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In this study, we investigate the influence of rare-earth dopants on the structural, optical, gas sensing
properties of Ceq_(3/4)xRExO2 (RE = Eu, La; x = 0.0 and 0.08) nanoparticles synthesized using the microwave-
assisted hydrothermal method. X-ray diffraction analysis confirmed the formation of CeO, fluorite structure
free of secondary phases. Raman spectroscopy indicates oxygen vacancies are the dominant defect in the
samples. Additionally, doping with La and Eu decreased the bandgap energy of the pure sample. The dif-
ferent dopants changed the photoluminescence spectrum of pure ceria, leading to blue (La) and red (Eu)
emissions with a higher number of electronic transitions for the Eu-doped nanoparticles, which consists of
six bands between 550 and 750 nm. For the thick films fabricated using the as-prepared nanoparticles, a
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Thick films measurable response in terms of resistivity was observed during interactions with vacuum, dry air, and
Gas sensor carbon monoxide atmospheres. The Eu-doped thick film reacted much faster (1 s) with carbon monoxide
Rare-earth compared to La-doped (4.2 s) and pure ceria (6.6 s), corresponding to an improvement when compared with

other studies reported in the literature. Doping the ceria structure proved to be beneficial to its carbon
monoxide sensing properties and produced tunable photoluminescent emissions, which are promising for
white LED applications.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction lattice. Doping the ceria structure with lower oxidation state cations
leads to a higher concentration of oxygen vacancies, as elucidated by
Over the last few years, the number of publications regarding the Kroger-Vink notation in Eq. (1):
cerium dioxide-based materials has experienced a boost. The
growing interest in this compound is due to its unique properties
and multifunctional characteristics. Cerium dioxide (CeO, or ceria) is
an n-type semiconductor that crystallizes in a cubic fluorite struc-
ture, in which cerium and oxygen atoms occupy tetrahedral and

octahedral sites, respectively. Ceria exhibits a reversible transition

RE,03 + CeOy — Ced, + 2RE¢, + 40§ + Vi + ¥0(g) (1

where REc. represents the substitution of Ce** by a RE** cation (RE =
Eu?", La3*, Sm>", etc.) with a negative effective charge, generating an
oxygen vacancy (V,") to sustain charge neutrality. This process en-
hances oxygen mobility within the lattice, originating ceria capacity

between Ce* and Ce®* states, which creates or eliminates oxygen
vacancies (V,) to compensate for their charge difference, resulting in
an oxygen non-stoichiometry (CeO,_) [1]. Upon reduction from Ce**
to Ce3*, two electrons previously localized in the O 2p states move to
empty Ce 4f states near the oxygen vacancy [2]. The partially filled
Ce 4f narrows the bandgap and favors oxygen mobility within the
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to release or uptake oxygen atoms (known as oxygen storage capa-
city) [3]. Therefore, doping is expected to improve ceria ionic con-
ductivity and oxygen storage capacity. The possibility to exist in a
partially reduced state makes ceria attractive for multiple applica-
tions, such as solid oxide fuel cells [4], white LEDs [5], magnetic
hyperthermia [6], catalysis [7], and gas sensors [8].

Different elements have been used as ceria dopants, and their
optical, magnetic, and photocatalytic properties have been in-
vestigated [9-12]. Balamurugan et al. [13] studied the effect of
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samarium doping in the antibacterial activity of CeO,. They observed
that the Sm-doped samples performed better than pure ceria against
B. cereus and ascribed the result to a higher oxygen vacancy con-
centration in the doped sample. Cheng et al. [14] synthesized RE-
doped ceria (RE = La, Nd, Yb) particles for the chemical mechanical
polishing of silica. All dopants increased the content of Ce3* in the
samples. However, although Yb doping led to the highest Ce3* con-
centration, Nd-doped ceria displayed the best abrasive property. Luo
et al. [15] investigated the catalytic oxidation activity of Pr-doped
ceria towards CO, CH4, and CH5OH. The authors observed that for up
to 10% w/w Pr, the catalytic performance improved compared to the
pure sample and concluded that oxygen vacancies favor CO oxida-
tion. Over 20% w/w Pr, the authors observed secondary phase for-
mation. Similar results were achieved by Hernandez et al. [16], who
compared the catalytic response Eu-doped ceria towards CO. The
authors reported the formation of secondary phases for Eu contents
higher than 17% w/w. Interestingly, the best catalytic performance
was observed for 10% w/w Eu. Eu-doped ceria also presented the
best performance compared to La- and Gd-doped samples, which
was associated with a higher concentration of oxygen vacancies
promoted by Eu cations [17]. In another study, Wang et al. [18] in-
vestigated the influence of Sm and Gd doping on catalytic CO oxi-
dation. They found that Sm enhanced the catalytic activity of ceria,
whereas Gd worsened the performance. Though Gd increased the
concentration of oxygen vacancies, the authors stated it is more
stable than Sm due to a half-filled 4f orbital, decreasing CO
oxidation. These studies suggest that the concentration of oxygen
vacancies or Ce>* atoms does not define the final properties of rare-
earth-doped ceria. Understanding the structural modifications
promoted by different dopants is crucial to develop better
ceria-based materials.

