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Experimental Details

Preparation of Oxygen Electrode Powders. The oxygen electrode powders were synthesized
using the EDTA-citric acid method. Initially, a stoichiometric quantity of metal nitrates (obtained
from Aldrich Chemicals) was combined with ethylenediaminetetraacetic (EDTA) and citric acid
(CA) in deionized water, maintaining a molar ratio of metal ions to EDTA to CA of 1: 1: 2.
Ammonium hydroxide was employed to adjust the pH to 6. Subsequently, the water was
evaporated, yielding a gel that was calcined at 300°C for 10 hours. The resulting primary powder

was ground and subjected to further calcination at 1000°C for 5 hours.

Preparation of Electrolyte Powders. The electrolyte powders BaZro1Ceo7Y0.1Ybo.103-5
(BZCYYb1711) and BaSno.1Ceo.7Yho2035 (BSCYb172) were synthesized using the solid-state-
reaction method. Stochiometric amounts of barium carbonate, zirconium oxide, cerium oxide,
yttrium oxide, ytterbium oxide, and tin oxide powders (obtained from Aldrich Chemicals) were
subjected to ball milling at 400 rpm for 4 hours in ethanol. Subsequently, the mixture was dried
and calcinated at 1100°C for 10 hours in the air. Following calcination, the powder underwent
another round of ball milling (at 400 rpm for 4 hours) and calcination (at 1100°C for 10 hours)

before being utilized for further applications.

Fabrication of Strip Samples. The green strip samples were fabricated by uniaxially dry
pressing the PrBaCo1.9Hf0.1065 (PBCHf10) powders, followed by sintering at temperatures of
1200°C and 1150°C, respectively. Employing Archimede’s drainage method, it was determined
that the relative density of the sintered samples exceeds 97%, fulfilling the requisite for

subsequent measurement of transport properties.



Fabrication of Symmetrical Cells. Smo.2Ceo.801.0 (SDC) pellets were crafted through uniaxially
dry pressing of commercially available SDC powder (Fuel Cell Materials, US). Subsequently,
the pressed pellet underwent a sintering process at 1450°C for 5 hours, resulting in a relative
density of approximately 98%. Similarly, BZCYYb1711 pellets were synthesized utilizing
BZCYYb1711 powder, with the incorporation of a 1 wt% NiO additive. For the oxygen
electrodes, deposition onto the electrolyte surface was achieved using a screen-printing
technique. A slurry comprising oxygen electrode powder and a-terpineol (6% ethyl cellulose)
with a weight ratio of 0.7: 1 was utilized. The slurry was printed on both sides of the electrolyte,
followed by drying at 70°C for 30 minutes, and subsequent calcination at 950°C for 2 hours to

form the porous oxygen electrode layer.

Fabrication of Single Cells. The Ni-BSCYb172 fuel electrode-supported single cells were
meticulously crafted through co-tape casting and co-sintering techniques. Initially, the
BSCYDb172 electrolyte layer, NiO-BSCYb172 functional layer, and NiO-BSCYb172 supporting
layer were sequentially cast onto the Mylar film. Subsequently, by co-sintering was performed at
1400°C for 5 hours in the presence of air. The fabrication process for the oxygen electrode layer

mirrored that of symmetrical cells.

Testing Conditions of Single Cells. For electrochemical performance testing, single cells were
mounted on alumina supporting tubes using Ceramabond 552 (Aremco). The fuel electrode was
fed with 20 sccm humidified H> (3% water vapor pressure) and the oxygen electrode was

exposed to 100 sccm humidified air (3%, 30% water vapor pressure). Steam concentration was



regulated by a humidification system (Fuel Cell Technologies, Inc.). Cell performance was
evaluated using an Arbin multi-channel electrochemical testing system (MSTAT).
Electrochemical impedance spectra (EIS) were acquired with a Solartron 1255 HF frequency
response analyzer interfaced with an EG&G PAR potentiostat model 273 A, utilizing an AC
amplitude of 10 mV in the frequency range from 100kHz to 0.01 Hz. Distribution of Relaxation

Times (DRT) analysis was conducted with a homemade MATLAB script.

Characterizations. XRD measurements were conducted using a Panalytical X’Pert Pro Alpha-1,
equipped with CuKal radiation and XCelerator detector, with the 20-80° range. The cross-
sectional microstructure and morphology of the powders and cells were examined using a
scanning electron microscope (SEM, Hitachi SU8010). Transmission electron microscopy
(TEM, JEOL 4000EX) was employed to scrutinize the microstructure and morphology of the
PBCHTf10 electrodes. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo K
Alpha for excitation and a 180°, double-focusing, hemispherical analyzer with a 128-channel
detector and 10-400 um spot size. To analyze the distribution of oxygen-related species within
the bulk material, ion etching was carried out prior to XPS analysis. The ion etching process
utilized an EX06 lon Source, which operated at a high voltage of 3000 eV for a period of 180
seconds. Thermogravimetric analysis (TGA) tests were carried out using a NETZSCH Jupiter
STA449 F3. In-situ XRD measurements were conducted with a BRUKER D8 PHASER,
utilizing CuKa radiation under two atmospheres: air, and wet air (air with 3% water vapor

pressure). Temperature ranges spanned 50 to 700°C, with increments of 50°C.



Determination of Mechanical and Chemical Compatibility. The dilatometer investigations
(NETZSCH DIL402C, Germany) were implemented with PBCHf10 strip sample to obtain the
thermal expansion coefficient (TEC), evaluating the mechanical compatibility between PBCHf10
and electrolyte. To evaluate the chemical compatibility between PBCHf10 and electrolyte,
powders of PBCHf10 were physically mixed with SDC or BZCYYb1711, respectively. These
mixtures were then calcinated at 950 °C for 2 hours. Post-calcination, XRD measurements were

performed on the resulting powders to assess their chemical compatibility.

Determination of transport properties. The oxygen surface exchange coefficient (kchem) and
chemical oxygen bulk diffusion coefficient (Dchem) for PBCHf10 were determined using
electrical conductivity relaxation (ECR) measurements, conducted between 550 and 650 °C
utilizing a four-probe technique via Keithley-2700 instrument, and the electrical conductivity
values are also collected. The experimental setup involved cyclically alternating the atmosphere
between air and pure oxygen, thereby deriving normalized conductivity curves for both ORR and
oxygen evolution reaction (OER). The kchem and Dchem related to ORR and OER processes were

extracted using a homemade MATLAB script, with results illustrated in.

Supplementary Notes

High-throughput Calculation. All high-throughput calculations were conducted employing
density functional theory (DFT) within the Vienna ab initio simulation package (VASP)"2. The
exchange-correlation effects in the Kohn-Sham equations were accounted for using the Perdew-
Butke-Ernzerhof (PBE) functional under the generalized gradient approximation (GGA)?.

Pseudopotential and Ues values for each element were sourced from Supplementary Table 1,



following recommendations from the Material Project®. The energy cutoff and convergence
criteria were set as 400 eV and 4x1072 eV, respectively. Electronic optimization utilized the
RMM-DIIS algorithm, while ionic optimization employed the conjugate gradient method.

