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Hybrid composites of carbon component/nanosized FeCo particles were synthesized from solution by the co-
precipitation method (multiwalled carbon nanotubes, graphene nanoplates, carbon black and carbon fiber were used
as the carbon component, and the presence of phases of carbon substrates, cobalt, iron and its oxide forms was found.
FeCo nanoparticles with sizes from 5 nm form agglomerates of 50—-100 nm on the surface of carbon substrates; the
localization of metal particles is characteristic of each substrate, which is associated with the distribution of active
functional groups on the surface.

The dielectric behavior of the composites in the microwave range and at low frequencies has been studied. It has
been shown that carbon fiber/FeCo composites with &' and &" significantly exceeding the values of individual
components have a significant interface between the components in the composite and a more uniform distribution of
metal particles on the surface of carbon fiber compared to other substrates. All the composites obtained have
pronounced magnetic properties and thermally stable to a temperature of 250 °C.

The frequency dependences of absorption and reflection coefficients in the range from 1 to 40 GHz for the
composites obtained are calculated. Several absorption mechanisms are realized simultaneously in the composites
(absorption above -12 dB), which makes them an attractive component for creating effective electromagnetic radiation
absorbers for different ranges.

Keywords: magnetic nanoparticles, nanocomposites, electrical conductivity, low frequencies and microwave

range, absorption of electromagnetic radiation, dielectric and magnetic permeability

INTRODUCTION

One of the most promising areas of modern
materials science is the creation and study of
hybrid composite materials that combine the
properties of different components to achieve new
functional  properties, characteristics and
applications [1,2]. Among such composites,
systems based on carbon substrates (thermally
expanded graphite, carbon black, carbon fiber,
graphene and its derivatives, etc.) with the
addition of magnetic metal nanoparticles attract
special attention [3], since they have high
electrical and thermal conductivity, combine high
mechanical strength, lightness of carbon materials
with the unique magnetic properties of metal
nanoparticles [4].

Hybrid composites also have great potential
in the creation of lightweight, durable structures,
as well as in many electronic and sensor devices,
in the energy sector for high-performance
supercapacitors [5] and batteries. Due to the high
conductivity of carbon substrates and the irability
to modulate magnetic properties, such composites
are used in energy-saving and energy conversion
devices, sensors for industrial and medical
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applications [6]. The presence of only a carbon
component in composites can limit their
functionality, in particular in the context of
magnetic properties that are required in areas such
as magnetic information storage, magnetic
separation, and recognition. Hybrid composites
acquire better thermal, optical, electrical, and
magnetic properties compared to monometallic
and bimetallic particles, since the matrix is a
functionally active element [7]. The unique
optical and thermophysical properties of graphene
nanoplates (GNPs), carbon nanotubes (CNTs),
and carbon fibers (CFs) of various configurations,
as well as the features of their electronic structure,
have been widely studied previously [8].

The absorptive capacity of composites
depends on the level of dielectric and magnetic
losses and their ratio, on the size of the particles
and the periodic elements they form, the thickness
of the interfacial layers, and their structure [9].
Absorbing materials, in addition to being cost-
effective, should have wide absorption bands, be
thin, and be lightweight. Currently, a large
number of different hybrid composites have been
developed [10], consisting of carbon material and
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magnetic nanoparticles, in which the synergistic
effect of several loss mechanisms operates
simultaneously [11]. In such composites,
impedance matching and excellent attenuation
characteristics can be optimized.

Thus, scientific research in the field of
composites based on carbon substrates and
magnetic metal nanoparticles has enormous
potential [12] for the development of new
materials capable of providing a wide range of
functions in complex technological processes.

The aim of this work is to develop methods
for the synthesis and preparation of bimetallic
FeCo nanoparticles and hybrid carbon
component/FeCo composites, namely
multiwalled carbon nanotubes/FeCo
(MWCNT/FeCo), graphene nanoplates/FeCo
(GNP/FeCo), carbon fiber/FeCo (CF/FeCo),
carbon black/FeCo (CB/FeCo) with different
content of metal nanoparticles and establishing
the optimal content for the best ratio of magnetic
and dielectric permeability of composites.

