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Supplementary Table 1. ASR values calculated from DRT reaction peak (P1‒P5) of various composite air electrodes on GDC-supported symmetric cells at 700‒800℃.
	Cell configurations
	Resistance (Ω·cm2) at 800℃ (peak number)

	Oxygen electrode (this work)
	P1
	P2
	P3
	P4
	P5

	LSCF-GDC
	0.02
	0.02
	0.06
	0.02
	0.01

	LSCF-BCZYYb7111
	0.05
	0.05
	0.01
	0.01
	3×10-3

	GCCCO-GDC
	0.03
	0.03
	0.12
	0.03
	4×10-3

	GCCCO-LSCF
	0.02
	0.02
	0.07
	0.03
	4×10-3

	GCCCO-BZY
	0.03
	0.03
	0.02
	4×10-3
	4×10-3

	GCCCO-BCY
	0.03
	0.04
	0.01
	4×10-3
	1×10-3

	GCCCO-BCZY
	0.03
	0.04
	0.01
	2×10-3
	3×10-3

	GCCCO-BCZYYb4411
	0.03
	0.04
	0.02
	4×10-3
	3×10-3

	GCCCO-BCZYYb7111 (6:4 wt.%)
	0.02
	0.02
	0.03
	3×10-3
	1×10-3

	GCCCO-BCZYYb7111 (8:2 wt.%)
	0.01
	0.01
	0.01
	1×10-3
	1×10-3

	
	Resistance (Ω·cm2) at 750℃

	LSCF-GDC
	0.03
	0.02
	0.06
	0.05
	0.07

	LSCF-BCZYYb7111
	0.05
	0.09
	0.04
	0.01
	2×10-5

	GCCCO-GDC
	0.06
	0.03
	0.27
	0.02
	4×10-3

	GCCCO-LSCF
	0.04
	0.03
	0.12
	0.03
	2×10-3

	GCCCO-BZY
	0.04
	0.04
	0.09
	0.01
	2×10-3

	GCCCO-BCY
	0.02
	0.06
	0.03
	0.01
	1×10-3

	GCCCO-BCZY
	0.04
	0.06
	0.02
	0.01
	3×10-3

	GCCCO-BCZYYb4411
	0.05
	0.06
	0.05
	2×10-3
	2×10-3

	GCCCO-BCZYYb7111 (6:4 wt.%)
	0.03
	0.04
	0.05
	2×10-3
	1×10-3

	GCCCO-BCZYYb7111 (8:2 wt.%)
	0.02
	0.02
	0.01
	2×10-3
	1×10-3

	
	Resistance (Ω·cm2) at 700℃

	LSCF-GDC
	0.06
	0.04
	0.07
	0.11
	0.11

	LSCF-BCZYYb7111
	0.04
	0.04
	0.17
	0.09
	0.01

	GCCCO-GDC
	0.13
	0.08
	0.24
	0.20
	0.14

	GCCCO-LSCF
	0.09
	0.04
	0.04
	0.20
	0.03

	GCCCO-BZY
	0.07
	0.07
	0.14
	0.06
	0.01

	GCCCO-BCY
	0.05
	0.05
	0.1
	0.01
	0

	GCCCO-BCZY
	0.03
	0.02
	0.1
	0.06
	2×10-3

	GCCCO-BCZYYb4411
	0.09
	0.07
	0.06
	0.09
	3×10-3

	GCCCO-BCZYYb7111 (6:4 wt.%)
	0.04
	0.13
	0.09
	0.01
	3×10-3

	GCCCO-BCZYYb7111 (8:2 wt.%)
	0.02
	0.06
	0.02
	1×10-3
	2×10-3
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Supplementary Table 2. Fit results of TLM (Rbs, Rint, Rpol, Cint, , k, and Leff) from GCCCO-BCZYYb7111 cathode in Fig. 4 according to the equivalent circuit model.
	Fitting factor
	Unit
	Temperature (℃)

	
	
	800
	750
	700
	650
	600
	550

	Rbs
	Ω·cm2
	0.05
	0.09
	0.14
	0.27
	0.45
	0.77

	Rint
	
	0.01
	0.02
	0.03
	0.07
	0.14
	0.30

	Rpol
	
	0.02
	0.04
	0.07
	0.14
	0.27
	0.52

	Cint (× 10-3)
	F·cm-2
	7.50
	3.98
	2.62
	1.38
	0.88
	0.79

	
	cm2·s-1
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01

	k (× 104)
	
	1.48
	1.42
	1.18
	1.04
	0.81
	0.42

	Leff
	m
	8.47
	9.00
	9.63
	10.37
	11.27
	12.37




Supplementary Table 3. DFT-calculated reaction free energies for oxygen exchange reactions of GCCCO-BCZYYb, GCCCO-GDC, and LSCF-GDC.
	Reaction step
	Composite air electrode /eV

