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Abstract: A solid oxide fuel cell (SOFC) is a green and efficient electrochemical device for energy
conversion. Due to the use of solid ceramics as electrolyte materials, it needs to work in a high-temperature
environment of 600-1000 ‘C. The high-temperature environment can accelerate the aging of equipment
materials, resulting in the rapid decline of battery performance. SOFC technology operating at
intermediate- and low-temperatures can improve the startup speed of the system, enhance the durability of
the equipment, and expand the scope of equipment selection. Therefore, the development of intermediate
and low-temperature SOFC technology is crucial to achieve its commercial application. Since charge
transfer and oxygen exchange reactions in solid electrolytes are thermally activated processes, reducing the
operating temperature of SOFCs will elevate the ohmic polarization of the electrolyte and exacerbate the
polarization loss of the electrode, thereby compromising the actual output power of the SOFC system. In
recent years, studies on intermediate- and low-temperature SOFC technology have primarily focused on
optimizing the microstructure and chemical composition of electrode and electrolyte materials. In this
review, the research progress on the SOFC key materials, including both electrode and electrolyte
materials, is systematically summarized. Furthermore, the future design strategies and development
directions of these key SOFC materials are prospected.

Key words: solid oxide ; fuel cell; cathode ; anode ; electrolyte ; conductivity



B4t He

HRARG I o A S A AR Pl Tt S BB IF S e 131

B 2 < URR K s AR 4, R R Sk e IR (1)
BB R AR O 2RO E A RS ALY
Bl (solid oxide fuel cells, SOFC)/E b —Ffh &t (o H
AL LA R R R Z B TSR AR
SRR TEMA SR IR ) E T R A T AL
SUREH Ak 22 BEFE AL H RE LA AR R 2R i A
BRI

[ % ST 0 AR R v St SR ) 22 L R W AR A B i R
BHAR , SR FH 144 42046 B B e A )1 Ay T 285 ol I
GRS ER G s e B NS N T ) B S = W e i o
RIAT T S8, i T SOFC SR FH [ 25 A 5, DRIt
T B A TR, LA B i S R A B Y
L fF A 5 30 12 . 8 H SOFC /Y T 4E I 3 5 5k 3|
800~1000 “C, K HMH7E BHIRIAEE T TAEXT HOCHE M L
4 8 B LA 3 v 2R, NG i T 2R 46 14+ 3 A
A% AN, R B L R R RIS 2 A BB N 1% LA AR AR
(R ik 2 50, AT SOFC M 28 L I3 T 46 R 3
() 3k i T, AN 4 TR H A R 1) SRR K AN DS T T 2 AR T
4490 BEAR SOFC 1 TAE IR 2 BB 8 I 5 & R4 i)
Ak AR T E R G, KRG kA
il BRAR RGeS . DR, AR AR I B 2 SOF C 5231
KHAERT AL FH B 22 2 6. SR, SOFC 78 H i
(600~800 “C) FIE I (300~600 “C) TAELLMHT , E A
L fi0R S P A S T i R R B A e N AR s
FUPP ], T BOGAE HL Tt AR 114 52 0 39 3 A0 ] 24 A
A B - FRL S 53T g, DT S 5 98 KT TR A R AR 1)
e AL HLBH o FE P I TR TR T SE B 1 B A%
5, () B PR F AR 1 o e M R B N 8 7 2 e T I
E R AR

R, B AE IR T HL A Pk v b )2 iy 8 7 2%
5150 B RS R LA | R M R R L R AR T
SOFC PERE I SCHE . AR SCR GRS, T 340k h I i
SOFC Hi b AR fift S5 b4 L A 0F 55 0 i, OF S 2R T Kok
e HERE SOFC HUAR TR it 5 b4 R 549 1587 1wl

1 SOFC {5

SOFC J&—FRi R RL 1) A2 RE ELIE RS b o FLRERY
HH E BB RS2 iR E R Ak R
KA AR S AL AW . SOFC fFEAZE Y 40 15 1 f
71N, 5 A AT A L AR R A R 3 4 S B 2H R
S H AR ST AL R 4 B S A5, MR 05 rL it S A L T
%S B TRBA AR, SOFC 1l 43 A B 715 S 5
(O-SOFC) filjfi 71 551 (P-SOF C ) [ 4 S AL Py Bk Ak
H T X TR L S SOFC, H TAER O, 1

SEAEBAMMBEE o O B Jm O 5 i 4 i 1 1R
PSR S B Ik BH AR o 7 VR N , HL, stk 04k 45 0 0
RS, A H IR 1 =AML BilS H S5
BRI A% i ke (9 O 4545 A2 B HLO , R 1 W) DA BERR:
X o A L S O o) BRI, T RO o N T AR S R Y
SOFC, H T A H, sk 2065 W0 Se 7 FHA O Bl
AL, 7R H IR T RIS L i, B H 20 o
TR HL A SR IR BN o BIARAN B4 O, Bl LR A
JEh O 55 D BRI M0 A% i o 1) H 45 5 A2 B HLO , L
5~ TR A BB AR 0038 e A1 e, S O 1) BN 7™ A L O .
PR = (1)~ (5) iR