RESEARCH METHODS AND MATERIALS

The synthesis of a series of bimetallic FeCo
particles and carbon component/FeCo composites
was carried out by co-precipitation from a
solution of iron and cobalt salts and an aqueous
suspension of a carbon component (carbon fiber,
graphene, carbon black, or multiwalled carbon
nanotubes) in the presence of a reducing agent.
The synthesis takes place at the boiling point of
the hydrazine hydrate reductant of 70-75 °C,
followed by cooling and drying at 80 °C.

The following carbon components were used:
multiwall nanotubes manufactured by
TMSpetsmash LLC, TU 24.1-03291669-
009:2009, their properties are described in [13];
graphene nanoplates obtained by electrochemical
oxidation [14], 250—400 nm in size; carbon fiber
was obtained by grinding carbon fabric UVM-24
(TU88-USSR  259-003-89); carbon  black
CAS#1333-86-4 manufactured by Evonik
Degussa GmbH (Germany).

The composites were studied by X-ray
diffraction analysis using a DRON-4-07
diffractometer in the Cuk, radiation of the anode
line with a nickel filter in the reflected beam at the
Bregg-Bretano imaging geometry.

The morphology and microstructure of the
composites were determined using a transmission
electron microscope (TEM) (JEOL-1200 EX,
Jeol, Japan).
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The study of the real (¢') and apparent (")
components of the complex dielectric constant of
the composites was carried out in the ultra-high
frequency (UHF) range of 8-12 GHz using an
interferometer based on the RFK2-18 phase
difference meter and the P2-60 standing wave and
attenuation coefficient meter using the electroless
method. The conductivity at low frequencies of
0.1, 1, and 10 kHz using the two-contact method
using an E7-14 impedance meter [15]. The
relative error in determining €', €”, 1, 1", o did not
exceed ~5%. The magnetic permeability at
9 GHz of the systems was studied at bulk density.

The thermal destruction of the composites
was studied by thermogravimetry using a
derivatograph “Q-1500 D”. Samples weighing
100+£5 mg were heated in ceramic crucibles at a
rate of 10 deg/min in an air atmosphere.

RESULTS AND DISCUSSION

The bimetallic FeCo particles and carbon
substrate/FeCo nanoparticles composites were
studied by electron microscopy (Fig. 1). From the
electron photographs, it can be seen that the
circumspherical FeCo particles with a size of 10
to 30nm are grouped into agglomerates of
50-100 nm (Fig. 1 @). For composites, metal
particles with a size of 5 nm or more mostly form
agglomerates up to 50-100 nm in size, but there
are some elongated clusters on or near the surface
of the substrates.

In the GNP/FeCo composite (Fig. 1 b), metal
particles are unevenly distributed, and particles
are observed to accumulate at the edges of
graphene sheets. In the MWCNT/FeCo composite
(Fig. 1 ¢), FeCo particles are localized along the
surface of multilayer nanotubes, which may be
due to the distribution of functional groups on the
substrates. Particles of carbon black have an
irregular geometric shape close to tetrahedra or
prisms. Metallic particles with a size of ~5 nm are
predominantly deposited on the edges and acute-
angled vertices of carbon particles (Fig. 1 d).

Optical microscopy has shown that carbon
fiber particles have a diameter in the range of
10-200 microns and are differentiated by size:
0.01-0.02 mm - about 22 %, 0.6—0.8 mm — 65 %,
5-7 mm — 13 %, respectively, the fiber particles
have different aspect ratios. Metal particles are
localized near the surfaces of carbon fiber with the
smallest radius of curvature (Fig. 1 e).

The study of the composites by XRD analysis
revealed the absence of phases of the starting
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reagents and the presence of phases of carbon
substrates, cobalt, iron and its oxide forms, which
have nonmagnetic properties. Since all the

properties, it can be assumed that the surface
layers of iron are partially oxidized due to the
peculiarities of the synthesis process.

samples obtained have pronounced magnetic

d e

Fig. 1. TEM-images of carbon with metal nanoparticles composites: a — FeCo; b — GNP/FeCo; c — MWCNT/FeCo;
d — CB/FeCo; e — CF/FeCo

The wvalues of the real and imaginary
components of the complex permittivity at 9 GHz
are higher for metal nanoparticles than for their
composites (Table), which may indicate the

constant of which significantly exceed the initial
values of individual components, indicating a
significant interface between the components in
the composite and a more uniform distribution of

interaction of metal nanoparticles with the surface
of the carbon substrate. The exceptions are
composites with carbon fiber, the values of the
real and conditional components of the dielectric

metal particles on the surface of carbon fiber,
compared to other carbon substrates.

