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surrounded by the electronic density of Pr atoms were determined through photoluminescence (PL) measure-
ments, positron annihilation lifetime spectroscopy, and density functional theory (DFT). Distinct PL responses
were observed for Pr-doped CeO; indicating that oxygen vacancies contribute to the formation of deep energy
levels in the forbidden region, thus facilitating charge transfer. The interplay between the experimental mea-
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rangement in oxygen-deficient CeOx:Pr systems. These results indicate that oxygen vacancies and electrons at the
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1. Introduction

Over the past few decades, nanostructured metal oxides have been
extensively studied by researchers in multidisciplinary fields. In
particular, cerium dioxide (CeOy) is an n-type semiconductor with the
structure and space group of fluorite (Fd-3m), where in cerium atom is
surrounded by eight oxygen atoms in a cubic face-centered arrangement
[1]. These structural features facilitate the incorporation of dopants into
the host matrix, a method widely used to shape and extend the optical
and electrical properties of these materials [2]. In our previous work [3],
we reported the development of nanostructured CeO that exhibited
dual gas sensing behavior (electric and optical) when doped with
lanthanum and exposed to a carbon monoxide (CO) atmosphere at
temperatures above 350 °C. This behavior was attributed to the itinerant
4f electrons introduced by the generation of oxygen vacancies. There-
fore, oxygen vacancies play an essential role in this important oxide
material. However, very few studies been conducted to generate these
favorable defects and understand their roles in the activity of nano-
structured CeO at the atomic level. The most significant properties
affected by doping CeO, with rare-earth (RE) elements are the rapid
changes observed in electrical and optical responses, in contrast to pure
CeO,, which gave rise to the electrical behavior with a response time of
54 s, which is not efficient enough for sensor applications. Thus, the
vacancy structures of these oxides should be studied using a probe that
can provide information at the atomic level. Positron annihilation life-
time spectroscopy (PALS) is a well-recognized technique for studying
defect structures in solids because of the tendency of positrons to
become localized and annihilated at sites with lower than average
electronic density. These sites, which act as positron traps, are defects
with a specific open volume. This non-destructive technique can give
information regarding the size, type, and relative concentration of
different open-volume defects at the ppm level [4].

The use of RE elements as dopants has been extensively discussed,
and previous studies have reported that the doping of CeO; with these
elements facilitates the formation of anionic vacancies, which changes
the electrical conductivity and increases the formation of surface de-
fects, thereby contributing significantly to the catalytic activity [5-8]. A
previous study has highlighted the fact that the addition of a trivalent
cation to the lattice promotes the creation of a higher number of oxygen
vacancies and reduces the difference between the Fermi level energy and
the valence band energy (Eg-Ey). These two phenomena can have
opposite effects on the final electrical resistance of the material, with the
vacancy generation increasing the number of electrons in 4f states as
well as conductivity. In contrast, if the Fermi level (Eg) is stabilized, the
E4-Ep energy gap increases, and the conductivity of the sample de-
creases. This phenomenon was observed in a europium-doped CeO
sample that presented a slightly lower band gap value of 3.26 eV,
thereby becoming less conductive than a pure CeO4 sample [9].

The electrical properties of CeO, are dependent on the reduction of
Ce*" to Ce®". Dhara et al. [10] showed the effect of this redox property
on the charge transfer gap between the O (2p) and Ce (4f) states,
observing a blue shift in the absorption spectrum of CeOy nanocrystals.
Additionally, Abbas et al. [11] showed that the narrowing of this band
gap energy can be achieved by increasing the number of oxygen va-
cancies in the structure by systematically doping the CeO, nanoparticles
with Mn through synthetization by the co-precipitation method.

A survey on the literature shows that the development and use of
pure and doped ceria-based nanostructured materials have gained
considerable attention. Doping with other RE elements, such as pra-
seodymium or gadolinium, creates oxygen vacancies that facilitate the
migration of oxygen ions through the lattice [12]. Pr has some properties
that mimic those of Ce. Both Ce and Pr can form cations with 3+ and 4+
oxidation states with very similar cation sizes (0.97 and 0.96 A for Ce**
and Pr*t, and 1.14 and 1.13 A for Ce3" and Pr®', respectively).
Consequently, the high solubility of Ce and Pr cations allows the for-
mation of a solid solution with very intriguing properties [13].
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Therefore, in this study, we report the synthesis and characterization
of Pr-doped cerium oxide with concentrations of 4, 8, and 12 mol % by
using a microwave-assisted hydrothermal (MAH) method. The obtained
samples were subjected to thermal treatments in three different atmo-
spheres, i.e., CO, Oy, and vacuum. The main objective of such substitu-
tion is to create electronic defects that are responsible for changes in the
optical, sensing, and structural properties of CeO,-based materials.

Among the several properties of pure or doped CeO; nanoparticles,
photoluminescence (PL) has been widely investigated [14-19]. PL
emission is closely related to the crystal structure and the corresponding
distorted metal-oxygen polyhedral. A comparison of the results of
different studies is complicated because different syntheses produce
particles with different exposed surface or bulk defects, oxygen va-
cancies, and ratios of reduced Ce>*. Accordingly, the combined analysis
of the results of density functional theory (DFT) and experimental
methods such as PL, positron annihilation, and electrical conduction
measurements can facilitate a deeper understanding of the behavior of
defective CeOy systems in different atmospheres. Thus, the main
objective of this study is to investigate the influence of oxygen vacancies
on the PL and PAL spectra of CeOy nanoparticles when doped with
different amounts of Pr. These interactions are discussed in terms of the
phenomena involved in the substitution of Pr>" ions in the CeO, host
lattice and the resulting changes in the structural, morphological,
vibrational, optical, and electrical properties determined by X-ray
diffraction, PL, PALS, DC electrical measurements, and DFT
calculations.

