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Abstract

This paper reports the preparation of nanometric powders of 3.5 mol% Y,03-doped ZrO,, with controlled microstructure, by the spray pyrolysis
process, assisted by ultrasonic atomizer, at relatively low temperature. As-prepared powders were found crystalline and consisted of dense and
chemically homogeneous spherical particles. Conventional sintering at 1500 °C for 2 h in air yields dense ceramics of 83 nm of average grain size.
The electrical properties of electrode/electrolyte interface were determined by impedance spectroscopy measurements before, during and after
thermal ageing for 2000 h at 700 °C in dry air. The effect of thermal ageing on the electrical responses of the ceramic and interfaces with platinum

electrodes was investigated.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Yttria-stabilized zirconia (YSZ) is the common electrolyte
in solid oxide fuel cells (SOFCs).! However, small grain sizes
(<1 pm) required for high strength gives rise to a material with a
large total grain boundary surface area,” which can have a detri-
mental effect on the electrolyte conductivity. In nanocrystalline
YSZ, the specific grain boundary conductivity, used to quantify
the microstructure effects on the additional blocking effect of
charge carriers,? was reported to be 1-2 orders of magnitude
higher than that of coarse-grained YSZ making this a promising
electrolyte material for solid state electrochemical devices.*’
Tetragonal zirconia polycrystalline (TZP) ceramics are also a
candidate electrolyte for oxygen sensors and fuel cells because
of excellent thermo-mechanical properties® and ionic conduc-
tivity, comparable or better than that of YSZ.2 However, these
materials can undergo a phase transformation from tetragonal
to monoclinic when annealed in a relatively low temperature
range.'? This yields a degradation of both mechanical properties
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and conductivity.!! High performances and long term stability
of electrical properties are required for practical use of SOFCs.!?
However, it is well known that the conductivity of zirconia-based
ceramics decreases during ageing at temperatures above 800 °C.
Many studies have been devoted to YSZ !>~13 although investi-
gations of the ageing of TZP are scarce,!” especially for grain
sizes lower than 300 nm.

In this study, the microstructure and conductivity of
nanostructured tetragonal zirconia were compared. Impedance
spectroscopy, a powerful tool to investigate the electrical
behaviour of polycrystalline zirconia,’*?! was used to monitor
the evolution of the response of symmetrical cells in conditions
close to those of a SOFC.

2. Experimental

Zr07:3.5mol% Y,03 (Y-TZP) powders were prepared by
a spray pyrolysis technique. The precursor solutions were
prepared by dissolution of ZrO(NO3),-xH>O (Fluka) and
Y(NO3)3-4H;0 (Aldrich, 99.999%) in distilled water. The con-
centration of final solution was fixed at 2.5 x 10~2molL~!.
This solution was atomized by a 1.7 MHz frequency ultrasonic
generator, yielding an aerosol, which was carried through a
three-zone tubular furnace by a N + O, mixture, with a flow
rate of 6 L min~!. The temperature of the tubular furnace was
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Fig. 1. Experimental system for the spray pyrolysis synthesis.

fixed at 600 °C. The experimental system is shown in Fig. 1.
Zr07:3.5mol% Y,03 pellets were obtained after uniaxial and
isostatic pressing and sintered in air at 1500 °C for 2 h.

Powder and ceramic samples were characterized by X-ray
diffraction (XRD) at room temperature (Siemens D500), using
Cu Ka radiation, in the 20° < 26 < 80° range, with 0.04° (20) step
size and 8 s counting time, to determine the crystalline phases
and the average crystallite size, using the Scherrer equation.
Crystalline phases were also identified by Raman spectroscopy
(Jobin Yvon T64000 or Dilor XY), using the excitation line of an
argon ion laser (A =514.5nm). Relative density was measured
from dimensions and weight of the pellets. Fracture surface of
dense pellets were observed by field emission gun scanning elec-
tron microscopy (FEG-SEM) (Zeiss Ultra 55) before and after
isothermal ageing.

