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Fig. 2.1. Crystal structure of CeO; small blue spheres stand for

cerium cation and large red one for oxygen anion
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Table. 2.1 Physical properties of the pure stoichiometric

ceria[12]
Property Value (unit)
Density 722 g cm 4
Melting point Ca. 2750 K

Specific heat
Thermal conductivity
Refractive index
Relative dielectric constant
(0.5-50 MHz)
Young's modulus
Poisson’s ratio
Hardness
Formula weight

molar volume

Ca. 460 J kg' K'!
Ca. 12 Wm' K"
Ca. 2.1 visible

Ca. 2.2 infrared
11

Ca. 165x10" N m*
Ca. 0.3
5~6
172.12 g mol '

2384 em”’ mol !
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o, =G, q, 1, (2.3)

olPAA v Ax oleMlAeE Eaka C, & vl Fug

o] & Hlxeg] o] Fo|t}. Nernst-Einstein relationo] ¢t o] x &=

T

AT e 22 BAel Ak
D=qB=qD/kT (2.4)
olyf B At o]%%(absolute mobility)o] i EAtAl¢ DE &
I ol & 5 3
D=d’vyexp(AS,,/k)exp(— AH, [kT) (2.5)
o714 ax ¥ AgGump distance) vor= ZAA E F3}<=(lattice
vibration frequency) ASm3¥ AH,& ZHzb g4 843 JEZy 9
dety & Sk} 2] (2-3), (2-4), (2-5)& A&,
92 9 A'S;n A]{m
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Fig. 2.4. Conductivity enhancement due to alumina
inclusion[25].
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Fig. 2.5. Parallel ionic conductivity of the BaF,/CaF, multi-layer
films. Data are shown for films with wvarious periods and

interfacial densities [26].
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Fig. 2.6. (a) Oxygen vacancy an hole concetraion profile across an
epitaxial SrTiOs; thin—film in the p-type region (b) in the n-type

region. space charge layers are the shaded regions.[27]

2
o

:

~19- - 8} 3

W



(a) 2717
Value for Bulk at 950 °C
T 1.5
=
L
£
=3
=1 1
=2
0.5 T T
1.5 2 2.5 3
log [t/nm]
b |
( ) 60 1 330 nm /&m
= T=950 °C
£ 40-
o
25 66 nm
L+]
20~
33 nm
0 :
0 100 200 300
Time [hr]

Fig. 2.7. (a)Thickness dependence of conductivity of LSF648
(b)Time dependence of the conductivity of LSF648.[28]
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Fig. 2.10. Complex impedance spectra of (a)YSZ containing Si

at grain-boundary, (b) YSZ and 1mol% AlQOs;

samples measured at 400C air[33].
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BCY sintered pellets, measured in the intermediate

temperature rangel[39].
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Fig. 2.12. Total electrical conductivities of GDC
polycrystalline film with grain—boundaries and epitaxial

film(100) with no grain—boundary[32].
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Fig. 2.15. Plot of the logarithm of the maximum change
stot/svol of the total conductivity relative to the bulk

conductivity against the mismatch factor.[11]
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calculated by the kinetic Monte Carlo simulations at different
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Fig. 2.20. Temperature dependence of the electronic conductivity

determined for CeO2 as function of grain size[54].
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Fig. 2.21. Experimental results on the electrical conductivity of
nanocrystalline cerium oxide as function of grain size, compiled

from the given literature.
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Fig. 3.1. Relation between an applied sinus shaped voltage U(t)
and the current for an ideal capacitance C and inductance L
61].
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Interstitial site W1

Normal lattice site w+

Fig. 3.10. Energy level diagram for AgCl [81].
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Fig. 3.11. Schematics of energy diagram (a)at low T, high
Ns (b) high T, low N,[81]
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K
T, P, Nyys oy,
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99 BuY Naoleol F, wel FuF C olee] 4 o A
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N 1 _ 1
Hyg = W;+;AC{W Ha —— VV;+§AG3 (346)
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Fig. 3.12. Schematics of engerdiagram for NaCl crystal.[81]
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Fig. 3.13. Schematic diagrams

ion.[81]
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3.6. FtAEFOA AotA 49 A7 A=

