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Introduction

The structure of single graphene sheets, which are the basal
plane of graphite, can be best visualized by making a longitudi-
nal scission on a single wall carbon nanotube (SWCNT)
along the tube axis and flattening the resulting sheet.! These
sheets have electric conductivity, thermal conductivity, and
tensile modulus values similar to SWCNTSs, and can be used
as alternatives to SWCNTSs in various applications.?”

Graphite shows a sharp X-ray diffraction peak at 26=26.5°
because it has a layered structure composed of graphene
sheets and the typical interlayer spacing is 3.35 A. These
sheets are one-atom-thick and are composed of hexagonal
carbon rings. Graphite oxide (GO), prepared by oxidizing
graphite, is a graphite-derived compound with a layered
structure. GO has a broad X-ray diffraction peak at lower
angles than graphite, normally 26=10~15° because polar
groups such as hydroxyl, epoxide, ether, and carboxylate
groups are present on graphene sheets as a result of oxida-
tion and expand the interlayer spacing.>**

Recently, it has been reported that exfoliation of graphite
into a single graphene sheet can be achieved from suffi-
ciently oxidized GO, if inter-graphene spacing associated
with native graphite is completely eliminated in the oxida-
tion stage, and if adequate pressure builds up at the gallery
between the GO sheets by rapid heating. The pressure
results from CO, evolved by the thermal decomposition of
functional groups.**® This exfoliated graphite, where the
inter-graphene spaces associated with GO and graphite are
completely excluded after thermal expansion, has an affin-
ity for polar solvents and polymers, as well as good conduc-
tivity, because this exfoliated graphite is composed of
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functionalized graphene sheets (FGSs) having polar func-
tional groups remained even after thermal treatment.>* Not-
mally, carbon nanotubes need surface treatment if they are
to be used as a nanofiller for fine dispersion in a polymer
matrix.'”"* However, FGS can offer comparable or better
electrical conductivity enhancement than carbon nanotubes
without further surface treatment, owing to the polar func-
tional groups.*!*

Our laboratory has prepared and examined FGS nano-
composites with various polymers.'*'¢ During these studies,
we discovered that the fine dispersion of FGS in a polymer
matrix can be improved when GO is used as a compatibi-
lizer. This paper reports the compatibilizing effect of GO in
FGS/poly(methyl methacrylate) (PMMA) nanocomposites.

Experimental

Materials. Natural graphite, HC-598 and HC-908 with
average particle sizes of 11 and 8 xm, respectively, was pur-
chased from Hyundai Coma Co., Ltd. Methy! methacrylate
(MMA, Aldrich), 2,2"-azobisisobutyronitrile (AIBN, Aldrich),
tetrahydrofuran (THF, Aldrich), concentrated H,SO, (96%,
DC Chemical Co., Ltd. or Matsunoen Chemicals Co.), fuming
HNO,; (Matsunoen Chemicals Co.), KMnO, (Duksan Pure
Chemical), KCIO; (Samchun Pure Chemical Co.), H;O, (30%,
DC Chemical Co., Ltd.), and hydrochloric acid (35%, Daejung
Chemicals & Metals Co., Ltd.) were used as received.

GO Preparation. GO used as a compatibilizer (GO-1) was
prepared by oxidizing graphite with KMnO,/H,S0,."*'”!®
Elemental analysis showed that the GO composition was
C100,45H, 51. The conductivity was 0.5 S/cm.

FGS Preparation. GO used to prepare FGS, GO-2, was
prepared by the Staudenmaier method.”'*" Elemental anal-
ysis showed that the GO composition was Cy¢Os esH 45.

To make FGS, dried GO was charged into a quartz tube
and flushed with argon for 10 min. The quartz tube was
quickly inserted into a furnace preheated to 1,100 °C for 5
min to split the GO into individual sheets by the pressure
resulted from CO, evolved by the thermal decomposition of
functional groups.*>’ The apparent specific volume was 410
cm’/g, and elemental analysis showed that the FGS compo-
sition was C,¢0¢5:Hoso. The FGS had no visible peak by
wide angle X-ray diffraction at 26>2°.

