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Abstract

We have constructed a spray-dryer to synthesize doped ceria nanoparticles. The system was
employed to synthesize mixed oxide nanoparticles of praseodymium doped CeO, (Ceg 97Prp.0302,
Ceo.90Pro.1002, and CeggoPro2002). X-ray diffraction confirmed the fluorite-like cubic crystal
structure of the synthesized materials after heat treatment at 700 °C for 2 h. As-dried CeO;
samples were found to have an average particle size of (6.0 = 0.2) nm which increased to (17.0 +
0.4) nm after heat treatment with an improvement in crystallinity. The particle size increased
steadily with Pr content. The lattice parameter of Pr doped CeO, was found to increase or
decrease with Pr content depending on the heat treatment process.
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1. Introduction

Rare-earth doped cerium oxides have recently become a potential alternative to the ‘high
temperature’ zirconia based ceramics for solid oxide fuel cells (SOFCs) [1-3]. The attractive
feature of these materials is their ability to show similar performance (higher ionic and electronic
conductivities) at lower temperatures thereby improving overall energy efficiency, thermal
stability and easy adaptation to cheaper counterparts in an SOFC [4-6]. Various methods have
been reported to synthesize high surface area (HSA) nanoparticles of these materials including
flame synthesis [7,8], sol-gel processing [9], homogenous precipitation [10] hydrothermal
synthesis [11,12], mechanochemical synthesis [13], microwave assisted [14], and sonochemical

synthesis [15]. The use of a ‘spray route’ which includes spray pyrolysis, spray drying and spray
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freeze drying for nanosized particles has also been reported [16-21]. Nanopowders of mixed-
oxide ceramics with homogenous chemical composition and high surface area have been
successfully prepared by spray drying method [22-23]. Rare-earth doped ceria particles with
micron sized particles have also been prepared recently using a commercially available spray
drying system [24].

Spray drying is a relatively simple technique which is based on the atomization of an aqueous
solution of the precursor and rapid evaporation of the solvent in a concurrent flow of hot air.
Many techniques can be employed to produce a fine mist of droplets like ultrasonic nebulizer,
electro-spray, spray nozzle, etc. Since the starting precursor is an aqueous mixture of the
elemental salts, a homogeneous distribution of the mixed elements is expected with sufficiently
rapid drying as compared to solid state mixing. Ideally one product particle (nanoparticle
aggregate) should be generated from one droplet of the solution being atomized. This means that
the final product particle size is dependent on the concentration and effective atomization of the

starting precursor solution.

In this work, we report a simple laboratory scale spray dryer to synthesize Pr doped cerium
oxide nanoparticles using an air brush for atomization. The spray dryer was custom built and
provides an inexpensive alternative to commercially available spray dryers. The system can be
used to synthesize a wide variety of pure as well as chemically homogeneous mixed oxide

nanopowders compared to micron sized powders obtained using commercial spray dryers.
2. Experimental

Figuresl (a) and (b) respectively show a photograph and a schematic diagram of the spray drying
system. Atomization of the liquid feed is achieved using a paint spray air brush with a 0.2 mm
spray nozzle connected to the drying chamber as shown in Fig. 1(a). The liquid feed is
introduced through the feed cup of the air-brush and is atomized by forcing compressed air
through the nozzle resulting in a fine mist of droplets. The rate of atomization can be controlled
by balancing the liquid feed rate to the airbrush and the flow of compressed air through its
nozzle. The flow rate of the liquid feed was optimized to 0.7 cm*/min making sure no excess

liquid collects in the drying chamber and the solid product is formed almost instantaneously.



Drying was achieved using hot air generated by regulating air-heaters with built-in
thermocouples and capable of reaching a maximum temperature of 760 °C. The air heaters are
connected to the drying chamber via metal-to-glass connectors as seen at the right in Fig. 1(a).
The temperature of the hot air can be controlled by varying the amount of current flowing

through the heating element of the air-heater and/or air flow rate regulated by air-flow valve.

