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ABSTRACT
Developing efficient bifunctional electrocatalysts for overall water splitting (OWS) remains a critical challenge due to the divergent
reaction mechanisms required for oxygen and hydrogen evolution reactions (OER and HER), especially in a single–phase material.
Here, we present a novel self-adaptive 6H triple perovskite oxide, Ba3Co(Co0.25Ru0.75)2O9 (BCCRO), as a highly active and durable
alkaline OWS catalyst. BCCRO exhibits low overpotentials of 178 and 32 mV for the OER and HER at 10 mA cm−2 in 1.0 M
KOH, respectively. A symmetric electrolyzer maintains stable performance for 1000 h at 1 A cm−2. Operando X-ray absorption
spectroscopy reveals its dynamic surface restructuring processes: under OER conditions, Co3+ and Ru5+ are oxidized to Co4+ and
Ru6+, while during HER, they transform into metallic CoRu nanoparticles. Density functional theory calculations indicate that
its high activity of OWS originates from synergy between high valence Ru6+ and Co4+ for OER, and between metallic Co and Ru
for HER. This study presents a rare single-phase oxide catalyst that achieves exceptional OWS performance through operando
adaptation, providing a transformative framework for developing practical water-splitting technologies.
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Introduction

ydrogen is an ideal energy carrier for a sustainable future
wing to its high energy density and zero carbon emissions
pon utilization [1]. However, its large-scale adoption is pri-
arily hindered by high production costs, especially energy

onsumption. One promising solution is renewable electricity–
riven electrocatalytic water splitting, which offers a sustainable
nd cost-competitive route to hydrogen [2]. Water electrolysis
onsists of two coupled half-reactions: the hydrogen evolution
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(HER) and oxygen evolution (OER) reactions [3, 4]. The sluggish
kinetics inherent to both HER and OER, arising from multi–step
proton–coupled electron transfer, demand high overpotentials
that severely diminish the efficiency and economic viability of
water splitting [5, 6]. Consequently, highly efficient electrocata-
lysts are urgent to lower the reaction barriers for these reactions
[7, 8].

Electrocatalytic water splitting typically requires different cata-
lysts for each half-reaction, with Pt-based materials and Ir-/Ru–
lligence technologies or similar technologies.
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ased oxides being the benchmark catalysts for HER and OER,
espectively [9, 10]. However, the use of separate catalysts for
he cathode and anode increases system complexity and cost
11]. More critically, under the harsh operating conditions of
ater electrolysis (e.g., extreme pH, high potentials), catalysts

nevitably degrade through leaching or structural transforma-
ion. This can cause cross-contamination between electrodes,
ltimately reducing system reliability [11]. The high cost, scarcity,
nd operational instability of conventional catalysts dramatically
inder the large-scale implementation of overall water splitting
OWS) [12, 13]. Addressing these limitations motivates the devel-
pment of efficient bifunctional electrocatalysts that integrate
ER and OER activities within a single material.

he pursuit of high-efficiency OWS catalysts has driven the devel-
pment of sophisticated catalyst architectures. These designs
im to increase geometric surface area, modulate the electronic
tructure of active sites, and fine-tune the adsorption energies
f key reaction intermediates (e.g., *O, *OOH, *H). Apart from
lassical heterostructures [14–16] and layered double hydroxides
LDHs) [17], the research landscape now encompasses diverse
dvanced configurations such as high-entropy alloys (HEAs)
18], metal–organic frameworks (MOFs) [4], nanofiber archi-
ectures [19], and single-atom catalysts (SACs) [20]. However,
ach strategy suffers from inherent limitations that impede
ractical application. These include synthesis complexity and

nterfacial issues in heterostructures [21], low conductivity in
DHs [17], ill-defined structure–property relationships in HEAs

18], poor stability and conductivity in MOFs [4], scalability
nd mechanical fragility in nanofibers [19], as well as stability
nd scalability challenges for SACs [20]. Consequently, the
calability and widespread implementation of these sophisticated
esigns remain limited. Recent efforts have demonstrated that
ingle-phase catalysts can achieve bifunctional activity for OWS.
or example, Ni0.33Co0.67MoS4 nanosheets on carbon fiber cloth
erved as a bifunctional electrocatalyst with a cell voltage of
.55 V at 10 mA cm−2 in 1.0 M KOH [22]. A quadruple perovskite
aCu3Co2Ru2O12 (CCCRO) achieved cell voltages of 1.536 V at

0 mA cm−2 and 1.629 V at 100 mA cm−2 in alkaline conditions,
long with 500 h of operational stability at 100 mA cm−2

23]. Additionally, FeCoNiLaPd high-entropy alloys achieved
verpotentials of 279 and 278 mV at 100 mA cm−2 for OER
nd HER, respectively, with notable stability (>900 h) at high
urrent densities [24]. However, their activities at industrial
urrent densities remain insufficient, and the dynamic structural
daptation process under operating conditions has been rarely
aptured.

