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Properties of Nickel Doped Praseodymium Ferrate as a Symmetrical
Solid Oxide Fuel Cell Electrode

TENG Yuankui', LI Jiangxin', WANG Pengcheng', YANG Yufu', ZHAI Yingjiao', JIN Fangjun'?
(1. College of Physics, Changchun University of Science and Technology, Changchun 130022, China;
2. School of Materials Science and Physics, China University of Mining and Technology, Xuzhou 221116, Jiangsu, China)

Abstract: Solid oxide fuel cell (SOFC) is an energy conversion device that converts chemical energy stored in fuel and oxidizer into
electrical energy. Since SOFC has some advantages of high efficiency, low product clean pollution and low noise, it thus becomes a
hot research topic in recent years. The perovskite type of mixed electron-ion conductor is extensively investigated as a SOFC
electrode material. In this paper, PrFe( ;Nig30;_s (PFN) with an orthorhombic structure was synthesized by a solid-phase method. The
results show that the conductivity values are 46.500 and 0.007 S/cm in air and in H,, respectively, when PFN is at 800 ‘C. The
interfacial polarization impedance values are 0.08 and 0.24 Q-cm? in air and H,, respectively. The maximum power densities of the
PFN/LSGM/PEN symmetric cell are 475 and 180 mW/cm? at 800 ‘C when using hydrogen or ethanol as a fuel, respectively. It is
indicated that Ni-doped PrFeO; is a promising SOFC electrode material with the superior performance.

Keywords: solid oxide fuel cell; perovskite; electrode; electrochemical performance
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Mt TAEMAR B . Sh T B SOFC TR, 42
1 SOFC MRERFEANRR,  [FI v AR A 3 AR DT
FUSE A, 4R PR B8 BE 4 AR B MR O I A
Mo SR W B BH AR A AL 8 R A R R
WIEHEAE, FECEMRR R &, 8 sk
R T B REESE TR, FIHXETTRER
JEAT BT B R A R (B A 40) 9K
BLREE, SRIRTHSARE FHARTE SOFC AL
PN BRI, SEAT A SARRIR R, AT
PLE— 20 i A A e A s 1, RS AR Bt
TR B p 23 AP

1E ABO; BUES SR A4k B AL & F Fe 5511
HARM R &4 2wt Ft, B, BigsSrosFeOs s
(BSF)l LagsSrosFeOs f(LSF)%%, M LSF HAH
EIE TR SHAES, 7E 650 CHf, LSF H$X
% KN 213 S/cm, BSF H5%f 2 S/cm, {H BSF A
HRARM SIS, 7 700 CH, BSF FHHFLEN
0.12 Q-cm*, LSF FHFLE AN 0.79 Qem®™!, Ni A
Y103 185 ZrOy(YSZ)H i E &+ EHE )y SOFC FHR
Ber 2wt oe, Higie A Ak Ni-YSZ kAt i h
ISR AR, SR, e iR AR, NI BIBH AR
PEREAE &, L, AHRET T T 5MEES Ni
o A LR PR o H A DA R i s L), R, IR
I Fe 11 Ni BHAR (13 AL ey, 7E 600 CHY, i H
Ai/NF 100 mV, HLFSEEE] 0.5 Alem®s [H
Fe-Ni J&7E B fir o] DL 35 12 =i (i A0 R ) FIK AR e
. B, ProsBagsFe, (NiyOs s (x=0, 0.2; PBF,
PBEN)FEf, B NI TJE, #4 Fe A b Ik
Fe*', F2E TRES IR A MERE . #2700 CH
PBEN AL HFE N 0.072 6 Qem?®, Lt PBF 1% T
40.49%, WKINEELLIAPBFRI2H:, HEAR
ke e, REMERE, Ni B0 LIgEA
AL 5 I A K B Ra 2 V. LaySreFeo7Nig305
(LSFN) R HIFAM ., 24 SrB4 & x=0.2 I/ T
B UF 9 5 R0 HL fk 2 M B . ProsSrosFe
NiyO3 5 (0.2<x<0.5"", Lays Pr,BagsCo0s; (0=
x<0.5)" B R B TR S A HL T R R R A 2
PERE, XAEMT PrTV R R BRI
o ATAERHFEAMES & T Ni B0 PrFey;
Nig ;05 s(PFN)EERH 54k, Pl T HAE N SOFC
BRI AT . KRG T PEN FE &M
it SHMBIENAEIRENE. BEE ik
PERE.
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1.1 PR &

