Supporting information:
Three-phase anode enabling high water splitting performance of protonic solid oxide electrolysis cell
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Fig. S1 Photograph of a representative single cell (button cell) with a diameter of approximately 10 mm.
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Fig. S2 Photograph of the actual P-SOEC testing setup
[image: ]
Fig. S3 Schematic diagram of the P-SOEC testing setup, illustrating the measurement configuration.
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Fig. S4 XRD patterns of three independently synthesized batches of LBCNA-900 prepared using the same citric acid sol-gel method.
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Fig. S5 XPS spectra of Ni 2p for three LBCNA oxides.
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Fig. S6 TG results of (a) LBCNA-800 and (b) LBCNA-1000 sample under dry and humid air (pH2O = 0.02 atm) from 50 to 800 °C; 
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Fig. S7 The EIS of GDC electrolyte-supported symmetrical cells: the comparison of ASR for three electrodes.
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[bookmark: OLE_LINK304][bookmark: OLE_LINK303]Fig. S8 The EIS of BZCYYb4411 electrolyte-supported symmetrical cells with (a) LBCNA-800, (b) LBCNA-900, and (c) LBCNA-1000 electrodes. (d) The comparison of ASR for three electrodes. 
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Fig. S9 the stability of P-SOEC with LBCNA-900 anode at 600 °C and a constant voltage of 1.2 V. 
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Fig. S10. (a) I-V curves of P-SOEC with (a) LBCNA-800 and (b) LBCNA-1000 anode at 600-700 °C







Table S1 XRD refinement results of LBCNA oxides.

	LBCNA-800
	a(Å)
	b(Å)
	c(Å)
	Rp (%)
	Rwp (%)
	Rexp (%)
	Chi2
	Space group

	R-LBCNA
	5.4521
	5.4521
	13.1616
	9.48
	12.1
	10.25
	1.39
	

	RP-LBCNA
	3.8559
	3.8559
	12.8123
	
	
	
	
	I4/mmm

	Ag
	4.0847
	4.0847
	4.0847
	
	
	
	
	Fmm



	LBCNA-900
	a(Å)
	b(Å)
	c(Å)
	Rp (%)
	Rwp (%)
	Rexp (%)
	Chi2
	Space group

	R-LBCNA
	5.4489
	5.4489
	13.1493
	2.18
	2.81
	1.95
	2.07
	

	RP-LBCNA
	3.8541
	3.8541
	12.8189
	
	
	
	
	I4/mmm

	Ag
	4.0849
	4.0849
	4.0849
	
	
	
	
	Fmm



	LBCNA-1000
	a(Å)
	b(Å)
	c(Å)
	Rp (%)
	Rwp (%)
	Rexp (%)
	Chi2
	Space group

	R-LBCNA
	5.4546
	5.4546
	13.1769
	4.52
	5.67
	7.72
	0.54
	

	RP-LBCNA
	3.8556
	3.8556
	12.8138
	
	
	
	
	I4/mmm

	Ag
	4.0864
	4.0864
	4.0864
	
	
	
	
	Fmm



Table S2 XPS fitting results of O 1s spectra for LBCNA oxides.
	Samples
	O1s

	
	Lattice oxygen
	Adsorbed oxygen
	hydroxylated oxygen species
	Absorbed surface water 

	
	Olat
	Oad
	OOH
	OH2O

	LBCNA-800
	Position (eV)
	528.74
	529.70
	531.21
	532.73

	
	Area ratio (%)
	29.9
	8.58
	46.04
	15.48

	LBCNA-900
	Position (eV)
	528.87
	529.87
	531.20
	532.70

	
	Area ratio (%)
	38.66
	13.68
	37.07
	10.59

	LBCNA-1000
	Position (eV)
	528.65
	529.65
	531.17
	532.71

	
	Area ratio (%)
	29.06
	9.10
	43.41
	18.43



Table S3 XPS fitting results of Ba 3d+Co 2p spectra for LBCNA oxides.
	Samples
	Ba 3d+Co 2p

