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Analysis of the problems of synthesis of new nanocrystalline chalcogenide materials
for thermoelectric generators and sodium-ion batteries

The paper analyzes the problems of the synthesis of new nanocrystalline chalcogenide  materials for
thermoelectric generators and sodium-ion batteries. The objectives of the synthesis will determine the best
method to use to create chalcogenide materials for electrodes in real-world applications. The method of direct
solid-phase reaction in a vacuum or in an environment of pure inert gas is the most effective way to generate
novel chalcogenide materials in tiny amounts for the investigation of physicochemical and other
features.With this approach, which is more dependable, it is feasible to produce a pure result free of
contaminants that are inescapable when working with other solvents and precursors. Additionally, in a
consistent synthesis regime, it is differentiated by the stability of the acquired attributes of the compounds.
Synthesis modes, reagents, and post-processing depend on the specific material. The method of synthesizing
alloys in a melt media made up of a combination of potassium and sodium hydroxides is one of the key
techniques employed in the present research. The melting point drops to 165 °C at a certain ratio of the
concentrations of these hydroxides, allowing for the execution of salt exchange processes in the melt. The
size of the resultant chalcogenide particles can be reduced to a few nanometers by lowering the synthesis
temperature, adding water, and shortening the annealing period:

Keywords: thermoelectric materials, copper sulfide, crystal structure, conductivity, diffusion, thermal
conductivity, Seebeck coefficient, superionic conductors.

Introduction

The main reason hindering the creation of competitive sodium-ion batteries (SIB) is the low efficiency
of the available electrode materials. The aim of this research is to generate a very energy-intensive
nanostructured electrode material for sodium-ion batteries that operate at ambient temperature and can be
recharged several times.

SIB cannot currently work at large current densities due to a significant disadvantage of the sodium-ion
electrochemical system, which is a relatively long charge/discharge time. For this reason, one of the goals of
the work is also to increase the rate of charge and discharge processes in SIB electrode materials by
increasing the chemical diffusion coefficient.

As candidates for cathode materials in the framework of this study, highly non-stoichiometric phases of
copper sulfide (digenite and anilite) in the nanoscale state are considered, which can exhibit superionic
properties at room temperature and, in addition, have a high electronic conductivity of the order of 10? —
10°0Om'em!. The structure of digenite and anilite contains many copper vacancies, which can reduce lattice
mechanical stresses and extend the cycle life of the cathode to 100 or furthermore.

Transition metal chalcogenides (TMCh), such as cobalt sulfides, molybdenum sulfides, and tin sulfides,
have been extensively investigated as potential anode materials with high sodium content, easy availability,
and improved safety [1]. However, transition metal chalcogenides have certain defects and disadvantages,
such as low conductivity and large volume changes, which can prevent the diffusion of Na + ions and reduce
the operating current of the cells, and large volume changes can accelerate particle reunification and grinding
(crushing) of active materials. These two unfavorable factors significantly limit the widespread use of
transition metal chalcogenides, which are used exclusively in NIB. Therefore, to minimize volume expansion
and enhance Na" diffusivity, transition metal chalcogenides are typically coupled with conductive carbon
materials [1].

CPM electrodes for NIB based on carbon have been stated fairly often nowadays. The Mai group, for
instance, developed a unique method for synthesizing a mesoporous “yolk” consisting of cobalt sulfide and
an alveolar carbon shell (M-CoS@C) [2]. A mesoporous cobalt sulfide “yolk™ and an alveoloid-like carbon
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shell (M-CoS@C) emerged after annealing, etching in HF, coating with silica and resorcinol formaldehyde,
and annealing.

After 100 cycles at 0.2 A g, the M-CoS@C electrode still has a high reversible capacity of 532 mAh g
!, corresponding to a retention of 87.2 % capacity. On the contrary, the capacity of M-CoS rapidly decreased
to 55 mAh g within five cycles, indicating deterioration of the structure due to a shortage of the spatially
constrained structure provided by the carbon shell.

