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Abstract

Ultrasonic spray pyrolysis of acetate-based precursors with precisely measured precursor drop size was employed to produce ZrO, and CeO,
particles. A bimodal size distribution of the product particles indicates a significant influence of the gas-to-particle conversion mechanism in
addition to the conventionally accepted one-particle-per-drop mechanism. Due to the differences in solubility of the precursors, ZrO, particles are
spherical in shape and smooth on their surfaces while the CeO, particles are bowl-like in shape with uneven surfaces. Spherical and monodispersed
particles with a peak diameter <100 nm can be obtained by reducing the precursor concentrations to 0.01 wt.% in both the different precursor

system.
© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Spray pyrolysis has been widely used to produce fine
powders because it is an inexpensive and continuous, ambient
pressure process. This process is more economical than other
processes (such as sol—gel and chemical vapor deposition) that
involve multiple steps or that must be carried out under vacuum.
Furthermore, spray pyrolysis offers numerous possibilities for
controlled synthesis of advanced ceramic powders and films
because of its chemical flexibility [1,2]. For example, yttria-
stabilized zirconia (YSZ) has been the most commonly used
solid electrolyte in solid oxide fuel cells due to its oxygen
conductivity at the classical operating temperature (1000 °C)
and its desirable chemical stability in both reducing and
oxidizing atmospheres [3,4]. Addition of ceria to YSZ further
increases the oxygen conductivity and reduces the operating
temperature [5,6]. In addition, cerium oxide (ceria, CeO,) has
generated considerable interest because of its applications in
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gas sensors [7], catalytic supports in automotive exhaust system
[8-10] and electrolyte in solid-oxide fuel cell [4,11]. Such
spherical fine ZrO, ceramic powders with a narrow size
distribution are highly desirable because they result in high
reactivity and high packing density and, thus, enhancing the
densification of powders with uniform microstructure at low
sintering temperature [3].

Precursor drops undergo three major steps during the course
of spray pyrolysis: (1) drop size shrinkage due to evaporation,
(2) conversion of precursor into oxides, and (3) solid particle
formation. The particle formation may involve two mechan-
isms: intraparticle reaction (conventional one-particle-per-drop
mechanism) and gas-to-particle conversion [12]. In the one-
particle-per-drop mechanism, each droplet is regarded as a
micro reactor and converts into one solid particle when it travels
through the tubular reactor. In contrast, gas-to-particle
conversion occurs when the precursor is volatile and is
transported across the particle-gas interface [12,13]. The vapor
of the product materials, after being formed by chemical
reaction in the gas phase, may either condense on the particles
or nucleate to form new particles. Zhang et al. [14]
demonstrated the influence of zirconium precursor saturation
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concentrations on zirconia particle morphology in spray
pyrolysis using a conventional ultrasonic nebulizer. They
established two criteria for synthesis of solid spherical particles
[14,15]: (1) the initial relative solution saturation (Cy/C, where
Cyp and C; are precursor concentration and precursor saturation
concentration, respectively) must be ~0.01 or less; (2) the
precipitated salt must not undergo plastic deformation or
melting during heating.

In this work, precursor drop size was measured precisely and
acetate-based zirconium and cerium precursors with drastically
different solubilities were employed to determine particle
morphology of the resulting YSZ and CeO, product powders.
We found that bimodal particle size distributions were
produced, suggesting that both one-particle-per-drop and
gas-to-particle conversion mechanisms were involved in spray
pyrolysis. We also found very different particle morphology for
the two precursors used. The experimental results are consistent
with the aforementioned first criterion. Dense spherical
particles were produced when the initial relative solution
saturations were less than ~0.01. In contrast, hollow [16] or
bowl-like particles were formed as in the case of precursor
cerium acetate (CeA).

