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ABSTRACT: In this work, we investigated the synthesis temper-
ature effect on the crystal growth of Eu-doped ceria nanostructures
synthesized via the microwave-assisted hydrothermal method and
how it influences their red-light emission. Sphere-like nanoparticles,
nanorods, nanorods/nanocubes, and nanocubes were obtained by
gradually increasing the synthesis temperature. The structural
analysis revealed that the nanocubes displayed higher crystallinity
and lower structural disorder in comparison to the other
morphologies. X-ray photoelectron spectroscopy (XPS) spectros-
copy showed that oxygen vacancies were the predominant defect.
The intensity of the photoluminescence emissions of the
nanocubes was 60 times higher than that of the sphere-like
nanoparticles and nanorods, indicating that the structural symmetry
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in this morphology is suitable for doping with Eu’*, displaying greater photoluminescence efficiency. The nanocubes also displayed
excellent red-light emission, with coordinates (0.63,0.37) close to the red RGB primary at (0.64, 0.32). The lifetime values increased
with higher synthesis temperatures. This trend suggests a structural correlation of different morphologies, defects, and homogeneity
of the Eu®" distribution in the crystal lattice and the photoluminescence emission and quenching. Therefore, we showed that
controlling the morphology of Eu-doped CeO, nanostructures is a powerful tool to improve its photoluminescence properties, which

is valuable for applications as a red phosphor.
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1. INTRODUCTION

Solid-state light-emitting materials, such as light-emitting
diodes (LEDs), are monochromatic or polychromatic light
sources that find diverse applications across residential and
commercial lighting, electronic devices, the automotive
industry, medical fields, and agriculture.1 Luminescent
materials, commonly referred to as phosphors, can have
different compositions, such as Cal,x,yerBa),AlSiN3:Eu2+ and
Caz,x,yerBaySisNS:Eu“, which typically involve expensive
precursors and intricate stoichiometries, resulting in a high-
cost synthesis process and consequently an expensive final
product.” Cerium dioxide (CeO,), or ceria, is an attractive
matrix for light-emitting and photoluminescent applications
due to its simple stoichiometry and inherent blue emission.””

Despite numerous studies regarding undoped and doped
ceria and their photoluminescence properties, there is still a
lack of data on the influence of the crystal growth and
morphology of ceria as a light emitter. For instance, as a red-
light emitter with a simple stoichiometry and high quantum
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efficiency, it can be effectively used in LEDs for agricultural
applications, aiding in photosynthesis, germination, and overall
plant growth.” With advancements in solid-state light-emitting
technologies, it is imperative to comprehend the behavior of
materials within a nanometric scale matrix, characterized by
high reactivity and surface energy. This understanding is
crucial for achieving high-efficiency emitting devices. This
entails, for instance, modifying the nanoparticle morphology
and assessing its electronic properties.

Manipulating the morphology of nanomaterials is complex
and requires a deep understanding of their growth mecha-
nisms.” Thus, choosing an adequate synthesis route is essential
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Figure 1. Schematic diagram depicting the synthesis of the Eu-doped ceria nanostructures via the MAH method.

to producing high-quality nanostructures with controlled
morphologies. A variety of techniques have been used to
prepare ceramic nanostructures, such as coprecipitation,8
conventional hydrothermal,” microwave-assisted hydrother-
mal,'® and sol—gel.ll Among these, the microwave-assisted
hydrothermal (MAH) method features a set of advantages over
the others, e.g, simplicity, low temperature, short time, and
low cost. Also, the MAH synthesis is carried out inside a sealed
autoclave, which minimizes the disposal of byproducts into the
atmosphere and water systems.'”

Recently, researchers reported the synthesis of shape-
controlled CeO, (or ceria) nanostructures using different
methodologies,'”™"° but few publications discussed the MAH
method.'”"® Oriented attachment and Ostwald ripening were
reported as the main growth mechanisms of ceria nanodisks,
nanorods, and nanocubes via wet chemical routes.”'®
However, the authors used mostly long synthesis time (up to
144 h) or heat treatment at high temperatures (600 °C) to
obtain the specific morphologies. In some of these studies, the
morphologies are poorly defined or mixed with other shapes.
Despite being common in the literature, these results show the
complexity involved in synthesizing high-quality nanostruc-
tures and indicate the necessity to improve and optimize their
synthesis.

Ceria nanostructure has received considerable attention due
to its promising applications in gas sensors,'” solid oxide fuel
cells,” photocatalysis,”' and LED components.”” It is an n-
type semiconductor in which the cations of the crystal lattice
can easily change their oxidation state from Ce*" to Ce®* (and
vice versa) by creating or eliminating oxygen vacancies. By
increasing the concentration of oxygen vacancies, electrons
initially associated with O 2p states transition to Ce 4f states.”
As Ce 4f states lie inside the bandgap region of ceria, partially
filling Ce 4f states increases the number of carriers and
modifies the conductivity of CeO,.”* The transitions and
nanometric characteristics of CeO, particles contribute
favorably to the luminescent behavior of this material.
Research indicates photoluminescent emission spanning from