In previous studies, our group has extensively investigated the
synthesis and characterization of ceria nanoparticles obtained using
the MAH method. Deus et al. [19] studied the influence of NH,OH,
KOH, and NaOH as mineralizing agents on the growth of ceria
crystals. KOH and NaOH were the most effective mineralizers,
leading to homogeneously distributed nanoparticles with lower
aggregation. Deus et al. [20] also studied the effect of soaking time
on the synthesis of ceria nanoparticles. They showed that particles
with longer soaking time (8 min) exhibited higher crystallization
and lower agglomeration than shorter soaking time (1, 2, and 4 min)
samples. In another study, Deus et al. [8] reported that the electrical
conduction of undoped CeO, films thermally treated under vacuum
is dominated by the tunneling current, suggesting that the sensor
response of CeO, in different atmospheres originates from intrinsic
defects. In other studies, we investigated how different rare-earth
elements and dopant concentration influence the microstructural,
optical, and sensing properties of CeO,. The photoluminescent (PL)
emissions of La-doped ceria at higher La concentrations were as-
cribed to oxygen vacancies created after doping the structure, which
shifted the emissions to the low energy range, leading to intense PL
emission due to the faster recombination of electrons in Ce 4f and La
3d conduction bands with holes in O 2p valence band [21]. As re-
ported by Oliveira et al. [22], the dopant content in Pr-doped ceria
nanoparticles changes the oxygen vacancy and Pr clusters con-
centration, leading to different color emissions (from blue to white).
Rocha et al. [23,24] and Ortega et al. [25] investigated the sensing
properties of rare-earth-doped ceria films exposed to different at-
mospheres, such as dry-air, vacuum, and carbon monoxide. The
authors reported a dual CO sensing response (electrical and optical)
for La- and Eu-doped ceria, and the shortest response and recovery
time to CO were found for 8% w/w dopant concentration. The pho-
toluminescent and magnetic properties of Pr-doped ceria were stu-
died by Cabral et al. [26] and Oliveira et al. [27]. They reported that
electronic decays from Pr 5d to O 2p states, oxygen vacancies located
near the conduction band, and electron-hole recombination are
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responsible for Pr-doped CeO, photoluminescent emissions. Oliveira
et al. [27] associated the presence of Ce*" cations with the in-
troduction of Pr’* ions into the ceria lattice regardless of Pr con-
centration, producing a paramagnetic event in the samples.

Pure and doped CeO, films have been investigated as a sensing
material for different gases, such as NH5 [28], formaldehyde [29],
methanol [30], and oxygen [31]. Carbon monoxide (CO) is particu-
larly problematic: it is odorless, tasteless, colorless, and extremely
toxic. Thus, an efficient sensor is essential to prevent potential vic-
tims. The use of nanoparticles to prepare sensor films offers a higher
CO-surface interaction, improving sensitivity, working temperature,
and power consumption [32]. Several methods have been used to
synthesize ceria nanostructures, such as sol-gel [33], co-precipita-
tion [34], spray-pyrolysis [35], solvothermal [36], and microwave-
assisted hydrothermal [37]. Among these, the microwave-assisted
hydrothermal (MAH) technique stands out as an eco-friendly route
for obtaining high-quality nanostructures with controlled stoichio-
metry, particle size, and morphology. Furthermore, when con-
sidering large-scale manufacturing of nanoparticles, MAH is a fast,
simple, and cost-effective synthesis. Despite the challenges involved
in transferring lab-scale production to industrial-scale [38], state-of-
the-art microwave digestion systems allow the synthesis of up to 40
samples in the same run, considerably improving scalability. Thus,
MAH represents a promising alternative to conventional hydro-
thermal methods (one of the most used techniques to synthesize
oxide nanoparticles [39]), reducing synthesis time and temperature.

In this study, we report the synthesis and characterization of RE-
doped (RE = La, Eu) ceria nanoparticles obtained via MAH. The as-
prepared nanoparticles were used to prepare thick films using the
screen-printing technique. We investigated in detail the modifica-
tions imposed by La/ Eu doping in the CeO, structure using X-ray
diffractometry (XRD), Raman spectroscopy, high-resolution trans-
mission electron microscopy (HRTEM), ultraviolet-visible (UV-Vis)
spectroscopy, and photoluminescence (PL) spectroscopy. The films
were characterized using field emission-scanning electron micro-
scopy (FE-SEM), and electrical measurements were conducted to
evaluate the effect of La/ Eu doping on CeO, carbon monoxide sen-
sing response. Our study sheds light on how the different dopants
affect the structural, optical, and gas sensing properties of CeO, by
applying a correlation approach between oxygen vacancy con-
centration, lattice distortions, exposed facets, and electronic transi-
tions, which have not been discussed in previous works.

2. Experimental procedures
2.1. Synthesis and characterization of the nanoparticles

We used the microwave-assisted hydrothermal method to syn-
thesize Ceq_(3/4)xRExO; (RE = Eu, La; x=0.0 and 0.08) nanoparticles.
First, cerium nitrate hexahydrate (Ce(NO3)3.6H,0, Sigma-Aldrich
99.0% pure) was dissolved in deionized water and kept under con-
stant stirring at 70 °C. Simultaneously, the dopant precursors (La;03
or Eu,03, Sigma-Aldrich 99.0% pure) were also dissolved in deio-
nized water (constant stirring, 70 °C) with the addition of nitric acid
(HNOs, Synth 65% pure) to assist dissolution. Then, cerium and Eu/La
solutions were mixed and stirred. Then, a 2 M potassium hydroxide
(KOH, Synth 99.5% pure) was slowly added to the mixture until pH
reached 10. The resulting solution was transferred to a Teflon auto-
clave, sealed, and placed in a hydrothermal microwave oven
(2.45 GHz, 800 W). The synthesis was carried out 100 °C (10 °C/min)
for 8 min [26]. Finally, after the system cooled to room temperature,
the nanoparticles were washed several times with distilled water
and dried at 100 °C for 48 h. Each batch resulted in ~1.7 g of the ceria
powder, which corresponds to an 85% yield.

