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Abstract: The aim of this work was to study the effect of samarium oxide doping on a SrTiO3 per-
ovskite ceramic. After analyzing the data obtained on the morphological features of the synthesized
structures, it was found that an increase in the dopant concentration led not only to a change in
the morphological features, but also in the density of the ferroelectrics. Using the X-ray diffraction
method, it was found that doping with Sm,O3 led to the formation of a multiphase system of two
cubic phases of SrTiO3 and SmyOs3. At the same time, an increase in the concentration of Sm;O3
dopant led to a change in the crystallinity degree, as well as deformation of the structure. Evaluation
of the efficiency of use of synthesized ferroelectrics as catalysts for purification of aqueous media
from manganese showed that an increase in the concentration of Sm»O3 dopant led to an increase in
purification efficiency by 50-70%.

Keywords: ferroelectrics; doping; nanostructures; purification of aqueous media; dielectric constant;
samarium oxide

1. Introduction

One of the fundamental problems of ferroelectrics based on titanates is the determi-
nation of the laws of influence of various dopants on physicochemical, structural, and
optical properties [1-3]. At the same time, the choice of dopants in most cases is due to the
desire to change properties in order to increase resistance to external influences, increase
productivity efficiency, and expand the areas of practical application. As is known, alkaline
earth titanates of the SrTiO3, BaTiOs3, and CaTiOj3 types have a number of unique properties
that have opened them to widespread use as capacitor materials, microelectronic devices,
catalysts, etc. [4-6]. In turn, doping them with various oxides, as well as the possibility of
obtaining nanostructured ferroelectrics, makes it possible to make significant changes in
their properties, which opens up new prospects for the practical use of ferroelectrics and
the expansion of their applications [7,8]. At the same time, ceramics based on strontium
and barium titanates have high dielectric constant indices, and doping in these cases can
significantly increase these indices, while reducing the threshold value of phase transition
temperature, as well as changing the temperature dependence of phase transitions. In
turn, the choice of samarium oxide as a dopant, which has unique dielectric and magnetic
properties, as well as high resistance to external effects and corrosion, allows the expan-
sion of the properties of titanates due to the formation of solid solutions of introduction
or substitution [9-15].

In recent years, ferroelectrics have increasingly been used as a basis for various cat-
alysts for hydrogen production, decomposition of organic dyes, purification of aqueous
media, etc. [15-20]. Interest in this field of application is due to the increasing problem
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of contamination of aquatic media with various poisonous substances, products of petro-
chemical and metallurgical production, heavy metals, and dyes. Their accumulation in
aquatic media leads to poisoning of flora and fauna, and the mutagenic accumulation
effect can have a negative effect not only on this generation of living organisms, but also
on subsequent ones by causing various mutations, etc. One method of removing harmful
substances and heavy metals from aqueous media is the method of their absorption on the
surface of catalysts or their decomposition into harmless constituents [21-23]. In most cases,
grain sizes and catalyst phase composition play an important role in the decomposition
rate or purification degree of aqueous media. As is known, grain size reduction results in a
significant increase in specific surface area, which plays the most important role in decom-
position and absorption [24,25]. The band gap and refractive index, which are responsible
for the electronic structure of the catalyst and the efficiency of photoelectron output in the
case of photocatalytic reactions, also play an important role. In turn, imparting magnetic
properties to ferroelectrics or increasing their resistance to corrosion under the action of
aqueous media will significantly increase their service life, as well as the efficiency of
extraction from the medium without loss of catalyst weight [26-30].

In summary, the main objective of this work was to investigate the effect of samarium
oxide doping of the perovskite structure of a SrTiO; ferroelectric, as well as their use as
catalysts for the purification of aqueous media from manganese. The choice of the structure
of ceramics based on SrTiO3 was due to their unique physicochemical properties, as well as
the prospects for application not only in microelectronics and as a basis for catalysts. The
choice of Sm;0Oj3 as a dopant was due to its unique optical properties, which lead to the
possibility of creating additional absorption bands in the structure of ceramics, as well as a
change in the electron density and an improvement in the crystallinity degree of ceramics.
The relevance of this study lies not only in the search for solutions to the fundamental issue
of studying the change in the structural properties of titanates as a result of their doping,
but also in expanding the range of their practical use.

