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Abstract

Cerium oxide with spheric, flowerlike and needle-like shapes has been synthesized by a simple microwave assisted method using
diethylene glycole in mild conditions. The effect of reaction temperature on the crystal structure and morphology were thoroughly
discussed. The structural evolutions and morphological characteristics of the nanostructures were investigated using X-ray
diffractometery, scanning and transmission electron microscopy, Fourier transform infrared spectroscopy, TGA/DSC and BET
analysis. By changing experimental conditions pure CeO, fluoritic phase or cerium formate with complex morphology were formed.
High porosity CeO, nanostructures, retaining the end-reaction morphology, were readily obtained by calcination of cerium precursor.
This simple and economic soft chemical method leads to nanostructured—micrometric aggregates of cerium oxide with high specific
surface area suitable for catalytic applications.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Cerium oxide is a rare earth oxide that has attracted a great
interest due to some unique properties, such as oxygen storage
capacity and conductivity, high UV absorption and hardness
and stability at high temperatures [1]. As a consequence, CeO,
has been widely used for catalysis [2—4], fuel cells [5] and
sensors [6].

The physical/chemical properties of cerium oxides are
strongly dependent on their microstructures, including
size, morphology, and specific surface area [7]; therefore,
the preparation of nanocrystalline ceria has been drawing
much attention by the material scientists and chemists.

A variety of chemical techniques have been utilized to
prepare ceria nanomaterials, including hydrothermal [8-10],
microemulsion [11-13], precipitation [14,15], sol-gel [16-18],
and solvothermal synthesis [19-21].

The polyol-mediated technique, is a simple chemical
synthesis that directly precipitates highly pure mixed oxides
[22], and a variety of other materials, including sulfides and
phosphates [23] in a high-boiling alcohol. In this procedure,
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“polyol” stands as a general term for polyalcohols with high
boiling temperature and ability to solve inorganic salts.
The polyol method is generally applied for the preparation
of metal particles mainly for its mild reducing properties.
However polyalcohols can also be exploited for their chelating
effect that avoids the particles agglomeration during synthesis.
In the case of oxides, the polyol method can then be
considered as a precipitation process carried out at elevated
temperatures with an accurate control of particle growth [24].
Due to its high dipole moment, the polyol can also serve as an
excellent solvent for microwave heating; microwave-polyol
method is in fact a promising method for rapid preparation of
nanomaterials [25]. Compared to the conventional one,
microwave dielectric heating has some unique advantages
for the synthesis of nanostructured materials, such as the
rapid volumetric heating which causes a fast homogeneous
nucleation that in some cases leads to the formation of novel
nanostructures [206].

In this study, the synthesis parameters were carefully
tailored in order to control the reaction mechanism and the
final powder morphology. Cerium oxide powders of different
morphology were successfully prepared by microwave irradia-
tion under mild conditions. The effect of reaction temperature
and used solvent on the crystal structure and morphology
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were discussed. A combination of high surface area and rods-
like morphology was found to favor the efficiency of ceria
catalysts for the total oxidation of toluene.

2. Experimental

Cerium nitrate hexahydrate (Ce(NOs);-6H,0, 99.5%,
Aldrich) was used as starting material. The cerium nitrate
was dispersed in diethylene glycol (DEG) to have a final
cerium concentration of 0.1 M. The solution was heated under
reflux in a commercial microwave oven designed for chemical
synthesis (MicroSYNTH Plus, Milestone) at the final tem-
perature for 2 h. To improve the hydrolysis of the cerium salt,
a water excess ([Ce’ " ]:[H,O]=1:10) was added to the DEG
solution at 140 °C. The precipitated powders were separated
by centrifugation, washed in ethanol and characterized by
X-ray diffraction. XRD measurements were carried out at
room temperature with a Bragg/Brentano diffractometer
(X’PertPro PANalytical) equipped with a fast X’Celerator
detector, using Cu anode as X-ray source (Ka, /=1.5418 A).
Thermogravimetry (TG) and Differential Scanning Calorime-
try (DSC) were carried out in air flux at a heating rate of
10 °C/min using a simultaneous thermal analyzer (STA 449,
Netzsch, Selb/Bavaria). Infrared spectra were recorded in the
range from 400 to 4000 cm ™', using a Fourier transform
infrared spectrometer (FTIR) (Perkin-Elmer 1700). The pow-
der morphology was investigated by scanning electron micro-
scopy (SEM, Leica Cambridge Stereoscan 360) and
transmission electron microscope (TEM, Philips CM 100).
The specific surface area of the calcined powders was
measured by the BET method (Sorpty 1750, Carlo Erba).
Catalytic experiments were carried out in a fixed bed glass
reactor at atmospheric pressure. A K-type thermocouple was
placed into the catalyst bed to monitor the reaction tempera-
ture. Each run used approximately 350 mg of catalyst in the
form of 30-60 mesh (250-595 pm) particles, mixed with
1120 mg of corundum grains of similar size for better
temperature control. The total volumetric flow through the
catalyst bed was held constant at 140 mImin~", 10 vol%
oxygen, 90 vol% nitrogen and 1400 ppm of toluene. Analyses
of reactants and products were carried out as follows: the
products in the outlet stream were scrubbed in cold acetone
maintained at —25 °C by a F32 Julabo Thermostat. Analysis
of reactants and products were carried out with a GC Clarus
500 (Perkin-Elmer) equipped with a Elite FFAP column
(30m x 0.32mm) and a FID. CO and CO, formed were
separated on a capillary column Elite Plot Q (30 m x 0.32
mm), attached to a methanizer and analyzed with a flame
ionization detector (FID). Particular care was devoted to the
determination of the C balance, which was found to always
fall between 95% and 105% (calculated as the comparison
between converted toluene and the sum of the product yields).

