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In this work, we have obtained a nanoporous carbon material (CM) from walnut shells using
the method of thermal carbonization. Moreover, the in�uence of the carbonization temperature
of the raw material on the electrical conductivity of the CM obtained by Raman, infrared (IR),
and impedance spectroscopy has been investigated. Consequently, to analyze the evolution of the
electrical conductivity of the material with an increase in the carbonization temperature, the theory
of percolation has been applied.
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I. INTRODUCTION

The rapid growth in the consumption of fossil fuels is
initiating the search for options for the use of renewable
energy sources (wind power and solar energy). However,
the critical dependence of the e�ciency of renewable
energy sources on uncontrollable factors necessitates
the development of a new generation of energy storage
devices [1]. Promising in this regard is the use of
electrochemical capacitor (EC) technology, which is
characterized by a high speci�c power, a fast charge / di-
scharge process and stability during the cycling of EC
[2, 3]. However, compared to lithium ion batteries, such
systems have low values of speci�c energy, which si-
gni�cantly limits their use [4]. As a result, a signi�-
cant amount of research focuses on the development and
improvement of electrode materials for electrochemical
capacitors to increase their speci�c capacity and energy
[5, 6]. Particular attention is paid to the research on
porous carbon materials that have a controlled structure
and pore size distribution, a high surface area and
technologically low standing. To obtain porous carbon
materials, available raw materials of natural plant origin
are most often used [7, 8].

The aim of this research is to optimize the method of
obtaining a nanoporous carbon material and to establish
the relationship between the carbonization temperature
of plant biomass (walnut shells) and the electrophysical
properties of the obtained CM.

II. EXPERIMENT

The objects of this research were samples of a CM
obtained by thermal carbonization in the temperature
range from 400◦C to 1000◦C with steps of 100◦C. The
walnut shells were used as a raw material. The nut shells,
peeled from the kernels, were poured into an autoclave
and placed in a furnace, and were heated to a predetermi-
ned temperature. The heating rate was 5◦C / min.
Conceptually, the applied methodological approach is
close to that described in work [8].

Figure 1 shows the scheme of obtaining the CM. The
samples were obtained depending on the carbonization
temperature, the symbols of which and the values of the
bulk density d0 of the obtained materials are given in
Table 1.

Fig. 1. Schematic illustration of the synthesis of a CM from walnut shells
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Sample C1 C2 C3 C4 C5 C6 C7

Carbonization temperature, ◦C 400 500 600 700 800 900 1000

d0, g/cm
3 0.35 0.36 0.39 0.41 0.42 0.43 0.46

Table 1. Parameters of the investigated samples

The Raman spectroscopy was used to identify the di-
�erent phases of the CM. Spectra were acquired using
a Horiba Jobin-Yvon T-64000 triple spectrometer equi-
pped with an Olympus BX41 confocal microscope. The
CM samples were irradiated with an Ar+ / Kr+ laser
(wavelength 488 nm) and recorded at room temperature
in the backscattering geometry. The accuracy of determi-
ning the frequency position of the phonon line was
≤0.15 cm−1.
The method of infrared (IR) spectroscopy was used

to obtain information about the state of the surface
and the presence of functional groups on the surface
of the carbonized CM. The IR spectra were obtained
in the transmission mode on a Thermo Nicolet Fourier
spectrometer (FTIR method).
The method of impedance spectroscopy was used to

establish the regularities of the change in electrical
conductivity from the carbonization temperature of the
obtained CM. The measurements were carried out using
an AUTOLAB PGSTAT100 complex �ECO CHEMIE�,
(Netherlands). Measurements of the real Z ′ and imagi-
nary Z ′′ parts of the complex resistance (Z = Z ′ − jZ ′′,
where j is the imaginary unit) were carried out in the
frequency range f = 10−2 . . . 105 Hz. The resistivi-
ty values were calculated according to the equations:
ρ∗ = ρ′ − jρ′′, where ρ′ = Z ′ · A/d, and ρ′′ = Z ′′ · A/d
are the real and imaginary part of the complex resi-
stivity based on the measured geometric parameters of
the samples under research (thickness d and surface
area A). The complex speci�c electrical conductivity was
calculated according to the equation from the ratio: σ∗ =
1/ρ∗ = σ′ + jσ′′, where σ′ = ρ′/M, σ′′ = ρ′′/M are the
real and imaginary parts of the complex speci�c electri-
cal conductivity by parameter, M = |Z|2 · (A/d). The
ratio according to which the total electrical conducti-
vity of the materials was calculated is as follows σ∗ =
[(σ′)2 + (σ′′)2]1/2 [9].