2. Experimental Part
2.1. Reagents Used for Synthesis

Titanium oxide—anatases (TiO;), strontium carbonate (SrCQOj3), and samarium oxide
(Smy0O3) manufactured by Sigma Aldrich Ltd. (Saint Louis, MO, USA) were selected as the
original component. To obtain the original sample without doping, the mixing components
TiO, and SrCO3 were produced in equal shares. The doping was carried out by adding
Sm;0Oj3 in the fractions of x = 0.10, 0.15, 0.20, 0.25 mol and subtracting this fraction of the
mass of the mixture of TiO; and SrCOj3. The chemical purity of the reagents was 99.95%.

2.2. Method of Obtaining Nanostructured Ceramics

As a method for producing nanostructured ceramics based on strontium titanate
doped with samarium oxide, the method of solid-phase mechanochemical synthesis com-
bined with thermal treatment in an air atmosphere at a temperature of 1100 °C was used.
The mechanochemical synthesis was carried out by grinding the mixtures obtained in a
PULVERISETTE 6 planetary mono mill (Fritsch Laboratory Instruments, Idar-Oberstein,
Germany). The grinding conditions were: 400 rpm for 5 h. The samples were ground in a
glass with tungsten carbide balls 10 mm in diameter, the use of which made it possible to
avoid the appearance of impurity metal or metal oxide inclusions in ceramics.

Annealing was carried out in an SNOL (Lithuania) muffle furnace at a temperature
of 1100 °C for 8 h, at a heating rate of 10 °C/min. The samples were annealed in ceramic
crucibles that could withstand heating up to 1500 °C. The cooling of the samples to room
temperature was conducted in the furnace for 24 h.

2.3. Study of the Morphological Features of Ceramics

The study of morphological features and grain sizes, as well as their shape, was
carried out using visualization on a JEOL-7500F scanning electron microscope (JEOL,
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Akishima, Japan). The dynamics of changes in the shape and size of grains was deter-
mined by analyzing the obtained SEM images of synthesized ceramics depending on the
dopant concentration.

Determination of the grain size was also carried out using the method of laser diffrac-
tion implemented using an ANALYSETTE 22 NanoTech (Fritsch NanoTec, Idar-Oberstein,
Germany) device.

2.4. Determination of the Phase Composition and Crystallographic Parameters

The effect of doping on the phase composition of the synthesized ceramics was
evaluated using the powder X-ray diffraction method implemented on a D8 Advance Eco
X-ray diffractometer (Bruker, Mannheim, Germany). A copper tube with a wavelength
of Cu-kx = 1.54 A (Cu-kal = 1.54056 A and Cu-ka?2 = 1.544398 A) was used as an X-ray
source; diffraction patterns were taken in the Bragg—Brentano geometry in the angular
range of 20 = 20-100°, with a step of 0.03°; and the time of the spectrum set was 1 s at
a point. Before processing and analyzing the obtained diffraction patterns, Cu-kx2 was
subtracted from the spectra by a mathematical operation.

The phase composition was determined by selecting the corresponding phases from
the PDF-2 (2016) database; the phase selection was based on the coincidence of the positions
of the diffraction maxima of the experimentally obtained diffraction patterns with the
results of the database with a coincidence of the positions with a probability of more than
85-90%. The contributions of each phase to the composition of doped ceramics were
estimated by recalculating the contributions of each phase using Formula (1) [31]:

RIphase
4
Lngmixture + RIphase

M

Vadmixture =

where Iy, is the average integrated intensity of the main phase of the diffraction line,
Ligmixture 15 the average integral intensity of the additional phase, and R is the structural
coefficient (equal to 1.45).

The structural deformation degree was determined by calculating the ratio of changes
in the values of interplane distances for the main diffraction lines as a result of an increase
in the dopant concentration.

The porosity of ceramics was determined by calculating changes in the density of
the ceramics and the volume of the crystal lattice as a result of changes in the phase
composition and the concentration of the dopant.

