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Comparing of five major fuel cell types|[1]

Table. 1.1.
Type Electrical Power den‘sity Power range Internal
efficiency (%) (mW/cm?) (kW) reforming

PAFC 40 150-300 50—-1000 No

PEMFC 40-50 300—-1000 0.001-1000 No
AFC 50 150—-400 1-100 No
MCFC 45-55 100-300 100—-100,000 Yes
SOFC 50—-60 250-350 10-100,000 Yes

S— |
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Fig. 2.1 Comparison of the oxide ionic conductivity of Mixed lonic
Electronic Conductors (MIECs);
LagsSro4CogoFepsOs- s (LSCF6428) [7], LasNiOy4+ 5 (LNO) [8],
LaoSro4Co03-4 (LSC64) [9], BaCoo.70Feo.22NbosO3- 5 (BCEN) [10],
BagsSros5Co0sFeqsOs- 5 (BSCF5582) [11],
with Solid Electrolytes (SEs); Zrog4Y0.1601.92-5 (YSZ) [2],
Cen9Gdo101.95- 5 (GDC) [12], Bi1.46Y05403-5 (YDB) [6]

(E,, the activation energy of the ionic conductivity)



SOFCE] Haldo] 7pAoF & o] & o] AxREe}l ml§ 3
Ax AEEE Ze ZQdd, A2 A=m7E AR £ dEA 9
739+ SOFCe Al dzA ApE-st7lel 2 dstA] ¢t Whde] SOFCE]
%= (Cathode) ©°]& HAExe} Az A% BT E1, ZF3 Abg)
Ay H=& S wkeAS Holof @uh[7]  wepA o]y
EAHEA = F2 SOFC = B4 ZA wo] ALg-Hrt),

T3t AxA Y =& AR AREE AAAA o] ot Asl Eut
VsatEE 24 £ Qvtd SOFC Aajd A Aee 2o ¥R
wWold Zola, 7]Ee Aol 7K sARES S5E F UAs
740]1:]_

ok 2 AFoAE o] MELEVF & £F AEAE SOFCY
Al a2 ARt S5 WetewA oleF Hajld FxE AAS,

o v
o|Z A& A o7 HAZ3FE= Aol

=2 =29 N

oS AHHL o ATy =2 &3 A&AV
713 (Substrate) o] ¥ 11, AA AEE7F w2 14 Aafjdo] 8ak(Thin
film) ¢ %2 S&E 727 9ok A2 & F 245 AMEee e

EHo] 2t BEAS BT agstojof b AA, £33 dRAs V&Y
SOFC A&l YSZ, GDC Kt} o] HLEL7} Eofof st} =4,
wtulo 7 ZzkeE yH Aeld S WAool Hojop &, A
A7} Bl o 3t

ol HEE7F "¢ 43 BCFEN(Barium Cobalt Ferrite
Niobium) @] 7% Y. Lin [13]1¢ Rt ostd G H Al57 Ao A
900°C  AlolellA  18.2x10°K™ o)tk YSze  gwm A7}
105x10°K 'S uHsslS o nvlwd & G AT Aol= s

o1FF TE2E ARRYE W F F1 vl Seinc

BSCF (Barium Strontium Cobalt Ferrite) H3F o]& A LEL7F =2
Aoty eyt BSCFe &% AT+ 19.77x10°K ™ o=

B %ol 9a[15], Z. Duan [14]°] X3t = 25 BSCFeH
YSZ+=  AgoAME=  3FsrA 9k (Chemical compatibility)©] 2
o]Fo x| X wk  900CAFE BSCF2 YSZ7F wh&3sto] BaZrOs7F



AT 283 950C ool =W BSCF A& 43| AtepA 1 YSZ,
BaZrO;, Co304, Sr2(FeCo)Os7F A€t webx BSCFel| YSZE
ARA o w FAeto] Aok A2 o

olefst & skl 7 ATl AEE =3
AbslE AEdA G FH T P ol&
YDB (Yttria—doped Bismuth oxide) & tH3E&<el =
LageSro4CoooFers0s-5 (LSCF6428)olth. LSCF6428 x4 YSZ,
GDCHT} &2 7R glom A Alee
15x10°K* [16] 2 BCFN, BSCFR.t} Yo} YSZ9le] o]FZ F-zo
Agtstty,. 28y LSCF XEgh YSZ9L wEg3ste] o]abds

Hnox Ad#HA Qt}h J. Pena—Martines[17]7}F XH.313k =50 <ols}
LSCF$F YSZ +4s &3tste] 900CelA A skl w, XRD
BAelA SrZrOs HE ek T 1200C  o]de] =
CoFe;049} LaFeOs; 18|31 SrColLaOy A% #zE AT

2 AFeA = f9k Zo] o] AEET} 5
Asfz ofoltjolE A Ealdle

el

SOFCe Asjd=A e 7hs7d

AEA =

el 4 A

Il
AEETE 2

=

i

[e]
ol ALLE EAS

‘&0
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2.2 o|F% A4

o]F%5 AaA ofolrjoli= 1988 H. Yahiro [4]7} H1dt o]z
AA7HA] e A7l H& Folth Yahiror A oAl Aol
w27l =E:EHE A B A8 YSZE S+ IYste] 99 3E
7178 (Open Circuit Potential, OCP) ¥ ¥ ® % (Power density) 7}
< 7tsk= 2l gkl

o]% 19919l A. V. Virkar [18]%& 7tadt 57}
§-3}o
AsfArtole] AW A
a4 4

3] 2 (Equivalent
A2 Yob/Mgot,  AEFYol/H|AFA A
Arbstitt, o]

circuit) & 9]

= dATE

1997d%=9] 19 = [19]elA YDC/YSB SDC/ESB
GDC/ESB ol5% #Aaade OCPE vlustt. (YDC: Yttria—doped
Ceria, YSB: Yttria—stabilized Bismuth oxide, SDC: Samaria—doped
Ceria, GDC: Gadolinia—doped Ceria, ESB: Erbia—stabilized Bismuth
oxide) Al 7FA olF<T E5F Zzte] ©@dS dsjd YDC, SDC, GDC

Bt} =& OCP A%E dglow, 650C o] &%ox SDC/ESB
ol=% Fx7F M4 EE OCPE Hol:= Aoz Feyr) w3t
SDC/ESB ©o|%%& Fx9 =& 0OCPs w& A AHgorwhe HY

W7 @3 SDCe v 33%7F 4+
J. Y. Park¥®} E. D. Wachsman

Ero2BigsO15(ESB) & F2&sto] o]F
71749 (Open

transference

= AT}
[20]2 SmpsCers01.9(SDC) 9ol
Aztsto] A4 3=
Potential, OCP)%} o] W& (Ionic
t)E SAsI3tt.  PLD(Pulsed Laser
Deposition) 3 Dip—coatingtlS ©|€3le] ESBY FAE =74
T 2ste] FARY mE a3E BHaskglth. ESBE ¢ 2 ol

= A=
Circuit

number,
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AEEE 7HA a2 W dAsx oz Eokgste] e 9]7]elA

AR 7 dojuytar, SDC T3 YSZ Bl %8 o] ARLE 7HA 1

AT B HE)7] W A2 AEE7F Skt dd S 7Ha ok

71E9] olF% Adald A7 ESBY SDCY @S Hesly] 98
EE

+ SDC/YSZ °lF%+ Tstel ESBe SDC7F &4
A7 wEHE AE U HLOM F2 AY¥E=d, J.-Y. Park
Wachsman¥ v}z7Ex] 2 ESB7F & E917]o =24%+= ZS SDC7F
ol SDCY A AEEE ESB7F oA AlAFE= ololtol =
gttt A3 Ay ESB/SDC olF53¥ SDCO OCP7t zZ+7
700CelA 0.95V, 0.50V, AtA& o] UaE5+ 72t 0.86, 0.39=%
ESB/SDC °]&5°] SDC wdZol vls =3kth. Est ESBO F717F
F718E OCPY Ab4 o]
J. S. Ahn ¥ E. D. Wachsman [21] ESB/GDC ©o|&% #sfzo]
ocpg} Aha o] & UrE*ﬂ s7teke Aolx drobrb AAl SOFCel
= =459 339 vEo
ATt Ni-GDC &= GDC
5 2t & PLDE ©]&3lo] ESBE
szhstde. 1Elar "ESAJo] & Bismutholo] IS ek
Bi;Ru,07;—ESB  Z3==2 S5 AT ESB/GDC  olF%
Asde] Aedds nlustr] 98 GDC ©ddFo Ax Azste] A9
YU (Power density)® W#&  BH]A3(Area Specific Resistance,
ASR) & =43k3lth 650ColA GDC @529 ©8 W%, OCP, ASR

38
mlo
2 2

Z+7F 1.03 Wem™2, 0.72V, 0.125Qcm?* Yol Hksl ESB/GDC ©]55&
Z+7F 1.95 Wem™, 0.77V, 0.079Qcm?2. 2 A5o] FAHIT}H o] 24
olFS Aado] AAl SOFCe] &39S e He F4S 7HAE &
NS HATh

K. T.Lee 9 E.D. Wachsman [22] 24 -3t ESB/GDC °o|=%
Asfd Aol Sle] PLD ¥ o® ESB EtEte T3 A7l Ze
dgste] o] AF Thsst dafd A7y Bl gA] SHolA EA7E
S AZsGtt. mEbA ol Hsld AFS s ¢ AgAHA
Heoto® U Alo]%=e9] ESB RUS o]g3le] FRolg T



% (Colloidal drop coating) ™W4WH<s A&t 335 (Co-—
precipitation) &2 A Z3 ESB o] A A7|E 171 AS=E,
73 (Solid state) &2 A|Z3F BT Y=k =17] 512 A o Hl& 1/3
FoolH, =5 I"YRe ol&stel GDC 7| 2o T sile H
TAMoE Axg FEol X Adsta wAdstA AAEHUT o]
AejdE o]&sto] SOFC w9 Aol Ass B7hs A3 650TelA
OCP& 0.8 V, HydgUEE 1.5 Wem * F=oldith ol GDC
ddFor A9 &9 A8 As OCP 0.75 V, Hud=dx 0.87
Wem ™ 9 vlwst s w, £33 A% IS w31, PLDYo| ohd
Hlw2 Agetal 48 =x 9 W
s

7}

=

s ot
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2.3 Hebb -Wagner =4

Hebb—Wagner #=%9 EFH+= =3 dTdided ds AFgFo=
beks] kst M. H. Hebb [23] A AgySe o] HEZel HAxt
TE SH4er FYste SAHsvh 1A AgSel Ag ol

ol AglE #HA A A =F(electron blocking electrode)®
AREsto] ol HAEEE SAstes WeES AAEEIT WHdE At
ALETE SAsH7] 918 AFEsE W2 AgeS Setol o] Ak
A= (ijon blocking electrode) ©. & Pt A=
S50 AtE AEjelA AlHe EE2& HF
o] 9] = (polarization)©] FEE Tt T2]al Ag o]&2] E=e°l 23l
Ag?] 3}t EZ el x}o] (chemical potential gradient) 7} 2HAishef ulz}

-

Aol AFel ot Ag o]=2 =¥ 318 X'l Aol

olgt o] AL Atolol AT o] o]FofXH A AE (steady
= 0 o Hi HAz AxmEwl

7Festth g9 22 Ay wHoR Ag,Seo ol ALnxel Azt
AEEE =2Hs¥ o, ol AEEE Agy,Se A X (composition) ol

Aol RuaAn Ad Ammi Agd F3 Eadel meh webds

= A LT
J.—H. Kim[24] 2 Fig. 2. 29] +% =% o] =% (ion blocking) Hebb—
Wagner s o] g3} Lao.gSro1GagsMgo203- 52

Azt (electron) o] 93t AA =% o, ¢F F¥(hole)ell o3t A}
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[y

0
dc source
multimeter

th da W
i
™

Fig. 2. 2. Schematic view of the as—constructed polarization cell:

(1)Pt—net; (2)borosilicate glass; (3)LSGM specimen; (4)Pt—foil;

reference
electrode
Pt back

sample
contact

/// // //

“encapsulation

Pt rmcrocontact

/
glass ~

(5)alumina plate [24]

insulator
alumina
gas ( ) furnace
w: thermo-
) couple
+— gas
inlet

Fig. 2. 3. Principle of the electrochemical cell used for current

voltage measurements with Pt microcontacts on doped ceria [8]
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J.—H. Jang[25] =3t o] xd A=& o]&ste] LSGMI191,
LSGM9182, LSGMS8282° Hi+ = A

conductivity) & =439 =0d] Srt Mgo ko] ZrstE dAxte)
459 AEEy A2dda Rusdoh =3 LSGME  AAt

1% % (partial electronic

U5 (electronic transference number, t)& YSZ$} nlmsto] &4
A= AN EA s A=
S. Libke[26]+ Fig. 2. 3 3 o] mlo]a = A A= (microcontact
electrode) & ©] &3] Pro] £33 % GDCO AA AEEE =
AukA el Hebb—Wagner ®=H3 H|msle] wnlo]azA® AT
ARESE ESHO ol A A E(Steady state) ol =g wj7hA]
Adel= g3 Azt (relaxation time, 7)& =Y F AUt= Holtt.
nfo] AR A B} AlH ] wHo] whb= FE2 WE-Y] (spherical) © 2 A
5 ax A9 A4 d o FA L3 vwste] v o webA
o & WS AFOo=E AMgeh= AxRY st AHE AA =Y+
(sputtering) ©]1}  F|O]AE (paste) S e} dx e
= AEY A5 A5 gdaAel ¥ aAY &ds A FF
o 1z whel A=e] A A77F dske] JE5wAd W
Atk TSk o]AQl 2w (blocking interface) &
(gas tight)3h=d] 1o} mlo] A2 A S AFG-3l= Zlo] K2 WA
A ] olfe] dvtar B sttt
t =+ Au vlo]Z 278 (microcontacts) ©]
A=S ol&stq Sryk Mgo]l 8% LaGaOzAl LAl #sf2 e
Ax AEEE SAsth. 549 LSGM20/209] d el &%
+ J.—H. Kim[24]°] X3 Ayel z+
Hbd d b 93t X% (n—type conductivity) &= =}o]7}
1 olfr molaEzxE A= Flelw dEs @
|4 711et=d, ¢ aka BoteA Ga'' vt Gat®
Ga0  7kA7F BAEo]  WE(sealing)o] A 9k
A U7EAY Pt =3 RG] PtGa— 38w A5
Halskal gl

¢

»

o
T
2

H

>,

T T 1= D N S 1/
o
>
>
ofo
_OL
rr
N

(e

o
i)

Wi
Eal

Mo

glrsL' kit

(p—type conductivity)

{
)
(=2

lo 1
L A

4 ¥ e 2 o
B
2

ME Mo e

o
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I. Riess[28]+ Wagnerol & ety 2709 A= g9
Zr= AFo e At (overpotential) & AASH] ¢t
4789 A=& o] g3t E=Hel dis] AT AlHe FHEo
A8 (linear) %9 van der Pauw HE|S FXZ o] 1
W disl] eks] AR, WA Fig. 2. 4 ¢F Zo] A48 Fx
£ 7} = (reversible electrode) o= [, Es,

}<td = (blocking electrode) 2 TFAstY]  Eold E o=
= 7Tz 2 "We ARE devh A A5l oE)
o Aol AFHE (current density)i= AAbel] &3t AFHE7}
Es® B, Abolol Aste SAdetd A5 At 9%
o Utk
. Riess7} 1996 %] 233t g{ = [29]914 Hebb—Wagner
el oigt AdAst A SHAI RO e M AHAlE]
|=stlh ofefel 1 W8 1reks] skl
WA, % (geometry) d oA Hebb—Wagner =2 ofxo] 1
one dimensional)d & |
. Riess® &=t [4]elA A FJeje] AlHo] obd van der Pauw
| i S9EHE 3L T e B3l (Fig. 2. 5)
A= (electrode)®]  ZWolA  Hebb—Wagner =4
et (charge) 8 &4 (mass) ols >  AFolAw dojdt}
7 stivk. 2y wwj 2 dsiel =49 o]lF> £ AXA (mixed
ionic electronic conductor, MIEC) 2] A ZHoANE wWE £L=Z
dold F+ UsS AAsY. 28 BN AbAst 797 7k~
Abolol ko] W= dojd W, M HEE FAo] AUstA
olFAAA Us F derE olF dAdsty] fdAME EF ALA
NS #2907 7kt SHAIA dEstoiof st

Hebb—Wagner #=H< ©l&3dto] Ads & v th5o=2 Fdtojof
o A 2FelA Thelle Aol U AA] ool dtth= Zlojt
22 As 7wl 23 AEA YRelA olF 7he s o] (mobile

ion species)®] 38 ZHA o] Vu = 0 °ox2 71T & QU

oL M
— o Il
2 v & o

Eloox (% mt ff o M O

5/

o toox o

R

Wi
il

2L

o

O o
o B B o g

ML N
o M
53

R

X,

N
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).
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e
flo
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Ty 2 AskE ZheAl " A Wil o]29 sRxE & Afo|7t
FASHA Hof o] o] V=0 o] AH3HA &5 5 Stk o= AlH <]
& (decomposition) &% ##Eo] FHi=d], wef Q)R el &
of oaf AlHe TSt = AT ster ZRIEo] AA HolA A
Pk A=l A Al A7 dojd = Aok ol® <l
H7F dojua Sl AgelA= &3 A=A (MIEC) diH-elA 4
steady state)e] AZ Z=Eshx] Al "ok wEkA o]
ion blocking) &¥E 787l olfuh. yoprl AEs HE7
| wWEA REEo] o] ARTT AR ARERT 5 B9 (0
EF ARAE 2Es Fod dis A AR7h obd o
7} ok
Le =
=2 AR AxxE SAHd Aol A=elA
(overpotential)©] FA]g w3k FFolgkal VS A
Aokl A AR FHgow Qd AA FAHE IEE
7}(under estimation) ¥ 7] wli&eo ©]& s i
k. (Fig. 2. 6) 27F AAF Wy 719Ad
electrode) & =}e-d =+ (blocking electrode) Atoleol] 3+ 2] Pt lead

g

ox Mo oox
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o
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ol
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ol
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offt
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7
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4
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o
o
ofo
of
ol
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o

1
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o

o
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al

wires Aol 4Qlste] o]ZFEH A Al Hds FHS=
RAown Aol HA¢e] JForREH AFES T U WHS
uretitt. GDCE o] 8stel dE2<Ql 2 probe Hebb—Wagner
+=H¥ 4 probe E=HE ol&ste] o AA ARREE 45
gk A3 2 probe &M 4 probe w=SWol HlE &Y 2~34)
b AA AEEZE AT H3lEs @lsklvh B3 4 probe
How A3 GDCY A FELZHE n—type F99 A=A
AEEE e ox 3o 4 probe BFHOE FH¢ A4 dE&9)
gt A vlg 2 dAstes AdE B v 2 probe EEH
Ayt A=olM e sl s Hagrid d3E B3l
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7 Y\\\\\/
MIEC E
ZRNN N NE

E
1

4
2

\E3

%4y=0

X2

X3 I4=L

X

Fig. 2. 4. Schematics of polarization cell using the four electrodes

in a one—dimensional configuration [28]

ImZ'
I '
¥
a'=2
PRV
= b'=9|£.]ga -5 E £
c'sp ;_{"" ra
% o
q n
I rd ./.‘
(b) / /

Fig. 2. 5. Schematics of (a) the circular configuration and (b) the

semi—infinite plane configuration [29]
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e

"———I

Fig. 2. 6 Schematics view of 4—probe polarization cell: (a)alumina
cup (b)Pyrex glass (c)blocking electrode (d)sample (e)reversible
electrode () YSZ (g) Vi (h) £, () sensor e.m.f. [30]
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3. 4

oo

Kl

3.1 479 ¥4 3 H4

Z
o

q  YDB(Yttria—doped Bismuth oxide)”7} 22 AbA
a7 dojub= S v AR AREE A AlE A
YDB/YSZ ol5%5& A&sld . PLD (pulsed laser deposition) ™S
YSz  dtehe FA8ka,  Hebb—Wagner #Woz & A
A E % (partial electronic conductivity) & =43 tt. YSZ &het
YDB7} A8 He ath Egel x=E HA GEF Tol Fud
el 7h dofubs akh 2k olstel M YDB/YSZ ©] 3
Al 54 Hola YSZel ofd dA ARmrh o
YDBY H3]a g4 (electrolytic domain) .t} &=

A
YSZ ufelo] YDBZF Al He AL 29 =F He

}

e 2 12
N
I M

o

ol
ol
rlo
(o]
S
>
ro

a}-u) A&
a0 g wolFA Zsthd YDB/YSZ olF%S A7l Aoy
b 9t o]t A S Y Ao e AsS Y Aotk

wekA YDB/YSZ ©lE3e] Fi Ax dARrs FAst] 92 Atx
ool A oust 5EAe Hole= A Flskglth. YDB/YSZ ©l55 <
ik A AEE A A olFFY avE vlusty] 98 YDBS
YSZ  Zy7te] FE Ax ARREE SASTE 18la YDB/YSZ
o]|FF HE HA FEEE 700<T/C=<8009 2% WY U -
12<log(Py, / atm) <—0.679] Atz Bt W9 oA =3 ahir

o2 YSZ Rt} ol ALwr7l & &3 A%A (Mixed ionic
electronic conductor, MIEC)°] YSZ #IeS Z2HA] T2 ol

AEEE fAHEA AR AREE 4] 3o 1A AEE
AZ AR (Solid oxide fuel cell, SOFC) 2o Aaj&AZA ALgstaA} sh=
HA 0% LSCF6428(LageSrosCoosFeqsOs-s) ol YSZE FESI] 1
q 3}
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Ar AR 8l ol Ak #l
T

gluls =23k [SCFO AAF AEnE 4 o]l ALLE =A3}o], Az}
HAEE oA &7 9 SOFCO dAgxzie] ata #EeelA Al 9ol
SHE H=A RS AEEIG

LSCF/YSZ eolsss A&st7]  $18ked  PLD(Pulsed laser
deposition) H& ©]&3slo] LSCF 7| 9o YSZE S8R, Az}
AeE A adE FAdstr] Y3te] Hebb—Wagner wHS
o] g3to] RBE  Hx HAE%(Partial electronic conductivity) =
Stk =3 Ajd Fods Felstr] flste] ol AREE

S i =2 LSCFe SA4
LSCF/YSZ o]5%9 o] ALEETHs Aezxo=m Z43t=d o]z 3]

9lol, dydA  EHWH (Impedance  spectroscopy) @ A

HEE (Total conductivity) & 4% F HF&F A} ARLEE w9
ol HELEE F3lgth. BE dAx drx: W ol ArL: FHLS
SOFCe #% &% £F 800<T/C<900¢ &% W W -

17.2<log( P, / = T

LSCF/YSZ ol&%o]l SOFCe Az =79 Atx #Stelr $53t
defjdzA des Bole A ddsty] flstel dd 32 7[x¥ (Open
circuit voltage, OCV)& H,/3%H,0 ®$7] % 700<T/C <9002

<5 ool Sl
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3.2 o]TF A3 FAH 23

YDB9} YSZ 183 LSCF$} YSZE ol5%o= ,
LSCFY o]l dEZi FAeHHA YDB7F W At ¢ wEH =
Z2e "ol ALY, LSCFo ¥ dAx ARLs #A2aA71E FHAH9
FARIE agstejol gt YSZO| FAVE FAYATE AA AREs
D2 AR o] & AEE w3 YSZ o HEA 2

YSZ9 FAZE U gkolA® YDB7F W2 Atk Bt =%
sl HAY LSCFE 2 A4 AExs a3
Zlo]th,

T.—-H. Kwon[5]& GDC/YSZ colF% AT FHAe FAHE

]_

a3
o
il
o
X
>,
N
)

e
e

ARREE Wk gl YSZ oEpEre] FA7E GDC #9107 W) AmRE
Hoj& F4s] GDCE #gl& TobE 4 dvhar Barshich,

a4y GDC/YSZ ols%2 FA1] AitelA GDCS YSZe dz=te

AE% (electron conductivity,o,) % &2 dE%X (hole conductivity,

-1/4 1/4
o, xR, o, xR, (3.1)
d o, 3

U5 (electronic transference number, t,) & ths3 o] Akt

ok

o MEEFE wiAlsta Ao MEERks ZhA I A}

t, = < = (3.2)
° o,+o0, P0’21’4+P’1’4

o,, 0y 77 A AER, ol HLmolw, P2 Had Joe
sheke] At Eetelth. olwe Asdel AA UE 5 AAtel 9l
Ao AREE FAlsta Aol ARmrks olgshs A& Aol
AoBE o5 Heksto] | AF&sta ApAs] Atstaat skt
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MIEC

(YDB, LSCF) YSZ
Alr (];uf;‘y H,0)
Jynm Jyz ) )
I i } >
0 LI\'I LI\'[+LZ.
I i I1
PD: PD: PU:

Fig. 3. 1. Schematic diagram of MIEC/YSZ bilayer
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HA Fig. 3. 1  ofA o] YDB, LSCFe #& =39
A=A MIEC) 5=  &7]=(Cathode) %ol YSZTS
o AAARAE W] F2E THOE =t

A71M J v kFY TE WE(flux) ol o] ofgiel o] YeRd 4

STt
% O (k=i (3.3)
X ﬁFZ&’( €) '
A7 19 e 77 A4 o]l&(oxygen ion) T HAF(electron) =
o] A (open circuit condition) 3}l 4]

o A9 32 23

o] w] gt}
J+J,=0 (3.4)
olE g AlAh o] TEL ol o] Fy
RT oInP
Ji=——ot,—= (3.5)
4F X
o]FF A Aol SOFC =4 ZAstA AAF AHl (steady state) ©l]
T HW, MIECES £33 AtAe YSZES Ed938h:= Akx
o] 29 &5 WX (flux) 7} ofof st =,
Jim=3is (3.6)
o] o] AHEo o]F olgstd FA n|&F old wE MIEC/YSZ
Ao AbAa #o #AE e S ot}
WA A (3.5)F AEshd
RT (iR,
J=- ang,z t.dInP, (3.7)

Az oA AbA Folo

7hg sk
RT Ink3,
177 Ol A INR (3.8)
o] .
ofA A 71T Qe AE& FoloF & ApHth

__L.E Get‘

A UESrt A4 (.29 2n A AR
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P -1/4 P 1/4
o,=0,+0, laem 2 +laem % (3.9
2 R, 2 R,

L= 14 s (3.10)

©] 31, hyperbolic cosine &% W33t ofge} o] At 4 Q.

o, ,Cosh (Xj
f=— 4

e X =1 X (3.1D)
(TemCOSh(]+O'i o, Cosh(j
: 4 4
oAl A (BN AILS E7V] fd AE 7l= ¢t 4 G1D=
th el shd
[t dinp, =[] 1- d dx (3.12)
InRs, X' X
O'e’mCOSh(4j+Ji

P,
1714 X_IH(P*

0,

], dx=dInF, °lth.

2 (3.12) 9 B35 k9] A¥E £7] k] Murray R. Spiegel ]
"MATHEMATICAL HANDBOOK of formulas and tables”®] 2& 2]
14.581& #xstd o231 Zo] Ay 4 Urh
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X"
X

. 2 2 2

J.X 1— O dx =| x— 240i - In Ge,mex+0i Oi ~%%m (313)
O; — O, 4 2 2

\/ i e.m ae‘me4+ai+1lai ~Oenm .

oAl QA dL FAAXNEE o]&ste] YDB/YSZS® LSCF/YSZ

WA YDB/YSZ olsse F7ulE AR flst olFse Txet

7 Qo] Al u aka 2ol vt ol H @ ),

| YDB | YSZ |
P, P, P

0,

0 t |

2 (3.6) 9 (3.7)2TE

Jo " =357 (3.14)
RT (s, RT InP3,
8F2 t JInks Gi'B eB dln Poz = 8F2(1_t) J-InP(’,' Gi,Zte,Z din P02 (3.15)

1714 YDB$} YSZ9 ol& HAEE o, , o, < 474 F
[2] 0= 8H F3stal YDB/YSZ ol Hald 99 Ah +¢
HO A A g 7Htha 7 sk ol el o] Al 4 Q)
Gi,B Inch2 _ O-i,Z Inch’2
o tadInPy, = T jmpgz t,,dInp, (3.16)
21 (3.16)9 FHHI} S 4 (3.13)5 o]gste] AHAREs EF
Aelstd FHFEHOoZ YDB/YSZ FAHlY wWE AW Ah IS
o33 o] Axker 4=
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X
n 2 2
4o, Oemz®” T 057 =40iz ~Oemz
x—\/ = —In <
o, —0, n [ 2 2
he emz Ge,m,ze 10, +4/0iz = Oemz ) (317)

X
2 2 2
4o, Oems® T 0ig =40 ~Ocms
Oig| X— In
: \/ 2 _ 52 X 5 >
O, - 4
"B ems Oemp€” T0ig1T4/0is " Ocmp .

919l 2 (3.17)% o] &3te] YDB/YSZ ©l%FZF9] F7u]o up&

Aol Aol Aba FoF #AE Fig. 3. 2 o vehdlisich

Fig. 3. 2 oA ®Zo] YDBO A&3lE 9Alst7] & 800, 700, 600,
500ClA YDB/YSZS F704] L,/Lg= 22 1077, 2x107%, 3x 1077,
2x107°% o]l FA nl&S& 7hA o Fu).

Oiz

L _1-t
L, t
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) e

Temp./°C

| Interface

Decomposition

_5 -
(o R
Q. ok
2 T
o
15+
_20 L RPN SPT IR I Y/ MEWTTTEL SPTT S
-10 -8 -4
10 10 10

10°
LL,

Fig. 3. 2. Interfacial oxygen partial pressure as a function of
YDB/YSZ thickness ratio
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502 LSCF/YSZ o559 FARE ZAAs7] 9ste] o532

T 2 A2 7 B Ak Zeto]

2] (3.6) 2 (3.7) ZH-F

Io =35 (3.18)
RT (i, RT InP3,
8F2 t JInRs, Gi,Fte,F dln Poz - 8F2(1_t) JInPé' |Zte z din Po2 (3.19)

o7]A LSCF YSZ9 ol& AR o, . o0, < 77 24311,
(210 ®5E Taam LSCF/YSZ ©|%%9 Adald A9 Ax &gl
Molel ] AAE g sbdvka Hgsd obelsh el Feld & girk

Oir (Inf, Oi; (MR
TJ‘InPé2 te'F din Poz (1 )J.lnpo te,Z din I:)oz (3.20)

ol w, LSCF9Y o]& ALz AA dmkol s #AE + &

ksl 37] o]|m R

rir

O
typ =——~1, (o, > O'iF) (3.21)
. OgrtO0ig Y Y
2 (3.2009] WS 2 (3.12)F o]gsle] AHES Fa A shd
HFA o2 LSCF/YSZ FAu|e] ug A A4 #¢45 v 2ol
Aake = Qo).
40— In e m, Ze4 +G O-iz,Z _O-ez,m,z
O-I em X 2
izl;_ e Tenz®’ +9ie Oz ~%une )|, (3.22)
L.t >
i Oir In o'z
P,
U502 LSCF/YSZ FAM] o W& H o] UJEF5 Aits] A}
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LSCF/YSZ ©°]%%°] Fig. 3. 1 ¥ 2 u, o|FF9 IHid ol
57T Yad 2o

" dink, "t ,dInP
J‘InPg2 ti'F n 02+~[InP' ti'z n 0

tibilayer — — 07 (3.23)
[ dinPp,
I 2

nFo,

7|4 t = o] UE S (ionic transference number)o]™ T2

W4 & upE

t=—~1—=—1 (3.24)

O-i + O-e O-total

A7IA O =~ A A EXE (total conductivity) ©] T

LSCF9] ol2 uF v w725 H ol dExe A4 Ak
oz HE sttt ojul LSCF/YSZ olg3olA LSCF& YSZ3S
ofsff w2 Ata B 9714 =E:HA et 7Hgskd LSCFE

N

AN

ole AEES AA AEEE Ak Bote] BAglel ARH e A
LSCFe] o] & g 5t A%z 2 4 gt

we yszel ol& UE i Al delA 14 Aepw
MR R PR B 5 vk

upehba 2 (3.23) S 2K E LSCF/YSZ F70u]e] m&
E/‘E 74])\].-5L 2=~ 0] 1;}.

1ol 2 (3.22)9F 2] (3.23) S.EH-H ﬁl*f‘& LSCF/YSZ SFAn]e]

e A AR B4 Bt ol UEFE 44 Fig. 3. 4, Fig. 3.5

LER ST

LSCF/YSZ FAmle] w& H:t o] IEEE LSCF/YSZ °lF3°l

2y 32 (series circui¥ w, LSCF® YSZ Z7z+e Ag

oz HE AAretlct (Fig. 3. 2)

ot

Ht ol

1o

Fig. 3. 3, 3. 4, 3. 5 oA ®ZXo] LSCF/YSZ olF% AdelA Ata
glst el do] A3t Continuity hypothesisE 7Fg st AASH
A3}, LSCF:YSZ FAH7F 1000:1 ~ 100:1 FF==o]W o|FF9
o] HMEE& YSZE oW, Bt ol UETFE 0.9 oo ® oddn
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Fig. 3. 3. Average ionic conductivity as a function of LSCF/YSZ

thickness ratio
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Fig. 3. 4. Interfacial oxygen partial pressure as a function of
LSCF/YSZ thickness ratio
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1.0
N
ion
08} i
0.6 F ,cbC Bilayer =
c tiOI’] tion LJLLA
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t
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Fig. 3. 5. Average ionic transference number as a function of
LSCF/YSZ thickness ratio
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3.3 AJE9 FH]|

3.3.1 Bi1.46Y05403, LaoSro4Cop2Fens0s-5, ZrossYo.1601.92-52
FH|

/\212;5:4'01] /\]-%—5]' YDB /\]j:]—o‘ Aldrich )ﬁ'g] "]’%— YzOg v‘i—‘?:fil} BigO(g
B8 Ab&3to] Y,057F 27 mol%7t HEE H=s H 14 (solid
state reaction) &2 H|ET F FHe o] AUSH AHolxH:

njojer ol Y5 Fuky} X]‘:—’:”/] o} & absolute alcohols Yol H,

12417t Ball milling sttt} 71 % hot plateolA] stirring bar® &85
Ao]FH A A7 F9k absolute alcohols THHAIF T o]g A Aoz
T84S dFvd Erhel] W] #9d 3TE F&38ke] 800TelA
10A1ZF &3F 37] FolA etistdeh. 1 o otad Ede dFHy
Y A E ol&sto] A wkEo] HEZAOE YDB e At o
THe A9y 55 BESE olgete dF AW s H O Exk T
¢+=7] (Cold Isostatic Pressing, CIP)Z 150MPa% =< 7a) A3

3
stdvk. 1 %, 1070TelAd  10A%F  Adste] Adid =Tt
96.5£0.9 % AZAAE It Fig. 3. 6 (a) = YDB &24A2 X4
314 dj€olal, Fig. 3. 6 (b) & A wATERE FAF A
& w7 (Scanning Electron Microscope, SEM)o 2 ®A3 Zlo]
AAe) A7)+ 29.2+5.6 |t}

o] g3t AxsturE Wit T 4F ](CIP)E 150 MPa¢] <9
bl Ad¥e % 1300TelA 15413 Fob 4Fse] A ¢
97.910.8 % 2AAE Ak 1Ela FAF A& A (SEM) %
X—A 3H& o]&ste] mATZ9 IHMAS EA &) (Fig. 3. 7)
Ak A7)+ 7.02%£0.99 me] ).

YSZ AL & Tosoh jikellA Ax3t 8 mol% YSZ w+4s
AREste] Alzekgith 919 LSCEF A3 wix7A] 2 CIPE ©] 83519
150 MPa9] kg o=z A& 5, 1550T oA 1243F Bt 223k
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oYU EE 98.5%0.2 %ol 1AHe] A7) 6.04£0.92 melth. Fig. 3.
8 (@9 (el +=vl¥ YSZ AEe] WA=z X-4 3|y 4
A37F YERY v

+H¥ YDB®} LSCF Al¥& 22 2 mn, 1 mm T2 7F&3st &,
AlHe] oFWg BUEHLER jit9 Diamond suspensions ©]&3}o] 1
m7kA] dwpstol PLD (Pulsed Laser Deposition) & ©]&3te] YSZE
T w YSZ7F i EA Z FEE ¢ RS skl
YSZ AL PLD &u]e] B2l Z6 Aoz A ghst A7|&2 AArtsto]
AmFF AT
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S8rm

(a)

T T T T T T T T
* BI1.46Y0.5403
- Q\"\) .
*
D: I~ -
<
S L -
‘D )
: &g
= * L & 1
- *
L P -
- ‘ 15 & &
Fere
B o, " " . A f’; o W
| | 1 | 1 | 1 | 1 | 1 |
20 30 4 5 60 70 80
20/ degree
(b)

Fig. 3. 6. (a) SEM image of YDB (sintered at 1070C for 10 hours)
(b) XRD patterns of the as—sintered YDB
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T
| v LaSr,CoFe,0, | ]

047702 70873

Intensity / A.U.