oreover, designing superior bifunctional catalysts is inherently
hallenging because the optimal electronic structures for the
ctive sites in HER and OER are fundamentally divergent. This
nherent conflict creates a compelling need for self-adaptive
atalysts that can dynamically reconfigure their active interfaces
nder operating conditions. Notably, as the most cost-effective
latinum group metal, Ru-based materials have demonstrated
ignificant activity for both HER and OER, making them promis-
ng candidates for next-generation bifunctional OWS catalysts
12, 19, 25–28]. For instance, metallic Ru and RuO2 are known
or their superior intrinsic activity toward HER and OER, respec-
ively. Furthermore, Ru is more abundant and cost-effective than
he benchmark Pt and Ir/IrO2, offering an economic advantage
of 11
for large-scale applications. The key challenge, therefore, is to
design such a self-adaptive Ru-based catalyst that can efficiently
accommodate both reactions within a single material, ideally
by dynamically tuning its active interfaces under operating
conditions.

Perovskite-type oxides, particularly double perovskites
(AA′BB′O6) and triple perovskites (A3BB′2O9), are attracting
significant interest as electrocatalysts owing to their tunable
electronic structures, high conductivity, and robust stability
[29, 30]. As demonstrated previously [31–35], the strategic
combination of 3d and 4d transition metals at the B-site
enables precise electronic optimization, leading to significantly
enhanced catalytic activity. Guided by this principle and the
inherent bifunctionality of Ru, we designed a novel single-
phase triple perovskite oxide, Ba3Co(Co0.25Ru0.75)2O9 (BCCRO).
This material demonstrates exceptional bifunctional activity
for alkaline OWS. In a symmetric electrolyzer in 1.0 M KOH,
BCCRO achieves low cell voltages of only 1.50, 1.62, and 1.93 V
to reach current densities of 0.01, 0.1, and 1 A cm−2, respectively,
while maintaining stable operation for 1000 h at 1 A cm−2. In
situ X-ray absorption spectroscopy (XAS) confirms the structural
evolution of BCCRO during both OER and HER, with distinct
changes in the oxidation states of Co and Ru. During OER,
Co undergoes oxidation from +3 to +4, and Ru undergoes
oxidation from +5 to +6. In contrast, during HER, both Co and
Ru are reduced, leading to the formation of metallic Co and
Ru species. Density functional theory (DFT) calculations reveal
a Co–Ru synergy that underpins the bifunctional activity: in
OER, a high-valent Co4+/Ru6+ framework creates a vacancy-
open surface that enhances the Ba2+ spectator-cation effect to
electrostatically stabilize O* at Ru* sites, thereby favoring the
metal–site adsorbate evolution (MAE) pathway; in HER, it is the
metallic CoRu nanoparticles that facilitate efficient hydrogen
evolution. This work establishes BCCRO as a robust bifunctional
catalyst that combines cost efficiency, structural simplicity, and
excellent performance for both OER and HER.

2 Results and Discussion

2.1 Structural Characterization

The BCCRO catalyst possesses a 6H triple perovskite struc-
ture [36]. In this structure, CoO6 octahedra connect with
Co/Ru–O6 octahedra via corner–sharing, while the Co/Ru–O6
octahedra themselves are interconnected through face–sharing
(Figure 1a). Within these face-shared octahedra, Co and Ru
atoms are randomly distributed. Such a face‑sharing network
enhances structural robustness, consistent with the reported
stability trend of corner– < edge– < face–sharing polyhedra
[37]. Transmission electron microscopy (TEM) characterization
revealed BCCRO nanoparticles with a size distribution of 30–
60 nm (Figure S1). Rietveld refinement of the powder X-ray
diffraction (XRD) pattern (Figure 1b) confirms a hexagonal phase
(space group P63/mmc), with lattice parameters a = b = 5.7081
Å and c = 13.9936 Å (Table S1) and excellent agreement factors
(Rwp = 2.90%, Rp = 2.11%). High-resolution TEM (HRTEM) images
(Figure 1c,d) reveal lattice spacings of 0.286 nm and 0.495 nm,
corresponding to the (110) and (100) planes, respectively. Inverse
fast Fourier transform (IFFT) patterns derived from HRTEM
Angewandte Chemie International Edition, 2026

tive C
om

m
ons L

icense



FIGURE 1 Structural characterization. (a) Crystal structure illustration with corner–sharing CoO6 and Co/Ru–O6 octahedra. (b) XRD pattern of
BCCRO pristine. (c, d) HRTEM images showing the (110) and (100) crystallographic planes, respectively. (e, f) Crystal lattice measurement diagram from
(c) and (d). (g) EDX elemental mapping of BCCRO.
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mages (Figure 1e,f) further confirm the single-phase nature and
rystallographic orientation. Selected–area electron diffraction
SAED) analysis along the 1̄00 zone axis (Figure S2) indicates
igh crystallinity. Inductively coupled plasma–mass spectrome-