SR FH el [ AH [ S22 A i PRN, 4% 840 22 1 =
EERRE— 7€ Jo1 5 1) PreOy (S 573 4 99.99%, F k]
PLTRA FeO5(orHrati, EZ5ER =) )
FINIO (99.99%, iR T 3550), BP fiidil 2 0.1 mol
PEN Ff i 70 5752 17.024 8 g PreOy 5.589 1 g Fe,05
F12.240 8 g NiO. HFFRELFHIZ it B T 3HHA N
CEEFEOIES, B e AR B imrifbe4h (1 000~1200 °C)
SRAT T 5 PUAH S5 A R FE i o LagoSros GagsMgo20s s
(LSGM) HEL AR 57 [RIAE SR FH 1A s i il 2, e i1
LSGM Jy 72 MUK T S 22 JE B 2978 0.3 mm, F T
H R 45 o ¥ PN HIARADRLAIRA THBE AT e 0
MEAFNRE, RS R, R 2 En
IR 7%, K45 00 PEN B2 51183 LSGM HEfEIT
(P, HET s H B TR R 4 950 CHRbe 5
h, BIATAS I 5 RN FR B
1.2 FRIEFE

K H A2 ) D-Max 2550 B X SHRATHHMX
(XRD) HL AR A Ak 1A 40 A 465 40 RN Ak 25 e 25 1 K
KA HASH 1) 6010A T3 B 7 BB (SEM) K
FAERAM RIS . K van der Pauw JUHL
Wi ot i) 25 I B 347 B S . R A 32
Thermo Scientific ] ESCALAB 250 Xi ! X £kt
HL - RE R AC(XPS YIRS i R I U 42 8 B35 T 4 S .
KA BHIRE CS350 Y s Ab 2= TAES,, XAl
(0T R LI IR AT LA BELATU AN SR et M BRI, BHAL
HEARZIEEA 0.1 Hz~1x10° Hz, ZIR{E A 10mV,
FHL L %85 52— FEL s (3-V) DUk B A d N i < [3%
(B EOHO(FUE)], HFUEFESIFE 100 mL/min.

2 #ER54%

2.1 PIHEGEMSKEREM

Bl 1 S iR be 45 1 PEN A L XRD #E
5 PrFeO;(PFO)FEM ) XRD i HLHE, 1 000 C Al
1 100 Cleds Ja ke M TE 30° A A E HIL T
POy (I U,  HLBH A el i B B4 e, AR iU
SRR, PR IREIRE A 1200 CH, 240
WY R, AR A ISR S5 M, B R R
SRS, FEMAERE TSR A, A, &
55 PrFeO; i1 XRD i AHILEL, #54% Ni 17 PFN
FE i AT S0 B T ) s A P Am A I 5, 3X 2 e
F Ni**[112:42(0.069 nm) /N T Fe* [#12£4%(0.077 nm).»
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1 PrFe);Ni305 s(PFN)ZEA AR F B4 10 h (¥ XRD
WL K PrFeO; 7E 1100 ‘CRE4h 10h 1) XRD i
XRD patterns of PrFeq;Nig303 5(PFN) calcined at
different temperatures for 10 h and XRD spectra of
PrFeO; calcined at 1100 °C for 10h

N T EAERI T AR PEN FE S B SR SE R, ok
2 ion, KH GSAS fEE A H XRD Fidli ik 17
Rietveld Z5 {415, & 1 A PFN F£fh XRD KIS
5. PFN FEECNIEASE AR 4544, J& T Pbnm =
A,

