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Electrical conductivity and defect structure

of Ce0,-ZrO, mixed oxide
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The electrical conductivity of Ce0,-ZrO, system was measured as functions of the
temperature and oxygen partial pressure and of the composition. The ionic conduction was
prevailing in the ZrO, rich phase due to the increase of ionic defect concentration via
homovalent doping effect. The enhancement of n-type electronic conductivity was
observed in intermediate and CeO, rich phase compared with pure CeO,, which originated
either from homovalent doping effect or increase of electronic mobility due to the change
of transport mechanism. © 2002 Kluwer Academic Publishers

1. Introduction

Due to many peculiar electrical and mechanical prop-
erties of the ZrO, based and CeO, based ceramics, a
number of studies [1-10] have been conducted. The
partially stabilized zirconias are very useful materials
for the mechanical and structural application and fully
stabilized zirconias are also of interest for many viable
electrochemical applications e.g. oxygen sensor, solid
oxide fuel cell, steam electrolyser. CeO, based elec-
trolytes also have very promising ionic conductivity at
moderate temperature (650-800°C) and are known as
one of the most prospective material system to replace
the zirconia based electrolyte for the low temperature
operation of SOFC. Moreover, in now days, ZrO,-CeO,
mixed system also spreads of its usefulness to many
application fields [11-24]. Especially CeO, stabilized
zirconia is known to have excellent thermal stability
and high toughness compared with other stabilized zir-
conia system [11, 12]. CeO; rich ZrO,-CeO, system
also have emerged as a very useful material since they
appear to have a higher oxygen storage capacity of the
catalysts and thermal stability for the application of ex-
haust gas treatment for automobile [13-17].

The phase relationships of ZrO,-CeO; system also
have been studied by numerous researchers [25—42].
Notwithstanding these a lot of studies, however, it is
still not well known and many controversies are found
in between literature data. This is known as being due to
1) sluggish kinetics at low temperatures below 1400°C
and ii) existence of several kinds of metastable phases
[32]. The first contributor to the phase relationships of
Ce0,-ZrO; system was Passerini [25], who has found
that a complete solubility existed in between whole
compositional ranges of ZrO,-CeO, system and the
structure of this solid solution was cubic of the fluo-
rite type. Several years later, Duwez and Odell [26]
constructed a tentative phase diagram of CeO,-ZrO,
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system. They discovered different single or two-phase
fields in ZrO,-CeO; system for the first time and com-
pleted the phase diagram of ZrO,-CeO, system from
XRD analysis. However their proposal was not sat-
isfactory because they did not take into account the
tetragonal-cubic transition of zirconia at about 2370°C
[27]. The thorough researches in this system were made
by Yoshimura et al. [28-33]. They proposed that there
are two types of tetragonal phase which are formed ei-
ther from the diffusional phase separation or diffusion-
less tetragonal-cubic transformation and they presented
very viable TTT (Temperature, Time, Transformation)
diagram of this system. Most authors agreed to the
non-existence of an ordered phase in this system, and
only Palguev and Volchenkova [34] and Longo and
Minichelli [35] reported the presence of an ordered
phase. Duran et al. [36] also found the existence of a bi-
nary compound Ce;Zr30¢ at approximately 40 mol%
CeO,. But those studies were not approved until this
time. In any case, the phase diagram proposed by Tani
et al. [30] is now approved as the most acceptable phase
diagrams. According to their results, there could be dis-
tinguished into three different regions at high tempera-
ture (>1200°C); tetragonal ZrO; solid solution region,
cubic CeO; solid solution region, two phase coexis-
tence region.

In this study, the phase relationships in ZrO,-CeO,
system were investigated to verify the proposed [30]
phase diagram. The electrical properties of ZrO,-CeO,
system were also investigated over wide ranges of tem-
perature, oxygen partial pressure and composition to
examine the correlation of electrical properties with the
defect structures in each composition.

2. Experimental procedure

Ce0,-ZrO, ceramics were prepared by the pre-
cipitation method. The starting materials were
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IM-ZrCl,0 - 8H,0O and 1M-Ce(NOj3)3-6H,O stock
solution. Each hydroxide precursor was precipitated
with 6M-NH4OH solution, The precipitates obtained
were washed with water and n-butanol and dehydrated
by azeotropic process [43]. Azeotropic process is a very
useful method to prevent the particle agglomeration by
which controls water being existed between the par-
ticles as less as possible. The dried precipitates were
calcined at 300°C for 2 h to obtain CeO, particles and
at 700°C for 2 h to obtain ZrO; particles. The dried pre-
cipitates were calcined and pressed into a pellet with
24 mm diameter, 1.7 mm thickness and sintered for 2 h
in air at 1300°C, which is much lower than normal sin-
tering temperature of 1600°C. Sintered samples were
cool down in the furnace fast enough to maintain the
phase at sintering temperature. We prepared five dif-
ferent composition of CeO,-ZrO, samples (12 mol%,
50 mol%, 70 mol%, 90 mol%, 100 mol%CeO,-Zr0O5,)
and the phases of each samples were determined by
X-ray diffraction analysis. (Rigaku, Japan)

