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Abstract—The effect 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 specific magnetization on
the applied magnetic field, bulk electrical conductivity on the volumetric content of the filler in the composite,
and the frequency dependences of the reflection, 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 modified with
MWCNTs with a high content of residual catalyst is more effective 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

586

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 defined as D, = €'"/¢' (¢' and €" 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
field. Magnetic losses D, = p"/p' (1" and p" 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 fields and characterize the dissipation
of the energy created by the external magnetic field. To
minimize the reflection of electromagnetic radiation
from the absorber, it is also necessary to match the wave
resistance of the absorbing medium and free space [8].
Reflection losses [Eq. (1)] and wave resistance of the
material [Eq. (2)] are defined as [9]

Z-Z,
Z+Z,

V4 :ZO\/%tanh{ﬂnfd/c\/gJ, (2)

where Z is wave impedance of material, Z; is free space
wave impedance (377 Q), e = ¢'— i€" and p = p' — ipn"
is complex dielectric and magnetic permeabilities,
respectively, f'is the frequency, c¢ is the speed of light, d
is the layer thickness, i2 =—1.

RL =20log , (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 effective 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 fluctuations [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 effective 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 effective 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 modified 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 effect
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°C on a catalyst with
an active component of the composition Fe,Co [24]. The
content of ferromagnetic catalyst particles in MWCNTSs
was controlled by changing the nanotube growth time.
We used two types of MWCNTSs 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 fixed head

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



588 MOSEENKOV et al.

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 pum, then
the MWCNTs were dispersed in the polymer by seven
successive treatments with a distance between the
screw and the head of 100 pm. Films of composites
with a thickness of 500 = 10 um 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, JSM6460LYV,
Jeol), X-ray phase analysis (XRD, ARL X’TRA, Thermo
Scientific). 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 filling 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 films 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
specific magnetization of the composites was measured
as a function of the magnetic field strength using a
7410 VSM vibration magnetometer (Lake Shore)
in fields 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 specific 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 field strength of 3 V mm-!. The frequency
dependences of reflection, 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 flattened particles of
finely 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 pum, and in NT samples it was 15—
25 um (Figs. 1f, 1g), which is associated with different
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
significant amount of catalyst carrier particles (Fig. 1d,
insert) with an average size of 50—70 um, which can
structure MWCNTs and facilitate their dispersion in the
polymer matrix.

The analysis of X-ray diffraction patterns of NT
and NT-k samples showed the presence of reflexes
20 = 25° (002) and 20 = 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

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



ELECTROPHYSICAL PROPERTIES OF COMPOSITES 589

Fig. 1. TEM and REM images of multi-walled carbon nanotubes samples of different 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.

X-ray diffraction pattern of NT-k sample there are peaks
characteristic of spinel phases based on Al,O; 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 diffraction pattern, it can be
assumed that Fe and Co metals form an alloy of Fe,Co
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 p', p" 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 differences in their absolute value
are caused by different contents of magnetic particles. It
was determined that the magnetic permeability depends

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



590 MOSEENKOV et al.

arb. units
80 F C (002) ALO,
ALO, Fe-Co
C(111)
1 WM’I/V\‘I\\gl
30 40 50
20, deg

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

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 difference
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 effectively
control the content of Fe,Co 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 field. The structure
of the composites contains a small amount of dense
black inclusions of 5-10 um 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.
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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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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.

Using a vibration magnetometer, data were obtained
on the dependence of the specific magnetization on
the applied magnetic field 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 % C-NT composite, the coercive force
and magnetic saturation are 75 G cm3 g-! and 1600 Oe,
and for a 5.6 vol % C-NT-k composite, 105 G cm3 g-!
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-
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Fig. 5. Specific magnetization vs. the magnetic field
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
specific magnetization of these samples vs. the magnetic field
strength in the range of 20 kOe.

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 final 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
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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 6 ~ (p —p_)! [30]
(Fig. 6, inset) made it possible to establish the values of
the critical concentration of MWCNTs (p,) and the critical
conductivity index (f) depending on the MWCNTSs used:
for C-NT composites p, = 0.77 and ¢ = 3.93; for C-NT-k
composites p, = 1.04 and ¢ = 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.