the ultraviolet™ to the blue and green range.”® Doping with
rare-earth (RE) elements presents an alternative method for
controlling emission properties, such as enhancing intensity or
extending emission duration. In this sense, among RE3*
cations, Eu** exhibits intense red photoluminescence emission
due to *Dy — "F, transitions around 610 nm, thus being used
in multiple applications such as glasses, organic and inorganic
compounds, polymers, and others.””™° Evaluating the
production of photoluminescent Eu materials within an oxide
matrix, such as CeO,, offers advantages in practical
applications, including enhanced durability, thermal stability,
and resistance to corrosive environments. Researchers have
attempted to improve the photoluminescence of Eu-doped
ceria by changing the dopant concentration, using different
codopants, and controlhng thelr microstructure properties.””
For instance, Thorat et al.*" studied the correlation between
the defect chemistry and the photoluminescence properties of
Eu-doped ceria nanocrystals, assigning higher emission
intensities to higher crystallinity. Furthermore, Eu cations
behave as a spectroscopic probe for ceria, providing
information regarding the local symmetry at the sites occupied
by the dopant cations.

In this work, we investigated how different synthesis
temperatures influenced the morphology of europium-doped
ceria (CeO,: 8 wt % Eu) nanostructures prepared using the
MAH method. A doping concentration of 8 wt % was selected
based on previous results, which indicated that at this
concentration, several electronic and electrical properties of
ceria, including its photocatalytic and gas sensing proper-
ties,”””* were improved without the formation of secondary
phases. The morphological, structural, and optical properties
were analyzed via X-ray diffractometry (XRD), Raman
spectroscopy, absorption spectroscopy in the ultraviolet—
visible region (UV—vis), photoluminescence emission spec-
troscopy (PL), transmission electron microscopy (TEM), and
X-ray excited photoelectron spectroscopy (XPS). We provided
a detailed investigation of the growth mechanisms behind the
synthesis of doped ceria nanostructures at different temper-
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Figure 2. TEM micrographs of the Eu-doped ceria sphere-like nanoparticles (a), nanorods (b), nanorods/nanocubes (c), and nanocubes (d)
synthesized via the MAH method at 100, 140, 180, and 200 °C for 8 min, respectively.

atures, and a correlation between crystal growth, morphology,
and photoluminescence is established. Therefore, this work
provides valuable insights into the synthesis of rare-earth-
doped ceria aiming at potentializing their applications in
optoelectronic devices.

2. EXPERIMENTAL PROCEDURE

2.1. Synthesis of the Nanostructures. Eu-doped ceria
nanostructures (CeO,: 8 wt % Eu) were synthesized using the
microwave-assisted hydrothermal method, as illustrated in Figure 1.
First, cerium nitrate hexahydrate (Ce(NO;);-6H,0, Sigma-Aldrich)
and europium oxide (Eu,O; Sigma-Aldrich) were simultaneously
dissolved in distilled water (drops of nitric acid were used to assist in
the dissolution of Eu,0,). Next, the solutions were mixed under
continuous magnetic stirring at room temperature. Subsequently, the
mixture was added to a 6 M NaOH (Sigma-Aldrich) solution and
homogenized for 1 h. At this stage, a light-purple slurry solution was
observed due to the precipitation of Ce and Eu hydroxides. This
solution was then transferred into a poly(tetrafluoroethylene)
container, sealed, and placed inside a microwave oven (2.45 GHz,
800 W). The synthesis was carried out at 100, 140, 180, and 200 °C
for 8 min®* and corresponded to an autogenous pressure of 98, 294,
490, and 680 kPa, respectively. After the thermal treatment, the
system was cooled to room temperature naturally. Finally, the
supernatant was collected and washed until the pH was neutralized.
The samples were dried overnight at 100 °C. Eu-doped ceria
nanostructures were obtained in the form of a light-yellow powder. All
reagents used were of analytical grade.

2.2. Characterization of the Nanostructures. The crystalline
structure of the nanostructures was investigated in a Rigaku DMax/
2500 diffractometer using Cu Kal (4 = 1.5406 A) radiation in the
20—80° range. The Rietveld refinement was performed using GSAS II
software over a 10—110° 26 range collected at 0.02°/min, and the
data was fitted based on the face-centered cubic (Fm3m) structure of
CeO,. Raman spectroscopy was used to analyze the short-range

symmetry and presence of structural defects in the samples with a
Horiba LabRAM iHR 550 spectrometer using an argon laser (1 = 514
nm) as the excitation source. UV—vis was performed in a PerkinElmer
Lambda 1050 spectrophotometer in the 250—2500 nm range using
the diffuse reflectance mode. The bandgap energies were estimated by
converting the UV—vis data into Tauc plots using the Kubelka—Munk
function.” The bandgap energy was determined by finding the x-axis
coordinate of the point where the extrapolation of the linear portions
of the curves intercept. TEM was carried out to study the
morphology, exposed planes, and growth mechanisms of the
nanostructures. The images were taken at room temperature in a
Phillips FEI CM 120 microscope. The room temperature PL spectra
were recorded in a detection system composed of a 19.3 spectrometer
and a Silicon CCD (Andor—Kymera/Idus) via an excitation laser
source emitting at 355 nm (Cobolt/Zouk). Lifetime measurements
were conducted utilizing a HORIBA Jobin Yvon Fluorolog 3
spectrofluorometer equipped with a pulsed Xe lamp featuring a 6
ps pulse half-width within a 5.5 ms range and a picosecond photon
detector (PPD-850) comprising 4096 channels. Decay curves were
acquired with excitation in the ’F, — SL4 transition and by
monitoring the Dy — ’F, transition of the Eu®" ion. Lifetime values
were derived via second-order exponential decay fitting. XPS was
performed to investigate the elemental composition and oxidation
states at the surfaces of the Eu-doped nanostructures. The
measurements were performed in a Scienta Omicron ESCA+
equipped with a hemispherical analyzer (EA12S) with Al Ka (hv =
1486.7 eV) as the radiation source. CASA XPS software (Casa
Software Ltd., U.K.) was used to analyze the XPS data. The spectra
were corrected to the charge effects using the C 1s peak of
adventitious carbon at 284.6 eV as a reference. All data processing and
fitting of the spectra were based on the correct separation of the
doubles and logical sequence of width to half height of the states.

