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Solid oxide fuel cells (SOFCs) are at a technological level close to commercialization, which could be enabled by new
material research. Especially, not only an electrolyte, but also a cathode material becomes very important to further
increase electrochemical performance, due to the effort to lower operating temperature of SOFCs to intermediate range
(400-600°C) to take advantage of high and low temperature operation. Unfortunately, this trend inevitably results in demand
for new cathode materials with high oxygen reduction reaction activity, as well as high mechanical durability. Recently,
ceramic materials which conduct oxygen ion, proton, and electron, thereby called ‘triple conducting oxide’ are being
highlighted, due to their excellent material properties, to be used for cathodes of SOFCs. This paper reviews the three
representative triple-conducting oxides, which were already used and tested in SOFC operating conditions.
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1. M

ARHA = 33} ol x5 H7|3fekbe-E F8l A7|dA=
A ASAAT= A=A S, 2L oAUAHS 7&, 1L
oNuAEE, 27 e thg/d (Scalability), ThRT F579] H=
ARG 7Fs7d 58 S 7HAAL Qlof wiF tiAlelv A=A A=Y
dby Qlrh 4 B3| 118X} s Aul A5 4] (Polymer Electrolyte
Membrane Fuel Cell, PEMFC), Z24|A4tsHzE 9 &2 A](Solid Oxide
Fuel Cell, SOFC), ¢4t = X|(Phosphoric Acid Fuel Cell,
PAFC), 8§ gHik A= & X (Molten Carbonate Fuel Cell, MCFC)
T o] AHEEe] 58, W o= AREEAL glor,
alutch Al&ste] Hggo] Z7ksh= ol qltk?

HARAA Y THe= AfdS 7R Uy, oy d=dA]
= % SOFGe= A=) dejdo] & oldees
w7 o sH= E44F PEMFC, PAFC, MCFC % tiu] 7} =
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o A% 2% oy T00°0)E Heleh. olejdt Syoz ol
A8} Zo A Wit 2o 17ke] Fa4S AAgaHA ol
= HE A, Heead ARE A glo] A A Hsd 5
ol Gle = 9lout, SOFC 7142 A28Ist 2 upy| gk
BN TA ofehe, WA Fo 182 Aol sH Yol
S AR B B9 BARE op|ge e

ugba] SOFCY Zs-2=5 400 - 600°Co.2 F&E A, A
3 SOFCE] AL BE HsPoA TLABoR QI3 of/| e
olel, o2 $IFt e a7} HaFolch!
o] upeh LA Adn H2H A4 2
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Ut o] HH-2 SOFCY] tF79] A5 &Alo] Alzhd] a4
O] W2 o] 2k eof| 7]Qlek= Aof| tht g2 A, <)
24 ol slekA whak Z2S Bl Algtd] Ao FAE
Lenlg sEls W= ol Stk ey o] M
20 A4 Ast H o= OHL} 13 9 o] 2= A5}, 7]
AR = Ast, a7t FALE QIR ARAR] 7HE A
Aol Qe

Az W2 7)ol AeX|A] 92 2L =22 7St
EQtke A& Tolm, SOFC Asfae] il
((Zr02)002(Y203)005) H3fIEE =d A3} AlEA (Doped
Ceria) B& wHLo] o]2AREE Eolgie A+ LSC
(LagS194C005.5) $HI=-2 LSCF (LagSro4CopsFeg20s5) i
BSCF (Bay sSro5C002Fe0505.5) 52| 55 =3 (Co-Doping) #|=
HA7}o]E (Perovskite) B2 & B 7 So] QJr) 4 o]#gt
AEEe 722 71 A i) g, 2243 S04 op7|E
= 23& 2EA o R 14 4= Qo] 24 JiA div] 224

QAU 4 ek &Y HRHovlolE BAEL E3
SOFC ool A2 ghe A7k Fald, ol wjzusst

O|E X5 Bl e 524 EAS x4 U 1T 4= 917
ahsolt). AmEvlolE BHS ABOS) 2L A P28 71
= 55 ABHEE AAsH, SOFCE 5482 18 BaZrO; =
BaCeO7| |28 7to 0] 3 Ei= B £ sto] Sol
L AbAo)L AR AEEE 2A E Hojslr) 434