2. Experimental section
2.1. Synthesis and characterization of nanopowders

The experimental procedure used for preparing Pr-doped CeO; was
based on the dissolution of ammonium cerium (IV) nitrate (99.0%,
Sigma) in an aqueous medium, followed by heating at 50 °C with con-
stant stirring. Separately, ProOs (99.9%, Aldrich) was dissolved in a
nitric acid medium and added to the solution of Ce. The resulting
mixture was heated at 70 °C with constant stirring, and its pH was
adjusted through the addition of a basic aqueous solution of 2 M KOH (p.
a., Synth) until the pH reached 10. The resulting solution was trans-
ferred into a sealed Teflon autoclave and placed in a domestic micro-
wave (2.45 GHz, maximum power of 800 W). The reaction system was
then heat-treated at 100 °C for 8 min with the heating rate fixed at 10
°C/min. The pressure in the sealed autoclave was stabilized at 1.2 atm.
The resultant solution was transferred into centrifuge tubes and then
subjected to three cycles of washing with deionized water at 2000 rpm
for 10 min each. Subsequently, the obtained Ce;_3,4xPrsO2 nanoparticles
were dried at 100 °C for 48 h in an oven. The synthesized Ce;.3/4xPrxO2
powders (doped with 4, 8, and 12% of Pr) were labeled as F4, F8, and
F12, respectively.

2.2. Powder treatments and characterization under different atmospheres

Fractions of the synthesized powders (doped with 4, 8, and 12% of
Pr), were thermally treated up to 330 °C for 1 h with a heating rate of 1
°C/min in different atmospheres. After heating in vacuum, CO (400
ppm), and dry air atmospheres, the samples were cooled down to room
temperature. Further, three different thermal treatments were per-
formed to obtain samples with different defective structures [20,21].
After the thermal treatments the nanopowders were also structurally
characterized based X-ray powder diffraction (XRD) analysis recorded
on the Rigaku-D/Max 2500 diffractometer (Japan) with graphite-mono
chromatized Cu Ka radiation (A = 0.15405 nm). Rietveld refinements of
the measured XRD patterns recorded from 20° to 100° with a scanning
velocity of 1 degmin™! were conducted using the general structure
analysis program (GSAS). UV-vis diffuse reflectance spectroscopy was
conducted on a UV-visible spectrometer (Varian, model Cary 5G), and
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Fig. 1. Substrate with interdigitated electrodes deposited by a home-built micromachining laser along with a deposited thick film.

the spectra were taken in diffuse-reflectance mode. The morphologies of
the samples were examined using scanning electron microscopy (SEM)
(Supra 35-VP Carl Zeiss, Germany) operated at 15 kV. In addition,
transmission electron microscopy (TEM), at 200 kV and
energy-dispersive X-ray spectroscopy (EDS) mappig measurements were
performed using a FEI microscope (model Tecnai G2 F20, USA). X-ray
photoelectron spectroscopy (XPS) measurements were conducted by a
Scienta Omicron ESCA + spectrometer system equipped with a hemi-
spherical analyzer (EA125) and a monochromatic source of Al Ko (hv =
1486.7 eV). The Cls peak at a binding energy of 285 eV was used in the
analysis as an energy reference. PALS measurements were performed in
a fast-fast type spectrometer with collinear geometry and a time reso-
lution of 210 ps. A 10 uCi sealed source of 22NaCl deposited on two thin
Kapton foils (7.5 pm thick) sandwiched between two identical samples
was used as the positron source. The spectra were acquired at room
temperature (RT), and 1.5-2 x 10° counts per spectrum were collected.
After subtracting the background and source contribution, the positron
lifetime spectra were analyzed using the LT10 code [22]. Generally,
several lifetime components can be extracted from a PALS spectrum;
each component is characterized by a positron lifetime value 7; and an
associated intensity I;. The state i can be the delocalized state (bulk state)
or a localized one at a defect site (such as vacancies and vacancy clus-
ters) in which positrons can be trapped and annihilated. The value of t;
indicates the type of defect, and it is a measure of the open volume
associated with the defect that traps positrons. Larger ti values indicate
that positrons are trapped in bigger defects. Furthermore, the associated
intensity provides information regarding the defect density. The lifetime
component values reported in this study for each sample represent an
average of at least ten measurements under the same experimental
conditions. The PL spectra were measured with a Monospec 27 mono-
chromator (Thermal Jarrel Ash, United States) coupled to an R446
photomultiplier (Hamamatsu Photonics, Japan). A krypton ion laser
(Coherent Innova 200 K, United States) was used as the excitation
source.

2.3. Film conformation and characterization

Pastes were obtained based on a mixture of nanopowders (4, 8, and
12% Pr-doped CeOs) and organic binder (glycerol). The pastes were
used to prepare three thick porous films (F4, F8, and F12) employing the
screen-printing technique on 96% dense insulating alumina substrates,
on which a 25 nm titanium adhesion layer and a 200 nm platinum layer
had been deposited by radio frequency-sputtering. The interdigitated
platinum electrodes were delineated using a home-built

micromachining laser. The dimensions of the substrate were 20 x 10
mm (length x width), and the Pt electrodes had a resistance of 10 Q. The
powder/binder ratio was set at 1.6 g/mL. After deposition, the films
were heat-treated in a dry air atmosphere with the temperature
increasing at a rate of 1 °C/min up to 380 °C, and they were held at this
temperature for 2 h to allow the binder to evaporate. A deposited film is
shown in Fig. 1.

The electrical resistance (above 400 °C) was measured as a function
of time and temperature in vacuum and in dry air and CO atmospheres at
constant pressures of 100 mmHg and 200 mmHg for all doped samples,
respectively. The electrical measurements were conducted using an
optoelectronic device (Patent INPI Argentina 201501039539/INPI
Brazil 10 2016 028383 3) [23,24]. The optoelectronic characterization
chamber consisted of a closed chamber in which three cycles of heating
were performed in vacuum up to 400 °C before the resistance values
were measured, thereby assuring no trace of any humidity. The mea-
surements were made when the samples reached a steady state, and no
changes in resistance were observed over time, with an applied excita-
tion current of 1 mA, which was applied using the two-wire technique
with a DC-type measurement. An Agilent 3440 A multimeter was used
for the electrical resistance measurements.

