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The aim of this paper is the comparison of structural, morphological and electrical properties of thermally
extended graphite synthesized by chemical oxidation of graphite with sulfur of nitric acids at all other same
conditions. Thermal treatments of graphite intercalation compounds were performed at a temperature of 600 °C
on the air for 10 min but additional annealing in temperature range of 100 - 600 °C for 1 hour was done. The
obtained materials were characterized by XRD, Raman spectroscopy and impedance spectroscopy. The evolution
of structural ordering of thermally extended graphite samples at increasing of annealing temperature was traced.
It was determined that the additional annealing allows to control the electrical conductivity and structural
disordering degree of extended graphite samples that is useful for preparation of efficient current collectors for

electrochemical capacitors.
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Introduction

Graphite and graphite-based materials have a great
spectra of possible application such as hydrogen storage
[[1]]. electrode material for lithium [[2]] and sodium-ion
[[3]] power sources, electrocatalyst [[4]], gas sensors
[[5]]- The main reason of graphite polyfunctionality is a
peculiarities of its crystal and electronic structure that
allow the obtaining of 2D and 3D nanostructured
materials like graphene, onion-like carbons or nanotubes.
At the same time the large-scale production of than
materials is complex and expensive so some relatively
cheaper and simpler materials like graphene oxide,
reduced graphene oxide and thermally expanded graphite
attract great attention especially for electrochemical
applications. 2D and quasi-2D materials have a good
perspectives for energy storage devices based on the
electrochemical intercalation of a Li* (or Na*) ions into
interlayer spacing both in nanoparticles and bulk van der
Waals crystals with tunable structural and electric
properties [[6]]. Graphite acceptor intercalation
compounds with acids (H2SO4 or HNO3) are the base for
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thermally expanded graphite (TEG) obtaining. The
expanded graphite is a high perspective base for
electrode of high energy supercapacitor in agqueous
electrolytes [[7]]. The main advantages of TEG are the
chemically inertness and and hitch electrical conductivity
that depends on the structural and morphological
properties of the material with the possibility to form foil
without any binder. TEG foil can be successfully used as
a support for electrode of electrochemical energy storage
device.

The properties of TEG are determined by the details
preparation technology that consists in intercalation of
acid (mostly H,SO. or HNO3) or salts with its thermal
decomposition due rapid. Fast gas evaporation causes the
destroying of graphite crystal structure and partial
exfoliation of graphene layers with the formation of TEG
morphology. The choice of TEG preparation method is
crucially important for next electrophysical properties of
the materials. In this work a comparative study of
structure and electrical conductivity of TEG samples
obtained by electrochemical method with different
inorganic acids H,SO4 or HNO3
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I. Experimental details

Materials synthesis.

The graphite bisulfate or graphite nitrates were
obtained using chemical oxidation of graphite in H2SO4
(96 %) or HNOs (70 %) aqueous solutions accordingly to
protocols described in [[8]]. Synthetic graphite powder
(Aldrich, 282863) with average particle sizes less 20pum
was used as a raw materials. Oxidation of graphite with
acid solution was performed at Teflon vessel under
vigorous stirring at 5°C for 5-6 hours. As a additional
oxidizing agent potassium permanganate was used (the
mass ratio of graphite powder to KMnOs was 1: 0.15).
Graphite powder and potassium permanganate were
added to the cooled H»SOs, then the obtained mixture
was placed in a 20°C water bath and stirred for 1 hour.
The obtained precipitates were separated washed with
water sevelal times until the pH of the impregnation
solution was about 6.0. Finally, the mixture was slowly
dried at 60 — 70 °C for 8 hours. Thermal treatments of
graphite intercalation compounds were performed at a
temperature of 600°C on the air for about 10 min The
samples synthesized with sulfur and nitric acids were
marked as K1 and K2, respectively. Additional annealing
was performed for both samples at 100, 200, 300, 400,
500 and 600°C for 1 hours.

Materials characterization.

The structure of the prepared powders were analyzed
by XRD (DRON-3M powder diffractometer, Cu Ka
radiation). Raman spectra of were measured with of
T64000 Jobin-Yvon spectrometer (1800/mm, settling
ability of about 1 cm™) in reverse dispersion geometry,
using argon-krypton laser (A = 488 nm). Laser irradiation
power was less 1 mwW/cm? so the local samples
overheating was preserved. Chemical composition of
obtained materials was investigated by X-ray
fluorescence analysis (Expert 3L device, accuracy of
determination of chemical elements not less 0.01 mass
%). The frequency dependence of electrical conductivity
was investigated by impedance spectroscopy (Autolab
PGSTAT 12/FRA- 2 device) in the frequency range of
0.01-100 kHz at room temperature. The electrical
conductivity was measured for cylindrical samples
prepared by pressing at 20 kN.

