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The structural and photoluminescent properties at room temperature of CeO, and La-doped CeO,
particles were undertaken. The obtained particles were synthesized by a microwave-assisted
hydrothermal method (MAH) under different lanthanum contents. X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), Fourier transform Raman (FT-Raman), Ultra-violet spectroscopy (UV-vis) and
photoluminescence (PL) measurements were carried out. XRD revealed that the powders are free of
secondary phases and crystallize in the cubic structure. Raman data show that increasing La doping

'é?r':vrzlrgss content increase oxygen vacancies due to lattice expansion. The UV/vis absorption spectroscopy
Nanostructures suggested the presence of intermediate energy levels in the band gap of structurally ordered powders.

Lanthanum addition creates oxygen vacancies and shifts the photoluminescence in the low energy range

Crystal growth
X-ray diffraction
Luminescence

leading to intense PL emission.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cerium dioxide (CeO,, ceria) [1] is a technologically important
ceramic material used in various fields in the past few years, such
as gas sensors [2], fuel cells [3], polishing materials [4], phosphors
[5], energy storage materials [6], catalysts [7-9] and for which the
use of nanocrystalline powders is an important factor. Several
methods have been developed to prepare ultrafine CeO, powder,
including conventional hydrothermal [4,10], co-precipitation [4],
polymeric precursor [11], flow method [12], organometallic
decomposition [13], microwave-assisted heating [14]. In previous
work our group has give strong efforts in the preparation of CeO,
nanoparticles with microwave-hydrothermal methods. 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
distributed. The CeO, sample has better crystallization in the
treatment at 8 min. CeO, synthesized by MAH under lower soaking

* Corresponding authors. Tel.: +55 12 3123 2765; fax: +55 12 3123 2800.
E-mail addresses: leandrosrr89@gmail.com (J.A. Cortés), alezipo@yahoo.com
(A.Z. Simdes).
! Tel.: +55 16 3301 6643; fax: +55 16 3301 6692.

http://dx.doi.org/10.1016/j.materresbull.2015.05.006
0025-5408/© 2015 Elsevier Ltd. All rights reserved.

times revealed agglomerate particles while CeO, synthesized
under MAH conditions on higher soaking times were
well-dispersed and homogeneously distributed. This can be
explained by the amount of hydrogen bonds during the drying
and calcining process to hard agglomerates of particles. UV-vis
spectra revealed the presence of localized energy levels into the
band gap of CeO, powders with a soaking time of 4 and 8 min
possibly due to the certain structural order degree in the lattice
[15-16]. Recently, Zhang et al. [17] have been provided a
comprehensive review of current research activities that focus
on the shape-controlled synthesis methods of ceria nanostruc-
tures. Pure CeO, is a poor ionic conductor with a band gap of 6eV
[18] adopting the fluorite structure (space group Fm3m) with
oxygen vacancies (V) as the predominant ionic defect, which have
been identified as the main fact for storing oxygen in ceria, as its
catalysis activity originates from its surface oxygen, related to the
Ce/O ratio [19]. Ceria-based electrolytes have been extensively
studied and made much progress. In particular, some singly doped-
electrolytes can be obtained by doping the ceria host structure
with other cations, such as Ce;_xGd,O,_s5, Ce;_x Sm,O,_s,
Ce;_xYx0>_s, showing high oxide ion conductivity at intermediate
temperatures (500-700°C) [13,20-24]. Various rare-earth doped
ceria (La, Sm, Pr) have successfully been prepared by hydrothermal
treatment, providing low-temperature preparation and
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morphological control of ultrafine particles with uniform crystal-
lite dimension [21,25-28]. The substitution of Ce** (r=0.111 nm) by
larger cations such as Gd** (r=0.119nm) [29-31] has been
examined in great detail by a number of authors, and gadolini-
um-doped ceria is considered for being one of the best ceria-based
solid electrolytes currently available [32]. In this paper, we have
synthetized La-doped ceria by means of a microwave-assisted
hydrothermal (MAH) method and the formation conditions of ceria
are reported in detail, emphasizing the advantages of microwave
irradiation. In addition, the photoluminescence properties of the
as-prepared materials have been discussed [33].

