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Supplementary Figures and Tables
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Fig. S1 (a) X-ray diffraction patterns and (b) the enlarged (110) peak for LBCN9173 and LCCN9173 oxides
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Fig. S2 Phase structure of LCCN9173 oxide
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Fig. S3 TG curves of LCCN9173 oxide under dry and wet air (pH2O =0.02 atm) at 50-800 °C
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Fig. S4 Measured hydrated proton concentration (HPCs) of LCCN9173 oxide at 50-800 °C
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Fig. S5 Predicted HPCs as functions of pH2O (0-0.05 atm) and temperatures (50-800 °C)
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Fig. S6 Fourier Transform Infrared Spectrometer (FT-IR) profiles for hydrated and dehydrated LBCN9173 samples
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Fig. S7 X-ray Photoelectron Spectroscopy (XPS) spectra of (a) Ba 3d and (b) Co 2p for hydrated and dehydrated LBCN9173 samples
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Fig. S8 Percentage of the /O2- and OOH contents for hydrated and dehydrated (a) LBCN9173 and (b) LCCN9173 oxides
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[bookmark: OLE_LINK2]Fig. S9 EPR spectra of LCN73, LBCN9173, and LCCN9173 oxides
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Fig. S10 XRD pattern of LCN73 oxide
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Fig. S11 Electrical conductivity of LBCN9173 and other reported oxides (LaCoO3 and La0.95Ba0.05CoO3) [S1-S3]
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Fig. S12 XPS spectra of O 1s for hydrated and dehydrated LCCN9173 samples
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Fig. S13 XPS spectra of (a) La 3d-Ni 2p, (b) Ca 2p, (c) Co 2p for hydrated and dehydrated LCCN9173 samples
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Fig. S14 Illustration of hydration reaction for LBCN9173 oxides with  located between (a) La-La, (b) La-Ba, (c) Ba-Ba cations
[image: ]
[bookmark: OLE_LINK3]Fig. S15 Illustration of hydration reaction for LCCN9173 with  located between (a) La-La, (b) La-Ca, (c) Ca-Ca cations
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Fig. S16 Proton conducting energy barriers from O2 to O3 site in LBCN9173 and LCCN9173 oxides
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[bookmark: OLE_LINK4]Fig. S17 Proton conducting path for LBCN9173 oxide during proton transferring from (a) O1 to O2 and (b) O2 to O3 site
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Fig. S18 Proton conducting path for LCCN9173 oxide during proton transferring from (a) O1 to O2 and (b) O2 to O3 site
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Fig. S19 OER reaction states (initial state (IS), transition state (TS), and final state (FS)) at Co-Ni sites on (001) surface of LBCN9173 and LCCN9173 oxides
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Fig. S20 XRD patterns of a dense BZCYYb4411 electrolyte and NiO-BZCYYb4411 composite cathode
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Fig. S21 SEM images of P-SOEC with LBCN9173 anode: (a) cross-section, (b) magnified image near the interface between anode and electrolyte, and (c) cathode
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Fig. S22 SEM images of P-SOECs with LCCN9173 as the anode: (a) cross-section, (b) magnified image near the interface between anode and electrolyte, and (c) cathode
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Fig. S23 XRD patterns of LBCN9173/LCCN9173+BZCYYb4411 composite oxides (with a mass ratio 1:1) after exposing to air for 50 h at 650 °C and raw BZCYYb4411 oxide
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Fig. S24 The stability testing of P-SOEC with LBCN9173 anode under wet synthetic air at a current density of 0.5 A cm-2 and 550 °C
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Fig. S25 I-V curves of P-SOEC with LBCN9173 anode under 40%, 60%, and 80% hydrogen content, respectively, at 600 °C
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Fig. S26 XRD pattern of LSCN9173 oxide
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Fig. S27 I-V curves of P-SOEC with LSCN9173 anode at 550-650 °C
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Fig. S28 EIS of P-SOEC with LCCN9173 anode measured at (a) 650 °C, 600 °C and (b) 550 °C
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Fig. S29 Schematic WOR reaction mechanism on (001) surface of LCCN9173 oxide
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Fig. S30 DRT plots and EIS of (a) LBCN9173 and (b) LCCN9173 cell as a function of pO2 (pO2=10%, 20%, 40%) at 600 °C. Plots of RHF and RIF dependences pO2 for (c) LBCN9173 and (d) LCCN9173 cell
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Fig. S31 Schematic diagram of the anodic reaction
Table S1 XRD Refinement results of LBCN9173 and LCCN9173 oxides
	Composition
	a(Å)
	b(Å)
	c(Å)
	Rp (%)
	Rwp (%)
	Rexp (%)
	Space group