III. RESULTS AND DISCUSSION

In order to predict the prospects of using the obtai-
ned CMs as electrodes of electrochemical energy storage
systems, much attention is paid to the study of structural
and morphological changes that a carbon material
undergoes in the process of its production, activati-
on, or modi�cation. A simple and accurate Raman
spectroscopy (RS) method was used to identify the vari-
ous phases of CM. Due to its sensitivity to changes in
transsimetry, RS allows the separation of several types
of carbon, such as diamond, graphite, diamond type
of carbon, and carbon nitride. The Raman spectra of

nanocrystalline and amorphous carbon are dominated by
peaks D (D for disordered carbon) and G (G for graphite)
with di�erent intensities, positions, and bandwidths [10�
12]. The G band at about 1540−1600 cm−1 corresponds
to the symmetric E2g mode in graphite type materials,
while the D band at 1350 cm−1 arises from limitations in
the size of the graphite domain caused by grain boundari-
es or defects such as N -substituted atoms sp3 carbon or
impurities. The peak D is absent from an ideal crystal
graphite and appears only in the presence of a disordered
structure. Thus, the G and D peaks are due only to the
sp2 positions for visible excitation. The sp2 sites have a
large cross section, so they dominate the spectra (sp3 are
imperceptible), and the resulting RS corresponds only to
the con�guration or content of the sp2 site. Consequently,
the spectra for amorphous carbon depend on the clusteri-
ng of the sp2 phase, the bond length, the disordering of
the bond angle, the presence of an sp2 ring or chain,
and the sp2/sp3 ratio. The spectra directly depend on
the quality or con�guration of the sp2 phase and partly
on the amount of the sp2 phase. Most often, the sp2

con�guration changes sequentially with the sp2 fraction
[13]�[15]. Figure 2 shows the RS of the CM obtained at
di�erent carbonization temperatures.
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Fig. 2. The Raman spectra of the carbonated CM

The spectra are dominated by the relatively intense
phonon G and D modes of the �rst order located at about
1350 cm−1 and 1600 cm−1, and are characteristic of CM.
A typical linear schedule of the output spectrum for the
two bands (G and D) is shown in Fig. 3.

The maximum intensity of the G and D bands
changes signi�cantly with an increase in the carboni-
zation temperature of the feedstock. Analysis of the
integrated intensities of the D and G modes allows one
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to estimate the average size of graphite fragments along
the basal plane (002) of graphite [16] as L(nm) =
(2.4 · 10−10) · λ4 · (IG/ID), where λ = 488 nm is
the wavelength of the laser radiation. The RS were
approximated by two Lorentzians to determine the
integral intensities of the D and G modes (Fig. 3). The
dependence of the average size of graphite fragments on
the carbonization temperature (Fig. 4) demonstrates a
decrease in the average transverse particle size of graphi-
te fragments from 9.86 nm to 8 nm during carbonization
in the temperature range 400�800◦C. An increase in the
carbonization temperature (900◦C and 1000◦C) leads to
the growth of graphite particles and can be explained by
the process of the material sintering.
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Fig. 3. Raman spectrum of the CM cut o� at the temperature
of carbonization of 700◦C
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Fig. 4. Dependence of the average size of graphite fragments

on the carbonization temperature of the CM

The RSs obtained for the researched CMs are visually
similar; therefore, their study was carried out in more
detail. The RS was approximated using the Origin 6.1
program by �ve Lorentz contours (G, D1, D2, D3, D4)
(Fig. 5), which are suitable for �rst-order spectra and
give exact characteristics of the CM.
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Fig. 5. Typical Raman spectrum and the result of its modeling
for the CM obtained at a carbonization temperature of 700◦C