In addition, the structure of the “yolk” shell also endowed the M-Co@C electrode with impressive
speed characteristics with capacities of 635, 570, 530, 490, 440, 360, 295, and 190 mAh g'at0.1,0.2,0.5, 1,
2,5,10 and 20 A g respectively.

A study by Zhang et. al. [3] obtained self-organizing polygonal CoS: nanoparticles doped with nitrogen
and coated with a carbon layer (N-CoS,@C composites) as an anode electrode for NIB. Figures'A and B
depict the configuration and microstructure of N-CoS2@C, where high magnification TEM images show
that the ordered CoS; is tightly encapsulated in a carbon layer with an average thickness of 0.5 nm, which
should provide a strong barrier to protect intermediate reactants from being dissolved in electrolyte and
create a better conductive path for active materials [1].

Figure 1 — (A) TEM and (B) HREM images of N-CoS2@C composites by [1]

N-CoS»@C provides sodium incorporation reversibility, demonstrating a high incorporation rate. At a
current density of 0.1 A g-1, the N-CoS,@C electrode exhibits an initial high discharge capacity of
814 mA h g -1. The material showed an impressive reversible capacity of 559 mAh g after 1000 cycles at
1 A g'. This is indicative of the excellent stability and reliability of the carbon-coated structure. The data
obtained show that CoS, nanostructures with high sodium storage capacity, easy accessibility, low losses,
and excellent safety can serve as promising anode materials for NIB [1].

Copper chalcogenides.

J. -S.Kim et al. were the first to investigate rechargeable batteries based on sodium/copper
sulfide (Na/Cu,S) [4] using the liquid electrolyte 1M NaCF3;SOs;-TEGDME at room temperature. The initial
discharge curve of Na/Cu,S cells had a slanting form and no apparent plateau area. After 20 cycles, the
capacity dropped to 220 mAh g! from 294 mAh g at the initial discharge. The integration of sodium into the
CusS chalcocite lattice without disentanglement in the second phase explains how the discharge mechanism
occurs.

In the work of J. -L. Yue et. al. [5] CuaSe electrodes on a copper grid substrate were directly fabricated
by a simple post-selenization method and tested as a positive electrode for sodium-ion batteries. Cu,Se
showed a large reversible capacity (about 250 mAh g'), good cyclic stability, and low polarization. These
findings demonstrate that Cu,Se is a promising candidate as a NIB cathode material.

J.Y. Park et. al. [6] obtained and studied electrodes from covellin CuS nanoplates in a sodium-ion cell.
CuS undergoes a series of crystallographic rearrangements throughout the intercalation procedure, and many
of the intermediate phases share crystal structures with one another. A novel capacity recovery behavior is
also demonstrated by the material, which is in stark contrast to the normal conversion reaction systems,
which suffer from substantial capacity loss upon cycling.
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After the initial 13 cycles, the capacity of CuS nanoplatelets with a current density of 0.2 C rapidly
declines to 80 mAh/g. The capacity progressively upsurges to =570 mAh/g, which is near the theoretical
capacity, during the course of the following 90 cycles. The capacity recovers after the initial decline to = 246
mAh g in under 20 cycles at a greater current density (i.e., 3 C), which is an intriguing finding.

When exposed to different current densities between 1 and 5 C, bulk CuS with particle sizes in the
hundreds of micrometers demonstrates outstanding stability. Bulk CuS also offers long-term cyclic stability;
after 1000 cycles at 1C and 5C currents, respectively, the specific capacities were 415 and 406 mAh/g,
correspondingly. With = 93 % capacity retention after the second cycle, cyclic stability is preserved even
after 2100 cycles. Akin to CuS nanoplates, bulk CuS also exhibited capacitance recovery, electrical property
changes, and a plateau in the discharge. The capacity of CuS initially decreases significantly to 392 mAh/g
over the initial 8 cycles at 1C current. The capacity does, nevertheless, return to 429 mAh/g during the next
500 cycles. After a more significant capacity lessening to 276 mAh g!, the capacity recovers more hastily
after 100 cycles at a greater current density of 5 C [6].