Determination of the crystallinity degree of ceramics was carried out by assessing
the area of diffraction lines and their subsequent approximation using pseudo-Voigt func-
tions, as well as the calculation of the contribution of disordering regions and amorphous
inclusions in the ceramics.

2.5. Study of the Optical and Dielectric Properties of Ceramics

To study the doping effect on the optical properties of ceramics, the UV-vis spec-
troscopy method was used, which allowed us to evaluate the changes in the transmission
and absorption capacity of ceramics, as well as to determine the band gap reflecting the
change in electron density. The UV-vis spectra were captured in the wavelength range
from 300 to 800 nm, and a Jena Specord-250 BU analytical spectrophotometer was used to
capture the spectra. The spectra were recorded using the diffuse reflection method using
an integrating sphere. BaSO4 was used as a standard. The resolution was 1 nm, and the
scan rate was 5 nm/s.

2.6. Determination of the Manganese Absorption Efficiency

To determine the effect of the dopant concentration and, consequently, the phase
composition of the ceramics, on the purification efficiency of the model medium from
manganese, a standard method for determining changes in the optical density of the model
solution in the wavelength range of 440-460 nm was used. The concentration of manganese
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in the model solution was 22 mg/dm3. The absorption efficiency was determined at
different concentrations of ceramics in the solution, which were 0.001, 0.005, and 0.01 g; the
absorption time was 1 h.

The manganese absorption efficiency was determined using Formula (2) [32]:

Absorption_ef feciency = (COC_C) * 100%, (2
0

where Cy and C are the concentration of manganese in the initial solution and after absorption.

3. Results and Discussion

Figure 1 shows the results of the study of the morphological features of synthesized
ceramics depending on the dopant concentration. As can be seen from the presented SEM
images, in the case of the initial undoped ceramics, the morphology was represented by
conglomerates of grains, spherical or spherelike in shape, the size of which were 70-90 nm.
It can be seen that the formed grain conglomerates had a dendritelike structure consisting
of 10-20 grains soldered together. For samples with a concentration of Sm;O3 equal to
x = 0.10 mol, there were no significant differences from the original samples. However,
significant changes in the morphological features of the grains were manifested with an
increase in the concentration of SmyO3, and were expressed in the form of a decrease in
the grain size to 30-50 nm, as well as the formation of dendrites with a more developed
branch structure. A decrease in the grain size leads to an increase in the specific surface
area, as well as the formation of a large number of grain boundaries, which can play an
important role in absorption reactions. As is known, the smaller the grain size, the larger
the specific surface area of its surface, thereby a larger area is involved in absorption or
decomposition reactions. Increasing the specific surface area is the basis of one of the ways
to increase the efficiency of catalytic reactions.

100 nm

(d) (e)

Figure 1. SEM images of synthesized ceramics: (a) pristine sample; (b) x = 0.10; (c) x = 0.15; (d) x = 0.20; (e) x = 0.25.
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Figure 2a shows the results of a comparative analysis of grain sizes determined using
scanning electron microscopy (SEM), X-ray diffraction (XRD), by sizing using the Scherer
equation, and laser diffraction analysis (LDA). As can be seen from the presented data,
in the case of the initial ceramics and in those doped with a Sm;O3 concentration equal
to x = 0.10, there was a good agreement of the grain sizes determined by three different
methods, with an accuracy within the error limits. In this case, as shown in the SEM images,
at a SmpO3 concentration above x = 0.10, a decrease in the grain size was observed. In
this case, there was a slight deviation in the results of grain sizes determined by the LDA
method, which was associated with the formation of compressed agglomerates of irregular
shape, which led to a slight increase in the average value of grain sizes.
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Figure 2. (a) Results of a comparative analysis of grain sizes; (b) results of the specific surface area determination.

Figure 2b shows the results of the specific surface area (Sgpr) determination, which
was calculated using the Brunauer-Emmett—Teller method and Formula (3):

SgeT = 6/(0x*DBET), 3)

where px is the density of ceramics, and Dggr is the grain size.