_ ., _
20 30 40 50 60 70 80
20/ degree

(b)

Fig. 3. 7. (a) SEM image of LSCF6428 made of Fcelltech powder
(sintered at 1300TC for 15 hours) (b) XRD patterns of the as—
sintered LSCF6428
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Fig. 3. 8. (a) SEM image of YSZ made of Tosoh powder
(sintered at 1550C for 12 hours) (b) XRD patterns of the as—
sintered YSZ
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3.3.2 Pulsed Laser Deposition (PLD)

PLD+= #XA #olA FAds o3 E24 "t F3 Ui
siufoltt. =2 AF9)A (Ultraviolet Ray, UV) 9 w42 AlE-31o
2 AZIaA s EAE B ERE "ol uer 3t H 7%
ol K407 F2 Al7]= defolt. [32]

PLD Avl&= A% 7| Z97F yA" ¥ AW (vaccum
chamber) & 2] #olA LA Z 45
Fst dz=rr o] Qle

2
%0
=
™
of
)
Iz
=
rlr

5]

M= i
of PLD “gule] EALE=E dedigleh #olA &

Physik 7it2] LPX 305 i KrF excimer laser 2S5 A3} T}

do]A Fdo]l Bl mHel SHA HE wie HE =274 dAbol
dojib=d], ol& #HolAe FA, v(target) EAHS A
(thermodynamic) 574 Seol wet =274 yepdor g7 oA
dol A7 S golA FAe HA7]A o4 A (electromagnetic
energy)°l <3 A=A} oy7](electronic excitation) & AT
a8l 44, #gE4, 7AA Cdux7E BEFoxE A8t
el o7 HE EAE Z(evaporation) AlZIThH ERAlO)A  whA U
=4 dA, A&, "R, o, FYAayHE A" 3oy
<71 (energetic evaporants)o|™ EMAl E29 FHo] walt 10~100
eVel oux WE 7HdY. o5 F=2 ZY (plume)oletal HErt}
£9>  WAb(Grradiation) ®  Fo wWEA T|Hor HA FHI
ALA 0w F2=A Hr

PLDE olgdlel Fatt wile FA4% & g wWxo] o
AAHA SHAH el ofel ol Qrk. et Aol PLDE
ol g3tol thm A (large—scale) 3 WerEo] AAHIL Y 5 PLD
HAE HdsnA s ATE wol AAw L gk
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Heated Rotating
substrate target

High vacuum chamber

Fig. 3. 9. Schematic representation of a PLD system [32]

Fig. 3. 10. PLD system made by Korea Vacuum Tech., LTD
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3.3.3 YDB/YSZ$} LSCF/YSZ ©|&%¢ +H]
YDB/YSZ9 LSCF/YSZ ©l%% A2 PLDYS o] &3te] 242t YDB,
LSCF 7|3 flol YSZ w¥tehs S28igith & Ageld 3 =
271 U 2o S 255 600TCo|a, #HolA "WE= ok 2.0
J/em?, #olx A& 5 Hz, EAA 7197-x 2] A (Target to
Substrate Distance, TSD) & 40 mm= T3t}

s Au He] Aka ¢beE 10 mTorr®E G AIZ AFefel A 3AI1F
¢t S&skol YDB/YSZ ©lFse FAM= °F 2000:1, LSCF/YSZ
o]FZ 2 FAM = oF 500:1 9] AlAE AFsHA T

YDB/YSZ °l5%9 A% o] 2%+ A= (ion blocking electrode) &%

AV

|

Pt foil& 227 ¥ YDBS} Pt7F ®b-&-3t7] wiell, Au foil& AFE-3F3itt.

O]

YDB/YSZ Al#H¥ Au foil?] HEEES =°17] f3 +v]¥ YDB/YSZ
AlHS YSZ = Yol Au FE (Coater)E o]&3ste] ¢F 200 mm ¢
FAZ Au & FHISTH

Fig. 3. 11 ¥ 3. 13 o] YDB/YSZ ©|%%, LSCF/YSZ ©]%% Al#
S T-JrE}H] E} 3 Fig. 3. 12 9} 3. 14 ] X=A A A3E
LFERU AT ojmz| o} X-A 4 ARzH¥E YSZ7F F FF
x| 3}

3 J% - S

e &

mlo 32
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Lysz/Lype~1/2000

Alu(L=206:2nm}

YSZ(L=903=9nm)

Fig. 3. 11. FE—SEM cross section image and deposition thickness of
YDB/YSZ bilayer (YSZ thickness~0.9um)

T T T T T T T T T T 1
| \,/@ * BI1.46Y0.5403 |
A\
L # v Zr O.84Y0.1601.92 -
. )
S5 r Q/@ S 4
< ¥ & 5
-~ L ) o i
2 & e
5 v hAY
% - |
= O
£ Ny
- v -
1 1 1 1 1 1 1

20 30 40 5 60 70 8
20/ degree

Fig. 3. 12. XRD patterns of the YDB/YSZ bilayer
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Lysz/Lscr=1/500

?SZ[I{=1.B1-_|-D.11;¢:II

Fig. 3. 13. FE—SEM cross section image and deposition thickness of
LSCF/YSZ bilayer (YSZ thickness~1.8um)

L L A B
* LaO.6sr0.4C00.ZFe0.803

- % v zr Y O -

084 " 016 192

Intensity / A.U.

20 30 4 50 60 70 8
20/ degree

Fig. 3. 14. XRD patterns of the LSCF/YSZ bilayer
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3.3.4 o] gt B A9 FH]

Hebb—Wagner =& ©]&3t o]& A = A(on blocking
polarization celD) S  AZ37] Y3y A FHjE AHI
oJd ¥ (annealing) 3o HH3HA H ¥ o] z¢+ A= (ljon blocking
electrode) & A4 Pt foild} HE3sIAtt. o w A|HI} Pt foil AFo]el
Aol # o]Fo] AEF AlHe] Pt pastes FHFSHA HiE
Asteldlt. 18l 4x8 F3F AldF Pt foile] H & & F
AdFuU Z7FHE AR 9ol glo] ofte] FAR d¥e T
atlth YDB Al#He] A9+ 800TelA 2417k, LSCF AlH ]
1000CellA 2A12F A4 it 7 v AlHe] v & %
Pt paste® 1124 HE & Pt netS Hltho] 719 A (reversible
electrode) & WHESIth 18131 Pt foil3} Pt netol] Pt wireES 5 gralo]
current collector@A4] £H] st wpx|eto 2 AlHI} o] gk A=
AbolZ A7 fFdEE As =Y flete] Al HE A (Aremco
cerama—bind'") & o]&3to] A|H ZFW I Pt—foils YB3

YDB Al#H° ¢ Bismuth® Pt7} ®Eg38l7] wliol Pt foild} Pt
paste Al Au foilZ} Ag pasteE o]&slo] AL FH|5FS T

=HlE o] A F= AL 54 259 A F¢elA Standard

_'c-?‘_
=
=
&
A
L
=

B oo p2 o
2 o 2

current source (Yokogawa 2553)°% A A (constant current) &
SFa o] uw Ao <QrlEl < (voltage)S Digital Multi Meter
(Keithley 196) 2.2 =743} t}.
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Pt-net + Ag paste

® ©

! \
glass Au-foil
(a)

Pt-net + Pt paste

glass Pt-foil
(b)

Fig. 3.15. Schematic diagram of as—constructed ion blocking
polarization cell (a) YDB (b) YSZ
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Pt-net + Ag paste

(a)

Pt-net + Pt paste

K

©

YSZ film
! |

glass Pt-foil
(b)

Fig. 3.16. Schematic diagram of as—constructed ion blocking
polarization cell (a) YDB/YSZ bilayer (b) LSCF/YSZ bilayer
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3.4 BE AA AEE

)|\

%
3.4.1 £330 Y3t AA A =x £

Pt—net + Ag paste ©°=2 JFA4"H 719 A= (Reversible
electrode) .2+ At 9h Hxpe] FSlo] B 7hsdk W, Pt foil=
TAE o]&xtwt A= (Ion—blocking electrode) &2 WA <&
QoA AbA ES]io] Apwkd AFejol”7] wfol] Ake] o]s Wt ks ottt

ol ek Aol AlH UFel EAsks Aol gjFelA TlsiE
4% (Constant current, | )] 9 Z=2+= ARV Tt Aka
o] 2 (Oxygen ion)©] ¥+ ¥hg-2 v 2},

O, +4e=20" (3.25)
|15 3}8 ¥ &l (Chemical potential, ¢ ) % 7] 3
3 dl A4 (Electrochemical potential, 1) zto]= &3t offj o} 2t}

(3.26)

O

(46, — o, ) +4(ne=nl) = 2(mle =11l

7k ASellA ol Ad A= WEewr FHF
Joll&= AbAs} AA7E BF ol FshA| vl o] xpgh
5> A4 dastp |9FEA =i, ol A
(Oxygen partial pressure)©] YolxA =t} o]g} A
AbA JSE zpolo g8 ==zl AR we e A=
FH A7 e

bl A71% (Electric field) ol &3] o] A A=A
T2+ AbA o] 29 {3 (Oxygen ionic flux) 3} Ak
| o3l 7Y dFelA o] A HFoE sE=& Al
% (Oxygen atomic flux) A}olo] dAst 3
o] 9] 3}st xElde] ojH o] & 2!

[e)]
= 1T
(Steady state)2}a 3pw o] uwf A4 ©]29] Flux,

S B
N
r_>4_ mlm ~—

lo
(A

> 2 K Lo

I o2 M
o 12 9 |o L 2 rl
Ju
o
u

2
o
2

o Mo S
2w
o

0z,

B8 2 b

o] &2 Flux+ U9 A3 2,

i



Co

Jor =7 gp7 Ve
[o: A7 ®
A3 peleln 3, =0 ojmw,
V1. =0
o] ¥t}

JEEE A (3.28)F 4 (3.26)°) tidsid,

(8, =, ) == =)

Al oFere] d7) sks el o], U &=
7. —mn.=-FU
ojmZ A (3.30)% 4 (3.29)° s,

Vi =—=V
e ==7

ol g ol& 919 2 (3.33)° iystd,
1 ¢,
e __E o, Gedﬂ02
o ®th. 4 (3.35)& g o thal viEstd

Ho,

- 49 -

(S/em), F: sjeido) 4]

(3.27)

(3.28)

(3.32)

(3.33)

(3.34)

(3.35)



o, (o, =l ) = —4LF di, (3.36)
d g,
S, ARG, ARUEG,) Afoleli theel Bt Yonz,

I, =i, xA (3.37)
[A: 2] 4]
21 (3.3 A (3.37)% A (3.36)¢] UglstA HEHow ol g}
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3.4.2 AALY FFo HAA AL £

Ax AL X (electronic  conductivity, o, )&  HAxpe] o3t
A% % (electron  conductivity, o, )& A&l 2t HAE%(hole

conductivity, Up)iﬂ sho]t},

0,=0,+0, (3.39)
oA A (3.35)¢] A ARl 919 4 (3.39)= ddstd ot
ot

. Y7
i :_EL&JZ (an +0p)dyo2 (3.40)
3 H, YDBY At o Axm(o,) 9 Aol g3 dx%(o,)2]

oy B, o, =0 R (3.41)

= Aba S 1 oatm 4 W] el o7k Mg FEel o

A
dxel gt dxxeta shd,
o,=0,-021", o) =0?0-0.21" (3.42)
91¢ 4 (3.3 (3.42) ZHH
) Po ~1/4 ) Po 14
o, =O'n-[0.221] ., o, =0p-(0.—221j (3.43)
2 (3.43)F 4 (B.40)°l widskar Aba Ao 3hst 2HlAE)
Ho, = Ho, +RTInF, (3.44)
A
Vo, =RTVINP, (3.45)
A BAE ol&st] AES 29 HAFHCE to 22 He de T
ATt
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3.4.2 Continuity hypothesis & 7}33% MIEC/YSZ ©|&%2

2RA% AEE AN

T.—H. Kwon [5]2 o]s3 Hald AdHA AbA s} xdl Aol
dAsttt= A9 Continuity hypothesis & ©|€3Fo] GDC/YSZ o|s%
Ao F& Az A5 ALsEth.

Aba AR sheh A g, = A (3.34) 9] BAE WMEEE o]F 4
4

dn, =-=,-dInP, (3.47)

7h En f19 A (8472 A (3.33)°] A AHCAY AR HE
of thdshd

o] =i,
Flux J, ¢ A7 9% i< U= 22 dAE 7R

e .

A=1, A
21 (349 E 2 (B.48)°l diyate] otEiek ol flux J, &k HA
Z,:

HEE g Al #AlE & F AUt
RT (s,
J, = 4LF2Io _dInP, (3.50)

oi7lell kM T3 A (3.43)= Wit flux J, o AtA S POz
Aole] @A o] W & gt}

RT o P -1/4 P 1/4
Jo=—— o | =2 to | —2 dinP,  (3.51)
ALE2 I, 0.2 0.21 -

T.—H. Kwon [5]> GDC/YSZ °ls52 AW A} AbA Wizt
5o Zolz] k=t 7HgEte] GDC YSZO AAF fluxe ofdll 213
Z
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JoPe = g% (3.52)
2 (35D A (3.52)8 #AAE olgste] FHOA Histe
GDCse} YSZe #Axel w9 A=
GDC/YSZ ol&%e Ax/(1)-HAsH(U

) SAS Atedn a8
olF 2 (3.38)¥ o]l HMF(I)H-HAF(U ) =49 77|z FH
HEAow GDC/YSZY HE AR AxxES Axedrr. [AAS
Y& T.-H. Kwon® F84Aere] =& (2011) #x]
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Air, Pf;z

ion-blocking
reversible electrode

electrode

Fig. 3. 17. Schematic diagram of MIEC/YSZ bilayer with the

Continuity hypothesis assumption
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® YDB/YSZ o|F%9 H& AR AEL A4l

YDB/YSZ, LSCF/YSZ °l&5< A+ (|
kAl MIEC/YSZ ols%2 =
A= (reversible electrode) %2 A4 &
e Pc;;, o] zt¢t A= (jon—blocking electrode)Z2] AtA Folo
Py o EAShgeh,
WA YDB/YSZ o5 AF-Ast SAS Ater]l fete A
(3.52) ol A H-E Al =FakAt,

JYDB = .]YSZ (3.53)
YDBE] Ax}o] o3t HE% 9} Aol 93 Axr= Zhzh A 2o
—1/4, 1/4 Alsrel vlelst=z 91 #AA (3.51) o theishd,

1/4 P 1/4
POZ * *
Y08 _ LYDBFZ { YDB oo 21 _,_prYDB (0_221] In P, (3.54)

183 YSZY flux+=

71/4 14
P
Ysz _ R, | sz «vsz | 'O,
J.7 = 4LYSZF2 { 021 21 +o, (0.21] }d In R, (3.55)

o]t}

el A (354 (355)F A (3.53)e digiste] AR(
AU )9 #AAc® AHeletd HFA o tadt 22 As 4 F
Atk

i = AT Panp(ﬁj—Pg 2(R+P,)
F RT {p exp(7$]+P Pexp(ﬁ] P}+\/{Hexp(f%}rPZ—Pgexp[%],p;}:‘;(lerpz)(p3+a)
Pexp( U$J+P{{Pexp[$j+P PEXp( F) B} \/{Pexp[f%}P Pexp( j, 4}2+4(P1+P2)(P3+p4)

2(R+P)

(3.56)
7191 B, P, B, P
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*YSZ * YDB
o

P]-:p— P2: p P3: n

LYSZ ’ LYDB ’

ot} A (3.56)9 A FAHL T.—-H. Kwon?
(2011) ol 2AIE] ek Qlom® o7 HEAnt 7
AdAow g9 A (3.56) 0T

o & A x}

N&7123E YDB/YSZ °1%
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@ LSCF/YSZ o]F%9 F& AA ALX A4l

o2 LSCF9 4% GDC, YSz&t o] dafjd Fodolr =9
Arwel 39 Aemrt 2447 Ak 59kl —1/4, 1/4 9 vl BAE
T.—H. Kwon [5]¢] AAkst Wi o2 LSCF/YSZ
olFTe Hit Mz ARRE AT 4 7F gioh mEba FdelA
Hysh= LSCFO Az A% k& o] &3t 2 (3.50)¢] th§lshe=
W o2 LSCF/YSZ o539 Hi Ax AxxE Aibstazt kit
LSCF64282 H&E HAxt HEE & L-J. Son [31] 29
A AL =S FEkoith Fig. 3. 18 o] LSCF64289 &&=
2 F4el mE AVIAEE el vERY 9tk o] #S Polynomial
fitting sty A7) A=%9 AFA el digh #AA S Feksit. 4
(3.58)2 900% M M7l AET e AtA Etol dis] 33 o=

polynomial fitting sto] 942 2o},

X
ol

P
N
§2
~
=)
™

or°° = 262.48+91.096log P, +7.418(log Py, )2 —~0.34495(log Py, )3 (3.58)

2 (3.58)F 4 (3.50) ¢ st

JLF = —%ﬁz {262.48+39.56|n R, +1399(InP, )’ ~0.0282(In P, )3} dinp, (3.59)

o714 7} A= (reversible electrode) %9 At4 &5k B & 0.21

atm © 2 1A AFES W,

jocr___RT

- 4L5CFE
o] #u}.
o W, vszel A9 AaE geleld dAA 9 e dEre 247
9]

AR @9 —1/4, 1/4 ol nlEetE®

. [262.48In Py +19.78(In Py )" +0.4663(InPy ) ~7.05x10°(InRy )’ +363.14} (3.60)

_v4 14
O_;(sz _ 0':82 n O_\gsz _ O_:,YSZ POz n O-;vYSZ i (3.61)
0.21 0.21

o], 2 (3.50) ] st
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RT P -1/4 P v4
Pomz * 7} *, 2
3% Tl J‘Pc;z {Gn,vsz[ozlj +O_PYSZ[021J }dln R, (3.62)

mw \-U4 » \-L4 m N4 » V4
vz _ RT oYz POz _ POz _ovsz POz _ POz (3 .6 3)
¢ LSzF2| " 0.21 0.21 P 0.21 0.21

olFs AWM Aka 38 xdl4E(Oxygen chemical potential,
o, )©l A 3tehE Continuity hypothesis® 7Hdskd LSCF9} YSZ9
AR fluxs TYUsEE
J LSCF — JYSZ (3 64)
2 3,600 $10] Qolz 4 (3.60), (3.63)F dAt] Felshu

m \U4 m \-1/4 » \-14 y /4
O_;,vsz POZ _ O_;,YSZ POZ " O_;,vsz P02 _ O_;,vsz POZ
0.21 0.21 0.21 0.21

LYz 2 3 3 4
_W[zsmsm Py +19.78(In R )" +0.4663(In Py ) ~7.05x10° (In Ry ) +363.14]=o

(3.65)
Py % Byl digt WgAE e & st

A9 4 @652 2o AL olgstel E7 A3 T ol
2| gk,
P,,, 14
X = O, (3.66)
0.21
A=ot (3.67)
B=o" (OF% j _O_;YSZ (O%J (3.68)
LYSZ

[262.48In Py +19.78(In Py )* +0.4663(In Y )’ ~7.05x10°(InRy )’ +363.14}

- 45CF

C=-0" (3.69)
A Az #9 R 5 0.21 atm oA e @A digdEke] 1
ghell g8k ol ek A= %9 Ad4 BY B #e 72 F Stk

AX+B+Cx*=0 (3.70)



Ax*+Bx+C =0 (3.71)

_ —B++B2-4AC

X = oA (3.72)

Py =0.21x" (3.73)

flgb e wyoR ¥ PY @S Nernst A& o]§ste] 7ho]

Ad ole Aw AT Apole Aa B Aoldl o wAys
AU @3 Qs

_ RT, R
Ry =02lexp ot | U =~ In (3.74)
2 RT aF Ry

Continuity hypothesisE 7F43tH LSCF/YSZ olsss Aus
Axe] fluxs= LSCFSF YSZE Ak AAe] fluxe Zors

Jbilayer — J LSCF — JYSZ (3 75)

4 (3.63) 4 (3499 BANE ol 3ol AFe} Ak Bk Abo]

dAdow BT & Yk

m \-U4 » \-V4 m \V4 » V4
| bilaver _ | vsZ _ ART oYz F)o2 _ Po2 _ovsz F)02 _ I:)02 (376)
¢ ¢ L'sZF| " 0.21 0.21 P 0.21 0.21

M B R, POl @ Taglenz 4 (3.76)% ol §dt]
C1,)=AHCU )

e

#HEFHoR 900%°lA LSCF/YSZ ols%F9 #
HAE Axrd 5 Ut

a8l olE A (3.38)3 o]l AF( 1 )-—
7171258 900%9)A LSCF/YSZ o]lE%9 ¥

A & ek

1

(U )

A% 4

(2
2

fo M
b
wy Lo

i

i
fo
g
2,
2
2
=
o

A

L

rlo

st LSCF/YSZ ol&59 Fi dAxF dE%

g g Wyow T 5 ok

=
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3.0 — T T T T

]
et
25} Tl R
—_— -
T, |
9
[Fa]
o
b 20F 5 o
L— "'
g0 LSCF 6428
== I 1000°C| |
15 . ®900°C ||
) 4 300°C
e 700°C
600°C
]”D M | M L M 1 1 I
-5 -4 -3 4 N 0

log (P, /atm)

Fig. 3. 18. Electrical conductivity isotherms of LSCF6428 [31]
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3.5 €449 3= 7|49 &H

LSCF/YSZ ©o]%%o] SOFC % DCFC? dadz A&59L A9,
2474 Agxoqe Ata EtelA HeA=zA AR e A

A5t st A9 32 7]1d ¥ (Open Circuit Voltage, OCV) &
4

dd 3z UdYs SAHskd dsde] Aba ol UE(Oxygen
ionic transport number, )= & F A=dH ¥R ), o] 19
ZWhErE AAbe] &gt A7l dE glo] ool st Hr] HAEUt
dojy} SOFC AsS YeuE Hu dAF dWE(Maximum power
density) 7} =o}zit}.

A 3= VYo rYH t, = 7ot WS ted 2k

A, el 37]= (Cathode) 3+ 1% = (Anode) Abo] o] Aba: 3}e}

EZE py ol Aelel o8 dAsks 71309 (Electromotive  force,

)& vk 2o

m

4 (3459 Atx B EWA gy I Az B P, Abole] #AA e
e}
E=——| ""t,dInP, (3.78)

P, .c
E:%Blmih— (3.79)
4F P, .a
a9 t,~1 4 o 7149 E =
P, .,c
g:BImii— (3.80)
4 P, @
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(3.81)

19

Fig. 3.
B4 Eolt),
=Ei

7+~ (Hy) 7}

Q3] WX A& (Sealing test)

=
=

3= 7149 (0CV)

o
=

=A

gr FEd

st

A= (Working electrode) &+ 715 A= (Reference electrode) E-F°l

Aforel]

)

A E

7}~ 2}

g FAstn. B9

7}~ (Ar)

obz

s

o]
=

&

g

z]t

TVE A 7RO R vHrlE o, 7

i

A7 7kaE wbrgls W, VI

=]
RN

9]
ok

Z_é
s|% 7] = (OCV)

—_L
=

il

2

AH ). wepd

[e)
T

A7 sHA

Ao =

o

]

AAE

=
=74
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H,/3%H,0 in

§ - ) _7f glumina t:be
rtz t
/ ua ube

|~ Working electrode(Pt)

| _— Glass seal

O Ysz
T LscF

[T™ Reference electrode(Pt)

[ Current collector(Pt)

\\
ABNEEEANY

3
)
/]

Air in

Fig. 3. 19. Schematic diagram of Open Circuit Voltage measurement
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1 T T T T T T T T T v )

— Working electrode P, variation
OF — Reference electrode P, variation -
Ak e ]
o 2t -
%» 5
— 3}k -
4 ]
i VeIt ki
5L A ]
1 1 1 1 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000
t/sec
_ Before (in Ar) After (in Air)
log Poz (working) -4 65710004 -0.69810.002
log Pgg (reference) -4.923+0.004 -4.922+0.004

Fig. 3. 20. Sealing test of Open Circuit Voltage measurement
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3.6 AA Axx® =3

YSZ+= AtA o] ALAEA AFL ol WEF (Oxygen ionic
transport number, t, )7} 1o 7M. 181} LSCFY ol AEmi
YSZ9 o] AErrTh AN LSCFE Azt ARk 1%)% n]x
28 Axolth. olyd olfF= <As| LSCF/YSZ olFsF2e o
Arerks dudes S48 vl offdvh 22y A4 Ax
O © A2 AEE 0,8 o] AEE 0,9 FolE=

Gtotal = O-e +0i (3.82)

LSCF/YSZ olF%9 AA AEREA F& A dEEgE wFo] o]
AEES 72 7 At
LSCF/YSZ ©lF%2 HA HAELwE FH37] fste] 2 AelA
st W2 A9 A 3 (Impedance spectroscopy) © . 57 <]l
k4 LSCFE] vl A& (Resistivity) o] - 2 H& aeste] A2
< 1 mm X 1lmm °2 #A =9 Aggs AA A AA|
ARE S50l AHg¥ LSCF/YSZ olas Ay A3 AFEs dadA
1] (Solatron  1260/1296) & Z+2+ Fig. 3. 21 ¥ Fig. 3. 22 9
YebfRlth LSCE/YSZ o535 Aallde dAl A3 (Total resistance,
Row )< Fig. 3. 23 ¥ o] A 322 Yepd 5 Qith
LSCFe} YSze] FAm7F oF 500:1 4 wl, 2 koA LSCFet
YSZe A H] A& (Total resistivity) = ©|g€3sto] LSCF/YSZ

olFTs Ml AA AEEE AAts| BAt

rE

_1

.

Ruitaer = Riscr + Rysz (3.83)
L
R=px— (3.84)
p A
ojm g 2 (3.83)= A 2H
I‘biaer L
Pilayer % 'IA\y =\ Prscr X% + pyszXLYASZ (3.85)
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Fig. 3. 21. Schematic diagram of LSCF/YSZ bilayer total

conductivity measurement

Fig. 3. 22. Impedance equipment (Solartron 1260/1296)

L5CF Y52

VN AN

Fig. 3. 23. A series circuit of LSCF/YSZ bilayer

-67 -



800%olM AA E<o] 0.21 atm ¥ w, LSCF® YSZo A
n Ao 747 oF 245x10°Qem , 31.25Qcm ©]t}. LSCFS A,
YSzol ¥ @ wWAo] Z+z ok 0.1cm, 2.0um, 0.87cm* o uwj 2
(3.85) & th 2

I‘bilayer
A

:(2.82x10"4)+(7.18><10‘3):7.46><10"SQ (3.86)

,0 bilayer

el 2 (3.86) 04 HZo] LSCF/YSZ ols% Asf|lde HA g2
YSzZe] AA A3t Hlszsit

I‘bilayer LYSZ

Pilayer % A R Pysz XT (3.87)
2 (3872 AA IE% ool #3te] wpitw
Lbilayer

O-iaer ~ O, X (388)
bilay YSzZ LYSZ

1

=, U Zo] LSCF/YSZE olF%e AA A== YSZo AA
T vlE #AC AE A4 7 Ao

Obilayer * Oysz (3.89)

o7 dvdA AFRRRE LSCF/YSZ o559 A AFdis
T387] 9% R—C 5713 & (Equivalent circuit) + of# ¢} 7t}

R R2 R3
| CPE1 | CPE2 | CPE3
> > —

o]z AlHe A& (Resistance) # NI A€ (Capacitance) gk
Zkzt R1, CPEL ©ola, YSZ %o A=3 A=/AH Ade] st A& 9
AMAR A= 22 R2, CPE2, wiAI#te=® LSCF %9 A=
A=/41 Aol i A 8l A" A= 242 R3, CPE3=®
et ITE o] Qo oA Thed A AR T Pt =AMl g%t
A Fig. 3. 21 3 o] ARFs Aste Pt S = ARESH]

m el FAIE = QT



4, A3 4 31&

TAAEE A8 A A (Solid Oxide Fuel Cell, SOFC)e Ha4d
EARA ZrO Al Aa|do] zt= AIES S5 fske] CeOq7 9+
BioO37] Ao st A7} cpfd oA o] Foj=x] a1 T},

gy CeOpAlSE BixOsAl daidS &7l x5 2 35
Uetd= 2AdER Al Zrog A dsid= thAlst7 o= ofEwol

olF% HIAA ofoltjol= 918k Zol CeOAISE Bi0sA A& 9]
F2 ol ARRE fAEHEAM Zrog Al dEE Fol 9 Y
7)ol wE:HY A ARETE Stk AY e dojve A
ot Al 319k Sl Th,

ATellA= YDB/YSZ ols3ol YDBO s Ak E$t
T oKyl Asd 5A4E Holex st sl
PLDE o]&3le] F78] <k 2000:19] YDB/YSZ ol£%& A& 3}
Hebb—Wagner o2 {& Ax AELE FA33th YDBY

s

Al AbA 29 FEedA UeEideE 5A4S w48k YDB/YSZ
Kl

E3E CeOxAl9 BisOsAl Azjdo]l opbd &= (Cathode) =4 = EO|
Arg5E 23 dEA (Mixed lonic Electronic Conductor, MIEC) 9]
T ol AREE F&ste ololyol®A MIEC/YSZ °olFs TX&
A _Fs} A T

YSZE ¥ A ARn 8 ol HAERE 7
o A AEEE A4 FAa A7
FAAA ZrOoAl, CeOAl ¥ Biy03A4 A3l d Ry $-3t dafd
et = Ae 12 skt

MIEC &4 &+ SOFCE ™4l &= A5 )
AxS Fall LSCE/YSZ ol FAm87ZE ¢ 1000:1 54 w,
YSZ9 o] HALEEHT 2 o ALEEE 7HAHA AbL o]

£574 0.9 o144 ol A=,

-



PLD (Pulsed Laser Deposition)< ©|£3F9] LSCF/YSZ o5
A Z#ekelal, Hebb—Wagner £SO % o|55e] H&E Ax A%
=Aettr. a8 dadA B339 (Impedance spectroscopy) ©
olFTe AA HEEE FA3 I o]ZHEH ol IELEE T3St
He FAToZN LSCF/YSZ ©lF%5°]

54& woltA s

=95
o=
=
a- =

R A R R Rk
YSZ, GDCE thA|g whst A s)z
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4.1 YDB/YSZ o|&=

YDB/YSZ olF% Hade] @ YDB T2 HaAlAZ AME3A S
wHoh AR dAEE WA ARE7E gaste dsd g ol
FAE =2 Felstr] falA = v 7] Hi= YDBe YSZ 779
i Az AREE S43 dav) gtk

uwebx] F8]E YDB, YSZ AlS o] &3te] o] ztdk g A 2sto
Hebb—Wagner #=Hoz JBE Hx AREE

H] 28}

4.1.1YDBY H& A IAE®

N

YDBS H& HAx HEEE 600<T/CT<800 2% oA
SAsATE. #97] 7kae FVIAIDE 1" AEA AlE
AAFE SeFo] A A (steady state)o] EEIS wjo] AL
S5k} Fig. 4. 1 o Al AHdFE S5TUS w Alte] &
Aste] Wk

*

AEgE o] (onic) AE7F 7 dojdoh. el o] Ad =9
o3 o] AEEE Ak fAstHA Aol FrRERel weh HSto]
S7Vetth7l B2k dHlel TEstd ol HMEE+ 0 o Ha, Mok
AdAet s FASA ok o W HeS FAst] AR )-
Ad(U) Asoz Yehw Fig. 4. 2 ¢ o} 18la 3. 48] 71&3%
vkel o] Fig. 4. 298 AR-Hs Asel 2 (B51)& ©]&35t]

fittingsh #917] 7}A~9] AbA Btod o] Ax 4l Ay AxLE 3

9k
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0.08 ——

T=800°C 1=025mA | o Voltage
[ Fitting Result |
0.06 |- i
2 0.04 |- =
)
0.02 - i
0.00 |- i

0 2000 4000 6000 8000
time / sec

Fig. 4. 1. Temporal variation of voltage U of YDB when a constant
current (0.25mA)is applied at 800C

7=169.4+0.5sec
D=(9.57+0.03)x10™° cm? / sec
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Fig. 4. 2. I-U curve of YDB at different temperatures
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Table 4. 1. Electron and hole conductivity of YDB at R, =0.21 atm

Partial electronic Temp/ C
conductivity
/ Sem™ 800 700 600

o (1.34*0.08) | (1.87%£0.09) | (7.19%£0.92)

" X107° x107° x107®

This work

5 (1.12£0.05) | (5.08%£0.14) | (5.42%+0.39)

x107* x107* xX107°
o 2.16xX107° | 1.85x107% | 9.09%x107®

Ref. [6] - ;

o} 2.34x107° | 6.92x107* 1.54x107*
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2 AFoA FA% A4 BSto]l 0.21 atm ¢ Wl YDBY dxpe}

)¢} oA Hist= AE Table 4. 1

AApe]] o3t AEEi= FEazgke] vlaf] oF 1-1.5
2

8w #AA HERE AR e

st |, A AEX(electronic conductivity, o, )= AAkel] &gt
AR (o)) 2 daell g% Ark(o,) ] Folx

c,=0,+0, (4.1)

=0, R, o, =00 R’ (4.2)
ojtt. oI71M oy, o, AtA EHel 1 atm A WO AxFe} HF 9
AEE oty I3 AbA #¢te] 0.21 atm 4 ® 73 Azl FF9

AE% (0,0t s #A4L uhEh

o,=0y-021" o, =00-0.21" (4.3)
7¢3 Fig. 4. 3 o Ygd %9 2 o, 0; A )

o

ZNE71E2FY AAs A AEEe] @At oy A] (Activation
energy, Q)&% T& & Stk wEA FaR g duAE A
(4.3)% (4.2)¢] HAA S ol&sto] Austd HFHoR 29 A
wotel W& YDBE Akl &3 AEE( o, ) AFel g%
T3 4= 9lth o5 Table. 4. 2 o Azladrh 1
A= o] &3] YDBY F& A AELEE Fig. 4. 4 9
Aol 54 YDBO Hi AA Axrvs w3 oA

R

—

Hu
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O ! I ! I ! I ! I ! I

This work

2| * Ref. [6] -

log o* / Scm’*

0.90 0.95 1.00 1.05 1.10 1.15
T/ 10°K*

Fig. 4. 3 Electron and hole conductivity of YDB at R, =0.21 atm

at different temperatures
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Table. 4. 2. Electron and hole conductivity of YDB

+
c,(S /cm) =(1.09 £ 0.63) x10° exp(—%} P,
This work
+
o,(S/cm)=(10.64+5.82)x10° exp(—@j P!
o, (S/cm)=3.4x10° exp(—%) P
Ref. [6]

o,(S/cm)=5.0x10° exp[—

0,

106kJ j o
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0 800°C | 700°C | 600°C
This work
- Refl6) | = - .

log (o, / Scm™)

Fig. 4. 4. The partial electronic conductivity of YDB as a function of

oxygen partial pressure at different temperatures
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4.1.2YSZe BE AA AL

Frt

o527k YDBel wls| v =222 YDB

S S Pl S R itiq ¥ 900=T/C=<1100 2%
e SAskalt %%ﬂ 7= YDBe SA4¥ vRbpA R
ol A M%ﬂ dAFE ST AR

. Fig. 4. 5 ]
] = sh5 HrER STt
= ATl ST Ak 29kl 0.21 atm o wW YSZe] xAkg}
)9l FEEHoM HdlE XS Table 4. 3

Mmetgith 248 A4 ARE Tagel wel ok 1.5-26 27
L

783 Fig. 4. 7l JEhd £Eel wE o , o, 19
N&NE2RE AR Ao Arxe @A oA, Q, = Fato]
258 AbA kel wE YSZO HAAe o3 AE=(o,)8 FEel
% HE%(o,)E T3I3th ©l& Table. 4. 4 o A3t 182
’MMe4491@ﬂ%oﬁﬂﬁmﬂﬂ$ﬁ%ﬁ}ﬁEE%Fng8

od V4

I
& Aol 7} gl

ek 2 Aol AREE YDB, YSZO ¥ HA ARV
BFox] HIisle X9 2 o]zt ¢leE®E YDB/YSZ ©]FZ9)
i A2 AExE 54 Ay mlasted 247 flas #ddskal
A8 S skt
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006 T T T T T T

T=1100°C 1=50mA o Voltage
Fitting Result
mome - Off
0.04 + .
>
5 o
0.02 . -
(@]
| @)
i %—-;
@b-0N
0.00 + 1 1 1 .

0 200 400 600 800 1000 1200
time / sec

Fig. 4. 5. Temporal variation of voltage U of YSZ when a constant

current (50mA)is applied at 1100TC

7=7.51+0.12sec
D=(5.39+0.09)x10° cm? / sec
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Table 4. 3. Electron and hole conductivity of YSZ at R, =0.21 atm

Partial electronic Temp/ C
conductivity
/Sem™! 1100 1000 900

(5.16*0.07) | (4.33%£0.09) | (1.83%£0.05)

T x107® x107? X107

This work

o (8.61*0.07) | (2.18%0.05) | (7.31%£0.23)

X107° xX107° x107°
o 1.11x1077 | 8.45x107Y | 4.15x107%
Ref.[2] - -
o} 1.18x107* | 3.90x107° 1.06 X107
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'2 B This work | % ® |-
cp* 2
G* ko I,
b Ref.2] [

log o™ / Scm’™

070 075 080 08 090 095
T/ 10°K?

