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Oxygen Interstitial Defects and Ion Hopping Conduction of
X ThO, + (1 -X) Gd,0; Solid Solutions: 0.08<X<0.12
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Gdy05-ThO, solid solutions containing 8, 10 and 12 mol % ThO, were synthesized with spectroscopically pure GdyO3 and
ThO, polycrystalline powders. X-ray diffraction revealed that all synthesized specimens have the modified fluorite struc-
ture, and the lattice parameter of Gd,0, is nearly unchanged with increasing ThO; mol %. Both ac and de conductivities were
measured in the temperature range 500-1100°C under Pag’s from 10-6 to 10~ atm. The dc conductivities are nearly indepen-
dent of Poy, and agree with the ac values. This implies that the solid solutions are ionic conductors. The conductivity in-
creases with increasing ThQ, mol % with an average activation energy of 1.23 eV. An oxygen interstitial defect and ionic

hopping conduction are suggested.

Introduction

Gd,0; is one of the lanthanide oxides and is known to
have cubic C-type structure with lattice constant 10.813 Aat
temperatures up to 1200°C. There are 24 Gd** ions on sites
with two-fold rotational symmetry (C,), 8 Gd** ions on sites
with three-fold rotatory inversion symmetry (C.). the 48 ro-
tatory O ions at general positions, and 16 interstitial sites in
the unit cell of C-Gd,04. Gd;04 has p-type characteristics in
the high oxygen partial pressure region®. Tare and Schmalz-
ried® reported through an emf study that Gd,0; is essential-
ly an ionic semiconductor under oxvgen partial pressures of
between 107¢ and 107! atm. An activation energy of 1.57 eV
was observed by Subbarao et «l.¢. Gd,0, is capable of dissolv-
ing considerable amounts of tetravalent and higher valence
cations and apparently produces interstitial O* ions which
are mobile®, Diness and Roy® reported that a Gd,0,-ThO,
solid solution having the cubic C-type structure was easily
formed at a low sintering temperature, 800 °C.,

The additions of lower valence cations such as Y 0 to
ThO,’, Gd,0;t0 ThO.2 and Y,0,to ZrO,’ have been report-
ed to produce mobile O ions due to their interstitial sites
in the cubic C-type structure. The aim of this work is to
characterize the influence of the ThO, dopant on the elec-
trical behavior of X ThO,+(1-X) Gd,O; solid solutions.
These solid solutions were chosen because Gd,(, has a high
activation energy for electrical conduction, ThO, is easily

soluble up to 16 mol% in Gd,05 at low temperature, 800°C, -
and both oxides have good thermal stability and stoichiome-
tric composition®.

Experimental

Sample Preparation. (~Gd,O45N) and ThO{5N) poly-
crystallines obtained from the Rare Metallic Company were
used as the starting powders. Specimens with grain size <1
um were prepared by ultrasonic treatment. The mixed oxide
was calcined at 680°C for 10 b in air. The powder mixture
was stirred for 12 h in ethyl alcohol, and then dried. The
dried powder was hydrostatically pressed at 1 x 10* Painto 2
pellet, presintered at 880°C for 96 h, and then slowly cooled
to room temperature. The surfaces of the presintered pellets
were etched by (NH,S,0; and H;PO, solutions, respective-
ly. The phases of the presintered pellets were investigated by
X-ray diffraction technique. The X-ray patterns showed
that all peliets formed cubic C-type solid solutions. The
presintered specimens were reground in an agate mortar,
stirred in ethyl alcohol for 24 h, and then dried. The powders
were re-pelletized, resintered at 1330°C for 40 h, and an-
nealed at 1130°C for 30 h to reduce the grain boundary ef-
fect. X-ray analysis results for these resintered specimens
are listed in Table 1. As shown in Table 1, the specimens are
all cubic C-type solid solutions.

