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Engineering dynamic heterointerfaces with atomic precision is critical for
unlocking the full potential of reversible protonic ceramic electrochemical
cells in sustainable energy conversion, while minimizing precious metal use in
composite electrodes. Here, we introduce an atomic trapping strategy that
restructures the interfacial chemistry of Bag sSrg sCog.sFeq 2035 perovskite

and Ru@CeO, s fluorite heteroelectrodes, achieving catalytic synergy through
manipulating Ru coordination environment. A scalable co-sintering protocol
induces thermodynamically driven Ru migration from the CeO, lattice into the
perovskite matrix, creating coupled interfaces. This optimizes interfacial

electron redistribution, generates interfacial oxygen vacancies, and improves
triple conductivity and hydration kinetics. The electrode with low Ru loading
exhibits bifunctionality, delivering a peak power density of .51 W cm ™2 and an
electrolysis current density of —2.21 A cm™ at 650 °C. It demonstrates notable
durability with minimal degradation (0.09 mV h™) over 400 h at 600 °C, pro-

viding a universal strategy for next-generation solid-state energy devices.

The pursuit of robust electrochemical energy infrastructures has
propelled reversible protonic ceramic electrochemical cells (R-PCECs)
into the spotlight, due to their specific ability to switch reversibly
between fuel cell and electrolysis modes with high energy efficiency at
intermediate temperatures (400-600 °C)'*. These devices hold great
promise for bridging renewable electricity with storable chemical fuels
—producing green hydrogen from intermittent solar and wind energy,
while efficiently reconverting it to electrical power during peak grid
demand®®. The wide-spread applications of this technology require the
development of efficient electrode with high activity, durability and

cost effectiveness. Noble metal oxides like RuO, are highly active for
catalyzing oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER), while their high price inhibits the use in large
amount’®. In addition, a fundamental contradiction remains that
inhibits the development of robust R-PCECs, i.e., the very interfacial
architectures that enable multifunctionality also inherently drive
operational degradation®’. State-of-the-art air electrodes, responsible
for facilitating both ORR and OER during bidirectional operation,
suffer significant performance losses due to interfacial detachment—a
mechanically driven failure mode that accelerates catalytic
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deactivation and disrupts ionic conduction networks under prolonged
operation'®", Therefore, development of efficient electrode materials
with minimized use of precious metal elements and re-enforced
interface is crucial in the development of R-PCEC.

Precious metal-free perovskite oxides, such as BagsSrgs
CopgFep,0s5 (BSCF), PrBag sSro sCoisFep50s45 (PBSCF), BaCog.4
Feo.4Zro1Y0103s (BCFZY), and BaggysFeosrsZro2s0s.5 (BFZ), have
dominated R-PCEC electrode designs, leveraging their high ionic
conductivity and flexible oxygen non-stoichiometry>™. Despite con-
siderable progress, the performance and stability of R-PCECs remain
insufficient for practical applications. This limitation primarily stems
from weakly bonded heterogeneous structures at the interfaces
between cell components, which hinder ionic and electronic conduc-
tion, leading to increased interfacial resistance at intermediate to low
temperatures’"”. Nanocomposites have emerged as a useful air elec-
trode for R-PCEC with improved proton conductivity and reduced
thermal expansion, while they introduce internal interface issues
inside the electrodes'. Interface engineering is then proposed, which
presents a promising approach to enhance cell performance in terms
of both activity and durability by optimizing the contact area, coupling
interactions, charge distribution, and lattice structure at these critical
interfaces'®".

Current interface engineering, ranging from chemical etching to
nanocomposite interlayers, however, merely treats symptoms (e.g.,
contact resistance) rather than curing the root disease®’. For example,
roughening electrolyte surfaces through acid treatment or incorpor-
ating phase-separated composite interlayers has been shown to
improve electrode/electrolyte interactions, reducing interfacial resis-
tance and improving electrochemical performance’. While recent
advances in interface tailoring offer glimpses of hope, but demand
energy-intensive processes incompatible with industrial scale-up*®2°.
More critically, the far greater design complexity arises from the
internal interfaces within composite electrode matrices, where the
synergistic interactions between the multiple phases at the interface
dictate overall electrochemical activity and stability?. This emphasizes
the deterministic role of internal heterointerfaces. Recent advances
have primarily addressed simpler electrode/electrolyte interfaces,
leaving the vastly more complex internal electrode architecture largely
unoptimized, which is a critical gap that fundamentally limits R-PCEC
development.

Here, we report an active atom-scale interface engineering strategy
through manipulating the Ru migration that greatly increases the
activity and durability for both ORR and OER in R-PCECs while realizing
minimal use of the precious metal element. We first doped a minor
amount of Ru into the lattice of CeO, (RC), and then composited it with
BSCF perovskite to form a composite electrode. A subsequent thermal
processing then deliberately triggered controlled Ru migration, and
selective capture of migrating Ru atoms from the RC phase by BSCF was
happened (Fig. 1a, b), which facilitated the formation of covalent metal-
oxygen bridges at the rich interfaces between the two phases, thereby
achieving interfacial charge redistribution, generating rich interfacial
oxygen vacancies, and imparting favorable triple conductivity and
hydration elasticity (Fig. 1c, d). Leveraging these synergistic effects, our
R-PCECs demonstrated absolute advantages in bifunctionality, achieving
an area-specific resistance of 0.08 Q cm? at 600 °C, with negligible decay
in reversible variable current density cycling (96 cycles) and thermal
cycling tests. More importantly, we interpreted these macroscopic tri-
umphs through experiments and theoretical analysis, establishing a
universal interface regulation rule, providing a scalable and viable
solution for advancing R-PCEC technology.

Results

Evaluation of heterogeneous structures

Composite electrodes often show competitive activity for ORR in
protonic ceramic cells due to the potential of synergy between the

different phases. Smg,Ceog05.5, due to its high oxygen ion con-
ductivity, is widely used in composite electrodes. Here, a Ru-doped
CeO, catalyst (Ru@CeO,.s, denoted as RC) as a second phase for
composite electrode is synthesized through a co-precipitation method
followed by calcination at 800 °C for 2 h. Rietveld refinement of X-ray
diffraction (XRD) data confirms the pure-phase fluorite cubic struc-
ture, without any detectable RuO, peaks (Fig. 2a and Supplementary
Fig. 1), indicating the successful incorporation of Ru into the fluorite
phase”. The refined XRD data reveal that the RC catalyst has an Fm-3m
space group, with lattice contraction (a=5.4085A vs. 54110 A for
pristine CeQ,), indicating that Ru atoms are successfully introduced
into the bulk phase (Ar = 0.08 A) (Supplementary Fig. 2 and Supple-
mentary Table 1)%. This lattice strain facilitates oxygen vacancy for-
mation, as evidenced by Raman spectroscopy (Supplementary Fig. 3)*.
Extended X-ray absorption fine structure (EXAFS) analysis (Fig. 2b) and
atomic-resolution High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) (Fig. 2c¢) reveal the coordination
environment of Ru. The Fourier-transformed (FT) EXAFS spectra
exhibit a dominant scattering peak at 1.5 A, attributed to Ru-O coor-
dination with an average coordination number of 3.9 (Supplementary
Table 2), while no discernible Ru-Ru scattering contributions observed
at 2.4 A (Supplementary Fig. 4)%. These structural features, corrobo-
rated by HAADF-STEM and energy-dispersive X-ray spectroscopy
(EDS) elemental mapping results (Fig. 2d), conclusively confirm the
atomic dispersion of Ru species within the CeO, matrix.