Aot Aatel AbaNizte]s z4zb dAxp Ao ddaiel o] A
stdEAE e HAHMEALY o2HEAS BT AYE 3=
Aot} (Mixed Ionic Electronic Conductor, MIEC). o]&ldt &34
EAY A7 AEE (O E T3t 2ol A AEm(o)ot o4 %

E(o) FHA RE AERS Fo® vehd & ok

Ototal — Tion + Og — |Zion|€0iuioncion + ColleiCer (350)
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7l AEEE g 2
o, (r) =z ey e, (r) (3.51)

o~

MATE Wt W Aste] o] FE WMt HOoHE FRARE
o ANAEAT 94N HE5DE ety A Fush 9

| AAEA F

R

Lo
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gkok npfare]l Ask w27t ¢ olgta 4 V= ezRE AL r
e FxE vedt 2ol 7E=AHFH Coulomb olHA o] =

s dAgge wEE AAstE Boltzmann factorel] ]38l o5}

(3.52)

K

AAHEA ko] EL Possion WAAoRHE HE

1¢
A& U X=(local charge dnesity, 0)& T3l 98 4 vk
) Zzieoci(r)

V() = L=

€€y €€,

(3.53)
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s
b
e

i A% s oa] FojA 7] wiitel 4] (3.52)%
(353)2 ZAgsle] Poisson-Boltzmann W& WA 28 wHETH ofuj
HH YA (planer boundary)e}t Bl &) A (asymetric electrolyte)
= 7HAsHH v A3 2ol 1Ak v EWAEA Y dE 7 F 3

o} [6.21].

(3.54)
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Fig. 3.14. Normalized concentration profiles for

point defects of charge ~z in a space charge

potential of A®=05V.
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Fig. 3.15. Geometric scheme of a bicrystal measurement of Z*

perpendicular and Y 'parallel to a grain boundary[6].
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Bulk

Fig. 3.16. Exploded view of cubic crystal with side

length L and surrounded by space charge layers.

- 95 - J’rrrrJ *‘HEQ‘]EL—"

SECRIL WATCRMAL |INMVERSTY



N
1:14_‘.

s

4.1 vt Y= AAHH AHY Ax

LB ELE vt NextchAH] CepoGdoiOrgs-s =4S Zb= W EA A
182m%/gel Y= EIe AMgsth BEe 134 QA Avle
X-Ray ¥4 #H€9] ¥71E(FWHM)S Winfit 22138 §35}¢]
Tl th2¥ & Sherrer's? o2 Alabet Az AA e A=

Snm FE=AIL o= Fig. 419 TEM 4] Z3}E &t oA &<l
&ttt

d=——— (4.1)

b
il
N
X
ol
ol
O
o)
i
>~
>,
oo
ol
R
£
tov)
rlr
rE
N
X
|
N
L)
=
©)
r
oo}
=
Q
[tje]
mQ
N
ki
il

w3 Ve B4R %S Table 4.1 A8t Table 4.100] A

oA el Aol WA A 4714 BAL AT

- 96 - -__:I'H ! _'\-\.I.-I_ -I_-li -__.:.I ;



=
=

o 0.05mol%

bl A 2

2]

Al 250MPa® A<t

49%°] BEAE WEATh

=z}
=

A7 20mme] Y=Y

H )l o
T a=

o

2

10MPa= <

j=1 1k wliiing
= -

3

e

g st A

)=
U

AT SA(TGA)H 4714

1o

oF

N
K
ofp

o

N
ol
4

-
;OH
®

(Dilatometry)< 3}

o

HAg oA 9wtk A

1
.

T71=e] Aty

o =

sheleh

}

»AO

2]

2

oA Al

3l
=

=

do™ 90%°]/del de #

U o

o]Z 1 900C 7}

Astg

=71 70%°l

(Fig. 3.3).

el
Njo
T
i
-

)

P 600TC ol kol

2=
Elgd

=
°©

_I_:[‘L
[ o B 2 R e B A v

)
~

&

of 9%z WAL Fm}

=
—=

7}

Ash=

k-
=

ol A

e

]

b

A= o Al

)

B!

