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The preparation of ceramic composites based on metal nanopowders allows us to change significantly the
thermal characteristics of the ceramic matrix, which is important for the creation of heat-conducting ceramics
technology.

The work establishes the most efficient method of obtaining nickel nanopowder on a “P-5848" potentiostat by
electrolysis of nickel sulfate (NiSOy) with the addition of boric acid (H3BOj3), thiourea ((NH,):CS) and nickel(Il) chloride
(NiCl). The synthesis of Ni nanopowder was carried out at a current density from 1.0 to 3.3 A/dn’ and at a temperature of
45-65 °C, where a platinum (Pt) plate was chosen as an anode, and the cathode was specially made of especially pure
aluminum (Al). The results of the study showed the synthesis of Ni nanopowder with a size of 55 nm in the form of thin
scales. Electrochemical reactions at the cathode and anode are also considered in the work.

Several successful experiments were also carried out in the work, which made it possible to develop an
economically profitable technology for the synthesis of copper nanopowder by the electrolysis method at
13.3 ampere-hours of current per 1 dm’ of the anode surface at a relatively low temperature of the copper sulfate
solution (CuSOy). Copper nanopowder is removed to the bottom of the bath from the anode by impact shaking. An
equally successful experiment was carried out, where the cathode was in the form of several copper plates at the
distance of 0.8 cm from each other with a voltage between them of 0.775 V, and a current density of 15.3 A/dm’ at
the temperature of 54 °C in an electrolyte with 45 % H>SOy, 8 % Na:xSO4 and 4 % CuSOy.

The work contains tables with initial and final data of all experiments on the synthesis of nanopowders by the
electrolysis method.

Keywords: copper (Cu) nanopowder, nickel (Ni) nanopowder, electrochemistry, dendritic copper, nickel (Ni)
nanopowder, potentiostat, aluminum (Al) cathode, platinum (Pt) anode

INTRODUCTION nanopowders can be used to create heat-
conducting materials coated on the surface.

The second application of nickel and copper
nanopowders in thermophysics is their use as
catalysts for reactions associated with the release
of heat. For example, copper nanoparticles can
be used as catalysts in the oxidation of ammonia,
which leads to the release of heat.

Thus, the use of nanopowders of nickel and
copper can lead to an improvement in the
thermophysical properties of materials and an

Nanopowders of nickel and copper can be
used in thermal physics to improve the thermal
conductivity of materials. This is due to the fact
that nanoparticles have a larger surface
compared to larger particles, which allows them
to transfer heat better.

For example, nickel nanopowders can be
added to thermal insulation materials in order to
improve their thermal conductivity and increase
the efficiency of heat exchange. Also, copper
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increase in the efficiency of heat exchange,
which can be useful in various fields, including
energy, heat engineering, and catalysis.

The creation of cheap production of
nanopowders of nickel (Ni) and copper (Cu) is
an important task of the modern world, as
preliminary results indicate that such powders
can be the key to the synthesis of modern soluble
(fullerenes [1-4], fullerites [4, 5], endofullerenes
[6]) and insoluble carbon nanostructures (carbon
nanotubes [2, 3, 7-18], graphene and their
packages [2, 19]). From them it is possible to
create modern composite materials [20-22] that
can be filled with both micro [23-25] and
nanofillers [26-34]. Such synthesized carbon
nanostructures and composites based on them
can be used in various industries: medicine and
biology [35-39], solar energy [40—42], sorption
materials [43—49], even in hydrogen energy as
promising hydrogen sorbents [50—-54], which are
capable to compete with existing advanced
materials for hydrogen storage [55-73].

Obtaining cheap nano-sized powder will
make it possible to take a step in their use in the
field of additive technologies: 3D printing of
selective melting SLM (Selective laser melting),
where pure nanopowders are used; in CJP (Color
Jet Printing), where nanopowders are used as
ceramic matrix fillers to create thermally
conductive ceramics; as well as in the layer-by-
layer deposition of thermoplastic materials using
the FDM (Fused Deposition Modeling)
technology, stereolithography SLA  (Stereo
lithography Apparatus), and selective laser
sintering SLS (Selective Laser Sintering), where
metal nanopowders are used as polymer matrix
fillers to improve their characteristics. Already
today, 3D printing allows you to create 3D
products from a minimum amount of
consumables, which makes products with a
lower cost.

The successful use of nickel and copper
nanopowders in various fields as catalysts
depends on their pretreatment and preparation
technology [6, 13, 16,78-91]. As a rule,
catalysts of three types are used: pure metals
[92-95], metal alloys [96-98] and mechanical
mixtures of metals or their alloys [99-101].

As is well known, nickel powders are now
increasingly used, especially in radar devices and
modern telephones [102—105].

As it for nickel powders of especially high
dispersion, they are a much cheaper material
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than platinum and palladium, and they replace
these metals as catalysts for hydrogenation
processes in the technology of synthesis of a
number  of  organic substances and
nanostructured materials [106, 107]. However,
today obtaining nanocrystalline powders using
electrochemical methods is still significantly
delayed.

Nevertheless, in the market of nanopowders
of pure metals (copper (Cu) and nickel (Ni)),
nickel powders take the leading position in a
fairly large amount (~16.5 %). However, these
powders are often not the end product, but are
used in various intermediate production
processes. Nanopowders of copper (Cu) and
nickel (Ni) are already widely used in two key
industries — electronics and processing industry.
Thus, the volume of practical use of nickel
nanopowders is constantly growing.

In addition to the above, copper and nickel
nanopowders are characterized by a high value
of magnetic saturation induction and are
therefore a promising material for creating
magnetic fluids and compact composite
materials. Such ultra-dispersed powders can also
be granulated, which also increases their
technological value.

The high specific surface area of copper and
nickel nanopowders allows its application in a
number of chemical industries, primarily in
electrochemistry. In particular, nickel anodes
made of nanopowders are already used for nickel
plating and copper plating of various products.

Another type of product made from
nanopowder (nickel sheets) is currently used in
electronic spectroscopy, mass spectrometry with
induced plasma, low-temperature nitrogen
adsorption, laser diffraction, as well as for
dynamic light scattering. In addition, based on
pure nickel nanopowders, porous filters are
already being produced for gas purification from
fuel and other chemical industry products.

It is also known that copper and nickel

nanopowders are promising materials for
creating magnetic fluids in recording and
information storage systems, for creating

permanent magnets as magnetic sensors, as well
as in medicine: for targeted delivery of drugs, as
well as magnetic resonance imaging.

In the field of materials science, nickel
nanopowders have the prospect of wider use in
obtaining nickel hydrides for batteries and
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improving the cathode and anode materials of
modern solid oxide fuel cells.

Recently, there has been a significant
increase in interest in the industrial production of
copper nanopowders, but attempts to obtain pure
copper powder have been associated with certain
difficulties. For example, in [108], a method for
obtaining copper nanopowder in the presence of
polyacrylate was presented, which affects the
size (increased) and lack of necessary purity of
the manufactured powder. The authors of the
cited work were able to obtain only the boundary
state of nanoscale size with a small purity of
copper powder.

At the same time, E.S. Zotova [109] was
able to obtain more finely dispersed copper
nanoparticles with a size of 2 to 5 nanometers,
which, however, represent metal cores with an
oxide film on the surface, mixed with a fairly
large amount of already less fine (~20 nm)
particles of copper oxide CuO. Such material
will require additional processing to obtain pure
copper.