According to the conclusions of the authors of [6], the ability of NaxCuS nanoplates to regain their
electrode capacity and resistance to grinding is facilitated by the development of stable grain boundaries and
interphase boundaries. Astoundingly, the aforementioned process is applicable to all materials, as bulk
coarse-grained CuS also shows electrochemical characteristics resembling those of nanowafers.

CuS can be beheld as a potential anode contender for sodium-ion batteries based on contrasts with its
equivalents in lithium-ion batteries. As an outcome, it can be hypothesized that the crystallographic bonds
between the sodium intercalation phases are a crucial part of materials that can be cycled mechanically with
high levels of reliability for sodium-ion battery high-performance conversion processes.

Evaluation of existing methods for the synthesis of chalcogenides.

The intentions of the synthesis will determine the best technique for producing chalcogenide materials
for oxygen reduction catalysts. It is quickly accomplished using the direct solid-phase reaction approach in a
vacuum or in an environment of pure inert gas to synthesize novel chalcogenide materials in tiny quantities
for the investigation of their physicochemical and other features. With this approach, which is more
dependable, it is feasible to produce a pure result free of contaminants that are inescapable when working
with other solvents and precursors. Furthermore, in a consistent synthesis regime, it is differentiated by the
stability of the acquired attributes of the compounds. Synthesis regimes, reagents, and subsequent processing
depend on the specific material and are developed in this work for binary and complex sulfides, selenides,
tellurides of monovalent and transition metals, substituted or doped with other metals, and having different
nonstoichiometry.

The key objective of synthesizing a catalytic material features of which are recognized for profit-
making applications is to provide low-cost goods while preserving valuable qualities discovered via
laboratory research. Since this is thought to lower manufacturing expenditures, nearly all topmost
laboratories now working on functional materials use “soft” chemistry techniques that allow for synthesis at
low temperatures, ideally close to toom temperature.

A process for synthesizing alloys in a melt media made of an amalgamation of potassium and sodium
hydroxides was devised. It is feasible to conduct exchange reactions between salts in the melt when the
melting point drips to 165 °C at a certain ratio of the concentrations of these hydroxides. The size of the
resultant chalcogenide particles can be abridged to a few nanometers by lowering the synthesis temperature
and cutting the annealing period.

Synthesis of nanocrystals of metal sulfides.

Metal sulfide nanoparticles were manufactured using a number of techniques, such as solvothermal
synthesis [7], microwave radiation [8], ultrasonication [9], and surface-passivating high-boiling solvents
used in the thermolysis of precursors from a single source [10-13]. In order to synthesize CuS nanocrystals,
various methods [14—17] for obtaining nanoparticles were also used with different morphologies, such as
nanotubes [18, 9], nanowires [19], and nanoplates [20, 11, etc. [21, 22]. Among the methods for synthesizing
nanocrystals, the method of a single precursor source allows for the acquisition of nanocrystals with good
monodispersity [23], and studies showed that the size and shape of the obtained nanocrystals depended on
the precursor concentration [24], reaction time [25], and temperature [26]. Due to the distinctiveness of the
size-dependent physical and chemical features of nanocrystals [27, 28], researchers continue to pay close
attention to the synthesis of monodisperse nanocrystals [29, 30].

Synthesis of nanocrystals of copper sulfides.
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Longer alkyl chain precursors result in the development of nanosheets, whereas shorter alkyl chain
precursors yield two-dimensional nanosheets. It has also been investigated how one specific precursor
mechanism works. Cu-dithiocarbamate, for instance, is used to create nanowires, quantum dots, and
nanobarrels.