The following bands were identi�ed from the analysis
of the obtained spectra; G (∼1589 cm−1) corresponds to
an ideal graphite lattice (E2g symmetry) [17, 18]; D1 (D)
(∼1350 cm−1) is a disordered graphite lattice (edges of
the graphene layer, A1g symmetry) [17, 18]; D2 (∼1605
cm−1) is a disordered crystal lattice of graphite (surface
layers of graphene, E2g symmetry), observed as a
wing of the G mode [18]; D3 (∼1500 cm−1) is amorphous
carbon [19, 20]; D4 (∼1200 cm−1) corresponds to a di-
sordered graphite lattice (A1g symmetry) [21], polyenes
[19], ion impurities [20], etc. Using the data from the
approximation of the RS, the full line width at half maxi-
mum (FWHM) and the relative and integral intensities of
all curves were determined (Fig. 6). The degree of CM di-
sordering is displayed by the width of the D and G bands
at half their height. A decrease in the width of the D3
and D4 bands (Fig. 6a) indicates a decrease in the degree
of disordering, which is observed for the CM carboni-
zed in the range of 400�800◦C. Therefore, carbonizati-
on at 900◦C and 1000◦C leads to an increase in the
amount of amorphous carbon and an increase in the
degree of disordering of the graphite lattice. The relati-
onship between the half-width of the intensity curves D1
and G and the ratio of their integrated intensities ID1/IG
indicates a decrease in both parameters. An increase in
the ID1/IG value (Fig. 6b) for C1�C5 CMs probably indi-
cates an increase in the amorphous component due to an
increase in the porous structure of the CM. The decrease
in the ID1/IG ratio for samples C6 and C7 is probably
the result of an intense graphitization process, which
is logical for higher temperatures of the carbonization
process. Analyzing the data obtained, it is possible to
describe the evolution of the electrophysical properti-
es of a carbon material within the framework of the
following model. Thus, the CM can be thought of as
a heterophase system in which graphitized particles wi-
th relatively high conductivity are dispersed in a matrix
formed by porous amorphous carbon and residues of li-
gnin and cellulose, which are characterized by much lower
conductivity values.
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An increase in the carbonization temperature initiates
both the burnout of a part of the amorphous component,
re�ected by an increase in the bulk density (Table
1), and the graphitization of the material. Accordi-
ng to the Raman spectroscopy data, at temperatures
below 1000◦C, a decrease in the average size of graphi-
te crystallites is observed. This result can be explained
based on the position, in the range of 400◦�900◦Ñ, the
nucleation and growth of a large number of small graphi-

te crystallites occurs throughout the entire volume of the
system the material is graphitized. In this case, the di-
spersion of the existing crystallites cannot be expected;
however, the average size value decreases. A sharp jump
in linear dimensions at 1000◦C corresponds to the phase
of the graphitization process, in which the nucleation of
new crystallites no longer occurs, but the growth of exi-
sting ones continues.
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Fig. 6. The value of the full line width at half maximum FWHM (a) and the ratio of integral intensities (b) for the carbonized
CM

The method of FTIR spectroscopy was used for a more
detailed research on the surface state of the obtained CM,
identi�cation of functional groups present on the carbon
surface. Information about the carbon groups available
on the CM surface will make it possible to establish the
causes of changes in the physicochemical properties of
the CM. The middle infrared spectrum (4000�400 cm−1)
can be conditionally divided into four regions: the XH
stretch region (4000�2500 cm−1), the triple bond region
(2500�2000 cm−1), the double bond region (2000�1500
cm−1) and the area of ��ngerprints� (1500�600 cm−1),
which is characterized by the spectrum of the molecule
and can have a hundred or more absorption bands [22].
Analyzing the IR spectra for samples of carbonized CM
(Fig. 7), it was determined that aromatic C�H bendi-
ng peaks are observed for all samples in the range 900�
600 cm−1.

