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Figure S1 (a) Crystal structure of PBF, PBFZ, PBKFZ powders calcined at 1100 °C in the 
air for 5 h; (b) The enlargement of XRD around 50-60°. 



Figure S2 I-V-P curves of cells with NiO-BZCY/NiO-BZCY/BZCY/PBF single cell under 
700 °C with static air as oxidant and wet hydrogen (3% H2O); 



Table S1 Results of Rietveld refinement for PBFZ and PBKFZ.

Sample PBFZ PBKFZ

Space group P4/mmm P4/mmm

a=b (Å) 3.93 3.92

c (Å) 7.87 7.86

V (Å3) 121.85 121.30

λ2 2.15 3.05

Rp (%) 3.95 4.35

Rwp (%) 5.27 5.7

Rp= . Rwp=∑|Yo - Yc| ∑Yo [∑w|Yo - Yc|2 ∑wY2
o]1 2



Table S2 The binding energy peak of Oad, OL, Pr3+, Pr4+, Fe3+, Fe4+ and the value of 
Oad/(Oad +OL), Pr4+/( Pr4++Pr3+), Fe3+/( Fe3++Fe4+) for sample.

Sample PBFZ PBKFZ

Oad 531.33 531.35O1s

(eV) OL 528.77 528.72

Oad/( Oad +OL) 0.62 0.72

Pr3+
927.97

933.78

927.96

933.67
Pr3d5/2

(eV)
Pr4+ 931.77 931.80

Pr3+
948.17

954.78

948.31

954.67
Pr3d3/2

(eV)
Pr4+ 952.12 952.20

Pr4+/(Pr4++Pr3+) 0.46 0.50

Fe3+ 710.25 710.32Fe2p3/2

(eV) Fe4+ 712.52 712.73

Fe3+ 723.63 723.80Fe2p1/2

(eV) Fe4+ 723.53 727.32

Fe3+/(Fe3++Fe4+) 0.69 0.80



Figure S3 (a) XRD patterns for PBFZ sintered at 700 °C for 24 h under humidified air 
(3% H2O) and (b) XRD patterns for mixed powders sintered at 900 °C for 2 h;



Figure S4 In situ XRD patterns of sample



Figure S5 ECR response curves at 600 °C after a sudden change in oxygen partial 
pressure from 5 atm to 20 atm



Figure S6 ECR response curves at 600 °C after a sudden change in water partial 
pressure from 0 atm to 3 atm



Figure S7 Cross-sectional graph of single cell: (a) NiO-BZCY/NiO-BZCY 
(AFL)/BZCY/PBFZ; (b) NiO-BZCY/NiO-BZCY (AFL)/BZCY/PBKFZ; (c) PBKFZ cathode 
structure; (d) BZCY electrolyte of PBKFZ single cell.



Table S3 Comparison of the PPD of recently reported proton-conducting fuel cells with Co-based cathode at 650 °C

Cathode Electrolyte (thickness, μm) AFL anode PPD (W cm-2) Year and ref

Ba0.5Sr0.5Co0.8Fe0.2O2.9-δF0.1 BCSF (10) NiO-BCSF 0.37 20181

BaCo0.7(Ce0.8Y0.2)0.3O3-δ BZCYYb (16) NiO-BZCYYb 0.98 20192

PrBaCo2O5+δ BZCY NiO-BZCY NiO-BZCY 0.35 20093

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ BZCYYb NiO-BZCYYb 1.05 20144

PBSCF (without PLD layer) BZCYYb4411 (20) NiO-BZCYYb4411 1.15 20185

Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ BZCYYb (18.5) NiO-BZCYYb 0.84 20196

BaCo0.4Fe0.4Zr0.1Y0.1O3-δ-BCZY63 BZCYYb NiO-BZCYYb 0.45 (600 °C)

Ba0.5Sr0.5Co0.8Fe0.2O3-δ-BZCY BZCY (10) NiO-BZCY NiO-BZCY 0.48 20197

PrBa0.8Ca0.2Co2O5+δ exsolved 
BaCoO2 

BZCYYb NiO-BZCYYb 1.58 20218

Sm0.5Sr0.5CoO3−δ infiltrated BZY BZY NiO-BZY 0.60 (600 °C) 20189

PBKFZ BZCY (13) NiO-BZCY (20) NiO-BZCY 1.14 (650 °C)

