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Abstract

Fluorite-type nanocomposite materials with a content of 95-60 mol.% CeOz, 10-20 mol.% Laz03, and 5-20 mol.%
Dy203 were obtained by the chemical co-precipitation method using REE (rare earth elements) nitrate solutions. The
primary particle size (coherent scattering region) increased from 11.3 to 26.5 nm when the calcination temperature
increased from 600 to 800 °C. The highest photocatalytic activity in the destruction of Malachite green dye under the
influence of visible light was shown by the sample with the composition of Ce02 (80 mol.%) - La203 (10 mol.%) - Dy203
(10 mol.%), thermally treated at 600 °C for 5 hours. The results of the experimental study showed that at the initial
concentration of the Malachite green (MG) solution of 20 mg/dm3 under the influence of visible light for 1 hour, its
residual concentration was only 0.45 mg/dm3, and the degree of decolorization of the solution reached 98 %. It is
assumed that nanocomposites based on a Ce02-Laz03-Dy20s3 solid solution with a fluorite-type structure can be used
to create effective photocatalysts designed for the destruction of cationic dyes in an aqueous medium.

Keywords: nanocomposite; CeOz-La203-Dy203; fluorite-type structure; visible light photocatalytic activity; Malachite Green;
dye destruction.

AKTHUBHI Y AIAITA30HI BUAUMOT'O CBITJIA HAHOKOMIIO3UTH 31 CTPYKTYPOIO
®JIIOOPUTY, OTPUMAHI B CUCTEMI Ce02-La203-Dy203
OsieHa M. JlaBpuHeHko, MakcuM M. 3aropuuii, Okcana A. Kopaienko, Cepriit @. Kopuues,

Anica P. ATamaH4yk
IHcmumym npo6aem mamepianosnascmsa im. M. @panyesuua HAH Ykpainu, eys. OmensaHa Ipiyaka 3, Kuis, 03680, Ykpaina

AHoTalniga

MeToa0M XiMiYHOT'O CiBOCa/)K€HHA 3 BAKOPUCTAaHHAM Ppo3uMHiB HiTpaTiB P3E oTpuMaHO 3pa3ku HAHOKOMIO3UTHUX
MarepiaJiB 3i cTpykTyporw tuny ¢awopury, ki mictum 95-60 mos1.% Ce02, 10-20 mo1.% Laz03 Tta 5-20 moa.%
Dy203. Po3Mip nepBUHHMX YaCTUHOK (06J1aCTh KOTepEeHTHOT0 po3ciloBaHHA) 36ibIyBaJach Big 11,3 g0 26,5 HM npu
NiABUILEHHI TeMIepaTypu NpokapioBaHHA 3 600 go 800 °C. HaiiBumy ¢poToKaTadiTUYHY aKTUBHICTh y JeCTPYKIil
GapBHUKA MaJIaXiTOBOI0 3e/IEHOI0 Mij BIVIMBOM BUAUMOTO CBiT/Ia BUSIBUB 3pa30kK ckaaay Ce0: (80 mo1.%) - Laz03
(10 m0.1.%) - Dy203 (10 M0.1.%), TepmiuHO 06p06.1eHui mpu 600 °C mpoTAroMm 5 roguH. Pe3yabTaTu AOC/IiAKEeHHA
NnoKa3aJji, 0 NPU BUXiAHIA KOHIlEeHTpalii po34uHy MaJjaxiToBoro 3esjieHoro 20 mr/am3 mij BIVIMBOM BUJAMMOTO
CBiTJIa IPOTAroM 1 roguHU HOro 3a/JIMIIKOBAa KOHIEHTpaLis cTaHoBWIa e 0.45 Mr/am3, a cTyniHb 3He6apBJIeHHA
po34uHy jocaraB 98 %. [lepea6aya€ernbcs, 0 HAHOKOMIIO3MTH Ha OCHOBI TBepaoro po3unHy Ce02-Laz03-Dy203 3i
CTPYKTYpOl0 Tuny ¢JII0OPUTY MOXYyTh OyTH BHUKOPHCTaHi [ CTBOpeHHA edeKTHBHHMX (OTOKaTaaizaTopis,
NpU3HAYeHUX JJIA JeCTPYKIii KaTIOHHUX 6apBHMKIB y BOJHOMY cepeA0OBHIILi.

