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Abstract
In this work, CeO2:xEu3+ (x = 0, 0.01, 0.02, 0.04 and 0.08 mol%) microspheres were obtained by the fast and continuous 
ultrasonic spray pyrolysis method. Powders were characterized by X-ray diffraction (XRD), X-ray fluorescence analysis 
(XRF), scanning electronic microscopy (FESEM), Raman spectra, UV–Visible spectroscopy (UV–Vis) and photocatalytic 
activity. All XRD patterns were indexed by the cubic structure of the fluorite type, without the presence of secondary phases, 
indicating success in the Eu3+ doping in the CeO2 structure. In addition, The XRF analysis confirmed the presence of Eu in 
the CeO2 powders. In the Raman spectra of the samples occurs the vibrational mode F2g, which is a characteristic band of 
materials with the fluorite type structure. Moreover, as the Eu3+ ion increased, it was noticed the appearance of additional 
bands referring to oxygen vacancies. FESEM showed that the CeO2:xEu3+ particles have a spherical morphology with homo-
geneous chemical composition and particle size between 73 and 1560 nm. It can be seen a slight increase of defects in their 
morphology as the Eu3+ ion increases. The band gap varies between 3.22 and 3.28 eV, being influenced by defects in oxygen 
vacancies and the concentration of Ce3+ ion. The addition of Eu3+ generates the introduction of intermediary levels in the 
conduction band of CeO2, besides increasing the reactive species effects, favoring the photocatalysis of Rhodamine B dye.

1  Introduction

A large consumption of water, energy and chemicals by 
industries, especially the textile industry, has been dam-
aging the environment due to the release of toxic in efflu-
ents [1]. It is necessary to carry out some treatment in the 
residual waters of the textile processes because they usu-
ally present wealth color, inorganic salts, chemical oxygen 
demand (COD), pH and salinity, for example [2]. Synthetic 
origin dyes containing aromatic rings and azo groups are 
the most commonly used ones [3], with azo dyes being 
used by 60–70% of the dye market [4]. The photocatalytic 

reaction is the most efficient one in dye removal from efflu-
ents compared to other methods, by its operation in smooth 
conditions, strong oxidation capacity and reuse of the cata-
lysts [5]. The development of semiconductor materials with 
photocatalytic activity has been object of study in several 
researches, trying to obtain materials with higher catalytic 
activities [6–11].

Cerium oxide (CeO2) has been recurrently studied 
because of its corrosion stability, physical and chemical 
properties, chemical and biological strength. It is used as an 
heterogeneous catalyst for the degradation of organic pol-
lutants and dyes due to its rapid change from Ce3+ to Ce4+ 
states, capacity of oxygen storage, its reuse and absorption 
only of UV light [12–14].

CeO2 has a cubic structure of the fluorite type with space 
group Fm-3m, formed by one Ce4+ cation coordinated by 
eight O2− anions [15]. In the literature, it is reported sev-
eral promising applications for CeO2 as a catalyst to reform 
vapor of propylene glycol in microreactors [16], gas sensor 
[17], opto-magnetic [18], catalysis of NO reduction [19], 
CO oxidation [20], electrolyte for solid oxide fuel cells [21, 
22], antibacterial agent [23, 24] and phosphors [25–27], for 
example. Different routes of synthesis are used for CeO2 to 
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achieve these interesting properties and applications such 
as solid state reaction [28, 29], sol–gel [30], coprecipitation 
[31], conventional hydrothermal [32], microwave-assisted 
hydrothermal [33, 34], sonochemistry [35] and ball milling 
[36].

