capacitive interference
during OER while balancing practicality and long-term stability.

Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) images
(Fig. 1f) reveal numerous isolated atom-like bright features
uniformly distributed across the carbon framework, confirming
atomic-level dispersion. Statistical analysis (Fig. 1g) indicates a
high surface density of metal sites (1.91 atoms nm ™), suggest-
ing a high probability of short inter-site distances. Although Z-
contrast alone does not distinguish Ru from Co, the observed
atomic proximity, together with the equimolar Ru/Co ratio and
subsequent XAS analysis, strongly supports the formation of
neighboring Ru-Co configurations rather than isolated single-
metal sites.”””® Automated spot recognition (Fig. S2) confirms
that these features are well-isolated without lattice periodicity,
ruling out nanocrystalline particles. Nearest-neighbor distance
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statistics (Fig. S3) exhibit a narrow distribution centered at
0.236 £ 0.008 nm. This distance is significantly shorter than
expected for randomly distributed isolated atoms but lacks the
ordering of metallic clusters, consistent with atomically dis-
persed neighboring pairs. Elemental mapping by energy-
dispersive X-ray spectroscopy (STEM-EDS, Fig. 1h and Fig. S4)
confirms the homogeneous distribution of Ru, Co, C, N, S, and
O throughout the hollow shells. The corresponding spectrum
(Fig. S5) validates the coexistence of these elements without
detectable metallic impurities, and semi-quantitative analysis
reveals comparable Ru and Co intensities consistent with the
precursor stoichiometry. Finally, contact-angle measurements
(Fig. 1i) show that RuCo/SNC exhibits a more hydrophilic
surface (34.0°) than Ru/SNC (43.7°) and Co/SNC (50.9°), indicat-
ing enhanced wettability favorable for electrolyte contact.*
The electronic structure and local coordination environment
of the RuCo/SNC catalyst were comprehensively analyzed using
XPS and XAS. The XPS survey spectrum (Fig. S6) and quantita-
tive analysis (Table S1) confirm the presence of Ru, Co, S, N, C,
and O, with a surface Ru/Co atomic ratio (1.33:1.20) closely
matching the precursor stoichiometry. High-resolution spectra
reveal significant electronic interactions between the metal
centers and the support. In the C 1s/Ru 3d region (Fig. 2a),
the Ru 3d binding energy exhibits a negative shift relative to Ru/
SNC, indicative of an electron-enriched Ru state. This electron
enrichment, arising from synergistic coupling with neighbor-
ing Co atoms and the N/S-doped carbon matrix, is critical for
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Fig. 2 High-resolution XPS spectra of (a) C 1s and Ru 3d, (b) Co 2p; (c) S
2p. (d) Normalized Ru K-edge XANES spectra of RuCo/SNC, Ru foil, and
RuO, (e) comparison of Ru K-edge FT-EXAFS spectra (k*-weighted) for
RuCo/SNC, Ru foil, and RuO,, (f) R-space fitting results of Ru K-edge
EXAFS for RuCo/SNC, (g) k-space fitting results of Ru K-edge EXAFS for
RuCo/SNC, (h) comparison of Ru K-edge WT-EXAFS contour plots for
RuCo/SNC and (i) Ru foil.
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acidic OER; it downshifts the Ru d-band center, optimizing the
binding strength of oxygenated intermediates and mitigating
the risk of over-oxidation and lattice oxygen loss.***> Conver-
sely, the Co 2p spectrum (Fig. 2b) shows a positive shift and
weakened satellite features, suggesting electron donation and
strong covalency in Co-N/S bonds. This electronic asymmetry
confirms the formation of electronically coupled Ru-Co pairs.*
The coordination environment is further elucidated by the S
2p (Fig. 2c) and N 1s (Fig. S7a) spectra, which display dominant
metal-S and metal-N contributions, respectively. Notably, the
N dopants serve as acid-tolerant anchoring sites by forming M-
N bonds, and these strong interaction sites anchor the metal
species, preventing atomic migration and aggregation under
acidic OER conditions. Meanwhile, S dopants provide a softer,
more covalent coordination that reduces the ionic character of
Ru-O bonding and mitigates oxidative bond cleavage, which is
expected to primarily contribute to durability. Additionally, O
1s spectra (Fig. S7b) reveals lattice M-O and surface M-OH
species contributing to hydrophilicity, with long-term durability
mainly arising from the comparatively stable M-N/M-S coordi-
nation rather than labile oxygenated groups. Raman spectro-
scopy (Fig. S8) indicates a high defect density (Ip/Ig = 1.23) in the