2. Experimental methods
2.1. Materials preparation and product characterization

The precursors used for generation of yttria-stabilized
zirconia (YSZ) particles in this study were zirconium hydroxyl
acetate (ZHA)/yttria acetate hydrate (YAH) in Y,03/ZrO,
molar ratios of 3/97. The chemical formula of ZHA and YAH
are Zr(OH),_,(CH3COO), (where x =1.36, Aldrich Chem.
Co., Inc.) and (CH3CO,);Y-xH,O (Aldrich Chem. Co., Inc.),
respectively, and the chemicals are reagent grade with >99%
purity. Cerium acetate (CeA) was used as the precursor for
production of CeO, particles. The chemical formula of CeA is
Ce(C,H30,);5-1.5H,0 (99.9%, Alfa Aesar, A Johnson Matthey
Co.). The respective molecular weights of ZHA, YAH, and CeA
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reported by the manufacturers are 216, 266, and 344. The
concentration of precursor solutions, YAH/ZHA and CeA in de-
ionized water, ranged from 0.01 to 1.0 wt%. While the
solubility of CeA in water is taken from the manufacturer’s
MSDS data, the solubility of ZHA in water is experimentally
measured by heating the ZHA solution in a constant
temperature bath until the ZHA precipitates, and then weighing
the remaining solution. The solubility was subsequently
calculated.

Characterization of the as-received precursors was carried
out by thermogravimetric analysis (TGA, Perkin-Elmer Model
TGA-7) under gaseous nitrogen flow for removal of product
gases. The heating rate was set at 40 °C/min. The phase
identification of product particles was performed by X-ray
diffractometry (Philips X’pert PW3040, Philips Co., Nether-
lands) with Cu K« radiation. In order to confirm the lattice
structure of the doped ZrO,, pure silicon powder was used as a
standard in the XRD measurement. Moreover, the phase
identification of hydrolyzed CeA was carried out on the powder
precipitated from the CeA aqueous solution at approximately
80 °C. The morphology of spray pyrolyzed particles was
examined using field emission scanning electron microscopy
(SEM, Model 1530, Leo, Germany). Finally, the particle size
distribution was determined by number counting over 500
particles from the SEM micrographs.

2.2. Spray pyrolysis system

A schematic diagram of the bench-scale spray pyrolysis
system is shown in Fig. 1. Major components of the system are:
(1) a three-zone furnace 130 cm in length (Linberg Model Blue
M), (2) a 3 in. tubular quartz reactor (7.6 cm in i.d. and 170 cm
in length) located in the furnace, (3) a conventional ultrasonic
nebulizer with a resonant frequency of 1.65 MHz (King
Ultrasonics Co., Ltd., Taipei, Taiwan) for generation of sprays
(precursor drops), and (4) precision flow meters and controllers
(MKS Model 1179, Andover, MA). As shown in this figure, the
upward airflow of 20 L/min first carries the atomized precursor
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Fig. 1. Schematic diagram of spray pyrolysis system of conventional ultrasonic nebulizer.



C.Y. Chen et al./Ceramics International 34 (2008) 409—416 411

drops into the T-adaptor where additional air at 11 L/min is
provided through a distributor to carry the drops into the three-
zone reactor. Thus, the total flow rate of the carrier air maintains
at 31 L/min. The consumed precursor solution is ~3 cm’/min.
Provided with a vacuum pump downstream from the reactor,
the carrier air controls the residence time of the precursor drops
flowing through the reactor. At the maximum reactor
temperature of 650 and 750 °C, the residence times of particles
in the hot zones (>550 °C) are 3.2 and 4.5 s, respectively.
Taking into account the expansion of the air at high
temperature, calculation of the Reynold’s number (790) led
to the verification of laminar flow condition. The resulting
product particles are collected in the cold traps and on the filter
positioned between the cold traps and the vacuum pump. The
temperature set point at zone 2 of the furnace is the maximum
reaction temperature and the temperatures of zones 1 and 3 are
set at 200 and 350 °C, respectively. The reaction temperatures
used in this study were 750 °C for ZrO, formation and 650 °C
for CeO, formation, respectively, since the effect of maximum
reaction temperature ranging between 650 and 750 °C was
found to have a negligible effect on particle size and
morphology [17].