3. RESULTS AND DISCUSSION
3.1. Morphological Analysis. Figure 2 shows the TEM
images of the Eu-doped ceria nanostructures synthesized at
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Table 1. Temperature, Time, Growth-Directing Agents, and Heat Treatment Used in Different Synthesis Methods to Obtain

Ceria Nanostructures”

synthesis morphology temperature
ME nanosphere/nanorod 140 °C
MAH nanorod 120 °C
CH nanorod 100 °C
nanocube 180 °C
ST nanocube 180 °C
CH nanocube 150 °C
CP nanorod room temperature
SG spherical 60 °C
MASG 130 °C
MAH sphere-like 100 °C
nanorod 140 °C
nanocube 200 °C

time growth-driving agents heat treatment refs
12 h yes no 12
30 min yes no 17
24 h no 400 °C/4 h 13
24 h
24 h yes no 49
24 h no no 20
up to 96 h no 650 °C/6 h 50
2h no 500 °C/6 h S1
10 min
8 min no no this work

“ME: microemulsion, MAH: microwave-assisted hydrothermal, CH: conventional hydrothermal, ST: solvothermal, CP: coprecipitation, SG: sol—

gel, MASG: microwave-assisted sol—gel.

100, 140, 180, and 200 °C for 8 min via the MAH method. For
the synthesis performed at 100 °C (Figure 2a), a mixture of
morphologies with poorly defined shapes was observed, most
of them sphere-like nanoparticles (4.6 & 0.3 nm in size), with a
few elongated rod-like shapes starting to form. Increasing the
synthesis temperature to 140 °C led to the formation of well-
defined nanorods (43.8 & 3.5 in length and 7.4 = 0.1 in width)
though also in an aggregated state (Figure 2b). At 180 °C
(Figure 2c), the nanostructures are composed of a mixture of
nanorods (48.2 + 2.0 in length and 12.0 = 0.5 in width) and
nanocubes (14.2 + 5.3). Finally, at 200 °C (Figure 2d),
nanocubes with well-defined shapes and sharp edges were
formed (10.1 + 3.9). At this stage, only nanocubes were
observed. Therefore, as the synthesis temperature increased,
different exposed crystalline facets were observed, i.e.,
nanostructures with a change in shape isometry were induced
by temperature. The formation of large agglomerates is
probably due to the high electron density on the surfaces
coming from oxygen vacancy defects. Such phenomenon is
common for nanomaterials,'" and might be avoided by adding
surfactants to the synthesis; however, surfactants are known for
being growth-directing agents, and as such, their use can
influence the final morphology of nanostructures.’>*°
Aggregation of nanoparticles can also be ascribed to van der
Waals forces as well as their spontaneous predisposition to
form agglomerates to reduce their surface energy. The
morphological analysis of Figure 2 (inset boxes depict the
interplanar spaces) indicates that, depending on thermody-
namic parameters (kinetic energy through temperature), a
morphology with a particular exposed surface is consumed by
another type of predominant exposed surface: from sphere-like
nanoparticles to nanorods to nanocubes. Therefore, except for
the sphere-like nanoparticles, which displayed (111) and (110)
facets, nanorods and nanocubes exhibited only (100) facets.
The same set of exposed facets was reported in the literature
for CeO, nanorods and nanocubes.’”*"

To understand the crystal growth mechanisms of specific
morphologies, we must consider how the MAH method
influences the synthesis. Opposed to most wet synthesis
techniques, which usually use conductive heating, the MAH
method uses microwave radiation to heat the solution, leading
to much higher synthesis rates.”” The rapid heating results in
multiple nucleating sites, which avoid crystal overgrowth and
tend to form nanoparticles with an average particle size

distribution of as low as 5 nm. Accordingly, we showed in
previous works*>*" that the MAH synthesis of ceria at low
temperature (100 °C) and with low OH~ concentration
resulted in sphere-like shaped nanoparticles with a reduced
average size distribution, and no specific morphologies were
identified. However, the sample synthesized at 100 °C and
with 6 M NaOH (Figure 2a) showed that rod-like
nanostructures started to form (Figure 2a). In this case, rod
formation can be explained by the high OH™ concentration
used in the synthesis route. Hydroxyls are strong mineralizing
agents and cause accelerated crystal growth under high
concentrations.”' The high proportion of mineralizer to
metal precursor kinetically favors the growth of facets with
higher surface energies, which otherwise would be thermody-
namically eliminated, thus inducing the anisotropic growth of
crystals in the form of nanorods.””*’ In such conditions,
Ce(OH);, Ce(OH),, and Eu(OH); precipitates are formed,
and Ce(OH), is rapidly oxidized to Ce(OH),** These
hydroxides are deprotonated during the synthesis and
converted into the Eu-doped ceria nanostructures.”*

