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Fig. 2.2. Crystal structure of Orthorhombic CaTiO3.s



1.012 oL I | T T 1 b T L| T
101 F
[ e, |
1.008 |
5 L '
© . bofa, ]
1006 |
< “-. J
1.004 | ., :
- _
.. "'-‘ clf[v’_ixa,)_
e n _
"
1.002 | Gaf(ﬁxﬂo) "wuaa
o] i
[ 8,
1| Zoes
I Cubic
L o b o o o b 0 o 1 1 a1 . . .1,

200 400 €00 800 1000 1200 1400 1600 1800

Temperature (K)

Fig. 2.3. Temperature dependence of axial ratios of CaTiOs. Filled circle and
square denote by/ay and co/(v/2a,) ratios, respectively, of the orthorhombic phase.
Open circle stands for the c./(v2a,) ratio. The filled rhombus denotes the axial

ratio of the cubic CaTiOs, unity[17].



Reference and method

Space groups and temperature range of existing phases

Kay and Bailey (1957)

Orthorhombie (Pemm) | Not measured

In situ XRPD* (6] T<1173K T?Il?B
Liu and Licbermann (1993) Orthorhombic (Pbnm) Not measured
In situ XRPD* T<1313K T>1373K
Guyotetal. (1993) Phnm Orthorhombic (Cricm)** Tetragonal or Cubic** Cubic**
Drop calorimetry T< 1384K 1384K< T< 1520K 1520K< T< ? T
Wang and Liebermann (1993) Qrthorhombic (Phin) Tetragonal (P4/nibm) Cubic
Ex situ TEM T<1496K 1496K < T< 1585K T>1673K
Vot and Schmahl (1993) Orthorhombic (Phum) Cubic ( Prdm )
In situ NPD* T<1550K T 2 1600K
Redfern (1996) Orthorhombic (Phm) Tetragonal (M4/menm) Cubic ( Prm3m )
In situ XRPD* T<13713K 423 <T< 153K T> 153K
Kennedy et al. (1999) Orthorhombic (Pbnm) | Orthorhombic (Cmem) | Tetragonal (14/mem) Pmdm
In situ NPD* T<1373K 1398K < T< 1493K | 1513K < T<1573K 1593K < T< 1633K
Aliand Yashima, Orthorhombic (i) Tetragonal (14/mem) Poidm
In situ NPD and XRI'D* I'< 1486k 153K TS 1622K I 2 1647K

*XRPD and NPD denote X-ray powder diffraction and neutron powder diffraction, respectively.**No crystallographic evidence but speculation

from analogy with CaGe(Qs.

Table. 2.1. Phase transformation of CaTiO3[9]
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WA, AaFae AzAXdA FobE 5 Ytk 53] 14

ofell A &go] vt txAow

SOFCel M= oln] g3t Al o, kM A3 YSZ(yttrium

YSz7h 7bd 2] ol§H= olfis w2 olRAEETF obd <Al
Atk 1000°Ce] F2eA® RAARAA AN AR F 1S WFY
5 W99 ARl AR Thed A
o ot e T 9lem ol2uUEsrt Ak 2y A
= EARY o2 dsjdel HlsiM 23] Z ol2HERTE ofyth
PRI R S 2E7F obd Ao ® YudsE Aol AxAM B

!

o

5 Wl & ¢ Advke Aolth =d dF Aol °Fste] SOFCelA

o Ay

Mo
rfo
oy
(bl
=)
=
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ol
)
rlr
ot
)
i

e
39
&
k=
I
Ay
i

perovskiteE 7|HFEO & 3 electrolytesE 2> AFAEO] AFSe T
4], CaTiOsE ©o]€-3F A3z o] YSZ2] ionic conductivityol]l 7d-83HH A %=
SOFCeollA current density’= A th# 0 & =31, 9F= cathode®} anodeol 4]
9] polarization®] JE %= A ow tAYsittE AFHIE UATHSE]. whet

A olg]dt CaTio, o] AT77F =1 kst BEAS 98 Hawo]of st
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(degradation)el| 4] 2] A7+ o=, o] § 2 Alofstr] f&liA A5-4 &

o7 d#HA v}k Metal oxideloxygen systemoll A2l HEFL FH O
oxygen activity ¢} temperatureol] 98] A A} = A S ddsd =A
of o& AFH FFol, MEE B EgstA =Hols #, 38t
Ak A9 (chemical diffusivity coefficient)oll 2J8] AAH = dd £%
(propagation rate) 7} = ol 3k o] AL F UM A2 YA F
Stk sk bulk diffusione] A WE = Agolw T Stub= grain
boundary diffusion®]l &3 A|uj¥ = “-9-o]t}. T. Bak [32]'s < undoped
CaTiOzoll tjste] HaEnt vk, 181} acceptor’} doping ¥ CaTiO;]

gelnt obrE mamhl glvh
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e Z15Ae 54L oldstn $85] s AEHE 2o d

9 oA ok webq W7 AREE SAaw Su7 Awe

59} o] X (mobility)el]l &3

of whzt Wigte] glvka 7Rt HAVIHdEES ke g%k A

Zalo] Ashrx B0l Jhssith 2 Ao = CaTiOsol acceptor=

M Sc 10m/o & B9 AAtE CaTigeScei0ss5 WHESIUE CaTiOsx
Az

schottky defect”} T2 Agte] Bvl3] AT Ag= A+
;L

23]. w3k Hl=9 T2 E 7HAE BaTiOgollAl= oA 7kA] of W <fol 2l
Ae7h 7 ASEAA = WA rEEHA A2A W =wo] e

1}, SITiOs, CaTiOzol A= 747} strontium 1242 (Vo )[32-35], calcium %1}
2 (VZ,)[20,23]1¢] 7Fs/3S Ruddlesden-Popper phasese #ltsts 2 W

= SAZ AAEGT b B A s a3 AR e
7o) lIrregular Structure ElementsE 1225t W3l AAZAS HEA71d

et Ak Ed AFTEE ol HRAZ BTl A
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Charge Neutrality

n+2[VZ ]+[Ser ] = p+2[VC;'] (3.1)

External equililbrium
X _ 1 - ' _pl2[y\s=]n2
05 =20,(0)+V5 +2¢' Ky =Fy (Vo ]n (3.2)

Internal Equilibrium

null=e'+h" K, =np (3.3)

Cag, +0y =V, +Vg +Ca0 K, =V 1Vs] (3:4)
Mass conservation

[Scr]=m 3.5)
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schottky

file)
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;OL
22!

Egs. (3.2)-(3.5)7+%1¢ 4

T ZA Eq. B1elAE

pase)

3
ol

=
=

o

o]

-
R

}c}. Brouwer
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71l v -

o] ®}= Brouwer Diagrame]t}. 1

. & TelRAvh Eq. (e

Fo] Brower Diagram

A F Aol Tkl wet v 7

dhd olefd IS

¥ 5 Ak

jolo % 1}

O
[¢]

ol

AsFRA}

A

Agh AranAe)s A=

3r
T

11

~
file)

(3.6)

n=2Vg] %,

(3.7)

U3 pU6
KiFo,

R

271/3 K

p:

R 2 ’

21/3 Kl/3P71/6 .

n=

(3.8)

Y3p-1/6
s P

— 272/3 K

[V5]

2

(3.9)

V3 /6
KsFo,

R

22/3 K

cal

[
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o]:[sqi] =
n=
—2K 1/2
R [Ser]
i P71/4
[\/oo 02 ; :
0]22’1[3(:{] | Kiz*lK 71/2[
. R
i Sq ]71
TRy
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Sc. ]
[Sci] ™K,

[SC"Fi]: p =
n= Ki[Sqi]_l
p:[sqi]
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(3.13)
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V1= KaK; *[Sor ] R

C"a] = Ks KélKiz[Sqi]Pé:Z

U3y U3 U3 13 -6
n =2V KLK KRy
o3| -3 U3y 213p1/6
p=2"K; 7KK F)oz

w1 n23 1,131 2131 ~2/35-1/6
Vo 1=2""K; K™K, F’O2

nq_ 9-213 1,131, 13, 21316
Ca]_z Kz Ks™K; Po2

g_ zzlo] 7y 7} =

EE YEYt olAle

Brouwer diagram 2. = UEF™H Fig. 3.1. o] HtER
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(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)
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n=2r;] 3[!-;;]; [4] [L]=p AV =p

log[ ] e %

log(PO: [ atm)

