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ABSTRACT: Here we combined experimental and theoretical results to correlate
the morphological, optical, and electronic properties of cerium oxide (CeO,)
prepared by a microwave-assisted hydrothermal method with varying synthesis
times. X-ray diffraction confirmed a cubic structure without deleterious phases.
Density functional theory simulations confirmed an indirect (K-L) bandgap energy
of 2.80 eV, with an electron transition between O-2p and Ce-4f orbitals, which
agrees with the value obtained using diffuse reflectance. Raman spectroscopy shows
that changing the synthesis times results in samples with different defect densities at
a short range. Theoretical calculations confirmed that the deformations and changes
in the experimental Raman spectra area result in oxygen displacement; as the
displacement decreases, the crystallinity increases, and only one peak was observed.
Scanning electron microscopy and high-resolution transmission electron micros-
copy show changes in the morphologies as the synthesis time varies. For shorter

times, sheet and polyhedral morphologies were noted. With time increases, the sheets turn into nanorods and nanowires until the
nanowires decrease and cubes are observed. In addition, an initial study regarding the influence of the surface on the electric

response of CeO, was completed. It was observed that the presence of different surface defects ([CeO42V%] or [CeO-

the material resistance.

1. INTRODUCTION

Cerium oxide (CeO,, ceria) is considered among the most
important materials because of the great abundance of cerium
(Ce) element in the rare earth element family and its capacity
to release oxygen via Ce>* to Ce** oxidation.' This material has
several important technologlcal applications, such as in solid
oxide fuel cells (SOFCs),” ultraviolet absorbents,’® photo-
catalysis,” optoelectronic devices,” glass polishing materials,®
and biotechnology.” The latter application relies on ceria’s low
toxicity, chemical stability, unique redox property, high oxygen
storage capability, and high oxygen mobility.®

Shape-selective synthesis of inorganic nanomaterials is of
scientific and technological importance because of their unique
shape-dependent material properties.””'” The morphological
effect on the overall functionality of CeO, explains the
importance of their shape-controlled synthetic strategy.
Experimental and theoretical studies have confirmed that
some CeO, nanocrystal properties are surface-structure-
dependent.'® The crystalline plane of ceria exerts a great
influence on its properties. Sayle et al. used computer
simulation techniques to model the surfaces of CeO, and
paid special attention to the effects of surface structures and
energetics on catalytic activity. The results showed that the
(100) terminated surface is inherently more reactive and

© 2020 American Chemical Society

7 ACS Publications

5031

V2]) can alter

catalytically important as compared to those of the (111) and
(110) surfaces. They also established that the (110) and (310)
surfaces are more reactive in the oxidation of CO than (111)
because of the formation of oxygen vacancies.'” Stelmachowski
et al. studied the effect of morphology, and therefore, the
surface, on the catalytic total oxidation of methane. The author
observed that the surface of the nanorod-type assemblies, using
the hydrothermal method, has a superior catalytic response
because of the Ce®" presence.”’

Controlled growth of CeO, nanostructures with a defined
exposed surface, thus, is of substantial importance. In this
sense, researchers have made efforts to synthesize various
morphologies of CeO,, including nanospheres, nanowires,
nanotubes, nanorods, hollow/solid nanocubes, and nano-
octahedrons, along with the investigation of their size- and
shape-dependent performance.'”'°~"%*'7>* A" number of
CeO, synthesis procedures, such as the precipitation,
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hydrothermal,31 solvothermal®* sol—%el,33 and microwave-
assisted methods,* were investigated.”

Concerning these methods, the microwave assisted hydro-
thermal (MAH) method has been regarded as among the most
effective routes to achieve control of particle morphology,
which can be done by controlling the temperature and time of
synthesis, pH of the reaction medium, and use of surfactants,
for example.*>™* This synthesis method combines the benefit
of both hydrothermal and microwave heating techniques and
has advantages in comparison to those of the classical
hydrothermal process because microwave irradiation increases
the effective collision rate and reduces the time required to
obtain isotropically grown nanostructures.” In addition, the
MAH method is considered a single-step and low-temperature
economical route for synthesis resulting in superior composi-
tion and powder reactivity. Aratjo et al. used the MAH
method to obtain CeO, nanoparticles of different morpholo-
gies. Morphology control was achieved by varying the synthesis
temperature. Nanospheres evolved to nanorods with increasing
synthesis temperatures.”’ Bezkrovnyi et al. prepared nano-
structured three-dimensional (3D) CeO, nanocrystals via
MAH synthesis. The authors studied the influence of synthesis
conditions on the morphology and structure. The decisive
effect of the OH~/Ce®* molar ratio in the reaction mixture on
the size and shape of CeO, nanocrystals was established and
explained. The authors observed a CeO, shape transformation
from irregular (spheroidal) to cubical.*

