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Abstract: In this study, nanoparticles of five photocatalytic systems based on pure zinc oxide and
with rare earths ions M-ZnO (M = La3+, Ce3+, Pr3+ or Nd3+) calcined at 500 ◦C or 700 ◦C were
synthesized and investigated as potential photocatalysts for the removal of dyes. The addition of
rare earth ions causes a decrease in the bandgap of ZnO; therefore, it can be well used to improve
the photocatalytic properties. The photocatalytic activity of the synthesized nanoparticles was
evaluated by the degradation of Rhodamine B in the presence of H2O2 under ultraviolet illumination.
The results indicate that all the synthesized nanoparticles show good dye degradation efficiency.
The highest degradation efficiency was 97.72% for the Ce-ZnO sample calcined at 500 ◦C and was
achieved in 90 min with an excellent constant of the dye degradation rate k = 0.0363 min−1 following
a first-order kinetic mechanism. The presence of oxychlorides as secondary phases inhibits the rate
of the photocatalytic reaction.

Keywords: ZnO nanoparticles; rare earth; photocatalysis; Rhodamine B; UV/H2O2; dye degradation

1. Introduction

The preparation and study of nanoscale zinc oxide is currently of great interest.
ZnO is a semiconductor material, which crystallizes in two main well-known forms:
hexagonal wurtzite and cubic zinc blende. The structure of wurtzite is the most stable
under environmental conditions [1]. Zinc oxide with a rock salt structure can be obtained
at high pressures; it can also exist in nanostructured forms and, due to stabilization in
matrices, a cubic structure (for example, MgO, NaCl) [2]. ZnO with wurtzite-like structure
is thermodynamically stable, due to its tetrahedral structure, where each zinc atom is
coordinated with four oxygen atoms. In any of the existing forms, ZnO is a semiconductor
material with a wide and direct bandgap ranging from 3.1 to 3.3 eV and a gap bond energy
of 60 meV, making it a material with low photocatalytic activity [3,4]. Due to its excellent
dielectric, ferroelectric, piezoelectric and pyroelectric properties, ZnO is considered a
multifunctional materials and has a wide range of applications such as solar cells [5], gas
sensors [6], piezoelectric devices and field emission devices [7].

ZnO nanostructures have a large surface area and can be used for photocatalytic
applications due to their high photosensitivity, high redox potential, low toxicity and
high photocatalytic activity. However, one of the main disadvantages of nano-ZnO is
associated with photocorrosion caused by exposure to light for extended periods of time [8].
Comparison of the photocatalytic activity of some semiconductor materials revealed that
ZnO is the most active photocatalyst in the degradation of contaminants [9]. This activity

Processes 2021, 9, 1736. https://doi.org/10.3390/pr9101736 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-8625-4313
https://orcid.org/0000-0001-5088-1051
https://orcid.org/0000-0002-8794-0593
https://doi.org/10.3390/pr9101736
https://doi.org/10.3390/pr9101736
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9101736
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9101736?type=check_update&version=2


Processes 2021, 9, 1736 2 of 16

is due to the absorption of a large fraction of the solar spectrum. It is clear that, if ZnO is
used as a catalyst, a significant amount of visible light can be harnessed [10]. The main
methods commonly used for the synthesis of ZnO nanoparticles are precipitation [11],
spray pyrolysis [12], hydrothermal synthesis [13], electrochemical methods, microwave
synthesis [14] and sol-gel [15].

ZnO is one of the ideal materials for the synthesis of nanocomposites doped with
rare earths (RE). By varying particle size, morphology and doping agents, it is possible to
expand the range of their visible luminescence from red to blue [16]. Doping with metal
ions and surface modification are alternatives to improve the optical absorption of ZnO in
the visible region [17–19]. Rare earth ions have partially filled 4f layers, and when they are
included into suitable matrices, their intra-4f transitions become possible due to separation
induced by the crystal field of the matrix [20,21]. Internal doping and efficient energy
transfer from the ZnO host to RE ions is carried out [22]. Doping with rare earth elements
provides many interesting properties of ZnO materials, including efficient modulation of
emission in the visible range due to their unique optical properties [23].