Similar difficulties (insufficiently pure
copper) were also encountered by A.l. Gusev
[110] and H.Yu. Symenyuk, I.I. Obrazova and
N.K. Yeryomenko [111] when using copper
nanopowder in catalysis and automotive
industry.

Obtain exclusively pure nanocrystalline
powders are obtained of nickel (Ni) and copper
(Cu), which is important for their application not
only in the aforementioned areas, but also in the
electrical and radio-electronic industries, in the
production of filters for fine oil purification, as
well as in the production of metal-ceramic
products, gaskets and bushings [112].

Therefore, the main task of this work is to
obtain the maximum purity of nanopowders of
metals copper (Cu) and nickel (Ni), and the
electrochemical method of synthesis was chosen
due to the low cost of such nanopowders.

EQUIPMENT USED IN EXPERIMENTAL
STUDIES

During electrolysis, heat is generated. It
heats up the environment and the installation. To
dissipate the heat, the working vessel was
submerged in a glass containing a mixture of ice
and salt (Fig. 1), which made it possible to
regulate the temperature of the electrolyte and
maintain it within the range of 15 to 65 °C at an
anodic current density of 1.0 to 3.3 A/dm®.
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Also, the temperature of the environment can
be lowered by artificially interrupting the
operation mode of the electrolysis installation,
but this option is not considered as it excludes
the possibility of using this method for industrial
production of nickel and copper nanopowders.
Thus, the design of the device allowed for
maintaining the temperature at the desired level.

%23

Fig. 1. The device scheme: I — glassware; 2 —
cathode; 3 — current supply to the cathode;
4 — anode; 5 — current supply to the anode;
6 — diaphragm; 7-9 — tubes; /0—13 — rubber
plugs; 14 — brass tube; /5 — siphon; 16 —
external vessel; /7 — ice and salt; /8, 19 —
thermometers; 20 — pressure vessel; 2/ — a
glass; 22 — reference electrode; 23, 24 —

wires to a P-5848 potentiostat

The diagram explaining the principle of
operation with a potentiostat is shown in Fig. 2.
From the diagram, it can be seen that a voltage is
applied to one input of the amplifier, and the
potential difference between the “reference
electrode” and the “working electrode” is applied
to the other input. The input voltages in the
amplifier are compared, and the resulting
difference controls the output current of the
amplifier, which polarizes the working electrode
to the potential set on the voltage source.

The accuracy of maintaining the potential of
the working electrode is determined by the
stability of the amplifier and the amplification
coefficient.

To increase the measurement and
maintenance accuracy of the working electrode
potential in the potentiostat, a four-wire
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connection scheme of the electrochemical cell
was used, in which the working electrode of the
cell is grounded through a potential wire that
does not carry the output current of the amplifier
and, therefore, does not create a voltage drop on
it. As a result, the potential of the working
electrode relative to the reference electrode will
almost exactly correspond to the given value.
The value of the applied voltage, and therefore,
the potential of the working electrode, can be
changed in steps and according to a linear law.
The polarization current value is measured by a
milliammeter (mA). The potentiostat can also be
used in a mode of maintaining the required

U,

polarization current value of the working
electrode.

Cathodic potentials were mainly measured
using a potentiometer P-5848 (Fig.3). To
prevent gas from entering, the reference
electrode tip was inserted into a glass filter. Air
was supplied to the electrode from an air pump
and pumped out from the upper part of the vessel
by a water jet pump. The pressure drop was
measured by a mercury siphon manometer. The
cathode potential measurements were carried out
under the same conditions while maintaining a
constant pH value.

A 4

Voltage
source

S L >

Amplifier

pdtentiostatic wire

Working
electrode

?Com\g/} Work

Comparison

electrode

Auxiliary
electrode

Electrochemical cell

Fig. 2. Scheme of the operation principle of a potentiostat P-5848

Fig. 3. Workstation of potentiostat P-5848

The P-5848

three
amplifiers of different types: a main direct
currentamplifier, an output power amplifier, and
a direct current-stabilizing amplifier with signal
conversion.

The potentiostat P-5848 also used three
cascaded differential direct current amplifiers

potentiostat used
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with symmetric input and output. During
galvanostatic operation, the voltage from the
current multiplier resistor is applied to one input,
and the voltage from the potential “programmer”
is applied to the other input. This allows the use
of a grounded zero wire potential “programmer”
and reduces alternating current background. An
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electronic potential “programmer” with a square
pulse generator was connected to the second
input through special terminals for external
expansion, which does not interfere with the
normal operation of the potentiostat. The
required IE polarization current value is provided
by a transistor power amplifier.

Due to the need for polarization of the
working electrode with IE currents of different
directions without switching the potentiostat, the
output amplifiers consist of two independent
circuits (amplifier ¢ and amplifier b), connected
in such a way that the current flowing through
the working electrode IE is the difference
between the output currents of these circuits.

The P-5848 potentiostat model allows for:

a) maintaining a potential of the working
electrode;

b) changing the potential of the working
electrode in steps and linearly with different
speeds;

¢) maintaining a given polarization current of the
working electrode;

Table 1. Electrolysis modes of the experiment N 1

d) changing the polarization current of the
working electrode in steps and linearly with
different speeds;

e) changing the potential or polarization current
of the working electrode according to the voltage
of an external generator;

f) measuring the potential of the working
electrode and polarization current.

NANOPOWDER MANUFACTURING
TECHNOLOGY

Production of nickel nanopowder (Ni):

This section proposes electrochemical
methods for obtaining nickel nanopowder. The
most economically feasible method is
experiment N1 (Table 1), which involves
electrolysis of a solution of nickel sulfate
(NiSO4) with the addition of nickel II chloride
(NiCly), boric acid (H3BOs3), and thiourea
((NH2)2CS), wusing a high-purity aluminum
cathode (Al) and platinum (Pt) anode at a
temperature of 45-65 °C and a current density on
the cathode from 1.0 to 3.3 A/dm?. This method
produced nanopowder with an average particle
size of 55 nm.

Working solution Nickel Sulfate (NiSO4)
Nickel (II) chloride (NiCly),

Additives Boric acid (H;BO3),
Thiourea (NH»),CS)

Cathode Aluminum (Al)

Anode Platinum (Pt)

The environment temperature, °C 45-65

Current density at the cathode, A/dm? 1.0-3.3

The size of the obtained particles of nickel (Ni) 55

powder, nm

In addition to the described method, nickel
nanopowder was also obtained using another
method in experiment N 2 (Table2), which
involved electrolysis with soluble nickel (Ni)
anodes according to the reaction Ni=Ni*" + 2e
and an aluminum (Al) cathode. In this case, a
solution of nickel sulfate (NiSOs) at a
concentration of approximately 60 g/l, aluminum
chloride (AICI3) at 15 g/1, and ammonia (NH3) at
137 g/l was used as the electrolyte. To facilitate
the removal of the nickel nanopowder precipitate
from the electrolyte, 1% stearic acid
(C17H3sCOOH) and a small amount of solidol
were added. The average particle size of the
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obtained powder was 60 nm. The reaction that
occurred was:

on the cathode:

Ni >+ 2e = Ni,

on the anode:
2H,0 = OzT +4H" + 4e.

