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Fig. 1. Various cathode materials for SOFC.
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Fig. 2. Ordering of lanthanide A’ and alkali-earth A’ ions in
the A-site sublattice of half-doped perovskites. (@) A
simple cubic perovskite AbsA’ysBOs (B is transition
metal) with random occupation of A-sites is transformed
into (b) a layered crystal AA’B,Og by doubling the unit
cell, provided the difference in ionic radii of A’ and A/
ions is sufficiently large. (c) Oxygen atoms can be par-
tially or completely removed from lanthanide planes,
providing a variabiity of the oxygen content in AAB;Oss,
where 0<6<1.19
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Table 1. The Relation of Chemical Compositions and

their Structures with Respect to the Various
Types of Lanthanides

Chemical compositions Structure
PrBaCo,0s44 Tetragonal
NdBaCo,0s.4 Tetragonal
SmBaC0,0s,5 Orthorhombic
GdBaCo0,0s,5 Orthorhombic

26 || MiztrI£E

Table 2. The Relation of Oxygen Content and Physical-chemical
Properties in LnBaC0,0s.s

Oxygen | Charge | Distribution The ionic o0 bond
content | state of | of various State radi of e Cell volume
@) Co | Co state R E Co
56 e
0 | 2 | oy, | GO0
MIT (VeaHnadaion
Transtion)
2)Jingte transtion
o Co in octahedtd
nafzﬁ?%

= layered parovskite A1sHE-S- 7124 0 2 | nBaC0,05:,°)
TEE Kol 9lom Lne] =2 2A1= Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho 2 Y &} 722 |anthanide A Q2] & o]
AHEEE 4= Tk gt LnBaCo,0s.,0] 318H4] 243
S Ho|&= layered perovskite= X315+ lanthanide2]
Z7o] whabA] tetragonal B+ orthorhombic -] F+
7HA] F2AR1 5792 HolA Fth Table 1e4 A2]gh
upe} o] A o= o] 2ukio] 2 Th, Dy % Host
22 BRI JH SR o]2n7do] & Pr Bl Ndo] X|3t

Fig. 3. Crystal structure of the ordered LnBaC0;0s:s 29,
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Table 3. LnBaCo0,0s.s Type Cathode Materials

Chemcal Properties Refer.

compositions

mHeorochamica propaties
-Power dendty: 150 and 250 mW.om? & 700 ad
800C) from the samples of GdBaCo:Os+/Y ZINi-YSZ
GBa0Os -Advanced power density: 300, 500 and 550 mW.am? a &)
700, 800 and 900C from the samples of GdBaCo,Osi
fporous YSZ layalY SZINI-YSZ

mChamicd propaties

-Damopadiion of GoBaCoOss Uy 500 pom 1o 100% QO
-Sahility under r condtion for 100 hours & 500, 600 and 700C
GoBaC0,0s++ | -Reedtivity with vatious decrolytes K9
mHedtrochamicd propaties

-Area padfic resgance (ASR): 0250 Q.07 & 650C on
LSGM dedralyte

mHedrochamicd propaties

- Hedrical condudtivity: 570 Sem? around 200-250C, 170
Samt & 0C

- AR

SmBaCo,0s |(1) SBCO sntered & 1000C: 0130 Lot & 700C )
(2) composite cethode (SBCO:50, mixture of 50wt% of
SBCO ad 50m% of CGO): 0250, 0050 Qa? & 600 and 700°C.
aThamd propaties

-TEC (12x10%K?) of SBSCOK0 & 700C.

mHedtrochamicd propaties
AR

(1) 250 Qar? a 572C
G005 | o) 1319 o at 50BC )
(3 0777 Qart & 61T
(4) 0534 Qar? a 645C

mHeorochamica propaties
-ASR from GBCO/CGO/GBCO
(o626 Q.07 & 65C

uChemicd propaties
-Oxygen surfece exchenge and axide ionic diffusvity
GABaCo0s | (500~700C) 37)
oxygen sface exdangeams?) xide ionic dffusivity(amEst)
16x10° 76x10"
210 410°
1310 1310
uChemicd propaties

-Oxyogen surfece exdenge and axice ioric diffusivity (350C)
[ oygm ifae ecagEons) | odce o dfiviyiors) | 2
\ X103 \ ~XI0°

mSrudurd chenges with reoedt to the S Subdituion
-Teragordl (x=0 and 06)