In recent years, most research has focused on the colloidal solution-based synthesis method. Typically,
two separate copper and sulfur precursors are dissolved in an organic solvent such as oleylamine (OLA).
CuCl and copper acetylacetonate are the two utmost prominent copper precursors. The most common form
of sulfur is elemental sulfur. A 7:3 amalgamation of oleylamine (OLA) and octadecene (ODE) was
employed to dissolve the precursors CuCl and element S for the Cu,«S synthesis, for instance.

The heating technique and the hot injection method are two categories for solution-based synthesis. In
the heating method, the reaction temperature is reached after heating two precursors that have been
combined at a low temperature. Using CuCl and S powder as precursors and a solution of oleylamine and
octadecene as solvents, it was possible to grow monodisperse CuS nanoplatelets. In addition, it was found
that changing the ratio of Cu to S can preciously modify the plasma characteristics of CuS particles without
altering their shape and size.

To make assured Cu,S nanoparticles are used industrially, it is necessary to develop a scalable and
reliable synthesis. In order to accomplish this goal, Robinson's team of researchers [31] developed an ultra-
high concentration heating method and synthesized more than 200 g (80 % yield) of nanoparticles as a result
of a single synthesis. In addition, even the large-scale synthesis of 8 — nm roxbyite (Cuig;S) had a size
dispersion of fewer than 10 %. CuCl and S were employed as precursors in this synthesis, while an
oleylamine (OLA)/octadecene (ODE) (7:3) combination was used as the solvent. Distinctively, dissolving
CuCl and S, they are then combined at 50 °C and heated for two hours at 185 °C. The items are then
centrifuged three times while being cleaned with acetone-hexane: The high concentration of the precursor is
indispensable for this process (1000 mMCuCl and 5000 mM S).

Apart from the heating technique, the hot injection technique is yet another sort of colloidal synthesis.
In this case, the sulfur forerunner is usually introduced into the copper forerunner solution at the reaction
temperature. Due to the high stirring temperature, the hot injection reaction is completed much faster
compared to the heating method. For example, CusxS monodisperse particles ranging in size from 2.8 nm to
13.5nm can be synthesized by hot injection within 1.5-3 minutes. Size change can be achieved with
variations in injection temperatures (115 °C — 140 °C). Moreover, the choice of solvent strongly affects the
phase of the synthesized Cu,«S particle. While OLA is used as a solvent, jarleite (Cu;0S) and oleic
acid (OA) are produced, and these substances then cause the covellin (CuS) phase to develop in the form of
particles [32].

Electrochemical deposition, or anodizing, is another simple, inexpensive, and high-throughput method
for directly fabricating a copper sulfide nanostructure on a substrate. Like many other metal oxides, copper
sulfide nanostructures are also grown on Cu substrates or Cu foil as the anode and Ti metal as the cathode in
a voltage range of 1.5 — 8 V in an aqueous solution of Na,S. Accordingly, Cu,S and CuS nanorod and
nanowall arrays were obtained by controlling the voltage and reaction temperature [32].

Hydrothermal method. It is currently one of the methods for synthesis that are employed most
frequently for nanomaterials. The technique makes it possible to increase the solubility of the reagents in the
solvent and accelerate the chemical reaction, achieving rapid supersaturation at elevated temperatures and
pressure. The application of stabilizing/coating agents is also widely used to stabilize narrow size
distributions in 0D and specific high-energy surfaces in 1D and 2D copper sulfide nanostructures. Although
the hydrothermal method is commonly used for slow-growing large single-crystal particles, it demonstrated
that it could create Cu,«S nanocrystals with different morphologies. Cu.«S nanowires, nanotubes, and
nanovesicular structures synthesized employing the hydrothermal synthesis technique effectively. 1-D
structures consist of self-assemblies of Cu,.«S nanoplates and nanoparticles. In addition, it demonstrated that
the methods of hydrothermal and solvothermal synthesis were efficient in the synthesis of CuyS 3-D
superstructures. A three-dimensional structure made of four hexagonal CuS plates, for instance, was
generated by heating copper nitrate and sulfur powder to 140 °C for 24 hours. It measured 200 nm in
thickness and 1 to 1.5 microns in diameter. The 14 chambers in this material, which may be used for
applications like photocatalysts, are intriguing. Other layered structures of CuS, such as color-like structures
and nanospheres, are also synthesized [32, 33].
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Experimental part

Synthesis of nanodispersed phases with sodium-ion conductivity Na,Cu,.,S (0<x<0.25, 0<y<0.25).

