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Abstract

Yttria stabilized zirconia (YSZ, 8% Y,0s3) thick films were coated on dense alumina substrates by a dip-coating process. The suspension
was obtained by addition of a polymeric matrix in a stable suspension of commercial YSZ (Tosoh) powders dispersed in an azeotropic mixture
MEK-EtOH. The suspension composition was improved by the addition of YSZ Tosoh particles encapsulated by zirconium alkoxide sol containing
yttrium nitrate which are the precursors of the 8-YSZ oxide. This optimal formulation allowed preparing, via a dip-coating process, thick films
which were, after thermal treatment, homogeneous, dense and crack-free. A specific method was performed to measure the electrical conductivity,
i.e. to determine the ionic conductivity of the film: it uses the four-point probe technique combined with ac impedance spectroscopy. The good
agreement between the classical two-electrode measurements performed on YSZ pellets and the four-electrode ones performed on YSZ films
allows concluding that this method is relevant for characterizing the transport properties of thick films.

Keywords: YSZ ionic conductivity; Thick films; Four-point probe conductivity measurements; Sol—gel processes

1. Introduction

Due to the high oxygen-ionic conductivity in both oxidizing
and reducing atmospheres, yttria stabilized zirconia (ZrO>—8%
Y;03) is the most commonly used electrolyte material in SOFC
technology [1]. Current technological challenges are the con-
trol and the optimisation of its microstructure in order to reduce
the operating temperature down to 700 °C. Decreasing this tem-
perature generally results in increased voltage losses (internal
resistance and electrode over-potential increases). Concern-
ing the ohmic drop through the electrolyte, one possibility to
increase the performance at reduced temperatures is to use new
types of solid electrolytes with higher oxide ion conductivity
(for example doped ceria CGO or lanthanum gallate LSGM
[2]). An alternative way is to reduce the electrolyte thickness
by using an electrode supported thin film electrolyte. A sig-
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nificant improvement of the cell performances could then be
expected.

We report here an original method for synthesizing thick films
by using the dip-coating technique [3,4]. A dip-coating solution,
similar to those used for the tape casting deposits [5—7], consti-
tuted of powders in suspension, is optimized in order to control
both the thickness and density of the films. Based on previous
works [8], films of about 20 pm thick were prepared on dense
polished alumina substrates (insulating material). In order to
evaluate the quality of the films, electrical resistivity measure-
ments were performed using a specific experimental set up, the
four probe method in an ac mode. The electrical conductivity of
these films was compared with that of dense ceramics pellets.

2. Experimental
2.1. Preparation of YSZ thick films

As shown in Fig. 1, the final suspension used in the dip-
coating process results from the mixture of an optimized initial
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Part1: YSZ(Tosoh)+ MEK-EtOH + Dispersant

Part2: Zr(OPrs + Y-(NO3s+6H,0 + acac + n-propanol
Rb
Colloidal + YSZ (Tosoh)
Sof Suspension
Part 1
S—
—_—
Intermediary suspension Rm Polymeric matrix

+

Final suspension used
for the dip-coating process

Fig. 1. Flow chart illustrating the processing route for preparing the final sus-
pension used for the dip-coating process.

suspension and a polymeric matrix, the best preparation condi-
tions having been previously reported [9].

First, YSZ commercial powder (Tosoh) was incorpo-
rated, under mechanical stirring, in an azeotropic mixture as
methylethylketone—ethanol (MEK-EtOH) with a polyesther-
phosphate (PE-312, CECA S.A.) type-additive used as
dispersant [10]. The mass ratio of YSZ powder/MEK-EtOH
was controlled and kept equal to 1 (part 1, Fig. 1).

Secondly, colloidal YSZ nanoparticules were synthesized
using the alkoxide route [11]. The YSZ precursor sols were
prepared starting from a mixture of zirconium n-propoxide,
n-propanol, yttrium nitrate, acetylacetone (acac) and water.
Under controlled atmosphere, the zirconium alkoxide was
diluted in n-propanol and chelated by acetylacetone. The
hydrolysis of the complexing ligand is not easy and the
control of the chemical reaction could be achieved by avoid-
ing precipitation and slowing down condensation effects. The
experimental parameters used for the alkoxide sol prepara-
tion were the following: C=0.5molL™" for the zirconium
n-propoxide concentration, R' = [acac]/{[ZrO,] +[Y,03]} =0.7
and W =[H,01/{[ZrO;] + [Y203]} = 10 for the complexing and
the hydrolysis ratios, respectively. The as-prepared sol was
homogeneous, clear and transparent and constituted of very
small colloidal particles, YSZ precursors, of about 2-3nm
[11,12].

