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Abstract

Two different nanosized materials were synthesized by two preparation methods, namely a sonochemical technique and a spray
pyrolysis process. The powder properties, the sintering behavior and the resulting crystallinity with respect to their utilisation for
solid oxide fuel cell electrolytes were investigated. While the spray pyrolysis provides crystallized powder without any organic
residue, the sonochemical powder is amorphous with some organic residue. Crystallization begins in the 400-500 °C temperature
domain. The particle sizes vary between 10 and 50 nm for the sonochemical powder and between 50 nm and 1 um for the spray
pyrolysis powder, as determined by SEM analyses. Crystal growth of both powders starts between 800 and 1000 °C. After heating
and sintering at 1300 °C the resulting grain sizes of the spray pyrolysis powder are 5 times larger than those of the sonochemical
powder (about 250 nm and 1.2 um, respectively). Additionally, the maximum rate of grain growth for the spray-pyrolysed material

at 97 nm/h is even higher compared with 22 nm/h for the sonochemical powder.
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1. Introduction

Due to their small particle sizes, nanomaterials offer
new fields of application: they are used for enhancing the
properties of commercial materials in different research
fields, e.g. microtechnology, biotechnology, surface
coatings for electronic devices, and also in the field of
energy storage and conversion such as the development
of solid oxide fuel cells (SOFCs). Some attempts have
been done to lower sintering temperature [1,2], minimize
component shrinkage [1-3], and achieve highly sinter-
reactive ceramics [4]. Boulc'h et al. [5] successfully pre-
pared nanostructured tetragonal zirconia ceramics with
particle sizes of 300 nm containing average primary crys-
tallite sizes of 70 nm after sintering at 1500 °C for 2 hours.
Moskovits et al. [1] sintered bimodal-distributed, 4 wt.%
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yttria-stabilized zirconia (10-430 nm) at low tempera-
tures (1200 °C) to enhanced densification rates. Van de
Graaf et al. [4] obtained ceramics of high density and
small grain sizes with YSZ (17 wt.% Y,03) by heating
them up to 1500 °C. They pointed out that the region
between 1100 and 1200 °C, identified by abnormal grain
growth, should be kept as small as possible.
Furthermore, nanomaterials may be useful for
enhancing the gastightness or the ionic grain boundary
conductivity [6,7] of electrolytes for SOFCs as pure
material or as additive to commercially available coar-
ser yttria-stabilized zirconia. The quality of the electro-
lyte layers significantly depends on the preparation
procedure and on the powder properties of the single
nanomaterial or as a mixture with commercial powder.
The careful characterization of both nanomaterials is
the basis for the use as electrolyte material in solid oxide
fuel cells. Especially informations on grain sizes, the
grain growth and the rate of grain growth are necessary
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to optimize the sintering parameters for gastight
sintering of the electrolyte in combination with the
other cell components, e.g. the substrate and the elec-
trodes. Addtionally phase stability of the stabilzed zir-
conia is needed because only the cubic high-temperature
form has acceptable ionic conductivity at SOFC oper-
ating temperature (750-900 °C). Thus the influence on
powder characteristics of the two different synthesis
methods for nano materials is investigated here. The
properties of the as-prepared and thermal post-treated
materials are described with respect to their use in
SOFC clectrolytes development. In a forthcoming pub-
lication we will report on the fabrication of electrolyte
layers for SOFC applications using these powders and
on the resulting properties of the sintered YSZ films.

2. Experimental
2.1. Preparation procedures

2.1.1. Tosoh powder

The commercial 8YSZ powder (8 mol% yttria-stabi-
lized zirconia, Tosoh Company, Japan) is obtained by
spray-drying (manufacturer’s data) and is typically
consisted of agglomerates, 50 pm in size with primary
particle sizes of 200—500 nm. This powder was calcined
at temperatures between 1200 and 1250 °C for 3 h. After
the calcination step the material was milled in poly-
ethylene bottles with zirconia balls (8YSZ, 3 and 5 mm,
Tosoh Company, Japan) on a rolling bank for 100 h. The
resulting particle sizes were in the range of 250-300 nm
(dsp). Forthmann et al. [8] obtained cell leak-rates in the
range of 107%/10~> mbar 1/s cm? using suspensions made
with these material characteristics. This material is usually
used for electrolytes in the Jiilich anode-supported SOFC.

