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Abstract

Thermally expanded graphite (TEG) is a promising filler beneficial to electrically conductive
materials due to its high electrical conductivity, low density, and cost. In this work, the electrically
conductive TEG was prepared by thermal treatment of the expandable graphite in the range of
temperatures from 400 to 800 °C in air. Effects of the temperature treatment on the morphology and
chemical structure of TEG were thoroughly characterized. Thermal treatment of the expandable
graphite resulted in thermally expanded graphite formation with up to 6 times higher electrical
conductivity than the precursor. Optimal conditions of thermal treatment were established at 600 °C
providing material with the highest electrical conductivity, high expansion volume, and a well-
ordered and defect-less structure.

Keywords: Thermally expanded graphite; Thermal treatment; Ordered and porous structure;
electrical conductivity.

1. Introduction

Nowadays, a tremendous pace of scientific progress requires advanced polyfunctional materials,
which can be extensively used in various fields of science and technology. Among such materials,
including carbon nanotubes, nanocoins, nanofibers, or graphene, a thermally expanded graphite
(TEG) is one of the most promising due to its outstanding electrical and thermal conductivity, low
density, high surface area, low price, etc. These properties provide TEG with virtually endless
applications in supercapacitors [1], thermally conductive materials for energy storage [2-5],
adsorbents [6—8], lithium-ion batteries [9], catalyst supports [9], fuel cells [10-14], polymer
composites [12-20], etc. [9].

As a precursor for TEG, the expandable graphite (EG) intercalated with an inorganic acid is used
[8,21,22]. Upon rapid acid evaporation by heat [23—27] or microwave treatment [28,29], the
interlayer spacing in EG drastically increases, forming a worm-like TEG structure with low density
and high surface area [9]. Therefore, the procedure and conditions of TEG preparation affect the
expansion, structure, and properties of the resulting materials [16,30-32]. In particular, the
temperature of thermal treatment [23,33—-35] and reducing/oxidizing properties of the atmosphere
[36] have a strong influence, paving the way for optimization and/or alteration of TEG properties.
The temperature of EG treatment influences such structural characteristics of TEG as graphite
expansion volume [23], density, and porosity [35,37,38]. Thus, usually, the expanded volume
significantly increases with temperature rising [23] and goes through the maximum at different
temperatures (80 °C [34], 500 °C [7], or 1000 °C [23]). The density is another parameter affected by
the temperature, which changes with increasing the temperature [38]. At the same time, the surface
area of expanded graphite increases with temperature racing up to 600 °C and then decreases [25,38].
The growth of the pore volume and diameter of the graphite particles with the rising of the treatment
temperature from 700 to 900 °C was also detected [37]. The growth of the above-mentioned surface
parameters is usually connected to the increasing distance between the layers (d-spacing) in graphite
after thermal treatment [23,39,40]. On the other hand, changes in chemical structure and the number
of defects of TEG stem from the temperature and reducing/oxidizing atmosphere of the treatment
[36,41]. Thus, the thermal treatment causes both oxidation or de-oxidation of the expanded graphite
with a formation of graphene oxide [42], removal of amorphous phase and decrease of the number
of defects upon annealing [34,43], formation of oxygen-containing functional groups, and
corresponding change of C/O ratio [44,45]. However, as was shown in [37] by using Fourier-
transform (FTIR) spectroscopy, the different temperature does not affect the formation of functional
groups.



Alteration of structural and chemical characteristics of TEG may result in different macroscopic
properties of the material. Thus, expanded volume and porosity of TEG affect the sorption capacity
[7,8,23,37], and electrochemical properties [46]. Electrical conductivity may be affected by the
presence of sp® hybridized carbon, oxygen-containing groups, and/or defects. Moreover, increasing
the graphite expansion volume could tangibly reduce the electrical conductivity of the graphite, due
to the increase of the porosity and contact resistance between layers [9,34].

Despite numerous studies on TEG morphology and chemical structure, the investigation of TEG
properties is incomplete and unsystematic. Especially, the investigation of the electrical properties of
TEG is scarce and relates mostly to the conductivity of the polymer composites filled with TEG [47—
51] or other materials based on TEG [52,53]. Therefore, in the current work, we will focus on the
effect of the treatment at different temperatures on the TEG thermal expansion, morphological and
chemical structure, and their influence on the electrical conductivity of the obtained materials.
Moreover, the thermal expansion will be conducted in the air to demonstrate the applicability of such
an atmosphere for the high-scale and low-cost production of TEG.