The samples were characterized by x-ray diffraction using a
Rigaku-DMax/2500PC diffractometer with Cu-Ka (A=1.5406 A) in
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Fig. 1. X-ray diffraction pattern of the pure (a), La-doped (b), and Eu-doped (c) ceria nanoparticles synthesized using the microwave-assisted hydrothermal method at 100 °C for

8 min and shift of the (111) reflection after doping the structure (d).

the 20-80° range and 0.02/min steps. The crystalline structure of the
nanoparticles was investigated using TOPAS V5 software [40] and
the Rietveld method [41]. We calculated the crystallite size (d) of the
samples using Scherrer’s equation d = 1.5/0.94.cosg, where A is the
wavelength of X-rays, p is the full width at half maximum (FWHM)
for (111) reflection, and 0 is the diffraction angle of the main peak. A
Lorentzian function was used to fit the peaks, minimizing errors
associated with the width (e.g., FWHM) and peak position. The same
procedure was used to fit the Raman modes. Raman spectroscopy
was carried out in a LabRAM iHR550 Horiba Jobin Yvon spectro-
meter. The excitation source was an Argon-ion laser (A=514nm,
8 mW) with a spectral resolution of 1cm™ and 40 scans in the
100-1000 cm™! range. We used high-resolution transmission elec-
tron microscopy (HRTEM) to analyze the size and shape of the na-
noparticles. To prepare the samples, the nanoparticles were
dispersed in ethanol, dried, and then added to a 300-mesh copper
grade, followed by ultrasonic vibration for 5 min. The micrographs
were obtained at room temperature in an FEI TECNAI F20 micro-
scope. The specific surface area of the samples was calculated using
a Micromeritics ASAP 2010 equipment and the Brunauer-Emmett-
Teller (BET) method. The ultraviolet-visible (UV-Vis) spectra were
measured in a Cary 5G (Varian, USA) spectrophotometer in the
diffuse reflectance mode. To estimate the bandgap energy of the
samples, we used the Kubelka-Munk function to convert the UV-Vis
diffuse reflectance data into Tauc plots [42]. The relationship be-
tween the bandgap energy and the diffuse reflectance spectrum is
given by Eq. (2):

[F(R.)hv]tin = B(hv - Eg]
(2)

where F(R..) is the Kubelka-Munk function, hv is the photon energy,
B is a constant, and E, is the bandgap energy. Parameter n depends
on the type of electronic transition of the compound. Considering
the electronic transitions in CeO, are of the indirect allowed type
(n=2), Eq. (2) becomes:

[F(R.)hv]/2 = B(hv - Eg]
3)

By plotting [F(R..)hv]"? in the y-axis and hv in the x-axis, the
bandgap energy corresponds to the point where the extrapolation of
the linear portion of the curve intercepts the x-axis.
Photoluminescence (PL) properties were measured with a Thermal
Jarrel-Ash Monospec 27 monochromator and a Hamamatsu R446
photomultiplier. The excitation source was 350.7 nm wavelength of a
krypton ion laser (Coherent Innova), keeping their power at
200 mW. All measurements were performed at room temperature.
The PL spectra of the pure and doped nanoparticles were converted
into a point in the chromaticity diagram (CIE 1931) using Origin®
2019 software.

2.2. Preparation and characterization of the films

To perform the CO sensing tests, we used the RE-doped (RE = La,
Eu) ceria nanoparticles obtained using the MAH method to prepare
thick films. For each sample, the nanoparticles were mixed with an
organic binder (glycerol) in a nanoparticle/binder ratio of 0.6 g/ml to
obtain a paste, which was, then, deposited onto insulating alumina
(Al,03) substrates using the screen-printing technique. The films
were heat-treated at 380 °C for 2 h in a dry air atmosphere with a
heating rate of 1 °C/min to evaporate the binder. We used 96% dense
alumina substrates with 10 x 20 mm (width x length) covered by a
25nm Ti adhesion layer and, on top, a 200 nm Pt layer using RF-
Sputtering. The interdigitated Pt electrodes have a 10 Q resistance.

FE-SEM microscopy (Supra 35-VP, Carl Zeiss) was carried out to
analyze surface morphology and cross-section of the thick films.
Electrical characterization and sensing response of the films towards
carbon monoxide were conducted in an optoelectronic device de-
veloped and patented by our group (Patent INPI Argentina
201501039539/INPI Brazil 10 2016 028383 3 [43,44]). Three heating
cycles up to 380°C in a vacuum were conducted to eliminate
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humidity in the samples before the measurements. The film re-
sistance as a function of time was measured to investigate its sen-
sing response towards CO. All measurements were carried out using
the two-wire technique, and we used an Agilent 3440 A multimeter
to measure sample resistance. Response time (tres,) towards CO re-
presents the time at which there is a 90% resistance drop is from its
initial value after the CO flux starts. Similarly, the recovery time (tec)
corresponds to the time in which the film resistance recovered 90%
of its initial value after the CO flux is interrupted.

3. Results and discussion
3.1. Characterization of the nanoparticles

3.1.1. X-ray diffractometry (XRD) analysis

Fig. 1 shows the x-ray diffraction (XRD) patterns of the pure and
doped ceria samples obtained using the MAH method at 100 °C for
8 min. All reflections were indexed to the cubic fluorite structure of
Ce0, (space group Fm3m), according to the ICSD file 29046. The
absence of reflections belonging to second phases suggests that La3*
and Eu* cations isomorphically substituted Ce** cations in the lat-
tice. The dopant cations cause an enlargement of the octahedral sites
due to their larger ionic radii (Eu** = 1.066 A and La** = 1.16 A)
compared with Ce** (0.97 A) [45], resulting in (111) reflection center
slightly shifting towards lower 20 angles, as observed in Fig. 1d [46].
We estimated the crystallite size of the samples using Scherrer’s
equation (Table 1). Crystallite size decrease after doping may be
associated with distortions caused by La** and Eu®* cations, which
would prevent the growth of the crystallites. These distortions are
also likely responsible for the slight broadening and intensity de-
creasing of the peaks compared to the pure sample, indicating that
the long-range order of the structure decreased. The Rietveld re-
finement also shows an increase in the lattice parameter and cell
volume proportional to the ionic radius of the dopants [47]. In detail,
we noticed that doping with La3* had the largest influence on the
ceria structure, decreasing the crystallite size and peak intensity,
increasing lattice parameter and cell volume, and broadening and
shifting the reflections when compared with the pure and Eu-doped
samples. The Rietveld parameters shown in Table 1 confirm the re-
finement is coherent.

