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Dense and thin electrolytes composed of yttrium-stabilized zirconia for anode-supported
solid oxide fuel cells were produced by slip casting of different powder suspensions. These
suspensions were obtained by mixing different proportions of nanocrystalline powder
made by spray pyrolysis and commercial micro-sized powder in ethanol. Two parameters
influence mostly the formation of gastight thin films: the powder morphology which
controls the green density of the films and the powder sintering activity on which depends
the formation of cracks during drying and sintering and adhesion. Here, optimized powder
mixtures allowed the formation of a 5 µm thick electrolyte with efficient gastightness
besides industrial applications. It is shown in this study that the optimum suspension
composition corresponds to the best compromise between powder morphology and
powder sintering activity. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
One of the most important components of the solid ox-
ide fuel cell (SOFC) is the solid electrolyte. For SOFC
electrolyte, stabilised cubic zirconia with 8 mol% yt-
trium oxide (8YSZ) is still the essential material be-
cause it has sufficient ionic conductivity at planar SOFC
operating temperatures (about 10−2 S · cm−1 at 800◦C)
[1, 2], it is stable under oxidising and reducing atmo-
spheres and it is compatible with a perovskite cath-
ode ((La,Sr)MnO3 or (La,Ca)MnO3) from the chemi-
cal (no solid-state reaction) and mechanical (coefficient
of thermal expansion) points of view [3, 6]. However,
it is very important to reduce YSZ thickness as much
as possible ( e.g. <10 µm) in order to decrease ohmic
losses through the electrolyte and to lower the SOFC
operating temperature [7, 8]. This reduction of the elec-
trolyte thickness must not affect the gastightness of the
layer. Indeed, a gastight electrolyte is required to ensure
that the two reactive gases (e.g. air and hydrogen) do
not mix since this would lead to a decrease in the hy-
drogen conversion efficiency, the open circuit voltage
and thus in the final power density of the cell. Quanti-
tatively it was considered, in particular on the basis of
findings from Siemens-Westinghous, that gastightness
corresponding to an air leakage rate through the elec-
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trolyte of about 10−4 mbar.l.s−1 · cm−2 is required [9].
At Research Centre Jülich, a slurry process (elsewhere
called the vacuum slip casting process) is used to ob-
tain thin electrolytes on a porous substrate [10–12]. In
this process the slurries are prepared from micro-sized
powder (8YSZ from Tosoh corporation) pre-sintered at
about the same temperature as the substrate (1240◦C).
If the powders and substrate are pre-sintered at the same
temperature, the differences in shrinking rate between
the material of the porous substrate and the electrolyte
film material can be carefully matched [13, 14]. Using
this process, electrolyte layers of sufficient gastightness
can be obtained with a thickness >10–15 µm [15].
In this paper, perfectly spherical powder with nano-
sized grains, prepared by the spray pyrolysis process,
were used to obtain 5-µm-thick layers with sufficient
gastightness. It has to be noted that, even if some stud-
ies in the literature have shown that pellets with very
high density can be achieved at relatively low sinter-
ing temperatures using nano-sized powder [16, 17], for
the manufacture of YSZ electrolyte on anode-supported
cells, nano-sized powders have already been used but
have not achieved adequate results [18, 19]. In fact,
during co-firing of a layer on a substrate, the high sin-
tering activity at low temperature of nano-sized powder
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leads to a strong mismatch between the substrate and
the layer shrinkage, and thus leads to the propagation of
cracks and/or layer delamination [13, 14]. In this paper,
a possible solution to this problem by using different
slurry mixtures of micro-sized and sub micron-sized
powders is presented.

2. Experimental
2.1. Powder materials
Two raw powders, which could also be pre-sintered
at different temperatures, were used in this study. The
pre-sintering temperature directly controls the crystal-
lite size of the powder and so, influences their sintering
activity. Thus, by enhancing the pre-sintering tempera-
tures of the powders used in the layers to be coated, pa-
rameters as final densification, crack propagation dur-
ing drying and sintering, and adherence of the layers
will be affected.