2. Material and methods

2.1. Preparation of thermally expanded graphite

Expandable graphite (EG) flakes (ES 350 F5), impregnated with sulfuric acid, (Graphit Kropfmiihl
GmbH Company, Germany) were used as a precursor for obtaining the thermally expanded graphite.
The average size of flakes is around 300 pm, and carbon content is 98 %, according to the supplier
information. TEG were prepared by a thermal treatment in an oxidation atmosphere from the EG
flakes. The EG flakes were heated up in a porcelain crucible in a muffle furnace (MLW, Germany).
The temperature varied from 400 to 800 °C and the gradual rate of temperature change was 30 °C
min!. The sample was held at the chosen temperature for 1 minute and cooled down. Hereinafter,
the TEG, which were obtained, e.g., at 400, 500, 600, 700, and 800 °C, would be marked as TEG400,
TEG500, TEG600, TEG700, and TEG800, respectively. The heating range was chosen according to
the thermal gravimetrical analysis (TA Instruments, USA) of EG. The expansion process was started
at a temperature higher than 400 °C (Fig. S1), which corresponds to the value of the TEG expanded
volume (Fig. S2a). It is worth noting that the heating in the air at temperatures higher than 800 °C
was not reasonable due to the critical decrease of the sample mass because of EG degradation in an
oxidizing atmosphere. The weight losses of the TEG are equal to 29 £+ 3 %, 27 £ 1 %, and 92 + 8 %,
for TEG500, TEG600, and TEG 800, respectively. Such effect can also be observed in the SEM
images (Fig. S4d, e).

2.2. Physical and chemical characterization

The expanded volume, bulk density, and wettability (via contact water angle) of the samples were
measured and calculated (see the SI, Fig. S2, S3, and S5).

A JEOL 2200 FX transmission electron microscope with 200 kV acceleration voltage applied was
used to observe the structure of graphite nanolayers (GNL) sheets of prepared TEG. For transmission
electron microscopy (TEM) measurements, samples of GNL were prepared from TEG by sonication
of TEG dissolved in ethanol (96%, Penta, Chem. Unlim.) in the pulse mode on-off time 3s at 20 kHz
(Bandeling Sonopuls HD 3100, Germany) for 20 min. The crystalline structure of the GNL was
analyzed using Digital Micrograph software [54].

The morphology and size of EG flakes and TEG particles were analyzed using a field emission
scanning electron microscope (FE-SEM, Mira III, TESCAN ORSAY HOLDING, Czech Republic),
operating at 30 keV beam energy. The chemical composition of the samples (in pellet form) was
determined by energy-dispersive X-ray spectroscopy (EDX) using a Quantax EDX detector (Brucker,



Germany) at the 5 keV electron beam. Here and after the formation of the pellets, the powders were
pressed onto cylindrical pellets (diameter 1.6 cm and 0.1-0.2 mm thickness) by a mechanical press
(H-62, Trystom, Czech Republic) with a force of 80 kN.

Raman measurements were performed using an HR800 Raman micro-spectrometer (Horiba Jobin
Yvon, France) with a 633 nm He-Ne excitation laser (20 mW) focused with a 50% microscope
objective with a long working distance (N.A. 0.55, Olympus, Japan). Spectra were integrated for 120
s and collected using a 300 grooves mm™' grating and liquid nitrogen cooled CCD detector with
resolution ~8 cm™! (the wavenumber scale was calibrated using a Si sample). Ten spectra on each of
the samples (EG flake, TEG500, TEG600, and TEG800) were measured at different places on the
powder samples. The averaged spectra of the samples were normalized using the integrated absolute
area of the 2D peak. Additionally, the intensity of the peaks was obtained using the same mathematic
analysis (integration of the absolute area). The in-plane crystallite size (La) was calculated using the
modified Tuinstra and Koenig equation (Eq. S6) [55,56].

X-ray diffraction (XRD) measurements were performed using an Empyrean 2 diffractometer
(Panalytical, Netherlands) equipped with a Cu X-ray tube (A = 1.5406 A). To reduce the influence of
the preferential orientation of crystallites, the powder was inserted into glass capillaries and measured
in transmission mode. The measured XRD patterns were fitted using the whole powder pattern fitting
procedure (Rietveld method) by the combination of graphitic and turbostratic carbon phases, to obtain
the information about the lattice parameters and size of coherently diffracting domains.