Doping of crystalline ZnO with RE elements in a wide concentration range is difficult.
The ionic size of the RE elements and the charge difference of trivalent ions and the Zn2+

ion practically prevent doping and lead to a low saturated concentration of RE3+ ions in
the ZnO lattice; it should also be noticed the inappropriate location of the energy level of
the RE3+ ion with respect to the valence and conduction bands of pure ZnO [24–26]. At
the same time, such materials show very attractive properties. ZnO materials doped with
lanthanum (La) exhibit excellent gas sensitivity and photocatalytic activity. Lanthanum
plays an important role in regulating the size, bandgap and photoluminescence properties
of ZnO nanoparticles [27,28]. The luminescent properties of Ce3+ ions make it suitable for
a variety of applications such as scintillators for UV absorbing filters, ionizing radiation
and cathodoluminescence devices. Ce3+ ions have received great attention in research due
to their optical and catalytic properties, determined by their 4f levels [29]. Near-infrared
emission of Nd3+ ions in the 860–1100 nm region is desirable for possible applications
in biological tissues, since they have a maximum light transmission in the 850–1100 nm
region [30]. In the present study, the synthesis of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+

and Nd3+) nanoparticles was performed using the sol-gel method in the absence of a
gelling agent for the degradation of the dye Rhodamine B. The synthesized nanoparticles
were thermally treated at 500 ◦C and 700 ◦C. The results indicate that the morphologi-
cal, crystalline, optical, surface properties and photocatalytic activity of the synthesized
nanoparticles were influenced by the presence of RE ions and calcination temperature.
Nanoparticles calcined at 500 ◦C showed higher specific surface areas and lower band gap
values, as well as the best results of photocatalytic activity mostly. Our study demonstrates
the efficiency of photocatalysts developed with applications in wastewater treatment of the
textile industry.

2. Materials and Experimental Procedures
2.1. Materials and Chemical Reagents

For the synthesis of undoped and RE-doped ZnO, the following raw materials
were used: Zinc nitrate hexahydrate Zn(NO3)2·6H2O, 98%; cerium nitrate hexahydrate
Ce(NO3)2·6H2O, 99.9%; praseodymium nitrate hexahydrate Pr(NO3)2·6H2O, 99.9%;
neodymium nitrate hexahydrate Nd(NO3)2·6H2O, 99.9%; and butanol C4H10O, 99.5%
were supplied by Aldrich Chemical Company, Inc. Lanthanum nitrate hexahydrate
La(NO3)3·6H2O, 99.9%, was obtained from J.T. Baker and hydrochloric acid HCl, 37%w/w,
from Fermont, while ammonium hydroxide NH4OH, and hydrogen peroxide H2O2,
50%w/w were obtained from Jalmek. Finally, Rhodamine B was obtained from Fluka.
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2.2. Chemical Synthesis of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) Nanoparticles

RE-doped ZnO nanoparticles were prepared by the sol-gel method. The initial
amounts of nitrates for each synthesis were calculated in accordance with the formula
Zn1-xM2/3xO (M = La3+, Ce3+, Pr3+ y Nd3+), with x = 0 (pure ZnO) and 0.05 (M-ZnO).
Zinc nitrate Zn(NO3)2·6H2O [Zn2+ (1-x) mol] was dissolved in butanol (20 mL), and the
calculated amount of RE nitrate [RE3+ (2/3x) mol] was added to the clear solution. Table 1
shows the amounts of hexahydrate nitrates used. The resulting mixture was stirred for
1 h. The reaction-critical pH was maintained at 4 with HCl or NH4OH solutions. The
condensation reaction led to the formation of a local polymeric structure within the sol
particles with Zn (Ce/La/Nd/Pr)-O-Zn fragments. The mixture was then heated to 80 ◦C
for several hours until it was completely gelled to obtain smaller homogeneous gel particles.
The gel was dried at 100 ◦C for 24 h to obtain a xerogel. Then, the xerogel was placed in
the furnace (Thermolyne-46100) and calcined to 500 ◦C and 700 ◦C for 3 h, at a heating rate
of 5 ◦C/min an air atmosphere to remove inorganic groups and obtain an oxide phase.

Table 1. Amounts of chemical reagents used for the chemical synthesis of ZnO and M-ZnO
(M = La3+, Ce3+, Pr3+ and Nd3+) nanoparticles.

Samples
Amount of Hexahydrate Nitrates (Grams)

Zn2+ La3+ Ce3+ Pr3+ Nd3+

ZnO 10.97 - - - -
La-ZnO 6.84 3.49 - - -
Ce-ZnO 6.81 - 3.48 - -
Pr-ZnO 6.78 - - 3.48 -
Nd-ZnO 6.75 - - - 3.49

The resulting final products were further labeled in the text and figures as ZnO,
La-ZnO, Ce-ZnO, Pr-ZnO and Nd-ZnO.