Fig. 3.1. Brouwer Diagram. Defect concentration vs the oxygen pressure in

CaTiO3 with a fully ionized acceptor, and defect Schottky-Wagner.
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32 w7k A3}

Azl oz ZZ4¥ HptEle ol F AT HI 7 A S Sh(irreversible
thermodynamics)= wWEth A Stk w2 AFelA = de
Groot?] ©]&[47]3} Lidiard2} Howard[48] &) WAoo = Ea 3t H3ke] o
Skt

o,

sl thalA A skaat

7}l 2 & A (irreversible phenomena)> 2 ol A= 3715 WAl &
A EAR A4 Ak 24 S A e olel 49 #it &
&3] AEZI(entropy)’t 7tk Ao RM, ApRA o dojid o]
OA] A WFoR FoprbA ode A4S wth olHE dAdE Ve
at7] SleliA= ojw g <& = (driving force)7l <4 5}

1
g /e 43t E2UER Edo] sbsdtch oldd dels tEA

© F Seebek effect, Thomson effect, Peltier effect=4% AW 753t 4355
(heat flux), ohm’s law ] 7155 (electrical current), Fick’s law® 7] 3ki= 2t

&4k (diffusional flow) So] 3Tt o]gst =dol&sS Ar 317] 8 &
UL J(flux)E ol &gt webA 3i(i=12, ..., n)gk 75 E X (=12, ...,

n)<S dAEAE US4 Li(phenomenological transport coefficient) = <124

A Qe 2 A o2 Zrh
Ji:iLika (i=12,...,n) (3.24)
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LA

o] @Asta UgATe A7l AN FEEd Xol ¥ e A
A Y5415 Li(direct transport) 2} 7+ & (interference effect, cross effect)
gt Bl A Y Xoll &gt 214 Al (interference coefficient,
cross coefficient, indirect coefficient)! Ly (kzi) S 2 vheth oJE]7X] o]
g A A gl o3k EAolsol vl HH A mdtel] 9t olF
& wwjstel A &3] FAletal e A9-7F BldB| A el o, H Lol
=49 AVmlart 25 o dEsidel wel @2 AgAbEo] o]2fgt

WAl g ATE S7] Aassich

H| 7} dgstoA] o]de] de Groote] wWAow® AWstiAwt F
liquid ¥l & 7138kl ko soliddeiell A= 2 7FA] Aol Atk
Busigteh, 234 Howard®} Lidiarde= % th& WH[48] S = solid]
Ao =4, 49 s e A FEEHe] AN S o] g5t AW

k. 1 e ged 2

To=)_J, - X, +J, - X, +Viscosity terms (3.25)
k



(thermodynamic force) Xy, Xq HIEIZ T ¥} ¢ 7] A= solid systemTt=

UHE 20|22 viscosity terms<> A 7he ity A ety g E > o

X, =F, ~TV (%j (3.26)

1
Xo=—=VT 3.27
Q=T (3.27)

J=LX (3.28)

2
N
R
<
rlr
ot
ulil
M
Frl
o
i

, L Add, Xe 759 3ES gr)sith
L3 =2 Onsager reciprocal relation®l] &&l 1719 dx]gdHx} o). = L

o] AA@elehy thet gt
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L=L (3.29)

X, (3.30)

o
re
i,
>,
Y
N
rlr
)
Y,
folr
A=)
il
i
o,
%1
N
rlr
o
o
iy
o,
30
£
=
5]
=4
3
o

38

Q

charge of transport”} “171©]t}. heat of transporti:= oJH EZAE o]F g uj
S2AHE 54 &7 g FHorRE FFHAY S wdurts

ol =g} ottt 3k charge of transports EEFE 7o WA=
27



£ el &
P a s At upebd 2 0 24 heat of transport

™z o O:]—?Lcﬂ = h f u}2 = o ]oo P
721 919] *‘H S =31 EEXME b - = E:IO—, 7;
}\] /\1 Y00[4 ] ] '/]o 3 OE:] 5 = J/]_ IR =4 ) 74] [e} ‘4—

5 2~ szl o Al Ao %E]—
of BEuE WA PEY PU, 45 BAS opA] 4o

) (3.31)
(3
X (3.32)
()
_ [ Li L J (3.33)
LMM - Lhi th
. (3.34)
()
hQ
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(o
Jo Low  Loo J\ %o

=
Ao 7 mEsk EA g ol s M e AWalTE Zlo] HEE heat
of transportglal F-Et}t thA] weld o ZEUE9 ZAEEWUEIH
DA AN oAd ez A4 = A= a2 A5 g= heat of

transport2}al F-=1= Zlo|t},

heat of transport Q,, + 3dh}e] AH=H, =207 FHsH Ao o3t
TEEo] e W (X,=0) =49 55HEEg d sEEEE 99 ¥

Y42 ol gate] thedt Pk

(JM}[LMM LMQJ[XMJ (3.37)
Jo ) (o Lo 0
Iy = Ly X (339)

3o = Low Xu (3.39)
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X, =Lk, (3.40)

o] A& Eq.(3.39)°] thdsha,

JQ :(LQM L;\AlM)JM :QKAJM (3.41)

ZM L A9} heat of transport7He] @@ 2] o] ofgfj e} o] ypERATE

(o )-@ Q) ] o

hi

o714 E5F k< heat of transportql Q, (k=ih) BlSL UEAS9}
e UEAlTE ddstks olvAelth. 18§ 4 oyA F d¥= 1
Fol zAlel zkEledl 917l $lgt oluA], & partial molar enthalpy™ Hl =
AREE R R T s wE webs VIEd S oyl e FastR
Ao 54 7hsstd 11 FHe 44 daAsed s 2

23 =Y B Ao AE Yoool[49] 28] ¥ WA © = reduced heat

_H“

ot

=

of transport g, = ofefe} o] wrz A et
30



5 5% kO partial molar enthalpy©] tt.

31

(3.43)
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3.2 2x3 UE A5 34 (2x3 transport coefficient matrix)

ol AelM el AN

rlo

T.W. Lee[40]9] %212 <lgsto] A/NE A
Atk TW. Lee:= 7] Eq. (3.30) 9] 3x3 & HeA Aoz =4 715
o ydx wgstr] s AMEA FES FAT Eq. (342) A= A

BRI = g )

LQi = Qi*Lii +Q:Lhi

. . (3.44)
Lon = QuLin + QL
o) 218 7129 552091 Eq. (330)°] A el aha,
Jeeain = m;h Lin (X0 + Q1 Xo) (3.45)
o fit}. of7]e] ShH TEHS Yol AelatA =Y
Jitein = mgh Lim {—V M+ (1 =Hp = q;)VT—T} (3.46)
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7} gk olm p=H-TS & olgstel, VT &9 F5& nEetE

AF L, = AEA Fosieha,

kq(k i,h) — Z Lkm[ T J (347)

m=i,h

2 238 7b5sh
wefA] AlEA ol S5
Jk(k:i,h) == z LV 77, — quVT (3.48)

m=i,h

7F Hv, o] E Z1& o] €3 2x3 Onsager US4 4 v ¢
o},
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(Jij:_ o AL (3.49)
‘]h Lhi th th

3.3 H]-s-215 75 (Nonisothermal transport coefficient)

S
il

A VT e 5 Hle2UHEAT Ly (ksih) 2 AsA Z 253

32

o oju v S2UEAITE U] s S0t BW, Eq. (3.47)4

=47

LEASa L, @ s‘m+‘?r—m Foz U= & Aotk ol Fxo

Sn=5 +n (3.50)

(

I
o,
v
rH
ot
ol

F 39 Eq. (3.49)2 H7Hsnd

L+ LV, + 9T (L8141, 0) =3

(3.51)
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LV +L, Vi +VT (ngi " thgh) =3, (352)

7F g, o] A5S 7FA A cross effectel] o8t 33 AHA S uwpE

L s Ry 2 A ot L

3 =L, (Vm +§W)— L, (Vnh +§,VT) (353)

3 =L, (Vnh +§NT)— L, (Vm +§W) (354)

ojuf wkef S2/FE(VT =0)2hd,

V=LV, (3.55)

