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GENERAL CHARACTERISTICS OF THE WORK

Relevance of the topic and the degree of development. Nanopar-
ticles have unusual physicochemical properties compared to the bulk
crystals of the group to which they belong. The production properties
of nanomaterials can be controlled by directly controlling the for-
mation reactions and interactions of nanoscale particles. Nano-sized
materials have a wide range of applications due to their unique physi-
cal properties. Such materials are widely used in the development of
new types of sensors, energy converters, the creation of new types of
supercapacitors, etc.

Nanomaterials, especially, semiconductor nanoparticles due to the
quantum effects, interesting optical, electrical, and other properties
observed in them are considered promising materials for industrial ap-
plication. Many transition metal chalcogenides (sulfides and seleni-
des) are considered effective catalysts for the degradation of organic
pollutants due to their bandgap energy and the spectrum coincides with
the visible region of the solar spectrum. CdS and ZnS binary semicon-
ductor compounds, with a bandgap value of 2,4 eV and 3,6 eV, respec-
tively, are the most widely studied materials in terms of degradation
of organic pollutants and application in photovoltaic devices. Subse-
quent studies have shown that the CdS compound becomes unstable
as a result of radiation, damaging the photocatalyst and releasing toxic
free cadmium ions into the environment, resulting in photocorrosion
of the compound. Although ZnS is considered a useful material in cor-
rosive environments, it has not been possible to use it as a catalyst in
the visible light range due to its wide bandgap energy.

Thus, in order to overcome these shortcomings, it is necessary to
synthesize binary sulfides in the form of hybrid materials or ternary
semiconductor compounds. CdZnS nanomaterials are considered to be
more efficient materials as broad-spectrum absorption and bandgap
energy compounds than binary compounds.

Currently, binary and ternary semiconductor metal chalcogenides
are synthesized in various methods in the form of CdS, ZnS, or
CdxZn1«xS compounds. These compounds are used in photonics and
optoelectronics in the manufacture of photovoltaics, solar cells,



electroluminescence devices for cathode ray tubes, emission displays,
and photocatalysts as affordable materials.

Metal nanoparticles are unstable under normal conditions due to
their high surface energy in the dispersed state. Different types of sta-
bilizers (polar and non-polar) are used to prevent the agglomeration of
such nanoparticles in colloidal systems. During the synthesis of sam-
ples, the concentration of initial reagents, temperature, pH value, etc.
parameters should also be considered along with the reaction environ-
ment and technological conditions. Each of the selected parameters
significantly affects both the structure and the physical and chemical
properties of the formed nanoparticles.

The object and subject of the research. The CdxZny xS nanopar-
ticles obtained by sonochemical and SILAR methods using various
stabilizers (PVA, 3MPA, and styrene) have been the object of this re-
search. The main subject of this research is the study of the effects of
technological conditions on the structure and physical properties of
synthesized binary and ternary CdxZn1-xS nanomaterials.

The aims and purpose of the research. The main purpose of the
dissertation is the synthesis of CdxZn1xS nanoparticles in different
technological conditions, and the study of their structure, optical and
dielectric properties, surface morphology, and chemical composition,
affecting crystallization environment parameters on the properties of
formed nanoparticles.

The following tasks have been completed to achieve the set goal:

—the selection of initial reagents in the synthesis of binary and ter-
nary semiconductor compounds and optimization of reaction pa-
rameters;

—sonochemical synthesis of nanoparticles CdxZni xS (x=0; 0,2; 0,4;
0,6; 1) by influence of inert gas;

—the synthesis of Cdo.sZnosS nanoparticles using different stabi-
lizers (PVA, 3MPA, and styrene) and a study of the effect of these
stabilizers on the properties of the formed nanoparticles;

—synthesis of CdxZn1-xS (x=0; 0,01; 0,1; 0,2; 0,4) nanoparticles by
co-sorption of cations by the SILAR method,

—the formation of Cdo.2Zno.gS nanoparticles by the SILAR method
at different reaction temperatures and the study of the role of the



formation temperature in the properties of the formed nanopartic-
les;

—study of the effect of thermal annealing on the structure and opti-

cal properties of samples obtained at room temperature.

Research methods. Structural properties for phase identification of
samples X-ray diffraction (XRD) analysis; optical properties in the ul-
traviolet-visible (UV-Vis) region to record the absorption or transmit-
tance spectra of the sample UV-Vis spectrophotometer (wavelength
190-1100 nm); electromagnetic in the infrared (IR) region IR spectros-
copy (at frequencies 400-4000 cm™?) for the study of spectra of nano-
materials as a result of absorption or irradiation of rays; dielectric meas-
urements for the study of temperature and frequency dependences of the
dielectric constant (at frequencies 10-107 Hz); optical microscopy,
which allows magnifications of the sample surface through visible light;
scanning electron microscopy (SEM) to determine the shape and size of
the formed particles; energy dispersive X-ray analysis (EDX) methods
are used to determine the stoichiometric composition.

