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Abstract

The ionic conductivity of yttria doped zirconia polycrystals was measured by impedance spectroscopy in the temperature range
240-800°C in air and compared to that of a single crystal. Polycrystals with 4% mol yttria and an average grain size of 300 nm have
exhibited a grain boundary contribution to the ionic conductivity (value and activation energy) higher than the volume measured in
the 9.5% mol yttria doped zirconia single crystal. The bulk conductivity of polycrystals with 9.5% mol yttria was found to be
smaller than the single crystal one. The interpretation of the grain boundary contribution to ionic conductivity, measured by
impedance spectroscopy, is revisited. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Stabilised zirconia has been actively investigated as an
oxide ion conductor for application to oxygen sensors,
solid oxide fuel cells (SOFC) and electrochemical oxy-
gen pumps.!> Consequently several approaches have
been taken to improve the electrical properties of the
stabilised zirconia in the last few decades. Although
stabilisation of ZrO, with Y,O3 (the material is stabi-
lised in the cubic phase and noted YSZ) does not yield
the highest conductivities,® yttrium is the most fre-
quently used dopant because of availability and cost.
9.5% mol Y,03 doped ZrO, is generally considered as
having an ionic conductivity close to the optimum.3-6—%
In stabilised zirconia, oxygen—ion conduction takes place
by the movement of oxygen ions via oxygen vacancies.

This work has been performed to try to increase the
ionic conductivity of yttria doped zirconia at tempera-
tures as low as 300°C. This material could be used to
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make oxygen pumps designed to purify gases unstables
up to 300°C or oxygen sensors for motor cars.

It is well established that ionic conductivity of poly-
crystalline zirconia depends on the microstructure and
grain boundaries have a large controlling importance
for electrical properties.>~ For this reason we have used
polycrystals doped with 9.5 and 4 mol% Y,0O;, with
different grain sizes (1 pm and 300 nm) and compared
the results to those obtained on 9.5% mol Y,05; doped
ZrO; single crystals.

2. Experimental

The studied samples are noted M, Pl, P2. M is
monocrystalline zirconia ZrO,+9.5% mol Y,03, grown
by skull melting, and provided by the Baikowski Chimie
company. Pl is polycrystalline zirconia ZrO,+9.5
mol% Y,03, and P2 is polycrystalline zirconia ZrO, + 4
mol% Y,0;. P1 and P2 were prepared by sintering
submicronic powders of ZrO, and Y,O;. After sinter-
ing, the average grain size was, 0.9 pym and 300 nm,
respectively. P1 density was found around 84% of the
theoretical density, P2 was close to the full density. The
cubic phase has been identified by X-ray diffraction

0955-2219/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0955-2219(01)00126-1



1838 A. Cheikh et al. | Journal of the European Ceramic Society 21 (2001) 1837-1841

analysis in M and P1. P2 also contains a little of tetra-
gonal phase.

Over a wide range of temperature the ionic con-
ductivity of stabilised zirconia is independent of oxygen
partial pressure over several orders of magnitude.>® For
that reason, the electrical conductivity has been mea-
sured under air by complex impedance spectroscopy.
Because of the versatility of this method in the analysis
of polycrystalline materials,'®!!" it has been used in the
range 5 to 13x10° Hz, with a function analyser Hewlett
Packard 4192A, in the temperature range 240-800°C.

The samples had either a parallelepipedic or a cylind-
rical shape. A layer of silver paint was deposited on the
edges to assure good electrical contact between the
sample and the Pt electrical junctions. The platinum
wires and the sample are held in contact by a weak
mechanical pressure controlled by a screw/spring system
and transmitted by an alumina rod.

3. Results and discussion
3.1. Monocrystalline zirconia

A typical impedance spectrum obtained at the tem-
perature 7=300°C is represented in Fig. 1. It is an arc
of circle, characteristic of the bulk conductivity. The
values of the bulk conductivity as a function of the
temperature have been plotted in Fig. 2.

These results are in agreement with previous con-
ductivity data”-'3 obtained for a single crystal ZrO, 9.5
mol% Y->0;. The conductivities we have obtained are
well represented by

250 < T < 504°C

1.65 107 104.21kJ /mol
o(Scm_]) =—F exp(— T/mo)

504 < T < 800°C

1.11 10° .95k 1
o(Sem™") = —— 0 exp(— 83.95k] /mol 95R:}/mo>

The fact that the activation energy depends on the
temperature range has been already observed”!? and is
consistent with the assumption that two different oxy-
gen diffusion mechanisms act in the material. Oxygen
vacancies (V) are the majority defects in zirconia ; they
are created by charge compensation with yttrium,
according to the reaction

Y,0; 22, 2Y, + Vg +30§

and form complexes (Yzy, Vey)®.!!* As suggested by
oxygen tracer selfdiffusion measurements,'>!'3 at tem-
peratures higher than about 500°C, many vacancies
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Fig. 1. Impedance spectrum at 300°C of the single crystal M
(ZrO,+9.5% mol Y,0;). It characterizes the volume.
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Fig. 2. Arrhenius diagram for the bulk conductivity of the sample M
(single crystal of ZrO,+9.5 mol% Y,03).

and complexes are free and mobile, while at lower
temperatures they are interacting strongly, forming
domains in which the migration enthalpy of vacancies
and their local concentration are higher.

3.2. Polycrystalline zirconia

Measurements have been performed between 240 and
800°C in air. Typical spectra of polycrystalline electro-
lytes were obtained by impedance spectroscopy mea-
surements carried out in ZrO,—Y,0; samples as shown
in Figs. 3 and 4.