Jy ==LV, - LV, (3.56)

2 %3 7l Aol

&

22 o2l gt transported entropy’} @7]|d €3} oWl HAAE THA|=H
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rolrat. 1ol Soret B @ el thalA Al Asaskaleh. Soret AE
ol ojwl @3l A|(closed system)ol| A A 3t
= "ot o7|A FEARE ] FE917] 9 T gk
AE stk
AR A U I A R R

s AAE Fel= v 2k

| E7bs st 2t
olgA F#3 Al7to] At F steady stateEj7} W x

= A Ao

s
54

ol Wagner[42]°]

o=t (dij (3.57)
z, F\dT 3o=0

SoretE o= EA/AF o]Fo] glorE AAZXAS J=0, J,=0 ©]
HArk w3 olu] ¢ HA} ‘st steady state N EI S =gt o714 6 9
p = 77 A7) A @788 £RAS <jath o] AS Eq. (4.26)
of A-&A7]H

Vi
O Lii Lih 1q 77'
0 Li L L vT
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7F B3, Eq. (3.47) 4= skl Aefshd vy 2k

LV7 +L, Vi, +VT (Lﬁgi n Li,Eh) -0 (359)

L V7 +L, Vi, +VT (Lhigi n thgh) -0 (3.60)
L'h =2 S L'h =

Eq. (360)°] 2 & il Eq. (@59l W A3} Eq@s9ld 2 %

ool Eq. (3.60) Wi 74zt oh&ak g

—o (Vg + SiVT | =0 (3.61)
Lii th
Lii th
w2} A
Vi, +SkVT =0 (3.63)
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AT} Eq. (3.63) 213 Wagnere] 97118 Eq. (3.57)

ZF_
& Aeshd A% ohse FuE vepd & Aok

o = i(dij __ 13 (3.64)
3o=0
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35 Hle= st 7|3t 718 o] A7t

N

e

Soret Zzlo|Ale] 7] E & Algtel]l wel ®Stste], & systemolA] 9]
oxygen electrochemical potentialo] W 3s}sto] F-7gn|gFo] WstA #r} 1
PG5 AZF)EE = chemical diffusivitys Z7gsHA ®ch oA %o

ZHEe] Aba o] FARREES = gARE e 2EAF RS do

g
>,
[>
i)
=
i
=2
>
1o
2
b~
N
)
5
offt
o}
o
|

>,
o~
o
o
oo
ol
o
2
o
Ay
L
>
P

CAE oz Grdg el AzkolEA B o0& 213k reduced heat of
transportS K I3FATE EESH T W. Lee 5[40] & ©]e]dt A7HoEA S
-4 3l (Analytic solution)E -3+ chemical diffusivity7}<] Goju it 2
A Fo| A= o]g|s BAZ nlelo R 7]Z9] Soret Conditiono] o}y
$H5:= reversible electrodes ©]-83F0] AA| == 7hAwEo] gk =
a}

=

il
i
Ir

-

ol

I EsEAE FAE ke WHeRE AMER BAxAe A 24
o
=

of = Aot

H A 2x3 Onsager Y7154 A4y =752 33 Hk-g(Local equilibrium

reaction)ol| 4] F- €] A] ZHaf| B},

=0, <> 0% +2h* (3.65)
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Vg =Vn,+2Vy, (3.66)

‘]i = _Liivni - Lihvnh - LquT

(3.67)
= -V, +(2L; - Ly, )V, = L VT
h h hh Y TTh ~ bhg (3.68)
= _Lihvﬂo + (2Lhi - th)V T — thVT
a8l1 =438 J)3 2 %71(Open Circuit Condition)S 2 §-A) A X4,
> 7,F), =0 (3.69)
L —L 2L — L
Vi, = iq hq VT + ( i 'h) Lo
AL+ Ly, -4k, (4L +L, —4L,) (3.70)

=fVvT +%V,uo

olu] 9} fi= K-CLee 5[41] ol 9J& oS3 o] A ojdr},
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zFy,  2(2L,-L,)

t = = 3.71
> g Rl (4L + L, —4L,) (3.71)
k=i,h
2L —L = =
CHa B R (3.72)

AL +L, 4L, 2

g9 BANEL ol §dte] Aa HEAM Brl: bt go] %A

G

v%{%) v5+(%j VTz(%j VS5 —-SoVT (3.73)
05 ): or ), 05 ).

Eq. (3.73)7} Eq. (3.70)% Eq. (3.66), Eq. (3.71-72)< ©]g-3to] Hu]sta

v, :t_i(aaigo} v5—(§h _%%H*‘ %]VT (3.74)
T

9} o] %¥ 7lssttk. 53] partial molar entropy$} reduced heat of
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transporti= Tha ¥ 22 #AAIEC] AY 7hedtEE[42]

So =S +25h (3.75)
Go =0 +20; (3.76)
et 22 Ak bttt

go = gi + Zgh (3.77)

webA| Eq. (3.75-77) % ©] €3] Eq. (3.74)= v 3 FelshdA

v :t_i(%oj W—(g“ _tEiqT_ojVT (3.78)
T

i
=3
r_&(’
N
)
ojr
ol
)

42
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WA 7% vt oy et ARAF AR Wl 0o
g3tk Vot —0)=0. =, Eq. (3.78)l4 k2] &o] Alekx], Wagner”}

A AISH Eq. (3.57)& o] &3dte] 471y Je|= virohd tha 2t
0 = —i(gh —t—iq—Oj (3.79)

123l Soret™d F gl oA = A7 o] A Eq. (3.64) =

1 =
o) = —Esh (3.80)
o} gt} o] F Ao ds F ole dRe =9 A ol&sid
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*

o -6, = —%ti qT—O (3.81)

=4 ionic transference number?} AF4~91=}2] reduced heat of transport®]
= dold F Stk olgx VI EC] A7 Y Y SoretH G E ] oA

3

o

AAEe TAYUL oA 2r]Ae] A3 49

X
o

NI

_Li( o) (A6 VWM |5 %
Vnh(t)—z(aé )T(dTJ(Vﬂt—)w)jVTa—) ) [Sh ZTJVT(t) (3.82)

() 2. ) (), oo
o6 J\dT ), Las J\dT ), T '

Soret BEGH A= AlHolMe] A4 sFUEE 00 Hvk; J,=0.

o] el erEud gxoEde gnkn ettt =,

VT 2VT(X); VT =0 (3.84)
vt =40 (3.85)
L
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o]t} Fig.3.2. o 3] reversible electrode® <13 14 ¥ TLE5 %3}
AA AZre] whE s EWStE NSt el skth oAl w9 ARE, 9

2 9}e] BAZ el Fick's 2™ Lawoll A €] A] Zhal 1.4}

aC,
ot

VI, (3.86)

of Aelx Aridg e g npred detxdlde] e xd 3§

rir

Zlo] AAsie) whebd gH EEU 52 Eq. (3.67)F ol Eq. (3.87)

o] #AAAE o] g3t 2T MHES T Aol WA Eq. (3.86)2] ol A
¢S Wiy,

Jo =J; (3.87)
Vi, =-L,@-t)Vu, (3.88)

tt & Leest Yoool <l th&3 o] Fojahlvh4l]. w3 Abas)e}
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(3.89)

L
T

T-T" 24 7+ T°

BEa AT

bof m

S

Azl o

Al S
1=

46

T &

L
i
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Heating
t0<t1<t2< v <t

o0

Co
1)
3
ts t,
\
t2
A
t3
0 L X

Fig. 3.2. The concentration variations of component oxygen depending on

position during heating.

Algbel] et WA Sh=vha dhohd,
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duo _ Omo 0C, | OHo OT _ Oty 0C, g OAT (3.90)
dt aC, ot  aT ot oc, ot at

FH= ekl o sls Aot

% g s

94 5, BT | a- t)a“o Viu, (3.91)
dt at oc,

o] 2ol Ft}, olu] Ax9] chemical diffusivity Do = K-C Lee S[41]°]

oal thest ol maHT)

Bo =L, (1—t") Ko (3.92)
oC,

o el S TetHw |F H3sith wEkA Laplace €& ©] &

ol
r®
S
o

-
R

4

sto] S o H oA GN@ A 1 g
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gt 12]7] YelA+= A initial condition, boundary conditions 47
foF sk}, Fig. 3.3. = K, 32 reversible electrode® @] F-71A~ 8} 7]
Auglo] 7hsdt HEZELS pt plateE ©]€3F ion blocking condition
electrodeE W= $lt}. wEhA] initial condition¥} boundary condition Tk

3} .