Through experimental methods, it has been
found that the smallest nickel nanoparticles
(~40 nm) can be obtained by using intermittent
current during electrolysis. This means that the
current was periodically interrupted during the
electrolysis process.
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It should be noted that during electrolysis,
thiourea  decomposes depending on its
concentration, but the sulfur content in the

Table 2. Electrolysis modes of the experiment N 2

obtained nickel powder varies only by 0.1-1.0 %,
which practically does not affect the properties
of nickel.

Working solution

Nickel sulfate (NiSO4) — 60 g/1,
Aluminum chloride (AICl3) — 15 g/l,
Ammonia (NH3) — 137 g/l

Nickel (IT) chloride (NiCly),

Additives Boric acid (H;BO3),
Thiourea (NH»),CS)
Cathode Aluminum (Al)
Anode Nickel (Ni)
The environment temperature, °C 45-65
Current density at the cathode, A/dm? 1.0-3.3
The size of the obtained particles of nickel (Ni) 60
powder, nm
To remove the nanopowder, it was added to the Stearic acid (C7H3sCOOH) ~1 %,
electrolyte Solidol

By-products

Nitrogen (N) accumulates in the form of ammonia salt

Table 3. Electrolysis modes of the experiment N 3

Working solution

Nickel sulfate (NiSO4) — 200450 g/1,
Nickel (II) chloride (NiCl,) — 15-70 g/l,
Boric acid (H3;BO3) — 10-40 g/1

Additives Thiourea (NH2),CS)

Cathode Aluminum (Al)

Anode Nickel (Ni)

The environment temperature, °C ~15

Current density at the cathode, A/dm? 1.0t0 3.3

The size of the obtained particles of nickel (Ni) 70

powder, nm

To remove the nanopowder, it was added to the Stearic acid (Ci7H3sCOOH) ~1 %,
electrolyte Solidol

By-products

Nickel (II) hydroxide (Ni(OH),)

During electrolysis, nitrogen accumulates in
the electrolytic bath in the form of ammonium
salt, which should be removed from the solution
by periodically crystallizing it during the cooling
of the electrolytic bath.

However, it should be noted that in another
variant of electrolysis (at lower temperatures —
below 15 °C), the presence of a deposited salt on
the cathode surface led to unwanted formation of
nickel hydroxide Ni(OH), nano-deposits in the
form of flakes on a portion of the cathode
surface. At the same time, in electrolysis of a
solution containing 200—450 g/l nickel sulfate,
15-70 g/I nickel (II) chloride, and 10—40 g/I boric
acid, it is possible to obtain nickel nanopowder

in experiment N 3 (Table 3), although with a
slightly larger average particle size (70 nm).

The obtained results indicate that the
production of nickel nanopowder with different
dispersion can be carried out under different
conditions. We are confident that there is a more
economical method for creating nickel
nanopowder, which lies in yet unexplored
potential variants of cathodic electrochemistry.

Production of copper (Cu) nanopowders:

In this work, dendritic-shaped and highly
dispersed copper (Cu) nanopowders were
obtained in experiment N 4 (Table 4). This result
was achieved by regulating the process of
synthesis of copper nanopowder with a bulk
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density of 0.4 g/cm’. Electrolysis of a low copper
content electrolyte solution with a significant
amount of sulfuric acid (H.SO4) was conducted
at a high cathodic current density and relatively

Table 4. Electrolysis modes of the experiment N 4

low temperature (~23 °C). Copper sulfate
solution was used as the electrolyte, and copper
plates served as the anode and cathode.

Working solution Copper sulfate (CuSO4)
Additives Sulfuric acid (H,SOy4)
Cathode Copper (Cu)

Anode Copper (Cu)

The environment temperature, °C ~23

Current density at the cathode, A/dm? 1.0-3.3

The size of the obtained particles of copper (Cu)
powder, nm

~40 (dendritic form)

To remove the Cu nanopowder

Periodic shaking or systematic blows to the electrodes

By-products

Absent

During the electrochemical synthesis of
copper nanopowder, optimal concentrations of
copper sulfate and sulfuric acid, as well as the
ability to detail electrolysis conditions, play a
significant role. The complexity of the copper
nanopowder synthesis process is due to the
prolonged growth of copper nanopowder, which
requires periodic removal from the electrolyzer
by shaking the cathode. At the same time, the
copper cathode automatically falls to the bottom
of the bath after approximately 13.3 ampere-
hours of electrolysis (based on 1dm? of the
cathode).

In our case, the most optimal electrolysis
process was found, in which copper nanopowder
is systematically removed due to periodic

Table 5. Electrolysis modes of the experiment N 5

shaking of the cathode. Such electrolysis
conditions provide a sufficiently low level of
electricity consumption while maintaining high
production capacity of equipment. This regime
can be scaled up and used for industrial
production of crystalline copper nanopowder.

The next electrolysis regime conducted in
experiment N 5 (Table5) is also reasonable,
where the cathode (copper plate) is placed
0.8 cm apart in an electrolyte containing 45 %
sulfuric acid (H»2SOs), 4% copper sulfate
(CuSO0,), and 8 % sodium sulfate (Na>SOs). The
optimal electrolyte temperature is 54 °C, the
current density on the cathode is 15.3 A/dm?, and
the voltage between the plates is 0.775 V.

Working solution

Copper sulfate (CuSO4) — 4 %
Sulfuric acid (H2SO4) — 45 %
Sodium sulfate (Na>SO4) — 8 %

Cathode

Copper (Cu), placed at a distance

0.8 cm
Anode Copper (Cu)
The environment temperature, °C 54
Current density at the cathode, A/dm? 15.3
The voltage between the plates, V 0.775

The size of the obtained copper (Cu) powder
particles, nm

>30 (dendritic form)

To remove copper (Cu) nanopowder

Periodic shaking or systematic blows on the cathode

By-products

Absent
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It should be noted that adding finely ground,
colloidal-like carbonized sugar or glucose treated
with sulfuric acid to the above-mentioned
electrolyte prevents possible hydrogen evolution
at the cathode, thereby increasing the yield of
copper nanopowder by current.

In some experiments, at higher current
densities, the addition of sulfate glue or tannin to
the electrolyte leads to an increase in the current
density at the cathode and contributes to
obtaining a more dispersed copper nanopowder,
as well as prevents its possible oxidation.

In some cases, such scales are obtained a
priori by pre-coating the cathodes with a layer of
lubricants, such as paraffin or castor oil, and
sometimes even corn oil.

The copper and nickel powders obtained in
the form of scales after removal from the
electrolysis bath are crushed in special “ball
mills” or ground in a mortar to create uniformity.
Previous studies have shown that such
nanopowder can already be used in SLM 3D
printing technology, or for creating new
composites for FDM, SLA, CJP 3D printing.

CONCLUSIONS

In the work, an electrochemical cathodic
synthesis of nickel (Ni) nanopowder with an
average nanoparticle size of 55 nm was carried
out, where nickel sulfate (NiSO4) was used as an
electrolyte with additives in the form of thiourea
((NH2)2CS), nickel (II) chloride (NiCly) and
boric acid (H3BO3). The two-hour electrolysis
took place using a platinum (Pt) anode and a
highly pure aluminum (Al) cathode at a
temperature of 45—65 °C.

Copper (Cu) nanopowders with a particle
size of up to 40 nm were also synthesized by
electrolysis of mainly CuSO4 with a high value
of the cathode current density at almost room
temperature (23 °C).

The main problem in the synthesis of copper
nanopowder was the process of its removal from
the synthesis zone. This issue was solved by the
method of periodic impact on the electrode that
fell to the bottom of the electrolytic bath after
approximately 13 ampere-hours of electrolysis
per 1 dm? of the cathode surface.