Fig. 1

%1 PFN 1 PFO #RHRMEESH
Table 1 Unit-cell parameters of the PFO and PFN samples

Sample Space group a/A b/A c/A Volume/A®
PFO Pbnm  5.484(0) 5.5787(0) 7.7879(0) 238.25(9)
PFN Pbnm  5.4657(9) 5.5269(0) 7.7489(6) 234.08(8)

B2 PFNFER XRD #E1E

Fig. 2 Rietveld refined XRD patterns of PFN sample

YENXTFR SOFC Mk, 1 MHAEE <R MY
SERIFN R 5 BRRH AT 2 oG EE B, A 3 v
PEN £ 8h7E Hy S R4 850 CHBE 5 h J5 I XRD
TET] L, I8 JE S5 PEN K 5 8 23 PENA+Pr,Oy+
FesNi, ME G EM. Kk JE 5 R ESSHPE
900 ‘CIBHE 5 h 5 XRD i 5744 1200 CTHE
45 10h BIFE A F) XRD 1ES3EAT 0T EL(B 3), FRREL

JE HIRE S AR FF A S50 . 255K, PEN A dh
HAT U I S8 iR S5 A0 R MR AT vl 1

B3 PFN FEm AR 2 AR B () XRD %
Fig. 3 XRD patterns of PFN samples treated under different
conditions

RSN A DR A S
SOFC =& KIta ez T HEESE 5. E 4 4 PFN
FF it 5 FEUA 0T [Lag oSto1 Gag sMgo 203 o LSGM)F Smy
Ceo50, s(SDO) %M 1:1 Fi2 HLIRA G4 1000 Chx
FE10h 5 XRD #E . JRARRT) XRD 1 5 8 T &1
HH458) PEN. LSGM 1 SDC fiphtus s gin, H
AT REE I, Kk, YO8 PN RS S H A
SDC A LSGM Hf#5i7E 1000 CHA RIFHIL A7
PE, XA T R SOFC R o

P4 PFN-LSGM Ml PEN-SDC & FHAZE 1000 CHLE 10h
1 XRD i
Fig. 4 XRD patterns of PFN-La ¢St ;Gag sMgg,0;_s(LSGM)
and PFN-Sm,,Ce( 30, s(SDC) mixed powder

2.2 WA

Kl 5 ik JERT G PEN AE5 1 SEM B . M
Sa WL, SR R E A VEH A PEN FE SRR
N, FFLERALRR, KAEKLN 1 um, Hy SR FiE
JE 5 (B ShyRIAZAR AL H AR I B .
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(a) After sintering at 1200 C in air

(b) After reduction at 950 ‘C in H,

K5 &I PEN FE &R K SEM BT
Fig. 5 Surface SEM micrographs of PFN samples before and
after reduction

2.3 XPS o#F

Kl 6 4 PFN Ff 5Lk R ETfE ) Pr 3d. Fe 2p
Ni 2p ) XPS ifi. HHE 6 AL, PFN i&JE Rl 5 FE
SR ERAEAE PO PR R AN G, IRAT S PO
AFEXT AR T AL RE R 2510 . PRN B
BTG IEESH Y Fe 2psn A1 Fe 2py, 1 XPS 1532 A4
I, FUIFESH Fe RGN, Fe' 2py, M
2Dy, S5 N R LTS5 A RE 711.0 eV AT 724.2 eV Fe*
2p3 F1 2p1 0 Z3 G I FE T 4545 66 709.1 eV A1 7223 €V
HEIRJR G Fe 2p B XPS b, EHTL5E5REN
718.9 eV 1 706.3 eV AL LA B 155, UiHIA H®
Jii Fe (RIBJEAE . Ni*° 2ps, F 2py s 23 5% LT
SEARE 855.3eV M 872.5eV; Nit™ 2ps; Al 2py s 7393
Hof N HL P45 A RE 853.6 eV Al 871.4 eV, 1B JE JE FE
Ni 2p 455 RE7E N 869.8 eV Al 852.3 eV AbH HILHH i
({55, UEBHAEID 55 A F5 Ni AR R, 1X 5 PFN
FE SIS R (9 XRD 230145 5 — 3%