In this paper, we report a facile synthesis procedure using
the MAH method with simple precursors and without the
addition of a surfactant to obtain different CeO, nanoparticle
morphologies (wires, sheets, rods, and cubes) using synthesis
time as the control parameter. A complete study of
morphology and structure evolution of CeO, nanoparticle
during the MAH method was performed. By varying the time
of synthesis, keeping the temperature constant, it was possible
to observe the morphological variation of the nanoparticles.
The properties of the samples were studied by X-ray diffraction
(XRD), Rietveld refinements, Raman ultraviolet—visible diffuse
reflectance spectroscopies, and PL emissions. Field emission
scanning electron microscopy (FE-SEM) and transmission
electron microscopy (TEM) was employed to observe the
morphologies of the nanocrystals. Electrical properties were
studied by resistance measurements. Furthermore, periodic
DEFT calculations were made to complement the study of the
properties of the equilibrium and defect structures. For the first
time, an experimental and theoretical study of the relationship
between the structural, optical, electronic, and electrical
properties and morphology of CeO, nanomaterials is
evaluated. These results may contribute to the area of synthesis
of shape-selected ceria nanoparticles, and they allow us to
understand how different morphologies and their trans-
formations can affect the main properties of CeO, based
materials.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The synthesis of the CeO, particles was obtained
using the MAH method. Cerium nitrate hexahydrate (Ce(NO);-
6H,0, 99%, neon) and sodium hydroxide (NaOH, 97%, neon) were
used. Initially, the Ce(NO);-6H,0, 0.06 M, was dissolved in 90 mL of
6 M NaOH and stirred for 1 h at room temperature, and a suspension
formed. Subsequently, the suspension was transferred to the MAH
system. After 20 min, the system has reached a temperature of 180 °C.
This temperature is maintained for different time periods: 1, 2, 4, 8,
16, and 32 min. The obtained precipitates formed were collected at
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room temperature, washed with deionized water until the pH was
neutralized, and dried in a conventional furnace at 70 °C for 5 h.

2.2. Characterization. Structural analyses of the samples were
carried out via X-ray diffraction (XRD) using a diffractometer (model
DMax/2500PC, Rigaku, Japan) with Cu Ka radiation (1 = 1.5406 A)
in the range of 20—92° and a scanning rate of 0.02°/min. The
Rietveld refinements used the GSAS II program, using the card ICSD
239412, and a scan rate of 2°/min for a 26 range of 10—110°. The
Raman spectroscopy characterization was completed using a LabRAM
iHRSS0 Horiba JobinYvon spectrometer equipped with a 514 nm
laser as the excitation source with 1 cm™ of spectral resolution. A
total of 40 scans were performed from 50 to 800 cm™". Ultraviolet—
visible light (UV—vis) diffuse reflectance spectra were obtained using
a spectrophotometer (model Cary SG, Varian, USA) in the diffuse
reflection mode. The particle morphology was investigated using field-
emission scanning electron microscopy (FE-SEM) on a Supra 35-VP
Carl Zeiss, Germany, operated at 15 kV and high-resolution
transmission electron microscopy (HR-TEM; TEM-FEI/PHILIPS
CM120). Photoluminescence (PL) measurements were performed
using a commercial confocal microscope (Attocube/CFMI). The
samples were excited by a 355 nm laser coupled into a single mode
optical fiber with the beam focused on the sample via an aspheric lens.
The luminescence was collimated by the same lens and projected into
a 50-uym multimode optical fiber dispersed by a 75 cm spectrometer
(Andor-Shamrock) and detected using a charged couple device
(AndoriDus).

To evaluate the temperature dependence of the resistance, the
samples were pressed into pellets 8 mm in diameter and thermally
treated at 380 °C/3 h (Figure S1). Notably, the pellets have the same
shape with an identical distance between electrodes, and the only
difference observed corresponds to the synthesis time. The resistance
measurements were conducted at different temperatures from 330 to
490 K using a closed system at a pressure lower than 10™* mbar and
room pressure. Silver electrical contacts 100 nm in thickness were
deposited on the pellets, which were obtained on an evaporator
(model AUTO 306, Edwards) under the pressure of 1077 mbar.
Notably, the pellets have the same shape and the same distance
between electrodes, and the differences between samples correspond
only to the synthesis time. The resistance was determined using a
Keithley 6517B electrometer.

