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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°.
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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% H,0);



Table S1 Results of Rietveld refinement for PBFZ and PBKFZ.

Sample PBFZ PBKFz
Space group P4/mmm P4/mmm
a=b (A) 3.93 3.92
c(A) 7.87 7.86

V (A3) 121.85 121.30
A2 2.15 3.05
Ry (%) 3.95 4.35
Rup (%) 5.27 5.7

Rp=Z|Y° -YC|/ZYO‘ pr=[ZW|Yo -YC|2/ZWY§]1/2




Table S2 The binding energy peak of O.q, O, Pr3*, Pr*, Fe3*, Fe*" and the value of
0.4/(0.q +0y), Pr¥+/( Pra++Pr3+), Fe3*/( Fe3*+Fe**) for sample.

Sample PBFZ PBKFZ
O1s Oad 531.33 531.35
(eV) (o} 528.77 528.72
O,4/( 02 +0y) 0.62 0.72

927.97 927.96
Pr3ds5/2 Pr3*
933.78 933.67
(eV)
Pra+ 931.77 931.80

948.17 948.31
Pr3d3/2 Pr3+
954.78 954.67

(eV)

Pra+ 952.12  952.20
Pra+/(Pra++Pr3+) 0.46 0.50
Fe2p3/2  Fe¥* 710.25  710.32
(eV) Fe* 712.52  712.73
Fe2pl/2  Fe¥* 723.63  723.80
(eV) Fet* 723.53  727.32

Fe3*/(Fe3*+Fe) 0.69 0.80
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Figure S3 (a) XRD patterns for PBFZ sintered at 700 °C for 24 h under humidified air
(3% H,0) and (b) XRD patterns for mixed powders sintered at 900 °C for 2 h;
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Figure S4 In situ XRD patterns of sample
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Figure S5 ECR response curves at 600 °C after a sudden change in oxygen partial

pressure from 5 atm to 20 atm
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Figure S6 ECR response curves at 600 °C after a sudden change in water partial
pressure from 0 atm to 3 atm
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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, um) AFL anode PPD (Wcm2)  Yearand ref
Bag.sSrg.5Cop 8F€0.202.9.5F0.1 BCSF (10) NiO-BCSF 0.37 20181
BaCog 7(Ce08Y0.2)0303.5 BZCYYb (16) NiO-BZCYYb 0.98 20192
PrBaCo,0s,s BZCY NiO-BZCY NiO-BZCY 0.35 20093
NdBag 5Sro.5Co1 5sFepsO0s.s BZCYYb NiO-BZCYYb 1.05 2014
PBSCF (without PLD layer) BZCYYb4411(20) NiO-BZCYYb4411 1.15 2018°
SrSco.1Nbg 1Co1 5sFep 3065 BZCYYb (18.5) NiO-BZCYYb 0.84 2019°¢
BaCog 4Fep4Zro1Y0.103.5-BCZY63 BZCYYb NiO-BZCYYb 0.45 (600 °C)
Bag sSrg.sCop gFeq 203.5-BZCY BZCY (10) NiO-BZCY NiO-BZCY 0.48 2019’
PrBag 3CagC0,05.5 exsolved BZCYYb NiO-BZCYYb 1.58 20218
BaCoO,
Smg 5Srg sCo05_s infiltrated BZY BZY NiO-BZY 0.60 (600 °C) 2018°
PBKFZ BZCY (13) NiO-BZCY (20)  NiO-BZCY 1.14 (650°C)  This work
0.74 (600 °C)

BCSF: BaCepgSmo,F010585: BZCY: BaCeg7Zro1Y0203-5; BZCYYb: BaCeg7Zrp1Y01Ybo103-5; BZCYYb4411l: BaCeg4Zro4Yo1Ybo105-s; BCZY63: BZCY:
BaceOJZFO.lYo.zOS—S



