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Fig. S1. Chemical compatibility between the (a) PNC and (b) PNF air electrode and BZCYYb4411 
electrolyte after annealing at 950 °C for 4 h in air atmosphere. Post-treated the (c) PNC and (d) PNF air 
electrode after exposing to 10 and 20% H2O. Post-treated the (e) PNC and (f) PNF air electrode after 
exposing to 10 and 20% CO2 at 500 °C for 24 h.
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Fig. S2. Thermodynamic bond dissociation energy (BDE) calculations for Co-O and Fe-O bonds. Based 
on this definition, the BDEs of Co-O and Fe-O bonds in M3O4 (M = Co and Fe) structure were calculated 
as follows:

       (1)∆𝐻𝑓 (𝐵𝑜𝑛𝑑 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦) = ∆𝐻𝑓(𝐹𝑒(𝑠)) + ∆𝐻𝑓(𝑂2(𝑔)) ‒ ∆𝐻𝑓(𝐹𝑒3𝑂4(𝑠))

       (2)∆𝐻𝑓 (𝐵𝑜𝑛𝑑 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦) = ∆𝐻𝑓(𝐶𝑜(𝑠)) + ∆𝐻𝑓(𝑂2(𝑔)) ‒ ∆𝐻𝑓(𝐶𝑜3𝑂4(𝑠))
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Fig. S3. (a) Lattice parameter changes and calculated TEC values of the PNC air electrode (b) Lattice 
parameter changes and calculated TEC values of the PNF air electrode at temperatures ranging from 
100 to 800 °C.
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Fig. S4. Schematic electronic spin configurations for 3d4; high-spin state (Δ is small) and low-spin state 
(Δ is large).



6

Fig. S5. EIS and fitted spectra of the BZCYYb4411-based symmetrical cells with the (a) PNC and (b) 
PNF air electrodes under open circuit voltage in temperature ranges of 500 to 700 °C in wet air 
(pH2O=0.03 atm). Microstructures of the (c) PNC and (d) PNF air electrodes after sintering at 950 °C 
for 4 h in air atmosphere.
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Fig. S6. EIS of the BZCYYb4411-based symmetrical cells with the PNF air electrode under open circuit 
voltage in temperature ranges of 500 to 700 °C in dry and wet air (pH2O=0.03 atm).
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Fig. S7. EIS of the single cells with the (a) PNC and (b) PNF air electrodes under open circuit voltage 
in temperature ranges of 400 to 600 °C.
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Fig. S8. I–V and I–P curves of the R-PCC single cells for #2 with (a) PNC and (b) PNF. Good 
reproducibility is obtained across the duplicate cells.
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Fig. S9. Cross-sectional SEM images of PNF air electrode based R-PCC single cell following the EC 
stability for 200 h. No discernible microstructural changes were observed in R-PCC with the PNF air 
electrode before (Fig. 5a) and after EC stability measurement, particularly at the interfaces between the 
electrode and electrolyte.
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Fig. S10. Calculated TEC values of the PNC and PNF air electrodes from 200 to 900 °C and 
BZCYYb4411 electrolyte from 100 to 1000 °C.



12

Fig. S11. After thermal cycling stability of single cells with the (a) PNC and (b) PNF air electrode.
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Table S1. Binding energies of Pr 3d, Ni 2p, Co 2p, and Fe 2p.1,2

Element Orbital Binding energy
(eV)

Pr 3d5/2

3d3/2

931.8
952.2

Ni 2p3/2

2p1/2

853.8
872.4

Co 2p3/2

2p1/2

778.3
794.7

Fe 2p3/2

2p1/2

709.7
723.1
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Table S2. Valence distribution of the element of PNC and PNF air electrodes, derived from the XPS result.

PNC PNF
Element Oxidation state Peak location 

(eV) Fraction
(%) Average valence Fraction

 (%) Average valence

+3

927.1
932.3
947.1
953.0

92.7 92.0
Pr

+4 928.5
949.1 7.3

+3.07

8.0

+3.08

+2 853.9
866.8 67.8 68.0

+3 856.0
870.5 27.6 27.7Ni

+4 858.1 4.6

+2.37

4.3

+2.36

778.2+2 792.8 13.4 -

+3 779.7
794.5 65.8 -Co

+4 781.7
796.2 20.8

+3.07

-

-

707.4+2 720.8 - 8.6

+3 709.6
722.1 - 58.0Fe

+4 712.2
724.3 -

-

33.4

+3.25
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Table S3. O 1s XPS peak deconvolution results of PNC and PNF.