For hydrothermal processes, two mechanisms control the
anisotropic growth of nanocrystals: Ostwald ripening and
oriented attachment. Depending on the synthesis parameters,
one mechanism might prevail over the other or coexist, leading
to the growth of different morphologies.** As discussed before
(Figure 2a), high OH™ concentration, low temperature, and
short synthesis time led to mostly sphere-like nanoparticles due
to the conversion of small hydroxide aggregates into Eu-doped
CeO,. At this stage, a high number of nucleation sites form in
response to the high OH™ concentration in the solution, which
increases the contact rate of the nuclei. If the contact between
two nuclei occurs via planes with the same crystallographic
orientation, they coalesce in a preferable growth direction,
forming the nanorods. This mechanism is known as oriented
attachment.*® Increasing the temperature to 140 °C enhances
the nuclei collision rate and nanorods with an increased length
dominate the final morphology, as shown in Figure 2b. At 180
°C, a mixture of nanorods and nanocubes was observed
(Figure 2c), indicating that a different growth mechanism
occurs. This shift is confirmed in Figure 2d, where only
nanocubes were observed after the synthesis temperature was
increased to 200 °C. The well-defined morphology and sharp
edges of the nanocubes suggest that Ostwald ripening
mechanisms had a greater influence on the crystal growth in
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higher synthesis temperatures.*”*” Ostwald ripening is based

on dissolution—recrystallization processes, in which small
crystals dissolve and recrystallize onto larger particles,*
forming morphologies with well-defined shapes.47 Typically,
CeO, crystals have a low solubility in water, hindering their
dissolution—recrystallization processes.”” Therefore, we sug-
gest that both oriented attachment and Ostwald ripening
mechanisms are responsible for the growth of the Eu-doped
ceria nanostructures. The former dominates in lower temper-
atures due to the low solubility of ceria crystals, and the latter
becomes gradually more relevant as the synthesis temperature
increases (which is possibly ascribed to a higher dissolution—
recrystallization promoted by higher temperatures in a
concentrated OH™ medium).*”**

Table 1 shows the synthesis temperature and time as well as
the necessity of growth-directing agents and heat treatment to
prepare morphology-specific ceria nanostructures for different
synthesis routes. One can observe that the MAH method
provides a relatively short temperature and much lower
synthesis time to obtain the morphologies. Moreover, since
no postheat treatment and growth-driving agents were needed,
the synthesis routine is simpler, cost-effective, and environ-
ment-friendly, being appropriate for large-scale production.

Despite being scarce, some studies have shown the influence
of the system’s pressure on the crystal formation under
hydrothermal conditions. Demoisson et al.”> have shown that
the synthesis of ZnO at low temperatures and low pressures
leads to the presence of zinc hydroxide intermediary products
in the samples. At room temperature, increasing the pressure
resulted mostly in intermediary products. The authors also
observed that an increasing temperature resulted in a pure
ZnO phase. Another study has shown that increasing the
pressure at high temperatures improves sample crystallinity.>®
These results are similar to the ones observed in this work: low
temperatures and pressures (the pressure is autogenous)
resulted in samples with lower crystallinities (sphere-like
nanoparticles and nanorods), and higher temperatures and
pressures led to samples with better crystallinities, as shown in
the Section 3.2. The pressure also increases the reaction rate
and might lead to smaller nanostructures, though their effect in
morphology seems less significant than time and temper-
ature.”

3.2. Structural Analysis. The XRD patterns of the Eu-
doped ceria sphere-like nanoparticles, nanorods, nanorods/
nanocubes, and nanocubes are shown in Figure 3. Based on the
ICSD file #239412, we indexed all of the reflections to ceria’s
cubic fluorite phase (Fm3m space group), except for the
sphere-like nanoparticles. As shown in Figure S2, the
additional three small reflections were assigned to Ce(OH)s,
which is an intermediary product formed during the addition
of the precursor solution into the concentrated OH solution.”*
The presence of Ce(OH); indicates that the temperature or
time used to prepare the sphere-like nanoparticles (100 °C for
8 min, with 6 M NaOH) did not provide enough energy to
fully convert the Ce(OH); products into CeO, crystals. Some
studies have shown that the hydrothermal synthesis performed
at low temperatures and pressures resulted in the presence of
intermediary products in the samples.”” In previous works, we
have found syntheses at 100 °C for 8 min to be sufficient to
completely convert Ce(OH), into CeO, nanoparticles;****>
however, in those works, a much lower OH™ concentration
was used, which, in turn, might lead to a lower concentration
of Ce(OH); products and result in their complete conversion
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Figure 3. XRD pattern of the Eu-doped ceria sphere-like nano-
particles, nanorods, nanorods/nanocubes, and nanocubes synthesized
via the MAH method at 100, 140, 180, and 200 °C, for 8 min,
respectively. The asterisk (*) indicates the hydroxide phase.

into CeO, crystals. The absence of reflections related to
secondary phases or impurities in the other samples indicates
the formation of a solid solution upon doping with Eu. The
higher crystallinity of the nanorods/nanocubes and nanocubes,
which were synthesized at higher temperatures, corroborates
with the analysis of crystal growth mechanisms discussed in
Section 3.1 since Ostwald ripening is associated with an
increase in crystallinity.*” Also, it is well known that the size
distribution of nanoparticles directly influences the peak
broadening in the XRD pattern.’® Thus, the reduced size of
the nanoparticles (4.6 nm) and nanorods (7.4 nm in width), as
shown in Figure S1 and Table SI, can explain the larger peak
broadening observed for these samples. Rietveld refinement
analysis (Figure S2 and Table S2) revealed a decrease in lattice
microstrain with an increasing synthesis temperature. This
suggests that lower synthesis temperatures, in combination
with high mineralizer concentration and short reaction time,
lead to higher concentrations of structural defects and lattice
distortions.”” The lattice parameter agrees with the values
reported in the literature for CeO,,”” and the fitting parameters
indicate that the data obtained from the refinement analysis are
reliable.