Impedance spectroscopy measurements were performed on
symmetrical cells. Platinum paste was deposited on both sides
of pellets and heated at 700 °C for 2h in air. Platinum grids
were used as current collectors. Electrical measurements in the
low frequency range (10* to 10~2 Hz) were obtained by using
a Solartron 1280B potentiostat/frequency response analyzer.
For higher frequencies (1.3 x 107 to 5Hz), a Hewlett-Packard
impedancemeter (4192A LF) was used. The whole impedance
of investigated cell was determined under zero DC conditions
during ageing at 700 °C for 2000 h in dry air. The electrical prop-
erties of zirconia pellets were also recorded at 400 °C before and
after isothermal ageing to distinguish between contributions of
grains and grain boundaries to the resistivity. The magnitude
of the ac signal was 20 and 200 mV for low frequency mea-
surements and high frequency ones, respectively. Impedance
diagrams of ceramic pellets are normalized by a unit geometri-
cal factor and characteristics of platinum/zirconia interfaces are
normalized by the electrodes area. Numbers on experimental
diagrams indicate the logarithm of the ac measuring frequency.

3. Results and discussion

Spray pyrolysis technique provides nanocrystalline powders
of Zr0,:Y,03 of high purity at relatively low temperature. No
trace of amorphous phase was detected. The diffraction peaks
can be indexed in tetragonal symmetry, according to ICDD

file 01-070-4426 (Fig. 2). In the Y-TZP diffraction pattern, the
absence of splitting in two different lines, characteristic of a
tetragonal structure, may be due to the small crystallite size or
to the structural c/a ratio near 1 (t” structure).’> By applying
Scherrer formula, the crystallite size in as-synthesized powders
was found to be 5.8 nm. After sintering at 1500 °C for 2 h in air,
a 83 nm average grain size was determined. In contradiction to
literature data,”> a limited grain growth was observed. This is
likely to be due to the presence of a crystallized envelope con-
taining aggregated primary crystallites of about 80 nm and also
because of the good purity of investigated materials.?*

The as-prepared powder has spherical, homogeneous and
dense particles, with a narrow particle size distribution (Fig. 3).
The sintered density is about 97% of theoretical one and the
fracture surface is typical of a dense material. If one refers to
Fig. 3, the average grain size determined by XRD appears to
be smaller than the observed ones. It can be thus inferred that
these particles are consisted of aggregates of small crystallites
corresponding to single crystalline volumes.

Raman spectroscopy is sensitive both to oxygen displace-
ments due to the large polarizability and to the intermediate
range order without the long-range periodicity.?> As shown in
Fig. 4, Raman spectra obtained at room temperature confirmed
the tetragonal phase. Indeed, the Raman frequencies of vibra-
tion at 641, 640, 460, 319, and 264cm™! are, respectively,
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Fig. 2. X-ray diffraction patterns of 3.5 mol% Y,0O3-doped ZrO,.
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Fig. 3. Scanning electron microscopy images of (a) as-prepared powder and (b)
fracture surface of a sintered pellet.

associated to Eg, Alg, Eg, Blg, and Eg symmetry modes of
tetragonal zirconia. In the absence of additional peaks corre-
sponding to the monoclinic phase? and without any variation
of the Raman spectra, one can conclude that no structural mod-
ification occurred in the chosen ageing conditions. No evident
grain growth was observed after ageing, as shown in Fig. 5, indi-
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Fig. 4. Raman spectra of Y-TZP samples before and after ageing at
700°C/2000 h in dry air.
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Fig.5. Scanning electron microscopy images of fracture surface of dense Y-TZP
sample (a) before and (b) after ageing at 700 °C for 2000 h in dry air.

cating that the grain boundaries density do not vary significantly
during the high temperature treatment.

Concerning thermal ageing at 700 °C for 2000 h in dry air,
impedance spectroscopy measurements were carried out to eval-
uate the electrical behaviour of Y-TZP dense samples.