3. Theoretical approach and computational details

A deep understanding of the Ce and Pr oxidation states and the local
magnetic moment can be obtained by performing calculations at the
atomic level based on DFT [25,26]. A better investigation of the elec-
tronic structure was achieved by wusing the semi-local Per-
dew-Burke-Ernzerhof exchange [27] exchange and correlation energy
functional within the spin-polarized generalized gradient approximation
(GGA) formulation. The Kohn-Sham equations were solved by using the
all-electron projector augmented wave (PAW) method [28,29],
employing the Ce (4f1, 5 dl, 652), (0] (252,2p4), and Pr (4f3, 6s%) PAW
projectors, where the valence states are shown in the parenthesis, as
implemented in the Vienna ab initio simulation package (VASP), version
5.4.4 [30,31]. The stress tensor calculation was performed by using a
plane-wave basis extension with a cutoff of 829 eV; meanwhile, for
atomic force optimization, a plane wave basis with a cutoff of 466 eV
was used, which is 12.5% higher than that recommended by the VASP
package. The integration of the Brillouin zone was performed by using a
2 x 2 x 2 k-mesh for the stress tensor and atomic force optimization,
while twice that was used for the electronic properties. A Gaussian
smearing of 0.01 eV was employed in all calculations, and the adopted
stop criterion for self-consistency in the calculation was reached when
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Fig. 2. XRD patterns of CeO, doped with 4, 8, and 12% Pr, and subjected to heat treatment in O, and CO atmospheres, and in vacuum.

the forces in all atoms were smaller than 0.01 eV/A. For the large CeO, 4. Results and discussion

band gap calculation, the Hubbard correction (GGA + U) method pro-

posed by Dudarev et al. [32] was adopted, where the U parameters were 4.1. XRD patterns and Rietveld refinement

4.0, 5.0, and 5.5 eV for the {-Pr, f-Ce, and p-O states, respectively, ac-

cording to Refs. [33-37]. Fig. 2 shows the XRD patterns of CeO doped with 4, 8, and 12% Pr
and subjected to heat treatment in O, and CO atmospheres and in vac-
uum. All patterns were similar and characteristic of the cubic phase with
space group “Fm-3m.” All the diffraction peaks agreed with the inor-
ganic crystal structure database (ICSD) pattern no. 239412, suggesting

~
A

———12.001/Gm

Fig. 3. Low magnification TEM image of CeO, doped with 4 (a, b), 8 (e, f) and 12% (i, j) of Pr. Zoom in the yellow square region in the HRTEM image of CeO, doped
with 4 (c), 8 (g) and 12% (1) of Pr. SAED patterns of CeO» doped with 4 (d), 8 (h) and 12% (m) of Pr. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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high-phase purity. The absence of peaks other than those of CeO- in the
XRD patterns of the synthesized samples confirms the successful sub-
stitution of Pr ions into the sites of Ce ions in the CeO5 lattice.

We characterized the crystalline structure in detail by determining
the structural (e.g., cell parameters, site occupancy, atomic positions)
and microstructural parameters (e.g., crystallite size, microstrain) using
the Rietveld refinement method. The results obtained by employing the
Rietveld method are shown in Fig. S1 and Table S1. The fitting param-
eters wR indicated good agreement between the calculated and observed
XRD patterns for the as-prepared CeO; nanocrystals in this study.
Moreover, the lattice parameters (a, b, ¢) and bond angle, which were
estimated from the refinement confirmed the cubic structure.

4.2. Morphological analysis

By means of the SEM images (Fig. S2), it can be observed that the
CeO,-Pr powders synthesized by the MAH method in different times of
synthesis, present a size range of the order of a few nanometers, highly
agglomerated. It was not possible to observe significant differences in
size and morphology of the CeO particles doped with different amount
of Pr, due this, the morphology and crystallinity of the samples were
examined by TEM analyses. TEM images of CeO; nanocrystals obtained
at different Pr contents are shown in Fig. 3 (a) for CeO2-4% Pr, (e) for
Ce02-8% Pr and (i) for Ce03-12% Pr synthesized by MAH under KOH at
100 °C for 8 min, revealing the particle sizes are approximately range
from 5 to 15 nm with uniform size distribution. According to the image,
most of the particles of CeO, nanoparticles are homogeneous with an
average particle size increase as nominal Pr content increases. CeO2-4%
Pr powders display poor contrast and intense agglomeration amongst
extremely fine particles, these particles present size range from 5 to 7
nm. For the CeO,-8% Pr powders, the nanocrystals were relatively
spherical with low uniform and size distribution from 7 to 12 nm. With
the increase in the concentration of Pr to form CeO2-12% Pr powders,
the nanocrystals became more organized, with a slight formation of
defined faces. Also, it can be seen that the size of the particle distribution
increased from 12 to 15 nm. Fig. 3 (b, f, j) and the zoom done in the
region indicated by the yellow square (c, g, 1) illustrate HRTEM images
for the CeOy doped with 4, 8, and 12% Pr, respectively, where it is
possible to see an interplanar distance of 0.327, 0.335, and 0.339 nm, for
the CeO3 doped with 4, 8, and 12% Pr samples respectively, corre-
sponding to the (111) plane, attesting the cubic phase with space group
“Fm-3m.” (ICSD no. 239412). Furthermore, selected area electron
diffraction (SAED) patterns images are presented in Fig. 3 d, h and m, for
the CeO, doped with 4, 8, and 12% Pr samples respectively, where can
be observed that the intensity on the reflection patterns enhanced with
the Pr content increases on the CeO, samples. These results indicating
that the particle’s morphology, size, and crystallinity of the CeO,-Pr
doped samples changes with the increase in the concentration of Pr.
Therefore, we can point out that the Pr atoms affects the order/disorder
relation of the CeO5 and modifies the of oxygen vacancies concentration
(as observed by XPS analyses (Fig. S5 in the SI). This fact contributes to

Table 1

Characteristic positron lifetimes and their associated intensities (I; (%) = 100 —
I,) obtained from the decomposition of the PALS spectra for the F4, F8, and F12
samples thermally treated under different atmospheres.

Samples Atmospheres T1(ps)£ 1 ps To(ps)+ 2 ps I (%)+ 0.5%
Fs 0, 189 367 52.3
Fy4 co 198 373 57.1
F4 Vac 191 370 56.5
Fg 0, 193 363 54.4
Fg co 202 375 58.4
Fg Vac 200 374 58.2
Fi2 0, 198 370 58.0
Fi co 206 376 60.0
Fi2 Vac 205 374 60.0
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elucidate the effect of Pr in the sensing and electric properties.