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, um)  AFL anode PPD (W cm?2) Year and ref
BaosSrosZnooFegs0ss BZCY (15) NiO-BzCY 0.42 200810
BaCe(sBip503.5 BZCY (25) NiO-BZCY (25) NiO-BZCY 0.22 200911
BaCepsFeosOss BZCY (25) NiO-BZCY (25) NiO-BzZCY 0.27 200912
SrFeg.9Sbo.103-5 BZCYYb (25) NiO-BZCYYb 0.31 201013
BaCeg4Smg,Feg405-s BaCeg gSmg,05-5(70) NiO-BaCeg gSmg,03_s 0.14 201214
Lao.6Sro.4Fe0.oCro.103-5 BZCY (35) NiO-BZCY 0.25 2013%
BaPryslng 2035 BZCYYb (15) NiO-BZCYYb 0.43 201316
BaCep gPro,03 BZCY (25) NiO-BZCY (15) NiO-BZCY 0.26 201417
Lao 6SFo.4F€09M00.103.5 BZCY (35) NiO-BzZCY 0.23 (600°C) 201418
Lao.eSro.sFeooNbg 1035 BZCY (30) NiO-BZCY 0.23 (600 °C) 2014%
Lap gSro,MnO; BaCep ssY01503.5 (20) NiO-BaCeggsYo15035 NiO-BaCeg gsYo1503.5 0.37 20152
(8)
SrFeg.9sNbg 05035 BZCY (20) NiO-BZCY 0.53 20172
LaNiocFeo.40ss BaZryYo.,05.5 (20) NiO- BaZrgsY,03.5 0.10 201822
Nanofiber- LaNig gFeq 4035 BzCY NiO-BZCY 0.34 201923




Table S4. continued

Cathode Electrolyte (thickness, um)  AFL anode PPD(W cm?2) Year and ref
BaCeqsFeg3Big 1035 BZCY (20) NiO-BZCY 0.67 20194
BaFeosSng ,Bio 3035 BZCY (10) NiO-BZCY 1.02 20192
BaCeq17Zrg,Y0.1F€0.6035 BZCYYb (30) NiO-BZCYYb (23) NiO-BZCYYb 0.14 20202
Lag 7Sr0.3Mng 7Nig 3035 BZCYYb4411 (49) NiO-BZCYYb4411 0.60 202077
BaZrFeo Y2055 BZCY (20) NiO-BZCY (20) NiO-BZCY 0.23 202028
BaFeosZng 1Bio 1035 BZCY (10) NiO-BzZCY 0.68 20202°
BaCeq,FeqePro,0s.5 BZCY (42) NiO-BZCY 0.47 202130
Lao sSFosFeosM00103.5 BZCY (10) NiO-BZCY NiO-BZCY 0.85 20213t
PrBaCuFeOs,s BZCY (15) NiO-BzZCY 0.30 200932
GaBaFe;0s,s BZCY (20) NiO-BZCY NiO-BZCY 0.28 2010%
PrBaFe;0s,s BZCYYb (15) NiO-BZCYYb 0.30 201034
LaBaCuFeOs,s BZCY (20) NiO-BZCY (10) NiO-BZCY 0.25 20103
SmBaCuFeOs,s BZCY (20) NiO-BZCY (10) NiO-BZCY 0.18 201036
GdBaFeNiOs,s BZCY (30) NiO-BzCY 0.28 201237
SryFe;5sM0g.4Zrp.106.5 BZCYYb (20) NiO-BZCYYb 0.63 202038




Table S4. continued

Cathode Electrolyte (thickness, um)  AFL anode PPD(W cm?2) Year and ref
PrBaFe,0s.,s BZCY (110) PrBaFe;0s,s 0.28 20213
PryNiOg.s BaCe9Y0.103.5 (40) NiO-BaCeg Y0103 5 0.13 200940
PryNiOg.s BaCeg55Zrp3Y0.1503.5 (5) NiO-BaCegs5Zro3Y0.1503.5 0.82 20184
La; ,SrogNiggFe0.404+s BZCY (15) NiO-BZCY (25) NiO-BZCY 0.66 20194
La;5CagsNiOg.s BZCY (15) NiO-BZCY 0.52 20204
Pr,BaNiMnO;_s BZCYYb (12) NiO-BZCYYb NiO-BZCYYb 0.76 20204
PryNiOs g45F0.1 BZCYYb (20) NiO-BZCYYb 0.58 2021%
La;6Sro.4CuggNig 404+ BZCYYb (15) NiO-BZCYYb NiO-BZCYYb 0.50 20214
PryNig gCug,04+6 BZCYYb (26) NiO-BZCYYb NiO-BZCYYb 0.28 20214
Bag5Sro.sZng.Feqs0s.s— BaCey.5Zr03Y0.16ZN0.0403-5 NiO- 0.32 200948
BaCeo.5Zro.3Y0.16ZN0.0403-5 (21) BaCeo.5sZr0.3Y0.16ZN0.0403-5

Bap sSrosFeqsCup 03 5-BZCY BZCY (20) NiO-BZCY 0.30 2010%°
Smg sSrgsFegsCup,03-5— BZCYYb (5) NiO-BZCYYb (15) NiO-BZCYYb 0.40 20110