—

0

A
o

el
op

!

4

®
T
gl

—~
o

—~
fife)
il

T

[
B

ﬂ

b
ol
N

—~

;.01_
i

_97_



Fig. 4.1. TEM image of nano-powder
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Table 4.1. Composition and impurity analysis from ICP

Ce Gd Fe K Ca Si
702768.2 | 79214.8 35.46 ND ND ND
ND : Ca, Si < 20ppm, K < 100ppm
Mg Al Cr Mn Cu In Ti
53.39 | 41.35 | 14.93 2.57 2.76 2.96 ND
ND : Ti< 1ppm
- 99 - H =T
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Alumina

Fig. 4.8. Experimental set-up for electrical conductivity

measurement.
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Fig. 4.9. Schematic of (111) oriented ceria lattice for ab-initio

calculation.
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-~ 129 - : ,H =L




T T T T T T T
= bulk conductivity
e (bulk +SCL) conductivity
]
- ] i
e 011
©
G
o ]
| ]
1 ]
0.01 T T T T T T T T T
1000 900 800 700 600
Temperature / °C

Fig. 5.4. Electrical conductivity change due to the space

charge layer effect when the grain-size was assumed as

50nm.
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Table. 5.1. Partial electronic conductivity of
(a)lmicron (b)170nm (c)100nm grain-sized

samples from ion-blocking polarization cell.

Op /O'lcm'1 O, /Q'lc:m'1
1273K  (@9+02)x103  (3.6+0.1)x10
1173K  (4.8£03)x10*  (8.0£0.1)x10
1073K  (17:0.1)x104  (8.2+0.1)x10¢€

(a)

Op /Q’icm’1 Opn /Q’lcm’1
1173K (8.3£0.4)x10-4 (2.0£0.1)x10->
1123K (49+0.2)x104 (7.240.1)x10-6
1073K (2.4+0.1)x10-4 (2.6+0.1)x 106

(b)

Up /Q-lcm-l O, /Q-lcm-l
1123K  (57#03)x104  (3.5£0.1)x10°5
1073K  (33:02)x10%  (1.1+0.1)x10°
1023K  (15:02)x104  (3.8£0.1)x10°6

(c)
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Fig. 5.11. Partial electronic conductivity of various grain-sized

samples as a function of temperature.
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Fig 5.12. Conductivity measurement of a
thin—-film in (a)vertical direction (b) parallel

direction
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Electrode

Fig. 514 Two distinctive conduction paths of speciments,
without electrical leakage to substrate(Path A) and with
leakage(Path B) [100]
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Fig. 5.15. Temperature dependance of electrical conductivity of

GDC thin-film with various thickness.
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Fig. 5.16. Po: dependance of electrical conductivity
thin—film with various thickness.
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Ceramic adhesive
: P-24, Tokuriki chemical, Japan

Fig. 5.18. Configuration of thin—film electrical conductivity
measurement cell and the origin of artifact-ceramic

adhesive.
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Fig. 5.21. Electrical conductivity of 8YSZ on the more resistive

support as a function of film thickness.
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Fig. 522. Resistance of the low purity alumina support at

different temperatures.
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Fig. 5.24. Resistance from each component compared with YSZ

and GDC resistance as a function of thickness.[85]
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Fig. 526 Geometrical configuration of interfacial region and film
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Fig. 5.27. Geometrical configuration of thin—film
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Fig. 530. Average strain of thin film as a function of film
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Table. 5.3. Fitting results from equation (5.22).4

Best fit results

£, 0.023
a(nm1) 0.17

- 177 - i Aﬂ—%—



-5ed
a
i)
B ]
v »
428 |-
=28 |
1=% . ®
-
=
= ~ & -
[=] L
=
- L]
Il | &
L ]
L]
1 1 1
228 g8 dz3 L]
Z'iahm

Fig. 5.32. Impedance spectra from experimental set—up
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Fig. 5.36. SEM image of post annealed GDC film

deposited at room temperature.
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Fig. 5.37. X-ray diffraction pattern of post annealed thin—film.
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(a) (b)