2.3. Computational Methods. The CeO, structure in the
thermodynamic equilibrium is cubic face-centered (CFC), belonging
to the space group Fm3m with one Bravais lattice (a = 5.4124 A). Its
structure can be depicted as a cerium atom surrounded by eight
oxygens, while each oxygen atom is coordinated by four cerium atoms
(Figure 1). DFT simulations were completed using the CRYSTAL17

Figure 1. Schematic representation of CeO, crystalline unit cells.

package, where the WCILYP (8% hybrid) was applied in common
with an all-electron basis set of oxygen atoms (O_6-31d1)** and a
pseudopotential basis set of cerium atoms.™

As a first procedure, the bulk optimizations of the CeO, structure
were conducted to determine the equilibrium geometry. The
electronic properties were analyzed through the band structure and
the density of states (DOS), employing the same 20 k-point samplings
as the diagonalization of the Fock matrix for the optimization process.

https://dx.doi.org/10.1021/acs.cgd.0c00165
Cryst. Growth Des. 2020, 20, 5031-5042
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Figure 2. SEM images of CeO, prepared using the MAH method at a time variation of 1, 2, 4, 8, 16, and 32 min.

The surface stability and crystal morphologies were discussed by
means of surface energy (E,,) obtained by the following: E ¢ = E,
— nEy /24, where Eg, and Eyy, correspond to the optimized total
energies of the surface and bulk, respectively; n is the number of CeO,
units on each surface; and A is the surface area.

Additionally, the Raman theoretical spectra were obtained. The
vibration frequencies at the I' point were computed within the
harmonic approximation by diagonalizing the mass-weighted Hessian
matrix of the second derivatives of the total energy per cell with
respect to the atomic displacements in the reference cell. More details
regarding the computational vibration frequencies scheme can be
found in the following ref 46.

The punctual defects can affect or even change the properties of the
semiconductor materials. These defects modify the solid vibrational
spectrum, and additional modes (local vibrational modes) appear,
which can be detected by Raman spectroscopy and can be confirmed
by theoretical calculations. In addition, the defects change the
electronic level that can lead to the electrons being excited from or to
these new levels; as a consequence, the return of these excited
electrons to lower energy levels can entail to emitting light in different
regions in the PL spectrum. Once experimentally determined, these
defects depend on the use of various sophisticated equipment, and
combining experimental research with theoretical research is essential
for a conclusive analysis. In this sense, from the optimized bulk,
displacements of 0.3, 0.2, and 0.1 A on oxygen and cerium positions
along the z-direction were completed to simulate structural defects.

3. RESULTS AND DISCUSSION

3.1. Morphological Analysis. 3.1.1. SEM and TEM
Analyses. The morphology of the particles obtained, using
the MAH method, by varying the synthesis time between 1 and
32 min, was characterized by SEM (Figure 2) and TEM
(Figure 3). The formation of sheet-like shapes, rods, wires,
polyhedrons, and cubes, in different proportions, depending on
the synthesis time was observed. As can be seen from the TEM
and SEM figures, changes in morphology were more noticeable
at longer synthesis times. However, in shorter synthesis times,
it can be subtly observed that there is a transformation of
sheets into wires and/or rods and simultaneously the
formation of a larger number of polyhedrons. For the 1 min
synthesis, Figure 3al—a2 shows the formation of polyhedrons
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(with poorly defined faces) and sheet-like morphologies;
notably, the sheets are of a greater proportion. Increasing the
synthesis time (Figure 3b—d), it was observed that the sheets
thinned and lengthened; thus, a gradual transformation of
sheets into wires and/or rods can be observed and
simultaneously the formation of a greater number of
polyhedrons. As shown in Figure 3d, in the 8 min synthesis,
there is a predominance of the wire-type morphology and a
decrease in the polyhedral size. As the reaction continued, the
nanoparticles agglomerated forming cubes, as shown in Figure
3e—f. For the 32 min synthesis, shown in Figure 3f, cubes were
finally observed.

Using TEM images, we propose a growth and formation
mechanism for the different CeO, morphologies (Figure 4).
Because of the nanometric size, and therefore, the high surface
energy of the particles, they initially tend to randomly
agglomerate. As the synthesis time increases, the agglomerated
particles organize themselves to form sheets. Increasing the
system energy, the sheets are formed. Subsequently, the
agglomeration is broken to form wires and rods. It can be seen
that these rods/wires are also fragmented to form polyhedrons.
These polyhedral agglomerates begin to form cubes, which are
finally formed at a 32 min synthesis time.

In the literature,>*>**% there is a discussion regarding the
mechanism of CeO, growth during MAH synthesis. However,
in a general consensus, we can note that the growth of CeO,
particles in a solution containing Ce** and OH™ ions involves a
few steps. The first step is the solubilization of the ceria nitrate
salt and the immediate formation of the Ce®* ion. With the
addition of OH™, Ce(OH); nuclei are rapidly formed because
of the extremely low solubility. Then, the precipitates are easily
oxidized to Ce(OH), because of the existence of O, dissolved
in the water during the magnetic stirring process. Next, the
Ce(OH), transforms into CeO, nuclei through a rapid
oxidation and dehydration process. Since the Ce(OH),
phase was not found in the XRD, the oxidation and
dehydration processes simultaneously occurred.