(a) Pr3d

(b) Fe 2p

(c)Ni2p
Sat. is satellite.
6 EJFEHTFEJE S I PEN B 5 1) XPS 1%
Fig. 6 XPS spectra of PFN sample before and after reduction
24 BSE
Bl 7a Sl PRN F 5 1 HE 5 38 IR B AR A DG R T 28

AMANEFESGUR PEN FEa 1 H 33 50 2 1A
7K, 1E 600~850 ‘C, PFN FETET S LS5 37.9~
47.9 S/em, FEHNE Hy S B4 0.0027~0.013 1 S/em.
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] 7b 4y PFN FF i L 3 Z21] Arrhenius ¢ R 128, i@
IETHE Arrhenius X R HMZERIA, PEN FEMIET S
FEA T FRPELEES B 10.34 kI/mol Al
41.77kJ/mol. TE5 Fe Al Ni B 1454k Ak,
Fe A1 Ni DA+3 #r 142 4y (Fe/Ni* —Fe/Ni» VAL T 5%
FalM, PEN AL SR T (S0 H RS2 BRI /M

(a) Temperature dependence of electrical conductivity

W52, HFAE3 A AI+2 MY Fe AT N B 118k
BR, BEARRETF BRI TR, B ST R %
AL AE LaFeo aNio sOs(LEN)AARHIL g R B,
A5 T B3 %52 PENL POy Al FesNi, & B0
FHL 3 S Ty T o ) 2 D R R S A 3 Bk
(Fe/NP'—Fe/NP )RR, BT R .

(b) Arrhenius plots

K7 PEN K i B R FE AR A A OG22 I 2R AT 3 ) Arrhenius ¢ 5

Fig. 7 Temperature dependence of electrical conductivity and Arrhenius plots of PFN samples

2.5 HALEFEMRER

Bl 8 4 PEN Ay FELAR R0 AR FELVBAE 23R VA
LSS N RIAC R BHATE o FAR f S i P %%
T BRI AT v A0 ] 55 A [ IR x 1) e 22
fH. B 8 A UL, FHELREIRE =i FEIC, 800 CHY,
PEN HURAEZ SR A FIIBESUEA 0.08 Qrem?’,
T8 Hy SRS FBEFTN 0.24 Qrent®, 1 4SR5
PETRIE SN 1.52 Q-cm?®. K& 9 4 PEN HLH% LT
PHHT I Arrhenius ¢ 5 125, a3t % BHPTEAT 26 1E
5 0715 PEN HRAE S SR A UREH N
EALBE 2 BN 53.4 kI/mol (0.55 eV)Al 30.6 kJ/mol
(0.32 eV). 5 AiHRIE M ZILFGERT AH L, PFN
E &t B BN E R . B
PrysBagsFeosNig203 /"1« BiggSroaFeOs ' Al
Pro.sStosFeq sCug203_o % I % 1k BE 73 5l A 0.86 <
0.56 eV 1 1.20 eV. F* 2 A—SLBILEERY /1) Ft
FEPUfE. BHEE 2 AT 0L, PFN EA B A BHT,
FEAHAEAXIFR SOFC HUM A BT 1 Al v fe .
2.6 HHMMERE

Bl 10 24 BL PFN iy LR 1 %) FR H I 7R
700~800 ‘C 1) J-V FHZNZZ FE(PY 2R, XK HL It
5 N Ty 565 P RN PR UAL 85 P B L P T i, X2
BT BEE R T =, HAR A S i S Ry

F2 —LSRESHY BERNFEERR,)
Polarization resistance (R,) values of various
iron-based perovskite electrodes

Table 2

Cathode Rp/(Q'cmZ) Reference
Lay sSro sFeO3.5 0.790(700 C) [3]
ProsBag sFeosNip203-5 0.0726 (700 C) [71
Lag gSro2Feq7Nig 3035 0.065 (800 C) [9]
Pro St 2FeNig 30 5 0.730 (700 C) [19]
SmyoPro. 1 FeO3-5 0.588 (850 'C) [20]
BaFeo.75Nig.2503- 0.095(700 C) [21]
Lao ¢Cao 4Feo sNig 205 5 0.630(700 C) [22]
PrFey7Nig303_s 0.080(800 C) This work