As a priority synthesis method, low-temperature chemical synthesis in a liquid medium was considered,
which requires a minimum of time and ensures the yield of a sufficiently pure product in a nanoscale form.

Nanomaterials based on superionic copper sulfide, Cu,<S were chosen as electrode materials.

To select the optimal synthesis technique, an analysis was made of the available literature on the
synthesis of copper chalcogenides over the past decade.

Due to its promising qualities, copper sulfide is the copper chalcogenide that was examined the most.
The direct band gap of Cuz«S, a p-type semiconductor, ranges from 1.2 eV (Cu:S) to 2.0 eV (CuS). Since it
consists of non-toxic and common elements in the earth's crust, it is environmentally friendly. In addition,
numerous non-stoichiometric defects contribute to the ability to control the density of current carriers, and
thus the electrical conductivity of the material, by changing the ratio of Cu to S during synthesis. Compared
to most noble metal nanocrystals, the tunability of the carrier concentration is unique. Controlling the phase
composition, size, and shape of Cu,«S nanoparticles advanced significantly over the past ten years as a result
of the benefits highlighted above. Numerous synthesis techniques are taken into account; such as solvent-free
synthesis, hydrothermal synthesis, solvothermal synthesis, and colloidal hot injection techniques.

Shorter alkyl chains of the precursor cause the emergence of two-dimensional nanosheets, nonetheless,
a longer chain results in the fabrication of nanosheets. In another work, for the synthesis of nanobarrels,
quantum dots, and Cu.«S nanowires, Cu-dithiocarbamate is employed.

In a melt of NaOH and KOH hydroxides, a method established for the - manufacture of nanocrystalline
copper sulfides, Cu,S.

The research is carried out in a fume hood with a coating resistant to heated alkalis and equipped with a
forced ventilation system. The Teflon vessel, in which the reaction is carried out in an alkaline melt, is
reinforced on the outside with a strong metal edging to prevent rupture due to increased pressure inside
during the reaction.

In a Teflon jar, the produced combination of sodium and potassium hydroxides is put in the proper ratio
and heated to melt (about 165 °C). Heat is supplied to the vessel both from below and along the side walls,
for uniform heating throughout the volume. The lid of the vessel should not be tight so that excess vapors
can freely escape from the vessel. The power of the heater after boiling is reduced to a minimum in order to
avoid violent boiling. The operator must wear a respirator and protective gloves.

All reagents (CuCl, Na,S*9H,0) are pre-weighed in the calculated proportion and simultaneously
heating put into a Teflon container.

The vessel is then firmly, sealed with an argon fill once the charge has been full, and a steam release
hole is drilled in the screw cap. During the reaction, a small flow of argon continues to flow into the top
section of the vessel, which creates some excess pressure above the melt surface.

Cuz«S nanoparticles are formed after several hours, usually 15 hours are maintained. The formed
crystals are in the melt in the form of a gel. By incorporating a little amount of water into the melt,
nanocrystal sizes can be lessened. The final result, which takes the shape of a gel clot, is cleaned three times
with warm distilled water before being cleaned again with pure ethanol and allowed to air dry. Particle sizes
ranging from 15 to 90 nm make up the majority of the resultant powder. The process of sedimentation in an
alcohol-filled column is used to separate distinct particle fractions according to size.