The drying chamber consists of an 8-inch diameter spherical shell made of glass. For our
experiments, a maximum temperature of 350 °C inside the drying chamber was obtained using
an air flow rate of 5.0 x 10* cm*/min. This temperature is well below the softening temperature
of glass vessel used (500 °C) and is sufficient for evaporation of water. The chamber also has
multiple inlets so that the positions of the air-brush and hot air guns can be varied for optimum
results. A suitable configuration of the air brush and the hot air guns can be obtained by
analyzing the spray pattern and the properties of the as-dried product. The chamber is connected
with a collector tube at the bottom marked as ‘nanoparticle collection 1’ in figure 1(b) to collect
bigger agglomerates of the dried nanoparticles. Small sized agglomerates of the nanoparticles are
carried away with the flowing air stream to the cyclone separator which is connected to the
drying chamber via a swage-lock fitting. These smaller aggregates get separated from the air
stream and are collected in another collector tube, marked as ‘nanoparticle collection 2’ in figure
1(b). The production rate of the solid phase is proportional to the flow rate of the liquid reactants

and was found to be 0.015 g/min for pure ceria.

For our synthesis we prepared the starting precursor solutions by dissolving Ce(NO3)3.6H,0
(cerium (I11) nitrate hexahydrate; Alfa Aesar, 99.999%)*, and Pr(NOs)3.6H,O (praseodymium
(1) nitrate hexahydrate; Alfa Aesar, 99.99%)* in de-ionized water. A 0.05 M solution was
prepared by mixing these solutions in appropriate ratios to result in CeO,, Ceg7Pro.0302,
Ceo.90Pro.1002, and Ceg goPro 2002 nanoparticles after heat treatment. The mixed aqueous solutions
were stirred for 30 min using a magnetic stirrer for homogenization. These solutions were then
used as a liquid feed for the spray dryer. The spray dried powder was recovered by rinsing the
glass chamber and the collector tubes with ethanol and drying in an oven overnight. Table 1 lists
the types of heat treatments that were given to the samples. The spray drying process was

designated as heat treatment ‘A’. After the heat treatment A, the powder was subjected to heat



treatment ‘B’ in which it was heated to 700 °C for 2 h in air. For a comparison of the change in
lattice parameter with the heat treatment process, the powder sample was also subjected to

another heat treatment in which it was heated to 1000 °C for 10 h in air (heat treatment ‘C’).

The crystal structure of these samples was determined by x-ray diffraction using a Rigaku
D/Max-11B* diffractometer using Cu Ka radiation (A = 1.5406 A). Samples were loaded onto a
zero background quartz plate and data collected over 20 range of 20° to 100° and a step size of
0.02°. Lattice parameters were calculated using a least squares fitting procedure in JADE 9.0*.
Particle size, nanoscale structure, crystallinity and chemical homogeneity were determined using
a Tecnai F20* Transmission Electron Microscope (TEM) operated at 200 kV. Samples for the
TEM investigation were prepared by dispersing the nanopowder in ethanol using an
ultrasonicator to produce a dilute suspension. A standard holey carbon grid (carbon film
supported on Cu grid) was immersed in the suspension and dried to produce the TEM sample.
The particle size distribution was measured for a total of 300 particles using TEM image
analysis. The chemical homogeneity of the synthesized nanoparticles was investigated by
measuring the local concentration of Pr in the individual nanoparticles of Pr doped CeO, samples
using electron energy loss spectroscopy (EELS). Energy loss spectroscopy was performed using
a Gatan Imaging Filter (GIF)*.

3. Results and Discussion

The nanoparticles synthesized using the spray dryer were found to form agglomerates or clusters.
These agglomerates are the result of multiple crystal nucleation sites in the super saturated salt
solution formed as the droplet dries. As mentioned earlier, the size of this primary agglomerate
depends on the concentration of the starting solution and the size of the atomized droplet.
Additional aggregation between agglomerates may occur due to electrostatic interaction arising

from charge on the primary liquid droplets leaving the spray nozzle.