The DC four-point probe method was employed to
measure the total electrical conductivity. The sintered
specimen was cut into the shape of bars using low speed
saw (Buehler, USA) and four platinum wire electrodes
were wrapped around the sample and nonfluxd plat-
inum paste was painted to improve the contact resis-
tance. S-type (Pt-Pt/Rh 10%) thermocouple was used
to measure the temperature of the sample. The current
source (Keithley 224, USA) was used to supply the cur-
rent and the voltage drop across the probes was mea-
sured with digital multi-meter (Keithley 197, USA). In
order to calculate the electrical conductivity, o7, we
used following equation

L
" RA

where L is distance between inner electrodes, A is
cross-sectional area of specimen and R is the resistance
calculated from the slope of /-V curves,dV/d!. To con-
trol the oxygen activity, mixtures of nitrogen and oxy-
gen (N,/0O;), or carbon dioxide and carbon monoxide
(CO,/CO) were used. We measured the oxygen partial
pressure with YSZ oxygen sensor.

ey

or

3. Results and discussion

3.1. Phase analysis

XRD patterns for sintered specimens at five different
compositions are shown in Fig. 1. According to the
XRD analysis, ZrO,-CeO; system possesses three dif-
ferent regions; i) tetragonal solid solution region at
ZrO; rich composition, ii) cubic solid solution region
at CeO; rich composition, and iii) two phase coexis-
tence regions between region (i) and (ii) at the sin-
tering temperature in air. The phase relations at high
temperature are in accordance with the reported phase
diagrams [30]. As shown in Fig. 1, cubic solid solu-
tion phase was formed at the CeO,-rich composition
(90 m/0CeO; composition). In this composition, ZrO,
is dissolved in CeO, and stabilizes the cubic structure.
Near the ZrO,-rich side as for 12 m/0oCeQO,-ZrO, com-
position, the tetragonal solid solution phase was formed
while both 50 m/oCeO, composition and 70 m/0CeO,
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Figure I XRD patterns of sintered specimens of CeO;-ZrOs;
(a) 12 m/0Ce0,-ZrO;, (b) 50 m/0Ce0,-ZrO,, 70 m/0Ce0,-Zr0O;,
(c) 90 m/0Ce0,-Zr0O,, CeO,.

composition are correspond to the mixture of these two
solid solution phases.

3.2. Electrical property

Fig. 2 illustrates the electrical conductivity of CeO;-
ZrO;, system as functions of temperature (800—1100°C)
and oxygen partial pressure (1071— 0.21atm). Fig. 2
shows that the ionic conduction is predominant in
12 m/o Ce0,-ZrO, system while the n-type electronic
conduction is predominant at higher CeO, concentra-
tion. Fig. 3 shows the electrical conductivity of CeO,-
ZrO; system in air atmosphere as a function of CeO,
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Figure 2 Electrical conductivity as a function of oxygen partial pressure for CeO2-ZrO; system; (a) 12 m/0CeO;-ZrO3, (b) 50 m/0CeO,-ZrO,, (c)

70 m/0CeO;-ZrO,, (d) 90 m/0Ce0,-Zr0;, (e) CeO,. (Continued.)

concentration. The data of electrical conductivity of
pure zirconia in Fig. 3 were quoted from Ref. [44]. Pure
zirconia is known to have a p-type electronic conduc-
tion behavior in this condition. The electrical conduc-
tivity increased as CeO, concentration increased and
showed the maximum at 90 m/oCeO, system and then
decreased in pure CeO;. Fig. 4 shows the activation en-
ergy of electrical conductivity in the ZrO,-CeO; sys-
tem. As shown in Fig. 4, activation energy shows the
minimum at 12 m/oCeQO; and increased up to 40 m/o
and then showed nearly composition independent one

at higher CeO; concentration and pure CeO, shows the
highest value. These results show good agreement with
other literature data [21, 22] as shown in Fig. 4.

