Journal of Alloys and Compounds 550 (2013) 245-251

Contents lists available at SciVerse ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

Review

Influence of mineralizer agents on the growth of crystalline CeO, nanospheres
by the microwave-hydrothermal method

R.C. Deus?, M. Cilense !, C.R. Foschini “!, M.A. Ramirez?, E. Longo ', A.Z. Simdes *"*

2 Universidade Estadual Paulista-Unesp - Faculdade de Engenharia de Guaratinguetd, Av. Dr. Ariberto Pereira da Cunha, 333 Bairro Portal das Colinas, CEP 12516-410
Guaratinguetd-SP, Brazil

Y Universidade Federal de Itajubd-Unifei — Campus Itabira, Rua Sdo Paulo, 377 Bairro Amazonas, CEP 35900-37 Itabira, MG, Brazil

€Universidade Estadual Paulista-Unesp - Instituto de Quimica - Laboratério Interdisciplinar em Ceramica (LIEC), Rua Professor Francisco Degni s/n, CEP 14800-90 Araraquara,
SP, Brazil

ARTICLE INFO ABSTRACT
Article history: Cystalline ceria (CeO,) nanoparticles have been synthesized by a simple and fast microwave-assisted
Received 16 July 2012 hydrothermal (MAH) under NaOH, KOH, and NH,OH mineralizers added to a cerium ammonium nitrate

Received in revised form 27 September 2012
Accepted 1 October 2012
Available online 11 October 2012

aqueous solution. The products were characterized by X-ray powder diffraction (XRD), field-emission
scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), Fourier Transformed-
IR and Raman spectroscopies. Rietveld refinement reveals a cubic structure with a space group Fm3m while
infrared data showed few traces of nitrates. Field emission scanning microcopy (FEG-SEM) revealed a

Keywordsf homogeneous size distribution of nanometric CeO, nanoparticles. The MAH process in KOH and NaOH
Nanoparticle . R .
Chemical synthesis showed most effective to dehydrate the adsorbed water and decrease the hydrogen bonding effect leaving
Microwave a weakly agglomerated powder of hydrated ceria. TEM micrographs of CeO, synthesized under MAH con-
Electron microscopy ditions reveal particles well-dispersed and homogeneously distributed. The MAH enabled cerium oxide to
Crystal structure be synthesized at 100 °C for 8 min.
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1. Introduction absorbers [4], hydrogen storage materials [5], oxygen sensors [6],
optical devices [7], polishing materials [8], and for which the use
Ceria (CeO,) have been considered as important nanomaterial of nanocrystalline powders is an important factor. However, the

for applications in catalysts [1,2], fuel cells [3], ultraviolet high specific surface areas of nanocrystalline powders provide a
stronger tendency of the powder to agglomerate. Weakly-agglomerated
powder is needed both for dry processing methods, e.g. powder
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agglomerates depends on the surface properties of the nanocrys-
talline particles in the powder and these properties are sensitively
dependent on the powder synthesis procedures [9]. Several meth-
ods have been developed to prepare ultrafine Ce,_,Gd,o> powder,
including hydrothermal [10], precipitation (for oxalate [11], car-
bonate [12,13], peroxide [9], hydroxide [14], polymeric precursor
[15,16], complexion with citric acid [15], the flow method [17],
organometallic decomposition [18] and microwave-assisted heat-
ing technique [19-21].

Among the various methods, the hydrothermal crystallization is
an interesting process to directly prepare pure fine oxide powders
with reduced contamination and low synthesis temperature. The
microwave-assisted hydrothermal method requires longer soaking
times at a low temperature (below 200 °C) to obtain the ceria pow-
ders. For this reason, the introduction of microwave heating to the
conventional-hydrothermal method is advantageous for the syn-
thesis of various ceramic powders because microwave heating per-
mits a reduction of processing time and energy cost. Likewise,
particles with desired size and shape can be produced if parame-
ters such as solution pH, reaction temperature, reaction time, sol-
ute concentration and the type of solvent are carefully controlled
[22]. A modification of the hydrothermal method developed by
Komarneni et al. [23-25]. This method involves the introduction
of microwave during the hydrothermal synthesis to increase the
kinetics of crystallization by one to two orders of magnitude com-
pared to the conventional hydrothermal. The microwave-assisted
hydrothermal (MAH) method shows advantages such as rapidity,
convenience and cost-effectiveness. Ceria systems with nanosized
particles were successfully synthesized by the MAH method utiliz-
ing a relatively low temperature and short reaction time [26]. Here,
the authors describe the formation conditions of ceria via the MAH
method were reported in detail, and the advantages of microwave
irradiation introduced.