Basic provisions for defense:

1. Dependence of the stoichiometric composition of particles ob-
tained during the formation of CdxZn1xS nanoparticles by the SILAR
method on the type of used matrix and the formation temperature;

2. The effect of various stabilizers on the size and optical properties
of obtained nanoparticles by sonochemical method,;

3. The influence of reaction parameters (type and concentration of
electrolyte solution) on the electronic spectra of nanoparticles;

4. The effect of different formation cycles on the distribution of
ions along the layer thickness by the SILAR method,;

5. The changes in the physical properties of CdxZni-xS nanoparti-
cles depend on the technological conditions of SILAR and sonochem-
ical synthesis methods.

Scientific innovations.

1. For the first time, different combinations of CdxZn1 xS com-
pounds have been synthesized in two different methods (sonochemical
and SILAR) and their properties have been studied;

2. The investigated samples have been synthesized for the first time
using various stabilizers (PVA, 3MPA, and styrene) and their effects on
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the properties of the formed nanoparticles have been studied;

3. CdxZn1-xS nanoparticles have been formed by the SILAR method
at different reaction temperatures using a PVA polymer matrix, and the
temperature dependence of the properties of the obtained materials
has been studied;

4. Cdo.2ZnosS/PVA nanocomposites have been synthesized at dif-
ferent formation cycles by the SILAR method, and the volume distri-
bution of cations has been studied.

The theoretical and practical significance of the research. The
optimization of reaction parameters for the formation of CdxZn1-xS na-
nomaterials by sonochemical and SILAR methods has been carried
out. This approach can be used as a model for similar research. The
fact that the obtained compounds have favorable structural and physi-
cal properties and that these properties can be controlled by various
stabilizers makes them of practical importance.

Approbation and application. The main provisions of the disser-
tation and the results obtained have been discussed at a number of sci-
entific conferences at the national and international levels and pub-
lished in their materials:

—5M International Conference “Nanotechnologies” (Tbilisi, 19-22
November 2018);

—1% International science and engineering conference (Baku, 29—
30 November 2018);

—Second international scientific conference of young scientists and
specialist Multidisciplinary approaches in solving modern problems of
fundamental and applied sciences, ANAS-75, (Baku, 03—-05 March
2020);

—2" International Conference on Light and Light—Based Technol-
ogies (Ankara, 26-28 May 2021).

Name of the organization where the dissertation work is exe-
cuted. The dissertation work has been carried out in the Scientific La-
boratory of Nanoresearch at Baku State University.

Structure, volume and main content of dissertation work. The
dissertation covers a total of 161 pages, including 53 figures, 8 tables,
introduction, 4 (four) chapters, results, list of 158 references used, abbre-
viations and a list of symbols. The volume of the dissertation (with the
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exception of gaps and pictures in the text, tables, graphs, appendices
and list of reference) — 172923 characters (introduction — 11122,
Chapter | — 51076, Chapter 11 — 29913, Chapter 111 — 59077, Chapter
IV — 19049, result — 2686 characters).

CONTENT OF THE DISSERTATION WORK

In the introduction, the relevance of the topic is substantiated, in-
formation has been given about the goals and objectives of the work,
the object and subject of research, research methods, scientific nov-
elty, practical significance, and other important characteristics of the
work.

In the first chapter a review of the literature on the structure, phys-
ical and chemical properties, and application field of CdS, ZnS,
CdznS nanoparticles synthesized by sonochemical and SILAR meth-
ods. In this chapter, the properties of the synthesized materials change
as a result of the influence of various parameters, as well as the possi-
bility of variation of their properties depending on these parameters,
the reaction parameters optimized in terms of potential application are
identified.

The second chapter is devoted to the synthesis methods of CdxZn:-
xS nanoparticles. The selected initial reagents, their properties, and pa-
rameters are noted here, and the technology used by two methods (SILAR
and sonochemical methods) in the obtaining of samples is described in
detail. The CdxZn:»S based nanoparticles have been synthesized in a
PVA polymer matrix by the SILAR method using different initial rea-
gents at different cycles. So that, two pairs of cation sources have been
used in the reaction for the precipitation of nanoparticles: the first (1) cat-
ion sources — cadmium acetate dihydrate (Cd(CH3COQ),-2H,0) and zinc
acetate dihydrate (Zn(CH3COOQ).-2H>0), the second (I1) cation sources—
cadmium nitrate dihydrate (Cd(NOs)2-2H20) and zinc sulfate heptahy-
drate (ZnSO4-7H20). The samples have been synthesized at room tem-
perature for 5 cycles. The sorption time has been chosen to be 40 minutes
in all experiments.

The reaction has been carried out at 1, 2, and 5 growth cycles to
determine the physical changes that occurred in the synthesized
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samples, as well as the effect of the cycle number on the structure of
the compounds. Furthermore, the reaction has been carried out at 3
temperatures — 25°C (room temperature), 40°C, and 65°C to determine
the effect of the growth temperature on the physical properties of the
obtained materials.

Besides studying the effect of temperature on the formation pro-
cess, the effect of thermal annealing on the properties of samples syn-
thesized at room temperature has been studied. For this purpose, the
samples have been thermal annealed in a vacuum oven at 60°C and
120°C for 5 hours. The properties of the obtained samples have been
investigated and compared with the properties of the initial samples.