Thirdly, with the aim to improve the density of the thick
films, some YSZ commercial powder was pre-hydrated and
added to the alkoxide sol so that the condensation reactions
occur on the surface of the oxide particles. With this encap-
sulating technique [13], the cohesion between the YSZ particles
was improved and the density of the layer obtained after thermal
treatment increased. Ra was defined as the mass ratio of the pre-
hydrated YSZ powder to the alkoxide sol (part 2 + part 3, Fig. 1).
Finally, this last mixture was added to the previous YSZ sus-
pension (part 1) in the mass ratio Rb leading to an intermediary
suspension.

To this intermediate suspension constituted of the pre-
hydrated yttria stabilised zirconia dispersed in the alkoxide sol
and of YSZ commercial powder (cf. Fig. 1), a polymeric matrix,
derived from the Pecchini process [14], was added. The role of
the polymeric matrix is double: to encapsulate YSZ particles in
the polymeric chains and to support the adherence of the final

suspension on the substrate surface during the dip-coating pro-
cess. This polymeric matrix was obtained by polymerization and
polycondensation reactions between hexamethylenetetramine
(HMTA) and acetylacetone in acetic acid medium upon heat-
ing. The viscosity, measured at room temperature with a
rotating spindle viscosimeter (LAMY-model #TVe-05) and an
applied shear rate of 66.5s~!, was systematically adjusted
at about 45mPas. Rm was defined as the mass ratio of
the polymer matrix to the initial YSZ suspension previously
described.

The final suspensions were deposited on dense polycrys-
talline alumina substrates previously cleaned in successive
ultrasonic baths of acetone and alcohol, by the dip-coating
technique with a withdrawal speed of about 30 cm min~'. The
thermal treatment was performed in order to both remove
organic compounds and promote a good sintering process. A
typical experiment consists in increasing the temperature up
to 800°C with a heating rate of 20°Ch~! and then up to
1400 °C with a heating rate of 100°Ch~!, a sintering time of
2h and finally a slow decreasing temperature down to room
temperature.

2.2. Electrical and electrochemical measurements

Tonic conductivity measurements are usually carried out
using a classical symmetric two-electrode electrochemical cell.
Such geometry cannot be used for thick films because of the
small thickness of the electrolytic material and of an asymmetric
geometry: this feature led us to find an alternative methodology
[15-18].

The electrical resistivity measurements were performed on
the as prepared Y SZ thick films deposited on alumina substrates.
With regard to its highly insulating character, it is supposed in
the following that the substrate has no significant contribution
to the electrical conductivity. The four-point probe technique
with four Pt aligned electrodes was used (Fig. 2a). Four plat-
inum wires were connected to the sample using platinum paste
(@ ~0.2 mm). The two outer probes were the current-carrying
electrodes (I, I>) and the two inner ones (placed 1.5 mm apart)
were used for measuring the voltage (E1, E>) [18].

For the dc measurements, a Keithley 2400 SourceMeter
was used as current generator and a Keithley 199 System
DMMY/Scanner as voltmeter. The two apparatus were connected
to a computer operating under Labview software for conducting
the measurements and collecting the data. The applied current
intensity was in the range 0 & 100 pA (step size: 10 wA) pro-
vided an ohmic behaviour to be found for the sample.

(a) () 1, E E, I
L Ey Ey b

YSZ film —»

Fig. 2. Scheme of the four-electrode (a) and two-electrode (b) experimental
set-up. The probes are equidistant.



YSZ film

Fig. 3. SEM micrographs of a YSZ thick film obtained by the dip-coating process from a final suspension with Rm=0.2, Ra=0.11 and Rb=0.17 and after annealing

at 1400 °C during 2 h: (a) surface and (b) cross-section.

Concerning the ac measurements, the impedance diagrams
were obtained with an Ecochemie Autolab in the 0.01-10° Hz
range with a 50 mV signal amplitude and a OmV dc bias. It
was checked that in all cases the experimental conditions were
in the linear response range of the sample. A curve fitting was
performed using the Zview program. Measurements were per-
formed in an air flow (0.06 SLPM), at decreasing temperature
from 900 down to 450 °C. For each temperature, the data were
collected after annealing times of typically 2 h.