In this work, the following was also done:

1. It was experimentally found that thin
nickel nanoparticles (~40 nm) can be obtained
using pulsed current during electrolysis.
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2. It was found that nitrogen accumulates in
the electrolytic bath during the electrochemical
synthesis of nickel nanopowder in the form of an
ammonium salt, which should be removed by
periodic crystallization during the cooling of the
electrolytic bath.

3. The presence of solidol on the cathode
surface in the electrolyte led to the undesirable
formation of nickel hydroxide Ni(OH),
nanoscale deposits on a part of the cathode
surface. The electrolysis temperature was
>15°C.

4. The electrolysis process was found to be
the most optimal, in which copper nanopowder is
systematically removed due to periodic shaking
of the cathode. These electrolysis conditions
provide a sufficiently low level of energy
consumption while maintaining high production
equipment capacity.

5.1t was found that adding finely ground,
carbonized sugar or glucose treated with sulfuric
acid during heating to the electrolyte prevents
possible hydrogen evolution at the cathode,
which in turn leads to increased copper
nanopowder yield.

6. In some experiments with higher current
density, adding gelatin glue or tannin to the
electrolyte increases the current density on the
cathode and promotes the formation of more
dispersed copper nanopowder while preventing
its possible oxidation.

7. Copper and nickel powders obtained in the
form of flakes after removal from the
electrolyzer bath can be crushed in special “ball
mills” or ground in a mortar to create a
homogeneous powder.

Also, preliminary analysis shows:

1. When using 3D printing of CJP (Color Jet
Printing) technology, synthesized nanopowders
can be used as ceramic matrix fillers to create
heat-conducting  ceramics with  improved
characteristics;

2. The obtained pure nanopowders of nickel
and copper can be used in 3D printing of
selective melting SLM (Selective laser melting),
immediately after their synthesis;

3. Nanopowder can be used in 3D printing
technology FDM (Fused Deposition Modeling)
and SLA (Stereo lithography Apparatus) as

polymer matrix fillers to improve their
characteristics of 3D products;
4. The preliminary results indicate that

nickel (Ni) and copper (Cu) nanopowders may
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be the key to the synthesis of modern soluble and nickel nanopowders. In addition, the obtained
insoluble carbon nanomaterials. results can be used in the production of modern
The developed technology can be used for iron-nickel (Fe-Ni) batteries.

industrial production of crystalline copper and
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IIpucomyeanns KepamiuHux KOMRO3UMIE HA OCHOBI HAHONOPOWIKIE Memany O00380NAI0Mb 3HAYHO 3MIHUMU
Mennoei Xapakmepucmukyu Kepamiunoi Mmampuyi, wo eaxciuo OJii CMEOPEHHs MEXHON02I MenionposioHol
Kepamixu.

B pobomi ecmanosnenuli MakcumManbHO eQeKmusHull Cnocid OMPUMAHHA HAHONOPOWIKY HIKe Hd
nomenyiocmami «I1-5848» enexmponizom cynvgpamy nixenro (NiSOy) 3 0ooasanusim 6ophoi kuciomu (H3BO3),
mioceuosunu ((NHy)>CS) ma xnopuoy wikeno (II) (NiCly). Cunmes manonopowky Ni npoeoduecs npu eycmumi
cmpymy 6i0 1.0 0o 3.3 A/om? ma npu memnepamypi 4565 °C, 0e anodom b6yna obpana niamunoea (Pt) nnacmuna, a
Kamoo 0y8 CneyianbHO 8ucomosieHull 3 0cooaueo uucmozo antominiro (Al). Pesynomamu 00CniodicenHs NOKaA3AIu
cunmes Hanonopowky Ni npu po3mipi 55 Hm y uenadi moHkux 1ycok. B pobomi makodwc poszenanymi enekmpoximiuni
peaxyii Ha kamoodi ma Ha aHOOL.

Takooic 8 pobomi npoedeHo 0eKiNbKa 80AIUX eKCNepUMEHmMIB, o 00380AUNU 8CINAHOBUMU eKOHOMIYHO 8UIOHY
MexXHON02iI0 Cunmesy HaHONOPOwKy Midi Memodom enekmponizy npu 13.3 amnep-200un cmpymy na 1 om’ niowumnu
anody ma npu GIOHOCHO HU3bKIL memnepamypi pozuuny cyiogpamy mioi (CuSOy). Mionuii nanonopouiok
BUOANAEMBCSL HA OHO 8AHHU 3 AHOOY NPU YOApHOMY cmpyuiyeanti. He menut ¢danuil 6y6 npogedeHull eKkcCnepumeHmn,
de 06y6 kamoo y 6uenadi 0eKiibKox MIOHUX naacmut Ha eiocmari 0.8 cm 0OHe 6i0 00H020 3 HANPY20I0 MIJIC HUMU 6
0.775 B, ma zycmunoio cmpymy 15.3 A/om? npu memnepamypi 54 °C 6 enexmponimi 3 45 % HiSO4 8 % NaxSOy i
4 % CuSO..

B pobomi nasedeni mabauyi 3 uxionumu ma KiHyegumu OAHUMU 8CIX eKCHePUMEHMI8 3 CUHMEe3) HAHONOPOUIKI8
MEMOOOM eneKmpoisy.

Knrouosi cnosa: nanonopouiok mioi (Cu), erekmpoximiss, Miob 0enopumnoi gpopmu, Hanonopoutok Hixkento (Ni),
nomenyiocmam, amominiesuil (Al) kamoo, nramunosuii (Pt) anoo

ISSN 2079-1704. X®DTT1. 2023. T. 14. Ne 3 401



OI.D. Zolotarenko, E.P. Rudakova, An.D. Zolotarenko et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

Zaginaichenko S.Y., Lysenko E.A., Golovchenko T.N., Javadov N.F. The forming peculiarities of Cgo
molecule. NATO Science for Peace and Security Series C: Environmental Security, PartF2. 2008. P. 53.
Zolotarenko Ol.D., Rudakova E.P., Akhanova N.Yu., Zolotarenko An.D., Shchur D.V., Matysina Z.A.,
Gabdullin M.T., Ualkhanova M., Gavrylyuk N.A., Zolotarenko A.D., Chymbai M.V., Zagorulko L.V.
Comparative Analysis of Products of the Fullerenes’ and Carbon-Nanostructures’ Synthesis Using the SIGE
and FGDG-7 Grades of Graphite. Nanosistemi, nanomateriali, nanotehnologii. 2022. 20(3): 725.

Gun’ko V.M., Turov V.V., Zarko V.I., Prykhod’ko G.P., Krupska T.V., Golovan A.P., Skubiszewska-
Zigba J., Charmas B., Kartel M.T. Unusual interfacial phenomena at a surface of fullerite and carbon
nanotubes. Chem. Phys. 2015. 459: 172.

Nishchenko M.M., Likhtorovich S.P., Dubovoy A.G., Rashevskaya T.A. Positron annihilation in Cg fullerites
and fullerene-like nanovoids. Carbon. 2003. 41(7): 1381.

Lad’yanov V.1, Nikonova R.M., Larionova N.S., Aksenova V.V., Mukhgalin V.V., Rud’ A.D. Deformation-
induced changes in the structure of fullerites Cgo/70 during their mechanical activation. Phys. Solid State. 2013.
55(6): 1319.