Furthermore, the information about the sonochemical method and
the formation process of nanoparticles obtained by this method utiliz-
ing various stabilizers is described. Thus, CdxZn:1 xS nanoparticles of
different composition (x=0; 0,2; 0,4; 1) have been synthesized by
sonochemical method. The aim was to study the effect of stabilizers
on the properties of formed nanoparticles.

Thus, different compounds have been synthesized with the same
stabilizers. At the same time, the same compositions have been syn-
thesized with different stabilizers. CdxZn:1«xS nanoparticles have been
synthesized in various combinations for different values of x.

To study the interaction of different stabilizers (PVA, 3MPA, and
styrene) with nanoparticles, Cdo.4ZnosS has been synthesized with
these stabilizers. The percentage of stabilizers in the solution has been
selected as 2% and 7%. All reactions have been carried out at room
temperature for 2 hours and the reaction medium has been continu-
ously exposed to nitrogen gas to prevent oxidation.

The reaction in different ratios was as follows:

Cd?*+Zn?*+5%>CdS/ZnS/CdxZny +S. (1)

Detailed information about of XRD, UV—-Vis spectrophotometer,
IR spectroscopy, optical microscopy, SEM, EDX investigation meth-
ods is described at the end of the chapter.

In the third chapter structural and physical properties of the ob-
tained samples have been devoted to research. Initially, the peaks
20=26°, 37°, 43° observed from the XRD of the CdS/PVA thin film
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obtained by the SILAR method were attributed to the CdS formed in
the hexagonal phase (100), (102) and (110), which correspond to Mil-
ler indices.

Figure 1.1 shows the XRD pattern of CdxZn1 xS/PVA samples syn-
thesized by the I cation source. The peaks observed at 20<22 ° belong
to the PVA polymer matrix. The peaks observed at 26=26° and 43°
which confirms the formation of the CdxZn1 xS crystal with a hexago-
nal structure. These peaks correspond to the (002), (110) Miller indi-
ces. As the concentration of Cd?* ions in the solution increases, the
diffraction peaks shift to smaller angles. This shift is explained by
Bragg's law.
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Figure 1. XRD patterns of CdxZn1 xS/PVA nanocomposites synthesized using | and
Il cation sources. 1 — CdxZn1 xS/PVA (x=0,01(a), 0,1(b), 0,2(c), 0,5(d), 0,8(e)) and
2 — CdxZn1-xS/IPVA (x=0,1(a), 0,2(b))

The main peaks in the XRD pattern of CdxZn: xS/PVA (x=0,1, 0,2)
nanocomposites synthesized by the Il cation source correspond to
CdxZn1S with a hexagonal structure (figure 1,2). Other peaks in the
range of 20<22° are related to the PVA polymer matrix.

At the same time, the effect of the number of cycles on the stable
reaction parameters on the physical properties of the formed nano-
materials has been studied. In this case, the weakly observed peak in the
sample synthesized in 1 cycle has been attributed to the PVA polymer.
Diffraction peaks for CdxZn1-xS nanoparticles have been observed more
intensively in the 2 cycled synthesized samples. Experiments have
shown that as the number of cycles increases, the particles size and the
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degree of crystallization is decreased, half-width of the diffraction

peaks are decreased.
The XRD pattern of CdxZn1 xS/PVA compounds obtained by sono-

chemical methods is shown in Figure 2.
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Figure 2. XRD patterns of sonochemically synthesized nanocomposites. 1 — CdS /
PVA (x=1), 2 — CdxZn1.xSIPVA (a) x=0, b) x=0,2, c) x=0,4)

In figure 2.1. are shown the XRD patterns of the CdS/PVA nano-
composite (20°<20<60°). Here, the peaks observed at 26=25,87°,
43,10°, 53,07° confirms the formation of CdS nanoparticles in the cu-
bic phase. The observed peaks correspond to the Miller indices (111),
(200), (311), respectively. Other observed peaks are attributed to the
CdS combination formed in the hexagonal phase. The 3 main peaks in
the XRD pattern of the ZnS nanoparticles (figure 2.2(a)) correspond
to ZnS with a cubic phase formation of 27,89°, 48,18°, and 58,38°.
These peaks correspond to the (111), (220) and (311) Miller indices,
respectively. The main peaks 26=22,79°, 46,81°, 55,76°, and
20=27,40°, 45,82°, 54,12° in the XRD results of the Cdo2ZnosS and
CdosZnoeS nanoparticles belong to the hexagonal phase of the
CdxZn1«S crystal structure. The Miller indices of the observed peaks
are (101), (103) and (004), respectively. Based on the results of XRD,
it can be noted that as the ratio of Zn?*/Cd?* ions in CdxZni xS nano-
particles increases, all peaks shift to smaller angles. In the solution,
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when x=0, CdxZn1xS nanoparticles belong to ZnS nanoparticles
formed in the cubic phase, at values of x equal to 0,2 (Cdo.2Zno.sS) and
0,4 (Cdo.sZnosS), it was determined that CdZnS nanoparticles formed
in the hexagonal phase. The Debye—Sherrer formula has been used to
determine the size of the formed nanoparticles. The nanoparticle size
for CdS/PV A nanocomposite was calculated to be 3,8 nm, 3,3 nm for
ZnS/PV A nanocomposite, 2,25 nm for Cdo.2Zno.sS/PVA nanocompo-
site, and 2,04 nm for Cdo.4Zno6S/PVA nanocomposite.