The CeO, nuclei during this stage are of small size and have
poor crystallinity, high surface defects, and high surface energy;

https://dx.doi.org/10.1021/acs.cgd.0c00165
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0,31 nm{111)

Figure 3. TEM images of CeO, prepared using the MAH method at a time variation of 1 (al,2), 2 (b1,2), 4 (c1,2), 8 (d1,2), 16 (e1,2), and 32
(f1,2) min. HRTEM of the rods and sheets (f), polyhedrons (g), and cubes (h).

Morphologies

16
Time (min)

Figure 4. Proposed mechanism to explain the formation of different
CeO, morphologies.

then, the agglomeration among nuclei tends to occur to reduce
free energy, and therefore sheet-like nanostructures are formed.
Here, two mechanisms for the hydrothermal conditions are
proposed to explain the CeO, particle growth: oriented
attachment (OA)*****’ and Ostwald ripening (OR).** During
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the initial precipitation, the OA of nuclei occurs during the
CeO, sheet formation. The OA occurs because of effective
collision among nuclei with the same crystallographic
orientation during the hydrothermal stage since the micro-
waves enhance nuclei dispersion and collision and promote the
hydrothermal growth of CeO, and sheet formation.

Then, the OR process (dissolution—recrystallization) occurs
to increase the crystallinity of the CeO, nanoparticles. Because
of the low solubility of CeO, crystals in water, the OR process
is an important key in the hydrothermal reactions of CeO,
growth during this step, more crystals with defined
morphologies can form via the dissolution of smaller nuclei.
Increasing the synthesis time of microwave hydrothermal
reactions, the OR process results in well-defined CeO,
nanocrystal edges, and surface defects and surface energy are
decreased. These may be the factors responsible for low
interaction among the CeO, nanocrystals and disintegration of
the sheet-like nanostructures and formation of more
polyhedrons and cubes, as shown in Figures 2, 3, and 4.

https://dx.doi.org/10.1021/acs.cgd.0c00165
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Figure 6. (a) XRD patterns of CeO, prepared using the MAH method by time variation of 1, 2, 4, 8, 16, and 32 min. (b) XRD approximation.

TEM analyses were also performed to better elucidate the
morphologies resulting from the nanometric nature of CeO,
particles and to identify an explanation for the observed
particle crystalline structure. As shown in Figure 3f, related to
the 1 min sample, sheets and wires occur: both structures
present a lattice spacing of 0.31 nm corresponding to the (111)
plane. Figure 3g, related to the 4 min sample, shows
polyhedron and rod morphologies. The rods have a lattice
spacing of 0.31 nm corresponding to the (111) plane. The
polyhedrons show two different lattice spacing values: 0.32 and
0.20 nm, which correspond to the (111) and (220) planes,
respectively. Figure 3h, related to the sample synthesized at 32
min, shows a high-resolution image of CeO, cubes that have a
lattice spacing of 0.27 nm corresponding to the (200) plane.

According to the literature, there are three low-index lattice
planes on the surface of CeO, nanocrystals: (100), (110), and
(111). For these surfaces, the coordination numbers are less
than in the bulk (8 for Ce* and 4 for O>~), which indicates
more active surfaces. Experimental and theoretical studies have
confirmed that the vacancy formation energy is different for
these surfaces following the order of (110) < (100) < (111).*

Our theoretical results, consistent with the literature,
allowed us to determine a set of morphologies for CeO, as
shown in Figure S. The transformation of the morphologies
can be obtained by changing the ratio between the E values
for each surface. The surface energy can be altered because of
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geometric constraints imposed on the crystalline structure.*’
The crystalline morphologies grow from the ideal crystal,
(111) with E_ = 1.19 J/m? thus, the facets (111) are the
main ones exposed to minimize the surface energy. Notably,
with the decrease in the Eg, (100), a cube morphology begins
to form, and with a decrease in the E s (110) the morphology
tends to conform as polyhedra, which are consistent with the
results shown in Figure 7 for the exposed crystalline planes for
cubes and polyhedra. The experimental morphologies nano-
sheets, nanorods, and nanowires can be correlated to the
theoretical ones considering the decrease in the E ¢ of planes
(111) and (110) as well as the defects present along the
synthesis route.”" Different types of defects are found for each
exposed surface as shown in the middle of Figure 5, and
therefore the nanorods, nanowires, nanopolyhedra, and
nanocubes have different defect densities.

The formation of oxygen vacancies and other lattice defects
is very important for oxygen anion mobility.” As the number of
vacancies increases, the movement of oxygen atoms is
facilitated in the crystal. The increased oxygen diffusion rate
in the lattice during synthesis causes modifications not only in
the optical properties but also influences the electrical
properties as will be shown in the electrical resistance analyses.