Low-temperature liquid-phase chemical synthesis requires less time and cost to obtain a synthesis
product, but has a number of features. Residues of organic components used in the synthesis are difficult to
completely remove, which does not always allow for the acquisition of a chemically pure product, and the
presence of several percent of foreign components in the synthesized phase is almost inevitable. In this case,
X-ray phase analysis does not fix the presence of foreign phases, but the presence of impurities is manifested
in studies on a scanning electron microscope and in spectral chemical analysis. Homogenization at a
temperature not lower than 400 °C allows for minimizing the content of volatile components and increasing
the repeatability of the outcomes of investigations of electronic kinetic coefficients (conductivity, thermal
conductivity, etc.).

In the chemical synthesis of copper chalcogenide nanopowder, the result strongly depends on the
reaction time. The size of the resultant nanocrystals may be dwindled to 8—12 nm by cutting the annealing
period to 5-8 hours. The use of a dispersing medium (for example, diethylene glycol) changes the shape of
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the nanocrystals and reduces their size. In the synthesis of Na,Cu>.«S superionic materials, the incorporation
of a trace quantity of water also makes it possible to vary the size of the obtained nanocrystals.

Electron microscopy.

An examination of the periphery of the samples using a MIRA3 TESCAN scanning electron
microscope confirmed the estimate of the crystallite sizes from the X-ray line half-width. In figures 2-5
below, the materials have a loose structure of blocks of crystallites separated by large pores.

EEM WY D00 WY

BEM HV. 200 kY WD .87 i ! MINAS TESCAN
3 View Saded: 244 s

View flesed 11.2 pen Det: SE

Figure 2 — Photograph of the etched Nayg 15Cu; 35S surface’  Figure 3 — Photograph of another area of the etched
on a MIRA3 TESCAN scanning electron microscope. Nayg.15Cu; 35S surface on a MIRA3 TESCAN scanning
Visible loose nanocrystalline structure electron microscope. Visible nanocrystalline grain
structure and large pores

-
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Figure 4 — Photograph of the etched Nao.125Cuy.75S surface ~ Figure 5 — Photograph of another area of the etched
on a MIRA3 TESCAN scanning electron microscope. Nag.125Cuy.75S surface on a MIRA3 TESCAN scanning
Loose nanocrystalline structure and pores are visible electron microscope. Loose nanocrystalline structure and
pores are visible

Conclusion

Depending on the purposes of the synthesis, the best technique for producing chalcogenide materials for
sodium-ion battery electrodes will be chosen. It is ideal to use the direct solid-phase reaction approach in a
vacuum or in an environment of pure inert gas when synthesizing a novel chalcogenide material in tiny
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quantities for the investigation of its physicochemical and other features. With this approach, which is more
dependable, it is feasible to produce a pure result free of contaminants that are inescapable when working
with other solvents and precursors. Additionally, in a consistent synthesis regime, it is differentiated by the
stability of the acquired attributes of the compounds. Synthesis modes, reagents, and post-processing depend
on the specific material.

The main challenge in the synthesis of an electrode material features of which are known for
commercial applications is to produce low-cost goods while keeping relevant qualities discovered in
laboratory investigations. Due to the lower manufacturing costs, nearly all top laboratories now working on
functional materials use “soft” chemistry techniques that enable synthesis at low enough temperatures.

In this work, as one of the main ones, it is used to generate alloys using a procedure that involves
melting a combination of potassium and sodium hydroxides. The melting point drips to 165 °C at a certain
ratio of the concentrations of these hydroxides, letting for the conduct of exchange processes between salts in
the melt. The resultant chalcogenide particles can be shrunk to a few nanometers in size by lowering the
temperature during synthesis, adding water, and shortening the annealing period.

As studies of recent years show, one of the promising materials for electrodes in sodium-ion batteries is
currently considered covelline CuS. Hundreds of micrometer-sized particles in bulk CuS reveal outstanding
stability and high capacity for a range of current densities from 1 to 5 C. Bulk CuS also offers long-term
cyclic stability, with a specific capacity retention of 406 mAh/g at high current densities (5C) after 1000
cycles. In Na,CuS nanoplates, the development of stable grain boundaries and interfacial boundaries also
helps to restore the electrode capacity and resistance to grinding, prolonging the service life of the cathode.