3.2.1. ZrO,-rich Ce0,-ZrO, mixed oxide

The enhanced conductivity, comparing with pure zir-
conia [44], was observed in 12 m/o CeO,-ZrO; system,
which shows n-type electronic conduction in low oxy-
gen partial pressure region and typical Po, independent
ionic conduction in high oxygen partial pressure region.
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Figure 3 Electrical conductivity as a function of CeO, content in air
atmosphere at each temperature.
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In this system, CeO; is dissolved in ZrO, and stabilizes
the tetragonal form of ZrO,-CeO, solid solution like
the other lower valent cation stabilizers (MgO, CaO,
Y;,03). In general ZrO,-based materials, lower valent
cations (Ca?t, Y3T) have another role to enhance the
ionic conductivity by which they substitute normal zir-
conium sites and create additional ionic charge carri-
ers (in this case, oxygen vacancy) to maintain charge
neutrality. The additional creation of the oxygen va-
cancies over intrinsic anionic Frenkel defects is a very
important factor for the application of zirconia as a solid
electrolyte.

In the case of CeO, stabilized zirconia, however, sta-
bilization process is quite different compared with other
general case on addition of aliovalent cation. In this case
cerium ion is participating with the same 4+ valence
and thus Ce** ion occupying a zirconium site cannot
affect the creation of any additional oxygen vacancies
beyond the concentration inherently existed in zirconia.

Nevertheless, it is known that the oxygen vacancy
formation can also be encouraged by the strain energy
induced by the size difference between dopant and host
cations and thus the enhancement of the ionic conduc-
tivity can be observed even in the case of homovalent
doping [45-47]. In CeO,-ZrO, system, the cerium ion
(>1 A) is larger than the constituent zirconium ion
(<0.8 A) [48] and consequently this size difference
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Figure 4 Activation energy as a function of CeO; content in air atmosphere.

could encourage the creation of oxygen vacancies.
This phenomenon is often called as “size effect”. It
is normally recognized that the size difference between
dopant and host ions causes the distortion of lattice
structure and lowers the activation energy of oxygen
vacancy formation. Therefore the ionic defect concen-
tration increases and consequently the ionic conduction
becomes predominant in 12 m/0CeQO,-ZrO; system.

Defect structure of 12 m/o CeO,-ZrO, system has
been introduced in our previous paper [49]. It can be
summarized as follows. For the defect structure anal-
ysis of 12 m/oCeO,-ZrO, system, following two as-
pects, size effect and reduction of Ce** to Ce’* are
the most peculiar points compared with the other alio-
valent doped zirconia. Firstly, as mentioned above, the
size effect encourages the creation of oxygen vacancy
and enhances the ionic conductivity. As a second, under
low oxygen partial pressures, the Ce** ion is more eas-
ily reduced than Zr** so that n-type electronic conduc-
tion surpasses the ionic conduction due to the creation
of excess electrons. Except above two points, defect
structure analysis is very similar with the case of pure
zirconia. The summary of the defect structure of 12 m/o
Ce0,-ZrO; is given in Table I. The defect structure of
the given system can also be applicable for the general
710, rich Zr0O,-CeO, mixed oxides.

As shown in Table I, the region can be distinguished
into three with respect to the types of the predominant
defects. In the first region denoted by region I, oxygen

TABLE 1 Po, dependence of each defect concentration in
12 m/0Ce0;,-ZrO;

Region I: Low Poy II: Intermediate Po, IIT: High Po,
Charge

neutrality  [Cez’]1=2[V;]  [0:"] =[V;] [h] =[0;"]
Vil Po, 176 Po; independent Po, 16

[Gi”] PO;/ 6 Po, independent Poé/ 6

[e'] Po, '/ Po, '/ Po, '/

[h] Po,/® Poy/* Po,/®
[Cez’] Po, '/° Po, '/ Po, '/

vacancy and electron which generated from the reduc-
tion of cerium ion are predominant defects. In general
case, the electrical conductivity is controlled by elec-
tronic carrier due to its higher mobility. So it can be
expected that the electrical conductivity in this region
follows the trend of electron or [Ce’, ] and consequently
shows the n-type electronic conduction and —1/6 de-
pendence on log Po,. This expectation can be confirmed
from the experimental results in Fig. 2a, which shows
the —1/6 dependence of electrical conductivity on log
POZ.

On the other hand, oxygen Frenkel defects are pre-
dominant defects in region II. In this region the ionic
defects are prevail and ionic conduction is occurred.
So the electrical conductivity will show the typical Po,
independent ionic conduction. This region is specially
called as an electrolytic region which can be also
observed in zirconia or other doped zirconia system.
We could find this electrolytic property from the result
in Fig. 2a. The electrolytic property in Fig. 2a is from
intrinsic anti-Frenkel defect equilibrium, which is the
same as in pure zirconia. But the ionic conductivity of
Ce0,-ZrO; system is much higher than pure zirconia
because the defect formation is encouraged by size
effect.

The next high Po, region may not be treated here in
detail because it was not be verified from the experi-
ment. But one can expect it will show p-type electronic
conduction like a pure zirconia.