ry (ICP–MS) gives a Ba:Co:Ru molar ratio close to 2:1:1 (Table
2), while energy-dispersive X-ray spectroscopy (EDX) elemental
apping (Figure 1g) demonstrates the homogeneous distribution

f Ba, Co, Ru, and O at the nanoscale. All these results verify
he successful synthesis of phase‑pure triple perovskite BCCRO.
or comparison, a control sample Ba2ScRuO6 was synthesized. Its
hase-purity, confirmed by XRD (Figure S3), enables an explicit
ssessment of the specific contribution of B-site Co to the OWS
erformance.

.2 Electrochemical Performance

he bifunctional electrocatalytic performance of BCCRO was
valuated in a standard three-electrode system using O2- and N2-
aturated 1.0 M KOH for the OER and HER, respectively. Linear
weep voltammetry (LSV) scans were performed at a scan rate of
mV s−1. All potentials were 95% iR-corrected and referenced to

he reversible hydrogen electrode (RHE). For the OER, BCCRO
xhibited superior activity, requiring an overpotential of only
78 mV to achieve 10 mA cm−2 (Figure 2a). The reported overpo-
entials were derived from the reverse (cathodic) LSV scan after
ufficient activation to eliminate any contribution from oxidation
ngewandte Chemie International Edition, 2026
of the catalyst cations or substrates. This significantly outper-
forms the reference catalysts RuO2 (340 mV), LaCoO3 (406 mV),
and the control sample Ba2ScRuO6 (Figure 2a). Notably, BCCRO
maintained excellent performance at industrially relevant high
current densities, requiring potentials of only 1.45 and 1.54 V
versus RHE to reach 100 and 1000 mA cm−2, respectively (Figure
S4a). These values are substantially lower than those needed
for commercial RuO2 and LaCoO3. Tafel analysis derived from
geometric area-normalized LSV curves (Figure 2b) revealed a
favorable kinetic slope of 34.12 mV dec−1 for BCCRO, compared
to 77.34 mV dec−1 for RuO2 and 112.83 mV dec−1 for LaCoO3. A
direct comparison of the overpotential and Tafel slope for these
catalysts is provided in Figure 2c.

For the HER, BCCRO demonstrated remarkable catalytic activity
requiring an ultralow overpotential of 32 mV at 10 mA cm−2

(Figure 2d). This performance matches that of commercial 20%
Pt/C and far surpasses the control sample Ba2ScRuO6 (76 mV).
At industrial-scale current densities of 100 and 1000 mA cm−2,
BCCRO remained highly competitive, with overpotentials of only
105 and 314 mV, respectively (Figure S4b). These values are
markedly lower than those of both the commercial 20% Pt/C
and the Ba2ScRuO6 reference. Tafel analysis (Figure 2e) revealed
a more favorable kinetic slope of 60.28 mV dec−1 for BCCRO,
compared to 90.37 mV dec−1 for Pt/C and 130.40 mV dec−1 for
Ba2ScRuO6. The corresponding overpotential and Tafel slope
comparison for the HER is summarized in Figure 2f. Notably,
3 of 11
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FIGURE 2 Electrocatalytic performance. (a) OER LSV curves of BCCRO, RuO2, LaCoO3, and Ba2ScRuO6. (b) Tafel slope plots of BCCRO, RuO2,
and LaCoO3 derived from the geometric area–normalized OER LSV curves. (c) Comparison between the overpotential at current density of 10 mA cm−2

and the Tafel slope for BCCRO, RuO2, and LaCoO3. (d) HER LSV curves of BCCRO, Ba2ScRuO6, and Pt/C. (e) Tafel slope plots of BCCRO, Ba2ScRuO6,
and Pt/C derived from the geometric area-normalized HER LSV curves. (f) Comparison between the overpotential at a current density of 10 mA cm−2 and
the Tafel slope for BCCRO, Ba2ScRuO6, and Pt/C. (g) The OER performance of BCCRO and commercial RuO2. (h) The HER performance of BCCRO and
commercial 20% Pt/C. (i) Polarization curves in a two-electrode system. (j) Comparison of cell voltages at a current density of 10 mA cm−2 for BCCRO
with previously reported high-activity OWS catalysts, all tested in 1.0 M KOH. (k) Long-term alkaline OWS stability of BCCRO was measured at the
current density of 1 A cm−2.
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hen Sc3+ replaces the B-site Co to form Ba2ScRuO6, both OER
nd HER activities decrease significantly. This clearly shows the
ey role of Co ions in achieving high-efficiency OWS.

