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Vacancies, which inevitably exist in all solids, influence numerous atomic behaviors and material properties
and play a crucial role in both synthesis processes and application performance. In this study, we present
a successful approach utilizing the flexible transition between [CoO4] and [CoOg] polyhedra to modulate
the oxygen vacancies for further controlling the formation of ruthenate pyrochlores and enhancing the
electrocatalytic performance for the oxygen evolution reaction. During the formation of the pyrochlore
phase, the incorporation of [CoQO,4] tetrahedra introduces an inherent oxygen deficiency, accompanied
by the beneficial transformation of [CoQ4] tetrahedra into [CoOg] octahedra. It kinetically accelerates the
diffusive reaction rate constant by 164 times. On the other hand, during the oxygen evolution process by
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Introduction

Vacancies, as a type of structural defect characterized by the
absence of lattice atoms, play a pivotal role in facilitating atomic
migration, expediting diffusive phase transitions and structural
reconfigurations, and influencing various  material
properties.’ Although this point defect cannot be entirely
eliminated in any solid due to increased entropy, its presence is
also constrained by the thermodynamic equilibrium, and once
the equilibrium is broken, structural damage may occur
uncontrollably. As a representative example, the lattice oxygen-
mediated mechanism (LOM) in the oxygen evolution reaction
(OER) relies on oxygen vacancies (O,).** These vacancies not
only facilitate lattice oxygen diffusion during the redox process
of lattice oxygen in the OER, but also serve as electron trapping
and releasing centers, thereby influencing the electron transfer
kinetics of catalysts.®® However, the lower energy barrier and
faster kinetics resulting from oxygen vacancies also pose
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a significant challenge due to the uncontrollable increase in
oxygen vacancies. This may lead to structural collapse, such as
in RuO,, or induce metal-insulator (M-I) transitions driven by
alterations in the lattice field, as observed in ruthenate pyro-
chlores and iridate perovskites."®'* In both scenarios, these
issues will result in a sharp decline in the electrocatalytic OER
performance. Therefore, it is crucial to create oxygen vacancies
that are abundant yet structurally stable for the performance
modulation of these significant materials in water electrolysis
and hydrogen production applications.

As one of the critical factors, the stability of oxygen vacancies
in metal oxides is primarily determined by the oxygen states
within [MO,] configurations.>**** Generally, the [MO,] config-
urations exhibit relatively high stability, which is attributed to
the coordination field effects arising from the electronic struc-
ture of metal cations." Among the various metal elements,
cobalt (Co), as a notable exception, has attracted considerable
attention owing to its unique electronic structure and coordi-
nation configurations. Specifically, cobalt can adopt polyhedral
geometries with distinct configurations, such as the high-spin
Co®" (egts,) state in [CoO,] tetrahedra characterized by high
binding energy or the low-spin Co®" (t34ep) state in [CoO]
octahedra associated with low binding energy.”>™ It is chal-
lenging to observe the unitary valence state of Co>* or Co** in
steady-state oxides (i.e., C030,). Additionally, this phenomenon
indicates that the highly adaptable [CoO,] units can be readily
distorted into either oxygen-deficient [CoO,] tetrahedra or
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oxygen-rich [CoOg] octahedra in response to external condi-
tions, both of which exhibit structural stability.**** Therefore,
we propose a method for generating enhanced and stabilized
oxygen vacancies by incorporating Co elements into ruthenate
pyrochlores for OER electrocatalysis. The impact of introduced
Co elements and the potential formation of oxygen vacancies on
material behavior were thoroughly investigated, involving the
phase transition into pyrochlore structures and electrochemical
performance, in consideration of the defect effect on atomic
migration and physical properties.