Matysina Z. A., Zolotarenko Ol. D.,. Rudakova O.P., Akhanova N. Y., Pomytkin A.P., Zolotarenko An. D.,
Shchur D. V., Gabdullin M. T., Ualkhanova M., Gavrylyuk N.A., Zolotarenko A.D., Chymbai M. V.,
Zagorulko I. V. Iron in Endometallofullerenes. Prog. Phys. Met. 2022. 23(3): 510.

Sementsov Yu.l.,, Cherniuk O.A., Zhuravskyi S.V., Bo W., Voitko K.V., Bakalinska O.M., Kartel M.T.
Synthesis and catalytic properties of nitrogen-containing carbon nanotubes. Himia, Fizika ta Tehnologia
Poverhni. 2021. 12(2): 135.

Schur D.V., Dubovoy A.G., Zaginaichenko S.Yu., Adejev V.M., Kotko A.V., Bogolepov V.A., Savenko A.F.,
Zolotarenko A.D., Firstov S.A., Skorokhod V.V. Synthesis of carbon nanostructures in gaseous and liquid
medium. NATO Security through Science Series A: Chemistry and Biology. 2007. P. 199.

Zaginaichenko S.Y., Matysina Z.A. The peculiarities of carbon interaction with catalysts during the synthesis
of carbon nanomaterials. Carbon. 2003. 41(7): 1349.

Rud A.D., Kiryan [.M. Quantitative analysis of the local atomic structure in disordered carbon. J. Non-Cryst.
Solids. 2014. 386: 1.

Matvienko Y., Rud A., Polishchuk S., Zagorodniy Y., Rud N., Trachevski V. Effect of graphite additives on
solid-state reactions in eutectic Al-Cu powder mixtures during high-energy ball milling. Appl. Nanosci. 2020.
10(8): 2803.

Boguslavskii L.Z., Rud’ A.D., Kir’yan I.M., Nazarova N.S., Vinnichenko D.V. Properties of carbon
nanomaterials produced from gaseous raw materials using high-frequency electrodischarge processing. Surf.
Eng. Appl. Electrochem. 2015. 51(2): 105.

Matysina Z. A, Zolotarenko Ol. D., Ualkhanova M., Rudakova O.P., Akhanova N.Y., Zolotarenko An.D.,
Shchur D.V., Gabdullin M.T., Gavrylyuk N. A., Zolotarenko O.D., Chymbai M.V., Zagorulko 1.V. Electric
Arc Methods to Synthesize Carbon Nanostructures. Prog. Phys. Met. 2022.23(3): 528.

Yakymchuk O.M., Perepelytsina O.M., Rud A.D., Kirian .M., Sydorenko M.V. Impact of carbon
nanomaterials on the formation of multicellular spheroids by tumor cells. Phys. Status Solidi A. 2014.
211(12): 2778.

Kartel N.T., Gerasimenko N.V., Tsyba N.N., Nikolaichuk A.D., Kovtun G.A. Synthesis and study of carbon
sorbent prepared from polyethylene terephthalate. Russ. J. Appl. Chem. 2001. 74(10): 1765.

Zolotarenko Ol.D, Ualkhanova M.N., Rudakova E.P., Akhanova N.Y., Zolotarenko An.D., Shchur D.V.,
Gabdullin M.T., Gavrylyuk N.A., Zolotarenko A.D., Chymbai M.V., Zagorulko 1.V., Havryliuk O.O.
Advantages and disadvantages of electric arc methods for the synthesis of carbon nanostructures. Himia,
Fizika ta Tehnologia Poverhni. 2022. 13(2): 209.

Oreshkin V.I., Chaikovskii S.A., Labetskaya N.A., Ivanov Y.F., Khishchenko K.V., Levashov P.R.,
Kuskova N.I., Rud’ A.D. Phase transformations of carbon under extreme energy action. Tech. Phys. 2012.
57(2): 198.

Rud A.D., Lakhnik A.M., Mikhailova S.S., Karban O.V., Surnin D.V., Gilmutdinov F.Z. Structure of Mg-C
nanocomposites produced by mechano-chemical synthesis. J. Alloys Compd. 2011. 509(2): S592.

Kartel M.T., Voitko K.V., Grebelna Y.V., Zhuravskyi S.V., Ivanenko K.O., Kulyk T.V., Makhno S.M.,
Sementsov Y.I. Changes in the structure and properties of graphene oxide surfaces during reduction and
modification. Himia, Fizika ta Tehnologia Poverhni. 2022. 13(2): 179.

Ushakova L.M., Ivanenko K.I., Sigareva N.V., Terets M.I., Kartel M.T., Sementsov Yu.l. Influence of
nanofiller on the structure and properties of macromolecular compounds. Phys. Chem. Solid State. 2022.
23(2): 394.

402 ISSN 2079-1704. X®TT1. 2023. T. 14. Ne 3



Synthesis of Ni and Cu nanopowders by electrolysis

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Sementsov Y., Prikhod’ko G., Kartel M., Tsebrenko M., Aleksyeyeva T., Ulyanchychi N. Carbon nanotubes
filled composite materials. NATO Science for Peace and Security Series C: Environmental Security. 2011. 2:
183.

Harea E., Sto¢ek R., Storozhuk L., Sementsov Y., Kartel N. Study of tribological properties of natural rubber
containing carbon nanotubes and carbon black as hybrid fillers. Appl. Nanosci. 2019. 9(5): 899.
Karachevtseva L., Kartel M., Kladko V., Gudymenko O., Bo W., Bratus V., Lytvynenko O., Onyshchenko V.,
Stronska O. Functionalization of 2D macroporous silicon under the high-pressure oxidation. Appl. Surf. Sci.
2018. 434: 142.

Kozak A.O., Porada O.K., Ivashchenko V.I., Ivashchenko L.A., Scrynskyy P.L., Tomila T.V., Manzhara V.S.
Comparative investigation of Si-C-N Films prepared by plasma enhanced chemical vapour deposition and
magnetron sputtering. Appl. Surf. Sci. 2017. 425: 646.

Ivashchenko V.I., Turchi P.E.A., Shevchenko V.I. Simulations of indentation-induced phase transformations
in crystalline and amorphous silicon. Phys. Rev. B. 2008. 78(3): 035205.

Krupskaya T.V., Turov V.V., Barvinchenko V.M., Filatova K.O., Suvorova L.A., Iraci G., Kartel M.T.
Influence of the “wetting—drying” compaction on the adsorptive characteristics of nanosilica A-300. Adsorpt.
Sci. Technol. 2018. 36(1-2): 300.

Gun’ko V.M., Turov V.V., Pakhlov E.M., Matkovsky A.K., Krupska T.V., Kartel M.T., Charmas B. Blends
of amorphous/crystalline nanoalumina and hydrophobic amorphous nanosilica. J. Non-Cryst. Solids. 2018.
500: 351.

Barany S., Kartel N., Meszaros R. Electrokinetic potential of multilayer carbon nanotubes in aqueous
solutions of electrolytes and surfactants. Colloid J. 2014. 76(5): 509.

Gun’ko V.M., Turov V.V., Krupska T.V., Protsak 1.S., Borysenko M.V., Pakhlov E.M. Polymethylsiloxane
alone and in composition with nanosilica under various conditions. J. Colloid Interface Sci. 2019. 541: 213.
Biliuk A.A., Semchuk O.Y., Havryliuk O.0. Kinetic theory of absorption of ultrashort laser pulses by
ensembles of metallic nanoparticles under conditions of surface plasmon resonance. Himia, Fizika ta
Tehnologia Poverhni. 2022. 13(2): 556.