For samples C1 and C3, a noticeable peak at 870 cm−1

is usually associated with the symmetric deformation of
the CO3 group [23]. The presence of a peak at 1590 cm

−1

in the spectra (C1 and C3) is due to the stretching
mode of C=C (sp2) bonds of aromatic rings and indi-
cates the presence of alkenes, which is accordance with
the characteristic of stretching vibrations of C�H bonds
in CH2/CH3 groups [23]. The IR spectra for samples C4
and C7 (Fig. 7) show an absorption band at 1989 cm−1,
which is associated with the Raman vibrational modes in
the carbon structure. The bands at 2100 cm−1 are due to
the stretching of the C=C and C=O bonds. Stretching
carbonyl is one of the simplest absorptions that can be
recognized in the infrared spectrum. Usually this is an
intense band in the spectrum and depending on the type

of C=O bond [22].
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Fig. 7. IR spectra of the CM obtained at di�erent
temperatures of carbonization

Total impedance spectroscopy is an e�ective method
for studying the electrophysical characteristics of vari-
ous materials crystalline and disordered semiconductors,
heterogeneous systems and composite structures [24].
Measuring electrical conductivity at alternating current
allows one to research electrochemical and electrophysi-
cal processes in ion-conducting materials, to research
the features of di�usive charge transfer in disordered
systems, and to determine the parameters characterizi-
ng electronic conductivity. The frequency dependences
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of the real and imaginary parts of the impedance for
porous nanomaterials are determined by the predomi-
nant mechanism of electron transport and largely depend
on their stoichiometric composition and porous structure
[25]. The conductivity of such materials is determined by
both the bulk characteristics of carbon nanoparticles �
grains (deviation from stoichiometry or the presence of
dopants), the state of intergrain boundaries, and porosi-
ty of the material, and can be considered as the sum of
electrical conductivities, which are characterized by di-
�erent mechanisms of charge transfer [26].

According to the results of impedance spectroscopy,
the carbonization temperature of the feedstock signi�-
cantly a�ects the electrical conductive properties of the
obtained carbon material, as evidenced by the change
in the form of the impedance hodograph Z ′′ = f(Z ′)
(Figs. 8�10) and quantitative changes in the real Z ′ and
imaginary Z ′′ components of the complex resistance of
the system. Consequently, as a result of the research, it
was found that thermal carbonization in the temperature
range of 400-1000◦C leads to a change in the values of
both the real and imaginary parts of the resistance.

Fig. 8. The nyquist diagrams of CM obtained at carbonization temperatures of 400�600◦C (a) and the dependence of the real
Z′ and imaginary Z′′ parts of the impedance on the frequency f of the alternating current (b)

The analysis of impedance hodographs within the
framework of the equivalent circuit method allows one to
separate the contributions to the conductivity from the
volume of particles and intergrain boundaries. It should
be noted that this problem is not simple due to the
presence of many factors that can a�ect the conducti-

on mechanism. Therefore, a quantitative analysis of the
frequency dependence of the impedance based on the
selected equivalent circuit makes it possible to interpret
its elements in accordance with possible physicochemical
processes in the samples when an electric current �ows
through them [26].
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The frequency dependences of Z ′(f) and Z ′′(f) (Fig. 8,
b) have a similar form for samples C1�C3. However,
the values of resistance di�er by two orders of magni-
tude. The obtained Nyquist diagrams can be modeled
using the same equivalent electrical circuit (EES) (Fig. 8,
a tab). The EES used to approximate the experi-
mental impedance spectra for carbon samples C1�C3
(inset in Fig. 8, a � C1) includes a series of low-
frequency (R1-CPE1 circuit) and high-frequency (R2-
CPE2 circuit) links, in which the resistor R and constant
phase element CPE are connected in parallel. Probably
the low-frequency R1-CPE1 circuit corresponds to the
processes of charge carrier transfer across the grain
boundaries: CPE1 is a capacitive-type constant phase
element, R1 includes the resistance of the lead wires and
contacts between the copper electrodes of the cell and
the CM and carbon particles in the bulk of the materi-
al. This assumption is con�rmed by a decrease in R1

with an increase in the temperature of the carbonizati-

on process of the feedstock, since in the range of 400-
600◦C the thermal decomposition of organic feedstock
does not occur to the full extent, and the resulting
carbon material contains resin residues that prevent good
contact between carbon particles. It was determine that
probably at low carbonization temperatures (≤ 600◦C)
the formation of a complex carbon framework is not
yet complete [27]. The high-frequency circuit R2-CPE2

can correspond to the conductivity of the volume of
carbon particles: CPE2 is a capacitive type constant
phase element that takes into account the porous (or
fractal) structure of the carbon material, R2 is the resi-
stance of the carbon matrix [26]. The resistance values
can be obtained from the points of intersection of the
semicircle with the Z'axis, and the capacitance value
from the equation for the maximum frequency value
ωmax RC = 1. The values of the EC parameters for all
samples are given in Table 2.
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Fig. 9. The nyquist diagram of the CM obtained at 700◦C (a) and the dependence of the real Z′ and imaginary Z′′ parts of
the impedance on the frequency f (b)
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Parameter C1 C2 C3 C4 C5 C6 C7