Fig. 4. 7 Electron and hole conductivity of YSZ at R, =0.21 atm

at different temperatures

- 83 -



Table. 4. 4. Electron and hole conductivity of YSZ

o,(S/cm)=(9.34+0.02)x10° exp(—

3.88+0.10eV ),
- - PO
KT :

This work
+
o,(S /cm) =(3.39+0.04)x 107 exp[—W) pue
o, (S/cm)=1.31x10’ exp( 3.88eV J p-u4
Ref.[2]
&,(S I cm) = 2.35x10? exp[ 167ev j pue
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1100°C| 1000°C| 900°C

1 This work

Rf 2] | ——

log (o, / Scm™)

log 2,

Fig. 4. 8. The partial electronic conductivity of YSZ as a function of

oxygen partial pressure at different temperatures

-85 -



4.1.3 YDB/YSZ °l%

of\e
1o
—
Mo
2
2
2
bt
bl

YDB/YSZ o|lEZ2
%7038 Hebb—Wagner
T ek 1/2000 =2

Ax AEEE F317] st 3.449
HS o] g3t PLDHCO® YSZE YDB
S2AIZL 5 YSZZF o] Ak AFZE

o Mr o
| (s

YA etEE AS A2
=HE As 54 259 2971 7R (A oA FE8] HEgAI &+
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SeRe W A% S ZAste] Fig 4. 9 9 4. 109 AF(1)-
S
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T-3to] Fig. 4. 113} 4. 129

YDB/YSZ olE59 Hi Az T Fig. 4. 113 4. 1294
wZo] Gy (hole)oll 23 AA AErt 9AF 9 (P-type) °lAdE
Az AE oA &7 FElo] YERAIRE At (electron) o] &gk HA}
AE7F A 999 (N—type) ©olAE A Ax oA axprt =-¢
Zoktl, = B oA = YDB/YSZ o]F% dAafjdoA Ak Hglo)
oA = YSZol 9% dx dE oA myt gaste o=

ert,
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0.06 - T=800°C 1=0.1mA[ o Voltage 7
Fitting Result
D= Off
0.04 - .
> o
~~
>
0.02 F i
000 B O-=0Nn i
0 1000 2000 3000 4000 5000

t/sec

Fig. 4. 8. Temporal variation of voltage U of YDB/YSZ bilayer
when a constant current (0.1 mA)is applied at 800C

T=127+2sec
D=(1.225+0.014) x10* cm?sec™
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YDB (T. Takahashi)
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Fig. 4. 9. I-U curve of YDB/YSZ bilayer at 800T
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Fig. 4. 10. I-U curve of YDB/YSZ bilayer at 700C
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Fig. 4. 11. The partial electronic conductivity of YDB/YSZ bilayer as

a function of oxygen partial pressure at 800TC
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Fig. 4. 12. The partial electronic conductivity of YDB/YSZ bilayer as

T T T 1 T 1 T
700°C o YDB/YSZ (This work)
N YDB (T.Takahashi)
2L B~1/ 2000 | _._ YSZ (J.-H.Park)
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a function of oxygen partial pressure at 700TC
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é i
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Fig. 4. 13. The partial electronic conductivity of YDB/YSZ bilayer as

a function of oxygen partial pressure at different temperature
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AuLal

Fig. 4. 14. SEM and EDS cross section images of YDB/YSZ bilayer

after experiments
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4.2 YDBY| &3l AF

4.2.1 @25 FFdA sl As

YDB (yttria—doped bismuth oxide)¥ H2 4AtA: ol FAERE
7FR a4 As| A EZolt}, Takahashi [6]7F Ha13F Yttria 27 mol% s
=33 Bib03—-Y0058 AEEE 700%A4 ol HAEE7F ¢k 0.21
S/em ZA L LA YSZ (yttria—stabilized zirconia) ¢ ©]&
AEE 0.036 S/cm o Hl&l] oF 108] 7} =& #s 7HXIth
YDB7} zZbe= o]#fdt #2 o] HAEEE dHA YSZE AR
AHEsHE Al ARsHE A% A (Solid Oxide Fuel Cell, SOFC)<
E%Z}%EE AR s sidsty] g Wetoew F&5 Wi Qlu

F 7)o A8l (Decomposition) 7}
oL Oﬂ‘ﬁﬂ@gi - EQHd sttt = YDB7F SOFCe s =
A

=
2 el =EHds W At

i

o} A4 AEE F7h2 A% 4% Ash st
oleig EAWEL Ads] AAAE WA B0 ARl o)
3] &

ojgfatofol AR, HAAZEA] Bix058] RS AAwel #gk

I’_iﬂ‘*g’iEL(kmetlcs)ﬁ Sdo] A= Hol v
T. Takahashi[33]+ Bi¢} Biy039 HFE A4

1S 600%A ¢k 1071 atm o]t}
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o

34 A5 (limiting current) o™, olw] Bi,03—Ys0528 Mol HA
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Y AT Bigk Bip039] B3 A4 +99 A XSS

Fig. 4. 15 ] T. Takahashi[6]7} A&7 dojd YDBY
7178 (em.D)S 7|5 A& #<9 107" atm o tisle] 33 AnE
e ST
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Fig. 4. 15. Open circuit e.m.f versus temperature relation for the

Bi;03—Y5053(27mol%) at P, ~10™ atm [6]
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THWCinAr I[=0.1mA 04| MO Cin Ar =0.2mA ]
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Fig. 4. 16. Temporal variation of voltage U when a constant current
is applied to YDB polarization cell, (a) the steady state voltage not
reached 0.3 V (b) the steady state voltage exceed 0.3 V
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Fig. 4. 17. Temporal variation of voltage U when a constant current
is applied to YDB/YSZ bilayer polarization cell
(a) 700C, I=0.11 mA (b) 600TC, I=0.038 mA
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Fig. 4. 18. I-U curve of YDB at 700C in Ar atmosphere
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Fig. 4. 19. The partial electronic conductivity of YDB as a function

of oxygen partial pressure at 700C
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Fig. 4. 20. Temporal variation of voltage U when a constant current
is applied to YDB polarization cell, (a) the steady state voltage not
reached 0.3 V (b) the steady state voltage exceed 0.3 V
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Fig. 4. 22. Schematic diagram of YDB decomposition reaction
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Fig. 4. 23. Phase equilibrium diagram of the system BisO3—Y,03[35]
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4.2.3 B4 Af AAYAZFEH e AL At

T. Takahashi[33]+ current blackening WH¥ S ©¢]&3}o] YDBE
sl A H, o] AHEEE AlHe dd 3l 7]AY(0CV)=
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A A2 A AUAZRE Bi metal?}t Bip0;9 BE e 7d8S
Axbsh= WS tad #2914, Bi039 s wheS 9o®
271¢] Bi ¢ 371¢] O 7} ¥hy Bi,O5 7} H&= WEgo|E=®
2Bi +§o2 — Bi,O, (4.8)
2

29 Hkgof st ¥k-2 1A A ol A] (reaction Gibbs free energy,

0 0 3 0 8 1,03
AG,,, = Heio, — 2 i _Eluoz +RTIn 2B‘ O3/2 (4.9)
Bi Yo,

olty. 7|4 u° = ¥F ‘JH(standard state) 9] 3}st HEldola, a
= g% % (activity) ©] ot
a8ar Zb AdEol

NI A= (AG] 4,0, )

FK

= /B]-EH ?-:]'_ [q], BigOgP/] }}E}‘é 71:]_/: X]-jgr

[o] 0 [0} 3 [0}
AGf,Bi203 = Hgi,o, — 2 it _E,Uo2 (4.10)
o] #t}, 2 (4.1002 4 (4.9°l didstar 919 Hkgo] HE 4 u
Aern =0 4.11)
SR EER

- 111 -



a..
AGr><n = AG? Bi, O, +RTIn 2 Blzo;/z =0 (412)
B A 'aoz

=3 Bi metal?} Biy039 FFE+= 1 o] 2

AG! 5o =15RT Inay, (4.13)

]_
g 9, Nernst Aol o8] 7188 (E) & thast o] A@ abeto] Ak
B¢ AolmiE TE 5 g

ref .

E=%|n ZZ (4.14)
°& Al ¥
4FE=RTInaj -RTIna, (4.15)
o ¥, §1¢] A (4.15) ¢l A (4.13)% thdatd
AGS 40, =—BFE +1.5RT Inaj;" (4.16)

o} Zol YT 5 QUrt
D. Chatterji[34]1= 919 2] (4.16)9 #AZE o]&3te] CSZ(Calcia—
stabilized Zirconia) FH <Fe] &% FEje] Bi, BiO3 &% A=
AAAZI DEd AdEelA 971 7tAE 371(AInE 1ys
2o 2 99 32 7]d9 (Open Circuit Voltage, OCV) S 73}
ofbgf o} 2 Bi0s2 A HA At odvA = T8kl

AG; g, =—(565000+4000)+(277+4)T J-mol* (4.17)
A2 A (4.17)E ol g3t ot ol (T )k #9171 7149
A B9H(agh) el whek Bi metal¥ Bix059 BE el Mg
?-fﬂ oh:]..

1 rer.
=—E[—(565000i4000)+(277i4)T ~1.5RT In aozf} V (4.18)

m

= Aol 83 700C, Ar 29171 (log R, =-3.92+0.07 atm ) °Jl A
Bl metal, BigOgP/] %]85] }E)]'ﬂ]‘bﬂj\igl 7]@‘?—:}% }—\1 (418)% O]%‘a‘]'o%
Ankstd 0.321£0.008 Vol
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4.2.4 787 oS o AF-AE TA

Al 4.2.2404 YDBO szt Aol
watz e gA ddol YDBY AEE Ath BEdS
oMo YDBO| AMEa] Ak el o]Aae] Agto] Ql7bE g
Aol el Atgks T8l YDBS ARart dARS
A(U) #AE Lo
Fg.424%fYD&ﬂéﬁ%Hﬂ“—ﬂ%OE.ﬁ%ﬂ 7F HA= o
7 dEelAe] dte Al dAlolg TIdelM ®Bxe] 0.3V

ﬂl

=
>
R
2
k)
rlu
2
@
1o

rL

o]Fo] AF-AY A& A Iz F7hstth. o] YDB7F Al
HHA Bi metal? AbA o] o] A wep AbAa o] 2o & Az}
AE7 dojuAl =H=dl, o] wje] AL Ata o] HE=ARQl YDBY
o] HEmel 98 ARt 2y ol ARLEE At Bl
Fastez Aol dAsy] wEo] AA AR FAolAel ol
- 7Asol A4 Fej7l 5= Floln. o]& FA Ao ® AWel]
flsto] Fig. 4. 25 o] B2 =8} o] AiEali7F dojwks wl YDB AlH 2
TEE s BEAb dRd7E dojd S AEs AR 9
g ol A AS FHoMuk dofjike HolE® Fig. 4. 259 9]
YDBS} sl 7h dojd o ® oA Az 4 gle Aot
YDB Al ZA A local equilibriume W5 o
O+2e=0% (4.19)
Vi, +2Vn, =Vn, (4.20)

ojlty. A (4.20)A  py, = AbAC] FFst EZHlA (oxygen chemical

potential), 7, & n & ZHZt A9} o] Ay I EZHlA

A
(electrochemical potential) ©] t}.

3t A AAE EFstE AdFe dF WX (current density, | )=
Aol o8 AF Wx i 9 o] 2o 9% WF WUE |9 Fojmz
=1, +1, (4.21)

o]},
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"l 7060(:’ Ar !I 0 \I/DB (Flhis vvorll<)\ 1
03F _
Eo |
01t _
0.0 ke e e -- _

00 01 02 03
UV

Fig. 4. 24. I-U curve of YDB when decomposition occurred at 700C

in Ar atmosphere
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YDB Decomposed
layer

L

Ho

0 L L.

Fig. 4. 25. Schematic diagram of partially decomposed YDB sample
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g8 k2= Ask 2o 23 current density: tha3 2t}

i, = Z = Vnk (4.22)

2 (4.22)F A 42D el didstd

=22V, + 2LV (4.23)
AT
o] & 21 (4.20) 9] BAZ o)Ll A (4.23)S WA
. O o
=FV Vito +2V7,) =2V, + LV (4.24)
F ne 2F( lLlO 778) F 776 2F ﬂo

)

o
12
Mo L mx

Al el A el dAke] A7) steh 2
%3}71 Aell AdEel7h doiubAl ok YDB

(decomposed layer, =94 D-layer)

GYDB YDB
iPP="L Vp +—1_V (4.25)
£Vt oE Vi
o], AlHE] do] wrake] g A&Esty] fls8] el dx & w4
VOB YDB YDB O_YDB UYDB
iy =2t v dx+ T v dx=2t —dn +2 (4.26)
F 776 2F :uO 77e 2F :uO
o] ¥, oS AHE3pA gy g
YDB YDB
YDB i
[i™Pdx=[=—dn, TG (4.27)
o] HAE7]E Qtel A= AAFe] 7] sk A g Akxo] 3}E
xdald &S wEste] A& g A4 o AR Ao] ¢kd wE
g Aol H=x #Esor stk ol #HEE] fste] B Qs aw
FEI =1L o9} #r}
1( 00" 1 (00"
E P :—E 5 (4.28)
ILlO e ne Ho
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YDBO] Ztal AbA b YDBO| Asja 9 (electrolytic domain)
kel Qlar, HajA oA YDBY o] &5 (ionic transference
number, t)+ 19 7I7F9-22 YDBE A AE%E(total conductivity,
o)+ Had Zo] A &+
0, =0,>0, (4.29)
kA 2l (4.28)¢] YDBE AA AREE o] MEEE HHL
Ei A

YDB9] o]& AxEi AT Z A= (constant)

e std
1( 00" 1 (o0™®
E( a' ] :_E[ a' ] (4.30)
/uO e ne o
1 ( oconst. 1 ( oconst.
£l 72 :_E 5 (4.31)
;k) e ne Ho
0=0 (4.32)
o7 HAQslur Tt S WSSty uwEbA A (4.27) ¢ 39
A welstal do] Wk 0 oA L 7hA A&Eshd
L YDB L __YDB
L'YDB _ e JI Ho O-I
_[Ol dx_'[ng = d776+-[u8 oF d o (4.33)
YDB YDB
.yoB; _ Oj L .0\, O L 0
i L= = (ne —ne)+ oF (,uo—yo) (4.34)
ol thAl ML H7] ek ZHlAd Abolo tia Fyletd the &
AeE ds F Y
FL . 1
= =™ = (o = 15 (4.35)

w02 ARyt dojd 9 (D-layer) X e AF Ut AL
A7) sheh Ewlde] s g efsto] KA

D—layero|A] A|He] 32+ AF AF dxs

N

D-layer D-layer
Y . Y

iD—Iayer — Oy = V77e + '2F Vﬂo (4.36)
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”ld], D—layeroA+= Bi metal?} Bi,Os7F H3d ejo| 2= A4 gsh
iAo ztol7t givkar 7 ¢ ok meEkA 4 (4.36) oA AbA
s £ Fol AtebA 1

D-layer

ot 9y (4.37)
F
9 ol % % ot
oAl 2 (4.37)¢] YW do] W& L oA Ligw 7HA A8k,
LTotal D-layer
Total » D —layer e O-
jL dx j dn, (4.38)
o GD—Iayer . .
ot (L L) =2 Lo (4.39)
(Lro —L) == (77 )
ol oAl ARkl 7] ster xeld ztole] ois) AFElekd e 2
Ne Qg 4 vt
F(L. ., —L).
neLTOtal _77eL = (GTDO—tT;yer )IYDB (4.40)

t

nprleto 2 YDBS} D-layer® E=2+ AR{Y A7 HEE A=

pomzg

i:iYDB :iD—Iayer (441)

_ OZ[F(LTota.—L)+ FL}. 1
&

_U — (LTotaI _L) L :|| _AIUO (443)

D-I YDB
DA I

714 Aty = g — po ©ITh.
29 2 (4.43) o4 BZo] FA9 V|L7]|+=
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o} ol FoAH AEdE S FALww—D7F A AE
.‘]:4

el I H
Aol mla] FAlR wkeE egolal, AdREdE S AA ARR

(o7 ™™) & Bimetale] 93] w]$- 2 Aolmw /)7t

o= 5 vk weEbd 99 2 (44D E IS e HE=R
kel A= 712717 o

aEar A (4.43) 2 25E AR AU AFR7E 0 ©] HAS o
A2 she ¥Rl Apolw Ao HER

u* =2 (4.46)

AF-—H
HAE 24t (extrapolation)dle] AH7F 0 1 AF S A3
o7 F3Er}. ol e WHow A2 700TC, Ar 7]
B o

3 Aete 0.3056+10.0014 V o]t} I3k ¢kx] 4.2 27 oA

A A cmRE 3 ARl A2 0.29610.022 V ZA HAF-
Mot Ao ZHE T3 AR At A WA AXss AHE
YTt o]= T. Takahahsil[6]7} Rigt AEs|7t dojd YDBY]
7159 oF 0.328 Ve w9 ZARSE Aot
st 3, 2] (4.43)04 9H(U )] 0 o] =4,

Az%z *:aiTLBAI (4.47)

ojlmw, HMetol 0 ¢ w AF(Fig. 4. 26 ¢ 2F AHe vy dd) s

e AU ) emNE Addd VDB 540 ATE 78 F

Fig. 4. 26 o %% Adelx HA] 71&7]= (65.9£0.2) X107 S

ol y & AALE —(1.8+0.1) x107* A o]t}
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J¥3 Fig. 4. 26 9o AMe grI¥E T# A4RdE YDB
=549 A 17056 Q o]i, 4 447 Zol y F ¥
422804 ARE AZolAe AA AgorRE FI AR
AU ) ozPE ok AR YDB R34 A 164+13 Q
om T AWt @3 WeeIN A st

o, ek 22 AvE dojR Al dge=HE Nernst A&
o] @&kl YDBO A&7} Qo= Abs Rl AAEF 5= gtk WA
& o

AF—HG AZoA AF7F 0 4 wW AYFOoRHE AAsE AR
Ab B9 (5.6+0.4)x107M atm o]ar, Algte] wE At
AsgtellA] AA A #goeEFE O T ARE Ak BES
(8.9+3.1) X107 atm 22 22 W e dXec} o] T3 T,
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I L O S
R 2 YDB (This work)
- 700 C, Ar Fitting Result

U/VvV

Fig. 4. 26. Determine the resistance of partially decomposed YDB

specimen from [—U relationship
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4.2.5 B34 AFA9 FAE

ok HoA Fig. 4. 26 ¥ o] A7 dojwts w dR-dg
AA ) 7&7|2HE AEsE YDB EFAo AFdS 73k 4+ 9k
YDB7} A& Eo] o] xdk A (ion blocking electrode) Zol Bi

metal®} YDB7} #H3& e (equilibrium state) o] U= o] A=A

vk o] AR =2 719 dZ(reversible electrode) 0.2 Z+-g3}A

ot vkt ARSI 7 dojubd A AEEA AR o]2S YDBE
&

TaetA Bel welt § ol ol Aw HAFOoEA 9 oTE FHA
xeb7] wEolth. webd AEsiE YDB w2549 AREE ol
&l

S5 Ax A7t gzl dA A XX (total conductivity) 7F ®E.
A

webA s YDB w549 A5 o
AEE vehofof
T. Takahashi[6]¢] 93t 700TCeIA YDBS] o] HAE%i oF 0.2
S/em olth o5 2 (4.45) e thdstel 71&7E Tk

oA 0.2x(0.385+0.006)

- ~0.385+0.006 S
L (0.20010.0003) (148

o] Hol gty T AA A AFelN AF-AYd #AQ VIeT]=

(5.910.2) X1077 S 24 o]&x 9} & xo|7}F 3l

olg]gt o] AL HAFelM e #HHd ¢ (electrode overpotential) ol

711k, tolst A7) g8t wkgs AHAAR Jdor)r] f& Hag

A= Aol 2w
<

ole] 71&7]= YDBO #A|

o
N
-

t\]l'
ele]tt,
Hebb—Wagner #5102 {& Az dELE FHste QoA
Aol ale] whalghe ° |
JEu AEsivE doldel wet o] A
et Ao e Hpete FAI gkt 4
A[30] MM A7/ 2 1}
TAE sy fek AR 4 @2 2IHES AAE S S

Sl
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B APl 4719 BRE ol g3tel @ Howi ARE Tl T

=
W AoRE A4S HHdE PUe AGSAAN, o)t
—_L
1

r>~
folr
R
o
)
o
o
2
N
ol
ol
~
o
ot
po)
©
N,
r>~1

T H
A% HAo] ofygint. mebq #F AglelM AR e A=elA
FAge R AfEA Fet] wiel At YDBO] AF-x¢k
AL V27l E e AA ARk SN Huske gt

=
ojF 5 Aol o m Qld Aol Frbeel wEh ARt

Ay

Al YDBO AF—A9t dA= Ao dpdgto] gy
Aol (ideal) AF  olE=E,  HAFo|A It

H]o] A 2l (non—ideal) A-%-° dd] AF-HA¢ IAAE ©A
[e)

Lo g
e o

L

o] AHEs|El YDBO A& th33 o] YDBO
O

)
nhek solgbal FE W A (4.43)8 &3 2ol YEkd 5 gtk
L Au
-U = | ——=2 (4.49)
[(TiYDBA] 2F
njol & el Ao ARsEE YDBY AL dFeA9
BAtel ogk Aol HafAA thed 2 A4 2R & 5 v

NNN AN AMA——

R

glectrode RI".DE Rdemmpused
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%, 24sl7k elol YDBeA Aet ek

U =U.ceroe T Uvoe Y decompose (4.50)
o} a1, ol vt ol AFelA e o] gl oA d 44
A Askell d=ellA e spdgkel] ofgh dst Aehrk Haixl ezt wk
U = — (IR jequoce +ideal case) (4.51)
2 (4519 ] Fo F5E A (4.49) 9 Zo] Age &9 F35

&l YeERd 7] wiszol .
OolAl 2 (4.51)° &4 (4.49 % tdstd

L Au L Au
U :_IReIectrode _[G;{DBA]I + ZFO :_[m-'_ Relectrodejl + ZFO (4.52)

o] Ht},
webd [0 BA ] A &olA ATl Ae] FAgte] og Aol
2o ol w7877} ek Ao Aol bse.

- 124 -

SR



£.2.6 AR} Qolh B WL oA A

AZ7A a3 2 YDBO AEE A% (AE-HG A, AA
Aeh oz E SAH AEs A9 Bi metal®t Bi,037F BH
FEielM el T E e sl A RS YERigith ey Bi
metal?} Bi0;9] BE At el AAZ Bi0s7F el H==el
gt ool gepqlth efukeb BiOsWlel  Bi metalo] A
(nucleation)d ® th53 o] F7pAl oyxrp ded Jlow

4= 7] wol v

V...
9] A ADA: AG,= (20 G0 ) B <O (4.59)

m,Bi

A oUA: AG,,.., = 7A, (4.54)

HE oA AG :%O-EVBi (4.55)

strain

WA Bi metal?} Bi037F € 9E4 (thermodynamic) F3 AlE]e]
s
2Bi +30 = Bi,0, (4.56)
olil, ol& AR Atd FlA el Bt HRA ()l s Felsha
2 tg; + 34ty = /u;izo3 (4.57)
3% Bi metal?} Biz0s0] 33 JHel 1S wl, Bi metald}
Bi,059] &% % (activity, a)= 1 o]|P 2 AR AbA FEoto o] 3}sh
HUl A T35 AElolA ] stst Heldy o)

Uy = u% +RT Inag, = ug (4.58)
,U;izo3 = :ugi203 +RTn 8gi,0, = ;Ug,izo3 (4.59)
uEhA g1 A (4.56) & offel Zo] Bl 4 Utk
215, + 34ty = :ugi203 (4.60)
2455 + 3 +3( 16— 1) = gy, (4.61)
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3( o — 143) = Hgy,o, — 2115 — 345 (4.62)
2 (4.62) 9 982 ofge} gorz
AG?,Bizo3 = :u;i203 — 2 g — 345 (4.63)
wEb 2] (4.62)+= thHA
3( o — 13 ) = AG; 51, (4.64)

y

g} ol

 gle,

% A, BLOsel Bi metalol B4E u FusHs qUAS 1eshd
21 (4.60) 2 of#li e} #Zo] & 4 Qlr}.
1
/Ugizo3 =215, +3u +y Ay +EO_gVBi (4.65)
AN py 2 AA Aol RS " g aka 3}E)
el Aol Bi metal?}t Bi032] B3 AFeHlolA e 4bA g A u
Ho} =34 & gholtt
o < 1o (4.66)

Tea Bi metale] A% = d O doloF & olyA A (energy

barrier) = ta3t o] g o,

Ag =y A, +%05V3i >0 (4.67)

2] (4.65)= ofdiel #o] A = St
Haio, = 21 + 35 +Ag” (4.68)
Mo, = 2Hg; + 3143 +3(,u('j —,ug)+Ag* (4.69)
AG{ g0, =3( o —13)+Ag” (4.70)

2} (4.64) ¢k (4.70) 0. =¥
3(y;—y8):3(yé—yg)+Ag* (4.71)
3( 1o — 43 ) =3y — 13 ) = AG” (4.72)
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o] Ak M AkA 3ot ZRIAE Aol= vy Zorw

Ay, =2FU (4.73)
2 (4.72)% obee} gol YT 4 ok
6F(U"-U")=Ag" (4.74)

=, YDBO] &8 AsH(u™) 3 AAZ Azt Azt s AU 9
ZFo]7F Bi metalo] /%= Qg oux] AH ol Ho

ez dojurl A7k YDB w5
R3] Alh o] EEo] ek ® Al

J,=0 (4.75)
A2 o] 29 FF(flux)o] 0 o] BE, ofje] 20 & HE
o, dn,
Jo=J=—L—"=0 (4.76)
° 7 2F dx
Vn =0 4.77)
whebA v o] WhE- O % HE
O+2e=0" ; Vu,+2Vn, =Vn, (4.78)
Vn, = —%V,uo (4.79)
oJt}.
sl 487 YDBE 22 AF WE)E o] Ad A5l o8

A7ke]l A WX (electronic current density, 1,) 02L&,
.. O o
=i, =F9Vne =—2—;V,uo (4.80)

GHZ Fig. 4. 27 3 o] FE3) =4 o= YDBE o] W 0 FE

J.oLidX:J.oLiedxz_J.g 26; d s (4.81)

il
o
=N
)
o

b get zald g FE g A9 Ax ARE o,
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=i, = ZFL(ﬂO 1) (4.82)
2 (4.82)F thA 2d
g =A%y (4.83)
AL
°l #v. =, YDB w4l o2 A Eds wEshe <
AR AR AFeh 2o o] wjo] ek szt Aok 9
AsHU) o] Hrt,
uebd 2 (4.7 o8 A AHU) I ARs A (uT) o] Aol
RSOl Bi metale] A= Wl ded oy o] Hu A
A4 YDBZF Ad2el 7] A A Afielre] dsh #holm= Fig. 4
28 o ®AIZE wiel o] Afe H7] A I-U #A sl ol% 1-U
BA ] wAelA el Asgtelt)h welA Fig. 4. 28 ZFE YDB7} A&
¥ o] Bi metalo] A% = B3 ouA] s Adte] Bd

6F(U"-U")=
O] Al (4.84)°l T3+ oy X A3 ks

watojop gtk e # A3elA YDBE AUt
metalo] AAAHH 5= o] 271.5Cl Bi 7} Aoz =T
AL =YX (lattice mismatch) o] &gt W& ofuA] gk

/\1 ;gtlﬂ o]

6F [ ~(0.3056£0.0014) +(0.316 +0.003) | = 6021+ 64 J-mol™* (4.84)

wetA A oA 7F Bi metal®] 74 oAz 28 Zlojtt 13}‘/}
N4e] Bi metal?t 12742 YDB Apo] ] AW o |YA| 7} dupr} 2F-g-F=

|

Ao e s w3 A5 Tl Fds = et ok
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Decomposed
layer

0 L L

total

Fig. 4. 27. Schematic diagram of partially decomposed YDB sample

with Bi metal nucleation energy barrier(,u* )
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"I 7060(:’ Ar ’I 0 \I/DB (Flhis vvorll<)\ ]
0.3} _
! |
0.1F _
0.0 |o-ere e @@@ _

00 01 02z 03
Uu/v

Fig. 4. 28. I—U relationship of YDB to calculate Bi metal

nucleation energy barrier
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4.2.7 AEF B AEE T FA AL

YDB #&=Alel 7} A= wgeA o] A d5 Wwdow HAF
o] o] A A= £ akA BYE A AlA E oA, 812039}
Bi metal®] #3d AbA #<(equilibrium oxygen partial pressure)
olste =g3dtAl W YDBE a7t dojds kA ”*ﬁ EOLD]F
JEohd YDBE AEslE e drbu He

A
AT AA Ae Aol s muste] Auirt HiA dob West ek

Fig. 4. 29 9} o] AEs] #AoA &g A& <eto] &A3t= YDBO
W3S Bip039 WstFo =z 7Pysta Addlss -3kt
WA G AA <ko] EA5H= Biy032] % (mol) S MBi203 gt S
), ©¢ A7tE WHEE Biy039 92t o] AlA o] 9]
F(flux) Jo o2 vehd = Qo
3 dMBio |: mol j|
— ==y | —— (4.85)
A dt ° | cm?sec
o714 Ae Ao @A olal, Bi,05 3 = (mol)d A4 o] 3=
THHEtE 2 gk 3& wste]l Flth
29 24 (4.85)F thA] 22,

dMBio A mol
4:_‘] _ 4.
dt 3 O{sec} (4.86)

& A, k £ AF Wx(current density, 1 )& FF(flux, J, )7

i =2,FJ, (4.87)
2] (4.86)& thA

dt 6F ' 6F
7F Aok 4714 1= ol el g% A7 (lonic current) o]tk a7}

ojub Ata o] go] o]%d 4 QA HT Ax o]& AEA BiOs

dMBizos _ A 1 = L |:m_OI:|
SecC



Uite] 325 AfFe olkd 9% dF=2 & F AUrh
l=1>1, (4.89)
mebd 2 (4.88)€ olgdtel FeE WHS Attel WE B0

Hstgs Aare 5 Sl

dMgi o I [ mol
— = | — (4.90)
dt 6F Lec}
o]
sk, @9 AFE AAE Bi metal 59 F¥ W3S A4k
2138kl Bi ¢l molar volume, V, 5+ 2 (4.90) FWel Fato] +4
. 3
IV VIR Y {Cm } (4.91)
' ’ Sec
ol ®3, thAl WAL hro] T W) Azkd WS Bi0y AW
FAE 78 5 Uk
dM,, Vo I 2V . [cm
Bi,O, m,Bi __ m,Bi o (492)
dt A 6F A sec
4 (49209 el dt S Fhu FEshA oleel P
toon 2V o IV
J‘MzsﬂdMBiO _J'[ﬂdt (4.93)
Meio, A 23 v 3FA
2Vm,Bi ” ' IVm,Bi " ’
A (MBi203 BizOS): ﬁ(t t) (4.94)
Fig. 4. 25 oA A& == 59 FA Liw —L ©1 21 (4.94) ] &3]
ofgfj g} Fowv
2Vm i ” '
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Fig. 4. 29. Schematic diagram of BisO3 unit sample
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Fig. 4. 30. Decomposed quantity and thickness as a function of
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Fig. 4. 31. Schematic diagram of experimental setup
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function of time when YDB decomposition occurred
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4.2.9 &3] @ AHEY XRD £4
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7bestth [37] Fig. 4. 33 o YERH Bi—-Y Al(system)? FEHEE
Hy BiYZE EAE £ Qe 2% WHeE oF 271.47TeIA
2020C7HA°l21,  BisYs+= ¢ 1530TCelA ZAHES (peritectic
reaction) © & BAdEh. Wb BisYsel A 2 AFtolA s
Ay %21 700TCeA = 849 5 At

Al X—A 24 (X-ray diffraction) = 3 I AE37F HAS
o], ojw st =0l EASHA HEA dolR k. Fig. 4. 34 o A3&
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FCCH 29 Bi146Y05:03 314 sjEo] #Z HQlr), Fst A3 5 AJH
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ol Aol 9s] YDBZF AEE HWA Bi-wSol A EACTIH
ZHFY AFE WFRIYS W Bi-=5°] Ata o]y wh U
Bi;035 FA3% Zlo=z #Aotdch H. A, Harwigl36]el 2k Bi059]
A7 Fx+ Fig. 4. 36 oA 9 o] 729C o]ioA & —phase fcc
Txolty, ¥y WYZE w 650ColA] B —phase tetragonal HE+=
639Col|A 7 —phase bcc *+F=Z W3lA ¥ttt B —phase tetragonal
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Fig. 4. 33. The phase diagram of the Bi—Y system reviewed by
Gschneidner and Calderwood [37]

- 142 -



146 ' 0543 ||
S
& »
% D
* ™
L % S 4
& S 3
M & &Y
* * *
L - )

Intensity / A.U.

v i

v v ‘ v |
I v v v viv
vy
,MMLJW M1 SN ). 9 W0
M il
- i W hyolly -
1 . 1 . 1 . 1 . 1 . 1 L 1

20 30 40 50 60 70 80
20/ degree

Fig. 4. 34. XRD patterns of the YDB specimen:

before experiments (above), after experiments (below)

- 143 -



Intensity / AU,

Intensity / A.U.