Katouosi cnoea: HanokoMnosut; Ce02-Laz03-Dy203; cTpykTypa Tuny ¢purooputy; oToKaTaliTUYHA aKTUBHICTb y BUAUMOMY
CBiTJIi; MaslaxiTOBUH 3e/leHU; pyHHYBaHHs 6apBHUKA.
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Introduction

Today, among all oxides of rare earth metals,
nanostructured cerium dioxide (CeO2) has
become the most widely used in the creation of
functional materials for technical purposes, in
particular, catalysts, conductors, electrodes,
luminescent and optical devices, sensors, etc. [1-
4]. Nanoceria is recognized as a promising
material for the creation of biomedical devices and
drugs, methane oxidation, and energy storage
applications [5-8]. Nanostructures based on
cerium dioxide and rare earth elements are
characterized by thermal and chemical stability,
high ionic conductivity, their ability to accumulate
or release oxygen, strong absorption of UV rays,
etc. [8-11].

The high photocatalytic activity of cerium
dioxide is based on the presence of Ce3+ /Ce** red-
ox couple on the surface of the particles. It is
known that when trivalent lanthanide ions replace
Ce** ions in the structure of the composite, an
increase in chemical stability and improvement of
the ionic conductivity of the obtained material is
expected [12]. For example, authors [13] showed
that La3* significantly increased the catalytic
activity of CeOz; the best results were obtained at
5 wt% lanthanum. Therefore, solid solutions
based on CeO; are promising for creating
electrodes and electrolytes in solid oxide fuel
(SOFC) and electrolysis (SOEC) cells.

The effect of metal admixture on the optical and
photocatalytic properties of cerium dioxide
nanoparticles was investigated in [14-16] and it
was shown that doped lanthanum nanoparticles
are of interest as chemically stable
photoluminescent materials [15].

In recent years, scientific research has paid
great attention to the development and
improvement of methods for the synthesis of
nanostructured cerium and lanthanum oxides [15;
16]. One of the reliable methods for the synthesis
of mesoporous pure and mixed oxides of
lanthanum and cerium is the microemulsion
method [17], which allows obtaining
nanostructures with a specific surface area
~110m2/g at 450C. In work [18], CeO;
nanocrystalline powders doped with La3* ions
were obtained using a modified sol-gel process.

Typically, dysprosium oxide is used as an
alloying agent in the production of powerful
permanent magnets, ceramics, luminescent
materials and the doping of cerium dioxide with
dysprosium led to an increase in ionic
conductivity and lower activation energy of the
nanocomposites compared to the undoped sample

[19]. The results of the photoluminescence study
of dysprosium-doped CeO; particles are discussed
in [20]. The resulting composites are promising
for application in displays and optical devices. In
particular, doping CeO; nanoparticles with
dysprosium oxide improved their chemical,
optical, and fluorescent properties compared to
undoped cerium dioxide [21].

It should be noted that there is currently
growing interest in the development and
implementation of materials obtained in ternary
composite systems. For example, in work [22] the
catalytic application of nanomaterials based on
cerium oxide doped with lanthanum and
dysprosium is considered in detail. The works
[23-24] present the results of the research of
synthesized nanopowders based on Dy,Ce;07 and
investigate their photocatalytic properties under
the UV irradiation.

In general, based on information about the
structure of state diagrams of binary [25] and
ternary systems [25-27] based on cerium dioxide
doped with La ions, it can be stated that in a wide
range of concentrations and temperatures, stable
solid solutions with a fluorite-type structure are
formed, which allow to vary the amount of
alloying admixture and, as a result, to change the
physical and chemical properties of the resulting
composites. The authors [28] introduced
lanthanum (La) and dysprosium (Dy) into the
crystal structure of CeO; at the same time using
sol-gel synthesis and chemical synthesis with the
addition of citric acid. The sintering temperatures
of the precipitates were set at 800 and 1000 °C. X-
ray diffraction (XRD) results showed that doped
and undoped Ce0; compounds form a cubic phase.
The particle sizes ranged from 90 to 150 nm. The
photocatalytic behaviour of the compounds was
studied using Methylene blue dye decomposition.
The dye degradation efficiency for the
CeossLao10Dyo.0502 composition system was only
60 % in 100 min using a 300 W xenon lamp.