Recently, several materials have been synthesized by 
the ultrasonic spray pyrolysis (USP) method [37–44]. This 
method consists of atomizing or nebulizing a precursor solu-
tion by a device of ultrasonic frequencies, forming droplets 
that will experiment physicochemical phenomena, resulting 
in the evaporation of the solvent, precipitation and drying of 
the solutes to create fine powders with a spherical morphol-
ogy [45, 46]. Some studies describe the synthesis of CeO2 
particles by the USP method, with or without doping gado-
linium (Gd) or samarium (Sm) [47–52]. Jung et al. [53] syn-
thesized CeO2:Eu3+/M+ (M = Li, Na, and K) nanoparticles 
using the USP method and successive calcination at 1100 °C 
for 3 h and studied its luminescent properties. Min et al. 
[54] obtained CeO2:Eu3+/Na+ nanoparticles via USP and 
successive calcination with temperature varying from 900 
to 1100 °C for 3 h and studying the photoluminescent prop-
erties. However, the photocatalytic properties of CeO2:Eu3+ 
synthesized by the USP method have not been explored.

In this work, the CeO2:xEu3+ powders (x  =  0, 0.01, 0.02, 
0.04 and 0.08 mol%) were obtained in a single step by the 
USP method. The time for the particle to be formed inside 
the reactor was approximately 1 min. The correlation of the 
photocatalytic activity with doped Eu3+ ions are replaced 
be the Ce4+ ions in the CeO2 crystal structure which was 
investigated.

2 � Experimental

2.1 � Preparation of CeO2:xEu3+ powders

CeO2:xEu3+ (x = 0, 0.01, 0.02, 0.04 and 0.08 mol%) powders 
were prepared using the ultrasonic spray pyrolysis method 
[55, 56]. Cerium nitrate (Ce(NO3)3, Aldrich), europium 
nitrate (Eu(NO3)3, Alfa Aesar) and distilled water were used 
to prepared the CeO2:xEu3+ powders. The precursor solu-
tion, to x = 0, was prepared dissolving 3.75 mmol of cerium 
nitrate in 150 mL of distilled water and the other precursors 
solutions (x = 0.01, 0.02, 0.04 and 0.08 mol%) were realized 
according to stoichiometry. The ultrasonic spray pyrolysis 
equipment (Fig. S1) composed: nebulizer with 2.4 MHz of 
frequency; reactor (quartz tube with 50 mm diameter and 
1.1 m of length); tubular horizontal electric furnace of the 
double heat zone (600 °C for zone 1 and 800 °C for zone 2); 
air flow (at 3 L min−1); and, electrostatic precipitation (of 
stainless-steel tube). The precursor solution was atomized 
using the nebulizer, then the sprayed droplets were trans-
ported by means of the reactor, heated by the tubular electric 

furnace and transformed into solids particles inside the reac-
tor. At last, the resultant particles were collected by means of 
electrostatic precipitation in the reactor exit. Estimated time 
of formation of the particles is about 1 min.

2.2 � Characterization of CeO2:xEu3+ powders

CeO2:Eu3+ powders were characterized by XRD 7000, 
40 kV and 30 mAh XRD (Shimadzu, model XRD 7000) 
with CuKα radiation (λ = 1.5406 Å), 2θ from 10° to 80° with 
the step speed of 1° min−1. While for the Rietveld refine-
ment measurement, it was utilized 2θ range from 10° to 120° 
with step size of 0.02° min−1. Elemental X-ray fluorescence 
analysis (XRF) was performed on the Shimadzu EDX-720 
spectrometer to analyze the Eu3+ doping efficiency in CeO2. 
Raman spectrum was been obtained using Micro Raman 
Chromex 2000 using 532 nm line of frequency doubled 
Nd:YAG laser with range of 200 and 1200 cm−1. Field-emis-
sion gun scanning electron microscopy and EDS spectros-
copy (FESEM; Carl Zeiss, Supra 35-VP Model, Germany, 
operated at 6 kV or 14 kV) were using for investigated of 
the morphologies and dispersion of atoms of samples. Shi-
madzu spectrophotometer (UV-2600 model) was utilized for 
measurement of UV–Vis reflectance spectra of the powders.