O-SOFC P-SOFC
Oxygen H,O

i

: 0=

1 e

Cathode ! I
1
1

Electrolyte 0> ! H*
:
1

Anode : e
H* -
1
1
H,0 Fuel

BT RS AR it i AR R B

Fig.1 Schematic diagram of solid oxide fuel cell

Cathode(O-SOFC): 1/20,+2e —0O* (1)
Cathode(P-SOFC): 1/20,+2H"+2e —H,O (2)
Anode(O-SOFC): H,+0” >~H,0+2¢ (3)
Anode(P-SOFC): H,—>2H " +2¢~ (4)
Overall reaction: H,+1/20,~H,0O (5)
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Table 1 Performance of SOFC cathode materials in recent works
Type Cathode material Temperature/°C Polarization resistance/(Q+cm?) Ref.
ABO;_, Lag gS15,MnOs/ (Big 75Y 0.25)0.95Ce0.0701 500 650 0.3 [10]
La, sSr,,MnO,/CuBi,0, 700 0.13 [12]
Lay Sty sMn, ¢Niy ;05 500 0.117 [13]
La, ¢Sr,,MnO;, ;-Ce, ¢Gdy,0, o5 700 0.46 [14]
Er,.,Bi, 05 5/Lag :St,,MnO; 750 0.029 [15]
Lay Sty ,Co0;,/Gdy CeyyO, o 700 0.0186 (18]
Gd»Cey 0 o/ Lay Sty ,Cop o Fey 05 s 800 0.03 [20]
AAB,O;., LaBaCo,0- ., 800 0.046 [23]
A,BO,, 5 La, sSr, ;Mn, gFe 0,4 5 700 0.07 [28]
600 0.367 [28]
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HOR) #1#1 & 2 i (hydrogen evolution reaction, HER)
HLA R 0TS P  (EX AR TR B b A
B, HAE R AL JEAE I R E PR 22, il A itk 1T
K TAE.
2.2.2  FHERET R PHAR AR
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Fig.4 Durability of Ni/CeO,-1.CeCrN in reforming reaction of methanol(a), (b),schematic diagram of improving catalytic activity and carbon resistance

()] the effect of A-site defect on the conductivity of (Lay,Sry ), Tig gsNip 0505+ 5(d) and electrochemical performance at 800 °C with humid H,(e),
(D™, SEM and TEM images of LSCM@SDC(g), R, of LSCM@SDC anode change with time at 700 °C with humid CH,(h)"**

2.2.3 XK B FHAR AR
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AL ERE . Zhang S84 & B T —FoBT Y B A7 S5 £
" Sr,FeMo, Mg »:Gay ;05 »(SEMMG)AE A SOFC |y
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PRI RAFpy a5 ieoe v O A S B e ik &
RO R 47 0y AR R G PR RR e PR . 5 (a) s,
Ga* f1 Mg i [a] T A SEM & #% ) BAZ, 13543 Fe
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Fig.5 Crystal structure(a) and electrochemical impedance spectroscopy of SEMMG (b)™7!, change of PDOS(¢) and electronic structure with In*"(d),
peak power density of SOFC based on SEM and SFMIn,; at 650-800 °C(e) ,and stability of SFMIn, , electrode at 750 “C(f)!**

bR T 8B RZH, SFM5RAE FRENE A E
A i P HAR A AL 16 P 0 7] 8T, Farias 287138 i BR g%
¥ SEFM 5 CePr,0, , (CPO) ¥E 17 & A 1EN
SOFC [ BAMR AL, 25 R CPO I AR T 42034
G 1% . Yu SEE B E AN Ru R 3k T

Sr.Fe; sMo,;05 5~CepsSm, 01 o (SFM-SDC) BHH A1 K},
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s AT AR T FHAR R L T/ 88 1 L SR R AR
LB R A L B AR I I 2R 80, I i AR R . AR SC
B T AR AT TEN B3 B AR A o TAEREAT 10

B, R 20 AT R LR Y B B AR R
BHE PRI IAEE T AL BT 2 SOFC TERERI R
BT

F2 IEHERSOFC PR BHEREC &

Table 2 Performance of SOFC anode materials in recent works

Type Anode material Temperature/°C Polarization resistance/(Q-cm”)  Rel.
Metal-based Sn-Ni/YSZ 750 0.37 [32]
ceramic Ag-Ni/YSZ 0.43
NiO-Cey oGy 10y o 600 0.14 [33]
Perovskite oxide Lay ;551 5:Cry sMn, :O,@Sm, ,Ce, ;O o 800 0.11 [44]
Double perovskite  Sr,FeMoy sMg) 5:Gag 15065 700 0.852 [47]
oxide 750 0.436
800 0.141
Sr, oFe; Moy ,Cu,05 800 0.22 [49]
Sr, ,MgMoO;_; 800 0.56 [50]
St,Fe, Moy 055/ Cey Sy 0, 6 800 0.22 [52]