For the 4455 distinct B-site doping and 184 A-site doping candidates, their most energetically
favorable atomic distributions were determined through Molecular Dynamics — Monte Carlo
simulations, utilizing M3GNet as the interatomic potential® 8. These simulations were executed
at 298.15K using the Nose-Hoover thermostat in the NVT ensemble with a time step of 1
femtosecond, implemented via the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS). Every 1000 steps, a Monte Carlo swap was performed independently on the A-site
and B-site elements, with acceptance of the swap determined by whether it reduced the total
energy. The simulation continued until the element distribution reached equilibrium and no
longer changed. Structural relaxation and static calculation were performed successively for each
material to obtain their DFT energy. Subsequently, accessing the Materials Projects database and
applying the energy shift using the temperature and pressure dependence of the gas species, the
Enun value at oxygen electrode operation condition (T = 600 °C and p(0,) = 0.21 atm) was
obtained using the energy derived from the static calculation’. The chemical potential of oxygen

is defined as follows:
P
Ho,(T,P) = Egjoc + ZPE + f Cp(02)dT —T % S(02) + k + T xIn (5

where E,;, is the calculated electronic energy, ZPE is the zero-point energy, C,(0) is the heat
capacity available from NIST database, S(0,) is the entropy contribution available from NIST
database, and the temperature (T') and partial pressure (P) were assumed to be 873.15K and 0.21
atm®®, respectively. For the state-of-the-art oxygen electrode shown in Fig. 1b, to align the

stoichiometry of these benchmark materials with our screening model, we constructed bulk



models of Lag.625S5r0.375C00.1875F€0.812503, Bao.5sSro5C00.8125F€0.187503, SMo.5SrosC003,

BaCoo.375F€0.375Zr0.125 Y 0.12503, and PrBag 5Sro.5C01.5Fe0.50s, as depicted in Fig.S9.

Theoretical Basis of Decomposition Analysis. The theoretical basis of decomposition analysis
originates from the study of phase diagrams. To illustrate, we utilize the Co-O binary phase
diagram (Fig. S6) at 0 K as a case study. The formation energy (Er) of elements, Co (mp-102)
and Oz (mp-611836), is set as 0 eV/atom, while the Er of compounds is determined by
subtracting the energies of constituent elements in their standard states from the compound’s
energy, each multiplied by their respective stoichiometric coefficients. This metric elucidates the
ease of compound formation from elements. By linking stable phases with the lowest Er, such as
CoO (mp-22408, F43m), Co304 (mp-1271793), and CoO2 (mp-1400906), and considering the
elements, we construct a convex hull, delineating stability boundaries. The thermodynamic
stability of compounds beyond the convex hull is described by the energy above the convex hull
(Enun) value. For instance, CoO (mp-19275, 14/mmm), with an Enui of 0.132 eV/atom, may
undergo a phase transformation to F43m, reducing its Enui. While Co7012 (mp-2215229) could
decompose, yielding Co304 (mp-1271793), and CoO, (mp-1400906) with fractions of 0.33 and
0.67. The energy disparity between compounds and their decomposition products signifies
decomposition tendencies, while the fractions of each decomposition products provide
quantitative insights. Leveraging our script “DecompositionAnalysis.py” yields decomposition
products alongside their fractions, furnishing both energetic and quantitative details for potential
phase transformations or decompositions.

To validate the universal applicability of DA method, it was applied to the state-of-the-art

oxygen electrode, such as LSCF, BSCF, SSC, BCFZY, and PBSCF. For LSCF, the predominant



decomposition product, LaFeOs, with the lowest Er of -2.226 eV/atom and highest fraction of
0.625, fosters a propensity for the separation of La and Sr, offering a plausible explanation for
the noted Sr segregation in LSCF®, as illustrated in Fig. S10a. In the case of BSCF,
decomposition into BaCoO3 (Er = -1.426 eV/atom, P6z/mmc) at a fraction of 5/12, intimates a
possible phase transition from a corner-shared cubic phase to a face-shared hexagonal phase®,
highlighted in Fig. S10b. Leveraging these characteristics, Liu et al. developed a synergistic
cubic-hexagonal dual-phase oxygen electrode for PCECs by modulating the stoichiometric ratio
of the A-site/B-site in BSCF°. SSC, PBSCF, and BCFZY, with their relatively low Enu values
(0.183, 0.261, 0.345 eV/atom, respectively) as shown in Fig. S10 c-e, exhibit relatively good
stability. However, SSC is susceptible to forming a secondary phase Sm,Qs, particularly when
synthesized via the sol-gel method!! — a tendency confirmed by the identified decomposition
product Sm203 (Er = -3.236 eV/atom) with a fraction of 0.25. BCFZY notably prefers the
formation of BaZrOs (Er = -3.016 eV/atom) and Y203 (Er = -3.286 eV/atom), given the
substantial Er differential between these decomposition products and BCFZY (Er = -1.46
eV/atom). Decomposition analysis of PBSCF reveals a notable decomposition tendency, leading
to the formation of Pr.Oz (Er = -2.986 eV/atom). When directly compared, PBC emerges as
superior in thermodynamic stability, evidenced by a much lower Enui of 0.134 eV/atom. This is
further corroborated by the insignificant disparity observed between the Er of PBC and its
decomposition products, as illustrated in Fig. S10f.

Further examination of the DA theory was carried out on a spectrum of PBC-derived materials
scrutinizing its precision. Fifteen distinct PBC-derived materials, doped with a variety of
elements (M = Bi, Ce, Ga, Hf, In, Mo, Nb, Sb, Sc, Sn, Ta, W, Y, YD, and Zr) at a 6.25% doping

content, were synthesized via the sol-gel method and analyzed through X-ray diffraction (XRD),



as displayed in Fig. S11. These materials are denoted as PrBaCo1.875Mo.12505+5 Or succinctly
PBCMO0625. To delineate the secondary phases, the XRD patterns of pristine PBC were
juxtaposed with each material for straightforward comparison. Secondary phases for each
material were also identified, with their XRD data sourced from Inorganic Crystal Structure
Database (ICSD)2. Notably, among these 15 PBC-derived materials, PrBaC01.6755C0.1250s-5 and
PrBaCo1.875Y0.12505+5 exhibited no secondary phases, indicating PBC’s tolerance for Sc and Y
doping. The DA method accurately forecasted the emergence of secondary phases in 10 of these
materials, as demonstrated in Fig. S12. Nonetheless, anomalies were observed on Sh, Sn, and Ta.
PrBaCo1.875Sho.12505+5 and PrBaCo1.875SNo.12505+5 unexpectedly formed BaPrOs (Er = -2.266
eV/atom, Enyi = 0.11 eV/atom), while PrBaCos.s75Ta0.12505+5 notably decomposed by producing
BasC0s5014 (EF = -1.443 eV/atom, Enun= 0.01 eV/atom). It is essential to acknowledge that DA’s
sensitivity to phase diagrams mirrors that of the Enui theory, as DA fundamentally stems from it.
Both BaPrOz and BasCos014, being identified as metastable structures in the current database,
eluded detection for potential decomposition during the DA process.