3.2. XRD Patterns and Rietveld Refinements. Figure 6a
shows the XRD patterns of CeO, prepared using the MAH
method by time variation of 1, 2, 4, 8, 16, and 32 min. All

https://dx.doi.org/10.1021/acs.cgd.0c00165
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Table 1. Results Obtained from Rietveld Refinements of CeO, Powders

synthesis time (min) a=b=c(A) v (A%) crystallite size (mkm) dist. bond Cel—01 (A) microstrain (pe) wR (%)
1 5.48 161.74 0.044 2.36(0) 63296.72 5.56
2 S5.44 161.39 0.058 2.36(0) 76341.26 6.13
4 5.44 161.17 0.081 2.35(0) 38230.00 5.79
8 5.46 162.62 0.086 2.36(0) 23830.02 6.11
16 5.43 160.52 0.018 2.35(0) 14260.00 591
32 543 160.01 0.019 2.36(0) 59387.55 6.58
Obs: displaced Ceand O atoms = displaced O atoms
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Figure 7. (a) CeO, Raman spectra of CeO, prepared using the MAH method by time variation (b) CeO, theoretical Raman.

reflections were assigned to the cubic structure of CeO,
belonging to the space group Fm3m (ICSD pattern no.
239412). The corresponding Miller indices were provided, and
no additional reflections were found, which suggests high
phase purity. All of the CeO, reflections are broad because of
the nanometric crystalline size and lattice microstrain, serving
as a measure of lattice defects. In addition, it was observed that
when increasing the synthesis time the reflections become
progressively narrower and sharper; the intensity gradually
increases, while the width at half height decreases, indicating
that the long-range symmetry and crystallinity of CeO, were
enhanced.

Figure 6b shows the XRD peak shift for the CeO,
nanostructures obtained at different synthesis times. For the
samples with longer synthesis times (16 and 32 min), a shift to
a greater angle of the diffracted peak is observed. This
displacement may be associated with the composition or
parameters of the crystalline lattice such as volume®® or
stress.”® Here, the displacement to higher angles is associated
with the lattice tensile stress, which is related to the change in
particle morphology with synthesis time.

To better compile the XRD results, Rietveld refinement of
the diffractograms was performed as presented in Table 1 and
Figure S2. The fitting parameters (wR (%)) indicate good
agreement between the calculated and observed XRD patterns
for the as-prepared CeO, nanocrystals. For this, was used the
GSAS-II programs and the ICSD (Inorganic Crystal Structure
Database) number 239412 published in ref 54 were employed.
In this crystallographic sheet, CeO, has a lattice parameter
value of 5.4665 A. The lattice parameter value presented by
our samples is in agreement with this article, and several others
presented in the literature.”>™® A review of the ICSD
databases showed that the CeO, lattice parameters could
range from 5.38 to 5.52 A, according to the ICSD cards 28709
and 165720, respectively. Moreover, it can be observed that
these parameters significantly change with the synthesis time,
which may be associated with modifications in the nanoparticle
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morphology, crystallinity, and straining due to the particle
synthesis time. Higher values of the crystalline parameters are
observed for the nanoparticles obtained with 8 min; this is
related to the predominance of the type of morphology and
consequent type of defect in the structure.’”*

However, the 32 min sample of synthesis with the
crystallization and recrystallization retains growth and results
in the lower lattice parameter value.

Rietveld refinement indicated that in the CeO, unit cell the
lattice former Ce is surrounded by eight oxygens to form
[CeOq] clusters. An analysis of the values for the bond
distances on the [CeOg] clusters was performed, and the
results are shown in Table 1. It can be seen that these clusters
present different bond distances and microstrain values, and
thus a displacement from the original position can be
determined. These results indicate lattice distortions and
structural defects, which cause polarization and symmetry
breaking and therefore the formation of different defect
densities.> In addition, these defects enhance the charge
transfer (CT) process among the clusters, from which the
material properties such as PL and conductivity arise.
Regarding the crystalline size, it has a tendency to increase
according to the time of synthesis for the samples up to 8 min
and then a reduction for samples obtained at 16 and 32 min,
which is in agreement with variations in lattice parameters for
oriented particle growth.**

The theoretical calculation obtained a cell parameter (a)
value of 5.39 A; this value is nearer the a for the CeO,
nanocrystal synthesized at 32 min (5.43 A) determined by the
Rietveld refinement (see Table 1) with a small deviation
(0.66%). The theoretically calculated values of the volume and
bond distance Ce—O were 156.84 A® and 2.34 A, respectively.
All the theoretical results are in accordance with the CeO,
nanocrystal synthesized experimental data. However, the
proximity to the results of the CeO, nanocrystal after 32
min of synthesis is because of the high crystallinity obtained
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over this time, once the theoretical simulation considered the
crystal without any defects.

