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Abstract The electrical conductivity in ZrO, doped with
various molar ratios of TiO, has been measured at different
temperatures. Phase transitions depending on the temper-
ature for different molar compositions were investigated by
doping of the samples. The conductivity is also found to
increase with rise in temperature till 200 °C and thereafter
decreases due to collapse of the fluorite framework. A
second rise in conductivity in the doped samples around
462 °C is observed due to phase transition of ZrO,. X-ray
powder diffraction recorded at high temperature show the
effect of doping and the phase relationships of doped
materials. DTA was also carried out for confirming doping
effect and phase transition in samples.

Introduction

Many studies have been done, experimental as well as
theoretical, on the electronic and structural properties of
titanium dioxide. Titanium dioxide is known to occur in
two phases: rutile and anatase. However, only the rutile
phase has been studied extensively. Rutile is an important
rock-forming mineral and the most abundant titanium
dioxide polymorph in nature. In addition, most crystal-
growth techniques basically yield titanium dioxide in the
rutile phase. Anatase is less dense than rutile and is also
found to be less stable [1, 2]. It is well known, that tita-
nium dioxide appears as high-pressure phases that are
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isostructural with columbite (orthorhombic a-PbO,) and
baddeleyite (monoclinic ZrO,) [1, 3, 4].

Zirconia-based ceramics have numerous applications.
While pure zirconia (ZrO,) is used as a refractory mate-
rial, when doped with aliovalent ions it has structural
applications. In particular, to produce a ceramic that is
both strong and tough, doping can control the monoclinic-
to-tetragonal transition. Moreover, doping with lower
valent cations introduces oxygen vacancies whose high
mobility leads to high ionic conductivity that is exploited
in, for example, solid electrolytes for high-temperature
fuel cells and in gas sensors [5]. The high oxygen va-
cancy concentration gives rise to high oxygen-ion
mobility. Oxygen-ion conduction takes place in stabilized
ZrO, by movement of oxygen ions via vacancies. Over a
wide range of temperature, the ionic conductivity of sta-
bilized ZrO, is independent of oxygen partial pressure
over several orders of magnitude [6].

TiO,—ZrO, system has been used in a wide range of
applications, such as electronic industry (useful dielectric
properties in the microwave frequency regime), high-tem-
perature pigments, technical and structural ceramics
[7-17]. Wang et al. [18] have reported that the composition
of TiO,—ZrO, affects the resultant surface area and activ-
ity. It should be noted that in a previous research, Daly
et al. concluded that the preparation methodology for
TiO,—ZrO, not only affects its physical properties, such as
surface area and porosity, but also its surface chemistry
[19].

This work was carried out in order to investigate the
effect of TiO, doping in ZrO,. The effects of temperature
and doping ratio, on electrical conductivity of ZrO, were
investigated. X-ray powder diffraction and DTA were done
to study the effect of doping and the phase relationships of
materials.
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Experimental

ZrO, (Aldrich, 99.99 % pure) was doped with 2, 4, 6 and 8
mol% of TiO, (Merck, 98% pure). The materials in the
above ratios were mixed and grinded in an agate mortar
and then pressed at a pressure level of 490 MPa with the
help of hydraulic press (Spectralab Model SL-89) to pre-
pare the samples in the form of pellets having diameter of
2.4 cm and thickness 0.1 cm. These pellets were then
annealed at 1,000 °C for 28 h in a muffle furnace.

The a.c. conductivity measurements were carried out by
the two-probe method in the temperature range 30-900 °C
using a GENRAD 1659RLC Digibridge at different fre-
quencies (10 kHz, 1 kHz, 120Hz and 100Hz). The rate of
heating was maintained at 1 °C/min.

Thermal analysis of the various molar compositions was
performed by using DTA/TG system (Shimadzu DT-40
type) and heating rate was 20 °C per minute.

Powder diffraction data of the samples were recorded
with XTRA 50 made by Thermo Electroon 2 Diffractom-
eter with monochromator CuKo radiation operated at
40 kV and 40 mA. Diffraction patterns were scanned by
steps 0.002° (260) over the angle rang 20-80° (26).

Results and discussion
Conductivity studies

The temperature dependence of the ionic conductivity is
expressed by the Arrhenius equation:

o = ne’)? vylkT exp(—AG*/kT) (1)

= ne?2* vylkT exp (AS*/k — AH*IKT), (2)

where 7 is the number of ions per unit volume, e the ionic
charge, 4 the distance between two jump positions, v the
jump frequency, y the intersite geometry constant and AG,
AS" and AH" are activation free energy, entropy and
enthalpy terms respectively. The equation can be written in
a simpler form as,

oT = opexp (—E./kT), (3)

0o being equal to ne*A*vy/kexp(AS#/k) and AH* = E,, the
activation enthalpy equals the experimental activation
energy for ionic motion [20].

Figure 1 shows the rise in isothermal conductivity as the
level of substitution increases, at room temperature. In
general zirconia-based materials, lower valent cations
(Ca**, Y**) enhance the ionic conductivity by substituting

6275
-3.6 /I
= 38 4 /.
[~ | n
g -4.0 -
2)
[
o 42
o0
=
4.4 - o
[ /
-4.6 T T T T T T T T
0 2 4 6 8
mol % of TiO, in ZrO,

Fig. 1 Compositional variation of room temperature conductivity of
TiO, in ZrO,

normal zirconium sites and creating additional ionic charge
carriers (in this case, oxygen vacancy) to maintain charge
neutrality. Creation of the additional oxygen vacancies
over intrinsic anionic Frenkel defects is a very important
factor for the application of zirconia as a solid electrolyte
[21]. The stabilization process of TiO,—ZrO, system is
quite different from that of general cases of addition of
aliovalent cations. In this case Ti*" ion occupying a
zirconium site cannot introduce any additional oxygen
vacancy, as zirconium ion and titanium ion are isovalent.