The efficacy of DA is unequivocally proved through its successful application to state-of-the-art
oxygen electrodes and its precision in discerning subtle differences among a variety of PBC-
derived materials. The synergy of Enui theory and DA method substantially augments our
understanding of perovskite oxide materials. For materials with relatively low Enui values, DA
provides intricate insights into potential decomposition tendencies, thereby preventing pseudo-
stable materials screened within a vast chemical space. Conversely, for materials with relatively
high Enun values, DA identifies detailed decomposed products, offering precise guidance for the
development of self-generated composite electrodes. In our research, DA facilitates a

comprehensive assessment of potential decomposition products across all 4455 materials,



providing an extensive blueprint for perovskite materials design. This approach entails
evaluating over 30,000 diverse materials, a fifth of the entire Materials Project database, to
construct the potential energy surface, delivering invaluable insights into the thermodynamic
stability and potential decomposition behaviors. All scripts are accessible via

https://github.com/XueyuHu/HighthroughputCalculation/.

Detailed DFT-based Calculation. All spin-polarized calculations were conducted using the
DFT method with the VASP. The PAW method was employed, incorporating atomic
configurations for Hf([Kr]5p®5d26s?), Pr([Kr]5s25p®6s?) Ba([Kr]5s°5p®6s?), Co([Ne]3d’4s?),
O([He]2s?2p*), and H(1s') to accurately depict interactions between ionic core electrons and
valence electrons. To account for exchange correlations in the Kohn-Sham equations, the GGA
with PBC functional was utilized. Additionally, GGA+U with Uefs = 3.3 eV was incorporated to
capture correlated electrons within the Co 3d-orbital **. The energy cutoff and convergence
criteria were set at 520 eV and 10”7 eV, respectively, ensuring computational accuracy.
Structures relaxation was pursued until the force on each atom was below 0.02 eV A,
employing the RMM-DIIS algorithm for electronic optimization and conjugate gradient for
optimization.

For the pristine PrBaCo20s.s5, a supercell of PrBaCo,0s with dimensions 2a X 2a X 2a was
constructed (Fig. S31), comprising 4 Pr, 4 Ba, 8 Co, and 24 O atoms to delineate its properties.
To assess the activity of PrBaCo20s:s, low-index (001) surfaces were cleaved with BO> surface
terminated®*. All potential BO,-terminated (001) surfaces were evaluated, with the most
energetically favorable one selected for further analysis. A similar procedure was applied to

Pr1.125Bao.s75C0206, and BaHfOs to characterize Pr-excessive PBC and BaHfOs-s. In exploring



the catalytic behavior of the PBC-BHO interface, a hybrid PBC-BHO structure was constructed
by concatenating PBC and BHO. Various configurations were considered and the most
energetically favorable structure was identified for in-depth analysis (Fig. S31). Similarly, low-
index (001) surface was cleaved with BO- surface termination (Fig. S28). Vacuum layers of 15
A were introduced to mitigate inter-slab interactions between neighboring cells, while dipole
correction was applied to maintain computational accuracy.

The detailed pathways of oxygen reduction reaction (ORR) and proton-involved oxygen
reduction reaction (PI-ORR) were meticulously simulated utilizing the climbing image nudged
elastic band (C1-NEB) method®®. For this analysis, three to five intermediate images were
employed, with forces minimized to 0.02 eV A1, Microkinetic analysis, grounded in transition
state theory, was performed to validate the calculations®. Additionally, Bader charge analysis
was conducted to illustrate charge transfer information. Systematically exploring all feasible
elementary steps for ORR, we extensively discussed the most favorable pathways.

Ab initio molecular dynamics (AIMD) simulations were carried out using VASP, with the Nose-
Hoover thermostat implemented in the NVT ensemble. Machine learning force fields (MLFFs)
were developed for PBC and BHO at 400, 500, and 600 °C, respectively, incorporating proton in
advance, with a training time of 10 ps. Subsequently, these well-established MLFFs were utilized
for extended simulation duration of 100 ps (Fig. S34). The mean squared displacement (MSD),
vibrational density of states (VDOS), and protonic diffusion coefficient (D) were computed
using vaspkit!’. As illustrated in Fig. S35, two distinct vibrational modes emerge at 783 cm™ and
3347 cmt, signifying the reorientation and hopping of protons during the simulation process.

Additionally, the trajectories of protons in both PBC and BHO are depicted in Fig. S36.
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Experimental Assessment on Catalytic Activity for ORR. The integration of Pr-rich PBC and
BHO as composite electrode has resulted in exceptional ORR activity. This significant
achievement is evidenced by comprehensive electrochemical impedance spectrum (EIS)
measurements conducted with symmetrical cell configurations of PBC(Hf)/SDC/PBC(Hf), as
illustrated in Fig. S15. The substitution of Hf for Co in PBC led to a significant enhancement in
catalytic activity. Specifically, at 600 °C, the polarization resistance (Rp) exhibited remarkable
decreases from 0.152 Q cm? for pristine PBC to 0.142 and 0.073 Q cm? for PBCHf05 and
PBCHTf10, respectively. However, further increasing on Hf doping content beyond x = 0.1
diminished the electrochemical performance, with Ry, slightly rising to 0.084 and 0.092 Q cm?
for PBCHf15 and PBCHf20, respectively. A V-shape relationship is observed for both R, and its
corresponding activation energy (Ea), with PBCHf10 displaying the optimal chemical
composition, thus demonstrating superior ORR/OER performance (Fig. S16). This is evidenced
by the lowest recorded Rp of 0.022, 0.038, 0.073, 0.166 and 0.400 Q cm? at temperatures 700,
650, 600, 550, and 500 °C, respectively, alongside the lowest E, of 0.95 eV. This performance
marks a significant advancement over existing state-of-the-art electrodes, as highlighted in Fig.
S17.

Distribution of Relaxation Time (DRT) analysis was utilized to elucidate the mechanisms driving
ORR activities. At an operating temperature of 600 °C, two distinct peaks were identified, each
corresponding to separate elementary steps in the ORR/OER process, as detailed in Fig. S18.
The electrochemical process with the higher frequency peak was determined to be the primary
contributor to the overall Rp. To identify the electrochemical step corresponding to each peak,
EIS tests were performed with PBCHf10/SDC/PBCHf10 symmetrical cells at 600 °C across