Asstudy of'the frequency dependence of the reflection,
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 reflection 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

MWCNT content, vol %

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 ¢ ~ (p — p.)".
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Fig. 7. (a) Typical frequency dependences of transmittance (T), reflection (R) and absorption (A) on the example of composites
5.5 vol % C-NT and 5.6 vol %C-NT-k and (b) the dependence of transmittance, reflection and absorption on the volumetric content of
multi-walled carbon nanotubes in composites C-NT and C-NT-k at a fixed frequency of 12 GHz.

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 effect 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 1% 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 significantly
enhance the effect 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 modified with MWCNTs increases
the absorption of electromagnetic radiation due to an
increase in magnetic losses.

FUNDING

This work was financially supported by the Russian
Science Foundation, project no. 17-73-20293.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

REFERENCES

1. De Volder, M.F.L., Tawfick, S.H., Baughman, R.H., and
Hart, A.J., Science, 2013, vol. 339, no. 6119, pp. 535-
539. https://doi.org/10.1126/science.1222453

2. Popov, V., Mater. Sci. Eng.: R: Reports, 2004, vol. 43,
no. 3, pp. 61-102.
https://doi.org/10.1016/j.mser.2003.10.001

3. Feller, J.-F., Castro, M., and Kumar, B., Polymer—Carbon
Nanotube Composites, Elsevier, 2011.

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



594

4.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

MOSEENKOV et al.

Bauhofer, W. and Kovacs, J.Z., Composites Sci. Technol.,
2009, vol. 69, no. 10, pp. 1486-1498.
https://doi.org/10.1016/j.compscitech.2008.06.018

. Spitalsky, Z., Tasis, D., Papagelis, K., and Galiotis, C.,

Progress Polym. Sci., vol. 35, no. 3, pp. 357-401.
https://doi.org/10.1016/j.progpolymsci.2009.09.003

. Gong, S., Zhu, Z.H., and Meguid, S.A., Polymer, 2015,

vol. 56, pp. 498-506.
https://doi.org/10.1016/j.polymer.2014.11.038

. Gonzélez, M., Pozuelo, J., and Baselga, J., Chem. Record.,

2018, vol. 18, nos. 7-8, pp. 1000—1009.
https://doi.org/10.1002/tcr.201700066

. Li, J., Lu, W., Suhr, J.,, Chen, H., Xiao, J.Q., and

Chou, T.-W., Sci. Reports, 2017, vol. 7, no. 2349, p. 110.
https://doi.org/10.1038/s41598-017-02639-7

. Wang, G., Gao, Z., Wan, G., Lin, S., Yang, P., and Qin, Y.,

Nano Research, 2014, vol. 7, no. 5, pp. 704-716.
https://doi.org/10.1007/s12274-014-0432-0

Cheng, H., Wei, S., Ji, Y., Zhai, J., Zhang, X., Chen, J., and
Shen, C., Composites. Part A: Appl. Sci. Manufacturing,
2019, vol. 121, pp. 139-148.
https://doi.org/10.1016/j.compositesa.2019.03.019

Liu, Y., Lu, M., Wu, K., Yao, S., Du, X., Chen, G.,
Zhang, Q., Liang, L., and Lu, M., Composites Sci.
Technol., 2019, vol. 174, pp. 1-10.
https://doi.org/10.1016/j.compscitech.2019.02.005

Lee, S.-H., Kang, D., and Oh, 1.-K., Carbon, 2017,
vol. 111, pp. 248-257.
https://doi.org/10.1016/j.carbon.2016.10.003

Sankaran, S., Deshmukh, K., Ahamed, M.B., and
Khadheer Pasha, S.K., Appl. Sci. Manufacturing, 2018,
vol. 114, pp. 49-71.
https://doi.org/10.1016/j.compositesa.2018.08.006

Abbasi, H., Antunes, M., and Velasco, J.I., Progress
Mater. Sci., 2019, vol. 103, pp. 319-373.
https://doi.org/10.1016/j.pmatsci.2019.02.003

Wang, C., Murugadoss, V., Kong, J., He, Z., Mai, X.,
Shao, Q., Chen, Y., Guo, L., Liu, C., Angaiah, S., and
Guo, Z., Carbon, 2018, vol. 140, pp. 696—733.
https://doi.org/10.1016/j.carbon.2018.09.006