Our works present the results of synthesized
nanosized cerium and lanthanum dioxide
powders [29] with their structural characteristics
and morphology. We study selectively optical,
photocatalytic, and antibacterial properties,
which determine the suitability of materials for
biomedicine [29-31].

This work aims to obtain nanopowders of
cerium dioxide and composites based on it, doped
with lanthanum and dysprosium, study their
structure and photocatalytic activity under visible
light conditions.

Research objects and methods
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The synthesis of composite particles was
carried out by a chemical co-precipitation of the
cerium, lanthanum, and dysprosium nitrate’s
solutions in the presence of auxiliary substances -
nucleating, precipitating, and hydrolyzing agents.
Hydroxide precipitates were washed from reagent
residues, lyophilized at 105 °C, and treated by the
thermal method at T 600 and 800 °C for 5 h. The
content of cerium oxide in the composition of the
synthesized samples varied from 60 to 100 mol.%,
the content of lanthanum oxide reached up to
35 mol.%, and the content of dysprosium oxide
did not exceed 20 mol.%. Only fluorite-type
structures are formed wunder the following
conditions according to the phase equilibrium
diagram [26].

The phase composition of the samples was
studied using powder X-ray phase analysis [29;
30]. The point of zero charge (PZC) of the particles
was measured by potentiometric titration of their
suspensions (1 wt.% of the dispersed phase) with
the concentration of the dispersion medium NaCl
0.1, 0.01 mol/dm3 with 0.1 M solutions of HCl and
NaOH.

The study of the photocatalytic activity of
nanoparticles obtained in the CeO;-La;03-Dy.03
ternary systems was carried out during the
decolorization of a Malachite green solution with
a day concentration of 20 mg/dm3 under the
visible light action. To prepare the suspension
50 mg of the powder in the 50 ml of the dye
solution was chosen. The sorption activity of the
powder was evaluated by stirring the suspension
in the dark for 30 min. To compare we performed
the photocatalytical study wunder ultraviolet
irradiation of the suspension at a wavelength of

N
S D
S S

— (111)

(220)

(=3
(=3

_ (311)

Intensity, rel/units
(] w ey W
S D
S O

w o\ | |

Vo [l |
Il I\
[ I

S
3

| PR ¥ f e

254 nm. Measurements were performed after
processing the suspension for 5, 15, 30, 45, 120,
and 150 min. The removal of nanosized particles
from the suspension was ensured by the action of
a centrifugal field (8g) for 20 min. The
concentration was determined by measuring the
optical density of the filtered solution using an
Ulab 101 photo spectrometer at a wavelength of
540 nm by the constructed calibration graph. The
degree of discoloration of the solution (D, %) was
calculated according to the standard equation:
D, % = (1-C/Co)-100,

where C is the residual concentration of the dye,
and Co is the initial concentration of the dye.

Experimental part

Structural characteristics of composite particles
obtained in the CeO2-Laz03-Dy,03 system

According to X-ray phase analysis data, all
obtained samples correspond to tetragonal
syngonia and have the fluorite-type structure of
Fm3m (PDF No. 02-1306). Fig. 1 show a typical
diffractograms of a CeO; (80 mol.%)-La,03
(10 mol.%)-Dy203 (10 mol.%) sample heat-
treated at T = 600 °C (Fig. 1a), and at T = 800 °C
(Fig. 1b).

Table 1 summarizes data on the parameter and
volume of the unit cell, the size of the primary
particles (CSR) and the value of the PZC of the
samples obtained in Ce0;-La;03 -Dy.03 systems at
the temperatures 600 and 800 °C.

The cationic radii of the REE that are included
in the structure of the nanocomposites are the
following [32]:

Dy3+90.8 pm < Ce** 92.1 pm < La3* 101 pm
(pm = 10-12 m).
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Fig. 1 XRD patterns of a samples with the chemical composition Ce0O:z (80 mol.%) -Laz03 (10 mol.%) -Dy203
(10 mol.%) that were heat-treated for 5 h at the temperatures of °C: a - 600, b - 800.
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Table 1
The crystal lattice parameters, primary particle’s size, and PZC of the samples obtained in the Ce02-La203-
Dy20s systems
Lattice parameter a,