various oxygen partial pressures (Fig. S20a). Subsequent DRT analysis was carried out, detailed
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in Fig. S20b. Consistent with results observed under ambient air (Fig. S18), two distinct peaks
were identified, signifying two separate elementary steps contributing to the overall ORR. The
high-frequency peak, which has a larger area, constitutes the majority part of the total R,. The
area under both peaks were integrated to ascertain their respective contributions to the total R.
An evident reduction in both peaks was observed as the oxygen partial pressure increased,
leading to the application of linear fitting to determine the reaction order (n) for each step, based
on the relationship In (R,) « nln(p0,) (Fig. S20c). The electrochemical process associated with
the high-frequency peak has a reaction order of 0.36, which is assigned to the oxygen
dissociation process (n = 0.375). On the other hand, the process associated with the low
frequency peak has a reaction order of 0.98, indicating that it corresponds to oxygen transport
process (n = 1), These analyses indicate that the doping with Hf significantly enhanced the rate
of oxygen dissociation process in PBCHf10, the critical rate-determining step in ORR/OER.
Further DFT-based calculations were performed to gain critical insight into the mechanism of the
exceptionally high ORR activities of PBCHf10. Three configurations were constructed, PBC, Pr-
rich PBC and PBC-BHO, to simulate the pristine PBC, the primary phase of PBCHf10, and the
interface of PBC-BHO within PBCHf10, respectively, as illustrated in Supplementary Fig. 31.
Through projected density of states (PDOS) analysis, the p-band center value for the hybrid
PBC-BHO structure was found to be -1.52 eV, in contrast to -2.13 eV for PBC and -1.81 eV for
Pr-rich PBC (Supplementary Fig. 19), suggesting the enhanced oxygen dissociation process
primarily due to the present of PBC-BHO interface?. Subsequently, a comprehensive
investigation of the ORR pathway on both pristine PBC and hybrid PBC-BHO models was then
undertaken, focusing on the (001) BO.-terminated surface for its significant catalytic activity

contribution (Fig. S28)'*. The investigation comprehensively captured all relevant configurations
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encountered during the ORR process, which are summarized in Fig. 4, Figs. S37 and S39. First,

in the pristine PBC case, the surface’s inherent oxygen vacancy (denoted as V;, g,¢) Creates a
coordinatively unsaturated environment for oxygen molecules (0, 4,5) to adsorb, facilitating the
formation of superoxide species, x (07! ... 01",

Vo surf O2,gas + Qads€’ —* (Olql OICIIH (1)

This adsorption process is quantified by an adsorption energy of -0.237 eV on the (001) BO»-
terminated PBC surface. The Bader charge analysis for the oxygen atoms involved, O; and Oy
(denoted as individual oxygen atom of a single oxygen molecule), yields charges of q; =0.32 e
and qy; = 0.48 e, respectively, as illustrated in Fig. S37. Following adsorption, the dissociation

reaction occurs,

' af qar
* (Olql OI(IZH) + qaisse’ =* (0;") + OII,HO,surf )

Here, the Oy integrates into the vacancy site, becoming 0.

Lo,surt (With its Bader charge rising to

qy = 0.94 e), denoting a surface-located lattice oxygen, distinct from bulk lattice oxygen

(04 puik: With Bader charge of 1.10 e). The remaining oxygen atom O;, now identified as a

peroxide species * (Olq‘), retains a Bader charge of g = 0.47 e. The dissociation reaction’s Ex is

calculated to be 0.74 eV. Subsequent to the dissociation, oxygen transport from the surface to

bulk,
OI(II,I(I),surf + V(;,bulk + Qtranse, - Voll,surf + 0(>)<,bulk (3)
This stage sees the O;; atom moving deeper into the bulk, with the emergence of new surface

vacancy (Vo surf)- The peroxide species (OI‘“) then undergoes an incorporation reaction,

q’ . q”
* (01 I) + Vo sure + Qincorpe’ - Olr(I)rsurf (4)
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During this process, the Bader charge of 0; escalates from g; = 0.51e to g;’ = 0.98e, with E, of
0.66 eV. This cycle concludes with the regeneration of a new surface vacancy, marking the
completion of a ORR cycle for one oxygen molecule'®. From the DFT-calculations, the
dissociation reaction emerges as the rate-determining step, corroborated by charge variations and
aligning with prior DRT analysis. On the other hand, self-generated BHO particles, forming the
PBC-BHO interface on PBCHf10, significantly enhances the ORR kinetics with reduced Ea for
oxygen dissociation (0.64 eV) and incorporation (0.49 eV). This is evidenced by an improved
oxygen adsorption property at the interface, boasting the adsorption energy to -0.427 eV.
Moreover, charge distribution difference analysis for the (001) BO»-terminated surface of both
PBC and hybrid PBC-BHO, with superoxide species adsorbed, underscores the enhanced
oxygen-cobalt bonding in the hybrid structure (Fig. S38), featuring the higher amount of charges
to the adsorbed oxygen with 0.929e for the hybrid, against 0.801e for pristine PBC. Chemical
oxygen surface exchange coefficient (kchem) and the chemical oxygen bulk diffusion coefficient
(Dchem) were determined through ECR measurements (Supplementary Figs. 49 and 50), leading
further support to our proposed mechanism for ORR. For PBCHf10, both kchem and Dchem
exhibited significant enhancements compared to pristine PBC (Kchem = 7.5 E™ cm s, Dchem = 8.0
E® cm? s for PBCHf10; kchem = 4.1E™° cm s, Dchem = 4.8 E® cm? st for PBC at 600°C) 8.
These findings highlight the self-generated PBC-BHO interface’s role in enhancing the ORR

process’s efficiency, outperforming pathways exclusive to PBC™®.

Theoretical Analysis on PI-OER. To gain deeper understanding about the proton-involved
oxygen evolution reaction (PI-OER), the water electrolysis energy profile is determined for PBC

surface and PBC-BHO interface, with the Gibbs free energy of each elementary step was

14



calculated at 600°C with an applied voltage of 1.3 V. Vibration mode for all surface-adsorbed
species were calculated to obtain the zero-energy potential and entropy corrections
(Supplementary Table 6)%°. The detailed description for each elementary step is provided?® 22,

with the proton denoted as H™, transported via OH,, either through electrolyte or electrode.

Step E1: H,0 &+ O0H ..+ H (5)
Step E2: *OH +xH +e' &x0H ..H* (6)
Step E3: *OH ox0 ..xH (7)
Step E4: *0.xH+e ox0+H" (8)
Step E5: *0+0F +e ox00 9)
Step EG6: *x00 +e' & Vy+0, (10)

Hence, the Gibbs free energy for each elementary step can be calculated as,

AG, = E(x OH ...x H) — E(H,0) + AZPE, — TAS, (11)

AG, = E(x OH) + E(H*) — E(* OH ...x H) + AZPE, — TAS, — eU (12)
AGs = E(x 0 ...« H) — E(x OH) + AZPE; — TAS, (13)

AG, = E(x0) + E(HY) —E(* O ..« H) + AZPE, — TAS, — eU (14)
AGs = E(x 00) —E(% 0 ...0X) + AZPEs — TASs — eU (15)

AGg = E(0,) + E(V5) — E(x 00) + AZPEg — TASg — eU (16)

The calculated thermodynamics values for Hz, Oz , and H.O were compared with data extracted
from NIST-JANAF thermochemical tables to validate their accuracy and reliability?3.