The main goal of lanthanum addition will account of lower
valence state of La*>* (r=0.1032 nm) than Ce**, which will induce
the production of more oxygen vacancies for charge balance,
resulting in an improvement of the oxygen mobility [34].

2. Experimental procedure

Ce0O, powders were synthesized by a hydrothermal micro-
wave route. Ammonium cerium (IV) nitrate (5 x 10> mol L' Ce
(NH4)2(NO3)g, 99.9% purity) was dissolved in 80 ml of deionized
water under constant stirring for 15 min at room temperature.
La-doped CeO, ceramic powders were synthesized using the
method of microwave assisted hydrothermal synthesis with
values of x= 0.04, 0.08, and 0.12mol%. The experimental
procedure for preparation of La-doped CeO, based on dissolution
of the ammonium cerium (IV) nitrate (purity 99%—Sigma) in an
aqueous medium, followed by heating at 50°C under constant
agitation. Separately, lanthanum oxide (La,03) (99% purity—
Aldrich) was dissolved in a nitric acid medium and added to
solution of Ce. The resulting mixture was heated at 70°C under
stirring and its pH adjusted through the addition of basic aqueous
solution 2molL™! of KOH (99.5% purity—Synth) until a pH ~ 10.
The resulted solution was transferred into a sealed Teflon
autoclave and placed in a hydrothermal microwave (2.45GHz,
maximum power of 800W). The reactional system was heat
treated at 100 °C with a soaking time of 8 min and a heating rate
fixed at 10°C/min. The pressure in the sealed autoclave was
stabilized at 1.2 atm. The autoclave was cooled to the room
temperature naturally. CeO, powders were centrifuged and
washed with deionized water and then dried at 100°C in an
oven for 2 days. The obtained powders were characterized with
X-ray powder diffraction (XRD) using a (Rigaku-DMax/2500PC,
Japan) with Cu-Ka radiation (A =1.5406A) in the 20 range from
20 to 75° with 0.2 O/min. The crystallite size (d) of CeO, was
calculated using Scherrer equation d=kA/ cos 6, where k is
constant, A is wavelength of X-rays and g is the full width at half
maximum (FWHM) for (111) reflection measured from slow scan
where 6 is the diffraction angle of the main peak. For Rietveld
analyses, X-ray diffraction data were collected under the following
experimental conditions: 40kV, 30 mA, 20° < 26 <110, A26=0.02
°, ACu Ka monocromatized by a graphite crystal, divergence
slit=2 mm, reception slit=0.6 mm, step time=10s. The Rietveld
analysis was performed with the Rietveld refinement program
DBWS-941 1. The profile function used was the modified
Thompson-Cox-Hasting pseudo-Voigt, in which 7 (the lorentzian
fraction of the function) varies with the Gauss and Lorentz
components of the full width at half maximum. Raman spectra
were collected (Bruker RFS-100/S Raman spectrometer with
Fourier transform). A 1064 nm YAG laser was used as the excitation
source, and its power was kept at 150mW. Ultraviolet-vis
(UV-vis) spectroscopy for the optical absorbance spectra of
CeO, powders was taken using Cary 5G equipment. 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 images were then taken at an

accelerating voltage of 200 kV on a Philips model CM 200 instru-
ment. Photoluminescence (PL) properties were measured with a
Thermal Jarrel-Ash Monospec 27 monochromator and a Hama-
matsu R446 photomultiplier. The excitation source was 350.7 nm
wavelength of a krypton ion laser (Coherent Innova) keeping their
power at 200mW. All measurements were taken at room
temperature.