58] SOFCO] 244 722 /M @ Az Wl ojs) 25
7} Ao Yolxl A Hlgl PEMFCS} 28 A8 a1z
AR oA TaEl= 1 A4Sk (Activation Loss)yS S U3
27 Bz wA7E Qe ol dldsty] sl e Akar 2 Bk
43 (Oxygen Reduction Reaction, ORR)S Hol= EZlo] ZHl3|

ot dubAor =% BaCeOA| 22 &8 SHiE =
£ Yo} 583 oFgAJo] ol A7) JLEof FHeksl, g
BaZrOA 5242 3l6t4] oA L =01} -—UHpj'/HEﬂ =23}
X] o_]__g_ 7_] Oi o}_E:"x:‘o]l:}_ 39.43.44

w2 AFoAE ol=dt SOFC A58 &4 F 45 =4

(Trlple Conducting Oxide, TCO) (24:0]2, AkAol2, HA} A
AyEde] tigt 22e] HuE 7hds] Azttt AmdA] oA
HES-o] o= AAA W (Triple-Phase Boundary, TPB)2 HES-
=, A=, dafEo] whibes StezA, o3t 5e7] AsiA A=
2 Fig. 1(a)2} Zo] MIEC (Mixed Ion and Electron Conductor)
o] Je|2 HtEoigct. 18U 2 40 HAx SOFCo)| T3k
A7} kel wet olo] M3 el A7} Bas)
T, Ahzole A= MIECE] 7 Aaela ks 7o) o
S =gl uh gIckH o] 9 Fig. 1(b)2} o Abiol e, 4}
7 AL AlAo]ee MIEC EH
oflA] Shibe ol HEEln, FAlo] Halmie AmE ol
L% A0l A 717 FomH TPBE Hrjslslel 42
Sojsiat 4= St EF ol B8] b0l FE SOFC Mg
oF]2} ko] & A SOFCAAE 45 W UTe S7 mo

|

[}

o

o

iﬁ

[

_/,:/\o]gg 7Lo] )HEA]?l

Fig. 1 Schematic of conduction of (a) mixed-ion and electron
conductor and (b) triple-conducting oxide. (Adapted from
Ref. 47 with permission)

A 98t A5g HRICHT0 o] 23k TCO =g vt w28
A7PO|E 229l BCFZY (BaCogsFe)4Zry1Y(10:5.5)2F BSCF
(BagsStosCog sFe205.5), AIS3}F HlZEA7I0]E F12Q1 NBSCF
(NdBay 5Sry 5Co; sFegsO0s:5), 7L @] Bk Al= JL2(Layered Structure)
¢l LNCO (LiNip§C00,0,) AI7HA| = W =5 ghct.

2. EHAFPOIE =

BaCog4Fe 4Zry Yo 10552 242012 H&E SOFCY] 2Hl=-& ¢
3 Ao o]F Aut kb0l HE SOFCOME 2 4
5 oS Hol= o RIS AZofli= BaCogsFeos
710,050 FE|= —/F/\O]% Hw= SOFCe| ghe=o s Ao
U oj7]e)l Y& Zggto g vhAEA| ok el An
AsHEa oz oPE:]Xl BZY (BaZr,Y 055y AsdZ AL
o off 7|29 HEHATO|E SdTofA AFo] S8 LA
ooF BZYO|| a0l HE/da Aol AeidE 7S o)
7] Q8 Molag4RE 55 =Bste] FAE BZY A= =
2 ol Mk g Holu A7) -AEEr} ujg- wol, o]& Bk
517] 91l ABO;2| B #]2]of| Co®} FeE tgo® 3-5 =35,
o]Z 9l Akho|eT} Mz} BT AL spsslA Hct Es A
BCFZY X0 BZYS} g -2 ZAo= 4417 3HE
L Aoz B3kt NiO-BZY|BZYBCFZY T2 500°Co|
A Gnf27) FFA 455 mWiem?, HEHE7] F2A] 142 mW/em?
o] H5S B 2 A= 53 vgk Ad=E 2 At
L400AIZE 252 3l9ls Wie Aol AateA] ohe 2& 2o
Al olgl A7) oA ] TEIS HGon 2a0]
& A% SOFCo| Akx 0]& A% SOFCoA & AREE= 3¢
2 EUT S 8o] A Yot o] AstE= EAIE @
31992 oF 4= it} Fig. 2= 4240]2 A% SOFCo|| 283t
BCFZYQ] 1,4004)7F 2% 0] Ax}au|z AR A7]7F A
HIRE HojErt
B BCFZYL: 4:4:0]2 A% SOFC Myl ofug} Akhole A
T SOFCo| A-gstoe =2 A7|3fetd et s 23
u} ST NiO-GDC (Ce;Gd,055)|GDC|BCFZYY] L2 2 $4/37)
TFA] 500, 450, 400, 350°C 2HEA] ZHzZF 970, 640, 320,
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Fig. 2 (Top) Cross-sectional image after 1400 h of operation and
(Bottom) long-term durability test result of proton-
conducting ceramic fuel cell with Ni-BZY|BZY|BCFZY.
(Adapted with permission from Ref. 47)