For PBC, the rate-determining step was identified as the transformation of * OH ... x H + e’ into
* OH + H*, with an observed energy barrier of 1.28 eV (Fig. S53). In contrast, the hybrid PBC-

15



BHO maintained the same rate-determinant step but exhibited a significantly lower energy
barrier of 1.07 eV, underscoring the catalytic activity enhancement afforded by the PBC-BHO

interface.
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Figure S1. Summary of Enui values for BaMnOz, SrMnQOs, and PrBaMn.Og-derived materials.
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Figure S2. Summary of Enun values for BaFeOs, SrFeOs, and PrBaFe2Os-derived materials.
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Figure S7. XRD patterns for PrBaCox.s7sHfo.1250s-+5 alongside pristine PBC for reference. The

identified secondary phase BaHfOz is also indicated.
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Figure S8. Two-dimensional representations of the decomposition analysis for

PrBaCo1 s75Hf0.12505-5, highlighting the stable phases in green.
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Figure S9. Depiction of the bulk structures for state-of-the-art oxygen electrodes including

LSCF, BSCF, SSC, BCFZY, and PBSCF.
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Figure S10. Two-dimensional representations of the decomposition analysis for LSCF (a),

BSCF (b), SSC (c), BCFZY (d), PBSCF (&), and PBC (f).
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Figure S11. XRD patterns for PrBaCo1.87sMo.12505+5 (M = Bi, Ce, Ga, Hf, In, Mo, Nb, Sb, Sc,
Sn, Ta, W, Y, Yb, and Zr) alongside pristine PBC for reference. The identified secondary phase

for each specific compound is also indicated.
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Figure S12. Two-dimensional representations of the decomposition analysis for

PrBaCo1.875sMo.1250s+5 (M = Bi, Ce, Ga, Hf, In, Mo, Nb, Sb, Sc, Sn, Ta, W, Y, Yb, and Zr),

highlighting successful prediction in green.
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Figure S13. Summary of Enu values for PrBaCo.Os-derived materials, showcasing the effects of

substituting various elements in Ba site.
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Figure S14. Rietveld refinement results from XRD patterns for P
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Figure S15. Summary of EIS results for the symmetrical cells using SDC as the electrolyte and

Hf-doped PBC materials as the oxygen electrode in air at temperatures from 500 to 700 °C.
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Figure S17. Comparative analysis of R, for SDC-based symmetrical cells with a configuration

of PBCHf10/SDC/PBCHf10 at 700-500 °C28-33,
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Figure S18. DRT analysis of the EIS results of symmetrical cells in air at 600 °C, as presented in

Supplementary Fig. S15.
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Figure S20. ORR rate-determining steps identification (a) EIS results for

4.8

PBCHf10/SDC/PBCHf10 symmetrical cells at 600°C under various oxygen partial pressure. (b)

DRT analysis of the EIS results presented in (a). (c) The results of linear fitting for the logarithm

of both high-frequency and low-frequency Ry, plotted as functions of the logarithm of oxygen

partial pressure.
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Figure S21. (a) and (b) EIS results for PBCHf10/BZCYYb1711/PBCHf10 symmetrical cells in

air at temperatures from 500 to 700 °C. (c) DR

(b).

T analysis of the EIS results presented in (a) and

DRT analysis was conducted to probe the material’s behavior across various temperatures. Three

distinct peaks had been observed, with which corresponding to individual elementary steps in the

PI-ORR processes.
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Figure S22. (a) EIS results for PBC/BZCYYb1711/PBC symmetrical cells in air at temperatures
from 500 to 650 °C. (b) Comparative study of the R, for PBC and PBCHf10 in BZCYYb1711

symmetrical cells at 600°C. (c) DRT analysis of the EIS results presented in (b).

PBC/BZCYYb1711/PBC symmetrical cells revealed Ry of 0.128, 0.280, 0.570, and 1.355 Q cm?
at 650, 600, 550, and 500 °C, respectively. Notably, at 600°C, PBCHf10 exhibited a lower R of
0.187 Q cm?, compared to the 0.280 Q cm? observed for PBC. This indicates enhanced PI-ORR

catalytic activity of PBCHf10. DRT analysis applied to the EIS results, highlights that this

superior PI-ORR catalytic activity is attributed to the optimization of an elementary step, as

evidenced by the medium frequency peak.
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Figure S23. Comparative analysis of R, for BZCY'Yb1711-based symmetrical cells with a

configuration of PBCHf10/BZCYYb1711/PBCHf10 at 700-500 °C32 3441,
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Figure S24. EIS results for PBCHf10/BZCYYb1711/PBCHf10 symmetrical cells at 600 °C

under various water vapor pressures using air as the carrier gas.
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Figure S25. DRT analysis of the EIS results presented in Fig. S24, focusing on the identification

of different elementary steps.

Here, the slight increase in the high frequency peaks that can be attributed to decreased oxygen

partial pressure.
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Figure S26. (a) XPS results of the surface O 1s spectrums for PBC, PBCHf10, and BHO
powders. (b) XPS results of the O 1s spectrum, for the surface and lattice (bulk) of PBC,

obtained from standard XPS and ion-etching techniques, respectively.

All the powder samples undergone a 24-hour pretreatment in wet air immediately prior to the

XPS analysis.
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Figure S27. Surface hydration characteristics of the (001) PBC and (001) BHO surfaces.

When analyzing the surface energy (Esurface), it is important to note that the BO-terminated
surface consistently emerges as the energetically favorable option for both PBC and BHO.
Therefore, the comparison of surface hydration properties between PBC and BHO is specifically

focused on the BO,-terminated surface.
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(001) BO,-terminated PrBaCo,04 (001) BO,-terminated hybrid PrBaCo,04-BaHfO, (001) BO,-terminated BaHfO,

Figure S28. Depiction of the surface structures for (001) BO,-terminated PrBaCo20s, the hybrid

PrBaCo,0s-BaHfO3, and BaHfOs.
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Figure S29. Programmed heating thermogravimetric analysis performed on PBC (a) and BHO

(b).

Initially, the sample underwent a controlled temperature increase to 700 °C in a dry air
environment to eliminate potential adsorbed species. This was followed by a stepwise cooling
procedure, decreasing the temperature in 50 °C increments with 40 minutes equilibration periods,
until reaching room-temperature. The observed weight changes between targeted temperatures
and room temperature under dry air were attributed to weight loss resulting from the formation
of oxygen vacancies. Afterward, the environment was switched to wet air, succeeded by a
reheating process back to 700 °C. Employing the same cooling procedure, weight measurements
at equivalent temperatures under both dry and wet conditions were taken to assess the hydration

performance.
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BHO E,, = 6.46 ¢V

Figure S30. Oxygen vacancy formation energy (Ev) for PBC and BHO.
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Figure S31. Depiction of the bulk structures for PrBaC020s, Pr1.125Bag 875C020s, the hybrid

PrBaCo,0s-BaHfO3, and BaHfOs.
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Figure S33. AIMD-simulated mean square displacements of protons in PBC and BHO at 400-
600 °C.
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Figure S34. Variations in temperature and energy over time captured during the 100 ps AIMD

simulations for both PBC and BHO at 600 °C.
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Figure S35. Vibrational density of states of protons in BHO at 600 °C.