As can be seen from the presented data, a decrease in the grain size led to a significant
increase in the Sgpt value for ceramics with a Sm;O3 dopant concentration above x = 0.10.

Figure 3 shows the results of the phase analysis performed on the basis of the obtained
X-ray diffraction patterns. In the initial state, the synthesized ceramics consisted of a cubic
phase of SrTiO3 of a perovskite-like structure, without the presence of impurities in the form
of oxides or carbides of titanium or strontium. The absence of impurities was due to the
fact that under the selected conditions of heat treatment after mechanochemical synthesis,
the structure of perovskite of the ABO; type was formed by phase transformations of
titanium oxide and strontium carbonate, with complete carbon burnout [33,34]. At the
same time, the analysis of the shape and position of the diffraction lines indicated the
presence of deformation distortions and stresses in the structure caused by the synthesis
process and subsequent sintering [33-35]. According to the estimation of the crystal lattice
parameters performed using the Nelson-Taylor technique implemented in the DiffracEVA
v.4.2 program code, it was found that for the initial sample, the crystal lattice parameter
was a = 3.8797 A, the lattice volume was V = 58.40 A3, and the deviation of parameter a
from the reference value was 0.65%.
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Figure 3. (a) Data of X-ray diffraction patterns of synthesized ceramics depending on the concentration of the Sm;O3 dopant;
(b) detailed representation of changes in the position and shape of the main reflexes depending on the dopant concentration.

For samples doped with Smy0O3, one of the characteristic changes was the appearance
of a number of new diffraction reflexes in the region of 26 = 25-40°, the intensity of which
and, consequently, the contribution, increased with an increase in dopant concentration.
According to the phase analysis, these diffraction reflexes corresponded to the cubic phase
of SmyO3 with the spatial syngony Ia-2(206). At the same time, the evaluation of diffraction
reflexes, their position, and shape showed the absence of any phases other than SrTiO; and
Sm,0O3, which indicated that doping led to the formation of a multiphase superposition
system of two phases. In the case of samples with a dopant concentration of x = 0.10 and
0.15, a stratification of the main diffraction reflexes characteristic of mechanical eutectic
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was observed. This behavior of diffraction reflexes indicated that an increase in the dopant
concentration led to an increase in the superposition of two phases insoluble in each
other. An increase in the concentration above x = 0.15 led to the absence of stratification of
diffraction reflexes, the formation of a stable structure with a high crystallinity degree, and
small deformations of the structure [36-38].

The presence of double peaks at low concentrations of the SmyO3; dopant was due to
the similarity of the structural characteristics (see Figure 3b), which made it possible to
identify these phases. At the same time, at low concentrations, the dopant had a significant
effect on the structure deformation due to the sintering and implantation processes. This
effect led to the asymmetry of diffraction reflections, as well as their stratification. At high
concentrations of Sm;QOj3, the process of substitution and insertion was carried out to the
end, which led to an increase in the structure ordering, which was evidenced by an increase
in the crystallinity degree. An increase in the SmyO3; dopant concentration above x = 0.15
led to an increase in the intensity of diffraction reflections characteristic of Sm,O3, which
in turn indicated an increase in the contribution of the Sm;O3 phase to the structure of
ceramics. The absence of peaks characteristic of complex phases also indicated that doping
led to the formation of a solid solution of a mixture of two phases, insoluble in each other,
without the formation of intermediate compounds.

Figure 4a shows the results of determining the phase composition using Formula (1).
As can be seen from the data presented, a change in the dopant concentration led to
the formation of the Sm,;O3 phase in the structure of ceramics from 5 to 15%, while an
increase in the concentration from 0.15 to 0.20 led to a slight increase in the Sm;O3 phase in
the structure. This behavior of the phase composition may have been due to the eutectic
compositions of ceramics. An increase in the Sm;O3 phase, as shown by the data of changes
in the crystallinity degree, led to an increase in structural orderings and a decrease in the
concentration of amorphous inclusions and disordered regions. In addition, at dopant
concentrations above 0.15, the crystallinity degree increased significantly for ceramics
with no delamination effect on their diffraction patterns (see Figure 4b). The crystallinity
degree was estimated by comparing the contributions of the areas of the main reflections
to the area of background radiation associated with the presence of regions of disorder in
the structure.