Results and discussion

To ensure the homogeneous dispersion of each component in
the precursors of ruthenate pyrochlores, the sol-gel self-
propagating method was employed to achieve forced
blending.**>* As shown in Fig. S1, the precursor powders of
pristine yttrium ruthenate (Y + Ru) and the Co*" doped variant
(Y + Ru + Co) exhibited similar lamellar structures in the
scanning electron microscopy (SEM) images, and only the
metallic Ru characteristic peaks could be observed from X-ray
diffraction (XRD) patterns in Fig. S2. The similar initial states
of precursors were conducive to eliminating the interferences in
evaluating the effects of component interactions on thermal
activation. Consequently, we further applied various thermal
treatment processes to investigate the effects of Co addition.
Fig. 1a shows the crystalline structures of Y + Ru+ Coand Y +
Ru precursors after calcination. It was found that the pyrochlore
phase (Fd3m, JCPDS NO.28-1456) could be successfully formed
with Co incorporation following a 1-hour heat treatment at 800 °©
C (the obtained sample was denoted as Y,Ru, ,,C0,,0;_5, the
elemental composition from inductively coupled plasma is
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listed in Table S1), without other detectable crystal phases. In
contrast, the single pyrochlore phase could not be obtained
from the Y + Ru precursors with the same thermal treatment or
even after 148 hours at 800 °C despite the existence of pyro-
chlore formation. For comparative purposes, the single-phase
Y,Ru,0,_; (YRO) reference was prepared by 1 hour calcina-
tion at 1000 °C, as shown in Fig. S3.

Unlike our previous reports on the thermodynamic-
accelerated formation of ruthenate,” which was prepared at
a lower temperature (600 °C) than the close-to-equilibrium
transition temperature (approximately 800 °C), the rapid
kinetics appears to be the origin of the accelerated pyrochlore
formation, the morphology of which at 800 °C was very close to
that of the YRO reference at 1000 °C or the Y + Ru precursor at
800 °C for 148 hours (as shown in Fig. S4). The primary differ-
ence between Y,Ru,; ¢C00.407_s and YRO was the higher-angle
shifted diffraction peaks of Y,Ru;C0,0;_; compared to
those of YRO, which should be attributed to the small ionic
radius of Co substitutions.>®*” The lattice parameter of Y,-
Ru, ¢C0y 40;_; obtained by Rietveld refinement (Tables S2 and
S3) was 10.1300 A, which was smaller than that of YRO (10.1826
A).

To investigate the efficiency of rapid phase transformation
accelerated by the Co component, attempts were made to
synthesize the Y,Ru, ,,C0,,0,_; samples with different Co
contents (x being from 0.5% to 50%). With the increase in Co
content, the calcined samples showed the gradual disappear-
ance of the RuO, phase, accompanied by the formation of
a pyrochlore phase from the Y,O; skeletons (Fig. S5). When the
x value exceeded 30%, the Co;O, phase was generated, indi-
cating that the cobalt substitution within the pyrochlore struc-
ture had reached oversaturation. By quantitatively analyzing the
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Fig. 1

(a) XRD patterns of the precursors with different calcination temperatures and times. (b) Pyrochlore fraction of YRCO with different Co

contents. (c) The synthesis conditions of YRCO in this work compared with those of the reported ruthenate pyrochlores. (d) In situ XRD patterns
of the Y + Ru + Co precursors at 800 °C. (e) The formation time of ruthenate pyrochlores with Ni, Zn, and Co substitutions at 800 °C, compared
with the Y + Ru precursor. (f) O /Oger. and Co?*/Co>* ratios of the Y + Ru + Co precursors at 600 °C, 700 °C, and 800 °C.
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areas of the corresponding characteristic peak, a quantitative
evaluation of the pyrochlore-phase content is listed in Fig. 1b. It
was demonstrated that the addition of 5% cobalt was sufficient
to enable the degree of pyrochlore formation to reach 60%.

The Y,Ru,_,,C0,,0,_s samples with varying Co content were
also evaluated by the electrochemical testing, where it was
found that the sample exhibited optimal electrocatalytic activity
when x = 20% (Fig. S6), and hence, Y,Ru; ¢C0,40;_; was
selected as the representative sample (hereafter referred to as
YRCO) for further characterization and discussion. We con-
ducted a detailed comparison of the calcination time and
temperature for YRCO with those reported in other studies. The
acceleration strategy employing Co addition, as demonstrated
in this study, was validated as a highly effective approach,
particularly in reducing preparation time (Fig. 1c and Table S4).