Composition, mol.% m Volume of cell, nm3 CSR, nm PZC
T=600°C,5h
Ce02(95)-Dy203(5) 0.5383 0.156 16.7 7.0
Ce02(90)-Laz03(5)-Dy20s3(5) 0.5407 0.158 18.8 9.7
Ce02(80)-Laz03(10)-Dy203(10) 0.5413 0.159 18.8 6.3
Ce02(70)- La203(15)-Dy203(15) 0.5405 0.158 11.3 8.2
Ce02(60)- La203(20)-Dy203(20) 0.5431 0.160 14.3 8.1
Ce02(70)- La203(20)-Dy203(10) 0.5426 0.160 12.8 8.9
Ce02(80)- Laz03(15)-Dy203(5) 0.5424 0.160 14.7 7.0
T=800°C,5h
Ce02(95)-Dy203(5) 0.5381 0.156 26.5 8.5
Ce02(90)- La203(5)-Dy203(5) 0.5406 0.158 20.1 x
Ce02(80)- Laz03(10)-Dy203(10) 0.5408 0.158 20.3 10.0
Ce02(70)- La203(15)-Dy203(15) 0.5429 0.160 24.1 9.9
Ce02(60)- La203(20)-Dy203(20) 0.5436 0.161 19.8 9.4
Ce02(70)- Laz03(20)-Dy203(10) 0.5443 0.161 25.2 -
Ce02(80)- La203(15)-Dy203(5) 0.5416 0.159 24.0 8.5
* - the measurement was not carried out
According to the obtained data, the primary Fig. 2 shows the SEM images of composite

particle’s size (CSR) increases in the samples with  particles obtained in the ternary CeO;-La;0s-
an increase in the calcination temperature up to  Dy,03 system at T = 600 °C. The particles are well
800 °C. The unit cell parameter depends on the crystallized and have a nanoscale size, averaging
elemental composition of the samples: an increase  from 24 to 74 nm. The size of the aggregates
in the mass content of lanthanum leads to an reaches 250-300 nm.

increase in the volume of the unit cell V = a3.
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Fig. 2. SEM images of composite nanoparticles formed in Ce02-Laz03-Dy203 systems (the mole percentage is given in
parentheses): a - Ce02(95)-Dyz03(5); b - Ce02(90)-Laz03(5)-Dy203(5); c - Ce02(80)-Laz03(10)-Dy203(10); d -
Ce02(70)-Laz03(15)-Dy203(15); e - Ce02(60)-La203(20)-Dy203(20); f - Ce02(80)-Laz03(15)-Dy203(5).
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Photocatalytic activity study of nanocomposites
obtained in the Ce0;-Laz03-Dy:03 systems

The comparison of the sorption and
photocatalytic activity of particles under the
visible light and UV, obtained in the ternary CeO-
La;03-Dy,03; systems, are given in Tables 2-4.
Cerium-based nanocomposite particles modified
with lanthanum and dysprosium showed
photocatalytic activity in the visible light region.
The research was conducted in a neutral medium
at pH=6.5. According to the data presented in
Table 2 and Table 3, the increasing Dy.0s; and
La,03 concentrations from 10 mol.% to 20 mol.%

does not affect the change in the photocatalytic
activity of the composite. In both cases, after
30 min in the process of sorption-desorption, the
concentration of the dye is identical and is
0.41 mg/dm3, and the extraction of the dye
reaches 98 %. After visible light action within 30-
45 min, the data for the systems CeO; (80 mol.%])-
La;03 (10 mol.%)-Dy.03 (10 mol.%) and CeO:
(60 mol.%)-Dy,03 (20 mol.%)-Laz03 (20 mol.%)
also do not differ and the residual concentration of
the dye is 0.45-0.46 mg/dm3, and the extraction of
the dye is # 97.7-97.8 %.

