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Abstract—The eff ect of the residual catalyst for the synthesis of multi-walled carbon nanotubes (MWCNTs) on 
the electrophysical properties of MWCNT–polyethylene composites produced by melt mechanical mixing was 
studied. The residual catalyst content was varied by changing the MWCNTs synthesis time. The nanotubes used 
in the work were characterized using transmission and scanning electron microscopy, atomic emission analysis, 
X-ray phase analysis, and magnetic permeability measurements. The structure of the synthesized composites 
was studied using optical and scanning electron microscopy. The dependences of the specifi c magnetization on 
the applied magnetic fi eld, bulk electrical conductivity on the volumetric content of the fi ller in the composite, 
and the frequency dependences of the refl ection, transmission, and absorption of electromagnetic radiation in the 
range 0.01–18 GHz were obtained. It was established that the obtained composites are characterized by a uniform 
distribution of nanotubes in the polymer matrix, and the dependence of the bulk electrical conductivity on the 
content of MWCNTs in the composite has a percolation character. Variation in the synthesis time of nanotubes 
allows producing MWCNTs with a high content of ferromagnetic particles, which are an alloy close in stoichiometry 
to the composition of the active component of the catalyst. It was shown that the use of composites modifi ed with 
MWCNTs with a high content of residual catalyst is more eff ective for absorbing electromagnetic radiation due 
to an increase in their magnetic losses.
Keywords: multi-walled carbon nanotubes, ferromagnetic catalyst particles, polymer composites, mechanical 
mixing in the melt, gigahertz range, electromagnetic absorption
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Owing to the unique physicomechanical properties 
[1–3], multilayered carbon nanotubes (MWCNTs) are 
of interest to researchers around the world and are one 
of the main materials of developing nanotechnologies. 
Due to the high electrical conductivity and high aspect 
ratio, the introduction of small amounts of MWCNTs 
into polymer or ceramic matrices makes it possible 
to increase the electrical conductivity of the resulting 
composites by 5–10 orders of magnitude [4]. At the 
same time, varying the characteristics of MWCNTs 
(external diameter, length, functional composition of 

the surface), their content in the composite and the 
method for producing the composite allows controlling 
the distribution of nanotubes in the resulting material, 
which opens up wide possibilities for using the resulting 
composites as functional materials [5–7], for example, 
to increase the electromagnetic compatibility of devices.

The rapid growth in the number of devices using 
wireless data transmission leads to pollution by 
electromagnetic radiation of the environment and has 
an impact on human health and the normal functioning 
of electronics. This fact increases the relevance of the 
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development of materials to increase electromagnetic 
compatibility, which are usually utilized materials 
with high dielectric and magnetic losses. Dielectric 
losses are defi ned as De = ε''/ε' (ε' and ε'' are the real 
and imaginary parts of the dielectric constant), depend 
on the conductivity of the material and characterize the 
dissipation of energy created by an external electric 
fi eld. Magnetic losses Dm = μ''/μ' (μ' and μ'' are the real 
and imaginary parts of the magnetic susceptibility) 
correspond to the energy loss inside the magnetic 
material due to the phase delay between the applied and 
induced magnetic fi elds and characterize the dissipation 
of the energy created by the external magnetic fi eld. To 
minimize the refl ection of electromagnetic radiation 
from the absorber, it is also necessary to match the wave 
resistance of the absorbing medium and free space [8]. 
Refl ection losses [Eq. (1)] and wave resistance of the 
material [Eq. (2)] are defi ned as [9]

                          
(1)

                   
(2)

where Z is wave impedance of material, Z0 is free space 
wave impedance (377 Ω), ε = ε'– iε'' and μ = μ' – iμ'' 
is complex dielectric and magnetic permeabilities, 
respectively, f is the frequency, c is the speed of light, d 
is the layer thickness, i2 = –1.

