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[bookmark: _Toc236014066][bookmark: OLE_LINK3]Supplementary Notes
Supplementary Note 1 | Apparent activation energies from polarization resistance
The apparent activation energy was obtained from the temperature dependence of the area-specific polarization resistance1. The data were fitted using the Arrhenius relation:
                                   (S1)
where Rₚ is the polarization resistance, R₀ is the pre-exponential factor, Eₐ is the apparent activation energy, R is the molar gas constant and T is the absolute temperature. Linearization gives:
                           (S2)
Eₐ was calculated from the slope of ln(Rₚ) against 1/T. When the horizontal axis is 1,000/T, Eₐ = 1,000Rm. The result was converted from J mol-1 to eV using 1 eV per particle = 96.485 kJ mol-1. The fits give 1.01 eV for SFM and 0.854 eV for SFM-SPO.
Supplementary Note 2 | Hydrogen production and Faradaic efficiency of the electrolysis cells
For a protonic ceramic electrolysis cell, two electrons produce one H₂ molecule2. The theoretical molar hydrogen production rate at current I is:
                                        (S3)
where F is the Faraday constant. The corresponding standard volumetric rate is
                                       (S4)
where Vₘ = 22,400 ml mol-1 at standard temperature and pressure. The measured molar rate was calculated from the dry H2 mole fraction in the outlet and the standard gas flow. Qstd is expressed in ml s-1; a flow recorded in ml min-1 was divided by 60 before calculation:
                              (S5)
The open circuit background was subtracted before calculation. If the flow was recorded outside standard conditions, . Faradaic efficiency was then calculated as:
  (S6)
The H₂ production rates and Faradaic efficiencies in Supplementary Figs. S4 and S5 were measured at 600 °C.
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[image: ]Figure S1. Impedance spectra of SFM-SPO (a) and SFM (b) symmetric cells from 500 to 700 °C under pH2O = 0.1 atm.
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Figure S2. Cross-sectional SEM image of a single cell with an SFM-SPO oxygen electrode.
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Figure S3. Potentiostatic electrolysis stability of the SFM-SPO cell at 600 °C and 1.3 V for 250 h.
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Figure S4. H2 production rates of cells with SFM and SFM-SPO oxygen electrodes at 600 °C.
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Figure S5. Faradaic efficiencies of cells with SFM and SFM-SPO oxygen electrodes at 600 °C.
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Figure S6. Powder X-ray diffraction patterns of SFN and SFN-SPO.
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Figure S7. Impedance spectra of SFN-SPO (a) and SFN (b) symmetric cells from 500 to 700 °C under pH2O = 0.1 atm.
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Figure S8. Electrolysis polarization curves of cells with SFN-SPO (a) and SFN (b) oxygen electrodes from 500 to 700 °C.
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Figure S9. Powder X-ray diffraction patterns of SCF and SCF-SPO.
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Figure S10. Impedance spectra of SCF-SPO (a) and SCF (b) symmetric cells from 500 to 700 °C under pH2O = 0.1 atm.
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Figure S11. Electrolysis polarization curves of cells with SCF-SPO (a) and SCF (b) oxygen electrodes from 500 to 700 °C.
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Figure S12. Powder X-ray diffraction patterns of SCN and SCN-SPO.
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Figure S13. Impedance spectra of SCN-SPO (a) and SCN (b) symmetric cells from 500 to 700 °C under pH2O = 0.1 atm.
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Figure S14. Electrolysis polarization curves of cells with SCN-SPO (a) and SCN (b) oxygen electrodes from 500 to 700 °C.
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Figure S15. Thermogravimetric curves of SFM and SFM-SPO.
[image: ]Figure S16. Wavelet transform contour plots of the Fe K-edge EXAFS signals of SFM-SPO (a), SFM (b), Fe foil (c), FeO (d), Fe2O3 (e) and Fe3O4 (f).
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Figure S17. Solid-state ³¹P MAS NMR spectra of SPO before and after hydration.

