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Table S1 Crystal-structural parameters of cubic perovskite Ag ¢sBag.9sCog4Fe04Z101Y 01055 (A

= Li, Na, and K) materials from Rietveld refinement.

Properties Ag.0sBag.95C00.4F €9 4Zr01Y 01035
Alkali metal (A) Li Na K
Phase structure Cubic (Pm-3m)
(space group)
a, b, c(A) 4.0980 4.1090 4.0946
V (A3) 68.834 69.376 68.647
R, 3.21 3.01 3.21
Ryp 4.54 4.23 4.67
x> 1.81 1.61 2.12

Table S2 Crystal-structural parameters of cubic perovskite K,Ba;.,Cog4Feq4Z191Y 01035 (x =

0.25, 0.5, and 0.75) materials from Rietveld refinement.

Properties

K.Ba; Cog4Fey4Zr1Y 1035

Doping concentration (x)

Phase structure
(space group)
a, b, c(A)

V (A3)

2.5

4.1059

69.223

3.65

4.77
0.97

5
Cubic (Pm-3m)
4.0946
68.647
3.21

4.67
2.12

7.5

4.0918

68.509

3.13

4.26
1.38




Table S3 Crystal-structural parameters of cubic perovskite K osBag 9sC0g 4Feg 4Zrp 2., Y O35 (v

=0.25, 0.5, and 0.75) materials from Rietveld refinement.

Properties Ko.05Ba9.9sC0g 4Fe 421 2., Y,O3.5
Doping concentration , , 0.04 0.06 0.08 0.1
§9)
Phase structure Cubic (Pm-3m)
(space group)
a b, c (A) 4.0860 4.0880 4.0890 4.0910 4.0946
\Y% (A3) 68.212 68.339 68.403 68.468 68.647
R, 3.21 3.05 3.08 3.09 3.21
Ryp 4.32 438 4.42 4.35 4.67
e 1.34 1.86 1.79 1.87 2.12




Table S4 Weight change (hydration properties, AW) of BCFZY and KBCFZY materials

depending on changes in pO, and pH,0 from the thermogravimetric analysis.

. Temp. W AWy 2] AWy Bl AWy ¥ AWy/AWr 8]
Materials o0y (myg) (hg) (1) (ug) )
700 256.472 -9.7£0.15 9.1+0.21 18.84+0.53 7.3£0.13
BCFZY 650 256.607 10.6;0.14 9.5+0.21 20.1+0.21 7.8+0.1
600 256.763 11.5;0.46 10.0+0.16 21.5+0.27 8.4+0.26
700 300.287 12.0;0.14 21.4+0.35 33.4+0.31 11.1+0.1
KBCFZY 650 300.428 12’4;0.99 26.9+0.60 39.4+1.46 13.1+0.49
600 300.586 14.2;0.41 28.2+0.33  42.5+0.58 14.1+0.19

[1'Wr: Total sample weight at certain temperature.

21 AWp (Wp—Wr): Weight change for oxidation reaction (dry condition).

B AWy (Ww—Wr): Weight change for hydration reaction (wet condition).

M AWy (Wy—Wp): Weight change for hydration and hydrogenation reaction.

51 AWy/AWr: Percentage of hydrogen solubility under hydrogenation reaction.

Table SS Bader charge of the oxygen atom at eight distinguishable oxygen sites (See Fig. S17).

Bader charge (e) BCFZY KBCFZY
Co-O-Fe —0.957 —0.881
Co-0-Co —0.981 —0.983
Fe-O-Fe —-1.126 —-1.065
Y-0-Co —1.147 —1.106

Y-O-Fe -1.225 -1.213
Zr-0-Co —-1.126 —-1.233
Zr-O-Fe -1.199 —1.194
Y-O-Zr -1.351 —-1.350
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Fig. S1 Structure and phase purity analyses of BCFZY and A,Ba;_Cog4Fe)4Zr(3.,Y,03.5
perovskite by XRD. (a) A ¢sBagosCogsFepsaZry Y1055 (A = Li, Na, and K). (b) K,Ba,.
XCO().4FC().4ZI'()_1Y0.1O3_5 (X = 0025, 05, 0075) (C) K0.05Ba().95CO().4FC()_4ZI'0.2_yYyO3_5 (y = 002,

0.04, 0.06, 0.08 and 0.1).
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Fig. S2 Rietveld refinement results of the ABCFZY perovskites (varying alkali metal
species). (a) BCFZY. (b) Lig 0sBag 95C0g 4F€9 4Zrg1Y.103.5. (c)
Nag0sBag.osCo0.4F€0.4Zr91Y0.1055.  (d)  KoosBagosCooaFeosZrg Y1035 (e) Lattice

parameters. (f) Lattice volumes.
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Fig. S3. Rietveld refinement results of the KBCFZY perovskite (varying K dopant
concentration). (a) Kg025Ba.975C0¢ 4Feg 4Z101Y.103.5. (b) Ko.075Bag.925C00 4F€042191Y103.5.