As we have known, there are few works describing MAH route
for the synthesis of pure CeO, nanoparticles. Gao et al. [27] report
for the first time the preparation of ceria nanoparticles (1.6 nm)
and nanorods (20nm) under microwave-assisted conditions.
Corradi et al. [28] also reported the synthesis of cubic CeO, crystals
(5.7 nm) under microwave-assisted hydrothermal route around
194 °C for only 5 min. No calcination process or surfactant was re-
quired. The MAH method is getting very attractive in all areas of
synthetic chemistry because it can boost some advantages over
other synthetic methods [29]. This method has been extensively
used in organic synthesis [30-32] and more recently this tech-
nique has also been widely applied to prepare inorganic nano-
structured materials [33-36], with a wide range of applications
[37-39]. In particular, Bilecka and Niederberger have been re-
ported the versatility of the method for the synthesis of nanopar-
ticles [40], while Baghbanzadeh et al. [41] have been presented a
complete review on the subject. da Silva et al. [42] prepared
SrTi;_4Fe,O3 nanocubes by means of a MAH method at 140 °C.
According to high-resolution transmission electron microscopy
(HRTEM) results, these nanocubes are formed by a self-assembly
process of small primary nanocrystals. In other paper of the group
[43], BaZrOs (BZO) nanoparticles were nucleated, grown and sub-
sequently self-assembled into a 3D decaoctahedronal architecture
via a MAH method. A theoretical model based on the presence of
uncoordinated bonds and/or charge distribution in the distorted
constituent clusters (ZrOg) and (BaO;,) of the material can be
related to the change in both surface and internal defects during
crystal growth. BaZrOs; microcrystals were also obtained using
the MAH at 140°C for 40 min [44]. The growth mechanism
for the formation of BaZrOs; with decaoctahedron-shape was
analyzed in detail, and the nature of the mechanism follows a
non-classical growth process involving mesoscale self-assemblies
of nanoparticles.

In this paper, we report the synthesis of CeO, nanospheres pro-
cessed in a domestic microwave-hydrothermal oven. The focus is
on the MAH efficiency to produce the CeO, nanoparticles as a func-
tion of the precipitant agents (KOH, NaOH and NH,OH) solutions at
lower temperatures and soaking times compared to the literature.

2. Experimental procedure

CeO, nanoparticles were synthesized by a hydrothermal microwave route.
Cerium(IV) ammonium nitrate (5 x 107> mol L™! Ce(NH,4),(NO3)s, 99.9% purity)
was dissolved in 80 ml of deionized water under constant stirring for 15 min at
room temperature. Subsequently, 1 ml of NH4OH (30% in NHs, Synth), 2 M NaOH
(p.a, Merck) and 2 M KOH (p.a, Merck) was slowly added in the solution until the
pH 10. The resulted solution was transferred into a sealed Teflon autoclave and
placed in a hydrothermal microwave (2.45 GHz, maximum power of 800 W). The
reactional system was heat treated at 100 °C/8 min with a heating rate fixed at
10 °C/min. The pressure in the sealed autoclave was stabilized at 1.2 atm. The auto-
clave was cooled to room temperature naturally. CeO, nanoparticles were collected
and washed with acetone several times and then dried at 80 °C in a oven. The
obtained nanoparticles were characterized by X-ray powder diffraction (XRD) using
a (Rigaku-DMax/2500PC, Japan) with Cu-Ko. radiation (4= 1.5406 A) in the 20 range
from 20° to 75° with 0.2 °/min. For Rietveld analyses, X-ray diffraction data were
collected on a diffractometer under the following experimental conditions: 40 kV,
30 mA, 20° < 20 < 40°, A20 =0.02°, A\Cu koo monocromatized by a graphite crystal,
divergence slit = 2 mm, reception slit = 0.6 mm, step time = 10 s. The crystallite size
(d) of CeO, was calculated using Scherrer equation d = k//fcos 0, where k is con-
stant, 4 is wavelength of X-rays and g is the full width at half maximum (FWHM)
for (111) reflection measured from slow scan where 0 is the diffraction angle of
the main peak. Raman spectra were collected (Bruker RFS-100/S Raman spectrom-
eter with Fourier transform). A 1064 nm YAG laser was used as the excitation
source, and its power was kept at 150 mW. The FT-IR spectra were recorded with
a Bruker Equinox-55 instrument. Infrared spectroscopy was used for monitoring
the structural changes occurring during the synthesis process with the KBr pellet
technique. The morphology of as-prepared samples was observed using a high
resolution field-emission gun scanning electron microscopy FEG-SEM (Supra 35-
VP, Carl Zeiss, Germany). Specimens for TEM were obtained by drying droplets of
as-prepared samples from an ethanolic dispersion which had been sonicated for
5 min onto 300 mesh Cu grids. TEM, HRTEM images and SAD patterns were then
taken at an accelerating voltage of 200 kV on a Philips model CM 200 instrument.
All measurements were taken at room temperature.