For comparison, some measurements were carried out in ac
mode using only the outer electrodes in a two-electrode config-
uration (Fig. 2b).

3. Results
3.1. Microstructural characterization of thick films

Based on previous studies [8], the experimental parameters
for preparing the thick films were as follows: Rm=0.2,Ra=0.11
and Rb=0.17, respectively. As it can be seen in Fig. 3, these
layers seem to be relatively dense and no cracks or microcraks
can be observed either at the surface or inside the film. Only some
micropores are present on the surface. Typically these films were
about 25 pm thick.

The YSZ films are well crystallized as evidenced by X-ray
diffraction (Fig. 4). EPMA analyses confirm these films to have
the expected stoichiometric composition.
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Fig. 4. XRD pattern of the YSZ thick film.

3.2. Conductivity measurements

Firstly, the dc electrical conductivity of the thick films was
measured with the four points configuration (co-planar elec-
trodes) versus temperature and under air. Secondly, impedance
spectroscopy measurements were performed.

Examples of impedance plots recorded either in a four-
electrode or a two-electrode configuration are shown in
Figs. 5 and 6, respectively.

All the diagrams of the ac four-electrode configuration
(Fig. 5) exhibit similar shapes composed of two depressed semi-
circles, namely HF (for the high frequency range) and LF (low
frequency). The experimental data were well fitted by means of
anonlinear least-square fit using an equivalent circuit composed
of a series of two R//CPE elements (where R is a pure resistance
and CPE is a constant phase element Zcpg = 1/Yy(jw)?) [17]. The
capacitive effect deduced from the R and CPE values is given
by:

C = RU=P/p s cp!/P) (1)

Each semicircle was characterised by aradius R (£2), arelaxation
frequency f (Hz) and an average capacitance effect C (Farads).

-4000 - 4

HF LF
-3000 - B

Z" (ohm)

~0

T X T T
3000 4000 5000 6000

0 1000 2000
Z' (ohm)

Fig. 5. Typical impedance diagrams recorded with a four-electrode setting: (@)
762°C; () 712°C; (M) 662 °C; () 611 °C (the numbers indicate the frequency
logarithm).
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Fig. 6. Typical impedance diagrams recorded with a two-electrode setting: (@)
762°C;((O)712°C; (M) 662 °C; () 611 °C (the numbers indicate the frequency
logarithm).

The conductivity of the deposited layers can be obtained from
the relation

K

R

where K is a geometric factor which depends on the size of
the sample, on the film thickness and on the distance between
electrodes according to the Laplume model [19].

The experimental Nyquist diagrams for the two-electrode
configuration (Fig. 6) are composed of one semicircle in the
high frequency range and a Warburg-type straight line in the low
frequency range. The data were fitted using the equivalent cir-
cuit composed of a series of a R//CPE element (high frequency)
associated with a Warburg impedance (low frequency range).
For the two-electrode geometry, on the basis of the Laplume
theory and taking into account that the probes are equidistant,
it follows that the K factor is three times that of the four-probe
configuration.

From the results of the diagram fits, the interpretation of the
physical meaning of CPE elements is usually difficult. As the
power parameter p is close to unity, the CPE values can be con-
sidered mainly as capacitive effects. With the aim of identifying
the various contributions, the CPE values were calculated (in
Farad) in the temperature range 900—450 °C and reported in
Fig. 7.

The high frequency CPE values are almost constant and rather
similar for the two- and four-electrode measurements, about
5x 10~ 'OF whereas the LE-CPE values vary from 107°F at
400°C to 102 F at 900°C [20]. It can be noticed that the p
parameter is close to unity for HF contribution whereas p is
in the range 0.85-0.95 for LF contribution. The comparison of
the measured capacitive effects with data from the literature
[19] allows concluding that the high and low frequency con-
tributions can be assigned to the bulk ionic conduction of the
YSZ deposited layer and to the electrode process (oxygen reduc-
tion), respectively. In our study, the grain boundary impedance
contribution is not evidenced.

Therefore, the radius of the HF semicircle Rgr was used for
calculating the electrical conductivity of the YSZ layer. Its ther-
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Fig. 7. Arrhenius plots of the CPEs recorded with two- and four-electrode
settings: () HF four-electrode; (@) LF four-electrode; (A) HF two-electrode.
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Fig. 8. Arrhenius plots of the electrical conductivity (ac mode) for the YSZ
film and pellet: (A) four-electrode/film; (A) four-electrode/pellet; (@) two-
electrode/film; () symmetric two-electrode setting/pellet.

mal variation (log o as a function of the reciprocal temperature)
is shown in Fig. 8.