Figure S36. The trajectories of protons in PBC and BHO during 100 ps AIMD simulations at

600 °C.
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Figure S37. (a) and (b) Detailed energy profiles and variations in Bader charges for oxygen
atoms O; and Oy; during ORR on BO2-terminated (001) PBC surface (a) and the PBC-BHO

interface (b).
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Figure S38. Charge distribution differences analysis for (001) BO,-terminated PrBaCo20s and

the hybrid PrBaCo20s-BaHfOx.
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Figure S40. Contour plots and full profile of in-situ XRD patterns for PBCHf10 when exposed

to both dry and wet air.
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Figure S41. Rietveld refinement obtained lattice parameters for Pr-rich PBC and BHO under

both air and wet air conditions.
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Figure S42. Long-term durability test of the PBCHf10/BZCYYb1711/PBCHf10 symmetrical

cell at 600 °C under air with 30% water vapor pressure.
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Figure S43. Cross-sectional SEM images comparing the as-prepared symmetrical cells with

those after long-term stability testing, specifically following the test shown in Fig. S42.
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Figure S44. Surface SEM images of strip samples, both in their initial state and after exposure to

air containing 30% water vapor pressure for 500 hours.
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Figure S45. XRD patterns of the as-prepared oxygen electrode (PBCHf10) and those after long-

term stability testing, specifically following the test shown in Fig. S42.
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Figure S46. SEM images detailing the surfaces of PBCHf10 strip samples, accompanied by

corresponding EDS mapping. The measurements for TEC and ECR will be conducted using this

strip sample.
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Figure S47. Thermal expansion curves for PBCHf10, with linear fitting results marked, covering
temperature ranges from room temperature to 400°C and from 400 °C to 800 °C. Results from

the literature for PBC are provided alongside for direct comparison?é,

The TEC curve exhibits an inflection behavior, recording values of 16.2 E® Kt below 400 °C
and 24.1 E% K1 above 400 °C. This variation is attributed to the change in the spin state of
cobalt ions with elevated temperatures. Compared with PBC, PBCHf10 demonstrates a
significantly lower TEC at temperatures below 400 °C while maintaining comparable values
above 400 °C*8, indicating a closer compatibility with the current state-of-the-art electrolyte

material, such as SDC and BZCYYb1711%.
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Figure S48. XRD patterns demonstrating the chemical compatibility between PBCHf010 and

three electrolyte materials: SDC, BZCYYb1711, and BSCYb172.

The XRD patterns for the composite powder can be attributed to either PBCHf10 or the
electrolyte, with no formation of secondary phases. This indicates excellent chemical

compatibility between PBCHf10 and the electrolyte materials.
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Figure S49. Normalized conductivity curves for PBCHf10 measured between 550 °C and 650
°C during ECR experiments. It features scenarios with elevated oxygen partial pressure (ORR)

and decreased oxygen partial pressure (OER).
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Figure S50. kchem, and Dchem for PBCHf010, evaluated between 550 °C and 650 °C. These

metrics are assessed under conditions of elevated oxygen partial pressure (ORR) and decreased

oxygen partial pressure (OER). Results from the literature for PBC (ORR) are provided

alongside for direct comparison®®,

Specifically, at 600 °C, PBCHf10 demonstrated comparable Dcrem Values for ORR (8.0 E® cm?

sh) and OER (7.8 E*® cm? st). However, a notable difference was observed in the Kchem Values,

with ORR registering at 7.5 E® cm s and OER at higher 9.7 E® cm s™. Notably, it significantly

surpassing the performance of pristine PBC in both kchem (4.1E® cm s1) and Dchem (4.8 E® cm? s

1)18_
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Figure S51. Electrical conductivity of PBCHf010 between 550 °C and 650 °C. Results from the

literature for PBC are provided alongside for direct comparison?é.

PBCHTf10 possessed a marginally lower electrical conductivity compared to pristine PBC.
Nevertheless, both materials exhibited a reduction in conductivity with elevated temperatures.
Importantly, PBCHf10 maintained a conductivity above 500 S cm* below 650 °C, highlighting
its excellent current collection efficiency, a desirable attribute for large-scale commercial

applications?.
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Figure S52. (a) and (b) EIS results for PBCHf10/BSCYb172/PBCHf10 symmetrical cells
exposed to wet air in the temperature range of 500 to 700 °C. (c¢) DRT analysis of the EIS results
presented in (a) and (b). (d) EIS results for PBCHf10/BSCYb172/PBCHf10 symmetrical cells

exposed to air with different partial pressure of water vapor at 600 °C.

The electro-catalytic activity of PBCHf10 as the oxygen electrode in
PBCHf10/BSCYb172/PBCHf10 symmetrical cells was characterized using EIS (Fig. S52a and

S52b). At 700, 650, 600, 550, and 500 °C, the estimated R, values are 0.039, 0.070, 0.131, 0.265,

and 0.640 Q cm?, respectively, smaller than those obtained for
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PBCHf10/BZCYYb1711/PBCHf10 symmetrical cells (Fig. S21a and b). The results suggest that
as expected, the Rp values (and hence the electro-catalytic activity) depends on electrolyte
materials used in the symmetrical cells. However, DRT analysis indicates that the mechanism of
the electrode process is independent of the electrolyte materials, as the contributions from the
three major steps, resolved in the frequency domain, remain consistent (Fig. S52c¢). Furthermore,
the dependence of Ry on the partial pressure of water vapor is similar. The R, values decreases
from 0.131 to 0.109 and then to 0.083 Q cm? as the water vapor pressure increases from 3% to

10% and 30%.
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Figure S53. Comparative analysis of current densities at 1.3 V for PCECs at 700-400 °C26-34,
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Figure S54. Energy profile for PI-OER process on BO.-terminated (001) PBC and the hybrid

PBC-BHO surfaces at 600 °C and 1.3 V.



Figure S55. Cross-sectional SEM image of the single cell post long-term durability testing,

specifically following the test shown in Fig. 5i.

73



1.4

+0.3 A cm™ 600 °C
E:LZ—
Q
o6
S
?;LO—
>
0.8+
0_6....|....|....|....|....|....
0 20 40 60 80 100 120

Time (hours)

Figure S56. Long-term reversible operation durability of PBCHf10 single cell: The cell voltage
variations over time when the operating mode is alternated between fuel cell and electrolysis

every 2 hours, with 3% water vapor pressure present in the oxygen electrode.
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Table 1. Pseudopotential and Uefr applied in the high-throughput calculation

Element Pseudopotential Ueff (eV)
Ba Ba_sv 06Sep2000 0
Sr Sr_sv 07Sep2000 0
Pr Pr_3 07Sep2000 0
Mn Mn_pv 02Aug2007 3.9
Fe Fe_pv 02Aug2007 5.3
Co Co 02Aug2007 3.32
Ni Ni_pv 06Sep2000 6.2
Cu Cu_pv 06Sep2000 0
Al Al 04Jan2001 0
As As 225ep2009 0
Bi Bi 08Apr2002 0
Ca Ca_sv 06Sep2000 0
Ce Ce 23Dec2003 0
Cr Cr_pv 02Aug2007 3.7
Dy Dy_3 06Sep2000 0
Er Er_3 06Sep2000 0
Eu Eu_3 200ct2008 0
Ga Ga_d 06Jul2010 0
Gd Gd_3 06Sep2000 0
Ge Ge_d 03Jul2007 0
Hf Hf_pv 06Sep2000 0
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Ho Ho_3 06Sep2000 0
In In 08Apr2002 0
La La 06Sep2000 0
Lu Lu_3 06Sep2000 0
Mg Mg_pv 13Apr2007 0
Mo Mo_pv 04Feb2005 4.38
Nb Nb_pv 08Apr2002 0
Nd Nd_3 06Sep2000 0
Pb Pb 08Apr2002 0
Sh Sh 06Sep2000 0
Sc Sc_sv 07Sep2000 0
Sm Sm_3 07Sep2000 0
Sn Sn_d 06Sep2000 0
Ta Ta_pv 07Sep2000 0
Tb Tb_3 06Sep2000 0
Te Te 08Apr2002 0
Ti Ti_pv 07Sep2000 0
Tm Tm_3 20Jan2003 0
\% V_pv 07Sep2000 3.25
w W 08Apr2002 0
Y Y_sv 25May2007 0
Yb Yb_2 06Sep2000 0
Zn Zn 06Sep2000 0
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Zr

