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Carbon-based graphene-like material was obtained through microwave stimulated exfoliation of graph-
ite oxide (GO). Properties of this material were investigated by multiple techniques including element
analysis, X-ray photoelectron spectroscopy (XPS), mass-spectroscopy, infrared (IR) and Raman spectrosco-
py, scanning electron microscopy (SEM) and broadband dielectric spectroscopy. Specific surface area and
volume of microwave exfoliated graphite oxide (MEGO) reached 600 m2/g and 6 cm3/g, respectively. It is
shown that during such explosive reduction process the sample emits COz, CO and Hz0O and, in some cases,
SO: gases. The resulting reduced material exhibits IR spectra similar to that of graphite and a dc-
conductivity of 0.12 S/cm. It is also shown that prolonged storage in ambient conditions leads to elevated
oxygen content and decrease of specific surface area of the samples.

Keywords: XPS, IR-spectroscopy, 3d graphene, Specific surface, Electrical conductivity.

1. INTRODUCTION

It was reported that a conductive microwave exfoli-
ated graphite oxide (MEGO) can be produced by a
short-term microwave treatment of graphite oxide syn-
thesized by Hammers method [1]. The as-prepared
MEGO shows relatively high specific surface area
(SSA) of 463 m?/g and a decent conductivity of 274 S/m
[1]. Later, same laboratory have demonstrated that
this relatively cheap MEGO can be used as a precursor
material in the manufacturing process of a chemically
activated MEGO (a-MEGO) [2]. The a-MEGO material
possesses SSA of 3100 m2/g and conductivity of 500 S/m
and can be directly used as an electrode material to
produce ultracapacitors with remarkably high specific
capacitance of 200 F/g.

Recently, another interesting use of MEGO was
found in our laboratory. It was found that irradiation of
tetrafluorethylene, C2F4, and MEGO mixture by gam-
ma rays at the temperature of liquid nitrogen leads to
high-yield formation of a composite with a significant
percentage of polytetrafluoroehtylene (PTFE), about
80 wt % [3]. It was shown that MEGO plays a role of an
initiator of CgFi low-temperature polymerization pro-
cess since polymerization of C2F4 at the same condi-
tions, but without MEGO decreases the yield of PTFE
in 6times. The resulting PTFE-MEGO composite
shows promise as a basis for creating products with a
low flowability and increased wear resistance in com-
parison to pure PTFE.

Therefore, further analysis of MEGO properties and
its processing is important from the point of view of its
use as independent lightweight carbon-based mesoscale
filler and in subsequent synthesis of a-MEGO for use
as electrode material in ultracapcitors. In the current
manuscript we examine in detail the formation process
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and properties of MEGO. Microwave treatment of
graphite oxide leads to the formation of a conductive
carbon material with a specific surface area of about
600 m2/g. The microwave reduction of graphene oxide is
companied by a thermal explosion and a release of var-
ious gases. It is shown that the gaseous products of
such explosive reduction process are mostly COz2, CO
and H20 and, in some cases, SO2. The MEGO material
obtained in such a way exhibits IR spectra similar to
that of graphite and reasonably high conductivity value
of 0.12 S/em. It is also shown that MEGO sample are
metastable materials at ambient conditions. Prolonged
storage in in regular air atmosphere at room tempera-
ture leads to increase of oxygen content and decrease of
specific surface area of the samples.

2. EXPERIMENTAL TECHNIQUE

Graphite oxide (GO) has been synthesized using
Hammers method [4]. GO film of about 1cm? was
placed in a deep quartz vessel, the open part of which
was covered with a filter of cotton fabric, designed to
capture the explosion products. Then the quartz vessel
was placed into a microwave oven (2450 MHz, 900 W)
and conducted heating till the explosion, after which
the heating was stopped.To determine the composition
of the gases released by the explosion, the film was
placed in a quartz tube with a vacuum up to
3 x 10-7 Torr. After degassing, the vessel with the GO
film was placed in a microwave oven and heated to the
explosion. After cooling to a room temperature the ves-
sel was combined through a vacuum faucet with an
inlet of the mass spectrometer for analysis.

“Elementar Vario Cube” analyzer was used to de-
termination of C, H, O content. Specific surface area
measurements were performed using low temperature
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adsorption with Autosorb-1 (Quantachrome Corp.)
equipment. IR spectra were measured in the range of
4000-670 cm-! using Fourier spectrometer Perkin
Elmer Spectrum 100 with the UATR module. X-ray
photoelectron spectroscopy was performed by PHI-
5500. A non-monochromatized Mg Ka X-ray source was
used (hv=1253.6 ¢V) with power of 300 W. Scanned
area was about 1.2 mm2 The base pressure in the
sample chamber did not exceed 1 x 10-° Torr. Analysis
of gases produced by the explosion of GO film in a vac-
uum, was performed using a mass spectrometer MI
1201V. Ionization of the gas was carried by an electron
beam with an energy of 70 eV. Mass spectra were rec-
orded in the interval 1<m/z<250, where m — the
atomic weight, z — ion charge. Micrographs of the sam-
ples were obtained using a scanning electron micro-
scope Zeiss LEO SUPRA 25. Raman scattering (RS)
was excited by laser (1 =976 nm) and recorded with the
NXT FT-Raman 9650 device.

3. RESULTS

Microwave treatment essentially reduces content of
oxygen (from 44.8 to 4.2 wt. %) and hydrogen (from 2.7
to 0.7 wt %) in sample. Meanwhile the SSA dramatical-
ly increases (from 20 to 600 m2/gr).