3. Results and discussion

Fig. 1 illustrates the X-ray diffraction of Ce;_3;4xLa 0, particles
(x=0.00, 0.04, 0.08, and 0.12) obtained by the MAH at 100°C for
t=8min prepared with KOH. To provide the formation of solid
solution we have carried out the partial replacement of Ce** ions
with trivalent lanthanum till 0.12 concentration. It is know that
rare earth doped ceria could create a corresponding number of
anion vacancies and result in solid solution with high ionic
conductivity and the defective surface of these materials may
enhance their catalytic properties. Also, lanthanum can avoid the
ceria crystallite growth in severe oxidizing environment as
stabilizer. [35] XRD results confirmed that the CeO, powders
doped exhibit similar to that of pure cerium oxide behavior.
Analyzing the diffraction patterns (XRD) of the crystalline samples
shown in Fig. 1, it is found that a widening of the peaks related to
the crystallographic planes (111) and (2 2 0) at 26 equal to 28° and
48° occurs, respectively due to incorporation of lanthanum in place
of Ce, due to the change in crystallite upon insertion of rare-earth.
It can be seen that the peaks are more intense in pure CeO, and
decreases in intensity with increasing concentration of the
lanthanum, and this behavior has been linked to “disturbance”
of the crystalline structure when dopants are introduced [36]. The
XRD patterns of as-prepared ceria powders showed the same
crystalline structure for all the synthesis conditions used. All of the
peaks can be well-indexed to a pure cubic structure of CeO, (space
group: Fm3m) with lattice constant a=5.411A, which is in good
agreement with the JCPDS file for CeO, (JCPDS 34-394). The
average crystallite sizes calculated by Debye Scherrer is around 3.2;
2.9, 4.80 and 5.10nm at a La contents of 0.00; 0.04; 0.08 and
0.12 mol%, respectively. It is obvious that the amount of rare-earth
changes the CeO,, crystal growth. As the average diffusion distance
for the diffusing solute is short and the concentration gradient is
steep in concentrated solutions, much diffusing material passes
per unit time through a unit area.
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Fig. 1. (a) X-ray diffraction pattern of Ce;_34xLayO> nanoparticles synthesized at

100°C in the MAH method under KOH mineralizer at different contents: (a) 0,00;
(b) 0.04; (c) 0.08 and (d) 0.12.
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Fig. 2. Rietveld refinement of Ce;_3/4xLay0O, nanoparticles synthesized at 100°C in the MAH method under KOH mineralizer at different contents: (a) 0.00; (b) 0.04; (c)

0.08 and (d) 0.12.

Using the Rietveld refinement was possible to adjust the XRD
patterns of the samples, as shown in Fig. 2. The lattice parameters,
the unit cell volume and atomic positions for all the particles were
obtained by Rietveld refinement [37] and calculated by means of
the GSAS [38] software. It is observed that all samples showed
reasonable values for the indices of refinement demonstrating that
the refinement was successful because of the low distortion
between theoretical and experimental curve. The La-doping
process reduces the lattice parameter and the unit cell volume.
Therefore, a redistribution of the charge density takes place
(Fig. 3). Moreover, this change can be associated by the simple
inclusion of lanthanum which has a greater radial stabilizing effect
of oxygen vacancies and as a result the structure. The refinement of
the oxygen vacancies indicates that atoms at positions O, and Og4
are contributing to vacancy formation. The refinement at positions
0; and O3 was unsuccessful once they are attached to cerium
forming a square planar. The refinement of the atom in the
03 position was also not successful, because this binds oxygen
atom to Ce;, which has no vacancy, the fact that lanthanum is
attached to it. Therefore, both the O, and O, atom positions
contribute to the origin of vacancies, because the Ce,, which
presents vacancy, is free to migrate into the structure being
composed of alternating layers of Ce,, O, and Og.

Fig. 4 confirm the formation of pure ceria by FT-Raman
spectrum. Cubic fluorite structure-metal dioxides have a single
Raman mode at 452.1 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 [39,40]. As shown, three additional
low intensity second scattering Raman bands are detected around
266, 598 and 726cm™!, respectively. These bands are usually
assigned to the presence of extrinsic oxygen vacancies generated
into the ceria lattice improving diffusion rate of bulk oxygen after
lanthanum addition. The fast structural organization of CeO-,
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Fig. 3. Dependence of La content as a function of lattice parameter and unit cell
volume.