We then combine RC with BSCF to form a composite electrode.
The optimized BSCF: RC (70: 30 wt%; denoted as BSCF-RC30) com-
posite preserves dual-phase integrity, as verified by Rietveld quantifi-
cation (69.68wt% perovskite, 30.32wt% fluorite) (Fig. 2e and
Supplementary Fig. 5)*. This suggests that BSCF-RC30 both maintains
the integrity of the individual components and potentially benefits
from the synergistic effect between the two phases. Structural analysis
further reveals minimal variation in perovskite lattice parameters
across BSCF, BSCF-C30 (Ru-free BSCF and CeO, composite at a 70:30
mass ratio), and BSCF-RC30 (Supplementary Fig. 6), attributable to the
negligible ionic radius mismatch between Ru** and host Co/Fe cations
(Ar <0.03 A). For the fluorite phase, BSCF-RC30 shows a pronounced
lattice contraction (a=5.4059A) relative to both BSCF-C30
(a=5.4102A) and the RC catalyst (a=5.4085A) (Supplementary
Table 1). This additional shrinkage is attributed to charge-
compensating oxygen vacancies generated during the trapping of
Ru, which shortens the average Ce-O bond length, facilitating the
lowering of the proton hopping barrier and enhancing bulk proton
conduction?. In addition, high-temperature XRD (HT-XRD) analysis is
conducted to evaluate the thermal stability of the RC and BSCF-RC30
catalysts. As shown in Supplementary Fig. 7, both catalysts exhibit
phase stability up to 800 °C, while the typical shift of the diffraction
peaks is related to the materials’ thermal reduction. The lattice fringe
spacings of 0.28 and 0.23 nm, corresponding to the (200) planes of the
fluorite phase and the (111) planes of the cubic perovskite structure,
respectively (Fig. 2f), are observed in STEM image. The strong contact
and positive interactions between the two phases, as seen in STEM
images, are expected to enhance electrode stability and improve ionic
diffusion at the heterogeneous interface (Supplementary Fig. 8)%.
Crucially, the spatial redistribution of Ru species during interface
formation is quantitatively mapped through EDS elemental analysis
(Fig. 2g). Remarkably, Ru atoms migrate from the fluorite phase into
adjacent perovskite domains during the co-sintering”. This thermo-
dynamically driven spontaneous migration trend persists at multiple
independent interfaces (Supplementary Fig. 9), demonstrating the
thermodynamic preference for Ru doping into the perovskite lattice.

Complementary spectroscopic investigations corroborate this
spontaneous atomic trapping phenomenon and reveal the
evolution of the coordination environment. Raman analysis
identifies three critical signatures (Supplementary Fig. 10): (1) an
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Fig. 1| Schematic illustration of atom trapping. a, b Distribution of Ru element in heterogeneous catalyst before and after heat treatment. ¢, d Heterogeneous interface

structure before and after atom trapping.

intrinsic Fg mode at 465 cm™, (2) emergent peaks at 700/970 cm™
(strain-induced Ru-O-Ce distortion in RC), and (3) complete dis-
appearance of fluorite-associated signals in BSCF-RC30, which is
crystallographic evidence of Ru depletion from Ce0,”**°. The FT
EXAFS spectra of BSCF-RC30 display a predominant Ru-O peak
(Fig. 2h), whereas the trapped Ru atoms transition from pseudo-
tetrahedral geometry in CeO, (CNgy.0=3.9) (Fig. 2b) to near-ideal
octahedral coordination in BSCF (CNgy.0=6.3) (Fig. 2i and Supple-
mentary Table 2)*. The 61% increase in coordination number confirms
the Ru integration into perovskite BOg frameworks, constituting a
structural reorganization with significant kinetic implications.
Building on the aforementioned experimental characterizations,
we further elucidate the underlying Ru migration mechanism at the
interface through the climbing image nudged elastic band (CI-NEB)
method***. The atomic coordinates for the optimized computational
model were provided in Supplementary Data 1. For better compre-
hension, the interface before and after BSCF capture of Ru from RC are
labelled as BSCF-RC and BSCFR-C (BSCFR: BSCF matrix after capture of
Ru, C: pure CeO, phase), respectively. As illustrated in Fig. 2j, the Ru
atom has a relatively low energy barrier of 1.14 eV to migrate from RC
side to BSCF side, confirming the kinetic feasibility of the proposed Ru
capture mechanism. Furthermore, Density functional theory (DFT)
calculation also demonstrates that under the appearance of oxygen
vacancy, the configuration with Ru atom on the surface layer (L1) is
thermodynamically more stable (AE = -1.38 eV) than that with Ru atom
on the subsurface layer (L2), providing driving force for the continuous
Ru migration to the BSCF phase (Fig. 2k and Supplementary Fig. 11). To
validate the critical role of oxygen vacancy concentration in atomic
trapping dynamics, we systematically investigate a counterexample of
La;NiO, (LN)-RC interface®*** with almost no oxygen vacancy, and
reveals drastically different migration kinetics: Ru atom face a prohi-
bitive energy barrier of 2.00 eV to migrate from RC side to LN side
(Supplementary Fig. 12), higher than that in oxygen-deficient BSCFR-C.
This is consistent with STEM energy-dispersive X-ray spectroscopy
(STEM-EDS) mapping observation of Ru retainment in the CeO, matrix
after the same heat treatment (Supplementary Fig. 13). Parallel DFT/CI-
NEB simulations and STEM-EDS mapping of oxygen-vacancy-rich

BSCF-RC interface versus the vacancy-poor LN-RC analogue demon-
strate that lattice vacancies provide both a low-barrier migration
channel and the deep B-site trap needed for irreversible Ru capture®.
Crucially, this thermodynamically driven atomic trapping strategy
through oxygen-vacancy pathways, thereby enhancing the triple con-
ductivity and interfacial activity of the composite catalysts. This
mechanism is fundamentally different from conventional reverse-
trapping techniques, such as the acid-base extraction of alkaline-earth
ions (e.g., Sr** removal by MoOs;), which rely primarily on surface
effects®.

Heterogeneous interfacial effect

To comprehensively resolve the electronic and structural interplay
arising from thermodynamically driven Ru migration, we employed
a synergistic multiscale characterization framework integrating
X-ray absorption spectroscopy (XAS), Aberration-corrected TEM,
Electron energy loss spectroscopy (EELS), Time-of-Flight Secondary
lon Mass spectroscopy (ToF-SIMS), and DFT calculations. This col-
lective evidences delineate an activation mechanism at the BSCF-
RC30 heterointerface, mediated by localized electron redistribu-
tion, vacancy-coupled oxygen dynamics, and proton transfer
modulation.