3. Results and discussion
3.1. X-ray diffraction analyses

The powder XRD patterns of as-prepared ceria nanoparticles
showed the same crystalline structure for all the synthesis condi-
tions used, Fig. 1. All of the peaks can be well-indexed to a pure cu-
bic structure of CeO, (space group: Fm3m) with lattice constant
a=5.411 A, which is in good agreement with the JCPDS file for
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Fig. 1. X-ray diffraction pattern of CeO, nanoparticles synthesized at 100 °C for
8 min in the MAH method under different mineralizer agents: (a) KOH; (b) NaOH
and (c) NH40H.
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CeO, (JCPDS 34-394). It is worth noting that the overwhelmingly
intensive diffraction peak is located at 20 = 28.660°, which is from
the [111] lattice plane of fcc CeO,. No peak of any other phase is
detected. The broadening of the peaks indicates that the crystallite
sizes are small (4-9 nm), following the literature [45]. The average
crystallite sizes calculated by Debye Scherrer is around 3.9; 5.8 and
9.1 nm for KOH; NaOH and NH4OH, respectively. It is obvious that
the mineralizer agents added on the solution, changes the CeO,
crystal growth. As the average diffusion distance for the diffusing
solute is short and the concentration gradient is steep in concen-
trated solutions, much diffusing material passes per unit time
through a unit area [46]. Moreover, the average dimension of crys-
tallites depends on the concentration of the precipitant agent
solution: the higher the concentration of the mineralizer agent,
the larger the ceria crystals. A clear evidence that CeO, is formed
instead Ce(OH), come from the fact that nitrate salts of ceria were
preferably used since these salts were easily dissociable in few mil-
liliters of water and the friable mass formed (Ce**) after treating
with acid, reacted spontaneously with the mineralizer to produce
a highly exothermic reaction. When cerium nitrate is used as the
precursor salt and reacted with an acid to dissolve it, the Ce**
ion is oxidized to Ce** ion and them acidic mass reacts exothermi-
cally with the mineralizer. It forms a by-product salt (KNO3, NaNO3
or NH4NOs) that surrounds the hydroxide product. In the oxidizing
atmosphere, dehydration occurs, converting the hydroxide inter-
mediate to oxide. In the MAH methods, the conversion to oxide
is more rapid due to the effect of energetic radiations assisting
the transformation to CeO, instead Ce(OH),.
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Fig. 3. FT-IR spectra of CeO, nanoparticles synthesized at 100 °C for 8 min in the
MAH method under different mineralizer agents: (a) KOH; (b) NaOH and
(c) NH,OH.

