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Abstract

Previous studies have shown that the temperature dependence of the ionic conductivity of zirconia based sol-

id electrolytes exhibit an unusual non-linear Arrhenius behavior and, as a result, the activation energy for ionic conductivi-

ty resulting from the analysis according to the classical Arrhenius equation is temperature-dependent. In this paper, a modi-

fied Arrhenius equation was proposed, based on the measurement and analysis of the conductivity for three kinds of

Y:0;-stablized ZrO., to describe the temperature dependence of the ionic conductivity. It was found that the activation en-

ergy deduced from the modified Arrhenius equation is a constant independent of temperature. The validity of such a tem-

perature-independent activation energy was further discussed based on the transition-state theory in physical chemistry.
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Yttria-stabilized zirconia (YSZ) is becoming in-
creasingly important as a solid state electrolyte because
of its good electrical and mechanical properties. In the
previous studies, it was usually assumed that the tem-
perature dependence of the ionic conductivity of YSZ,
can be expressed by an Arrhenius equation '
o =ATexp( - k_ET (1)
where o is the ionic conductivity, T is the absolute
temperature, k is the Boltzmann constant, A is the
pre-exponential factor, and FE is the activation ener-
gy for conductivity. When log ( oT) is plotted a-
gainst 1/ T, a straight line can be expected with slope

— E/ k and an intercept on the log( oT) axis of log A.
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However, more and more studies have found that
the log(oT) vs 1/ T plots for YSZ show an unusual
non-linear Arrhenius behavior: the absolute values of
their slopes are high at low temperature and decrease
gradually with increasing temperature "' . Such a
phenomenon has been studied by some authors and
several particular functions have also been proposed,
based on the assumption that the activation energy for
conductivity is dependent on temperature, to fit the ex-
perimental results =,

This study presents a new function to describe the
relationship between o and T for YSZ, from which a
temperature-independent activation energy for conduc-

tivity can be deduced.
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1 Experimental

Three kinds of yttria-stabilized
Yo.16Z10.5:01.0o  (denoted as 8YZ), Yo.20Zr0 300100
(10YZ) and Y. 24Zr0.7601.8s (12YZ), were used in this
the

co-precipitation method from the mixtures of ZrOClI,

zirconia,

study. Ultra-fine powders were prepared by
and Y (NOs;); solutions. The samples were prepared by
uniaxial pressing following by isostatic pressing at 100
MPa and sintered at 1 600 C for 4 h in air. X-ray
diffraction of the sintered specimens showed the pres-
ence of a single phase of the cubic fluorite structure.

A direct current (d.c.) four-probe method was
employed for the conductivity measurements. The
specimens for four-probe conductivity measurements
were cut directly from the as-sintered samples and had
a shape of rectangle. After being slightly polished, four
platinum-paste electrodes were fixed on the specimen
as current and voltage probes, respectively. The speci-

men was then set on an alumina holder and heated in

an electric furnace. The conductivity measurements
were made over the temperature range 623 to 1 673 K
at about 50 K temperature interval during the cooling
cycle. About 30 min was given after each temperature
change before recording data. At each temperature, at
least five conductivity data were recorded and then an
average value of these measured data was used for the
following analysis. During these measurements, the
fluctuation in temperature was controlled to within +1
C. For a given temperature, the potential drop between
the central probes was adjusted to give about 1 mA

current through the specimen.

2 Results and Discussion

Figure 1 shows the original data measured by
four-probe method for the three samples on a log ( oT)
— 1/ T plot. For the sake of conciseness, all the error
bars corresponding to each data point are omitted. The
scatter of each data point is typically 2% —3% of the

conductivity value. As can be seen, a small and gradual
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Fig.1  Arrhenius plots of electrical conductivity of YSZ
y

(a) 8YZ, (b) 10YZ and (¢)

12YZ



794 Acta Phys. -Chim. Sin. ( Wuli Huaxue Xuebao) 2001

decrease in the slopes of the log (oT) =1/ T plots for
samples 8YZ and 10YZ are observed as the tempera-
ture rises. This behavior is similar to those observed by

12-41 'However, the reverse seems to be

other authors
true for 12YZ: a small and gradual increase in the
slope of log (oT) —1/ T plot is observed, as shown in
Figure 1 (¢). Such a phenomenon has not been report-
ed previously.

Some authors have also represented the experi-
mental results with an Arrhenius equation of another

form 7-#!

=Aex(—
o ="exp

= 2)
This expression differs in form from Equation (1) only
in the pre-exponential term, which is considered to be
temperature-dependent in Equation (1) and tempera-
ture-independent in Equation (2). In order to make a
brief comparison between these two equations, the
logo —1/ T plots for the present materials are also
given in Figure 1, respectively. As can be seen, the
slope of the loga —1/ T plot for each material also
varies with temperature. This seems to say that both
Equations (1) and (2) are not suitable for describing
the temperature dependence of the ionic conductivity
for the present materials.

It can be seen from Figure 1 that the deviation of
the o — T relation predicted with the Arrhenius equa-
tion from the experimental results depends on the pre-
determined form of the pre-exponential factor. For
samples 8YZ and 10YZ, Equation (2) seems to fit
the experimental data better than Equation (1), while
Equation (1) seems to be better for sample
12YZ. Thus, it is reasonable to assume that the temp-
erature dependence of ionic conductivity should be de-
scribed with an Arrhenius equation of a general form

o =AoT "exp ( —% (3)

where Ao and E, are temperature-independent con-
stants, m is an adjustable parameter.