1. Results and discussion

XRD patterns of both samples series are presented in
Fig. 1, aand b. The XRD pattern for pure graphite is also
shown for comparison. The initial graphite show sharp
(002) peaks when the samples of thermally expanded
graphite additionally show a broad peaks. The angle
positions of these peaks doesn’t depend on the annealing
temperature and are equals of about 19.5+0.2° and
18.5 + 0.3° for samples of K1 and K2 series, respectively.
These values correspond to an average d-spacing of
0.454 and 0.479 nm while basal (002) plane interlayer
distance for initial graphite sample is 0.334 nm [[9]].
Therefore, the occurrence of (002) peaks in XRD
patterns samples after thermal treatment confirms the fact
only partial decomposition of intercalated into the
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Fig. 1. XRD patterns of thermally expanded graphite
samples synthesized by intercalation of sulfur (a) and
nitric (b) acids after additional annealing at temperature
range of 100 - 600 °C.

interlayer spaces of graphite molecules of acids. At the
same time the increasing of annealing temperature leads
to graphite crystallite sintering and growth of
averageparticle size but this effect is only at temperatures
above 900 - 1000°C[[10]].

The ratio between structurally disordered and not-
exfoliated  graphite  fractions of the samples
(amorphization degree) was calculated by the
deconvolution of XRD patterns at 20-region of about 15 -
30° to two Gaussian peak with maxima at 18 - 19° (y-
peak) and 26.7°((002) reflex of graphite structure): f; =

4 where A v and A(002)-are the integral intensity
Ay+A(002)
of y-peak and (002) reflex, respectively (Fig. 2).

In general, the calculated values of structural
disordering degree had a decreasing trend as temperature
increased from 100 to 600 °C while K1 samples
properties (synthesized with sulfur acids) is respectively
higher temperature affected. The samples structural
disordering is respectively close after annealing at
>400°C.

The additional information about structural
properties of obtained thermally expanded graphite was
obtained using Raman spectroscopy. Typical first-order
optical modes Raman spectra of graphite carbon material
consist of shows the Ep; at about 1580 cm? that
corresponds to the in-phase vibration of the graphite
lattice (G band) as well as the additional defect induced
peak related to the finite crystallite size (D band) [[11]].
The ratio between D and G bands integral intensity is
inversely proportional to the in basal (002) plane
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Fig. 2. The degree of structural disordering calculated from XRD data (a) and relative content of ratio of 2D /3D
ordered graphite calculated from Raman spectroscopy data (b) for thermally expanded graphite samples synthesized by
intercalation of sulfur (K1) and nitric (K2) acids as a function of additional annealing at temperature.
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Fig. 3. Raman spectra of thermally expanded graphite samples synthesized by intercalation of sulfur (a) and nitric(b)
acids after additional annealing at temperature range of 100 - 600 °C.

crystallite size of graphite. Respectively large average in-
plane size of crystallite causes the disapperens of D-band
for perfect crystals. Experimental Raman spectra
obtained for samples of K1 and K2 series don’t have D
bands. K1-100 sample is only exception but this result is
non-systematic.

At the same time the second harmonics of the
D bands (called 2D or G’ band and located at about
2700 cm™) have an intensities close to G bands [[12]].
This band is sensitive to structural arrangements along
the ¢ axes, depending on the number of layers in the
packages of turbostratic disordered graphite [[13]]. 2D
band of two-dimensional graphite is only single peak at
about 2707 cm, but for multilayered packages 2D band
is composed by several peaks due to the splitting of ©
electron dispersion energies as a result of the interaction

between the graphitic planes along the ¢ axes [[14]]. 2D
region in a rang of about 15-30 cm? in the Raman
spectra of extended graphite samples was deconvoluted
using Lorenzian function into its possible constituent
peaks. The best fit results were obtained for two
components marked 2D; and 2D, that correspond to 5 - 6
stacked graphitic layers [[12]]. (Fig.4). The ratio
between relative intensities of 2D; and 2D, band is
sensitive to the number of graphitic layers and its
arrangement in packages. The increasing of disordering
degree correspond to 2D, band shift upwards that
indicates the transition to two-dimensional ordering of
graphitic packages formed the turbostratic graphite.