X-ray absorption near-edge structure (XANES) analysis provides
critical insights into the valence state evolution of heteroatoms during
interfacial Ru migration. Notably, although Co and Fe K-edge spectra
remain indistinguishable between pristine BSCF and post-treated
BSCF-RC30 (Fig. 3a, b)*?%, the Ru K-edge spectra reveal a striking
valence shift from +3.34 in isolated RC nanoparticles (precursor phase)
to +4.75 in the heterostructured system (Supplementary Fig. 14), which
quantitatively demonstrates interfacial charge transfer during struc-
tural evolution (Fig. 3¢c)”?. Also, this is confirmed by X-ray photo-
electron spectroscopy (XPS) of Ru 3p orbitals for both RC and BSCF-
RC30 (Supplementary Fig. 15). Notably, the retention of the near +4
state of the Ce ion (Supplementary Fig. 16) and unaltered Co/Fe
coordination environments excludes bulk-phase compositional chan-
ges, pinpointing the interfacial region as the exclusive locus of elec-
tronic reconfiguration®-%,
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Aberration-corrected STEM and EELS decrypt the spatial charge
compensation dynamics underpinning. Atomic-resolution elemental
analysis reveals strong chemical bonding between BSCF and RC pha-
ses, with Ru species preferentially stabilized at perovskite lattice sites
(Supplementary Fig. 17)’. Line-scan profiles across the BSCF-RC inter-
face identify two interrelated phenomena (Fig. 3d). First, the pene-
tration of Ru atomic signal into BSCF domains at 2-3 nm (point A: Ru
M-edge), accompanied by localized oxygen depletion (O K-edge) at the
interface (point B), suggesting that oxygen vacancies are generated at
the interface as a result of Ru migration®?. A change in oxygen content
is typically associated with variations in the oxidation states of metal
ions due to charge transfer. As shown in Fig. 3e, f, EELS spectra of the
Co L-edge and Ce M-edge further demonstrate charge transfer at the
heterogeneous interface. The Co L-edge shifts to higher energies,
indicating an increase in the oxidation state of Co, while the Ce M-edge
shifts to lower energies, signifying a reduction in the oxidation state of
Ce. The Ce** characteristic peaks (883 eV) detected at positions E and F
adjacent to the bulk RC phase exhibited enhanced intensity compared
to those at the interfacial position D, thereby providing additional
evidence for the valence state reduction of Ce at the interface®. These
antiphase electron transfers establish interfacial dipolar fields that
stabilize trapped Ru species while lowering the barrier for oxygen
exchange, which is key to unlocking bifunctional ORR/OER activity.

Furthermore, TEM-EDS mapping of BSCF-RC30 collected after calci-
nation at 600 °C for 200 h still detected Ru only in the BSCF domains
(Supplementary Fig. 18). These results verify that atomic trapping
arises from the combined thermodynamic driving force for Ru
migration and the presence of robust anchoring sites (oxygen vacan-
cies and strong Ru-O-Co/Fe covalent bonds) which lock Ru irreversibly
after migration, rather than permitting the random, reversible diffu-
sion expected from a purely chemical-potential-driven process*.

The oxygen vacancy reservoir directly governs the catalyst’s
oxygen handling capacity, so we quantified oxygen vacancy differ-
ences using thermogravimetric analysis (TGA) and iodine titration
(Supplementary Fig.19). TGA curves acquired in air (50-1000 °C) show
that BSCF-RC30 (Ru-trapped composite) exhibits a higher total weight
loss (<1.65%) compared to Ru-free BSCF-C30 (~1.40%). Since the RC
phase itself is thermally stable (negligible mass loss), this additional
weight loss in BSCF-RC30 directly reflects enhanced oxygen vacancy
formation induced by Ru migration. In addition, O, temperature-
programmed desorption (O,-TPD) also verifies that BSCF-RC30 hybrid
has a good oxygen dynamic exchange capacity than the BSCF-C30
composite (Supplementary Fig. 20). lodometric titration shows that
the average oxygen non-stoichiometry (6) of BSCF-RC30 increases by
~28% before and after thermal treatment (Supplementary Fig. 21). This
increase is further confirmed by deconvoluted XPS O 1s spectra
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enlargement. d Line scanning EELS spectra of the BSCF-RC30 catalyst. The insert
displays a STEM plot of the heterogeneous catalyst’s localized interface, labeling
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e, f Comparison of EELS spectra about (e) Co L-edge and (f) Ce M-edge at different
sites on the catalyst. g Secondary ion mapping images of CeO~, CoO~, OH", and total
species on the surface of heterogeneous catalyst after water treatment. h The
differential charge density plot of BSCFR-C heterogeneous interface. Electron
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accumulation and depletion regions are highlighted in yellow and blue, with an
isosurface level of 0.005. Atomic color code is the same as that in Fig. 2j. i Average
valence states of Co and Ce ions at the interface and in the bulk phase. j DFT
calculated Eyq, of the catalysts. The inserts show the hydration sites of the corre-
sponding model. k Energy profiles of proton hopping and rotation at BSCFR bulk
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(Supplementary Fig. 22)". The results show that the treated
BSCF-RC30 exhibits an increase in the ratio of active oxygen species
(0,%/07) from 32% to 41% compared with the untreated BSCF-RC30,
which is consistent with more oxygen vacancies at the heterointerface.

Hydration behavior of the interface, another critical performance
determinant in reversible proton-conducting cells. ToF-SIMS analysis
(Fig. 3g) reveals the distribution of CeO”, CoO~, and OH™ ions in BSCF-
RC30 after treatment at 500 °C for 5 h in humidified air (10% H,0-air)*~
Notably, the RC phase exhibits a stronger hydration capacity than the
BSCF phase, with the interface showing a particularly high con-
centration of OH™ ions. The enhanced hydration performance at the
interface is attributed to the increased oxygen vacancy content, which
accelerates the introduction of protons. This selective hydration stems
from synergistic contributions: the high surface area of nanoporous
Ce0, domains (63.47m? g') provides abundant active sites for the
hydration reaction, while the interfacial oxygen vacancies provide the
dissociation sites (Supplementary Fig. 23). H,O-TPD analysis (Supple-
mentary Fig. 24) shows that the RC catalyst displays the strongest H,O
desorption peak compared to both BSCF-RC30 and BSCF oxides,

further indicating effective hydration properties. The infrared (IR)
spectroscopy (Supplementary Fig. 25) also confirms the presence of
prominent hydroxyl signals at 3400 cm™ in the RC and BSCF-RC30
samples, while bulk BSCF regions retain only weak adsorbed water
signatures, providing additional evidence of the improved hydration
capability of the BSCF-RC30*.

To further elucidate the activation mechanism and interface
effect of the heterogeneous catalyst, we perform DFT calculations
based on the experimental data and establish the BSCFR-C hetero-
geneous interfacial structure. The calculations confirm the strong
interfacial coupling formed via charge transfer between Ce atoms in
Ce0, phase and O atoms in BSCFR phase (Fig. 3h). Compared to the
valence state in the bulk phases, this interfacial charge redistribution
manifests as a coordinated increase in Co oxidation state with con-
current Ce valence drop at the phase boundary (Fig. 3i), establishing an
electronic bridge that enhances catalytic functionality. Furthermore,
compared to the hydration energy (Epq4,) of -1.00 eV and -0.07 eV in
Ce0O, and BSCFR bulk structure, BSCFR-C interface represents the
minimum Eyq, of —1.13 eV (Fig. 3j), which aligns well with the EELS and
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ToF-SIMS findings (Fig. 3d-g)"*****. Proton conduction at hetero-
geneous interface is also explored (Supplementary Fig. 26). After Ru
atom trapping, the proton migration energy of BSCFR (Hopping:
0.16 eV; Rotation: 0.18 eV) is notably lower than the pristine BSCF
(Hopping: 0.52 eV; Rotation: 0.29 eV), realizing a low proton migration
energy similar to that of CeO, (Hopping: 0.22 eV; Rotation: 0.13 eV)*.
Although the average proton migration barrier at the interface is
slightly higher than that of the overall BSCFR and CeO,, the localized
oxygen vacancy channel allows efficient Grothaus-type proton rota-
tion with a migration barrier as low as 0.21 eV, which is close to that of
the bulk phase (Fig. 3k and Supplementary Table 3)*“,

For electrical conductivity, the BSCF-RC30 heterogeneous cata-
lyst achieves an electrical conductivity of 28.5-38.2S cm™ at
300-800 °C (Supplementary Fig. 27), which retains the major metal
conduction contribution and competitive with reported triple-
conducting air electrodes, such as BCFZY (0.4-21S cm™ at
400-800 OC) and Bac00.7(ceo_8Y0.2)0.303.5 (BCCY) (13—4.35 cm™ at
400-800 °C). This multimodal conduction synergy transforms the
engineered interface into a three-phase reaction hotspot, where the
ORR and OER processes couple efficiently with proton diffusion, an
active property not found in any of the individual components.