2.3. Characterization Methods

The crystalline phases of the obtained nanoparticles calcined at both 500 ◦C and
700 ◦C were characterized by X-ray diffraction. For this purpose, a Bruker 08 Advance
XRD equipment was used with Cu tube (Kα radiation, λ = 1.54056 Å) in the 2-theta
range from 20◦ to 80◦ with a 0.020◦ 2θ scan step and 1.2 s step time per each data point.
Nanoparticles of all samples were observed using a JEOL JSM-7600F scanning electron
microscope. In order to identify the presence of functional groups in nanoparticles calcined
at 500 ◦C and 700 ◦C, Fourier transform IR spectra were recorded using an FTIR OMNIC
9 infrared spectrometer (Thermo Fisher Scientific Inc.) in the wavenumber range from
4000 to 400 cm−1. The specific surface area, total pore area and total pore volume of
the synthesized nanoparticles were determined by measurements of nitrogen adsorption–
desorption isotherms at −196 ◦C taken P/P0 from 0 to 0.99 using a Micromeritics Tristar II
apparatus on degassed samples at 300 ◦C under vacuum. The specific surface area was
calculated by Brunauer–Emmett–Teller (BET) method between 0.1 and 0.3 relative pressures.
Total pore area and total pore volume were determined by Barret–Joyner–Halenda (BJH)
method. Measurements of UV–Vis diffuse reflectance spectroscopy (DRS) of the obtained
materials were performed in the wavelength range from 200 to 800 nm using a Cary 5000
spectrometer. UV–Vis measurements of RhB photocatalytic degradation products were
recorded in the wavelength range from 400 to 650 nm using a spectrometer Hach DR 5000.

2.4. Photocatalytic Degradation of Rhodamine B

The photocatalytic properties of the of ZnO, La-ZnO, Ce-ZnO, Pr-ZnO and Nd-ZnO
nanoparticles calcined at 500 ◦C and 700 ◦C d were evaluated in the decomposition reaction
of Rhodamine B (RhB) dye, which was carried out in a Pyrex vessel-type reactor, under
UV illumination using a UV lamp UVP UVGL-58, 254/365 nm, 6W. RhB solutions of
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concentration 1× 10−5 mol · L−1 were used. For degradation test, 80 mL of the solution was
added 80 mg of nanoparticles of one of the photocatalyst calcined at 500 ◦C or 700 ◦C and
2.0 mL of H2O2; the pH was adjusted to 3 with HCl or NH4OH. Prior to irradiation with UV
light, the suspension was kept under stirring for 30 min in the dark to achieve an adsorption–
desorption balance between the dye and the photocatalyst. Then the dye suspension was
irradiated with UV light with constant stirring. The dye sample was periodically removed
every 15 min and centrifuged at 3000× g rpm to separate the photocatalyst. The degradation
rate was calculated using the following equation:

Dye degradation e f f iciency =

(
1− C

C0

)
× 100 (1)

where C y C0 are the final and initial concentration of RhB dye in the solution.

3. Results and Discussion

3.1. Characterization of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) Photocatalysts

Figure 1 illustrates the XRD patterns of the ZnO, La-ZnO, Ce-ZnO, Pr-ZnO and Nd-
ZnO nanoparticles calcined at 500 ◦C and 700 ◦C in the range from 20 to 80◦ 2 theta. The
existence of well-crystallized ZnO (JCPDS number 00-036-1451) of zincite type with a
hexagonal crystal structure (space group: P63mc (186); a = 0.3249 nm, c = 0.5206 nm) is
confirmed by well-defined, intense and thin peaks. The average crystal size was calculated
using the Debye–Scherrer equation, which states that the grain size is inversely proportional
to the average width of the maximum diffraction peak and the cosine of the maximum
peak angle, according to Equation (2):

τ =
Kλ

βCos(θB)
(2)

where τ is the mean size of the crystalline domains, which may be smaller or equal to the
grain size; λ is the wavelength of X-ray radiation; K = 0.94, that is, a dimensionless shape
factor with a value close to unity but that varies with the actual shape of the crystallite; β is
the mean width of the peak in radians at half the maximum intensity (FWHM) and θB is
the diffraction angle (Bragg angle) of the peak with the highest intensity. In Figure 1, the
peaks of the highest intensity are at values of 2θ equal to 31.765◦, 34.428◦, 36.262◦, 47.554◦,
56.609◦and 62.870◦, which correspond to the (hkl) of the following planes: (100), (002), (101),
(102), (110) and (103), respectively. Lattice constants a and c for hexagonal system was
calculated using the following formula, Equation (3) [31]:

1
d2
(hkl)

=
4
3

(
h2 + hk + k2

a2

)
+

l2

c2 (3)

according to Bragg’s law, where n is the diffraction order (usually n = 1); d is the lattice
spacing; a and c are the lattice constants; h, k and l are the Miller indices; θ is the corre-
sponding peak angle and λ is the X-ray wavelength. For (100) and (002) diffraction planes,
the lattice constants a and c were calculated, respectively, using the following formulas,
Equations (4) [25]:

a =
λ

√3Senθ
and, c =

λ

Senθ
(4)
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Figure 1. XRD patterns of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) nanoparticles (a) calcined
to 500 ◦C and (b) calcined to 700 ◦C.