<cece before
after

o
L
=
R

279

Intensity / AU,

Intensity / AU,

28.2 324 327 330 46.5 46.8 47.1
20/ degree 20/ degree 26/ degree
e hefore o before
. after oﬁ'\ || after
S b S 5 8
=z z &
=} =}
£ £

55.5 55.8

20/ degree

552

Fig. 4. 35. Compare of two XRD results of

58.2
20/degree

57.9

58.5

775 780
20/ desree

770

78.5

before decomposition and after decomposition

- 144 -




824

729

L l L
¥
s Al s |
fcc
650
639
& B
monoclinic tetragonal
55|n B39
[ r
330 S00
a

y phose may
pormenl b
! Fapm bemperdlure

Fig. 4. 36. Survey of the temperature regions of stable and

metastable phases encountered in BisO3[36]

- 145 -

s - i)



of e

4.3 LSCF/YSZ o|%
4.3.1 & AR A=E
LSCF/YSZ olT%9Y & A ArexE Fot7] Aste] 3.449

] &39th. PLDH O ® YSZE LSCF
A7l B YSZIF o] Ak AT Eo

AA == A

wHlE Als 54 229 #9017 7FA A ol SRS FEAI F-
54 dAFE S8 Fig. 4. 37 ¥ o] g AH (steady state) ol
TEAS wo] detd e 543l Fig. 4. 38 I 4. 399 AF(1)-
Ad(U) FAo =z EAG T

Fig. 4. 38 7} 4. 39 o] LSCF/YSZ °]%%9 AF—-Hdt F43}

3444 AF3E viel o] Continuity hypothesisE 7F43sFo] AAF
LSCF/YSZ ols%9 HAF-—-Ad¢ =43 LSCFe YSZ Z+zte]l /-
kel

At HAds oA Busks & A AEES Fdl At ¢

oA 3448 2 (3.38)& ol&ste] AF-AY FHOEFE FE
A AEEs Fd £ dSS 2 vk Fig. 4. 38 3 4. 39 9
Yeld LSCF/YSZ o559 dAF—4d<% =44, Continuity hypothesisE
o]-&sto] AALE LSCF/YSZ ©olF%9 dF—4ds =4, 281 LSCF¢}
YSZol WAF-HAg FA 7&7I2RE 7o HE dx dRRES
T-3te] Fig. 4. 40 7 4. 41 o Yepdch
LSCF/YSZ o559 Fi dAx dEXE+ LSCFS HlwsglE
S|

I
)
N
B>
ol
38,
o

Ir
=
00}
N
=
2

o

2
>,
oy
o
il
X
o
of\
o|
[e]
-z
Shs
)
_>‘i
)
i
kit
i
u
Al
o
X
>,
~y
po)
o

o1 )
o)
= ). T3 Continuity hypothesisE 7Fd3ste] AAkst LSCF/YSZ

o]z%9 ¥ HA HFEXE(Dashed line) st vlwatgis o, ZH

AIRGE A2 ge e Ae o g A

- 146 -



T T T T T T T
030} T=800°C I1=4pA O Voltage -
—— Fitting Result
0251 ]
2 o2l ]
)
010 ]
0 20000 40000 60000 80000
t/sec

Fig. 4. 37. Temporal variation of voltage U when a constant current
(4 uA)is applied at 800C
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D =(1.053+0.003) x10°° cm? / sec
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Fig. 4. 38. I-U curve of LSCF/YSZ bilayer at 800C
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Fig. 4. 39. I-U curve of LSCF/YSZ bilayer at 900T
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Fig. 4. 40. The partial electronic conductivity as a function of

oxygen partial pressure at 800C
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Fig. 4. 41. The partial electronic conductivity as a function of

oxygen partial pressure at 900C
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Fig. 4. 42. The partial electronic conductivity as a function of

oxygen partial pressure at 900C (Reproducibility)
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Table. 4. 5. Open Circuit Voltage and Oxygen transference
number () of LSCF/YSZ bilayer

900C 800C 700C
OCV
W) 0.9935%0.0004 1.0381%0.0004 1.0034*0.0003
t; 0.9456*0.0003 0.9548*0.0004 0.9116+0.0003
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Fig. 4. 43. Open Circuit Voltage of LSCF/YSZ bilayer at 900TC
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Fig. 4. 44. Open Circuit Voltage of LSCF/YSZ bilayer at 800TC
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Fig. 4. 45. Open Circuit Voltage of LSCF/YSZ bilayer at 700C
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4.3.3 LSCF/YSZ ©o]F%9 AA| AR

YSZE Ata ol ALEAZEA AFA o]l Y& (Oxygen ionic
transport number, Y, )7F 1l gt Ik LSCFel o]
AE% (lonic conductivity, o; )& YSZ9 ol HELE Hth =AWH
LSCF9 dA dE%(total conductivity, Opy ) 1%°l% w]X =] 33k

dr2 HA HEX (electronic conductivity, o, )7} F=th o]#3t

Ex oz Qg LSCFY ol AEEwS Mugxgor 3= WS
w9 oJgeH, TdHeM= AR AF A= (electron  blocking

electron) & ©|&3stAYU([7] AtA F3 % (oxygen permeation) [9] &
=Fst= 5o WO R LSCFY o)L AxES B st QIth
2 AFAME g #AE S|
LSCF/YSZ ©olF% 9 ol dEEs sl 343k

AA AR+ dydAs B339 (Impedance  spectroscopy) =

o|g3te] Zekea, LSCF] x4 AFol ¥ e BE eisho]

A AHS Imm « lmm Abl =2 A7) wEe] A4S 27 Ak

LSCF/YSZ ©]FZ<] AA dE% 42 800C, 900TC EelA Aka
Heots  —17.2<log( R, / atm)<-0.67 <ol wW3A7H
SAsv. dada S4E& S AT AF (Resistance) 3 3
’d & (Reactance) = 54 %™ (Complex plane)dell F—F &5 (Cole—

Cole plot) &% R 3Tt
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46. Impedance spectroscopy of LSCF/YSZ bilayer at 800T
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Fig. 4. 47. Impedance spectroscopy of LSCF/YSZ bilayer at 900C
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Fig. 4. 46 ¢ Ad> 800TCelx =743 LSCF/YSZ ol&%e
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Fig. 4. 49. Impedance spectroscopy and fitting result of
LSCF/YSZ bilayer at 900T
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Fig. 4. 48 ¥} 4. 49 oA B LSCF/YSZ o|&%29 dydA =4
Az HE o ME R-C 725 fittingst 43 & d= A&
sholdk 4 9ty 9 fitting A EFE] LSCF/YSZ o|F=9 A

A% (total resistance, Ry )& 78 F Uil o= wAlel wet
LSCF/YSZ o]E %2 AA HWEX (total conductivity, Oy )E T F
Atk

R=px—="x— (4.103)

o714 p = HIAZ (resistivity), L & Al F7, A& AH9
wWAolth, Z 25E Aba B dA dE® kS Table 4. 6

Jerg gt
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Table 4. 6. As measured total conductivity of LSCF/YSZ bilayer

Temp/ C log (Poy / atm) Total conductivity / Scm™!
—0.68 (2.22+0.06) x 1077
—-1.02 (2.23+0.07) x107°
—2.04 (2.22+0.06) x 1077
—3.00 (2.17+0.08) x107°
800 —4.21 (2.13+0.05) x107°
—-14.15 (2.38+0.05) x 1077
—15.50 (2.29+0.02) 1079
—-16.18 (2.27+0.03) x107°
—-17.22 (2.33+0.05) x107°
—0.68 (3.77%0.01) x 1079
—1.05 (3.77+0.01) x 1079
—2.03 (3.69+0.01) x107°
—3.08 (3.62+0.01) x107°
900 —
—5.09 (3.84+0.02) 1079
—-11.49 (4.85+0.02) 1077
—-14.17 (5.00£0.02) x107°
—-15.03 (4.72+0.01) x107°
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Fig. 4. 50. Total conductivity of LSCF/YSZ bilayer as a function of

oxygen partial pressure at 800C
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Fig. 4. 51. Total conductivity of LSCF/YSZ bilayer as a function of

oxygen partial pressure at 900C
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B2 —raw data

A. Partial electronic conductivity (YDB)

800°C
u/v STD I/mA | log(Poy/atm) STD log(6/Sem ™)
5.96E-2 | 1.31E-5 0.25 -1.91 2.23E-3 -3.23
1.70E—-1 2.37TE=5 0.50 —-4.19 3.11E-3 -3.41
2.96E—-1 | 4.85E-5 0.75 -6.80 5.92E-3 —3.38
3.92E—-1 | 5.21E-5 1.00 —8.80 6.20E—-3 —-3.04
4.26E—-1 1.74E-5 1.25 -9.50 2.05E-3 —2.25
700C
u/v STD I/mA | log(Ppy/atm) STD log(6/Sem ™)
3.58E—-2 | 3.27E-5 0.10 —1.42 6.88E—-3 -3.36
8.64E—-2 | 3.57E—-5 0.15 —2.47 5.40E-3 —3.88
1.91E-1 1.17E-5 0.20 —4.63 1.561E-2 —4.04
2.86E—1 | 6.24E-5 0.25 —6.60 7.64E—-3 -3.93
3.38E—1 | 4.11E-5 0.29 —7.67 4.95E-3 —3.86
3.91E—-1 | 5.07E-5 0.33 —8.78 6.04E-3 -3.76
4.34E-1 1.21E—-4 0.38 —9.66 1.43E-2 —3.46
487E—-1 | 8.24E-5 0.52 -10.77 9.66E—3 -3.32
600C
u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)
3.81E-2 | 2.63E=5 | 1.OE—2 —1.47 | 5.36E-3 —4.55
2.36E-1 | 1.31E—4 | 2.0E—2 —5.58 | 1.64E-2 ~5.03
422E—1 | 838E—5 | 30E-2 | -943 | 992E-3| —4.17
4.60E—1 | 529E—5 | 35E-2 | -10.21 | 6.22E-3 |  —4.39
476E—1 | 6.94E—5 | 40E—-2 | -10.54 | 8.15E-3| —4.33
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B. Partial electronic conductivity (YSZ)

1100C

u/v STD [/mA log (Poy/atm) STD log(o/Sem ™)
463E-2 | 4.12E-5 0.05 —1.64 7.72E—3 —4.25
1.17E-1 1.13E—4 0.10 —-3.11 1.60E—2 —4.51
2.99E-1 1.37E—-4 0.15 —6.87 1.67E-2 —4.94
5.15E—-1 3.10E—4 0.17 —-11.34 3.62E-2 —5.16
5.92E-1 | 2.78E—-4 0.28 —-12.94 3.22E-2 -5.01
7.03E—-1 1.37E—-4 0.20 —15.24 1.58E-2 —4.69
8.08E—-1 1.06E—-4 0.25 —17.42 1.20E-2 —4.34
8.59E—-1 | 9.88E-5 0.30 —18.46 1.13E-2 —4.12
8.93E—-1 | 7.42E-5 0.35 —19.18 8.45E—-3 —4.04
1000C

u/v STD I/mA | log(Ppy/atm) STD log(o/Sem ™)
3.63E-2 | 5.62E=5 | 0.010 —1.43 | 112B-2| —4.85
1.21E-1 | 2.36E-4 | 0.025 —3.18 | 330E-2| —5.14
2.98E—1 | 2.49E—4 | 0.035 —6.85 | 3.04E-2 | —5.63
5.65E—1 | 8.27E—4 | 0.040 ~12.38 | 9.61E-2 |  —5.69
7.81E—1 | 4.97E-4 | 0.050 ~16.86__ | 5.69E-2 | _ —5.18
9.34E—1 | 3.19E-4 | 0.075 —20.03__| 3.62E-2 | —4.73
9.92E-1 | 3.77E—4 | 0.100 —21.23 | 4.28E-2 —4.40
1.02E+0 | 2.33E-4 | 0.125 —21.85 | 2.64E-2 —4.29
900C

u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)
3.90E—2 | 439E—5 | 5.006-3 | —149 | 887E-3|  -5.30
1.33E—1 | 2.46E—4 | 8.006-3 | —3.43 | 3.376-3 |  —5.82
0.56E—1 | 2.88E—4 | LOOE-2 | —598 | 3.57E-3 —6.18
759E—1 | 1.83E—3 | 1.25E-2 | -16.40 | 2.10E—1 ~6.16
9.02E-1 | 1.26E-3 | 160E-2 | —19.37 | 1.44E-1 ~5.76
1.03E+0 | 8.36E—4 | 2.00E-2 —22.11 9.48E—-2 -5.30
1.12E+0 | 2.59E—4 | 3.00E-2 —23.80 2.93E-2 —4.95
1.16E+0 | 2.38E—4 | 4.00E-2 —24.68 2.69E—-2 —4.83
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C. Partial electronic conductivity (YDB/YSZ bilayer)

800TC
u/v STD I/mA | log(Ppy/atm) STD log(o/Sem ™)
2.00E-2 | 2.31E-5 | 5.00E-5 —1.05 4.33E—4 —-3.38
474E-2 | 6.78E—-5 | 1.00E—4 —-1.57 1.27E-3 —-3.51
6.36E—2 | 3.92E-5 | 1.25E—4 —1.87 7.37TE—4 -3.60
8.77E—2 | 8.07TE-5 | 1.50E—-4 —2.33 1.52E-3 —-3.74
1.21E-1 1.14E—4 | 1.75E—-4 —2.94 2.13E-3 -3.94
1.55E—-1 471E-5 | 2.00E-4 —3.58 8.84E—4 —-4.13
1.92E-1 1.75E—-3 | 2.10E—-4 —4.28 3.28E-2 —-4.17
2.25E—1 5.76E—4 | 2.20E—4 —-4.91 1.08E—2 —4.03
2.55E-1 1.56E—4 | 2.30E—4 —5.46 2.94E-3 —3.85
2.74E—1 1.45E—4 | 2.50E—4 —5.83 2.72E—3 —-3.74
2.92E—-1 1.22E—-3 | 2.75E~-4 -6.16 2.30E—2 —3.64
3.09E-1 5.61E—5 | 3.00E—-4 —6.48 1.05E-3 —-3.55
3.29E—1 1.10E—4 | 3.50E—-4 —6.86 2.07E-3 —3.46
3.70E—1 1.82E—4 | 4.00E—4 —-7.62 3.42E-3 —3.30
3.94E-1 7.26E—5 | 5.00E—4 —8.08 1.36E—3 -3.22
700C
u/v STD I/mA | log(Ppy/atm) STD log(o/Sem ™)

1.91E-2 | 7.60E—-5 | 1.00E-5 —-1.07 1.57E-3 —-4.11
455E—-2 | 5.29E-5 | 2.00E-5 —-1.62 1.10E—-3 —4.22
8.79E—2 | 6.88E—5 | 3.00E-5 —2.50 1.43E-3 —4.43
1.37E—-1 3.84E-5 | 3.50E-5 -3.50 7.95E—4 —4.69
1.77E-1 6.56E—5 | 4.00E-5 —4.35 1.36E—3 —4.92
2.14E-1 1.41E—4 | 4.25E-5 -5.11 2.92E-3 -5.05
2.61E—-1 1.68E—4 | 4.50E-5 -6.08 3.47E-3 -5.02
3.08E—1 1.32E—4 | 4.75E-5 —7.06 2.74E—3 —4.81
3.29E—-1 2.44E—4 | 5.00E-5 —7.49 5.05E—3 —-4.71
3.78E—1 3.88E—4 | 5.50E-5 —-8.52 8.04E-3 —4.47
4.05E—-1 3.15E—4 | 6.00E-5 -9.07 6.51E—3 —4.36
4.41E-1 1.66E—4 | 7.00E-5 —-9.81 3.44E-3 —4.22
4.66E—1 1.43E—4 | 8.00E-5 —10.32 2.96E—3 —-4.13
4.88E—-1 1.69E—4 | 9.00E-5 —-10.79 3.49E-3 —4.05
5.06E—1 9.88E—5 | 1.00E—-4 -11.16 2.05E-3 -3.99
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D. I-U relationship (YDB decomposition)

700C
U/v STD I/mA

2.33E—2 3.33E—-5 | 4.00E-3
3.96E-2 | 3.17E-5 | 8.00E—-3
5.81E-2 | 3.06E—5 | 1.20E—-2
1.10E—-1 2.02E—4 | 1.95E-2
1.41E-1 5.37TE-5 | 2.50E-2
1.69E—-1 1.38E—4 | 3.00E-2
2.06E—-1 5.76E-5 | 4.00E-2
3.10E—-1 1.37E—4 | 6.00E-2
3.16E—1 | 9.75E-5 | 7.00E-2
3.19E—1 | 8.18E—5 | 8.00E—-2
3.20E-1 | 8.19E-5 | 9.00E—-2
3.21E—-1 1.72E—4 | 1.20E-1
3.43E—-1 2.26E-5 | 2.00E—-1
3.44E—-1 6.16E—5 | 2.20E—1
3.47E—-1 1.15E—4 | 2.40E-1
3.49E—-1 | 3.62E—5 | 2.60E—1
3.53E—-1 1.12E—4 | 2.80E-1
3.59E—-1 1.06E—4 | 3.20E-1
3.63E—1 5.92E-5 | 3.60E—-1

E. Partial electronic conductivity (LSCF/YSZ bilayer)

900
u/v STD I/mA | log(Ppy/atm) STD log(6/Sem ™)

4.76E-2 | 5.64E-5 3.5E-3 —1.50 9.69E—4 —4.74
5.27E-2 | 4.54E-5 4.0E-3 —1.58 7.80E—4 -5.09
746E—-2 | 9.42E-5 6.0E-3 —1.96 1.62E—3 -5.12
9.41E-2 | 5.70E-5 | 8.0E-3 -2.30 9.80E—4 -5.21
1.15E—-1 3.55E—-5 1.0E-2 —2.65 6.09E—4 —5.23
1.33E—1 | 5.64E—5 1.2E-2 —2.96 9.68E—4 —5.18
1.49E-1 4.33E—-5 1.4E-2 -3.23 7.44E—4 —5.11
1.68E—-1 7.96E—-5 1.6E-2 —3.56 1.37E-3 —5.03
1.85E—-1 6.87E—5 1.8E—-2 —3.85 1.18E—3 —4.94
1.98E—1 | 4.75E-5 | 2.0E—-2 —4.08 8.16E—4 —4.87
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2.05E—-1 6.16E—5 2.1E-2 —4.20 1.06E—3 —4.82
2.11E-1 3.75E-5 2.2E-2 —4.30 6.45E—4 —-4.79
2.34E-1 3.50E-5 2.5E-2 —4.70 6.01E—4 —4.77
2.60E—1 3.27E-5 3.0E-2 —-5.15 5.62E—4 —4.69
2.73E—1 5.41E-5 3.5E-2 —-5.36 9.29E—4 —4.62
3.22E-1 9.07E-5 5.0E-2 —6.22 1.56E—3 —4.59
3.45E-1 6.04E—5 6.0E-2 —6.61 1.04E-3 —4.51
3.74E—1 1.10E—-4 7.0E-2 -7.11 1.90E—3 —4.48
3.92E-1 3.36E—5 8.0E-2 —-7.41 5.78E—4 —4.46
4.28E-1 6.40E—5 9.0E-2 —-8.03 1.10E-3 —4.45
4.77E-1 6.32E—5 1.1E-1 —8.87 1.09E-3 —4.43
5.22E—1 5.21E-5 1.3E—-1 —9.66 8.95E—4 —4.43
5.70E—1 1.09E—-4 1.5E-1 —10.48 1.87E—3 —4.42
6.14E—1 6.85E—5 1.7E~-1 —-11.24 1.18E-3 —4.38
6.60E—1 5.35E—5 1.9E-1 —-12.02 9.20E—4 —4.30
6.95E—1 6.58E—5 2.1E-1 —-12.62 1.13E-3 —4.21
7.16E—-1 9.02E-5 2.3E-1 —-12.99 1.55E-3 —-4.15
800C
u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)

8.27E-2 1.17E-3 1.0E-3 —2.23 2.20E—2 —5.86
1.37E—-1 8.77TE—-5 2.0E-3 —-3.26 1.65E—3 —5.68
1.90E—-1 6.15E—5 3.0E-3 —4.24 1.16E—3 —5.60
2.36E—1 1.26E—4 4.0E-3 —5.11 2.37TE—3 —5.56
3.05E-1 1.49E—4 6.0E—-3 —6.40 2.80E—3 —5.52
3.49E-1 1.17E—4 8.0E-3 —7.22 2.20E—3 —5.49
3.87E—-1 8.95E—-5 1.0E-2 —7.94 1.68E—3 —5.47
4.33E—-1 1.34E—-4 1.2E-2 —8.81 2.52E-3 —5.42
4.90E-1 1.28E—4 14E-2 —9.88 2.40E-3 —5.36
5.36E—1 2.58E—4 1.6E—2 —-10.74 4.84E-3 -5.29
5.71E—-1 2.01E—4 1.8E—2 —-11.41 3.78E—3 —5.23
6.01E—1 3.27E—4 2.0E-2 —-11.97 6.15E—3 -5.18
6.30E—1 2.79E—4 2.2E-2 —-12.51 5.24E—-3 -5.13
6.50E—1 1.16E—4 2.4E-2 -12.90 2.17E-3 —5.09
6.73E—1 1.16E—4 2.6E—-2 —-13.31 2.18E—3 -5.04
6.85E—1 1.32E—-4 2.8E-2 —13.54 2.49E-3 —5.03
7.07E-1 2.36E—4 3.0E-2 —-13.97 4.43E-3 -4.99
7.27E-1 1.13E—-4 3.2E-2 —14.34 2.11E-3 —4.95
7.39E—-1 1.556E—-4 3.4E-2 —14.55 2.91E-3 —4.93
7.55E—-1 2.15E—4 3.6E-2 —14.85 4.03E-3 —4.90
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7.67E—-1 1.58E—4 3.8E-2 —15.08 2.96E—3 —4.88
7.81E—1 1.55E—4 4.0E-2 —15.34 291E-3 —4.85
8.01E—1 | 3.66E—4 | 4.2E-2 -15.72 6.87E—-3 —4.82
8.09E—1 | 1.28E—4 | 4.4E-2 —15.87 2.41E-3 —4.80
900 C (reproducibility)

u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)
1.41E-1 | 2.69E-5 | 8.0E-3 -3.11 4.63E—4 -5.26
1.86E—1 3.41E-5 1.2E-2 —3.88 5.85E—4 —-5.17
2.31E—-1 3.31E=5 1.6E-2 —4.64 5.68E—4 —5.05
2.62E—-1 3.91E-5 2.0E-2 —=5.19 6.72E—4 —4.97
2.91E—-1 | 3.69E-5 | 2.4E-2 -5.67 6.34E—4 —4.89
3.30E—1 4.24E-5 3.0E-2 —6.35 7.98E—4 —4.80
4.47E-1 1.66E—5 4.0E-2 —-7.38 2.85E—4 —4.67
490E—-1 | 4.67E-5 | 5.0E-2 —8.36 8.03E—4 —4.56
5.34E—1 | 4.13E-5 | 7.0E-2 -9.09 7.09E—4 —4.49
5.81E—-1 2.89E—-5 9.0E-2 —9.85 4.96E—4 —4.43
6.30E—1 | 4.92E-5 | 1.1E-1 —10.66 8.45E—4 —4.36
6.70E—1 9.26E-5 1.3E~-1 —11.51 1.59E-3 —4.30
7.25E—1 1.59E—4 1.5E—-1 —-12.19 2.73E-3 —4.26
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Abstract

Partial Electronic Conductivity of MIEC/YSZ bilayer
and Decomposition behavior of YDB

Ki—Han, Kim

Department of Materials Science and Engineering
The Graduate School

Seoul National University

In solid oxide fuel cells (SOFCs), yttria—stabilized zirconia (YSZ)
has been widely used as the electrolyte material due to its excellent
thermal stability. On the other hand, its poor oxygen ionic
conductivity requires the high—temperature operation to generate
the sufficient output power. However, the high—temperature
operation may lead to various issues in terms of material cost, stack
durability, et cetera. To overcome such issues, a bi—layered
electrolyte strategy (e.g., YSZ/GDC, ESB/GDC) has been actively
applied by many research groups.

In this study, YDB and LSCF considered as the electrolyte material
with higher ionic conductivity than that of YSZ. YDB has
unprecedented high oxygen ionic conductivity, but it is easily
decomposed under low oxygen partial pressure atmosphere. To
protect the decomposition of YDB electrolyte, a thin YSZ blocking
layer is applied to the anode side using pulsed laser deposition
(PLD). Then, YDB/YSZ bilayer electrolyte is prepared.

Lanthanum Strontium Cobalt Ferrite (LSCF) is another mixed ionic
electronic conductor (MIEC) with excellent oxygen ionic
conductivity. However, it's substantial electronically conductive

characteristic, causes the leakage current. To appropriately use
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LSCF as the electrolyte material, a thin YSZ blocking layer is
applied to the anode side using PLD. Then LSCF/YSZ bilayer
electrolyte is prepared.

YDB/YSZ and LSCF/YSZ bilayer electrolyte are electrochemically
characterized using Hebb—Wagner polarization method in terms of

partial electronic conductivity.

keywords : Solid Oxide Fuel Cell (SOFC), Bilayer electrolyte,
Hebb—Wagner polarization method, Decomposition

Student Number : 2011—-23309
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Comparing of five major fuel cell types|[1]

Table. 1.1.
Type Electrical Power den‘sity Power range Internal
efficiency (%) (mW/cm?) (kW) reforming

PAFC 40 150-300 50—-1000 No
PEMFC 40-50 300—-1000 0.001-1000 No

AFC 50 150—-400 1-100 No

MCFC 45-55 100-300 100—-100,000 Yes

SOFC 50—-60 250-350 10-100,000 Yes
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AEEE F3f+= HHoz HE Ax drxel 7 GDC/YSZ °ols%
A Aajd g Fekt A3 dyY2HFE GDC/YSZ o] 5T2
FABZE ¢k 1000:1 & o) Aafjd e GDCe Aafd oo sste
Abz Botrh o 1020 ) Zasted Asld doo]l AA FAHA
ol#st A= YSZ vhuto] Fw3] kol 3 F 7|4 GDCOl o]
AEEE ZAaA7|A godMr Az AEEE aixoz gxss
g5 7] wzolth
BoAdqo =

4,
T - AoA YSZHTE o2 HE
SOFC Aald=A] ApE-3st7 &
Aol F mAo B AT
YDB (Yttria—doped Bismuth oxide) 2} LSCF (Lanthanum Strontium
Cobalt Ferrite) ©]t}.

A WA o]FF olojt]oj= SOFC Majd TR Fod Atsx o]

2

AEE7F 7F =AW 932 Ak FEbol A A3l (decomposition) 7}
HAste] dodstror  EQhyst HIAFEA As|H(YDB)el YSZ
wuks Zastel YDB7F HEdlEE AbA w9 B9V =E:H A
AEF ot Zo] HF ot}

T WA o]FZ ofoltjo]E YSZHTF o] HEEVF E=xu M}
AEm Fsh vl o} F+Z oF=(Cathode) BAE AFg3ki= LSCFeol

YSZ Bbebs Z=slo] AR AEEE 7AAFA SOFCE dafd = A
AHE 71 AlE S = Alo] HHol)

WA YDBE ol AXE7F YSZ, GDCEUTF R =xuk Az
Qgelol Fom, 7AA Ad 9A ok dRHE T Utk 1
Folr v aka EStelA AR dojue EAIF]l St
Takahashi[6]e]l <& 600C, 107" atm ©]3te] Ak

A Bl A
Bi,O37} Z=tall = o] Bi metal o] AT Hastal Stk a7t

2oju Bimetal ©] AAEA Ax AEE=7F 243 F71E ¥k oy}
golstzriogn B AA SOFC HAsNAZEA AFESH7] ojHrt
g8y YDBel YSZ ¥eS SEAA YDBZF W ARA #

o} Oﬂ
=]
wEHA gEs dvhd YDBY k& ol AERE fAdHA @9l
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EHA7IAAME HFs dafjdo] | 4 & Aol

o2 SOFCO txxdel =A<l LSCF (Lanthanum Strontium
Cobalt Ferrite)+= o] & A XE%E7} 1000C, 900C, 800CelA z+zt 0.63
S/ecm, 0.23 S/cm, 0.07 S/cm®zA[7] GDCY o|2HdEEHT}F =t}
a8y LSCF9 o]l AT-Ti A JELe 1%d% nxx 3
A2 AA AE%7F vf$ Fol SOFC AafAzA AFgs 4= Qi)
ok LSCF/YSZ olF%5 & T7dske] YSZ uloto] LSCFe A=t
AAAIA YSZ F59 A AELEE 71, YSZ vut S 7}
gFol LSCF9 o]l HMEEE a9z Fx3 4 Qi SOFC
A zA S| AHE 7s e Zojnk gk LSCF Bt} o] A =%}

AMIEC) 5% YSZ ®e F#5 T3 ol

o

of L
Meo

Wagner #=Ho=2 HE Az AEEE SASFT. 549 dy=
ol

747 YSZ7} YDBE AAEElE

ut

o Eg 99 8= 738900V

F
I

FaAEA H5Y
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AEEE RS

Z4stol AA SOFC & ZstdAMT AsidzZA ARgE vhsh

Fxol HeEA RISkt mpAlgre 2 LSCE/YSZ olF3e A

AEEE 54380 LSCFY o]l AEEE FAsh=A sttt
YDB¢} LSCF 7| f]o| YSZ utohg FZrsk= Wi PLD (Pulsed

Laser Deposition) S ©o|£3%3, & dAAx AEE 542 Hebb-—

Wager #3¥&  olgsigth W #Ax Adge  wEd
A A (Galvanic CelD)E #|2bslo] oF 2

z31d W 71dgs S48 el aga ol A =50
PP FHHE olfeto] HA ARLEE SAS ¥ AR AREE

w70} Fehgict.
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Al (Mixed Ionic Electronic Conductors, MIECs) @& o] 2]
At oJgk el vgol A dolu= ATAE
o3 Ax A o] g% HI HES =2
ol

s 20

=

I
oA
b
X

o)
_O‘ O
Ay
O

]_

=)

o, rlo

A

L

oy
b

#9+(Oxygen partial pressure) Z} 17+

=)

Mo ox F1 rob ol

-
TS
1o

2
=

Mo o>

Al el mdelA, AL Al AbA
el Wl AxPAE (Lattice vacancy) S &3+
w271l wo Sl HOE o]FsiAl ¥,

Ast vgo]l WAsk= Aotk =

=
Ax A}

L

s
o 10 2 e X 7
N

2 rlo
K
[-41
o
s
9

2
[
al (7

%
e

o o T
2 18
1o
%

=)

rfo

1o
o2 fob >
o

o P~

=2
o {o
ot

o O O o mo WY aZ rlo uE 1o

o
r
2
kit
fo
2
IR
ko
rlr
o
of
=
1o
o

rir
it
()
o
ot

o

AMIEC) Fell= A SOFC.J dejdzs 7H8 ol
YSZEY ol AxE7F %2 E4dEc] 3tk H.-S. Kim
o] 9std SOFC %= Alm® A}83E= LaNiOy .2 o]
800TCelA  oF 0.046 S/em = L oA YSZ9
% 0.032 S/cm Xt} Erh T3 Y. Teraoka [9]& Ak et
(Electron blocking electrode) < ©]83tod  LagSro4CoOs-5 2]
ALEE SAst<=d, 800TeA °F 0.33 S/cm®E YSZ9] o]

108) 7}7ko] =9kt 18lal T. Lee [1017F 2013W9]
ol 9l BaCooroFeps2NboosOs-52 ol MLk
800TCelA °F 0.99 S/cm=Z wl-$ =t} 9o =% dLAe A4 =2
7HA 1A AeAe o] IEEE Fig. 2. 1 o) JeRhgidh. Fig. 2. 1
of vetdl = 2 3 AEAE v e ol AEREE 7HAI Sth
T2 BCFN, LSCF, BSCFS} 22 &3 ALA9 o] dAxke A
AE% (Electrical Conductivity) 8] 1%°l% ® XA X3 A= A
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Temp. /°C

1000 900 800 700
I I ' I I
9 | —
8 | —
7+ LSCRG428\\ BCFN A
(E=L36V) \ (E=041eV) |

BSCF5582 (E,=0.84eV)

In(cT/Sem™K™)

6L ooc i
(E=0.70eV)

5| Lsce4 |

(E=102¢eV)
4t LNO(E=0676V) T
3 C 1 1 1 1 1 ]

0.8 039 1.0
10°/T/ K

Fig. 2.1 Comparison of the oxide ionic conductivity of Mixed lonic
Electronic Conductors (MIECs);
LagsSro4CogoFepsOs- s (LSCF6428) [7], LasNiOy4+ 5 (LNO) [8],
LaoSro4Co03-4 (LSC64) [9], BaCoo.70Feo.22NbosO3- 5 (BCEN) [10],
BagsSros5Co0sFeqsOs- 5 (BSCF5582) [11],
with Solid Electrolytes (SEs); Zrog4Y0.1601.92-5 (YSZ) [2],
Cen9Gdo101.95- 5 (GDC) [12], Bi1.46Y05403-5 (YDB) [6]

(E,, the activation energy of the ionic conductivity)



SOFCe] Aafjdo] 7pAof & xxlo
AREE zhe Zdd, Azt
+ SOFCe] dsjd=zA Alg-st7]el
Cathode)2 o] Ax=%9l A

Hojof oh [7] uwEbM o]

lo

©

4o rlo
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@
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N
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Fr
Fr

we &)
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o AR AEEE AAAA o] e % Ask hEW
=A% 4 opd SOFC Hald Am A= %o #Ax

%
AolaL, 71Ee Aajdel 7H dARES 5L F U=

o 2 ox

ol
krl

Lo

O o rlor oo oot Il do

S
o
R

ok 2 AFoAE o] MELEVF & £F AEAE SOFCY
Al a2 ARt S5 WetewA oleF Hajld FxE AAS,

o v
o|Z A& A o7 HAZ3FE= Aol

= =2 " N

oS AHHL o ATy =2 &3 A&AV
713 (Substrate) o] ¥ 11, AA AEE7F w2 14 Aafjdo] 8ak(Thin
film) ¢ %2 S&E 727 9ok A2 & F 245 AMEee e

EHo] 2t BEAS BT agstojof b AA, £33 dRAs V&Y
SOFC A&l YSZ, GDC Kt} o] HLEL7} Eofof st} =4,
wtulo 7 ZzkeE yH Aeld S WAool Hojop &, A
A7} Bl o 3t

ol HEE7F "¢ 43 BCFEN(Barium Cobalt Ferrite
Niobium) @] 7% Y. Lin [13]1¢ Rt ostd G H Al57 Ao A
900°C  AlolellA  18.2x10°K™ o)tk YSze  gwm A7}
105x10°K 'S uHsslS o nvlwd & G AT Aol= s

o1FF TE2E ARRYE W F F1 vl Seinc

BSCF (Barium Strontium Cobalt Ferrite) H3F o]& A LEL7F =2
Aoty eyt BSCFe &% AT+ 19.77x10°K ™ o=

B %ol 9a[15], Z. Duan [14]°] X3t = 25 BSCFeH
YSZ+=  AgoAME=  3FsrA 9k (Chemical compatibility)©] 2
o]Fo x| X wk  900CAFE BSCF2 YSZ7F wh&3sto] BaZrOs7F



AT 18la 950C o] do] W BSCF A2 2Hd3] AbghA| 1L YSZ,
BaZrOsz, Co30,, Sro(FeCo)Os7} A ¥t webx BSCFe| YSZE
ARA o w FAeto] Aok A2 o

olgdt & aEste] £ AFeA AEd £ AEAE 1
absbE AEAA HEd FH T M ol ARV ES
YDB (Yttria—doped Bismuth oxide) & tH3E&<el = =
LageSro4CoooFers0s-5 (LSCF6428)olth. LSCF6428 x4 YSZ,
GDCEHY %2 ol AxL: EAS 71 jlow da8% A+
15x10°K* [16] 2 BCFN, BSCFRE.t} Yo} YSZ9l9] o]aZF T30
Agrsict, 18 LSCF Fd YSZeh wkgate] ojx4S A st
Hnox Ad#HA Qt}h J. Pena—Martines[17]7}F XH.313k =50 <ols}
LSCFe YSZ #3s& &3ste] 900CAA dAe 3lS w, XRD
T oA SrZrOs Aol #REHUT EI 1200C o]l EHW
CoFez048} LaFeO3; 1831 SrCoLaO, A% #2E it}

B Ao 9o} o] o] MEEV} Fe &3 HdEA olFF
Asfa ofoltjolE A Eatdles w, = A

el

SOFCe Asjd=A e 7hs7d
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2.2 o]FT A4

& A

o]Z= A olo|tjo]= 1988 H. Yahiro [4]7} H3lk o=
7hA] @e A7 W Folth. Yahiro= AlglotAl dajdo] g
7

H
w27l =E:EHE A B A8 YSZE S+ IYste] 99 3E
7142 (Open Circuit Potential, OCP) ¥ ¥ WX (Power density) 7}
< 7tsk= 2l gkl

o]%& 19914de] A. V. Virkar [18]& zt&+3 57} 3] 2 (Equivalent
circuit) & ©o]&sto] A EFIYol/Alglol, AEZFYol/H|AFA

dafdatole] A At Eeh(nterfacial By )& ARSI o]
TACERE 9L AELS vuad 2o A™eAM e AbA 29l
7150 A A A M s BATS wE TESE ko]l H7)
e, F7I=el X A dx ARV dm=el A
Azzyole] Ax drErro A Aok gtrh= Zojt}

E. D. Wachsman = SOFC#E o|F% Aol #ato] B A&

0

O

=, 1997dxe] 19 +=%[19]¢14 YDC/YSB, SDC/ESB,
GDC/ESB ©]%% &2 OCPE wlwsayth (YDC: Yttria—doped
Ceria, YSB: Yttria—stabilized Bismuth oxide, SDC: Samaria—doped
Ceria, GDC: Gadolinia—doped Ceria, ESB: Erbia—stabilized Bismuth
oxide) Al 7FA] o]FF EF 77+ @dF Hald YDC, SDC, GDC
Bt 2 OCP A3E dqlen, 650C o8 XA SDC/ESB
T Tx7F 7P ¥ OCPE Hole Zlow gty &
SDC/ESB ©]&% Tx9 ¥ OCP9 & A AFgo=ziE Y
UE7F &S SDCl Mlsl 33%7F & H Utk

J. Y. Park®} E. D. Wachsman [20] Smg2Ces019(SDC) el
Ero2BinsO15(ESB) & F&sto] ol53 Alds A&ste] dd 3=
7149 (Open  Circuit Potential, OCP)¢ o]& &< (lonic
transference number, t)& 443t PLD(Pulsed Laser
Deposition) 3 Dip—coatingtlS ©|€3le] ESBY FAE =74
Szrstol FAMY mE ga¥E Husglth. ESByE wl¢ =2 ol

rir
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AEEE 7HA a2 W dAsx oz Eokgste] e 9]7]elA

AR 7 dojuytar, SDC T3 YSZ Bl %8 o] ARLE 7HA 1

AT B HE)7] W A2 AEE7F Skt dd S 7Ha ok

71E9] olF% Adald A7 ESBY SDCY @S Hesly] 98
EE

+ SDC/YSZ °lF%+ Tstel ESBe SDC7F &4
A7 wEHE AE U HLOM F2 AY¥E=d, J.-Y. Park
Wachsman¥ v}z7Ex] 2 ESB7F & E917]o =24%+= ZS SDC7F
ol SDCY A AEEE ESB7F oA AlAFE= ololtol =
gttt A3 Ay ESB/SDC olF53¥ SDCO OCP7t zZ+7
700CelA 0.95V, 0.50V, AtA& o] UaE5+ 72t 0.86, 0.39=%
ESB/SDC °]&5°] SDC wdZol vls =3kth. Est ESBO F717F
F718E OCPY Ab4 o]
J. S. Ahn ¥ E. D. Wachsman [21] ESB/GDC ©o|&% #sfzo]
ocpg} Aha o] & UrE*ﬂ s7teke Aolx drobrb AAl SOFCel
= =459 339 vEo
ATt Ni-GDC &= GDC
5 2t & PLDE ©]&3lo] ESBE
szhstde. 1Elar "ESAJo] & Bismutholo] IS ek
Bi;Ru,07;—ESB  Z3==2 S5 AT ESB/GDC  olF%
Asde] Aedds nlustr] 98 GDC ©ddFo Ax Azste] A9
YU (Power density)® W#&  BH]A3(Area Specific Resistance,
ASR) & =43k3lth 650ColA GDC @529 ©8 W%, OCP, ASR

38
mlo
2 2

Z+7F 1.03 Wem™2, 0.72V, 0.125Qcm?* Yol Hksl ESB/GDC ©]55&
Z+7F 1.95 Wem™, 0.77V, 0.079Qcm?2. 2 A5o] FAHIT}H o] 24
olFS Aado] AAl SOFCe] &39S e He F4S 7HAE &
NS HATh

K. T.Lee 9 E.D. Wachsman [22] 24 -3t ESB/GDC °o|=%
Asfd Aol Sle] PLD ¥ o® ESB EtEte T3 A7l Ze
dgste] o] AF Thsst dafd A7y Bl gA] SHolA EA7E
S AZsGtt. mEbA ol Hsld AFS s ¢ AgAHA
Heoto® U Alo]%=e9] ESB RUS o]g3le] FRolg T



% (Colloidal drop coating) ™W4WH<s A&t 335 (Co-—
precipitation) &2 A Z3 ESB o] A A7|E 171 AS=E,
73 (Solid state) &2 A|Z3F BT Y=k =17] 512 A o Hl& 1/3
FoolH, =5 I"YRe ol&stel GDC 7| 2o T sile H
TAMoE Axg FEol X Adsta wAdstA AAEHUT o]
AejdE o]&sto] SOFC w9 Aol Ass B7hs A3 650TelA
OCP& 0.8 V, HydgUEE 1.5 Wem * F=oldith ol GDC
ddFor A9 &9 A8 As OCP 0.75 V, Hud=dx 0.87
Wem ™ 9 vlwst s w, £33 A% IS w31, PLDYo| ohd
Hlw2 Agetal 48 =x 9 W
s

7}

=

s ot
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2.3 Hebb -Wagner =4

Hebb—Wagner %9 REE= 23 AE3Ao] ths] AdAo=z

Zhts] a19ksk M. H. Hebb [23] ZA] Ag,S9 o] Axwel Hxk
AEEE SH4ozE Fgete S48kt WA Ag.Sel Ag o]
AEAel Agls #AF x5k A= (electron blocking electrode)®

AREsto] ol HAEEE SAstes WeES AAEEIT WHdE At
ALETE SAsH7] 918 AFEsE W2 AgeS Setol o] Ak
= (ion blocking electrode) 2.2 Pt A=& FASG . Ag o]29
Fol AtdE AEelA Alde] =& ARl o] Al|E UiolA Ag
29 5 (polarization) o] ¥tk 18]3 Ag o]&2 #=e 23
Ag?] 3}t EZ el x}o] (chemical potential gradient) 7} 2HAishef ulz}
AFo] Wk v Weko g Ag o9 EAk(diffusion) o] 9&F o]
AE7F dojdth, Aol 23 Ag o]29 &= 3t L'ld Ao]o
olgt o] AL Atolol AT o] o]FofXH A AE (steady
= 0 o Hi HAz AxmEwl

7bhsettk. ek Ze AY wWHo=w  Ag,Se ol HMEE HxAF
AEEE SAHslen, o i

AL FasHAIRE dx AEEE Agl e xZdl e wep debs
Aydor Fstgint

J.—H. Kim[24] 2 Fig. 2. 29] +% =% o] =% (ion blocking) Hebb—
Wagner TS o] g3} LagoSro1GagsMgo203-5 2

Azt (electron) o] 93t AA =% o, ¢F F¥(hole)ell o3t A}

Ar% o, & ek wd Sr F=Fe] me A4 dxx NgE
TEeto] LaGaOsAl AbsheEe] Q3o ost da dEk+= Sr gl
S7hel met Frlkske e #Qleklvh. 18 il 4 probe SAWOR
AA AREE F4%% T o]l drmel Ha dEmrt vhs A9
A B9 78k LageSroiGaogsMgo203-,91  Asid  d9=
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.