Electrochemical activity analysis

To evaluate the electrocatalytic performance of the derived air elec-
trodes in R-PCECs, symmetric cells employing BZCYYb electrolyte
were fabricated’. Although the single fluorite-structured RC contains
atomically dispersed Ru active sites, its insufficient oxygen ion/elec-
tronic conductivity hinders charge transport, leading to a very large
polarization resistance (Rp) (-2500 Q cm? at 550 °C) when used as a
standalone air electrode, which is not sufficient to meet the perfor-
mance requirements of R-PCECs (Supplementary Fig. 28). BSCF per-
ovskite has high oxygen ion/electron conductivity, abundant oxygen
vacancies, and its lattice can stabilize the migration of Ru atoms by
forming Ru-O-B (B=Co/Fe) bonds. Upon compositing, BSCF’s good
conductivity compensates for RC’s charge transport limitations, while
the interfacial active sites (generated by Ru trapping) synergize with
BSCF’s oxygen vacancies to enhance oxygen reduction/evolution
kinetics. EIS measurements of bare BSCF and BSCF-RCx (x=20, 30,
40 wt%) heterogeneous electrodes were conducted between 500 and
700 °C under dry air conditions. At 600 °C, the ASR of the bare BSCF
electrode measures 0.52Q cm? while BSCF-RC20, BSCF-RC30, and
BSCF-RC40 electrodes exhibit reduced ASR values of 0.35, 0.28, and
0.36 Q cm?, respectively (Supplementary Fig. 29). This systematic
improvement in oxygen reduction reaction activity with RC catalyst
incorporation highlights enhanced heterogeneous interfacial kinetics.
Among these, the BSCF-RC30 electrode demonstrates optimal per-
formance due to balanced RC content (30 wt%) and interfacial dis-
persion, maximizing synergistic effects. Under practical operating
conditions (5% H,0-air at 600 °C), the BSCF-RC30 electrode achieved a
remarkably low ASR of 0.08 Q cn?, outperforming bare BSCF (0.28 Q
cm?) and other composites (BSCF-RC20: 0.18 Q cm? BSCF-RC40:
0.13Q cm?) (Supplementary Fig. 30). These results confirm that Ru
atom trapping simultaneously enhances ORR activity and oxygen
activation capability in humid environments. For completeness, we
repeated the symmetric-cell test with an independently fabricated
specimen (Cell #2). As shown in Supplementary Fig. 31, the resulting
ASR values deviate by no more than +6% from the previous ones over
500-700 °C, confirming that the low-resistance trend is highly repro-
ducible and intrinsic to the atomic-trapping interface. Activation
energy analysis derived from ASR-temperature dependence (500-
700 °C) reveals values of 1.04, 1.02, 0.94, and 0.96 eV for bare BSCF,
BSCF-RC20, BSCF-RC30, and BSCF-RC40 under 5% H,0O-air conditions,
respectively (Fig. 4a). The minimized activation energy (0.94 eV) of
BSCF-RC30 underscores its enhanced catalytic efficiency and potential
for low-temperature applications. The distribution of relaxation time

(DRT) as an effective means to analyze the EIS was employed to further
explore the electrochemical processes at the air electrode®*®. DRT
deconvolution identifies three polarization contributions: high-
frequency (>10°Hz, charge transfer), mid-frequency (10-10°Hz, sur-
face ion exchange and bulk ion diffusion), and low-frequency (<10 Hz,
surface mass transport) (Fig. 4b). Under 5% H,O-air at 600 °C, the MF
resistance of the bare BSCF electrode is significantly higher than that of
the heterogeneous electrodes with Ru atom trapping, indicating that
the interfacial effects and synergistic interactions in BSCF-RC30 facil-
itate improved surface ion exchange and bulk phase diffusion. Fur-
thermore, the BSCF-RC30 electrode exhibits effective surface mass
transfer properties compared to other electrodes, further emphasizing
the enhanced electrocatalytic performance due to atom trapping.

To confirm the promotion of catalytic activity through Ru atom
trapping, additional electrodes were prepared for comparison. These
included CeO,-modified BSCF (BSCF: C = 70: 30 wt%, denoted as BSCF-
C30), RU'd()ped Bao.Ssro_s(COO.gFeo.z)o.ggRU0.0203.5 (BSCFR0.0Z), and
BSCFR0.02-C30 (BSCFR0.02: C =70: 30 wt%) air electrodes, and their
electrochemical performances were tested using symmetric cells at
500 °C with 5% H,0-air (Supplementary Fig. 32). The corresponding
ASRs are 1.22, 1.31, and 1.19Q cm? for BSCF-C30, BSCFR0.02, and
BSCFRO0.02-C30, respectively, while the ASRs of BSCF and BSCF-RC30
electrodes are 1.50 and 0.57 Q cm” The BSCF-RC30 electrode exhibits
an ASR of only 0.57 Q cm?, markedly lower than BSCF-C30 (1.22 Q cm?),
BSCFR0.02 (1.31Q cm?), and the combined BSCFR0.02-C30 (1.19 Q
cm?). This pronounced advantage arises from Ru trapping, which
establishes a highly active CeO,/BSCF heterointerface, while the effi-
cient charge transfer and abundant vacancies at the interface not only
provide active sites for hydration and oxygen activation, but also
promote ion exchange between the two phases, which is an interfacial
synergistic effect that neither simple CeO, modification nor Ru pre-
doping can provide. These results demonstrate that, while Ru doping
or CeO, composites can enhance BSCF’s electrochemical activity, the
catalytic performance of simple CeO, modification is far less sig-
nificant than the RC catalyst. The improved performance of BSCF-
RC30 is attributed to the trapping of Ru atoms, which not only
enhances oxygen activation but also improves hydration and interac-
tion kinetics between phases.

To assess the universality of the improved interfacial effects and
catalytic activity, we extended the strategy to other Co-based air
electrodes rich in oxygen vacancies, including PrBaCoOs.s (PBC),
BCFZY, STCOO‘gFeo.INbO,IO}G (SCFN), and Lag.¢Sro.4Cop2Feq 8035
(LSCF), known for their marked oxygen activation ability. Indeed,
elemental mapping of the as-prepared BCFZY-RC30 composite (Sup-
plementary Fig. 33) likewise shows Ru exclusively anchored on the
BCFZY side, confirming that oxygen-vacancy-assisted Ru trapping is
both universal and robust across diverse perovskite hosts. EIS tests
were performed on symmetric cells for hybrid electrodes compared to
pristine counterparts (Supplementary Fig. 34). The ASRs of PBC-RC30,
BCFZY-RC30, SCFN-RC30, and LSCF-RC30 electrodes are measured as
2.16,2.00, 2.45, and 2.3 Q cm?, respectively, under dry air conditions at
500 °C. These values show a significant decrease compared to their
pristine counterparts, PBC (4.16 Q cm?), BCFZY (4.38 Q) cm?), SCFN
(4.90 O cm?), and LSCF (5.16 Q cm?), with reductions of 48.1%, 54.3%,
50.0%, and 55.4%, respectively (Fig. 4c), confirming the efficacy of the
atom trapping strategy in enhancing ORR activity across various
perovskite-based materials wealthy in oxygen vacancies. Further EIS
tests under a 5% H,0-air atmosphere (Supplementary Fig. 35)
demonstrate that the catalytic activity of the air electrodes is sig-
nificantly enhanced, particularly in humid air. For instance, the ASRs of
the SCFN electrode are 0.10, 0.23, 0.49, 1.37, and 4.14 Q cm? at 700,
650, 600, 550, and 500 °C, respectively. In contrast, the ASRs of the
SCFN-RC30 electrode at the same temperatures are found to be 0.04,
0.09, 0.16, 0.32, and 0.76 Q cm?, respectively. This reduction in ASR by
60% at 700 °C and 81.6% at 500 °C further emphasizes the benefits of
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Fig. 4 | Electrochemical activity and thermal stability. a Arrhenius plots of the
ASRs of the BSCF and BSCF-RCx (x=20, 30, and 40 wt%) air electrodes under
humidified 5% H,O-air conditions. b DRT analysis of the EIS of the BSCF and BSCF-
RCx air electrodes at 600 °C. ¢ Comparison of ASR values of PBC, BCFZY, SCFN, and
LSCF air electrodes with and without the addition of RC catalyst measured at