The photocatalytic properties of the samples were tested 
(as a catalyst agent) for the degradation of Rhodamine B 
(RhB) dye with a molecular formula [C28H31ClN2O3] (99.5% 
purity, Mallinckrodt) in an aqueous solution under UV-light 
illumination. The sample was placed in a cylindrical quartz 
reactor, containing 50 mL of Rhodamine B dye solution 
(concentration 1 × 10−5 mol L−1). Then, a cylindrical quartz 
reactor was placed into a photo-reactor at controlled tem-
perature (25 °C) and, illuminated by six UVC lamps (TUV 
Philips, 15 W, with maximum intensity of 254 nm = 4.9 eV). 
In 20-min intervals, the 3 mL aliquot of the dye solution 
was taken and analyzed by its variations of the maximum 
absorption band of RhB dye solutions by UV–Vis absorb-
ance spectra measurements using a Shimadzu spectropho-
tometer (UV-2600 model). The evaluation of the mechanism 
acting on the photocatalysis of Rhodamine B occurred by the 
use of radical inhibitors. For this, EDTA, isopropyl alcohol 
and AgNO3 were used for the suppression of h+,.OH and 
e−, respectively.

3 � Results and discussion

3.1 � X‑ray diffraction (XRD) and X‑ray fluorescence 
(XRF)

Figure 1 shows that the XRD patterns for CeO2 samples 
doped with Eu3+. The XRD patterns were indexed in a unit 
cell in a fluorite cubic crystal structure Fm-3m (225) and 
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lattice parameter a = 5.4113 Å, according to the JCPDS 
43-1002 datasheet. The peaks show good intensity, showing 
that they are samples with a long-range crystalline structure. 
No additional peaks were identified, showing that there were 
pure phase standards and that doping occurred satisfactorily.

To confirm the substitution of Ce ions by Eu, X-ray fluo-
rescence analysis (XRF) was performed. Figure S2 shows 
the spectra obtained for samples doped with 1, 2, 4 and 8% 
cerium. All measurements were performed under vacuum 
atmosphere. According to Fig. S1, there is the formation of 
the peaks corresponding to the characteristic transitions Lα, 
Lλ, Lβ1, Lβ2, Lγ1 and Lγ2 in 4.29, 4.84, 5.26, 5.61, 6.05 and 
6.48 keV for Ce4+. As the amount of Eu3+ is increased, the 
intensity of the peaks corresponding to the transitions Lα, 
Lβ2 and Lγ in 5.84, 6.84 and 7.48 keV referring to the Eu3+ 
transitions is also increased. The results are in agreement 
with those reported in the literature [57, 58].

The Rietveld refinement method [59] was employed 
in order to explain possible differences in the structural 
arrangements induced by the Eu3+ doping in CeO2. The 
General Structure Analysis System (GSAS) with the 
EXPGUI graphical interface [60] was used to perform this 
refinement. The datasheet used in the refinement was the 
ICSD 28753. The parameters used in the refined ones were: 
scaling factor and phase fraction; background (Chebyshev 
polynomial function); peak shape (Thomson-Cox-Hastingp-
seudo-Voigt); changes in the network constants; fractional 
atomic coordinates; and isotropic thermal parameters. Fig-
ure 2 and Table 1 shown the results obtained for the Rietveld 
refinement. 

The sample patterns are well matched to the ICSD 
28753. Note that the Obs-Calc line exhibit the near recti-
linear shape. Thus, differences between the experimentally 
observed XRD patterns and the theoretically calculated data 

are close to zero. Reliability parameters χ2, Rwp and Rp show 
low values, indicating good quality of structural refinement 
and numerical results. These data confirm that the samples 
are isostructural, being the crystals well adapted to the cubic 
fluorite structure with the spatial group Fm-3m (225).

It can be seen that the lattice parameters (a) and, con-
sequently, the unit cell volume of the samples increases 
together as Eu3+ doping increases (Table 1). This occurs 
due to the cationic substitution of Ce4+ by Eu3+ to promote 
a slight expansion of the unit cell, because the cations of 
Eu3+ have higher ionic radii than the cations of Ce4+, which 
have an ionic radius of 1.066 Å and 0.970 Å, respectively 
[61]. The values obtained from the occupation of the Ce4+ 
and Eu3+ cations in the unit cell, are close to the synthesis 
stoichiometric, confirming that the doping was successfully 
performed.