o gain deeper insight into the performance of BCCRO, we
nvestigated its charge transfer kinetics, electrochemically active
urface area (ECSA), and intrinsic activity. According to electro-
hemical impedance spectroscopy (EIS) analysis (Figure S5) and
he corresponding equivalent‑circuit fitting parameters (Table
of 11
S3), BCCRO showed much lower charge transfer resistances (Rct)
than the reference catalysts, indicating faster charge transfer
during both OER and HER. To avoid interference from gas dif-
fusion, which becomes pronounced at high current densities, we
performed EIS measurements at relatively low overpotentials to
reliably determine the Rct. ECSA was estimated from the electro-
chemical double-layer capacitance (Cdl), which was determined
via cyclic voltammetry (CV) in a non-Faradaic potential region
at various scan rates (Figures S6 and S7). After electrochemical
Angewandte Chemie International Edition, 2026
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ctivation, BCCRO exhibited Cdl values of 9.21 and 16.46 mF cm−2

or the OER and HER, respectively (Figures S6d and S7d). For
he OER, this Cdl value is higher than those of RuO2 (6.30 mF
m−2) and LaCoO3 (3.85 mF cm−2). For the HER, it is slightly
igher than that of 20% Pt/C (16.02 mF cm−2) and substantially
reater than that of Ba2ScRuO6 (1.13 mF cm−2). These results
ndicate that BCCRO provides a larger number of accessible active
ites for both reactions. To evaluate the intrinsic activity, the LSV
urves were normalized by the corresponding ECSA. As shown
n Figure S8, BCCRO exhibited higher ECSA–normalized current
ensities than commercial RuO2 for OER and 20% Pt/C for HER,
onfirming its superior intrinsic activity in both reactions.

ts intrinsic activity was further quantified by calculating the
urnover frequency (TOF). For OER at 1.50 V (vs. RHE), BCCRO
chieved a TOF of 0.82 s−1, which is about 170 times higher
han that of commercial RuO2 (0.005 s−1) (Figure S9a). For
ER at −0.1 V (vs. RHE), the TOF of BCCRO reached 0.51

−1, exceeding the value of commercial Pt/C (0.20 s−1) by 2.6
imes (Figure S9b). We also compared the mass activity (MA) of
he catalysts at various potentials. As illustrated in Figure S10,
CCRO demonstrated the highest mass activity for both OER and
ER. Specifically, at 1.55 V (vs. RHE) for OER, BCCRO showed a
ass activity of 598.6 A g−1, which is 37.4 times greater than that

f commercial RuO2 (16.0 A g−1) (Figure S10a). For HER at −0.3 V
vs. RHE), the mass activity of BCCRO was 760.3 A g−1, about 1.8
imes higher than that of commercial Pt/C (424.1 A g−1) (Figure
10b). As summarized in Figure 2g,h, these electrochemical
nalyses demonstrate the superior bifunctional performance of
CCRO over commercial benchmarks of RuO2 and Pt/C. In
ddition, the performance of BCCRO was outstanding compared
ith other recently reported Co- or Ru-based perovskite oxides,

s shown in Figure S11 and Tables S4 and S5.

eyond high activity, long-term stability is critical for practical
pplication. The stability of BCCRO was determined under
00 mA cm−2 in a three-electrode system. Chronopotentiomet-
ic measurements (Figure S12) revealed negligible performance
ecay over 150 h of continuous operation, confirming its excep-
ional long-term stability. To assess its practical potential, a
ymmetric electrolyzer was assembled using BCCRO loaded on
i foam (anode) and carbon paper (cathode) in 1.0 M KOH

t 25◦C. The electrolyzer delivered excellent OWS performance,
equiring low cell voltages of only 1.50, 1.62, and 1.93 V to achieve
urrent densities of 10, 100, and 1000 mA cm−2, respectively
Figure 2i). As shown in Figure 2j and Table S6, BCCRO requires
lower cell voltage at 10 mA cm−2 than many recently reported

dvanced OWS catalysts operating under the same alkaline
onditions (1.0 M KOH). The long-term stability was evaluated
nder industrially relevant conditions. When maintained at a
igh current density of 1 A cm−2 for 1000 h, the BCCRO||BCCRO
ystem showed excellent stability with a voltage decay rate of
nly 29 μV h−1 (Figure 2k). Given its exceptional durability, low
perating voltages, and competitive performance, BCCRO repre-
ents a highly promising bifunctional catalyst for practical water
plitting. To verify that the observed catalytic activity originates
ntrinsically from BCCRO, we evaluated the electrochemical
erformance of bare Ni foam (NF) and bare carbon paper (CP)
nder identical conditions. As shown in Figure S13, both bare
upports exhibit negligible current densities within the operating
otential window compared to the BCCRO-loaded electrodes.
ngewandte Chemie International Edition, 2026
These results confirm that the underlying supports function
strictly as physical current collectors and do not contribute to the
intrinsic catalytic activity.