The unit cell volume is given by the formula V = (0.866) a2c [32].
The relative intensity of the ZnO (101) peak is higher than the intensities of other ZnO

peaks, which indicates the predominant growth of nanoparticles. For the doped samples
La-ZnO and Ce-ZnO calcined at 500 ◦C and 700 ◦C, although the preferential growth of
the nanoparticles remains in the (101) plane, the intensity of the (100) peak shows the
appearance of a second preferred direction of growth. At the same time, in the samples
Pr-ZnO and Nd-ZnO calcined at 500 ◦C and 700 ◦C, even though the intensity of the (101)
peak is slightly higher, the intensities of the (100) and (002) peaks are very close, showing
growth preferences for these planes (002) and (100). The following secondary phases were
found in some samples: LaOCl (JCPDS number 01-088-0064) with a tetragonal crystal
structure in La-ZnO; CeO2 (JCPDS number 03-065-5923) with a face-centered cubic crystal
structure in Ce-ZnO; Pr12O22 (JCPDS number 01-089-0573) with monoclinic crystalline
structure; PrOCl (JCPDS number 01-085-0948) with a tetragonal crystal structure in Pr-ZnO
and NdOCl (JCPDS number 01-085-1198) with a tetragonal crystal structure in Nd-ZnO.
The compounds that were identified as oxychlorides are due to pH adjustment during
synthesis with hydrochloric acid solution.

Table 2 shows the results for crystallite size, unit cell parameters and unit cell volume.
The crystallite size for several samples ranges from 40 to 44 nm. The estimated sizes for
impurity phases give the following values: LaOCl ~36 nm, CeO2 ~15 nm, Pr12O22 ~15 nm,
PrOCl ~32 nm, NdOCl ~26 nm. The data for the a and c lattice constants of ZnO and
RE-doped ZnO are shown in Table 2. It can be observed that the lattice parameter a changes
very slightly, but the lattice parameter c decreases in all samples; this may be because La3+,
Ce3+, Pr3+ and Nd3+ trivalent ions with different ionic radii will replace Zn2+ ions, breaking
the matching in ionic radii and decreasing the number of oxygen vacancies in the crystal
lattice. A small change in the c/a ratio is observed for doped samples, considering the
change in the third decimal place, except for the Nd-ZnO samples, which show a slightly
decrease. The specific volume decreases related to the reference ZnO (ZnO calcined to
500 ◦C) by about 0.36%.
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Table 2. Average crystallite size (τ), lattice parameters and unit cell volume of the ZnO and M-ZnO (M = La3+, Ce3+, Pr3+

and Nd3+) nanoparticles calcined to 500 ◦C and 700 ◦C.

Samples Calcination
Temperature (◦C)

Diffraction
Peak (101)

(2θ)

FWHM
(in Degrees)

(β)

τ
(nm)

Lattice Parameters (Å)
Volume (Å)

a = b c c/a

ZnO
500 a 36.26 a —– 50 a 3.250 a 5.214 a 1.6043 a 47.70 a

500 36.24 0.120 72 3.250 5.208 1.6025 47.64
700 36.26 0.121 72 3.250 5.205 1.6016 47.61

La-ZnO
500 36.26 0.204 43 3.250 5.205 1.6017 47.61
700 36.26 0.208 42 3.249 5.206 1.6022 47.59

Ce-ZnO
500 36.27 0.197 44 3.249 5.204 1.6016 47.57
700 36.25 0.218 40 3.249 5.205 1.6019 47.58

Pr-ZnO
500 36.27 0.205 43 3.249 5.204 1.6018 47.47
700 36.26 0.201 43 3.249 5.205 1.6020 47.58

Nd-ZnO
500 36.24 0.212 41 3.250 5.202 1.6003 47.58
700 36.25 0.209 42 3.251 5.200 1.5995 47.59

a Values taken from the reference [33].