R1 2.4E8 2.2E6 4.0E4 7.474 0.085 0.075 0.036

R2 3.8E7 4.0E5 3.0E3 � � � �

CPE1 A 6E�13 5E�10 1E�9 1.35E6 1.30E6 1.29E6 1.50E6

n 0.8 0.7 0.73 −0.9 −0.95 −0.98 −0.91

CPE2 A 4E�7 4E�6 5E�5 15 � � �

n 1 0.6 0.4 0.2 � � �

Table 2. The values of parameters of the equivalent circuit elements for C1�C7 samples

The frequency dependences of the real and imaginary
parts of the impedance undergo signi�cant changes wi-
th an increase in the temperature of the carbonization
process from 400 to 700◦C (Fig. 8, b and Fig. 9, b).
On the one hand, there is a signi�cant decrease in the
values of Z ′ and Z ′′ (more than 7 ÷ 9 orders of magni-
tude). On the other hand, the dependences Z ′′(f) exhibit
a �plateau� and a region of rapid decline in the value of
Z ′ (Fig. 8, b and Fig. 9, b), which undergo displacements
with an increase in the carbonization temperature from
400◦C to 700◦C (samples C1 and C4). Accordingly, a
maximum is observed on the Z ′′(f) dependences, whi-
ch also shifts towards high frequencies and passes into
the region lying outside the measuring range. There is a
transition of the value of the imaginary resistance from
the negative half-plane to the positive. For the CM which
was obtained at 700�1000◦C, we observed the predomi-
nance of the inductive component of the system over the
capacitive one in the frequency range 105 ÷ 800 Hz (Fig.
9, b and Fig. 10, b samples C4-C7).
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Fig. 11. Frequency dependence of the speci�c electrical
conductivity of CM

The equivalent circuit used to approximate the experi-
mental spectrum of sample C4 (Fig. 9, a tab) includes
a series-connected low-frequency element of the DC
phase inductive type CPE1, resistor R1 and high-
frequency CPE2 capacitive type. For samples C5�C7, the
impedance modeling is also reduced to one scheme, but
di�erent from the EES obtained for samples C1�C3 and
sample C4 (Fig. 10, a � tab).

In the EES for samples C5�C7, there is no high-
frequency constant phase element of the capacitive type
CPE2. The values of the EEC parameters are given
in Table 2. Figure 10 b shows the low-frequency secti-
ons where the dependence of both the real and imagi-
nary parts of the impedance on the frequency of the
alternating current is not observed for samples C5�C7.
An increase in the value of Z ′, which is accompanied
by a decrease in the imaginary part of the impedance
Z ′′, occurs in the high-frequency region (103 ÷ 105 Hz).
At the same time, the value of the apparent resistance
for materials C5�C7 is unchanged and is equal to about
4.4 · 10−5 Ohm in the low frequency range (Fig. 10).

The real, imaginary, and full conductivity of the CM
were calculated based on the above relations. Figure 11
shows the dependence of the total conductivity σ* on the
frequency. Moreover, the �gure shows that for all materi-
als in the frequency range 10−3÷103 Hz, the value of σ* is
independent of frequency. Thus, the speci�c conductivity
of the CM increases sharply with an increase in frequency
at carbonization temperatures below 700◦C (Fig. 11).
At the same time, its decline occurs in the frequency
range 103 ÷ 105 Hz at carbonization temperatures of
700-1000◦C. Such frequency dependence is insu�ciently
studied. There are several explanations in the literature:
a possible dispersion of electrical conductivity in the regi-
on f ≤ 105 Hz due to the skin e�ect or under the condi-
tion ω ∼ 1/τ , where τ is the relaxation time; due to the
occurrence of collective excitations of the wave type of
charge density in �ne systems [28].

