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Performance of Calcium Doping in Layered Double Perovskite as Cathode Material for
Solid Oxide Fuel Cells

JIN Fangjun, LING Yihan
(School of Materials Science and Physics, China University of Mining and Technology, Xuzhou 221116, Jiangsu, China)

Abstract: The double perovskite oxides are widely investigated as cathode materials for solid oxide fuel cell (SOFC) due to their
superior ionic electron conductivity. In this work, PryoCagyBa; CayC0,0s5.5 (0<<x<0.3, PCBC) was prepared by a modified
complexing sol-gel process. Based on the electrical conductivity results, Ca ion co-doping can effectively improve the conductivity of
the material. The electrochemical performance results indicate that the cathode with X of 0.2 has the optimum oxygen catalytic activity,
and the polarization impedance is only 0.069 Q-cm? at 700 °C. The oxygen vacancy formation energy, density of states, as well as O s
and O p band center of PrBaCo,0s., Pry;75Cag25BaC0,0s,, and Pry 75Cag 25Bag 75Cag 25C0,05. s materials were calculated based on the
GGA-PBE function. It is indicated that Pr-site doped with Ca can reduce the oxygen vacancy formation energy, while Ba-site doped
with Ca can increase the oxygen vacancy formation energy. The calculation results of O p band center show that the strategy of
Ba-site doped with Ca can effectively increase the oxygen reduction activity. The co-doping strategy of double perovskite can
improve the thermal expansion, conductivity, electrochemical performance, and long-term stability of the material.

Keywords: solid oxide fuel cell; double perovskite; cathode; density function theory calculation; electrochemical performance

TEESER T 45/ ) A’A"'B,O0s. s MR, FTHRFHRZEE AT A L L, Ifi%-—[Co0,]-
LnBaCo,0s.s K HA 57 1) H -+ 5 H AR 4 25 1 [BaO]-[CoO,]—-[LnO;]— A FFHES, A=
TR RER ) V2T ZMEPH ) Ln 8571 Ba B I RRER )2, XRRRER S HE A T 20

Wk F: 2022-12-12, BITH: 2022-12-18. Received date: 2022-12-12.  Revised date: 2022-12-18.

HEEWHE: EKE AT TR(2021YFA1501900); K& TRHE S EER First author: JIN Fangjun (1987-), male, Ph.D., Associate Professor.
B A#H A4 T H (21QC02). E-mail: jinfj@cust.edu.cn

B—EH. &NEWN98T—), FB, Ht, BT, Correspondent author: LING Yihan (1986-), male, Ph.D., Professor.

WEEE: BEBA986—), %, Ht, B E-mail: lyhyy@ cumt.edu.cn



. 1774 - CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(7): 1773-1782

2023 4F

AT LA A DR 1 40 T ORI 3R T A2 B )
P, WF 5 R B AR 45 F 1) LnBaCo,0s:s HL T
HSEN 1000 Sem®, MAHKEFHSXRYS
Smy,Ceos010 (SDC; 1072~10" S/cm) H fift 5 (11 55 1
HSRMiL. Kk, LnBaCo,Os. 1ENE KAL)
WKLt (SOFC) MR A 2 W 7T, FERIMHE T R
(R L 22 AR, fHJ2, LnBaCo,0s.s fEN SOFC
AR AR SRAEAE — BE I BfEs . Blan, ik R4 fAnfk
WA E; BARENIMEK RS, (IR
Me 55 LA SFOMORAH UL AD s 5 S 45 BAS s 4
LR Ba® 5 52 W COy RN, Bl R K
MR AR, X e R R AL 2R R
PERRDI AL N FH AT S . B AT0F 7T 32 B R A At
W4/ Cu. Fe. Ni 1 Mn 25)5 734> B # Co
B R B3R R, Blin: Lim SO,
I 7E PrBaCoy0s:s(PBC)I B f7#54% Fe B 1133
7 PrBCoyFeOs.s(x=0, 0.5, 1.0), Fe & 11545
KT H R & E S, S T AR KRR e
P, (HJ2 Y Fe BT 00 20, KIMEBL T H2ER
R T RS R, S ECT AR BT T
Choi 25" Sr Al Ca B 1 #B4> #:48 PBC
Ba B4 H T RS ERE 458491 PrBag sSro sC020s4
(PBSC)#1 PrBay 5Srg25Cag25C0,05:5(PBSCC) B % 44
BE, FHEXFIX 2 MRS T REEAT T, 5
PBSC BAMRAHLL, fEER(EIREH 600 ‘CHF, PBSCC
FFRR (0 S i Y T 24 25%, T B FEAR T 15%,
HA R A B AR IZAT 100 h J5 PRSI TC W B3 8
W E(PBSC AL A 264 R 20 T 50%). F 5k,
7E 100~800 C, PBSCC [ -1 33 #4 i ik & %N
15.4x10°K™", 1 PBSC ik 20.5x10 °K ', AT AL,
Ca &7 15 NREALAAS BHE B 5 3 AR 1, 17 HL
A BB T MR I IK R AR T AL BT
Yoo 215, 5 NdBaCo,0s:s(NBC)HHZAHEL, Ca
B T4 NdBag75Cag25C0,0s:s(NBCC)TELE N
WeEF FIRE BRI T R IRt SR m
EPERE, DURARIIRIAK 25 kA, BT Ca™' s
LB EAHIE, XHUNETE Lo A7 B B4
(LT AT AE . IX 5 AR B AR IE AT XUES K 45 4 1)
GdosCag2BaCo,0ss ML F A2 1 580, FERIH
T RIS EEP, Fu SRR Ca B0 B
PBC ' Pr &l 2% H Pr;_CaBaCo0,0s:5(x=0.1~0.4)
FARRATEL, 524 5 M RIE4EFE A B R 47 B 3 R
AL =R A b, AR T MR R K
RE, MHAAETMENREEE. o, 7F