4.2.1. PALS results

PALS spectra obtained in this study were satisfactorily fitted by
considering three-lifetime components. All measured spectra showed
the presence of an almost constant long-lived lifetime of 2000 + 200 ps
with a small associated intensity (<2%). This lifetime component cor-
responds to ortho-positronium formation in the inter-rain spacing. Due
to its small contribution to the PALS spectra, this lifetime component
was not considered during the positron result analysis.

The values of the positron lifetime parameters obtained from the
decomposition of PALS spectra are presented in Table 1. The first life-
time component (71) has values ranging from 189 to 206 ps, while the
second lifetime component (z2) in all cases is higher than 360 ps, with an
associated intensity higher than 50%. It is worth noting that in nano-
structured materials, such as the system studied in this work, nano-
crystals present a particle size that is smaller than the typical positron
diffusion length in solids, L, ~50-100 nm. In this case, it can be assumed
that the majority of the thermalized positrons inside the grains can reach
the grain boundaries (GB) by diffusion. Furthermore, positrons can be
used to probe defects with an open volume comparable to the small
vacancy clusters located at the GBs [38].

Recently, several researchers have used PALS to characterize
changes in the defect structures of different CeOs-based nanostructured
systems resulting from changes in the synthesis process [39-41] or in the
dopant type and concentration [42,43]. In all cases, researchers have
reported the presence of one lifetime component with values between
300 and 450 ps and a shorter one with values between 230 and 277 ps.
These researchers attributed the longer lifetime component to positron
annihilation in the larger surface oxygen vacancy-clusters (VCs), while
the shorter component is attributed to positron annihilation in the small
neutral Ce>*-oxygen vacancy associations. In doped CeO, systems,
doping can also play a role in the above-mentioned vacancy-like asso-
ciations. It is worth noting that isolated oxygen vacancies are not
effective trapping centers for positrons because they are positively
charged; thus, they repel positrons. However, the above-mentioned re-
searchers proposed that the association between a positive oxygen va-
cancy and an adjacent RE3" ion at a Ce** site that carries an effective
negative charge will render such an association neutral, making it an
effective positron trap.

Accordingly, it is reasonable to assume from the 7, values presented
in Table 1 that the clusters revealed in our samples contain VCs,
including Ce®* and Pr®* metal ions. Moreover, the measured values of 71
are systematically higher than the value reported in the literature for the
free-defect CeO; phase, 1, = 187ps [42,43]. This result indicated that
the short-lived lifetime corresponds to a mixed state. The 7; value rep-
resents contributions from positron annihilation events in small open
volume defects and the reduced bulk positron lifetime. In such a case,
the small open volume defects can be the above-mentioned small neutral
Ce3+—oxygen vacancies and/or Pr3+—oxygen vacancy associations,
located either at the GBs or inside the nanoparticles as structural defects.
Besides, an increase in the 7; value can be associated with an increase in
the concentration of these vacancy-like associations.

Independent of the Pr concentration, the obtained positron param-
eters depend on the atmosphere in which the thermal treatments were
performed. Considering the second lifetime component, the 7, values
obtained for the samples treated in vacuum medium were always slightly
lower than those obtained for the samples treated in the CO atmosphere;
however, they were higher than the values obtained for the samples
treated in the O, atmosphere. Regarding the associated intensity, the I,
values obtained for the samples treated in vacuum were equal (within the
error bars) to that obtained from the samples treated in the CO atmo-
sphere. However, this intensity is higher than those obtained for samples
treated in the Oy atmosphere. Moreover, the behavior of 7; shows the
same trend as that observed forr,. Considering the sample treated in
vacuum as a reference, it can be concluded that are reductive atmosphere
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Fig. 4a. PL spectra of CeO, doped with 4, 8, and 12% Pr measured at room temperature in Oy, CO atmospheres, and in vacuum. Samples subjected to ther-

mal treatment.

(CO) favors the formation of a higher concentration of metal-ion—oxygen
vacancy associations (Ce3+-oxygen vacancy and/or Pr3+-oxygen va-
cancy associations), and a higher concentration of slightly larger VCs
compared with the samples treated in the oxidative atmosphere (Oy).
Increasing the Pr concentration in the samples amplifies the changes
produced in the defect structure by the treatments under distinct at-
mospheres. Specifically, an increase in the Pr concentration favors an
increase in the concentration of both VCs and metal-ion-oxygen vacancy
associations. This behavior suggests that oxygen vacancies are formed
close to Pr ions.

4.3. PL emissions

Fig. 4a shows the PL spectra of the Pr-doped CeO; samples heat
treated in Oy and CO atmospheres and vacumm measured at room
temperature using a 355-nm Cobolt/Zoukof excitation source.

The spectrum of the Pr-doped CeO, sample exhibits a broadband
profile that originates from charge transfer occurring between Ce-4f, Pr-
5d, and O-2p valence band states. Besides that, this broadband is asso-
ciated with the structural disorder and vacancies in the lattice that
creates energetic levels within the forbidden region and indicates that a
multiphoton process occurs as radioactive decay, i.e., emission occurs by
several routes [44]. In this work, we related the defects formation due to
two factors: i) insertion of Pr on the CeOs, lattice and ii) heat treatment in
different atmospheres, both exert a strong effect on the PL properties and
can be related to the non-linear variations on the PL profile [45].

The species[CeOg]}; and [CeOs]; correspond to structural order and
disorder, respectively, which can be assigned as shallow traps visible at
high energies as:

[CeOs]}  [CeOs]; (€]

An organized system is one that has maximum symmetry, i.e., a
homogeneous electron density distribution. A disordered system has an
inhomogeneous electronic distribution because of variations in bonds,
bonding angle, or polarization because of the presence of neighboring
clusters. Moreover, the species [CeOgly + [CeO,.Vg] + [CeO,.Vy] +
[CeO;.Vg |+ 4f Ce correspond to structural disorder and vacancies, and
physically correspond to the previously mentioned deep traps that
appear as low-energy signals. In these clusters, the presence of Cet*
species is represented by[CeOg]”, [CeO,.VE], and [CeO,.Vg)] for neutral
and paramagnetic clusters, and by[CeO,.Vg|for non-paramagnetic
clusters. The presence of Ce™ species is represented by [CeQ,4] [46].