Nﬁ%%" nHleochemicd propartes B
-ASR from NBCO/CGONBCO

(D0250 Lar? & 70C

9 734 tetragondl 72 WolA| Hm, 3 9 o]

4.
bice] E4& HolA =t} o]23t layered perovskite 4F
SheES A AW E uiel 2ro] theFsl oxygen content
(5+8) 2 71| =1 o|=|3k oxygen content= A-siteol] X|
2he]= Lne] Foll webr] ohdet 3k Heoli lrk

Fig. 32 LnBaC0,0s,50] AH A BE5S HolF
Aom Ln*e} Ba 7F YAt 1+2S o] FHA ¢ & W

R

o

Fig. 4. Schematic crystal structure of LnBaC0,Os:s with, from
left to right, (@) 6=0, (b) 6=0.5, and (c) 0=1.32

© 2 ordering=lo] Sl EES BT Qith 583
A QA Ln layerol| A B2 0 & A A E o] 4k
TOE ZAEAL Ut AagEo] LnSollA EAlsh=
AL Lno] o] w7zt B o] o] 2Rbg| QlojA] & A}
o] Hol7] ujFolr o]2]gk ZFo] & <l A COs2
pyramid -3¢} COq2] octahedral ++z7} WA 3l= A
02 4R UrkBE® o)# 3 layered perovskite A3z
o] 548 goRsRpY ofele} P

DA-sitee] ko] 92E2] ordering : Ln 2 Ba2] o]
2H3 Zpo]

2)Ln layeroll X o] 4kag-a-2] A4

3) COs¢] pyramid -%9} COs2] octahedral 2=

Qet 2L a5 YA B2 AR AEES o]
AEEE A5 = drh s 7180 At Haroe) ofs)
A LnBaCo,0s:,2] ThFeh w24 s18H41Q1 Q12 Table
20| A1 A7) ute} 7o) layered perovskiteol] £z sh=
oxygen contentsel] whEbA] thekst AdE Hols As
Ho|3 gtk 2 w3} |ayered perovskite2] 73-%- oxy-
gen contentel] Wk AA F2E B 5 QITi? o 2
S04 671 021 739 = LnBaCo,059] 39| AR+
+ Fig. 49] (a) =& HolA €} owoll= Co2} wj
AL e AkAro]28] 739 COs¢ pyramid 725 X
o= whH 671 181 7d-¢oll= Fig. 4(0)¢] +x& Kol Z2
AFxEE COs9 octehedrd F-AAE HolA Hh »f
Ao &2 6710521 7-¢oll= Fig. 4(b) o] AH+x2E B
olA = ofu COs2t COs0l 4502 A7 AkAgo]

S HA o] g AkA 332 Ln-O Foll X8
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state= =10l whEba FEFE WO H oxygen content7t
552 ZA3}A € w] meta insulator transition (MIT)E
HolA Hm o] o) /de] 300-350K oA F-& A
3k AoE Wsky Yok 5 350K olde] LA
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2.3. Layered perovskite 27 |= 29| %47 54

AA'B,Os.,2] 3t224]2]-8 Hol= layered perovskite
o] 553 Fel= LnBaCo,0ss & XY = AT =
AA'B,O;,,2] A-site’= lanthanide A Q2] EAZ x]3lo)
7Fsabe Al-dte= g4 02 ol 2nbgo] & Bao| x|3t
Ho} vpR]Ere 2 B-sited] = smple B== complex per-
ovskiteol A F== 2]gke] HAH Co B Fedt 7H2 0]
=5 @A o] x| gk o] IT-SOFCe] 3715 22 =
2 go] E3L Utk o & Felshd v 2tk

2.3.1. LnBaCo,0s,; type

LnBaC0,0s:5°] 71328& 0183 A tsh=
A F71=F B2 Table 3014 A & 4= 9
° & MIECE] 545 7|22 kA Aw¢h vt
Ln lanthanide Al <] 222 x]3k=]o] glom T4
S 2= Pr, Nd, Sm ¥ Gd 50] %x3¥ PrBaCo,Os.s
(PBCO)™, NdBaCo,0s.; (NBCO)*®, SmBaCo0,0s.s
(SBCO)* % GdBaC0,0s.; (GBCO)™*% 50 & w73
% 9lok Fg. 5@A 39 & 5= 9l50] SBCOS| 7%
¥ 200~250°C ¢] L= $lo) 4] oF 570 S.em?, 900°C <]
oA o 170 Scme] A7|AEES] 54 HolF
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57J°] complex perovskitee} 71 2] ¥]2ek 5%J(700Cell
A ¢k 20x10°K Y-S Hol7 ¢tk