100~800 C , MR T- B HZ Ak R % 22.4x107° K
(x=0.0)/%% 19.1x10°K ™" (x=0.3).

Kim 3T 95 B2 ok A BT 7T 1 XUAS k™
PBC W& Bsh ¥t fe, RIAS FivEER
T4 A B MEIE N T H H Pr—O J2H Co—O0 JZ
R B RARAI S22 0.99 eV (% E 45 B 5zl
18 1.02 eV T3 AHiT), FEIFHER T8 73 BE
T A A5 TS 1 () L 2 B ) ST T X 48 B
Anjum Z5HES PSR T PBC 1 A RLR T
PHES Fm b LR RS, RIS Ba WA &K
(M RE y=6.9kJ-A%mol, /N T& Pr (SFHII#R
[fi € y=10.8 kJ-A%/mol, LA Co/Ba Ft T A (1) FL i
HRKETFIEE 5.4 A, FIH T Ba B 7 £
TEMMES . Du 2542 T YBaCo,0s5
Yo75CagasBaCoy0ss 17 & % B (DOS) ,» K I
Yo.75Ca92sBaC0,0s 5 [ O 2p i 1008 Fermi g% 5
iIT, H YBaCo,0s511-3.02 eV AN 7278 eV,
REEEEEPEIE SN, BT CafE A {7
BABA BT RAEERE S . A TAER
B ER & BT A NMEE B AN
Pry9Cap,Ba; yCayC0,0s,5 (0<y<0.3; PCBC), 4i&
HAS TSI R, RGO THEE FARMS
Z4%F PBC SEMEE 4. 2. AL SR H Ik 22 B
ipAl

1.1 #H&EEE

FE i ProoCag Bay yCayCo,0s.5 (0<y<0.3)333d
AR AAAM . PrBaC0o,0s.5+ ProoCag, Bage:
Cay.1C020s+5+ Pro9Cag1BagsCag2C0,0s4+5+ ProoCag -
Bay7Cag3C0,0s:5 73 4l il B N FE il PBC . FF i
PCBC1. Ffiti PCBC2 FIfE i PCBC3. It )5k}
H: Prg011(99.99%, FiErE, TIFE, #hh T4
WA A IR A7) Ba(NO3)2(99.99%, [H 2541
e RAEIRAR, THE). Ca(NO3)299.99%) -
Co(NO3),-6H,0(99.99%) «  C1oH;¢N205(99.50%) -
CeH307-H,0(99.50%) HNO;(65%~68%) Al
NH; -H,0(25%~28%). T 564% M & Bk i (PBC 1
PCBC1~PCBC3) b 2~ it & L FRHL — € i &= 1)
PrsO W NMAHER Y UIH IR £, SR 5 $ I8 i i) 45 1
fm(BESL PBC. BEfh PCBCL. FEfh PCBC2 FIEE
PCBC3)%: & & T BE /R LI N AR RS R 2, DA & &
. wHE OB ®HRPTMERBE T
C1oH 6N,05:C¢HgO7-H,O BE/REL N 1:1:2. i K



FES1EETH

SHE e ERTBIBRAES G LR B R < 1775 -

WA pH E, DUERBUR MY — k. A
InFA 572 R R RS RCIR P 0T, B S 4 LT3 T )
FE(101A &Y, RigsEEeiad) HIRA )L 180 C
Bl ah, TERIEIZ LN TR B IEBE Ry 1,
£ 600 ‘C A1 900 C 737l Hxe 10 h EfriEANE -
B, FERZR 1050 ‘CRedt 10h, HIS TR 1Ak
NiO Al Smyg,Ceo 501 o( SDC)H 1 et H 2 & il 1 b
1R, BUK K SDC HUMR T a8 7k A S
28 1400 CHeZE 10h 155,
1.2 HithHlE

o Ak L, s A B B 2 SR P 22 X BRI 2 R 3R A
PLIE R 0.3 mm [¥] SDC HLA# i AE N2« FREUT =
EEA 9:1 FAIFA T BE AN 2 FE 21 4 R TN BER Ik
TP 15 1) 25 5 R0 R 5 770 o K [ B AIURG 45 70 45 2 1R
&, BRIFMRL, BT SDC M, £ 950°C
B 4 h )5 B A 520 FR E . NiO-SDC (i &
oA 65:35) BB 4 5ok 45 71135 210 A5 T SDC
F—Ml, 21250 CHBikE 4h. B, 75— L9
WAL, 28 950 “CHBtbe 4 h 5 BRI AT 43 1 2411 v i (R
Hith).
1.3 RIEFE