The effect of the stabilizers used on the physical properties of these
nanoparticles has been studied by synthesizing the Cdo4ZnosS com-
pound with various stabilizers. The Miller indices of these peaks ob-
served in this case (101), (103), (201) correspond to the parameters of
the crystal lattice in the hexagonal phase of CdxZnixS. The particles
size of these nanocomposites have been calculated and determined to
be 7 nm for Cdo4ZnosS/PVA, 9 nm for Cdg.4ZnoeS/styrene and 5 nm
for Cdo.aZngsS/3MPA.

Thus, during the synthesis of nanoparticles using different stabi-
lizers under the same technological conditions, they all formed the
same structure. However, depending on the type of stabilizer, the par-
ticle size has changed. This is explained by the change in the free
Gibbs energies of these particles as a result of the particle-stabilizer
interaction, depending on the type of stabilizer. That is, stabilizers
used to prevent the growth of nanoparticles have different interactions
with the nanoparticles, depending on their physical parameters. This
has led to differences in the sizes of the nanoparticles. At the same
time, the energy states of the nanoparticles and stabilizers changed as
a result of the surface tension force, which in turn led to a change in
the size of the resulting nanoparticles.

This chapter also provides spectroscopic studies of samples. The
properties of the CdxZn1 xS/PVA nanocomposite have been studied
based on absorbance and transmission spectra with a UV-Vis spectro-
photometer. The values determined for the bandgap value of the sam-
ples obtained by the SILAR method are given in table 1. Here, the Eq
value is shown for samples obtained using different cation sources, at
different values of cation sources — Cd?*/Zn?*, and by changing the
number of cycles.
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The Eq values of the samples obtained by the sonochemical method
are given in table 2.

Table 1. Bandgap values of CdxZn;1_xS/PVA nanocomposites obtained by the SILAR
method

Samples Number Source of Bandgap,
of cycles cation Eq(eV)

CdS/PVA 5 | 2.45
CdoA()langAggS/ PVA 5 | 3.21
Cdo1Zno oS/ PVA 5 | 3.15
Cdo.1ZnoeS/ PVA 5 1 3.10
Cdo2ZnosS/ PVA 5 | 3.05
Cdo2ZnesS/ PVA 5 1 3.14
Cdo2ZnosS/ PVA 1 | 3.25
Cdo2ZnosS/ PVA 2 | 3.13
CdoAsznoAss/ PVA 5 | 3.00
Cdo.sZng.2S/ PVA 5 | 2.80

Table 2. E4 values of CdyxZn1«S nanoparticles obtained by sonochemical method

Samples Eg, (eV)
CdS/PVA (2%) 2,25
ZnS/PVA (2%) 3,80
Cdy2ZngsS/PVA (2%) 2,80
Cdy4Zn, 6SIPVA (2%) 2,45
Cdo4Zny 6SIPVA (7%) 2,45
Cdy.4Zno 6S/styrene (7%) 2,55
CdosZNysS/3MPA (7%) 2,80

According to the results, it can be noted that the bandgap value var-
ies depending on the type of used stabilizers. This change may be due
to the following factors:

1. The XRD view shows that the largest particle size (9 nm) has been
formed when using a styrene stabilizer. The size of the particles synthe-
sized with PVA stabilizer has been 7 nm, and the smallest size (5 nm)
existed when using mercaptopropionic acid. The difference obtained in
the particles size are depend the type of used stabilizer, whether it is
polar or non-polar, its molecular weight, and its spatial structure. It is
assumed that, the interaction between polar molecules and formed na-
noparticles is greater than the interaction between non-polar molecules
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and nanoparticles. Therefore, smaller particles have been obtained when
using polar stabilizers. Thus, nanoparticles’ fast interaction with broken
bonds on the surface. The change in particle size depending on the type
of stabilizing material also led to a change in the bandgap value. The
nanoparticles synthesized with mercaptopropionic acid were the small-
est particles, with a size of 5 nm and a maximum bandgap value (2,8
eV). The Eq value of nanoparticles synthesized with PVA and styrene
stabilizers was 2,45 eV and 2,55 eV, respectively.

2. The second factor is the effect on the optical properties of nano-
particles of changes in the potential energy of their charge carriers and
the change in their effective mass as a result of this change. In this case,
the Schrddinger equation of the system can be written as follows!:

2 [92 92 o2
l6x2+6y2+622

As can be seen from (2), the electronic spectrum of carriers depends
on the parameter V (r). Thus, changes in the interaction of carriers with
the environment also lead to changes in the electronic spectrum. This,
in turn, contributes to the change in the bandgap value during the syn-
thesis of nanoparticles with various stabilizers.

To study the effect of the medium on the properties of nanoparti-
cles, CdS nanoparticles obtained by sonochemical methods have been
placed in different concentrations of three different electrolyte solu-
tions. Based on the absorption spectra, the bandgap value of these sam-
ples has been calculated and given in table 3.

