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Introduction

Graphene is a two-dimensional nanocarbon that is cur-
rently being investigated for applications in a variety of areas.'
Graphene has unusual properties including a large surface
area of 2,600 m>g"', high thermal conductivity of ~3,000 W
mK™, high electrical conductivity of ~550 S-cm™, a high
modulus of ~1 TPa, and a high aspect ratio of several hun-
dreds.”*

Aksay et al. recently reported that graphene sheets can be
produced in bulk by the thermal expansion of sufficiently
oxidized graphite oxide (GO).” These exfoliated sheets are
called functionalized graphene sheets (FGSs) because some
of the oxygen containing groups such as epoxy groups
remain after thermal treatment.® FGSs have an affinity for
polar solvents and polymers,” as well as have a high elec-
trical conductivity of about 10 S-cm™.’

Polymers such as epoxy resin are generally good electri-
cal insulators. However, an improvement in electric conduc-
tivity is necessary for applications that require electrostatic
dissipation or electromagnetic radiation shielding." Nano-
carbons with high conductivity and a large aspect ratio can
be effectively utilized in the preparation of conductive poly-
mer nanocomposites.'"'> Recent studies have demonstrated
the emergence of FGS as fascinating conductive nanofillers
with low percolation thresholds.”*"?

In nanocomposites, nanofiller dispersion and interfacial
interactions with the matrix polymer can be significantly
enhanced through chemical or non-covalent physical modi-
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fication of the nanofiller surface character.>'* Many research-
ers have reported that polycyclic aromatic hydrocarbons such
as pyrene or perylene are strongly adsorbed onto graphene
sheets or carbon nanotubes through 7z interactions.'>"”

We observed that the dispersibility of FGSs in the epoxy
resin matrix was improved when the FGSs were treated
with pyrene. This paper describes the effect of pyrene treat-
ment on the dispersion, electric, and rheological properties
of FGS/epoxy nanocomposites.

Experimental

Materials. Natural graphite (HC-908) with an average
particle size of 8 um was purchased from Hyundai Coma
Co., Ltd. (Korea). Bisphenol-A diglycidyl ether (epoxy resin,
YD-128) with an epoxy equivalent weight of 184-190 g/
equivalent was supplied by Kukdo Chemical Co., Ltd. (Korea).
1,3-Phenylenediamine (Sigma-Aldrich), fuming nitric acid
(Matsunoen Chemical), potassium chlorate (Kanto Chemi-
cal Co., Inc.), and acetone (Daejung Chemicals & Metals
Co., Ltd.) were used as received.

Preparation of FGS. The graphite oxide (GO) was pre-
pared using the Brodie method.'® In a typical experiment, a
reaction flask with 200 mL fuming nitric acid was cooled to
0 °C in an ice bath, and then 10 g of graphite powder was
added to the flask by stirring. Next, 85 g of potassium chlo-
rate was slowly added over 1 h, and the reaction mixture
was stirred at 25 °C. After 24 h, the mixture was poured into
3 L of distilled water. The GO was filtered and washed with
distilled water until the pH of the filtrate was neutral, dried
in a vacuum oven at 100°C, and then pulverized and
screened with a 100 mesh sieve to obtain fine particles. Ele-
mental analysis showed the composition to be C,,0; 5sH, 5,.

To obtain the FGS, the dried GO was charged in a quartz
tube and flushed with nitrogen for 5 min, and then the quartz
tube was quickly inserted into a furnace preheated to 1,100 °C
and kept in the furnace for 1 min to split the GO into indi-
vidual sheets through the evolution of CO,.” The apparent
specific volume of the FGS was 320 cm®g", and elemental
analysis showed that the composition was C,,0q76Hg ;-

Preparation of FGS/Epoxy Nanocomposites. FGSs were
dispersed in 100-fold of acetone containing the dissolved
pyrene, and the mixture was sonicated at 330 W and 60 Hz for
1 h at room temperature. This dispersion was mixed with
epoxy resin and sonicated for 1 h at room temperature.
Next, the acetone was evaporated in a drying oven at 80 °C
for 12 h and then in a vacuum oven at 100 ° for 3 h. This
mixture was mixed with 14.5 g of hardener, 1,3-phenylene-
diamine per 100.0 g of epoxy resin, and was outgassed in a
vacuum oven at 100 °C for 7 min. This outgassed mixture
was poured into a Teflon mold, which was then placed in a
drying oven for curing at 80 ° for 2 h, followed by post-cur-
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Table 1. Conductivity of FGS/Epoxy Nanocomposite

Sample Conductivity (S/cm)
GOPO 1.81x10"
GOP3 1.40%10 "
GI1PO 1.92x10 "
GI1P1 7.43x10"
G2P0 2.54x10 "
G2P1 1.45%10 "
G2P2 4.44%107
G2P3 2.24x107
G3P0 3.07x10°
G3P3 1.59x10°
G4P0 5.16x10°
G4P4 9.67x10°

ing at 150 ° for 2 h. The sample designation codes in Table I
refer to the proportions of FGS and pyrene used in the nano-
composites. For example G2P1 contains two parts FGS
and one part pyrene per 100 parts epoxy resin and 1,3-phe-
nylenediamine.