0.74 (600 °C)

This work

BCSF: BaCe0.8Sm0.2F0.1O2.85: BZCY: BaCe0.7Zr0.1Y0.2O3−δ; BZCYYb: BaCe0.7Zr0.1Y0.1Yb0.1O3−δ; BZCYYb4411: BaCe0.4Zr0.4Y0.1Yb0.1O3−δ; BCZY63: BZCY: 
BaCe0.7Zr0.1Y0.2O3−δ



Table S4 Comparison of the PPD of reported proton-conducting fuel cells with all reported Co-free based cathode at 650 °C

Cathode Electrolyte (thickness, μm) AFL anode PPD (W cm-2) Year and ref

Ba0.5Sr0.5Zn0.2Fe0.8O3-δ BZCY (15) NiO-BZCY 0.42 200810

BaCe0.5Bi0.5O3-δ BZCY (25) NiO-BZCY (25) NiO-BZCY 0.22 200911

BaCe0.5Fe0.5O3-δ BZCY (25) NiO-BZCY (25) NiO-BZCY 0.27 200912

SrFe0.9Sb0.1O3−δ BZCYYb (25) NiO-BZCYYb 0.31 201013

BaCe0.4Sm0.2Fe0.4O3−δ BaCe0.8Sm0.2O3−δ (70) NiO-BaCe0.8Sm0.2O3−δ 0.14 201214

La0.6Sr0.4Fe0.9Cr0.1O3−δ BZCY (35) NiO-BZCY 0.25 201315

BaPr0.8In0.2O3−δ BZCYYb (15) NiO-BZCYYb 0.43 201316

BaCe0.8Pr0.2O3 BZCY (25) NiO-BZCY (15) NiO-BZCY 0.26 201417

La0.6Sr0.4Fe0.9Mo0.1O3-δ BZCY (35) NiO-BZCY 0.23 (600 °C) 201418

La0.6Sr0.4Fe0.9Nb0.1O3-δ BZCY (30) NiO-BZCY 0.23 (600 °C) 201419

La0.8Sr0.2MnO3 BaCe0.85Y0.15O3-δ (20) NiO-BaCe0.85Y0.15O3-δ 

(8)
NiO-BaCe0.85Y0.15O3-δ 0.37 201520

SrFe0.95Nb0.05O3-δ BZCY (20) NiO-BZCY 0.53 201721

LaNi0.6Fe0.4O3–δ BaZr0.8Y0.2O3-δ (20) NiO- BaZr0.8Y0.2O3-δ 0.10 201822

Nanofiber- LaNi0.6Fe0.4O3–δ BZCY NiO-BZCY 0.34 201923



Table S4. continued

Cathode Electrolyte (thickness, μm) AFL anode PPD(W cm-2) Year and ref

BaCe0.5Fe0.3Bi0.2O3-δ BZCY (20) NiO-BZCY 0.67 201924

BaFe0.5Sn0.2Bi0.3O3-δ BZCY (10) NiO-BZCY 1.02 201925

BaCe0.1Zr0.2Y0.1Fe0.6O3-δ BZCYYb (30) NiO-BZCYYb (23) NiO-BZCYYb 0.14 202026

La0.7Sr0.3Mn0.7Ni0.3O3-δ BZCYYb4411 (49) NiO-BZCYYb4411 0.60 202027

BaZr0.2Fe0.6Y0.2O3-δ BZCY (20) NiO-BZCY (20) NiO-BZCY 0.23 202028

BaFe0.8Zn0.1Bi0.1O3−δ BZCY (10) NiO-BZCY 0.68 202029

BaCe0.2Fe0.6Pr0.2O3-δ BZCY (42) NiO-BZCY 0.47 202130

La0.5Sr0.5Fe0.9Mo0.1O3-δ BZCY (10) NiO-BZCY NiO-BZCY 0.85 202131

