ISSN 2079-1704. Ximis, pisuka ma mexHornoeis nosepxHi. 2023. T. 14. Ne 1. C. 133-139

PACS: 61.46.+w, 72.80.Tm, 75.50.Gg, 77.22.Ch, 81.07.Bc, 84.37.+g doi: 10.15407/hftp14.01.133

S.L. Prokopenko, R.V. Mazurenko, G.M. Gunja, S.M. Makhno, P.P. Gorbyk
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The creation of new nanomaterials for absorbtion of electromagnetic radiation microwave range is an important
direction in consequence of electromagnetic pollution of the environment. The aim of the paper was to develop and
synthesize the polymer-filled systems based on the polychlorotrifluoroethylene and tin dioxide modified by nickel ferrite
in order to study their electrophysical properties as potential materials absorbing electromagnetic radiation.
NiFe;04/Sn0; nanocomposites with a volume content of nickel ferrite on the surface of tin dioxide from 0.62 to 0.8
were synthesized by co-precipitation. Size of SnO; and NiFe;O4 nanoparticles was determined by a transmission
electron microscope and its about 30—50 nm and 15-30 nm, respectively. For the NiFe;04/SnO; nanocomposites the
values of complex permittivity and complex permeability in the microwave range, values of conductivity at low
frequencies were investigated. Maximum values of complex permittivity and complex permeability were found for
NiFe;04/SnO; nanocomposites at the volume content of nickel ferrite 0.62. An increase was observed in the complex
permittivity for the NiFe;04/SnOx—polychlorotrifluoroethylene system, 2—3 times greater than the values related to the
NiFe;O4/SnO; nanocomposites. The electrical conductivity at low frequencies (100 Hz) of polymer composites
increases by an order of magnitude with a decrease of the concentration of nickel ferrite on the surface of tin dioxide.
It was found that the calculated absorption coefficient of an electromagnetic wave in the frequency range 1-41 GHz
for NiFe;04/SnO; nanocomposites is about 2 times greater than that for nickel ferrite. It is shown that the creation of
nanocomposites based on a conductive component modified by a magnetic component is more efficient for the
processes of absorption of electromagnetic waves in the microwave range at optimal ratios of the values of the
permittivity and permeability than pure ferrite.

Keywords: nanocomposite, nickel ferrite, tin dioxide, complex permeability, complex permittivity, electrical
conductivity, absorption coefficient

INTRODUCTION EM wave adsorption use of combination of
different electromagnetic properties of materials
(permittivity and permeability etc.) [3], different
morphology (sheet, linear, spherical, core-shell
structure efc.) and different sizes [4, 5]. This
approach makes it possible to provide multiple loss
mechanisms in composite materials in an EM field.

Spinel-type  ferrites  (MeFe,Os4, where
Me = Co, Ni, Fe, Zn, Cu efc.) and various
conductive components (carbon and
semiconductor materials (CuS, BaTiOs;, SnO,)
metallic particles etc.) are often used to create such
composite materials [6—8]. The spinel ferrite
NiFe,O4 feature a  moderate  saturation
magnetization, low toxicity, high mechanical
hardness, excellent chemical stability, large
electrical resistivity, which is a promising
candidate as a microwave absorbers [9].

There are numerous articles describing the
structures of core-shell particles (Ni/SnO),
porous core-void-shell nanocomposites (FezOs-

The rapid development of science and
technology, as well as the use of electronic and
communication  equipment  have  caused
electromagnetic pollution of the environment.
Electromagnetic (EM) radiation is a threat not only
to information security, the use of high-precision
electronic equipment, but also to human health [1].
Therefore, nowadays, the creation of new materials
for absorbing of EM radiation is an important
direction. Nevertheless, the development of such
materials is a serious problem, since it is necessary
to combine simultaneously in materials such
parameters as a wide range of absorption
frequencies, strong absorption, light weight, thin
thickness etc. [2]. Traditional absorbing materials
are mainly divided into dielectric loss materials
and magnetic loss materials, and they are generally
limited to one loss mechanism. This makes it
impossible to use such absorbing materials with
parameters listed above. For intensification of the
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Sn0,), Fe304@Sn0O,/graphene oxide nano-
composites with good absorption of EM
microwave radiation [10-12]. The authors note
that the improvement in absorbing properties is
possibly due to an effective combination of
dielectric losses and magnetic losses, but the
effect of SnO, content on microwave absorption
properties was not illustrated systematically.
Nonetheless, the articles noted that the microwave
absorption properties of nanocomposite can be
tuned by control of SnO» contents.