In light of the results of recent research, the greatest success in the development of electrodes for
sodium-ion batteries can be achieved for composites that combine the active material with nanosized carbon
materials, including those that create a protective shell for particles of the electrode material, which increases
the resistance of the electrode to repeated overcharging.

In consequence, in line with the current trend of looking for novel electrode materials for sodium-ion
batteries, work on the synthesis of copper sulfides of varied compositions and morphologies offers optimism
that the acquired materials may soon be used in practical applications.
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TepMo3JieKTpJIIK reHepaTop/Iap MeH HATPHH-HOHAbI AKKYMYJISATOPJIapFa
APHAJIFAH ’KaHA HAHOKPUCTAJ/IbI XaJIbKOTeHUATI MaTepHaIIapAbl
CHHTe3/Jey MJceJIeJIepiH Tajay

Makanaza TEpPMOINEKTPIIIK T'eHepaTtopiap MEH HaTPHH-HOHABI aKKyMyJLSITOpJIapFa apHajFaH JKaHa
HAHOKPHCTANIbl XaJIBKOTCHHATI MaTepHalJapasl CHHTE3[ey Maceseiepi TaijaHFaH. [IpakTHKaJbIK
JNIEKTPOATAP YLIIH XalbKOTGHHITI MaTepuaiapAbl CHUHTE3/ICYAiH OHTAWIbl TEXHOJIOTHSCH CHHTE3
MakcaTTapbiHa OainaHblcThl. PHU3HMKa-XUMHSIBIK KOHE 0acka Ja KacHeTTepli 3epTTey YIIiH a3 MeJLIepac
JKaHa XaIbKOTCHU/TI MaTepualbl CHHTE3ey BaKyyMlia HEMECEe Ta3apThUIFaH HHEPTTI ra3 arMocdepachiHia
Tikenel KarThl (a3aibl peakius OMICIMEH OHTAWibl Kypridimemi. Byn omic ceHiMIipek >koHE OpTYpIi
epITKIIITEep MEH MPEKypCOpIIapabl Maianany Ke3iHae co3ci3 Kocnackl3 Ta3a OHIMIII alryFa MyMKiHIIK Oepei.
CoHBIMEH KaTap, OJ TYpaKThl CHHTE3 pEXKHMiHE COHKeC alblHFaH KOCBUIBICTApIbIH KaCHETTEPiHIH
TYpaKTBUIBIFBIMEH epekmesneHeni. CHHTe3 peXUMAepi, peareHTTep, KeHiHri eHaey HaKThl MaTepualFa
OaillaHBICTBL. Bys1 KyMmBICTa Kanuil jKoHEe HATpUil TMAPOKCHATEpPi KOCIACHIHBIH OalKbIMa OPTACHIHAAFEI
KOpBITIAJIAPABl  CHHTE3/leY  HETi3ri  KOJIaHBUIATBIH  oxictepiaiH  Oipi.  Ocbl TMAPOKCHATEPIiH
KOHIICHTPANUSACHIHBIH Oenrimi Oip KaThIHachIHAA OanKy TemmepaTypacel 165 °C neiliH Temenaeimi, Oy
KOPBITIIAAFbl  Ty3/ap apacblHOa anMacy peakUMsyIapblH OKyprisyre MyMkiHmik Oepemi. Cunres
TeMIIepaTypachIHbIH TOMEH/ICY1, CYIbIH KOCBUTYBI JKOHE KYWHAIPY yaKbITBIHBIH KbICKapybl HOTIDKECIHE Maiiaa
0OJIFaH XaNbKOTeHH]] OOJIIEKTEPiHIH MOJIIEePiH OipHelIe HAaHOMETpre JAeiiH a3aiTyFa MyMKIHIIK Gepei.