Fourier transform infrared analysis performed on samples to analyze changes in the
Zn-O bond is shown in Figure 2. The spectra show an absorption band at 3486 cm−1

that corresponds to the O-H bond vibration caused by atmospheric humidity on the ZnO
surface. The absorption band at 2165 cm−1 indicates the presence of O=C=O bonds due
to the absorption of CO2 from the air due to the porosity of these materials. The peaks at
1385 and 1506 cm−1 correspond to C=O bonds. Strong absorption bands between 554 and
445 cm−1 are attributed to vibrations of the Zn-O bond of nanoparticles [32]; for Pr-ZnO, it
is shifted to a higher frequency at 418 cm−1, while the Ce-ZnO sample presents peaks at 403
and 418 cm−1, which can be associated with the ZnO bond vibration and the formation of
CeO2 [32]. The band that appears at 409–452 cm−1 is attributed to the stretching frequency
of the Nd-O bond [34]. Peaks at 706, 542 and 482 cm−1 indicate the presence of LaOCl,
PrOCl and NdOCl. The peaks at 706 cm−1 are possibly related to of La-Cl, Pr-Cl or Nd-Cl
vibrations, as appropriate for each sample [35,36].

Figure 2. FTIR spectra of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) nanoparticles (a) calcined to 500 ◦C and
(b) calcined to 700 ◦C.

Figures 3 and 4 show SEM images of all obtained samples calcined at 500 ◦C (Figure 3)
and 700 ◦C (Figure 4), respectively. The morphology of the nanoparticles loses uniformity
during the synthesis process, which is consistent with the differences in intensities observed
on XRD (Figure 1).
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Figure 3. SEM images of (a) ZnO, (b) La-ZnO, (c) Ce-ZnO, (d) Pr-ZnO and (e) Nd-ZnO calcined to 500 ◦C.

Figure 4. SEM images of (a) ZnO, (b) La-ZnO, (c) Ce-ZnO, (d) Pr-ZnO and (e) Nd-ZnO calcined to 700 ◦C.

In Figures 3a and 4a, La-ZnO nanoparticles are shown. Formation of particles wit
laminar type is observed, with the preservation of the nanometric size in one of their
dimensions. Figures 3c and 4c represent Ce-ZnO nanoparticles. In these images, many
aggregate pseudospherical particles with a diameter ~40 nm are observed. Figure 3d,e
and Figure 4d,e show the morphology of Pr-ZnO and Nd-ZnO nanoparticles calcined at
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500 ◦C and 700 ◦C, respectively. It is noteworthy to observe the lack of uniformity that can
be explained by the aggregation of ZnO nanoparticles and the growth of irregular crystal
grains during synthesis.

Table 3 shows the results obtained using the BET and BJH methods. It can be observed
that almost all samples have a small surface area. When the gel is prepared and an
intermediate material consisting of primary nanoparticles is formed, they first agglomerate.
When the xerogel is calcined at 500 ◦C or 700 ◦C, this treatment transforms the agglomerates
into aggregates, which consequently significantly reduces the surface area and pore volume.
When primary nanoparticles are combined into groups by interparticle bonding and
sintering, the final assemblies are polycrystalline [37,38]. The Ce-ZnO samples exhibits
the highest BET surface area among all synthesized materials, which is consistent with
the SEM images (Figures 3 and 4), while the particles are uniform in shape and size. The
accumulated pore surface area in adsorption–desorption processes was more noticeable in
the Ce-ZnO sample calcined at 500 ◦C, as was the total area and volume in the DFT pores.
The pore size indicates the presence of mesoporous structures.

Table 3. Characteristics of M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) nanoparticles calcined up to 500 ◦C and 700 ◦C.

Samples
Calcination

Temperature
(◦C)

Surface Area (m2/g) Cumulative Surface Area
of Pores (m2/g) Total in Pores DFT

Average Pore Width
(4 V/A) Å

Single Point
P/Po = 0.2655 BET Adsorption Desorption Area

(m2/g)

Volume
(cm3/g)
(×10−4)

Adsorption Desorption

La-ZnO 500 1.0 0.9 0.5 0.5 0.1 7.7 55.2 114.5
700 0.9 0.8 0.5 0.4 0.1 7.3 55.6 92.8

Ce-ZnO 500 12.1 12.8 14.6 16.1 10.2 198.7 53.9 56.6
700 5.8 6.1 6.0 6.1 4.8 110.0 72.0 86.3

Pr-ZnO 500 2.4 2.4 2.2 1.4 0.9 24.1 52.5 90.6
700 1.8 1.7 1.9 0.9 0.6 17.9 42.4 92.5

