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ABSTRACT

Exfoliated graphite was prepared by chemical route and then further subjected to thermal oxidation and sonication for
size reduction and increased interlayer spacing in natural flake graphite. Exfoliated graphite/ABS composites were pre-
pared with varying filler concentration by solution casting method. Exfoliated graphite and composites were character-
ised by scanning electron microscopy and energy dispersive X-ray analysis, Fourier transform infrared spectroscopy
and X-ray diffractometry techniques. After thermal exfoliation significant peak of graphite at 26 = 26.4° disappeared
completely, confirming successful exfoliation of graphite. SEM images revealed homogeneous dispersion of exfoliated

graphite in the matrix and EDAX confirmed successful reduction of graphite oxide.
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1. Introduction

Exfoliated graphite has received attention as filler in
composites in recent times due to prominent properties it
imparts to the host polymeric matrices. These special at-
tributes make the resulting composites suitable in certain
areas of application.

Exfoliated graphite/polymer composites are finding
applications in varied areas such as charge storage de-
vices, electronics packaging, electromagnetic interfere-
ence shielding and antistatic coatings, conducting pack-
aging; majorly because of the conducting nature of gra-
phite [1]. As reported by Toyota researchers [2-4], upon
addition of layered silicates, properties such as mechani-
cal, thermal, and barrier performance are improved in
intercalated or delaminated composites in comparison to
conventional composites. Natural flake graphite has pro-
perties similar to layered silicates which can be treat-
ment for improvement of electrical conductivity and other
properties mentioned above.

The graphite crystal lattice consists of graphene layers
or 2d sheet formed by sp® hybridized carbon atoms. The
carbon sheets are bounded by weak Van Der Waals
forces and the d spacing between layers is 3.37 A [5].
Graphite is a good electrical conductor with an electrical
conductivity in the range of 10* S/m at room temperature
[6]. Natural graphite needs to be treated as it is not suit-
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able for use in its natural form. This happens because of
graphite particle size is on millimetre scale which leads
to lower aspect ratio [7] and can be increased by reduc-
ing its particle size.

The weak Van Der Waals interactions among gra-
phene layers are present, intercalating agents like sul-
phuric acid and nitric acid, can penetrate into the layers
of graphite by diffusion through edge planes to form lay-
ered crystals [8]. The resulting products composed of
guest intercalant and host graphite referred to as graphite
intercalation compounds (GICs) [8-10]. As reviewed by
Daniel et al. [9], flake graphite has complex structure and
inherent localized defects in its p-structure that may
serve as seed points for the oxidation process. The use of
nitric acid and Potassium chlorate are the strongest oxi-
dation technique used on a preparative scale which re-
sults in better oxidation than use of intercalating agent
alone.

In the present investigation, exfoliated graphite, exfo-
liated graphite/ABS composites were synthesised and
characterised by SEM, EDAX, FTIR, XRD and electrical
conductivity.

2. Experimental
2.1. Materials

Graphite fine powder with carbon content 98% and par-
ticle size of 60 mesh (Loba Chemi Pvt. Ltd.), conc. sul-
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phuric acid (H,SOy4, 98%), nitric acid (HNOs3, 95%), po-
tassium hydroxide (KOH), hydrochloric acid (HCI), po-
tassium chlorate (KCI1O;), tetrahydrofuran (THF) (Merck)
and ABS grade 920 (natural colour) supplied by INEOS
ABS Vadodara, Gujarat (India).

2.2. Synthesis of Exfoliated Graphite

Synthesis of exfoliated graphite involves chemical treat-
ment of thermal exfoliation for the formulation and re-
duction of graphite oxide.

2.2.1. Intercalation and Oxidation of Natural Flake
Graphite

In the first step, the chemical route (Staudenmaier me-
thod) was used for preparation of graphite oxide (GO)
[11,12]. In this method, a three necked round bottom
flask (500 ml) was purged with nitrogen and immersed in
an ice bath. Homogeneous mixture of conc. HNO; and
conc. H,SO4 in 1:2 v/v was prepared and 20 g Graphite
added slowly to minimize the risk of explosion in an ice
bath under vigorous stirring. Graphite intercalated com-
pound (GIC) formed after treating natural flake graphite
with sulphuric acid and nitric acid and was further oxi-
dised to give graphite oxide (GO). 165 g of Potassium
chlorate was added very slowly to minimize the risk of
explosion as reaction was hazardous. The reaction was
then continued for 120 hr at room temperature. The re-
sultant slurry was filtered through whatman filter paper
and washed with excess deionised water and 5% HCI
solution to remove left-over sulphate ions (SO, ). The
resulting GO solution was neutralised with potassium
hydroxide solution and washed with distilled water. The
powder was dried in an oven for 48 hr at 135°C.