Infrared spectra of the samples were recorded with a Vector 33 FTIR spectrometer (Bruker,
Germany) using a standard MIR source, a KBr beam-splitter, and a DTGS detector. 400 scans were
collected with 4 cm™! spectral resolution and the Blackman-Harris 3-term apodization function. The
spectrometer was purged by dry air during all experiments. 7 mm KBr-pellets of TEG powder were
prepared using KBr for infrared spectroscopy (Specac, United Kingdom) mixed with a small amount
of the graphite samples (1:100). The spectra were normalized on the v(C—H) bond at
2800-3000 cm.

The surface chemical compositions of the EG and TEG were measured by an X-ray photoelectron
spectroscopy (XPS) (Specs, Germany) using a laboratory XPS spectrometer equipped with a
hemispherical analyzer Phoibos 150 (Specs, Germany) and Mg Ko X-ray source in ultrahigh vacuum
(UHV) conditions. The pellets were stuck to the stainless-steel sample holder using copper tape.
During XPS measurements, the core-level spectra of C /s, O Is, S 2p, N Is, and Na /s were recorded
with a pass energy of 20 eV, step size of 0.05 eV, and dwell time of 200 ms. The XPS spectra were
processed with KolXPD software [57]. The XPS peaks were processed using Voigt waveforms for C
Is and O Is core-level spectra, and Double Voigt waveform for S 2p. Moreover, for the asymmetry
of the sp? carbon bond peak [58], the Doniach- Sunji¢ lineshape combined with the Gaussian function
was used. All spectra were fitted after subtraction of the Shirley background. The peaks were
normalized to the area of the full-wave of each element. The silicone oxide peak was subtracted from
the O Is core-level peaks.

The specific surface area and porous structure of the EG and TEG were analyzed using the nitrogen
adsorption isotherms (Thermo Scientific™ Surfer, USA). Samples outgassing was performed at
75 °C overnight under a vacuum using a turbopump, then the blank measurement was done with
helium, and the adsorption with nitrogen at —196 °C. The N> adsorption isotherms measured were
fitted with the Brunauer-Emmett-Teller (BET) equation to determine the specific surface area (Sger)
(m? g'"). The mesopore volume (Vmeso) was calculated (Eq. S6). The maximum diameter of mesopores
(Dmeso(max)) Was estimated by applying the Barrett-Joyner-Halenda (BJH) method to the N> adsorption
isotherm.

The electrical resistivity (p) of the EG and TEG samples, in pellet form, was measured by impedance
spectroscopy via the four-point collinear probe arrangement using an SP-150-1 potentiostat
(BioLogic Science Instruments, France). The electrical conductivity at direct current (c) was



calculated taking into account the measured resistivity, and the correction factors based on the ratio
of the sample diameter and the distance between the gold probes (s) and the ratio of sample thickness
to probe spacing, according to the Smits and Uhlir equations [59-61]. The scheme of the four-point
probe measurements (Fig. S7) and the used equations (Eq. S2-4) are presented in SI.

3. Results and discussions
3.1. Influence of the temperature on TEG formation
3.1.1. Scanning electron microscopy

Fig. 1 presents the morphology of EG and obtained TEG according to SEM. Fig. 1a demonstrates
EG compact flakes, formed from several layers. The interlayer structure of EG expands along the c-
axis, under temperature, and TEG, widely known as a worm-shaped form, (Fig. 1b, Fig. S4) are
obtained. It is worth drawing attention to the appearance of defects for TEG700 and TEG800 (Figs.
S4d, e). Such effect is probably caused by the partial thermally oxidative degradation (Fig. S1) [62—
64], which corresponds to the decreasing of expanded volume (Fig. S2a).

Fig. 1. FE-SEM images of EG flakes (a) and TEG600 (b). Inserts represent optical microscope
images.

3.1.2. Transmission electron microscopy

Fig. 2 shows an example of the structure and heterogenous crystallinity of graphene nanolayers
(GNL), which form the TEG. TEG obtained at different temperatures have a similar amorphous-
crystalline structure. As one can see, the interlayer spacing of GNL is equal to around 0.21 nm.
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Fig. 2. TEM image of TEG600.