	
	Co3+
	Co2+
	Ba2+

	LBCNA-800
	Position (eV)
	778.5/793.6
	781.04/796.55
	779.91/795.1

	
	Area ratio (%)
	18.90
	26.46
	47.67

	LBCNA-900
	Position (eV)
	778.5/793.7
	781.00/796.66
	780.00/795.3

	
	Area ratio (%)
	28.98
	19.64
	51.39

	LBCNA-1000
	Position (eV)
	778.5/793.7
	781.00/796.64
	780.18/795.4

	
	Area ratio (%)
	28.65
	21.84
	42.81



Table S4 XPS fitting results of Ag 3d spectra for LBCNA oxides.
	Samples
	Ag 3d

	
	Ag+
	Ag0

	LBCNA-800
	Position (eV)
	368.50/374.46
	368.90/374.94

	
	Area ratio (%)
	69.18
	30.82

	LBCNA-900
	Position (eV)
	368.22/374.24
	368.68/374.64

	
	Area ratio (%)
	78.49
	21.51

	LBCNA-1000
	Position (eV)
	368.3/374.3
	368.70/374.70

	
	Area ratio (%)
	77.25
	22.75




Table S5 The summary of ASR values for this work and other reported excellent anodes.

	Anodes
	Temperature (°C)
	ASR(Ω cm2)
	Refs

	BaCo0.4Fe0.4Zr0.2O3-δ
(BCFZ)
	650
	0.61
	[1]

	
	600
	1.03
	

	
	550
	1.92
	

	Nd0.5Ba0.5Fe0.9Co0.1O3-δ
(NBFC)
	650
	0.39
	[2]

	
	600
	1
	

	
	550
	-
	

	Ba2Co1.5Mo0.25Nb0.25O6-δ
(BC1.5MN)
	650
	0.6
	[3]

	
	600
	1.0
	

	
	550
	1.8
	

	Ba0.5Sr0.5Co0.8Fe0.2O3-δ
(BSCF)
	650
	0.79
	[4]

	
	600
	1.31
	

	
	550
	1.99
	

	La0.6Sr0.4Co0.2Fe0.8O3-δ
(LSCF)
	650
	0.18
	[5]

	
	600
	0.51
	

	
	550
	1.05
	

	BaCo0.4Fe0.4Zr0.1Y0.1O3-δ
(BCFZY)
	650
	0.40
	[6]

	
	600
	0.85
	

	
	550
	1.15
	

	Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ
(SSNCF)
	650
	0.11
	[7]

	
	600
	0.23
	

	
	550
	0.47
	

	Ba0.5Sr0.5Sc0.175Nb0.025Co0.8O6-δ
(BSSNC)
	650
	0.25
	[8]

	
	600
	0.66
	

	
	550
	1.86
	

	SrCo0.8Fe0.15Zr0.05O3-δ
(SCFZ)
	650
	0.15
	[9]

	
	600
	0.38
	

	
	550
	1.01
	

	PrBa0.8Sr0.2Co2O6-δ
(PBSC)
	650
	0.15
	[10]

	
	600
	0.35
	

	
	550
	0.95
	

	Pr0.2Ba0.2Sr0.2La0.2Ca0.2CoO3-δ
(PBSLCC)
	650
	0.12
	[10]

	
	600
	0.26
	

	
	550
	0.75
	

	Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05F0.1O2.9-δ
(BCFZYNF)
	650
	0.075
	[11]

	
	600
	0.17
	

	
	550
	0.41
	

	La(Co0.2Cu0.2Fe0.2Ni0.2Cr0.2)O3-δ 
(LCCFN-Cr)
	650
	0.22
	[12]

	
	600
	0.27
	

	
	550
	0.46
	

	LBCNA-800
	650
	0.25
	This work

	
	600
	0.80
	

	
	550
	1.7
	

	LBCNA-900
	650
	0.051
	

	
	600
	0.10
	

	
	550
	0.31
	

	LBCNA-1000
	650
	0.052
	

	
	600
	0.35
	

	
	550
	0.82
	









Table S6 Summary of current density for LBCNA-900 and other recently reported advanced anodes based on fuel-electrode-supported single button cells.
	Time
	Materials
	Inlet gas composition
	I
(A cm–2)