2.3. Drop size analysis

The drop sizes and size distribution were measured using the
Malvern Spraytec RTS 5000. This instrument uses a solid-state
laser light at 670 nm wavelength to illuminate the drops and the
signal analysis is based on diffraction theory. The scattered
light is collected from the forward direction by log-scaled
annular detector lens that is composed of discrete elements.
Because large drops scatter light at small forward angles, and
small drops scatter light at large forward angles, the scattered
light intensities collected by the discrete annular elements of
the detector lens provide the information on drop sizes and drop
size distributions that are presented as frequency plots of
number percentage versus drop diameter. The instrument was
calibrated using a reticle, Malvern/INSITEC Model #RS-3 and
0.5 pm-diameter particles standard. Furthermore, NIST-Trace-
able Microspheres with diameter ranging from 20 to 900 nm
(3000 Series—Polymer Nanosphere™, Duke Scientific Corp.)
were also used. All the refractive indices reported by
manufacturer of the standards were set following the instruction
for the instrument. The densities of the precursor drops are
assumed to be 1 g/cm® due to the extremely dilute precursor
concentrations used. Using the assumed density, the volume
percentage of drop size distribution can be converted into
number percentage for the comparisons with the resulting
particle size distribution obtained by number counting in SEM
micrographic analysis.

3. Results and discussion
3.1. Characterization of precursors and products

The TGA weight losses of the precursors used in the present
study are shown in Fig. 2. Curve (a) shows that ZHA exhibits four

100 T — T
90 —
\ precursor
\
\
80 o (a) ZHA |
‘.‘ ' (b)- - -CeA
!
e : c)—-—- YAH
S 70 L (c) ]
o !
@ . | 480°C
o | \60% 600°C
£ 60 -k 57.6% 1
2 ? ~
(] ~ b
= 50 ! S L .
(C) \ 700°C 50%
¥ 43%
40 ~. s
N 35%
=3
30 — 77 .

T
0 200 400 600 800 1000 1200
Temperature (°C)

Fig. 2. Thermogravimetric analysis (TGA) curves of precursors (a) ZHA, (b)
CeA, and (c) YAH.

different weight loss mechanisms in the temperature ranges of
50-150 °C, 150-300 °C, 300-400 °C, and 400-600 °C, respec-
tively. Based on the molecular weights of ZHA and its
decomposition products, the weight losses during the tempera-
ture ranges of 50—150 °C and 400-600 °C can be attributed to
water evaporation and conversion into ZrO,, respectively. The
middle weight loss mechanism may be attributed to conversion of
ZHA to zirconium hydroxide. Likewise, curve (b) in Fig. 2 shows
that CeA experiences three major weight loss mechanisms in the
temperature ranges of 200-300 °C, 350-500 °C, and 500-
700 °C. The first and the last loss mechanisms are attributable to
dehydration and conversion into CeO,, respectively. The loss
mechanism for the temperature range of 350-500 °C is attributed
to decomposition of CeA to acetic acid and cerium hydroxide.
Furthermore, the XRD data shown in the inset of Fig. 3 for the
precipitates from the hydrolysis of CeA at 80 °C serve to confirm
formation of cerium hydroxide. The weight loss of YAH during
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Fig. 3. The XRD patterns of particles obtained from spray pyrolyzed (a) ZHA/
YAH and (b) CeA precursors. The insert shows the XRD patterns of as-received
CeA and the precipitates from the hydrolysis of CeA at 80 °C.
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Fig. 4. The size distributions of precursor drops produced by nebulizer at
1.65 MHz.

the temperature range of 50-200 °C is attributed to the water
evaporation and/or dehydration. The weight loss mechanisms are
believed to result from conversion of yttrium acetate first to its
hydroxide in the temperature range of 300-500 °C and
subsequently from hydroxide to oxide in the temperature range
of 500-750 °C.

The XRD patterns of the particles obtained from spray
pyrolysis of ZHA/YAH at 750 °C and CeA at 650 °C are shown
in Fig. 3, curves (a and b), respectively. Comparisons of these
patterns to the standards [18,19] lead to identification of the
particles obtained from ZHA/YAH precursor as YSZ and those
obtained from CeA precursor as CeO,. The dominant YSZ
phase produced in this study is tetragonal structure with a small
amount of monoclinic phase [20].