The micro-sized powder is a commercially avail-
able 8YSZ powder: 8 mol% yttrium-stabilised zirco-
nia (Tosoh Company, Japan). The grain size of this
powder increased from about 50 nm after a calcina-
tion step at 800◦C to 250–300 nm after a sintering
step at 1240◦C [20]. A sub micron-sized powder, of
the same 8YSZ composition, was produced by spray
pyrolysis. A full description of the process is given in
Djurado et al. [21]. Briefly, the 8YSZ zirconia pow-
der was prepared from precursor solutions consist-
ing of a stoichiometric mixture of zirconyl nitrate hy-
drate ZrO(NO3)2 · 6H2O and yttrium nitrate hydrate
Y(NO3)3 · 6H2O dissolved in distilled water. These so-
lutions were atomised by a high-frequency ultrasonic
mist generator with a piezoelectric ceramic transducer,
for which a frequency of 1.7 MHz was used in this
work. The aerosol produced was carried through a
tubular furnace in an air (N2-O2 mixture) flow rate of
6l · min−1and the temperature of the tubular furnace
was fixed at 600◦C. The microstructure of the pow-
der used in the raw state or after pre-calcination at
800◦C was investigated by X-ray diffraction (XRD),
helium pycnometry and scanning electron microscopy
(SEM).

2.2. Slurry preparation
In both cases to form a stable slurry the powders were
ball milled in polyethylene bottles with zirconia balls
(8YSZ, 3 mm diameter) on a rolling bank for 24 h. The
solvent used was ethanol and polyethyleneimine was
added as a dispersing agent. Slurries of different wt%
of micro-sized and sub micron-sized powders were pre-
pared. In the following, a layer prepared from a slurry
containing X wt% of micro-sized powder and 100-X
wt% of sub micron-sized powder is called the [X/1-X]
layer.

2.3. Layer deposition and co-firing process
The suspensions were deposited by slurry coating on
pre-sintered porous NiO-YSZ substrates fabricated by
the Coat-Mix©R process [22, 23]. Before slurry coating,
the substrates were already coated with an anode pre-

calcined at 1000◦C [22]. The thickness of the electrolyte
layer was adjusted by controlling the powder wt% of the
suspensions and the volume of the suspensions used,
taking into account the pre-sintered substrate area and
the substrate area shrinkage during co-firing treatment.
Except for green layer density calculations, only 5 µm
thick layers (thickness after sintering) were prepared
in this study. Co-firing treatment of the total half-cell
assembly was performed at 1400◦C for 5 h with a heat-
ing rate of 180◦C · h−1 in air. Finally a reduction step to
convert the nickel oxide component to metallic nickel
in the substrate and the anode was performed at 900◦C
for 10 h with a heating rate of 100◦C · h−1 in Ar + 4%
H2.

2.4. Characterisation techniques
The crystallographic structure of the sprayed powder
was characterised by X-ray diffraction using a Siemens
D-500 diffractometer. The grain sizes were evaluated
from XRD patterns by applying the Scherrer formula.
Particle density was measured with a double room he-
lium pycnometer (Micromeritics-AccuPyc 1330). Cal-
culations were then carried out using the ideal gas law
(accuracy for particle density was estimated to be about
1%). The degree of dispersion of both powders (spray
pyrolysed or Tosoh powders) in slurries was analysed
using a laser Shimadzu SA-CP3 granulometer; only cu-
mulative particle size distributions (in count) are pre-
sented in this work. Powder or layer morphology was
examined using a scanning electron microscope (Jeol
JSM 6400). In addition, the sintering behaviour of 8mm
pellets made from different powder mixtures uniaxi-
ally pressed (P = 300 MPa) was studied by dilatomet-
ric analyses. Glycerine was used as binder; the total
amount of glycerine was adapted to obtain approxi-
mately the same green density for pellets of each com-
position. The sintering curves were recorded using a
push-rod dilatometer Netzsch 402 E. The sintering step
was performed at 1400◦C for 5 h with a heating rate
of 180◦C · h−1 (same conditions as for the co-firing
step). The final densities of the pellets were calculated
from final mass/final volume ratio. The gastightness
of the electrolyte layers was characterised by gas leak
rate measurements. Gas leak rates through the elec-
trolyte membranes (abbreviated to GLR in the figures)
were measured at room temperature using a Balzers
QualiTest 265 helium leak finder. The sample to be
measured is placed with the electrolyte side on the bot-
tom on a squared rubber seal lying on a perforated metal
plate. The metal plate is the top of a vacuum chamber.
After applying the sample vacuum is drawn from the
bottom side. After a stable vacuum helium gas is ap-
plied on the top of the sample. A mass spectrometer is
now detecting the amount of helium migrating through
the half cell coated with the gastight electrolyte. The
gas leak rate is calculated taking into account the pres-
sure difference on the vacuum side and on the air side,
the time, the volume of the vacuum chamber and the
measured area. Thus the GLR is designated in mbar l/s
cm2. Here, only average gas leak rates are discussed.
The average values are calculated from measurements
made on at least on 5 samples.