1C.: pag(%,0) = £2(T°,8,) — SoVT X (3.93)
B.C.: u,(0,t)=p3(T,,5,) atx=0 (3.94)
Vg (L ) =—SoVT at x=L (3.95)
olw] L2 AlEe o], & HAe} ol HAe T° = Heaters A7) 2
LEE X
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R Local heater
L T+AT
O
Vv
T
0
Reversible
electrode

Fig. 3.3. The schematic of the constructed electrochemical cell which has one side

with reversible electrode, the other side with ion blocking electrode
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%( Lo +XVTSo ) = DoV2y, (3.96)

olA 9 25 Laplace WS RAY. 275 HdstA 7] Y& TW.
Leefa0] 71 AHBRE BALE  Lip(D) =0k ) = o

L{VT(t)}=VT(s)=VT = %783}

L{%(yo +XVTSo )} = S;O +5XVTSo —[ug —goVT°x+VT§oxJ (3.97)

L{DoV?4, } = DoV’ 1o (3.98)
0 = =~ N
oIk st LS (o 430750 | =L (Bovie) & 494071 Heista
et 4 sl 2g Faen o @2 = wdstas
O
. o 0 0y . o 0
1, = ae% +b % _SoyTx 4+ Ho =SV X+ 3oVT X (3.99)
q
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o] #| boundary conditionS % 8-A| A XA

_ 0 0
1,0 t)=a+b+to = fo (3.100)
q q

< 0,¢Q o -
—SoVT +5oVT _ SvT  (3.101)
q

Vuo(L,t)=q(ae™ —b " )-SoVT -

a=—b (3.102)

_ 0 _ 0
gax2coshqL =-S VT +S V;- =-S; (VT VT j (3.103)

5,8k b The w2,

(3.104)

vT° 1
2qcosh gL
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_ 0
b=SJ| VT - Wl ! (3.105)
g J2qcoshqglL

ul2hA] Egs. (3.100-105)5 7 2] ske] Eg. (3.99)°l thlstrhd

_ _ 0 H _ _ 0 o~ 0

o =—Sg| vT YT | SINAX_ 5 oy, Ho=SoVT X (3.106)

g /gqcoshqgL q
7 o] xdEh olglA dojxl A& thA] Laplace < H Fh(inverse

transformation) Al oF sty T1¥vid st 3

SR

B {(vf

:(VT°°—VT°)><

_VTO

sinh gx

o

gcosh gL

|N
S|

3

|

(-1)'sin

(i + E)ﬂ-x L e—(i+%)2mt

2 wolulA zzt am

(3.107)
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ol @ =

= 2 st relaxation frequencys WERHTE Eq.

(3.106)°] A& wWigteta Eq. (3.107)F ol &3td, vk #Zo] Fy=
o}

Ho = 1y —SoVT X = SoVTX =S (VT* —VT°)

o1 1
- (i+ )X gyt (3.108)
2Ll L1y sin—2 ! ¢

S P

ojuf, th=2] gl thaliA Azta) Bt

(-1)'sin =X (3.109)

9 Als xZ 783 H, 1 7Fgo] 0<x<L Fourier sine seriest) oA 4
e

S-S Bolzlth A Fourier transform= 11 3 .,
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(. 1\7m
i_o{Asm(HEth} (3.110)

2¢ . (. 1\&
A :f.[o XSII‘](I +§)tx (3.111)

(3.112)

fu
filo
o

=)
rl
N

)
ol
o
ol

o
38
dlo
o
o

2 AT B Al =ok9)l Eq. (3.108)2] ¢l Eq.
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(3.109)s uidstel Atk w3k %o WHElE ule weEl F

VT -VT®~ VT —VT® o]} 7bdala, deld Ao] thest g,

tio = 3~ SoVTX+ S5 (VT ~VT°)

- 1 . 2
(i+>)7x e—(n%) ot (3.113)

ZL (-1)'sin

2
7[ =0 L (i+1j2
2

At = po (X =L) = 145 (x=0)

—(|+ ) wt
= SoAT+8,(AT-ATO)x 2 38 (3.114)
T = 0( 1)
i+=
2
A, —77h(x= L)—th(X=0)
* 9 e—(H%)Zwt
—SoAT + 290 (AT AT )2 (3.115)
2T .

whgbA] local heater? &Ex15 5
H

EAAT )E WFR o 5



o] chemical dif‘fusivity([N)o ), reduced heat of transport(q,) ©} transference

number(t) £+2] ¢ FE], 223 transported entropy of hole gh £ d

& % v
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Table. 3.1. Summary of analytic solution for the constructed cell

Cell

Top Electrode
Bottom Electrode

Assumption

Laplace Transform

Initial Condition

Boundary Condition

Analytic Solution

Reversible Electrode
lon blocking Electrode
VT #VT(X);VT =0

_AT
L

VT
VT -VT°2VT*-VT?

0 = )
L E(/JO+XVTSO) = L{DoV" 11,
115 (%,0) = 13 (T°, 8,) — SoVT X
ﬂo(olt):ﬂg(To'go) at x=0

Vg (L ) =—SoVT at x=L

Ho(X=L,t)— 1o (x=0,1)

= —SoAT +S5 (AT —AT®)x 2

R e
n i-0 ( 1)2
i+
2

m (x=Lt)=7,(x=0,t)

= _SpAT +t—i£(AT ATO)x
2T
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4, Aguy
4.1 A)A A 2}

M2l CaTigeSCo103= CaCO; (99.9%; Alfa Aesar, USA), Sc,03(99.9%;
Aldrich, USA), 78] 1L Ti0,(99.9%; Aldrich, USA)S Al-g3lo] A&7 1A
H (conventional solid state method) & ©]-§-3te] $H/dskadrt. ol gA A=
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HAol== otk 28A =<9 38 ek == 7Hdste, &

£ o AAT F, 100°C LEA T T AFRA|AL I F

1200 °Coll A st AIAA & whaslh 28 el dhedE
Al g O planetary millingS £38}o] 8A17FHEQr B A Z k. 28 A &

A e E Ty TS ol 8-Skl o #A EAAIAH F F
A I E 150um 2] meshs o] g5l Ayl FH, E=(mold)= 43
Yook 1 o, AEe B3 % 45 WH(Cold Isostatic Pressing)<
T3k 200MPazL7] & SFEettt. 1Al SiA whE X AJH-E 1550 °C
oA F7]1F el 10875 Ax e ske] A sintering)sklth. %
Al 2] o} Z 7] v g2~ H(Archimedes method) 0.2 =793 WA WEi of

6%YS ¢ F Stk ArdEE A

i)
rlo
2
b
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av)
N
)
[

D

o0
)

Isomet™, low speed saw)= ©]-23}%] 3.9 x 3.8 x 11.3 mm® 9] barF e = 7}

Fagor Qrde 2Fe wAEl v.8mm ol ¥olzk 953mmal
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disk FEHE 7F&stleh o] gA Wz X AlAS AFES) Hojoltt |
g} ol (diamond suspension)S ©]-23Fo] 1 um7FA] polishing 3131 tF. XRD=Z
e gola| ¥ A3t 3kbe] Asingle phase) o ® HA HS Fig 41, =
Fotol gl 4= Qldrh 13y reference®] Calcium Titanateol| A <F3F
o] shift7b A+=d, °]3S acceptorsd TS 913 scandium®]  10m/o

acceptor dopingC.® <Q1F Zow oAt wI FAHAFR A

o

(Scanning Electron Microscope, JEOL JSM-6360, Japan)2 ©]-&3lo] %4
B Rttt 19A st st A4 [ A7](grain size)= Fig. 4.2.