WAL FH 285 H6) Ak 27 S 75 VR R IR B B A
Rigaku—D-MaxyA12kW X ZATHH X (XRD), MKk %%
PR FHEEA 20°~80°, K 0.02 (°)s, SN
CuK, WKAN 0.15418nm. FH van der Pauw [J
FE AR 2 DU A R I S R PR RE . o LA 2 A
(CS350, wQPURHERFA S A A BR 2 & )il iR i
() AL S P RE . FE Ak 2 BE B U 0 3K AT 2 v [ R
0.1~1.0x10° Hz. e o 20 358 % FH 2 v 4 i AR

(a) PI‘4B3,4C03024

(b) Pr3CaBa4COgOZ4

2k, ERRCOAFERASTA, FHGEA 100 mL/min
A
14 IBHE

L Castep AT 556 B ] 4% AR i 34T B
7T, 193] TR PCBC g A% (DOS), A
BRI A . R GGA-PBE V2 8%, “V-THI U 2% b
RN 571.4 eV, SKH BFGS FiEXT & i J LA 4
BT, BRIMAEZERRN: REREN
1.0x107° eV/atom, i KRVFRSIA 0.03 eV/A, #
KAVFEMN 0.05GPa, KLV AN 0.001 A,
1.5 1EBIEN

v RS AN AN S NIRRT AR B
P/4mmm 75 [AJEEH) PryBasCosOs4~ PryCa;BasCosOay
A PrsCa;BasCa;CogOpy A R, HAH 2T PrBaCo,0¢-
Pr 75Cag 2sBaC0,06 Al Prg 75Cag 25Bag 75Ca0.25C0,06 [
2>2x1 WA, RTS8 PBC, PCB, PCBC.
1E PryBayCogOay FANAALE 1 # Pr 51, KILTE Pr—O
FEBok Ca T, WANAELE 1 Fighi, Wk 1b Fs.
Pr;Ca;BayCosO,4 M E5 4 I A7AE 3 Tl Ba J5i7, Ba(l)
T Pr—O EHHBAMEE T IIE BJ7, BaQ)fi T
Pr—O 2B B AR TR 4L, BaB)hr T
Pr—O ZH SRR EE TR RS M AL, KX 3
Ba i 77 B H Ca BUX)E HIH 8L 53 7 #% )y PCBC-a,
PCBC-B, PCBC-y, K 1c ATE/REIN B HH. 1154
REIR, PCBC-a HfE &8 N-28799.698 2 eV, PCBC-B
) Bt & N —28 799.760 4 eV, PCBC-y HIfE&E A
—28799.226 9 eV, KthikFFaEE ALK B AHIE AT
FXTH o

(¢) Pr;CaBa;CaCosOx4

E 1 PI'4B34C03024, Pr;CaBa4C08024 ﬂ:‘u Pr;CaBa3CaC08024 B,(] 5%143%*@%%&‘ E
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Fig. 2 XRD patterns of samples
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Table 1 Lattice parameters of samples

Sample a/A c/A V/A®

PBC 3.900 12(2) 7.62601(4) 116.00(3)
PCBCO 3.89949(4) 7.61421(2) 115.78(7)
PCBCI 3.88523(3) 7.61532(5) 114.95(4)
PCBC2 3.883 13(6) 7.61527(2) 114.83(5)
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Table 2 Lattice parameters at 0 K calculated from first

principles

Sample a/A c/A V/A3

PBC 3.81801(2) 7.755 74(5) 113.057 16(7)
PCB 3.83517(2) 7.659 11(6) 112.654 46(7)
PCBC 3.80410(3) 7.62750(3) 110.85043(7)
PBC-Pr 3.82683(6) 7.74701(3) 113.45250(7)
PCB-Pr 3.84640(8) 7.64201(9) 113.062 58(8)
PCBC-Pr 3.81107(5) 7.66179(7) 111.286 70(0)
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Fig. 3 Differential charge density of PCB, PCB—Pr, PCBC and PCBC—Pr in the (110) plane
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Fig. 4 Oxygen vacancy formation energy at PrO and CoO
layer
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Fig. 5 Conductivity of samples as function of temperature and Arrhenius curves
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Arrows mark the top of the valence band; DOS is density of state.
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Fig. 6 Partial DOS of samples of PBC-Pr, PBC, PCB-Pr, PCB,
PCBC and PCBC-Pr samples
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Fig. 7 Partial DOS of Co 3d and O 2p for PBC—Pr, PCB-Pr
and PCBC-Pr samples
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Table 3 Values of O s and O p band centers

Samle Os Op

PBC -16.025 67 -1.88367
PBC-Pr —16.087 12 —1.942 57
PCB —15.86407 -1.75075
PCB-Pr -16.01293 -1.89125
PCBC -15.92540 -1.55041
PCBC-Pr -16.05731 -1.938 64
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Fig. 8 Electrochemical impedance spectroscopy and DRT curves of cathodes
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