To quantitatively analyze the effect of Co addition on the
phase transformation process, in situ XRD was employed to
characterize the structural evolution of products during phase
formation (as shown in Fig. 1d and S7a). The mass fraction of
the pyrochlore structure in the material was calculated via
quantitative analysis of the XRD characteristic peak areas, and
the classical Kolmogorov-Johnson-Mehl-Avrami (KJMA) equa-
tion*® was used to fit the phase transformation kinetics:

X =1 —exp{ — [k(t — 1)]"} 1)

where X is the actual transformed fraction, n = 3g + 1 is the
Avrami exponent particularized for three dimensional growth
and the constant nucleation rate, g is the growing exponent, ¢ is
the induction time, and k is the reaction rate constant. The
results indicated that the addition of Co significantly increased
the Avrami exponent, with a fitted value of n = 2.669, as shown
in Fig. 1e and S8. The growth exponent g was derived as 0.556,
suggesting that the phase transformation process exhibits
characteristics between diffusion-controlled decelerated growth
(g = 0.5) and interface-controlled growth (g = 1.0).>® For the Y +
Ru precursor, g = 0.131, indicating that the sample follows
a strongly decelerated diffusion-controlled growth mechanism,
with substantially higher diffusion resistance compared to the Y
+ Ru + Co precursor. Furthermore, the fitted & of the Y + Ru + Co
precursor (1.64 h™') was 164 times that of the Y + Ru precursor
(0.010 h™"). These results fully demonstrate that Co addition
can significantly accelerate the kinetic diffusion behavior
during the phase transformation process, thereby greatly
promoting phase formation.

The analysis of specificity and universality of the Co-induced
acceleration was further evaluated by using an equimolar
amount of the other two small-sized transition-metal ions, Ni*"
or Zn**, as substitutions for the preparation of ruthenate
pyrochlores (Fig. 1e, S7 and S8). These two substitutions also
exhibited the acceleration effect for pyrochlore phase trans-
formation (Zn: ca. 8 h at 800 °C; Ni: ca. 12 h at 800 °C). However,
their efficiencies were inferior to that of the Co-substitution
approach: the Zn-doped sample had g = 0.318 and k = 0.193
h™", while the Ni-based sample had g = 0.195 and k = 0.152 h ™",
Unlike Zn** (adopting a tetrahedral configuration) and Ni****
(both showing octahedral configurations), Co cations typically

© 2026 The Author(s). Published by the Royal Society of Chemistry
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display distinct coordination geometries depending on their
oxidation states. This suggests that in addition to the small
ionic size and low oxygen coordination number, cobalt also has
a stabilizing effect with 6 coordination, which might be another
key factor contributing to its outstanding acceleration
performance.

We further attempted to investigate the variations during the
process of phase transformation (from 600 °C to 800 °C, Fig. S9)
induced by cobalt acceleration. X-ray photoelectron spectros-
copy (XPS) was applied to analyze the chemical state of the
elements. As shown in Fig. 510, the O 1s peak was deconvoluted
into four peaks located at 529.5, 531.3, 532.2, and 533.5 eV,
corresponding to lattice oxygen (O, at 529.5 eV), defective
oxygen (Oger, at 531.3 eV), surface adsorbed hydroxyl group
(OHags, at 532.2 eV), and adsorbed water (H,O,q5, at 533.5 eV),
respectively.’>** The ratio of Oju/Oqer. Wwas directly correlated
with the formation of pyrochlore crystals. It was found that the
ratio of O, /Oger. increased as the calcination temperature
increased (Fig. 1f and Table S5), which was consistent with the
XRD results. In addition, both of the Co** species (located at
2P3s2, 780.9 €V; 2p4js, 796.9 €V; the corresponding satellites at
788.4 and 804.1 eV, respectively) and Co®>* species (located at
2P3s2, 779.6 €V; 2Py, 795.2 €V; the corresponding satellites at
786.6 and 802.4 eV, respectively) were observed in the high-
resolution Co 2p spectra (Fig. S11 and Table $6). The Co®*
species usually exhibits six-fold coordination within octahedra
such as [CoOg], while Co*>* usually exhibits four-fold coordina-
tion in tetrahedra, leading to an inherent oxygen defi-
ciency.'®*>3 Along with the formation of pyrochlore crystals, the
decreased ratio of Co**/Co®" indicated a gradual transformation
of [Co0,] tetrahedra into [CoOg] octahedra, where the initial
oxygen-deficit state could provide the oxygen vacancies for the
accelerated diffusion of phase transformation, and at a later
stage the generated [CoOg| octahedra were well-matched to
substitute the B-site of [RuOg] and rapidly stabilize the pyro-
chlore phase.