3736



3. Results and discussion
3.1. Layers made from only

micro-sized powder
As was mentioned in the Introduction, at Research Cen-
tre Jülich, electrolyte layers are classically made from
Tosoh powder pre-sintered at 1240◦C (Tosoh 1240).
Here, for comparison with the following studies, the
particle size distribution of a ball-milled Tosoh slurry,
the morphologies of typical green and co-fired 5 µm
thick layers, and the gas leak rate through this co-fired
layer were studied. As can be seen from the granu-
lometric curve performed on a Tosoh suspension (see
Fig. 1), the particle size distribution is centred on 0.5
µm (d50 = 0.51 µm). Furthermore, this distribution is
rather sharp: the d95 diameter is around 3.5 times the
d05 diameter. On the green layer top view (shown in
Fig. 2a), the surface is obviously rather rough. It seems
difficult to obtain a good thickness homogeneity, which
may explain the difficulties in obtaining a dense and
rather thin layer using Tosoh material. For co-fired 5
µm layers analysed after the reduction of the substrate,
a lot of open pores with variable diameters are detected
by SEM investigations of the layer surface (Fig. 2b).
The gas leak rate average value for 5-µm-thick lay-
ers made of Tosoh powder (20 samples were tested) is
about 2 × 10−3mbar · l · s−1 · cm−2, (variation between
8 × 10−4 and 5 × 10−3mbar · l · s−1 · cm−2) i.e., one
order of magnitude higher than the required value.

3.2. Layers made from only sub
micron-sized powder

Before the preparation of electrolyte layers from slur-
ries of pure sub micron-sized YSZ powder are pre-
sented, the characteristics of this powder have to be
described. The raw spray pyrolysis powder consists of
perfectly spherical particles containing primary crys-
tallites. An SEM picture of this powder is presented in
Fig. 3. In a previous publication [24], it was shown that
the spherical particles of the raw spray pyrolysis powder
are not completely dense. To achieve a complete den-
sification of the spherical particles, it was found here
that the spray pyrolysis powder has to be pre-calcined
at 800◦C. Indeed, helium picnometry measurements

Figure 1 Cumulative distribution (in %) of ethanol slurry of sintered
Tosoh at 1240◦C (Tosoh 1240).

Figure 2 SEM top views of (a) green Tosoh 1240 layer and (b) sintered
Tosoh 1240 layer.

performed on raw material and material calcined at
800◦C showed densities equal to 4.75 g · cm−3 and 5.65
g · cm−3, respectively, i.e. ≈80% and 95% of the oxide
theoretical density (taking a theoretical density of 5.96
g · cm−3for 8YSZ oxide). The low calcination temper-
ature is sufficient to suppress the closed porosity inside
spherical particles but not to start the sintering of these
spherical particles (no necks were formed between the
particles). This densification phenomenon at such low
temperature can be explained by the sub micron-sized
spherical particles consisting of basic nano-sized crys-
tallites. The smallness of the crystallites seems to be the

Figure 3 SEM picture of the spray pyrolysis powder (raw material).
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cause of the reorganisation of the matter inside the par-
ticles calcined at 800◦C. Indeed, XRD studies on raw
and calcined powders have shown that the nano-sized
crystallites grow from 4.6 nm to 10.6 nm during cal-
cination, i.e. a multiplication of the crystallite size by
more than a factor of two. However, a total absence of
changing for the polycrystalline particle morphology
was observed (no neck formation between polycrys-
talline particles). Otherwise, XRD patterns presented
in Fig. 4 also confirm that spray pyrolysis powders are
crystallised in a pure cubic phase.