3.2.2. CeO,-rich ZrO,-CeO, mixed oxide
Before constructing the defect model in this region, it is
better to discuss the defect structure of pure CeO,that
has been treated in many literatures [1-5]. Some reports
have proposed the cationic interstitials as predominant
defects in CeO;[1, 2], but in now days from the thor-
ough surveys on the defect structure of CeO,[3-5], itis
normally accepted that the oxygen vacancy is the pre-
dominant defect as like previous 12 m/oCeO,-ZrO,.
We can thus analyze the defect structure of CeO, or
CeO,-rich mixed oxide with the similar ways of previ-
ous section.
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As shown in Fig. 2, both pure CeO, and CeO;-rich
Ce0O,-ZrO; mixed oxide show similar n-type electronic
conduction with the same Po, dependence which in-
dicate the defect structure of pure CeO, and CeO,-
rich CeO,-ZrO, system must be very similar with each
other. Moreover, one can expect that the defect struc-
ture of CeO; rich CeO,-ZrO; system is also similar with
previous cases of 12 m/0CeO,-ZrO; system because the
situation is not so much different except Zr** substi-
tute Ce**. Thus, in this system also, we can expect that
three regions, p-type electronic conduction, ionic con-
duction, n-type electronic conduction region are distin-
guished as the oxygen partial pressure is changed. Only
the difference is we could only observe n-type elec-
tronic conduction region from the experiment, which
corresponds to the region I in previous section.

According to the results in Fig. 3, the electrical con-
ductivity of 90 m/oCeO,-ZrO, was about ten times
higher than pure CeO,. In previous section, the increase
of electrical conductivity of 12 m/oCeO,-ZrO, was ex-
plained with the size effect between host and dopant
ion. In 90 m/0oCe0,-ZrO, system also, the activation
energy of the formation of oxygen vacancy would be
decreased due to the same reason because the size ef-
fect is known to depend on the absolute value of size
difference which means either smaller or larger ion can
induce the size effect [45—47]. Thus we can expect the
increase of ionic conductivity also in 90 m/oCeO,-ZrO,
systems as like in 12 m/oCeO,-ZrO, systems. But, in
the case of 90 m/0CeO,-ZrO, systems, we can’t iden-
tify any changes of ionic conductivity or its influence
on total conductivity due to the predominant electronic
conduction in this condition.

Even though we accept the increase of ionic defect
concentration, the increase of n-type electronic conduc-
tion in 90 m/0Ce0;-ZrO; system can not be explained
explicitly. So we have to find another proper explana-
tion about this increment of electronic conduction. In
general, the increment of electrical conductivity comes
either from the increase of carrier concentration or car-
rier mobility or both. Recently, Chiodelli et al. [21]
found that the Seebeck coefficients of pure CeO, and
80 m/0Ce0,-ZrO, were same at the same experimen-
tal condition, which reveals the same electronic carrier
concentration between both systems. Thus now we can
exclude the increase of electronic carrier concentration
in 90 m/0Ce0,-ZrO, systems. They also calculated the
electron mobility in the 80 m/0CeQ,-ZrO, and com-
pared with the one in pure CeO,. According to their
results, the electron mobility in mixed oxide is much
higher than in pure oxide that gives a hint to explain the
enhancement of electrical conductivity in mixed oxide.
At this stage however, we could not verify their expla-
nation explicitly from our study. We only suspect their
explanation could be also related with the size effect,
that is the electronic mobility can be also influenced by
the size effect by which it changed the electronic band
structure of CeO,. But we could not give any concrete
conclusion how could the mobility of electron be in-
creased due to the addition of zirconia in detail. Further
studies on the influence of size effect on the mobility
of charge carrier in homovalent doping case, including
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partial conductivity measurement will be the subject of
next study.

4. Conclusion

According to the XRD phase analysis, 12 m/0CeO5;-
Zr0O; system was corresponded to tetragonal ZrO; solid
solution phase and 90 m/0CeQO,-ZrO, system was cor-
responded to cubic CeO; solid solution phase. On the
other hand, 50 m/o, 70 m/0CeO,-ZrO; systems were
belonging to two-phase region of above tetragonal and
cubic solid solution phases. The electrical conductiv-
ity of CeO,-ZrO; system was measured as functions
of temperature and oxygen partial pressure with vari-
ous compositions in order to investigate the conduction
type and the defect structure of this system. The elec-
trical conductivity increased as CeO, concentration in-
creased and maximum value of electrical conductivity
was found at 90 m/oCeO, system and then decreased
for pure CeO;. The ionic conduction was prevailing in
the ZrO, rich phase due to the increase of ionic de-
fect concentration via homovalent doping effect. The
enhancement of n-type electronic conductivity was ob-
served in intermediate and CeQO; rich phase compared
with pure CeO,, which originated either from homova-
lent doping effect or increase of electronic mobility due
to the change of transport mechanism.
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