2.2.2. Reduction of Graphite Oxide (GO)

The second step involved reduction of GO which was
carried out to increase interlayer spacing and further re-
duction in Van Der Waals forces. This can be accom-
plished by various methods such as chemical function-
alization [13], electrochemical reduction or by thermal
exfoliation as explained here.

/ chemical treatment
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The dried GO powder was quickly inserted into a pre-
heated muffle furnace temperature at 950°C and held
there for 30 seconds. The temperature of 950°C and
above has been found to be adequate for thermal exfolia-
tion and in situ reduction of GO [6]. The acid molecules
residing in the inter-graphene spacing are decomposed at
such a high temperature, generating volatile gas mole-
cules that could push apart graphene planes [14,15]. Ex-
foliation of the stacked structure occurs through the
emission of carbon dioxide generated by heating GO to
such a high temperature [9]. Schematic illustration of the
synthesis of exfoliated graphite is shown in Figure 1.

2.3. Preparation Exfoliated Graphite—ABS
Composite Films

Tetrahydrofuran (THF) was used as the dispersion me-
dium for exfoliated graphite for further separation of la-
yers by sonication for duration of 30 minutes in a probe
sonicator at frequency of 35 kHz [8]. 1 g of ABS was
dissolved in 10 ml of THF and then added to sonicated
exfoliated graphite-THF dispersion. The solution was
again subjected to probe sonication for duration of 30
min for uniform dispersion into polymeric matrix. After,
the sonication solution was poured into a predried
greased petridish and left undisturbed at room tempera-
ture for a period of 48 hr. The average thickness of cast
film was 0.27 mm. The film was kept in the oven for a
period of 24 hr at 80°C to remove possible traces of sol-
vent that may still be present. Composite films were pre-
pared by same methodology with varying exfoliated
graphite concentration such as 2 wt%, 4 wt%, 8 wt%,
12.7 wt%, 17.5 wt%.

2.4. Specimen Characterization

The microstructure of the films was characterised by
scanning electron microscopy with EDAX attachment.
To carry out SEM and EDAX analysis samples of natural
flake graphite, exfoliated graphite and Exfoliated graph-
ite/ABS composite films were coated with gold in
Bal-Tec SCD 500 sputter coater and examined under
(FEI ESEM Quanta (EDAX) machine set up. FTIR

exfoliated graphite with
interplane spacing> 20
nm to several um

Figure 1. Schematic illustration of the synthesis of exfoliated graphite.
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spectra were obtained on Bruker Alpha Spectrometer.
XRD was performed on Bruker D8 Advance in the range
of 0 to 90°. Electrical conductivity was measured with a
Kiethley 2410 two-probe electrometer. To provide better
contact with measuring probe surface, the samples were
coated with silver paint and bonded with copper con-
necting wires.

3. Results and Discussion

3.1. SEM Analysis of Natural Graphite and
Exfoliated Graphite

The SEM micrographs of natural flake graphite and ex-
foliated graphite are shown in Figure 2. Figures 2(a)
and (b) show agglomerates of graphite under 800x and
3000x magnifications. Figures 2(c) and (d) are for exfo-
liated graphite after thermal reduction of the graphite
oxide. The SEM micrographs in Figure 2(c) clearly re-
vealed exfoliation of GO at 1000x magnification while
Figure 2(d) showed close view of separated sheets at the
much higher magnification of 12000x.

EDAX analysis of exfoliated graphite is as shown in
Figure 3, which reveals graphite oxide reduction to ex-
foliated graphite as no traces of oxygen was found.