The corresponding best-fit values of parameters in
Equation (3), Ao, E, and m, obtained by iterative re-

gression minimizing total variance, are listed in Table

Vol. 17
Table 1 Best-fit values of parameters in
Equation(3) for 8YZ,10YZ and 12YZ
Sample  A¢/S*cm™'- K" Eo/eV m
38YZ 3.55x10" 1. 19 -3.8
10YZ 2.17x10° 1.33 -1.8
12YZ 1.03x10°" 0.79 4.3

1. The experimental results are then re-plotted in
Figure 2, where the ordinate is log( o T™™). Clearly,
Equation (3) gives good fits to the experimental data.
Note that a modified Arrhenius equation with the
same form of Equation (3) has been frequently em-
ployed in the field of physical chemistry to describe the
temperature dependence of the reaction rate for some
complex chemical reactions exhibiting non-linear
Arrhenius behavior !, On the other hand, the ionic
conduction in YSZ can also be considered as a com-
plex chemistry reaction and the ionic conductivity, o,
which is proportional to the migration rate of the
charge carrier, oxygen vacancies, can be treated as the
reaction rate. Thus the physical meanings of the pa-
rameters included in Equation (3) can be analyzed
based on a physical chemistry consideration.
According to the transition-state theory in physi-
cal chemistry, E, in the modified Arrhenius equation is

considered to be a potential energy barrier for a given
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Fig.2 Modified Arrhenius plot of electrical

conductivity of the three samples



No. 9

Gong Jiang-Hong et al. : Temperature-Independent Activation Energy for Ionic Conduction of Zirconia 795

1 Similarly, we

chemical reaction at standard states
can define E, as a potential energy barrier for ionic
conduction at 0 K.

It has been confirmed that the ionic conduction in
Zr0:-Y:0; system is due to the migration of oxygen
ions through the oxygen vacancy '"'. In general, there
are at least two forms of oxygen vacancies in the ZrO:
lattice, one being free and the other being associat-
ed. The potential energy barrier for the anionic jump
through the associated-vacancy can be determined ap-
proximately as the sum of the disassociation energy,
E., and the migration energy, Ew, of oxygen vacancy
at 0 K; while the potential energy barrier for the
anionic jump through free-vacancy is determined
roughly only as En. For a given material, if we
denote x as the ratio of associated-vacancy number
to the total number of vacancy in the lattice, the
potential energy barrier for ionic conduction can be
calculated as

Eo=x(E.+ En) +(1 = x) En (4)

[10, 111 on the

In a series of theoretical studies
lattice defects in cubic zirconia, the migration ener-
gy of oxygen vacancy in YSZ was calculated to be
0.8 eV and the disassociation energies for the de-
fect clusters [Yz — Vol " and [Yz: - Vo - Yz ]~
were calculated to be 0.28 eV and 0.63 eV, re-
spectively.

o at low

As discussed by Kilner and Steele
temperatures and low dopant concentrations, all the
oxygen vacancies in YSZ may form clusters with
dopant cations. So the potential energy barrier, Eo,
for samples with lower dopant concentrations can
be predicted theoretically to be between 1.08 (in
case that all the vacancies are in the form of
[Yz—Vol ") and 1.43 eV (in case that all the
vacancies are in the form of [Yz — Vo —-Yz]>)
according to Equation (4). The regression analysis
of the experimental results for the sample with
lower dopant concentration studied here, 8YZ,
gives Ey=1.19 eV, being in good agreement with

the theoretically predicted results and providing a

sound support for the above analysis. Similar ex-
planation may also be suitable for experimental re-
sult of the sample 10YZ. The larger E, for sam-
ple 10YZ compared with sample 8YZ can be at-
tributed to the fact that higher dopant concentration
would result in more associated oxygen vacancies
in the form of [Yz — Vo —Yz]*.

The association and disassociation between
oxygen vacancies and the dopant cations are in fact
a dynamic equilibrium. Thus, for samples with
much higher dopant concentrations such as 12YZ,
some free oxygen vacancies may be expected to
exist. The experimentally determined value of E,
for sample 12YZ, 0.79 eV, is very close to the
theoretically estimated value of defect migration en-
ergy, 0.8 eV, implying that no disassociation of
associated defects occurs in this sample and the
conductivity is mainly due to the migration of the
free anion vacancies.

In continuation of the above analysis, a possi-
ble explanation for experimentally determined
m-values listed in Table I can also be provided. In

191 the parameter m in

the transition-state theory
Equation (3) is considered as a measure of the
complexity of the reactants. For sample 8YZ, the
" and [Yz — Vo — Yz]*. For

sample 12YZ, the reactant is only free oxygen va-

reactants are [ Yz — Vol

cancy. So it seems not to be surprising that sample
8YZ has a large m while sample 12YZ has a
small m.

Finally, a short comment should be made on
the pre-exponential factor A,. A difference of more
than several ten orders was observed between the
Ao-values obtained for the three samples examined
here. At present, we are unable to propose a quan-
titative explanation for such a large difference and
it is reasonable to believe that this difference may
be attributed to several complex factors including
the concentration of charge carriers, the jump at-
tempt frequency and the association state of de-

fects, etc.
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