500 °Cindry air.d-g Arrhenius plots of the ASRs of the (d) PBC, (e) BCFZY, (f) SCFN
and (g) LSCF air electrodes and their composite RC catalyst at 500-700 °C.

h Stability tests of BSCF and BSCF-RC30 air electrodes at 600 °C for 210 h.i The ASR
response corresponding to 500 °C of symmetric cells with BSCF and BSCF-RC30 air
electrodes during 48 thermal cycles between 600 and 500 °C.

incorporating the RC catalyst for enhancing the electrochemical
activity of the air electrode in humid conditions. Notably, LN-RC30
electrode shows no performance enhancement due to absent Ru atom
trapping, emphasizing the critical role of this mechanism. The ASR of
the LN electrode in humid air ranged from 0.18 to 8.10Q cm? at
700-500°C (Supplementary Fig. 36). However, lack of interfacial
activity and poor ion transport are the main reasons for the LN-RC30
electrode to exhibit low electrochemical activity under dry and humid
air conditions, with ASRs of 0.52 and 0.65Q cm? at 600 °C (Supple-
mentary Fig. 37).

As shown in Supplementary Fig. 38, the activation energies of
PBC, BCFZY, SCFN, and LSCF air electrodes increase upon mixing with
the RC catalyst compared to pristine counterparts under dry air con-
ditions. Interestingly, under 5% H,O-air conditions, the activation
energies of PBC-RC30, BCFZY-RC30, SCFN-RC30, and LSCF-RC30 air
electrodes are lower than those of the pristine counterparts
(Fig. 4d-g). The observed differences in activation energy patterns
under dry and humid air conditions can be attributed to the varying

contributions of the perovskite phase and the RC catalyst to the
electrochemical reactions on the surface of R-PCECs air electrodes. In
dry air, hybrid electrodes exhibit higher activation energies due to
limited oxygen vacancy mobility in the RC phase. Conversely, humid
conditions enable proton migration through CeO,-rich interfaces,
reducing temperature dependence.

The stability of the electrodes is critical for ensuring long-term
performance in R-PCECs. Stability tests on symmetric cells with BSCF
and BSCF-RC30 electrodes were conducted in a 5% H,O-air atmo-
sphere at 600 °C for up to 210 h. As displayed in Fig. 4h, the ASR of the
BSCF electrode increases by 34.9% over the test period, with a growth
rate of 4.81x10*Q cm? h™’. In contrast, the ASR of the BSCF-RC30
electrode shows no significant increase, demonstrating its evident
catalytic stability. The stable performance of the BSCF-RC30 electrode
is attributed to the formation of a protective layer of CeO,, which
mitigates Ba and Sr segregation upon contact with water vapor (Sup-
plementary Fig. 39). Additionally, CeO, exhibits both effective water
adsorption and hydration capabilities and effectively mitigates the Ba
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Fig. 5 | Performance and stability of BSCF-RCx cells in PCFC mode. a Current-
voltage polarization and power density curves at different temperatures for the
BSCF-RC30 air electrode. b Corresponding electrochemical impedance spectra at
open circuit voltage. ¢ Peak power density comparison for BSCF-RCx series cells

operated at 650 and 500 °C. d Arrhenius plots of Ry, for single cells at the test
temperatures. e Long-term stability testing of cells with BSCF-RC30 and BSCF
electrodes at 600 °C in PCFC mode at a constant current density of 400 mA cm™.

and Sr segregation resulting from the contact of the BSCF phase with
water vapor. Not only that, but the BSCF-RC30 electrode behaves
similarly stable under dry air (Supplementary Fig. 40). Further stability
tests were conducted under severe thermal cycling conditions. As
depicted in Fig. 4i and Supplementary Fig. 41, the ASR values of the
BSCF-RC30 electrode increase by 0.06 and 0.25Q cm? at 600 and
500 °C, respectively, over 48 cycles of 180 h. In contrast, the ASR
values of the BSCF electrode under the same conditions increase by
0.12and 0.73 Q cm?at 600 and 500 °C, respectively. The small increase
in ASR of the BSCF-RC30 electrode during thermal cycling demon-
strated the tolerance of the catalyst. This improved performance is
primarily attributed to the BSCF-RC30 electrode’s stable phase struc-
ture, lower thermal expansion coefficient (TEC), and sustained cata-
lytic activity (Supplementary Fig. 42). XRD patterns show that the
BSCF-RC30 hybrid remains pure cubic and fluorite after sintering at
600 °C for 200 h, without the formation of RuO, or alkaline earth
metal second phases (Supplementary Fig. 43). Complementarily, XPS
shows no shift in the Ru 3p binding energy, indicating an unchanged
oxidation state, while TEM-EDS mapping reveals Ru confined to the
BSCF lattice/heterointerface with negligible signal in the CeO, domain
(Supplementary Fig. 44, 18). The unchanged crystal structure, elec-
tronic state, and spatial distribution collectively demonstrate that Ru
remains securely anchored, with no detectable segregation or reverse
migration during extended operation, underscoring the long-term
robustness of the atomic-trapping strategy.

The performance of R-PCECs in PCFC mode

The enhanced heterogeneous interface activity resulting from Ru atom
trapping allows the BSCF-RCx air electrodes to demonstrate compe-
titive performance in R-PCECs. To evaluate the impact of different
composite ratios on the performance of the air electrodes, button cells
with the geometry Ni-BZCYYb|BZCYYbIBSCF-RCx (x=0, 20, 30, and
40 wt%) were fabricated. Dry hydrogen and humid air were used as the
proton and oxygen sources for the fuel electrode and air electrode,
respectively (Supplementary Fig. 45). The current-voltage polarization