Analysts. DTA and TGA measurements were carried
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Table 1. X-ray Diffraction Results for X ThO, + (1-X) Gdyt); Solid
Solutions

X 28 ons h i ent 139,
0.08 28.6034 31195 2 2 2 3.12335 100
33.1415 2.7M7 4 10 270449 38
47.5749 19105 4 4 0 1.9127 44
26,4518 1.6294 6 2 2 1.6311 32
0.0 28.6038 31194 2 2 2 31250 140
33.1457 27012 4 00 2. 7146 34
417.5751 1.9144 14 40 1.9124 42
56.4520 1.5933 62 2 1.54951 28
"2 286036 31187 2 2 2 301 100
330448 27000 3 0 0 2.7015 37
47.5715 Lytoo 4 4 0 19102 44
56,4325 1.6289 6 2 2 1.6290 34
DTA TGA e
FNOO
° TGA a0
mtn— OTA 800
}-400
g TEMP L 100
5 M
o

TIME
Figure 1. DTA and TGA curves of X ThO,+(1-X) Gd,03 solid
solutions.

out to investigate possible phase transitions and nonstoichio-
metric composition. No phase transition or weight loss was
observed in the Po, and temperature regions investigated
(Figure 1).

The impurities which were analyzed by [CP are listed in
Table 2 and pycnometric densities are also listed in Table 3
including lattice parameters.

Conductivity Measurements, Only the samples which
had a theoretical density higher than Y0% were used for dc
electrical conductivity measurements to minimize grain
boundary effects. Valdes’ technique'?, which had been brief-
ly described previously'™'?, was used. This technique has
also been employed to measure the electrical conductivity of
other oxide semiconductors'®?%, jon-doped polymers?’ %,
and polymer composites®™ . The electrical conductivity was
also determined from ac measurement as a function of fre-
guency under atmospheric air pressure, since the data
obtained by dc measurement may not represent the true lat-
tice transport. This ac technique has been described else-
where®. An oscillator, an admittance bridge and a diffe-
rential amplifier as null detector were emploved. Porous Pt
contacts were applied to the specimen discs (1.2 cm in
diameter and 0.13 ¢m thick) by sputtering Pt from dc plasma
to weights of 1~3 mg cm™. The ac electrical behavior was
analyzed with aid of an impedance plot and equivalent cir-
cuit.

Results and Discussion

The lattice parameters which have been obtained by Nel-
son-Riley plot (Figure 2)* are listed in Table 3. The lattice

Sung Ho Park et ai.

Table 2. impurity Analysis of X ThQO;+{1~X) :ds0; Solid Solu-
tions in ppm of Impurity

X value .
W .08 0.10 .12

Al 7 3 5
Ca 7 7 7
Y 5 4 8
Mn <Ot <0.1 <0.1
7 8 8 10
Co <1 2 <1
La 10 13 12
Cr <1

Cu 2 1 3
Fe <01 <04 <01
Y 0.5 1 2
Mg [ 3 1
Ti 1 1 0.7
Ni 2 4 1
Sr <01 <0l 1
Ce 13 16 15

Table 3. Pycnometric Densities and Lattice Parameters (LP) of X
ThO; +(1-X) Gdy0;3 solid Solutions
X dps(Ricm®)  doRicm®  dopddu LP(A}

0.08 7.06 7.61 0.93 10.8133
0.10 7.11 7.65 0.93 10.8134
0.12 7.21 7.7 0.94 10.8135

10 8138

YT R

10.8126 |- t\‘
10 8120 |-
108118 |-

10 8110 -

Lattice narame:er(;\)

10 8108 |-

10 8100 |-

10 po9s

10 8090 i 1 L L L 1 1
- e ] 2 3 4

2
o) = J150%7¢ 4 cosle)

Figure 2. Lattice parameter vs. /{#) for the Gd;0510 mol % ThO,
system.

parameter #s. ThQO, mol % is plotted in Figure 3 which shows
that the lattice parameter of Gd,0; is nearly unchanged with
increasing ThO, mol %. This implies that X ThO,+(1-X)
(d,0; specimens are all solid satutions. The constant lattice
parameters can be explained in terms of the cation size ef-
fect; the radius of the 6-coordinated T3* (108 pm) ion is the
same as that of the 6-coordinated Gd** (107.8 pm) ion®.
Figure 4 shows the temperature dependence of the elec-
trical conductivity. As shown in Figure 4, the conduction
takes place vi¢ a single mechanism, since no inflection point
appears, and the slopes for the 10 and 12 mol % ThO,
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Figure 3. Lattice parameter vs. ThQ; mol% for the X ThO,+{1-X)
(d A5 solid solutions.
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Figure 4. A typical plot of log conductivity zs. 1031 for the 8 mols
ThOy~(d»03 solid solution.