Rietveld refinement technique was used to investigate the
crystal structure of the CeO, nanoparticles obtained in the hydro-
thermal microwave at 100 °C for 8 min (see Fig. 2). All mineralizer
agents indicated good quality of the refinement due its small
difference between the experimental and theoretical lines. The
atomic positions obtained by Rietveld analyses belong to the JCPDS
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Fig. 2. Rietveld refinement of CeO, nanoparticles synthesized at 100 °C for 8 min in the MAH method under different mineralizer agents: (a) KOH; (b) NaOH and (c) NH4OH.
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file for CeO, (JCPDS 34-394) with a space group: Fm3m. The quan-
titative phase analyses for the cubic phase were calculated accord-
ing to the reference of Young and Wiles [47]. The results obtained
confirmed that the CeO, nanoparticles crystallized in the cubic
phase with no changes during the refinement. From the low S val-
ues (S = Ruwp/Rexp = 1.2%) it can be assumed that the refinement of
the CeO, particles obtained at 100 °C for 8 min in the MAH was
successfully performed with all the investigated parameters close
to literature data [48].

3.2. FT-IR and Raman analyses

Fig. 3 shows FTIR spectral features of CeO, samples. Strong
intense bands at 3435, 2358, 1589 cm~! and below 700 cm™~' were
observed. The intense bands at 3435 and 1589 cm™! correspond to
the v(O-H) mode of (H-bonded) water molecules and &(OH),
respectively. Residual water and hydroxy group are usually de-
tected in the as-prepared ceria samples regardless of synthesis
method used [49] and further heat treatment is necessary for their
elimination. The FTIR spectrum of the ceria also exhibits strong
broad band below 700 cm~! which is due to the §(Ce-O-C) mode.
Specifically, the strong absorptive peaks at 400-600 cm™' was
attribute to the Ce-0 stretching and bending vibration, being char-
acteristics of the tetrahedral CeO4 groups in the compounds. The
hydroxylation and deprotonation of metal ions can be accelerated
by raising the solution temperature or pressure [50]. A sharp band
at 1385 cm! is indicative of N=0 stretching vibration. This peak
indicates traces of nitrate. The peak at 1055 cm™! and are attrib-
uted to the vibrations associated with the incoordination of the ad-
sorbed NO;' ions [51]. Band in the 2358 cm™' region was
attributed to the stretching frequency of the acetone group. That
suggests that the acetone group was chemically bonded to the sur-
face of the ceria nanocrystals. This is probably the result of reac-
tions forming chemical bonds between the nanocrystal surface
and the organic-ligand molecule in the unique reaction conditions
of supercritical water, which are essential for the perfect dispersion
of nanocrystals in organic solvents and for the arrangement of indi-
vidual nanocrystals into superlattices and new studies should be
performed to avoid it's presence. The crystallized nanoparticle
was found to have OH™ ions due to the alkali used in the present
reaction conditions. Furthermore, the hydroxyl content was found
to change with the mineralizaer agent which could be due to the
vigorous action of microwaves to remove these groups at elevated
temperatures during the hydrothermal process. In hydrothermal-
microwave processing, the high frequency electromagnetic radia-
tion interacts with the permanent dipole of the liquid (H,0) which
initiates rapid heating from the resultant molecular rotation. Also,
permanent or induced dipoles in the dispersed phase cause rapid
heating of the particles which results in a reaction temperature
in excess of the surrounding liquid-localized superheating. Follow-
ing the literature, hydrolysis refers to those reactions of metallic
ions with water that liberate protons and produce hydroxide or
oxide solids. Ce*" ions, which have a low basicity and high charge,
undergo strong hydration. Firstly, Ce*" ions are hydrolyzed and
form complexes with water molecules or OH™ to give [Ce(OH),
(H,0),]“", where x+y is the coordination number of Ce*".
Further polymerization is likely, and both species can serve as
the precursors for the final ceria nanoparticles. In an aqueous solu-
tion, H,0, being a polar molecule, tends to take protons away from
coordinated hydroxide, leading to the formation of CeO, nH,0. This
process can be described by the following equations [52]:

Ce*" +xOH + yH,0 — [Ce(OH),(H,0),]* ™" (1)

[Ce(OH), (H,0),]* ™" + H,0 — Ce0, - nH,0 + nH,0 + H;0"  (2)
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Fig. 4. Raman spectra of CeO, nanoparticles synthesized at 100 °C for 8 min in the
MAH method under different mineralizer agents: (a) KOH; (b) NaOH and (c)
NH,4OH.