2.1.2. Nanomaterial made by the sonochemical process

The sonochemical process can be used for the pro-
duction of different nanomaterials on a large scale [9—
11]. The complete preparation process is described in
Pang et al. [9]. Therefore only a short summary of the
technology is given here.

The raw materials Y,03 and ZrO(NOs3),-xH,O were
used for the synthesis of YSZ. Y,05 was dissolved in
nitric acid while the zirconyl nitrate hydrate was dis-
solved in deionized water. The nitric acid solution was
heated to dryness. The yttrium nitrate was dissolved in
deionized water and mixed with the zirconyl nitrate
solution. Subsequently ammonium hydroxide was
added dropwise to the suspension while applying soni-
cation. The resulting product was centrifuged and
washed with deionized water. Ethanol was added to the
water-washed product and it was sonicated again for 30
min. After this step the suspension was centrifuged
again. A stable solution was obtained after repeating the

process of suspending the powder in ethanol and soni-
cating. The material was now a colloidal gel-like mass.

2.1.3. Nanomaterial made by spray pyrolysis

The spray pyrolysis process is a technology that
allows powders to be produced by reactive chemical
spraying from an ultrasonic atomizer. It is a cheap and
easy-to-handle technique and combines synthesis meth-
ods using liquid and gaseous precursors. The resulting
powders are nanosized. It is a three-step process: solu-
tion spraying, spray moving and finally spray pyrolysis.
A full description of the process is given in Djurado et
al. [12] while a brief description is presented here.

The precursor solutions for the synthesis were zirco-
nyl nitrate hydrate ZrO(NO3),-xH,O (Aldrich, USA)
and yttrium nitrate hydrate Y(NO3);-4H>O (Aldrich,
USA). Both precursors were dissolved in distilled water.
After dissolution the mixture was atomized by a high-
frequency ultrasonic mist generator. By applying ultra-
sonication, the solution disintegrated into small drops
and an acrosol was formed. The drops thus formed were
of identical size and composition. The drop size is
influenced by the frequency of the ultrasound and the
characteristics of the initial precursor solution, e.g. pre-
cursor concentration. During the second step the aero-
sol is transported by a supporting gas stream to the
furnace where it is dried and decomposed. Due to sol-
vent evaporation, the system reaches a new thermo-
dynamic equilibrium in precipitating the dissolved salts
in the volume of the droplets. The products consist of
fine metal oxides and the oxidation status is linked to
the furnace temperature. An electrostatic filter at the
outlet of the furnace collects the as-prepared nanosized
dried powder. For more details please refer to [13].

Several experiments were carried out to optimize the
process parameters. Table 1 gives an overview of the
important parameters and the values with which the
powder was synthesized.

2.2. Materials characterization

The morphology of the powders was characterized
using a high-resolution scanning electron microscope
equipped with a field emission gun (LEO 1530 Gemini).
Thermal behavior during heating was examined by a
DTA/TGA simultaneous thermal analyzer (Netzsch
STA 409). The crystallization and sintering behavior

Table 1

Optimized parameters for the spray pyrolysis process

Parameter Data
Precursor concentration of the initial solution 2.5 mol/l
Flow rate of the supporting gas 6 1/min
Vibration frequency 1.7 MHz
Furnace temperature during pyrolysis 600 °C
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was studied in air by an X-ray powder diffractometer
(Siemens D 5000) equipped with a high temperature
chamber (Bihler HDK-S1), a diffracted beam graphite
monochromator and by using Cu-K, radiation. The
sample powder was sedimented directly onto a heated
Pt tape. The Raman spectra were recorded with a
DILOR XY multichannel spectrometer and CCD
detector. The green excitation line (514.53 nm) from an
argon ion laser was used, the laser power was 20 mW.

3. Results and discussion
3.1. Tosoh powder

Fig. 1a and b shows SEM micrographs of the as-
received powder, while in Fig. 2a and b the powder cal-
cined at 1200 °C for 3 h is shown. In Figs. la and 2a an
overview of the particle sizes is given, while Figs. 1b and
2b show higher magnifications of the powder surface.