The aim of the paper was to develop and
synthesize the polymer-filled systems based on
the polychlorotrifluoroethylene and tin dioxide
modified by nickel ferrite in order to study their

electrophysical properties as potential EM
radiation absorbing materials.
MATERIALS AND METHODS

To create materials that effectively interact
with EM radiation, nanocomposites NiFe;O4/SnO»
were synthesized. First, tin dioxide nanoparticles
were synthesized accordingly to the procedure
described elsewhere [13]:

Sn + 4HNO3conc) = SN0, + 4NO, + 2H0.
(1)

The powder SnO, was washed by deionized
(DI) water and heat treated at 923 K in air for 4 h.
Then SnO, nanoparticles were modified with
nickel ferrite by coprecipitation method in the
presence of a reducing agent (hydrazine hydrate).
For this, the stoichiometric amounts (2:1) of iron
nitrate Fe(NO3)3-9H,0 (pure grade), nickel nitrate
Ni(NO3),-6H>0 (pure grade) were dissolved in DI
water. The appropriate amount of SnO;
nanoparticles was added to nitrate solution with
continuous stirring for 2 h and 293 K. Then
appropriate amount of hydrazine hydrate was
added to solution with continuous stirring till the
pH was adjusted to 7.0 and boiled for 2 h. The
powder was separated by magnetic separation and
dried at 100 °C for 6 h. The concentration of
NiFe;O4 on a surface of SnO; was from 0.62 to
0.8 vol. fractions (¢).

Polymer filled composites were prepared by
mechanical milling of the polychlorotri-
fluoroethylene (PCTFE) powder with modified
powders (NiFe;04/SnO;) until homogeneous
mixture, which thereafter was compressed at the
polymer melt temperature of 513 K and a pressure
of 2 MPa.
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The real (¢") and imaginary (&") components
of the complex permittivity, the real (u') and
imaginary (n”) components of the complex
permeability of composites at microwave
frequencies (9 GHz) were measured using an
interferometer (RFK 2-18, USSR, for measuring
thet phase difference) and a standing wave meter
(R2-60, USSR) by an electrodeless method [14].
The samples of the composites had a rectangular
shape of 10x23 mm with a thickness of 2 mm. The
immittance meter (E7-14, USSR) is used to
measure the electrical conductivity (o) at low
frequencies (100 Hz) by two-contacts method
[15]. The samples of the composites had a square
shape of 10x10 mm with a thickness of 2 mm. For
measurements of electrical conductivity graphite
electrodes were used and the experimental error
did not exceed 5 %.

Crystalline structure of the samples was
characterized by an X-ray diffractometer
DRON-4-07 (Lomo, USSR) with CoK, radiation.
Scherrer’s equation (Eq. (2)) [16] was used to
determine the crystal sizes of the samples from the
width of the most intense line in XRD patterns.

Do 0.94 )
pcosd

where / is the X-ray wavelength (0.1789 nm), 6 is
the Bragg diffraction angle, f is the full width at
half maxima of the peak [17].

Information about the morphologies and
microstructures of composites was determined
using transmission electron microscope (TEM)
(JEOL-1200 EX, Jeol, Japan) images of the
as-synthesized samples.

RESULTS AND DISCUSSION

The TEM images of the synthesized SnO»
nanoparticles and after their modification by
nickel ferrite are presented in Fig. 1. All TEM
images show moderately agglomerated and
individual particles. The results of a TEM study
indicated that nanoparticles of SnO, were a size
of about 30—50 nm (Fig. 2 @). The size of NiFe,O4
nanoparticles on the surface of tin dioxide was
15-30 nm (Fig. 2 b).