- l Yr)+ V(W) =E¥Y(@T). (2
2m

Table 3. Eq value of CdS nanoparticles placed in electrolyte solutions of different
concentrations

Concentrations / Eq (eV)

Electrolyte solutions 0,01 M 0,1M 1M 2M
CdS+Cd(CHsC00), 3,7 3,3 2,3 2,1
CdS+Cd(NOs), 2,95 2,8 2,75 2,7
CdS+NacCl 3,6 2,97 2,65 2,5

'Paolo D.S., Looking at the Schrddinger Equation For Nanotechnology // International
Journal of Engineering Science and Innovative Technology, 2013, v.2, p.418-410.
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As shown in table 3, the bandgap of nanoparticles depends on the
nature of the medium. From the results obtained, it became clear that
the bandgap value decreased with the increasing concentration of elec-
trolyte solutions. Thus, when CdS was added to a Cd(CH3COz)2 solu-
tion, the bandgap value decreased to some extent as the electrolyte so-
lution density increased. However, in Cd(NOz)2and NaCl solutions, the
bandgap value for CdS has been significantly reduced. This is explained
by the difference in the solubility of CdS nanoparticles in electrolyte
solutions depending on the anionic component of the electrolyte solu-
tion. It has been shown that changes in the medium can change the
bandgap value from 2,25 eV to 3,6 eV. As the concentration increases,
the ionic density of the particles near the surface changes, which leads to
a change in the potential energy of the charge carriers in the nanoparticles.
Changes in potential, in turn, have led to changes in the energy spectrum
of carriers. Asaresult of the measurements, it has been found that in some
cases the bandgap of the nanoparticle is 2 times smaller than that of the
crystals (2,42 eV)?. As noted, changes in the nature of the energy spec-
trum have led to changes in the effective mass of carriers.

At the same time, optical images of cross-sections of
Cdo.2ZnosS/PVA nanocomposites synthesized at different cycles have
been shown in figure 3.

(2) (b)

Figure 3. Optical microscopy images of Cdg.2Zno sS/PVA obtained using the I cation
source in different cycles (a) —2 cycles and (b) -5 cycles.

2Ankan B., Meher S. R., Deepak K.K., Electronic and band structure calculation of
wurtzite CdS using GGA and GGA+U functionals // Condensed Matter: Materials
Science, 2021, p.1-6.
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Figure 3(a) shows optical images of Cdo.2ZnosS/PVA nanocompo-
sites synthesized in 2 cycles and figure 3(b) in 5 cycles. Here, the op-
tical density of the distribution of ions across the volume of the layer
depends on the number of cycles. It has been found that the ions are
more evenly and homogeneously distributed at 2 cycles along the
thickness of the layer. As the number of cycles increased, the distribu-
tion of particles within the volume became heterogeneous. The reason
for this heterogeneity is a combination of several facts:

1) Difference of thermodynamics situation of particles on the sur-
face and volume of the layer: Here, there is only interaction between
the nanoparticles formed along the volume within the layer. On the
surface, nanoparticles interact with the environment in addition to
themselves. For this reason, the difference in energy values on the sur-
face and in volume means that the surface and volume particles have
different Gibbs energy values. Therefore, the location of nanoparticles
on the surface and in volume becomes heterogeneous over time.

2) Decreasing of the ability of ions to penetrate as the number of
cycles increases: Because the PVA matrix is a porous structure, ions
are sorbed at sorbtion centers (porous) during the SILAR synthesis
method. In the early stages of the synthesis process, the centers on the
surface and in the volume of the layer are captured by ions. The sub-
sequent growth process occurs mainly in the area close to the surface.
As the number of cycles increases, the centers on the surface are com-
pletely filled, and the surface is completely covered by these ions.
Thus, in the following periods, the sorbed ions could not penetrate into
the layer and accumulate on the surface. It has been considered that
the heterogeneity of the volume distribution of ions could be due to
the decrease in the ability of ions to penetrate into the layer with the
increasing number of cycles.

3) As a result of interaction of nanoparticles with a double electric
layer: Nanoparticles interact with the polymer matrix to form a double
electric layer. Charged particles with and without a dipole moment in
the medium interact with charged particles of the same name in vol-
ume. This interaction results in the migration of particles. Absorption
in the sorption centers within the polymer matrix has a physical nature
(Van der Waals forces). If the sorption is based on physical absorption,
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the interaction energy of the particles inside the matrix is also not very
large. In this case, the interaction with the environment can lead to the
easy migration of these particles. The optical density of the surface of
nanoparticles depends on the density of the solution, which leads to a
change in the color of the surface of the polymer matrix on the surface.

From the SEM images of Cdo2ZnosS/PVS nanocomposites, it has
been determined that the particle size of the samples synthesized in 2
periods is in the range of 7,4-12,8 nm, and the particle size of the sam-
ple synthesized is in 5 periods is in the range of 8,89-22,7 nm. This is
because as the number of cycles increases, the formed particles ag-
glomerate to form larger particles.