	LBCN9173
	5.4547
	5.4547
	13.13578
	2.76
	3.66
	0.85
	

	LCCN9173
	5.4476
	5.4476
	13.12905
	3.87
	4.88
	1.01
	


Table S2 XPS of O 1s spectra fitting results for dehydrated and hydrated LBCN9173 and LCCN9173 samples
	Samples
	Dehydrated
LBCN9173
	Hydrated
LBCN9173
	Dehydrated 
LCCN9173
	Hydrated
LCCN9173

	
	Position (eV)
	Area percentage (%)
	Position (eV)
	Area percentage (%)
	Position (eV)
	Area percentage (%)
	Position (eV)
	Area percentage (%)

	O1s
	O2-
	528.70
	36.33
9.85
44.04
9.78
	528.38
	35.87
7.56
47.60
8.96
	528.33
	37.47
8.25
46.17
8.11
	528.33
	39.82
7.14
47.01
6.02

	
	
	529.66
	
	529.40
	
	529.38
	
	529.38
	

	
	OOH
	531.09
	
	530.98
	
	530.90
	
	530.93
	

	
	OH2O
	532.85
	
	532.90
	
	532.99
	
	532.98
	


Table S3 Energies for dehydrated and hydrated LBCN9173 and LCCN9173 oxides with oxygen vacancy at different sites
	LBCN9173
	Edehyd (eV)
	Eperfect 
(eV)
	1/2EO2
(eV)
	EFE
(eV)
	Ehyd
(eV)
	EH2O
(eV)
	Ehydration
(eV)

	La--La
	-250.91
	-253.30
	-0.1668
	2.23
	-266.04
	-13.49
	-1.64

	La--Ba
	-251.16
	-253.30
	-0.1568
	1.99
	-266.72
	-13.49
	-2.06

	Ba--Ba
	-251.47
	-253.30
	-0.1568
	1.67
	-267.27
	-13.49
	-2.30

	LCCN9173
	Edehyd (eV)
	Eperfect  (eV)
	1/2EO2 (eV)
	EFE  (eV)
	Ehyd
(eV)
	EH2O
(eV)
	Ehydration
(eV)

	La--La
	-841.49
	-844.30
	-0.168
	2.64
	-855.05
	-13.49
	-0.06

	La--Ca
	-841.62
	-844.30
	-0.168
	2.52
	-855.33
	-13.49
	-0.22

	Ca--Ca
	-842.01
	-844.30
	-0.187
	2.10
	-856.52
	-13.49
	-1.02


Table S4 Proton conducting energy barrier values at different steps
	O1-O2/steps
	LBCN9173
	LCCN9173
	O2-O3/steps
	LBCN9173
	LCCN9173

	1
	0.14 
	0.19
	1
	0.11
	0.21

	2
	0.02
	0.12
	2
	0.06
	0.12

	3
	0.22
	0.35
	3
	0.38
	0.48

	4
	0.43
	0.57
	4
	0.74
	0.79

	5
	0.18
	0.43
	5
	0.48
	0.47


Table S5 TEC values of this work, Co-base and Co-free oxides
	Anode composition
	TEC (10-6 K-1)
	Refs

	La0.6Sr0.4Co0.2Fe0.8O3-δ
	21.4
	[S4]

	[bookmark: OLE_LINK6]Ba0.5Sr0.5Co0.8Fe0.2O3-δ
	19.7
	[S5]

	BaCo0.4Fe0.4Zr0.1Y0.1O3-δ
	20.4
	[S6]

	PrNi0.5Co0.5O3-δ
	19.2
	[S7]

	La0.6Sr0.4Fe0.8Ni0.2O3-δ
	13.7
	[S8]

	Pr0.5Sr0.5Fe0.8Cu0.2O3-δ
	16.4
	[S9]

	La0.4Ca0.6Fe0.8Cr0.2O3-δ
	13.2
	[S10]

	La0.9Ca0.1Co0.7Ni0.3O3-δ
	15.1
	This work

	La0.9Ba0.1Co0.7Ni0.3O3-δ
	15.4
	This work



[bookmark: _GoBack]Table S6 Comparison of current densities at 600 °C and 1.3V for P-SOECs with high-performance anodes
	[bookmark: _Hlk192796884]Time
	[bookmark: OLE_LINK1139][bookmark: OLE_LINK1140]Materials
	Inlet gas composition
	I
(A cm–2)