Characterization. The direct current conductivity across
a 0.5 mm thick cast film was measured with a picoamper-
ometer (Keithley 237) at room temperature utilizing round
silver electrodes measuring 0.28 cm®, which were attached
to both surfaces of the specimen. Silver paste was used to
ensure good contact between the specimen surface and the
electrode.

The morphology of the nanocomposites was examined
with a transmission electron microscope (TEM, Hitachi H-
8100). To obtain samples for TEM observation, a cast film
of the nanocomposite was cryogenically pulverized. Then,
the nanocomposite powder was mixed with epoxy resin
(EpoFix Resin, Struers) and cured at 25 °C for 24 h. The
cured material was microtomed into slices. Images were
observed on a 200 mesh copper net with an acceleration
voltage of 200 kV.

Dynamic rheological properties were measured with a
cone and plate rheometer (Physica, MCR 301) at 50 °C and

(o)

Figure 1. TEM micrographs of (a) G2P0, (b) G2P1, and (c) G2P2.
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15% strain level; the upper limit where the linear viscoelas-
tic behavior was maintained. The cone angle and the diame-
ter of the plate were 1.0° and 25 mm, respectively.

Results and Discussion

Electric Conductivity. Table I shows that the nanocom-
posite conductivity increases significantly as the unmodi-
fied FGS content in the nanocomposite reaches 3 parts per
hundred (phr), which suggests that the percolation thresh-
old, where the conductive network becomes interconnected
and conductivity distinctly increases, >’ is approximately 3
phr. However, the conductivity of G2P2 compared to G2P0
is enhanced about 10° fold. These results from Table I dem-
onstrate that the dispersion of FGS is enhanced by treatment
with pyrene, which causes a reduction in the percolation
threshold to about 2 phr.

Morphology. Figure 1(a) shows that FGSs are finely dis-
persed in the matrix of the epoxy resin. Some of the FGS
images are blurred due to the very thin nature of the FGS;
however, some images are vivid, probably due to a stacked
structure. In Figures 1(b) and 1(c), it is evident that the FGS
images become more blurred after treatment with pyrene,
which suggests that the dispersion of FGS in the epoxy
matrix is enhanced by pyrene treatment.

Rheological Property. Rheological properties of nano-
composites measured under dynamic oscillatory measure-
ments are sensitively correlated with the nanoscale structures
and interfacial interactions.”’ Thus, we examined the rheo-
logical properties of the FGS/epoxy nanocomposite in the
absence of curing agent.

Figure 2(a) shows a logarithmic plot of the complex vis-
cosity 77* versus angular frequency @ measured at 50 °C.
Unadulterated epoxy resin (GOP0O) exhibits a Newtonian
fluid behavior with a nearly constant 77* at an angular fre-
quency less than 50 sec”. This behavior shows that the
molecular weights of the epoxy resin are not high enough to
cause a shear thinning behavior, which has been observed in
polymers with a polydispersity of molecular weights. Fig-
ure 2(a) shows that the 77* increases as the FGS content is
increased, and this increase is more evident as the amount of
pyrene used for the treatment of FGSs is increased. Since
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Figure 2. (a) Complex viscosity and (b) storage modulus versus angular frequency of (@) GOPO, (®) GOP3, () G1P0, () G2P0, (V)
G2P1, (&) G2P2, ([0) G2P3, and (O) G3PO0 containing no 1,3-phenylenediamine.

the 7* of composite increases as the mobility of the matrix
material is reduced due to interactions between matrix mol-
ecules and filler,”" > these results suggest that an increased
interfacial area due to a finer dispersion of FGS in the pres-
ence of pyrene may be the source of the 77* increase.

The yield behavior, the upturn of 7* at low shear rate
(Figure 2(a)) and the diminished frequency dependence of
storage modulus at low frequency (Figure 2(b)), becomes
evident in G3P0 and G2P3. This yield behavior at low shear
rate suggests the possibility of pseudo-solid like behavior
that may be attributable to incomplete relaxation.”** Incom-
plete relaxation of dispersed FGS can be caused by physical
congestion of highly anisotropic FGSs, which prevent free
rotation in compliance with external dynamic shear. In addi-
tion, incomplete relaxation can create a three-dimensional
mesoscopic structure for FGSs, not allowing them to inde-
pendently relax, which in turn cause the observed pseudo-
solid like behavior. Thus, the results from Figure 2 suggest
that pseudo-solid like behavior is amplified in the presence
of pyrene, because pyrene promotes the fine dispersion of
FGS in the epoxy resin.

Conclusions

The results of conductivity, morphology, and complex
viscosity experiments demonstrate that dispersion of FGS in
epoxy resin can be improved by treatment with pyrene and
suggest that pyrene reduces the agglomeration of FGS in
epoxy resin. The exact mechanism for this phenomenon
requires further study.
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