Gun’ko V.M., Turov V.V., Krupska T.V., Pakhlov E.M. Behavior of water and methane bound to hydrophilic
and hydrophobic nanosilicas and their mixture. Chem. Phys. Lett. 2017. 690: 25.

Gun’ko V.M., Turov V.V., Protsak 1., Krupska T.V., Pakhlov E.M., Zhang D. Interfacial phenomena in
composites with nanostructured succinic acid bound to hydrophilic and hydrophobic nanosilicas. Colloid
Interface Sci. Commun. 2020. 35: 100251.

Protsak 1., Gun’ko V.M., Turov V.V., Krupska T.V., Pakhlov E.M., Zhang D., Dong W., Le Z.
Nanostructured polymethylsiloxane/fumed silica blends. Materials. 2019. 12(15): 2409.

Turov V.V., Gun’ko V.M., Krupska T.V., Borysenko M.V., Kartel M.T. Interfacial behavior of polar and
nonpolar frozen/unfrozen liquids interacting with hydrophilic and hydrophobic nanosilicas alone and in
blends. J. Colloid Interface Sci. 2021. 588: 70.

Sementsov Yu.l., Prikhod’ko G.P., Melezhik A.V., Aleksyeyeva T.A., Kartel M.T. Physicochemical
properties and biocompatibility of polymer/carbon nanotubes composites. In: Nanomaterials and
Supramolecular Structures: Physics, Chemistry, and Applications. 2010. P. 347.

Gun’ko V.M., Lupascu T., Krupska T.V., Golovan A.P., Pakhlov E.M., Turov V.V. Influence of tannin on
aqueous layers at a surface of hydrophilic and hydrophobic nanosilicas. Colloids Surf., A. 2017. 531: 9.
Khamitova K.K., Kayupov B.A., Yegemova S.S., Gabdullin M.T., Abdullin Kh.A., Ismailov D.V,,
Kerimbekov D.S. The use of fullerenes as a biologically active molecule. Int. J. Nanotechnol. 2019. 16(1-3):
100.

Gun’ko V.M., Turov V.V., Krupska T.V., Tsapko M.D. Interactions of human serum albumin with
doxorubicin in different media. Chem. Phys. 2017. 483—484: 26.

Krupska T.V., Turova A.A., Un’Ko V.M., Turov V.V. Influence of highly dispersed materials on
physiological activity of yeast cells. Biopolymers and Cell. 2009. 25(4): 290.

Pylypova O., Havryliuk O., Antonin S., Evtukh A., Skryshevsky V., Ivanov 1., Shmahlii S. Influence of
nanostructure geometry on light trapping in solar cells. Appl. Nanosci. 2022. 12(3): 769.

Semchuk O.Y., Biliuk A.A., Havryliuk O.0., Biliuk A.I. Kinetic theory of electroconductivity of metal
nanoparticles in the condition of surface plasmon resonance. App!l. Surf. Sci. Adv.2021. 3: 100057.

Havryliuk O.0., Evtukh A.A., Pylypova O.V., Semchuk O.Y., Ivanov LI, Zabolotnyi V.F. Plasmonic
enhancement of light to improve the parameters of solar cells. Appl. Nanosci. 2020. 10(12): 4759.

Stavitskaya S.S., Mironyuk T.I., Kartel N.T., Strelko V.V. Sorption characteristics of "food fibers" in
secondary products of processing of vegetable raw materials. Russ. J. Appl. Chem. 2001. 74(4): 592.
Zakutevskii O.1., Psareva T.S., Strelko V.V., Kartel N.T. Sorption of U(VI) from aqueous solutions with
carbon sorbents. Radiochemistry. 2007. 49(1): 67.

ISSN 2079-1704. X®DTT1. 2023. T. 14. Ne 3 403



OI.D. Zolotarenko, E.P. Rudakova, An.D. Zolotarenko et al.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kartel M., Galysh V. New composite sorbents for caesium and strontium ions sorption. Chem. J. Moldova.
2017.12(1): 37.

Gun’ko V.M., Turov V.V., Protsak I.S., Krupska T.V., Pakhlov E.M., Tsapko M.D. Effects of pre-adsorbed
water on methane adsorption onto blends with hydrophobic and hydrophilic nanosilicas. Colloids Surf., A.
2019. 570: 471.

Galysh V., Sevastyanova O., Kartel M., Lindstrom M.E., Gornikov Y. Impact of ferrocyanide salts on the
thermo-oxidative degradation of lignocellulosic sorbents. J. Therm. Anal. Calorim.2017. 128(2): 1019.
Ivashchenko V.I., Turchi P.E.A., Shevchenko V.I., Ivashchenko L.A., Rusakov G.V. Atomic and electronic
structures of a-SiC:H from tight-binding molecular dynamics. J. Phys.: Condens. Matter. 2003. 15(24). 4119.
Gabdullin M.T., Khamitova K.K., Ismailov D.V., Sultangazina M.N., Kerimbekov D.S., Yegemova S.S.,
Chernoshtan A., Schur D.V. Use of nanostructured materials for the sorption of heavy metals ions. IOP
Conference Series: Materials Science and Engineering. 2019. 511(1): 12044.

Savenko A.F., Bogolepov V.A., Meleshevich K.A., Zaginaichenko S.Yu., Lototsky M.V., Pishuk V.K.,
Teslenko L.O., Skorokhod V.V. Structural and methodical features of the installation for the investigations of
hydrogen-sorption characteristics of carbon nanomaterials and their composites. In: NATO Security through
Science Series A: Chemistry and Biology. 2007. P. 365.

Zaginaichenko S., Nejat Veziroglu T. Peculiarities of hydrogenation of pentatomic carbon molecules in the
frame of fullerene molecule Ceo. Int. J. Hydrogen Energy. 2008. 33(13): 3330.

Zaginaichenko S.Yu., Veziroglu T.N., Lototsky M.V., Bogolepov V.A., Savenko A.F. Experimental set-up
for investigations of hydrogen-sorption characteristics of carbon nanomaterials. /nt. J. Hydrogen Energy.
2016. 41(1): 401.

Lakhnik A.M., Kirian .M., Rud A.D. The Mg/MAX-phase composite for hydrogen storage. Int. J. Hydrogen
Energy. 2022. 47(11): 7274.

Schur D.V., Zaginaichenko S.Y., Savenko A.F., Bogolepov V.A., Anikina N.S., Zolotarenko A.D., Matysina
Z.A., Veziroglu T.N., Skryabina N.E. Hydrogenation of fullerite C¢ in gaseous phase. In: NATO Science for
Peace and Security Series C: Environmental Security. 2011. 2: 87.

Bogolepov V.A., Veziroglu A., Zaginaichenko S.Y., Savenko A.F., Meleshevich K.A. Selection of the
hydrogen-sorbing material for hydrogen accumulators. Int. J. Hydrogen Energy. 2016. 41(3): 1811.

Shchur D.V., Zaginaichenko S.Y., Veziroglu A., Veziroglu T.N., Gavrylyuk N.A., Zolotarenko A.D.,
Gabdullin M.T., Ramazanov T.S., Zolotarenko A.D., Zolotarenko A.D. Prospects of Producing Hydrogen-
Ammonia Fuel Based on Lithium Aluminum Amide. Russ. Phys. J. 2021. 64(1): 89.