3.1.2. Raman spectroscopy analysis

We investigated phase formation, structural defects, and short-
range order-disorder of the nanoparticles using Raman spectroscopy.
Ceria crystallizes in a fluorite cubic structure belonging to space
group Fm3m, which has only one active Raman mode near 465 cm™,
corresponding to the triply degenerate F,, symmetric stretching of
Ce-O bonds in [CeOg] units [48]. As illustrated in Fig. 2, this char-
acteristic mode appears in all samples, confirming the formation of
the fluorite phase. In pure ceria, the presence of oxygen defects and
Ce3* cations changes Ce-O bond lengths, shifting the F>, mode
center (461.5cm™') towards lower wavenumbers compared to
single-crystals (465 cm™). This behavior concurs with the literature,
as observed for ceria samples doped with Eu, Pr, Gd, Sm, and Nd
[15,16,46,49]. Likewise, doping the structure changes the lattice
parameter due to the different ionic radii of the cations (Ce = 0,97
AEu=1.066 A, and La = 1.16 A) [45], which causes the observed shift

Table 1
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Fig. 2. Raman spectroscopy of the Eu-doped (a), La-doped (b), pure (c) ceria nano-
particles synthesized using the microwave-assisted hydrothermal method at 100 °C
for 8 min.

Table 2
P.P. Ortega?, B. Hangai®, H. Moreno?, L.S.R. Rocha?, M.A. Ramirez®, M.A.
Ponce®, E. Longo®, A.Z. Simdes®.

Sample Ser (M?/g)
CeO, 1213
Cer3/anla,0; (x = 0.08) 89.4
Cer(3anEU,0; (x = 0.08) 88.7

in the center of the F>, mode to 456.5 and 459.8 cm! in La- and Eu-
doped samples, respectively (Table 2). Table 2 also depicts the cal-
culated FWHM values for F,; mode, indicating that the shape be-
comes broader for La- and Eu-doped nanoparticles, especially the La-
doped sample, which may be associated with the expansion of the
octahedral sites, decreasing short-range symmetry in the doped
structures [50]. Mode shape is also affected by the presence of
oxygen vacancies, suggesting the structure is non-stoichiometric.
The nanometric scale of the particle also influences the curve shape
of the Raman mode [51].

The [CeOg] arrangement is sensitive to disorders in the oxygen
sublattice, which should be independent of the cation mass since
only oxygen atoms move in the ceria structure [52]. Therefore, we
attribute the weak mode around 600 cm™' to oxygen vacancies (also
known as the defect-induced mode or p-mode). These vacancies
probably originate from two processes: intrinsic Ce** to Ce3" re-
duction; and the incorporation of La®* or Eu®" cations at Ce** sites in
the CeO, structure. Both produce oxygen vacancies to compensate
for the charge difference between the trivalent cations (Ce®*, La®*,
and Eu®") and Ce**. We can estimate the concentration of oxygen

P.P. Ortega?, B. Hangai?, H. Moreno?, L.S.R. Rocha?, M.A. Ramirez*, M.A. Ponce®, E. Longo®, A.Z. Sim&es®.

Sample Geometry parameters Rietveld parameters Crystallite size (nm)
\% (A3) phase (%) Rbragg pr X2

CeO, 158.59 100.0 135 13.75 1.26 15.4

Ceq_3/4xLax02 (x=0.08) 159.20 100.0 1.89 13.04 113 9.6

Cey_(3/4)xEus0 (x=0.08) 160.64 100.0 2.26 13.88 1.28 124




P.P. Ortega, B. Hangai, H. Moreno et al.

=
>,

d'=0.27 nm (002)

Journal of Alloys and Compounds 888 (2021) 161517

30

d CeO,
g
= 4.0 nm
Sy 74?
S
T
4
w
210
* B
.4
]
o
0% L ¥a
1 2 3 4 5 [ 7
Particle size (nm)
30
h Cey (345120, (x=0.08)
X
g —— 3.9nm
220
)
-]
T
o
w
210
= N
=
]
g lFL
0 ! ! }
1 2 3 4 5 6 7
Particle size (nm)
30
_ | Cey.314pEU,0; (x=0.08)
X
P 4.0 nm
220
)
& S
T
N
-
. ; 210
0.32 nm (111) ‘B
Y i ©
(4
0
1 2 3 4 5 6 7

Particle size (nm)

Fig. 3. High-resolution transmission electron microscopy, d-spacings, and particle size distribution of the pure (a-d), La-doped (e-h), and Eu-doped (i-1) ceria nanoparticles

synthesized using the microwave-assisted hydrothermal method at 100 °C for 8 min.

vacancies by calculating the intensity ratio of the modes near 465
and 600 cm™! (ln/lrzg): higher ratios are associated with higher con-
tent of oxygen vacancies in the lattice [53]. As expected, we found
that doping the structure led to higher concentrations of oxygen
vacancies, reflected by the higher ID/IFzg ratios for La- and Eu-doped
samples when compared with the pure sample (Table 2). The ab-
sence of Raman modes associated with Eu,O3 (Fig. 2a) and La,03
(Fig. 2b) reinforces the formation of a complete solid solution, as
observed in the XRD analysis. Finally, a doubly degenerate transverse
optical mode and disorders in the structure are responsible for the
weak vibrational mode observed at 260 cm™ [54].