The advantage of BCCRO is further highlighted by comparison
with its single perovskite counterparts. While BaCoO3-based
materials show limited OER activity and poor stability [38], and
BaRuO3 exhibits only moderate HER performance [39], neither
can achieve efficient OWS. In contrast, BCCRO demonstrates
outstanding activity and stability for both OER and HER within
a single phase, demonstrating the crucial synergistic interaction
between Co and Ru sites.

2.3 In Situ Spectroscopic Studies During OER

To elucidate the structural dynamics responsible for the high
bifunctional activity of BCCRO, we conducted operando XAS
studies. The X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) regions are
exquisitely sensitive to oxidation states and local coordination
environments, respectively, providing direct insight into the
electronic and structural evolution of catalysts under working
conditions [23, 35, 40–43].

The oxidation states in pristine BCCRO were first determined.
The Co K-edge XANES spectrum in air exhibited an absorption
edge energy closely matching that of the Sr2Co3+IrO6 reference,
indicating a Co3+ state. Similarly, the Ru K-edge position aligned
with the Sr2GdRu5+O6 standard, confirming a Ru5+ oxidation
state (Figure 3a,b). Quantitative linear combination analysis
(Figure 3c,d) indicated that upon immersion in electrolyte at
open-circuit potential (OCP), the average oxidation states slightly
changed to Co3.1+ and Ru4.95+. Upon applying anodic potentials,
the Co K-edge shifted progressively to higher energies (Figure 3a),
showing a total shift of ∼0.7 eV at 1.5 V relative to the OCP condi-
tion. This positive shift indicates the oxidation of Co3+ to Co4+.
Quantitative analysis using reference compounds (Sr2Co3+IrO6
and BaCo4+O3) estimated an average Co valence of +3.58 at 1.5 V
(Figure 3c). Simultaneously, at 1.5 V, the Ru K-edge shifted up
by 0.8 eV (Figure 3b), revealing an average Ru valence of +5.65
yielded by quantitative analysis (Figure 3d). It is worth noting
that the formation of Ru6+ species has been rarely observed and
reported under OER conditions [44]. XAS results demonstrate
the concurrent formation of high-valent Co4+ and Ru6+ species
during OER, which are identified as the real active sites in
BCCRO. This is consistent with reports that high-valent Co and
Ru centers are highly active for oxygen evolution [40]. These
results capture the adaptive transformation of the BCCRO surface
under OER conditions, as the catalyst undergoes a dynamic
change to generate high-valent active sites in response to the
applied potential. EXAFS provided further insight into the local
coordination changes. The Fourier-transform EXAFS spectra for
both Co and Ru exhibited a shift of the first-shell peak to higher
R-space values with increasing potential (Figure 3e,f), indicat-
ing a contraction of the average metal-oxygen bond distance.
Quantitative EXAFS fitting revealed that the Co─O bond distance
shortened from 1.94 Å at OCP to 1.88 Å at 1.5 V, while the Ru─O
bond decreased from 1.96 to 1.94 Å (Figure S14 and Table S7).
This bond shortening enhances metal–oxygen covalency, which
is known to facilitate OER kinetics [45].
5 of 11
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FIGURE 3 In situ XAS spectra of BCCRO at different OER potentials. (a, b) Co K-edge and Ru K-edge XANES spectra of BCCRO at applied
potentials; (c, d) oxidation states derived from a and b. (e, f) FT-EXAFS at the Co and Ru K-edge.
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ubsequently, we employed in situ Raman spectroscopy to mon-
tor surface transformations under operating conditions in 1.0 M
OH, as it is highly sensitive to crystal phases and chemical states

46]. As shown in Figure S15a, the spectrum of pristine BCCRO
howed broad peaks at 454 and 660 cm−1, characteristic of Co─O
ibrations in the perovskite lattice. At an applied potential of 1.8 V,
ew peaks emerged at 468 and 588 cm−1, which are characteristic
f γ–CoOOH [46–49], indicating the in situ formation of high-
alence Co species during OER. Distinct Ru-related features
ere not observed, likely due to their spectral overlap with the
ominant Co─O vibrations. The surface reaction mechanism was
urther corroborated by in situ Fourier-transform infrared (FT–
R) spectroscopy (Figure S15b). An absorption band at 1243 cm−1,
ttributed to the vibration of the adsorbed ─OOHad* intermediate
50, 51], emerged at potentials ≥1.52 V, confirming the formation
f this key OER intermediate.

he structural evolution of the catalyst under prolonged oxidative
onditions was further probed by ex situ characterizations after
000 h of continuous operation at 1 A cm−2. Compared to the
ristine sample, the XRD pattern of the post-OER catalyst (Figure
16) displays peak broadening and a reduced overall intensity,
hich indicates partial surface structural reconstruction.