To observe the morphologies and crystalline structure of
YRCO in detail, transmission electron microscopy (TEM) was
carried out. Similar to the observation in the SEM images, YRCO
displayed the morphology of the significantly dispersed parti-
cles, which were distinguished from their precursors (Fig. 2a
and S12). On the other hand, the Y + Ru precursors subjected to
the same thermal treatment (800 °C for 1 h) exhibited a state
similar to that of the corresponding precursor. With the
increased content of the pyrochlore phase (Y + Ru, 800 °C,
148 h; Y + Ru, 1000 °C, 1 h), the dispersed particles came out as
a result of mass diffusion (Fig. S13). This macroscopic
phenomenon, which exhibits a similar crystal structure and
morphology, is consistent with the accelerated diffusion
behavior in kinetics rather than the thermodynamic effect.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was further utilized to systemati-
cally assess the atomic arrangement in YRCO (Fig. 2b and S14).
It showed a magnified lattice image with a crystal plane spacing
of 0.298 nm corresponding to the (222) crystal plane of the
pyrochlore structure, which was highly matched with the
atomic position distributed in the crystal model.
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(a) TEM image of Y + Ru + Co, 800 °C, 1 h (i.e., YRCO). (b) HAADF-STEM image (top) and the mirrored modules (bottom) of YRCO. (c) EDX

elemental mapping images of YRCO. (d) Morlet wavelet transform of Co K-edge EXAFS spectra of YRCO. (e) Ru K-edge and (f) Y K-edge EXAFS
spectra of YRCO and YRO. (g) Illustration of the possible removed oxygen in YRCO; the actual structure will be more complex than that rep-
resented. (h) Partial density of states for Y,Ru; 6C00406g and Y,Ru,Og g.

In spite of the highly ordered atom arrangements observed
in the pyrochlore phase, the element distribution was further
analyzed by using energy dispersive X-ray (EDX) spectroscopy to
verify whether the element segregation happened (Fig. 2c). The
results confirmed that element Co was successfully integrated
into the pyrochlore lattice, with all of the Y, Ru, Co, and O
elements exhibiting uniform distribution. The detailed elec-
tronic structures of metal components were characterized by X-
ray absorption near-edge structure spectroscopy (XANES). As
depicted in the Co K-edge XANES spectra (Fig. S15a), the Co
valence state in YRCO was calculated from the scaling linear
relationship determined by the adsorption energies (E,) of Co
foil, CoO, and Co;0, references with their nominal valence
states (0, +2, and +2.67, respectively, Fig. S15b). The cobalt
oxidation state was comprehensively determined to be +2.83,
indicating that approximately 83% of the cobalt ions exist in the
Co®" state (Fig. S15c).