0
dc source
multimeter

h da b w2

Fig. 2. 2. Schematic view of the as—constructed polarization cell:
(1)Pt—net; (2)borosilicate glass; (3)LSGM specimen; (4)Pt—foil;
(5)alumina plate [24]

reference insulator
electrode alumina
gas ( ) fumace
Pt back sample outlet I}z”\ P NSNS ”\?\(' thermo-
contact S T T ‘>\ >(
P P‘f 0 070 4 :)\ S > 9 couple
Pt rmcrocontact — —
1 R e - _Springs._ +— gas
_ = \ : p im inlet
\\g _—
i \ - \ -
H -, i I i
L = T
\ I IR IR KKK th1rea
glass ,ff y\’(},\”x S < / > \/\»\\
-, . o o ‘y’\/}/,} T
~encapsulation s AR

Fig. 2. 3. Principle of the electrochemical cell used for current

voltage measurements with Pt microcontacts on doped ceria [8]
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J.—H. Jang[25] =3t o] v+ HA=S o]&3sle] LSGMI191,
LSGM9182, L1LSGMRK282°] HE Az A
conductivity) & S43stl=dl Srz} Mgol o] Z7Medaes dxbel

AFY AL Zxstty Ry =3 LSGMY  HxF

1% % (partial electronic

U5 (electronic transference number, t)& YSZ$} nlmsto] &4
A= AN EA s A=
S. Libke[26]+ Fig. 2. 3 3 o] mlo]a = A A= (microcontact
electrode) & ©] &3l Pro] =¥ GDCO AA AEEE =
AWkl Hebb—Wagner =% wlwste] wlolg=z3e A
ARESE ESe ol A4 A E(Steady state) o]l Z=Ed o
A= 43} AlZH(relaxation time, 7)o =Y .
o]l A =AY I} Al ] Fo] Wb Hat2 WHE (spherical) © 2 A
= AHEe AF d o FA L wwste] wlg 2ok upebA
AlHE] 3 HE dF0% AMgshe AT MY AIRbE A Y 7
(sputtering) ©]1}  F|O]AE (paste) S e} dx e
= AEY A5 A5 gdaAel ¥ aAY &ds A FF
ot Aol wEy A= A AT Wiste] HEHWA W
Atk w3 o]AFA el Awkw (blocking interface) 2 €7 93
(gas tight)3h=d] 1o} mlo] A2 A S AFG-3l= Zlo] K2 WA
A 1 olHe] Avkar B sttt
t =+ Au vlo]Z 278 (microcontacts) ©]
A== ol&ste] Srak Mgol =% LaGaOsAl 1A As)d
Ax AEEE SAsth. 549 LSGM20/209] d el &%
T (p—type conductivity)= J.—H. Kim[24]¢] X33t ZAx}o}l =
3 Hbd Axbe]]l 23t A X=X (n—type conductivity)+ z}o] 7}
t}. 1 ol molaEAY A= Folevt dEs
of| A 7]Qldt=d], W@ AbA BolA Ga'ttrb Gat®
Ga0  7kA7F BAEo]  WE(sealing)o] A 9k
A U7EAY Pt =3 RG] PtGa— 38w A5

Hysty Qth
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I. Riess[28]+ Wagnerol & ety 2709 A= g9
Zr= AFo e At (overpotential) & AASH] ¢t
4789 A=& o] g3t E=Hel dis] AT AlHe FHEo
A8 (linear) %9 van der Pauw HE|S FXZ o] 1
W disl] eks] AR, WA Fig. 2. 4 ¢F Zo] A48 Fx
E3S 7} = (reversible electrode) o= [, Es,

}<td = (blocking electrode) 2 TFAstY]  Eold E o=

= 7Tz 2 "We ARE devh A A5l oE)

o Aol AFHE (current density)i= AAbel] &3t AFHE7}

Es® B, Abolol Aste SAdetd A5 At 9%

o Utk

. Riess7} 1996 %] 233t g{ = [29]914 Hebb—Wagner

=Wl st g Aha A ARl diEiA R AdAlE)

|=stlh ofefel 1 W8 1reks] skl

WA, % (geometry) d oA Hebb—Wagner =2 ofxo] 1
3 I

one dimensional) %4

oL M
— o Il
2 v & o

Eloox (% mt ff o M O

5/

o toox o

R

Wi
il
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©
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ML — v o
o B B o g
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I I. Riess®] =& [4]9A4 A& Fe el AldAo] o van der Pauw

| dei e SEUHe A2 5 das B (Fig. 2.5)
A= (electrode)?]  SWo)A  Hebb—Wagner =4
sk (charge) ¢ =& (mass)? olF  AFoAMRE dojdrt
skt 2y diw2 dskel 249 ol 9 A=A (mixed
ionic electronic conductor, MIEC) 2] A ZHAAME M HLE=
dold = Su= AHFseY. a2y FHeA Abzel 971 7hA
Atelel  wgko] wh=A dojd o, HAa HAEE F4ol FHstA
ofFoj XA = F glermE olF ddst] HdMe TE ARA
AlE 9171 ke SRAIA dEstolop g
Hebb—Wagner &£5%& ol &35t A& & wf tvhxor Fostojof
& AP 9ol ThellE ASte]l WRF AA edofof drhk= Zlojth
A AgE 7w £ ARA WHFA ols 7’ o] (mobile

ion species)®] 38 ZHA o] Vu = 0 °ox2 71T & QU
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<

flo
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Ty 2 AskE ZheAl " A Wil o]29 sRxE & Afo|7t
FASHA Hof o] o] V=0 o] AH3HA &5 5 Stk o= AlH <]
& (decomposition) &% ##Eo] FHi=d], wef Q)R el &
of oaf AlHe TSt = AT ster ZRIEo] AA HolA A
Pk A=l A Al A7 dojd = Aok ol® <l
H7F dojua Sl AgelA= &3 A=A (MIEC) diH-elA 4
steady state)e] AZ Z=Eshx] Al "ok wEkA o]
ion blocking) &¥E 787l olfuh. yoprl AEs HE7
| wWEA REEo] o] ARTT AR ARERT 5 B9 (0
EF ARAE 2Es Fod dis A AR7h obd o
7} ok
Le =
=2 AR AxxE SAHd Aol A=elA
(overpotential)©] FA]g w3k FFolgkal VS A
Aokl A AR FHgow Qd AA FAHE IEE
7}(under estimation) ¥ 7] wli&eo ©]& s i
k. (Fig. 2. 6) 27F AAF Wy 719Ad
electrode) & =}e-d =+ (blocking electrode) Atoleol] 3+ 2] Pt lead

g

ox Mo oox
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o
USRI
ol
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1
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~

ofje
iz
ol
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~
@
w
S
flo
r>~l
offt
I3
rO
aw
™
o
7
=
[ab)
0Q
=
™
=
M
4
o ¥
o
o
ofo
of
ol
2
o

1

X
o . @

o

o
S T A T A R

al

wires Aol 4Qlste] o]ZFEH A Al Hds FHS=
RAown Aol HA¢e] JForREH AFES T U WHS
uretitt. GDCE o] 8stel dE2<Ql 2 probe Hebb—Wagner
+=H¥ 4 probe E=HE ol&ste] o AA ARREE 45
gk A3 2 probe &M 4 probe w=SWol HlE &Y 2~34)
b AA AEEZE AT H3lEs @lsklvh B3 4 probe
How A3 GDCY A FELZHE n—type F99 A=A
AEEE e ox 3o 4 probe BFHOE FH¢ A4 dE&9)
gt A vlg 2 dAstes AdE B v 2 probe EEH
Ayt A=olM e sl s Hagrid d3E B3l
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ZRNN N NE

E
1

4
2

\E3

%4y=0

X2

X3 I4=L

X

Fig. 2. 4. Schematics of polarization cell using the four electrodes

in a one—dimensional configuration [28]

ImZ'
I '
¥
a'=2
PRV
= b'=9|£.]ga -5 E £
c'sp ;_{"" ra
% o
q n
I rd ./.‘
(b) / /

Fig. 2. 5. Schematics of (a) the circular configuration and (b) the

semi—infinite plane configuration [29]
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=3
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e

"———I

Fig. 2. 6 Schematics view of 4—probe polarization cell: (a)alumina
cup (b)Pyrex glass (c)blocking electrode (d)sample (e)reversible
electrode () YSZ (g) Vi (h) £, () sensor e.m.f. [30]
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3. 4

oo

Kl

3.1 479 ¥4 3 H4

Z
o

q  YDB(Yttria—doped Bismuth oxide)”7} 22 AbA
a7 dojub= S v AR AREE A AlE A
YDB/YSZ ol5%5& A&sld . PLD (pulsed laser deposition) ™S
YSZ  dteks 5#skal,  Hebb—Wagner waHo=2 K& dX
HAE X (partial electronic conductivity) & SA3¥ . YSZ &hut

:
YDBZ} RS HE Atk Bl wF 84 9E® gol Frhd
_]

1

Mr oL I8 rf
N
I M

o

=
AR 7 dojups Aba B9t olsldlE YDB/YSZ olF 52 g4l
Adld 545 Holx YSZeol o& A A=T7F A =7 wiol
YDBE A& <4< (electrolytic domain) Bt} &= Zo|o}, 1
YSZ uteo] YDB7F sl He Al B9 =EF dHE AS
a0 g wolFA Zsthd YDB/YSZ olF%S A7l Aoy
b 9t o]t A S Y Ao e AsS Y Aotk

wekA YDB/YSZ ©lE3e] Fi Ax dARrs FAst] 92 Atx
ool A oust 5EAe Hole= A Flskglth. YDB/YSZ ©l55 <
it Ax Aex S A olFF e anE vlusty] $l8 YDBS}
YSZ Z7ke] KB Az AREE F4dch. 12l YDB/YSZ
o]|FF HE HA FEEE 700<T/C=<8009 2% WY U -
12<log(Py, / atm) <—0.679] 4tx £ Mol Z4soh

502 YSZ Hup o] A-wrt #2 &3 HEA (Mixed ionic
electronic conductor, MIEC)®] YSZ ®HES ZHA T2 ol

AEEE fAHEA AR AREE 4] 3o 1A AEE
AZ AR (Solid oxide fuel cell, SOFC) 2o Aaj&AZA ALgstaA} sh=
HA 0% LSCF6428(LageSrosCoosFeqsOs-s) ol YSZE FESI] 1
q 3}
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Ar AR 8l ol Ak #l
T

gluls =23k [SCFO AAF AEnE 4 o]l ALLE =A3}o], Az}
HAEE oA &7 9 SOFCO dAgxzie] ata #EeelA Al 9ol
SHE H=A RS AEEIG

LSCF/YSZ eolsss A&st7]  $18ked  PLD(Pulsed laser
deposition) H& ©]&3slo] LSCF 7| 9o YSZE S8R, Az}
AeE A adE FAdstr] Y3te] Hebb—Wagner wHS
o] g3to] RBE  Hx HAE%(Partial electronic conductivity) =
Stk =3 Ajd Fods Felstr] flste] ol AREE

S i =2 LSCFe SA4
LSCF/YSZ o]5%9 o] ALEETHs Aezxo=m Z43t=d o]z 3]

9lol, dydA  EHWH (Impedance  spectroscopy) @ A

HEE (Total conductivity) & 4% F HF&F A} ARLEE w9
ol HELEE F3lgth. BE dAx drx: W ol ArL: FHLS
SOFCe #% &% £F 800<T/C<900¢ &% W W -

17.2<log( P, / = T

LSCF/YSZ ol&%o]l SOFCe Az =79 Atx #Stelr $53t
defjdzA des Bole A ddsty] flstel dd 32 7[x¥ (Open
circuit voltage, OCV)& H,/3%H,0 ®$7] % 700<T/C <9002

<5 ool Sl

- 22 -



3.2 o]TF A3 FAH 23

YDB9} YSZ 183 LSCF$} YSZE ol5%o= ,
LSCF9 o]& HAEEE FA&HA YDB7F @& Alk Bolo] nZw=
Ae "ol AY, LSCFY & Ax Ax:E 1
T aEstofof k. YSZE FAVE FAAATE Ax AEEE

ZFastAA R o] & AEL 3 YSZ FFo WEA =2 AHolx, v
YSZ FAZF YFE gkolAd YDBZF W& A Bl w4 o

AR HAY LSCFY 2 da dEEE a3y oz Zax Al71A

X3 Ao ]1:]_

T.—-H. Kwon[5]& GDC/YSZ colF% AT FHAe FAHE
AAabgt wb QlEdl, YSZ outuke]l FA7F GDC FA9) 107" W) gmnt

HojE T3] GDCY S YolE F vk Hastglt

ey GDC/YSZ olF5e FAu] Aol GDCSE YSZel At

AE% (electron conductivity,o,) % &2 dE%X (hole conductivity,

o,) 2 A2 9k (Oxygen partial pressure, Ry )24 0] 747}

GnocPO_ZM, o, o Byt (3.1)

o P—l/4
t = e _ O (3.2)
o,+o, PN +p
o,, 0, 7 AR AEE, o dAxxeld, P 2 Hald F99
3leto]l Ata Egtolth olFF AalEe MR uE ¢ Akt 9l
Ao AREE FAlsta Aol ARmrks olgshs A& Aol
gorv= o5 Hekste]l v st A3 AAFSEaLAl ST
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MIEC

(YDB, LSCF) YSZ
Alr (];uf;‘y H,0)
Jk,l‘i[ Jk,Z i i
I i } >
0 LI\'I LI\'[+LZ.
I i I1
PD: PD: PU:

Fig. 3. 1. Schematic diagram of MIEC/YSZ bilayer
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HA Fig. 3. 1  ofA o] YDB, LSCFe #& =39
A=A MIEC) 5=  &7]=(Cathode) %ol YSZTS
o AAARAE W] F2E THOE =t

A71M J v kFY TE WE(flux) ol o] ofgiel o] YeRd 4

STt
% O (k=i (3.3)
X ﬁFZ&’( €) '
A7 19 e 77 A4 o]l&(oxygen ion) T HAF(electron) =
o] A (open circuit condition) 3}l 4]

o A9 32 23

ol u] g},
J+J,=0 (3.4)
OB F AbA o] 29 TEL olgel o] A Hr},
RT oInP
Ji=——ot,—= (3.5)
4F X
o]FF A Aol SOFC =4 ZAstA AAF AHl (steady state) ©l]
T HW, MIECES £33 AtAe YSZES Ed938h:= Akx
o] 29 &5 WX (flux) 7} ofof st =,
Jim =iz (3.6)
o] o] AREo o]F ol&std FA u|&F o] wE MIEC/YSZ
Ao AbAa #o #AE e S ot}
HA 2 (3.5)2 ARsd
RT e,
J=- ang,z t.dInP, (3.7)

Az oA AbA Folo

7hg sk
RT Ink3,
177 Ol A INR (3.8)
o] .
ofA A 71T Qe AE& FoloF & ApHth

__L.E Get‘

A g7 A (8.2) 9 23 AR AE
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P -1/4 P 1/4
o,=0,+0, laem 2 +laem % (3.9
2 R, 2 R,

L= 14 s (3.10)

©] 31, hyperbolic cosine &% W33t ofge} o] At 4 Q.

o, ,Cosh (Xj
f=— 4

e X =1 X (3.1D)
UemCOSh(]+O'i o, Cosh(j
: 4 4
oAl A (BN AILS E7V] fd AE 7l= ¢t 4 G1D=
th el shd
[t dinp, =[] 1- d dx (3.12)
InRs, X' X
O'e’mCOSh(4j+Ji

P,
1714 X_IH(P*

0,

], dx=dInF, °lth.

2 (3.12) o A% ko] H®& F7] 9I3ke] Murray R. Spiegel ©]
"MATHEMATICAL HANDBOOK of formulas and tables”®] 2& 2]
14.581& #xstd o231 Zo] Ay 4 Urh
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N
X

i | 40| Gen®’tOi Ol ~oun || (3.13)

X

X" O.
J. 1- 2 2
X X \/0'- -0 v 2 2
Ue,mCOSh (4j+o-i ! em Ge,me4 T0;+4/0i =Oen X'

oAl QA dL FAAXNEE o]&ste] YDB/YSZS® LSCF/YSZ
olFTo FANE AAs BAL
WA YDB/YSZ ols5e FANE AAQstr] flste] o5 F+x9

7h AR A R AbA ko] Tt ol Aol = w,
| YDB | YSZ |
P, P P
0 t 1

2 (3.6) 9 (3.7)2TE

Jo " =357 (3.14)
RT (s, RT InP3,
8F2 t JInks Gi'B eB dln Poz = 8F2(1_t) J-InP(’,' Gl,Zte,Z din P02 (3.15)

1714 YDB$} YSZ9 ol& HAEE o, , o, < 474 F

[2] 02 FE 38t YDB/YSZ ols5s9 Aald d9 At 29

HO A A g 7Htha 7 sk ol el o] Al 4 Q)
O, (InF;,

2 t

t Jnmy, B

O'IZ InRg,
dinp, = T jmpo t,,dInP, (3.16)

21 (3.16)9 Wy HES 2] (3.13)2 o]fste HARES 1
Aelstd FHFEHOoZ YDB/YSZ FAHlY wWE AW Ah IS
o33 o] Axker 4=

-27 -



X
4 _ [ 2 2
In Ge,m,Ze + O-i,Z (V4 Ge,m,z
X
4 [ 2 2
ae,m,ze + Gi,Z + Gi,Z Ge,m,Z

i oe P .
Oy o€t + 05 +4[0Ts — O s )

e A 317+ o]%o}oq YDB/YSZ °l&52] FAmM e u&
Aol 8] A # #AlE Fig. 3. 2 o Yeh Sl

Fig. 3. 2 oA X3zo] YDBe A&sl& <lAlstz] 913 800, 700, 600,
500CelA YDB/YSZ9 FAH] L,/ 242 107°, 2x 1071, 3x 1077,
2x107°% o]l FA nl&S& 7hA o Fu).

L

4

L_B_

(3.17)

1-t
t

Oig| X

emB
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) e

Temp./°C

| Interface

Decomposition

PERRTETTT M) WETTT

vl 3 Al sl

Lo

-20 -
10

\i

10°®

10°
LL,

10*

Fig. 3. 2. Interfacial oxygen partial pressure as a function of
YDB/YSZ thickness ratio
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+O% LSCF/YSZ olF59 FAuE AAs7] flate] o552

Fxo} 7t QEe) TA W aba Bl

2 (3.6) 8 (3.7) ZHE

I =35" (3.18)
RT (i, RT InP3,
8F2t InR; Gi'F eF d In Poz :an% |Zte z d In Po2 (319)

rlo
N
&
a
ot
w
—

o174 LSCF¢} YSZ9 o2 HEE o, 0,
[2] 02 FE F38tar LSCF/YSZ ols%9 Aafad g Aksh #<
HE A At kS 7Hvha 7Sk ofelel go] g 4 Q.

Gi,F InPc’,’2 _ Gi,Z InPé"2
- jmpéz t,edInP, = T anaz t,,dInP, (3.20)
of W, LSCF9] o]& HMEEE A Axke] vls FASE = =
REeE A7) ol ®
O,
tr =——~1, ( O'eF>>O'iF) (3.21)
| Oer t0ie Y Y

2l (3.2009 WS 2 (3.12)5 olgsl HES Zu AHsid
HEH 07 LSCF/YSZ F7muo] W Ad Aa 2s tpgy o
Axre 5= gl

X
2 2

4
o | x— 40, In Oemz®" +0i7 =4/0i7 =Oem;
iz 2 2 X
L 1-t \/O-i'z " Temz Oemz€ +0i; +\Io'izz _O'ezmz
—Z _=- " _ - ’ ; ™z e (3.22)
L t

P”
oieln [ PO'Z }
0,

U502 LSCF/YSZ FAR o & HLt o] UEFE AAts] BAk
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LSCF/YSZ °]F%o°] Fig. 3. 1 ¥ & u, o]5ZF2 Hi o]
S5t 0gat ook
InRj, In R,
: JI p L dinF, +.[| p iz dinFs,
t_bllayer _ ", N, (3.23)

| [ %dinp,

nej,
7|4 t = o] UE S (ionic transference number)o]™ T2

WA e e,

t=—~1—=—1 (3.24)

O-i + O-e O-total

A7IM O o DA AE%(total conductivity) ©] .
LSCFe] o] v FE BT 0ZFE ol drkel A4 dEx

FrowRE Fe) ojuw LSCF/YSZ ol&Zeo|A LSCFE YSZEe|

o We Aba BoF Bojye] wEHxA g=ttm s}Askd LSCFRO
o] AELES} AAl AEEE AbAh el #AIge] At gk 7HA
LSCFel ol& g 54 452 & 5 ot

TP YSzel ol& uE FE Asd dedd 14 sker=
AR 4R B 5 gk

ek A (3.23) 0 2HE] LSCF/YSZ Frulel] wE HF o]

TTE AT 5 QT

el 2 (3.22)9 2] (3.23) 0 =FE A LSCF/YSZ F7n]el
e A AR B4 Bt ol UEFE 44 Fig. 3. 4, Fig. 3.5
LER ST

LSCF/YSZ FAmle] w& H:t o] IEEE LSCF/YSZ °lF3°l
2y 32 (series circui¥ w, LSCF® YSZ Z7z+e Ag
o ZNE AAbselth. (Fig. 3. 2)

1o

Fig. 3. 3, 3. 4, 3. 5 oA ®Xo] LSCF/YSZ olF% AdelA Ata
gtk xeldo] A3tk Continuity hypothesisE 7Fg3slal AARSH
A3}, LSCF:YSZ FAH7F 1000:1 ~ 100:1 FF==o]W o|FF9
o] & HMEEE YSZO 58, B ol UYESFE 0.9 ooz e
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wn I R
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b_ 0.10f YSZ
____________ Lo .
0.05 PRI EEPEPETITTY EEPENPTTTTY BRI BRI BRI
1.0
(lL) L
aQ _ 08f
§ 06.
o 04}
0.2 1 1 1 1 1

10°  10° 10 10® 10° 100 10°

Fig. 3. 3. Average ionic conductivity as a function of LSCF/YSZ

thickness ratio
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Fig. 3. 4. Interfacial oxygen partial pressure as a function of
LSCF/YSZ thickness ratio
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T R T |
1.0
0
ion
08} i
0.6 F ,cbC Bilayer =
c tiOI’] tion LJLLA
_'_,9 09 21*10
04 L _ 099 | 27*10° | |
. bilayer
t
ion
0.2} o
900C
OO rar T BT RETTT BET R AT TIT B A W TTT] B
10°  10° 10° . 10° 107

10*

Fig. 3. 5. Average ionic transference number as a function of
LSCF/YSZ thickness ratio
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3.3 AJE9 FH]|

3.3.1 Bi1.46Y05403, LaoSro4Cop2Fens0s-5, ZrossYo.1601.92-52
FH|

/\212;5:4'01] /\]-%—6]' YDB /\]j:]‘g Aldrich )ﬁ'g] "]’%— YzOg v‘i—‘?:fil} BigO(g
B8 Ab&3to] Y,057F 27 mol%7t HEE H=s H 14 (solid
state reaction) &2 H|ET F FHe o] AUSH AHolxH:

Hiolek ol x5 ) XlE:”f]O} =, absolute alcohols ¥l H,

124]%F Ball milling sFt. I ¥ hot plate®l 4] stirring bar® &4
Ao]FHA FAIZF Feb absolute alcohols FTHA|ZTH o] EA Aojx
TS TV =7l ¥e] % 3TE F&ste] 800TelA
10A1ZF &3F 37] FolA etistdeh. 1 o otad Ede dFHy
i AE ol &sto] wA whEo] FFAOE YDB #Hs AU 9]
TS dud o5 ZEE olfste dF A s H W T
¢+=7] (Cold Isostatic Pressing, CIP)Z 150MPa% =< 7a) A3
E

J
. 1 %, 1070CelAd 10Xz *@s}ﬁ =7}
96.51£0.9 %% 2~4AAE LA} Fig. 3.6 (a) & YDB &2Z4A 9] X—4
34 Ij"ola, Fig. 3. 6 (b) + AHY wAMFZRE FAF AR}
3 v 7 (Scanning Electron Microscope, SEM)C° % ®XA3k Zlo|t}
AAe) A7)+ 29.2+5.6 |t}

LSCF6428 Al Fcelltech jikollA A z23 48 LSCF6428% ¢
o] g-ate] Azttt Wk T 4EF7I(CIP)E 150 MPa® ¥
7l st &, 1300CelA 15A17F F9F 2Este] o ®
97.9%10.8 % AZAAE LAty 18l FAF AAF #vlF (SEM) 3
X—A 3H& o]&ste] mATZ9 IHMAS EA &) (Fig. 3. 7)
Ak A7)+ 7.02%£0.99 me] ).

YSZ AL & Tosoh jikellA Ax3t 8 mol% YSZ w+4s
AREste] Alzekgith 919 LSCEF A3 wix7A] 2 CIPE ©] 83519
150 MPa9] ¢tgloz A&3 5, 1550C oA 12417 Sk A4
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oYU EE 98.5%0.2 %ol 1AHe] A7) 6.04£0.92 melth. Fig. 3.
8 (@9 (el +=vl¥ YSZ AEe] WA=z X-4 3|y 4
A37F YERY v

Zv)® YDBS LSCF AlHS 2472 2 o, 1 mm SFA=Z 7Fast 3
AlHe] oFWg BUEHLER jit9 Diamond suspensions ©]&3}o] 1
w74 Awste]l PLD (Pulsed Laser Deposition) S ©]&3te] YSZE
T w YSZ7F i EA Z FEE ¢ RS skl
YSZ AL PLD &u]e] B2l Z6 Aoz A ghst A7|&2 AArtsto]
AmFF AT
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(a)

T T T T T T T T
* BI1.46Y0.5403 1
- Q\"\) .
*
D: I~ -
<
S L -
‘D )
: &g
E T * L & i
- *
L > \ -
‘ lg S &
PAgA
L aanday TR RO J f; prowhedon
| | 1 | 1 | 1 | 1 | 1 |
20 3 40 5 60 70 8
20/ degree
(b)

Fig. 3. 6. (a) SEM image of YDB (sintered at 1070C for 10 hours)
(b) XRD patterns of the as—sintered YDB
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T
| v LaSr,CoFe,0, | ]

047702 70873

Intensity / A.U.

_ ., _
20 30 40 50 60 70 80
20/ degree

(b)

Fig. 3. 7. (a) SEM image of LSCF6428 made of Fcelltech powder
(sintered at 1300TC for 15 hours) (b) XRD patterns of the as—
sintered LSCF6428
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Z3 S8 SEI

§ ‘ v ZrOS4Y0160192-§
- v —
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< %? &
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i &
£ v
_
g &
P
20 30 4 50 60 70 80
20/ degree
(b)

Fig. 3. 8. (a) SEM image of YSZ made of Tosoh powder
(sintered at 1550C for 12 hours) (b) XRD patterns of the as—
sintered YSZ
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3.3.2 Pulsed Laser Deposition (PLD)

PLD+= #XA #olA FAds o3 E24 "t F3 Ui
stufoltt. =2 2] (Ultraviolet Ray, UV) W9 3-S AFE-5}of
2 AZIaA s EAE B ERE "ol uer 3t H 7%
ol K407 F2 Al7]= defolt. [32]

PLD Avl&= A% 7| Z97F yA" ¥ AW (vaccum
chamber) & 23] #olA LA E =] Utk 3 A=
FHe dz=rt ZREo e ol UVE 534 At ¥
Qo= oA FAE Bl wwe] Rolgi= d=7E 3tk Fig. 3. 9
of PLD #nle] EALEZS yetdigia. #ojA 2
Physik 7it2] LPX 305 i KrF excimer laser 2S5 A3} T}

do]A Fdo]l Bl mHel SHA HE wie HE =274 dAbol
dojib=d], ol& #HolAe FA, v(target) EAHS A
(thermodynamic) 54 el wet =4 vebdo, B2l mrelA
dol A7 S golA FAe HA7]A o4 A (electromagnetic
energy)°l <3 A=A} oy7](electronic excitation) & AT
a8l 44, #gE4, 7AA Cdux7E BEFoxE A8t
Ao 28E EAS FW(evaporation) AZth ERAlOlA AU
=4 dA, A&, "R, o, FYAayHE A" 3oy
<71 (energetic evaporants)o|™ EMAl E29 FHo] walt 10~100
eVe ouyx HAAE 7M. olF FE &9 (plume)oldtal FEh
£9>  WAb(Grradiation) ®  Fo wWEA T|Hor HA FHI
ALA 0w F2=A Hr

PLDE olgdlel Fatt wile FA4% & g wWxo] o

= h
ARl SHel AE3tel= olgwol v 1y Tl PLDE
o]-g3to] 4 (large—scale) T2 W3k=o] A FH AL Sl= 5 PLDY
GH = ddstaat e AR wWol XA E I Sl
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Heated Rotating
substrate target

High vacuum chamber

Fig. 3. 9. Schematic representation of a PLD system [32]

Fig. 3. 10. PLD system made by Korea Vacuum Tech., LTD
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3.3.3 YDB/YSZ$} LSCF/YSZ ©|&%¢ +H]
YDB/YSZ®} LSCF/YSZ ©|l%% A1 PLDYS o]&3sto] ZH7; YDB,
LSCF 7]s 9ol YSZ ¥ehs 2 AT s T
12 ey 2ok FF 2 600Cola, dolA Wik oF 2.0
J/em?, #olx A& 5 Hz, EAA 7197-x 2] A (Target to
Substrate Distance, TSD) & 40 mm= T3t}

A AW YHe AA ¥ S 10 mTorrE A7 ZEfell A 343
&t F&skol YDB/YSZ ©lg5e /M= oF 2000:1, LSCF/YSZ
o]z FAHIE <F 500:1 o A|HS A &sFSlT.

YDB/YSZ °l5%9 A% o] 2%+ A= (ion blocking electrode) &%
Pt foil& 227 ¥¥ YDBS} Pt7} Rb-g
YDB/YSZ A3 Au foil?] HEAS £ol”7] f18l £vl¥ YDB/YSZ
AH YSZ & o Au FE (Coater)E ©o]&38td <F 200 mm <
TARZ Au T IZHA

o o

ol r_NI_I

mlo

Fig. 3. 11 3} 3. 13 ©] YDB/YSZ ©|%%, LSCF/YSZ o|&%& A|He
GHS Jehdel 28 Fig. 3. 12 9 3. 14 o X=-A &4 d3=s

Jeh
e

3

mlo 32

th. SEM olmx|g X-A ¥4 Anzre YSz7h 2 FF
3o

A o Ao

dlo

- 42 -
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Alu(L=206:2nm}

YSZ(L=903=9nm)

Lysz/Lype~1/2000

Fig. 3. 11. FE—SEM cross section image and deposition thickness of

YDB/YSZ bilayer (YSZ thickness~0.9um)
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Fig. 3. 12. XRD patterns of the YDB/YSZ bilayer
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Lysz/Lscr=1/500

?SZ[I{=1.B1-_|-D.11;¢:II

Fig. 3. 13. FE—SEM cross section image and deposition thickness of
LSCF/YSZ bilayer (YSZ thickness~1.8um)
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Fig. 3. 14. XRD patterns of the LSCF/YSZ bilayer
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3.3.4 o]& At B Ao FH|

e

Hebb—Wagner == ©l&3% o2 ad &= 4(on blocking
polarization celDS  A&str] fgte] 4 FHE AET
o]d ¥ (annealing) 3le] H¥3HA H F o] vk A= (jon blocking
electrode) 2 AFEE Pt foil¥} H3slgict o] wf AlAI} Pt foil Aol
Aol # o]Fo] AEF AlHe] Pt pastes FHFSHA HiE
ettt aela dAe FF AR Pt foilo]l B 2 25
AdFuU Z7FHE AR 9ol glo] ofte] FAR d¥e T
atlth YDB Al#He] A9+ 800TelA 2417k, LSCF AlH ]
1000CellA 2A12F A4 it 7 v AlHe] v & %
Pt paste® 1124 HE & Pt netS Hltho] 719 A (reversible
electrode) & WHESIth 18131 Pt foil3} Pt netol] Pt wireES 5 gralo]
current collector@A4] £H] st wpx|eto 2 AlHI} o] gk A=
AbolZ A7 fFdEE As =Y flete] Al HE A (Aremco
cerama—bind'") & o]&3to] A|H ZFW I Pt—foils YB3

YDB Al#H° ¢ Bismuth® Pt7} ®Eg38l7] wliol Pt foild} Pt
paste Al Au foilZ} Ag pasteE o]&slo] AL FH|5FS T

=HlE o] A F= AL 54 259 A F¢elA Standard

_'c-?‘_
=
=
&
A
L
=

B oo p2 o
2 o 2

current source (Yokogawa 2553)°% A A (constant current) &
SFa o] uw Ao <QrlEl < (voltage)S Digital Multi Meter
(Keithley 196) 2.2 =743} t}.
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Pt-net + Ag paste

® ©

! \
glass Au-foil
(a)

Pt-net + Pt paste

glass Pt-foil
(b)

Fig. 3.15. Schematic diagram of as—constructed ion blocking
polarization cell (a) YDB (b) YSZ
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Pt-net + Ag paste

(a)

Pt-net + Pt paste

K

©

YSZ film
! |

glass Pt-foil
(b)

Fig. 3.16. Schematic diagram of as—constructed ion blocking
polarization cell (a) YDB/YSZ bilayer (b) LSCF/YSZ bilayer
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3.4 BE AA AEE

)|\

%
3.4.1 £330 Y3t AA A =x £

Pt—net + Ag paste ©°=2 JFA4"H 719 A= (Reversible
electrode) .2+ At 9h Hxpe] FSlo] B 7hsdk W, Pt foil=
TAE o]&xtwt A= (Ion—blocking electrode) &2 WA <&
QoA AbA ES]io] Apwkd AFejol”7] wfol] Ake] o]s Wt ks ottt

ol ek Aol AlH UFel EAsks Aol gjFelA TlsiE
4% (Constant current, | )] 9 Z=2+= ARV Tt Aka
o] 2 (Oxygen ion)©] ¥+ ¥hg-2 v 2},

O, +4e=20" (3.25)
|15 3}8 ¥ &l (Chemical potential, ¢ ) % 7] 3
3 dl A4 (Electrochemical potential, 1) zto]= &3t offj o} 2t}

(3.26)

O

(46, — o, ) +4(ne=nl) = 2(mle =11l

7kel A=ellA ol Ad He WEFoRE AdRF
Joll&= AbAs} AA7E BF ol FshA| vl o] xpgh
5> A4 dastp |9FEA =i, ol A
(Oxygen partial pressure)©] YolxA =t} o]g} A
2ba 29k Apolel dE] wEEui7 PR web 7o A=
HE] Aba7F fdH

bl A71% (Electric field) ol &3] o] A A=A
T2+ AbA o] 29 {3 (Oxygen ionic flux) 3} Ak
| oa 7 dFelA ol At dFo® =& Al
H% (Oxygen atomic flux) Afolol] A3 H#3Fo] 3
o] 9] 3} ¥Elde ofH Ao|E 2!