The �ow of electric current in such a system can
be adequately described within the framework of the
percolation theory. Thus, each point of the material with
a probability ψ, which will be determined by the carboni-
zation temperature, corresponds to the conductivity of
the graphite component σg, and with a probability 1-ψ
is the conductivity of the amorphous component of σam.
The current �ow threshold in this case will be determi-
ned by the statistical spatial distribution of the graphite
component σg. At small values of p, graphite clusters are
isolated from each other. Therefore, due to an increase in
the carbonization temperature, the probability of contact
between graphite clusters increases, and at the threshold
temperature tcr, the conductivity of the system sharply
increases. The concept of the proposed model is close
solving the problem of determining the dependence of
the conductivity of the composite �carbon structures in
a polymer matrix� on the concentration of the leading
component [29].
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In general, the conductivity of such a system is
related to the percolation threshold θcr (the value of
the concentration of the leading component at whi-
ch an in�nite cluster with a conductivity is formed in
the system, which is much higher than the conductivi-
ty of the matrix) and the concentration of the leading
component according to the power law σ = σg (θ − θcr)p,
where p is the critical index depending on the dimension
of the system [30]. In our case, the value of θ is proporti-
onal to the carbonization temperature t, therefore, the
equation is rewritten in the form σ = Aσg (t− tcr)p,
where tcr is the carbonization temperature at which an
in�nite leading cluster is formed in the system, and A is a
constant. To determine the parameters of the percolati-
on threshold and the critical index p, the procedure

for constructing and linearizing the dependence is typi-
cally used ln (σ) = f (ln [θ − θcr]), which provides for
the selection of the value of θcr and allows �nding the
parameter p as the slope of the obtained function. We
propose a scheme for �nding tcr as the in�ection poi-
nt of the functional dependence of the conductivity of
the carbon material on the carbonization temperature.
It should be noted that the introduction of percolati-
on conductivity in the case under study will depend not
only on the carbonization temperature, but also on the
frequency of the electric �eld applied to the material
carbonized at a certain temperature. Thus, we analyzed
the dependences of the total conductivity of the materi-
al on the carbonization temperature at eight selected
frequencies in the range 0.01�105 Hz (Fig. 12, a).
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Fig. 12. Dependences of the CM conductivity (a) and the dependence of the �rst derivative of conductivity (b) on the
carbonization temperature at the selected frequencies
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Fig. 13. Frequency dependences of percolation threshold tcr

and critical index p for the CM

The in�ection point was found from the position of
the maximum of the dependence of the �rst derivati-
ve dσ/dt as a function of the carbonization temperature
with the application to this dependence of the approxi-

mation by Gaussian functions (Fig. 12, b). According
to the results obtained, the value of the percolation
threshold tcr lies in the range 800�817

◦C, and an increase
in the frequency of the electric �eld causes a decrease
in tcr (Fig. 13). This dependence is expected, since the
probability of electron tunneling between the particles of
the leading carbon component, as one of the components
of the percolation conductivity mechanism, increases
with an increase in the frequency of the external �eld
[31].

The frequency dependence of the critical index was
determined based on the statement about the existence
of a linear relationship between ln (σ) and ln [t− tcr]
(Fig. 13). It was determined that the value of the
exponent p in the investigated frequency range is close to
0.415 (only at a frequency of 0.01 Hz there is a sharp drop
to 0.404). The obtained result is somewhat unexpected,
since in most cases the value of p is greater than 1,
but the good reproducibility of the value obtained at di-
�erent frequencies allows con�rming the reliability of the
experimental data obtained. At the same time, accordi-
ng to [32], for the case of composites based on carbon
nanotubes, the values of the critical index were close to
0.7.
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IV. CONCLUSIONS

On the one hand, the temperature in the process of
carbonization of the raw material makes an impact on
the structure and condition of the surface of the obtai-
ned carbon material. On the other hand, it leads to a
change in its conductive properties. It was found that in
the Raman spectra for all investigated samples of CM
phonon D and G bands are observed, which correspond
to A1g and E2g oscillatory modes of carbon atoms with
a sp2 type of chemical bond, respectively. It was determi-
ned that the ratio of the integrated intensities ID1/IG of
CM which was obtained at a temperature of ≤ 700◦C
is two to three times lower than for the samples, whose
carbonization temperature is 800�1000◦C, which is also
indicated by the increase in the electrical conductivity of
the C5 and C7 samples. The presence of additional D3
and D4 bands in all samples of the carbon material indi-
cates the presence of amorphous carbon and disordered
graphite layers.
The model of the structure evolution with an increase