In contrast to materials with dielectric losses, 
materials with magnetic losses (or with dielectric and 
magnetic losses simultaneously) for the problems of 
increasing electromagnetic compatibility have been 
actively studied only in recent years [10–15]. Magnetic 
losses in composites with dispersed magnetic particles are 
determined by relaxation mechanisms of their magnetic 
moment [16, 17]. Ferromagnetic metals (Fe, Ni, Co) and 
their alloys have high values of magnetic saturation, but 
due to the high conductivity, eddy current losses lead to 
a decrease in magnetic permeability [18], therefore, a 
decrease in the size of magnetic particles below critical 
[nineteen] is required for the eff ective absorption of 
electromagnetic radiation. As the nanoparticle size 
decreases, a transition from the ferromagnetic state to 
the superparamagnetic state occurs, which results to an 
additional increase in the relaxation frequency [20, 21], 
and the presence of physical contact between magnetic 

nanoparticles prevents spin fl uctuations [22], which 
leads to a decrease in the particle relaxation frequency. 
Thus, to expand the working frequency range of 
composites with magnetic losses and the eff ective use 
of magnetic particles, it is necessary to create a material 
with a uniform distribution of magnetic particles of a 
minimum size.

It is known that for the synthesis of MWCNTs, some 
of the most eff ective catalysts are those based on Fe and 
Co [23]. Active catalytic particles of the Fe–Co alloy 
are formed at the activation stage and are comparable in 
size to the outer diameter of the nanotubes growing on 
them. Conrolling the MWCNTs synthesis time makes it 
possible to produce nanotubes with an increased content 
of dispersed magnetically active particles of the Fe–Co 
alloy formed at the stage of activation of the catalyst, 
and carbonization or encapsulation of alloy particles in 
the channels of MWCNTs occurring during deactivation 
of the catalyst prevents the particles from oxidizing 
when the sample is carried out to air.

The purpose of the work is to synthesize composites 
based on a polyethylene matrix modifi ed with MWCNTs 
with a high content of magnetically active particles of 
the Fe–Co alloy having both dielectric and magnetic 
losses, and to perform a comparative study of the eff ect 
of magnetically active particles on the interaction of 
such composites with electromagnetic radiation in the 
gigahertz frequency range.

EXPERIMENTAL

Multi-walled carbon nanotubes were obtained using 
chemical vapor deposition by decomposition of a mixture 
of ethylene with argon (1 : 1) at 680°С on a catalyst with 
an active component of the composition Fe2Co [24]. The 
content of ferromagnetic catalyst particles in MWCNTs 
was controlled by changing the nanotube growth time. 
We used two types of MWCNTs with a total Fe and Co 
content (according to atomic emission analysis) of 1.1 
and 25.2 wt % for NT and NT-k samples, for which the 
synthesis duration was 15 and 3 min, respectively.

To synthesize composites with polyethylene (Daelim 
LH3750m), weighed samples of MWCNTs and 
polyethylene were mixed in a knife mill for 3 min until 
a uniform mixture was obtained. The resulting mixture 
was processed on a Dynisco LME mixing extruder. A 
feature of this mixing extruder is the ability to control 
the gap between the rotating shaft and the fi xed head 
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through which the composite melt passes. The size of 
the gap determines the maximum size of the passing 
particles and the intensity of shear deformation in the 
melt, contributing to the destruction of the aggregates 
of nanotubes. The treatment was carried out at a screw 
temperature of 135°C and a head temperature of 145°C 
in two stages. First, the powder mixture was fused at a 
gap between the screw and the head of 500 μm, then 
the MWCNTs were dispersed in the polymer by seven 
successive treatments with a distance between the 
screw and the head of 100 μm. Films of composites 
with a thickness of 500 ± 10 μm were obtained by hot 
pressing for 5 min at 140°C and a pressure of 2 MPa. 
Using this technique, C-NT composites were produced 
with a content of nanotubes NT 0.83, 1.3, 2.1, 3.2, 4.3, 
and 5.5 vol % nanotubes and C-NT-k composites with 
a content of nanotubes NT-k 0.84, 1.3, 2.1, 3.3, 4.4 and 
5.6 vol %.

The initial MWCNTs were characterized using 
transmission electron microscopy (TEM, JEM-2010, 
Jeol), scanning electron microscopy (SEM, JSM6460LV, 
Jeol), X-ray phase analysis (XRD, ARL X’TRA, Thermo 
Scientifi c). The magnetic permeability of MWCNT 
powders was determined by changing the impedance 
modulus and phase shift of the complex resistance of the 
coil into which the test sample was introduced (MNIPI 
E7-30). The obtained values were recalculated taking 
into account the degree of coil fi lling and bulk density 
of the samples (0.13 and 0.085 g cm–3 for NT and NT-k, 
respectively).