A granulometric distribution (characteristic of the
polycrystalline particles) calculated by image analysis
of the SEM micrograph of raw spray pyrolysis powder
is shown in Fig. 5. (due to the small particle sizes the
measurements by laser particle size analyser show ag-
glomeration even after applying ultrasonic). The image
analysis was made using the software ImageTool; about
500 particle diameters were measured for the granulo-

Figure 4 XRD patterns of (a) raw spray powder and (b) 800 spray pow-
der.

Figure 5 Cumulative distribution (in %) of raw spray powder obtained
by image treatment of the SEM picture.

Figure 6 Cumulative distribution (in %) of slurries of raw spray powder
(filled rhombuses) and of spray powder pre-calcined at 800◦C (800 spray
powder).

metric curve. The average diameter is about 0.32 µm.
As could be assumed from the SEM micrograph, spray
pyrolysis powder presents a rather wide particle size
distribution, wider than for the Tosoh ball-milled pow-
der in suspension (here, the difference factor between
d95 and d05 is more than 5). It has to be added that
the densification caused by the pre-calcination of spray
powders has too small an impact on the spherical par-
ticle diameters to be detected by granulometric mea-
surements (theoretically, a densification of 15% leads
to a diameter decrease of about 5%). It can thus be con-
sidered that the granulometric distribution of the pre-
calcined powder is almost the same as the raw powder
presented in Fig. 5.

Two suspensions of raw and calcined powders were
prepared. The granulometric distributions of powders
inside the suspensions after the ball-milling step are
presented in Fig. 6. It can be seen that the suspension
of the raw powder presents large agglomerates (d50 ≈
4 µm), whereas the suspension of calcined powder
presents a cumulative particle size distribution more
or less similar to that calculated from the SEM micro-
graph (d50 ≈ 0.36 µm). It is assumed that the ability to
disperse the calcined powders but not the raw powder
is based on the lowering of the surface energy of the
spherical particles due to the increase of the grain sizes.
The two prepared slurries were deposited on NiO-YSZ
substrates by the slurry coating process. Micrographs
of green layers resulting from these depositions are pre-
sented in Fig. 7. The agglomeration of the raw powder
inside the precursor slurry leads to very rough layers
(Fig. 7a), whereas the good dispersion of the calcined
spray powders allows the production of very smooth
and homogeneous layers (Fig. 7b). Micrographs of both
layers after the co-firing step are presented in same fig-
ure. Raw powder leads to sintered layers with large
cracks (Fig. 7c), whereas layers made of calcined pow-
der present only a few narrow cracks (Fig. 7d). The av-
erage gas leak rate values were found to be between 3 ×
10−1 and 1 × 10−3mbar · l · s−1 · cm−2, respectively. At
least three benefits could be obtained by pre-calcination
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Figure 7 SEM top views of green layers made of (a) raw spray powder, (b) 800 spray powder and of sintered layers made of (c) raw spray powder,
(d) 800 spray powder.

of the spray pyrolysis powder before dispersing it in the
precursor slurry. Firstly, better green layer morphology
(higher green density) is achieved because of the good
dispersion of the powder in suspension. Secondly, the
calcined powder particles are denser than the raw ones,
and green layers are easier to densify. Thirdly, the sinter-
ing activity of the calcined powder at low temperature
is reduced in comparison to the raw powder and thus the
thermal mismatch between the layer and the substrate
is reduced as is the shrinkage. However, using pure
calcined spray powders for the preparation of 5-µm-
thick layer is still not efficient for obtaining sufficient
gastight layers under these experimental conditions. In-
deed, the gas leak rates of sintered layers made of such
powder are too high for industrial applications. This
non-satisfactory result undoubtedly comes from a mis-
match between the layer and the substrate shrinkage.