Nevertheless, it is known that the oxygen vacancy for-
mation 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 conductivity can be
observed even in the case of isovalent doping [21-24]. The
size of Ti** (0.68 A) is lesser than Zr** (0.79 A) and
consequently this size difference could encourage the cre-
ation of oxygen vacancies. This phenomenon is often
called as ‘‘size effect’” [21, 25]. 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 [25].

We therefore conclude, that the rise in conductivity with
increase in concentration of TiO, is due to migration of
oxygen vacancies, created as a result of ‘size effect’.

The variation in conductivity measured at 10 kHz, with
temperature for TiO,—ZrO, system is shown in Fig. 2. It
may be seen that the conductivity variations for the various
compositions follow a uniform pattern. As is evident from
Fig. 2, conductivity of all the compositions initially
increases with rise in temperature till 200 °C and then
decreases. The initial increase in conductivity with rise in
temperature is due to increase in rate of migration of
vacancies and interstitial oxygen ions [26]. Interstitial
oxygen ions are partly responsible for ionic conduction in
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Fig. 2 The temperature dependence of electrical conductivity for
TiO,—ZrO, system

samples. A marked drop in conductivity above 200 °C was
considered to be due to collapse of the fluorite framework,
since on cooling, the higher conductivity is regained and no
hysteresis is observed (Fig. 3). This supported the argu-
ment of lattice collapse, and its subsequent recovery on
cooling, employing restructuring of the sublattice. Such
type of decrease in conductivity has been reported earlier
[27-29].

A rise in conductivity from about 460 °C takes place for
pure ZrO,, as its phase transition from monoclinic to
tetragonal starts around 460-500 °C, and is completed
around 1,160 °C [30, 31]. All the doped samples also show
a second rise in conductivity due to this phase transition of
ZrO,, in the temperature range 460-500 °C. It was
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Fig. 3 The temperature dependence of electrical conductivity of
TiO, -doped-ZrO, in heating and cooling mode higher dopant content
(8% TiO,)
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observed, that this rise in conductivity shifts to higher
temperatures as the percentage of TiO, increases.

Conductivity variation with temperature for all the
samples has also been studied at 1 kHz, 120Hz and 100Hz
as well, and it was found that the change in frequency does
not induce any change in the electrical conductivity
behavior.

The activation energy E, for various molar ratios, has
been calculated in the temperature ranges 500-700 and
720-900 °C, and shown in Table 1. As seen in the Table,
activation energy value is almost constant. It may confirm
the correlation of the constant values in E,, which is a
function of the electronic energy levels of the chemically
interacting atoms. Constancy of E, implies that crystallo-
graphic surroundings of the constituents of conduction, that
are oxygen ions and vacancies, do not exhibit any appre-
ciable change with increasing doping. Higher doping
introduces more defects into the structure [32].

Differential thermal analysis

The results of DTA are shown in Fig. 4. For pure ZrO,, the
DTA curve shows an exothermic peak at 460 °C due to the
phase transition of ZrO, from monoclinic to tetragonal. As
is evident from the figure, on doping ZrO, with TiO, the
exothermic peak shifts to higher temperatures. We there-
fore conclude that the phase transition of ZrO, shifts to
higher temperatures on doping. These results are in good
agreement with the conductivity results described earlier.

X-ray powder diffraction

The X-ray diffractogram for 4 and 8-mol% TiO, recorded
800, 900 and 1,000 °C, and are shown in Fig. 5a and b
respectively. In the diffractograms recorded at 800 °C, for
4-mol% TiO, (Fig. 5a) and 8-mol% TiO, (Fig. 5b), large
diffraction peaks, indicated by M, are attributed to the
monoclinic phase of ZrO, (reflections at 28.6° and 31.8°)
and one small diffraction peak is observed for tetragonal
phase of ZrO, indicated by T (reflection at 30.3°). How-
ever, when the diffractograms for the same samples were

Table 1 Activation energies for various molar ratios at different
temperature ranges

Sample composition
(mol% of TiO,)

Activation energy (ev)

E,; (500-700 °C) E,» (720-900 °C)

2 0.54 1.63
4 0.56 1.63
6 0.56 1.75
8 0.61 1.75
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Fig. 4 DTA curves for TiO,—ZrO, system

Fig. 5 (a) X-ray diffraction
patterns for 4-mol% TiO, at
different temperatures. (b)
X-ray diffraction patterns for
8-mol% TiO, at different
temperatures

(a)

Intensity

800

recorded at 900 and 1,000 °C, more intense peak for
tetragonal phase of ZrO, was obtained along with the peaks
for monoclinic phase of ZrO,. This is due to the fact, that
upon increasing the concentration of dopant, the tetragonal
ZrO, gradually increases. Higher temperature phases are
said to be retained at lower temperatures by doping
[33-35]. It may therefore be concluded that the phase
composition is influenced by the presence of dopant [36].

Conclusion

The electrical conductivity of ZrO, is found to be enhanced
markedly in the temperature range 120-300 °C, on doping
with TiO,. Initially the conductivity increases with tem-
perature due to increase in rate of migration of vacancies
and interstitial oxygen ions, and then decreases beyond
220 °C due to collapse of the fluorite framework. A second
rise in conductivity and an exothermic peak in DTA at
460 °C confirm the phase transition in pure ZrO, from
monoclinic to tetragonal but in the doped samples this
transition shifts to higher temperatures.
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