Table 2
Photocatalytic activity of the particles obtained in the ternary
Ce02 (80 mol.%)-Laz03 (10 mol.%)-Dy203 (10 mol.%) system at 600 °Cin 5 h
t min Sorption-desorption t min Visible light mt;n uv
C, mg/dm3 R, % C, mg/dm3 R, % C, mg/dm3 R, %
7 0.68 96.6 60 0.45 97.8 5 0.92 95.4
15 0.53 97.4 90 0.34 98.3 10 0.88 95.6
25 0.41 97.9 120 0.34 98.3 20 0.85 95.8
35 0.41 98.0 24h 0.07 99.7 30 0.81 95.9
60 0.35 98.3 - - - 40 0.77 96.2
*t - time of treatment, C- residual concentration of MG (Malachite green), R - degree of dye’s destruction
Table 3
Photocatalytic activity of particles obtained in the binary
Ce02(95 mol.%)-Dy203 (5 mol.%) system at 600 °Cin 5 h
t min Sorption-desorption t min Visible light
C, mg/dm3 R, % C, mg/dm3 R, %
5 0.85 95.8 30 0.67 96.7
10 0.78 96.1 60 0.41 97.9
20 0.63 96.9 24h 0.44 97.8
* t — time of treatment, C- residual concentration of MG (Malachite green), R - degree of dye’s destruction
Table 4

Photocatalytic activity of particles obtained in the ternary
Ce0z (80 mol.%)-Laz0s3 (10 mol.%)-Dyz03 (10 mol.%) system at 800 °Cin 5 h

. Sorption-desorption . Visible light
t, min t, min

C, mg/dm3 R, % C, mg/dm3 R, %

5 0.87 95.7 45 1 95.0
15 0.89 95.6 60 0.83 95.9
20 1.09 94.6 120 0.74 96.3
30 1 95.0 180 0.61 97.0

- 24h 0.32 98.4

* t - time of treatment, C- residual concentration of MG (Malachite green), R - degree of dye’s destruction

Increasing the temperature of heat treatment
of the studied samples CeO; (60 mol.%) - Dy.03
(20 mol.%) - Laz03 (20 mol.%) to 800 °C reduces
their photocatalytic activity (Table 5). The
obtained results show, the residual concentration
of the dye after 30 min of the sorption-desorption

process is 0.41 mg/dm3 for the sample preheated
at 600 °Cand 0.60 mg/dm3 for the sample sintered
at 800 °C. Accordingly, extraction of the dye from
the solution is greater at T=600 °C (98 %), and less
at T=800 °C (97 %).

Table 5
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Photocatalytic activity of particles obtained in the ternary

Ce02(60 mol.%)-Dy203(20 mol.%)-Laz03(20 mol.%) systems at 600 and 800 °C

T=600 °C T=800°C
¢ Sorption-desorption Visible light Sorption-desorption Visible light
, t, min ’ ’
min min min
C, mg/ C, mg/ C, mg/ C, mg/
43 R, % dm> R, % 4> R, % 4> R, %
5 0.37 98.1 45 0.41 98.0 10 0.65 96.8 15 0.46 97.7
10 0.52 97.4 60 0.30 98.5 30 0.60 97.0 30 0.46 97.7
20 0.52 97.4 90 0.44 97.4 60 0.52 97.4 24h 0.25 98.8
30 0.41 98,0 120 0.37 98.2 - - - - - -

*t - time of treatment, C - residual concentration of MG (Malachite green), R - degree of dye’s destruction

Carrying out classical photocatalysis under UV
irradiation does not supply a positive result. This
is confirmed by the data presented in Table 2,
which characterizes the photocatalytic activity of
particles obtained in the ternary system CeO:
(80 mol.%) - Laz03 (10 mol.%) - Dy203 (10 mol.%)
and thermally treated at 600 °C. As can be seen
from the data in this Table, the residual
concentration of 0.8 mg/dm3 of the dye remains
almostunchanged even after 40 min of irradiation,
and the dye destruction remains close to 96 %.
The reaction under visible light conditions for the
same system shows significant differences and
dynamics, namely, after the first 7 min the degree
of dye destruction is 97.8 %. The residual
concentration of MG solution equals 0.45 mg/dm3.
As the duration of the experiment increases, the
residual dye's concentration decreases only after
24 hours up to 0.07 mg/dm3, and dye destruction
reaches 99.7 %.

The measurement of PZC particles (Table 1)
shows that at pH < 7.0 the particles have a positive
charge (up to 10 mV), which positively affects
their interaction with molecules of the cationic
dye (MG) at a solution pH of 6.5.

Conclusion

1. Nanocomposite particles with a fluorite-type
structure were obtained by the chemical
synthesis, the composition of which includes from
95 to 60 mol.% CeO;, from 10 to 20 mol.% La;0s3,
from 5 to 20 mol.% Dy;03. The parameter of the
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