[e)]
= 1T
(Steady state)2}a 3pw o] uwf A4 ©]29] Flux,

S B
N
r_>4_ mlm ~—

lo
(A

> 2 K Lo

I o2 M
o 12 9 |o L 2 rl
Ju
o
u

2
o
2

o Mo S
2w
o

0z,

B8 2 b

o] &2 Flux+ U9 A3 2,

i



O _,
\]027 =_4|C;2 VT]OZ’ (327)

[o: A7|AE% (S/cm), F: sjgdo]A<r]

A4k Abeeld 3, =0 olmw,

Vi =0 (3.28)
o] =t}
aHEE A (328)2 A (3.26)0] tiYehy,
(418, =1, ) = ~4(nt = 11.) (3.29)
Al oFe]l A7) gk ZelAd Ao], U =
n.—n,=—-FU (3.30)
ojm =2 2 (3.30)= 2 (3.29)° tidstd,
ul, - ity =4FU (3.31)
=, AlH ko] AH<t(voltage, U ) S SA3HH AlHA oFctko] AkAx 3)st
XA zpolE G+
shH, A AHOA AlHe 2+ AF "WE, | = A 9%+
Zo| B =2,
=i, = % 07 (3.32)
F dx
o5 AlA FA, Lo s #&Eshd,
1 m
=— 3.33
T Lé o,dn, (3.33)
21 (3.30) 3 21(3.31) 2] A ZHEE
Vn, = —%V,uo2 (3.34)
olE R olE $J9 2] (3.33)° tidshd,
. 1 ¢,
|e ——E ,u(')z Gedﬂoz (335)

o ®th. 4 (3.35) = wg o thall witshH,
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<%(A%2=;42):—4LF( d% J (3.36)

I, =i, xA (3.37)
[A: 2] 4]
21 (3.3 A (3.37)% A (3.36)¢] UglstA HEHow ol g}
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3.4.2 AALY FFo HAA AL £

Ax AL X (electronic  conductivity, o, )&  HAxpe] o3t
A% % (electron  conductivity, o, )& A&l 2t HAE%(hole
conductivity, o,)¢] goltt.

0,=0,+0, (3.39)

A A (3.35) ¢ A AEIel 919 4 (3.39)= widstd ofdfot

7}

. Y7

i, = _EL@ (o, +0,)dus, (3.40)
g |, YDBO Aol % dxk(o,) 9 Fuel g dxw(o,)

v=on B, o, =0 R (3.41)

& At EeE 1 atm 4 W] el o Aol el o

4
Aol o drrelu s,
o,=0,-021", o) =0?0-0.21" (3.42)
91 A (3.31) 3 (3.42) Z2FH
) PO -1/4 . Po 14
o, =O'n-[0.221] ., o, =0p-(0.—221j (3.43)
2 (3.43)F 2 (3.40)°l th§istar Ala #2ke] 38t E Aol
Ho, = 15, +RTINP, (3.44)
ol A]
Vo, =RTVInR, (3.45)

A BAE ol&st] AES 29 HAFHCE to 22 He de T

-5 -



fool ) afrfo-enlie)] o

o el e Ak U)A sl 919 A

webd, st A ) st
3 o2 T8 5 Ak

(3.46) % fitting 3t¥ o,
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3.4.2 Continuity hypothesis & 7}33% MIEC/YSZ ©|&%2

2RA% AEE AN

T.—H. Kwon [5]2 o]s3 Hald AdHA AbA s} xdl Aol
dAsttt= A9 Continuity hypothesis & ©|€3Fo] GDC/YSZ o|s%
Ao F& Az A5 ALsEth.

Aba AR sheh A g, = A (3.34) 9] BAE WMEEE o]F 4
4

dn, =-=,-dInP, (3.47)

7F Aok 919 A (3472 A (3.33)9 A AEHCAMY AR dE i
of thdshd

o] =i,
Flux J, ¢ A7 9% i< U= 22 dAE 7R

e .

A=1, A
21 (349 E 2 (B.48)°l diyate] otEiek ol flux J, &k HA
Z,:

HEE g Al #AlE & F AUt
RT (s,
J, = 4LF2Io _dInP, (3.50)

oi7lell kM T3 A (3.43)= Wit flux J, o AtA S POz
Aole] @A o] W & gt}

RT o P -1/4 P 1/4
Jo=——= o | == | +o0,|=2| WInP, (351
4LF? R, 0.2 0.21 ;

T.—H. Kwon [5]> GDC/YSZ °ls52 AW A} AbA Wizt
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3 =% (3.52)
4 @5DH A (3529 BAAS ofgste] wdelA  Hishs
GDCel YSZze] AAsk Aol Arx s dslsta gzlste
GDC/YSZ °]53e AF(1) =AU ) 54& Axtsslet. 22a
T+

% =
olF 4 (3.38)% o] AF(I)H-AF(U ) A 7|L7ZFH
=

HEAow GDC/YSZY HE AR AxxES Axedrr. [AAS
8-S T.-H. Kwon®l &8t4ALets] =% (2011) #z]
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Air, Pf;z

ion-blocking
reversible electrode

electrode

Fig. 3. 17. Schematic diagram of MIEC/YSZ bilayer with the

Continuity hypothesis assumption
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® YDB/YSZ o|F%9 H& AR AEL A4l

YDB/YSZ, LSCF/YSZ °l&5< A+ (|
kAl MIEC/YSZ ols%2 =

A= (reversible electrode) %2 A4 &
e Pc;;, o] zt¢t A= (jon—blocking electrode)Z2] AtA Folo
Py oz wAA

WA YDB/YSZ o5 AF-Ast SAS Ater]l fete A
(3.52) ol A H-E Al =FakAt,

3 =37 (3.53)
YDBO] el o3 AwE 9} el Q@ AREE 747 Aa 29t
—1/4, 1/4 Al mestee 919 g4 35D tislah,

1/4 P 1/4
POZ * *
Y08 _ LYDBFZ { YDB oo 21 _,_prYDB (0_221] In P, (3.54)

183 YSZY flux+=

—1/4 1/4
P
Ysz __ POz *YSZ *YSZ 0,
\]e - 4LYSZ F2 { O 21 +Gp (Ole }d In F)O2 (3.55)

o]t}

el A (354 (355)F A (3.53)e digiste] AR(
AU )9 #AAc® AHeletd HFA o tadt 22 As 4 F
Atk

e = A8 Paexp(ﬁj—a 2(R+P,)
F RT {pexp(*%}rP Pexp(Rf] P}+\/{Plexp(f%}rPZ—F’aexp(%}g}:“lerpz)(p3+a)
Pexp( UFJ+P{{PeXp[_Frj+P PEXp( F) B} \/{Pexp[f%}P Pexp( } 4}2+4(F’1+P2)(P3+P4)
RT

2(R+P)

(3.56)
7191 B, P, B, P

- 56 -



;’YSZ G’;YDB *YsZ o DB
P]-:—LYSZ , PZ:—LYDB , %:#, P4=# (357)
olty. 4 (3.56)9 A/ AL T.—H. Kwon? FsHaJALste] =&
(2011) 9l AAI3] Yo oz o7 FFAu 7])&35
Aoz 9o 2 (356)C02HEH dojd AR

>
[}
71472 5E YDB/YSZ o]F%Z9 BE Ax AEEE AAe 4 9t
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® LSCF/YSZ °o|&

ol
1o
-z
.
2L
D)
2L
bt
bl
X,
2

b2 LSCF9 4§ GDC, YSzZ& o] dajd dolr =9
Aot A3 Axmrt Z242F Aba B0 —1/4, 1/4 9] nlE A=
Zk2] Qk7] el T [5]0] AArst W oz LSCF/YSZ
olFTe Hit Mz ARRE AT 4 7F gioh mEba FdelA
ash= LSCFO Az AdE% ke ol&ste] 24 (3.50)° didste
WM © 2 LSCF/YSZ o559 Hi AlAkst b sl
LSCF64282 H&E HAxt HEE & L-J. Son [31] 29
A AL =S FEkoith Fig. 3. 18 o] LSCF64289 &&=
2 F4el mE AVIAEE el vERY 9tk o] #S Polynomial
fitting sty A7) A=%9 AFA el digh #AA S Feksit. 4
(3.58)2 900% M M7l AET e AtA Etol dis] 33 o=

polynomial fitting sto] 942 2o},

o

(2
)
(2
k1
Hr
-

or°° = 262.48+91.096log P, +7.418(log Py, )2 —~0.34495(log Py, )3 (3.58)

2 (3.58)F 4 (3.50) ¢ st

JLF = —%ﬁz {262.48+39.56|n R, +1399(InP, )’ ~0.0282(In P, )3} dinp, (3.59)

o714 7} A= (reversible electrode) %9 At4 &5k B & 0.21

juce____RT
- 4L5CFE

o] it}
$ W, YSZ9 A% Add GYAN A4 % 33 AxEE 47

AR @9 —1/4, 1/4 ol nlEetE®

. [262.48In Py +19.78(In Py )" +0.4663(InPy ) ~7.05x10°(InRy )’ +363.14} (3.60)

P -1/4
YSZ YSZ YSZ *YSZ o *,YSZ
o, =0, to, =0, (O_ZZZJ +0, (

o], 2 (3.50) ] st
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-1/4 1/4
RT (® | - P . P
Ysz _ ©2 ,YSzZ O, Sz O,
\]e - 4LYSZ F2 J.Pc,),z {Gn [Ole +O-p [021J }d In POZ (3.62)

mw \-U4 » \-L4 m N4 » V4
vz _ RT oYz POz _ POz _ghvse POz _ POz (3 .6 3)
¢ LSzF2| " 0.21 0.21 P 0.21 0.21

olFs AWM Aka 38 xdl4E(Oxygen chemical potential,
o, )©l A 3tehE Continuity hypothesis® 7Hdskd LSCF9} YSZ9
AR fluxs TYUsEE
J LSCF — JYSZ (3 64)
2 (3.64)° el dolx 2] (3.60), (3.63)F widste] Ashd

m \V4 m \-U4 n \-V4 n V4
O_;,vsz POZ _ O_;,YSZ POZ " O_;,vsz P02 _ o_;,vsz POZ
0.21 0.21 0.21 0.21

LYz 2 3 3 4

~ (oo | 26248In 2 +10.78(In Py, )"+ 0.4663(In Ry )’ ~7.05x10° (In ;)" +363.14 | =0
(3.65)

Py % Byl digt WgAE e & st

g9 A (3652 2o BAL olgstel Erl 98l thew 2ol

2] gk,
P,,, 14
A=ol (3.67)
B=g'"® {;é; j _O_;,YSZ (OE”QJ (3.68)
LYSZ

[262.48In Py +19.78(In Py )* +0.4663(In Y )’ ~7.05x10°(InRy )’ +363.14}

- 45CF

C=-0" (3.69)
Al A 3 Py & 0.21 atm oA 4o @A digdske] 1
ghell g8k ol ek A= %9 Ad4 BY B #e 72 F Stk

AX+B+Cx*=0 (3.70)



Ax*+Bx+C =0 (3.71)

_ —B++/B?-4AC

X = oA (3.72)

Py =0.21x" (3.73)

flgb e wyoR ¥ PY @S Nernst A& o]§ste] 7ho]

Ad ole Aw AT Apole Aa B Aoldl o wAys
AU @3 Qs

_ RT, R
Ry =02lexp ot | U =~ In (3.74)
2 RT aF Ry

Continuity hypothesisE 7F43tH LSCF/YSZ olsss Aus
Axe] fluxs= LSCFSF YSZE Ak AAe] fluxe Zors

Jbilayer — J LSCF — JYSZ (3 75)

4 (3.63) 4 (3499 BANE ol 3ol AFe} Ak Bk Abo]

dAdow BT & Yk

m \-U4 » \-V4 m \V4 » V4
| bilaver _ | vsZ _ ART oYz F)o2 _ Po2 _ovsz F)02 _ I:)02 (376)
¢ ¢ L'sZF| " 0.21 0.21 P 0.21 0.21

M B R, POl @ Taglenz 4 (3.76)% ol §dt]
C1,)=AHCU )

e

HEHDORE 900%°)A LSCF/YSZ olFZ° A
HAAE Axrek = o

1

a8l olE 4 (3.38)¥ o] AF( | H)-HAJF(U ) A9
7127 28E 900%°A LSCF/YSZ o]=%9 BE HAza HAEEE

Axre % gk,

ll
fo
al
2,
2
2
fiu)
o

A

L

rlo

st LSCF/YSZ ol&59 Fi dAxF dE%

o9} e wHow TR & U

=
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30 ™ T T T L2 T

]
et
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o
b 20F 5 o
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g0 LSCF 6428
= I 1000°C| |
T ®900°C ||
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IrD | L 1 1 I
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log (P, /atm)

Fig. 3. 18. Electrical conductivity isotherms of LSCF6428 [31]
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3.5 €449 3= 7|49 &H

LSCF/YSZ ©o]%%o] SOFC % DCFC? dadz A&59L A9,
2474 Agxoqe Ata EtelA HeA=zA AR e A

A5t st A9 32 7]1d ¥ (Open Circuit Voltage, OCV) &
4

dd 3z UdYs SAHskd dsde] Aba ol UE(Oxygen
ionic transport number, )= & F A=dH ¥R ), o] 19
ZWhErE AAbe] &gt A7l dE glo] ool st Hr] HAEUt
dojy} SOFC AsS YeuE Hu dAF dWE(Maximum power
density) 7} =o}zit}.

A 3= VYo rYH t, = 7ot WS ted 2k

A, el 37]= (Cathode) 3+ 1% = (Anode) Abo] o] Aba: 3}e}

EZE py ol Aelel o8 dAsks 71309 (Electromotive  force,

)& vk 2o

m

4 (3459 Atx B EWA gy I Az B P, Abole] #AA e
e}
E=——| ""t,dInP, (3.78)

P, .c
EﬂMBImih— (3.79)
4F P, .a
a9 t,~1 4 o 7149 E =
P, .,c
g:BImii— (3.80)
4 P, @
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e}

=

(3.81)
Aforel]

3

7+~ (Hy) 7}

by

Al

7}~ 2}

=171

$1el W A)¥ (Sealing test)
)=

btk

°

=
1
ZO}J

=

=

7}~ (Ar)

A]

-

R

19

3= 7119 (0CV)
O]—E’jl

Eis

]

Fig. 3.
T2 ot}
=Ei
=

A= (Working electrode) &+ 715 A= (Reference electrode) E-F°l
[e]

g 2
st

&

g

o)

wheb o] AT o] Foi4A]

Ptk

J|

|
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-

R
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[e)

I

SH|

A3

TVE A 7RO R vHrlE o, 7

o]
=

i

=
RN
H
| SN

A1 ¥ AT}, upehA
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[e)

-

4 A= wol

=

==

Sk

S
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H,/3%H,0 in

z .
e

\\
ABNEEEANY

Alumina tube

Quartz tube

|~ Working electrode(Pt)

| _— Glass seal

i

3
)
/]

M

Air in

| —Y

YSZ

Reference electrode(Pt)

Current collector(Pt)

Fig. 3. 19. Schematic diagram of Open Circuit Voltage measurement
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1 T T T T T T T T T v )

— Working electrode P, variation
OF — Reference electrode P, variation -
Ak e ]
o 2t -
%» 5
— 3}k -
4 ]
i VeIt ki
5L A ]
1 1 1 1 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000
t/sec
_ Before (in Ar) After (in Air)
log Poz (working) -4 65710004 -0.69810.002
log Pgg (reference) -4.923+0.004 -4.922+0.004

Fig. 3. 20. Sealing test of Open Circuit Voltage measurement
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3.6 AA AEE 54

YSZE AbA ol HALEAZEA AL ol U594 (Oxygen ionic
transport number, t, )7} 1o 7M. 181} LSCFY ol AEmi
YSZ9] o] AELERT AXT LSCFe AA ALEo] 1%ol% ulXx]X]
g Aok oy of® <ldl LSCF/YSZ o3 ©
Arevke Agdoz SAst7]= v ooy a9y AA A=

O © A2 AEE 0,8 o] AEE 0,9 FolE=

N

]
]

fri rfo

Gtotal = O-e +0i (3.82)

LSCF/YSZ olF%9 AA AEREA F& A dEEgE wFo] o]
AEES 72 7 At

LSCF/YSZ ©lF%2 HA HAELwE FH37] fste] 2 AelA
et W2 dud s 39 (Impedance spectroscopy) ©]th &g o]l
kAl LSCFe] H] A& (Resistivity) o] - Z W& azlste] AJH]
S 1 mm X lmm 22 2 w59 AZdS AA stk A
T S0l AF2¥ LSCF/YSZ ol%% Ayt Addo] A&t Ay
1] (Solatron  1260/1296) & Z+2+ Fig. 3. 21 ¥ Fig. 3. 22 9
YebfRlth LSCE/YSZ o535 Aallde dAl A3 (Total resistance,
Row )< Fig. 3. 23 ¥ o] A 322 Yepd 5 Qith

LSCFe} YSze] FAm7F oF 500:1 4 wl, 2 koA LSCFet
YSZe A H] A& (Total resistivity) = ©|g€3sto] LSCF/YSZ

olFF Aa|d AA AEEE AAks] HA}

Ruitaer = Riscr + Rysz (3.83)
L
R=px— (3.84)
p A
ojlmg 2 (3.83)% tA] 2
I‘biaer L
Pilayer % 'IA\y =| Piscr X% + pyszXLYASZ (3.85)
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Fig. 3. 21. Schematic diagram of LSCF/YSZ bilayer total

conductivity measurement

Fig. 3. 22. Impedance equipment (Solartron 1260/1296)

L5CF Y52

Fig. 3. 23. A series circuit of LSCF/YSZ bilayer
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800%olM AA E<o] 0.21 atm ¥ w, LSCF® YSZo A
n Ao 747 oF 245x10°Qem , 31.25Qcm ©]t}. LSCFS A,
YSzol ¥ @ wWAo] Z+z ok 0.1cm, 2.0um, 0.87cm* o uwj 2
(3.85) & th 2

I‘bilayer
A

:(2.82x10"4)+(7.18><10‘3):7.46x10"3§2 (3.86)

,0 bilayer

el 2 (3.86) 04 HZo] LSCF/YSZ ols% Asf|lde HA g2
YSzZe] AA A3t Hlszsit

I‘bilayer LYSZ

Pilayer % A R Pysz XT (3.87)
2 (3872 AA IE% ool #3te] wpitw
Lbilayer
O-iaerzo_ X (388)
bilay Ysz I-Ysz

1

=, =¥ o] LSCF/YSZe ol&39 AA A%+ YSzZe A
T8 vd #Ae S g ¢ Qi

Obilayer * Oysz (3.89)

o7 dvdA AFRRRE LSCF/YSZ o559 A AFdis
T387] 9% R—C 5713 & (Equivalent circuit) + of# ¢} 7t}

R R2 R3
| CPE1 | CPE2 | CPE3
> > —

o]z AlHe A& (Resistance) # NI A€ (Capacitance) gk
Zkzt R1, CPEL ©ola, YSZ %o A=3 A=/AH Ade] st A& 9
AMAR A= 22 R2, CPE2, wiAI#te=® LSCF %9 A=
A=/41 Aol i A 8l A" A= 242 R3, CPE3=®
et ITE o] Qo oA Thed A AR T Pt =AMl g%t
A Fig. 3. 21 3 o] ARFs Aste Pt S = ARESH]

m el FAIE = QT



4, A3 4 31&

DAANEE AZAA (Solid Oxide Fuel Cell, SOFC)9 A&z
EAZA ZroAl Asjdol zh= dARS F5sH7] fske] CeO A%k
Bi,OsA Aafdel thet A7 ch o)A o] Fo] A an itk

a8 CeOxAI8F BiOsAl Aafjde ddE97]el =5 2 A
Hetts AEER d8 ZroAl AsidE giAlg s ofEsol

O]%% ﬁf"Hé]'_ O]'O]r’}qlf ‘ﬂﬂ' 71:}01 CeOﬂﬂﬂ- BlgOgﬁ] X‘]oHé./]

& ol AERE fASHEA ZrOo A Asd Fel o e
Bo7le] wZHol A ARL7L FvleAu AR dojus RS
g} w3k

TolA= YDB/YSZ o]

s3°l YDBO AEall AbA Z<t
3

olgtol M QHgAl Asjd EFAHE Hol=x FstuA sl
PLDE o]&3le] F78] <k 2000:19] YDB/YSZ ol£%& A& 3}
Hebb—Wagner o2 {& Ax AELE FA33th YDBY
e akAa #SE oA dehdes 5A4S #EAlste] YDB/YSZ
olT% AMA THsdE AESAT

3k CeO A9 BiOsAl Aafzo] obd ¢f=(Cathode) =HE HOl
APEE = 23 AEA (Mixed Ionic Electronic Conductor, MIEC) ¢
F ol AEEE F83hs ofelHolzA MIEC/YSZ °ls3 TxE
A _Fs} A T

YSZE Ee Ax AxE 2 ol HExE 72
FRAFowH AR AERES A4 #Ax AL =
TFAAA ZrOoAl, CeOxAl E BixOsAl ARty 3t dajd S
Uetdl= 2le HRE S

MIEC £d =% SOFCE thx#dl &= A8l LSCFE A9stia,
Abs Fsl LSCE/YSZ olF<sel F7m7E ¢ 1000:1
YSZ9 o] HALEEHT 2 o ALEEE 7HAHA AbL o]

F77F 0.9 oY Aole} o =6ttt



PLD (Pulsed Laser Deposition)< ©|£3F9] LSCF/YSZ o5
A Zbskalal, Hebb—Wagner #5HCo® o]F35 H& AA A=
=Aettr. a8 dadA B339 (Impedance spectroscopy) ©
olFTe AA HEEE FA3 I o]ZHEH ol IELEE T3St
mpAgo R Ayl 3R UAYS SHAFCEA LSCF/YSZ o535l
YSZ, GDCE whAE =tek dafjd SAS Hol=A I3t

=2 v
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4.1 YDB/YSZ o|&=

YDB/YSZ olF% Hade] @ YDB T2 HaAlAZ AME3A S
wHoh AR dAEE WA ARE7E gaste dsd g ol
FAE =2 Felstr] falA = v 7] Hi= YDBe YSZ 779
i Az AREE S43 dav) gtk

uwebx] F8]E YDB, YSZ AlS o] &3te] o] ztdk g A 2sto
Hebb—Wagner #=Hoz JBE Hx AREE

H] 28}

4.1.1YDBY H& A IAE®

N

YDBS H& HAx HEEE 600<T/CT<800 2% oA
SAsATE. #97] 7kae FVIAIDE 1" AEA AlE
AAFE SeFo] A A (steady state)o] EEIS wjo] AL
S5k} Fig. 4. 1 o Al AHdFE S5TUS w Alte] &
Aste] Wk

*

AEgE o] (onic) AE7F 7 dojdoh. el o] Ad =9
o3 o] AEEE Ak fAstHA Aol FrRERel weh HSto]
S7Vetth7l B2k dHlel TEstd ol HMEE+ 0 o Ha, Mok
AdAet s FASA ok o W HeS FAst] AR )-
Ad(U) Asoz Yehw Fig. 4. 2 ¢ o} 18la 3. 48] 71&3%
vkel o] Fig. 4. 298 AR-Hs Asel 2 (B51)& ©]&35t]

fittingsh #917] 7}A~9] AbA Btod o] Ax 4l Ay AxLE 3

9k
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0.08 ——

T=800°C 1=025mA | o Voltage
[ Fitting Result |
0.06 |- i
2 0.04 |- =
)
0.02 - i
0.00 |- i

0 2000 4000 6000 8000
time / sec

Fig. 4. 1. Temporal variation of voltage U of YDB when a constant
current (0.25mA)is applied at 800C

7=169.4+0.5sec
D=(9.57+0.03)x10™° cm? / sec
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Fig. 4. 2. I-U curve of YDB at different temperatures
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Table 4. 1. Electron and hole conductivity of YDB at R, =0.21 atm

Partial electronic Temp/ C
conductivity
/ Sem™ 800 700 600
o (1.34£0.08) | (1.87£0.09) | (7.19+£0.92)
" X107° x107° x107®
This work
5 (1.12£0.05) | (5.08%£0.14) | (5.42%+0.39)
x107? x107* xX107°
o 2.16xX107° | 1.85x107% | 9.09%x107®
Ref. [6] - ;
o} 2.34x107° | 6.92x107* 1.54x107*
-74 -
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2 AFoA FA% A4 BSto]l 0.21 atm ¢ Wl YDBY dxpe}

)¢} oA Hist= AE Table 4. 1

AApe]] o3t AEEi= FEazgke] vlaf] oF 1-1.5
2 I

A vhebgA R g

st H, AA AXE (electronic conductivity, o, )i AApe] <]t
0,=0,+0, (4.1)

=0, R, o, =00 R’ (4.2)
olth, 93714 ¢, o0& A Hgtol 1 atm U wWel Axel FF
AEE olth, 123 Ak #9bo] 0.21 atm 4 W T Axpel AT

AE% (0,0t s #A4L uhEh

o,=0y-021" o, =00-0.21" (4.3)
7¢3 Fig. 4. 3 o Ygd %9 2 o, 0; A )

7171258 ARl AFY AEES #FA3  oyA] (Activation
energy, Q)& & & vk weby T G5 AUAE 4
(4.3)3 (4.2)8 #A2 S olgsto] Aelatd HFAoR 2rg A
el wE YDBO ARl ot AE=( o, ) FFel o
AEE(o,)E 78 & 9tk °1& Table. 4. 2 o Aes3lrh. 19
Table 4. 2 9] A3}= o]&3 YDBO H& A AEEZE Fig. 4. 4 o
LER TR 2 Aol 4% YDBY R A drne A
Halsk= @t v]esto

R

—
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This work Gn* hd
o'p* L 2
2F o Ref. [6] Z“i """
=
)
e
3 or
8L
090 09 100 105 110 115
UT/10°K*

Fig. 4. 3 Electron and hole conductivity of YDB at R, =0.21 atm

at different temperatures
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Table. 4. 2. Electron and hole conductivity of YDB

+

c,(S /cm) =(1.09 £ 0.63) x10° exp(—%} P,
This work
+
o,(S/cm)=(10.64+5.82)x10° exp(—@j P!
o, (S/cm)=3.4x10° exp(—%) P
Ref. [6]
o, (S /cm)=5.0x10° exp(—%j P,
-77 -
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0 800°C | 700°C | 600°C
This work
- Refl6) | = - .

log (o, / Scm™)

Fig. 4. 4. The partial electronic conductivity of YDB as a function of

oxygen partial pressure at different temperatures
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4.1.2YSZe BE AA AL

Frt

o527k YDBel wls| v =222 YDB

S S Pl S R itiq ¥ 900=T/C=<1100 2%
e SAskalt %%ﬂ 7= YDBe SA4¥ vRbpA R
ol A M%ﬂ dAFE ST AR

. Fig. 4. 5 ]
] = sh5 HrER STt
= ATl ST Ak 29kl 0.21 atm o wW YSZe] xAkg}
)9l FEEHoM HdlE XS Table 4. 3

Mmetgith 248 A4 ARE Tagel wel ok 1.5-26 27
L

783 Fig. 4. 7l JEhd £Eel wE o , o, 19
N&NE2RE AR Ao Arxe @A oA, Q, = Fato]
258 AbA kel wE YSZO HAAe o3 AE=(o,)8 FEel
% HE%(o,)E T3I3th ©l& Table. 4. 4 o A3t 182
’MMe4491éﬂ%oﬁﬂﬁmﬂﬂ$ﬁ%ﬁ}ﬁEE%Fng8

od V4

I
& Aol 7} gl

weba] B Afoq AR YDB, YSZO HE A HAEEI}
BFox] HIisle X9 2 o]zt ¢leE®E YDB/YSZ ©]FZ9)
T A AR: 54 A9 vlusked AV fles ddeta
AHS Ayt
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006 T T T T T T

T=1100°C 1=50mA o Voltage
Fitting Result
mome - Off
0.04 + .
>
5 o
0.02 . -
(@]
| @)
i %—-m
@b-0N
0.00 + 1 1 1 .

0 200 400 600 800 1000 1200
time / sec

Fig. 4. 5. Temporal variation of voltage U of YSZ when a constant

current (50mA)is applied at 1100TC

7=7.51+0.12sec
D=(5.39+0.09)x10° cm? / sec
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Fig. 4. 6. I-U curve of YSZ at different temperatures
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Table 4. 3. Electron and hole conductivity of YSZ at R, =0.21 atm

Partial electronic Temp/ C
conductivity
/ Sem™ 1100 1000 900
x (5.16%£0.07) | (4.33%0.09) | (1.83%0.05)
“n x107° x107° x1071
This work
5 (8.61£0.07) | (2.18%0.05) | (7.31%£0.23)
x107° x107° x107°
o, 1.11x1077 | 8.45%x107° | 4.15x107"
Ref.[2] — . .
o 1.18x107" | 3.90x107° | 1.06x107°
-82 -
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*
'2 B This work | % ® |-
cp* 2
G* ko I,
b Ref.2] [

log o™ / Scm’™

070 075 080 08 090 095
T/ 10°K?

Fig. 4. 7 Electron and hole conductivity of YSZ at R, =0.21 atm

at different temperatures

- 83 -



Table. 4. 4. Electron and hole conductivity of YSZ

o,(S/cm)=(9.34+0.02)x10° exp(—

3.88+0.10eV j i
- - PO
KT :

This work
+
o,(S /cm) =(3.39+0.04)x 107 exp(—Wj pue
o, (S/cm)=1.31x10’ exp( 3.88eV j p-u4
Ref. [2]
o,(S/cm)=2.35%10? exp[ 167ev j Py
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1100°C| 1000°C| 900°C

1 This work

Rf 2] | ——

log (o, / Scm™)

log a,

Fig. 4. 8. The partial electronic conductivity of YSZ as a function of

oxygen partial pressure at different temperatures
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4.1.3 YDB/YSZ °l%

ol
1o
—
Mo
)
D)
)
bl
bl

YDB/YSZ o|lEZ2
%7038 Hebb—Wagner
T ek 1/2000 =2

Ax AEEE F317] st 3.449
HS o] g3t PLDHCO® YSZE YDB
S2AIZL 5 YSZZF o] Ak AFZE

o Mr o
b dj e

YA etEE AS A2
=HE As 54 259 2971 7R (A oA FE8] HEgAI &+
54 dAFE =8 T9 Fig. 4. 8 3 o] AFAF AH(steady state) ©ll

— =
SeRe W A% S ZAste] Fig 4. 9 9 4. 109 AF(1)-
S

TAE FE3oA RusteE HE HAx AEEE FI AAbste] s

AR-AYG FHozrY Py

o}, Fig. 4. 99} 4. 10°) vtepd
A

o]-&sto] A4S YDB/YSZ olE3e AR—-Ads =4, 183 YDBS}
YSZ9 ARF-Ag FAH9 7|er|2RE zZzZto RBE AA AEEES
T-3to] Fig. 4. 113} 4. 129

YDB/YSZ olE59 Hi Az T Fig. 4. 113 4. 1294
wZo] Gy (hole)oll 23 AA AErt 9AF 9 (P-type) °lAdE
Az AE oA &7 FElo] YERAIRE At (electron) o] &gk HA}
AE7F A 9 (N—type) A& A= dE A @97t o
Zoktl, = B oA = YDB/YSZ o]F% dAafjdoA Ak Hglo)
GolAdF= YSZo| 9% dAx AR A &3yl PiadeE o=

LFERSL T

2L
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- T=800°C 1=0.1mA

O Voltage
Fitting Result

t/sec

0 1000 2000 3000 4000 5000

Fig. 4. 8. Temporal variation of voltage U of YDB/YSZ bilayer

when a constant current (0.1 mA)is applied at 800C

r=127+2sec

D=(1.225+0.014) x10* cm?sec™
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o YDB/YSZ (This work)
YDB (T. Takahashi)
—-— YSZ (J.-H. Park)
------ Calc.

Fig. 4. 9. I-U curve of YDB/YSZ bilayer at 800T
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|/ mA

YDB (T. Takahashi)
—-— YSZ (J.-H.Park)
------ Calc.

o YDB/YSZ (Thiswork) ]

D R R R R R

|
i
i
i
i
i
i
]

Fig. 4. 10. I-U curve of YDB/YSZ bilayer at 700C
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log (o, / Scm™)

1 ' 1 ! 1 !
0 o YDB/YSZ (Thiswork)
YDB (T. Takahashi)
—-— YSZ (J.-H. Park)
2k
L ®
" %%EB/' o
4 ey @ -
L
_6 - /'/ -
d/‘
'/
™ - ‘/ -
\.\. /‘/
\~\ -t
-8 1 LT . 1 -
-20 -15 -10 -5
log &,

Fig. 4. 11. The partial electronic conductivity of YDB/YSZ bilayer as

a function of oxygen partial pressure at 800TC
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log (o, / Scm'™)

T T T 1 T 1 T
700°C o YDB/YSZ (This work)
N YDB (T.Takahashi)
2L B~1/ 2000 | _._ YSZ (J.-H.Park)
-4+ g
CBCB @@ o ‘_¢ & ®g‘
.. ’_f%’—ﬂg e @ E
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----- .~
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I _ 1
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8| PRie 4
'~ .7
-\. /'/
- \.\ _ P -
L l L l L l L
-20 -15 -10 -9
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Fig. 4. 12. The partial electronic conductivity of YDB/YSZ bilayer as

a function of oxygen partial pressure at 700TC
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T T T T T T T T T T T
4 -
L /L m112000 ) YDB/YSZ 800°C (This work)
- YSZ  YDB <> YDB/YSZ 700°C (This work)
2 L —— YDB (T.Takahashi) |
— -~ YSZ (J-H.Park)
i . Calc. <
- 800°C
".'E 0 e’B{'mn'c
é i
~ 2
b’ - Calc [ 300°C
N’ o, {
=11} -4 700°C
&
— -
800°C
-6 |- o
e
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8L
_10 [ | 1 I 3 l 1 l 1 l [

-25 -20 -15 -10 -5
log a,

Fig. 4. 13. The partial electronic conductivity of YDB/YSZ bilayer as

a function of oxygen partial pressure at different temperature
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YDB/YSZ o|5%59 F& Az AxE7p ¥ Ak REgdow 7+
AP AHAT A A A Hok 1o o] Ak AL A

Aaigel wla) WeAol AW e x Belelq delsthowm

f = = =
=] wEel dEEAet wkgol ¥ st dojwts Aol

YDB/YSZ ©%% AW WEA Aole] wgg AR douhiA
] FAb A7 @vl 7 (SEM)# ol %)

%},
Fig. 4. 14 oA HZo] o]& vk "=FOo =7 AME3I Au foil %9
YDB7} AetAl dEEo] FiEAow vyt @ As & 5 Stk o
Ft2 YSZ uhuto] FAE o] Qe BE o g oju] YSZ o] &£Ax o
A AEE JAANATE Tol AHFES & & ot

T3 EDS ZA¥yE Byl B AFoA AR fElA HaAY S
43l Si 7F Al AAle] FEFSte] EExHe] Sl RS Fdd & g
olefgt AHEFH ita Ffo] HRoldas UEATE vwg FFs)
F& Al A= Abo]l2 ko] whgek Zlow dd Hr

kA 483t YDBO Hi dx ARE SR T UEAES
AHEE SOl E S0l AEstAl o]Fofxl Aol wk] YDB/YSZ
olgFY AT "HeAY HAFVF 59 dQle R YDB/YSZ °o]FTe
Aol vlwd LA 7F JAFspr]el Hokdk Ao w et

] A

T8y YDB/YSZ olF %9 Fi AA AR 54 AIor B
A Fgto] 1077 atm olFeldE WA AEL oA &

Ueh= A0 % Hol YDB/YSZ ols3s Adfde 7tsde B
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Bi La1 Y Lal

AuLal

Fig. 4. 14. SEM and EDS cross section images of YDB/YSZ bilayer

after experiments
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4.2 YDBY| &3l AF

4.2.1 @25 FFdA sl As

i

YDB (yttria—doped bismuth oxide)¥ H2 4AtA: ol FAERE
7FR a4 As| A EZolt}, Takahashi [6]7F Ha13F Yttria 27 mol% s
5333 Bix03—Y.038 HAEE+= 700%0A o] HEEZF ok 0.21
S/em 2A #Z& XA YSZ (yttria—stabilized zirconia) ¢ o]
AEE 0.036 S/cm o Hl&l] oF 108] 7} =& #s 7HXIth
YDB7} zZbe= o]#fdt #2 o] HAEEE dHA YSZE AR
AHEsHE Al ARsHE A% A (Solid Oxide Fuel Cell, SOFC)<
i%’—‘}%,‘li Ade aldstr] f1gk Wetor F5 o gl

BTN AHE3l] (Decomposition) 7}
oL Oﬂoﬁﬂﬁgi n]-9- E<Qkgsitt. & YDBZF SOFCS Hsjd=
At ‘?} ] Q‘HO o Al 7F

o] & gt
ojgfetofol ARt HAAZEA] Biy039] /\]'T':OH Asol B
I’_iﬂ‘*g’iEL(kmetlcs)ﬁ Sdel tfeiH = Hol thFol X[ x| ekttt

T. Takahashi[33]+ Bi¢} Biy039 HFE A4 1
1S 600%A ¢k 1071 atm o]t}

0=
A Biz0s—Y:0; daldel 4dFE &8 FAUS oW 3 mAem® 7t

Sl
>
o
ﬂll
o
iy,
O
ol
AN
— F
do
%
>
rr
ML
2
Ej
Do
O
1o
ox
M
%
2
i)
%

o

stAl A5 (limiting  current) 1™, o]w] Bi,03—Y,038] Aol A7
el (blackened) €S AsEGltE o] AA W Bi,03—Y2039
FY A Bigk Bin032] HE AbA 943 A Xk

Fig. 4. 15 ] T. Takahashi[6]7} A&7 dojd YDBY
7178 (em.D)S 7|5 A& #<9 107" atm o tisle] 33 AnE
e ST
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15. Open circuit e.m.f versus temperature relation for the

Bi;03—Y5053(27mol%) at P, ~10™ atm [6]
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Fig. 4.