For comparison, a ceramic with a density higher than 95%
was prepared from Tosoh powder. Its electrical conductivity was
measured using not only a two-electrode symmetrical configu-
ration but also the four-point probe technique in dc and ac mode.
Impedance spectroscopy measurements performed on two- and
four-electrode cells agree with previously reported data [21,22]
and are given in the figure.

The dc measurements of the thick film are plotted in Fig. 9.
The dc electrical conductivity of the pellet is also reported for
comparison.

4. Discussion

From the data plotted in Fig. 8, one can notice the good
agreement for the different ac measurements over the whole
temperature range (900-300°C). Straight lines are observed
indicating the Arrhenius-type behaviour, which is consistent



Table 1
Activation energies (eV) of the bulk conductivity for YSZ film and pellet

Four electrodes/dc

Four electrodes/ac Two electrodes/ac

Film T>700°C; EA=0.96+0.05eV

T<700°C; Eo=0.61£0.05eV

Pellet EA=095£0.05eV

EA=098£0.05eV EA=1.01£0.05eV

Ex=094+0.05eV EA=1.04£0.05eV

with a classical hopping conduction mechanism. The activation
energies are reported in Table 1.

According to these results, the Eo values obtained with the ac
technique (two or four electrodes) are close to 1.00 eV, the usual
value for the YSZ ionic conductivity [21,22]. One should also
point out the good agreement obtained for the electrical conduc-
tivity values of the film and of the dense pellet, which allows
concluding that the as prepared YSZ films have likely a dense
microstructure. It also confirms the relevance of this technique
for measuring the ionic conductivity of deposited layers.

It is also important to notice that grain boundary resistance
contribution was not found when fitting the impedance spectra
[23-25], which corroborates that the films are indeed very dense
as observed in the micrographs (Fig. 3). This point is very impor-
tant with respect to the potential application of this deposition
technique in the field of SOFC since high ionic conductivity and
low gas permeation are required.

From the above results, one can conclude that the microstruc-
ture of the deposited layers exhibits a low porosity: all the
conductivity values reported in this work characterize only bulk
properties, which reveals this deposition technique to be efficient
for preparing dense electrolyte films.

Concerning the dc measurements performed on films, the
agreement with ac ones is observed only at high temperatures
(T>700°C) where the ohmic behaviour — i.e. the linearity
between the applied current and the measured voltage — is veri-
fied. Atlower temperatures (7'< 700 °C), itis no longer observed.
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Fig. 9. Arrhenius plots of the electrical conductivity (dc mode) for the YSZ film
and pellet: (H) four-electrode/film; (OJ) four-electrode/pellet; () symmetric
two-electrode setting/pellet (ac mode as reported in Fig. 8).

This behaviour may be due to polarisation phenomena (deple-
tion or accumulation of oxygen near the electrodes bringing
the current), which results in potential perturbations on elec-
trodes measuring the voltage giving erroneous values of the
measured resistance. Thus, the conductivity and activation ener-
gies collected at temperatures lower than 700 °C are higher and
inconsistent with literature data (cf. Table 1) [21,22]. This phe-
nomenon could be reduced by increasing the distance between
the electrodes and the thickness of the film [26].

These observations suggest that this setting of co-planar elec-
trodes under ac conditions is well adapted for measuring high
resistances. Nevertheless specific precautions concerning the
electrode geometry and the current values are necessary under dc
polarisation to prevent polarisation phenomena when resistance
becomes higher.

5. Conclusions

YSZ films have been deposited on alumina insulating sub-
strates by sol-gel dip-coating process. X-ray diffraction and
EPMA analyses confirm these films to be well crystallised and
to have the expected stoichiometric composition. A specific
method using the four-point probe technique combined with
ac impedance spectroscopy has been performed for measuring
their ionic conductivity. The good agreement between the classi-
cal two-electrode measurements performed through YSZ pellets
and the four-electrode (co-planar electrodes) performed on YSZ
films allows concluding that this method can be relevant for char-
acterizing the ionic conductivity of thin films. This point is of
a particular interest for SOFC applications provided that dense
thick films can be grown on porous anodes.
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