3.2. Comparison of particle morphologies

Fig. 4 shows the size distributions of precursor drops
generated by an ultrasonic nebulizer at 1.65 MHz. It reveals

Fig. 5. SEM micrographs of YSZ particles reacted from precursor concentration of (a) 1 wt%, (b) 0.1 wt%, and (c) 0.01 wt% at reaction temperature of 750 °C. The
ZHA/YAH precursor drops are produced by a nebulizer at 1.65 MHz. The small particles in (a and b) are indicated by arrows.
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that the drop size distributions of both precursor solutions are
almost the same as that of deionized water because the
concentrations of precursors are only 1.0 wt% or lower. The
drop diameters range from 4 to 8 wm with a peak diameter of
6 pm.

In earlier studies of spray pyrolysis with uniform-size drops
[17,21], the product particle sizes were found to vary
significantly with precursor concentrations. Therefore, three
precursor concentrations (1.0, 0.1, and 0.01 wt%) were used in
this study. Fig. 5 shows the SEM micrographs of the YSZ
particles produced at reaction temperature of 750 °C while
Fig. 6 shows those of the CeO, particles obtained at reaction
temperature of 650 °C. For the precursor concentration ranging
from 1.0 to 0.1 wt%, the YSZ particles in Fig. 5(a and b) are
spherical, unagglomerated, and have smooth surfaces. In
contrast, the larger CeO, particles in Fig. 6(a and b) for the
same precursor concentration range are bowl-like with uneven
surfaces. Even at precursor concentrations as low as 0.01 wt%,
the majority of the larger CeO, particles are still uneven on
surface as shown in Fig. 6(c). Note that the YSZ particles

obtained at such a low precursor concentration are spherical and
smooth on surface as shown in Fig. 5(c). The difference in
particle morphology can be attributed to the drastic difference
in precursor solubility.

The solubility of CeA precursor was found to be ~260 g/L at
room temperature. In fact, when heated to 80 °C, an initially
clear solution of CeA hydrolyzed and formed precipitates that
were identified as cerium hydroxide by XRD as mentioned
previously. Thus, the relative solution saturations at precursor
concentrations of 1.0 and 0.1 wt% are greater than the critical
value of 0.01 [14]. Therefore, the solute precipitates and a solid
shell forms on the surface of the drop. When the solute CeA
undergoes the low temperature hydrolysis, a large amount of
water still exists within each drop. With increasing temperature,
water vaporizes through the permeable shell of precipitated
acetate or hydroxide to form hollow particles. Subsequently,
plastic deformation occurs and the particles shrink and shrivel
during the cooling process, resulting in uneven surfaces as
shown in Fig. 6(a and b). This phenomenon was less severe in
the particles generated from a precursor concentration as low as

Fig. 6. SEM micrographs of CeO, particles reacted from precursor concentration of (a) 1 wt%, (b) 0.1 wt%, and (c) 0.01 wt% at reaction temperature of 650 °C. The

CeA precursor drops are produced by a nebulizer at 1.65 MHz.
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0.01 wt%. The relative solution saturation at such a dilute
concentration is lower than the critical value of 0.01. As shown
in Fig. 6(c), a large portion of the particles, particularly those
smaller than 95 nm in diameter, are spherical and smooth on
surface.

In contrast, the hydrolysis temperature of ZHA is much
higher than the evaporation temperature of water, and the
solubility of ZHA at room temperature is one order of
magnitude higher (~8000 g/L versus ~260 g/L) than that of
CeA. The relative solution saturations for ZHA concentrations
of 1.0, 0.1 and 0.01 wt% are 5.2 x 1072, 5.1 x 107*, and
5.1 x 107>, respectively. They are significantly lower than
0.01. Consistent with the conclusions by Zhang et al. [14],
volume precipitation of ZHA took place as the precursor
concentration reached its saturated solubility, resulting in the
ZrO, particles spherical in shape and smooth on surface at all
studied precursor concentrations ranging from 1.0 to 0.01 wt%
as shown in Fig. 5(a—c).