PrBaCuFeO5+δ BZCY (15) NiO-BZCY 0.30 200932

GaBaFe2O5+δ BZCY (20) NiO-BZCY NiO-BZCY 0.28 201033

PrBaFe2O5+δ BZCYYb (15) NiO-BZCYYb 0.30 201034

LaBaCuFeO5+δ BZCY (20) NiO-BZCY (10) NiO-BZCY 0.25 201035

SmBaCuFeO5+δ BZCY (20) NiO-BZCY (10) NiO-BZCY 0.18 201036

GdBaFeNiO5+δ BZCY (30) NiO-BZCY 0.28 201237

Sr2Fe1.5Mo0.4Zr0.1O6-δ BZCYYb (20) NiO-BZCYYb 0.63 202038



Table S4. continued

Cathode Electrolyte (thickness, μm) AFL anode PPD(W cm-2) Year and ref

PrBaFe2O5+δ BZCY (110) PrBaFe2O5+δ 0.28 202139

Pr2NiO4+δ BaCe0.9Y0.1O3-δ (40) NiO-BaCe0.9Y0.1O3-δ 0.13 200940

Pr2NiO4+δ BaCe0.55Zr0.3Y0.15O3-δ (5) NiO-BaCe0.55Zr0.3Y0.15O3-δ 0.82 201841

La1.2Sr0.8Ni0.6Fe0.4O4+δ BZCY (15) NiO-BZCY (25) NiO-BZCY 0.66 201942

La1.5Ca0.5NiO4+δ BZCY (15) NiO-BZCY 0.52 202043

Pr2BaNiMnO7-δ BZCYYb (12) NiO-BZCYYb NiO-BZCYYb 0.76 202044

Pr2NiO3.9+δF0.1 BZCYYb (20) NiO-BZCYYb 0.58 202145

La1.6Sr0.4Cu0.6Ni0.4O4+δ BZCYYb (15) NiO-BZCYYb NiO-BZCYYb 0.50 202146

Pr2Ni0.8Cu0.2O4+δ BZCYYb (26) NiO-BZCYYb NiO-BZCYYb 0.28 202147

Ba0.5Sr0.5Zn0.2Fe0.8O3-δ–
BaCe0.5Zr0.3Y0.16Zn0.04O3−δ

BaCe0.5Zr0.3Y0.16Zn0.04O3−δ 

(21)
NiO-
BaCe0.5Zr0.3Y0.16Zn0.04O3−δ 

0.32 200948

Ba0.5Sr0.5Fe0.8Cu0.2O3-δ-BZCY BZCY (20) NiO-BZCY 0.30 201049

Sm0.5Sr0.5Fe0.8Cu0.2O3−δ–
Ce0.8Sm0.2O2−δ

BZCYYb (5) NiO-BZCYYb (15) NiO-BZCYYb 0.40 201150



Table S4. continued

Cathode Electrolyte (thickness, μm) AFL anode PPD(W cm-2) Year and ref

La0.7Sr0.3FeO3−δ–Ce0.8Sm0.2O2−δ BZCY NiO-BZCY 0.33 201151

Ba0.95La0.05FeO3−δ -BZCY BZCY (15) NiO-BZCY 0.24 201152

Ba0.5Sr0.5Fe0.9Ni0.1O3-δ-
Sm0.2Ce0.8O1.9

BZCY (25) NiO-BZCY 0.32 201253

Sm0.5Sr0.5FeO3-δ-BZCY BZCY (20) NiO-BZCY 0.26 201254

Ba0.5Sr0.5Fe0.9Mo0.1O3-δ -BZCY BZCY (35) NiO-BZCY 0.25 201255

La0.8Sr0.2MnO3-Gd0.1Ce0.9O1.95 BZCY (16) NiO-BZCY (13) NiO-BZCY 0.33 (750 °C) 201356

La0.8Sr0.2MnO3-BaCe0.85Y0.15O3-δ BZCY (16) NiO-BZCY (13) NiO-BZCY 0.36 (750 °C) 201356