The Cdo2ZnosS/PVA nanocomposites obtained at 2 and 5 for-
mation cycles have been investigated by EDX to determine the stoi-
chiometric composition of the investigated samples (figure 4). Thus,
the atomic ratios of Zn/Cd in the compounds obtained in 2 cycles were
1,3, and in 5 cycles this ratio was 2,3. However, at the beginning of
the reaction, this ratio had to be equal to the theoretically calculated
value (4). This is because the rate of particle formation is weak at room
temperature and that the ratio depends on the number of cycles. It has
been found that the particles haven't formed completely in samples
with a small number of cycles. As the number of cycles increases, the
amount of sorbed nanoparticles is has been increased, too. Based on

Figure 4. Elemental analysis of Cdy 2ZnosS/PVA nanocomposites: (a) — 2 cycles and
(b) — 5 cycles.
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the results of the element analysis, the peaks of the elements Cd, Zn,
and S in the spectrum confirmed the formation of Cdo2ZnesS/PVS
nanocomposites. The peaks of the carbon and oxygen elements are at-
tributed to the polymer matrix.

From the element analysis, the atomic percentages of cadmium, zinc,
and sulfide ions are 3,7, 5,5, and 8,5, respectively. This result indicates
that the atomic percentage of elements in the Cdo.4ZnosS/3MPA com-
pound is approximately equal to the amount of reagents selected in the
first stage of the reaction.

Dielectric properties of the samples obtained by the SILAR method
have been measured in a variable electric field, and at different - 25°C,
60°C, and 100°C temperatures. From the frequency dependence curve
of the dielectric constant at all temperatures, it has been determined
that the value of the dielectric constant of the system decreased with
the entry of Zn?* ions into the CdS/PVA system. As arule, the increase
in dielectric constant in the PVA system with increasing temperature
is due to the increased mobility of dipoles under the influence of tem-
perature and their ability to easily self-align with the external field. At
the same time, according to the Guy—Chapman model, an interfacial
layer is formed between the surface of the nanoparticle and the poly-
mer, which creates a double electric layer with a thickness of about
1 nm, which is closely related to inorganic and organic substances.
The thickness of the double electric layer is directly proportional to
the temperature. That is, as the temperature increases, the thickness
between the double electric layers also increases. Since the value of
the dielectric constant depends on the parameters of the environment,
the thickness of the intermediate layer can also be affected.

For pure PVA, the value of the dielectric constant at 1 kHz at 27°C
is shown as 8,03%. The changes in dielectric constant with the intro-
duction of various metal complexes into the PV A system are explained
by the anion and O — H groups effects of these particles on the poly-
mer. The phenomenon of polarization in PVA systems based on metal
particles can also be influenced by the ionic radii of the metal particles.

3Prabha K. and Jayanna H. S. Studying the Frequency Dependence of Dielectric
Properties of Gamma Irradiated PVA (1-x) PSx Polymer Blends // Open Journal of
Polymer Chemistry, vol. 5, pp.47-54, 2015.
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In the CdxZn1xS system under consideration, the ionic radius of
Cd?* ions is greater than the radius of Zn?* ions. For Cd?*, this value
is approximately r=95 pm, and for Zn, it is r=75 pm. Due to the large
ionic radius, Cd?* ions can be oriented faster under the influence of an
external electric field than Zn?* ions. Due to this, Cd?* ions also con-
tribute to the orientation of the hydroxyl groups of the PVA polymer
and their easy polarization.

Frequency dependence of dielectric constant of CdxZni_xS—based
nanoparticles obtained by sonochemical methods at different temper-
atures (28°C, 40°C, 50°C, 60°C, 70°C, 80°C, 90°C, 100°C) have been
investigated. As can be seen from the frequency dependence graph of
the dielectric constant of CdS nanoparticles, the value of the dielectric
constant decreases with increasing frequency for all samples.

In the fourth chapter the effect of temperature on the properties of
synthesized CdxZn1 xS compounds has been studied. For this purpose,
Cdo.1ZnoeS/PVA, Cdo2ZngsS/PVA and CdosZno2S/PVA samples ob-
tained by the SILAR method at room temperature have been thermally
annealed in a vacuum furnace at 60°C and 120°C for 5 hours.

The samples retained their structure when annealed to 60°C, and
relative amorphization was observed at 120°C. As a result of the ther-
mal annealing of samples, the diffraction angles in the CdxZn; xS com-
bination shifted to slightly smaller angles with an increasing value of
X, and new peaks have been observed in the diffraction pattern. The
sharp peak observed at 2 6=18,5° is a Cd(OH). peak and corresponds
to the Miller index (001).The purely trigonal f—Zn(OH), phase is also
responsible for this peak. This is explained by the formation of the zinc
hydroxide group along with the cadmium hydroxide group. The size
of the nanoparticles was calculated based on the XRD results using the
Debye-Scherrer formula and the bandgap values are given in table 4.