2.3 HEERAR

HL i SRR SOFC RO 4l oy, B T4 T
Ve R S B T 1 BRI AR R TS 51
BRI, SOFC 11 HL i o3 ] 43k S8 B8 5 A ol
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Fig.6  Diagram of sputtering process(a) ,SEM image(b) and electrochemical impedance spectroscopy(c) of YSZ ¥/, SEM image of
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2.3.2 T SARE AR

5165 A B T3k SOFC AR, i 151K SOFC

Hh O FERR A ) HL i SR A B H, Bl JS HE i A
B BRI, 5 O, & A RO AE R HO 0 Bl 150K



140

FHRLT A2

2026 4 6 H

ALY B R BTG AL RE AN e 0 i 1 Lk, R p
& SOFC HL i 5t () BRARRABE . HT, 8441 Ba
CeO4(BCO) Fl BaZrO,(BZO) & it 7 ik Z 31z
%E[GZ—GS]O

B2 1) BCO S &b B 38 i 1 F 3 R R e 45
1, & SOFC 5 14 HL fif 0 b B9 85 %6 . Liang
SRR IR R AT IR AL - T AR A T Y 8
) BCO(BaCe, ,Y,0, ;) i T F4&A4E A SOFC i H fiF
o SR HLAE A BRGS0 T BCY 5154 L fif
JFE 400~800 “CHy 25 AR 2 AR T i HL Ak
PERE. 45HREM,Y 2% BaCeO, a2 rh A LS
SHLUME, BRSSO TR R S
R, BRI, BCO BT T AR 1 fh 2 e e M 4 22 , PRI
THRHBI . GuiF R A 1E f 7o) 43 s e
BT RUGE BCO MBS BRI i AR 2548 , LA = b A2
ETERIHALEVERE . WIE 7(a), (b) BT/, 2R TV I -k
JE A WA NiL Sm A48 7% 1) BaCeo s Yo Nio 0:Smy 66055
HL R, 5 R 1B 2 9 BCY HL i A F, Ni il Sm (148
NGBV TE A =R iy NNt R A R i
B R A R EE R T, R 7 (c), 7 600 CF,

BaCeysY o1 NigSmg 6035 £ %Efzﬁfﬂ‘i 0.01 S:cm 1,
UL AN, Ni Fl Sm B 48 A8 B 5 T HL fif 5 78 K 28 A
CO, b AR M, A B BCO HL ff A ke 52
PRI )2 N

BaZrO,(BZO) 4 BHE A L 5 04k 27 Fo e ki
SHE T AN Z KT . (HBZO MR asTh s 2 , i
HHE PR SRR XuE R THRKE T &
L5 1) BaZrO JE R I, IR A T BaZrO,+a %
(W43 %0) NaOH & & HUR T, I R R T 06 il
A NaOH F1 SOFC iz 17 i #2 i 7= A= 19 70 1 Na,CO, X
AR PERE RS o W 7(d) , AR A R IR
PRFAELE LTI LUE H, t1 T30 T 45 fil 24 9 NaOH,
Na ' 0] i S50 A 1 7= A A F T 40 19 8L
e 7(e) i , T BRI SOF C £E 550 “CHif 1l 35
IR R IRZEE N 1039 mWem %, 1E 350 ‘CH, i,
Wi FEAS FEFLH 365 mW -cm 2AYTIREEE . HAM,Na”
(5| AR T Zr—O SER M 4a ik o, i 700 Fios
Zr—O PR SE i 2 A AT A E AT . s PRI Y
HEIAT Bh T80 2 A B S S U T BT
A0, TR T T LA T P R

In air = NO

09 1.0 1.1 12 13
0K

(d)

Intensity
ta
(o
[0))

—Bz0
——BZ0-30NaOH

1 1 1 L 0. .' A L
1.98 1.99 2.00 2.01 2.02 2.03 0 1000 2000
g-factor

3000
Current density/(mA-cm-)

F7 K452 ()N SmIEEA(b)BaCeO, ) SEM IR, HL i B 6 J2 L3471 () *°, BZO Al BZO-30NaOH ) EPR G (d) 2 T
BZO-30NaOH & & HLfi# Jft SOF C 1 Ak PE R (e ) , NaOH Al i A Ze—O (9l 4545 s 8 4/ 1T A AR i S5 4 s L (D)1
Fig.7 SEM images of undoped(a) and Ni, Sm co-doped (b) BaCeO, Arrhenius plots of electrolytes(c) ), EPR spectra of BZO and
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Table 3 Performance of SOFC electrolyte materials in recent works

Type Electrolyte material Temperature/°C Tonic conductivity/(S+em™!) Ref.

Oxide ion conductor ScSZ 600 0.005 [54]

Cey eNdy 00555 00226y 002D 0065 Y0, 005055 700 0.00669 [55]

GO/ Lay 1, ,Gay Mg, ;0,4 700 0.051 (58]

Proton conductor BaCe, .Y, 0, ; 800 0.039 [64]
600 0.012

BaCey Yo Nig oS cOs 600 0.01 [65]
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