The adsorption desorption isotherm for MEGO is
characteristic for mesoporous samples. The hysteresis
on the adsorption desorption isotherm refers to the so-
called H3 type on TUPAC classification [5] and points to
presence of a slot-like pore or plane-parallel particles.

On the Fig. 1 (curve 1) the IR spectrum of initial
GO is presented. The received spectrum coincides with
that, received in work [6], but differs from the spectra
received by authors [7-8] by considerably smaller in-
tensity of absorption band (AB) at 980-930 cm ~1. This
AB is usually connected with fluctuations of epoxy
groups. At a range of 3000-3700 cm —! there is a num-
ber of overlapping AB which, according to literature
data, can attribute valence fluctuations of O-H bond.
Absorption band at 1730 cm-! can be attributed to
C =0 valence fluctuations in carbonyl groups and/or
ketones. AB at 1620 cm —! is naturally can be attribut-
ed to deformation fluctuations of water molecules, and
close AB at 1590 cm -1 — to the allowed fluctuations of
basal plane rings.
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Fig. 1 - IR spectra of GO (1), MEGO (2), and graphite (3)
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According to the literature data, AB at 1360-
1380 cm -1 is connected with fluctuation of C-OH bond,
at 1220-1230 cm -1 — with fluctuations of C-O-C group
and at 1060-1080 cm -1 — with phenylhydroxyl groups.
After GO processing in the microwave oven (MEGO) all
peaks characteristic for GO disappeared in the spec-
trum (curve 2). We believe that it is connected with
increase in conductivity of a sample as the MEGO spec-
trum comes nearer to a graphite spectrum on its form
(curve 3).

XPS spectra in Cls region of GO and MEGO are
presented in Fig. 2. The Cls spectrum of GO is well
approximated by three Gaussians. According to litera-
ture data [9-14], the peak with Ece =285 eV is caused
by carbon atoms in which immediate environment
there are only other atoms of carbon. The second peak
(287 eV) the majority of authors connect with carbon
atoms having one bonded oxygen atom, i.e. with epoxy
(> C-0O-C <) and/or hydroxyl (> C-OH) groups. Appear-
ance of third peak is attributed to carbon atoms with
two bonded oxygen atoms. Comparing intensities of
separate peaks, it is possible to say that 57 % of carbon
atoms of initial GO are connected with one oxygen at-
om, and 8 % — with two oxygen atoms.
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Fig. 2 - XPS spectra of Cls regions of GO (top image) and
MEGO (bottom image)

C1s spectrum of MEGO differs from that for initial
GO. Decomposition on separate components showed
that in MEGO only 15 % of carbon atoms are connected
with one oxygen atom and 5 % — with two carbon at-
oms. Thus, processing of OG film connected with de-
scribed heating in the microwave oven is accompanied
by essential increase of a part of carbon atoms which
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aren't bonded with oxygen atoms. The relation of inte-
gral intensities of I (O1s)/I (C1s) at transition from GO
to MEGO decreased in 4.5 times.

Mass-spectrometer research gases composition,
forming at explosion of graphite oxide film, showed
(Fig. 3) that the main components of a gas mixture are
carbon oxides CO (m / z=28) and COz (m / z = 44). Tak-
ing into account that in the mass spectrum of pure CO2
intensity of peak with m/z=28 (ons [CO]*) makes
about 40 % from intensity of peak with m/z =44 (ions
[CO2] %), it is possible to say that in a gas phase seven
molecules of CO related to 10 molecules of CO2. Besides
carbon oxides, the GO sample produces in a gas phase
also water (peak with m/z=18). As to molecular oxy-
gen, it is practically absent in a gas phase. From the
unexpected results received at research of mass spectra,
it is necessary to note reliably established production of
SO2 molecules in a gas phase (peaks with m / z =48 (ions
[SO]*) and with m/z=64 (ions [SOz]*). Formation of
molecules we connect with the remains of sulfuric acid
used by receiving GO. From mass spectrometer re-
searches follows that at explosion, stimulated by micro-
wave oven heating, occurs not only GO restoration, but
also cleaning from sulfuric remains.
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Fig. 3 — Mass-spectra of gases forming at explosion of graphite
oxide film in vacuum

The microphotos received by scanning electronic
microscopy are shown in Fig. 4. At initial GO the flat
particles formed by the parallel planes of graphene
oxide are visible. After explosive processing planes of
the restored graphene oxide are warped that keeps
them from a collapse and provides a high specific sur-
face of MEGO.

Conductivity spectrum of MEGO sample can be
seen on Fig. 5. The absolute value of conductivity was
determined to be 0.121 S/cm. Such conductivity value is
several significantly lower than the electrical conduct-
ance of compacted graphite [15, 16]. Microwaved GO
shows rather low conduction properties even if one
takes into account that in present study conductivity
was measured along the compaction direction (lower
conductivity due to preferential orientation of flakes).
One of the possible reasons that microwaved GO
showed poor conductivity performance could be oxida-
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tion MEGO in course of air storage (see above). Never-
theless, conductivity value of 0.121 S/cm is reasonable
for many applications.
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Fig. 4 — Microphotographies of GO (top) and MEGO (bottom)
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Fig. 5 — Conductivity spectrum of MEGO

Thus ease of production, high surface area and
good dispersability in polymeric media makes micro-
wave-reduced GO an industrially relevant material.
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