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Supplementary Figure 1. Oxygen vacancy formation deulations. Calculated oxygen vacancy
formation energies of B#Ba/SrpsTOz.5(T = Mn, Fe, Co, and Ni) from the surface AO (gree
bar) and BQ (purple bar) networks and the predicted phaseg#ander reducing condition. Note
that the Gibbs free energy for the oxygen vacanoypéation (Gr.o) was additionally calculated to

contain the temperature and oxygen partial predagters in the ko calculations.
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Supplementary Figure 2. X-ray diffraction (XRD) patterns of Pro.sSrosTO3-5 (T = Mn and
Fe) before and after reduction.(a — b) XRD patterns of (a) f250.sMn0Os.s sintered at 1208C
for 4 hours in air atmosphere (black) and reduce@®5®°C for 4 hours in humidified H
atmosphere (3% 1D, red) and (b) BESh.sFeG.s (A-PBSF50) sintered at 1200 for 4 hours in
air atmosphere (black) and reduced at ®6or 4 hours in humidified Hatmosphere (3% 40,

red).
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Supplementary Figure 3. X-ray diffraction (XRD) Rietveld refinement profiles of air-
sintered Pro.sBaosxSrxFeOs-smaterial. XRD Rietveld refinement profiles of ¢4Bag 5xSkFeQs-
smaterial sintered at 120C for 4 hours in air atmosphere: (a) A-PBSF06 Q), (b) A-PBSF10
(x=0.1), (c) A-PBSF20x(= 0.2), (d) A-PBSF30x(= 0.3), (e) A-PBSF40x(= 0.4), and (f) A-

PBSF50 x = 0.5). All samples possess same simple perovskiteture with space grouprP3m.



Q

Sintered in air Reduced in H,

~ Simple Perovskite v R-P Perovskite ® Fe metal
= o :(5 g Simple Perovskite © Pr oxide
= c v
> v - > - v v
g - L Y J e b < v 4| A
3 APBSF50 | & R-PBSF50
= = ! I
2 | —A A 2 A
2 A-PBSF30 | £ v R-PBSF30

L J | (—— 4 %l X T __x¥
A-PBSF00 R-PBSF00
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
2 Theta (degree) 2 Theta (degree)

Supplementary Figure 4. X-ray diffraction (XRD) patterns of Pro.sBao.sxSrxFeOs-s(x =0, 0.3
and 0.5) before and after reduction(a — b) XRD patterns of PiBapsxSkFeG-s(x = 0, 0.3 and
0.5) (a) sintered at 120Q for 4 hours in air atmosphere and (b) reduce35@fC for 4 hours in

H> atmosphere.
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Supplementary Figure 5. X-ray diffraction (XRD) Rietveld refinement data of
(Pro.sBao.2Sro.3)2FeOs+5 — Fe metal (R-PBSF30)XRD Rietveld refinement data of R-PBSF30
reduced at 858C for 4 hours in humidified Hatmosphere (3% #). The R-PBSF30 exhibited a
tetragonal structure, space groupridinm with lattice parameters of a =b = 3.879 and @704
A, which is clearly different to the simple perowskPp sBao St sFeQs-5 (A-PBSF30) with space

group Am-3m (Supplementary Fig. 39.
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Supplementary Figure 6.In-situ powder X-ray diffraction (XRD) patterns of Pro.sBaos-
xSrxFeOs-s material. (a) A-PBSF0O0X = 0), (b) A-PBSF10x= 0.1), (c) A-PBSF20x(= 0.2), (d)
A-PBSF25 & = 0.25), (e) A-PBSF3(= 0.3), (f) A-PBSF40x = 0.4), and (g) A-PBSF5(x &
0.5). The XRD measurements were conducted fronPCQ@06 870°C under H environment (3%

H20).
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Supplementary Figure 7. Phase reconstruction energyalculations.(a — b) Calculated profiles
of the relative total energy required for the phesmonstruction from simple perovskite to R-P
perovskite as a function of Brconcentration (a) in six models in terms of eV &byin four

models in terms of eV/unit cell.



Supplementary Figure 8. Bright-field transmission é&ctron microscope (BF-TEM) images
of ProsBao2SrosFeOs.s before and after reduction. (a — b) BF-TEM images of (a)
ProsBasSro.sFeQs.s (A-PBSF30) sintered at 120C€ for 4 hours in air atmosphere and (b)
(Pro.sBao 2S.3)2FeMi+s — Fe metal (R-PBSF30) reduced at 850for 4 hours in humidified

environment (3% ED).