Fig. S6b displays the Fast Fourier Transform (FFT) diffraction pattern of the TEG image acquired
on TEG600 with six very well defined inner spots [(100), (1-10), (0-10), (-100), (-110), (010)] and
other outer less intense spots, corroborating the existence of a single layer of GNL. According to the
FFT diffraction pattern, the measured interplanar distances are equal to 0.216 nm, 0.124 nm and,
0.108 nm (Fig. S6a inserted figures), which corresponds to the diffraction pattern of graphite with
the hexagonal cell, space group P 63/mmc, and [0.0.1] zone axis (Fig. S6c), obtained from database
[65]. Moreover, the calculated d-spacing for hexagonal graphite structure with Bravais lattice with
the lattice parameters a (0.246 nm) and ¢ (0.671 nm) [66] are equal to 0.213 nm, 0.123 nm, and 0.107
nm [67], which are similar to the TEG600 parameters above.

3.1.3. Raman spectroscopy

To gain more insights into the structure of TEG, Raman spectroscopy was used. Fig. 3 shows the
Raman spectra of EG flakes and obtained TEG. The features at 1330, 1576, and 2682 cm™!
correspond to the D, G, and 2D bands, respectively, which are the most characteristic bands of a
graphitic material [68]. EG flakes have two additional peaks, D’ and D+D’ at 1608 cm™' and
2914 cm™!, respectively. The fitting of the 2D bands (Fig. S8), gives two deconvolution peaks, 2D
and 2D at 2683 and 2644 cm !, respectively [69]. It must be pointed that Cangado et al. [70] have
presented the two-peak shape of this band in bulk graphite as a result of the convolution of an infinite
number of peaks. More detailed information about the bands can be found in SI.
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Fig. 3. Raman spectra of EG flakes, TEG500, TEG600, and TEG800.

The effect of thermal treatment appears in the decreasing of D peak and vanishing of the D’ shoulder
in TEG samples compared with EG flakes (Fig. 3). This effect points out that the part of the TEG
crystalline phase increases [71]. However, a higher intensity ratio of the D and G bands (Ip/lg) of EG
(0.7), compared with such of TEG (0.08, 0.08, 0.06 for TEG500, TEG600, and TEGS800,
respectively) indicates a higher quantity of defects on EG structure (Table S1) [69,72]. A possible
explanation of the existence of these defects in the EG flakes might be the presence of intercalated
compounds (SO4>") which are evaporated at high temperatures, forming the more ordered structure
of TEG. Additionally, the calculated crystallite size (La) [S5] (Table S1) also drastically increases
after thermal treatment (from 55 to 467 nm) and it is largest at 800 °C (615 nm).

3.1.4. X-ray diffraction

The structure of the EG and TEG samples was analyzed by the XRD technique. The XRD patterns
of studied materials (Fig. 4) contain peaks from crystalline, graphitic, and diffuse, asymmetric
profiles from turbostratic carbon structures [73]. The peaks of graphitic phase show significant
broadening anisotropy (broad 00l and narrow hk0 peaks) representing the small size of coherently
diffracting domains in 00l direction and big crystallite size in the plane of graphitic sheets hkO0.
Moreover, the graphitic phase (002) peak of EG sample at 26.4° has a wide asymmetrical shape [73].
After the thermal treatment, the maxima of 002 peaks slightly shifted to 26.5°, similar tendency is
seen in [74], the peaks’ intensity increased, and the crystallite sizes increased from 12.1 nm up to
54.9 nm (see Table S1). The same tendency is observed to (004) and (006) reflections. This reveals
that EG was expanded, and, at the same time, the layered graphite’s structure is preserved, but became
more homogeneous and ordered with the d-spacing between the graphene layers of around 0.3363 nm
[15,75]. The peaks shifting could be pointed on the slight decreasing of the d-spacing due to the SO,
evaporation after the thermal treatment, which is substantiated by other data. The temperature of the
treatments does not drastically influence the structure of the materials. The refined lattice parameters
a and c of the graphitic phase (Fig. S9) correspond well with the tabulated values of graphite lattice



parameters [66] and correlate with the ones chosen for the d-spacing calculated from the TEM image
(Fig. S6).
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Fig. 4. Measured (black circles) and fitted (lines) XRD patterns of EG flakes, TEG500, TEG600, and

TEG800 samples. The diffraction peak positions of graphitic phase, together with their Miller indices

are depicted in the figure. The positions of turbostratic carbon (002) and (10) peaks are marked with
asterisk.

Furthermore, the existence of turbostratic structure is demonstrated by the presence of (002) and (10)
peaks in Fig. 4 [76,77]. A closer look at the diffraction patterns shows an intensity increase of the
broad, amorphous peak between 20-35°. Therefore, it indicates an increment in the fraction of
disorganized/amorphous carbon during the thermal treatment.