To elucidate the neighboring environment of Co in the first
and second coordination shells, we conducted a Morlet wavelet
transform analysis on the Co K-edge extended X-ray absorption
fine structure spectroscopy (EXAFS) spectra of YRCO (Fig. 2d).
There were two distinct lobes at R values of approximately 1.90 A
and 3.50 A, attributed to the Co-O and Co---Ru/Y/Co bonds in
the first and second coordination shells, respectively.
Compared with the Co foil, CoO, and Co3;0, references as shown
in Fig. S16, the analogous Co-O bond lobes to those of Coz0,
demonstrated the predominance of [CoO¢| octahedra in YRCO,
but the Co---Ru/Y/Co bonds in the second shell were much
longer than the Co---Co bonds in Coz;0, (located at around 3.45
A and 2.96 A) or CoO (located at around 3.25 A). Considering the
significantly smaller cation size of Co compared to Y,* the Co
atoms within the [CoO¢] configuration mainly substituted into

Chem. Sci.

the B site of pyrochlore mostly due to the driving force of crystal
fields.

Compared with the distance of Co---Ru/Y/Co, distinct peaks
at approximately 3.60 A were observed in both Ru K-edge and Y
K-edge EXAFS spectra, corresponding to the Ru---Ru/Y/Co and
Y---Ru/Y/Co paths in the second shell (Fig. 2e and f), which
constitute the primary structural framework in pyrochlores.
Additionally, there was no obvious difference between YRCO
and YRO on the signal peak at a radial distance of 1.98 A (the
Ru-O bond within the first coordination shell of the [RuOg]
octahedra) in the Ru K-edge EXAFS spectra, or the two minor
peaks at 2.23 A (corresponding to the Y-O-(M,)) and 2.40 A (Y-
O—(Mjp)) in the Y K-edge EXAFS spectra. Analogously, the valence
states of Ru and Y also had no significant difference between
YRCO and YRO (Fig. S17). Thus, the EXAFS curves were fitted,
and the fitting parameters are listed in Tables S7 and S8. YRCO
exhibited a higher Ru-O coordination number of 5.9 + 0.5
compared to YRO (5.6 + 0.5). However, the difference was not
significant for the Y-O coordination (5.9 £+ 0.7 in YRCO and 5.8
+ 0.9 in YRO). It seemed that the oxygen coordination was
increased around Ru on the B-site rather than the A-site in
YRCO. However, the O 1s XPS spectra (Fig. S18 and Table S5)
showed an increase of Oger. in YRCO (26.2%) compared to YRO
(24.2%). Furthermore, with the increase in Co content, the
concentration of oxygen vacancies gradually increases and
subsequently tends to stabilize, as shown in Fig. S10b. In
addition, the increase in O, content in YRCO was also consis-
tent with the molecular dynamics (MD) calculation results
(Fig. S19 and Table S9, more calculation details are included in
the SI), which will facilitate the LOM process in the OER.*
Combined with the high Ru-O coordination number, the
overall increase of oxygen vacancies should be attributed to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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oxygen deficiency neighboring the Co cations at the B-site. Here,
the oxygen coordinated with Co can be captured by the nearby
Ru leading to an increased Ru-O coordination. The possible
atomic structure in YRCO is shown in Fig. 2g and Fig. S20.
Density functional theory (DFT) calculations were performed to
investigate the electronic structures of Y,Ru; C0,40¢5 and
Y,Ru,04.5, whose structures are illustrated in Fig. S21. The
partial density of states in Fig. 2h shows the upshifted O 2p
band center in Y,Ru; ¢C0¢ 406 (from —2.98 eV to —2.68 eV),
indicating that oxygen in this compound is more prone to act as
an active site to initiate the LOM pathway.>** Meanwhile, with
a smaller band gap of 0.277 eV compared to 0.632 eV,
Y,Ru, 6C0¢ 406 g exhibits superior electrical conductivity.