3.3. Raman Spectroscopy. Raman spectroscopy can be
employed to determine the short-range order—disorder
relationship in semiconductor materials, which, in our case,
can be used to analyze the local coordination of Ce clusters as
constituents of CeQO, crystals. Figure 7a shows the Raman
spectra of CeO, nanostructures at the excitation wavelength of
325 nm. According to the literature, CeO, nanoparticles show
one strong intense band at 461 cm™' that generally
corresponds to the active triply degenerated F,, Raman
active-mode of fluorite type cubic structure because of the
symmetric breaking mode of the oxygen atoms around the
cerium ions. The Raman spectrum thus corroborates that the
synthesized products have a crystalline fluorite cubic
structure.® However, three additional peaks at ~600, 248,
and 122 cm™" were observed, which may be associated with
short-range structural defects. The main defect in CeO,
nanocrystals is the formation of oxygen vacancies.””” In the
fluorite structure, the oxygen atoms are all in the same plane,
allowing rapid diffusion as a function of the number of oxygen
vacancies.”” Oxygen vacancies can be produced via the
following defect reaction between Ce** and Ce*, via the
interaction between ordered and disordered clusters. The
oxygen vacancies in a disordered structure [CeOg]§ can also be
represented as [CeOy]/[CeO,-Vi] complex clusters and can
be considered hole-trapping centers according to the following
equations that consider the intrinsic generation of defects at
clusters:

[CeOgl:...[CeOg]; < [CeOql...[CeO,-VI] + 1/20,
(1)
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[CeOg)5...[CeO, V] < [CeOyl,...[CeO,- V7] (2)

[CeOS]s...[CeO7~V;] “ [Ceog]:)...[CeO7-V;'] (3)
where Vj represents is the neutral vacancy, and V§ and V;° are
the singly and doubly ionized vacancies, respectively. Thus,
these three bands can be linked to lattice defects, which result
in oxygen vacancy creation.

With increasing synthesis time, the modes thin, the width at
half height decreases, and the three additional peaks at ~600,
245, and 122 cm™' disappear, indicating an increase in the
structural order at a short range. This characteristic is
associated with the kinetics under synthesis conditions and
also the intrinsic lattice structural order as was confirmed by
the Rietveld refinement. Moreover, it was observed that the
modes have different widths at half-height values. Therefore, it
can be stated that the increase in synthesis times leads to
significant differences in the formation of short-range defects in
the CeO, crystals.

The obtained theoretical Raman spectra are shown in Figure
7b, and the only band at 491 cm™!, characterized by the Fy,
Raman active mode, confirms the high pure experimental
nanocrystal with a deviation of 6.51%. However, to analyze the
deformations and changes in the Raman spectra observed at
other time synthesis times, different distortions were simulated
on the structure through the displacement of atoms along the
z-direction. In this sense, a displacement of 0.3 A on O, Ce,
and both (O and Ce at the same time) was made. As can be
seen in Figure 7b, when the O and both Ce and O were
displaced, the same active modes were found, while for the
displacement only in the Ce atom, the modification is not
significant. In particular, the mode at ~151 cm™ only appears
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when the oxygen atom is displaced and also appears in the
experimental Raman spectrum for the syntheses less than 32
min. Therefore, these results show that the structural
distortions were caused by the oxygen displaced on the
crystalline cell. Analyzing only the displaced oxygen, two
additional displacements along the z-direction were made
completed of 0.1 and 0.2 A. These models were compared with
the 0.3 A displaced model and with a no displaced atom to
investigate the degree of the defects observed in the
experimental Raman spectrum. The analysis showed that as
there is an increase in structural defects, caused by the oxygen
displacement, new active modes appear and become more
spaced from one another. In contrast, when the structural
defects are minimized, the active modes approach the defect-
free model, generating only one mode at 491 cm™!. Therefore,
this analysis showed not only the cause of the structural defects
experimentally observed but also confirmed the major degree
of crystallinity obtained in the sample at 32 min.

3.4. Ultraviolet—Visible Light Diffuse Reflectance
Spectroscopy. Figure 8a shows the UV-Vis diftuse reflectance
spectra of the CeO, nanocrystals. The CeO, crystals show an
optical diffuse reflectance spectrum governed by indirect
electronic transitions; on the basis of this, the band gap
energy (Egap) values of the CeO, nanocrystals were calculated
using the methods proposed by Kubelka and Munk® and
Wood and Tauc’® and were determined by extrapolating the
linear portion of the UV—Vis curve. As shown in Figure 8a,
there is an E,,, between 2.5 and 2.7 eV. These values are
similar to those reported in the literature.”'~"*