	
	Anode
	Electrolyte
	Anode
	Fuel electrode
	

	2020[S11]
	PNC55 (3D)
	BZCYYb4411
	Air (10% H2O)
	10% H2/Ar
	1.17

	2020[S12]
	PBCC95
	BZCYYb4411
	Air (20% H2O)
	100% H2(3% H2O)
	0.72

	2021[S13]
	SCFN
	BZCYYb1711
	Air
	100% H2
	0.36

	2022[S14]
	BCFZYM
	BZCYYb1711
	Air (10% H2O)
	100% H2(3% H2O)
	1.24

	2022[S15]
	BSCFP
	BZCYYb1711
	Air (10% H2O)
	100% H2
	1

	2022[S16]
	PBCFN
	BZCYYb1711
	Air (3% H2O)
	100% H2(3% H2O)
	1.04

	2022[S17]
	LCCN7382
	BZCYYb4411
	Air (3% H2O)
	100% H2(3% H2O)
	0.88

	2023[S18]
	LCN91
	BZCYYb4411
	Air (3% H2O)
	100% H2(3% H2O)
	0.84

	2023[S19]
	BCFNbS
	BZCYYb1711
	Air (3% H2O)
	100% H2(3% H2O)
	0.91

	2023[S20]
	BSCFE
	BZCYYb1711
	Air (5% H2O)
	100% H2(3% H2O)
	0.98

	2023[S21]
	BCFZYN
	BZCYYb1711
	Air (5% H2O)
	100% H2(3% H2O)
	1.2

	2024[S22]
	SFN
	BZCYYb1711
	Air (3% H2O)
	100% H2
	0.8

	2024[S23]
	PSCN
	BZCYYb1711
	Air
	100% H2(3% H2O)
	1.25

	2024[S24]
	BCFZYNF
	BZCYYb1711
	Air (3% H2O)
	100% H2
	1.1

	2025[S25]
	BSCsCFZr
	BZCYYb1711
	Air (3% H2O)
	97% H2(3% H2O)
	1.23

	2025[S26]
	LCCFN‐Cr
	BZCYYb6211
	Air (3% H2O)
	97% H2(3% H2O)
	1.18

	2025[S27]
	BLFZN0.1
	BZCYYb1711
	Air (3% H2O)
	97% H2(3% H2O)
	0.67

	This work
	LSCN9173
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	0.95

	This work
	LCCN9173
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	1.01

	This work
	LBCN9173
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	1.58


PNC=PrNi0.5Co0.5O3-δ [S11], PBCC95=(PrBa0.8Ca0.2)0.95Co2O6−δ [S12], SCFN= Sr0.9Ce0.1Fe0.8Ni0.2O3-δ [S13], BCFZYM=Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Mg0.05O3-δ [S11], BSCFP= Ba0.5Sr0.5(Co0.8Fe0.2)0.95P0.05O3-δ [S15], PBCFN=PrBaCo1.6Fe0.2Nb0.2O5+δ [S16], LCCN7382=La0.7Ca0.3Co0.8Ni0.2O3-δ[S17], LCN91= LaCo0.9Ni0.1O3-δ [S18], BCFNS= BaCo0.4Fe0.4Nb0.1Sc0.1O3-δ [S19], BSCFE= Ba0.5Sr0.5(Co0.8Fe0.2)0.9Er0.1O3-δ [S20], BCFZYN= Ba0.95(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-δ [S21], SFN= Sr2.8Fe1.8Nb0.2O7-δ [S22], PSCN= PrSrCo1.8Nb0.2O6-δ [S23], BCFZYNF= Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05F0.1O2.9-δ [S24], BSCsCFZr= Ba0.4Sr0.5Cs0.1Co0.7Fe0.2Zr0.1O3−δ [S25], BLFZN0.1= Ba0.95La0.05(Fe0.8Zn0.2)0.9Ni0.1O3-δ [S27], LCCFN‐Cr= La(Co0.2Cu0.2Fe0.2Ni0.2Cr0.2)O3-δ [S26],  BZCYYb1711= BaZr0.1Ce0.7Y0.1Yb0.1O3-δ.

Table S7 RHF, RIF, RLF values and ratios for LBCN9173 and LCCN9173 at 550 and 600 °C
	Reaction steps
	R (Peaks)
	Reaction equations
	Resistance from DRT peak (Ω cm2)

	
	
	
	550 °C
	600 °C
	550 °C
	600 °C

	step1:
	RIF
(P2-P3)
	
(H2O adsorption)
	LCCN9173
	LBCN9173

	step2:
	
	
(H2O* dissociation)
	0.364
	0.094
	0.213
	0.039

	step3:
	
	
(OH* dissociation)
	
	
	
	

	step4:
	
	
(O2 formation)
	
	
	
	

	step5:
	RLF
(P1)
	
(O2 desorption)
	0.028
	0.003
	0.022
	0.007

	step6:
	RHF
(P4)
	
(Charge transfer)
	0.148
	0.078
	0.158
	0.055
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