carbon framework, providing rich sites for metal anchoring.
Synchrotron-based Ru K-edge XAS provided element-specific
structural insights. The XANES spectra (Fig. 2d) show that the
absorption edge of RuCo/SNC aligns closer to RuO, than Ru
foil, confirming Ru exists in a partially oxidized state. The
white-line intensity reflects the depletion of Ru 4d electrons
due to coordination with electronegative heteroatoms (N/S).**
In the Fourier-transformed EXAFS (FT-EXAFS) spectra (Fig. 2e),
RuCo/SNC lacks the prominent Ru-Ru peak at 2.65 A observed
in Ru foil, indicating the absence of extended metallic
domains. Instead, the profile is dominated by light-element
scattering in the first shell. Notably, an individual Ru-Co
scattering contribution cannot be unambiguously resolved
from the Ru K-edge FT-EXAFS under our experimental condi-
tions due to the low coordination number and limited R-space
resolution. Quantitative fitting (Fig. 2f, g and Table S2) identi-
fies the primary coordination sphere as Ru-N (R ~ 1.92 A) and
Ru-S (R ~ 2.30 A). For completeness, a weak Ru-Ru path was
included in the fitting model. However, given its subtle con-
tribution and the lack of an apparent Ru-Ru feature in the FT-
EXAFS, this should not be taken as direct evidence of metallic
Ru clustering, but rather as possible short-range correlations
among sparsely distributed metal centers. A minor Ru-Ru
scattering path is also resolved; however, given the absence of
metallic diffraction peaks and the attenuated FT intensity, this
is attributed to short-range correlations between neighboring
single atoms rather than metallic clustering. Reference fits for
Ru foil and RuO, are provided in Fig. S9, supporting the fitting
strategy. This interpretation is corroborated by Wavelet Trans-
form EXAFS (WT-EXAFS) (Fig. 2h), which shows intensity
maxima at low k-values characteristic of light-element back-
scattering, distinct from the high-k metallic Ru-Ru features
(Fig. 2i), while RuO, (Fig. S10) provides a reference for Ru-O-
dominated scattering features. Collectively, these spectroscopic
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data confirm atomically dispersed Ru stabilized by heteroatom
coordination within an electronically coupled Ru-Co configuration.
The OER activity of RuCo/SNC was evaluated in 0.5 M H,SO,
against commercial RuO, and control samples. RuCo/SNC
delivers superior activity, requiring an overpotential of 230
mV to reach 10 mA cm™ > (750 = 230 mV; Fig. 3a), significantly
outperforming RuO, (260 mV) and single-metal counterparts.
The enhanced activity is observed across a broad current
density range (Fig. 3b) and is further improved by HF etching,
which removes surface residues to expose active sites and
facilitate mass transport (Fig. S11-S13). The reaction kinetics
are favorable, evidenced by a low Tafel slope of 76.6 mV dec ™"
(Fig. 3c) and a charge-transfer resistance of 42.1 Q, the lowest
among tested catalysts (Fig. 3d). Furthermore, RuCo/SNC exhi-
bits a high double-layer capacitance (Cq) of 33.4 mF c¢cm >
(Fig. 3e and Fig. S14), indicating a larger electrochemically
accessible surface area. In Fig. 3f, RuCo/SNC exhibits a higher
performance than other acidic OER catalysts. In terms of
stability, the catalyst sustains stable operation for 40 hours
(Fig. S15), demonstrating durability superior to commercial
RuO, under acidic conditions. Post-OER characterizations
further confirm that hollow carbon framework and atomically
dispersed Ru species are well preserved after the durability test
(Fig. S16). RuCo/SNC also shows exceptional HER activity, with
110 = 37.4 mV and a Tafel slope of 39.1 mV dec™* (Fig. 3g and h),
comparable to Pt/C. Long-term measurement confirms its
robustness, with negligible degradation over 108 hours
(Fig. 3i). These results highlight RuCo/SNC as a highly efficient
and durable bifunctional catalyst for acidic water splitting.
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Fig. 3 OER analysis: (a) LSV curves, (b) potentials at given current den-
sities, (c) Tafel plots, (d) Nyquist plots (data were fitted using the equivalent
circuit shown in the inset. /iR correction was applied using partial com-
pensation, with the solution resistance (R) determined from the high-
frequency intercept), (e) double-layer capacitance from non-faradaic CV
curves. (f) Comparison of OER activity of RuCo/SNC with other reported
catalysts. (literature values are for contextual reference only and should be
considered semi-quantitative). HER analysis: (g) LSV curves, (h) Tafel plots,