According to the band structure shown in Figure 8b, the
theoretical band gap is indirect, and it occurs between the K-L
k-points (2.80 eV) and agrees well with the present
experimental value and literature data. The density of states
(DOS) analysis (Figure 8c) shows that the major contributor
of the band gap is the O-2p level at VB (the three p
components equally contribute), and there is also a
contribution of Ce-f(,>.,»), above the Fermi level (E) at CB,
which is characterized as the O,,-Ce, gap. A second band gap
can be observed considering the electron transition between
0,,-Cesy, in which Ce-5d(,.,%) is the major contributor from
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10.0S eV, given a band gap of the same value. Despite the great
accordance between the experimental and theoretical main
band gap values, the WC1ILYP overestimates the second band
gap, and the obtained value is greater than that experimentally
obtained in the present work and available in the literature.*
The two band gaps discussed in the present work were
previously theoretically discussed by Sanz and co-workers,*
and the results obtained here are in accordance with theirs.

The band structure and DOS of the model with the oxygen
atom displaced by 0.1 A are shown in Figure 8c; this is the
distorted model that represents the experimental morphology
with structural defects. Compared to the case of the
nondisplaced model, it can be seen that with the oxygen
displaced the orbitals at valence bands were conserved, and
only the electronic levels above Eg were displaced downward.
However, as the Ce-f orbital is the most significant contributor
above E; (CB), this orbital was also displaced, along with the
displacement of the O-2p orbitals. Thus, the reduction in the
band gap (OZP-Ce4f) observed is because of the displacement
of the electronic levels above the Fermi energy and not of the
valence band. In addition, no significant change was observed
in the behavior of the band structures with the simulated
structural defect.

3.5. PL Emissions. The PL profiles for the CeO,
nanocrystals measured using a 355 nm Cobolt/Zoukas an
excitation source are shown in Figure 9.The CeO, spectrum
originates from the defect states extensively occurring between
the Ce 4f state and O 2p valence band.”* The broadband
profile of the PL emission band is typical of a multiphonon and
multilevel process; this behavior is reported in a system in
which relaxation occurs by several paths, involving the
participation of numerous states within the band gap of the
material with disorder/defects in the lattice.”> These defects
possibly act as radiative recombination centers for electrons
initially excited from the valence band to the 4f band of the
Ce0,.”*

It is also observed in Figure 9 that the broadband PL reaches
frequencies ranging from violet to red. The photoluminescence
influence in different regions of the visible spectrum is
associated with the different routes traveled by the charge
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carrier during exciton recombination (electron—hole pair).
The broadband from approximately 400 to 850 nm has four
evident emission bands: a blue broad emission band at ~445
nm (2.79 eV), blue-green band at 460 nm (2.70 eV), yellow-
red band at ~515 nm (2.41 eV), and red band at 530 nm (2.34
eV).

It can be observed that with the increase in the synthesis
time, the samples show different PL profiles. This indicates
that different synthesis times causes particle formation with
different sets of defects. This may be associated with the
crystallization—dissolution—recrystallization process that oc-
curs within the microwave reactor during CeO, nanoparticle
growth, which provokes distortion in the hexahedron [CeQOq]
clusters at medium range and changes in the morphologies.
These distortions on the [CeOg] clusters aid the formation of
intermediary energy levels within the band gap of this material
that provokes nonlinear variations in the PL intensity of the
CeO, nanocrystals obtained using the MAH process. In
addition, this behavior can be associated with the formation of
superficial defects caused by modifications of the morphology
of these powders. Thus, the morphology modifications of
different planes and surfaces, with dissimilar sets of defects, are
exposed. These defects originate from rapid heating, high
effective collision rates between the small particles, and growth
processes during the processing of CeO, nanoparticles.
Therefore, using the different synthesis times in the MAH
method, one can produce samples with different densities of
defects and, therefore, unique properties.

3.6. Electrical Properties. To understand the electron
transport properties of CeO, synthesized particles with
different morphologies, resistance versus temperature behavior
is shown in Figure 10. Because semiconductor oxides present a
remarkable change in the electrical properties when exposed to
0,, CO, and NO, gases,76 for the purposes of this study,
electrical resistance dependence on the atmosphere was also
assessed. Samples were also evaluated in a vacuum (107*
mbar) and dry air atmospheres. When samples are exposed to
air, the oxygen interaction with the clusters should be
considered. Ceria disordered structures (represented as
clusters interacting with O,) interact with air and can be
represented in the following equations (4—7):"

[CeO,-Vi] + O, < [CeO,-V(]...O, (ads) (4)

[CeO42Vi] + O, < [CeO4-2V}]...0, (ads) (3)
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[CeO,. Vi]... O, © [CeO0,-V,]...0; (ads) (6)

[CeO42V}]..0, [CeO6~V;V;]...OZ’ (ads) (7)