R.C. Deus et al./ Materials Research Bulletin 70 (2015) 416-423 419

Ll L] L) L ; L) v l. - L] * L 4 L] » L I »
200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 4. Raman spectra of Ce;_3/4xLax0, nanoparticles synthesized at 100°C in the
MAH method under KOH mineralizer at different contents: (a) 0.00; (b) 0.04; (c)
0.08 and (d) 0.12.

particles processed in MAH can be related to the heating process
which occurs from the interior to the surface. The microwave
energy is transformed into heat through the interaction between
molecules and atoms with the electromagnetic field. This
interaction results in an internal and volumetric heating of the
powders which promotes the formation of temperature gradients
and heat flows. It is well known that the Raman signal is affected by
these randomly oriented vacancies that distort long range
ordering. The defect formation is a known source of structural
disorder, and thus breakdown of translational symmetry occurs,
which results in relaxation of the k=0 selection rule for Raman
scattering and hence phonons from all parts of the Brillouin zone
contribute to the spectra. The measured Raman spectra exhibit a
characteristic strong feature at=340-395cm™'. The position of
this Raman band is related to the strength of the RE—O bond and
for La,0s, extrapolating from other RE Raman data, can be
expected to be at=~370 cm ! Another broad weak band at
570cm~! is considered to be attributed to oxygen vacancies
[41-42]. With increasing La doping content, there is a small
systemic broadening of band located at 452.1 cm~! which should
be due to lattice expansion and an increase of oxygen vacancies

(c)

(d)

Fig. 5. TEM images of Ce;_3/4xLax0; nanoparticles synthesized at 100°C in the MAH method under KOH mineralizer at different contents: (a) 0.00; (b) 0.04; (c) 0.08 and (d)

0.12.
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[43]. This also indicates that La has incorporated into the ceria
lattices to form Ce-La-O solid solution. In addition, the increase of
A 570/A460 ratio (A570 and A460 are the peak areas at 570 cm ™!
and 460 cm™!, respectively) with increasing doping contents of La
may reflect the increase of the oxygen vacancy concentration [44],
that is, the oxygen vacancy concentration is increased after doping.

TEM micrographs of CeO, obtained at different La contents are
shown in Fig. 5. CeO, synthesized by MAH under KOH at 100 °C for
8 min, revealed that particle sizes approximately range from 6 to
12 nm (Fig. 5a-d) with spherical shape. According to the image,
most of the grains of CeO, nanoparticles are homogeneous with an
average particle size of 6.7; 9.2; 10.4 and 12.1 nm as La content
increases. Undoped CeO, powders obtained displays poor contrast
and intense agglomeration amongst extremely fine particles. The
small size of the CeO, particles synthesized by MAH can
be explained quite simply. It is postulated that at the start of
the reaction a large number 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 12 nm. The MAH process at KOH
showed most effective to dehydrate the adsorbed water and
decrease the hydrogen bonding effect leaving weakly agglomerat-
ed nanoparticles of hydrated ceria. Aggregation between the
particles decreases and monodispersed particles are observed at
higher La content. The higher agglomeration degree of undoped
CeO5 is due the Van der Waal'’s force derived for the —OH ligand
precursor which was transformed to CeO, after hydrothermal
treatment. 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. Nanometric and isotropic CeO, crystallites obtained
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in this study are quite different from the previous study, where
CeO, powders agglomerated into a cubic shape with the side size of
4.8nm under hydrothermal conditions [45]. The images taken
confirm the formation of nanocrystallites with uniform grain size
and the absence of partial sintering or excessive growth of any
nanocrystallites.