The positions x, y and z occupied by the atoms in the unit 
cell did not change, maintaining the position of the Ce4+/
Eu3+ cations being x = y = z =0.00 and the O2− anions being 
x = y = z =0.25. The fluorite cubic crystal structure of CeO2 
is formed by the Ce4+/Eu3+ cations arranged in the face-
centered cube surrounded by eight O2− anions, while the 
O2− anions are arranged in the tetrahedral positions linked 
to four Ce4+/Eu3+cations. Figure 3 shows the unit cells of 
the samples, obtained from the Rietveld refinement data.

3.2 � Raman spectroscopy

Figure 4 shows the Raman spectra of the CeO2:xEu3+ sam-
ples obtained by the USP method. The Raman spectroscopy 
was used to identify possible structural changes of order and 
disorder. The first order Raman phonon spectrum for a per-
fect crystal is formed by narrow lines, which correspond to 
the center point modes of the Raman allowed zones, which 

Fig. 1   XRD patterns to (a) CeO2, (b) CeO2:0.01Eu3+, (c) CeO2:0.02Eu3+, (d) CeO2:0.04Eu3+ and (e) CeO2:0.08Eu3+
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follow the defined rules of polarization [62]. While for clut-
tered crystals, it is expected features such as the amplifica-
tion of Raman rows of first order, activation of Raman for-
bidden phonons, appearance of large Raman bands reflecting 
the phonon density of states, frequency shifts of some peaks 
proportional to the concentration of the dopant element and 
division of some peaks involving distinct elements that carry 
the same site of the network [62].

The CeO2 has a fluorite structure, of the Fm-3m (O5

h
) 

spacial group, so its vibrational structure is exceptionally 
simple with an active IR phonon of symmetry T1u and active 
Raman phonon of symmetry F2g at k =0. The first order of 
the CeO2 Raman spectrum is characterized by the presence 

of a F2g vibrational mode around 465 cm−1 for a single crys-
tal, ascribed to the symmetric breathing mode of the oxygen 
atoms together at the Ce4+ cation [63].

In Fig. 4a it is seen the Raman spectrum of the CeO2 sam-
ple without doping. Note the presence of two bands around 
455 and 1050 cm−1. The band at 455 cm−1 corresponds to 
the vibrational mode F2g, described above. The vibrational 
mode F2g is associated with the elongation of the Ce–O 
bond, where Ce and O are coordinated at eight and four 
times, respectively [64]. Thus, small changes in the bonds 
between Ce–O will promote the displacement of the band 
position, so there is a difference between the band position 
of a CeO2 (465 cm−1) single crystal and the CeO2 sample 

Fig. 2   Rietveld refinement of a CeO2, b CeO2:0.01Eu3+, c CeO2:0.02Eu3+, d CeO2:0.04Eu3+ and e CeO2:0.08Eu3+

Table 1   Rietveld refined structural parameters for the CeO2:Eu3+

Sample CeO2 CeO2:0.01Eu3+ CeO2:0.02Eu3+ CeO2:0.04Eu3+ CeO2:0.08Eu3+

a (Å) 5.414 5.418 5.418 5.422 5.423
Cell volume (Å3) 158.7 159.0 159.1 159.4 159.5
Crystallite size (nm) 6.50 5.57 5.51 5.19 5.51
Microstrain (× 103) 3.44 4.07 4.08 4.37 3.99
χ2 1.286 1.259 1.249 1.275 1.302
Rwp 0.2306 0.2272 0.2298 0.2321 0.2675
Rp 0.1662 0.1602 0.1655 0.1668 0.1981
Occ
 Ce4+ 1.00 0.98 0.97 0.95 0.91
 Eu3+ 0.00 0.01 0.02 0.04 0.08
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synthesized by the USP method (455 cm−1). The weak band 
observed at 1050 cm−1 may be related to the asymmetry of 
the primary A1g, combined with small additional contribu-
tions of symmetries of Eg and F2g [63].