in the carbonization temperature was created based
on the application of the theory of percolation to the

analysis of the frequency dependences of the conductivity
of the obtained carbon materials. It was determined that
the investigated carbon nanomaterials can be described
as systems in which graphitized particles are dispersed
in a dielectric matrix. At the same time, the formation of
graphitization centers in the heat treatment temperature
range of 400�900◦C is observed by Raman spectroscopy
as a decrease in the relative sizes of graphite crystallites.
In this case, the percolation threshold corresponds to the
carbonization temperature at which an in�nite leading
cluster is formed in the material, formed by contacting
graphitized carbon particles. Thus, an increase in the
frequency of the electric �eld in the range of 0.01 to
105 Hz causes a shift in the percolation threshold from
817 to 800◦C, which suggests the presence of a mechani-
sm for electron tunneling between graphitized particles.
The calculated values of the critical percolation index are
weakly dependent on frequency and lie in the range from
0.404 to 0.415.
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ÂÏËÈÂ ÒÅÌÏÅÐÀÒÓÐÈ ÊÀÐÁÎÍIÇÀÖI� ÐÎÑËÈÍÍÎ� ÁIÎÌÀÑÈ ÍÀ ÑÒÐÓÊÒÓÐÓ,
ÑÒÀÍ ÏÎÂÅÐÕÍI É ÅËÅÊÒÐÎÏÐÎÂIÄÍI ÂËÀÑÒÈÂÎÑÒI ÂÓÃËÅÖÅÂÎÃÎ

ÍÀÍÎÏÎÐÈÑÒÎÃÎ ÌÀÒÅÐIÀËÓ

Í. ß. Iâàíi÷îê, Î. Ì. Iâàíi÷îê, Á. I. Ðà÷ié, Ï. I. Êîëêîâñüêèé, I. Ì. Áóäçóëÿê, Â. Î. Êîöþáèíñüêèé,

Â. Ì. Áîé÷óê, Ë. Ç. Õðóù
Ïðèêàðïàòñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Âàñèëÿ Ñòåôàíèêà,

âóë. Øåâ÷åíêà, 57, ì. Iâàíî-Ôðàíêiâñüê, 76000, Óêðà¨íà

Ùîá ñïðîãíîçóâàòè ïåðñïåêòèâè çàñòîñóâàííÿ íàíîïîðèñòèõ âóãëåöåâèõ ìàòåðiàëiâ ÿê åëåêòðî-
äiâ åëåêòðîõiìi÷íèõ ñèñòåì íàêîïè÷åííÿ åíåðãi¨, âèâ÷åíî ñòðóêòóðíî-ìîðôîëîãi÷íi çìiíè, ÿêèõ çà-
çíà¹ âóãëåöåâèé ìàòåðiàë ïiä ÷àñ éîãî îòðèìàííÿ. Îïèñàíî ïðîñòèé ìåòîä òåðìi÷íî¨ êàðáîíiçàöi¨ äëÿ
îäåðæàííÿ âóãëåöåâîãî íàíîïîðèñòîãî ìàòåðiàëó (ÂÍÌ) çi øêàðàëóïè âîëîñüêèõ ãîðiõiâ. Íàâåäåíî
ðåçóëüòàòè äîñëiäæåííÿ âïëèâó òåìïåðàòóðè êàðáîíiçàöi¨ âèõiäíî¨ ñèðîâèíè íà åëåêòðîïðîâiäíi âëà-
ñòèâîñòi îòðèìàíèõ âóãëåöåâèõ ìàòåðiàëiâ. Ïîêàçàíî, ùî òåìïåðàòóðà ïðîöåñó êàðáîíiçàöi¨ âïëèâà¹
íå òiëüêè íà ñòðóêòóðó òà ñòàí ïîâåðõíi öüîãî âóãëåöåâîãî ìàòåðiàëó, àëå é ñïðè÷èíÿ¹ çìiíó éîãî
åëåêòðîïðîâiäíîñòi.