Nd-ZnO 500 3.3 3.2 3.1 2.2 1.3 36.5 61.0 100.1
700 2.2 2.1 1.9 1.0 0.8 21.9 46.0 100.4

The optical properties of nanoparticles of all samples calcined at 500 and 700 ◦C were
studied by UV–Vis diffuse reflectance spectroscopy (DRS), and the results are shown in
Figure 5. The nanoparticles have a pronounced optical absorption edge located in the range
of λ from 333 to 380 nm (in the region near UV rays), which corresponds to the transition of
electrons from the valence to the conduction bands according to the energy band structure
of ZnO. However, Pr-ZnO nanoparticles presented an absorption maximum at 235 nm and
an absorption intensity in the range from 448 nm to 800 nm, which indicates the activity of
these nanoparticles in visible light [39]. Nd-ZnO nanoparticles have different absorption
peaks from 500 to 800 nm, indicating their ability to absorb visible light photons [40]. The
bandgap Eg of nanoparticles was calculated with the following well-known equation:

α =
A
(
hv− Eg

)1/2

hv
(5)

where α, Eg and A are the absorption coefficient, bandgap and material parameter, re-
spectively. Extrapolation of the linear region of (αhv)2 vs. hv plots (Figure 6) provides
the bandgap for the investigated nanoparticles calcined at 500 and 700 ◦C. The calcu-
lated bandgap values are shown in Figure 6 and Table 4. As observed, the presence of
secondary phases does not make a direct contribution to the bandgap of the samples
compared with ZnO. As can be seen in Figure 1, the peaks of the secondary phases are
quite noticeable, so it would be expected to observe contribution from such impurities
as LaOCl (Eg = 5.53 eV) [41] in the La-ZnO samples and the CeO2 (Eg = 3.71 eV) [42] in
Ce-ZnO samples; the bandgaps of Pr12O22, PrOCl and NdOCl have not been found in the
literature. In the obtained materials, a decrease in the bandgap of undoped ZnO (3.12 eV)
is observed (with the exception of Ce-ZnO and Nd-ZnO, calcined at 700 ◦C). This decrease
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can be explained by charge transfer between electrons of the 4f level of RE ions and the
conduction band of ZnO [43,44].

Figure 5. UV–Vis DRS of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) nanoparticles: (a) calcined
to 500 ◦C and (b) calcined to 700 ◦C.

Figure 6. The band gap energies of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) nanoparticles:
(a) calcined to 500 ◦C and (b) calcined to 700 ◦C.

Table 4. Degradation efficiency (%) and pseudo-first-order rate constant (κ) for the photocatalytic
degradation of RhB using ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) nanoparticles calcined
to 500 ◦C and 700 ◦C.

Samples Calcination
Temperature (◦C)

Band Gap
(eV)

Degradation
Efficiency(%)

κ

(min−1) R2

ZnO
500 3.12 82.70 0.0147 0.9968
700 3.12 91.41 0.0180 0.9919

La-ZnO
500 3.00 64.00 0.0076 0.9969
700 3.06 77.36 0.0101 0.9927

Ce-ZnO
500 3.05 97.72 0.0363 0.9691
700 3.13 97.36 0.0279 0.9953

Pr-ZnO
500 2.58 96.81 0.0203 0.9957
700 2.61 82.49 0.0098 0.9932

Nd-ZnO
500 3.08 76.57 0.0097 0.9889
700 3.13 74.03 0.0093 0.9978
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3.2. Photocatalytic Activity of ZnO and M-ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) Nanoparticles

Photocatalytic reaction consists in the generation of an electron–hole pair by semicon-
ductor nanoparticles by applying photons with an energy exceeding the bandgap of the
material under study, while an electron of the valence band is excited into the conduction
band, migrating to the surface of the particle. These charge-carrying species can react with
absorbed molecules, as is the case of RhB. One of the factors that can affect the degradation
of the dye is pH, since pH affects not only the surface properties of ZnO but also the dissoci-
ation of dye molecules and the formation of hydroxyl radicals. Under acidic conditions, the
perhydroxyl radical can form hydrogen peroxide, which in turn gives rise to the hydroxyl
radical [45]. Experiments previous to those reported here were carried out using only
UV light and photocatalyst. Observed is that the RhB degrades very slowly. AlHamedi
et al. investigated that using H2O2 in the presence of UV light increases the generation of
hydroxyl radicals, causing discoloration of the solution [46]. For this reason, it was decided
to carry out the degradation reactions of RhB at pH 3 and use H2O2. RhB is a typical
pollutant in the wastewater of the textile industry. Degradation of RhB was studied in the
presence of nanoparticles of all prepared calcined at 500 ◦C and 700 ◦C in the presence of
H2O2 under UV–Vis light irradiation for a period of 120 min. Figures 7 and 8 show the
time-varying UV–Vis spectra of the RhB dye in the presence of nanoparticles of all catalysts
under study, calcined to 500 ◦C (Figure 7) and to 700 ◦C (Figure 8), respectively, in the
reaction mixture, upon irradiation with UV–Vis light for a period of 120 min. Spectra show
the maximum absorption wavelength at ~554 nm. RhB absorbance intensities gradually
decrease with increasing exposure time, indicating a decrease in the RhB dye concentration.