Cep.sSMp 0,5




Table S4. continued

Cathode Electrolyte (thickness, um)  AFL anode PPD(W cm?2) Year and ref
Lag 7Sro3Fe03-s—CepsSmp 20,-s BZCY NiO-BZCY 0.33 20111
Bag gsLag osFe0s-5-BZCY BZCY (15) NiO-BZCY 0.24 201152
Bag.5Sro.sFeq.gNip 103.5- BZCY (25) NiO-BZCY 0.32 2012>
Smo,Cep 019

Smg sSrg sFe03.5-BZCY BZCY (20) NiO-BZCY 0.26 2012>4
Bag.sSro.sFeg.9Mog 1035 -BZCY BZCY (35) NiO-BZCY 0.25 2012>
Lap.gSro2Mn03-Gdg 1Cep 901 95 BZCY (16) NiO-BZCY (13) NiO-BZCY 0.33(750°C) 2013°¢
LaggSro2Mn03-BaCeggsY01503.5  BZCY (16) NiO-BZCY (13) NiO-BZCY 0.36 (750 °C) 2013%¢
Lag4Pro4SroFe0s-5 BZCY (15) NiO-BZCY 0.41 201457
Smo,Cen50,.5

Pro.6Sro.4CupFeog03.s BZCY (20) NiO-BZCY (20) NiO-BZCY 0.47 20158
Ceo.85SMo202-5

NdosBagsFeqgNip103-5-BZCY BZCY (40) NiO-BZCY 0.29 2016°°
Bag.95Cap.osFe0.855N0.05Y0.103.5 BZCY (20) NiO-BZCY 0.81 2019°¢°
Smo,Cep 019

Bap.95Cap.0sFe0.855N0.05Y0.102.9- BZCY (18) NiO-BZCY 0.88 201961

sFo.1- SMp2Cep 019




Table S4. continued

Cathode Electrolyte (thickness, um)  AFL anode PPD(W cm?2) Year and ref
Lag35Pro.15SrosFe0s3.-BZCY BZCY (7) NiO-BZCY NiO-BZCY 0.70 201992
ProsBag 25Sro.25Fe0ss BZCY (15) NiO-BZCY 0.24 202063
Smg,Cegg019

Lag 25Pro 25510 sFe03.5-BZCY BZCY (10) NiO-BzCY 0.62 (700 °C) 20206
Bag.osLag osFeosZno ,03.5-BZCYYb  BZCYYb (42) NiO-BZCYYb NiO-BZCYYb 0.20 202065
La; gsRbg 15Ce,05-Lag 7Sro sFe03 BZCY NiO-BZCY 0.55 202166
BaFeg1CeqgY0103.5-BZCY BZCY (15) NiO-BZCY NiO-BZCY 0.53 202167
SryFe; sMog 5s06.5-BZCY BZCY (42) NiO-BZCY 0.25 2014658
NdBaFe; Mng ;0s,5-BZCY BZCY (30) NiO-BZCY NiO-BZCY 0.45 (700 °C) 201569
NdBaFe; oNbg ;0s,5-BZCY BZCY (30) NiO-BZCY NiO-BZCY 0.40 (700 °C) 201570
Ko.255r1 7sFe; sMog 506 5-BZCY BZCY (20) NiO-BZCY 0.35 20217
LaNiogFeq.40s.5-La;NiOas BZCY NiO-BZCY 0.47 201472
Sr3Fe;05.5 - BaZrp3CegsYp.203s BaZrp3CegsYp2035 NiO- BaZr3Ceqs5Y(.203.5 0.58 201573
Nd; 9sNiO4.5-BZCYYb BZCYYb (60) NiO-BZCYYb 0.15(750°C) 201574
La,;Nig 9Cug 10445 BaCe5Zrp3Dy0.205-5 (35) NiO- BaCeq 5Zrp3Dy0.203-5 0.25 20197°




Table S4. continued

Cathode Electrolyte (thickness, um)  AFL anode PPD(W cm?2) Year and ref
LaSrolgM n0,203_5 infiltrated BaZro.gY0.203_5 (20) NiO-Bazro.gYolzo&é 0.2 (600 0C) 201776
BaZrosY0.203.5

(Prg_gLao.l)z(Ni0_74CUO_21Nb0_05)O4+ BZCY (12) NiO-BZCY 0.61 201777

s infiltrated BZCY

LaNiggFep403.5 infiltrated BZCY NiO-BZCY 0.63 201878
LazNiO4+5

La; ,SrggNiOys infiltrated BCZYYC (13) NiO-BCZYYC (30) NiO-BCZYYC 0.81 20207°
BaCeo.8Zr0.1Y0.1Yb0.1Cu0 02035

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

1.14 (650 °C)
0.74 (600 °C)
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