In the CeO2 samples doped with Eu3+, additional bands 
around 534 cm−1 and 600 cm−1 appear in the Raman spectra, 
as can be seen in Fig. 4. These additional bands are related to 
oxygen defects in the CeO2 structure due to the difference in 
the atomic radius and the valence state of the dopant mate-
rial in relation to the host material [65].

Oxygen vacancies are produced to compensate the nega-
tive charge generated by the replacement of the Ce4+ cations 
by the of Eu3+ cations, being more intense with the increase in 
the dopant amount. Defects produce new broad features higher 

energy (535–835 cm−1) due to the contribution of acoustic 
and optical non-center Brillouin zone modes [66]. It was not 
observed the presence of the phonon mode which is a charac-
teristic of the cubic phase of Eu2O3, characterized by the intense 
band near 340 cm−1 [67]. Thus, the presence of the characteristic 
bands of oxygen defects in the CeO2 structure and the absence 
of the characteristic band of the Eu2O3 phonon reinforce that the 
Eu3+ cations are replacing the Ce4+ cations in the CeO2 lattice.

The presence of a small band in the non-doped CeO2 sam-
ple in 600 cm−1 can be noted. This band may be related to the 
crystallite size difference and the presence of Ce3+ cations 
on the surface of the solid promoting a non-stoichiometric 
condition and the appearance of this band in 600 cm−1 [63].

Fig. 3   Model of fluorite 
cubic structure of the a 
CeO2, b CeO2:0.01Eu3+, 
c CeO2:0.02Eu3+, d 
CeO2:0.04Eu3+ and e 
CeO2:0.08Eu3+
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3.3 � Scanning electronic microscope (FESEM)

Figure 5 shows the FESEM micrographs of CeO2:xEu3+ 
(x = 0.01, 0.02, 0.04 and 0.08 mol%) samples. The morphol-
ogy of the particles is microspheres formed by nanoparticles, 
predominantly, with a diameter ranging from 73 to 1560 nm. 
It can be observed that the microspheres of the non-doped 
CeO2 (Fig. 5a), have a surface with a number of defects, 
such as holes and irregularities, with lower intensity, being 
observed on the surface of CeO2:0.08Eu3+ microspheres a 

higher amount of these defects (Fig. 5i). Messing et al. [68] 
report that various physical phenomena occur during the 
Spray Pyrolysis process, such as evaporation of the solvent 
on the surface of the droplet and diffusion of solvent vapors 
away from the drop in the gas phase, for example. Moreover, 
they show that particles from metal nitrates, most often form 
porous or irregular particles because the metallic nitrates melt 
before the solvent is completely removed, causing the inhibi-
tion of the solvent removal by the formed molten salt [68].

Min et al. [54] and Jung et al. [53] obtained CeO2:Eu3+ 
particles by the spray pyrolysis method with subsequent 
calcination and obtained spherical-like and hollow-like 
particles. Shih et al. [52] reported that they observed CeO2 
particles produced by the spray pyrolysis method using 
cerium nitrate with a spherical solid form, porous spherical 
and porous concave, It was presented as its main reason the 
60 °C melting temperature of cerium nitrate which inhibited 
the removal of the water entrapped in the porous spheri-
cal particles and that even larger particles can receive large 
deformation forces to induce fracture by breaking the porous 
structures into hollow concave particles.