Table. Electrophysical characteristics of hybrid carbon composites with FeCo metal particles

Composite, dBUI.k Frequency 9 GHz Low frequency Absorption,
owder ensity, ! g" w n’ ¢ 10kHz  ° (1xHz) dB/cm
P g/cm’ Om'cm’!
1 94 %FeCo 0.71 5.6 4.2 1.26 0.29 6.410° 0.26 -6.2
2 CF/24 %FeCo 0.09 12.6 258 1.06 0.02 1.7-10° 0.15 -3.9
3 CF/39 %FeCo 0.65 7.1 7.2 1.1 0.01 253 9.4102 -6.4
4 GNP/33 %FeCo 0.42 34 1.4 1.1 0.038 - 0.01 =13
5 CB/21 %FeCo 0.59 3.8 3.1 1.22 0.09 7103 0.17 -19.1
6 CB/45 %FeCo 0.69 2.6 0.8 1.08 0.019 1260 2.8103 -4.5
7 MWCNT/36 %FeCo  0.54 3.9 33 1.13 0.023 7.910* 0.14 -16.0
8 MWCNT/54 %FeCo  0.57 32 1.93 1.09 0.048 6.410* 0.06 -10.3
9 MWCNT/72 %FeCo  0.64 3.1 1.6 1.12 0.086 836 4.5107? -1.4
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The dielectric constant at low frequencies is
also higher for the metal particles, given that their
surface is obviously partially oxidized and creates
a separate dielectric phase on the surface of the
conductive metal particles. The high conductivity
values of the metal particles indicate a significant
number of metal-to-metal contacts and a low
content of the ferrous oxide phase in the metal
particles. Both components (metal nanoparticles
and carbon substrate) of all the considered
composites are electrically conductive; the
decrease in the electrical conductivity of the
composites can be attributed to the influence of
oxide layers on the surface of metal particles. The
hybrid nanocomposites of MWCNT/FeCo and
GNP/FeCo have the same order of magnitude of
electrophysical parameters. It has been observed
even identical samples can have a difference in
electrophysical parameters within 10 %.

The wvalues of the real and imaginary
components of the complex magnetic
permeability of composites depend on the
respective values of the individual components,
the metal content in FeCo particles, as well as the
size of metal particles and their domain structure.
The presence of magnetic permeability and
magnetic losses at microwave frequencies is due
to the natural ferromagnetic resonance in metal
nanoparticles. Magnetic losses increase with
increasing content of metal nanoparticles and
reach the highest values for the FeCo sample
(Table). The low values of the real and complex
parts of the magnetic permeability of the
composites are due to the size of the magnetic
particles.
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The interaction of electromagnetic radiation
of different ranges with hybrid composites of the
carbon component/metal particles type is
accompanied by polarization. Consequently, the
structure of the absorbing element must have a
sufficiently high level of heterogeneity, resulting
in a significant interfacial surface between
individual components, which creates areas with
a high degree of polarization [16]. It has been
shown that composites effectively interact with
electromagnetic radiation in the microwave range
(absorption above -12 dB) due to the presence of
magnetic permeability and magnetic losses, and
the implementation of several (three or more)
absorption mechanisms.

According to the method [10], the frequency
dependences of the reflection coefficients R and
the absorption A4 of a hybrid nanocomposites of
the carbon component/FeCo are calculated. In
Figs. 2, 3 there are the curves that best illustrate
the results, Fig. 2 shows a vacuum-composite-
vacuum system, while Fig. 3 shows a vacuum-
composite-metal system. The lowest level of
reflection is observed for all composites in the
region up to 5 GHz (radio translucent, given the
low absorption level 4, Fig. 2 ) and in the range
of 10-30 GHz for the composite CB/45 % FeCo
and for MWCNT/72 % FeCo up to —22 dB. The
absorption ratio for FeCo metal nanoparticles is
the highest among composites, in the area of
10 GHz and above and does not depend on the
frequency of electromagnetic radiation (EMR).
The sharp minima on curves 4 and 5 are caused
by interference, which depends significantly on
the thickness of the sample.