130 mW/em*e] FHjAgUES B om 2,5004]7+9] H %
o= Bloh 3 RHRA 7FA /Y7 HAE oA = 9=k Yt
& Hoj il Ik SOFC vk ofyel Ul Ataol2 A=
SOFCOA &= A8 73 Bl HE §lt}h. BCFZY+= o] 9jof=
et ARE ARSSle ARAA A E 2 A glo] -
S48t e 2 A7) Y Hols Aol AEH R S

BSCF 3Tk 45 AwA E4= d#f#9len, LSCF
(Lag ¢St 4Cop sFe)2055) w23} &7 B2 BATI0|E a0z
SOFCo]| 1f}-g- wo] ¢l v} 9t} 4252 781} BSCF= LSCFe:
ge] AHE Y2 2E bt glor, Y 500°Ce}k 600°C] 2
o W 2T FFA 2 0.4 Wiem?Q 1.1 Wiem?e] 2|t
AYUEE Ho B} SOFCE = 7idol glof vjudiidos
Al Azg=a okt

oX o

3. AIS3lE HZEAFO|E 2

=1
=

o

AmHA] ghd=ol] AN AISSHE #H|Z=HE 70| E (Layered
Perovskite) TCO =2 2 A] NBSCF &32lo] ¢t} BCFZY
o 2 HlzHAvbolE ERou o] A|I52He (Layered) ¥ =

2

v ] :
£1.5] e a
[$] o L
= ] [
i - -
> 14 E
‘D ] C
c
s [
Qo5 o
5 0.6Vat1023K |
z NBSCF/BZCYYb/Ni-BZCYYb [
& 0 T L T |

0 100 200 300 400 500

Time/h —

Fig. 3 (Top) Cross-sectional image and (Bottom) long-term
durability of proton-conducting ceramic fuel cell with
NBSCFBCZYYb|Ni-BCZYYDb. (Adapted with permission
from Ref. 48)

HA7P|ERA AAB20s,; 25 7HAH 7|4 As EF P,
Nd, Sm, Gdo} & 37} @efto|= o]2o] $Jx/517] k. A’ A
2= Batl Sr, B Holggolo] X|5HA v, AOBO,%}
A'O3BO, F+ Fo| itz HolZefA AF3} HzHvlo]EN}
olFAA "y & F2E T A7 HEE Sk(Electrical
Conductivity Relaxation) @43} o] w3l Zlo] ZZu}2l(lon
Exchange Depth Profile) Axto] whef Al 2o A| = w9 =2 %17
Arwet 54 FHA Y] 4ka Z4 A, 2e]al v =2 4F
ol SRS HoA| HoE P olgjgt Lo o8| o2
£ op7Iohs Aldrol2 Mk AHmIF A7A He Aow U
Qe 48wk ofujg} o]2]gt A|ISEHE HR2HAvLo|Ef th
£ gzEivto|E 24 tiH] AL pavol HEwE VRizles
A7l HE Qlo] pax0]l 2 A SOFCE =2 %2 74
o] AIAJ=|IL ek
2 NBSCF =5 BCZYYb (BaCe7Zro1Yo.1Ybg1055) &
3" @ NiO-BCZYYb =4 F(Cermet)ol] A-835+ AR A9
/30l Fig. 30 YRt} 500/17F 2gol = Aso] 7] ¢
= A& e, 800°CoA izl SFAl Hd A
1.61 Wem’S Ho] BCFZYS} 34 1A%, TUTAES 71 &
T} TCOR} & 4 9lek®
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3. 7|E} EH=F

A3t 25 71 LNO (LiNIOy)S 3 B2 122 3} of7)
o] CoE Z=3}to] SOFCE TCO == o83k Alel|7} Qlct.
AS3HE LNOS| E/44 Cog Z3ste] LNCO (LiNiggC09,0,)
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Ni-BCZY (BaCeysZry,Y(,10s5) [BCZY|LNCO-BCZY F%2] SOFC
oA SAAR o]8A] 650°Col|lA FHRHHUE 410 mW/em?2
Fe& Hole AL I ofdte] #EAE-225 (Ruddlesden-
Popper) 22| PnNiOs; FEjS] &4o] 45 H=AS Ho
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