Crystalline structure of the as-synthesized
nickel ferrite and SnO, modified by nickel ferrite
were studied with X-ray analysis (Fig. 2). The
diffraction pattern of SnO, modified with nickel
ferrite (Fig. 2, curve 2) contains all reflections
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corresponding to NiFe,O4 (JCPDS 86-2267) and
SnO, (JCPDS 88-0287). The main reflections
synthesized ferrite corresponded to the cubic
structure and to the (111), (220), (222), (311),
(400), (422), (440), (511) crystalline planes. The

400imm|

a

main reflections tin dioxide corresponded to the
tetragonal structure and to the (110), (101), (200),
(211), (220) crystalline planes. The average size
of crystallites of nickel ferrite and tin dioxide is
27 and 25 nm, respectively.

Fig. 1. TEM images of synthesized tin dioxide nanoparticles (a) and 0.68 NiFe,O4/SnO- (b)

14000

12000

u.)

$ 10000

8000

Intensity (a
(110)*
(220)

(101)*

6000

311)

4000 +

2000

(400)

*Sn0O,

(440)

10 20 30 40

1
60 70 80 90 100

20, degree

Fig. 2. X-ray diffraction patterns of synthesized samples: / — NiFe,Os4, 2 — 0.68 NiFe>04/SnO;

"

The values of &, ¢” and u', p” in the
microwave range as well as values of ¢ at 100 Hz
nonlinearly depend on the concentration of —
NiFe,O4 for modified NiFe,04/SnO, composites
and reaches a maximum values €', ¢” p', p” at
¢ = 0.62. The formation of branched non-
conducting  clusters of nickel ferrite
(c = 1-10® Om™-cm™) on the surface of tin
dioxide leads to a decrease in the interaction of the
electromagnetic field and, accordingly, to a
decrease in the values ¢’ and &”. It was found that
the main contribution to the electrical
conductivity of the NiFe,O4+/SnO, composites is
caused by tin dioxide, but the main influence on
the o is exerted by nickel ferrite on the surface
SnO,. The values of the real and imaginary
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component of complex permeability and complex
permittivity at 9 GHz for the synthesized nickel
ferrite and modified SnO, by nickel ferrite are
presented (Table). It was also determined that an
increase of the nickel ferrite concentration on the
surface of SnO, leads to a decrease in the values
of complex permeability. This is due to natural
ferromagnetic resonance [18] and an increase in
the degree of defectiveness of the surface of
magnetic nanoparticles, due to an increase in the
surface of interaction between the magnetic
component and the conductive component
(SnOz).

The experimental results of the complex
permittivity for the systems NiFe,O4/SnO,—
PCTFE are presented in Fig. 3. An introduction of
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NiFe;04/SnO, composites in PCTFE leads to an
increase €' and €” in all concentration range, at
room temperature. The maximum values of
complex permittivity for 0.62NiFe,O4/SnO>—

PCTFE composites were observed. The nonlinear
character of the increase of the values of €', £" in
three-component systems with an increase of the
volume content of the nickel ferrite was observed.

Table.  Complex permeability and complex permittivity of synthesized nickel ferrite and nanocomposites
Sample p' p' g g"”
NiFe,O4 1.01 0.02 2.1 0.5
0.8NiFe;04/SnO, 1.09 0.05 4.1 2.9
0.68NiFe;04/Sn0O, 1.09 0.06 42 34
0.62NiFe;04/Sn0O, 1.11 0.06 4.4 3.6
8' 3 8" 3
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Fig. 3. Dependences of the €' (@) and £” (b) at 9 GHz of the nickel ferrite volume fractions (¢) in polymer composite
systems: / — 0.8NiFe;04/SnO,—PCTFE, 2 — 0.68NiFe,04/SnO>—PCTFE, 3 — 0.62NiFe,04/SnO,—PCTFE

The dependences of the -electrical
conductivity at a low frequency on the volumetric
content of nickel ferrite for three-component
systems are shown in Fig. 4. Since the main
contribution to the electrical conductivity of
nanocomposites NiFe,04/SnOs is tin dioxide, but
the main influence on the ¢ is exerted by nickel
ferrite on the surface SnO,, with an increase in the
volume fraction of ferrite, a decrease in
conductivity values is also observed in three-
component systems NiFe;O4/SnO,—PCTFE. This
can be explained by a decrease in the formation of
conductive  clusters interacting with the
microwave field, as well as direct contacts
between conductive tin dioxide nanoparticles.