From the obtained results shown in Figure 10a, the electrical
transport characteristics of the CeO, nanoparticles agree with
an n-type semiconductor behavior, in which the exposure to a
dry air atmosphere increases the sample resistance. For the
following interpretations, we must consider that the electrical
resistance depends on different factors such as grain boundary,
particle size, and in the case of CeO,, the presence of free
electrons at the cerium 4f' states as a result of ionized vacancy
formation (eqs 4—7).”® In this work, the resistance depend-
ence on temperature and gas atmosphere must also be related
to the sample morphology obtained as a result of the different
synthesis times. From Figure 10a, when samples were exposed
to a vacuum atmosphere, the electrical resistance decreased
with temperature depending on different surfaces (obtained
with the synthesis time). The vacuum promotes oxygen
desorption at the sample surface (inverse of eqs 6 and 7).
Then, a decrease in the electrons at the 4f cerium state
promotes a decrease in the sample resistance because of the
elimination of O,.

Electrical measurements were conducted, and in a vacuum
atmosphere at temperatures above 430 K, an electrical
resistance decrease was observed for the samples obtained up
to 8 min of synthesis (Figure 10a); a slight decrease in
resistance for samples with a synthesis time of 16 and 32 min
was noted. There are different surfaces in all morphologies;
however, at the synthesis time of 8 min, more wire was
observed which dominated the surface (111). In the surface
(111), there is only one vacancy because of the presence of the
[CeO,- V2] cluster, while on surfaces (100) and (110) two
vacancies occur, because of the presence of the [CeO42VE]
cluster. When there is only one vacancy, the holes formed are
more stable, which reduces the electrical resistance. In the
other samples, there is a predominance of surfaces (100) and
(110), with two vacancies, in which there is a resonance
between the vacancies stabilizing the interaction electron/role
(Vo V5 © VIVp).

Previous studies have shown that the electric conduction of
undoped CeO, particles is dominated by a tunneling current,””
in which defects are created because of the presence of an
oxygen vacancy, [CeO, V%], allowing an increase in the
number of electrons at the 4f cerium states. When the 4f°
states receive an electron from the vacancy formation process,
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an electrical resistance decrease is observed.”® Analyzing the
R.i/R,, ratio, shown in Figure 10b, it is observed that the
slope of the curve increases for the samples obtained from 1 to
8 min of synthesis with the maximum slope observed for the 8
min sample. The R, /R,,. ratio decreases for the 16- and 32
min samples. The largest slope is the result of the greatest
difference in resistance between the vacuum and dry air
exposure. This means that O, molecules present in
atmospheric air are adsorbed onto the CeO, surface and
result in electron trapping’”*’ with a greater effect for the
sample obtained with 8 min of synthesis. We attribute this
effect to wire morphologies with a predominance of [CeO,-V]
defects. After 8 min of synthesis, wire-like morphologies begin
to fragment increasing polyhedral and cubic morphology
formation and consequently an increase in the [CeO42V]
defects. Therefore, the connectivity between the wire type
particles and the increase in [CeO,-Vi] defects tends to
improve the material sensitivity when the atmosphere is
changed from air to a vacuum.

4. CONCLUSIONS

In this work, CeO, nanocrystals were successfully synthesized
using the MAH method, and, for the first time, the effects of
synthesis time on the crystalline structure, morphology, and
optical properties were investigated. First-principle calculations
at the DFT level provided a comprehensive knowledge of the
electronic and structural properties. The main conclusions are
summarized as follows: (i) The XRD patterns and Rietveld
refinement data showed that all CeO, samples were crystallized
in the fluorite-type cubic structure. (ii) Raman spectroscopies
confirmed the presence of the F,; active mode characteristic of
the CeO, cubic structure; in addition, unexpected modes were
observed. The theoretical calculations showed that the
appearance of new peaks was due the displaced oxygen as
confirmed by the theoretical Raman spectra. In addition, with
an increase in the synthesis time, these extra peaks disappeared,
confirming an increase in the symmetry at a short range. (iii)
The SEM images showed that the synthesis temperature
influences the shape of the CeO, nanocrystals, which initially
exhibit sheet and polyhedral morphologies. With increasing
synthesis time, the sheets turned into nanorods and nanowires,
and the proportion of polyhedral structures increased until the
nanowires decreased and cubes were observed. (iv) The UV—
vis spectra showed indirect transitions. The theoretical indirect
band gap occurs between O,, and Cey; and this agrees with
the experimental data. In addition, the model with oxygen
displaced simulating an oxygen defect in the cell shows that the
band gap decrease was according to the level above Ej, which
corresponds to the Cey orbitals. (v) Finally, it was found that
the increase in sample sensitivity is an effect produced as a
consequence of the increasing oxygen vacancies. The effect was
a change in the morphologies, and consequently, exposed
planes can be used for tuning the band gap and oxygen
sensitivity, which is useful for optoelectronic device fabrication
and sensing properties.
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