Matysina Z.A. Phase transformations o — § — y — & — ¢ in titanium hydride tihx with increase in hydrogen
concentration. Russ. Phys. J. 2001. 44(11): 1237.

Trefilov V.I., Pishuk V.K., Zaginaichenko S.Yu., Choba A.V., Nagornaya N.R. Solar furnaces for scientific
and technological investigation. Renewable Energy. 1999. 16(1-4): 757.

Lyashenko A.A., Adejev V.M., Voitovich V.B., Zaginaichenko S.Yu. Niobium as a construction material for
a hydrogen energy system. Int. J. Hydrogen Energy. 1995. 20(5): 405.

Lavrenko V.A., Adejev V.M., Kirjakova I.E. Studies of the hydride formation mechanism in metals. /nt. J.
Hydrogen Energy. 994. 19(3): 265.

Matysina Z.A., Gavrylyuk N.A., Kartel M., Veziroglu A., Veziroglu T.N., Pomytkin A.P., Schur D.V.,
Ramazanov T.S., Gabdullin M.T., Zolotarenko A.D., Zolotarenko A.D., Shvachko N.A. Hydrogen sorption
properties of new magnesium intermetallic compounds with MgSnCuy type structure. Int. J. Hydrogen
Energy. 2021. 46(50): 25520.

Matysina Z.A., Pogorelova O.S., Zaginaichenko S.Yu. The surface energy of crystalline CuZn and FeAl
alloys. J. Phys. Chem. Solids. 1995. 56(1): 9.

Rud A.D., Schmidt U., Zelinska, G.M., Lakhnik, A.M., Kolbasov G.Ya., Danilov M.O. Atomic structure and
hydrogen storage properties of amorphous-quasicrystalline Zr-Cu-Ni-Al melt-spun ribbons. J. Non-Cryst.
Solids. 2007. 353(32—40): 3434.

Matysina Z.A., Zaginaichenko S.Yu. Hydrogen solubility in alloys under pressure. Int. J. Hydrogen Energy.
1996. 21(11-12): 1085.

Zaginaichenko S.Yu., Matysina Z.A., Smityukh I., Pishuk V.K. Hydrogen in lanthan-nickel storage alloys.
J. Alloys Compd. 2002. 330-332: 70.

Lytvynenko Yu.M., Utilization the concentrated solar energy for process of deformation of sheet metal.
Renewable Energy. 1999. 16(1-4): 753.

Matysina Z.A., Zaginaichenko, S.Y. Sorption Properties of Iron—Magnesium and Nickel-Magnesium
Mg,FeHs and Mg,NiH4 Hydrides. Russ. Phys. J. 2016. 59(2): 177.

404 ISSN 2079-1704. X®TT1. 2023. T. 14. Ne 3



Synthesis of Ni and Cu nanopowders by electrolysis

68.

69.

70.

71.

72.

73.
74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Rud A.D., Schmidt U., Zelinska G.M., Lakhnik A.M., Pereckos A.E., Kolbasov G.Ya., Danilov M.O.
Peculiarities of structural state and hydrogen storage properties of Ti-Zr-Ni based intermetallic compounds.
J. Alloys Compd. 2005. 404-406: 515.

Zaginaichenko S.Y., Matysina Z.A., Teslenko L.O., Veziroglu A. The structural vacancies in palladium
hydride. Phase diagram. Int. J. Hydrogen Energy. 2011. 36(1): 1152.

Zaginaichenko S.Y., Zaritskii D.A., Matysina Z.A., Veziroglu T.N., Kopylova L.I. Theoretical study of
hydrogen-sorption properties of lithium and magnesium borocarbides. Int. J. Hydrogen Energy. 2015. 40(24):
7644.

Matysina Z.A., Zaginaichenko S.Y. Hydrogen-sorption properties of magnesium and its intermetallics with
Ca;Ge-Type structure. Phys. Met. Metall. 2013. 114(4): 308.

Tikhotskii S.A, Fokin I.V. Traveltime seismic tomography with adaptive wavelet parameterization. Izvestiya.
Physics of the Solid Earth. 2011. 47(4): 327.

Kulnitsky B.A. Doctoral (Physical and Mathematical Sciences). Thesis. (Moscow, 2010). [in Russian].
Zolotarenko O.D., Rudakova E.P., Zolotarenko A.D., Akhanova N.Y., Ualkhanova M.N., Shchur D.V.,
Gabdullin M.T., Gavrylyuk N.A., Myronenko T.V., Zolotarenko A.D., Chymbai M.V., Zagorulko 1.V,
Tarasenko Yu.O., Havryliuk O.0. Platinum-containing carbon nanostructures for the creation of electrically
conductive ceramics using 3D printing of CJP technology. Himia, Fizika ta Tehnologia Poverhni. 2022.
13(3): 259.

Zolotarenko Ol.D., Rudakova E.P., Akhanova N.Y., Zolotarenko An.D., Shchur D.V., Gabdullin M.T.,
Ualkhanova M., Sultangazina M., Gavrylyuk N.A., Chymbai M.V., Zolotarenko A.D., Zagorulko I.V.,
Tarasenko Yu.O. Plasmochemical Synthesis of Platinum-Containing Carbon Nanostructures Suitable for CJP
3D-Printing. Metallofiz. Noveishie Tekhnol. 2022. 44(3): 343.

Zolotarenko Ol.D., Rudakova E.P., Akhanova N.Y., Zolotarenko An.D., Shchur D.V., Gabdullin M.T.,
Ualkhanova M., Gavrylyuk N.A., Chymbai M.V., Myronenko T.V., Zagorulko 1.V., Zolotarenko A.D.,
Havryliuk O.0. Electrically conductive composites based on TiO, and carbon nanostructures manufactured
using 3D printing of CJP technology. Himia, Fizika ta Tehnologia Poverhni. 2022. 13(4): 415.

Zolotarenko Ol.D., Rudakova E.P., Akhanova N.Y., Zolotarenko An.D., Shchur D.V., Gabdullin M.T.,
Ualkhanova M., Gavrylyuk N.A., Chymbai M.V., Tarasenko Yu.O., Zagorulko 1.V., Zolotarenko A.D.
Electric Conductive Composites Based on Metal Oxides and Carbon Nanostructures. Metallofiz. Noveishie
Tekhnol. 2021. 43(10): 1417.

Havryliuk O.0., Semchuk O.Y. Formation of periodic structures on the solid surface under laser irradiation.
Ukr. J. Phys. 2017. 62(1): 20.

Ivashchenko V.I., Shevchenko V.I. Effects of short-range disorder upon electronic properties of a-SiC alloys.
Appl. Surf. Sci. 2001. 184(1-4): 137.

Biliuk A.A., Semchuk O.Y., Havryliuk O.0. Width of the surface plasmon resonance line in spherical metal
nanoparticles. Semicond. Phys. Quantum Electron. Optoelectron. 2020. 23(3): 308.

Baglyuk G.A., Poznyak L.A. The sintering of powder metallurgy high-speed steel with activating additions.
Powder Metall. Met. Ceram. 2002. 41(7-8): 366.

Ilyin A.P., Mostovshchikov A.V., Root L.O., Zmanovskiy S.V., Ismailov D.V., Ruzieva G.U. Effect of beta-
radiation exposure on the parameters of aluminum micropowders activity. Bulletin of the Tomsk Polytechnic
University, Geo Assets Engineering. 2019. 330(8): 87.