Fig. 6 illustrates the UV-vis spectral dependence of absorbance
for the ordered CeO, particles. The maximum absorption was
located at around 400nm with respective band gap values
determined from the Kubelka Model [46]. The opand to the
photon energy by the following Eq. (1):

hvor o (h° — Eg°P%)?

where « is the absorbance, h is the Planck constant, v is the
frequency and E,°P' is the optical band gap [45]. The band gap was
deduced by fitting the absorption data to the direct transition
equation by extrapolating of the linear portions of the curves to
absorption equal to zero. In structurally ordered CeO, particles, the
absorbance measurements suggest a non uniform band gap
structure with a tail of localized states (see Fig. 6a-d). The main
changes in the optical band gap [E(gap)] energy can be correlated
to the reduction of structural defects or localized states inside the
band gap which decreases the intermediary energy levels at crystal
structure. This behavior indicates that these samples present a
certain structural order degree in agreement with the Raman
spectra. The estimated band gaps were ranged between 2.81 and
3.00eV. The uncertainty of these values was estimated at 0.05eV.
As La content increases, the optical band gap of the sample initially
decreases and then increases because new levels of energy are
formed promoting the appearance of intermediate electronic
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Fig. 6. UV-vis absorbance spectra of Ce;_3/4xLa,0, nanoparticles synthesized at 100 °C in the MAH method under KOH mineralizer at different contents: (a) 0.00; (b) 0.04; (c)

0.08 and (d) 0.12.
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levels in the band gap. The decrease in the band-gap of the La
doped CeO, nanoparticles can be attributed to defects and/or local
bond distortion, which yield localized electronic levels in the band-
gap of this material. The irregularities in the optical band gap
values can be related with the different preparation methods,
shape, average crystal size and structural order-disorder degree in
the lattice.

Fig. 7 shows the PL spectra of CeO, nanoparticles synthesized
by MAH at 100°C for 8 minutes as a function of La content.
Whatever the sample, band at 610 nm became more intense as
particle size was increased by hydrothermal treatment. As a
consequence these bands may be attributed to bulk energy levels.
This is consistent with their attribution to charge transfer (CT)
transitions between 0%~ and Ce** [47]. The PL emission is strongly
dependent on the La content, due its addition causes changes in the
defects or disorder of materials which affects the particle size. Two
main mechanisms can be used to explain the PL of such particles.
The first taking into account the main difference between the
samples under hydrothermal ripening was their crystal growth:
very weak for a higher particle size, significant for a lower particle
size. As a consequence this band may be attributed to surface
specific defects that disappear during growth under hydrothermal
conditions. The second mechanism is clearly observed in the
highest doped CeO, nanoparticles. The polycrystalline samples
present two peaks: at 490 nm (blue-green emission) and the other
at 610 nm (green emission). This behavior is likely associated with
the structure organization level and the charge transfer occurring
between oxygen and cerium ions. As lanthanum content increases
more oxygen vacancies are produced affecting the whole particle
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size, as in agreement with TEM images. The characteristic
photoluminescence peaks in the UV band are observed due to
direct recombination of electrons in Ce 4f conduction band with
holes in O 2p valence band, while the broad visible emission band
has been suggested due to the presence of many point defects, such
as oxygen vacancies. In the hydrothermal synthesis of CeO,, the
formation of crystal nuclei of its nanostructures begins when the
concentration of CeO, reaches supersaturation, and generally,
the faces perpendicular to the fast direction of growth have smaller
surface areas and the faces whose normal directions correspond to
slow growing ones thus dominate the final morphology
[19,48-50]. It is noteworthy that these defects systematically exist
in particles obtained by room temperature precipitation, whatever
the pH, pressure and particle size are predominant. Interestingly,
some cerium oxide particles directly synthesized in hydrothermal
conditions did exhibit PL bands at 370 and 414nm without
significant emission at 460 nm [51], confirming that the intense
peak at 460 nm was highly dependent from preparation processes.
Intensity of PL emission changes with the increase of La content
which is associated with structural disorganization level, and the
charge transfer occurring between cerium, lanthanum and oxygen
ions. As the lanthanum content increase, a significant raise in the
particle size is observed which allows faster recombination of
electrons in Ce 4f and La 3d conduction bands with holes in O 2p
valence band increasing PL signal. However, it is very important to
emphasize that at this condition no electronic levels of the
amorphous [CeOg] and [LaOg] clusters included in the wideband
gap of the crystalline cluster were evidenced. This conclusion is a
good indication that the PL of CeO, powders obtained by the MAH
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Fig. 7. PL spectra at room temperature of Ce;_34xLax0, nanoparticles synthesized at 100°C in the MAH method under KOH mineralizer at different contents: (a) 0.00; (b)