FGS/PMMA Nanocomposite Preparation. MMA was
polymerized under an N, atmospheric at 65°C for 12 h
while stirring with a magnetic bar to make nanocomposites
in the presence of FGS and GO-1 with AIBN as an initiator.
The recipes to prepare FGS/PMMA nanocomposites are
shown in Table I. The sample designation code in Table 1
gives information about the amount of FGS and GO-1
included in each nanocomposite. For example, NC302 con-
tains 3 parts FGS and 2 parts GO-1 per 100 parts MMA.
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Table L Recipes for the Preparing FGS/GO-1/PMMA Nanocom-
posites and Polymerization Yields

Table II. Physical and Thermal Properties of FGS/GO-1/
PMMA Nanocomposites

Sample Feed (by weight) Polymerization Sample Conductivity E£'(MPa) (O
MMA FGS GO-1 THF AIBN  Yield (%) (S/em) 40°C  170°C DSC DMA
NC000 100 - - - 03 94.2 NC000 lessthan 10 1602  2.12 1053  120.8
NC050 100 05 - - 03 92.7 NC050  2.46x107 - - 124.8 -
NC100 100 1 - - 03 9.1 NC100  1.89x107 - - 124.6 -
NCIOl 100 1 1 - 03 89.7 NC101  2.50x10° - - 124.7 -
NC300 100 3 - 150 03 90.3 NC300  5.17x10° 1781  7.83 1244 1337
NC301 100 3 1 200 03 90.2 NC301 225102 1899 829 1241  136.5
NC302 100 3 2200 03 89.5 NC302  2.11x10° 2152 1213 1253 135.0
NC303 100 3 3200 03 90.6 NC303  1.56x10° 2402 1273 1261  137.0
NCS00 100 5 - 400 03 89.3 NC500  4.89x107? - - 124.0 -

THF was used as a diluent because low molecular weight
liquid materials, such as MMA or THF, were required to
obtain the required fluidity for mixing. Prepared FGS/
PMMA nanocomposites were crushed into powder and
dried at 65 °C under vacuum for 24 h to remove low molec-
ular weight components.

Measurements. Direct current conductivity at room tem-
perature was measured with a picoamperometer (Keithley
237) across a 1 mm thick film which was compression
molded at 190 °C with a pressure of 22 MPa, The round silver
electrodes measuring 0.28 cm? were attached at both surfaces
of the specimen. Silver paste was used to ensure good contact
between the specimen surface and the electrode.

The nanocomposite morphologies were examined by
transmission electron microscopy (TEM, Hitachi H-8100).
To prepare samples for TEM observation, the nanocompos-
ite was pulverized. The nanocomposite powder was mixed
with epoxy resin and cured at 70 °C for 24 h in a vacuum.
The cured material was microtomed into slices and placed
on a 200 mesh copper net. The TEM acceleration voltage
was 200 kV.

Dynamic mechanical properties were determined using a
dynamic mechanical analyzer (DMA, TA Instrument, DMA-
Q800) in beriding mode at a heating rate of 5 °C/min and
1 Hz. Samples were compression molded at 190 °C with a
pressure of 22 MPa.

Differential scanning calorimetry (DSC) was carried out
with a DSC 823° (Mettler Toledo) at a heating and cooling
rate of 10 °C/min with 7 mg of sample. The samples stayed
at 150 °C for 1 min in the DSC and were cooled to 25 °C.
The glass transition temperature (7,) was measured in a
subsequent heating scan.

Results and Discussion

Conductivity. Table II shows that PMMA conductivity

Macromol. Res., Vol. 17, No. 8, 2009

can be drastically improved by adding FGS. That is, the
nanocomposite conductivities were improved more than
10’-fold by the presence of 1 part FGS and more than 10'!-
fold by 3 parts FGS compared to the pristine PMMA. These
data show that the percolation threshold concentration is
less than 1 wt% because FGS is finely dispersed in the
PMMA matrix to effectively create conducting channels. A
study of FGS/silicone foam nanocomposites by R. Verdejo
et al. is the only open paper reporting on an FGS/polymer
nanocomposite; however, no conductivity data is reported."*
According to K. I. Winey et al., SWCNT/PMMA nanocom-
posites prepared by coagulation to provide uniform disper-
sion and in which SWCNT has isotropic alignment have
conductivities of about 10 and 10° S/cm when the SWCNT
content is 1 and 3 wi%, repectively.”**! These results are
comparable to the FGS/PMMA nanocomposites shown in
Table 11, suggesting that FGS is a good conducting filler that
can substitute for SWCNT in various applications.