The heat treatment neither changes the crystal-
lographic cubic YSZ phase nor the agglomerate sizes
are reduced, nor does significant sintering occur at this
calcination temperature. Only the beginning of neck
formation and particle intergrowth appear and thus an

increasing agglomerate porosity was observed. After
calcination the agglomerates were easier to mill due to
the increased brittleness of the material.

Thermal analysis of the Tosoh powder showed no
weight loss below 1200 °C and no sharp peaks were
observed in differential thermal analysis (DTA).

3.2. Sonochemical powder

The particle size and the powder morphology were
observed by SEM. Fig. 3 shows the micrographs of the
dried material. It can be seen that the original particle
size is about 10-50 nm, but the particles tend to
agglomerate to highly porous structures of micromeritic
scale.

Therefore a calcination step had to be included before
any further experiments, because the goal of reaching
higher green densities needs small particle or agglomer-
ate sizes in addition to commercial powder (particle
packing dynamics).

The thermal behavior during heating is shown in
Fig. 4.

The TGA curve in Fig. 4 shows that the amount of
solid in the gel-like material is about 20% indicated by
the mass loss from room temperature to 100 °C, which

Fig. 1. SEM micrograph of the as-received Tosoh powder: (a)
agglomerated particles and (b) surface of the agglomerates.

Fig. 2. SEM micrographs of the calcined commercial Tosoh powder:
(a) agglomerated particles and (b) surface of the agglomerates.
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Fig. 3. SEM micrograph of the dried nanomaterial prepared by the
sonochemical method: (a) and (b) (higher magnification) (note that
due to the high magnification the pictures are slightly blurred).

is linked to the evaporation of ethanol. Corresponding
to the mass loss, a sharp endothermal peak in the DTA
signal is observed (boiling point of ethanol: 78 °C).
Note that the material contains YSZ and ethanol after
preparation. Above 100 °C neither significant weight
loss occurs nor can peaks be observed in the DTA curve
up to 1200 °C. Consequently, a drying step is needed for
further processing due to the high shrinkage caused by
ethanol evaporation of the as-prepared material.

The next characterization step is the examination of the
crystallization behavior during sintering. Fig. 5 shows the
phase evolution from room temperature up to 1200 °C
measured with high-temperature X-ray diffraction. At
room temperature the material is amorphous. Crystal-
lization starts at about 400 °C indicated by the first broad
peaks. During heating a simultaneous growing and nar-
rowing of the peaks is observed due to better crystal-
lization or enhanced grain growth. At 1200 °C the powder
is well crystallized and almost single-phased. Some impu-
rities of tetragonal phase may be present, which is indi-
cated by a doubling of the peaks at Bragg angles higher
than 60°. The Pt reflections are due to evaporation of
platinum at higher temperatures from the Pt heater.

The grain size was calculated from the line broad-
ening of five different reflections using the Scherrer for-
mula (Fig. 6).

Fig. 6 shows that grain growth starts at 800-900 °C
(no measurements below 700 °C are shown in the graph
since there was no curve variation) and increases to an

100 |-

TGA, wt%

— ' — T 1 04

" iexo' 1

| - Jo3
. | | a7
| | 477 1 Ho2 5
: - dJo1T
| <
: 3
E Q@
| 10.0
o 4{-0.1

S N S R S R

0 200 400 600 800 1000 1200

Temperature, °C

Fig. 4. TGA and DTA of the sonochemical powder.
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Fig. 6. Grain growth of the sonochemical (circles and solid line) and the spray pyrolysis (squares and dotted line) powder during heating.

average grain size of 250 nm during heating up to tion have to be avoided. The growth rate was calculated
1300 °C (medium grain growth calculated from five from the XRD data taking into account the duration of
reflections); the growth being nearly isotropic. Isotropic the isothermal heating step.

growth is necessary to obtain gastight layers with no Fig. 7 represents the growth rate as a function of

preferred growth directions. Pores or capillarity forma- temperature.
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Fig. 7. Grain growth rate versus temperature for the sonochemical (circles and solid line) and the spray pyrolysis powder (squares and dotted line).