R–TEM revealed that the bulk crystallinity of the catalyst was
argely preserved (Figure S17), displaying lattice fringes with
lightly expanded d-spacings of 0.290 and 0.497 nm correspond-
ng to the (110) and (100) planes of BCCRO, respectively. The
orresponding SAED pattern retained all characteristic reflec-
ions of the 6H triple perovskite phase (Figure S18). Figure S19
hows the formation of an amorphous layer approximately 10 nm
n thickness. This layer serves as the actual, highly active OER
of 11
region and physically accounts for the peak broadening observed
in the XRD pattern. Furthermore, EDX elemental mapping
confirmed that Ba, Co, and Ru remained uniformly distributed
throughout the particles after OER (Figure S20).

Quantitative ICP–MS measurement precisely tracks the composi-
tional changes during this structural reconstruction. Analysis of
the post–OER electrode (Table S2) reveals extensive Ba leaching
(decreasing from 50.36 at% in the pristine sample to 34.67
at%), while Co and Ru increase to 32.20 at% and 33.13 at%,
respectively. Furthermore, absolute mass-loss analysis of the post-
OER electrolyte (Table S8) confirms that while 48.53% of the
initial Ba mass leaches out, the catalytically active transition
metals exhibit exceptional solid-state retention, with mass losses
of only 4.41% for Co and 1.64% for Ru. Collectively, these results
definitively demonstrate that Ba leaching facilitates the surface
amorphization and provides the charge compensation necessary
to stabilize the high-valent Co4+ and Ru6+ states identified by
operando XAS. The exceptional retention of these active Co/Ru
metal sites underpins the catalyst’s remarkable ability to maintain
stable OER performance for 1000 h.

2.4 In Situ Spectroscopic Studies During HER

Operando XAS uncovers a structural evolution pathway for
BCCRO under HER conditions that is distinct from its behavior
under OER. During cathodic polarization, the Co K-edge XANES
spectra continuously shift to lower energies (Figure 4a). From
OCP to −0.1 V, a total downshift of 2.23 eV is observed, accom-
panied by a gradual attenuation of the white-line intensity, both
indicative of Co ion reduction. Correspondingly, in the EXAFS
Angewandte Chemie International Edition, 2026
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FIGURE 4 In situ XAS spectra of BCCRO at different HER potentials. (a, c) Co K–edge and Ru K-edge XANES spectra of BCCRO at applied
potentials; (b, d) FT-EXAFS at the Co and Ru K-edge.
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pectra (Figure 4b), the Co─O coordination peak diminishes
nd vanishes at −0.1 V, while a new peak emerges near 2.0 Å.
uantitative fitting assigns this new feature to a metallic Co─Co
ond (2.46 Å, Figure S21 and Table S7), confirming the complete
eduction of Co ions to their metallic state.

n contrast to the rapid reduction of Co, the reduction of Ru
roceeds more gradually. At −0.1 V, the Ru–K edge has shifted
y 2.02 eV to lower energies (Figure 4c). EXAFS analysis at
his potential reveals a lengthening of the Ru─O bond distance
Figure 4d), indicating a decrease in the Ru oxidation state.
uantitative fitting shows an increase in the Ru─O bond length

rom 1.96 to 1.97 Å (Figure S21 and Table S7). Upon further
owering the potential to −0.3 V, the absorption edge shifts more
ronouncedly, with the spectrum becoming nearly identical to
hat of Ru foil (Figure 4c). The corresponding EXAFS spectrum
eveals a new feature of Ru─Ru metallic bonding (Figure 4d) with

distance of 2.65 Å (Figure S21 and Table S7), demonstrating
he formation of metallic Ru. This operando XAS study directly
isualizes the adaptive transformation of BCCRO under cathodic
onditions, where the catalyst dynamically reconstructs its sur-
ace into metallic CoRu nanoparticles in response to the reductive

ER environment.

n situ Raman spectroscopy (Figure S22) captured the emer-
ence of vibrational modes at 500 and 622 cm−1 at −0.055 V,
haracteristic of β–Co(OH)2 [46, 52]. This suggests that Co3+

s first reduced to a β–Co(OH)2 intermediate prior to its final
etallization. The Raman peaks of β–Co(OH)2 became weak at
0.09 V, and completely disappeared at −0.1 V, coinciding with