Table 4 revealed that the particle size of the samples obtained at
room temperature differed slightly from the particle size of the thermal
annealed of these samples at 60°C. Thus, the calculated particle size
for the Cdo.1Zno.9S/PVA compound at room temperature was 3,2 nm,
and the particle size after 60°C was 3,7 nm. After 120°C thermal an-
nealing of this sample, it increased by about 2 times and was at 7,8
nm. In the Cdo.2Zno.sS/PVA compound, the size of the particles under
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Table 4. The average size and band gap value of nanocomposites

Sample Temperature R, nm | Eg,eV
Cdo1Zno.sS/IPVA | synthesis at room temperature (sample A) 3,2 | 3,15
Cdo.1ZneeS/PVA | termal annealing T=60°C 3,7 | 451
Cdo.1ZneeS/PVA | termal annealing T=120°C 78 | 3,33
Cdo2ZnosS/IPVA | synthesis at room temperature (sample B) 3,3 3,05
Cdo.2Zno.sS/PVA | termal annealing T=60°C 33 | 3,15
Cdo.2ZnosS/PVA | termal annealing T=120°C 70 | 3,14
Cdo.2ZnosS/PVA | synthesis at T=40°C (sample D) 43 | 3,14
Cdo.2Zno.sS/PVA | synthesis at T=65°C (sample E) 26 | 2,37
CdosZno2S/IPVA | room temperature(sample C) 3,4 2,70
CdosZno.,S/PVA | termal annealing T=60°C 35 | 2,77
Cdo.sZng.2S/PVA | termal annealing T=120°C 11,9 | 2,72

normal conditions and after thermal annealing remained at 3,3 nm,
which showed no change. After 120°C thermal annealing of this com-
pound, the particle size was calculated to be 7 nm. At room tempera-
ture and after thermal annealing at 60°C, the particle size of the
Cdo.sZno.2S/PVA compound was calculated to be 3,4 nm and 3,5 nm,
respectively. Similarly, a significant change in particle size was ob-
served after thermal annealing at 120°C and particle size was calcu-
lated as 11,9 nm.

In all samples, the reason for the increase in particle size at a tem-
perature of 120°C was the increase in the mobility of particles under
the influence of heat inside the polymer matrix and the aggregation of
nanoparticles, ie the occurrence of agglomeration. Another reason was
the softening of the polymer matrix at this temperature and the in-
crease in the intermolecular distance.

These factors lead to an increase in the diffusion coefficient of nano-
particles in the polymer matrix, resulting in an increase in particle size.
The reason for the sharp increase in particle size in samples with high
concentrations of Cd?* ions is the high ionic radius of Cd®* (0,95A) and
the effect of these measurements on the crystal lattice parameters.

The XRD pattern of CdxZn1xS/PVA nanocomposites which ob-
tained different synthesis temperatures is given in figure 5. The inten-
sity of the diffraction peak of the CdxZnixS/PVA nanocomposite
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obtained at room temperature is less than the intensity of the diffrac-
tion peaks of the samples obtained at high temperatures. The sample
obtained at 40°C corresponds to the CdxZn1 xS compound formed in
the hexagonal phase, while maintaining its structure. The structure of
the sample obtained at a temperature of 65°C also corresponds to the
combination of CdxZn: xS formed in the hexagonal phase. Diffraction
angles of 20=42,14° and 51,76° were observed, and these peaks cor-
respond to the Miller indices (110) and (201). In addition, the new ob-
served peak at 20=33,2° refers to CdS formed in the hexagonal phase
and corresponds to the (200) Miller index. The peak observed at
20=38,4° belongs to ZnS, with the Miller index (102) corresponding
to the cubic structure. It is clear from the XRD pattern that peaks per-
taining to both ternary CdZnS and binary CdS and ZnS compounds
were observed.
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Figure 5. XRD pattern of Cdo2ZnosS/PVA samples synthesized at different temper-
atures: a) room temperature, b) T=40°C, c) T=65°C.

The formation of both binary and ternary compounds during the
synthesis of Cdo.2ZnosS/PVA nanocomposites at 65°C was also con-
firmed by the bandgap value. The formation of a ternary CdZnS nano-
composite from the diffraction pattern was observed with more intense
peaks at 40°C. Here, the particle sizes were larger than the particle
sizes formed at a subsequent increase in the synthesis temperature (65
°C). Differences in peaks at different temperature values during the
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Table 4. The average size and band gap value of nanocomposites

Sample Temperature R, nm | Eg,eV
Cdo1ZnooS/IPVA | synthesis at room temperature (sample A) 3,2 3,15
Cdo.1ZneeS/PVA | termal annealing T=60°C 3,7 | 451
Cdo.1ZneeS/PVA | termal annealing T=120°C 78 | 3,33
Cdo2ZnosS/IPVA | synthesis at room temperature (sample B) 3,3 3,05
Cdo2ZnosS/PVA | termal annealing T=60°C 33 | 315
Cdo2ZnosS/PVA | termal annealing T=120°C 70 | 3,14
Cdo2ZnesS/PVA | synthesis at T=40°C (sample D) 4,3 3,14
Cdo2ZnesS/IPVA | synthesis at T=65°C (sample E) 2,6 2,37
CdosZno2S/IPVA | room temperature(sample C) 34 2,70
CdosZno2S/IPVA |termal annealing T=60°C 35 | 2,77
CdosZno2S/PVA |termal annealing T=120°C 119 | 2,72

formation process occurred when the density remained constant. As
the synthesis temperature increases, the diffraction peaks shift to larger
angles. At the same time, smaller particles formed with increasing
temperature.