Kinm co30ep: TepMOdICKTPIIK MaTepHanaap, MbIC CylIbQUIi, KPHUCTAIABIK  KYPBUIBIM, OTKI3TiIlUTIK,
i dy3ust, KbUTy OTKI3rITIK, 3e6ek K03 UIMEeHTI, CyIepuOHIBL OTKI3TiIITep.
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AHaJu3 npo0JieM CHHTE3a HOBBIX HAHOKPUCTALIMYECKUX XaIbKOTeHHIHbIX
MAaTepHaJIOB ISl TEPMO3JIEKTPHYECKHUX T'eHEPATOPOB M HATPUII-HOHHBIX
aKKyMYJISITOPOB

B crathe mnpoaHamM3MpPOBAHBI - MPOOJEMbl CHHTE3a HOBBIX HAHOKPUCTAUIMUECKHX XaJbKOT'CHUIHBIX
MaTepHaNoB U TEPMOIIEKTPUUECKUX TE€HEPaTOpoOB M HATPUI-MOHHBIX aKKyMYJIATOpoB. OnTHMaibHas
TEXHOJIOTHS CHHTE3a XaJbKOI€HUAHBIX MAaTEPUANIOB IS 3JIEKTPOJOB MPAKTUYECKOTO IPUMEHEHHS 3aBUCUT OT
neneit cuaTe3a. CHHTE3 HOBOTO XaJbKOT€HUIHOTO MaTepHaia B MalbIX KOJNUYECTBAX JIJIS M3YYCHHS (H3HKO-
XUMAYECKUX W JIDYTHX CBOICTB ONTHMAIBLHO MPOBOJUTH METOJOM MpsMOW TBepJoGda3HON peaknud B
BaKyyMe WIH B aTMOc(epe OUYHMIEHHOTO WHEPTHOTO Ta3a. DTOT METOJ| Ooyiee HaIeKEH M TO3BOJISIET
MOJYYHTh YHMCTBIA MPOIYKT, HE COJCpIKAIIMN MprMecel, HEU30EKHBIX IMPH HUCIOIB30BAHUH Pa3THYHBIX
pacTtBoputeneii u mpekypcopoB. Kpome Toro, ero ominM4aeT CcTaOWIBHOCTh CBOWMCTB IOJy4aeMbIX
COEIMHEHUI MpHU COOMIOCHNH OCTOSHHOTO peXuMa CHHTe3a. PexnMel cuHTe3a, peareHThl, mocrodpaboTka
3aBUCAT OT KOHKPETHOTO MaTepHuaia. B HacTosmeil paboTe B KaueCcTBE OJHOTO M3 OCHOBHBIX HCIIOJIB3YETCS
METOJ CHHTE3a CIUIAaBOB B CpEe pacIulaBa CMECH THAPOKCHAOB Kanus W Hatpud. llpum ompeneneHHOM
COOTHOILIEHUH KOHIEHTpAaUUNd ATUX TUAPOKCHIIOB TeMIlepaTrypa IUIaBI€HUs CHIbKaeTcs 1o 165°C, 4yto
MO3BOJISICT MPOBOJINUTH OOMEHHBIC PEAKIIMU MEXAY COJSIMU B paciuiaBe. CHIKEHHE TEMIIepaTypbl CHHTE3a,
J00aBICHHE BOJBI U COKpPAIICHHE BPEMEHU OT)KUTA TIO3BOJITIOT YMEHBIIUTE pa3Mep 00pa3yroNIUXCs YaCTHI
XaJIbKOT€HHUI0B 10 HECKOJIBKMX HAHOMETPOB.

Kniouesvie cnosa: TepMOIIEKTpUUECKHE MaTepHanbl, CyIb(QHI MeId, KpHCTAIMYecKas CTPYKTypa,
MIPOBOIUMOCTE, (D (y3Hs, TEMIONPOBOAHOCTD, K03(hGuIKeHT 3ecOeKa, CylepuOHHBIE TPOBOJHUKH.
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