he transformation into metallic Co species.
ngewandte Chemie International Edition, 2026
Moreover, HAADF–STEM images of BCCRO after 45 h HER
(Figure S23) showed the formation of small nanoparticles. The
corresponding elemental mapping indicated the leaching of Ba
ions. Line–scan analysis across individual nanoparticles (Figure
S24) confirms the distribution dominated by Co and Ru. To
further elucidate the structural transformation, we performed
bulk-sensitive ex situ characterizations on post-HER catalysts
after 1000 h of continuous operation at 1 A cm−2. XRD of the
post–HER BCCRO (Figure S25) reveals only metallic diffraction
peaks characteristic of a hexagonal close-packed (hcp) structure,
confirming the complete transformation of the perovskite oxide
into metallic phases. Concurrently, the SAED pattern of the post-
HER catalyst (Figure S26a) exhibits diffraction rings that index
perfectly to an hcp phase. TEM analysis indicates a significant
reconstruction of the original perovskite into a multi-phase
metallic structure (Figure S26b–d). HRTEM imaging identified
lattice fringes with spacing of 0.208, 0.215, and 0.236 nm, cor-
responding to the (002) plane of CoRu alloy, the (100) plane of
hexagonal Co metal, and the (100) plane of Ru metal, respectively.
Elemental mapping exhibits a homogeneous distribution of Co
and Ru within the resulting CoRu nanoparticles (Figure S27),
giving a Co:Ru atomic ratio of ∼45.9:52.7 and minimal Ba and O
signals (Figures S27 and S28).

Quantitative ICP‑MS analysis of the post‑HER electrode after
1000 h (Table S2) shows that Ba is nearly completely leached
(remaining only 0.69 at%), with Co and Ru accounting for 47.02
at% and 52.29 at%, respectively (Co:Ru ≈ 1:1.1). Post–HER elec-
trolyte analysis (Table S8) reveals Ba, Co, and Ru concentrations
of 18.70, 0.6403, and 0.4450 ppm, corresponding to mass losses of
99.38%, 15.86%, and 6.43%, respectively. The near‑complete loss of
7 of 11
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FIGURE 5 DFT calculation results for BCCRO. (a) Calculated free energies of the OER intermediates in MAE. (b) pDOS of Co and Ru d states.
(c) Calculated free energies of the OER intermediates on BaCo(3+)O and BaRu(5+)O. (d) Calculated free energies of the OER intermediates in LOV. (e)
pDOS of O pz states. (f) Calculated free energies of the HER intermediates.
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a facilitates the reduction of Co3+ and Ru5+, culminating in the
ormation of CoRu nanoparticles that serve as the active sites for

ER.

.5 DFT Calculations to Elucidate Reaction
echanisms

e further investigated the BCCRO–catalyzed OER and HER
athways using DFT calculations. The construction of the
CCRO slab is described in the Methods section. The most
ommonly reported OER mechanisms on metal oxides include
he MAE [53–55], a canonical four–electron transfer pathway, and
he lattice–oxygen–vacancy–site (LOV) [56, 57], which involves
articipation of lattice oxygen (Figure S29). For the MAE, both
o and Ru sites were evaluated as potential active centers. For

he LOV, three distinct oxygen-bridging motifs were considered:
o─O─Co, Ru─O─Ru, and Co─O─Ru. The calculated energy
rofiles for each four-step reaction are shown in Figure 5a,d,
nd the corresponding intermediates are provided in Figure S30.
ll calculated potentials and overpotentials discussed here are

eferenced to the RHE scale. Therefore, within the computa-
ional hydrogen electrode (CHE)-based thermodynamic analysis,
he reported limiting potentials/overpotentials do not explicitly
epend on pH. Note that pH-dependent kinetic and interfacial
ffects are not considered in the present work.

or the MAE mechanism (Figure 5a), the theoretical overpoten-
ial is 0.61 V for the Ru active site (Ru*), limited by the first step,
nd 0.82 V for the Co active site (Co*), limited by the second step.
his indicates that Ru* is more active than Co* within the MAE
athway. These calculations were performed using the oxidation
tates derived from operando XAS measurements under OER
of 11
conditions (approximately +3.58 for Co and +5.65 for Ru). The
projected density of states (PDOS) for these sites is shown in
Figure 5b. Ru* exhibits a larger exchange (spin) splitting, whereas
Co* shows a smaller splitting; moreover, Co* presents spin-down
states near −0.9 eV, substantially closer to the Fermi level than
those of Ru* (≈−1.5 eV). These features imply stronger adsorption
on Co* than on Ru* (which stands for OH and OOH adsorption).
In contrast, O adsorption is stronger on Ru*, which we attribute
to stabilization by a neighboring Ba2+ ion in the adsorption
ensemble (Figure S30).

During surface relaxations, we observed geometries in which
the oxygen in a Ba–O–Ru configuration sank slightly while the
Ba shifted laterally toward the O* bound on Ru, shortening the
Ba⋯O* separation without perturbing the primary Ru─O* bond.
We describe this as a spectator–cation effect: Ba(2+), owing to its
large ionic radius, provides through–space ionic stabilization of
the negatively charged O*, whereas Ru─O* remains the chem-
ically dominant interaction. Consistent with this interpretation,
we did not find an analogous motif in our earlier Pb2CoRuO7
[40] or Ca2CoRuO6 [41] studies, where the smaller A-site cations
disfavor such electrostatic stabilization.