One can see in Table II that the NC101 conductivity is
about 100-fold better than NC100, resulting from 1 part
GO-1. Similarly, the NC301 conductivity is enhanced about
10-fold compared to NC300, resulting from 1 part GO-1.
The NC301 conductivity is comparable to that of NC500.
These results suggest that GO-1 has a compatibilizing
effect, dispersing FGS in the PMMA matrix, with a conse-
quent improvement in nanocomposite conductivity. This
compatibilizing effect seems to be due to the facts that the
structure of GO-1 is similar to FGS and GO-1 has polar
functional groups that can interact with PMMA.

TEM. The TEM images of Figure 1 show that FGS is not
randomly dispersed but oriented to a direction. This sug-
gests that FGS can be easily oriented parallel to the top and
bottom faces of the sample when compression molded,
because FGS has one-atom thickness and high aspect ratio
larger than 250~1,000.° The TEM image of NC300 (Figure
1(a)) shows single FGS and stacks of FGS which are finely
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Figure 1. TEM micrographs of FGS/GO-1/PMMA nanocomposites: (a) NC300, (b) NC301, (¢) NC302 and (d) NC303.

dispersed in the PMMA matrix with a wrinkled or hair-like
structure, creating nanometer-scale conducting channels. In
Figure 1(b), one can see that the channels are more diffuse
than in Figure 1(a). This shows that GO-1 has a compatibi-
lizing effect, improving FGS dispersion in the PMMA
matrix resulting in enhanced conductivity. However, Fig-
ures 1(c) and 1(d) show that the FGS conducting channels
become thinner and more distinct as the GO-1 content
increases. This suggests that excess GO-1 reduces the broad
FGS diffusion. The conductivities of the nanocomposites
are ranked as follows: NC300<NC301>NC302>NC303
(Table II). This result shows that although 1 part GO-1 can
improve FGS dispersion, GO-1 can have adverse effects on
FGS dispersion in a PMMA matrix at higher levels. This
seems to be due to the facts that GO-1 is thicker than FGS
because it is not exfoliated material, and the conductivity of
GO-1 is lower than that of FGS.

Mechanical and Thermal Properties of the FGS/GO-
1/PMMA Nanocomposites. The tensile storage modulus,
E’"at 40 °C and 170 °C, and tan & peak temperature, i.e. the
T, measured by DMA, are summarized in Table II. These
results show that the £'s of NC300 are higher than that of a
pristine sample, NC000, and these values increase further
with additional GO-1 modification. These results demon-
strate that FGS and GO-1 effectively reinforce the matrix
PMMA. It has been reported that the £’ of PMMA at 40 °C
can be improved by more than 50% if reinforced with 1%
carbon nanotube.”” Table II shows that the E’ increase of
NC300 at 40 °C is 11% compared to NC000, which indi-
cates that the reinforcing effect of FGS or GO-1 is weaker
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than that of carbon nanotubes.

Table II shows that only 0.5 part FGS increases the T, of
NC010, measured by DSC, by about 20 °C. This shows that
the PMMA chain mobility is effectively restricted in the
presence of FGS. However, in Table II, it was almost same
T, in the 3~5% loaded FGS or GO-1/PMMA nanocompos-
ites by DSC or DMA analysis. Further study is necessary to
explain this lack of variation.

Conclusions

Our results show that FGS is an effective conducting filler
comparable to SWCNT. An FGS/PMMA nanocomposite
containing 1 part FGS has a conductivity of 1.89x107 S/cm,
more than 10’-fold better than pristine PMMA. This con-
ductivity was enhanced a further 100-fold by addition of 1
part GO. Our results prove that GO is a good compatibilizer
that can improve FGS dispersion in a PMMA matrix and
consequently enhance nanocomposite conductivity, because
GO has a structure chemically similar to FGS as well as
polar functional groups that can interact with matrix PMMA
molecules. Excess GO, however, has an adverse effect on
conductivity.

FGS and GO also had a reinforcing effect. The E’ of
PMMA was increased by adding FGS and GO, and this
effect was more evident at temperatures above 7.

As little as 0.5 part FGS increased the 7, by about 20 °C
from that of pristine PMMA, which demonstrates that FGS
improves the thermal resistance of PMMA efficiently.
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