Zr_sv 04Jan2005

O 08Apr2002
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Table 2. Decomposition analysis results for Ti and Zr-doped PBC
Dopin | Decompositi | Decompositi | Decompositi | Decompositi | Decompositi
g on Product1 | on Product 2 | on Product3 | on Product4 | on Product5
Conte | (Fraction) (Fraction) (Fraction) (Fraction) (Fraction)
nt
Ti- 0.0625 | Pr8Ti4020, Ba4Co4012, | Co608, mp- | PrdCo4012, | Pr16024,
dope mp-1195324 | mp-18965 1271793 mp-20090 mp-16705
d (0.1) (0.5) (0.0875) (0.25) (0.0625)
PBC
0.125 | Pr8Ti4020, Ba4Co04012, | Co608, mp- | Null Pr16024,
mp-1195324 | mp-18965 1271793 mp-16705
(0.2) (0.5) (0.175) (0.125)
0.1875 | Pr8Ti4020, Ba4Co4012, | Co608, mp- | Cod04, Pr16024,
mp-1195324 | mp-18965 1271793 mp22408 mp-16705
(0.3) (0.5) (0.0875) (0.05) (0.0625)
0.25 PrgTi4020, Ba4Co4012, | Null Co404, Null
mp-1195324 | mp-18965 mp22408
(0.4) (0.5) (0.2)
0.3125 | Pr8Ti4020, Ba4Co04012, | Co608, mp- | Cod04, Ba8Ti4020,
mp-1195324 | mp-18965 | 1271793 mp22408 mp-3397
(0.4) (0.375) (0.0875) (0.05) (0.0875)
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0.375 | Pr8Ti4020, Ba4Co04012, | Co608, mp- | Null Ba8Ti4020,
mp-1195324 | mp-18965 1271793 mp-3397
(0.4) (0.25) (0.175) (0.175)
0.4375 | Pr8Ti4020, Ba4Co04012, | Co608, mp- | BaTiO3, mp- | Ba8Ti4020,
mp-1195324 | mp-18965 1271793 5020 mp-3397
(0.4) (0.1875) (0.175) (0.0625) (0.175)
0.5 Pr8Ti4020, Ba4Co04012, | Co608, mp- | BaTiO3, mp- | Ba8Ti4020,
mp-1195324 | mp-18965 1271793 5020 (0.125) | mp-3397
(0.4) (0.125) (0.175) (0.175)
Zr- 0.0625 | Pr4Co4012, | BaZrO3, mp- | Ba4Co4012, | Null Null
dope mp-559426 3834 mp-18965
d (0.4375) (0.0625) (0.5)
PBC
0.125 | Pr4zZr4014, | Null Ba4Co4012, | Pr16024, Co608, mp-
mp-559426 mp-18965 mp-16705 1271793
(0.1375) (0.5) (0.1875) (0.175)
0.1875 | Pr4Zr4014, | BaZrO3, mp- | Ba4Co04012, | Pr16024, Co608, mp-
mp-559426 | 3834 mp-18965 mp-16705 1271793
(0.1375) (0.0625) (0.4375) (0.1875) (0.175)
0.25 PrdZr40O14, | BaZrO3, mp- | Ba4Co4012, | Pr16024, Co608, mp-
mp-559426 | 3834 (0.125) | mp-18965 mp-16705 1271793
(0.1375) (0.375) (0.1875) (0.175)
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0.3125 | Pr4Zr4014, | BaZrO3, mp- | Ba4Co4012, | Pr16024, Co608, mp-
mp-559426 3834 mp-18965 mp-16705 1271793
(0.1375) (0.1875) (0.3215) (0.1875) (0.175)

0.375 | Pr4Zr4014, | BaZrO3, mp- | Ba4Co4012, | Pr16024, Co608, mp-
mp-559426 | 3834 (0.25) | mp-18965 mp-16705 1271793
(0.1375) (0.25) (0.1875) (0.175)

0.4375 | Pr4Zr4014, | BaZrO3, mp- | Ba4Co4012, | Pr16024, Co608, mp-
mp-559426 3834 mp-18965 mp-16705 1271793
(0.1375) (0.3125) (0.1875) (0.1875) (0.175)

0.5 Pr4Zr4014, | BaZrO3, mp- | Ba4Co4012, | Pr16024, Co608, mp-
mp-559426 | 3834 (0.375) | mp-18965 mp-16705 1271793
(0.1375) (0.125) (0.1875) (0.175)
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Table 3. Summary of Rietveld refinement results for high-temperature XRD under air and wet

air
Air
Temperature | Rwp (%) Rp (%) aof d-PBC c of d-PBC a of BHO (A)
(°C) A (A)
50 11.11 8.6 3.89574 7.6511 4.1653
100 11.8 9.06 3.89613 7.661 4.1664
150 11.64 9.01 3.89895 7.6699 4.1687
200 11.7 8.83 3.902 7.6776 4.1696
250 11.98 9.11 3.9064 7.6876 41721
300 11.6 8.82 3.91189 7.6936 41744
350 11.75 9.05 3.9167 7.6988 4.1761
400 11.56 8.77 3.9224 7.7055 4.1789
450 11.09 8.52 3.92732 7.7105 4.1805
500 11.25 8.56 3.93329 7.7175 4.183
550 10.75 8.19 3.93861 7.7234 4.1851
600 11.34 8.74 3.94491 7.731 4.1877
650 11.19 8.63 3.95079 7.7387 4.1902
700 10.68 8.15 3.9561 7.7449 4.1921
Wet air
Temperature | Rwp (%) Rp (%) aof d-PBC c of d-PBC a of BHO (A)
(°C) A (A)
50 11.73 9.04 3.89580 7.6493 4.1651
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100 1181 9.14 3.89843 7.6591 4.1669
150 11.70 9.12 3.90073 7.6668 4.1680
200 12.15 9.34 3.90418 7.6765 4.1709
250 11.89 9.05 3.90775 7.6850 4.1719
300 11.84 8.90 3.91190 7.6927 4.1748
350 11.74 8.97 3.91650 7.6986 4.1763
400 11.50 8.70 3.92276 7.7066 4.1793
450 11.74 8.94 3.92726 7.7106 4.1805
500 11.50 8.77 3.93331 7.7180 4.1832
550 11.54 8.77 3.93863 7.7237 4.1852
600 11.76 8.96 3.94463 7.7305 41874
650 11.42 8.67 3.95067 7.7381 4.1900
700 11.66 8.90 3.95606 7.7444 41921
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Table 4. Summary of the current landscape of identified promising PCECs with their