Ivashchenko V.I., Turchi P.E.A., Shevchenko V.I. Phase transformation B; to B; in TiC, TiN, ZrC and ZrN
under pressure. Condens. Matter Phys. 2013. 16(3): 33602.

Onoprienko A.A., Ivashchenko V.I., Dub S.N., Khyzhun O.Y., Timofeeva L.I. Microstructure and mechanical
properties of hard Ti-Si-C-N films deposited by dc magnetron sputtering of multicomponent Ti/C/Si target.
Surf. Coat. Technol. 2011. 205(21-22): 5068.

Khomenko E.V., Baglyuk G.A., Minakova R.V. Effect of deformation processing on the properties of Cu-
50% Cr composite. Powder Metall. Met. Ceram. 2009. 48(3—4): 211.

Kozak A.O., Ivashchenko V.I., Porada O.K., Ivashchenko L.A., Tomila T.V., Manjara V.S., Klishevych G.V.
Structural, optoelectronic and mechanical properties of PECVD Si-C-N films: An effect of substrate bias.
Mater. Sci. Semicond. Process. 2018. 88: 65.

Semchuk O.Y., Biliuk A.A., Havryliuk O.0. The Kinetic Theory of the Width of Surface Plasmon Resonance
Line in Metal Nanoparticles. Springer Proceedings in Physics. 2021. 264: 3.

Ivashchenko V.I., Turchi P.E.A., Shevchenko V.I., Olifan E.I. First-principles study of phase stability of
stoichiometric vanadium nitrides. Phys. Rev. B. 2011. 84(17): 174108.

Baglyuk G.A., Terekhov V.N., Ternovoi Y.F. Structure and properties of powder austenitic die steels. Powder
Metall. Met. Ceram. 2006. 45(7-8): 317.

ISSN 2079-1704. X®DTT1. 2023. T. 14. Ne 3 405



OI.D. Zolotarenko, E.P. Rudakova, An.D. Zolotarenko et al.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.
107.
108.

109.
110.
111.
112.

Tolochyn O.I., Baglyuk G.A., Tolochyna O.V., Evych Y.I., Podrezov Y.M., Molchanovska H.M. Structure
and Physicomechanical Properties of the Fe;Al Intermetallic Compound Obtained by Impact Hot Compaction.
Mater. Sci. 2021. 56(4): 499.

Ivashchenko V.I., Veptek S. First-principles molecular dynamics study of the thermal stability of the BN,
AIN, SiC and SiN interfacial layers in TiN-based heterostructures: Comparison with experiments. Thin Solid
Films. 2013. 545: 391.

Nastasiienko N., Palianytsia B., Kartel M., Larsson M., Kulik T. Thermal transformation of caffeic acid on the
nanoceria surface studied by temperature programmed desorption mass-spectrometry, thermogravimetric
analysis and ft—ir spectroscopy. Colloids and Interfaces. 2019. 3(1): 34.

Abdullin K.A., Gabdullin M.T., Gritsenko L.V., Ismailov D.V., Kalkozova Z.K., Kumekov S.E.,
Mukash Z.0., Sazonov A.Y., Terukov E.I. Electrical, optical, and photoluminescence properties of ZnO films
subjected to thermal annealing and treatment in hydrogen plasma. Semiconductors. 2016. 50(8): 1010.
Mostovshchikov A.V., Ilyin A.P., Zabrodina .K., Root L.O., Ismailov D.V. Measuring the changes in copper
nanopowder conductivity during heating as a method for diagnosing its thermal stability. Key Eng. Mater.
2018. 769: 146.

Baglyuk G.A., Ivasyshyn O.M., Stasyuk O.0O., Savvakin D.G. Sintered metals and alloys: The effect of charge
component composition on the structure and properties of titanium matrix sintered composites with high-
modulus compounds. Powder Metall. Met. Ceram. 2017. 56(1-2): 59.

Baglyuk G.A., Sosnovskii L.A., Volfman V.I. Effect of carbon content on the properties of sintered steels
doped with manganese and copper. Powder Metall. Met. Ceram. 2011. 50(3—4): 189.

Baglyuk G.A., Tolochin A.L., Tolochina A.V., Yakovenko R.V., Gripachevckii A.N., Golovkova M.E. Effect
of Process Conditions on the Structure and Properties of the Hot-Forged Fe;Al Intermetallic Alloy. Powder
Metall. Met. Ceram. 2016. 55(5-6): 297.

Baglyuk G.A., Poznyak L.A. Sintered wear-resistant iron-based materials. I. Materials fabricated by sintering
and impregnation. Poroshkovaya Metallurgiya. 2001. 1-2: 44.

Sizonenko O.N., Baglyuk G.A., Taftai E.I., Zaichenko A.D., Lipyan E.V., Torpakov A.S., Zhdanov A.A.,
Pristash N.S. Dispersion and carburization of titanium powders by electric discharge. Powder Metall. Met.
Ceram. 2013. 52(5-6): 247.

Ivashchenko V.1., Veprek S., Turchi P.E.A., Shevchenko V.I., Leszczynski J., Gorb L., Hill F. First-principles
molecular dynamics investigation of thermal and mechanical stability of the TiN(001)/AIN and ZrN(001)/AIN
heterostructures. Thin Solid Films. 2014. 564: 284.

Baglyuk G.A., Napara-Volgina S.G., Vol'Fman V.I., Mamonova A.A., Pyatachuk S.G. Thermal synthesis of
Fe-B 4C powder master alloys. Powder Metall. Met. Ceram. 2009. 48(7-8): 381.

DeBour J. Dynamic nature of adsorption. (Moscow: Publishing house of foreign. lit., 1988).

Khomenko A.Yu., Tkachenko S.I. Determination of the specific surface of porous materials by the BET and
Araganovich methods. (Moscow: Publishing House of the Moscow Engineering and Technical Institute,
2014).

Hildebrandt M., Vershinina E.P., Marchenko N.V. Metallurgy of non-ferrous metals. (Moscow: Publishing
house of literature on metallurgy, 2009).

Antsiferov V.N., Bezrudny F.F., Balanchikov L.N. New materials. (Moscow: Metallurgy Publishing House,
2002).

Gusev R.I., Rempel A.A. Nanocrystalline materials. (Moscow: Metallurgy Publishing House, 2001).
Andrievsky R.A., Ragulya A.V. Nanostructured materials. (Moscow: RDF, 2005).

Danyushina G.A., Shishka V.G., Berezhnoy Yu.M. Preparation of copper nanopowders modified with water-
soluble polymers. Part 2. ( Novocherkassk: “Engineering Bulletin of the Don”, 2015).

Zotov E.S. Ph.D. (Tech. Sci.) Thesis. (Moscow, 2008). [in Russian].

Gusev A.L. Nanomaterials, nanostructures, nanotechnologies. (Moscow: Physics and Mathematics. ed., 2005).
Patent C22B15; 2426805. Eremenko N.K. Method for obtaining nanodispersed copper powder. 2004.
Semenyuk Yu.S., Obraztsova L.I., Eremenko N.K. Methods for obtaining nano-dispersed powders. (Moscow:
Nauka Publishing House, 2005).

Received 03.05.2023, accepted 05.092023

406 ISSN 2079-1704. X®TT1. 2023. T. 14. Ne 3




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>

    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /RUS <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