The structure of the synthesized composites was 
studied using optical microscopy (BioMed 5) and 
SEM. A sample for optical microscopy was obtained 
by melting the composite between slides at 150°C and 
a pressure of 1 MPa. SEM studies were performed 
on fractures of composites fi lms obtained by their 
destruction under a layer of liquid nitrogen. To prevent 
recharging and destruction of the sample, a thin (~10 nm) 
layer of gold was deposited on the test surface. The 
specifi c magnetization of the composites was measured 
as a function of the magnetic fi eld strength using a 
7410 VSM vibration magnetometer (Lake Shore) 
in fi elds up to 20 kOe. The bulk conductivity of the 
composites was determined from measurements of the 
current – voltage characteristic, which were performed 
using a Keithley 6487 source meter and a Keithley 8009 
measuring chamber. The specifi c conductivity was 

calculated using the data of the third measurement of the 
current–voltage characteristic in the region of the linear 
dependence of the current on voltage for all composites 
at electric fi eld strength of 3 V mm–1. The frequency 
dependences of refl ection, transmission, and absorption 
in the range of 0.01–18 GHz were determined in an 
N-type coaxial cell using an N5247A network analyzer 
(Agilent Technologies) [25].

RESULTS  AND  DISCUSSION

The structure and properties of the initial MWCNTs. 
Using the TEM and SEM methods, the structure of the 
initial MWCNTs NT and NT-k was studied (Fig. 1). It 
was found by TEM that particles of the Fe–Co alloy are 
present in the structure of MWCNT samples mainly in the 
form of two types of particles: nanotubes encapsulated 
in the channels with a size of 4–8 nm (Fig. 1a) and in the 
form of carbonized particles with a size of 10–15 nm 
(Figs. 1b, 1c). The presence of encapsulated particles of 
the Fe–Co alloy in the MWCNT channels is associated 
with the catalyst deactivation process, when the working 
particles of the active component are partially drawn 
into the channel of the formed nanotube, and that of 
the carbonized particles of the Fe and Co alloy, with 
sintering the dispersed active component during catalyst 
activation and their subsequent carbonization [23]. 
According to TEM, the size of carbonized particles does 
not depend on the MWCNTs synthesis time.

Using the SEM method (Figs. 1d–1g), it was 
found that the residual catalyst is fl attened particles of 
fi nely dispersed spinels based on Fe, Co, and Al [26]. 
Growing nanotubes form dense strands on the surface 
of the catalyst. In NT-k samples, the length of MWCNT 
strands was 5–10 μm, and in NT samples it was 15–
25 μm (Figs. 1f, 1g), which is associated with diff erent 
nanotube synthesis times. It has been established that 
MWCNT strands consist of contacting single intertwined 
nanotubes. In addition, the NT-k sample bulk contains a 
signifi cant amount of catalyst carrier particles (Fig. 1d, 
insert) with an average size of 50–70 μm, which can 
structure MWCNTs and facilitate their dispersion in the 
polymer matrix.

The analysis of X-ray diff raction patterns of NT 
and NT-k samples showed the presence of refl exes 
2θ = 25° (002) and 2θ = 43° (111), characteristic of 
nanotubes (Fig. 2). For the NT-k sample, the intensity 
of these peaks is lower than for the NT sample. In the 
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X-ray diff raction pattern of NT-k sample there are peaks 
characteristic of spinel phases based on Al2O3 in the 
composition of the catalyst support and active Fe–Co 
particles [27]. Due to the absence of peaks characteristic 
of metallic Co on the X-ray diff raction pattern, it can be 
assumed that Fe and Co metals form an alloy of Fe2Co 
composition corresponding to the composition of the 
active component of the catalyst.

The frequency dependences of the magnetic 
permeability of MWCNTs NT and NT-k samples were 
obtained (Fig. 3). It was established that μ', μ'' and 
the tangent of the magnetic loss angle of the samples 
have a similar frequency dependence in the range of 
10 kHz–3 MHz, and diff erences in their absolute value 
are caused by diff erent contents of magnetic particles. It 
was determined that the magnetic permeability depends 

Fig. 1. TEM and REM images of multi-walled carbon nanotubes samples of diff erent synthesis times. (a–c) TEM images of the NT-k 
sample; (d, f) SEM images of the NT-k sample; (e, g) SEM images of the NT sample.