PBCO<] 73-¢- oxygen surface exchangeS} oxide ionic
diffusivitye] E4¢] GBCOR T} 435k A S 7 H I
ATE® o & So)x 350°CollA]2] PBCOL] oxygen sur-
face exchange2 <F 10° (cm.s?) 2 oxide ionic diffusiv-
ity:= oF 10° (cm2sY) 0241 300Col 4] =45 GBCO
2] oxygen surface exchange(1.6 x10® cm.s?) 2} oxide ionic
diffusivity (7.6 x10%cm2.s?)o) HlsiA] 53] & E4

£ HolaL ok

2.3.2. LnBay,Sr,C0,0s,, type

LnBay,5,C0;0s:5> LNBaC0,05.,,¢] 71285 viete.
= layered perovskite2] A-siteol] S5 x]3}3l layered per-
ovskiteo|t}. LnS- lanthanide A€ <] & & 2350
9lom iz o 2= Pr, Nd, Sm % Gd 502 |sha
2 glom Sro] Xgkxlo] gliz o] EAloln o) Table
4] A28tk

2| gk=]o] IT-SOFCe] 3715 4 & A= loH
T2 Sro] 0.5 mol%E 2|3k= o] Q& sl8tAdS Bol
AREE| 3 9tk o] AL University of S Andrewse] Irvine

Table 4. LnBa;,Sr,C0,0s.s Type Cathode Materials

Chemical Properties Refer.

compositions

mHedrochamicd propaties
-ASRs from PBSCO/CGOPBSCO
(10639 Lot & 600C 3
(90286 Qe & 60C
(30154 Qe & 700C

PrBausSr0sC0:05:0
(PBCO)

nBerochamicd propeties

- ARs from SBIOOI0GOIBIC0

(00611 Qan? & 600C

(20244 Qar? & 650C

SMBaysS0sC0,0s4| (3002 Qar? & T00C 3
(BLO) | -AR from SBOODLECGO aceterd cn 8YZYBOO

(001% Qan? & 600C

(20082 Qart & 650C

(3003 Qar? & T0C

sEladrochenicd popeties

AR fiom SBCOCGOBS0

GoBasS:Co:0s4| (11 %) Qore  B0C 3
(GBCO) | Dose8 2ot & BHOC

(3025 gar? & TUC

mSnoturd dhenges with repett to the S aubditiion
NdBasS0sC0:05:4 -IE mwzgdms k<)
(NBO) | AR from NBSOOIOGONBSOO

(011 Qar? & T0C




|

3|_|
>
lgg
o
re
HU
r>|
A
]d]
N
1u
o)
Hu
>
0fo
m
rir
)
<

D

9]

o
0
D

(o]

<

wn

=
D
Mo
nA
10
ﬁ
rd
re
-u
ol
0%

(a) A SBCO
600 -
A A A
= A 4 A
S &
Z A
% A
g 400t "
= A
E A
S A
- .,
2 200 f A
3 A
=2
0 " 1 " 1 " 1 " 1 1 1 " 1 " 1 " 1 " 1
100 200 300 400 500 600 700 800 900
Temperature ("C)
1400
(b) ® SBSCO
[ J
L] I
= [ J
35 b
% 1000 |
= °
2
= )
3 s .
E .
2 s * °
3 °
5 °
= 40 | ® .
e
)
200 |
. A . .

200 400 600 800
Temperature ("C)

Fig. 5. Electrical conductivities of (@) SmBaCo0:0s+%% and (b)
SmBaosSrosC020s:5* as a function of temperature.