Furthermore, a cluster model was proposed to explain the photo-
luminescent behavior of semiconductors by Longo et al. and Cavalcante
et al. [46,47]. In this cluster model, the magnitude and structural
order-disorder effects determine the physical properties. The
cluster-to-cluster charge transfer (CCCT) process provides a direct
insight into the charge carrier dynamics in these materials and suggests

that hole polaron trap states localized at oxygen anions are present both,
in the bulk and at the surface of the material.

The PL studies highlight the fact that the broadband reaches fre-
quencies ranging from violet to red. The PL response in different regions
of the visible spectrum is associated with different routes traveled by the
charge carriers before the formation of electron-hole pairs and
recombination.

The broadband consists of two most evident emission bands. To
better understanding the modifications on the PL profile, the deconvo-
lution of the PL emissions was made using the Voigt area G/L function,
as shown in Fig. S6, in SI. This simulates the experimental PL curve with
overlapping peaks, and the individual contribution of each component is
evaluated by their respective areas and intensities. The PL profiles were
adjusted by the addition of three peaks, which have fixed positions in the
spectrum. These peaks correspond to blue, green, and yellow, according
to the maxima of the components appear. Results shows that the in-
crease of the amount of Pr from 4% to 8% leads a decrease of the red
component for heat-treated samples in vacuum medium and O, atmo-
sphere. However, this red component increases in the samples treated in
a CO atmosphere. With the increase of Pr content to 12%, an increase in
green-red components is observed in all samples regardless of the at-
mosphere used in the heat-treatment. Keeping the percentage of Pr
fixed, and comparing only the effect of the atmosphere used in the heat
treatment, it can be concluded that the heat treatment in a vacuum at-
mosphere generates samples with more pronounced blue components.
While the atmospheres of O3 and CO produce samples with more evident
components in the red region. An analysis of the results indicated that
the increase in the percentage of Pr and the thermal treatment in
different atmospheres generated different defect species, and directly
influence the PL properties of the samples.

We attribute this performance to the formation of two negative
charges () in the different doped samples (F4, F8, and F12). The
[Ce0;.Vg]and[PrO;. V], clusters were linked to shallow defects in the
band gap energy, which caused a more energetic PL emission in the blue-
green region. When the number of[CeO;.Vg]complex vacancies
increased, they were inserted deeply into the band gap, causing a
yellow-red PL emission. The two bands that appeared for the sample
treated with CO are associated with vacancy formation and lead to a
more significant number of [PrO;.V{'| species.

The oxygen vacancies in a disordered structure [CeOsgljcan also be
represented as [CeOs]3/[CeO7. VY]

Complex clusters and can be considered as hole trapping centers. The
Ce " species is intrinsically formed from the disordered clusters that
transfer an electron to the ordered cluster[CeOg|}, which represents an
adjacent cluster in the net [39-42]. For the Pr-doped samples, the
cluster-cluster interactions can be represented as follows:

[PrOs]:...[PrO;. V3] ... [PrOg]i—[PrOg], ... [CeO,. V] ... [PrOs], 2
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Fig. 4b. CIE chromaticity coordinates of the PL spectra of CeO, samples doped
with 4, 8, and 12% Pr and submitted to heat treatment in O, and CO atmo-
spheres and in vacuum.

In Equation (2) the cluster [PrOg], represent a Pr atom with an
electron (‘) with an adjacent oxygen vacancy. With increasing Pr doping,
the concentration of [CeO;.V{'] a species also increases. For all doped
samples, the positrons can be trapped in the defects, resulting in no
changes in the resistance. These positron trapping sites can be summa-
rized by Equation (3):

[REO4]}...[REO;.VY]... [REO)'—[REOg]...[REO;.Vy]...[REOs],  (3)

where RE represents a RE atom (a Ce or Pr atom, as mentioned above in
PALS studies). Based on the PL spectra of the materials, the X- and Y-
coordinates were calculated to estimate the emission color of the CeO,
samples doped with 4, 8, and 12% Pr and submitted to heat treatment in
0O, and CO atmospheres and in vacuum. The Commission Internationale
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Fig. 5. Relative resistance (R,/Ry) for the F4, F8, and F12 films as a function of
temperature.
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de I'Eclairage (CIE) chromaticity diagram was used for this and the re-
sults are shown in Fig. 4b.

From the PL spectra shown in Fig. 4a, two typical broadband profiles
can be observed. However, based on the CIE chromaticity diagram, can
observe that the samples show differences in color emission and that the
reflectance was strongly influenced by the Pr percentage and heat-
treatment atmosphere. It can be observed that samples containing 4
and 8% Pr (F4 and F8), showed emission in the blue region, whereas
samples with 12% Pr (F12) and thermally treated with CO exhibited
emission in the white region. We attribute this displacement to the white
region to a more substantial amount of vacancies resulting from the
higher percentage of Pr dopant. A heat treatment with reducing CO gas
and a high percentage of Pr lead to the formation of a more significant
number of [PrO;.Vg].

These results indicate that CeO, doped with Pr is appropriate for
applications in visible lamps, displays, and other optical devices.
Moreover, the color of the light can be controlled by varying the amount
of Pr and the atmosphere used during heat treatment. Recently, pure
white-light-emitting materials have been sough in the optical industry.
This is due the following factors: (i) it has been reported that solid-state
white-light-emitting devices would reduce global electricity consump-
tion [48], (ii) there is a desire to replace ultraviolet and blue light
sources, which are generally more attractive to disease-transmitting
insects [49], and (iii) they are environmentally friendly solid-state
lighting sources, exhibiting the potential to replace conventionally
used incandescent and fluorescent lamps [50].

4.4. Electrical properties in different atmospheres

After the films were heat treated and before they were exposed to CO,
in order to select a working temperature for temporal studies, the
sensitivity was measured as a function of temperature, as shown in
Fig. 5. The electrical resistance measurements were initially conducted
as a function of temperature (up to 400 °C) in air and in vacuum for
samples F4, F8, and F12. As shown in Fig. 5, the sensitivity did not
change at temperatures higher than 360 °C.