Cerium nitrate exhibits solubility of 176 g/100 g H2O at 
25 °C and melting temperature of 150 °C, while europium 
nitrate exhibits solubility of 193 g/100 g H2O at 25 °C and 
melting temperature at 85 °C [69]. It is believed that the 
stoichiometric increase of europium nitrate in the precursor 
solution promotes a greater inhibition of the water removal 
by the cerium/europium compound molten salt because of 
the low melting point of the europium nitrate, promoting an 

Fig. 4   Raman spectra of (a) CeO2, (b) CeO2:0.01Eu3+, (c) 
CeO2:0.02Eu3+, (d) CeO2:0.04Eu3+ and (e) CeO2:0.08Eu3+

Fig. 5   FESEM micrographs of a CeO2, b CeO2:0.01Eu3+, c CeO2:0.02Eu3+, d CeO2:0.04Eu3+ and e CeO2:0.08Eu3+
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increase of porous spherical particles and irregular porous. 
As the metal nitrates used in the precursor solution of 
CeO2:xEu3+ have a high supersaturation in water, they tend 
to form a high number of crystallites of nanometric sizes 
[68], which form the microspheres.

Figure 6 shows the EDS spectrum and the mapping of 
the atomic distribution of CeO2:0.08Eu3+ sample. The EDS 
spectrum confirms the existence of the Eu atoms in the CeO2 
particles and together with the mapping reveals the composi-
tional homogeneity of the Eu atoms in the particles.

3.4 � UV–Vis reflectance

It was used the diffuse reflectance spectroscopy in the 
visible ultraviolet region to estimate the band gap of the 
CeO2:Eu3+ powders. The Kubelka–Munk function [70] was 
used to estimate the value of the optical band gap (Egap). 
In the Wood and Tauc method, the band gap is given by 
F(R)hv∝ (hv − Egap)k, where h is the Planck constant, v is 
the frequency, F(R) is the absorbance and k is indicated 
for the different transitions. For the CeO2:Eu3+ powders, it 
was admitted k = 1/2, i.e., permissible direct, indicating a 
permissible direct electronic transition. Absorbance versus 
photon energy (eV) graphs was plotted and the linear por-
tion of the curve was extrapolated for zero absorption to 
estimate Egap.

Figure 7 and Table 2 present the estimated values for 
the band gap of the CeO2:xEu3+ samples (x = 0.01, 0.02, 
0.04 and 0.08 mol%) together with the values found in the 
literature. It can be seen that the non-doped CeO2 sample 
presents the lowest band gap, followed by the increase of 

the band gap in the samples with doping values of 1 and 
2 mol% Eu3+ and with a subsequent reduction of the band 
gap in the samples with doping values of 4 and 8% of mol 
of Eu3+.

The band gap of CeO2 is related to the creation of oxy-
gen vacancies in the cerium oxide lattice, which allows 
the formation of energy states located between the O 2p 
(valence band) and Ce 4f states [73]. The concentration of 
Ce3+ specimens also influences the CeO2 band gap, because 
the elevation of these specimens concentration displace to 
the red one the UV absorption profile, causing a decrease 
in the band gap [74]. The Ce3+ specimens may be located at 
the grain boundaries and also be related to the morphology 
of the samples, which influence the ratio from Ce3+ to Ce4+, 
resulting in defects associated with Ce3+ ions and oxygen 
vacancies and red shift in the Ce3+ band gap [75].

Thus, we assume that the CeO2:0.01Eu3+ and 
CeO2:0.02Eu3+ samples present higher bands gap because 
of their low concentration of oxygen vacancies gener-
ated by Eu3+ doping, and a possible low concentration 
of Ce3+ as seen in Raman. While the CeO2:0.04Eu3+ and 
CeO2:0.08Eu3+ samples, exhibit a lower band gap due to a 
higher concentration of vacancies generated by Eu3+ dop-
ing and a benefit from the increasing concentration of Ce3+ 
specimens. In other words, the generation of oxygen vacan-
cies and Ce3 + specimens occur simultaneously because of 
the charge compensation mechanism [76, 77]. Thus, the 
higher the doping of Eu3+ cations, the greater the generation 
of oxygen vacancies (Fig. 4) and, a higher occurrence of 
Ce3+ specimens will occur as a consequence for the charge 
compensation.