Kodama, R.H., J. Magnetism Magnetic Mater.,, 1999,
vol. 200, no. 1, pp. 359-372.
https://doi.org/10.1016/S0304-8853(99)00347-9

Dosoudil, R., Usakova, M., Franek, J., Slama, J., and
Gruskova, A., IEEE Transactions on Magnetics, 2010,
vol. 46, no. 2, pp. 436—439.
https://doi.org/10.1109/TMAG.2009.2033347

Liu, W., Zhong, W., Jiang, H.Y., Tang, N.J., Wu, X.L.,

19.

20.

21.

22.

24.

25.

26.
27.

28.

29.

30.

and Du, W.Y., Eur. Phys. J. B—Condensed Matter and
Complex Systems, 2005, vol. 46, no. 4, pp. 471-474.
https://doi.org/10.1140/epjb/e2005-00276-2

Zhang, X.F., Guan, PF., and Dong, X.L., Appl. Phys.
Lett., 2010, vol. 97, no. 033107, p. 13.
https://doi.org/10.1063/1.3464975

Liu, X.G., Li, B., Geng, D.Y., Cui, WB.,, Yang, F.,
Xie, Z.G., Kang, D.J., and Zhang, Z.D., Carbon, 2009,
vol. 47, no. 2, pp. 470—474.
https://doi.org/10.1016/j.carbon.2008.10.028

Song, N.-N., Yang, H.-T., Liu, H.-L., Ren, X., Ding, H.-
F., Zhang, X.-Q., and Cheng, Z.-H., Sci. Reports, 2013,
vol. 3, no. 3161, p. 15.
https://doi.org/10.1038/srep03161

Song, N.-N., Ke, Y.-J.,, Yang, H.-T., Zhang, H.,
Zhang, X.-Q., Shen, B.-G., and Cheng, Z.-H., Sci.
Reports, 2013, vol. 3, no. 2291, p. 15.
https://doi.org/10.1038/srep02291

. Usoltseva, A., Kuznetsov, V., Rudina, N., Moroz, E.,

Haluska, M., and Roth, S., Physica Status Solidi B, 2007,
vol. 244, no. 11, pp. 3920-3924.
https://doi.org/10.1002/pssb.200776143

Andreev, A.S., Krasnikov, D.V.,, Zaikovskii, V.I.,
Cherepanova, S.V., Kazakova, M.A., Lapina, O.B.,
Kuznetsov, V.L., and d’Espinose de Lacaillerie, J.,
J. Catal., 2018, vol. 358, pp. 62-70.
https://doi.org/10.1016/j.jcat.2017.11.025

Suslyaev, V.I., Kuznetsov, V.L., Zhuravlev, V.A.,
Mazov, I.N., Korovin, E.Yu., Moseenkov, S.I.,, and
Dorozhkin, K.V., Russ. Phys. J., 2013, vol. 55, no. 8§,
pp. 970-976.

https://doi.org/10.1007/s11182-013-9909-7

RF Patent 2373995 (Publ. 2009).

Kuznetsov, V.L., Krasnikov, D.V., Schmakov, A.N., and
Elumeeva, K. V., Physica Status Solidi B, 2012, vol. 249,
no. 12, pp. 2390-2394.
https://doi.org/10.1002/pssb.201200120

Li, Q., Kartikowati, C.W., Horie, S., Ogi, T., Iwaki, T.,
and Okuyama, K., Sci. Reports, 2017, vol. 7, no. 9894,
p.- 17.

https://doi.org/10.1038/s41598-017-09897-5

Nascimento, V.P., Passamani, E.C., Takeuchi, A.Y.,
Larica, C., and Nunes, E., J. Phys.: Condensed Matter.,
2001, vol. 13, no. 4, pp. 665-682.
https://doi.org/10.1088/0953-8984/13/4/313

Eletskii, A.V., Knizhnik, A.A., Potapkin, B.V., and
Kenny, J.M., Physics-Uspekhi, 2015, vol. 58, no. 3,
pp. 209-251.
https://doi.org/10.3367/UFNe.0185.201503a.0225

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




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