Impedance diagrams recorded at 400 °C before and after age-
ing are composed of two fairly well separated semicircles in the
Nyquist plane (Fig. 6). The high frequency semicircle represents
the specific contribution of zirconia grains and the intermediate
frequency one is related to the blocking effect due to internal
interfaces. The low frequency contribution is characteristic of
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Fig. 6. Impedance spectroscopy diagrams recorded at 400 °C, before and after
ageing at 700 °C for 2000 h in dry air.
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Fig. 7. Impedance spectroscopy diagrams recorded during ageing at 700 °C: (a)
high frequencies response, (b) electrolyte contribution and (c) low frequencies
electrode characteristic.

the platinum/zirconia interfaces. The magnitude of the electrode
characteristic was deduced from impedance measurements per-
formed in the lowest frequencies range during ageing. It is worth
noting that the good separation between the electrode character-
istic and the zirconia response suggests intimate contacts at the
platinum/zirconia interfaces.

At 700 °C, only the total electrolyte resistivity p; = pp + Pbl
(pp and pp) represent the bulk and the blocking resistivities,
respectively) and the normalized electrode resistance R¢] were
determined accurately because of the inductive effect of plat-
inum wires in the measuring cell (Fig. 7). The electrolyte
resistivity is an increasing function of ageing time, in agree-
ment with literature data on zirconia-based ceramics.!>"'® For
Y-TZP pellets also prepared by spray pyrolysis, with 60 nm of
average grain size,”” an increase of only 5% of p; was observed
after 1000 h at 700 °C. The recorded results are not in contradic-
tion since present measurements were performed over a period
of 2000 h and conductivity is a decreasing function of ageing
time.!? Nevertheless, no changes were observed in both shape
and frequency distribution of the zirconia impedance diagrams
for the whole ageing period. One can thus expect that no phase
transition occurred within the sample,”®?’ in agreement with
Raman characterizations (Fig. 4). At400 °C, pp and pp) increase

by a factor of 1.5 and by a factor of 2.3, respectively, after ageing
(Fig. 6). An increase of the bulk resistivity has been observed
in some YSZ samples after isothermal treatments performed at
temperatures above 700 °C. This was related to the formation
of an additional phase'® or to short range ordering of atomic
species.?® At this stage, one can only infer that the increase of
pb does not originate from any significant structural changes.

Since the grain size remains nearly constant, and without
any phase transition, the main increase of the blocking effect is
rather surprising. But, one must keep in mind that the magni-
tude of this contribution depends on thermal history. Indeed, a
large variation of the additional blocking effect was evidenced
for 2.5 mol% Y,0O3-doped nanostructured tetragonal zirconia by
quenching from high temperatures in air.>® This was related to
a modified magnitude of dopant segregation at grain boundaries
which can affect the recorded blocking resistivity.3?

In agreement with previously published data,3! the electrode
resistance shows the strongest degradation versus ageing time
(Fig. 7). Without any significant change of the frequency dis-
tribution, the recorded increase of R cannot be thus related to
an alteration of the electrode reaction mechanism®? or to the
formation of monoclinic phase.>? The recorded increasing indi-
cates a reduction of current pathways at the zirconia/platinum
interfaces.>* Nevertheless, the microstructure of the platinum
electrodes is likely to be stable in the chosen experimental condi-
tions. Thus, the decreasing electrode reaction rate may originate
from chemical modifications at platinum/zirconia interfaces. An
HR-TEM study is in progress to provide experimental data for
grain boundaries and more reliable information on grain size
before and after ageing.

4. Conclusions

Spray pyrolysis is a technique that can provide nanocrys-
talline powders of single phase tetragonal zirconia at relatively
low temperature. Both electrolyte resistivity and electrode resis-
tance are increasing functions of ageing time at 700 °C in dry
air. Impedance measurements performed at lower temperatures
enable to quantify the influence on both electrical contributions
of the material. The main degradations seem to be related to
chemical modifications at electrode/electrolyte interfaces and in
the vicinity of grain boundaries. Y-TZP appears to be promising
for a long life intermediate temperature solid oxide fuel cell.
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