We represent the relative resistance as R,/Ry, where R, corresponds
to the resistance of the films when they reach the equilibrium state at
different temperatures in an oxygen atmosphere, and Ry corresponds to
the electrical resistance when the samples are exposed to vacuum (103
mmHg). As shown in Fig. 5, the ratios Ry/Ry did not change at tem-
peratures higher than 360 °C. In air atmospheres, the interaction of the
oxygen species with the clusters can be expressed by the reactions

108 - Ce02 / Prdopped
Vacuum Carbon Monoxide T:380°C
—0.04%
Vacuum: 10*mmHg ——0.08% Alr/
107 - CO0:100 mm 99.99% ——0.12%
E Air: 760 mmHg
Vacuum
= 105
E
G
= Carbon Monoxide Vacuum
* /
]05 -
Vacuum
104 /
10 g ! T T T
o} 150 300 450 600 750 900

T(s)

Fig. 6. Resistance as a function of time and atmosphere for Pr-doped ceria films
prepared from the nanoparticles synthesized at 100 °C for 8 min by the MAH
method under KOH mineralizer.
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described in Equation (4):
[Ce07.V5] +0,—[Ce07. V] ...0uas) Q)

At this point, it is important to select the predominant paramagnetic
species that can act as an attractive center for oxygen adsorption, as
stated in Equation (4). We can detect three distinct defects: a diamag-
netic neutral defect (V3), a paramagnetic defect (Vy), and no electrons
available at (Vg). From this analysis, we can consider that the pre-
dominant reaction will correspond to Equation (4), followed by O,
adsorption, and finally by Oy adsorption. This analysis can be also
applied for Pr clusters at the grain surface; however, we consider a net of
CeO5 with a small amount of Pr added. Moreover, we also must consider
that different oxygen species can be formed depending on the working
temperature. For CeO; clusters we can rewrite Equations (5) and (6):

[Ce07.VE]....Onaa— [Ce07.VE ] ....Oy ) (5)

[Ce07.VE]....Onaa— [Ce07.VE]...0y ) for (T > 573K) (6)

ads

Equations (13) and (14) represent the formation of ionized para-
magnetic oxygen species adsorbed onto the CeOg surface. To understand
the increase in the electrical resistance caused by doping, we consider
the steps in which an electron is transferred from Ce™ to the oxygen
adsorbed on the surface. This possible transfer decreases the number of
electrons in the 4f states and reduces the electrical conductivity. The
conductivity of a sample depends on the number of 4f Ce states occupied
by electrons, which corresponds to the Ce*® species (shown in Figs. 5
and 6). Further, increasing the Ce** concentration decreases the sample
conductivity.

After determining the working temperature, time response mea-
surements were conducted while changing the atmosphere from vacuum
(103 mmHg) to CO (100 mmHg, 99.99%). When a steady state was
reached, the atmosphere was changed from CO to vacuum. Once a
steady-state was reached again, the vacuum was changed back to the dry
air atmosphere (at a constant pressure of 760 mmHg for all doped
samples).

Fig. 6 shows the time electrical responses (R vs. time) of the films
doped with 4, 8, and 12% Pr (labeled as F4 Fg and F;3, respectively),
after changing the atmospheres from vacuum (10~2 mmHg) to a 99.99%
CO atmosphere (100 mmHg in the static-atmosphere chamber). The
increase of the sensitivity during the gas injection, the experiments were
conducted at a temperature of 380 °C, which was selected from the
sensitivity vs. temperature measurements, R,/Ry, shown in Fig. 5.

When the atmosphere was changed over the course of 2 h from 1073
mmHg (labeled vacuum) to CO, a considerable decrease in the resistance
was observed for all samples. In this process, initially, CO adsorption
occurs. CO adsorption onto a clean semiconductor surface produces an
increase in the barrier height and a decrease in the sample conductivity
after the adsorption reaction, leading to the formation of CO,. After CO
exposure, one can assume that some of the available Ce*" species in the
F4, F8, and F12 samples will react at the surface, resulting in an increase
of ce3t along with an increase in cluster
defects([CeO,.Vy] and [CeO,.Vy]) that represent the oxygen vacancy
species. Sample conductivity increases when CO reacts with the
remaining adsorbed oxygen (or with lattice oxygen). The F4 sample
exhibited a significant increase in electrical conductivity when exposed
to CO. In previous works, we noted that the temperature where the CO
reaction takes place is higher than 250 °C [9]. Furthermore, it was
shown that once the exposure to COg) at 653 K has raised the amount of
oxygen vacancy sites for both cases, the interaction of the gas with the
film surface can be established for the doped films through the reaction
with adsorbed oxygen species on the CeO, surface.

The reaction with CO, at temperatures higher than 180 °C, were
previously consider in Ref. [51]. For our clusters, processes at T >
573Kcan be also expressed as follows:
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Fig. 7. Band diagram representing the 4f° and 4f' states and the cluster-to-
cluster charge transfer process between clusters.
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where the electron situated in an oxygen species adsorbed onto the
surface (O,) returns to the net oxygen, reducing the bulk of the material
from[CeO;.Vg)] to [CeO,.Vg |and increasing the electrical conductivity in
all samples. In order to study only the interaction between CO and the
net oxygen at the surface, we previously exposed the films to vacuum
atmosphere. Under this condition, we can consider the reaction between
CO and the oxygen at the clusters as follows:

. . (10
[REOg],...[REO;.Vy]...[REOg], + CO,

Furthermore, in Equations (7)-(10), we can observe that the CO re-
action at the surface liberates two electrons that are available for the 4f
states, thus increasing the number of ordered clusters of Ce ™.

In contrast to CO, the interaction of oxygen with grain surfaces
produces a reduction in the number of electrons in the 4f states after 850
s, as shown in Fig. 6. This process leaves the 4f state with fewer electrons
available for electrical conduction, and a jump in samples resistance was
observed.