Table 4. Activation Energy of Various ThO.Gdy(); Solid Solu-
tions
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a . o o l000%C
-5k - i §50°C
906 °¢
° . - - o 850°C o
T~ 8oo’c
E g - Ld
S 750°C.
pA
-8p
-]
@ a . - o 700C
o
- ssc’c
800°c
~-rr —e—  Gdy0y — 8 Mol ThO,
—a— Gd2Q; —10mol ThO,
—a—  Gd203 —12mol ThO,
L 1 1 A J,

5

.
=4 -3 -2

-3

Composition of Th(), Pa.{atm) Activation energy (eV)

2% 1071 1.24

8 mol% 1% 103 1.23

| x 10-6 1.24

2x 0L 1.24

10 moi% 1% 10-3 1.21
1x10-8 1.24

2x 107! 1.25

12 mol% 1x103 1.23
1x10°8 1.23

samples are nearly the same as that of the 8 mol % sample
shown. However, the activation energy (Table 4) is smaller
than that of pure Gd,0,%.

The observed oxygen partical pressure (Po,} dependen-
cies of the electrical conductivity are shown in Figure 5. As
shown in Figure 5, the electrical conductivity of the solid
solution is independent of the oxygen partial pressure. Figure 6
shows a typical plot of the ac impedance data. Analysis of the
complex impedance plots followed the works of Bauerle®®

Log Pg, {atm}

Figure 5. Log conductivity ts. log Po; for 8 mol% Th(};. 10 mol%
ThO3 and 12 mol% ThO,in X ThO, +(1-X) Gd 304 solid solutions at
various temperatures.

kHz

\

" \ s
e " 10
2 104

VAT
0 UL IS ITS
g ¢ ?

Figure 6. Impedance diagram for 8 mol% ThOzGdy0; solid solu-
tion at 801 and 1000°C, 1 atm. with its 4-terminal dc conductivity
marked on the' Z'-axis (T)

and was carried out in terms of the equivalent circu... In the
entire experimental temperature region the intersection of S,
with the real axis of Figure 6 agrees very well with dc con-
ductivity. This agreement implies that the cbserved dc con-
ductivity is bulk in nature.

The activation energy obtained from the temperature de-
pendence of the intersection of S, agrees well with that ob-
tained from dc measurements. The activation energy obtain-
ed from the temperature dependence of the intersection of S,
is 2.26 eV. Bauerle® reported that the temperature depen-
dence of the electrode resistance in a porous Pt electrode
corresponded to a thermally activated process with a rather
high activation energ, . approximately 2.0-2.5 eV, The pre-
sent activation energy means that the semicircle is due to the
electrode reaction. The oxygen-pressure-independent bulk
conduction of the system is verified by this resuit, and the
main charge carrier is the oxygen ion.

Barret and Barry™ found that the interstitial oxygen ions
and holes are quite mobile. The diffusion process is thus
most probably a migration of oxygen ions along interstitial
pathways more or less associated with holes. [n the present
solid solutions, the interstitial oxygen ions can be formed by
the dopant: ThO, = 1/2 O +3/2 O,+ Th¢y. whre Of is an
interstitial oxygen and Thg, is Th substituted on a Gd site.
Doping by Th prohibits the intrinsic disorder reaction of pure
Gd, 04 1/2 O, = 2k + OF where 4 is an electron hole pro-
duced in the valence band. Since O ions are produced by the
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Figure 7. Log conductivity ¢#. ThO, mol % at 1000°C.

Th dopant, the electron hole concentration is reduced.

The result that the conductivity is independent of oxygen
pressure {Figure 5) implies that the predominant defect in X
ThO, +(1-X) Gd, 05 solid solutions is an oxygen interstitial
and the present solid solutions are oxygen interstitial con-
ductors. The experimental results in Figure 7 show that the
conductivity increases with increasing ThO, mol %. This im-
plies that the conductivity of the present solid sojutions is
proportional to the OF concentration, o= O} K e « v¥kTlexp
[-£,/kT], where ¢ is the effective charge, « a geometrical
factor, a the lattice parameter, ¢ the frequency and £,, the ac-
tivation energy for motion. As shown in Table 4. the solid
solutions show a constant activation energy, regardless of
the doping level. This constant activation energy is due to
the nearly invariant geometry factor and lattice constant
(Figure 3), and the fact that there is no change in conductivi-
ty with applied measuring frequency, as the structure does
not change. From the constant activation energy, it is pos-
sible to suggest that defect clusters do not form in the pre-
sent solid solutions and the defect pair is easily dissociated.
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