The two stages increasing of A(2D,)/A(2D:) ratio
was observed for TEG of K1 series prepared with sulfur
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Fig. 4. The results of 2D band fitting for K1 and K2 samples series of thermally expanded graphite synthesized by
intercalation of sulfur (a) and nitric(b) acids after additional annealing at temperature range of 100 - 600 °C.

acids, while this dependencies for K2 series is only one
stage (Fig. 5, a,b). The decreasing of the A(2D;) /A(2D2)
ratio changing rate for K1 samples after thermal
treatment at >300°C is caused by continuation of
graphite bisulfate decomposition. the increasing of 2D»
mode intensity is the result the evolution of graphitic
planes exfoliation that is the reason the shift of 2D, peak
upwards with respectively stable position of 2D, peak
(Fig. 5, c-d and Fig.5, e-f). The same results was

observed for 2D band profile of graphite samples with
different crystallinity degrees by axes [[14]]. The ratio of
2D and 3D ordered graphite can be estimated from 2D,

and 2D, peaks intensity as f, = A(2D,) (Fig. 2,b).

The evolution of f2 parameters with the increasing of
additional thermal treatment temperature is close for
samples of both K1 and K2 series. The coordination
between XRD and Raman data at annealing temperatures
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> 400°C indicates that the samples of thermally expanded
graphite regardless the type of used at preparation stage
acid require additional extended heat treatment at
temperatures above 400°C. An empirical correlation
between 2D/3D ordered graphite volume ratio and
average thickness of graphites crystallite was proposed in

[[14]]: L.(nm) = 10 + % The calculated values of
0.05+f>

Lc for samples of K1 and K2 series are presented in Fig.
6. The very close decreasing character of graphite
crystallite average thickness at temperature growth was
observed for both samples series in from 32 -33 nm to
about 27 nm.

The electrical conductivity of obtained samples is
almost independent of frequency (Fig. 7, a, b), but varies
depending on the thermal treatment conditions (Fig. 7, ¢).

It’s clear that the morphology of the obtained materials
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CTpyKTypHi Ta ejieKTPpodi3u4HI BJIACTUBOCTI TEPMIYHO PO3LIUPEHOT0
rpagiry, OTpMMAaHOr0 XiMiYHMMH METOJAAMHU: NOPIBHAJILHUI aHAJI3

YIBH3 [pukapnamcokuii nayionarsnuii ynisepcumem imeni Bacuns Cmeganuxa”, m. Ieano-Dpankiecox, Yipaina,
kotsuybynsky@gmail.com
2Iucmumym ¢hizuxu nanisnposionuxis im. B.€. Jlawrapesa HAH Vxpainu, Kuis, Yxpaina, buser@ukr.net

Meroto naHOi pOOOTH € TOPIBHSHHS CTPYKTYPHHX, MOP(OJOTIYHMX Ta ENeKTPUYHHUX BJIACTHBOCTEH
TEPMIYHO pO3MIMPEHOro rpadiTy, CHHTE30BAHOTO XIMIYHMM OKHCIEHHSM TrpadiTy CipuyaHOIO Ta a30THOIO
kucnotamu. TepMmiuHy 00OpoOKy rpadiToBHX IHTEpKASLIHHAX CIIOIYK MPOBOAWIM mpu Temmeparypi 600 °C Ha
moBiTpi mpotsroM 10 XB. 3 HACTYIIHUM JOAAaTKOBHM BinnanoM B miama3zoHi temmepatyp 100 - 600°C. Orpumani
MaTepiaim JOCHiKYBAIMCS 3a JOIMOMOTOK X-TIPOMEHEBOTO aHali3y, pPaMaHiBChKOI Ta IMIEJaHCKHOL
CHEKTpOCKoMii. BifcmiakoBaHO €BOMIOLII0 CTPYKTYPH TEPMIYHO PpO3IIUPEHOro rpadiTy NpH MiIBUINEHHI
TeMIIepaTypH Biamary. BcTaHOBIEHO, IO MTOJATKOBHUI BiAmal JO3BOJISE KOHTPOIOBATH ENEKTPOIPOBIAHICTD i
CTYNiHb CTPYKTYPHOTO BIIOPSAKYBAaHHS TEPMIYHO pPO3IIUPEHOro rpadiTy Ta MiABUIIUTH e(pEeKTHUBHICTh
CTPYMO3HIMaUiB [UIs €IEKTPOXIMIYHUX KOHIECHCATOPIB.

KimrouoBi cjioBa: TepMiuno posmmpenuit rpadit, XRD, pamaHiBChbKka CIIEKTPOCKOITIs, €EKTPOIPOBIIHICTb.
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