	
	GCCCO-BCZYYb
	GCCCO-GDC
	LSCF-GDC

	O2 (g) → O2*
	0.14
	1.96
	2.41

	O2* → 2O*
	1.67
	−1.94
	−2.70

	2O* → O2*
	−2.84
	2.43
	2.86

	O2* → O2 (g)
	1.04
	−2.45
	−2.56



Supplementary Table 4. DFT-calculated ICOHP values for bonds between interface oxygen and adjacent metals in GCCCO-BCZYYb and GCCCO-GDC.
	Composite 
air electrode
	Metals bonded to interface oxygen/ /eV

	
	Co1
	Co2
	Co3
	Ce

	GCCCO-BCZYYb
	1.026
	0.480
	1.047
	0.252

	GCCCO-GDC
	0.675
	0.523
	0.910
	0.922




Supplementary Table 5. DFT-calculated ICOHP values for bonds between interface oxygen and adjacent metals in LSCF-GDC.
	Composite 
air electrode
	Metals bonded to interface oxygen /eV

	
	La
	Sr
	Co
	Fe
	Ce

	LSCF-GDC
	0.454
	0.117
	0.807
	1.160
	0.471





Supplementary Table 6. DFT-calculated band gap, valence band maximum (VBM), conduction band maximum (CBM), and Fermi level (EF) of GCCCO, BCZYYb, GDC, and LSCF. Since the electronic structure calculated by DFT corresponds to 0 K, the Fermi level has been thermally corrected to account for the actual reaction temperature by considering band gap and acceptor states in each material. 
	Materials
	Bandgap
	VBM
	CBM
	EF

	GCCCO
	0.52
	−7.43
	−6.92
	−7.18

	BCZYYb
	2.65
	−4.41
	−1.76
	−3.98

	GDC
	1.94
	−5.18
	−3.24
	−4.89

	LSCF
	0.40
	−5.74
	−5.34
	−5.54
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Supplementary Figure 1. X-ray diffraction patterns of cell components for RSOCs. a, BCZ-based proton conductors [BaZr0.9Y0.1O3−δ (BZY), BaCe0.9Y0.1O3−δ (BCY), BaCe0.7Zr0.1Y0.2O3−δ (BCZY), BaCe0.4Zr0.4Y0.1Yb0.1O3−δ (BCZYYb4411), and BaCe0.7Zr0.1Y0.1Yb0.1O3−δ (BCZYYb7111)]. b‒e, Thermal compatibility tests of LSCF and GDC (5:5 wt.%) before and after heat treatment at 1100℃ for 2 hours (b), GDC and LSCF (c), GDC and BCZYYb7111 (d), and GCCCO and GDC (5:5 wt.%) before and after heat treatment 900℃ for 10 hours (e).
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Supplementary Figure 2. Partial conductivities of proton conductors. a, BCY. b, BCZYYb3511.
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Supplementary Figure 3. Arrhenius plot from EIS plots of composite GCCCO-BCZ materials on GDC-symmetric cell from 500 to 800℃. a, ASR comparisons of GCCCO-GDC, GCCCO-BCZYYb7111, GCCCO-BCZYYb4411, GCCCO-BZY, GCCCO-BCY, and GCCCO-BCZY. b, Optimization of composition ratio of GCCCO and BCZYYb7111 on ASRs.
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Supplementary Figure 4. Distribution of relaxation times (DRT) analysis of GCCCO-BCZYYb7111 (8:2 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 5. DRT analysis of GCCCO-BCZYYb7111 (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 6. DRT analysis of LSCF-GDC (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 7. DRT analysis of LSCF-BCZYYb7111 (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 8. DRT analysis of GCCCO-LSCF (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 9. DRT analysis of GCCCO-GDC (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 10. DRT analysis of GCCCO-BCY (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 11. DRT analysis of GCCCO-BZY (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 12. DRT analysis of GCCCO-BCZY (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 13. DRT analysis of GCCCO- BCZYYb4411 (6:4 wt.%) air electrode on a GDC-symmetric cell. a, 800℃. b, 700℃.
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Supplementary Figure 14. Comparison of DRT P1‒P5 peaks for various composite air electrodes. a, 800℃. b, 700℃.
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Supplementary Figure 15. Microstructural analysis of GCCCO-BCZYYb7111 air-electrode applied on a NiO-YSZ fuel electrode-supported cell by FE-SEM. a, Cross-section. b, Air electrode. c, Fuel electrode.
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Supplementary Figure 16. Electrochemical performances of GCCCO-LSCF air-electrode applied on a NiO-YSZ fuel electrode-supported cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.