3.1.5. Nitrogen adsorption analysis

Table 1 shows some parameters, obtained from the nitrogen adsorption analysis. After the thermal
treatment, BET specific surface area (Sger) drastically increases from 0.05 wup to
33 m? g !. For comparison, data available in the literature show that the surface area of TEG obtained
at 700-900 °C, 900 °C, and 1000 °C, reaches 25-31, 45, and 40 m? g!, respectively [37,78,79].

Table 1. Surface parameters according to the nitrogen adsorption analysis.

Sample SBET Dmeso(max) MOHOlayer Vmicro Vineso
(m? g™ (nm) volume | (cm®g™) (ecm3g™)
(cm’g ™)
EG flakes 0.05 — — — 0.0045




TEG500 22 2.6 5 0.0078 0.0876
TEG600 25 2.7 5.7 0.0078 0.1262
TEG800 33 33 7.6 0.0112 0.1870

Fig. S10 exposes the mesopores distribution calculated by the BJH method from the adsorption
branch of TEG500, TEG600, and TEG800. It is observed that TEG500 and TEG600 have very
similar pore size distribution, with a maximum diameter of mesopores 2.6 and 2.7 nm, respectively,
but slightly different mesopores volumes. A possible explanation for these results might be that the
temperature range of 500—600 °C does not significantly affect the TEG samples, as is observed in all
nitrogen adsorption parameters. For TEG800, the maximum diameter of mesopores is calculated to
be 3.3 nm. Similar behavior was observed in [37], where the mesopore size diameter is smaller at a
lower temperature of the thermal treatment. Furthermore, the results of this analysis show that the
temperature process directly affects both the surface area and the formation of the pores.

3.2.  Chemical structure analysis
3.2.1. Fourier-transform infrared spectroscopy

The chemical structure of the samples was analyzed using FTIR spectroscopy. Fig. 5 demonstrates
FTIR spectra of EG flakes and the TEG prepared at different temperatures.
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Fig. 5. FTIR spectra of EG flakes, TEG500, TEG600, and TEG800.

All samples have bands at 2923 cm™!, and 2855 cm™!, which are ascribed to C—H sp® asymmetric and
symmetric stretching, respectively [80]. The peaks at 1635 and 1580 cm™' are assigned to the C=C
alkene and aromatic stretching, respectively [80—82]. It is widely known that the graphitic materials



have two strong absorption bands around 1580 cm™' and 1360 cm™!; moreover, these bands coincide
with the bands observed in Raman spectra [82,83]. At low frequencies, in the range of 900-800 cm™
!, the out-of-plane vibrations of C—H species are detected [84—86].

Furthermore, EG flakes have the asymmetric and symmetric stretching vibration of sulfate bonds at
1287 and 1190 cm™!, respectively [81,82,87]. Above mentioned vibrations are invisible at the spectra
of TEG because of the vaporization of SO» at high temperatures during the thermal treatment [88].
Instead, for TEG samples the ether (C—O—C) and alcohol (C—O(H)) stretching vibrations appear in
the range 1200-1000 cm ™! [82].

3.2.2. X-ray photoelectron spectroscopy and energy dispersive X-ray spectroscopy

The chemical surface composition of EG flakes and TEG was characterized by XPS. Fig. S11 shows
the XPS survey spectra of the samples marking the peaks of C Is, O Is, S 2p, N Is, and Na Is.

Table 2 shows the atomic composition of the samples. It is seen (Fig. S11, Table 2), that for all TEG
samples the amount of C increases (up to 1.3%) while the amount of O and S drastically decreases (to
9 and 16%), compared with EG. The O and S contents decrease due to its evaporation as SO» during
the thermal exfoliation [89]. Moreover, the increasing of the treatment temperature from 500 to
800 °C enhances these effects for both surface (XPS) and bulk (EDX) composition of the samples
(Table 2). The samples contain the traces of sulfur (Fig. S12), sodium, and nitrogen owing to the
chemical process of obtaining EG flakes. Fig. 6 and Fig. S13 demonstrate the XPS fitting of the C
Is, O Is, and S 2p core-level spectra of EG flakes and TEG, obtained at the different temperatures.
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Table 2. The atomic composition of the samples. Concentrations obtained from XPS are written first,
followed by values from EDX written in the bracket.
XPS (EDX)
Sample C at% O at% S at% C/O
EG 74.6 (94.6) | 22.3(4.8) | 3.1(0.6) 3.4 (19.7)
TEG500 | 97.4(97.2) | 2.5(2.2) 0.2 (0.3) 39.0 (44.2)
TEG600 | 96.6 (98.3) | 3.2(1.3) 0.2 (0.2) 30.5 (75.6)
TEG800 | 96.5(99.1) | 3.2(0.8) | 0.2(0.05) | 29.7(123.9)