3.1.3. Morphological analysis of the nanoparticles

Fig. 3 illustrates the high-resolution transmission electron mi-
croscopy (HRTEM) of the pure and doped nanoparticles synthesized
using the MAH method. From Fig. 3a, e, and 3i, we observed the
samples show a sphere-like morphology, which seems to be in-
dependent of the dopant cations. The final morphology of the na-
noparticles is defined by nucleation-dissolution-recrystallization
processes, which are controlled by parameters such as time, tem-
perature, and base (OH) concentration [55]. At the beginning of the
MAH synthesis, multiple nucleation sites are formed in the solution,
in which Ce(OH)4 hydroxides are deprotonated and converted into
Ce0, [19]. In low-base concentrations, low temperature, and short
synthesis time, the dissolution-recrystallization rate is slow, leading

to the formation of irregular spherical-shaped nanostructures, which
is the case. By increasing synthesis temperature, time, or base con-
centration, the dissolution-recrystallization rate increases, and dif-
ferent nanostructures can be obtained, as reported in the literature
[7,37,56].

The atomic resolution images containing the interplanar dis-
tances (d-spacing) of the undoped, La-doped, and Eu-doped nano-
particles are shown in Fig. 3b-c, Fig. 3f-g, and Fig. 3j-k, respectively.
The d-spacings corresponding to the (111) planes consist of a planar
distribution of Ce and O atoms, and it is the most stable surface of
ceria [57]. The (02 2) and (0 0 2) planes are corrugated, and either Ce
or O atoms are exposed on the surface. These three planes are the
most common facets of ceria [58]. For the pure sample (Fig. 3b-c),
the d-spacings correspond to (111) planes and, to a smaller extent,
(022) planes. The La-doped sample (Fig. 3f-g) shows only (111)
facets, and (111) facets dominate the surface of the Eu-doped na-
noparticles, while there are traces of (220) and (0 02) facets. The
different facets of the samples may be related to distortions in-
troduced in the lattice due to defects and the higher ionic radius of
the dopants.

The particle size distributions of the pure and doped ceria are
shown in Fig. 3d, h, and L. For all samples, the size of the nano-
particles homogeneously varies over a few nanometers, with an
average particle size of ~ 4nm. As the synthesis takes place in a
highly diluted solution during the MAH method, after nucleation,
there are not enough reactants left in solution to promote crystal
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Table 3
P.P. Ortega®, B. Hangai®, H. Moreno?, L.S.R. Rocha?, M.A. Ramirez?, M.A. PonceP, E.
Longo¢, A.Z. Simdes®.

Sample F, wavelength (cm™) In/lry, F, FWHM
CeO, 461.52 0.036 21.73
Cey_(3/4)xLax0; (x=0.08) 456.48 0.057 3349
Cey_(3/4)xEux0, (x=0.08) 459.82 0.054 22.07

growth, resulting in nanoparticles with a reduced size distribution
[25]. Nanoparticles usually exhibit high surface free energy due to
their nanometric scale, which leads to a strong tendency to form
large agglomerates, minimizing surface energy. At the nanoscale,
van der Waals forces are significant and contribute to the agglom-
eration state of the nanoparticles.

The specific surface area is an essential parameter for materials
whose properties rely on reactions occurring on the surface. For gas
sensing applications, larger specific surface areas mean more sites
are available for molecular adsorption of the target gas, which im-
proves their sensibility and response. We used the Brunauer-
Emmett-Teller (BET) method to calculate the specific surface areas
(Sger) of the samples (Table 3). The doped samples exhibited a lower
surface area compared with the pure sample. It might be associated
with a higher agglomeration of the doped nanoparticles due to
higher surface energies and size distribution. Hwang et al. [59]
synthesized CeO, nanoparticles using a combustion route and ob-
tained Sger values between 40 and 65 m?/g. In another study, Fu et al.
[60] obtained similar Sger using microwave-induced combustion
(43 m?/g) and precipitation (48 m?/g) methods to prepare CeO, na-
noparticles. Lu et al. [61] used the sol-gel method to obtain pure and
Co-doped ceria, which resulted in Sger values of 39 and 75.1 m?/g,
respectively. Higher Sger were found by Srivastava et al. [62] using a
hydrothermal route. The authors obtained ceria nanoparticles with
Sger values of 120 m?/g for samples calcined at 450 °C and 78 m?/g
when calcined at 650 °C. Considering the specific surface area dis-
cussed above, the MAH method used in this study led to nano-
particles with relatively high Sger, with the advantage of being a fast
and low-temperature synthesis technique.

3.14. Ultraviolet-visible (UV-Vis) spectroscopy analysis

The Tauc plots and estimated bandgap energies (Egqp) of the pure
and doped nanoparticles are shown in Fig. 4. The bandgap represents
the forbidden energy region between the highest energetic level of
the valence band and the lowest energetic level of the conduction
band. In ceria-based materials, it corresponds to the energy differ-
ence between O 2p and Ce 5d states. However, cerium cations in
CeO,, can easily reduce from Ce** to Ce3*, creating oxygen vacancies
to compensate for the charge variation. During this process, elec-
trons previously localized in the O 2p states move to empty Ce 4f
states, creating intermediary levels within the bandgap. These in-
termediate transitions reduce the energy required to excite electrons
from the valence band, thus decreasing the bandgap energy value. In
the samples synthesized in this study, the electrons are localized in
the 4f states situated inside the bandgap and above the Fermi energy
level instead of the conduction band. In what follows, we refer to the
effective energy gap as the energy needed for the excitation of an
electron from the uppermost energetic level of the valence band to
the 4f states.