La0.4Pr0.4Sr0.2FeO3-δ -
Sm0.2Ce0.8O2-δ

BZCY (15) NiO-BZCY 0.41 201457

Pr0.6Sr0.4Cu0.2Fe0.8O3-δ -
Ce0.8Sm0.2O2-δ

BZCY (20) NiO-BZCY (20) NiO-BZCY 0.47 201558

Nd0.5Ba0.5Fe0.9Ni0.1O3–δ-BZCY BZCY (40) NiO-BZCY 0.29 201659

Ba0.95Ca0.05Fe0.85Sn0.05Y0.1O3-δ - 
Sm0.2Ce0.8O1.9

BZCY (20) NiO-BZCY 0.81 201960

Ba0.95Ca0.05Fe0.85Sn0.05Y0.1O2.9-

δF0.1 - Sm0.2Ce0.8O1.9

BZCY (18) NiO-BZCY 0.88 201961



Table S4. continued

Cathode Electrolyte (thickness, μm) AFL anode PPD(W cm-2) Year and ref

La0.35Pr0.15Sr0.5FeO3-δ -BZCY BZCY (7) NiO-BZCY NiO-BZCY 0.70 201962

Pr0.5Ba0.25Sr0.25FeO3-δ - 
Sm0.2Ce0.8O1.9

BZCY (15) NiO-BZCY 0.24 202063

La0.25Pr0.25Sr0.5FeO3-δ-BZCY BZCY (10) NiO-BZCY 0.62 (700 °C) 202064

Ba0.95La0.05Fe0.8Zn0.2O3-δ-BZCYYb BZCYYb (42) NiO-BZCYYb NiO-BZCYYb 0.20 202065

La1.85Rb0.15Ce2O7-La0.7Sr0.3FeO3 BZCY NiO-BZCY 0.55 202166

BaFe0.1Ce0.8Y0.1O3-δ -BZCY BZCY (15) NiO-BZCY NiO-BZCY 0.53 202167

Sr2Fe1.5Mo0.5O6-δ-BZCY BZCY (42) NiO-BZCY 0.25 201468

NdBaFe1.9Mn0.1O5+δ-BZCY BZCY (30) NiO-BZCY NiO-BZCY 0.45 (700 °C) 201569

NdBaFe1.9Nb0.1O5+δ-BZCY BZCY (30) NiO-BZCY NiO-BZCY 0.40 (700 °C) 201570

K0.25Sr1.75Fe1.5Mo0.5O6-δ-BZCY BZCY (20) NiO-BZCY 0.35 202171

LaNi0.6Fe0.4O3-δ -La2NiO4+δ BZCY NiO-BZCY 0.47 201472

Sr3Fe2O7-δ - BaZr0.3Ce0.5Y0.2O3-δ BaZr0.3Ce0.5Y0.2O3-δ NiO- BaZr0.3Ce0.5Y0.2O3-δ 0.58 201573

Nd1.95NiO4+δ-BZCYYb BZCYYb (60) NiO-BZCYYb 0.15 (750 °C) 201574

Lа2Ni0.9Cu0.1O4+δ BaCe0.5Zr0.3Dy0.2O3–δ (35) NiO- BaCe0.5Zr0.3Dy0.2O3–δ 0.25 201975



Table S4. continued

Cathode Electrolyte (thickness, μm) AFL anode PPD(W cm-2) Year and ref

LaSr0.8Mn0.2O3-δ infiltrated 
BaZr0.8Y0.2O3-δ

BaZr0.8Y0.2O3-δ (20) NiO-BaZr0.8Y0.2O3-δ 0.2 (600 °C) 201776

(Pr0.9La0.1)2(Ni0.74Cu0.21Nb0.05)O4+

δ infiltrated BZCY
BZCY (12) NiO-BZCY 0.61 201777

LaNi0.6Fe0.4O3-δ infiltrated 
La2NiO4+δ

BZCY NiO-BZCY 0.63 201878

La1.2Sr0.8NiO4-δ infiltrated 
BaCe0.68Zr0.1Y0.1Yb0.1Cu0.02O3-δ

BCZYYC (13) NiO-BCZYYC (30) NiO-BCZYYC 0.81 202079

PBKFZ BZCY (13) NiO-BZCY (20) NiO-BZCY 1.40 (700 °C)

1.14 (650 °C)

0.74 (600 °C)

This work
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