and power density curves for the R-PCECs with BSCF-RCx (x =0, 20, 30,
and 40 wt%) electrodes in PCFC mode are presented in Fig. 5a and
Supplementary Fig. 46. Among them, the button cell with BSCF-RC30
electrode obtains peak power densities (PPD) of 1.51, 1.10, 0.82, and
0.54 W cm™ at 650, 600, 550, and 500 °C, respectively (Fig. 5a). The
single-cell performance was likewise reproduced on a second device
prepared under identical conditions. Peak power densities differ by
only 2.2% at 650°C and <3% at 550°C (Supplementary Fig. 47),
underscoring the robustness and reliability of the composite-electrode
design. lllustrated in Fig. 5b, the EIS of this cell, measured at open
circuit voltage (OCV), shows remarkably low R, values of 0.09, 0.13,
0.18, and 0.35 Q cm? at 650, 600, 550, and 500 °C, respectively. These
findings strongly suggest that the high ORR activity of the air electrode
contributes significantly to the performance of this cell. In fuel cell
mode on R-PCECs, the performance of the BSCF-RC30 electrode rivals
that of recently reported top-tier air electrodes such as
PrNig5C00.503.5 (PNC), BCCY, and PBSCF (Supplementary Table 4).
Notably, BSCF, BSCF-RC20, BSCF-RC30, and BSCF-RC40 air electrodes
exhibit PPDs of 0.75, 0.92, 1.51, and 117 Wcm™ at 650°C in PCFC
mode, respectively, demonstrating that incorporating RC significantly
enhances the performance of BSCF. The addition of RC catalyst, with
complex impacts on conductivity, surface mass transfer, ion conduc-
tion, and hydration rate of the air electrode, leads to non-linear per-
formance increases as the mass ratio of RC in the electrode rises. At
650 °C, the BSCF-RC30 cell exhibits a performance improvement of
over 100% compared to employing a BSCF electrode (Fig. 5¢). As the
operating temperature decreases, the performance advantage of the
BSCF-RC30 cell becomes more apparent, particularly at 500 °C, where
it outperforms cells utilizing BSCF, BSCF-RC20, and BSCF-RC40 air
electrodes by approximately 121%, 86%, and 41%, respectively.

The EIS analysis of the cells with various air electrodes provides
insights into the differences in ORR activity of the BSCF-RCx cells at
test temperatures (Supplementary Fig. 46). The corresponding R,
to temperature dependence is shown in Fig. 5d. As anticipated, the
air electrode BSCF-RC30 demonstrates the lowest activation energy
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Fig. 6 | Electrochemical performance and tolerability of R-PCECs in PCEC mode.
a Current-voltage polarization curves for cell made up BSCF-RC30 air electrode at
various temperatures with the fuel electrode and air electrode operating in dry H,
and 10% H,0-air atmospheres, respectively. b Performance comparison of cells
using air electrodes with different RC mass ratios at 650 °C in PCEC mode. ¢ EIS
curve of BSCF-RC30 cell at 1.3 V voltage. d The periodic cycling stability of R-PCEC

with BSCF-RC30 air electrode in PCFC and PCEC modes, tested for 10 minutes at

voltages of 0.8,1.1,0.9,1.2,1.0 and 1.3 V respectively during each cycle. e Hydrogen
production rate and FE of electrolytic cells at different current densities at 600 °C.
f Thermal cycling stability of the cell in PCFC and PCEC modes. g Electrolytic sta-
bility test of R-PCEC under 10% and 50% H,O-air conditions.

at 0.55eV, while the activation energies of BSCF, BSCF-RC20, and
BSCF-RC40 are 1.01, 0.61, and 0.58 eV, respectively. These results
emphasize that heterogeneous interfaces with abundant active sites
and favorable ionic conduction rates can significantly mitigate the
temperature dependence of air electrodes, enhancing the potential for
R-PCECs at lower operating temperatures. Concerning the electrode
stability in fuel cell mode for R-PCECs, Fig. 5e portrays the endurance
of the button cell featuring BSCF-RC30 and the bare BSCF electrodes
operating at a constant current density of 400 mA cm2at 600 °C. Over
the 350-hour testing period, the voltage of the BSCF cell declines
notably from 0.82 to 0.53 V. This decline is primarily attributed to the
significant degradation of BSCF electrode performance, induced by
extensive Ba and Sr segregation during the prolonged testing period
and inadequate thermal compatibility with the BZCYYb electrolyte
(Supplementary Fig. 48). In contrast, the cell equipped with the BSCF-
RC30 electrode displays no apparent deterioration throughout the
400-hour stability test, affirming the competitive thermochemical
robustness of the heterogenous electrode created.

Electrolysis performance and tolerance

R-PCECs featuring varying composite ratios of air electrodes were
subjected to testing in PCEC mode, with the air electrode and fuel
electrode exposed to 10% H,0-air and dry H,, respectively. Figure 6a

displays the current-voltage polarization curves of the cell employing
BSCF-RC30 as the air electrode. At a voltage of 1.3V, the cell’s current
densities reach -2.21, -1.49, -1.07, and —0.58 A cm™ at temperatures of
650, 600, 550, and 500 °C, respectively. Consistent with the electro-
chemical activity results obtained from symmetric cells testing each
electrode independently, the BSCF-RC30 electrode outperforms oth-
ers in the PCEC mode within the specified temperature range. For
instance, at 650 °C, the performances of the BSCF cell, BSCF-RC20 cell,
and BSCF-RC40 cell are —0.98, -1.13 and -1.73 A cm?, respectively. and
the BSCF-RC30 cell outperforms them by 125%, 96% and 28%, respec-
tively (Fig. 6b and Supplementary Fig. 49). In addition, the EIS of the
cell with the BSCF-RC30 electrode in the PCEC mode is measured at
13 V. The resulting R, values are 0.08, 0.14, 0.24, and 0.43 Q cm” at
650, 600, 550, and 500 °C, respectively, underscoring the high OER
activity of the BSCF-RC30 electrode (Fig. 6c). According to our
knowledge, the BSCF-RC30 electrode exhibits competitive perfor-
mance in PCEC mode compared with other reported advanced air
electrodes (Supplementary Table 4)*¢47%,

For R-PCECs, assessing the air electrode’s electrocatalytic per-
formance involves conducting stable cyclic operations between PCFC
and PCEC modes at various voltages. In this study, we subjected
R-PCECs with a BSCF-RC30 electrode to cycling tests at 650 °C,
employing voltages in the sequence 0f 0.8,1.1,0.9,1.2,1.0,and 1.3 Vin
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both fuel cell and electrolysis cell modes, each for a duration of 10 min.
As depicted in Fig. 6d, the cell exhibits consistent and stable perfor-
mance over 96 cycles, with no noticeable degradation observed in
either the fuel cell or electrolysis cell mode. This suggests that the
BSCF-RC30 air electrode maintains stable electrocatalytic activity and
suitability for application. Additionally, Supplementary Fig. 50 illus-
trates our examination of the step-like short-term stability of the BSCF-
RC30 cell in PCEC mode at 600 °C, revealing competitive stability at
voltages of 1.1, 1.2, and 1.3 V.

Faraday efficiency (FE) plays a pivotal role in determining the
energy conversion efficiency and economic viability of R-PCECs.
However, practical electrolysis processes involve various loss
mechanisms, such as electrode reactions, electrolyte ion transport,
and impurity reactions, resulting in actual chemical reactant conver-
sion rates falling short of theoretical maxima. The hydrogen produc-
tion rate and FE of R-PCEC with BSCF-RC30 air electrode were assessed
and calculated under the conditions of 600°C and 10% H,O-air
(Fig. 6e). With an increase in current density from —0.8 to -1.4 Acm™,
the hydrogen production rate rises from 4.12 to 8.06 mLcm™? min™,
Notably, the FE peaks at 88.28% at a current density of -1.2Acm??,
maintaining around 80% even with further increases in current density.
This underscores that a higher FE indicates the potential of R-PCECs for
efficient energy conversion, reduced energy consumption, and the
promotion of sustainable energy development.