3.2. Morphological Analysis of Composite Films

Figures 4(a)-(d) show SEM micrographs of composite
films with varied filler concentration of 2 wt% (volume
fraction ¢ = 0.0049) at 8000 magnification, (b) 8 wt%
(¢ = 0.07) at 1000x magnification, (¢) 12.5 wt% (¢ =
0.111) at 200x magnification (d) 17.5 wt% (¢ = 0.148) at
400% magnification. As revealed by the micrographs, the
exfoliated graphite dispersion was found to be homoge-
neous within the ABS matrix

3.3. Ftir Analysis

The spectra of 2 wt% and 17.5 wt% are as shown in Fig-
ures 5(a) and (b) respectively. It was observed that the
band near 1500 cm™' - 1550 ¢cm ™' region corresponding
to the aromatic C=C stretching vibration and peak be-
came broad on increasing graphite content [16,17].

The IR spectrum of exfoliated graphite/ABS compos-
ite for volume fraction of 0.175 and 0.0049 shows char-
acteristic peaks for three components of ABS. The band
at 2237 cm’ ' is attributable to the —CN band of acryloni-
trile component, the band corresponding to aromatic ring
of styrene component at 1602, 1494, 761 and 699 cm™'
and the presence of band at 967 cm™ whichis due to bu-
tadiene (trans) and the double bond of butadiene compo-
nent appeared at 911 cm™'[18].

3.4. X-Ray Diffractometry
The XRD spectra of pristine graphite, exfoliated graphite
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and 2 wt% exfoliated graphite/ABS composite as shown
in Figures 6(a)-(c) respectively. The strong and sharp
diffraction peak of pristine graphite visible at 26 = 26.4°
corresponds to a d-spacing of 3.37 A, which completely
disappears after thermal exfoliation of the graphite oxide
(GO). No apparent diffraction peak detected, which means
that the periodic structure of GO was eliminated and size
of graphite was thus reduced [5].

3.5. Conducting Properties of Composites

Electrical resistivity of composite film samples including
neat ABS film are reported in Table 1. It is evident from
the results that there is gradual decrease in resistivity
value as the concentration of exfoliated graphite in-
creases in the composites. Electrical resistivity value for
neat ABS falls in insulating range, while composite with
17.5 wt% of exfoliated graphite was found to be moder-
ately conducting due to the formation of conducting net-
work with in the polymeric matrix [6,7].

Figure 2. (a) The SEM micrographsof natural flake graphite
at 800x magnification; (b) Graphite agglomerate at 3000x
magnification; (c) Exfoliated graphite at 1000x magnifica-
tion and (d) Separated sheets of exfoliated graphite at 12000
x magnification.
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Figure 3. Elemental composition of exfoliated graphite pow-
der.
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(c) (d)

Figure 4. The SEM micrographsof the compositefilm for (a)
2 wt% at 3000x magnification; (b) 8 wt% at 1000x magni-
fication; (c) 12.7 wt% at 200x magnification; (d) 17.5 wt%
at 400x magnification.
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Figure5. (a) FTIR spectrum of exfoliated graphite (2 wt%)/
ABS composite; (b) FTIR spectrum of exfoliated graphite
(17.5wt%)/ABS composite.
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Figure 6. XRD spectra of (a) natural flake graphite, (b)
exfoliated graphite and (c) exfoliated graphite (2 wt%)/ABS
composite film.

Table 1. Conducting properties of exfoliated graphite/ABS
composites

Sample Weight percentage of Resistivity
Code exfoliated graphite (%) (Qcm)
EG/ABS 0 0 1.1x 10"
EG/ABS 2 2 1.32 % 10°
EG/ABS 3 4 2.01 x 10°
EG/ABS 4 8 1.02 x 10
EG/ABS 5 12.5 2.13 x 107
EG/ABS 6 17.5 1.12 x 10°
4. Conclusion

Exfoliated graphite was successfully obtained through
thermal exfoliation reduction reaction which was con-
firmed by SEM and EDAX analysis. Treatment of the
natural flake graphite resulted in size reduction and in-
crease in interlayer spacing of exfoliated graphite as con-
firmed by XRD. Uniform dispersion of exfoliated graph-
ite was achieved by sonication even at higher filler con-
centration as revealed by SEM. Incorporation of exfoli-
ated graphite decreases the electrical resistivity value of
the composites.
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