Fig. 4 shows the estimated bandgap energies (Egq) of the nano-
particles. The Egqp, corresponds to the point where the extrapolation
of the linear portion of the Tauc plot intercepts the x-axis. The Egqp
for the pure ceria nanoparticles (Fig. 4c) is consistent with the values
reported in the literature [51,63]. After doping the structure, the Eg,,
slightly decreases (Fig. 4a and b), following the order: pure
(3.10eV) > La-doped (3.00 eV) > Eu-doped (2.93 eV). This reduction is
expected since the substitution of Ce*" cations by La*" and Eu®*
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Fig. 4. Bandgap energies calculated from the UV-Vis diffuse reflectance spectra of the
Eu-doped (a), La-doped (b), pure (c) ceria nanoparticles synthesized using the mi-
crowave-assisted hydrothermal method at 100 °C for 8 min.

cations narrows the gap energy between O 2p and Ce 4f states [25].
This narrowing effect results from an increase in the density of states
between the conduction and the valence band due to the formation
of Ce 4f! and oxygen vacancies [11]. The studies of Amoresi et al. [7]
and Oliveira et al. [37] have shown that the morphology of CeO,
nanostructures can also influence the bandgap. They obtained dif-
ferent undoped CeO, nanostructures and suggested the E,q, depends
on the exposed surface morphology. Particle size distribution [51]
can also influence the Egq, values. As shown in Fig. 3, the Eu-doped
sample exhibits different facets compared with the pure and La-
doped systems, which can be associated with its smaller bandgap
value.

3.1.5. Photoluminescence (PL) spectroscopy analysis

The normalized PL spectra of the nanoparticles are exhibited in
Fig. 5a. In ceria-based compounds, when an oxygen vacancy forms
(due to intrinsic or extrinsic mechanisms), a pair of electrons gets
trapped in the vacancy site, creating F centers. These oxygen defect
states appear below Ce 4f states, which are assigned to the emission
spectrum [64]. For the pure CeO, nanoparticles, there is a broad
band centered at 460 nm (blue-green region) with a second, weaker
band close to 600 nm (orange region). The blue-green emissions can
be associated with the direct recombination of holes in O 2p states
with electrons in Ce 4f states [21,26] and surface defects in the na-
nostructures [65]. The broadness of the band may be ascribed to a
high quantity of defects, linked to oxygen vacancies and Ce>* cations
in the structure, indicating some structural order-disorder level
[21,64]. The weak band assigned to orange emissions can be related
to the distribution of defects near the conduction band, defined as
shallow defects [27]. The La-doped sample shows a similar spec-
trum, with bands associated with blue-green and orange regions,
indicating that the same mechanisms are responsible for these
emissions in both La-doped and undoped samples. However, the La-
doped bands are sharper and more pronounced, indicating a
stronger influence of oxygen vacancies, Ce 4f intermediate levels,
and shallow defects, which agrees with the Raman and UV-Vis data.



P.P. Ortega, B. Hangai, H. Moreno et al.

—— Cey.(3/a)xEU0, (x=0.08)
— Cey(3/)L 2,0, (x=0.08)
CeO,

D, —F,

D
sp,—7F, [P0 7F2/1D"ﬂ s
D= TF \ D, —F,

400 500 600 700 800
Wavelength (nm)

Normalized Intensity (a. u.)

(@)

CIE 1931

@ CeO,
® Cey 3upl a0, (x=0.08)
© Ce,3xE U0, (x=0.08)

500

(b)

Fig. 5. Photoluminescence spectroscopy (a) and CIE chromaticity diagram (b) of the
pure, La-doped, and Eu-doped ceria nanoparticles synthesized using the microwave-
assisted hydrothermal method at 100 °C for 8 min.

The PL spectrum (Fig. 5a) of the Eu-doped nanoparticles is sig-
nificantly different from the previous samples, showing sharp bands
between 550 and 750 nm. These bands are associated with inter-
configurational f-f electronic transitions (°Dg — 7F]) of the Eu®* ions
as follows: 570 (J=0),593 (J=1),610 and 630 (J = 2), 650 (J = 3), and
710nm (J = 4) [66]. The Eu>* ions are hypersensitive to the crystal
field, in a way that the PL emissions provide information about the
host matrices structure and local symmetry [67]. The Dy — ’F;
transitions correspond to magnetic dipole transitions and are in-
sensitive to the local crystal field around Eu>*. Contrarily, °Dg — F,

Top view

Cross-section
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transitions correspond to electronic dipole transitions, which are
hypersensitive to the crystal field around the sites occupied by Eu**
[68]. In Ce0,, Ce** sites display Oy, symmetry and are coordinated by
eight oxygen ions. Therefore, the Ce** sites have an inversion sym-
metry [69]. It is known from the literature [70] that inversion
symmetry does not allow electric dipole transitions (°Dg — ’F,) in
Eu?*, but it does not affect magnetic dipole transitions; therefore,
magnetic dipole transitions (°Dy — ’F;) dominate the emissions of
our samples with a high-intensity band at 593 nm. However, the
doping process creates oxygen vacancies to compensate for the
charge difference between Eu* and Ce**, inducing symmetry dis-
tortions that partially allow electric dipole transitions, resulting in
the low-intensity emissions (Dg — ’F, and Dy — ’F3) observed in the
PL spectrum [70]. These symmetry distortions increase CeO, con-
ductivity [69], stimulating a sensing response. In addition, from the
intensity ratio between (°Dy — “F;)/(°Dg — ’F») and the (°D; — 7F,)
and (°Dy — "Fo) bands at 550 and 575 nm, respectively, we can as-
sume that Eu®* replaces Ce*" in the octahedral sites, being the only
sites occupied by Eu** cations in the lattice [68,69,71].