The calculated dependences of the absorption
coefficient of EM waves by NiFe;04/SnO>
nanocomposites and nickel ferrite in the
microwave range are shown in Fig. 5. The
absorption coefficient (4) was calculated
according to Eq.:
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A=1-R-T, 3)

where R - reflection coefficient of EM wave, T -
transmission coefficient of EM wave, which were
determined by equations in a complex form, using
the experimental values of €', €” and p', p”’
according to [19].

The figure shows that the absorption of EM
waves by nanocomposites is more efficient than
by nickel ferrite. The frequency curves (2, 4) of
nanocomposites have minima in the frequency
range of 10 and 25 GHz, which is due to changes
in the reflection coefficient, namely, increasing its
values. For nanocomposites 0.68NiFe;04/SnO»
(curves 3) in the frequency range up to 20 GHz, a
decrease in the values of the absorption
coefficient of the EM wave was observed, due to
an increase in the reflection coefficient, which
occurs due to the summation of the reflected EM
waves from the front and back sides of the
measured sample. After 20 GHz, an increase in
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the absorption coefficient of the EM wave was
observed, due to a decrease in the reflection
coefficient, since there was a subtraction of the

reflected EM waves from the front and back sides
of the measured sample.
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Fig. 4.

Dependences of the electrical conductivity logarithms of the nickel ferrite volume fractions (¢) in polymer

composite systems: / —0.8NiFe;04/SnO,—PCTFE, 2 —0.68NiFe,04/SnO,—PCTFE, 3 —0.62NiFe,04/SnO,—PCTFE
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Fig. 5. Frequency dependence of absorption coefficient (4) for nanocomposites: / — NiFe,Oa, 2 — 0.8NiFe;04/Sn0», 3 —
0.68NiFe,04/Sn0;, 4 — 0.62NiFe;04/SnO». The thickness of the samples was 4 mm

CONCLUSIONS

NiFe>04/SnO, nanocomposites were obtained
by modifying tin dioxide with nickel ferrite with
its volume fraction from 0.62 to 0.8. The size of
SnO; and NiFe,O4 nanoparticles were 30-50 and
15-30 nm, respectively.

The values of &', ¢” and p', p” in the
microwave range as well as values of conductivity
at 100 Hz nonlinearly depend on the
concentration of NiFe;O4 for modified
NiFe;04/SnO, nanocomposites and reaches a
maximum value at ¢ = 0.62.

An introduction of  NiFe,04/Sn0O,
nanocomposites in PCTFE leads to an increase &’
and €" in 2-3 times in all concentration range in
2-3 times at room temperature. The complex
permittivity  for  0.62NiFe,O04/SnO,—PCTFE
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composites is 2 times higher compared to the
same for  0.8NiFe;O04/SnO,—PCTFE. The
electrical conductivity for 0.62NiFe;O4/SnOx—
PCTFE composites is 1 orders of magnitude
higher = compared to the same  for
0.8NiFe;04/SnO,—PCTFE, presumably due to
formation more branched cluster of tin dioxide
modified by nickel ferrite.

The obtained experimental values of the
complex permittivity and complex permeability
of NiFe,O04/SnO, nanocomposites made it
possible to calculate the absorption coefficient of
EM waves for the frequency range 1-40 GHz. It is
shown that for NiFe,O4/SnO, nanocomposites the
value of the absorption coefficient of EM waves
is almost 2 times higher compared to nickel
ferrite.
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EnexkrpogiznyHi BJacTUBOCTI MOJIMEPHIX HAHOKOMIIO3UTIB HA OCHOBI IIOKCHTY 0JI0BA,
MoanGikoBaHOTO (pepuTOM HiKeJII0

C.J1. lIpokonenko, P.B. Ma3ypenko, I'.M. I'ynus, C.M. Maxwuo, ILII. I'opouk

Tuemumym ximii nogepxui in. O.0. Yyuxa Hayionanvhoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, sprokopwork@gmail.com