Following the literature,'®!1:15 the bulk properties
are associated with the semi-circular arc at higher fre-
quencies, whereas the grain boundary properties are
associated with the semi-circular arc at lower frequencies.

From the analysis of the impedance spectra, both the
bulk and the grain-boundary contributions to the con-
ductivity as a function of temperature (see Figs. 5 and 6)
turned out to be reproducible. The results obtained are
well represented by:
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P1 (ZrO;.9.5% mol Y,03):

340 < T < 520°C,

_ 436 10°  (~107.10ki/mol
T P RT

240 < T < 700°C,
1.30 106 <—110.96kJ/m01)
exp

o(Sem™)

oG (Scmfl) = T RT

520 < T < 700°C,

.89 10* —91.67k 1
o(Sem™) _38 T 0 exp( 611,1:]/1110)

P2 (ZrO,+4% mol Y,05):

240 < T < 455°C,

1.25 10° —89.74kJ /mol
—1\ __
o(Sem™') = T exp( RT )
240 < T < 560°C,
1.37 108 —104.21kJ /mol
NN
oGh(Sem™') = 7 exp< RT >

455 < T < 800°C,

8.95 10° —61.75kJ/mol
G(Scm_l) = T 0 exp( RT /mo)

The volume conductivity of the polycrystalline 9.5%
mol yttria doped zirconia (P1) and of the single crystal
with the same composition (M), exhibit a similar change
in the activation energies but the absolute values of the
conductivity are different: o(Pl) < o(M). Thus, the
same mechanism is controlling the oxygen transport in
the single crystal and in the polycrystal bulk but the
assumption that the microstructure is not influencing
the bulk transport properties determined by the first
circle is no longer valid. To describe the impedance
behaviour of this sample it is necessary to consider that
the volume resistance has increased. This change is
probably due in this case to an increase of the real
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Fig. 3. Impedance spectrum of P1 at 400°C in air.

22" Qx 10%)
20+ (ZrO, + 4 %molY,05)
300°C
15F
10t 1
i,
L ] 4.5 KHz
5_ -- L] \. f"'!.. 4
Of . . .\'F". 5Hz
0 1 2 3 4
Z'(Qx10")

Fig. 4. Impedance spectrum of P2 at 300°C in air.

geometrical factor which is related to the microstructure
(porosity here, reducing section).

The grain boundary transport properties are expected
to be controlled by the same type of point defects as
those present in the bulk. Nevertheless, it may be poin-
ted out that the grain boundary activation energy seems
to be constant in the explored temperature range and
higher than in the bulk. That leads to consider that only
one mechanism is taking place in the grain boundaries.
The concentration of defects being higher in the grain
boundaries than in the bulk, they interact and form
complexes in the whole temperature range explored and
the mechanism found in volume at the lowest tempera-
tures studied is probably also operating in the grain
boundaries.

An important result shown in Fig. 7 is that the sample
P2 has the highest values of conductivity in both the
bulk and the grain boundaries, in the main part of the
investigated temperature range. It also exhibits the low-
est values of the activation energy. This result is not
easy to explain if one takes into account the composi-
tion of P2 does not correspond to the optimum dope
concentration (8—10 mol% Y,O5) as shown by previous
authors®= (according to the electrical compensation by
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Fig. 5. Arrhenius diagram for ionic conductivity in P1 samples
(ZrO,+9.5 mol% Y,05).
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Fig. 6. Arrhenius diagram for ionic conductivity in P2 samples
(ZrOy+4 mol% Y,03).
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Fig. 7. Comparison of ionic conductivities of monocrystalline and
polycrystalline samples of this study in an Arrhenius diagram.

yttrium, the concentration of oxygen vacancies is
expected to be lower in P2 than in M and Pl). An
important feature comes from the fact that P2 is a
nanomaterial (large value of interface area; due to the
grain boundaries in the present case) and the influence
of grain boundary diffusion in such a sample with small
grain size, is specially important. The increase of the
bulk conductivity of P1 compared to M could be due to
a short circuit effect of the grain boundaries. The con-
tribution of grain boundaries to the conductivity has
indeed two components: one is detected by the second
semi-circle in the impedance spectra and is mainly due
to a “barrier effect” (in the P2 sample the resistance
introduced by the barriers is less than the bulk resis-
tance, perhaps due to the “sloping effect” proposed by
Fleig and Maier'®). The other component is included in
the “bulk impedance semi-circle’; it corresponds to a
short-circuiting effect (a resistance in parallel, leading to

an apparently lower resistance of the bulk). A con-
sequence is an effective lower activation energy of the
bulk conductivity contrary to what is expected for such
compositions.

4. Conclusion

The grain boundary contribution to the ionic con-
ductivity has been found higher than the volume one in
a typical case of 4% mol yttria doped zirconia with 300
nm grain size. Both are, in the main, part of the inves-
tigated temperature range, higher than the ionic con-
ductivity measured on single crystals containing 9.5%
mol Y,03 which is generally considered as close to the
optimum concentration.

Once again the electrical transport properties are
demonstrated to be related to the microstructure. It
seems that nanomaterials could exhibit an important
increase in the ionic conductivity of the yttria doped
zirconia at temperatures below 500°C. The competition
between the grain boundary short-circuit effect, the
sloping effect and the barrier effect is not easy to quan-
tify to predict which is the best nanomaterial.
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