(i) Stability test on carbon cloth at 50 mA cm™2.
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Fig. 4 3D ATR-FTIR surface plot at different potentials with the corres-
ponding 2D projection of (a) RuO,, and (b) RuCo/SNC. (c) Schematic
illustration of possible OER pathways.

To reveal OER reaction pathway, operando ATR-SEIRAS
(Attenuated total reflectance surface-enhanced infrared absorp-
tion spectroscopy) was performed on RuCo/SNC and commer-
cial RuO, from OCP to 1.8 V vs. RHE. The spectra for RuO,
(Fig. 4a, b and Fig. S17a) are dominated by broad -OH/H,O
features without discernible *O-O bands, consistent with the
severe lattice instability often observed in benchmark oxides. In
contrast, RuCo/SNC exhibits distinct vibrational bands emer-
ging at ~1146 cm ™" and ~1192 em™ " as the anodic potential
increases (Fig. S17b). Following widely adopted operando ATR-
SEIRAS results for acidic Ru-based OER catalysts, and noting
that exact band positions may vary with the local adsorption
environment, these features are assigned to *OOH and *O-O
intermediates, respectively.**® The simultaneous persistence
of *OOH and *O-O signals over a broad potential window
suggests a hybrid reaction scenario: conventional proton-
coupled electron transfer steps (AEM) coexist with partial lattice
oxygen participation (LOM), rather than a single dominant
pathway (Fig. 4c). This hybrid reaction behavior originates from
Ru centers within neighboring Ru-Co motifs that support AEM,
together with adjacent Co and N/S coordination environment
that weakens and optimizes Ru-O bonding by regulating local
electronic structures, thereby enabling limited lattice-oxygen
participation associated with LOM.?>”™*°

To verify if this lattice involvement compromises stability,
metal dissolution was quantified after 40 h of operation (Table
S3). Remarkably, RuCo/SNC exhibits substantially lower Ru
leaching compared to commercial RuO,, despite the spectro-
scopic signature of lattice oxygen species. While RuO, suffers
from severe dissolution typically driven by excessive lattice
oxidation and Ru-O bond cleavage, the suppressed metal
release in RuCo/SNC indicates that lattice participation is
effectively moderated. This implies that the robust heteroatom
anchoring and electronic coupling within the Ru-Co pairs
induce local electron redistribution, modulate Ru-O bonding,
and help suppress over-oxidation and dissolution, thereby
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mitigating the catastrophic structural degradation often asso-
ciated with LOM and stabilizing the catalyst under acidic
conditions.

In summary, we developed a RuCo/SNC catalyst for acidic
OER by anchoring electronically coupled Ru-Co atom pairs on
hollow S,N-doped carbon. The hollow architecture enhances
mass transport, while heteroatom coordination stabilizes metal
centers and induces local electron redistribution that modu-
lates Ru-O bonding, suppresses metallic aggregation, and
mitigates over-oxidation and dissolution. RuCo/SNC achieves
high activity (1710 = 230 mV) and markedly improved durability
over RuO,. Operando ATR-SEIRAS reveals concurrent *OOH and
*0O-0 intermediates formation, indicating a cooperative regime
that couples adsorbate-mediated steps with moderated lattice
oxygen participation, thereby alleviating the activity—stability
trade-off and suppressing Ru dissolution. Therefore, engineer-
ing local coordination environments in neighboring single-
atom pairs is a viable strategy for designing high-performance
Ru-based catalysts for acidic water oxidation.
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