100

" %/

85 - %/

Crystallinity, %

804

0.00 0.05 010 015 020 025 75 — —T T —T 7
. X . : : : 0.00 0.05 0.10 0.15 0.20 0.25
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y (b)

Figure 4. (a) Results of the phase composition of ceramics depending on the dopant concentration; (b) results of changes in

the crystallinity degree.
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Table 1 shows the data of changes in the crystallographic parameters of the studied ce-
ramics depending on the dopant concentration. The density of the material was calculated
using Formula (4):

1.6602)° AZ
P=—"~v——
0

where V) is the unit cell volume, Z is the number of atoms in a crystal cell, and A is the
atomic weight of atoms. The integral porosity of the samples under study was found
according to Formula (5):

4)

P = (1— ) % 100% ®)
Po

where p is the density of the reference sample.

Table 1. The results of the crystallographic parameters of the studied ceramics.

Concentration of Sm;03, mol

Parameter  Phase 0 0.10 0.15 0.20 0.25
Lattice SrTiOs a=3.8797 a=38738 a=38692 a=3.8631 a=3.8615
P araAmeter’ Sm,O5 ] a=11.0231 a=11.0054 a=109731 a=10.9643

Density, g/cm? 5.216 5.240 5.259 5.284 5.298

Porosity, % 331 3.26 2.72 237 1.93

As can be seen from the data presented, an increase in the dopant concentration,
and therefore the contribution of the SmyOs3 phase, led to a change in the crystal lattice
parameters, as well as a decrease in the porosity of the ceramics. At the same time, a
decrease in porosity was associated with an increase in the density of ceramics associated
with an increase in structural ordering and a decrease in the concentration of disordered
regions in the structure of ceramics. It should also be noted that the most pronounced
changes in the density of ceramics were observed for structures with a dopant concentration
above x = 0.15.

At the same time, according to the estimation of the deformation of the crystal lattice,
the main contribution to its distortion for the SrTiO; phase was made by tensile stresses,
while for the SmyO3 phase at low concentrations, the deformation occurred due to the
compression of the lattice, which was due to the presence of two phases in the structure
of the ceramics and mechanical eutectic. An increase in the concentration of Sm,O3
and, accordingly, the contribution of the cubic phase of Sm;Oj3 also led to a transition
to deformation processes of stretching the crystal lattice (see Figure 5). This behavior of
deformation contributions may have been due to the absence of the possibility of formation
of complex phases under the selected synthesis conditions, as well as partial substitutions
of strontium or titanium atoms with samarium atoms, which can occupy both positions in
the lattice nodes and in the interstices.

Figure 6a shows the results of changes in the optical properties of the ceramics de-
pending on the dopant concentration, presented in the form of optical transmission spectra.
The main changes in the optical properties of the synthesized ceramics can be expressed in
the form of a shift of the fundamental absorption edge, which characterized the change
in the electron density and the band gap, as well as the appearance of several additional
absorption bands in the 450-600 nm region. The logarithm of the ratio of the optical
transmission spectra (To(A)/T(A)) and their representation in the energy scale allowed
us to obtain a more pronounced picture of the induced absorption spectra, as well as to
determine their maxima (see Figure 6b). According to the data obtained, an increase in the
concentration of the SmyO3; dopant led to the formation of and an increase in the intensity
of induced absorption bands, with maxima at 2.63 eV, 2.94 eV, and 3.03 eV. The presence of
such maxima was associated with the contribution of samarium oxide and the formation
of additional absorbing centers.
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Figure 6. (a) Transmission spectrum data for the studied ceramics; (b) induced absorption spectra resulting from doping;

(c) Tauc plots for determination of the band gap.
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The determination of the band gap (E¢) was carried out by analyzing the obtained
UV-vis spectra and Tauc plots using Formula (6):

« = A(hv — Eg)'/?, (6)

where A is a constant, and hv is the photon energy.