[image: ]
Supplementary Figure 17. Electrochemical performances of GCCCO-GDC cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 18. Electrochemical performances of LSCF-GDC cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 19. Nyquist plots from EIS measurements of GCCCO-BCZYYb7111 (8:2 wt.%) cell under various conditions. a, OCV. b, 0.3 A∙cm−2. c, ‒0.3 A∙cm−2.
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Supplementary Figure 20. Comparison of electrode ASR values of various air electrode materials on NiO-YSZ supported cells under OCV. a, GCCCO. b, PBSCF. c, LSCF. d, LSC. e, BSCF with BCZYYb7111 or GDC composite materials. f, GCCCO-M (M = BCZYYb7111, BCZYYb4411, BaCe0.7Zr0.1Y0.2O3−δ (BCZY), BaCe0.9Y0.1O3−δ (BCY), and BaZr0.9Y0.1O3−δ (BZY) composite materials.
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Supplementary Figure 21. Electrochemical performances of PBSCF-GDC (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 22. Electrochemical performances of PBSCF-BCZYYb7111 (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 23. Electrochemical performances of LSC-GDC (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 24. Electrochemical performances of LSC-BCZYYb7111 (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 25. Electrochemical performances of BSCF-GDC (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 26. Electrochemical performances of BSCF-BCZYYb7111 (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 27. Electrochemical performances of LSCF-BCZYYb7111 (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 28. Electrochemical performances of GCCCO-BaCe0.9Y0.1O3−δ (BCY) (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 29. Electrochemical performances of GCCCO-BaZr0.9Y0.1O3−δ (BZY) (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 30. Electrochemical performances of GCCCO-BaCe0.7Zr0.1Y0.2O3−δ (BCZY) (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 31. Electrochemical performances of GCCCO-BCZYYb4411 (6:4 wt.%) cell at 550‒800℃. a, b, I-V-P characteristics in SOFC (a) and SOEC (b) modes. c‒e, Nyquist plots from EIS measurements under OCV (c), 0.3 A∙cm−2 (d), and ‒0.3 A∙cm−2 (e) conditions.
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Supplementary Figure 32. Peak power density and current density performance of various composite GCCCO air electrode materials on NiO-YSZ supported cells at 650‒800℃. a, Peak power density in SOFC mode b, Current density at 1.3V in SOEC mode.
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Supplementary Figure 33. Microstructural FE-SEM analysis of GCCCO-BCZYYb7111 cells after long-term reversible operation. a, Cross-section of the cell (low magnification). b, Area 1 (cross-section of the cell at high magnification). c, Area 2 (AFL area). d, Area 3 (air electrode area).
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Supplementary Figure 34. Electrochemical and microstructural analysis before/after air-depletion tests. a, b, Change of I-V curve of GCCCO-BCZYYb7111 (a) and LSCF-GDC cathode (b). c, d, SEM images after air-depletion test of GCCCO-BCZYYb7111 (a) and LSCF-GDC air electrode (b). e, SEM-EPMA analyses of La, Sr, Co and Fe from LSCF-GDC air electrode before/after air-depletion test.
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Supplementary Figure 35. Microstructural FE-SEM analysis of GCCCO-BCZYYb7111 cells after thermal-cycling. a, Cross-section of the cell (low magnification). b, Area 1 (cross-section of the cell at high magnification). c, Area 2 (AFL area). d, Area 3 (air electrode area).
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Supplementary Figure 36. Transmission line model (TLM) analysis of EIS data of air-electrode in SOFC mode. a, Schematic illustration of the oxygen reduction reaction at the air electrode. b, Bisquert model (DX-22) (i) and equivalent circuit model for transmission line fitting (ii).
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Supplementary Figure 37. A schematic diagram illustrating the oxygen ion and electron/hole concentration profiles that develop at the electric double-layer interface between GCCCO-GDC, GCCCO-LSCF, and GCCCO-BCZYYb.
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Supplementary Figure 38. DFT-optimized surface structures of composite air electrode materials. a, GCCCO-BCZYYb. b, GCCCO-GDC. c, LSCF-GDC (side view). d, GCCCO-BCZYYb. e, GCCCO-GDC. f, LSCF-GDC (top view).
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Supplementary Figure 39. DFT-optimized reaction intermediate configurations for oxygen exchange reaction on GCCCO-BCZYYb. a, slab with two oxygen vacancies. b, incorporated oxygen molecule. c, incorporated two oxygen atoms from dissociated oxygen molecule. d, associated oxygen atoms. e, slab with two oxygen vacancies.
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Supplementary Figure 40. DFT-optimized reaction intermediate configurations for oxygen exchange reaction on GCCCO-GDC. a, slab with two oxygen vacancies. b, incorporated oxygen molecule. c, incorporated two oxygen atoms from dissociated oxygen molecule. d, associated oxygen atoms. e, slab with two oxygen vacancies.
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Supplementary Figure 41. DFT-optimized reaction intermediate configurations for oxygen exchange reaction on LSCF-GDC. a, slab with two oxygen vacancies. b, incorporated oxygen molecule. c, incorporated two oxygen atoms from dissociated oxygen molecule. d, associated oxygen atoms. e, slab with two oxygen vacancies.
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Supplementary Figure 42. Schematic illustration of DFT-calculated energy band structure of GCCCO-BCZYYb, GCCCO-GDC, and LSCF-GDC. Here, EV represents the valence band maximum (VBM), EC​ represents the conduction band minimum (CBM), and EF​ represents the Fermi level. The specific values of the band structures of GCCCO, BCZYYb, GDC and LSCF are presented in Supplementary Table 6.
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