In previous studies, the hopping process, in which electrons hop
rather than tunnel from one atom/molecule to a neighboring one, was
proposed [52,53]. It is known that the interactions between electrons
and phonons at lattice sites may lead to self-trapping, in which the
electrons polarize their neighboring molecules and, thus, become trap-
ped in self-induced potential wells, with the polarization field generated
by the moving electron carried through the lattice. This combination can
be considered a quasi-particle, generally referred to as a polaron [52,
53]. At this point, considering the PL and PALS results as well as the DFT
calculations that showed the presence of defective cluster groups, a
CCCT process in a crystal must also be considered as a mechanism for
electrical conduction. This group, which consists of more than one type
of cluster, is characterized by excitations involving the electronic tran-
sitions of 4f states from one cluster to another [46].

Fig. 7 shows a band diagram representing the 4f states and their
interaction between cluster aggregations. The A parameter represents
the distance between cluster groups containing electronic density
available for conduction. We define A as “quantum gap” for the CCCT
process of tunneling or hopping of electrons between clusters, which will
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depend on the vacancy concentration. The decrease in the quantum gap
increases the tunneling charge transfer between neighboring grouping
clusters. According to Kao [54], if the A value (i.e., the distance between
the two sites) is larger than 10 f\, electrons hop rather than tunnel from
one cluster to another. In this case, the probability of a hopping tran-
sition can be written as follows:

Wy = vjexp(-AEj /kT) 1D

where AE;, is the activation energy, which is Er- E (Fig. 7), and v; is the
attempt-to-escape jump frequency [54].

For CeO; semiconductors, is essential to consider the possible
different charge transfer mechanisms (hopping/tunneling) responsible
for electrical conduction at the 4f! states, as represented by the band
diagram shown in Fig. 7 [54]. An increase in the energy difference be-
tween the Ef and E4¢ levels increases the sample resistance [9]. At this
point, it is necessary to highlight that the band bending and subsequent
increases in barrier height and width do not affect the conductivity
because of the presence of overlapped potential barriers as a result of the
small grain size [55,56]. This is because of the conduction band position
at 6 eV (from the valence band and next to 3 eV from the Fermi level, Eg)
[9], as shown in the band diagram of Fig. 7. This effect is in good
agreement with the theoretical calculations.

The electrical resistances for samples with different Pr content that
were thermally treated in vacuum were 6 x 10° Q, 2 x 107 Q, and 9 x
10° © for the F4, F8, and F12 samples, respectively. An increase in the
[Ce0,.Vy] species is expected, which is reflected by the increase in the
initial electrical resistance in vacuum for the F8 and F12 samples. In
contrast, for F8 and F12, the doping processes increase the electrical
resistance [PrOg];of the samples. When an excess of dopant is formed
because of Pr addition, it decreases the Ce*3 concentration, as expressed
in the following equations:

CeO;s) [CeOq], + Ce07.V§ ]| + 2PrOs | [PrOs]; — CeOs] [CeOs]; + PrOs]|

[PrOg], ...Ce0;.Vy)] ... [PrOs],
(12)

[CeOy]. ... [PrOs]* — [CeOs]* + [PrOs], 3)

As shown in PALS analysis, positrons can be trapped into clusters,
along with a resistance increase obtained for electrical measurements
for F8 and F12. For F12 samples, the positron trapping species are
generated because of the double ionized oxygen vacancies generation
and they can be represented as follows:

PrO;] [PrOs],...Ce0,. V3 ] . PrOs | [PrOs]! — PrOs)
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Table 2
Electrical resistance and sensitivity to CO for samples thermally treated with
different gases.

Sample Vacuum (100s) CcO Sco
R (Q) R(Q)

F4 6E6 4E3 1500

F8 2E7 8E5 25

F12 9E6 1.5E5 60

Equation (12) corresponds to an increase in mono ionized (Vg) va-
cancies, represented in the cluster as [CeO;.Vg], along with a decrease in
Cet (species Equation (13)). Moreover, we should consider that Pr
atoms can act as acceptors, facilitating the creation of singly ionized
vacancies and increasing the electrical resistance at low doping levels.
This phenomenon will occur when the Pr doping level is increased for
the F8 sample, as increasing the amount of Pr favors the occurrence of
doubly ionized oxygen vacancies. It is worth noting that each Pr atom
does not necessarily generate an oxygen vacancy. Finally, for high
doping levels (sample F12, in Fig. 8), [PrO;.Vg ]increases, and a mild
reduction of the electrical resistance in vacuum is observed as a result of
the possible conduction via the cluster-to-cluster charge transfer (CCCT)
process between the formed Pr f states (shown in DOS diagrams), as a

°0 ©OFr
[l Isosurface = +0.02 e/ A3

OcCe

Fig. 9. Calculated oxygen deficiency in Pr-doped CeO, geometries. The figure
depicts the case of (a) one and (b) two Pr dopant atoms in the CeO-, lattice with
one oxygen vacancy. The blue, red, and black colors represent cerium, oxygen,
and Pr atoms, respectively. The oxygen vacancy is indicated by a dark circle.
The isosurface used in calculations for both geometries is +0.02 e/A3. (For
interpretation of the references to color in this figure legend, the reader is

[PrOs]g---Ceov-VZ;] ...[PrOg], 14) referred to the Web version of this article.)
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sufficient number of electrons are available for conduction. The increase
in the intensity of the 4f Pr states is represented in the band diagram and
DOS calculation curves shown in Figs. 7 and 8.

The band gap diagram shown in Fig. 8 illustrates the Er change when
the Pr doping level is increased. These values were acquired for the
powders thermally treated in vacuum once no changes in the band gap
were noted for this condition. The energy difference between the Fermi
level (Ep) and the 4f state (E4¢-Ep) changes because of doping, therefore
reducing the number of electrons available for conduction. The UV-Vis
results (Fig. S4, in SI) confirm that samples with 8% Pr, F8 (Er = 2.68
eV), presented a drift of —0.06 eV with respect to the 4% Pr-doped
samples, F4 (Eg = 2.74 eV). Samples with 12% Pr, F12 (Eg = 2.71 eV),
presented a drift of —0.03 eV with respect to the 4% Pr-doped samples,
F4 (Ep = 2.74 eV).