Fig. 5.38. (a) Top view (b) Side view of a slab model for fluorite

structured ceria (111) surface, indicating Ce* (blue),and O% (red).
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Fig. 5.39. Strain direction under dilative strain state
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Fig. 540. Schematics of (a)unit-cell and atomic-scale
changes in tetrahedral site for (b)path A and (c)path
B(Blue: cerium, Red: oxygen) induced by 5% dilative

strain along the <111> from ab-initio calculation.
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Fig. 5.41. Schematics of symmetry change induced by 5% dilative
strain along the <111>.
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Fig. 543. SEM cross section images of the

(a)40min (b)20min deposited samples.
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Fig. 544. SEM cross sectrion and tilted top view
images of post annealed (a)(h)480nm (c)(d)200nm films
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Fig. 5.46. TEM image of (a) as-deposited thin-film and
heat-treated thin-film at 1023K for (b) 5 hours (c) 10hours
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Abstract

Ceria 1s the most abundant material among the rare-earth oxide
and shows superior properties in various Kkinds of applications
like catalyst, electrolyte, electrode and sensor. Recently for the
miniaturization of device and enhanced properties investigations
about nano-structured ceria has been high-lighted. Up to date
nano-size effect in ceria has been so space charge layer effect
oriented that systematic researches about another origins have
been insufficient. Therefore in this study separated effects of
grain—-boundary, lattice distortion and space charge layer on the
electrical properties of nano-structured ceria based materials have

been investigated.

Bulk nano-crystalline samples with different grain sizes were
fabricated from high purity nano-sized powder and we found that
while grain size changed form 5 microns to 50nm the electrical
conductivity decreased as much as 0.15 in log scale at 500C and
0.07 at 700C which is typical operation temperature in the
application field. Also the partial electronic conductivities
measured from polarization experiment with ion—blocking
electrode were not significantly changed from different
grain-sizes. From these experimental results we could conclude
that grain-boundary in Gd doped ceria do not exhibit as
significantly resistive layer. And this is true to both of electron

and ion transports.
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And to find the correlation between lattice distortion and
electrical property in ceria based system we calculated oxygen
lon migraion activation energy changes as a function of lattice
strain via ab-initio calculation method. While tensile strain to
<111> increase from 0% to 5% the oxygen ion migration
activation energy also incrase from 0.4eV to 14eV. And same
tendency has been observed in experiment. We deposited epitaxial
GDC film on the (0001) sapphire varying the thickness from
403nm to 52nm. Their average strain was increased as film
thickness decreased and also activation energy calculated from
temperature dependance of electrical conductivity increased from
0.69eV to 1.06eV. To explain this phenomena we suggested
oxygen ion migration model in GDC lattice under anisotropic
strain state.

At the last to confirm the space charge layer effect and explore
the possibility to control space charge layer related nano size
effect we successfully deposited poly-crystalline ceria thin film at
the room temperature via PLD with grain size of 7nm. We
found that at 750C the electrical conductivity of nano-crystalline
ceria thin—film was 20 times higher than that of bulk ceria and
the activation energy was only 409 of reported value of bulk
ceria, which is in good agreement with reported space charge
layer effect. Furthermore, after post-annealing at 1273K grain
size of thin—film increased to 400nm, electrical conductivity and

activation energy values has been changed to similar values of
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bulk which reveals that the unique properties of nano-crystalline
thin—film has resulted from grain size effect in other words,
space charge layer effect. In far reduced atmosphere the electrical
conductivity of thin film and bulk became similar due to the
unprecedented oxygen partial pressure dependence of
nano-crystalline thin—film. Those phenomena can be theoretically
predicted from the calculation based on SCL model by the
oxygen partial pressure dependence of space charge layer (SCL)
thickness. From all these theoretical and experimental results, we
can conclude that SCL related nano-size effect in ceria can be

reasonably tunable with the alteration of oxygen partial pressure.

Key words . Nano-size effect, ceria, grain—-boundary, lattice

distortion, space charg layer.
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