Ìåòîäîì ðàìàíiâñüêî¨ ñïåêòðîñêîïi¨ äîñëiäæåíî ôàçîâèé ñêëàä îòðèìàíèõ ÂÍÌ. Ïîêàçàíî, ùî
íà ñïåêòðàõ íàÿâíi ÷iòêi ôîíîííi D- i G-ñìóãè äëÿ âñiõ çðàçêiâ ÂÍÌ, ÿêi âiäïîâiäàþòü A1g òà E2g
êîëèâíèì ìîäàì àòîìiâ âóãëåöþ ç sp2-òèïîì õiìi÷íîãî çâ'ÿçêó. Òàêîæ ó âñiõ îäåðæàíèõ âóãëåöåâèõ
ìàòåðiàëàõ íàÿâíi äîäàòêîâi D3- i D4 -ñìóãè, ÿêi âêàçóþòü íà íàÿâíiñòü ðîçóïîðÿäêîâàíèõ øàðiâ
ãðàôiòó òà àìîðôíîãî âóãëåöþ. Ïiäâèùåííÿ òåìïåðàòóðè êàðáîíiçàöi¨ âèõiäíî¨ ñèðîâèíè ñóòò¹âî
çìiíþ¹ ìàêñèìóì iíòåíñèâíîñòi G- i D-ñìóã. Àíàëiç iíòå ðàëüíèõ iíòåíñèâíîñòåé D- òà G- ñìóã äàâ
çìîãó îöiíèòè ñåðåäíié ðîçìið ãðàôiòîâèõ ôðà ìåíòiâ.

Äëÿ âèâ÷åííÿ ñòàíó ïîâåðõíi îòðèìàíèõ ÂÍÌ, à ñàìå, äëÿ iäåíòèôiêàöi¨ íàÿâíèõ íà ïîâåðõíi
âóãëåöþ ôóíêöiîíàëüíèõ ãðóï, çàñòîñîâàíî ìåòîä iíôðà÷åðâîíî¨ ôóð'¹-ñïåêòðîñêîïi¨. Iíôîðìàöiÿ
ïðî íàÿâíi íà ïîâåðõíi ÂÍÌ âóãëåöåâi ãðóïè äàëà çìîãó âñòàíîâèòè ïðè÷èíè çìiíè ôiçèêî-õiìi÷íèõ
âëàñòèâîñòåé âóãëåöåâîãî ìàòåðiàëó.

Äîñëiäæóâàëè åëåêòðîïðîâiäíi âëàñòèâîñòi ÂÍÌ ìåòîäîì iìïåäàíñíî¨ ñïåêòðîñêîïi¨ â äiàïàçî-
íi ÷àñòîò âiä 10−2 äî 105 Ãö. Äëÿ iíòåðïðåòàöi¨ ñïåêòðiâ iìïåäàíñó âñiõ çðàçêiâ âèêîðèñòîâóâàëè
äiàãðàìè Íàéêâiñòà. Ïðîàíàëiçîâàíî çìiíó åëåêòðîïðîâiäíîñòi ÿê ôóíêöiþ òåìïåðàòóðè êàðáîíiçà-
öi¨ âèõiäíî¨ ñèðîâèíè. Ó ïðàöi ðîçðàõîâàíî çíà÷åííÿ ïèòîìèõ îïîðiâ, êîìïëåêñíó òà ïîâíó ïèòîìó
åëåêòðîïðîâiäíiñòü ìàòåðiàëiâ. Çàñòîñóâàííÿ òåîði¨ ïåðêîëÿöi¨ äî àíàëiçó ÷àñòîòíèõ çàëåæíîñòåé
ïðîâiäíîñòi îòðèìàíèõ âóãëåöåâèõ ìàòåðiàëiâ äîçâîëèëî ïîáóäóâàòè ìîäåëü åâîëþöi¨ ¨õíüî¨ ñòðó-
êòóðè ç ïiäâèùåííÿì òåìïåðàòóðè êàðáîíiçàöi¨.

Êëþ÷îâi ñëîâà: âóãëåöåâèé íàíîïîðèñòèé ìàòåðiàë, ïèòîìà åëåêòðîïðîâiäíiñòü, iìïåäàíñíà
ñïåêòðîñêîïiÿ, Ðàìàíiâñüêà ñïåêòðîñêîïiÿ, I×-ñïåêòðîñêîïiÿ.
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