Figure 7. UV–Vis absorption spectra of the RhB dye in the reaction mixture as a function of time t in the presence of the
photocatalysts under study and upon irradiation with UV light. Data are given for nanoparticles calcined to 500 ◦C.
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Figure 8. UV–Vis absorption spectra of the RhB dye in the reaction mixture as a function of time t in the presence of the
photocatalysts under study and upon irradiation with UV light. Data are given for nanoparticles calcined to 700 ◦C.

Figures 9a and 10a show the degree of degradation of RhB in the presence of photo-
catalyst nanoparticles calcined at 500 ◦C (Figure 9a) and 700 ◦C (Figure 10a) as a function
of exposure time to UV light. In this graph, it can be seen that RhB in the dark and in
the presence of H2O2 did not degrade. Another of the experiments carried out in order
to know if the photocatalysts influenced the degradation of RhB was in the absence of a
photocatalyst (only dye and H2O2), degrading 27.37%. For the other samples, it can be
seen that the relative concentration of the RhB dye significantly decreased with exposure
to ultraviolet radiation over time. It was also observed that nanoparticles caused different
kinetics of concentration reduction.
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Figure 9. (a) The degree of degradation of the RhB dye in each time interval; (b) a graph of the kinetics
of the degradation of the RhB dye, plotted for the first linear order as Ln(C0/Ct) vs. irradiation time
(t). Data are given for nanoparticles calcined to 500 ◦C.

Figure 10. (a) The degree of degradation of the RhB dye in each time interval; (b) a graph of
the kinetics of the degradation of the RhB dye, plotted for the first linear order as Ln(C0/Ct) vs.
irradiation time (t). Data are given for nanoparticles calcined to 700 ◦C.

For all photocatalysts, some RhB dye absorption occurs within 30 min under the
exposure in the dark. The most significant absorption of the dye can be seen in Pr-ZnO
nanoparticles calcined at both 500 ◦C and 700 ◦C. This absorption by nanoparticles is
associated with a change in the physical or chemical properties of ZnO due to doping.
Pr3+ ions (like ions of any other RE) can form chemical complexes with azo dyes, such as
RhB [47,48], which determine the absorption capacity of the prepared materials. Pr-ZnO
nanoparticles calcined at both temperatures and Ce-ZnO nanoparticles calcined at 500 ◦C
caused the greatest decrease in the RhB concentration compared to other nanoparticles.

The data in the graphs in Figures 9a and 10a were adjusted according to the pseudo-
first-order kinetic model to determine the kinetic velocity of each assay. Figures 9b and 10b
present the graphs of the degradation kinetics of the RhB dye in the reaction mixture by
nanoparticles of synthesized samples calcined at both temperatures under irradiation with
UV light. The values of the kinetic velocity constant are presented in Table 4. In agreement
with the highest result for surface area BET, Ce-ZnO nanoparticles calcined at 500 ◦C and
700 ◦C present the highest values of kinetic rate constants for RhB degradation, which
are 3.63 × 10−2 min−1 and 2.79 × 10−2 min−1, respectively (Table 4). The percentage of
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RhB degradation efficiency as a function of time was also determined from the data in
the graphs in Figures 9a and 10a, the results of which are shown in Table 4. The Ce-ZnO
nanoparticles calcined at 500 ◦C and 700 ◦C demonstrated high degradation, reaching
values 97.72% in 90 min and 97.36% in 120 min, respectively. Other nanoparticles produced
gradual degradation and, to a lesser extent, reaching values of 96.81% for Pr-ZnO nanopar-
ticles, calcined at 500 ◦C and irradiated for 120 min. Eight samples of RE-doped ZnO
nanoparticles calcined at 500 ◦C and 700 ◦C degraded RhB in the reaction mixture through
the photocatalytic process under UV light, although Ce-based nanoparticles presented the
best photodegradation efficiency, which may be attributed to the absence of oxychloride
compound as a secondary, unlike other systems in which they are present, and these
compounds can inhibit the photocatalytic degradation of the RhB dye [49].