3.3. Layers made of micro-sized/sub
micron-sized powder mixtures

Despite the inadequate results obtained from pure raw
spray pyrolysis powder, for comparison with the next
study, layers of mixtures of raw spray pyrolysis pow-
der and Tosoh powder (pre-sintered at 1240◦C) were
prepared. The gas leak rates of co-fired layers from
different mixtures are presented in Fig. 8. It can be
seen that no improvement in gastightness was found
for “composite” layers in comparison with layers from
pure Tosoh powder. In a parallel manner, gastightness
of layers prepared from mixtures of pre-calcined spray

Figure 8 Helium leak rates of sintered layers made of raw spray pow-
der/Tosoh 1240 powder mixtures.

pyrolysis powder and Tosoh powder were also anal-
ysed by leak rate measurements which are shown in
Fig. 9. Here, in contrast to the previous study, a strong
improvement in gastightness was obtained for some
mixtures. The evolution of the gas leak rates with the
layer composition, i.e. from a pure spray powder layer
(0/100 layer) up to a pure Tosoh powder layer (100/0
layer), can be described as a V-curve with a minimum
value corresponding to the optimum composition. The
optimum layer consists of 40 wt% of Tosoh powder
and 60 wt% of spray powder (40/60 layer). For this
optimum composition, an average helium leak rate of
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Figure 9 Helium leak rates of layers made of 800 spray powder/Tosoh
1240 powder mixtures.

Figure 10 SEM top view of the 40/60 layer.

10−5mbar · l · s−1 · cm−2 is observed through the co-
fired layer. This gas leak rate is one order of magnitude
lower than the expected value for an industrial appli-
cation. An SEM micrograph of a layer made of this
optimum composition is shown in Fig. 10. On this mi-
crograph, it can be seen that the layer is much denser
than layers made of pure calcined spray powder or pure
Tosoh powder (micrographs shown in Figs 7 and 2, re-
spectively).

To conclude this part, it can be noted that at this point
that a protocol to prepare 5-µm-thick layers with effi-
cient gastightness for anode-supported SOFCs has been
found. From a practical point of view, this examination
was quite successful. However, a complete interpreta-
tion of the gas leak rate evolution with layer composi-
tion still remains to be proposed. To achieve a satisfac-
tory understanding, the layer green densities (depend-
ing on the compaction phenomenon of powders) and
their sintering behaviour were analysed with regard to
their sub micron-sized/micro-sized composition.

3.4. Interpretation and discussion
of the results

The first interpretation study dealt with the green layer
densities versus composition. Cross-section SEM anal-
yses, which allowed the determination of the layer

thickness for green density calculation, were carried
out for three compositions: pure Tosoh, pure spray
powder and 40/60 mixture. The procedure was re-
peated for three thicknesses of each composition (5,
15, 20 µm). Micrographs of the two extreme compo-
sitions are shown in Fig. 11. On these micrographs, a
direct comparison between the two green electrolyte
layers with the pre-calcined anode readiliy allows a
rough evaluation of electrolytes green densities. Thus,
one can clearly see that the layer made of spray powder
is denser than the layer made of Tosoh powder. Indeed,
the Tosoh layer is clearly less dense than the anode
whereas the spray powder layer is clearly denser. The
complete study of the evolution of the green density
as a function of the composition is shown in Fig. 12.
On this figure, open rhombuses represent experimen-
tal green densities determined for different thicknesses
and full squares represent the average value determined
for each composition. Firstly, it can be shown that the
green density depends only on composition and not on
layer thickness (the layer thickness was kept constant!).
Secondly, the green layer density was found to contin-
uously increase with the amount of spray powder used.
The green densities are about 58% for the pure Tosoh
layer and 68% for the pure spray powder layer. This
can be explained by two factors: (i) the wider parti-
cle size distribution of the spray powder in comparison
to the particle size distribution of the Tosoh powder,
(ii) the shape factor of the spray particles (particles are
perfectly spherical) which allows a better densification
than for the Tosoh powder. Indeed, because a sphere is
the most compact shape, spherical particles are known
to lead to the densest stacking compared to non-sperical
particles of the same particle size distrubution. This
effect can be explained by enhanced friction and the
stucking of the not ideal formed particles. Here, it can
be added that compaction tests of zirconia balls (grind-
ing media) were performed for comparison with the
green density of the pure spray powder layer. For these
tests, zirconia balls with different diameters (2, 3, 4, 5,
and 10 mm) were used to roughly simulate the particle
distribution of spray powder. Compacts with densities
between 65 and 70% were obtained by pouring the balls
into a beaker in bulk. This result shows that the high
green density, calculated for pure spray powder layer
(68%), thus appears reasonable.