	
	Anode
	Electrolyte
	Anode
	Cathode
	

	2018[13]
	PBSCF
	BZCYYb
	Air (12% H2O)
	5% H2/Ar
	0.74

	2018[14]
	NBSCF/BZCYYb
	BZCYYb
	Air (10% H2O)
	H2 (10% H2O)
	0.75

	2019[15]
	BCFZY
	BZCYYb
	Air
	-
	1

	2019[16]
	PBSCF
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	1.18

	2020[17]
	PNC55 (3D)
	BZCYYb4411
	Air (10% H2O)
	10% H2/Ar
	1.17

	2020[18]
	PBCC95
	BZCYYb4411
	Air (20% H2O)
	97% H2(3% H2O)
	0.72

	2021[19]
	YEBCG
	BZCYYb1711
	Air (20% H2O)
	10% H2/N2
	1.19

	2021[20]
	SCFN
	BZCYYb1711
	Air
	100% H2
	0.36

	2022[21]
	BCFZYM
	BZCYYb1711
	Air (10% H2O)
	97% H2(3% H2O)
	1.24

	2022[22]
	BSCFP
	BZCYYb1711
	Air (10% H2O)
	100% H2
	1

	2022[3]
	BC1.5MN
	BZCYYb1711
	Air (3% H2O)
	97% H2(3% H2O)
	1.34

	2022[23]
	PBCFN
	BZCYYb1711
	Air (3% H2O)
	97% H2(3% H2O)
	1.04

	2022[24]
	LCCN7382
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	0.88

	2023[25]
	LCN91
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	0.84

	2023[26]
	BCFNbS
	BZCYYb1711
	Air (3% H2O)
	97% H2(3% H2O)
	0.91

	2023[27]
	BSCFE
	BZCYYb1711
	Air (5% H2O)
	97% H2(3% H2O)
	0.98

	2023[28]
	BCFZYN
	BZCYYb1711
	Air (5% H2O)
	97% H2(3% H2O)
	1.2

	2024[29]
	SFN
	BZCYYb1711
	Air (3% H2O)
	100% H2
	0.8

	2024[30]
	PSCN
	BZCYYb1711
	Air
	97% H2(3% H2O)
	1.25

	2024[11]
	BCFZYNF
	BZCYYb1711
	Air (3% H2O)
	100% H2
	1.1

	This work
	LBCNA-800
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	0.5

	This work
	LBCNA-1000
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	0.25

	This work
	LBCNA-900
	BZCYYb4411
	Air (3% H2O)
	97% H2(3% H2O)
	1.8


PBSCF= PrBa0.5Sr0.5Co1.5Fe0.5O5+δ [13], PBSCF=PrBa0.5Sr0.5Co1.5Fe0.5O5+δ [16], PNC=PrNi0.5Co0.5O3-δ [17], PBCC95=(PrBa0.8Ca0.2)0.95Co2O6-δ [18], YEBCG=Y0.8Er0.2BaCo3.2Ga0.8O7+δ [19], SCFN= Sr0.9Ce0.1Fe0.8Ni0.2O3-δ [20], BCFZYM=Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Mg0.05O3-δ [20], BSCFP= Ba0.5Sr0.5(Co0.8Fe0.2)0.95P0.05O3-δ [22], BCMN=Ba2Co1.5Mo0.25Nb0.25O6-δ [31], PBCFN=PrBaCo1.6Fe0.2Nb0.2O5+δ [23], LCCN7382=La0.7Co0.3Co0.8Ni0.2O3-δ [24], LCN91= LaCo0.9Ni0.1O3-δ [25], BCFNS= BaCo0.4Fe0.4Nb0.1Sc0.1O3-δ [26], BSCFE= Ba0.5Sr0.5(Co0.8Fe0.2)0.9Er0.1O3-δ [27], BCFZYN= Ba0.95(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-δ [28], SFN= Sr2.8Fe1.8Nb0.2O7-δ [29], PSCN= PrSrCo1.8Nb0.2O6-δ [30], BCFZYNF= Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05F0.1O2.9-δ [11], BCFZY=Ba(Co0.4Fe0.4Zr0.1Y0.1)O3-δ [15], NBSCF= NdBa0.5Sr0.5Co1.5Fe0.5O5+δ [14], BZCYYb1711= BaZr0.1Ce0.7Y0.1Yb0.1O3-δ.
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