3. Results and discussion

Nanocrystalline ceria particles were produced by one-step
microwave-assisted synthesis from a diethylene glycol solution

of cerium nitrate adjusting the synthesis conditions. In parti-
cular, the effect of the temperature on the formation of the
fluoritic phase was carefully studied synthesizing powders at
four different temperatures between 140 and 180 °C.

The diffractograms of the as-prepared powders (Fig. 1)
show a drastic effect of the reaction temperature on the
nature and number of the phases formed. In particular, a
mix of phases (CeO,/Ce(COOH)3) is produced for tem-
peratures higher than 160 °C, while nanocrystalline pure
cerium oxide is obtained at 140 °C.

This behavior is probably due to a series of complex redox
equilibria involving cerium, nitrates and glycol as indicated
in Fig. 2.

Below 160 °C, in fact, the oxidant power of the nitrates
promotes the oxidation of Ce (III) of the precursor salt; at
this stage, the H,O added reacts with Ce (IV) causing the
nucleation of CeQ,. For temperatures between 140 and
160 °C, the Ce (III) is completely oxidized to CeO, by the
nitric part of the precursor. This was confirmed by the
evolution of red-brown gases from the reaction vessel.
At T > 160 °C the NO;3 species still present induce the glycol
oxidation leading to the formation of carboxylic acids and
finally formic acid (Fig. 3) as already reported by Shen and
Ruest [27] and Ho et al. [28]. Temperatures above 160 °C
triggers the DEG reduction capability [29,30]; assuming that
all the nitrates are eliminated as NO,, the glycol starts to
reduce the Ce (IV) back to Ce (III). Finally, the latter is
complexed by the formic acid, by-product of the DEG
oxidation, leading to a mix of phases (CeO,/Ce(COOH);).

This hypothesis was supported by FTIR results obtained on
samples synthesized at different temperatures (Fig. 4). Besides
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Fig. 1. Influence of the synthesis temperatures on XRD patterns of the as
prepared ceria samples. 0=CeO, (JCPDF 34-384), and @ =Ce(COOH);
(JCPDF 49-1245).
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Fig. 2. Scheme of the hypothetical cerium redox behavior during the
synthesis at different temperatures.
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Fig. 4. Influence of the synthesis temperatures on FTIR spectra of the as
prepared ceria samples.

the characteristic peaks related to the DEG adsorption, the
spectra of the as-synthesized powders show peaks related to
the DEG decomposition by-products. In particular for the
samples synthesized at higher temperatures, a band related to
the O—C=0 bending that could be associated to the formate
species can be identified at 780 cm™'. Moreover, the band
observed at 500-400 cm~' and related to the metal-oxygen
bond, is more intense for the sample synthesized at lower
temperatures indicating a higher amount of ceria formed.
Fig. 5(a) and (b) show respectively TG and DSC analyses
carried out in air flux for the as-prepared powders synthesized
at different temperatures. The lowest weight loss (15%) is
detected for the sample synthesized at 140 °C while the highest
one (25%) is related to the powder obtained at 180 °C.
Moreover, the loss of weight observed for materials synthe-
sized at 170 °C and 180 °C was shifted to higher temperatures,
indicating the presence of different compounds in these two
samples in respect of the others obtained at lower tempera-
tures. On the basis of XRD results the observed weight losses
can be assigned either to the decomposition of DEG (or its
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Fig. 5. Synthesis temperature effect on the thermal evolution of the
as-synthesized powders: (a) TG curves, and (b) DSC curves.

derivates) adsorbed onto the powders surface and/or to the
formate combustion. The thermal profiles showed by the DSC
curves of powders synthesized at 170 °C and 180 °C show two
exothermic peaks, centered at 220 and 280 °C, that can be
linked to the residual-DEG combustion and to cerium formate
decomposition, respectively.