3.3. Comparison of particle size distributions

In the one-particle-per-drop mechanism of spray pyrolysis,
each droplet is regarded as a micro reactor. It converts into solid
particle when traveling through the three-zone tubular reactor.
First, the diameter of the precursor drop decreases as the water
solvent evaporates, resulting in an increase in precursor
concentration. After the precursor drop is completely dehy-
drated, the precursor solute precipitates and conversion into
oxide takes place without phase transformation, resulting in a
dense spherical solid particle. Based on conservation of oxide
mass, namely ZrO, in a particle = ZrO, in a drop, we derived
the following equation for calculation of the particle diameter
(dp) from the precursor drop diameter (d) [1,14,17]:

3 [PsW

d,=d-
P IOp

6]

where w is the precursor concentration in terms of weight
fraction of oxide. For example, the concentration of 1 wt%
ZHA converts into ZrO, with a weight loss of 43 wt%,
w=0.01 x (1-0.43), ps and p, are the densities of the pre-
cursor solution (1 g/cm’) and the resulting oxide (6 g/lcm® for
Zr0,, 7.65 g/lem® for CeO,), respectively. It should be noted
that this simple equation gives rise to same particle diameters as
the more complex equation for the one-particle-per-drop
mechanism, which takes into account the relative solution
saturation [14]. Based on Eq. (1), the particle diameters for
the precursor drop diameters ranging from 4 to 8§ wm and
precursor concentrations of 1.0, 0.1, and 0.01 wt% were cal-
culated. The results are listed in Table 1. This table shows that
in spite of same precursor drop diameter, the product CeO,
particles are significantly smaller than the product YSZ parti-
cles due to the greater density of the former.

The predicted particle diameters are also shown in Fig. 7:
solid curve for precursor ZHA/YAH and dotted curve for
precursor CeA. Note that the peak drop diameter of 6 pm. is
identical to the mean drop diameter because of the symmetrical

Table 1
The particle size predicted by the one-particle-per-drop mechanism

Precursor drop ZHA/YAH concentration CeA concentration

size (m) (Wt%) (Wt%)
1.0 0.1 0.01 1.0 0.1 0.01
Predicted product particle size (nm)
4 393 182 84 347 161 74
5 492 228 105 434 201 93
6 (peak) 590 274 127 520 242 112
7 688 319 148 607 282 131
8 786 365 169 694 322 150
Measured mean 354 162 84 351 185 94

particle size

The precursor solution concentrations involved are 1.0, 0.1 and 0.01 wt%,
respectively. The measured mean sizes are also listed.

drop size distributions as shown in Fig. 4. Both the
experimental data (open circles and open squares) and the
theoretical curves in Fig. 7 show decreased particle diameter
with decreasing precursor concentration. However, the experi-
mentally measured particle diameters are clearly smaller than
the particle diameters predicted by the Eq. (1) one-particle-per
drop mechanism.

The particle diameters measured by SEM micrographic
analysis represent over-estimated particle diameters for bowl-
like CeO, particles that are uneven on surface because they
are assumed to be spherical in our estimation. More than 500
particles were thus counted to obtain the mean CeO, particle
diameters represented by the open squares in Fig. 7.
Nevertheless, these mean particle diameters are significantly
smaller than the predicted values for 6 pm mean drop
diameter. This may indicate that vaporization of precursor
CeA during heating takes place to a significant degree and
some CeO, particles are formed via the gas-to-particle
conversion mechanism rather than the one-particle-per-drop
mechanism. The evaporation of the CeA leads to smaller
oxide particles. Moreover, the oxide vapor, after being formed
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Fig. 7. Mean particle size diameter of resulting particles as a function of
precursor concentration. The drop size (6 wm) enclosed in small box is the peak
drop diameter. The theoretically predicted particle sizes from various drop
diameters are also shown as a function of precursor concentration.
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Fig. 8. Size distributions of YSZ particles obtained from ZHA/YAH precursor
concentrations of (a) 1 wt%, (b) 0.1 wt%, and (c) 0.01 wt% at reaction
temperature of 750 °C. Particle diameters next to dotted arrows are calculated
by Eq. (1) for drop diameter of 6 pwm.

by chemical reaction of the precursor in the gas phase, may
nucleate to form new small particles.