Raman scattering has proven to be a valuable technique to
obtain information about local structures within materials. To con-
firm the formation of pure ceria, FT-Raman spectrum was obtained
(see Fig. 4). Cubic fluorite structure-metal dioxides have a single
Raman mode at 464.5 cm™!, which has F2 g symmetry and can
be viewed as a symmetric breathing mode of the O atoms around
each cation. Since only the O atoms move, the vibrational mode is
nearly independent of the cation mass [53,54]. The fast structural
organization of CeO, particles processed in MAH can be related
to the heating process which occurs from the interior to the sur-
face. The microwave energy is transformed into heat through the
interaction between molecules and atoms with the electromag-
netic field. This interaction results in an internal and volumetric
heating of the powders which promotes the formation of temper-
ature gradients and heat flows.

As shown, three additional low intensity second scattering
Raman bands are detected around 266, 598 and 726 cm ™!, respec-
tively. These bands are usually assigned to the presence of extrinsic
oxygen vacancies generated into the ceria lattice improving diffu-
sion rate of bulk oxygen.

3.3. FE-SEM and TEM analyses

FEG-SEM micrographs of CeO, obtained at different mineralizer
agents are shown in Fig. 5. According to the image, most of the
grains of CeO, powders are homogeneous with an average particle
size calculated from the FE-SEM images of 11.5; 8.8 and 6.7 nm for
KOH; NaOH and NH4OH, respectively. However, CeO, powders
obtained in NH4OH agents reveal smaller particles which display
poor contrast and intense agglomeration amongst extremely fine
particles. Aggregation between the particles decreases and mon-
odispersed particles are observed in the case of KOH and NaOH
mineralizers agent. The higher agglomeration degree increased in
NH4OH mineralizer agent due to the —OH ligand derived from
NH4OH to make the metal hydroxide precursor. In this case, all
of the —OH and —OOH ligands formed Ce(OH),(OOH),_, precursor
which was transformed to CeO, after hydrothermal treatment and
Van der Waal’s force may be responsible for the formation of CeO,
agglomerates. Moreover, the distribution in size seemed to be
homogeneous and the shape appeared rounded. The synthesized
ceria particles were relatively spherical with uniform size
distribution, which was observed by FEG-SEM. Nanometric and
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Fig. 5. FEG-SEM spectra of CeO, nanoparticles synthesized at 100 °C for 8 min in
the MAH method under different mineralizer agents: (a) KOH; (b) NaOH and
(c) NH4OH.

isotropic CeO, crystallites obtained in this study are quite different
from the previous study, where CeO, powders agglomerated into a
cubic shape with the side size of 4.8 nm under hydrothermal con-
ditions [55]. In the hydrothermal process, the presence of an alka-
line medium was found to be essential. In our case, a critical
mineralizer agent could exist above which the formation of

agglomerates was favored, and the formation of weak agglomer-
ated Ce0O, was highly dependent upon this formation. The “disso-
lution and crystallization” process can be utilized to describe the
hydrothermal reaction [56]. During the hydrothermal treatment,
Ce** or Ce3* hydroxides underwent an attack by basic medium to
dissolve and react at high temperatures and pressures, and then
precipitated as insoluble ceramic oxide particles from the super-
saturated hydrothermal fluid. If the temperature and pressure con-
ditions are carefully maintained during the duration of the
experiment, neither etching of CeO, crystals nor the formation of
agglomerates is observed. Therefore, the dissolution and crystalli-
zation process continued in supersaturated fluid in such a way that
the system was self-stabilizing. We conjecture that the dissociation
of cerium hydroxide and the formation of ionic complexes might
prevent the growth of CeO, crystallites and limit the size of parti-
cles to the nanometric range. The agglomeration process was
attributed to Van der Waals forces. To reduce the surface energy,
the primary particles have a tendency to form nearly spherical
agglomerates, in a minimum surface to volume ratio [57]. This type
of grain structure is common in oxide, ferrite and titanate ceramics
[58,59] which is a result of an abnormal/discontinuous grain parti-
cle and also called an exaggerated grain particle. In abnormal
growth, some particles grow faster than others with increasing sin-
tering temperature. Abnormal grain particles may results from: (1)
the existence of second phase precipitates or impurities, (2) mate-
rials with high anisotropy in interfacial energy and (3) materials
with high chemical equilibrium [60]. In hydrothermally derived
CeO, which crystallizes in a cubic structure it can be assumed that
the abnormal grain particles comes from factor (2) and (3) due the
existence of high chemical equilibrium. The random aggregation
process between the small particles can be related to an increase
in effective collision rates between small particles by microwave
radiation [61] which indicates that microwave energy favors an
anisotropic growth caused by the differences in the surface ener-
gies on the different crystallographic faces [62]. Possibly, the
imperfections or differences between the particles size can be
associated with the influence of microwave energy during the
CeO, phase growth process.