We evaluated the electrochemical OER activities of YRCO,
compared with YRO, commercial RuO,, and IrO,, in either
0.1 M HCIO, or 1.0 M KOH electrolyte. In the acidic electrolyte,
the iR-compensated linear sweep voltammetry (LSV) curves
(Fig. 3a) showed that YRCO only required a small overpotential
of 214 mV to reach the benchmark current density of 10 mA
em™?, which was superior to those of YRO (267 mV), IrO, (297
mV), and RuO, (301 mV). As expected, the enhanced OER
activity of YRCO was also detected under alkaline conditions
(Fig. 3b) and neutral conditions (Fig. S22). The smaller Tafel
slopes in Fig. S23 also indicate the significantly accelerated OER
kinetics of YRCO compared to the other samples in both acid
(48.5 mV dec™") and alkali (50.5 mV dec™ "), where the rate-
determining step should be the second dissociation of the
adsorbed hydroxyl in the lattice oxygen participation mecha-
nism.*** The enhanced OER kinetics for YRCO was further
confirmed by the electrochemical impedance spectroscopy (EIS)
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measurements (Fig. 3c). Only one potential-dependent low-
frequency semicircle was observed for each pyrochlore
sample, which was related to the charge transfer process and
double layer capacitance.*® The corresponding equivalent elec-
trical circuit consisted of three components: solution resistance
(Rso1), charge transfer resistance (R.), and double layer capaci-
tance (Cqp). At an overpotential of 250 mV, YRCO exhibited
a much smaller R, than YRO, indicating that electrons were
easily transferred through the electrode/electrolyte interface
(Table S10). The significant disparity in R values between
acidic and alkaline conditions can be attributed to the distinct
ion mobility and conductivity characteristics of H" and OH~
ions at varying concentrations.*

In order to further verify the enhanced OER activity, we
investigated the pH-dependence behavior of these ruthenium-
based pyrochlores across various pH levels to measure their
unsynchronized deprotonation process (Fig. S24). As shown in
Fig. 3d, YRCO exhibits a higher pH dependence coefficient
(—0.76 under acidic conditions and 0.75 under alkaline condi-
tions) compared to those of YRO, indicating a more pronounced
LOM pathway in either acid or alkali.** The pronounced LOM
facilitates direct O-O bond formation by coupling between lattice
oxygen and surface-adsorbed species and bypassing the *OOH
intermediates. As a result, it breaks the scaling relationship
limitation and significantly enhances the catalytic activity.*
Therefore, YRCO showed a competitive activity compared with
the several OER catalysts reported in recent years (Table S11).

Although the enhanced LOM process could increase the OER
activity, the corresponding stability is still a challenge due to the
highly possible loss of lattice oxygen. Therefore, we applied
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HClO4 and (b) 1.0 M KOH solution. (c) Nyquist plots of YRCO and YRO at an overpotential of 250 mV in acid and alkali. (d) The relationship
between the current density of YRCO and YRO at an overpotential of 300 mV and the pH value of the electrolyte. (€) Chronopotentiometry of
YRO and YRCO in 0.1 M HCIO4 and 1.0 M KOH solution. (f) Voltage—current density curves and (g) the typical galvanostatic curves of YRCO-
derived PEMWE and AEMWE, where Pt/C was used as cathodes for the overall water electrolysis.
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chronopotentiometric measurements to evaluate the stability of
YRCO and YRO. Compared to YRO, YRCO maintained a lower
and more stable potential during continuous operation at
a current density of 10 mA em ™ (Fig. 3e). The potential for YRO
was raised above 1.8 V (vs. RHE) within 15 hours, while YRCO
exhibits stability for up to 120 h in 0.1 M HCIO, solution and
160 h in 1.0 M KOH solution. Meanwhile, the ion concentration
in the electrolyte was measured within the first 12 hours of the
lifespan test, and the results are provided in Fig. S25 and Table
S12. Catalyst surface reconstruction in the initial stage induces
a rapid increase in ion concentration, which then stabilizes.**
The Y dissolution amount in the YRCO electrolyte is only 1/8
that of YRO, and the Ru dissolution amount (0.91 mg L) is
significantly lower than that in YRO (2.35 mg L™"). The high
stability of YRCO was also observed in the proton exchange
membrane water electrolyzer (PEMWE) and anion exchange
membrane water electrolyzer (AEMWE) testing. The device
performance of these pyrochlore samples was evaluated when
used as the active anode with 20 wt% Pt/C as a cathode, for the
overall water electrolysis. As shown in Fig. 3f, the voltage-
current density curves indicate that the voltage required for the
PEMWE and AEMWE to reach a current density of 1 A cm ™2 is
1.78 V and 1.82 V, respectively. The long-term device operation
also reconfirmed that at alternating current densities of 10 mA
cm 2 and 100 mA ecm 2, YRCO exhibited excellent stability of
more than 340 hours both in the PEMWE and AEMWE (Fig. 3g).