Fig. 6   EDS spectrum and mapping of atoms of CeO2:0.08Eu3+ sample
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3.5 � Photocatalytic activity

The photocatalytic activity of the CeO2:Eu3+ samples was 
measured with Rhodamine B dye (RhB) under UV–Vis 
radiation for 200 min (Fig. 8). Through the variation of the 
concentration of RhB, it is perceived that the increase of 

Eu3+ concentration favors the photocatalytic activity. This 
fact can be attributed to the introduction of intermediate lev-
els of the dopant in the conduction band of CeO2 [78]. The 
Eu3+ receives electrons from the conduction band of CeO2, 
transforming itself into Eu2+ and carrying e− to react with 
dissolved O2, forming superoxide radicals, causing the ions 

Fig. 7   UV–Vis absorbance spectra of a CeO2, b CeO2:0.01Eu3+, c CeO2:0.02Eu3+, d CeO2:0.04Eu3+ and e CeO2:0.08Eu3+
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to act as mediators of surface charge transfer [79–81]. Stefan 
et al. [82] synthesized Eu3+ doped TiO2 varying from 0 to 
12% for the Fe3O4 coating and found that by increasing the 
doping to 10%, it also increased the degradation of RhB, 
whereas the composition with 12% of Eu3+ showed a worse 
result than the pure compound. As seen in the Raman spec-
tra, the substitution of Ce4+ cations by Eu3+ cations generate 
oxygen vacancies, due to the difference in atomic radius and 
valence, which act in the generation of electron/hole pairs 
(e−/h+), which act directly in the generation of hydroxyl 
radicals (OH·), activating the indirect oxidation mechanism, 
increasing the photocatalytic efficiency. Mittal et al. [83] 
showed that the addition of noble metals, such as gold and 
silver, in the cerium oxide lattice, promotes the generation 
of oxygen vacancies, which increase the rate of e−/h+ pairs 
generation, increasing the material photocatalytic efficiency.

Moreover, as seen through the images obtained by 
FESEM, the increase in Eu3+ concentration distorts the 
spherical morphology of CeO2 particles, possibly increas-
ing their surface area, favoring the photocatalytic activity 
[84]. Chen et al. [85] showed that the increase on the sur-
face area favors the photocatalytic activity of CeO2 versus 
methylene blue.

The photocatalytic process can be described by a kinetic 
model of the first order, regarding the RhB absorbance [86]

where Ct is the RhB absorbance at time t, Co is the initial 
absorbance; t is the irradiation time and ki is the kinetic 
constant.

The results obtained are shown in Fig. 9. The graph 
shows the linear relationship with the irradiation time. The 
kinetic constant and the correlation coefficient are shown in 
Table 3. With the obtained data, we can see that the correla-
tion coefficient R2 decreases as Eu3+ increases, indicating 
the non-linear behavior of the dye degradation. While the 

(1)
− lnCt

Co
= ki × t

Table 2   Comparative results between the Egap values of CeO2:xEu3+ 
(x = 0, 0.01, 0.02, 0.04 and 0.08  mol%) obtained in this work and 
those reported in the literature

Sample Egap (eV) Synthesis method References

CeO2 3.22 USP This work
CeO2:0.01Eu3+ 3.28 USP This work
CeO2:0.02Eu3+ 3.29 USP This work
CeO2:0.04Eu3+ 3.23 USP This work
CeO2:0.08Eu3+ 3.23 USP This work
CeO2:Eu3+ 3.23 USP [53]
CeO2:0.01Cd2+ 3.63 Sol–gel [14]
CeO2:0.1Zr4+ 3.36 Precipitation [71]
CeO2:0.09Cr3+ 3.41 Sonochemical [72]

Fig. 8   Variation of the Rhodamine B degradation as a function of the 
time of CeO2:xEu3+ (x = 0, 0.01, 0.02, 0.04 and 0.08  mol%) under 
UV–Vis radiation

Fig. 9   Evolution of photodegradation of kinetic

Table 3   The apparent first-order rate constant, k of photocatalytic 
degradation and correlation coefficient, R2

Sample k ×10−3 (min−1) R2

CeO2 4.02 0.9918
CeO2:0.01Eu3+ 6.46 0.9928
CeO2:0.02Eu3+ 9.53 0.8538
CeO2:0.04Eu3+ 11.79 0.8329
CeO2:0.08Eu3+ 14.17 0.6760
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kinetic constant K increases, showing that the increase of 
Eu3+ concentration favors the RhB degradation.