The growth rate increases rapidly between 900 °C and
1300 °C. The maximum increase of the growth rate was
observed at 1050 °C. Higher temperatures lead to a
decreasing slope indicating that a plateau might be
reached at even higher temperatures. A growth rate of
22 nm/h is obtained at 1300 °C.

The particle sizes achieved during sintering at 1200 °C
for 3.5 h in air were additionally examined by SEM and
measured (Fig. 8).

The micrograph shows a well-densified material with
particle sizes of mostly 250 nm in diameter. This is in
good agreement with the high-temperature X-ray results
of 250 nm.

Additional Raman spectra of the calcined powder (at
1000 °C) were recorded at room temperature (see Fig. 9)
to confirm the XRD observation with respect to single-
phased cubic yttria-stabilized zirconia. Cubic zirconia,
which is the high-temperature form (phase transforma-
tions from monoclinic at room temperature to tetra-
gonal above 1170 °C and cubic above 2280 °C) of
zirconia, is required, because only the cubic form has
sufficient ionic conductivity at operating temperature of
SOFCs (oxygen vacancies due to integration of trivalent
yttria instead of tetravalent zirconia) [14]. Monoclinic or
tetragonal form have no or insufficient ionic con-
ductivity, thus phase purity is needed.

Compared to the literature data of Yashima et al.
[15], theO obtained YSZ phase can be regarded as cubic
single-phase. However, some tetragonal phase impu-

rities, indicated by the peak shifts at 250 and 470 cm~!,
could not be precluded.

3.3. Spray pyrolysis powder

The powder made by the spray pyrolysis process was
subjected to the same characterization steps as the
sonochemical powder to compare their properties and
to derive preparation property relationships.

Fig. 10 shows an SEM micrograph of the spray pyr-
olysis powder in the as-prepared state. In comparison to
the sonochemical powder (Fig. 3), the spray pyrolysis
powder consists of ideal spherical particles with a dia-
meter between 0.05 and 1 pm. No open porosity or
defects could be observed. This ideal spherical geometry
is directly related to the formation of droplets using the
ultrasonic atomizer.

No thermal analysis was carried out on the spray
pyrolysis powder because the material is heated up to
600 °C during the production process. It can be
assumed that no organic residuals remained in the
powder.

High-temperature XRD patterns (Fig. 11) show
broad peaks in the as-prepared spray pyrolysis powder
which can be attributed to the small crystallite size of
4.8 nm as calculated from Schemer’s formula. In fact,
spray pyrolysis particles from 50 nm to 1 um are poly-
crystalline as was previously shown by Djurado et al.
[12] for tetragonal zirconia. Upon heating, the diffrac-
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Fig. 8. SEM micrograph (a) and particle sizes (b) calculated from the SEM picture of sintered sonochemical powder (1200 °C, 3.5 h).

tion peaks became sharper indicating increasing grain
growth.

This material also consisted of mostly single-phased
cubic YSZ after calcination at 1200 °C. Tetragonal
phase could also not be precluded, as observed for the
sonochemical material.

The results of the grain growth experiment are plotted
in Fig. 6. Grain growth begins at about 900 to 1000 °C
and increases rapidly with increasing temperature up to
1300 °C. The particle growth is also nearly isotropic. In
comparison to the sonochemical powder, whose particle
growth begins at a temperature nearly 100 °C lower, the
final grain sizes are significantly larger. At 1300 °C the
grains were about 4-5 times larger than those of the
sonochemical material.

The calculated rate of grain growth is shown in Fig. 7.
The curve increases rapidly at temperatures above
1000 °C. The growth rate reached at 1300 °C was 97
nm/h. No plateau could be observed with comparison
to the sonochemical material. The particle sizes
obtained under identical sintering conditions are larger
in spray pyrolysis powders where the growth rate is 4-5
times higher at 1300 °C than those of the sonochemical
material. It is interesting to note that the polycrystalline
particles present in the spray pyrolysis powder are of the
same order of magnitude in diameter before and after
sintering at 1300 °C.