The calcination temperature causes variation in the morphological, surface and optical
properties of the samples influencing their photocatalytic activity. The band gap of the
samples calcined at 500 ◦C was lower than that of those calcined at 700 ◦C (Table 4),
influencing the photoexcitation process of the electrons as they passed from the valence
band to the conduction band. As can be seen in the RhB degradation results (Table 4), the
Ce-ZnO samples showed the best degradation efficiency results. This may be because these
samples have a regular pseudospherical morphology, with aggregates of nanoparticles
(Figures 3c and 4c) also showing the largest BET surface area, while the La-ZnO samples
were the ones that showed a lower efficiency in the degradation of RhB, which were larger
particles with the smallest BET surface area and therefore with fewer active sites for the
photocatalysis process.

Degradation of RhB in the reaction mixture by nanoparticles of all synthesized photo-
catalysts under the action of UV radiation is caused by the stimulation of the transition of
electrons from the conduction band (CB) to the valence band (VB); this generates electrons
in the conduction band (eCB

−) and electron holes in the valence band (hVB
+). On the surface

of the photocatalyst, redox reactions take place with the molecules present on the surface.
Electrons eCB

− located on the surface can react with O2 to produce superoxide anion
(O2
−), while hVB

+ can react with H2O or OH- bound on the surface to generate OH radicals.
O2
− can react with H+ to produce H2O2 and generate OH, and these radicals can react

with the RhB dye and degrade it.

ZnO + hv→ ZnO(e−CB + h+VB) (6)

H2O + h+VB → OH + H + (7)

O2 + e−CB → O −2 (8)

2H+ + 2O −2 → H2O2 + O2 (9)

H2O2 + hv→ 2OH (10)

OH + dye→ intermediates→ products (11)

Degradation in the presence of H2O2 is due to an increase in the concentration of
hydroxyl radicals, as shown in Equations (12) and (13) [50]:

ZnOe−CB + H2O2 → ZnO + OH + OH− (12)

H2O2
hv→ OH + OH (13)

As mentioned earlier, eCB
- and hVB

+ located on the surface can generate these reactive
oxygen species (O2

−, OH, O2), which are responsible for the degradation of the RhB dye.
This is consistent with the data for SEM images of nanoparticles of various photocatalysts
synthesized in this work. A higher density of grain boundaries and defects is observed in
the Ce-ZnO samples, which generates the largest number of active centers, which leads to
the rapid photocatalytic degradation of the RhB dye.



Processes 2021, 9, 1736 14 of 16

The reaction of Ce3+ ions with the O2 molecule produce superoxide anion (O2
−) and

Ce4+ ions according to the following mechanism [33]:

ZnO + hv→ e−CB + h+VB (14)

Ce4+ + e−CB → Ce3+ (15)

Ce3+ + O2 → O −2 + Ce4+ (16)

On the contrary, in the samples of the other three doped photocatalysts, M-ZnO
(M = La3+, Pr3+ and Nd3+), which form oxychloride compounds as the second phase, larger
particles are observed, which, although they have a nanometric size in at least one of their
dimensions, have a lower density of grain boundaries, causing a decrease in the density of
OH· y hVB

+ on the surface accessible for the reaction [46,49].

4. Conclusions

Nanoparticles of four photocatalytic systems based on zinc oxide with RE ions, M-
ZnO (M = La3+, Ce3+, Pr3+ and Nd3+) were synthesized by the sol-gel method using zinc
nitrate and the corresponding nitrates of rare earth elements (La, Ce, Pr and Nd). The
resulting solid phases were calcined at 500 ◦C or 700 ◦C. The structural, morphological
and optical properties of the obtained samples were characterized using XRD, SEM, BET
and UV–Vis DRS techniques. Nanoparticles of all prepared photocatalysts showed a
crystallite size of 40 to 44 nm. Photocatalytic evaluation was carried out by degrading the
RhB dye in the presence of H2O2 at pH 3 under UV illumination using suspensions of
synthesized nanoparticles. The best results for the RhB dye degradation were shown by
Ce-ZnO nanoparticles, reaching 97.72 % with an excellent constant rate for the degradation
of the dye k = 0.0363 min−1 following a first-order kinetic mechanism. The presence of
oxychlorides as secondary phases inhibits the degradation rate of the dye, eliminating
radicals (OH·and hVB

+), which contribute to the degradation of the RhB.
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