CmeopenHs HO8UX HAHOMAamepianie 01 NOSIUHAHHA eleKMPOMASHIMHO20 BUNPOMIHIO8AHH MIKPOXBUTbOBO2O
OIandasoHy € 8adiCIUGUM HANPAMOM Y 36 'A3KY 3 eleKMpPOMACHIMHUM 3A0pYOHEeHHAM HABKOIUUHBLO2O Cepedosuyd.
Memoro pobomu 6yna po3pobka ma curmes NoAiMepHO-HANOBHEHUX CUCINEM HA OCHOBI NONIXIOPMPUGmopemuiery
ma Oiokcudy o0108d, MOOUPIKoeanux epumom HiKemo, 3 Memoio OOCHONCeH s IXHIX eleKmpOopizuyHux
eracmusocmell K mMamepianie, wjo NO2IUHAIOMb eNeKMPOMAacHimHe 8UNPOMIHIO8anHA. Memodom cnisocadxicenHs
cunmesosano Hanoxomnozumu NiFe;04/SnO; 3 06 emHum emicmom ghepumy HiKeno Ha NOGepxHi OlOKCUAY 0106d 6i0
0.62 00 0.8. Posmipu nanowacmurnox SnQO> ma NiFe;O4 6usnauanu 3a 00NOM02010 MPAHCMICIIHO20 eNeKMPOHHO20
Mikpockona, siki cmanosunu 61uzeko 30-50 ma 15—30 Hm 6ionosiono. /s nanoxomnosumie NiFe;04/SnO; nposedero
00CIOHCEHHSI KOMNLEKCHOT OleleKMPUYHOL ma KOMNIEKCHOI MAZHIMHOL NPOHUKHOCME 8 MIKPOXBUTbOBOMY OIaNd30HI,
a makooic enekmponpoioHOCmi HA HU3bKUX dacmomax. Bcmawnoeneno maxcumanvhi 3HaueHHs KOMWAEKCHOL
OleleKmpuuHoi ma KOMNJIeKCHOI MaeHIMHOI npoHuUKHoCmi 01 Hanokomnosumie NiFe;04/SnO; npu 06 emuomy emicmi
Gepumy Hwixento 0.62. Cnocmepicanoca 30inbuieHHs KOMNIEKCHOI OieleKmpUudHoi NPOHUKHOCMI Ol Cucmemu
NiFe;04/SnOr-nonixnopmpugpmopemunen y 2-3 pasu nopieHano 3 Hanokomnosumamu NiFe;04/SnO;.
Enexmponposionicmo Ha nuzvkux yacmomax (100 I'y) norimeprux KomMnosumie 3p0cmae Ha NOPAOOK 3i 3MEHUEHHAM
Konyenmpayii gepumy Hikemo Ha nogepxni Oiokcudy 0106d. Bcmanoeneno, wo pospaxoeanuii xoegiyienm
NO2NUHAHHS eNleKMPoMazHimHol xeuni 6 oianazoni wacmom 1—41 I'T'y ons nanokomnosumis NiFe;04/SnO; npubnusno
6 2 paszu Oinvwiui, Hixc 01 gepumy Hikemo. Ilokazano, wjo cmeopeHHs HAHOKOMNO3UMIE HA OCHO8I NPOGIOHOI
KOMNOHEHMU, MOOUPDIKOBAHOT MACHIMHOIO KOMHOHEHMOI0, € Oinbd eekmueHum Oas Npoyecié NOIUHAHHSA
€1eKMPOMASHIMHUX XBUTb MIKPOXEUTLOB020 OIANA30HY NPU ONMUMATLHUX CRIEBIOHOUEHHSX 3HAYEHb OleNeKmPUiHOL
ma MA2HimHOL NPOHUKHOCMI ROPIGHAHO 3 (Pepumom.

Knrwowuosi cnosa: nanoxomnosum, ¢hepum Hikemo, OIOKCUO 07106d, KOMNIEKCHA MASHIMHA NPOHUKHICMb,
KOMAAEKCHA Ole/IeKMPUYHA NPOHUKHICb, eleKmpOnpOGIOHICIb, KOeMIYiEHM NO2TUHAHHS
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