Raman spectroscopy was employed to analyze the phase
formation, short-range order—disorder, and structural defects
of the samples (Figure 4). The crystal lattice of pure CeO,
displays one vibrational mode around 465 cm™’, which is
assigned to the symmetric stretching of oxygen atoms in the
[CeOq] clusters (F2g mode).”® As shown in Figure 4, the
presence of an intense Raman mode around 460 cm™'
confirms the formation of ceria’s fluorite-type cubic phase for
all samples. Raman spectroscopy accounts for the short-range
order of the structure, being complementary to the XRD
analysis (which probes the long-range order of crystalline
samples). Therefore, Raman analysis proved the formation of
the fluorite-type phase for the sphere-like nanoparticles despite
their long-range periodicity not being highly crystalline,
especially compared with the nanocubes and nanorods/
nanocubes. No modes associated with precursors or interme-
diary products (e.g., Eu,0; would display a vibrational mode at
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Figure 4. Raman spectra of the Eu-doped ceria sphere-like
nanoparticles, nanorods, nanorods/nanocubes, and nanocubes
synthesized via the MAH method at 100, 140, 180, and 200 °C for
8 min, respectively.

337 em™*’) were found, reinforcing that the samples are
crystalline and without secondary phases. The nanorods and
nanorods/nanocubes also displayed a weak mode attributed to
adsorbed superoxides around 830 cm™',°° which might be
related to the exposed facet type.

The [CeOg] clusters are sensitive to changes in the oxygen
sublattice, providing valuable information about the short-
range order—disorder and structural defects. Dopant Eu**
cations have a lower oxidation state and a larger ionic radius
when compared with host Ce*" cations (Eu’* = 1.066 A and
Ce* = 0.97 A), causing distortions in the structure when used
as a CeO, dopant. These distortions result in a slight blue shift
in the F,; mode for the Eu-doped samples,”’ suggesting a
certain degree of order—disorder in the structure.”” Table S3
shows the F,, mode position and full width at half-minimum
(fwhm) values for each sample.

Nanorods displayed the highest shift for the F,, mode
compared with the single crystal (465 cm™), indicating a
higher degree of structural disorders. The estimated fwhm
values corroborate this statement: the F,, mode of the
nanorods is broader and asymmetric, which is associated
with a decrease in the short-range symmetry and the
nanometric scale of the samples.”’ The opposite was observed
for the nanocubes. Therefore, the morphology of the samples
influences the short-range order—disorder of the nanostruc-
tures. Also, structural disorders are associated with a transverse
optical mode around 260 cm™', which was observed only for
the nanorods.”” Two primary sources contribute to the origin
of oxygen vacancies in our samples: the replacement of Ce*"
cations for Eu’* and the reduction of Ce*" to Ce*". In both
processes, due to charge differences between Eu** or Ce®" and
Ce*, a displacement of the Fermi level in relation to the
conduction and valence bands occurs, resulting in the
formation of oxygen vacancies, which can be seen as a weak
Raman mode around 600 cm™.%*

The elemental composition and oxidation states of the
samples were analyzed by XPS, as shown in Figure S. The
photoemission peaks referring to the presence of the elements
Ce, O, and Eu as the constituents of the material are evident in

the survey spectra (Figure Si). It is observed that the atomic
composition of europium on the surface is between 2.0 and
2.3% (which corresponds to Eu-doping percentages between
~6.6 and ~7.5 mol %), as expected from the doping carried
out in the synthesis. Figure Sii illustrates the O 1s spectra. For
the sphere-like nanoparticles (Figure Sii-a), the spectrum was
fitted with four peaks: ~ 529, ~531, ~533, and ~535 eV. The
peak at ~529 eV was attributed to Ce—O bonds in the lattice.
The peak at ~531 eV is associated with water molecules or
hydroxide species that are chemisorbed onto the surface of the
nanostructures.””%° Since the chemisorption of these species is
associated with defective sites on the surface, the peak at ~531
eV can be associated with surface defects (in this case, oxygen
vacancies (V()). The peaks at ~533 and 535 eV are related to
carbon—oxygen bond species (C—O, C=0) and nitrogen—
oxygen bond species (N—O), respectively.”” The photo-
emission peak of the N—O bond is observed only for the
sphere-like nanoparticles, probably a result of the low
crystallinity of the sample arising from the precursors and
low synthesis temperature. Differences in the photoemission
area associated with oxygen bound to Ce (~529 eV, Ce—0O)
and surface defects (~531 eV, V) are observed among the
samples. It is verified that at higher synthesis temperatures,
there is a lower ratio between defects and O—Ce (V,/O—Ce
data shown in Figure Sii).