Supplementary Figure 9. Scanning electron microscap(SEM) images of P#sBao.sFeOs-o
before and after reduction.SEM images presenting the morphologies of (a}f sFeQs.s (A-
PBSFO00) sintered at 1200 for 4 hours in air atmosphere and (b) B sFeG.s — Fe metal &

Pr oxide (R-PBSFO00) reduced at 8&0for 4 hours in humidified Henvironment (3% D).
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Supplementary Figure 10. Scanning electron microspe (SEM) images of P#.sSrosFeOs-s
before and after reduction.SEM images presenting the morphologies of (a}HssFeQ.s (A-
PBSF50) sintered at 1200 for 4 hours in air atmosphere and (ly8n.sFeG.s— Fe metal (R-

PBSF50) reduced at 880 for 4 hours in humidified Henvironment (3% bD).
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R-PBSF00

Supplementary Figure 11. High-angle annular dark feld (HAADF) image of reduced
Pro.sBao.sFeOs.6 — Fe metal & Pr oxide (R-PBSFO0)HAADF image of R-PBSFO0O sintered at
1200°C for 4 hours in air environment and reduced at ®0or 4 hours in humidified H
environment and the elemental mapping of Pr, BaarkeeO, respectively. Both Pr oxide and Fe
metal particles (about 400 to 500 nm for Pr oxide @00 to 800 nm for Fe metal) were segregated

onto the surface of R-PBSFO00 after reduction in H
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R-PBSF50

Supplementary Figure 12. High-angle annular dark feld (HAADF) image of reduced
Pro.sBao.sFe0s.s— Fe metal (R-PBSF50)HAADF image of R-PBSF50 sintered at 12@for 4
hours in air environment and reduced at 8@or 4 hours in humidified Henvironment and the
elemental mapping of Pr, Sr, Fe and O, respectiv@hly Fe metal particles (about 400 to 600

nm) were segregated onto the surface of R-PBSR&0rafduction in Kl
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Supplementary Figure 13. Electrical conductivity masurements. Electrical conductivity

measurements of PHBaps5xSKFeGs(x =0, 0.1, 0.2, 0.3, 0.4 and 0.5) with respecetogerature

in (a) air and (b) 5% KHatmospheres.
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Supplementary Figure 14. Thermo-chemical compatibity test. X-ray diffraction patterns of
ProsBapsxSiFeQ.s(x=0, 0.1, 0.2, 0.3, 0.4 and 0.5)-0le810.1Ga.sMgo.203.5 (LSGM) composites
sintered at 950C for 4 hours in air atmospherieg., cell fabrication temperature. RBays-

SKkFeG.s(x =0, 0.1, 0.2, 0.3, 0.4 and 0.5)-LSGM compositesanmixed with weight ratio 1:1.
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Supplementary Figure 15. Surface morphology evaluain of air-sintered ProsBao.s-
xSrkFeQOs.s materials. Scanning electron microscope (SEM) images showtgpgical
microstructures of BEBao.sxSKkFeQ.s materials sintered at 98C for 4 hours in air atmosphere:
(a) A-PBSF00X = 0), (b) A-PBSF10X= 0.1), (c) A-PBSF20x(= 0.2), (d) A-PBSF30x(= 0.3),

(e) A-PBSF40X = 0.4), and (f) A-PBSF5X(= 0.5).
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Supplementary Figure 16. Electrochemical performane measurements of RysBao.s-
xSrxFeOs-.g symmetrical cells.I-V curves and corresponding power densities ofragtrical cells
with Pr.sBao sxSkFeQs-s electrodes using humidifiedKi3% HO) as fuel and air as oxidant from
700°C to 800°C with intervals of 50C: (a) A-PBSF00X = 0), (b) A-PBSF10x = 0.1), (c) A-

PBSF20 % = 0.2), (d) A-PBSF30x(= 0.3), (¢) A-PBSF4M(= 0.4), and (f) A-PBSF5X( 0.5).
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Supplementary Figure 17. Electrochemical impedancspectra (EIS) of Po.sBaosxSrxkFeOs-o
symmetrical cells.(a — f) EIS of the symmetrical cells withoPBay 5xSKkFe(s-s electrodes using
humidified H (3% HO) as fuel and air as oxidant from 7A@to 80C°C with intervals of 50C:
(a) A-PBSF00X = 0), (b) A-PBSF10X= 0.1), (c) A-PBSF20x(= 0.2), (d) A-PBSF30x(= 0.3),

(e) A-PBSF40X = 0.4), and (f) A-PBSF5X( 0.5).
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Supplementary Figure 18. Electrochemical performane evaluation of Pb.sBao.2Sro.sFe0s-s
symmetrical cell under GHs fuel. I-V curves and the corresponding power densities o
symmetrical cells with BEBap.2Si.3FeCGs.s (A-PBSF30) electrodes using humidifiedHs (3%