BRI T H T R S R R A T
RO I R F. DESCIREIE 800 CHY, LA
PEN iy EAR RIS AR FRL T B K Th R S Ol 475 mW /e’
FABAIR) Lag 6Sro 4Fe sC00205-5 7E 800 “CIN L 2% 2N
350 mW/em™® 24, PEN 63t B A0 Bk 2 1k g

1 10b > LA PEN A FEAR AR FR BRI LE DA 2B %
BERB) 3V AThZe s 2k, DENEARR RS
W4z 2 PR (50 mL/min), Herh ZEEHARF N H0h
31.5%, f£ 800 CH, HATHHREE AN 180 mW/em®,
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(a) In air

(b) In H,

(¢) In ethanol

'8 PFN 7£ LSGM HL# 5 L 32 s B Hu vl
Typical impedance spectra of PFN on LSGM
electrolyte

Bl 11 LL PEN NP, DL AR ARREL IR
HAE 800 ‘CLAK HLE N 0.5V IZET 40 h 146 3
FoE PEMRSE Rl 2k . AR EH TR 120 24, F
R LRI CRERRRL, 5 80 I 18] ) TR

Fig. 8

9 PFN HUMRARIE R A T ISTH Arrhenius
K&
Fig. 9 Arrhenius plots of PFN electrode under air and

hydrogen

(a) In H,

(b) In ethanol
K10 PFN|LSGM|PFN Xi#x B TE LA H, Al AN BRELE T 1)
J-V I J-P ik
Fig. 10 Current density—voltage (J-V) and current density—power
density (J-P) curves of PFN[LSGM|PFN single cell
using hydrogen and ethanol as fuel
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PRAILZE 3] PN FHBG, £F OEEBRRMIL A R E fG, Hith
VERE I 1A B B SR, R R AE 0.3 AJem®
fitio P12 4 PEN FEdh AE N HARER S A 1
SRS IS ZR 1 ) Raman 6% 28 . J8 i
Wr D A7 F G 5 (AL AR AL, SRAS DA R TR ik 2
A, HPAREIZEAE 1349 cm ! (I D, SR RN
VORI 708, IRENITRLE 1585 cm™ 14 G 7,
FEAT SRR T (R EhE . W 12 AL, PEN
FH B 2% 11 1Y) Raman Y615 F il 2B il, X%
PFN #1ELEA RAF IR IREE /1, R S5 R AE
HB AR 25k HAR s e

11 PEN {E NP AIXFR EAE 800 C i HEAk 2R 5 1
HiE2Y

Fig. 11 Electrochemical stability curves of the symmetrical
cell using PFN as anode at 800 C

K12 A% T PFN P Raman Jt6it

Fig. 12 Raman spectra of PFN anodes under different
conditions
3 i

1) FFHFEAES 1200 Ch4s 10h J53%73 T A
A HAHIEZ S5/ PN #£44, H5 SDC 1 LSGM

HLARTLE 1000 °C B A RIFHIfb e mi.

2) tHHESHNMRLE R AT A, PEN A 3%
TE S8 A RN IE TR A5 2% A0 T S5 B L B T v T 36 K
800 CH, TSAMTFHFEN 46.5 S/em, AR
SR N 0.007 S/em.

3) HH AL ZBA AT SE BT H1, 7 800 CHY,
PFN HIMRM RHE R SR Sl NI
Fi4> 19 0.08 0.24 Q-em” 1 1.52 Q-cm’s

4) HEIIARA], 75 800 CHf, UL PFN N
FEL B A R 1) % RS R L AT DAY SO RIS 45 K
IR 475 mW/em?®, 24 UL Z B IREHEE, Bk
HiHThE N 180 mW/em?, I HTE 40 h (% Fa
PR LT,

2k EFTIR, Ni 4% PrFeO; LM VE A HARFL
BHEREILR:, &M TS0 SOFC HARH KL
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