Similarly, a correlation is found in the spectra obtained for
the photoemission of Ce 3d (Figure Siii). In this figure, the
spectra were fitted with Ce®* species, denoted as vo/ug and v'/
v/, which refer to primary photoemission from Ce®" and its
shakedown, respectively, and Ce*', denoted as v/u, v’/u” and
v”/u”, referring to the primary photoemission from Ce*" and
its shakedown features, respectively. The notations v and u are
related to the spin—orbit coupling of 3ds,, and 3d;),,
respectively.”®” It is observed from the area ratio correspond-
ing to each oxidation state (%Ce** = (area Ce**/(area Ce’" +
area Ce*")) X 100%) that, at higher synthesis temperatures,
there is a lower predominance of Ce’t species, in agreement
with the lower concentration of defects obtained in the O 1s
results. The Eu 4d spectra (Figure Siv) agree with Eu®*
species.70

Therefore, increasing the synthesis temperature does not
change the oxidation state of the dopant element but
completely changes the defect states and concentration of
the Ce® species. Such facts are associated with the
morphologies and the main exposed surfaces. In the case of
the syntheses at lower temperatures, sphere-like nanoparticles
and nanorods present a predominance of surfaces (111) and
(220), while the syntheses at higher temperatures lead to a
predominance of surfaces (200) for the nanorods/nanocubes
and nanocubes. Computer simulations*” reveal that different
surfaces display different [CeO,] clusters with the respective
oxygen vacancy species determined by the surface termination,
that is, the surface planes (111), (220), and (200) display
clusters of the type [CeO,].VZ, [CeO¢]-2V%, and [CeOq4] V7,
respectively. Thus, the relationship between the morphologies
obtained and the concentration of defects correlates with the
type of surface exposed in the nanostructures. Other
parameters that might influence the defect structure are the
crystallinity and the structural disorder level of the samples.

3.3. Optical Analysis. Figure 6 shows the estimated
bandgap energies (E,,,) for the Eu-doped ceria nanostructures.
The E,,, predicted theoretically for CeO, is around 6 eV

gap
(corresponding to the difference between O 2p and Ce 5d
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Figure S. Survey spectra (i) and high-resolution XPS for the O Is (ii), Ce 3d (iii), and Eu 4d (iv) species for the Eu-doped ceria sphere-like
nanoparticles (a), nanorods (b), nanorods/nanocubes (c), and nanocubes (d) synthesized via the MAH method at 100, 140, 180, and 200 °C for 8

min.

states), but the Eg,, usually observed experimentally is lower
(approximately 3 eV) due to Ce 4f states located inside the
bandgap. That is, these states behave as a conduction band,
and increasing their occupancy increases the conductivity of
the samples via hopping conduction mechanisms. According to
the literature, doping ceria can shift the edges of the
conduction and valence bands, which results in a decrease or
increase in the bandgap energy depending on the doping
element.”"”* Accordingly, the Eg,, obtained for the Eu-doped
ceria samples in Figure 6 is lower than the values reported in

the literature for pure ceria nanostructures.'>®' The Eg,, varied
from 2.35 eV for the nanorods to 2.64 eV for the nanocubes
and is consistent with the values reported for rare-earth-doped
ceria.”””* In the nanorods/nanocubes sample, it is possible to
infer two contributions with bandgap energies of 2.17 and 2.51
eV. This fact refers to the presence of the two morphologies
(nanorods and nanocubes) found in the sample. Each
morphology has its respective surfaces and surface termi-
nations, which results in different defect densities and,
consequently, different bandgap energies.”> The lowest Egp
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nanocubes (d) synthesized via the MAH method at 100, 140, 180, and 200 °C for 8 min, respectively.
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value observed for the nanorods might be explained by its
higher structural disorder level (discussed in the Raman
analysis), and it is corroborated by the XPS analysis, which
shows an increased number of Ce®" for the sphere-like and
nanorod morphologies. It is worth mentioning that previous
studies*”*” associated small variations in the Eg,, of pure ceria
nanostructures with their different morphologies, suggesting
that the exposed facets of each morphology influence the E,,
value.

The photoluminescence emissions of the Eu-doped ceria
nanostructures are shown in Figure 7. Before the emission
spectra of the samples are analyzed, it is important to
understand the photoluminescence behavior of undoped
CeO,. As discussed previously, in ceria-based compounds,
oxygen vacancies are created by intrinsic (nonstoichiometry)
and extrinsic (doping) mechanisms. Each oxygen vacancy (V)
leaves behind an electron pair that localizes near the vacancy in
Ce 4f states and forms Ce®" — V, — Ce*" complexes, which are
the most stable defect in the ceria structure.”® However,
electrons can also be trapped in the vacancy site, forming
mono- or doubly ionized oxygen vacancies. Then, three types
of F centers can be created depending on their ionization: F°,
F', and F** for neutral, mono (Vy*), and doubly (V**)
ionized oxygen vacancies, respectively. As proposed by Radovic
etal,”’ these F centers are localized between Ce 4f° and Ce 4f!
states and directly influence the band structure and magnetic
and optical properties of CeO,. The authors also showed that
F centers may not form for all CeO, nanostructures and are
highly dependent on the synthesis method. Therefore,
complexes such as Ce** — Vg — Ce**, Ce™ — V* — Ce™,
and Ce* — V5 — Ce* promote electronic transitions that
usually result in a broad and low-intensity emission in the blue-
green region of the photoluminescence spectra of pure ceria, as
reported in the literature.”®””