In order to verify this assumption, TG-DSC analyses on
pure CeO, powders impregnated with the glycol were
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recorded. These analyses confirmed a decomposition tem-
perature of 220 °C for DEG as before asserted.

The conversion of Ce(COOH); to CeO, at 280 °C was
confirmed comparing the weight loss associated at that
temperature with the theoretical weight loss value needed to
transform the amount of cerium-formate phase determined by
XRD, into cerium oxide. On the other hand only the peak
associated to the DEG combustion is detected for the powders
synthesized at lower temperatures, confirming XRD results.

The average crystallite size of the powders synthesized at
the lowest temperature (140 °C) was estimated by the XRD
patterns, using Debye—Scherrer equation. The average
crystallite size of 5-6 nm calculated from the diffracto-
grams was confirmed also by TEM analysis (Fig. 6).

The morphological analysis of the powders synthesized
at different temperatures are reported in Fig. 7. The pure
CeO, powders show a spherical shape, while the presence

of Ce(COOH); as secondary phase induces the formation
of more complex morphologies (flowerlike and needle-like
shapes). This behavior has been observed by Ho et al. [28]
and linked to a bridging behavior typical of the of the
formate species.

A calcination treatment at 400 °C is needed both for
converting the Ce(COOH); into the pure fluoritic phase
and to completely remove the organic residues adsorbed
on the surface of all samples. This thermal treatment does
not influence the powders morphology indicating that the
pure nanocrystalline ceria can be obtained with different
morphologies tuning the Ce(COOH);/CeO, ratio.

The specific surface area values of the different calcined
samples are reported in Fig. 8. The high surface area
(140-170 m?/g) of the samples synthesized at high tempera-
tures can be related to the different morphologies induced by
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Fig. 8. BET surface area measured after calcination at 400 °C of ceria
synthesized at different temperatures.

Fig. 7. SEM micrographs of as prepared ceria samples at different temperatures.
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Fig. 9. SEM micrographs of powders: (a) as-prepared and (b) as-calcined at 400 °C.
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Fig. 10. Catalytic activity for the combustion of toluene of powders
synthesized at different temperatures.

the presence of Ce(COOH);. The micrometric particles of
cerium formate produced at temperatures above 160 °C, are
transformed into cerium oxides during the calcination step.
The CO, evolution, associated to this phase conversion,
leads to the formation of mesoporous aggregates with high
specific surface area which retain the complex morphology
(Fig. 9).

Nano-crystalline ceria catalysts prepared by microwave-
assisted reaction were tested for the total oxidation of
toluene, as probe molecule of model aromatic hydrocar-
bons (Fig. 10). High catalytic activity was observed for all
samples at relatively low temperature and no formation of
partial oxidation products was revealed, CO, being the
only detected product in the range of investigated tem-
peratures. Nevertheless, the catalytic performances of these
samples were found to be different, depending, as
expected, on surface area, morphology and crystallite size
of the CeO, powders. CeO, powders derived from the
complex morphology show a higher efficiency for toluene
removal than the others materials, probably due to their
highly porous structure. Combining a high surface area
with micrometric aggregate dimension could be a key point
for obtaining powders with high catalytic properties and
easy handling. The as-prepared ceria can be considered
as a promising material for environmental applications
able to link a high efficiency to an easy handling and
processing.

4. Conclusions

Nanocrystalline ceria particles were successfully pro-
duced by one-step microwave-assisted synthesis from a
glycol solution of metal nitrates under mild conditions.
The as-prepared powder showed a good crystallinity and
nanometric particle size. Moreover, by adjusting the
synthesis conditions, micrometric nanostructured ceria of
complex morphology and high specific surface area can
also be obtained.

This simple and economic soft chemical method leads to
directly obtain nanometric cerium oxide with a high
specific surface area suitable for catalytic applications.
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