Fig. 12 shows an SEM micrograph of an alumina
substrate coated with the spray pyrolysis powder and
subsequently sintered at 1300 °C for 5 h. The grain sizes
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Fig. 10. SEM micrograph of the spray pyrolysis powder.

vary between 1 and 2 um. This is in good agreement
with the results obtained by high-temperature XRD (1.2
um; Fig. 6).

The Raman spectrum of the as-prepared uncalcined
powder (not shown here) shows broad and poorly
developed peaks indicating small crystallites. An expla-
nation for this result might be the difference in the par-
ticle sizes and the degree of crystallinity (the
sonochemical powder is pre-calcined while the spray

pyrolysis powder is not and subsequently it is only par-
tially crystalline). Fig. 9 shows the Raman spectra of the
material calcined at 1000 °C. No essential differences
between the two powders can be observed.

The spray-pyrolysed material consists of particles
from 50 nm to 1 pm in diameter containing nanocrys-
tallites with an average size of 4.8 nm and is already
partially crystallized after preparation. Crystallite size
increases during heating and sharp reflections of mostly
cubic YSZ are obtained by XRD measurements. Grain
growth starts at between 900 and 1000 °C and the
maximum rate of grain growth is 97 nm/h at 1300 °C.
The grain size after heating at 1300 °C is about 1200
nm.

3.4. Comparison of the two nanosized powders

Due to the different preparation processes the sono-
chemical powder made via a wet chemical process is a
gel-like material while the spray-pyrolysed material is a
dry powder. Nucleation of the crystalline cubic YSZ
phase has already started in the spray pyrolysis process
while the sonochemical powder is amorphous. Ethanol
evaporates during heating of the sonochemical material.
Heating experiments show that the crystallization beha-
vior, the grain growth and the grain growth rates varied.
The sonochemical powder crystallizes at higher tem-
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Fig. 11. HT-XRD diagram of the powder made by spray pyrolysis.

Fig. 12. SEM micrograph of the sintered spray pyrolysis powder
(1300 °C, 5 h).

peratures and leads to smaller grains and lower rates of
grain growth than the spray-pyrolysis one. Table 2 gives
an overview of the measured parameters. In summary,
the crystallite growth of the spray-pyrolysed powder
begins at a higher temperature estimated to 100 °C, the

Table 2
Comparison of the physical parameters of the two nanosized materials

Characterization Sonochemical Spray pyrolysis

powder powder
Crystallization start (from XRD), °C 800-900 900-1000
Grain size after heating up to 1300 °C, nm 250 1200
Grain growth rate at 1300 °C, nm/h 22 97

grain sizes obtained were 4-5 times larger and the rate
of grain growth is also 5 times higher.

4. Conclusions and outlook

Based on different preparation techniques, i.e. a wet
chemical process called the sonochemical method and a
physico-chemical process named the spray pyrolysis
method, two nanosized powders of cubic yttria-stabi-
lized zirconia were synthesized. The crystallization
behavior and the particle growth of the two materials
was characterized during heating to 1300 °C. Whereas
the sonochemical powder, which is prepared in ethanol,
is amorphous at room temperature and has the ten-
dency to form agglomerates, the spray pyrolysis mate-
rial is a dry, partially crystallized powder. Both
materials undergo increasing crystallization during
heating. Crystallization starts for the sonochemical
material at 400-500 °C followd by grain growth starting
at 800-900 °C. The maximum rate of grain growth is 22
nm/h at 1300 °C and the grain sizes obtained after 3.5 h
at 1200 °C were 250 nm. The starting of grain growth
for the spray pyrolysis powder starts in the same tem-
perature region than that of the sonochemical powder.
But the particle sizes and rates of grain growth obtained
are 4-5 times higher than those for the sonochemical
material (1200 nm at 1300 °C; 97 nm/h). The grain sizes
measured by two different techniques (HT-XRD, SEM)
are in good agreement with each other.

Ongoing work, based on these results of the char-
acterization of the two materials, focuses on the utilisa-
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tion of the nanosized powders as electrolyte material in
SOFC development including coating experiments on
anode-supported planar substrates with wet chemical
methods, sintering experiments and gas leakage mea-
surements.
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