electrochemical performance under fuel cell mode

Peak Power Density (W cm) Ref
Electrode Electrolyte | 700 | 650 | 600 |550 |500 |45
°C °C | °C °C °C 0
°C
This
Wor
PBCHf010 BSCYb172 149 | 129 |093 |06 |k
05 26
Bao.oPro.1Hfo.1Y01C00803-5 BSCYb172 157 121 |082 |2
BZCYYbl 27
Bao.oPro.1Hfo.1Y01C00803-5 711 1.37 [ 0.96 |0.62
BZCYYb4 i
PrNio5C005035 411 0.62 ({044 |03 0.2
BaosSros(Coo.sFe0.2)0.95P0.0sO | BZCYYDb1 36
35 711 0.84 | 064 |0.42
BZCYYbl 3
Pro.1Cen.902-PrBaCo20s:5 711 1.78 |1.21 |0.86
Bao.os(Coo4FeosZroiYoi)oss | BZCYYbl 02 | ¥
Nio.0503-5 711 094 |0.67 | 043 |6
BZCYYbl |1.91 0.66 3
PrBao.sCao.2C0205+5 711 6 158 | 1.09 |3




BZCYYbl 0.63 |0.38 82
PrBaCo20s:5 -BaC00s- 711 1.68 | 1.04 |5 7

BZCYYbl 0.63 |0.53 |0.45 34
BaCoo.4F€0.4Zr01Y 01035 711 9 4 2

BZCYYb4 1.08 | 0.82 | 0.59 |0.37 28
PrBaosSrosCo1sFe050s+5 411 5 2 3 2

BZCYYbl 0.82 | 0.56 29
Bag.9C0o.7Fe02Nbo 1035 711 1.72 |1.21 |8 3

BZCYYbl 1.51 0.61 |0.38 38
Pro.2Bao.2Sro.2Lao.2Cao2C003-5 | 711 1 1.14 |59 64

BZCYYbl | 150 |1.22 {080 |0.54 |0.35 39
Ba2C015M00.25Nbo. 25065 711 48 8 95 29 24

BZCYYbl 0.2 |3
Gdo.3Ca27C03.82Cu0.1809-5 711 205 |16 |1.16 |[0.77 |0.48 |8

BZCYYbl 05 |4
BSC+PBSCF 711 1.22 |0.83 |5

BZCYYbl 21
Baog7sFe0.875210.12503-5 711 1.28 |0.95 |0.67

Table 5. Summary of the current landscape of identified promising PCECs with their

electrochemical performance under electrolysis mode

Current Density at 1.3V (A cm) Ref




Electrode

Electrolyt

e

Atmosp

here

700

°C

650

°C

600

°C

550

°C

500

°C

450

°C

PBCHf010

BSCYDb1

72

30%H2
O-
air||3%
H20-

H2

2.78

1.98

0.89

0.4

Thi

rk

Bao.oPro.1Hfo.1Y0.1C0080

3-8

BSCYDb1

72

30%H2
O-
air||3%
H20-

H2

3.67

2.62

1.74

0.96

26

Bao.gPro.1Hf0.1Y0.1C00.80

3-6

BZCYYDb

1711

30%H2
O-
air||3%
H20-

H2

2.4

1.40

0.81

0.3

72

27

PrNios5C00503-5

BZCYYb

4411

30%H2
O-
air||3%
H20-

H2

1.2

0.8

0.6

0.4

35




10%H2

36

O-
air||3%

BaosSro.5(Coo.sFeo2)ogsP | BZCYYDb | H20-

0.0503-5 1711 H2 08 |05 |031
3%H20 30
air||3%

Pro.1Ceo.902- BZCYYb | H20-

PrBaCo20s+s 1711 H2 3.7 |27 |21
5%H20 37
air||3%

Bao.os(Coo.4Fe0.4Zro1Yo1 | BZCYYDb | H20- 0.85 | 0.50

)0.95Ni0.0503-5 1711 H2 1.27 | 6 7 0.3
50%H?2 33
O-
air||3%

BZCYYb | H20-

PrBao.sCao.2C0205+5 1711 H2 25 |15 |07

30%H2 32
BZCYYb | O-
PrBaCo20s+5 -BaCo0Oss | 1711 air||3% 275118 |11




H20-

H2

BaCoo.4Fe0.4Zr01Y0.103-5

BZCYYD

1711

10%H2
O-
air||3%
H20-

H2

0.77

0.60

34

PrBao5Sro5C01.5F€0 505+

BZCYYD

4411

3%H20

air||3%
H20-

H2

2.25

1.4

0.8

0.4

28

Bao.oCoo.7Feg.2Nbo.103-5

BZCYYDb

1711

3%H20

air||3%
H20-

H2

2.76

1.54

0.73

66

0.26

29

Pro.2Bag 2Sro2Lag2Cap2C

003

BZCYYb

1711

3%H20

air||3%
H20-

H2

2.68

1.75

28

0.80

34

0.28

09

38




3%H20 39
air||3%
Ba2C015M00.25Nbo.2s06- | BZCYYD | H20- 1.90 0.78
5 1711 H2 4 1.33 | 26
20%H?2 81
O-
air||3%
Gdo.3Ca2.7C0382CU0.1809- | BZCYYDb | H20- 4.34 | 3.00 1.26 | 0.79
5 1711 H2 78 39 2.2 |48 05
Table 6. Summary of vibration frequency for surface adsorbed species
9045 |481.1 |3625 |2015 |173.2 |151.9
PBC (*OO) | 148 436 196 264 66 902
775.0 |162.7 |139.2
PBC (*O) 839 703 061
PBC 3580. | 8719 |767.7 |459.9 |185.8 |178.6
(*O+*H) 334 096 579 1 841 6
3656. |902.0 |519.7 |362.6 |1749 |38.73
PBC (*OH) | 713 057 335 203 357 442
PBC 3727. | 3481. | 8553 |689.3 |545.1 |540.3 |3459 | 1655 |132.2
(*OH+*H) 166 243 854 013 276 105 701 427 481




Hybrid 1071. | 4941 |282.1 |196.9 |126.3 | 88.63

(*O0) 24 4 428 131 049 609

Hybrid (*O) | 214 |701 | 186

756.3 | 1916 |1/7.1

Hybrid 3591. |973.8 |512.1 [478.9 |199.2 | 183.7

(*O+*H) 079 809 69 34 578 914

Hybrid 3582. | 839.6 | 6189 |4256 |169.6 | 140.9
(*OH) 351 |039 |015 [401 |164 |573
Hybrid 3743. | 3575. | 841.0 |693.1 |5259 |422.4 |304.6 |144.3 |73.25

(*OH+*H) 039 998 952 377 785 371 478 321 025

Unit: cm™?
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