Based on the PL spectra of the samples, we estimated the emis-
sion color using the Commission Internationale de I’Eclairage (CIE)
chromaticity diagram (Fig. 5b). Pure and La-doped ceria (red and
blue spheres, respectively) emitted light in the blue region, close to
the white light region. The Eu-doped nanoparticles (green sphere)
emitted light in the orange-red region. Malleshappa et al. [64] have
synthesized Eu-doped ceria nanostructures by controlling the do-
pant concentration and found excellent red light emission proper-
ties. Oliveira et al. [22] synthesized Pr-doped ceria nanoparticles
using the MAH method and reported different color emissions de-
pending on the Pr concentration, shifting from blue to white light.
Therefore, by doping the ceria structure with different rare-earth
elements, such as La and Eu, it is possible to control its optical
properties, which is interesting to produce white light LED as blue
and red components.

3.2. Characterization of the thick films

3.2.1. Field-emission scanning electron microscopy (FE-SEM) analysis
The top view and cross-section micrographs of the pure and
doped thick films obtained using FE-SEM are shown in Fig. 6. We
observed the nanoparticles tend to form large agglomerates com-
pared to the average particle size shown in Fig. 3. This behavior is
expected due to the use of an organic binder (glycerol) for mixing
the nanoparticles before depositing the thick films. The OH groups
present in the binder increase the van der Waals forces between the
nanoparticles, resulting in a high agglomeration state (Fig. 6, top
view). Han et al. [72] prepared Yb- and Er-doped ceria films by the

Il Top view

B
[

b, /T, Cross-section

Fig. 6. Field-emission scanning electron microscopy of the top view and cross-section of the thick films prepared from pure (a), La-doped (b), and Eu-doped (c) ceria nanoparticles

synthesized using the microwave-assisted hydrothermal method at 100 °C for 8 min.
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Fig. 7. Resistance in function of time and atmosphere of the thick films prepared from
pure (a), La-doped (b), and Eu-doped (c) ceria nanoparticles synthesized using the
microwave-assisted hydrothermal method at 100 °C for 8 min.

screen-printing technique using ethanol and terpineol as binders.
The authors observed the formation of micrometric agglomerates
with rounded morphology, confirming the influence of binders in
the agglomeration state of the films during their preparation. Mi-
crographs of the thick films cross-section (Fig. 6 - cross-section)
show an average thickness varying from ~40 to ~60 pm. For gas
sensing applications, the long distance between the reaction sites on
the surface of the films to the Pt electrodes at the bottom can reduce
the dynamic response of the sensor [73]. This effect is lessened in
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our samples due to porosity, as observed in Fig. 6 - top view, which
also improves adsorption and, hence, the sensing response towards
the target gas.

3.2.2. Electrical characterization of the films

The films electrical response during interaction with vacuum, dry
air, and CO atmospheres is presented in Fig. 7. Carbon monoxide
detection by the sensing films involves different reactions depending
on the temperature. For n-type semiconductors such as ceria-based
materials, three oxygen ions (superoxides, peroxides, and mon-
oxides) may form on the surface as the temperature of the system
increases: 0,” (below 100°C), O (from 100° to 300°C), and 0%
(above 300°C). These adsorbed species trap electrons from the
conduction band, increasing the film resistance. When exposed to a
CO atmosphere, they react with each other to form CO,, and the
trapped electrons move back to the conduction band, decreasing
film resistance. Since 0,7, 0" and 0% have different oxidation states
(-1/2, -1, and -2, respectively), the resistance drop is more pro-
nounced at temperatures above 300 °C due to the higher number of
electrons involved, as shown in Eqs. (4)-(6) [8]:

05~ + 2C0O — 2C0, + e~ (below 100 °C) (4)
0~ + (0 — CO; + e~ (from 100 °C to 300 °C) (5)
02~ + CO — CO; + 2e~ (above 300 °C) (6)

Therefore, resistance changes in the films when exposed to air or
CO atmospheres provide a measurable response, which allows the
detection of COyg).

Fig. 7 shows the electrical response of the films measured at
380 °C in terms of the resistance variation as a function of time. By
comparing the initial resistance of the films in vacuum (t=0s), we
observed that the doped samples exhibited higher values compared
to pure ceria, indicating the doping process led to higher resistivity.
To understand this behavior, we must know that the La>* and Eu®*
ions substitute Ce** in the CeO, structure and act as acceptor states,
partially compensating the Ce 5d donor states in the bandgap due to
the presence of oxygen vacancies (also acts as donor states).
Therefore, the resistivity of the films increases.

When carbon monoxide is pumped into the gas chamber, the
reaction showed in Eq. (6) provokes a rapid electrical resistance
decrease. The calculated response time (t.sp, necessary for a 90%
decrease in resistance before CO flux is introduced) towards CO was:
6.6 s (pure Ce0,), 4.2 s (La-doped), and 1s (Eu-doped), as shown in
Table 4. Multiple factors might explain the t., decrease, such as
particle size, film thickness, porosity, and morphology. As discussed
previously, the interaction between the gaseous molecules and the
surface of the films is crucial to understand their behavior [74]. In
Fig. 3, we showed that the Eu-doped nanoparticles exhibit different
facets compared to pure and La-doped samples. La-doped nano-
particles have mostly (111) facets, the lowest energy surfaces
(1.19).m™2 [7]), making it the most stable ceria surface. On the other
hand, besides (111) facets, Eu-doped nanoparticles also present
(002) (2.26].m™ [7]) and (022) (1.60].m™ [7]) facets, which may
favor CO-surface interactions, enhancing response time (Fig. 7c).