14
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Fig. 2. Reflection (a) and absorption (b) coefficients of electromagnetic waves in vacuum of hybrid carbon
fiber/FeCo nanocomposites: / — FeCo metal nanoparticles; 2 — CF/24 %FeCo; 3 - MWCNT/33 %FeCo; 4 —
CB/45 %FeCo; 5 — MWCNT/72 %FeCo from the frequency. The thickness of the samples was 4 mm
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Both composites with carbon nanotubes have
a similar dependence of the reflection coefficient
on the frequency, although the content of metal
particles is different. The highest level of
reflection is inherent in the composite CF/24 %
FeCo, for this composite the absorption
coefficient does not depend on the frequency in
the range of 5 GHz and above, this composite is

the most attractive object for further
implementation in the polymer binder. In narrow
frequency ranges (Fig. 3) there are interference
reductions of the coefficient R up to —30 dB for
composites CB/45 % FeCo and MWCNT/72 %
FeCo (Fig. 3, curves 4 and 5), which can be used
to further coordinate impedance and increase the
efficiency of EMR absorption.

-10 4

-15 4

R, dB

-20 4

-25

-30 4

-35 - T T

f, GHz

Fig. 3. Reflection coefficients of electromagnetic waves on metal of hybrid carbon fiber/FeCo nanocomposites: / —
FeCo metal nanoparticles; 2 — CF/24 %FeCo; 3 — MWCNT/33 %FeCo; 4 — CB/45 %FeCo; 5 —
MWCNT/72 %FeCo from the frequency. The thickness of the samples was 4 mm

The thermal stability of the obtained
composites was evaluated by thermogravimetr;
the differential thermal analysis (DTA) and
thermogravimetry (TG) data are presented in
Fig. 4. It is the ferrous particles that are more
susceptible to oxidation than other metals
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100 ~
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20

T T T
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considered earlier [17], such as Co, Ni. It has been
shown that the MWCNT/FeCo and GNP/FeCo
composites do not degrade when stored in air for
a long time (decrease in electrophysical
parameters by 5-10 % during the year).
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Fig. 4. DTA (a) and TG (b) of MWNT/FeCo (1), GNP/FeCo (2), FeCo (3), CB/FeCo (4), CF/FeCo (5) composites
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The figure shows that FeCo particles are
characterized by a mass gain of 22 % (Fig. 4 b,
curve 3) with increasing temperature, which
corresponds to the oxidation process of metal
particles, which starts from 180 °C and lasts up to
900 °C. Composites have different process
dynamics. Composites with carbon nanotubes and
carbon fiber are more resistant to temperature,
which indicates (a higher interaction of metal
nanoparticles with the substrate). In the
temperature range of 310, 500, 610 °C, peaks are
observed for the MWCNT /FeCo sample, which
is probably due to the oxidation processes of
metal particles [18].

A feature of the MWCNT/FeCo composite is
the partial reduction of oxidized metal particles
due to incomplete burnout of the tubes in the
range of 700-750 °C (Fig. 4 b, curve 1). The
GNP/FeCo composites have a wider blurred DTA
peak at 420 °C (Fig. 4 a, curve 2), which may
indicate a more homogeneous composition of
metal particles in size. The carbon component in
the GNP/FeCo and CB/FeCo composites burns
out much earlier, in the temperature range of
250-500 °C. The composites have minima at a
temperature of 780 and 890 °C, which may be due
to the rearrangement of the crystal lattice of the
structure formed during annealing.

CONCLUSIONS

Synthesis methods have been developed and
hybrid composites carbon component/nanoscale
FeCo particles have been obtained, where
multiwalled carbon nanotubes (MWCNTS),
graphene nanoplates (GNPs), carbon black (CB),
and carbon fiber (CF) with different carbon
content have been used as the carbon component
to optimize dielectric and magnetic properties.
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The presence of phases of carbon substrates,
cobalt, iron, and its oxide forms was determined
by X-ray phase analysis. It has been found that
FeCo nanoparticles with sizes from 5 nm form
agglomerates of 50-100 nm on the surface of
carbon substrates. The localization of metal
particles is characteristic of each substrate: at the
edges of graphene sheets, along carbon
nanotubes, on the surface of carbon black and
carbon fibers near the points with the smallest
radius of curvature, which is associated with the
distribution of active functional groups on the
surface of the substrates.