The unexpected long service life of the LOM-pronounced
OER electrocatalysts motivated us to deeply investigate the
origin of YRCO stability. Hence, following the chronopotentio-
metric measurements conducted in an acidic environment, the
YRCO and YRO catalysts were further characterized. As illus-
trated in Fig. 4a, YRCO preserved its conductor properties at
end-of-life (EoL), characterized by charge carrier mobility rather
than carrier concentration dominating the conductivity, exhib-
iting a gradual increase in resistivity with rising temperature. In
contrast, YRO exhibited insulator behavior. The great change in
electrical properties is due to the slight atom variation in the
strongly correlated electron systems of pyrochlores and further
triggers the metal-insulator (M-I) deactivation, one kind of
special electrochemical attenuation for these complex ruth-
enate compounds that was reported in our previous work." The
unexpectedly long catalytic lifetime of YRCO indicates that the
atoms within its lattice are significantly more stable than those
in YRO.

As a more important feature, the oxygen states of YRCO at
EoL were further investigated and compared with those at the
initial state. Electron paramagnetic resonance (EPR) spectra
(Fig. S26) showed that the oxygen vacancy in YRCO was
increased from 2.526 x 10" to 4.296 x 10" spins per g, which
was higher than that of YRO (from 1.396 x 10" to 2.514 x 10"
spins per g). This was foreseeable for YRCO with the stronger
LOM pathway. However, the Rietveld refinement of XRD
patterns (Fig. 4b, S27 and Table S3) revealed that the change in
lattice parameters of YRCO (only Aa = 0.0027 A) was much
smaller than that of YRO (Aa = 0.0391 A) after the reaction. To
reconfirm this result, we derived the supercell structure
diagram from the aforementioned MD calculations. It was
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noteworthy that there was a smaller impact of the O, generation
on the overall structure of Y,Ru,Coy40, 5 compared to
Y,Ru,0,_;, even if the oversaturated O, concentration was
artificially constructed (Fig. 4c and S28). Meanwhile, Y,Ru, ¢
Co0y.407_5 showed much smaller changes in lattice parameters
than Y,Ru,0, ; and its band gap also remained nearly
unchanged compared with Y,Ru,0,_; (Fig. S29). The great relief
of lattice field variations demonstrated that the Co substitution
played an important role in stabilizing atom arrangement in
pyrochlore and thereby stabilizing the conductive state.

Therefore, the elemental analysis was further conducted for
the YRCO sample at EoL. The EDX mapping and TEM images
after the stability assessment demonstrated that the elements of
Y, Ru, Co, and O also exhibited the stability of atomic dispersion
within YRCO, the nanocrystal structure of which was retained
(Fig. S30 and S31). Despite this, XPS measurement showed the
surficial Co species were largely reduced due to the metal
leaching that occurred during the OER process (Fig. S32). Thus,
electron energy loss spectroscopy (EELS) was further used to
detect the bulk chemical state of Ru and Co in YRCO. As shown
in Fig. S33, both the Co L edge and the Ru M edge exhibited
a negative shift, indicating the decrease of their chemical
valence states,*”*** which was consistent with the Co K-edge
XANES results (Fig. S34). This should be attributed to the
produced O, during the OER.