(a) (b) (c)

50 nm5 nm 5 nm

(e)(d)

2 μm 0.5 μm 2 μm

20 μm20 μm

(g)(f)



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  93  No.  4  2020

590 MOSEENKOV  et  al.

nonlinearly on the metal content in the sample, since the 
total Fe and Co content in the NT-k sample is 22.8 times 
greater than in the NT sample (according to atomic 
emission analysis), while the magnetic permeability of 
the NT-k sample is 3 times the size of NT. This diff erence 
is apparently caused by the partial oxidation of metal 
particles in the NT-k sample with atmospheric oxygen.

Thus, the results of a study of the initial MWCNTs 
NT and NT-k using TEM, SEM, and XRD methods and 

by determining the frequency dependence of magnetic 
permeability showed that it is possible to eff ectively 
control the content of Fe2Co particles in the resulting 
nanotubes and the magnetic permeability of MWCNTs 
by changing the their synthesis time.

Study of the structure and properties of composites. 
The structure of the composites was investigated using 
optical microscopy and SEM (Fig.  4).

Using the method of optical microscopy, it was found 
that the optical density of the matrix of composites 
varies slightly over the entire image fi eld. The structure 
of the composites contains a small amount of dense 
black inclusions of 5–10 μm in size (Figs. 4a, 4b), which 
are aggregates of nanotubes. On the SEM images of the 
composites, no large inclusions, aggregates or strands of 
MWCNTs are observed (Figs. 4e, 4f). High-resolution 
SEM images showed that single nanotubes and the most 
durable primary MWCNT aggregates 200–400 nm in 
size are observed on the surface (Figs. 4c, 4d). Thus, 
the study of the structure of composites by optical 
microscopy and SEM allows to conclude that due 
to intense mechanical stress during the preparation 
of composites, the majority of primary nanotube 
aggregates are destroyed, and the resulting composites 
have a high uniformity of the distribution of nanotubes 
in the polymer matrix.

Fig. 2. X-ray diff raction patterns of the initial multi-walled 
carbon nanotubes samples: (1) NT-k and (2) NT.

Fig. 3. Frequency dependence of the magnetic permeability of NT and NT-k multi-walled carbon nanotube samples, adjusted for their 
bulk density. The inset shows the frequency dependence of the magnetic loss tangent for NT and NT-k samples.
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Using a vibration magnetometer, data were obtained 
on the dependence of the specifi c magnetization on 
the applied magnetic fi eld for samples of composites 
5.5 vol % C-NT and 5.6 vol % C-NT-k (Fig. 5).

The non-linear character of the magnetization curves 
and the presence of hysteresis indicate the presence of 
ferromagnetic particles in the composites. It was found 
that for a 5.5 vol % С-NT composite, the coercive force 
and magnetic saturation are 75 G cm3 g–1 and 1600 Oe, 
and for a 5.6 vol % С-NT-k composite, 105 G cm3 g–1 
and 2300 Oe, respectively. The large value of magnetic 
saturation for the 5.6 vol % C-NT-k sample indicates an 
increase in the fraction of magnetic particles in it com-

pared to the 5.5 vol % C-NT sample. An increase in the 
coercive force with an increase in the content of metal 
particles occurred for composites is consistent with an 
increase in the size of metal particles from 4–8 for MW-
CNT NT to 10–15 nm for MWCNT NT-k, determined 
by the TEM method. Due to the small size, magnetic 
particles in all composites are single-domain [28, 29]. 
The results are also consistent with the data on the 
mechanism of catalyst deactivation for the MWCNTs 
synthesis, when fragments of catalytic particles in the 
internal channel of nanotubes in the form of metal parti-
cles 4–8 nm in size (corresponding to the diameter of the 
internal channel in nanotubes) are periodically encap-

Fig. 4. Typical images of composites using samples with the same nanotube content: (a) 2.1 vol % C-NT and (b) 2.1 vol % C-NT-k, 
obtained using (a, b) optical microscopy and (c–f) scanning electron microscopy.
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sulated during nanotube growth. This process continues 
until the size of the catalytic particle becomes equal to 
or smaller than the diameter of the growing nanotube 
and leads to the fi nal dispersion of the active component.

It was established that the dependence of the 
bulk electrical conductivity of the composites on the 
volumetric content of MWCNTs at constant current 
(Fig. 6) has a percolation character. C-NT-k composites 

are characterized by a higher conductivity value in 
comparison with C-NT composites at a close MWCNT 
content.