FeCo nanoparticles have higher values of the
real and imaginary components of the complex
dielectric constant at a frequency of 9 GHz
compared to the composites, with the exception of
the CF/FeCo composites. Its ¢ and &"
significantly exceed the initial values of the
individual components, indicating a significant
interface between the components in the
composite and a more uniform distribution of
metal particles on the surface of carbon fiber
compared to the other substrates considered.

It is shown that the composites effectively
interact with electromagnetic radiation in the
microwave range (absorption above -12 dB/cm)
due to the presence of magnetic permeability and
magnetic losses, which is due to the natural
ferromagnetic resonance in metal nanoparticles.
Theoretical estimation of the reflection and
absorption coefficients identifies the carbon fiber
composite as the most promising for further use.
Several absorption mechanisms are realized
simultaneously in the developed composites,
which makes them an attractive component for
creating effective electromagnetic radiation
absorbers.
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Memodom cnigocadicentss 3 po3HUHY CUHME308AHO 2IOPUOHI KOMNO3UMU BYeneyesuil KOMROHEHM/HAHOPO3MIPHI
uacmunku FeCo. Ak gyeneyesa cknadosa 8UKOpUcmano 6azamouaposi gyaneyesi HaHompyoKu, 2pageHosi HaHONIACMUHI,
MEXHIYHY Cadcy ma yeieyese 60J10KHO, BCHIAHOGIEHO HAABHICMb (a3 KapOOHOBUX NIOKIA00K, Kobanbniy, ghepymy ma ixuix
oxcuonux gpopm. Hanowacmunku FeCo posmipamu 6i0 5 m ghopmyroms aznomepamu 50—100 Hm Ha nogepxHi KapooHO8UX
NIOKIA0O0K, TOKANI3AYIsL MEMALeBUX YACMUHOK XaPAKMeEPHA 0151 KOHCHOT NIOKIAOKU, W0 NO8 S3AHO 3 PO3NOOLIOM AKMUBHUX
DYHKYIOHATLHUX 2DYN HA NOBEPXHI.

ocnidowceno dienexmpuyny no6eO0iHKY KOMNO3UMIB 8 HAOBUCOKOUACMOMHOMY 0ianda3oHi ma Ha HU3LKUX 4aACmOomax,
noxazano, wo xomnozumu eyeneyese gonokno/FeCo, ons skux €' i " 3HauHO nepesuwyoms NOKAZHUKU OKPEeMUX
KOMHNOHEHMI8 MAlomb 3HAYHY NOBEPXHIO NOOLTY (ha3 KOMNOHEHMI8 y CKIAO0I KOMNO3umy ma Oinbi PiGHOMIPHUL PO3NOOIL
MEMAanesux YacmuHoK no NOGEPXHI 8Y2eye6020 0JI0KHA, Y NOPIGHAHHI 3 IHWUMU NIOKTAOKamuy. Yci ompumani KomMnosumu
Maromv 8UPAdICeHi MASHIMHI 61ACMUBOCMI Ma mepmiyno cmabinvii 0o memnepamypu 250 °C.

Pospaxosano wacmomHi 3anexcHocmi 6I0 NO2IUHAKHA Ma i00usarHs @ dianaszoni 6i0 1 do 40 I'Ty ons ompumarux
KOMRO3UMIB. Y KOMNO3umax peanizylomvcsi OeKLIbKa MEXAHI3MI@ NO2IUHAHHS 0OHOYACHO (notauxanHs euwe -12 0F), wo
pobumb ix npueabIUBUM KOMROHEHMOM OJsL CMEOPEHHS eqheKMUBHUX abcopbepie eneKmpoMAazHimHO20 GURPOMIHIOBAHHSL
Pi3HUX Jiana3oHis.

Knrouosi cnoea: macHimui HAHOYACMUHKU, HAHOKOMNO3UMU, eNeKMPONPOBIOHICIb, HU3LKI yYacmomu ma
HA0BUCOKOYACMOMHUL 0IaNa30H, NO2TUHAHHS eJIeKMPOMASHIMHO20 BUNPOMIHIOBAHHS, OieleKMpPUYHA Md MA2HIMHA
NPOHUKHOCI
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