(c) Lattice parameters. (d) Lattice volumes.
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Fig. S4 Rietveld refinement results of the KBCFZY perovskite (varying Y dopant
concentration). (a) Ko ¢sBag 9sCog 4Fe) 4Zr).16Y 0.0403-5. (b) Ko.0sBag 95Cop 4Fe04Zr).14Y 0.0603-5.

(c) Ko.05Bag.9sCog 4Feg 421 12Y.080325. (d) Ko.05Bag.osCop4Fegs4Zrg1Yo103.5.
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Fig. S5 Rietveld refinement results of the ABCFZY perovskites (varying alkali metal
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Fig. S6 KBCFZY composition analysis. (a) TEM-EDX elemental mapping results of

KBCFZY. (b) ICP-OES analysis of BCFZY and KBCFZY.
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Fig. S7 FE-SEM images before and after exposure to humid (3 vol% H,O) air for 12 hours

at 600 °C. (a) BCFZY. (b) LBCFZY. (c) NBCFZY. (d) KBCFZY.
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Fig. S8 Exsolution of catalytically active BaO, nanocatalysts on ABCFZY perovskite
oxide surfaces. (a) Scheme of BaO, crystalline structure. (b) TEM analysis of exsolved BaO,
in LBCFZY. (c) HR-TEM image of exsolved BaO, (right inset: magnified HR-TEM image of
Ba0;). (d) Scheme of BaO, crystalline structure. (¢) TEM analysis of exsolved BaO, in
KBCFZY. (f) HR-TEM image of exsolved BaO, (right inset: high-angle annular dark-field

(HADDF)-STEM imaging of BaOy,).
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Fig. S9 Atomistic structures of BCFZY and KBCFZY obtained using DFT calculations.

(a) BCFZY. (b) KBCFZY.
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Fig. S10 Thermodynamic calculations of barium-related species as a function of pO,,
PH,0, and temperature. (a) Gibbs free energy for the formation of BaO, BaO,, Li,O, Na,O

and K,O phases. (b) Gibbs free energy of the reaction between barium oxide and water in the

formation of barium hydroxide.
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Fig. S11 ASR values of BCFZY and ABCFZY perovskite electrodes on BCZYYb7111

symmetrical cells in wet air (3 vol% H,0) at 550-750 °C. (a) BCFZY and

AgosBagosCogsFegsZry1Y01055 (A = Li, Na, and K) electrodes. (b) K,Ba;.
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Fig. S12 Electrocatalytic activity measurements of KBCFZY as a function of water vapor

concentration in ambient air. (a) Nyquist plots from electrochemical impedance

spectroscopy (EIS) measurements of KBCFZY at 600 °C. (b) KBCFZY electrical conductivity

at 500-700 °C.
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Fig. S13 Electrical conductivity relaxation (ECR) measurements of KBCFZY. (a) ECR

profiles of KBCFZY by changing pH,O at 500-750 °C. (b) Oxygen-ion bulk diffusion
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Fig. S15 Crystal structure stability of KBCFZY. (a) In-situ high-temperature XRD patterns
of KBCFZY from 25 to 900 °C. (b) Phase stability analyses from the XRD patterns of KBCFZY
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Fig. S16 Electronic structure analysis of BCFZY and KBCFZY by X-ray photoelectron

spectroscopy (XPS). (a) Ba 3d and Co 2p XPS spectra. (b) O 1s XPS spectra.
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Fig. S17 Comparison of oxygen nonstoichiometry (6;) of BCFZY and KBCFZY with other

perovskite materials at room temperature.
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Fig. S21 EIS Nyquist-format spectra of KBCFZY cells under RPCC operation at 450-700
°C.(a) 0.2 A-cm in PCFC mode. (b) —0.2 A-cm? in PCEC mode. (¢) Equivalent circuit model

of cells.
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Fig. S22 Hydrogen production of KBCFZY-based cell as a function of current density

from 500 to 600 °C. (a) Faradaic efficiency. (b) Hydrogen production rate.
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Fig. S23 FE-SEM images and EDX elemental line mapping results of KBCFZY cells
before and after durability testing. (a) Cross-section (left) and the air electrode surface (right)
of a fresh cell. (b) Cross-section and the air electrode surface of the post-mortem cell after 600
hours of testing at 600 °C. The K element was not detected due to the low detection limit of

SEM/EDX.
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