Curves (a—c) in Fig. 8 depict the YSZ particle size
distributions obtained from spray pyrolysis of ZHA/YAH at
750 °C and respective precursor concentrations of 1.0, 0.1, and
0.01 wt%. Curves (a and b) clearly show bimodal distributions.
The larger peak particle diameters (393 and 182 nm) are
significantly smaller than those (590 and 274 nm) predicted for
the peak (or mean) drop diameter of 6 pm. The corresponding
smaller peak diameters (130 and 80 nm) are also found to be
considerably smaller.

Fig. 9 shows the CeO, particle size distributions obtained
from CeA precursor concentrations of (a) 1.0 wt%, (b)
0.1 wt%, and (c) 0.01 wt% after being pyrolyzed at 650 °C.
Like the YSZ particles, curve (a) shows a broad particle size
distribution with two peaks at 340 and 100 nm. The larger peak
particle diameter (340 nm) of the CeO, particles is close to that

35 T T T T T T T T T T T
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Fig. 9. Size distributions of CeO, particles obtained from CeA precursor
concentrations of (a) 1 wt%, (b) 0.1 wt%, and (c) 0.01 wt% at reaction
temperature of 650 °C. Particle diameters next to dotted arrows are calculated
by Eq. (1) for drop diameter of 6 pwm.

predicted by the one-particle-per-drop mechanism for the
smaller drops (4 wm in diameter) at 1.0 wt% precursor
concentration, but significantly smaller than that (520 nm)
predicted for the 6 um mean drop diameter. In contrast, curves
(b and c) show single peak diameters at 175 and 95 nm for
precursor concentrations of 0.1 and 0.01 wt%, respectively.
These peak diameters are larger than the corresponding CeO,
particle diameters (161 and 74 nm) for 4 wm drop diameter, but
smaller than those (242 and 112 nm) for the peak drop diameter
of 6 wm predicted by the one-particle-per-drop mechanism (see
Table 1). The cumulative number percentages of particles
smaller than those predicted for 4 um drop diameter at
precursor concentrations of 1.0, 0.1, and 0.01 wt% are
approximately 66, 62, and 53% for YSZ particles, respectively.
The corresponding cumulative number percentages for CeO,
particles are 65, 59, and 30%.

The bimodal particle size distributions observed can be
attributed to two different mechanisms: one-particle-per-drop
mechanism for the larger peak diameter particles and gas-to-
particle conversion mechanism for the smaller peak diameter
particles. The gas-to-particle conversion occurs when the
precursor is volatile, resulting in the formation of new particles
from the vaporized precursor species [12]. As a result, ultra fine
particles can be found in the micrographs of Fig. 5(a and b) and
Fig. 6(a). Fig. 8 also shows that the difference between the
larger and the smaller peak particle diameters decreases as the
precursor concentration is reduced from 1.0 to 0.1 wt%. A
further decrease in precursor concentration to 0.01 wt% results
in a very narrow particle size distribution with a single peak at
84 nm as shown in Fig. 8 curve (c) for YSZ particles. Likewise,
a narrow size distribution with a single peak at 95 nm is seen in
Fig. 9 curve (c) for CeO, particles.

4. Conclusion

The solubility of precursors in spray pyrolysis is shown to
significantly influence the morphology of the product particles.
The large solubility of ZHA/YAH renders the product YSZ
particles being spherical, unagglomerated, and smooth on
surfaces. In contrast, the low solubility of CeA results in CeO,
particles being bowl-like in shape with uneven surfaces. By
precise measurement of the precursor drop size, we show that
the gas-to-particle conversion mechanism is also involved in
spray pyrolysis, and thus resulting in particle sizes much
smaller than those predicted by the one-particle-per-drop
mechanism alone.
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