Typically, R-PCECs function within the medium temperature
range of 400-650 °C. However, the cyclic variation between high and
low temperatures during operation induces continual shifts in internal
thermal stress and thermal expansion within the cells. This can lead to
issues such as rupture, delamination, or damage, ultimately resulting
in degradation or complete failure of the cells. Hence, ensuring robust
thermal stability is imperative for extending the lifespan of R-PCECs.
Here, we assess thermal stability by monitoring voltage changes in
R-PCECs under PCFC (0.4 Acm™) and PCEC (0.8 A cm™) modes dur-
ing temperature cycling. As demonstrated in Fig. 6f, the cell maintains
stable voltage levels through 10 cycles at 500, 550, and 600 °C in both
PCFC and PCEC modes. This suggests that the air electrode not only
exhibits a stable crystal structure and catalytic activity but also
demonstrates competitive compatibility with the electrolyte. Fur-
thermore, the tolerance and long-term stability of R-PCECs under high
water pressure were investigated. The cell demonstrates stable
operation for 500 h at a current density of -1.4 Acm™ and 600 °C
(Fig. 6g). Notably, during the 200-hour test under 50% high water
pressure, the cell exhibits stable operation without significant perfor-
mance degradation. This indicates that the BSCF-RC30 composite air
electrode boasts electrochemical stability and tolerance. To elucidate
the microscopic origin of this steam tolerance, we next examined
whether deleterious surface species develop on the air electrode under
humid air conditions. To clarify why the BSCF-RC30 electrode with-
stands high steam pressures so well, we examined its surface after 24 h
in 10% H,0-air at 600 °C. BSCF-RC30 retains a clean morphology,
showing no detectable carbonate or hydroxide deposits, which is
attributed to the strong interaction of the heterogeneous interface
that inhibits the outward migration of alkaline earth metals from the
BSCF bulk phase and the high-surface-area CeO, wrapped on the sur-
face to avoid contact with H,O/CO, (Supplementary Fig. 51). In con-
trast, pristine BSCF forms flaky carbonates after air calcination and
densely distributed hydroxide nanoparticles after prolonged wet
treatment, which can shorten the triple-phase boundary and slow
down proton transfer®,

Discussion

The dynamic reconstruction of heterogeneous interfaces through
thermally activated atomic migration emerges as a paradigm-shifting
strategy for achieving stable bifunctional catalysis in proton ceramic
electrochemical cells. By harnessing thermodynamic phase equilibria

to drive Ru atoms to traverse the fluorite-perovskite interface, we
demonstrate a self-optimizing BSCF-RC30 heteroelectrode that fun-
damentally enhances the interfacial structure and improves interfacial
activity. Spectroscopy and DFT calculations reveal that oxygen
vacancy-facilitated Ru migration creates covalent metal-oxygen
bridges with tailored electron redistribution, establishing fast ion
transport networks while enhancing interfacial coupling. Such atom-
trapping-based interfacial architecture synergistically maximizes triple
conductivity and hydration kinetics, yielding notable performance and
stability—PCFC and PCEC modes performance of 1.51Wcm™ and
2.21 A cm™@L.3 V, respectively, at 650 °C, while stabilizing electrolysis
at high water pressure over 500h. Crucially, the universality of
this atomic trapping mechanism is validated across diverse Co-based
perovskites rich in oxygen vacancies. This work transcends
conventional interface engineering by demonstrating dynamic inter-
facial self-optimization under operating conditions and providing
guidance for the design of next-generation adaptive bifunctional cat-
alytic materials.

Methods

Materials

Ba(NO3)2, Sr(NO3)2, CO(NO3)2'6H20, Fe(NO3)3-9H20, ZF(NO3)4'5H2
o, Ce(NO3)3‘6H20, Gd(NO3)36H20, Nb(NO3)3, La(NO3)3-6H20, Nl(NO
3)2'6H,0, ethylenediaminetetraacetic acid (EDTA), citric acid (CA)
monohydrate, isopropyl alcohol, ethylene glycol, glycerol, and
ammonia were all analytically pure and purchased from Sinopharm
Chemical Reagent Co., Ltd. Pr(NOs);-6H,0, Y(NOs);-6H,0, and
Yb(NO5)5:5H,0 with a purity of 99.9% were purchased from Shanghai
Aladdin Biochemical Co., Ltd. The Ru-based purity of the ruthenium
trichloride aqueous solution was 35.0-42.0%, also purchased from
Shanghai Aladdin Biochemical Co., Ltd.

Synthesis of catalysts

The powders of BSCF, PBC, LSCF, SCFN, BCFZY, LN, and BZCYYb
were all prepared via a citrate-EDTA sol-gel route. All powders/pel-
lets were stored at room temperature under dehumidified condi-
tions (desiccator) until use. In a typical run (illustrated here for
BSCF), stoichiometric amounts of Ba(NOs3),, Sr(NOs),,
Co(NO3),-6H,0, and Fe(NO3)3-9H,0 were first dissolved in deionized
water. Separately, citric acid and ethylenediaminetetraacetic acid
were co-dissolved in ammonia; this chelating solution was then
added to the metal nitrate mixture, and the pH was adjusted to ~7.
The overall molar ratio of CA: EDTA: total metal ions was maintained
at 2:1:1. Under continuous stirring and gentle heating, the suspen-
sion gradually transformed into a clear gel. This gel was dried in an
oven at 180 °C to remove residual water, yielding a fluffy precursor
powder, which was finally calcined in air at 1000 °C for 5 h to afford
the crystalline perovskite oxide. The Ru@CeO,s catalyst was
obtained by a co-precipitation procedure. Ce(NO5)3:6H,0 was dis-
solved in water at 80 °C, and concentrated ammonia was added
dropwise until the solution reached pH -9, inducing cerium hydro-
xide precipitation. Then, the corresponding RuCl; solution was
added at a metal atomic ratio of 5% and stirred at 80 °C for 3 h. After
cooling to room temperature, the slurry was aged for 12 h, then
subjected to three cycles of centrifugation and ultrasonic washing to
remove residual chloride. The washed precipitate was dried and
finally calcined at 600 °C for 3 h to yield the RC catalyst powder. All
composite electrodes were prepared by ball-milling at 400 rpm for
30 min. BSCF and RC were mixed at 80:20, 70:30, and 60:40 (wt%) to
obtain BSCF-RC20, BSCF-RC30, and BSCF-RC40, respectively. Like-
wise, PBC, LSCF, SCFN, BCFZY, and LN were each combined with RC
at 70:30 (wt%) to yield M-RC30 composites (M denotes the corre-
sponding oxide). In addition, BSCF and BSCFR0.02 were each
combined with CeO, at 70:30 (wt%) to produce BSCF-C30 and
BSCFR0.02-C30 electrodes.
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Cells fabrication

The hydrogen-electrode support was first produced by die-casting a
blend of BZCYYb, NiO, and starch (mass ratio 6.5: 3.5: 1). A 0.35g
portion of this powder was then compacted into a 15 mm-diameter
disk under 100 MPa via uniaxial pressing. These green pellets were
sintered in air at 1000 °C for 2 h to yield the pre-treated support layer.
To deposit the BZCYYb electrolyte, 1 g of its powder was dispersed in a
mixture of 10 mL ethanol, 2 mL ethylene glycol, and 0.1g ethylcellu-
lose, and milled at 400 rpm for 60 min. The resulting slurry was drop-
cast onto the support by spin-coating at 8000 rpm for 30 s, repeating
this cycle three times. The coated half-cells were then fired at 1450 °C
for 5h to form the dense electrolyte. For full-cell assembly, an air-
electrode ink was prepared by ball milling the electrode powder with
isopropanol, ethylene glycol, and glycerol in a ratio of 1g: 10 mL: 2 mL:
1mL. This slurry was sprayed onto the electrolyte side of each half-cell
at 150 °C, then calcined at 800 °C for 2 h, giving a functional cell with
an air-electrode area of 0.28 cm? Symmetric cells were made by die-
casting 0.4 g of electrolyte powder containing 1 wt% NiO sintering aid
into disks and sintering at 1450 °C for 10 h to obtain dense pellets. The
dense pellets were polished, then sprayed with electrode paste and
sintered (800 °C, 2 h) to complete a symmetrical configuration with a
single-sided air electrode area of 1.06 cm? The air electrode loading in
both single and symmetric cells after calcination was approximately
20 mgcm™ Finally, silver wire and silver glue (DAD-87, Shanghai,
China) were used as the current collectors and sealant. Data for
replicated work have come from parallel experiments using the same
electrode preparation method.