Electronic transitions in europium cations lead to intense
photoluminescence emissions, making the emission spectra of
Eu-doped samples significantly different from those of pure
ceria. As shown in Figure 7, the Eu-doped ceria nanostructures
show well-defined, high-intensity bands, especially for rod/
cube and cube morphologies (Figure 7c,d, respectively).
Europium cations (Eu’*) have the electronic configuration of
xenon atoms plus 6 electrons in 4f shells (represented by [Xe]
4f°). This configuration allows multiple intraconfigurational f—
f electronic transitions between Eu® energy levels, but the
most relevant for the photoluminescence emissions are
between °D (excited) and ’F (ground) energy levels,
specifically Dy — Fr(J=0,1,2 3, 4,5, 6), as shown in
Figure $3.°” Each electronic transition appears in the spectra at
the following wavelengths: 545 nm (°D, — "F,), 590 nm (°D,
— 7F)), 610 and 630 nm (°D, — ’F,), 650 nm (°D, — "F;),
and 710 nm (°D, — ’E,). As reported by Binnemans,” these
transitions have characteristics (such as nondegeneracy of *D,
and "F, states, no overlap between emission lines, and high-
intensity emissions) that make Eu®" cations an interesting
spectroscopic probe for local symmetry of the matrix structure.

The presence of D, — ’F, transitions (band 1) and the
high intensity of D, — ’F, (band 2) indicate that Eu®"
replaces preferentially Ce** sites in the lattice.*""** The D, —
’F, transitions are associated with magnetic dipole transitions
and therefore are not affected by the crystal field around Eu®".
Conversely, D, — "F, (band 3) transitions around 610 and
630 nm are attributed to electric dipole transitions and are
hypersensitive to the crystal field around sites occupied by

Eu’*®" As proposed by Liu et al.®* and Tanner,*’ if the
emission intensity of °D, — ’F, transitions is higher than those
of 5D, — F,, ie, I(°D, —» "F,) > I(°D, — "F,), there is a
symmetry distortion around Eu’* sites. That is true for the
photoluminescence spectra of the sphere-like nanoparticles
(Figure 7a) and the nanorods (Figure 7b), suggesting a higher
local distortion when compared with the nanorods/nanocubes
and nanocubes. Moreover, broader and less intense bands were
observed for the sphere-like nanoparticles and nanorods
(especially the nanoparticles), indicating these samples present
a higher structural disorder level. This analysis agrees with the
structural discussion performed in Section 3.2, in which it was
shown by Raman analyses that the nanorods exhibited a
broader and asymmetric band, indicating a greater disorder in
the system. Such disorder results in a heterogeneous dispersion
of Eu’* ions in the crystal lattice, creating an emission trapping
state,””*> and thus a lower photoluminescence intensity was
observed for the nanorods. Likewise, sphere-like nanoparticles
have a higher density of defects, as discussed in the XPS
analysis. These defects indirectly contribute to the hetero-
geneity of the Eu®" distribution and result in an emission
quenching effect.*®

Another interesting observation that supports the findings is
how the emission transitions correlate with crystalline
symmetry. In the ceria fluorite structure, the sites occupied
by Ce*" cations exhibit O, symmetry and are coordinated by
eight oxygen anions; therefore, these sites possess an inversion
center.®” Literature shows that sites with inversion centers do
not allow electric dipole transitions for Eu®".*” However, in this
work, we show that doping the structure and the environment
in which this doping occurs (morphology) create oxygen
vacancies to compensate for the charge difference between
Ce*" and Eu’*, which introduces symmetry distortions that end
up allowing electric dipole transitions, resulting in *Dy — "Fj
(band 4 at ~650 nm) and D, — ’F, (band 5 at ~710 nm)
transitions,” as observed in Figure 7. Bands 4 and 5 are usually
weak but sensitive to symmetry distortions. Here, again, we
observe that for the sphere-like nanoparticles and nanorods,
the emission intensities of D, — ’F; and D, — ’F, are
weaker compared with the other morphologies, indicating that
defects present in these structures are symmetrically
unfavorable for dipole transitions and prevent greater photo-
luminescence efficiency. Transitions from *D, to "Fs and "Fy4
levels would appear around 750 and 820 nm, respectively, but
these transitions are very weak and generally not detected in
photoluminescence investigations.®'

Based on the photoluminescence emission of the nanostruc-
tures, we also investigated their color emission using the
chromaticity diagram (CIE 1931, Commision Internationale de
I'Eclairage) shown in Figure 8. The color emission regions for
each nanostructure were yellow-orange (sphere-like nano-
particles), orange-red (nanorods), and red (nanorods/nano-
cubes and nanocubes). In fact, the red emission of the
nanorods/nanocubes and nanocubes are centered at
(0.62,0.37) and (0.63,0.37) coordinates, respectively, which
are very close to the red RGB primary at (0.64,0.32).”° These
results agree with the studies of Singh et al,” in which the
authors reported red-light emission for Eu-doped ceria
nanoparticles synthesized via a sol—gel-assisted combustion
route. The literature shows several photoluminescent ceria
nanostructures, but few experimentally evaluate the radioactive
lifetime of ceria samples doped with Eu or altered morphology.
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Figure 8. CIE 1931 chromaticity diagram and color emission of the
Eu-doped ceria nanostructures synthesized via the MAH method.