Finally, in Table 2, we summarize the electrical resistance (in Ohms)
and sensitivity (Sco and S,ir) values obtained for samples exposed to CO.
It is observed that when doped with Pr, a decrease in the sensitivity after
CO exposure (see Table 2) was measured. This behavior can be attrib-
uted to an increase in defects, as indicated by PALS and PL experiments
for F12 samples for all atmosphere treatments. Then, the number of
defects increased with doping and CO exposure. As doping increases, the
oxygen vacancies rise in the bulk and at the surface, provoking a
decrease in the net oxygen available to react with CO at the surface. In
addition, the resistance increases as the Ce™ concentration decreases
when the samples are exposed to air, as shown in Fig. 6.

4.5. Theoretical investigations

According to our calculations, the lattice parameter obtained by
using the previously mentioned Hubbard correction for the pristine
CeO5 cubic unit-cell was 5.47 f\, while the experimental value obtained
by Rietveld refinement was 5.46 A, deviating by 0.18% from our theo-
retical investigations. To understand the effects of the electronic prop-
erties of the Pr impurity in oxygen-deficient CeO5, we performed DFT
calculations by considering a unit-cell multiplied by two in the three
Cartesian directions. To study the effects of Pr doping and oxygen va-
cancies in CeO, we calculated the spin charge density Ap = pt - pl.

1 Pr impurity
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Fig. 9 shows the most important studied geometries, where the left
(right) panel, one (two) Pr atom replaces the ceria atomos in the
supercell. Furthermore, one oxygen atom was removed from each cell,
distant from and close from the Pr impurity. Cerium, oxygen, and Pr
atoms are depicted by blue, red, and black colors, respectively. The gray
color represents the used +0.02 e/A% isosurface, and the vacancy is
indicated by the dark circle (see Fig. 10).

As the defects area ruling factor in the optical and electronic prop-
erties of CeO,, several oxygen vacancies in non-equivalent positions
were investigated. For the calculated structures with one Pr dopant
atom, we found that the structures with O-vacancy distant from the
impurity had a stronger magnetic moment than that in configurations
with the oxygen deficiency close to the impurity. However, in the cal-
culations with two doping Pr impurities, the structures with oxygen
vacancy between the impurities had a higher magnetic moment than the
other geometries tested with different O-vacancy positions in the
supercell. The two presented geometries are the most stable ones, even
for the calculations in which initial magnetic moments were adopted for
the Pr atoms. In addition, the spin-density centered on the Pr dopant
depicts the oxidation state Pr>". The electronic properties were inves-
tigated by calculating the local density of states (LDOS) and dividing this
by the number of supercell atoms, as shown in Fig. 2. For both struc-
tures, the empty f-Ce and d-Ce states present the stronger contributions
and the p-O-occupied levels have higher intensity. The f-Pr states shows
a higher contribution, where the single peak indicates the localized
magnetic moment.

To obtain insights into the charge transfer associated with the O-
vacancy and Pr impurity, which changes the Coulomb repulsion be-
tween its surrounding atoms, we investigated the effective Bader
charges for the calculated geometries (Fig. 9) [57]. The effective Bader
charge (Q*°™f) is calculated as Q*"™yfr = Zya1 - Q*°™p, (atom = Ce, O,
Pr), where Z, is the electron valence, and Q™ is the total charge
within the Bader volume. In these calculations, we observe that the
O-vacancy plays a fundamental role in the charge transfer calculation.
For the geometry with one O-vacancy distant from the Pr impurity, we
observed that the effective Bader charge for ceria and oxygen atoms
nearest from O-vacancy were 2.79 e and —1.53 e, respectively. Also, for

2 Pr impurity
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the geometry with one O-vacancy and two Pr impurities, the effective
Bader charge for Ce and O atoms nearest from the O-vacancy were 2.91 e
and —1.44 e, respectively.

In comparison, the average of the effective Bader charges for ceria
atoms in the structures with one and two impurity atoms were 2.82 e and
2.90 e, for oxygen —1.43 e and —1.45 e, and for Pr impurity(ies) atoms
2.58 e and 2.18 e, respectively. As expected, the oxygen is the most
electronegative atomic specie, suggesting a tendency to accept electrons
from the Ce and Pr atoms. A single Pr dopant in the supercell has higher
effective Bader charge than in the structure with two impurities. Thus,
the position of the oxygen vacancy plays a fundamental role in the
charge transfer of CeOy:Pr based sensors.

5. Conclusions

In this study, crystalline ceria nanoparticles doped with Pr were
obtained by MAH growth at 100 °C. The subsequent thermal treatments
in different atmospheres resulted in the formation of distinct complex
clusters, thereby affecting the PL emission in specific wavelength re-
gions. The PALS results indicated that the defect structures of the sam-
ples were composed of large vacancy clusters and small open volume
defects with a typical size of a mono vacancy. Furthermore, PALS
revealed that the concentration of vacancy-like defects groups present in
the samples depended on the atmosphere under which the thermal
treatment was performed, and it increased with increasing Pr doping
level. The obtained results indicated that the vacancy-like defects were
oxygen vacancies surrounded by the negative electronic density of Pr
atoms. The electrical measurements conducted in different gas atmo-
spheres demonstrated that Pr-doped CeO, acts as an n-type semi-
conductor. The doped samples presented reversible responses when
exposed to oxidants and reductive gases as a result of reactions with
surface oxygen. These changes were observed as a decrease in the
electrical resistance, which was caused by a decrease in the electron
occupation of 4f! states. The number of 4f! electrons decreased because
of the decrease in Ce™ concentration during the CCCT process. Theo-
retical studies revealed the presence of Pr states in the 4f states of Ce
atoms. These states were available to receive the 4f' electrons and
caused the electrical resistance to increase after doping. If the amount of
Pr doping is increased insignificantly, the Pr states can cause a mild
increase in conduction as a result of the Pr f state contribution. Va-
cancies were the main factors that caused Ce'® formation, thereby
increasing the number of 4f' electrons available for the subsequent
CCCT process. Moreover, we developed a semiconductor nanomaterial
that can produce white light and shows great promise for use as a single-
material white-light-emitting source. Furthermore, we showed that its
structures and light-emitting properties can be tuned systematically.
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