Jepgon 7 As]e g 2o
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Fig. 4.1. X-ray Diffraction pattern of CaTigSC103.
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Fig. 4.2. Scanning Electron Microscope of CaTig9SC10s3.
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Fig. 4.3. Schematic of the constructed conductivity cell

1: specimen, 2: outer alumina tubing, 3,5: reversible electrode, 4: gas inlet 6: Pt

inner probe
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doped CaTiO;%}2] reaction testE 9|3l EDS(energy dispersive spectroscopy)
wAS sk AWE Fig. 4.5, o YERIQIT AlH glassE BFE 3L ©F 72
7

% EDS w45 esltk 1 A3, oF 9ume] RESES st

>,

%

Fqom oluel diffusivity= ¢k D=1.95x10"cm’/s 2% A=t
A= AlRbel vla, g FujE AlEe] HA Fugn] g vn|gt
2 olgta wesigith oldA AR M7 AE Fig. 4.4. o YER]

ATt

o
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Fig. 4.4. Schematic of the constructed nonisothermal cell

1: specimen, 2,3: S-type thermocouple, 4: glass, 5: pt foil, 6: local heater, 7: gas

inlet
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Fig. 4.5. Top view of notch made on

thermocouple wire embedded inside.
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§ 60um ' Electron Image 1

Fig. 4.6. Line scanning profile collected by Energy Dispersive Spectroscopy of
CaTieSco103 with glass
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Oy =0,+t0,=enu, +epu, (5.3

ol ARESt 4 = olFX(mobility)E e 58

e
R
il

%)
(ot
off
_OL
2

dotop & oty A Ar|HERS} A AVHEEE oW A
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h 1
0 =0, +0;, =0y , COS
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(12 J + O-ion (56)
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e AN N0, 7hE HHESHA AN Aoty 917

£ A3 g9 7] E CoICo, EFE 3 AtaiEdge =4
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Fig. 5.1. Electrical conductivity isotherms of CaTigSco103 at 1100°C, 1000°C,

1E-19

1E-14

1E-9
Pozfatm

900°C, and 800°C. The solid lines are the results by NLLS-fitting.
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NLLS)C. = best fittingo] 2 9t} & ZS & & vy = 1 A3,

Cion: O o, & 23 5 13T o213 A5 Table5.1 o vrehu

32

o} w3 o] UEASE(ion transference number):= th2-2] 2l o s

& 7hsst.

=]

f = Jion (5.7)

webAq Eq. (56)0% Aolxl o]& A/AEEES o] gdle] Eq (5.7)% ol
& UEA5E AN 5 otk ANE ol UBASFE Aakele] uw

2} Fig.5.2. o YeERATH

(5.8)

+
G, T = (8.7141.30)x10* exp[—w}

KT
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Fig. 5.2. lon transference number isotherms of CaTiyyScq103 at 1100°C, 1000°C,

900°C, and 800°C. The solid lines are the calculated theoretical curve.
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A FAAFG ol LR BYADIE B ke Bk

(5.10)

+
D,. (cm?-sec™) = (5.2+0.8)x10” exp[_M}

KT

Table. 5.1. Parameters, o, . O

ion

sz obtained from the conductivity fitting in

Fig. 5.1

T/°C OynSCM™* o, scm™ RS, / atm

800 (2.7240.02)x10 (2.193+0.008)x10%°
900 (3.8+£0.3)x10°  (5.08+0.02)x10" (3.0£0.7)x10™
1000 (2.140.1)x10*  (8.06+0.04)x107 (7£1)x10°

1100 (1.0£0.1)x10°  (1.21+0.02)x10" (4+2)x107

79



Temperature/°C

1100 1000 900 800 700 600
25 | 1 LR R | T 1 T 1 T v 1 1 1 v 1 T LLI T
|
20}F g
— i ! = 1
X 15} v < s .
£ A *
© h 4
o 10F A « . J
"|—‘= v
s 05| A N
b
D 4o Sciomio m This work g 1
- ’ Sc10m/o ® Hashimoto A
Ga1l0m/o & Hashimoto
-0.5 - Al20m/o ¥ Takahashi ¥ -
8YSZ 4 Hwang A
) PR RN (U ST N S TN TN ST R R
0.70 0.75 080 0.85 090 095 1.00 105 110 1.15 1.20
10T/ K"

Fig. 5.3. lon conductivity versus reciprocal temperature comparing with literature.
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Temperature/°C
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Fig. 5.4. Diffusion coefficient of oxygen vacancy versus reciprocal temperature
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25 W local heatero] DC supply® A¢tS HolFw o] uhgs}
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0y =lim ( AT j (5.12)
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T, 9lass
\ Heat
o Flux pt foil
g,
T1=T +AT
L
Local heater

Fig. 5.5. Schematic of constructed electrochemical cell when heat flux is applied

by local heater.
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AT /K

T GO0 (MO0 0 0 0 o P el

1000°C logPo2=-1.007£0.002

L0 00 00 O $000 SDITORT

09008 =

Q007 R

0.008 | 1000=C logPo2=-1007+0.002 7

0005 |

AnfF iy

AnfF i

Fig. 5.6. Temporal behavior of the electronic thermovoltage when heating and

cooling process at 1000°C, log Py, =—1.007+0.002.
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Fig. 5.7. Electronic thermovoltage A7, /F vs. temperature difference when

heating and cooling process depending on ion transference number[40]
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5.2.2. Ax} 471782 A7FEA]

—

ol AHolx= AR FrIdg e A& ow R A FEIUW
analytic solutions & §-3sto] get&AAIFE k= Aol HZ ot
analytic solutiong #§-3t7] oA 7h4stld VT -VT 2 VT*-VT®

Efg ekl o] thalA Agzte] Hotof gttt Fig 5.6. o4 Altel wE &k

2 29 2E By £xzp AT e oju A% relaxation < 3ta Tt
© As ¢ F Utk aEnd o] EAHE 4 E 2 (Empirical function)<

o] &-3}] relaxation frequency 0 = FHIRLE AL

AT = AT +(AT” - AT’)[1-exp(-o't) | (5.13)

Eq. (5.13)2]2 ©]-&3}o] NILLS-Fitting 3] B Fig. 5.8. ¢ A3 x¢
o = 3tk F 0 9 eHE ~107 LR Uzl BA =, SHIA

He Wy AEe] g AW 318 FAAISE chemical diffusivity?] Bl &) 3t

At wEbA 7]E 9 solutiond! Eq. (3.115)= Fig. 5.6. © Z-&A|# 1.gkt},
ojuj ¢Jo] E9¢1 AAAZ oA Pt thermovoltage:= X Furl WA S ALE)
% oAl ¥ 3 Zlolth Fig. 5.9. ° 1000°C, log P, =-1.007+0.002 ¢
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Pany

AT /K

1000°C logP0o2=-1.007+0.002

&
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I I 1 I I I
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t/s

Fig. 5.8. Temperature difference behavior vs. time when heating and cooling

process. Solid line is the result which is fitted by NLLS-of-empircal equation.

89



A F

0.005

0.004

0.002

0.002

0.001

0.000

-0.001

Cooling

1000°C logPo2=-1.007z0.002

Fig. 5.9. Electronic thermovoltage A, / F vs. temperature difference 1000°C,

log Po, =—1.007£0.002. The solid line is the result of NLLS fitting — analytic

solution.

90



w o] AFS NLLS fittingS &3 dxel 4 el =38 Fig. 5.
14-16 oA o] 2UEAIF7t Waljzte] wep AA AFo] ofEA dERY

A& X¥ % o, fitting parameter= 4] Z} 7z}l tid A s}k AkA

(Do), B2 transport entropy(gh), A+2=2] reduced heat of transport(q, )
£ fittinge] A=A d5 F Ao 2o wE SoretH F oA A}
A7 (G ) A 5

o,

Atk AFEELS Appendixel -39

32

53 Hle Aol 3st FAt Al

Fig. 5.13. °lA] 1000°Cell Al o] 3}8tebat Alg Abaitghel whep yEh

UTh N/O, 5 EE 73Q Ast3tells 249 iAss 2% ¢

A doldl £FAE Fote] sstEAlrE Ao, sperEhlAlr

7} ©F 4x10™ cm?fs oldtell M= ol st TS = Fs] s =

A m % uby Baskgith whaha] 1000°CelA ETh whE 2 IefA

oledt EFAE Tt A He sAFEAASTF By Y 2

Stk et FARM, V£ AVARE AN AVARRE
91

>

@



>
&
i
R
32
¥e
T
k=)
&
X
N

>,
E
ot
b

1
i
2
|\t
ok
-
30
e
un
>
r =
1o
o

-4 2
7x10"cm* /s o]dzloleta of|SEnl Q) o] e HoA HlT&
Soret AddeA SHE gstAATE B el deldolegta &
LI < =1 A1 =

< O‘I -
4 Qlth 12t o] 23t analytic solutione o] 2 the @2 dolE| 7} §l7]
T H

J?L'

Wi olgA e shstEt A
) = "ot ﬂﬁﬁd’ﬁ]"jf‘tﬁ‘:}%’\a‘% ]ﬁoi 713%6‘?]_—

2L27h ol

92



ra

la

AT K

0.008

0.005

0.002

0.003

AnfE AN

0.002

0.001

0.000

CEEIODCDOE R OO o0 o0 o

500

1000

1500
tis

L
2000

L
2500 3000

L
2000

L L
2500 3000

3500

_=-2.09=0.002

Fig. 5.10. Temporal behavior of the electronic thermovoltage when heating and

&

cooling process at 1000°C, log Py, =—2.089+0.002.