Characterizations

X-ray diffraction patterns were collected on a Rigaku Smartlab dif-
fractometer using Cu-Ka radiation (A =1.5418 A), and the diffraction
data were refined in TOPAS-4.2 to extract precise lattice constants.
F20ST TEM/STEM was employed to observe the microstructure and
crystal structure of the samples, and HR-TEM, Mapping and STEM at
200 kV were used to capture images. Structural features of the cells
were examined using a Hitachi S-4800 SEM. The size change of the air
electrode materials in air was detected by Netzsch 402 C/3/G and TEC
were calculated. EELS data were acquired using a Hitachi HT7700
operated at 120kV. BET and XPS tests were carried out using a
Quantachrome Autosorb-iQ3 and a PHIS000 VersaProbe spectro-
meter, respectively. TGA (Model STA 449 F3, NETZSCH) and O,-TPD
(MS, Hiden, HPR20) were used to measure the mass loss and oxygen
volatilization of the dried powder samples. ToF-SIMS (ToF-SIMS 5
iontof), H,O-TPD (MS, Hiden, HPR20), and IR (IS50 FTIR) were used to
analyze the hydration capacity of the samples. Samples were pre-
treated in a 10% H,O-air atmosphere at 500 °C for 5h, followed by
natural cooling to room temperature. Spectra were acquired at room
temperature in static ambient air using a Fourier-transform IR spec-
trometer. For the H,O-TPD test, samples were heated from room
temperature to 1000 °C at a rate of 3 °C min™ under flowing nitrogen
(N3, 50 mL min™). Desorbed water species (H,0, m/z=18) were mon-
itored in real time using a mass spectrometer. Finally, XAS were
recorded at a soft-X-ray beamline of the Taiwan Synchrotron to
investigate local electronic and structural environments.

Electrochemical measurements

EIS was carried out on symmetric cells at open circuit voltage using a
voltage amplitude of 10 mV over the frequency range from 10° to
0.01 Hz . All measurements used a 100 mL min™ gas flow, and humidity
was regulated via a high-pressure constant-current pump (LC100
HPLC). Data were recorded on a Solartron 1287 potentiostat coupled
with a 1260 A frequency response analyzer. Single-cell evaluation was
performed by sealing the cell in a quartz tube with silver adhesive: the
fuel electrode faced the tube’s interior (dry H, at 80 mL min™) while
the air electrode was exposed to humidified air (10vol% H,O,

100 mL min™). I-V-P and I-V characteristics in both fuel-cell and elec-
trolysis modes were measured using a Keithley 2420 source meter. For
EIS in fuel-cell mode, spectra were acquired at OCV between 10° and
0.1 Hz with a voltage amplitude of 20 mV; in electrolysis mode, impe-
dance was recorded at 1.3V from 10° down to 0.1Hz with a voltage
amplitude of 100 mV. All impedance data a collected and processed
using Zview software. The polarization curves and stability tests in
R-PCECs were obtained without iR-correction. For the Faraday effi-
ciency test, a single cell employing the same current collection and
sealing method was used. The fuel electrode was exposed to hydrogen
during temperature rise and converted to argon when the OCV was
stabilized, while the air electrode was constantly exposed to a 10%
H,0-air environment. The cell was tested for FE at a constant current
density (between -0.8 and -1.4Acm™ in gradual increments of
-0.1A cm™). The gas on the effluent side was analyzed in real time by a
GC-9860-5CNJ gas chromatograph equipped with a thermal con-
ductivity detector after 30 min of stabilization after the current was
applied. To determine electrical conductivity, 0.8 g of air-electrode
powder was uniaxially pressed at 100 MPa into a 15 mm x 5mm rec-
tangular bar, then sintered in air at 1130 °C for 10 h. Conductivity was
measured by the DC four-probe method under flowing air
(100 mL min™) over the temperature range 300-800 °C. Except for the
BSCF-RC30 electrode, which was tested in both parallel symmetrical
cells and single cells, all other electrochemical tests and comparisons
were performed only once.

DFT calculation details
All DFT calculations were performed in Vienna Ab initio Simulation
Package (VASP)*. Plane-wave pseudopotentials were constructed with
the full potential projector augmented wave (PAW) method®’, and the
exchange correlation was treated with the generalized gradient
approximation (GGA) Perdew-Burke-Ernzerhof (PBE) functional®, with
spin polarization and aspherical contributions both considered. A
simplified rotationally invariant approach to DFT+U was also
applied®, with Hubbard U-value of 6.3, 5.3, 3.3, and 5 for Ni, Fe, Co, and
Ce, respectively. In total, 4 bulk phases are included in DFT calculation,
namely, BSCF, BSCFR, C, and LN. A cutoff energy of 500 eV was used
during the geometry optimization. The energy convergence criterion
of 10%eV and the force convergence criterion of 0.02 eV/A were used
for electronic and ionic steps, respectively. The K-mesh was 4 x4 x2
for LN and 4 x 4 x 4 for other bulk phases (Supplementary Table 5).
Hydration energy (Eyq,) of BSCF and BSCFR are based on the unit
cell, while that of C and LN are based on the 2x2x2 and
2 x 2 x1supercells, respectively. The energies of these simulation cells
(i.e., unit cells or supercells) were labeled as E. For a typical hydration
reaction shown in following Eq. (1)%, Eng; can be obtained with Eceppy,
Eio, Eoz denoting the energy of simulation cell with an extra proton,
isolated water, and oxygen gas molecule using the following Eq. (2):

H,0+0%+V;=20H, @

Epar = 2E cert_py + Ecert — Eqer — Erno )

Due to the very limited amount of proton, the charge on all
simulation cells were kept neutral. The energy barriers of proton
migration (i.e., hopping or rotation) were determined by CI-NEB
method. All surface slabs and interface structures constructed along
the z-direction, with a vacuum layer over 15 A. Before the construction
of interface structure, 4-layer surface slabs of C (110), BSCF (110), and
LN (103) were first cleaved. After that, BSCF-C interface structure was
built based on BSCF (110) surface slab and 2 x 2 supercell of C (110)
surface slab, while LN-C interface structure was based on 2 x 1 supercell
of LN (103) and 2 x 5 supercell of C (110) surface slab. The K-meshes of
2x1x1 and 1x1x1 were used for BSCF-C and LN-C interfaces,
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respectively, and the corresponding lattice parameters and mis-
matches were provided (Supplementary Table 6). During the geometry
optimization and the following calculation of Eng, and proton trans-
port energy barriers in these interfaces, only atoms in the two interface
layers were allowed to move, while atoms in other layers were fixed.
Also, loose convergence criteria of 10°eV and 0.05eV/A were used
due to the high computational cost of interface structures. Regarding
Ru migration across the interface, Ru atom was placed as a
4-coordinated interstitial atom in the side of C and a substitution atom
of Co in the BSCF side, respectively. The corresponding two config-
urations were used as the starting and ending points in the CI-NEB
calculation of Ru migration energy barriers.

Data availability
All data generated in this study are provided in the paper and Sup-
plementary Information file. Source data are provided with this paper.
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