THCinAr  I=0.1mA

-

O

/v
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t/ sec

(a)
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16. Temporal variation of voltage U when a constant current

is applied to YDB polarization cell, (a) the steady state voltage not
reached 0.3 V (b) the steady state voltage exceed 0.3 V
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: : : : 0.8 — : : : : .
700°C in Air I=0.11mA 600°C in Air 1=0.038mA
0.6 |
1 =04}
=)
1 02|
5
o
00|
o |
L 1 1 1 — T T T T T T T T T
0 3000 6000 9000 0 3000 6000 9000 12000 15000
t/ sec
t/ sec
(a) (b)

Fig. 4. 17. Temporal variation of voltage U when a constant current
is applied to YDB/YSZ bilayer polarization cell
(a) 700C, I=0.11 mA (b) 600TC, I=0.038 mA
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4.2.2 E3HE o] &3 FE3 AL: G SF

obx 4.2.140]4 Hebb—Wagner +=52 o]&3 YDBS H& A}
AT =4 ZF T. Takahahsi[6]7} B1u3 AE&7F dojd YDBO
7178 o]l Hete]l YDB Al <IvF @ ouwj, €= v oA
Aste] A7 AAEE dAdS Auskadnt

o] &Aol YDBE wsliel AAA] #Ro]l gleEx], E oojweh
o] fF=2 olzlgt dAlo]l dojupe=A], 11 AAS AWEly] 93 A
= AAE] oFo] Baak gt

Aol ok 3. 329 YDB AlA Az W3 FAdaA AlEHES ohA
Azt E0jE AJEE 3. 3-89 o] Aw da A Az Wi
FTAdsA AxI H O LEE 700C, AA BE Ar 97
(logP, =-3.92+0.07 )l 4.1.14¢ YDB %& A4 dAxk 74

W FdekA skl
Fig. 4. 18 & o]& A+ AFejoA] T. Takahahsil6]7} E.a1sF Ar

w97 A AdEelE YDBS 7118 3 0.3

AFCI) ="V ) Aoty Fd (6] Hisk= YDBE A}

AEEZHEH Ar 2907149 d/-A FA4E

ettt 223 kA 3. 449 HAAg el AERRE wd WYew

YDBO] H& Ax dETE F3to] Fig. 4. 1

213 A e Sl

Agtel QA WAL oldd Aol dehpiA Hasol A

o
E
o
kit
=<
o
vy)
o>
oX
T
%
o)
zl

agrel h B @ A e Agel s
Aslic o] dehdu olE el A
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Fig. 4. 18. I-U curve of YDB at 700C in Ar atmosphere
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YDB (This work)
YDB (T. Takahashi)

log (o, / Scm’™)
o

1
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log 2

Fig. 4. 19. The partial electronic conductivity of YDB as a function

of oxygen partial pressure at 700C
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Fig. 4. 20. Temporal variation of voltage U when a constant current

is applied to YDB polarization cell, (a) the steady state voltage not
reached 0.3 V (b) the steady state voltage exceed 0.3 V
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SHA| Aot 18y o] 2wk A= (ion blocking electrode) ol ¢
2

Fig. 4. 20 = YDB ®= Al A A7 (constant current) & ST
] A7k wE H<t(voltage) o] W3sE AFolth. IHoA KO
AAFE A7FHon)sh= =3+ Aste]l F7ksth 27]o ARE S+
witll= YDBE &8 At o2 % dxel Aol o HE7h
A 2 o] &l
AbA o) 2o 93t dEe HAp FHastEA AFdo] FrhstEE Ao
S7betAl @rk oS53 P i (steady state) ol E=ESbH AbA
ol °st =& 0 o] ¥, AAfel &3t dernt dojuA Hrt. o]
o] A YDB AlA el A4 ster el (oxygen chemical
potential) xo]E UEFAT A AEjelA e Ad@sE SHT F
SHFd ARE WFA(off) HW YDBY Al A g3 At
738l (voltage drop)ell &8 Agte] A sFHTHr}, o] 53 YDB Al#H
okckel  abk 3e ¥dld Aolo] o8] 7} A (reversible

electrode) OS2 HE o] Aot dA=072 AAh7 dAbEHA Aks 38!
.20 9 (a)elA et 2ol

e 4
Agro] skl Wi YDB AW 9kwe] Aka gheh Eeldo] gobH7)

kel
)
i)
_>;£
o
L
i
2
iy
X
i,
o
=
)
=
&)
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= o
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Fig. 4. 21. Temporal variation of voltage U when the steady state

voltage exceeding 0.3 V is applied to YDB polarization cell
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YDB7F el EHels W AlRrel wE A Wt Aseld AA
Alzro]l A7) offrell thafA Bzbsl Bt
4, YDBO AEsi7E dojur] AlEskes A s EEiA
AR 7 dojypr] Al&He= A B9F(oxygen partial pressure) &%
vlo} & Zo|t}. ksl YDB AlE okwre] 7|HE(E)L 2 (4.4)9)
Nernst 2& W=7 wjZo|t},
7kl A5 £ Ak #Ste] 9171 7kAE] Ak
orng SHE A el AP rEFE o
= 7% F Atk wekA 0.3 V oelA AR o
m, 700CeIM YDBE AZeizh dojubs At 2%

YDB t=Ae] 7hel A=l o2 A

EHFH o] Ad AFelM 7hg A= WEFOR Akn o] &o] o]F s
At webd o] A A5 Ho Aka Eh2 SopA Al Hed], o
we] Abs o] oF 6.1x107" atm olstE YrelA Al HW o]& A
A B2o] YDBZF ARE#7F deojdth. o]E Fig. 4. 22 o 1w
RAERZ ER It

T3 FAFE ARE WEA HW AW Qv As B Aol
oal 7kl A=FelA o] A AFow A4 EbEnh e o]

im A o] gEal7l Lol Bi metal o EA|GEE

o
[
"
oo 02 o 2

= A7) Bi metal¥t WY A Bi,035 A kel 9l
A}k ﬁ% 2ol Aba Fol dAsHAl FAET T3 Fig. 4. 21
dol QIZIAZI AFe] ghel % A A v g ASKHe
e gAY F Utk = AEEs FHE dstEe VM ARkl
QZIAIZL AZHE w3t Aolm=r ) datgke] vlelste] ddalls= o]
< 7Fsk= Aotk
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Pt-net + Ag paste

0% No” Xp  —)

Bi,0, = 2B +307

Pt-net + Ag paste

hgl paste "
Au-foil

Fig. 4. 22. Schematic diagram of YDB decomposition reaction
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YDBO A&7} dojdt & thA] Bi metald}t AbA7F vk Bi,0sS
A BHE Etell o] Atdk A= £ A4 FSto]l A A He
a Al wAt.

doj}7] A YDBO AL (degree of freedom, F )&

F=C-P+2=2-2+2=2 (4.5)

o714 C &= AE(component)® 4, P = AF(phase)o + o|t}.
YDBS] ¢ BixOszel A Y035 =338kl Y 7F Bi AHE
x| 8tsl= AlolE 2 o] (binary oxide)® & 4 Atk wEhA
YDBe C+= 27} ¥ + YDB-oxide, Oxygen—gas® 27 ©]t}.
webA] AR dojuiA] 42 YDBY AR 2 otk &, 259
FHoll wep 5Ae] gebx= Aotk Py & Adeld =7}
A stA Lo o=

F=C-P+1=2-2+1=1 (4.6)

webA, YDBE 545 W7 28 A ol

Oeo 2 A7t Aol § YDBO] AriE &obi Al Fig. 4. 23 9
R. K. Dattal35]7} H 113k Bi,03—Y.039 AEEE EH 700TelA
Bi:OzWl Y2039 &3 % (solubility) & $tAl= ¢F 38 mol% ©|t}. YDBE]
el o AAE Bi metal> HEF O] 271.5Co]|2E 700 TColA
NJow EASHA =i, Y = YDB Wel §sllecta Azstd AEa 7t
dojd YDBO P = YDB-oxide, Oxygen—gase] Bi—metal?]
=7k o] 3 o] fn webd AFE7F 0 o] 7] wistel s @ 99

A Bl WahA o} gt AHH P molE ok,

- L

2~

>

F=C-P+1=2-3+1=0 (4.7)
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P
o Ligued 7~ 7
| Liguid + /¢ +
1700 ﬁf__‘___j_"‘ - - .ﬂc‘if.f" P s
s - -
< - . T
wool-8. - P / fee (solid soln) \ |
g ce (salvd soin/
907+
804 + » fee (salid soin)
; +
00 E: bec (safrd soln)
)
2 %
600 | N
/ Mole % ¥, O \
L 1 1 | 1 | —

8,0, 0 203730 40 50 60 W 80 K0,

Fig. 4. 23. Phase equilibrium diagram of the system BisO3—Y,03[35]

- 110 -



4.2.3 B4 Af AAYAZFEH e AL At

T. Takahashi[33]+ current blackening WH¥ S ©¢]&3}o] YDBE
s A H, o] AHEEE AlHEe dd 3R 7AE(0CV)=
SA43to], Bi039] A HA A ol A (formation Gibbs  free
energy) ZFE Bi metal?} Bi;032 Hd AHE 7[dAHe AALS
Avtel mlaski= 1o ghol dAE, s YDBS XRD 4
A3 Bi metal® 33 s #F HAAR Y059 3H HEH
B g Foz & u, YDBO s WHE2 Bi0;9 sl

wgow mebw Pustia shelu.

A A2 A AUAZRE Bi metal?}t Bip0;9 BE e 7d8S
Axbsh= WS tad #2914, Bi039 s wheS 9o®
271¢] Bi ¢ 371¢] O 7} ¥hy Bi,O5 7} H&= WEgo|E=®
2Bi +§o2 — Bi,O, (4.8)
2

o
1o
(=
olo
=2
=
o

T

IS 7]~ A oY A (reaction Gibbs free energy,

0 0 3 0 8 1,03
AG,,, = Heio, — 2 i _Eluoz +RTIn 2B‘ O3/2 (4.9)
Bi Yo,

olty. 7|4 u° = ¥F ‘JH(standard state) 9] 3}st HEldola, a
= g% % (activity) ©] ot
a8ar Zb AdEol

NI A= (AG] 4,0, )

3

— AH o9 o, B0 AY HA AH

3

AG?,Esizo3 =ﬂ§i203 — 2415, _E,ng (4.10)
o] itk 2 (4.100& 2 (4.9 ¢l uislsta 919 wkgo] FH U o
AG,, =0 (4.11)
dE st
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a..
AGr><n = AG? Bi, O, +RTIn 2 BIZOZ/Z =0 (412)
B A 'aoz

=3 Bi metal?} Biy039 FFE+= 1 o] 2

AG! 5o =15RT Inay, (4.13)

]_
g 9, Nernst Aol o8] 7188 (E) & thast o] A@ abeto] Ak
B¢ AolmiE TE 5 g

ref .

E=%|n ZZ (4.14)
°& Al ¥
4FE=RTInaj -RTIna, (4.15)
o ¥, §1¢] A (4.15) ¢l A (4.13)% thdatd
AGS 40, =—BFE +1.5RT Inaj;" (4.16)

o} Zol YT 5 QUrt
D. Chatterji[34]1= 919 2] (4.16)9 #AZE o]&3te] CSZ(Calcia—
stabilized Zirconia) FH <Fe] &% FEje] Bi, BiO3 &% A=
AAAZI DEd AdEelA 971 7tAE 371(AInE 1ys
2o 2 99 32 7]d9 (Open Circuit Voltage, OCV) S 73}
ofbgf o} 2 Bi0s2 A HA At odvA = T8kl

AG; g, =—(565000+4000)+(277+4)T J-mol* (4.17)
A2 A (4.17)E ol g3t ot ol (T )k #9171 7149
A B9H(agh) el whek Bi metal¥ Bix059 BE el Mg
?-fﬂ oh:]..

1 rer.
=—E[—(565000i4000)+(277i4)T ~1.5RT In aozf} V (4.18)

m

= Aol 83 700C, Ar 29171 (log R, =-3.92+0.07 atm ) °Jl A
Bl metal, BigOgP/] %‘851 }E)]'ﬂ]‘bﬂj‘igl 7]@‘?—:}% }—\1 (418)% O]%‘a‘]'o%
AxkskE 0.321£0.008 V o] th.
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4.2.4 787 oS o AF-AE TA

%A 4228004 YDBY Aazt ol w Aol e At

Wate e g4 Aol YDBe ARH Ak BUYS HAs

ool YDBS) Adl Aa o ol4el Aarel AANE W A
AR (1)-

Ao Aol AetzkS E3] YDBO AbEE|r HAgdS
Ag(U) AAE do
Fig. 4. 24 &= YDBE Adl Ag oo = dgdo] Q7F HSS

A dEelA e Mok MAF Aotk YA ®Eo] 0.3V
o]Fo] MR- AT A FuE Frhsith o] YDB7F A
HA Bi metald} AbA o] o] A wEk AbA o] 2o o7 A}
AE7F dojuAl wHe=d, o] W] Ade AbA o] HEAQ YDBY
ol AmEel 98 AWHL 1T o]& AELRE Ak Elo
FaetR =z Aol dAsHy] wiiEe] HA AER FAolAset ol
AF—Ag 7Asol A4 Fe7t He Aolnt. ol& FAF o=z Hdial]
fleto] Fig. 4. 25 & RA LS o] AFs7F dolwtE Wl YDB A2
TE2E s Ea AEsvE dojd 99 e AbA el
E=EE o0& A A5 FHoMuk dojwts Zlo]2E Fig. 4. 2569 o]
YDBS} Zsl7F dojd Fat oz wproia] 7S S gls o)t
YDB Al#H ZA oA local equilibrium= ®H5E o
O+2e=0" (4.19)
Vi, +2Vn, =Vn, (4.20)

ojlty. A (4.20)A  py, = AbAC] FFst EZHlA (oxygen chemical
potential), 7, & n & ZHZt A9} o] Ay I EZHlA

A
(electrochemical potential) ©] t}.

3t A AAE EFstE AdFe dF WX (current density, | )=
Aol o8 AF Wx i 9 o] 2o 9% WF WUE |9 Fojmz
=1, +1, (4.21)
olt},
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Eo |
01t _
0.0 ke e e -- _

00 01 02 03
UV

Fig. 4. 24. I-U curve of YDB when decomposition occurred at 700C

in Ar atmosphere
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YDB Decomposed
layer

L
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Fig. 4. 25. Schematic diagram of partially decomposed YDB sample
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g8 k2= Ask 2o 23 current density: tha3 2t}

i __ %

h=-—FV (4.22)
“  F I
2 (4.22)F 2 4.2 ddshd
. O o
=V ooV, (4.23)
AT
o ¥, 4 (4.2009 BAE o) gste] 4 (4.23)& WPy
i O O O, O
==V +—(Vu, +2Vn,)=—=Vn,+—=V (4.94)
F g ZF( Ho 77e) F 7e = Ho

)

o
12
o &

OlA| a7t Aot Al oA AFel A=t d7] ke k&
LEot7] Sl s dojub#] @& YDB
AR 7 Aot d 9 (decomposed layer, =994 D-layer)

25l Aze) wEE sk
[e) =
o

A4 YDB delo]de] A% wpi
YDB YDB
joe _ %ty 19y (4.25)
F T Y
o3, AlH| ZAo] Wgkef sl AR5 HF el dxE walTH
YDB YDB YDB YDB
i8dx =2t vy dx+ 2V dx=2t—dn + 23— du.  (4.26)
F 776 2F :uO F 77e 2F :uO
o] Hi, FAE Ayt e Ak,
YDB YDB
YDB t i
[i™Pdx=[=—dn, TG (4.27)
ogko] ARI)F qko] Q= AR A7 B8 TElA ¥} Abao] 3
A P westel AR As) $H 9 A3 Ho @l wy
g Aol Hix wEael @tk ol Wty Yeke] Pesuw
TSt AL ol e} #r}
1( 60" 1 (95"
E P :—E 5 (4.28)
luo e ne Lo
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YDBO] Ztal AbA b YDBO| Asja 9 (electrolytic domain)
kel Qlar, HajA oA YDBY o] &5 (ionic transference
number, t)+ 19 7I7F9-22 YDBE A AE%E(total conductivity,
o)+ Had Zo] A &+
0, =0,>0, (4.29)
kA 2l (4.28)¢] YDBE AA AREE o] MEEE HHL
Ei A

YDB9] o]& AxEi AT Z A= (constant)

e std
1( 00" 1 (o0™®
E( a' j :_E[ a' ] (4.30)
/uO e ne o
1 ( oconst. 1 ( oconst.
£l 72 :_E 5 (4.31)
;k) e ne Ho
0=0 (4.32)
o7 HAQslur Tt S WSSty uwEbA A (4.27) ¢ 39
A welstal do] Wk 0 oA L 7hA A&Eshd
L YDB L __YDB
L'YDB _ e GI Ho O-I
_[Ol dx_'[ng = d776+-[u8 oF d o (4.33)
YDB YDB
.yoB; _ Oj L .0\, O L 0
i L= = (77e —ne)+ oF (,uo—yo) (4.34)
ol thAl ML H7] ek ZHlAd Abolo tia Fyletd the &
AeE ds F Y
FL . 1
= =™ = (o = 15 (4.35)

w02 ARyt dojd 9 (D-layer) X e AF Ut AL
A7) sheh Ewlde] s g efsto] KA

D—layero|A] A|He] 32+ AF AF dxs

N

D-layer D-layer
Y . Y

iD—Iayer — Oy = V77e + '2F Vﬂo (4.36)
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”ld], D—layeroA+= Bi metal?} Bi,Os7F H3d ejo| 2= A4 gsh
iAo ztol7t givkar 7 ¢ ok meEkA 4 (4.36) oA AbA
s £ Fol AtebA 1

D-layer

ot 9y (4.37)
F
9 ol & % gltt
oAl 2 (4.37)¢] YW do] W& L oA Ligw 7HA A8k,
LTotal D- Iayer
Lrotal - D-layer e O-
[ ioerdx _L: —dn, (4.38)
GD—Iayer
07 (L — L) = o — 17y (4.39)
( Total ) F (ne ne)
ol oAl ARkl 7] ster xeld ztole] ois) AFElekd e 2
e e 5 o
F(L..,—L).
neLTOtal _77eL = ( TDOETzLyer )IYDB (4.40)
O,

t

nprleto 2 YDBS} D-layer® E=2+ AR{Y A7 HEE A=

pomzg

i:iYDB :iD—Iayer (441)

_ OZ[F(LTota.—L)+ FL}. 1
&

_U — (LTotaI _L) L :|| _AIUO (443)

D-I YDB
DA I

714 Aty = g — po ©ITh.
29 2 (4.43) o4 BZo] FA9 V|L7]|+=
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o} ol FoAH AEdE S FALww—D7F A AE
.‘]:4

el I H
Aol mla] FAlR wkeE egolal, AdREdE S AA ARR

(o7 ™™) & Bimetale] 93] w]$- 2 Aolmw /)7t

o7 B F gtk wEkA 919 2 (44b)E IS @e =R
A #AE 712717 4

T3 A (4.43) 0 2HE RS AHUD) S ARV 0 o] Hls
Aba ghel 2Eld Aol o] HER

u* =2 (4.46)

AF-—H
HAE 24t (extrapolation)dle] AH7F 0 1 AF S A3
o7 F3Er}. ol e WHow A2 700TC, Ar 7]
B o

3 Aete 0.3056+10.0014 V o]t} I3k ¢kx] 4.2 27 oA

A A cmRE 3 ARl A2 0.29610.022 V ZA HAF-
Mot Ao ZHE T3 AR At A WA AXss AHE
YTt o]= T. Takahahsil[6]7} Rigt AEs|7t dojd YDBY]
7159 oF 0.328 Ve w9 ZARSE Aot
st 3, 2] (4.43)04 9H(U )] 0 o] =4,

%: *:aiTLBAI (4.47)

ojlmw, HMetol 0 ¢ w AF(Fig. 4. 26 ¢ 2F AHe vy dd) s

e AU ) emNE Addd VDB 540 ATE 78 F

Fig. 4. 26 o %% Adelx HA] 71&7]= (65.9£0.2) X107 S

ol y & AALE —(1.8+0.1) x107* A o]t}
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J¥3 Fig. 4. 26 9o AMe grI¥E T# A4RdE YDB
A AT 170E6 Q ola, A 447 Fol y F HHAF
422804 ARE AZolAe AA AgorRE FI AR
AU ) ozPE ok AR YDB R34 A 164+13 Q
om T AWt @3 WeeIN A st

g, flet 2 AR dofxl A Ao EZFH Nernst 4=
o] 43t0] YDBO A&7} Qojib= Abas Rols AAre 2= 9t} v A
& o

AF—A AZold AF7E 0 o wl AYggrozRE AL AR
Ab B9 (5.6+0.4)x107M atm o]ar, Algte] wE At
AsgtellA] AA A #goeEFE O T ARE Ak BES
(8.9+3.1) X107 atm 22 22 W e dXec} o] T3 T,
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I L O S
R 2 YDB (This work)
- 700 C, Ar Fitting Result

U/VvV

Fig. 4. 26. Determine the resistance of partially decomposed YDB

specimen from [—U relationship
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4.2.5 B34 AFA9 FAE

o AWelM Fig. 4. 26 3 ol FEsk Aolxks W AF-HY
B9 71e7 2 ARdE YDB $34 A% 7¥ & gtk

YDB7} A& Eo] o] zk M= (ion blocking electrode) %ol Bi
metal?} YDB7} H3¥ 2 (equilibrium state) o] Sl Fo] A=W
2 o] AaslE T2 719 A= (reversible electrode) &2 #8317
Aok kst st dojuiA AlEEA Ala o]lS YDBE
saotAl Hel wet f ol ol AW dIFomAe o3ks 1A
a7l wiEolth. web AREl® YDB w54 HEEE ol

AEES Az AEE7F ezl Al d =% (total conductivity) 7F €t

ek sl YDB #5420 AR ol 194 71&7]= YDBO AA
A& YERdofof st}
T. Takahashi[6]°] 2]&d 700TColA YDBS o]& HAELi oF 0.2
S/em o]t} o] & 2] (4.45) ¢l Uiyt 71&7E et

o®A  0.2x(0.385+0.006)

- ~0.385+0.006 S
L (0.20010.0003) (148

o] Hol gty T AA A AFelN AF-AYd #AQ VIeT]=
(5.910.2) X1077 S 24 o]&x 9} & xo|7}F 3l

o]t x}o]e] 1L oAl It (electrode overpotentlal) o]
Zllsteh, i stolst A7) g whgS AAE dor|7] Qs sk
A= ALlelA 2 3o By AE W po=EA, o' 7] g5t
g0l dof vt Zog A9 B ¢ & A9E TR M wE+s
2lojtt,

Hebb—Wagner w#5Ho=2 Y& AA AEEE FA4T ] SlolA
A=oll Aol Fhs FAIE nkgk FF0
Jev A7 dojdel wet ol A
off gt ﬁ% |42 At FAIS wet ¢
A[30]eA % AT 2 @A E5 oA EAgsts d5elAe] Hdst

R sﬂ@—sm Aste] A7 4 G E2EEE A

o
oo JU

o

Sl

1
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il
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et
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30
N
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=
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X
o
(@)
.
wm
~
(@]
5
fu
>
-
>_]
a
5
a
=y
a
2]
=
o
N
N
g
K
2

YDBO @A AE% 0.2 S/em o vl&] ¢k 1/65 F===o]t}.
olgdx AFeA e Hdtor sl AFo] Frhgel wet dF-—A%
AA A S 7E7E F FOo® FrastAl "ok mEbA 4 (4.43) 9
EdlE YDBE AR—Ast #Al= A=olxe] Fdste] 2 X
FAQl (ideal) A olm®,  AFeoAMeo o]

H]o] A 2l (non—ideal) A-%-° dd] AF-HA¢ IAAE ©A
[e)

Ay

Lo g
e o

L

o] AHEs|El YDBO A& th33 o] YDBO
o3
o3

—U=[ . ]I—Aﬂo (4.49)
O.

s #, moldAEe A$o AEsE YDBO AT dZLofA <
AAskel oF Aol A e 2 AY Hww B 5 gk

R R R,

YDR

elerctrode composed
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%, 24sl7k elol YDBeA Aet ek

U =U.ceroe T Uvoe Y decompose (4.50)
o} a1, ol vt ol AFelA e o] gl oA d 44
A Askell d=ellA e spdgkel] ofgh dst Aehrk Haixl ezt wk
U = — (IR jequoce +ideal case) (4.51)
2 (4519 ] Fo F5E A (4.49) 9 Zo] Age &9 F35

&l YeERd 7] wiszol .
OolAl 2 (4.51)° &4 (4.49 % tdstd

L Au L Au
U :_IReIectrode _[G;{DBA]I + ZFO :_[m-l_ RelectrodejI + ZFO (4.52)

o] Ht},
webd [0 BA ] A &olA ATl Ae] FAgte] og Aol
2o ol w7877} ek Ao Aol bse.
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£.2.6 AR} Qolh B WL oA A

AZ7A a3 2 YDBO AEE A% (AE-HG A, AA
Aeh oz E SAH AEs A9 Bi metal®t Bi,037F BH
FEielM el T E e sl A RS YERigith ey Bi
metal?} Bi0;9] BE At el AAZ Bi0s7F el H==el
gt ool gepqlth efukeb BiOsWlel  Bi metalo] A
(nucleation)d ® th53 o] F7pAl oyxrp ded Jlow

4= 7] wol v

V...
9] A ADA: AG,= (20 G0 ) B <O (4.59)

m,Bi

A AUA: AG,,.., = 7A, (4.54)

HE oA AG :%angi (4.55)

strain

WA Bi metal?} Bi037F € 9E4 (thermodynamic) F3 AlE]e]
s
2Bi +30 = Bi,0, (4.56)
olil, ol& AR Atd FlA el Bt HRA ()l s Felsha
2 tg; + 34ty = /u;izo3 (4.57)
3% Bi metal?} Biz0s0] 33 JHel 1S wl, Bi metald}
Bi,059] &% % (activity, a)= 1 o]|P 2 AR AbA FEoto o] 3}sh
HUl A T35 AElolA ] stst Heldy o)

Uy = u% +RT Inag, = ug (4.58)
,U;izo3 = :ugi203 +RTn 8gi,0, = ;Ug,izo3 (4.59)
uEhA g1 A (4.56) & offel Zo] Bl 4 Utk
215, + 34ty = :ugi203 (4.60)
20, + 318 +3( o = 14 ) = 1181, (4.61)
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3( o — 143) = Hgy,o, — 2115 — 345 (4.62)
2 (4.62) 9 982 ofge} gorz
AG?,Bizo3 = :u;i203 — 2 g — 345 (4.63)
wEb 2] (4.62)+= thHA
3( o — 13 ) = AG; 51, (4.64)

y

g} ol

 gle,

g 9, Bi,O;Ull Bi metalel 849 W b
4 (4.60) obdls gol 2 5 9tk

rlr
=2
vy
N,
il

&
A
Oft
il
e

Heio, = 2g; + 345 + 7 Ay +%0'€VBi (4.65)

A7 gy & A AN RS ® Fgexe] aba g

sy eldolw Bi metal¥}t Bix032] BE AejolA ] A4 3o ZRlE u
Hop A4 & grolth.

o < 1o (4.66)

Tea Bi metale] A% = d O doloF & olyA A (energy

barrier) = ta3t o] g o,

Ag =y A, +%05V3i >0 (4.67)

2] (4.65)= ofdiel #o] A = St
Haio, = 21 + 35 +Ag” (4.68)
Mo, = 2Hg; + 3143 +3(,u(') —,ug)+Ag* (4.69)
AG{ g0, =3( o —13)+Ag” (4.70)

2} (4.64) ¢k (4.70) 0. =¥
3(y;—y8):3(yé—yg)+Ag* (4.71)
3( 1o — 43 ) =3y — 13 ) = AG” (4.72)
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o] Ak M AkA 3ot ZRIAE Aol= vy Zorw

Ay, =2FU (4.73)
2 (4.72)% obee} gol YT 4 ok
6F(U"-U")=Ag" (4.74)

=, YDBO] &8 AsH(u™) 3 AAZ Azt Azt s AU 9
ZFo]7F Bi metalo] /%= Qg oux] AH ol Ho

ez dojurl A7k YDB w5
R3] Alh o] EEo] ek ® Al

Jo=J =——t=0 (4.76)
° 7 2F dx
Vn =0 4.77)
whebA v o] WhE- O % HE
O+2e=0" ; Vu,+2Vn, =Vn, (4.78)
Vn, = —%V,uo (4.79)
oJt}.
sl A4d7k4 YDBE 52 ARF WE()E o] Ad A5 o3

A7ke]l A WX (electronic current density, 1,) 02L&,
.. O o
=i, =F9Vne =—2—;V,uo (4.80)

GHZ Fig. 4. 27 3 o] FE3) =4 o= YDBE o] W 0 FE

L, L. Ho O
IO |dx=_|.0 |edx:—Lg T d o (4.81)
oJt}.
bz sbsh Zeld g FE oy AN AR AEE o, B BHEgks
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=, = 2FL(ﬂO ug) (4.82)
2 (4.82)F Al 29
TERTE G (4.83)
AL
ol &4 =, YDB <=4 ol Ad zds wHs= <M
AF (1) e A AR 2 o] W] dhe szt dojuk= A
AU o] Hrh
kA A (4.74) 0] Sall A AU F R AU e Abe]
ol Bi metalo]l AAEE ©l Bedh oyx gl Hrh
sk YDB7F el 7] A A il dek ghol2 = Fig. 4.
28 o ®AIZE wiel o] Afe H7] A I-U #A sl ol% 1-U
BA e wANA e Agtoltt. webA Fig. 4. 28 %E YDB7} A3
¥ o] Bi metalo] A% = B3 ouA] s Adte] Bd

6F (U"-U")=6F [ ~(0.3056+0.0014) +(0.316 +:0.003) | = 6021+ 64 J-mol* (4.84)
Ol AlA @A8DelM TRt oA Yol AlFE Wk #E
watojol dny ey 2 A9l W YDBE gEazh el

metalo] A=A F=Fo] 271.5CQ Bi 7} Hfox &4 Ao

Az} EA A (lattice mismatch) o] 2] g HY

AHA = wud Zlojt,

et A | A 7F Bi metal?] B4 olUA® A8 Zlojty. T2
oMAko]l Bi metal® 149 YDB Aolo] AW o« 7} dnli} zgal=

|

Ao e s w3 A5 Tl Fds = et ok
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Decomposed
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0 L L

total

Fig. 4. 27. Schematic diagram of partially decomposed YDB sample

with Bi metal nucleation energy barrier(,u* )
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"I 7060(:’ Ar ’I 0 \I/DB (Flhis V\/or;()\ ]
0.3} _
! |
0.1F _
0.0 |o-ere e @@.@ _

00 01 02z 03
u/v

Fig. 4. 28. I—U relationship of YDB to calculate Bi metal

nucleation energy barrier
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4.2.7 FEAE 2 ZEAE Y FA AN

YDB =] 7k A= Waell A o] Ahdk A

TEFo] ol AW AT FHO Akh BYS A AA E o9, Ble:ﬂ‘r
Bi metal®] #H3¥ AL E<t(equilibrium oxygen partial pressure)
olste] TEstAl W YDBE a7t dojds A Ay H gkt

= vlgko 7 AAF

a2 YDBO AEelE g2 dvhd HeA B AREAE 9

A
AT AA Ae Aol s muste] Auirt HiA dob West ek

Fig. 4. 29 ¢} o] A&sl IAgolA &9 A2 kel EAsk= YDBY

W3S Bip039 Wstgo R 7pgsta AEallds a3l

A 9] AA kel EAFHE Bi0s9 ¥(moDs Mg, #hi e

wf, w9l A Wekes Bi0;9 ¥ v #@ol AL o] 9
F(flux) Jo o2 vepd £ 9o

Mg, mol
=], [T} (4.85)
cm~sec

dt
ZAolal, BiyO3 & =(moD) @ Ata o] 37HE

dMBio A mol
— B0 Ay T n
dt 3 O{sec} (4.86)

& A, k £ AF Wx(current density, 1 )& FF(flux, J, )7
ofgo} 2 FAA oEE,

i =7,FJ, (4.87)
21 (4.86) 2 ThA]

dt 6F ' 6F
7F Aok 4714 1= ol el g% A7 (lonic current) o]tk a7}

ojub Ata o] go] o]%d 4 QA HT Ax o]& AEA BiOs

Moo, __ A, _ L[m_‘)'}
sec

e A -2
o A8
i !



el 52+ dFe o2 o3t dFE =& + Uth

I =1,>1, (4.89)
ueba 4 (4.88)= o3t EHF AFek AlRbel wWE Bix039
Hatgs AAE 5 it
dMBio | mol
— = — | — 4.90
dt 6F Lec} ( )

o] ¥t}
3t A, 99 ArE ABAE Bi metal 9 Fy W3S AAkeY)
3t Bi ¢ molar volume, V_. = 2 (4.90) oo #3to] =4

m,Bi
dM .. 3
ﬂXZVm Bi =_szvm Bi cm (491)
dt ' 6F 1 sec
o] ¥, thAl WAL o] FH wel A7k WFHE Bi,0; AW
A 78 % Ak
dMgio, 2V, 2V
Bi,0, m,Bi ——I—X m,Bi ﬂ (492)
dt A 6F A sec
21 (4.92) 9] Wl dt S wahar AEshd ofefel 2L,
Biz03 2VI’T'I,BI _ t IVm,Bi
e o R dM g0, ==, (4.93)
AV ) , Vosi ron o
A (MBi203 B'zos):_ﬁ(t —t) (4.94)

Fig. 4. 25 oA dwdlE = T T2 Liww -L ©1 2 (4.94)°] <3

ofefj e} Fowmw,

L L == 208 (M2 My, ) (4.95)

A Bi, 05 Bi, O3
HATAOR AFE FelE At ARl A4E Bi metal T
FA(Lp) Atol9l #AE v o] 3 4 Qlrh,
\Y}

MBI At (4.96)
3FA

AL, =
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Fig. 4. 29. Schematic diagram of BisO3 unit sample
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YDB®] AEsi7F AaEH AEafE= Foll oa ol A A= (on
blocking electrode) @] o] =t @37} YEREA] a1, AFA o] 20]
ol FStRE AkA o] 29 f

=tk mEbA HAd AdE (steady state) 7 ofHEE A7 W
Aol WstolA Akl A Aol mgshA] kil AHA Frtaf ok
st 28y o & 59 0.36 mA o FAFE o A T ST
Ao ARsE 29 T 2344003 m = A4 AWEY =
2.001£0.003 mm ¢} Hlws] °F 1/1000 F<=oltt. mehA Adsld
ol wi-- A7) wiimell AlRbel] wE At W AselA mA] G

ol
iy
(@)
=
<
)
D
=)
=
B.
o
joma
o
e
[ S
(@]
N—
rlo
o
o
s
)

Aol ZdslsE AAY Hol:= Zo|th Fig. 4. 30 o ¥ AtoA]
EHE A9 A7ro2RE T3 Asekul olo] wlE AREE ok}
FAE HER ST
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Charge/C

Fig. 4. 30. Decomposed quantity and thickness as a function of

passed charge.