An approximation of the obtained concentration 
dependences of the bulk electrical conductivity of 
composites with the theoretical function σ ~ (p – pc)t [30] 
(Fig. 6, inset) made it possible to establish the values of 
the critical concentration of MWCNTs (pc) and the critical 
conductivity index (t) depending on the MWCNTs used: 
for C-NT composites pc = 0.77 and t = 3.93; for C-NT-k 
composites pc = 1.04 and t = 2.85. Thus, due to shorter 
synthesis time and, correspondingly, shorter nanotube 
lengths, C-NT-k composites have a higher percolation 
threshold than C-NT composites. Moreover, the high 
bulk electrical conductivity of the C-NT-k composites 
as compared to the C-NT composites at a close content 
of nanotubes indicates a greater number of contacts 
between individual nanotubes in the composite. The 
reason for this fact may be the residual catalyst, which 
contributes to the destruction of MWCNT aggregates 
during the preparation of C-NT-k composites.

A study of the frequency dependence of the refl ection, 
transmission, and absorption of electromagnetic 
radiation with composites in the range 0.01–18 GHz 
(Fig. 7a) showed that all samples are characterized by 
an increase in absorption and refl ection and a decrease 
in transmittance with increasing frequency. For C-NT-k 
composites in the frequency range of 14–18 GHz, a 
change in the nature of the frequency dependence of 

Fig. 5. Specifi c magnetization vs. the magnetic fi eld 
strength in the range of ±3500 Oe for samples of composites 
5.5 vol % C-NT and 5.6 vol % C-NT-k. On the inset the 
specifi c magnetization of these samples vs. the magnetic fi eld 
strength in the range of ±20 kOe.

Fig. 6. Bulk DC conductivity vs. volumetric concentration of multi-walled carbon nanotubes in C-NT and C-NT-k composites. The inset 
shows the approximation of bulk electrical conductivity data by the function σ ~ (p – pc)t.

Sp
ec

ifi 
c 

m
ag

ne
tiz

at
io

n,
 G

 c
m

3  g
–1

 

Magnetic fi eld strength, Oe

Magnetic fi eld 
strength, Oe

5.5 vol % C-NT 
5.6 vol % C-NT-k

Sp
ec

ifi 
c 

el
ec

tri
c 

co
nd

uc
tiv

ity
, S

 c
m

–1
 

MWCNT content, vol %

lo
g



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  93  No.  4  2020

593ELECTROPHYSICAL  PROPERTIES  OF  COMPOSITES

absorption and transmission occurs in comparison with 
C-NT composites.

It can be seen that, over the entire range of MWCNT 
concentrations, C-NT-k composites exhibit greater 
absorption and lower transmission of electromagnetic 
radiation (Fig. 7b). This eff ect can only be explained 
by the presence of magnetic losses in the composites. 
It should be noted that when in 5.5 vol % C-NT and 
5.6 vo l% C-NT-k composites there are MWCNTs, the 
mass content of metals in them is ~0.1 and 2.5 wt %, 
respectively. This suggests that an increase in the metal 
content in the composite to 10–15 wt % due to a further 
decrease in the MWCNTs synthesis time or an increase in 
the MWCNTs content in the composite can signifi cantly 
enhance the eff ect of absorption of electromagnetic 
radiation in the gigahertz frequency range.

CONCLUSIONS

It was established that due to a change in the 
synthesis time of multi-walled carbon nanotubes, it is 
possible to synthesize samples with a high content of 
magnetically active metal particles, which are an alloy 
close in stoichiometry to the composition of the active 
component of the catalyst. The particles obtained in this 
way are ferromagnetic. An increase in the synthesis time 
of multi-walled carbon nanotubes leads to a decrease 
in the average size of magnetic particles due to their 
dispersion in the channels of nanotubes.

Reducing the synthesis time of multi-walled carbon 
nanotubes leads to a decrease in their length and an 
increase in the content of residual catalyst. The use 
of such nanotubes for producing composites leads to 
a slight increase in the percolation threshold and, at 
the same time, to an increase in the conductivity of 
the composite above the percolation threshold. An 
increase in the content of ferromagnetic metal particles 
in the composite modifi ed with MWCNTs increases 
the absorption of electromagnetic radiation due to an 
increase in magnetic losses.
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