For more information about CeO2 photocatalytic mech-
anism, inhibitors of h+,.OH and e− were used. Figure 10 
shows the C/C0 curves of the Rhodamine B for the samples 
of pure CeO2 and doped with 8% Eu3+. According to Fig. 10, 
the addition of EDTA and isopropyl alcohol reduces the pho-
tocatalytic activity, whereas the use of silver nitrate increases 
the discoloration of Rhodamine B. These results indicate 
that the main mechanism acting on the photocatalytic activ-
ity consists of the O2

−, where using EDTA for the h+ sup-
pression increases the amount of electrons in the CeO2 con-
duction band [87]. The second mechanism act in the dye 
oxidation, where using isopropyl alcohol the suppression of 
the ·OH radicals occurs, reducing its oxidative capacity [88]. 
The use of AgNO3 accelerated degradation of Rhodamine 
B, indicating that electron suppression acts to increase the 
amount of charge (h+) on the surface of the CeO2 parti-
cles available to react with the water molecules available 
in the medium, increasing the amount of hydroxyl radicals 
generated during the catalytic process [58, 89]. Thus, it is 
observed that the defects generated in the CeO2 lattice by 
the doping with europium increase the performance of all 
mechanisms present in the photocatalytic process.

The ultrasonic spray pyrolysis method is characteristic 
of the production of materials with spherical morphology, 
where the alteration of synthesis parameters such as reac-
tion time, starting materials and flow velocity influence the 
densification and surface morphology of the spheres [90, 
91]. The surface area is an important factor for the photo-
catalytic activity, where particles with larger surface areas 
usually present better results [92]. Obtaining hollow spheres 
provides a larger surface area available for photocatalytic 

performance, counterbalancing the negative effect of the 
large diameters of the spheres. Deepthi et al. [93] obtained 
CeO2 doped with Eu3+ by hydrothermal method, with a time 
of synthesis ranging from 4 to 12 h, where they degraded 
95% of MB dye after 180 min. On the other hand, Singh 
et  al. [94] obtained La doped CeO2 by co-precipitation 
method, calcining at 850 °C for 2 h, reducing 99.9% of the 
MB dye concentration after 180 min for the 1% a sample. In 
our work, CeO2:xEu was obtained quickly, easily and con-
tinuously, and degraded 100% RhB after 200 min. Thus, the 
ultrasonic spray pyrolysis technique, as a continuous and 
simple method, becomes attractive in obtaining materials 
for a wide range of applications.

4 � Conclusions

Particles with pure phase of CeO2:xEu3+ (x = 0, 0.01, 0.02, 
0.04 and 0.08 mol%) are efficiently obtained by the ultra-
sonic spray pyrolysis method. This method allows us to 
obtain the desired phase quickly and without the need for 
subsequent calcination. The Raman spectra illustrate the 
appearance of bands at 534 and 600 cm−1, reinforcing that 
doping occurred ideally, with cationic substitution occur-
ring, where the Eu3+ atoms replace the Ce4+ atoms in the 
CeO2 lattice. The images obtained by FESEM show that the 
increase of the concentration of Eu3+ in the CeO2 lattice pro-
motes an increase on the surface irregularities of the micro-
spheres. The addition of Eu3+ promotes the generation of 
intermediate levels in the conduction band of CeO2, which 
formed superoxides, considerably increasing the photocata-
lytic power of the material, being a promising photocatalytic 
material for RhB dye degradation. The scavengers analysis 

Fig. 10   Variation of the Rhodamine B dye concentration for the a CeO2 and b CeO2:0.08 Eu3+ samples with and without charge inhibitors
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indicated that the doping with europium enhanced the effects 
of the charge (e− and h+) and reactive species (·OH and O2

−).
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