Radiative lifetime is an important factor in the energy
efficiency and performance of LED materials. Thus, given the
photoluminescent properties of Eu®" ions, the lifetime
measurements shown in Figure 9 provide valuable information
about the emission process. This figure illustrates the lifetime

decay curves obtained by directly exciting the samples in the
Fy — °Lg (396 nm) transition and monitoring the Dy — "F,
(610 nm) transition of Eu®** ions. The observed lifetime curves
exhibit nonlinear decay, resulting in multiple lifetime values.
This phenomenon was expected, given the nanometric
dimensions of the particles.

Thus, the decay curves were fitted by using a second-order
exponential function, and the average lifetime (Tavg) was
calculated according to eq 1. Table 2 summarizes the lifetime
value of the samples, and Figure S3 provides the fitting
parameters.

Zi 141'1-1'2
Tovg = o
& Z,‘ AtTt (1)

The 7,,, represents the average decay lifetime, 7, and 7, are
the decay lifetime obtained by the fitting, and A; and A, are
constants. Similarly to what was observed in the emission
spectra, there is an increase in the average lifetime value for
samples with higher synthesis temperatures. As discussed
before, the increase in the synthesis temperature changes the
morphology due to different crystal growth mechanisms. For
lower temperatures, it is observed that small particles with
spherical shapes were formed. Spherical particles usually
exhibit a higher surface area, allowing for more Eu®" ions to
be exposed at the surface. Consequently, the lifetime has a
strong contribution of nonradiative loss mechanisms, meaning
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Figure 9. Lifetime decay curves of the Eu-doped ceria sphere-like nanoparticles (a), nanorods (b), nanorods/nanocubes (c), and nanocubes (d)
synthesized via the MAH method at 100, 140, 180, and 200 °C for 8 min, respectively.
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Table 2. Lifetime Decay Values of the Eu-Doped Ceria Sphere-like Nanoparticles, Nanorods, Nanorods/Nanocubes, and
Nanocubes Synthesized via the MAH Method at 100, 140, 180, and 200 °C for 8 min

sample A, 7, (us)
nanoparticles 256.9 177.9
nanorods 160.2 164.7
nanorods/nanocubes 597.3 169.3
nanocubes 266.3 131.9

Ay 7 (us) Tavg (ps) R
229.5 511.9 418.4 0.993
184.6 529.7 452.2 0.990
312.9 765.8 588.8 0.995
138.6 747.1 591.2 0.986

a shorter lifetime.”””" For the nanorods, the increased defect

density amplifies the heterogeneity in the dispersion of
europium ions within the lattice, thereby contributing to
nonradiative decay processes. When the synthesis temperature
is increased to 180 °C, nanocubes start to be formed with
higher crystallinity and size, leading to an increase in the
lifetime value. Finally, only nanocubes are observed for the
synthesis performed at 200 °C, meaning that the nanorods and
small nanoparticles are no longer influencing the Eu’* ions
lifetime, leading to an increase in the average lifetime
value.””* Therefore, doping ceria with Eu®* cations and
controlling their growth mechanisms are promising alternatives
to developing red-light components for LED applications.

4. CONCLUSIONS

In this work, we have synthesized Eu-doped ceria nanostruc-
tures (CeO,: 8 wt % Eu) via the microwave-assisted
hydrothermal method. Sphere-like nanoparticles, nanorods,
and nanocubes were obtained as the synthesis temperature was
increased from 100 to 200 °C. Different sets of exposed facets
((111), (220), and (200)) were observed for each morphol-
ogy. Based on their TEM micrographs, oriented attachment
and Ostwald ripening were suggested as the growth
mechanisms, with Ostwald ripening dominating at higher
synthesis temperatures. The structural analysis revealed that
the ceria fluorite cubic phase was formed for all samples.
However, the samples synthesized at lower temperatures
(sphere-like nanoparticles and nanorods) presented a higher
structural disorder level and minimal amounts of nitrate groups
on their surface. Raman and XPS analyses revealed distinct
chemical environments within each morphology, indicating
that nanoparticles with spherical and nanorod shapes exhibit a
higher proportion of defects and disorder compared to
nanocubes. These factors significantly impact the even
distribution of Eu®" ions throughout the crystal lattice. The
photoluminescence emissions due to europium F centers
showed that a higher structural disorder level for the sphere-
like nanoparticles and nanorods results in emission trapping
sites, reducing the photoluminescence efficiency of these
samples. The color emissions for each nanostructure were
yellow-orange (sphere-like nanoparticles), orange-red (nano-
rods), and red (nanorods/nanocubes and nanocubes).
Excellent red-light emission was observed for the nanocubes,
with coordinates (0.63,0.37) close to the red RGB primary at
(0.64, 0.32). The lifetime measurements aligned with the
proposed growth theory, as higher lifetime values were
achieved with an increased synthesis temperature. This
suggests that the chemical environment, symmetry, and defects
present in each morphology are decisive for the dispersion of
Eu® ions over the crystal lattice, consequently minimizing
nonradiative decays. Therefore, doping ceria with Eu** cations
and controlling their growth mechanisms is a promising
alternative to improve their applicability in multiple research

fields such as gas sensors, photocatalysis, and LED
components.
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