93



AT K

0.004

0.003

AnfFN

0.002

0.001

0.000

-0.004

0.007

0.008

0.005

0.004

0.003

An fF N

0.001

0.000

-0.001

Fig. 5.11. Temporal behavior of the electronic thermovoltage when heating and

EIRGNECIMIED o0 G000 000 000

1000°C log P =-4.357=0.004

LoeReReR eXeReloRolelealel el it it iia-ii ic. Y

I L 1
0 5000 10000 15000 20000

0 5000 10000 15000 20000
tls

T
1000°C log P =4 .357=0.004 4

—

cooling process at 1000°C, log P, =—4.357+0.004.

94



AT K

-0.005

-0.008

-0.007

-0.005

-0.008

-0.007

EEDCICETE: 0000 00 00 O 00

1000<C log P, =-12.084=0.002 |

I
4000 6000 8000

Fig. 5.12. Temporal behavior of the electronic thermovoltage when heating and

cooling process at 1000°C, log Py, =—12.084+0.002.

95



1.6x10° |

ot 1000°C

1.2x10° |

—a
1

—a—
HEH
1

1.0x10° | .

—

8.0x107 |

2 -1

D fcm’s
Q
i
-

6.0x10" |
4.0x10™ | .

2.0x10" | = .

Fig. 5.13. Chemical diffuisivity obtained by soret experiment using analytic

solution vs. oxygen activity at 1000°C.

96



5.4 2122 U5 4 (Reduced heat of transport of oxygen)

AR 4Edd g v S2UEATY Hlee UEATE oldF
+ FO = Janek[37-39]5> E7IAIZE A7 3} Soret HH 2 A7]AH
22 H-Elreduced heat of transportE Aol tthal sFTh &, UA
Eq. (3.81) & H-E| o]21}55-9} reduced heat of transport(qg )<l o=

ekl glolm 8o 2w Fig 5. 149 277|272 dojx A7) HY,

a9 BPAAY A A ol euEs 4 A vEe
e de] olFolAA AW e WMAE ol gete] WEoIA

O

IHE AMESIACERE o]2ugl e ol AHRESHoR

m;
;2
3@
o

AALE kS o]g3lo] A reduced heat of transportE 2] 3l
wlabA fitting parameter$! t xqg ©l Fig. 522 o] UEFE thylsho]

A o%l reduced heat of transporti= TH 2} Fig. 5. 159 YER LT}

o}Z 7}4] reduced heat of transportE #2317 FH-3F A7} o] Fo]A]

At wElAoRr WA NE EAY FIR diNs &

30
v
g,_:i_{
i
o,

(0]

o
1o
o)

O
N
N
>
e
2
ot
2,
1
2,
>
e
>
i
2
rfo
H
o
to
K-

FAEo] A skelm A EsA,



WA Janek [37-39]5 % 42 ol @ AWt TP ¥

< 7 AT HelE ®uQlh webs o]k reduced heat of transport

o] A7) &40 MER At 4R 988 & F AR B
<o Esk 2R @A - ddE AAEH 1 F st a-

AgysSOIA AHIZAHS STAHCR Ag excess®] A$olE g, >0 °]H
Ag deficit 1A= g, <0 2 F37F Mgt 21S &5t} Janek 5]
B2 UOxsoll e AulzAd3 Foold 34 g<0 9 ALS ®as)
STk T.W.Lee [40] = 4F3HE<9l BaCogsFeosNboegOas o ©3Hd reduced
heat of transport® &3l o]ui= Oxygen excess® 73-9-ollA
Uy, >0S HATh I B. Lee [47] =3 La,NiO4:2 %ol sl A
Sl gp o FEF MEES FAskANE S fAAHS whsAE

Z3nh B A9 Aol 1000°Ce] H%-, g <0 oA Ao

q*
obim &4 FHE dEhdal sles & Ak ey, 2AT

NAE o} ot @ ARS WAL EaPAW o As}t F

98



0.008 |- I I I I -
0.007 |- : -
0.006 |
0.005 |-

0004

h

0.003 |

An fF IV

0002

0.001 |

0.000

-0.001 1 N 1 L 1 N 1 L 1

Fig. 5. 14. Difference with initial thermopower and steady state thermopower at

1000°C, log Py, =—1.007£0.002.

99



250 ——1——————1——T—T——T—T—T——T—T1——T1—1— 26

200 - - 421
i u ]
150 |- o L] 4186
[ 1000°C ", ]
100 | 410
- 50 |- Ho05
o i ]
Ke] =
z 0l 400 §
= i ]
= 50t 405 &
+ o - -
o
100 = 4-10
-150 = 4-18
= i 4
200 |- = 421
_250 [ L L 1 L L L L L L L 1 L L ] _26

Fig. 5. 15. Reduced heat of transport obtained by soret experiment using analytic

solution vs. oxygen activity at 1000°C.

100



mv K’

st
h

0

0.8

0.6

0.4

0.2

0.0

-0.2

0.4

0.6

-0.8

[ 1000°C

Fig. 5. 15. Soret electronic thermopower vs. oxygen activity at 1000°C.

101



)

Aol 4] 10 m/o Sc doped CaTiO;©] a1-2-]

2

B

§ erobmaa,

9]

o

i

il

).

S

A

4= wol

5]

s} qlg3 7 7]E9 SOFCH

YSze} 18lal o}

ol

1

s

°] SOFCe] A

HA ZFE, Nernst-Einstein

0
o

ey

£

n_AiO
o

~he]

ol

o\l_

2}

A

A7 el

PN
T

g Ao A Exp7) ¢lv) =

SE AHAT )7 TEYo

3z
=

3 229 of

Fof, ¥

=
=
)

ofi

—_—

gt

BR
—_
file)

o
;OU

o}

]

Eis

a7 9

i

bol, Axped 71 MY

S

Soret 3 o A2 o]

=
T

o] wh

BR

—_
110

%o
_Zrl
ofi

-
R

]

3F o

Eapol7} Q17kd W ol

<

o] ¢] 3

102



AE g8 AFHAAE & ul, 719 closed systemo] AWk A3 =wl
Soret A y= ] 3 closed systemo] ofUuEtE A3 initial
£33 boundary FH& AAste] I S ol &3 AMEE A8
(analytic solution)& @olwWllom, TS Algte] dist = Yehf gl
AlZrell e A7IANE AFoR AAh Fstshal ASE oA

7HA BaE vl gl o g Aol el Efe] d & UAe Ad F sk

WoES & ER7IME FaoE kgl 59w e e &

71 reduced heat of transporte] AgwA o] #AER o8Vt & Aol

© el e sl dataset® AlTE 4 9o

103



s
Ay ES

[1] K. Eguchi, H. Kojo, T. Takeguchi, R. Kikuchi, and K. Sasaki, “Fuel
flexibility in power generation by solid oxide fuel cells,” Solid State
lonics, 152-153, 411-416 (2001)

[2] J. Gerblinger and H. Meixner, “Fast oxygen sensors based on sputtered
strontium titanate”, Sensors and Actuators B: Chemical, 4, 99-102 (1991)

[3] Polfus, .M, Wen Xinga, Goran Pecanacb, Anita Fossdala, Sidsel M.
Hanethoa, Yngve Larringa, Jurgen Malzbenderb, Marie-Laure Fontainea,
and Rune Bredesena “Oxygen permeation and creep behavior of Caj.
xSryTigsFe015Mng 25035 (X=0,0.5) membrane materials,” 499, 172-178
(2016)