[image: ]Figure S18. Calculated intermediate structures along the proton migration pathway in BZCYYb.
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Figure S19. Calculated intermediate structures along the proton migration pathway between neighboring PO4 tetrahedra in SPO.
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Table S1. EXAFS fitting parameters at the Fe K-edge for various samples
	Sample
	Shell
	Bond length (Å)
	Coordination Number
	σ2 (Å2) 
	ΔE0 shift (eV)
	R-factor

	SFM
	Fe–O
	1.88±0.02
	5.8±1.2
	0.008±0.005
	-4.9±2.7
	0.010

	
	Fe–Sr
	3.33±0.03
	6.5±1.8
	0.010±0.002
	
	

	
	Fe–O–Fe
	3.93±0.02
	9.1±1.4
	0.012±0.004
	
	

	SFM-SPO
	Fe–O
	1.90±0.02
	6.1±1.1
	0.004±0.004
	-4.8±3.0
	0.014

	
	Fe–Sr
	3.31±0.03
	7.2±1.6
	0.018±0.011
	
	

	
	Fe–O–Fe
	3.91±0.01
	8.3±1.3
	0.011±0.007
	
	


σ2: Debye-Waller factor, ΔE0: the shift in absorption edge energy, R-factor: Residual factor.

Table S2. Summary of DH values for SFM-based oxygen electrodes in different configurations reported in recent years
	References 
	DH (cm2 s-1)
	Temperature (℃)

	3
	1.84 × 10–6
	700 

	
	1.16 × 10–6
	650

	
	8.49 × 10–7
	600 

	
	4.95 × 10–7
	550

	4
	2.86 × 10−5
	750

	
	1.62 × 10−5
	700

	
	9.16 × 10–6
	650

	
	5.30 × 10–6
	600

	5
	[bookmark: OLE_LINK1]1.71 × 10−5 
	750

	
	1.35 × 10−5
	700

	
	7.88 × 10−6
	650

	
	3.92 × 10−6
	600 

	This work (SFM-SPO)
	3.22 × 10−5
	750

	
	2.12 × 10−5
	700

	
	1.33 × 10−5
	650

	
	7.47 × 10−6
	600




Table S3. Area-specific resistances of reported SFM based oxygen electrodes and SPO modified perovskite oxygen electrodes
	References 
	ASR(Ω cm2)
	Temperature (℃)

	6
	0.13
	700 

	
	0.28
	650

	
	0.58
	600

	
	1.20
	550

	7
	0.09
	750

	
	0.14
	700

	
	0.29
	650

	
	0.63
	600

	1
	0.071
	800

	
	0.10
	750

	
	0.169
	700

	
	0.260
	650

	8
	0.074
	750

	
	0.178
	700

	
	0.314
	650

	
	0.772
	600

	9
	0.058
0.08
0.2
0.57
	650
600
550
500

	10
	0.148
	600

	11
	0.045
0.078
0.163
0.354
0.998
	700
650
600
550
500

	This work (SFM-SPO)
	0.079
0.144
0.279
0.575
1.22
	700
650
600
550
500

	[bookmark: _Hlk235285772]This work (SCN-SPO)
	0.039
0.061
0.129
0.304
0.692
	700
650
600
550
500

	This work (SCF-SPO)
	0.054
0.091
0.188
0.304
1.05
	700
650
600
550
500

	This work (SFN-SPO)
	0.09
0.125
0.273
0.535
1.122
	700
650
600
550
500




Table S4. Electrolysis performance of PCECs with reported SFM based oxygen electrodes and SPO modified perovskite oxygen electrodes
	References 
	Current density (1.3 V, mA cm-2)
	Temperature (℃)

	4
	1800
	750 

	
	1400
	700

	
	950
	650 

	
	720
	600

	6
	950
	700 

	
	640
	650

	
	400
	600 

	
	220
	550

	5
	1570
	750

	
	1235
	700

	
	827
	650

	
	516
	600

	
	247
	550

	8
	1655
	750

	
	1053
	700

	
	625
	650

	
	295
	600

	9
	2210
1490
1070
580
	650
600
550
500

	10
	2400
1460
680
260
	650
600
550
500

	2
	1350
850
560
	600
550
500

	11
	2000
1500
1000
	600
550
500

	This work (SFM-SPO)
	1875
1549
1250
910
581
	700
650
600
550
500

	This work (SCN-SPO)
	2799
2400
2000
1649
800
	700
650
600
550
500

	This work (SCF-SPO)
	2545
2049
1694
1251
628
	700
650
600
550
500

	This work (SFN-SPO)
	2161
1991
1583
931
563
	700
650
600
550
500
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