The results of change in the band gap shown in Figure 6¢ showed that an increase
in the concentration of Sm;QOj3 led to a shift in the fundamental absorption edge and an
increase in the band gap from 2.93 eV to 2.99 eV at the maximum value of the dopant
concentration. This behavior of the change in the band gap was associated with the
electronic structure of samarium oxide, the formation of the phase of which led to a change
not only in the structural properties, but also in the optical ones.

Figure 7 shows the results of the change in the concentration of manganese in the
model solution after the absorption reaction for 1 h for different concentrations of ceramics
placed in the solution. The concentration was calculated based on the change in the optical
density of the solution. As can be seen from the data presented, the concentration of man-
ganese in the solution for undoped ceramics was quite high, and exceeded 15-17 mg/dm3.
At the same time, an increase in the content of ceramics from 0.001 g to 0.005 g led to a
slight decrease in the concentration, which indicated the absorption efficiency due to an
increase in the mass of the absorbent. However, an increase in the mass of ceramics to
0.01 g did not lead to significant changes in the manganese concentration decrease in the
solution, which indicated the saturation effect.

25
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5 . e 0005¢g
> A 001g
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Figure 7. Results of changes in the concentration of manganese as a result of the absorption reaction
for the studied ceramics. The dotted blue line indicates the concentration of manganese without dye.

For doped ceramics, according to the obtained optical density results, it was clear
that an increase in the dopant content, which led to a change not only in grain sizes, but
also in structural and optical properties [28,30], led to a decrease in the concentration of
manganese and an increase in the absorption efficiency. At the same time, as in the case
of the initial ceramics, an increase in the content from 0.005 g to 0.01 g did not lead to a
significant increase in the absorption efficiency. Figure 8 shows the results of the absorption
efficiency for the studied ceramics, calculated using Formula (2).
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Figure 8. Results of the manganese absorption efficiency depending on the dopant concentration.

According to the data obtained, it can be seen that in the case of initial ceramics, the
purification efficiency was no more than 23-27%, depending on the content of ceramics in
the solution. Doping of the ceramics with samarium oxide with a concentration of x = 0.1
led to an increase in the efficiency of 15-20% compared to the initial ceramics, while an
increase in the content of ceramics in the solution from 0.001 g to 0.005 g and 0.01 g also
led to an increase in the absorption efficiency by 15%. It is worth noting that such an
increase in efficiency with an increase in the content from 0.001 g to 0.005 g and 0.01 g
was preserved for all doped ceramics. The most effective were ceramics with a dopant
concentration x = 0.2-0.25 mol, for which the absorption efficiency was more than 70-80%
for a content of 0.001 g, and more than 90% for a concentration of 0.005 g and 0.01 g. In
this case, we concluded that the use of these types of ceramics allowed the absorbance of
almost all of the manganese from the aqueous medium, reducing its concentration to 3-5%
of the initial value. At the same time, tests for long-term operation, consisting of the reuse
of these ceramics for purification from manganese, showed that doped ceramics retained
their efficiency for 5-7 consecutive cycles, with a slight decrease in efficiency after 5 cycles
by 5-10%, while undoped ceramics lost their absorption efficiency after 3 cycles.

4. Conclusions

The paper presented the results of a study of the effect of doping with samarium
oxide of ceramics based on strontium titanate obtained by solid-phase synthesis followed
by thermal annealing at a temperature of 1100 °C. During the conducted studies, it was
found that an increase in the dopant concentration led to the formation of a superposition
system of two phases of SrTiO3 and SmyOj3, with the dominance of the cubic SrTiO3 phase
in the structure. It was found that an increase in the contribution of the SmyO3 phase led
to an increase in structural orderings and a decrease in the concentration of amorphous
inclusions and disordered regions. During the study of the optical properties of ceramics
based on transmission spectra, it was found that an increase in the concentration of the
Sm;0O3; dopant led to the formation and increase in the intensity of induced absorption
bands with maxima at 2.63 eV, 2.94 eV, and 3.03 eV. The evaluation of the efficiency of the
use of synthesized ferroelectrics as catalysts for the purification of aqueous media from
manganese showed that an increase in the concentration of the Sm;O3 dopant led to an
increase in the purification efficiency by 50-70%.
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