2550l ofsl A7+ Aol = Sré] A|$kko] ¢k 0.5
mol%E. 2|8+l SMBaysSr0sC0,05.5 (SBSCO) ol A 71
w2 HAH A gke] 541 B9l on o] 05mi%E
710 2 X $hegol] uwheha] HAMA S 78} wii
o]th® 53] SBSCOS] 73-F- CepeGo10,(CGO91)
42 ol stel 245 #4034} (Area Specific
Resistance, ASR)2 600°Cel|A] 20,611 Q.cm? 2 700C
oA 0.092 Q.cm?e] <=3t Ay} B E gtk SBSCO
o A7/ AL Fg Sl A Al vst 7] 0CalA
FPY A7 HAEE (1280 S.cm?) e} 900 C AN A 71 e
A7) AT (280 Sem?)e] EAS 1ol Mealice] 717]
AELE Ass BHofF31em o]= Fig. 5(a) ¢ SBCO9]
MIT 7 1A % AFa EEE 545 HolAl |k
GBSk YSZote] vh3/d5 ] flal YSZ&] ¢ Hell CGO
= FE3I o= 600Co A 2F0.196 Q.cm® L

700Cel4 0.033 Q.cn’e] -3 AE HAFATE®
53] FEoF & M YSZ Al S Q1 7155
AREE CGO91-E: o8-8 73-9- 700°Coll 4] 0.033 Q.cn?
o] g WA Age] 545 Hole A=A AR
71 PR QIEA AMEE YSZ7F FEE A8 AAA
ol CeO, ALY 71555 AH&-37IRt ghebi Sro] x| gt
¥ layered perovskiteS 22 02 AHES 4= Uthe
RS B33 9k m=3k University of St. Andrewse)
Irvine 150l 4= LnBaysS05C0,0s.52] layered perovskite
TZE Holx AlslEol|A] lanthanided| g o] 94 = H)
TH 2 o] 2u7S Hol Prak Ndo| 458l PrBays
Sr05C0,05:5 (PBSCO) 2 NdB&,5S05C0,0s:5 (NBSCO) 2]
TZE S4A3E (neutron diffraction) WS o]&-35)
o] £me] Walel] njE T2 5YS BEAYHY
9] 7o) el5hel 2ol A o] PBSCOSE NBSCO: [Pr-
Ols % [NG-O]; ZollA] 4hag-o] EA)8T 3lom 2
£ 22 nepd A golgo] FHHoZ wjg
© 2ARTE (8% 28X 28)F B8 9
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ayered perovskite= “J=>0l|A] 300C Ao]ol|A] S7F
HIEA 300°CollA] 700C 9] 27 A= At A o2
ZHasigink ol& A 492 (DC 4 probe) W E =
e A7)1AEE 9} Bl wstsS W 300C o) de] =k
AMe A7 EE7) 2Hashs metdlic A5 HoH
OJZE (28, X 2a,% 23) TFzolA A S
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2.3.3. LnBaCo,0s.;-composite type
el A S BEA1717] 913 W Sl &

NEs

Aie] 713 B9 Aeld BAS B B

Table 5. LnBaCo0,0s.s-composite Type Cathode Materials

Chemical
compositions

Properties

Refer.

PYBaC0;0s,-Composite

wHedrochemica propaties
-ARR from PBCO-compostedCGOl PBOO-composite
(10150 Qo? & 600C

i)

NdBaCo,0s,s-composite

nHecrochemica propeties
-ASR from NBCO:S0CGONBCO:50
()0o6L Qam? & T00C

&)
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—— SBSCO60 on CGO91 ‘Ea=1.06eV 9/ * 4
—4—SBSCO70 on CGO91 :Ea=1.10eV /
0.5 ‘/

log(0.1)

Log(ASR, ohm.cm’)
5
T T
A\
N
&KX
%00 |
n;\
S
B

5 " " " " PR B |
085 090 095 100 105 110 LIS 120 125 1.30

1000/T (K™

Fig. 6. Area specific resistance results for various composite
cathodes of CGO91 with SBSCO onto CGO91 elec-
trolyte.3® The chemical composition of SBSCO:10 indi-
cates the composite cathode comprised of 90 wt%
SBSCO and 10 wit% CGO91. In addition, SBSCO:50
displays the composite cathode with 50 wt % SBSCO
and 50 wt% CGO91.
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Fig. 7. Thermal expansion coefficient results as a function of
weight percentages of CGO91 with SBSCO from room
temperature to 500, 700, and 900°C.3®
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