[4] V.V.Lemanov, A.V. Sotnikov, E.P. Spmirnova, and M. Weihnacht, “From
incipient ferroelectricity in CaTiO; to real ferroelectricity in Caj.
«PbyTiO; solid solutions,” Appl. Phys. Lett., 81, 886-888 (2002)

[5] Katherine L. Smith, and Nestor J. Zaluzec, “The displacement energies
of cations in perovskite (CaTiO3),” J. Nucl. Mater., 336, 261-266 (2005)

[6] J.B. Goodenough, “ Ceramic solid electrolytes,” Solid State lonics, 94,
17-25 (1997)

[71 W. Nernst Gottingen, “Uber Die Elecktrolytische Leitung Fester Korper
Bei Sehr Hoen Temperaturen(in Ger.),” Z. Elektrochem., 6, 41-43 (1899)

[8] T. Takahashi and H. Iwahara, “lonic conduction in perovskite-type oxide
solid solution and its application to the solid electrolyte fuel cell,”
Energy conv,, 11, 105-111 (1971)

[9] Roushown Ali and Masatomo Yashima, “ Space group and crystal
structure of the Perovskite CaTiO; from 296 to 1720K,” J. Solid State
Chem., 178, 2867-2872(2005) H.F.Kay and P.C. Bailey, Acta
Crystallogr.,10,219-226(1957)

[10] X. Liu and R.C. Liebermann,” X-ray powder diffraction study of

104



CaTiO3 perovskite at high temperatures,” Phys. Chem. Minerals, 20,
171-175 (1993)

[11] S.A.T. Redfern, *“High-temperature structural phase transitions in
perovskite (CaTiO3),” J. Phys:Condens. Matter, 8, 8267-8275 (1996)

[12] T. Matsui, H. Shigematsu, Y. Arita, Y. Hanajiri, N. Nakamitsu, and T.
Nagasaki, “Thermal expansion of (Cal-xPux)TiO3,” J. Nucl. Mater., 247,
72-75 (1997)

[13] Y. Wang, and R.C. Liebermann, “Electron microscopy study of domain
structure due to phase transition in natural perovskite,” Phys. Chem.
Minerals, 20, 147-158 (1993)

[14] F. Guyot, P. Richet, Ph. Courtial, and Ph. Gillet, “High-temperature
heat capacity and phase transitions of CaTiO3 perovskite,” Phys. Chem.
Minerals, 20, 141-146 (1993)

[15] T. Vogt, and W.W. Schmahl, “The high-temperature phase transition in
perovskite,” Europhys. Lett., 24, 281-285 (1993)

[16] B.J. Kennedy, C.J. Howard, and B.C. Chakoumakos, “Phase transitions
in perovskite at elevated temperatures - a powder neutron diffraction
study,” J. Phys. :Condens. Matter., 11, 1479-1488 (1999)

[17] Roushown Ali and Masatomo Yashima, “Structural phase transition and
octahedral tilting in the calcium titanate perovskite CaTiOs”, Solid State
lonics, 180, 120-126 (2009)

[18] H.J. Hong, K. Yashiro, S. Hashimoto, and T. Kawada, “Conduction
Properties and lonic Transference Behavior of CaTiy4ScOz5 (x=0.05,
0.1),” ECS Transaction, 61, 151-157 (2014)

[19] F.A. Kroger and H.J. Vink, “Relation between the Concentration of
Imperfactions in Crystalline Solids,” pp. 306-435 in Solid State Physics,
\Vol.3, Edited by F. Seitz and D. Tunbull, Academic Press, NY, 1956

[20] M.F. Zhou, T. Bak, J. Nowotny, M. Rekas, and C.C. Sorrell, “Defect
Chemistry and Semiconducting Properties of Calcium Titanate, 13, 697-

105



704 (2002)

[21] W.L. George and R.E. Grace, “Formation of Point Defect in Calcium
Titanate”, J. Phys. Chem. Solids, 30, 881-887 (1969)

[22] Haksung Lee, Teruyasu Mizoguchi, Takahisa Yamamoto, and Yoichi
Ikuhara, “ First Principles Study on Intrinsic Vacancies in Cubic and
Orthorhombic CaTiOs,” Materials Transactions, 50, 977-983 (2009)

[23] N.G. Eror and U. Balachandran, “On the Defect Structure of Calcium
Titanate with Nonideal Cationic Ratio,” J. Solid State Chem., 43, 196-
203 (1982)

[24] D.D. Grower and R.C. Heckman, “Conduction—Ionic or Electronic—
in BaTiO3,” J. Chem. Phys, 41, 877-879 (1964)

[25] C.V. Stephenson and C.E. Flanagan, “Electrical Conduction in
Polycrystalline Lead Zirconate-Titanate,” J. Chem. Phys., 34, 2203
(1961)

[26] A. Ezis, J. G. Burt and R. A. Krakowski, "Oxygen Concentration Cell
Measurements of lonic Transport Numbers in PZT Ferroelectrics,” 53,
521-524 (1970)

[27] T. Takahashi and H. Iwahara, “lonic conduction in perovskite-type
oxide solid solution and its application to the solid electrolyte fuel cell”,
Energy conv,, 11, 105-111 (1971)

[28] H. Iwahara, T. Esaka, and T. Mangahara, “Mixed Conduction and
Oxygen Permeation in the substituted Oxides for CaTiO3,” J. Applied
Electro Chem., 18, 173-177 (1988)

[29] Shin-ichi Hashimoto, Hidefumi Kishimoto, and Hiroyasu Iwahara,
“Conduction Properties of CaTi;xMy03,(M=Ga, Sc) at elevated
temperatures,” Solid State lonics, 139, 179-187 (2001)

[30] S. Marion, A.l. Becerro and T. Norby, “ lonic and Electronic
Conductivity in CaTiggFeq104.5,“ Phase Transitions, 69, 157-168 (1999)

[31] R.C. DeVries, R. Roy, and E.F. Osborn, “Phase diagram and structure
106



of melts of the system CaO-TiO,-SiO,,” 38, 158-171 (1955)

[32] R, Meyer, R. Waser, J. Helmbold and G. Borchardt, “Cationic Surface
Segregation in Donor-Doped SrTiO; under Oxidizeing Conditions,” J.
Electroceram., 9, 101-110 (2002)

[33] K. Szot, W. Speier, U Briuer, R. Meyer, J. Szade and R. Waser,
“Formation of micro-crystals on the (100) surface of SrTiO; at elevated
temperatures,” Surf. Sci., 460, 112-128 (2000)

[34] S. N. Ruddlesden and P. Popper, “The compound Sr3Ti,O; and Its
Structure,” Acta Crystallogr., 11, 52-55 (1958)

[35] U. Balachandran and N. G. Eror, “Electrical Conductivity in
Lanthanum-doped Strontium Titanate,” J. Electrochem. Soc., 129[5],
1021-1026 (1982)

[36] J.N. Agar, “Thermal Diffusion Potentials and the Soret Effect,” Nature,
175(4450), 298-299(1955)

[37] J.Janek and C. Korte, “ Study of the Soret Effect in Mixed Conductors
by the Measurement of lonic and Electronic Thermopower,” Solid State
lonics, 92, 193-204 (1996)

[38] C. Korte and J. Janek, “Nonisothermal Transport Properties of a-Ag,S ;
Partial Thermopowers of Electrons and lons, the Soret Effect and Heats
of Transport,” J. Phys. Chem. Solids, 58(4), 623-636 (1997)

[39] C. Korte and J. Janek, “lonic Conductivity, Partial Thermopowers. Heat
of Transport and the Soret Effect of a-Ag,.;Se- an Experimental Study,”
Z. Phys. Chem., 206, 129-163 (1998)

[40] T.W. Lee, “Mass/Charge Transport Properties under 1so/Nonisothermal
Condition and  Defect  Structure of Mixed Conducting
BaCog7Feq22NbgosOs.5,” Ph.D thesis, Seoul National University (2013)

[41] K.-C.Lee and H.-1 Yoo, “Hebb-Wagner-type Polarization/Relaxation in
the Presence of Cross Effect between Electronic and lonic Flows in a
Mixed Conductor,” J.Phys.Chem.Solids., 60, 911-927 (1999)