From the IR spectra of CdxZn:xS/PVA based nanoparticles ob-
tained by the SILAR method at 25°C temperature, the peaks of
1682 cmand 1641 cm™, which are clearly which visible in the spec-
trum facilitate the oscillation of carbonyl groups. In samples synthe-
sized at a high temperature of 40°C, these peaks were shifted to the
right and their intensity was reduced. Such changes are associated with
the formation of a solid solution in the polymer matrix, the vibration
of chemical bonds, the reduction of energy, and, consequently, a de-
crease in the frequency of oscillating motion. These peaks were not
observed in the next increase in the synthesis temperature. This is ex-
plained by the visually observed destruction of the PVA matrix (sof-
tening) at high temperatures.

In contrast to the pure PVA spectrum, the 694 cm™, 676 cm™, and
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692 cm* peaks for each CdxZnixS nanoparticle placed on the nano-
composite were clearly visible. At a temperature of T=65°C, against
the background of a peak of 692 cm™2, several peaks can be observed.
This is explained by the formation of CdS and ZnS compounds in ad-
dition to the hybrid structure of CdxZn1 xS nanoparticles at high tem-
peratures. Sliding in inorganic compounds is due to the stiffness of the
nanoparticles and the elongation of the electron bonds present.

From the SEM images of compounds obtained at different synthe-
sis temperatures (Cdo.2ZnogS/PVA), it was determined that the size of
the particles obtained at room temperature is 53,5-72,8 nm, the size of
the particles obtained at 65°C a temperature is in 4,17-5,04 nm diapa-
son. That is, the reason for the smaller size of the particles is that the
particles formed at the sorption centers do not agglomerate. Under the
influence of temperature, the ability of charged ions to penetrate the
volume of the layer increases and is formed in these centers. Here, the
particles are evenly distributed, completely covering the polymer sur-
face. At 65°C, the particles completely covered the surface of the pol-
ymer matrix, and the particles were tightly packed together. As a result
of the effect of temperature, the rate of particle formation increased,
where smaller particles were formed. Thus, the particles entered the
pores in the polymer matrix.

Elemental analysis of Cdo2ZnosS/PVS nanocomposite obtained at
different synthesis temperatures determined that the Zn?*/Cd?* ratio in
the sample obtained at room temperature was 1,4. However, according
to theoretical calculations based on the amount of initial reagents se-
lected in the reaction, this ratio should have been 4. This is due to the
inability of particles to form completely due to the slow formation rate
at room temperature. Elemental analysis of Cdo2ZnesS/PVA sample
synthesized at 65°C revealed that the ratio of Zn and Cd elements is
3,7. This ratio approximately coincided with the theoretically calcu-
lated ratio of the initially selected reagents. Observations of peaks for
the elements Cd, Zn, and S in the spectrum of the element analysis
confirm the formation of the compound Cdo.2ZnosS.

22



MAIN RESULTS

1. It was determined that the stoichiometric composition of
CdxZn1xS compounds formed by the SILAR method depends on the
parameters of the crystallization medium and the type of sorption cen-
ters. The ratios of the concentrations of the cations sorbed at the ab-
sorption centers at different formation temperatures are different. This
is explained by the fact that the adsorption energies of cations in these
centers are different, and as a result, the ratio of the concentration of
ions absorbed by the sorption centers varies with temperature.

2. Differences in the size and bandgap value of Cdo.sZnosS nano-
particles were obtained with different stabilizers while keeping all
technological parameters (pH, concentration, temperature, etc.) con-
stant. This is explained by the variety of nanoparticle interaction ener-
gies depending on the type of stabilizers used. This is because the sta-
bilizers are polar or non-polar, the values of dipole moments and die-
lectric constant are different.

3. It was found that the bandgap value of nanoparticles changed un-
der the influence of the environment. This is due to the change in the
potential energy of the charge carriers (electron-holes) in the particles
as a result of their interaction with the environment. This, in turn, leads
to a change in the electronic spectra of the charge carriers located inside
the nanoparticles. It was found that when CdS nanoparticles were
placed ina 0,01 M, 0,1 M, 1 M, 2 M concentrated NaCl electrolyte so-
lution, the bandgap value varied from 3,6 eV to 2,5 eV, respectively.

4. The distribution of cations forming particles in the
Cd2ZnosS/ PVA compound obtained by the SILAR method at differ-
ent times was studied along with the thickness of the layer. It is shown
that the nature of the distribution has changed depending on the num-
ber of maturation periods. Thus, according to the results of elemental
analysis, the distribution is homogeneous in two maturation periods
and non-homogeneous in five maturation periods. In this case, the con-
centration of metal atoms on the surface was at its maximum. This is
due to two factors: a) the effect of the field created by the double elec-
tric field during the maturation process on the redistribution of parti-
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cles and b) the migration processes due to the different energy condi-
tions on the surface and volume.

5. It is shown that the crystalline structure and optical properties of
the synthesized nanoparticles depend on the method of synthesis and the
temperature of formation. Thus, CdS, ZnS, CdxZnixS phases were
formed at 65°C during SILAR formation. Depending on the technologi-
cal conditions, the bandgap energy of the obtained particles (Cdo.2ZnosS)
changed (T=25°C — Eg(sonochemical)=2,8 €V, T=25°C — Eq (siLAr)=3,05 eV,
T=65°C — EqsiLar)=2,37 eV). This was due to changes in particle size
and crystal structure.
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