Air electrode 𝑂 ×
𝑂 𝑉 ∙∙

𝑂 𝑂𝐻 ‒ 𝐻2𝑂 Oads/Olat

PNC 42.2% 10.1% 46.1% 1.6% 1.37

PNF 45.1% 6.7% 46.3% 1.9% 1.22
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Table S4. Performance comparison of PNF air electrode with other reported Sr/Co-free air electrodes for PCFCs.

Air electrode Electrolyte Fuel electrode Temp.
(°C)

PPD
(W cm-2) Ref.

600
550
500
450
400

1.17
0.70
0.41
0.23
0.07

This work
(Cell #1)

PNF
(PrNi0.5Fe0.5O3-)

BZCYYb4411
(BaZr0.4Ce0.4Y0.1Yb0.1O3-δ)

Ni-BZCYYb4411
600
550
500
450
400

1.09
0.71
0.39
0.21
0.07

This work
(Cell #2)

BFSBi0.3

(BaFe0.5Sn0.2Bi0.3O3-)
BZCY

(BaZr0.1Ce0.7Y0.2O3-)
Ni-BZCY

600
550
500
450
400

0.84
0.65
0.43
0.29
0.12

[3]

BCYF2
(BaCe0.16Y0.04Fe0.8O3-)

BZCYYb1711
(BaZr0.1Ce0.7Y0.1Yb0.1O3-)

Ni-BZCYYb1711

600
550
500
450

0.66
0.49
0.30
0.15

[4]

PBCF
(PrBa0.8Ca0.2Fe2O6-)

BZCYYb1711 Ni-BZCYYb1711 600 0.44

PBCFC
(PrBa0.8Ca0.2Fe1.8Ce0.2O6-)

BZCYYb1711 Ni-BZCYYb1711 600 0.87
[5]

PNC
(Pr2Ni0.8Cu0.2O4+)

BZCYYb1711 Ni-BZCYYb1711 600
550

0.24
0.16 [6]

BLFZ-BZCYYb1711 BZCYYb1711 Ni-BZCYYb1711 600 0.09 [7]
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(Ba0.95La0.05Fe0.8Zn0.2O3-

-BZCYYb1711)
BFSBi

(BaFe0.5Sn0.2Bi0.3O3-)
BZCYYbF

(BaZr0.3Ce0.48Fe0.02Y0.1Yb0.1O3-)
Ni- BZCYYbF 600 0.28

BFSBi95
(Ba0.95Fe0.5Sn0.2Bi0.3O3-)

BZCYYbF Ni- BZCYYbF 600 0.36
[8]

PBNZ1
(Pr1.8Ba0.2Ni0.9Zn0.1O4+)

BZCY Ni-BZCY 600
550

0.44
0.23 [9]

(PL)1.9NCMn nanofiber
((Pr0.9La0.1)1.9(Ni0.7Cu0.3)0.9Mn0.1O4+

BZCY Ni-BZCY 600
550

0.53
0.38 [10]

BCF82
(Ba0.8Ca0.2FeO3-)

BZCYYb1711 Ni-BZCYYb1711 600 0.73 [11]
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Table S5. Performance comparison of PNF air electrode with other reported Sr/Co-free air electrodes for PCECs.

Air electrode Electrolyte Fuel electrode Temp.
(°C)

Current density at 1.3 V
(A cm-2) Ref.

600
550
500
450
400

-1.78
-0.95
-0.35
-0.15
-0.06

This work
(Cell #1)

PNF BZCYYb4411 Ni-BZCYYb4411
600
550
500
450
400

-1.61
-0.88
-0.35
-0.12
-0.04

This work
(Cell #2)

PBCF BZCYYb1711 Ni-BZCYYb1711 600 -0.94
PBCFC BZCYYb1711 Ni-BZCYYb1711 600 -1.73

[5]

PNC BZCYYb1711 Ni-BZCYYb1711 600
550

-0.32
-0.22 [6]

BLFZ-BZCYYb1711 BZCYYb1711 Ni-BZCYYb1711 600 -0.26 [7]
BFSBi BZCYYbF Ni-BZCYYbF 600 -0.40

BFSBi95 BZCYYbF Ni-BZCYYbF 600 -0.51
[8]

PBNZ1 BZCY Ni-BZCY 600
550

-0.83
-0.34 [9]

(PL)1.9NCMn nanofiber BZCY Ni-BZCY 600
550

-0.70
-0.47 [10]

BCF82 BZCYYb1711 Ni-BZCYYb1711 600 -1.21 [11]
PNO-BZCY262

(Pr2NiO4+δ-BaZr0.2Ce0.6Y0.2O3-)
BZCY262 Ni-BZCY262 600

550
-0.35
-0.23 [12]

PLNCu-BZCY
((Pr0.9La0.1)2(Ni0.8Cu0.2)O4+-BZCY)

BZCY Ni-BZCY 600 -0.28 [13]
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