107



[42] C. Wagner, “The Thermoelectric Power of Cells with lonic Compounds
Involving lonic and Electronic Conduction,” Prog. Solid State. Chem., 7,
1-37 (1972)

[43] D.R. Gaskell, “Introduction to the thermodynamics of materials, 3"
edition,” Taylor & Francis, Washington, 347-395 (1995)

[44] H. Rickert, “Electrochemistry of Solids: An Introduction, Springer-
Verlag,” Berlin Heidelberg New York, 216-234, (1982)

[45] N. Cusack and P. Kendall, “The Absolute Scale of Thermoelectric
power at High Temperature,” Proc. Phys. Soc., 72(6), 898-901 (1958)

[46] H.-l. Yoo and J.-H. Hwang, “Thermoelectric Behavior of Single
Crystalline ZrO,(+8m/o Y,03),” J. Phys. Chem. Solids, 53(7), 973-981
(1991)

[47] 1.B.  Lee,  “lonic/Electronic ~ Thermopower and  Oxygen
Thermothransport of Undoped La,NiOy4s,” MS thesis, Seoul National
University (2014)

[48] A.B. Lidiard and R.E. Howard, "Matter transport in solids,” Rep. Prog.
Phys., 27, 161-240 (1964)

[49] T. W. Lee, H.-S. Kim, and H.-l Yoo, “From Onsager to mixed ionic
electronic conductor,” Solid State lonics, 262, 2-8 (2014)

108



Appendix-numerical data

A. Conductivity experimental

A.l1.1100°C
log a, olScm™
AVE STD AVE STD
0.0004 0.0011 0.139 0.007
-0.669 0.001 0.134 0.006
-1.381 0.002 0.131 0.006
-2.152 0.003 0.127 0.006
-2.744 0.005 0.124 0.006
-7.719 0.010 0.124 0.006
-9.043 0.006 0.125 0.006
-9.98 0.06 0.126 0.006
-11.77 0.01 0.134 0.007
-12.72 0.02 0.139 0.007
-13.68 0.02 0.147 0.007
-14.51 0.03 0.164 0.008
-15.20 0.05 0.213 0.010
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A.2.1000°C

log a,, ol/Scm™
AVE STD AVE STD
-0.001 0.001 0.092 0.004
-0.664 0.001 0.088 0.004
-1.368 0.002 0.086 0.004
-2.125 0.002 0.084 0.004
-2.716 0.003 0.082 0.004
-3.693 0.004 0.079 0.004
-8.54 0.01 0.082 0.004
-9.15 0.01 0.082 0.004
-11.01 0.01 0.082 0.004
-11.97 0.01 0.082 0.004
-12.87 0.01 0.082 0.004
-13.80 0.01 0.082 0.004
-14.75 0.01 0.084 0.004
-16.42 0.01 0.091 0.004
-17.39 0.01 0.103 0.005
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A.3.900°C

log a,, ol/Scm™
AVE STD AVE STD
0.002 0.002 0.059 0.003
-0.690 0.002 0.056 0.003
-1.402 0.001 0.055 0.003
-2.153 0.003 0.053 0.002
-2.78 0.02 0.053 0.003
-3.38 0.08 0.052 0.002
-3.79 0.03 0.051 0.002
-15.08 0.01 0.052 0.002
-15.81 0.01 0.051 0.002
-16.84 0.04 0.051 0.002
-17.64 0.01 0.051 0.002
-18.91 0.01 0.053 0.003
-19.23 0.01 0.054 0.003
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A.4.800°C

log a,, ol/Scm™

AVE STD AVE STD
0.004 0.002 0.032 0.001
-0.675 0.002 0.031 0.001
-1.383 0.004 0.030 0.001
-2.135 0.004 0.029 0.001
-2.734 0.003 0.0282 0.001
-3.496 0.007 0.0271 0.001
-16.100 0.007 0.0273 0.001
-16.592 0.008 0.0274 0.001
-18.66 0.01 0.0277 0.001
-18.59 0.01 0.0267 0.001
-20.31 0.05 0.0270 0.001
-21.01 0.04 0.0267 0.001
-21.12 0.02 0.0272 0.001
-21.13 0.04 0.0274 0.001
-21.51 0.05 0.0272 0.001
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B. Nonisothermal blocking experimental

B.1. Best-fitted results: Si, g, 6%, Do

B.1.1 1000°C
log a,, Sy /Imol*K™ 0o / kImol™
AVE STD AVE STD AVE STD
0699 0.001 o1 2 125 2
1007 0.001 92 1 131 3
1386 0.003 93 3 143 4
-1.749 0.001 95 2 154 2
2000  0.001 9% 3 170 4
-2.571 0.001 94 7 197 4
4357 0.004 90 1 192 3
-8.74 0.03 -76 12 -182 13
1042 003 84 3 138 8
4115 0.02 80 5 1139 10
1208 0.02 75 5 1100 4
-13.05 0.03 -74 5 -57 5
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(Continued)

log a,, o ImVK™ Do /cm?s™

AVE STD AVE STD AVE STD

-0.699 0.001 -0.94 0.02 0.0015 0.0001
-1.007 0.001 -0.96 0.01 0.0015 0.0001
-1.386 0.003 -0.96 0.03 0.0014 0.0002
-1.749 0.001 -0.98 0.02 0.0012 0.0004
-2.090 0.001 -0.98 0.03 0.0011 0.0001
-2.571 0.001 -0.97 0.07 0.0008 0.0001
-4.357 0.004 -0.93 0.01 0.00019 0.00002
-8.74 0.03 0.79 0.12 0.0006 0.0002
-10.42 0.03 0.87 0.03 0.00070 0.00009
-11.15 0.02 0.83 0.05 0.00048 0.00006
-12.08 0.02 0.78 0.05 0.00053 0.00005
-13.05 0.03 0.77 0.05 0.0011 0.0001
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Abstract

Perovskite (ABO;3) materials have been thoroughly researched to utilize their high
stability. One of such research concerns acceptor-doped CaTiOs, wherein the
increased ionic conductivity due to doping could be used to replace yttria-
stabilized zirconia (YSZ) as the solid electrolyte in solid oxide fuel cells (SOFCs).
Therefore the research for acceptor-doped CaTiO3; was focused on increasing the
ionic transference number (tin) of the system. 10 m/o Sc-doped CaTiO3, with
composition of CaTiggSc 1035 showed at 1000°C ionic conductivity comparable
to the conventional YSZ material and electrolytic regime (ti,n>0.9) wider than
other materials. To apply Sc-doped CaTiO; as a candidate for the electrolyte in
SOFCs its electrochemical characteristics should be thoroughly investigated,

which has not yet been sufficiently done.

Driving forces which cause matter transport are consisted mainly of
electrochemical potential gradient and thermal gradient. While the
electrochemical potential gradient is considered as direct effect, thermal gradient
is considered as indirect effect. The general consensus up to now be that the effect
of indirect driving force is negligible compared to that of direct driving force.
However, with more precisely-defined experimental conditions the indirect effects
have been shown to be non-negligible, leading to a necessity of research on how
the indirect driving force affects matter transport. Therefore, some researchers
have tried to analyze the phenomenon by using reduced heat of transport, an
important parameter in non-isothermal ionic transport behavior. Because Sc-
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doped CaTiOs, the material used in this work, show transition from n-type to
electrolytic to p-type regime with increasing Po, at 1000°C, it is possible to
analyze matter transport according to the majority defect regimes, which is a big
advantage of the system. An experimental cell was made to obtain Soret
equilibrium under blocking cell conditions and the analytic solution for such case
was found. Through this analytic solution the chemical diffusion coefficient, the
product of reduced heat of transport and ionic transference number and partial
electronic thermopower was obtained. To obtain solely the reduced heat of
transport the total electric conductivity was separately measured in the range of
800<T/°C<1000 and 10*°<Po,/atm<1. The total conductivity was separated into
partial ionic and electronic conductivities and the reproducibility was checked. In
other words, the relationship between the reduced heat of transport and Po,

according to majority defect regime was sought after

Keywords : CaTipgSCc103.5, lon conductivity, lon transference number,
Nonisothermal mass/charge transport properties, Temperature gradient, Heat of

transport, Chemical diffusivity, Soret effect
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