Figures 2(a) and (b) show the TEM images of pure ceria nanopowders subjected to heat

"Disclaimer: The full description of the procedures used in this paper requires the identification of certain
commercial products and their suppliers. The inclusion of such information should in no way be construed as
indicating that such products or suppliers are endorsed by NIST or are recommended by NIST or that they are
necessarily the best materials, instruments, software or suppliers for the purposes described.
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treatment A and heat treatment B respectively. The high resolution image in figure 2(a) shows
amorphous regions indicating that the product obtained after spray drying was not fully
crystallized. After subjecting the powder to heat treatment B, a considerable improvement in
crystallinity was observed with no amorphous regions (figure 2(b)). The heat treatment step was
necessary not only to improve crystallinity but also to fully decompose the nitrate precursors and
to remove any residual moisture in the nanopowders after heat treatment A. The decomposition
temperatures of cerium nitrate hexahydrate and praseodymium nitrate hexahydrate are 280 °C
[25] and 465 °C [26] respectively. Also, since the maximum drying temperature in the spray
dryer was kept at 350 °C to avoid degradation of its glass construction, heat treatment B was

essential to complete precursor decomposition to oxide.

The average particle size of pure ceria nanopowder subjected to heat treatment A was found to
be 6.0 nm £ 0.2 nm (with a standard deviation of 2 nm) which increased to 17.0 nm + 0.4 nm
(with a standard deviation of 6 nm) after heat treatment B. Figures 3(a) to 3(d) show the TEM
images of CeO, and Pr-doped CeO, nanopowders after heat treatment B. Particle size analysis
done using TEM images has been shown in figures 4(a) to 4(d). Mean particle size for
Ceo.97Pro.0302 and CeggoPro.100, samples was found to be 22.0 nm + 0.4 nm (with a standard
deviation of 7 nm) and 22.0 nm + 0.4 nm (with a standard deviation of 7 nm) respectively.
However, the mean particle size for CepgoPro200, sample was found to be slightly larger, 33.0

nm £ 0.5 nm (with a standard deviation of 9 nm).

The Pr concentration in individual nanoparticles was measured using an EELS procedure which
will be reported in detail elsewhere [27]. The coefficient of variation (CV), i.e. the ratio of
standard deviation to the mean was used as a measure of ‘chemical heterogeneity’. Figures 5 (a)
and 5(b) show the local concentration of Pr in individual nanoparticles of Ceg¢7Pro.030; after heat
treatment A and heat treatment B respectively. The mean Pr concentration after heat treatment A
was found to be 0.031 with a standard deviation of 0.012 and coefficient of variation equal to
39%. After subjecting the nanoparticles to heat treatment B, the mean Pr concentration was
found to be 0.032 with a standard deviation of 0.007. The coefficient of variation in this case was
found to be 20%. This shows that the sample became more homogenous after the heat treatment
B. Figures 5(c) and 5(d) show the local concentration of Pr in the individual nanoparticles of
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Ceo.90Pr0.1002 and Ceq goPro 200, after heat treatment B. The mean Pr concentration in the former
was found to be 0.093 with a standard deviation of 0.011 and a coefficient of variation equal to
11%. In the latter case, the mean Pr concentration was found to be 0.200 with a standard
deviation of 0.058 and a coefficient of variation equal to 29%. The Ceg.9Pro.100, sample having
the lowest coefficient of variation was hence the least heterogeneous and the CeggoPro200:

sample with the highest coefficient of variation the most.

X-ray diffraction patterns obtained for CeO, and Pr-doped CeO;, nanoparticles after heat-
treatment B are as shown in Fig. 6. A fluorite-like cubic crystal structure was obtained for both
pure CeO, and Pr doped CeO, compositions, in accordance with the X-ray powder diffraction
file (JCPDS 34-394). The inset in figure 5 shows a peak shift to lower 2-theta angles observed
for (331) and (420) Bragg reflections in the Pr-doped CeO, samples in comparison with pure
Ce0,. The peak shift indicates the incorporation of the Pr dopant into the host CeO, lattice along
with a change in lattice parameter. The observed value of lattice parameter of spray dried and
calcined pure CeO;, was found to be 0.5409 nm. This value is slightly smaller than the value
reported in literature of 0.541134 nm [JCPDS 34-394]. Fig. 7(a) shows the change in lattice
parameter of Pr doped CeO, with increasing Pr concentration for samples subjected to heat
treatment B. It was found that the lattice parameter increased with Pr concentration in CeO,
where it seemed to follow a Vegard’s type behavior up to Pr concentration of 0.10. The
Ceo.50Pro2002 composition however seemed to deviate from this linearity, possibly due to being
relatively more heterogeneous. The increase in lattice parameter with Pr content is an indication
that most of the Pr ions were present in 3+ oxidation state (ionic radii of eight-fold coordinated
Pr¥*is 0.1126 nm as compared to 0.097 nm for Ce** [28]. The observed trend in lattice parameter
change with composition is in agreement with that reported by Shuk et al. [29], Sadykov et al.
[34], and Borchert et al. [35], where the samples subjected to low temperature heat treatment
were found to obey Vegard’s law owing to the presence of the larger Pr** ions. However, an
opposite trend was observed by Nauer et al. [30] and Takasu et al. [31], where lattice parameter
was found to decrease with increasing amount of doping. The discrepancy can be explained