The second interpretation study dealt with the sinter-
ing behaviour of “composite” pellets versus their com-
position. In all these studies, it was assumed that the
sintering behaviour of pellets and layers of the same
composition can be considered similar. Fig. 13 gives
a general overview of the dilatometric curves recorded
on pellets of different compositions. A continuous in-
crease of the total shrinkage of the “composite” pellets
is found as the amount of nano-sized powder increases.
This increase of the total pellet shrinkage corresponds
well to the higher final densities obtained (both green
densities of pellets having been adjusted to 51–53%).
Final densities after the same sintering of both pellets
are listed in Table I. The final densities increase from
about 85% for the pure Tosoh layer up to 95% for the
pure spray powder layer.
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Figure 11 SEM cross views of green layers made of (a) Tosoh 1240 powder, (b) 800 spray powder; AFL: anode functional layer.

Figure 12 Calculated green densities of layers made of 800 spray pow-
der/Tosoh 1240 powder mixtures.

The green layer density study showed that the green
density of layers increases with percentage of spray
powder. Likewise, it is shown that the sintering of com-
posite pellets is facilitated when the spray powder per-
centage increases. From these two studies, a continuous
improvement of the density of “composite” sintered
layers can only be explained because the amount of
spray powder used increases up to an optimum value
(which corresponds to the second branch of the V evolu-
tion of gas leak rate versus composition). Furthermore,
because the increase of the amount of spray powders
leads to a positive contribution for both green density
and sintering activity, a subsequent strong improvement
of sintered layer density can be explained by a synergy
between these two effects. However, the fact that the
evolution of the “composite” layer density is reversed
beyond an optimal composition cannot be explained
yet. To explain this optimum, we focused on the tem-
perature of the start of sintering for each sample.

A zoom of the dilatometric curves corresponding to
the starting of pellet shrinkage is presented in Fig. 14.
From these curves it can be clearly seen that pellet

Figure 13 Dilatometric curves recorded on pellets made of Tosoh 1240
powder/800 spray powder mixtures (general view); (a) 100/0, (b) 60/40,
(c) 40/60, (d) 20/80, (e) 0/100 pellets, respectively.

Figure 14 Dilatometric curves recorded on pellets made of 800 spray
powder/Tosoh 1240 powder mixtures (zoom).

shrinkage starts earlier and earlier when the amount
of nano-sized powder increases. Furthermore, an addi-
tional step occuring at low temperature (about 900◦C)
can be noted for the pellet prepared from pure spray
powder. If the shrinkage value of each sample is
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TABLE I Density after sintering of pellets of different compositions.