- 135 -



7 (quartz

O;
o

A1
~

Fig. 4. 31 °|A¢2} #o] YDB w545 ¢
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il
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il
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jpage]

0
X

el
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ol

o] Fig. 4. 32 ¢} #o] #F=ATh

ol

glow wA o

&l

Y2

o ez Boheth

T

[e)

k=
Al

&

;Oﬁ

o1 BiOs&

I<]

UhAl Aba o2t At

Bi metal©]

0

¢
ol
,.m_.o

ol

ol

(4.97)
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[mol |

&l

o]
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71 7F~9] F%F (flow rate) 02 &
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PV =nRT
=]

AR,V [AP,Qdt Q[APR, dt

B ¥4 2 (ideal gas equation) ol 2]
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Pre heater

Gas flow meter

YSZ sensor —>

oS

Fig. 4. 31. Schematic diagram of experimental setup

@ YDB polarization cell, @ Thermocouple, ® Lead wire
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Fig. 4. 32. Voltage and oxygen partial pressure variation as a

function of time when YDB decomposition occurred
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oltt. & A, gl AT+ F<
o] MH oz ?‘é + ok

WA et QeRe sw usd e wes 9
1) % 2

=1
> T
M
:?l:'

0. 1072 atm - sec ©
gl MahE Ak

dua 4y Er v

—- =
=
@
»
o,
L &
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o
Do
@)
wy rlo
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oo
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H
S
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X

2 mA o AFBE 3174 sec e E¥
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4.2.9 &3] @ AHEY XRD £4

YDB-Atshs, Bi-w%, Y-u%, Bi-Y a53t8gtE, 0—714)
Bi-Y w&%3dE9 A% BiYSt BisYs + 7FAE Aol EA
7bestth [37] Fig. 4. 33 o YERH Bi—-Y Al(system)? FEHEE
HHo BiYZE EAE 0 dE *RE O HSE 9F 271.47TeA
2020C7HA1°la1,  BisYs&=  ¢F  1530TCelA ZAHES (peritectic
reaction) ol 93] A HTt. Wb BisYse A¢ E dAFelA FaE
A3 2521 700CelA = 8= o+ it
TEvhd Hebb—Wagner £=4<= ©l&3% YDBO s A3 +,
AlH O] X—A 4 (X—ray diffraction)= F& A AEIH7F HAS
o], ojw st =0l EASHA HEA dolR k. Fig. 4. 34 o A3&
837 A YDB Al#e] XRD ZA¥el A3 & AlHe XRD A¥4E
A wlwsglth. 9ol Bl Ad ACHI AP FG@hH
FCCH 29 Bi146Y05:03 314 sjEo] #Z HQlr), Fst A3 5 AJH
XRD &4 BCC %9 Bi:O; &l #Z Utk o]z g]4-ofA]
ol Aol 9s] YDBZF AEE HWA Bi-wSol A EACTIH
ZHTd ARE HFYS 4 Bi-gFo] AbA o]23 thi} U4
Bi,O35 A% o=z et H. A. Harwigl36]el ¢t Bi,039]
A4 FFx+= Fig. 4. 36 oA} o] 729C o]4ite|A & —phase fcc
TFZoltt. a8 WzE u 650TCe)A B —phase tetragonal E&
639Col|A 7 —phase bcc *+F=Z W3lA ¥ttt B —phase tetragonal
9] A$ 576C|A tWA a—phase monoclinic®.® WatA &= v¥bd
7 —phase bcc TFE =74 A 7lsstth. Fig. 4. 34 £ o]
FEE7E Aot YDB Al XRD A Aol bee T2
Bi;O37F ##E Zow u|Fo] Hol AFd H™ Bi metalo] §-—
phase fcc Biy0s5 @A ¥, W= WA 7 —phase bee 7%7F H 1L
of Tx7F A=A FAE Jem wd "k

A8 A
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Y=7keltt. Fig. 4. 34 9]

AMA 7R Fig. 4. 33 oA HZo] A2eld Bi WY ¢
43 & (solubility) 7} wl-¢- 27 wit-oll EbdshA] &2 A o7 HQlt),
JEod F=HA 7R o] A9, Fig. 4. 34 o YERH wiel 2ol Fig. 4.
33 = AU Jds By wds YDB A sHeA AdZsie
YDBS #iglo] AR EA ¢ YDBO I8 Hu} gXog o]F3
T : e HW Bi-w&o]l AAEHIL, Y-+
YDB W= &ldtte F45 AR g ofukstd Bi EE} A2}
2 FrHHoex gagel wel YDBO AA}
A7k 9 AAA Ha webd "iAE s geiur] el Bragg's
Ao wpet 34 Ztes gadok 317] wliEolt),
ks 2 dTtellA YDB7E s ® % Bi-a45S 0-7)
Bi,0s5 dAsla, Y-F45S YDB YRz gad Zow ddd
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Y /wt. %
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zm 'l 'l L 'l
2020°C
2000 1 L
E-j 1600 - 1530°C f1522°C
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g 1200 :
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k> i
800+ >
o
(aY)—
400 :
271.4°C 269°C
-— (Bi)
0+ . . . .
Bi 20 40 60 8O T
Y /at. %

Fig. 4. 33. The phase diagram of the Bi—Y system reviewed by
Gschneidner and Calderwood [37]
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Fig. 4. 34. XRD patterns of the YDB specimen:

before experiments (above), after experiments (below)
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Fig. 4. 35. Compare of two XRD results of
before decomposition and after decomposition
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Fig. 4. 36. Survey of the temperature regions of stable and

metastable phases encountered in BisO3[36]

- 145 -



of e

4.3 LSCF/YSZ o|%
4.3.1 & AR A=E
LSCF/YSZ olT%9Y & A ArexE Fot7] Aste] 3.449

%708 Hebb—Wagner #=% S o] &3ttt PLDY 2 YSZE LSCF
ZZA7)] B YSZ7F o)L Ak HTFZo

AA == A

wHlE Als 54 229 #9017 7FA A ol SRS FEAI F-
54 dAFE S8 Fig. 4. 37 ¥ o] g AH (steady state) ol
TEAS wo] detd e 543l Fig. 4. 38 I 4. 399 AF(1)-
Ad(U) FAo =z EAG T

Fig. 4. 38 7} 4. 39 o] LSCF/YSZ °]%%9 AF—-Hdt F43}

3444 AF3E viel o] Continuity hypothesisE 7F43sFo] AAF
LSCF/YSZ ols%9 HAF-—-Ad¢ =43 LSCFe YSZ Z+zte]l /-
kel

At HAds oA Busks & A AEES Fdl At ¢

oA 3448 2 (3.38)& ol&ste] AF-AY FHOEFE FE
A AEEs Fd £ dSS 2 vk Fig. 4. 38 3 4. 39 9
Yeld LSCF/YSZ o559 dAF—4d<% =44, Continuity hypothesisE
o]-&sto] AALE LSCF/YSZ ©olF%9 dF—4ds =4, 281 LSCF¢}
YSZol WAF-HAg FA 7&7I2RE 7o HE dx dRRES
T-3te] Fig. 4. 40 7 4. 41 o Yepdch
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Fig. 4. 37. Temporal variation of voltage U when a constant current
(4 uA)is applied at 800C

7 =2462+8sec

D =(1.053+0.003) x10°° cm? / sec
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008| | 800°C Bl o Mduat
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Fig. 4. 38. I-U curve of LSCF/YSZ bilayer at 800C
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Fig. 4. 39. I-U curve of LSCF/YSZ bilayer at 900T
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sl
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LSCF o, (1.-J. Son)
—— YSZg, (J-H. Park)
----- Calc.

.=
.=’
Pr s
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-10 5
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Fig. 4. 40. The partial electronic conductivity as a function of

oxygen partial pressure at 800C
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9000C O Bilayer o, (This work)

: LSCF 6, (1. Son)
4l L /L AB00 | — vezgmpay | |
----- Calc.
—~ 2 i
5
B ok i
S~
S
>
2 2t -

-15 -10 5 0
log a,

Fig. 4. 41. The partial electronic conductivity as a function of

oxygen partial pressure at 900C
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Fig. 4. 40 3 4. 41 °|A RXo] LSCF/YSZ ols35Y F+ A
¥

AEEE AbA Holo]l 0.21 ~ 1071 atm QoA E3] Al
o

gt e AES Bold geol 2 Aottt e 4 F Aok
olg} ¢ Awh BPAOE FRE AL ohdA EdF ZFHE ol

3
WA 24 e BE dx dEEE A% ¥4 107 ~ 107 amm
dolef A vk Folzt ot AR %e WA@Y Qi Aow
2 5 o

wEk oA 54 A9 $907] 7hAS of=E (A 0% uhie] Folx

ZA% HE Ax dERE F71(AInD) 2)7]AM 543 daele
A A gt webs LSCE/YSZ o34 & Ax dE%7F Continuity
hypothesisE 7|RFC2 AAbsE H& Ax d=%et & Zol7F Yehd=
Aol Aoz e Zo] ofds g1l
T.—H. Kwon[5]2 GDC/YSZ o|FZ°
Aifoll A RG-S T3l AAs Aol HAs Sl & A7t 2ol

Wes Haslar, ol dijgh ¥Qlex GDC/YSZ oles AW
A 53 UTh dobrt olst A= olFF AlWelA AA §F
¥dldo] UAstl=  Continuity hypothesis7F &7 F33 o]
ohds AreAtt

B dAFoA £33 LSCF/YSZ  o]FZ|AX%x  Continuity
hypothesis7} R34 &= S1sk i, metA ols3s A
Aol 9lo} AW a%E mH ok st FEE A st vk
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4L | o st cell i 900°C 1
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# - 2nd. Cell (A) L /L 5 21/500
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2F | — YSZoQ-H. Park) i
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Fig. 4. 42. The partial electronic conductivity as a function of

oxygen partial pressure at 900C (Reproducibility)
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4.3.2 LSCF/YSZ ©o]5%2 €49 32 7149

Fig. 4. 43, 4. 44, 4. 45 <] 700°C, 800¢C, 900C ol H,/3%H,0
= Z% HdZ(Reference electrode)o] Z# F9& w LSCF/YSZ
olTS Ut AFa #F Apolo] oI WAl 7Y WstE
e ST

LSCE/YSZ ol&32 4% 3|2 7|2 Table 4. 5 ] el vlg}
2ol oF 1V o]y, A4 o] UE F= 0.91-0.95 F=o|t}

&= A=<l LSCFell °F 2 um 779 YSZ ®fufo] T 5

B>

o
FO
Ot
ol
o)
e}
to
)

& A 1A A2 ARAA (SOFO) S a2
Mad $hd szold. wEd 99 sz 74

LSCF/YSZ ©o]%%o] SOFCY A3A=EA 9 7+54E

o
o
o
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Table. 4. 5. Open Circuit Voltage and Oxygen transference
number () of LSCF/YSZ bilayer

900C 800C 700C
OCV
W) 0.9935%0.0004 1.0381%0.0004 1.0034*0.0003
t; 0.9456*0.0003 0.9548*0.0004 0.9116+0.0003
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. Open Circuit Voltage of LSCF/YSZ bilayer at 900TC
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Fig. 4. 44. Open Circuit Voltage of LSCF/YSZ bilayer at 800T
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Fig. 4. 45. Open Circuit Voltage of LSCF/YSZ bilayer at 700C
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4.3.3 LSCF/YSZ °]5%4 A AER

YSZE Ata ol ALEAZEA AFA o]l Y& (Oxygen ionic
transport number, t, )7F 1] ZMgTH Iy LSCFY o]&
AE% (lonic conductivity, o; )& YSZ9 ol HELE Hth =AWH
LSCF9 dA dE%(total conductivity, Opy ) 1%°l% w]X =] 33k
dr2 HA HEX (electronic conductivity, o, )7} F=th o]#3t
540w Qs LSCFe ol Hrnnhd dexon ZF4sh= Wi
af] -§- 5, wdodA= AA A A= (electron  blocking
electron)S o] g3t [7] AtA F3 % (oxygen permeation) [9]=
Sste T WHo® LSCF9 ol dEEE Hilstal Qlrh

2 ATedME use #AE olgste] HlA
LSCF/YSZ o559 o2 AELES FataLat sh3ith

AA AR+ dydAs B339 (Impedance  spectroscopy) =

olgetel ZASAIL, LSCFY A Age] we e P& westol

A AHS Imm « lmm Abl =2 A7) wEe] A4S 27 Ak

LSCF/YSZ o]5% 2 Aal dx% 542 800T, 900C oA ki
Heots  —17.2<log( R, / atm)<-0.67 <ol wW3A7H
SAsv. dada S4E& S AT AF (Resistance) 3 3
J (Reactance) & 4 HW (Complex plane)’dol - =5 (Cole—

Cole plot) &% R 3Tt
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Fig. 4. 47. Impedance spectroscopy of LSCF/YSZ bilayer at 900C
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Fig. 4. 46 ¢ Ad> 800TCelx =743 LSCF/YSZ ol&%e
Adad A F4 Aot JddA ko] A= 211 AAIYE YERd
AbA Eekolth. Fig. 4. 46 9 sthe] ¥l Aol IS gristo]
Uebd Zlolth w7l R Fig. 4. 47 9 e
LSCF/YSZ °lg<se ddds 54 dyeln shde] a3 et

de Frist ot}

F-F ZFAA dUedes A Z(circle)2 3 (frequency) el )
AEE= AT (resistance)o] 93]  IHAY H=L 3% (high
frequency) JlHE 22 3 (low frequency)ol ©|Z717FA] AlHA
Wiol AA (grain), A4 <7 (grain boundary), = (electrode) 2]
AGds Fgeto] vErdn
2 AFor FHI LSCF/YSZ °lsF9 d¥dx Axes F

qZ(two circle) 3e|Z YEhb ol= AlES AR AH A9
Fol WA 2 shte] AMEFE ekt Zl(high frequency
) A= AFgol ywH s A F(low frequency G &
Aol ZoE & F itk =, dFo UEd AES AR Ede
‘%ﬂi@r/‘]ﬁ 7he S = AZgke]l & Aol glol HI=E #g=
et 22 AlEe Agor & 5 1, FFe] yud AE2 Ax
ool wWigkel] wet I Adgte] & AlolE YEUe Ao®E Hol
AlHE] A o] opd d=9] Agow & F Qv

v

00(

é‘

_13

_L4

i

F-F EFo=2 Yehd do|yZFE LSCF/YSZY #AA ARk
T37] Yl = R-C S7F3] 2 (equivalent circuit) 2 fittingsS &3
Aggs Fetal o] AFHPORFE  HEEE @Aksth. R-C
s7tel 2= 3. 54l yekd vkel A fitting A= thad 2
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Fig. 4. 48. Impedance spectroscopy and fitting result of
LSCF/YSZ bilayer at 800T
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Fig. 4. 49. Impedance spectroscopy and fitting result of

LSCF/YSZ bilayer at 900TC
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Fig. 4. 48 ¥} 4. 49 oA B LSCF/YSZ o|&%29 dydA =4
Az HE o ME R-C 725 fittingst 43 & d= A&
sholdk 4 9ty 9 fitting A EFE] LSCF/YSZ o|F=9 A

A% (total resistance, Ry )& 78 F Uil o= wAlel wet
LSCF/YSZ o]E %2 AA HWEX (total conductivity, Oy )E T F
Atk

R=px—="x— (4.103)

o714 p = HIAZ (resistivity), L & Al F7, A& AH9
wWAolth, Z 25E Aba B dA dE® kS Table 4. 6

Jerg gt
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Table 4. 6. As measured total conductivity of LSCF/YSZ bilayer

Temp/ C log (Poy / atm) Total conductivity / Scm™!
—0.68 (2.22+0.06) x 1077
—-1.02 (2.23+0.07) x107°
—2.04 (2.22+0.06) x 1077
—3.00 (2.17+0.08) x107°
800 —4.21 (2.13+0.05) x107°
—-14.15 (2.38+0.05) x 1077
—15.50 (2.29+0.02) 1079
—-16.18 (2.27+0.03) x107°
—-17.22 (2.33+0.05) x107°
—0.68 (3.77%0.01) x 1079
—1.05 (3.77+0.01) x 1079
—2.03 (3.69+0.01) x107°
—3.08 (3.62+0.01) x107°
900 —
—5.09 (3.84+0.02) 1079
—-11.49 (4.85+0.02) 1077
—-14.17 (5.00£0.02) x107°
—15.03 (4.72+0.01) x107°
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Fig. 4. 50. Total conductivity of LSCF/YSZ bilayer as a function of

oxygen partial pressure at 800C
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Fig. 4. 51. Total conductivity of LSCF/YSZ bilayer as a function of

oxygen partial pressure at 900C
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Fig. 4. 50 ¥} 4. 51 & AbA #+¢kell wE LSCEF/YSZ o559 A
A

AErolt,  IdefA Kol AHsA  gooA  YSzel A
AEL(=ol& AELE)7} AL | dAst A LSCF/YSZ

O

i
1559 A4 Aers As B Ao dAstet. ol& A
3.64) 4 LSCF/YSZ o]|%%9]
vl gk Zolek= o5 Al #Z FEErh YSZe o AEE+E
o]Eglo}(Yttria) EFo 238 A7 AL o]&  w®Ay (oxygen
vacancy) & Wl HdetE ™ AbA o]Ro] o]FslH e #HAbolt)
o] Wl =g o3 AYFE Abh o] WA Q] FEIF AbA 9t Wl
uet A= AbA ol RiAE Y] sRERY 3R ARz dsd
oAl YSZY o]l HAEEE Aba B Wil r dAEA Yehys
Z o]t}

w2k LSCF/YSZ o552 49 500:19 FARA A A=wr}t
YSZe ol AxIe] Hl¥stER AbA Y 2
AoF AyE 4 Q.

T3t F58 2 LSCEF/YSZ o559 AA dxks 3. 248 571
Ao LSCFE ol AxX FFo]l & Flojgta odstlAgt, AA
=74 A3 YSZ9] o] AEEHEY oF 109 7 2 Ao E2 Ve
1 dqlel sl LSCF/YSZ olF% AldelA el Ago] 713 2
Aoz yH AT
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5. 8¢ 9l A&

—& AF = A AksE A 544 (Solid Oxide Fuel Cell, SOFC) ¢
Al d = AFEE+& Bismuth Al A3 YDB o &3S H sV
A&l PLD WS o]&3te] YSZ "ubs FFAA YDB/YSZ ole%
Asd-e sk

—YS7Z wtuts Z=ZAAS ], YDB 7} @& AbAa Holo|a] AR}
Aojuypx] ¢k oA 5 P I- 25 e O R R R
o3
%Y

@oﬂﬂ&DBAPDJm%@ii?ﬁﬂ%ﬂ@&iwi§;HBNSZ
Aoz dEA7E FFsted YSZ o] &4+
AR Axx ofx) @ AR ox a7t A9 vehubx] ekttt

~YDBE] ## A4 AEE 54 SYelM YDB s Aol uy
H9lom, YDBY RaA AF-d¢h FHOEVE gRs Ak
#he ANF & AUk WekA Hebb—Wagner #IHS o] 45t
PR A4 ARE 54 B ol gRa AR D AR Ak 2eS
24T 5 o Ame B4 PEe Ask,

-2 A7 F i oA FAJD LSCFeF Zo] SOFCe Ud=AE=
AMEEE 3 AEAL 5& o]k AEEE fAHEA Az AEEE

oA A A ﬁﬂ@iﬂﬂlﬂ%@%EHBV]%ﬂ@E&D@%:ﬂ%ﬂﬂ

-YS7Z wruke Z=ZA7E w, LSCF ¢ & HAa A=%7F oA
]

HiEx F8l7] Yete]  Hebb—Wagner W=Hoz HE A
AEres S48 43, YSZ wtdo] &gl we} LSCF ¢ A
Aest 27 dadn

- 170 -



—LSCF/YSZ olFs°ol AsidzA ARgsh7]el FTwd dd 3=

A Ak ol BT heA HRIs] $lstel ¥ER A4S
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B2 —raw data

A. Partial electronic conductivity (YDB)

800°C

u/v STD I/mA | log(Poy/atm) STD log(6/Sem ™)
5.96E-2 | 1.31E-5 0.25 -1.91 2.23E-3 -3.23
1.70E—-1 2.37TE=5 0.50 —-4.19 3.11E-3 -3.41
2.96E—-1 | 4.85E-5 0.75 -6.80 5.92E-3 —3.38
3.92E—-1 | 5.21E-5 1.00 —8.80 6.20E—-3 —-3.04
4.26E—-1 1.74E-5 1.25 -9.50 2.05E-3 —2.25
700C

u/v STD I/mA | log(Ppy/atm) STD log(6/Sem ™)
3.58E—-2 | 3.27E-5 0.10 —1.42 6.88E—-3 -3.36
8.64E—-2 | 3.57E—-5 0.15 —2.47 5.40E-3 —3.88
1.91E-1 1.17E-5 0.20 —4.63 1.561E-2 —4.04
2.86E—1 | 6.24E-5 0.25 —6.60 7.64E—-3 -3.93
3.38E—1 | 4.11E-5 0.29 —7.67 4.95E-3 —3.86
3.91E—-1 | 5.07E-5 0.33 —8.78 6.04E-3 -3.76
4.34E-1 1.21E—-4 0.38 —9.66 1.43E-2 —3.46
487E—-1 | 8.24E-5 0.52 -10.77 9.66E—3 -3.32
600°C

u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)
3.81E-2 | 2.63E=5 | 1.OE—2 —1.47 | 5.36E-3 —4.55
2.36E-1 | 1.31E—4 | 2.0E—2 —5.58 | 1.64E-2 ~5.03
422E—1 | 838E—5 | 30E-2 | -943 | 992E-3| —4.17
4.60E—1 | 529E—5 | 35E-2 | -10.21 | 6.22E-3 |  —4.39
476E—1 | 6.94E—5 | 40E—-2 | -10.54 | 8.15E-3| —4.33
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B. Partial electronic conductivity (YSZ)

1100C

u/v STD [/mA log (Poy/atm) STD log(o/Sem ™)
4.63E-2 | 4.12E—=5 | 0.05 ~1.64 | 7.72E-3 —4.25
1.17E-1 | 1.13E-4 | 0.10 -3.11 1.60E—2 —451
2.99E—1 | 1.37E—4 | 0.15 —6.87 | 1.67E—2 —4.94
5.156-1 | 3.10E—4 | 0.17 —11.34 | 3.62E—2 ~5.16
5.92E—1 | 2.78E—4 | 0.28 —12.94 | 3.22E—2 =5.01
7.03E-1 | 1.37E—4 | 0.20 —15.24 | 1.58E—2 —4.69
8.08E—1 | 1.06E—4 | 0.25 —17.42__ | 1.20E-2 —4.34
8.59E—1 | 9.88E—5 | 0.30 ~18.46 | 1.13E—2 —4.12
8.93E—1 | 7.42E—5 | 0.35 ~19.18 | 8.45E-3 —4.04
1000C

u/v STD I/mA | log(Ppy/atm) STD log(o/Sem ™)
3.63E-2 | 5.62E=5 | 0.010 —1.43 | 112B-2| —4.85
1.21E-1 | 2.36E-4 | 0.025 —3.18 | 330E-2| —5.14
2.98E—1 | 2.49E—4 | 0.035 —6.85 | 3.04E-2 | —5.63
5.65E—1 | 8.27E—4 | 0.040 ~12.38 | 9.61E-2 |  —5.69
7.81E—1 | 4.97E-4 | 0.050 ~16.86__ | 5.69E-2 | _ —5.18
9.34E—1 | 3.19E-4 | 0.075 —20.03__| 3.62E-2 | —4.73
9.92E-1 | 3.77E—4 | 0.100 —21.23 | 4.28E-2 —4.40
1.02E+0 | 2.33E-4 | 0.125 —21.85 | 2.64E-2 —4.29
900C

u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)
3.90E—2 | 439E—5 | 5.006-3 | —149 | 887E-3|  -5.30
1.33E—1 | 2.46E—4 | 8.006-3 | —3.43 | 3.376-3 |  —5.82
0.56E—1 | 2.88E—4 | LOOE-2 | —598 | 3.57E-3 —6.18
759E—1 | 1.83E—3 | 1.25E-2 | -16.40 | 2.10E—1 ~6.16
9.02E-1 | 1.26E-3 | 160E-2 | —19.37 | 1.44E-1 ~5.76
1.03E+0 | 8.36E—4 | 2.00E-2 —22.11 9.48E—-2 -5.30
1.12E+0 | 2.59E—4 | 3.00E-2 —23.80 2.93E-2 —4.95
1.16E+0 | 2.38E—4 | 4.00E-2 —24.68 2.69E—-2 —4.83
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C. Partial electronic conductivity (YDB/YSZ bilayer)

800TC
u/v STD I/mA | log(Ppy/atm) STD log(o/Sem ™)
2.00E-2 | 2.31E-5 | 5.00E-5 -1.05 4.33E—4 -3.38
4.74E-2 6.78E—5 | 1.00E—4 —1.57 1.27E-3 —-3.501
6.36E—2 | 3.92E-5 | 1.25E—4 -1.87 7.37TE—4 -3.60
8.77E—2 | 8.07E—5 | 1.50E—4 -2.33 1.52E-3 -3.74
1.21E-1 1.14E—-4 | 1.75E—-4 —-2.94 2.13E-3 —-3.94
1.55E-1 4.71E-5 | 2.00E—4 —3.58 8.84E—4 —4.13
1.92E—1 | 1.75E—-3 | 2.10E—4 —4.28 3.28E—2 -4.17
2.25E-1 5.76E—4 | 2.20E—4 —4.91 1.08E—-2 —4.03
2.55E-1 1.56E—4 | 2.30E—4 —5.46 2.94E-3 —3.85
2.74E-1 1.45E—4 | 2.50E—4 —5.83 2.72E-3 —-3.74
2.92E—1 | 1.22E-3 | 2.75E—4 -6.16 2.30E—-2 —3.64
3.09E—1 5.61E-=5 | 3.00E—4 —6.48 1.05E—-3 —3.55
3.29E—1 1.10E—4 | 3.50E—-4 —6.86 2.07E-3 —3.46
3.70E—1 1.82E—4 | 4.00E-4 —-7.62 3.42E-3 —-3.30
3.94E—-1 | 7.26E—5 | 5.00E—4 —8.08 1.36E-3 -3.22
700C
u/v STD I/mA | log(Ppy/atm) STD log(o/Sem ™)
1.91E-2 | 7.60E—5 | 1.00E-5 -1.07 1.57E-3 —4.11
4.55E-2 | 5.29E-5 | 2.00E—5 -1.62 1.10E-3 —4.22
8.79E—2 | 6.88E—5 | 3.00E-5 -2.50 1.43E-3 —4.43
1.37E—1 | 3.84E—5 | 3.50E-5 -3.50 7.95E—4 —4.69
1.77E-1 | 6.56E—5 | 4.00E-5 —4.35 1.36E-3 -4.92
2.14E—1 | 1.41E—4 | 4.25E-5 —5.11 2.92E-3 —5.05
2.61E—1 | 1.68E—4 | 4.50E-5 —6.08 3.47E-3 -5.02
3.08E—1 | 1.32E—4 | 4.75E-5 -7.06 2.74E-3 —4.81
3.29E—1 | 2.44E—4 | 5.00E-5 —7.49 5.05E-3 —4.71
3.78E—1 | 3.88E—4 | 5.50E-5 -8.52 8.04E-3 —4.47
4.05E-1 | 3.15E—4 | 6.00E-5 -9.07 6.51E—3 —4.36
441E-1 | 1.66E—4 | 7.00E-5 -9.81 3.44E-3 —4.22
466E-1 | 1.43E—4 | 8.00E-5 | -10.32 | 2.96E-3 —4.13
4.88E—1 | 1.69E—4 | 9.00E-5 -10.79 3.49E—-3 —4.05
5.06E—1 | 9.88E—-5 | 1.00E—4 -11.16 2.05E-3 -3.99
- 180 -
4 (]
fn A=



D. I-U relationship (YDB decomposition)

700C
U/v STD I/mA

2.33E—2 3.33E—-5 | 4.00E-3
3.96E-2 | 3.17E-5 | 8.00E—-3
5.81E-2 | 3.06E—5 | 1.20E—-2
1.10E—-1 2.02E—4 | 1.95E-2
1.41E-1 5.37TE-5 | 2.50E-2
1.69E—-1 1.38E—4 | 3.00E-2
2.06E—-1 5.76E-5 | 4.00E-2
3.10E—-1 1.37E—4 | 6.00E-2
3.16E—1 | 9.75E-5 | 7.00E-2
3.19E—1 | 8.18E—5 | 8.00E—-2
3.20E-1 | 8.19E-5 | 9.00E—-2
3.21E—-1 1.72E—4 | 1.20E-1
3.43E—-1 2.26E-5 | 2.00E—-1
3.44E—-1 6.16E—5 | 2.20E—1
3.47E—-1 1.15E—4 | 2.40E-1
3.49E—-1 | 3.62E—5 | 2.60E—1
3.53E—-1 1.12E—4 | 2.80E-1
3.59E—-1 1.06E—4 | 3.20E-1
3.63E—1 5.92E-5 | 3.60E—-1

E. Partial electronic conductivity (LSCF/YSZ bilayer)

9007C
u/v STD I/mA | log(Ppy/atm) STD log(6/Sem ™)
4.76E-2 | 5.64E—-5 | 3.5E-3 —-1.50 9.69E—-4 —4.74
5.27E—-2 | 454E-5 4.0E-3 —1.58 7.80E—4 -5.09
7.46E-2 | 9.42E-5 6.0E—3 —1.96 1.62E—3 —5.12
9.41E-2 | 5.70E-5 | 8.0E-3 -2.30 9.80E—4 -5.21
1.15E—-1 3.55E-5 1.0E-2 —2.65 6.09E—4 —5.23
1.33E—1 | 5.64E—5 1.2E-2 —2.96 9.68E—4 —5.18
1.49E—-1 4.33E-5 1.4E-2 —-3.23 7.44E—-4 —5.11
1.68E—1 7.96E—5 1.6E-2 —3.56 1.37E-3 —5.03
1.85E—-1 6.87E—5 1.8E-2 —-3.85 1.18E—-3 —4.94
1.98E—1 | 4.75E-5 | 2.0E—-2 —4.08 8.16E—4 —4.87
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2.05E—-1 6.16E—5 2.1E-2 —4.20 1.06E—3 —4.82
2.11E-1 3.75E-5 2.2E-2 —4.30 6.45E—4 —-4.79
2.34E-1 3.50E-5 2.5E-2 —4.70 6.01E—4 —4.77
2.60E—1 3.27E-5 3.0E-2 —-5.15 5.62E—4 —4.69
2.73E—1 5.41E-5 3.5E-2 —-5.36 9.29E—4 —4.62
3.22E-1 9.07E-5 5.0E-2 —6.22 1.56E—3 —4.59
3.45E-1 6.04E—5 6.0E-2 —6.61 1.04E-3 —4.51
3.74E—1 1.10E—-4 7.0E-2 -7.11 1.90E—3 —4.48
3.92E-1 3.36E—5 8.0E-2 —-7.41 5.78E—4 —4.46
4.28E-1 6.40E—5 9.0E-2 —-8.03 1.10E-3 —4.45
4.77E-1 6.32E—5 1.1E-1 —8.87 1.09E-3 —4.43
5.22E—1 5.21E-5 1.3E—-1 —9.66 8.95E—4 —4.43
5.70E—1 1.09E—4 1.5E—-1 —10.48 1.87E—3 —4.42
6.14E—1 6.85E—5 1.7E~-1 —-11.24 1.18E-3 —4.38
6.60E—1 5.35E—5 1.9E-1 —-12.02 9.20E—4 —4.30
6.95E—1 6.58E—5 2.1E-1 —-12.62 1.13E-3 —4.21
7.16E—-1 9.02E-5 2.3E-1 —-12.99 1.55E-3 —-4.15
800C
u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)
8.27E-2 1.17E-3 1.0E-3 —2.23 2.20E—2 —5.86
1.37E—-1 8.77TE—-5 2.0E-3 —-3.26 1.65E—3 —5.68
1.90E—-1 6.15E—5 3.0E-3 —4.24 1.16E—3 —5.60
2.36E—1 1.26E—4 4.0E-3 -5.11 2.37TE—3 —5.56
3.05E-1 1.49E—4 6.0E—-3 —6.40 2.80E—3 —5.52
3.49E-1 1.17E—4 8.0E-3 -7.22 2.20E—3 —5.49
3.87E—-1 8.95E—-5 1.0E-2 —7.94 1.68E—3 —5.47
4.33E—-1 1.34E—-4 1.2E-2 —8.81 2.52E-3 —5.42
4.90E-1 1.28E—4 14E-2 —9.88 2.40E-3 —5.36
5.36E—1 2.58E—4 1.6E—2 —-10.74 4.84E-3 -5.29
5.71E—-1 2.01E—4 1.8E—2 —-11.41 3.78E—3 -5.23
6.01E—1 3.27E—4 2.0E-2 —-11.97 6.15E—3 -5.18
6.30E—1 2.79E—4 2.2E-2 —-12.51 5.24E-3 -5.13
6.50E—1 1.16E—4 2.4E-2 -12.90 2.17E-3 —5.09
6.73E—1 1.16E—4 2.6E—-2 —-13.31 2.18E—3 -5.04
6.85E—1 1.32E—-4 2.8E-2 —13.54 2.49E-3 —5.03
7.07E-1 2.36E—4 3.0E-2 —-13.97 4.43E-3 -4.99
7.27E-1 1.13E—-4 3.2E-2 —14.34 2.11E-3 —4.95
7.39E—-1 1.556E—-4 3.4E-2 —14.55 2.91E-3 —4.93
7.55E—-1 2.15E—4 3.6E-2 —14.85 4.03E-3 —4.90
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7.67E—1 1.58E—4 3.8E—2 —-15.08 2.96E—3 —4 .88
7.81E—1 1.55E—4 4.0E-2 —15.34 2.91E-3 —-4.85
8.01E—1 3.66E—4 4.2E-2 —-15.72 6.87E—3 —4.82
8.09E—1 1.28E—4 4.4E-2 —-15.87 2.41E-3 —-4.80
900 C (reproducibility)

u/v STD I/mA | log(Poy/atm) STD log(o/Sem ™)
1.41E-1 2.69E-5 8.0E—-3 —-3.11 4.63E—4 —5.26
1.86E—-1 3.41E-5 1.2E-2 —-3.88 5.85E—4 —-5.17
2.31E—1 3.31E-5 1.6E-2 —-4.64 5.68E—4 —-5.05
2.62E—1 3.91E-5 2.0E-2 -5.19 6.72E—4 —-4.97
2.91E-1 3.69E—-5 24E-2 —-5.67 6.34E—4 —-4.89
3.30E—-1 4.24E-5 3.0E-2 —6.35 7.98E—4 —4.80
4 47E—-1 1.66E—5 4.0E-2 —-7.38 2.85E—4 —-4.67
4 90E—-1 4 67E-5 5.0E-2 —-8.36 8.03E—4 —4.56
5.34E-1 4.13E-5 7.0E-2 -9.09 7.09E—4 —4.49
5.81E—1 2.89E-5 9.0E-2 -9.85 4 96E—4 —4.43
6.30E—1 4. 92E-5 1.1E-1 —-10.66 8.45E—4 —-4.36
6.70E—1 9.26E—5 1.3E-1 —11.51 1.59E-3 —-4.30
7.25E—1 1.59E—4 1.5E-1 -12.19 2.73E—3 —4.26
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Abstract

Partial Electronic Conductivity of MIEC/YSZ bilayer
and Decomposition behavior of YDB

Ki—Han, Kim

Department of Materials Science and Engineering
The Graduate School

Seoul National University

In solid oxide fuel cells (SOFCs), yttria—stabilized zirconia (YSZ)
has been widely used as the electrolyte material due to its excellent
thermal stability. On the other hand, its poor oxygen ionic
conductivity requires the high—temperature operation to generate
the sufficient output power. However, the high—temperature
operation may lead to various issues in terms of material cost, stack
durability, et cetera. To overcome such issues, a bi—layered
electrolyte strategy (e.g., YSZ/GDC, ESB/GDC) has been actively
applied by many research groups.

In this study, YDB and LSCF considered as the electrolyte material
with higher ionic conductivity than that of YSZ. YDB has
unprecedented high oxygen ionic conductivity, but it is easily
decomposed under low oxygen partial pressure atmosphere. To
protect the decomposition of YDB electrolyte, a thin YSZ blocking
layer is applied to the anode side using pulsed laser deposition
(PLD). Then, YDB/YSZ bilayer electrolyte is prepared.

Lanthanum Strontium Cobalt Ferrite (LSCF) is another mixed ionic
electronic conductor (MIEC) with excellent oxygen ionic
conductivity. However, it's substantial electronically conductive

characteristic, causes the leakage current. To appropriately use
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LSCF as the electrolyte material, a thin YSZ blocking layer is
applied to the anode side using PLD. Then LSCF/YSZ bilayer
electrolyte is prepared.

YDB/YSZ and LSCF/YSZ bilayer electrolyte are electrochemically
characterized using Hebb—Wagner polarization method in terms of

partial electronic conductivity.

keywords : Solid Oxide Fuel Cell (SOFC), Bilayer electrolyte,
Hebb—Wagner polarization method, Decomposition
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