based on the fact that the valence state of Pr can vary according to the type of heat treatment



given to the sample [32-33]. The findings of Takasu et al. were based on the samples sintered in

air at 1400 °C and the decrease in lattice parameter was associated with the presence of Pr** ions.

The value of lattice parameter of pure CeO, subjected to heat treatment B was found to be 0.04%
smaller than the accepted value in literature. However, the lattice parameter of CeO, sample
subjected to heat treatment C was found to be 0.5411 nm which is in close agreement to the
value reported in the literature. Figure 7(b) shows the change in lattice parameter of CeO, with
Pr after heat treatment C. A decrease in the lattice parameter with increasing Pr content was
observed and agrees qualitatively with the findings of Nauer et al. and Takasu et al. This
decrease is attributed to the oxidation of Pr** ions to Pr** at 1000 °C in air (ionic radii of Pr*" ion
being 0.096 nm which is slightly smaller than Ce** ions (0.097 nm)). The nonlinearity can be
explained on the basis of residual amounts of Pr®* ions present at room temperature after

sintering which affects the lattice parameter of CeO, to different levels with Pr content.
4. Conclusion

Mixed oxide nanoparticles of Pr doped ceria were successfully synthesized using a simple
custom built spray dryer. A fluorite type cubic crystal structure was obtained after heat treatment
as evidenced by X-ray diffraction. TEM analysis showed that the crystallinity and nanoscale
compositional heterogeneity improved considerably after heat treatment. The EELS analysis
showed that the compositional heterogeneity was in the range of 10% to 30% based on the
coefficient of variation. The lattice parameter of the Pr doped CeO; subjected to low temperature
heat treatment was found to increase with Pr content owing to the presence of Pr** ions.
However, after high temperature heat treatment, the lattice parameter was found to decrease non-
linearly with Pr content and was attributed to the oxidation of Pr** to Pr** ions which are smaller
in size. This spray dryer can be used to synthesize a wide variety of pure as well as doped

nanomaterials.
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Figure Captions

Figl. (a) Photograph of the spray dryer for nanoparticle synthesis, and (b) schematic
representation of the spray drying system.

Fig2. High resolution TEM micrographs of CeO, obtained after (a) heat treatment A, and (b)
heat treatment B.

Fig3. TEM micrographs of (a) CeO,, (b) Ceog7Pro.0302, (€) Cep.90Pro.1002 and (d) Ceo.goPro.2002
nanoparticles after heat treatment B.

Fig4. Particle size distributions for (a) CeO,, (b) Ceo.97ProosO2, (C) CeogoPro1002, and (d)
Ceo.50Pro2002 nanoparticles after heat treatment B.

Fig5. Compositions of individual nanoparticles of (a) Cegg7Pro030- after heat treatment A, (b)
same composition after heat treatment B, (¢) and (d) CeggoPro1002, and CepgoPro200;
respectively, after heat treatment B.

Fig6. X-ray diffraction patterns for Pr-doped CeO, after heat treatment B. Inset: Observed peak
shift for (331) and (420) reflection.

Fig7. Change in lattice parameter of CeO, with Pr concentration after (a) heat treatment B, and
(b) after heat treatment C.
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FIG 4A
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FIG 5A
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FIG 5B
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FIG 5D
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FIG 7B
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