To isolate the role of valence, we evaluated MAE pathways on
BaCo(3+)O and BaRu(5+)O reference surfaces. As shown in
Figure 5c, the calculated overpotentials are 0.86 and 0.90 V,
respectively, both higher than on the Co(4+)/Ru(6+) surface.
These comparisons establish that higher B-site oxidation states
enhance OER performance in this family, yielding the activity
order Ru(6+) > Co(4+) > Co(3+) > Ru(5+). Notably, the Ba⋅⋅⋅O*
contact is absent on BaCo(3+)O and BaRu(5+)O but present
on the Co(4+)/Ru(6+), suggesting that a high-valence electronic
environment, together with vacancy-assisted lattice openness,
Angewandte Chemie International Edition, 2026
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nables Ba to approach an O* already bound to Ru. This ensemble
ffect plays an important role in lowering the overpotential at Ru*.

or the LOV mechanism (Figure 5d), the three pathways exhibit
imilar trends: the overpotential is determined by the second
tep, and the intermediate with OH adsorbed on lattice oxygen
as the highest free energy. Notably, Co─Ru synergy renders the
lack pathway in Figure 5d the most favorable, with the lowest

ntermediate free energies and an overpotential of 0.89 V.

n contrast to the strongest adsorption inferred from the reaction
athway, the total pDOS does not indicate that the Co─O─Ru
otif binds most strongly; its oxygen p band center lies between

hose of Co─O─Co and Ru─O─Ru (Figure S31), suggesting only
oderate adsorption. This implies that although the oxygen 2p-

and position has rationalized OER activity in prior studies, it
ay be an unsuitable descriptor here. Because px and py primarily

ybridize with metal d orbitals while adsorption interactions
re dominated by pz, we plotted a symmetry-resolved pDOS
solating pz states. As shown in Figure 5e, Co─O─Ru displays
z states closer to −0.7 eV, whereas Co─O─Co and Ru─O─Ru
tates are near −1.0 eV. We also observe that while the pz
tates of Co─O─Co and Ru─O─Ru reside largely between −3
nd −1 eV, those of Co─O─Ru are strongly split. A larger p–d
plitting pushes the antibonding O–2p peak well above the Fermi
evel (i.e., the ∼2 eV states), reducing the occupied O–2p weight
ear the Fermi energy and thereby strengthening adsorption.
e attribute this to asymmetric p–d hybridization induced by

etero–bimetal synergy. Such synergy not only enlarges the
onding–antibonding splitting but also affords flexible charge
ompensation during adsorption—effects not captured by the
otal pDOS alone.

verall, although Co─Ru synergy lowers the overpotential of the
OV pathway to 0.89 V, BCCRO’s OER performance is dominated
y the MAE pathway at Ru* (0.61 V). We attribute this to Ba⋯O*
pectator–cation stabilization, enabled by Ba’s large ionic radius
nd the vacancy-induced surface openness associated with high
o/Ru valence.

or HER, given the experimentally observed metallic Co and Ru,
FT calculations were performed on a CoRu bimetallic alloy
sing the typical alkaline mechanism. Both Co* and Ru* active
ites were evaluated and compared against HER on pure metallic
o and Ru. As shown in Figure 5f, all pathways display the

ame trend, where all intermediates lie below zero free energy,
ndicating strong adsorption. The overpotential is determined
y the third step, that is, OH* desorption. Relative to the
ure metals, Co─Ru synergy markedly weakens OH adsorption,
hereby reducing the overpotential to 0.39 V.

Conclusion

n summary, we have developed a novel self-adaptive 6H triple
erovskite oxide, BCCRO, as a highly efficient and robust
ingle-phase bifunctional catalyst for OWS. It achieves low
verpotentials of 32 mV for HER and 178 mV for OER at
0 mA cm−2, while achieving practical cell voltages of 1.50 V at
0 mA cm−2 and 1.93 V at 1 A cm−2, coupled with exceptional
ong-term stability demonstrated by steady operation for over
ngewandte Chemie International Edition, 2026
1000 h at the ampere-level current density (1 A cm−2). In situ
XAS studies directly capture its adaptive surface transformation
under operational conditions: during OER, the oxidation of Co3+

and Ru5+ induces the formation of high-valent Co4+ and Ru6+

species while retaining the bulk perovskite structure; during
HER, these ions undergo sequential reduction to form metallic
CoRu nanoparticles. DFT calculations reveal that the synergistic
interaction between Co4+ and Ru6+ drives efficient OER via a Ba2+

spectator–cation effect, while the metallic CoRu nanoparticles
facilitate optimal hydrogen adsorption/desorption kinetics for
HER. This work establishes a new design paradigm for single-
phase oxide catalysts, demonstrating that targeted element-
specific structural evolution under operational conditions can
simultaneously deliver industrial-grade activity and durability,
thereby overcoming the long-standing challenge of developing
efficient, integrated catalysts for overall water splitting.
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