The states observed at binding energies of 284.3, 284.8, 285.4, 286.2, and 291.4 eV assigned to the
presence of bonds C—C sp?, C—C sp® [58], C—O(H), C—-O—C [90-92], and m-n* transitions [42],
respectively. Fig. 6b demonstrated O /s deconvolution peaks of EG flakes with three states at 531.8,
533.0, and 534.3 eV. These peaks correspond to SO4>~ species [93], C—O(H) bonded to both aliphatic
and aromatic carbon [21,43,44,94], and the so-called “intercalated adsorbed water molecules”,
trapped inside the graphite layers as a consequence of samples exposure to air after the thermal
treatment [21,44,95,96], respectively.

The total C/O ratio after thermal treatment grows from 3.4 to 39.0 (from EG flakes to TEG500,
respectively) (Table 2). With the temperature rising the C/O ratio decreases to 29.7, caused by partial
surface oxidation of the TEG at a higher temperature. For comparison, one can find in the literature
that XPS data on similar systems show the C/O ratio of 9.4 at 500 °C [42], 6.8 at 600 °C [45], 24 at
1000 °C in the inert atmosphere [43], and 34.7 at 1050 °C [97]. And, consequently, the obtained C/O
ratio is higher at a lower temperature and in air. Moreover, the C—C/C—O ratio is stable (10.3—10.8)
(Table S2). It is the substantial effect, that this variant of thermal treatment does not significantly
change the amount of above-mentioned groups in all samples. This parameter means that the
materials will have fewer defects and, as a result, should have a higher electrical conductivity value,
at the more cost-efficient way of the sample preparation (comparable low temperature, without
reducing atmosphere).

3.3. Electrical conductivity analysis

Fig. 7 shows the electrical conductivity of the EG flakes and TEG, obtained at different temperatures.
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Fig. 7. Electrical conductivity of the EG flakes and TEG obtained at different temperatures.

It 1s detected that the values of the TEG electrical conductivity are more than five times higher than
EG flakes’ one. For comparison, the measured values of the electrical conductivity for the natural
and synthetic graphite are equal to 320 and 700 S/cm, respectively. With the temperature rising the
values of electrical conductivity grow up and reach their maximum at 600 °C treatment, i.e., for
TEG600. After 600 °C the values of the electrical conductivity of the materials start to decrease. Such
behavior entirely corresponds to the expansion volume pattern (Fig. S2a), i.e., thermal expansion of



the EG increases the number of the electrically conductive channels. On the opposite, the appearance
of defects at temperatures higher than 700 °C according to SEM images (Fig. S4d, e) decreases the
number of such channels and leads to lower electrical conductivity levels. It is accompanied by
changing crystalline size according to the Raman and XRD analysis (Table S1), and the preservation
of carbonaceous structure after thermal treatment (Table S2).

4. Conclusions

The systematic study on properties of TEG prepared by thermal treatment of EG presented in this
work points to the fact that the temperature of thermal treatment (in the range of 400-800 °C) affects
the morphology and chemical structure of TEG, and, consequently, the electrical conductivity of the
materials. The detailed analysis of the thermal treatment influence on the structure of the materials
showed that prepared TEG had a more ordered structure with a lesser number of defects, higher
crystalline phase and size of the crystallite, higher surface area and porosity, higher surface and bulk
carbonization rate, etc. The increase of the treatment temperature leads to the slight growth of the
surface area and the mesopore sizes of TEG, and a reduction of the surface C/O ratio. At temperatures
higher than 700 °C the partial thermal degradation of TEG is observed. For all the TEG samples, the
electrical conductivity is more than 6 times higher than EG flakes one. The TEG obtained at 600 °C
demonstrates one of the most ordered structures, the highest expanded volume, low oxidized carbon
species, and the highest electrical conductivity value (1670 S cm™!). Therefore, the proposed TEG
powder could be used for electrically conductive materials.
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