To study the reasons why O, in YRO and YRCO has different
effects on their respective lattices, first, we calculated the charges
of O, adjacent to Co and Ru. The charge section diagram (Fig. 4d)
shows that, compared with Ru, the charge of O, near Co has
significantly decreased. We guess this is because the O, gener-
ated electron could be easily accepted by Co**, which would
become Co®". In the synergistic effect associated with the
expansion of low valence ions and contraction of atom losses, the
lattice field will be stabilized.***® Furthermore, we carried out MD
simulations on the B-site tetramer units, including [RuOg];—[-
Co0g] and [RuOg],, within the pyrochlore structure. The energy
changes (|AE|) and geometric transformations were calculated,
when each one type of oxygen atom was removed. The O, near Co
exhibited higher thermodynamic stability with a larger |AE| value
than those near Ru (Fig. S35). This demonstrated that the
generated O, was beneficial to be stabilized near Co in the LOM
pathway. This stabilization was analyzed by the geometric
transformations during the kinetic process. As shown in Fig. 4e
and S36, the oxygen-deficit [CoOs] octahedra would be trans-
formed into the [CoO,] tetrahedral configuration, when O, was
located at either site 1 or site 2. Comparatively, the configuration
of the [RuOs] polyhedron in [RuOg];—[RuOs] would become
a [RuO,] planar tetragonal structure or [RuOs] quadrangular
pyramid structure, which originated from their parent [RuOg].
Finally, we analyzed Co K-edge EXAFS spectra of the catalyst
before and after the OER testing, as shown in Fig. 4f and g. The
signal near 2.0 A originated from the Co-O path of the first shell,
and the signal in the 3.0 A to 4.0 A range originated from the Co---
Ru/Y/Co path. After the reaction, the peak intensity related to the
Co-O bond significantly decreased. The fitting results indicated
that the coordination number of the Co-O bond decreased from
5.6 + 0.6 t0 4.0 £ 0.7, confirming the structural transformation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) Temperature-dependent resistivity of YRCO and YRO at EoL. (b) The oxygen vacancy concentration derived from EPR spectra and the

lattice parameters obtained via Rietveld refinement for YRCO and YRO. (c) The MD-simulated 5 x 5 x 5 supercell models of Y,Ru; 6C00.407_5
and Y,Ru,O5_; with 0.43%, oxygen vacancies. (d) Space charge section obtained using DFT calculations of Y,Ru; ¢C0p 40¢.g and Y2Ru,O¢ g. (€)
MD-simulated energy variation and the corresponding structural transformation processes of B-site clusters with an oxygen atom deficiency. (f)
The Co K-edge EXAFS spectra of YRCO and the corresponding Co polyhedral configurations. (g) The Co K-edge EXAFS spectra of YRCO at EoL

and the corresponding Co polyhedral configurations.

Co from the high-coordination [CoOg] octahedron to the low-
coordination [CoO,] tetrahedron (Tables S13 and S14). This
local tetrahedral coordination is expected to effectively mitigate
the impact of oxygen vacancies on the rigid lattice distortion of
the pyrochlore structure, thereby suppressing the M-I deactiva-
tion and endowing YRCO with a prolonged catalytic lifetime.

Conclusions

In summary, this work reports a Co-mediated strategy to regu-
late oxygen vacancies, achieving dual breakthroughs in ruth-
enate pyrochlore synthesis control and OER performance
enhancement. The significant acceleration of the phase transi-
tion by 164 times (based on the reaction rate constant k) was
attributed to the enhanced atomic diffusion from the natural
“oxygen vacancies” of the [CoO,] tetrahedra and the rapid
stabilization of the well-matched [CoOg] octahedra at the B site
in pyrochlores. Comprehensive characterization and theoretical
calculations confirm that Co substitution enriches O, around
the B-site, which boosts OER activity through the LOM pathway.
Meanwhile, YRCO also exhibited a high electrochemical

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

stability due to the transformation of [CoOg] into [CoO,]. This
transition alleviates lattice field distortions, suppresses metal-
insulator transition, and thereby greatly enhances the service
life of this multicomponent electrocatalyst in either the
electrochemical testing or the PEM/AEM electrolyzers for water
electrolysis. We believe that these findings not only provide
novel insights into the regulatory mechanism of oxygen vacan-
cies in the materials, but also establish a universal synthetic
approach for functional but high-temperature materials, such
as perovskites, ilmenites, and garnets.
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