0.04; (c) 0.08 and (d) 0.12.
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originates from intrinsic defects and charge transfer after a certain
degree of structural order. Probably, the PL of these powders is
arising from the contribution of different intermediary energy
levels within the band gap. This behavior is not associated to the
band-to-band emission process due to the wavelength's energy
(2.54 eV) to be small than the E, of CeO, nanoparticles. Our results
indicate that the CeO, nanoparticles processed in MAH are highly
crystalline and structurally ordered at long and short range, in
agreement with XRD patterns (Fig. 1). Therefore, PL of these
powders is not due to the structural order-disorder in the lattice.
As previously described, we believe that the behavior of this
physical property is related to the influence of microwave radiation
on the [CeOg] octahedron groups. We believe that the interaction
between microwave radiation and cerium groups results in a rapid
heating and leads to a vibration on the charged particles. These
factors probably result in a distortion process on the [CeOg] and
[LaOg] octahedron groups, favoring the formation of intermediary
energy levels within the band gap of this material. These energy
levels are composed of oxygen 2p states (near the valence band)
and lanthanum 3d states (below the conduction band). During the
excitation process with 488 nm wavelength, some electrons are
promoted from the oxygen 2p states to lanthanum 3d states
through the absorption of photons (hv). This mechanism results in
the formation of self-trapped excitons (STEs), i.e., trapping of
electrons (e~) by holes (h*). The emission process of photons (hv)
occurs when an electron localized in a lanthanum 3d states decays
into an empty oxygen 2p state. Consequently, this mechanism is
responsible for the PL emission of CeO, nanoparticles. This
proposed mechanism based on the distortion process of [CeOg]
and [LaOg] octahedron groups consequently can be related with
the non-linear variations on the PL intensity of CeO, nanoparticles
with the La content. Also, this behavior can be associated with the
formation of superficial defects caused by the modifications on the
morphology of these powders [52]. These defects are arising from
rapid heating, high effective collision rates between the small
particles and growth processes during the processing of CeO,
nanoparticles.

4. Conclusions

Adopting the microwave-hydrothermal process as synthesis
method it is possible to obtain, by treating the solution at 100°C,
nanometric, crystalline and single phase ceria nanoparticles. As-
prepared ceria powders crystallizes in a pure cubic structure of
CeO, (space group: Fm3m) free of secondary phases. Raman
scattering revealed with raising lanthanum content may reflect the
increase of the oxygen vacancy concentration and absence of any
other Raman mode suggesting pure cubic phase. Undoped CeO,
nanoparticles obtained displays poor contrast and intense
agglomeration amongst extremely fine particles while at higher
La content aggregation between the particles decreases and
monodispersed particles are observed. UV-vis spectra revealed
that as La content increases, the optical band gap of the sample
initially decreases and then increases because new levels of energy
are formed promoting the appearance of intermediate electronic
levels in the band gap. The mechanisms responsible for the PL
emission of CeO, nanoparticles doped with La can be a
consequence of emission process of photons (hv) when an electron
localized in lanthanum 3d states decays into an empty oxygen 2p
state and also affected by particle size during CeO, growth. MAH is
important not only for the use of a short treatment time and low
temperature but also for the possibility to control the morphologi-
cal and structural properties. Therefore, the MAH method is
undeniably a genuine technique for low temperatures and short
times in comparison with the previous methodologies.
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