Pellet composition Density in %

100/0 95
80/20 92
60/40 88
40/60 84
0/100 85

analysed for 1200◦C (the reader is assisted by the dot-
ted lines in the firgure), very big differences are noticed
between one sample and another. For the pellet made of
pure Tosoh powder (the 100/0 pellet) no shrinkage has
occurred at this temperature, which leads to a positive
dilatation of 1%. It should be recalled that the shrinkage
evolution of the Tosoh layer can be considered more or
less similar to the shrinkage evolution of the substrate
[13]. For 60/40, 40/60 and 20/80 composite pellets,
shrinkages at 1200◦C are about 0, 0.5 and 1%, respec-
tively. For the pellet made of pure spray powder (the
0/100 pellet) the shrinkage is almost 4%. For temper-
atures above 1200◦C, elastic contributions leading to a
reduction of stress inside the layers can be neglected
as was shown by Vaßen et al. [13]. Early shrinkage
of the electrolyte film occurring below 1200◦C is thus
undoubtedly the principal cause of the appearance of
cracks during co-firing treatment. From this hypothesis,
the optimum final density found for the 40/60 sample
can be explained by a critical shrinkage that must not
be exceeded. For compositions containing more nano-
sized powder, the differences in sintering activity be-
tween electrolyte films and anode substrate seem suffi-
cient to cause the appearance of micro-cracks during the
co-firing process. Thus, the appearance or not of cracks
during co-firing seems to be very sensitive, since only
a slight difference of shrinkage is noted between 40/60
and 20/80 pellets (please note that green densities of
pellets and layers are not the same).

Finally, to complete this study, it was interesting to
transfer the results obtained here to other mixtures of
powders pre-sintered at different temperatures and thus
having different sintering activity. Composite layers
made from mixtures of a pre-calcined Tosoh powder
at 800◦C (Tosoh 800) and a pre-sintered Tosoh powder
at 1240◦C (Tosoh 1240) were studied. In comparison
to the previous composite layers, the effect of the sub
micron-sized particle shapes on the density of the green
composite layer is suppressed here. Indeed, the granulo-
metric distribution of Tosoh 800 powder in suspension
is the same as for Tosoh 1240 suspension. However,
the sintering activity of the Tosoh 800 powder can be
considered approximately equivalent to the spray pow-
ders pre-calcined at 800◦C. The gas leak rate results
obtained on co-fired Tosoh 800/ Tosoh 1240 composite
layers are presented in Fig. 15. The gas leak rates evolu-
tion versus the composite electrolyte composition can
again be described as a V evolution as in the previous
study. However, the gas leak rate for the optimal value
is only approx. 10−4mbar · l · s−1 · cm−2, i.e., about one
order of magnitude higher than for layers made of spray
powder/Tosoh powder mixtures. This smaller optimum
can be explained by a lack of improvement in green

Figure 15 Helium leak rates of layers made of Tosoh 800 powder/Tosoh
1240 powder mixtures.

density with the amount of nano-sized powder in this
last case. For Tosoh 800/Tosoh 1240 mixtures, only the
effect of the sintering activity can play a role in the
amelioration of the co-fired layer density.

4. Conclusion
The main result of this paper was the production
of sufficiently gastight electrolyte layers of 5 µm
thickness co-fired with an anode substrate for anode-
supported SOFCs. To obtain satisfactory results, the
electrolytes were prepared by slurry coating of micro-
sized powder/nano-sized powder mixtures dispersed in
suspension. An optimum powder mixture was found,
which allowed the production of 5-µm-thick layers
having a gas leak rate of 10−5mbar · l · s−1 · cm−2, i.e.,
one order of magnitude lower than the value required
for industrial application. It was verified that the use
of spray pyrolysis powder as a nano-sized powder for
preparing a “composite” electrolyte was beneficial for
the green density and the densification ability of the
electrolyte. Indeed, the different particle size distribu-
tion of the spray pyrolysis powder (compared to the
Tosoh material) in addition to their perfectly spherical
shape improves the possibility of particle compaction
and thus the green layer densities obtained. Further-
more, dilatometric experiments have shown that for
sintered pellets made of spray powder very high den-
sity can be achieved in comparison with pellets made
of micro-sized powder. However, the amount of nano-
sized powder used must not exceed a critical value;
beyond this value, too much early sintering activity of
the layers leads to the appearance of film cracks during
co-firing treatment.

Thus, it has been shown that for preparing a gastight
and thin film on a porous substrate, under optimized
conditions, the use of a sub micron-sized powder ap-
pears very positive.
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