The particle size of the CeO, powders was also examined using
the TEM (Fig. 6). CeO, synthesized by MAH under NaOH and
NH,4OH at 100 °C for 8 min, revealing the particle sizes are approx-
imately range from 6 to 8 nm (Fig. 6b and c). The resultant particles
have a spherical shape with approximately 6 nm in diameter. How-
ever, Fig. 6a presents TEM micrographs of CeO, synthesized under
MAH conditions on KOH mineralizer agent. The particle size was
higher (11 nm) with diameters of 4 nm and are homogeneously dis-
tributed compared to previous condition. The small size of the CeO,
particles synthesized by MAH under NH4OH can be explained quite
simply. It is postulated that at the start of the reaction a large num-
ber of nucleus forms in the solution and as the reaction takes place
in a very dilute solution there is not enough reactant left for the
growth of the particles. As a result, the particles do not grow beyond
7 nm. After annealing on NH4OH agent, the large agglomerates dis-
appeared and became smaller isometric ones and the maximum
particle size decreased sharply attaining a value of 7 nm. There
was not obvious change in the morphology under MAH conditions.
The MAH treatment on NH4OH proved to be uneffective condition
to decrease the agglomerate. In this condition, the as-prepared
CeO, nanoparticle showed a larger amount of water. Usually, parti-
cles surfaces adsorb water molecules, so that hydrogen bonds can
be formed between approaching particles. Therefore, hydrogen
bonding can lead to hard agglomerates of particles during the dry-
ing and calcining process. The MAH process at KOH and NaOH
showed most effective to dehydrate the adsorbed water and de-
crease the hydrogen bonding effect leaving a weakly agglomerated
nanoparticles of hydrated ceria. Alternatively, if the solution was
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Fig. 6. TEM images of CeO, nanoparticles synthesized at 100 °C for 8 min in the MAH method under different mineralizer agents: (a) KOH; (b) NaOH and (c) NH,OH.

maintained at basicity, it might be due to crystallization from amor-
phous gel through a dissolution-precipitation, because solubility of
cerium hydroxide is very high in the strong basic solution.

4. Conclusions

Adopting the microwave-hydrothermal process as synthesis
method it is possible to obtain, by treating the solution at 100 °C
for only 8 min, nanometric and crystalline ceria nanoparticles.
The hydrothermal reaction to grow CeO, crystallites with a pure
phase being described by the dissolution-crystallization process.
Rietveld refinement reveals a cubic structure with a space group
Fm3m. FEG-SEM analyses have shown a homogeneous size distri-

bution of nanometric CeO, crystallites. Raman scattering revealed
first scattering mode typical of cubic fluorite structure while sec-
ond scattering Raman modes are assigned to the presence of
extrinsic oxygen vacancies generated into the ceria lattice. CeO,
synthesized by MAH under NH4OH revealed agglomerate particles
while CeO, synthesized under MAH conditions on KOH and NaOH
mineralizers agent were well-dispersed and homogeneously dis-
tributed. This can be explained by the amount of hydrogen bonds
during the drying and calcining process to hard agglomerates of
particles. The MAH process at KOH and NaOH showed most
effective to dehydrate the adsorbed water and decrease the hydro-
gen bonding effect leaving a weakly agglomerated nanoparticle of
hydrated ceria. MAH is important not only for the use of a short
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treatment time and low temperature but also for the possibility to
control the morphological and structural properties. Therefore, the
MAH method is undeniably a genuine technique for low tempera-
tures and short times in comparison with the previous
methodologies.
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