H20) as fuel and air as oxidant from 7@ to 800°C with intervals of 50C.
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Supplementary Figure 19. Gas chromatography (GC) nmesurements.(a — b) Then-operando
gualitative gas GC profiles of (aykyas and (b) CO & Cfgases before (Reference, black) and
during co-electrolysis at 80C and 1.5 V for the BeBao.2Sh.sFeQs.s (A-PBSF30) symmetrical
cell (Co-electrolysis, red). The quantitative as@éyof the generated gas products & O) were
determined by the additional measurement of theshtibw rate of the reference gas and the outlet
gas during the co-electrolysis. The exact volumgasfes were calibrated through a bubble flow-

meter.
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Supplementary Figure 20. Cross-sectional scannindeetron microscopy (SEM) images(a)
Cross-sectional SEM image of oBBao.2Sh.sFeG-s (A-PBSF30) symmetrical cell with cell
configuration of A-PBSF30|aCe 6025 (LDC)|Lan.oSth.1Ga.sMgo.20s.5 (LSGM)|LDC|A-
PBSF30 sintered at 953G for 4 hours in air. (b) SEM image displaying thi&rostructure of the

interface between electrode/buffer layer and teeteblyte.
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Supplementary Table 1.Chemical composition and abbreviation of specimens

Composition Abbreviation
ProsBapsFeQs-s A-PBSF00
Pro.sBao.4Sro.1FeQs.s A-PBSF10
Pro.sBao.sSt 2FeQs-s A-PBSF20
Pro.sB&o.25Sh.2eGs-6 A-PBSF25
Pro.sBao.oSro.sFeQ-s A-PBSF30
Pro.sBao.1Sr.4FeQ-s A-PBSF40
Pro.sSr.sFeQ-s A-PBSF50

Pro.sBagsFeQ.s— Fe metal & Pr oxide

e R-PBSF00
(after reduction in k)
(ProsBa02S10.92FeOrs— Fe metal R-PBSF30
(after reduction in k)
(Pro,5Sro,5)2Fe01+.5— Fe metal R-PBSE50
(after reduction in k)
Pro.sBaosxSkFeQs.s(x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) PBSF
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Supplementary Table 2 X-ray diffraction (XRD) Rietveld refinement dat&Rro sBao.5,SiFeGs-

5(x=0,0.1,0.2,0.3, 0.4 and 0.5) displaying spoep, lattice parameters and unit cell volumes.

Composition Space Group Cell Paramefer (| Cell Volume @A3)
A-PBSFO00 = 0) Am-3m (Cubic) 3.944 (a=b = ¢) 61.35
A-PBSF10k=0.1) | Pm-3m (Cubic) 3.934 (a=b=c) 60.88
A-PBSF20k=0.2) | Pm-3m (Cubic) 3.920 (a=b =c) 60.24
A-PBSF30k=0.3) | Pm-3m (Cubic) 3.906 (a=b =) 59.59
A-PBSF40 x=0.4) Pm-3m (Cubic) 3.897 (a=b=¢) 59.18
A-PBSF50k=0.5) | Pm-3m (Cubic) 3.892 (a=b=c) 58.68
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Supplementary Table 3 Calculated Goldschmidt’s factors forpBBao.sxSKkFeG.s (x = 0, 0.1,

0.2, 0.3, 0.4 and 0.5).

Composition Goldschmidt’s tolerance factor
A-PBSFO00 X = 0) 0.95
A-PBSF10 x = 0.1) 0.94
A-PBSF20 = 0.2) 0.94
A-PBSF30x=0.3) 0.93
A-PBSF40 = 0.4) 0.92
A-PBSF50 & = 0.5) 0.91

The below equation was used to calculate the Gbidglt tolerance factor for PgBao.5SKFe-
smaterialsX = 0, 0.1, 0.2, 0.3, 0.4 and 0.5), wherg Rs and R are ionic radius of A-cation,
radius of B-cation and radius of oxygen anion, eesigely. The Goldschmidt tolerance factors for
Pro.sBao 5xSKkFeQs.s materials were 0.95, 0.94, 0.94, 0.93, 0.92, aAd tor A-PBSF0O0X = 0),
A-PBSF10 & = 0.1), A-PBSF20X = 0.2), A-PBSF30X = 0.3), A-PBSF40x = 0.4), and A-
PBSF50 x = 0.5), respectively. All BeBaosxSKFeQ.s (x =0, 0.1, 0.2, 0.3, 0.4 and 0.5) revealed
Goldschmidt tolerance factor between 0.9 to 1 €0tS 1), representing all PBao s5xSKkFeG-s
(x=0,0.1, 0.2, 0.3, 0.4 and 0.5) as crystallimecstires with cubic Bravais lattice. The Rietveld
refinement analysis iBupplementary Fig. 1and Goldschmidt’s tolerance factor calculation are
consistent with each other, confirming all thesaintered RysBao.s«SkFeQ-s(x =0, 0.1, 0.2, 0.3,

0.4 and 0.5) as simple perovskite with space gRymH{3mM.

t (Goldschmidt Tolerance Factor) 2R Ro/v2 (Rs + Ro)
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