During the exposure to a reducing atmosphere (as CO), net
oxygen can move from the bulk to the surface (oxygen out of the
grain diffusion) reacting with CO. This process originates an oxygen

Table 4
P.P. Ortega®, B. Hangai?, H. Moreno?, LS.R. Rocha?, M.A. Ramirez?, M.A. Ponce®, E.
Longo©, A.Z. Simdes®.

Sample Tresp (5) Trec (5)
CeO, 6.6 56
Cey-(3/anlax0; (x =0.08) 42 39
Cer(a/anEU0; (x = 0.08) 10 15
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vacancy at the lattice. These vacancies act as donors, thus, increasing
the number of charge carriers and reducing the resistance values, as
observed in Fig. 7. The opposite behavior is expected after the CO
flux is interrupted. Deus et al. [8] proposed that at temperatures
above 200 °C, oxygen species adsorbed on the surface can move into
the bulk, annihilating oxygen vacancies and reducing the number of
charge carriers available. This process rapidly increases films re-
sistivity, as observed in the last region of Fig. 7. The calculated re-
covery time (t,, time necessary for resistance to increase to 90% its
value after CO flux is interrupted) of the samples was: 56s (pure
Ce0,;), 39 s (La-doped), and 15 s (Eu-doped).

Potential barrier located at grain boundaries (known as Schottky
barriers) has been considered a key parameter to understand the
electrical conductivity mechanisms of n-type semiconductors, such
as SnO, [75]. However, the electrons responsible for ceria con-
ductivity belong to the inner f states, which tend to form extremely
narrow bands. Therefore, these electrons migrate through the
structure by a hopping mechanism described by Tuller et al. [76]. The
hopping mechanism is a quantum tunneling process in which elec-
trons hop from one localized state to another localized state by ab-
sorbing or emitting phonons [77]. This means that charge carriers
can be thermally created by exciting electrons through the bandgap
as well as localized states can thermally create charge carriers. In
high-quality crystals, defect densities are too low to allow hopping
conduction. Thus, doping the structure extrinsically increases defect
density and localized states, making conduction by hopping and
tunneling mechanisms possible [8,78]. Also, since the electrical
conductivity of rare-earth oxides belongs to incomplete d or f orbi-
tals, there is a tendency to form small polarons due to slight electron
overlapping. Small polarons are defects caused by the displacement
of atoms near a trapped charge carrier (electrons, in our case). Then,
both the charge carrier and distortion migrate through the lattice by
an activated hopping mechanism [76]. Since oxygen vacancies are
the predominant defect in our samples, we expect them to be the
main contributor to the conductivity by hopping mechanisms [79].

The results compiled in Table 4 show the sensing responses ob-
tained in this study. Durrani et al. [80] prepared CeO, thin films at
500 °C and tested their behavior towards CO sensing. Temperatures
between 300 and 500 °C and CO concentrations between 500 and
50,000 ppm were used. The authors concluded that the best working
temperature was 390 °C (similar to the one used in our study). They
also reported a response and recovery time of 45 and 25 s, respec-
tively. Izu et al. [81] studied CeO,, thick films synthesized in different
temperatures (800-1100 °C), and the best result was found at 450 °C
and 5000 ppm. In this case, the response time and particle size
distribution were 2 s and 58 nm, respectively. In another study [82],
they reported a response time of 47 s and a recovery time of 53s.
Mena et al. [83] used the co-precipitation technique to synthesize
CeO, microspheres and prepare sensing devices. The authors were
able to detect 200 ppm of CO at 275 °C in 9s. Therefore, ceria na-
noparticles prepared via MAH are a promising alternative for CO
sensing, enhancing electrical response compared to other works in
the literature.

4. Conclusions

In this study, we synthesized Ceq_(3/4)xRExO> (RE = La, Eu; x=0.00
and 0.08) nanoparticles using the microwave-assisted hydrothermal
(MAH) method. X-ray diffraction analysis of the nanoparticles con-
firmed formation of the cubic fluorite phase of ceria, and the doping
process did not result in secondary phases. Doping the structure
caused unit cell distortions, leading to lattice expansion, which was
ascribed to the larger ionic radii of La** and Eu3* incorporated at the
Ce** sites in the CeO, structure. Raman spectroscopy revealed the
presence of oxygen vacancies as the dominant defect in the samples.
High-resolution transmission microscopy showed the nanoparticles
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have a sphere-like morphology and reduced particle size distribu-
tion, commonly associated with the MAH method depending on the
synthesis parameters. Eu-doped sample presented facets with
higher surface energy compared with the pure and La-doped sam-
ples. The introduction of Eu** and La®" in the lattice reduced the
bandgap energy of pure ceria in 0.17 eV (Eu-doped) and 0.10 eV (La-
doped). Doping with La and Eu modified ceria photoluminescent
properties, leading to blue (La) and red (Eu) emissions. The thick
films prepared using the as-prepared nanoparticles displayed a
measurable response in terms of resistivity during exposition to
vacuum, dry air, and carbon monoxide atmospheres. Eu-doped
sample responded much faster (1s) to carbon monoxide compared
to La-doped (4.2 s), and pure ceria (6.6 s). This behavior was attrib-
uted to the higher surface energy and electronic transitions in the
Eu-doped films associated with possible particle size, film thickness,
exposed facets, and porosity contributions. We suggest that hopping
mechanisms dominate the conduction of the Eu-doped sample.
Therefore, doping the ceria structure led to an improvement in its
photoluminescent and gas sensing properties, making it a promising
material for white LED components and CO gas sensing devices.
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