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P
olymer nanocomposite applications
require enhancement of the ther-
mal, mechanical, and electrical prop-

erties. Electrical properties of nanocompos-

ites are crucial in many aerospace

applications including lightning strike dissi-

pation in air vehicles and electrical charge

mitigations in space vehicles in the charged

space environment. In addition, robust me-

chanical properties are necessary in a wide

range of temperatures for fundamental

structural material components.

Polycarbonate is an engineering ther-

moplastic with outstanding mechanical

properties, high stiffness and high modu-

lus, as well as excellent thermal properties

and good dimensional stability.1,2 Its me-

chanical properties and impact strength

combined with high optical clarity make it

an excellent candidate for a wide range of

applications including air vehicle

components.1,2

High aspect ratio, conductive nanoparti-

cles such as single-wall carbon nanotubes

and multiwall nanotubes have been incorpo-

rated in bisphenol A polycarbonate (BPA-PC)

to improve its electrical and mechanical

performance.3�8 Electrical conductivity and

percolation threshold in a polymer nanocom-

posite is related to the inherent conductivity

of the nanoparticle, concentration, aspect ra-

tio, extent of aggregation and dispersion, ori-

entation, and directed assembly of the nano-

particles in the polymer matrix. The extent of

nanoparticle dispersion and aggregation has

a significant impact on the final properties of

the nanocomposites and is directed by the

dispersion method. Addition of highly con-

ductive and high modulus nanoparticles of-

ten results in increasing the composite’s

modulus and stiffness.

Graphene is a two-dimensional mona-
tomic thin sheet with a large lateral dimen-
sion sp2-hybridized carbon
nanostructure.9�17 Natural graphite is made
of stacked graphene nanosheets with ex-
tremely large lateral dimensions. Each
graphene layer consists of covalently
bonded six-membered sp2-hybridized car-
bon rings stacked by van der Waals forces in
3.4 Å spacing. Graphene’s quasi-two-
dimensional monatomic planar structure
provides unique transport and opto-
electronic properties.9�17 This includes a
thermal conductivity of �3000 W/mK,12,13

in-plane stiffness of 1060 GPa,12,13 resistivity
in the range of 50 �� · cm, a theoretical sur-
face area of 2630 m2/g, 98.7% transmission
normal to the incident beam for the first
layer, and 2.3% reduction for the consecu-
tive layers in vacuum. Graphene’s charge
carrier mobility is �20 000 cm2/s, and
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ABSTRACT Graphene nanosheet�bisphenol A polycarbonate nanocomposites (0.027�2.2 vol %) prepared

by both emulsion mixing and solution blending methods, followed by compression molding at 287 °C, exhibited

dc electrical percolation threshold of �0.14 and �0.38 vol %, respectively. The conductivities of 2.2 vol %

graphene nanocomposites were 0.512 and 0.226 S/cm for emulsion and solution mixing. The 1.1 and 2.2 vol %

graphene nanocomposites exhibited frequency-independent behavior. Inherent conductivity, extremely high

aspect ratio, and nanostructure directed assembly of the graphene using PC nanospheres are the main factors for

excellent electrical properties of the nanocomposites. Dynamic tensile moduli of nanocomposites increased with

increasing graphene in the nanocomposite. The glass transition temperatures were decreased with increasing

graphene for the emulsion series. High-resolution electron microscopy (HR-TEM) and small-angle neutron

scattering (SANS) showed isolated graphene with no connectivity path for insulating nanocomposites and

connected nanoparticles for the conductive nanocomposites. A stacked disk model was used to obtain the average

particle radius, average number of graphene layers per stack, and stack spacing by simulation of the experimental

SANS data. Morphology studies indicated the presence of well-dispersed graphene and small graphene stacking

with infusion of polycarbonate within the stacks.
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concentrations up to 1013 cm�2 are weakly

temperature-dependent.12,13

Chemically modified graphene polystyrene nano-

composites have been prepared via reduction of phenyl

isocyanate-treated graphene oxide in the presence of

the polystyrene exhibit percolation of 0.1 vol % and

conductivity of 0.001 S/cm at 1 vol %.12 The percola-

tion threshold of graphite nanosheet/poly(methyl

methacrylate) films prepared by in situ polymerization

was reported as 0.31 vol %.18 The electrical conductiv-

ity of the epoxy-functionalized graphene/epoxy nano-

composites exhibited a 5 order increase with 0.5 wt %

epoxy-functionalized graphene.19 Grafting polystyrene

to graphene oxide via atom transfer radical polymeriza-

tion (ATRP) yielded composites with 9�18 °C increases

in Tg due to the confinement effects of polystyrene (PS)

chains.20 Graphene oxide polyvinyl alcohol nanocom-

posites, prepared in water solution method, exhibited

76% increase in tensile strength and 62% improvement

in modulus with 0.7 wt % of graphene oxide in the com-

posite.21 Polycarbonate thermally expanded graphene

oxide nanocomposites prepared by melt compounding

showed a surface resistivity percolation at 1.25 wt %

and surface resistivity values of 8 � 105 and 2 � 105 �

for 2 and 3 wt % for disk nanocomposites.22

Correlation between the electrical conductivity of

graphene bisphenol A polycarbonate nanocomposites

and their morphology is the objective of this study as a

model system. This study also compares the effects of

nanostructure directed assembly of graphene

nanosheets via an emulsion mixing method with the
solution blending method for PC nanocomposite
preparation. The aspect ratio, nanostructure and mor-
phology, inherent conductivity, extent of dispersion,
and aggregation of the conductive component ulti-
mately define the percolation volume fraction of the
nanocomposites. This approach explores the effects of
morphology design of the conductive component
within the insulating polycarbonate matrix.
Graphene/PC nanocomposites prepared by emulsion
mixing and solution blending are called E-G-PC nano-
composites and S-G-PC nanocomposites, respectively.

RESULTS AND DISCUSSION
Graphene. Rapid thermal expansion of graphite oxide

by Aksay et al. resulted in well-separated graphene
nanosheets.15�17 The HR-TEM micrographs of the re-
duced graphene nanosheets show a lateral dimension
of 9.2 � 15.1 �m with folding and wrinkling (Figure
1a,b). The folding and wrinkling is due to the defects re-
sulting from the preparation method.15�17 Graphene
nanosheets have lateral dimensions between 700 nm
and 15 �m with an average size of �3 �m based on HR-
TEM studies. The preparation method of graphene un-
der high pressure and high temperature results in over-
coming van der Waals forces between the large stacks
and separation of the nanolayers into individual or
small stacks of graphene with highly oxygenated func-
tional groups.15�17 This processing method results in
defects and rearrangements of hexagonal carbon rings
into carbon rings with 5 or 7 carbon atoms which cause
wrinkling and higher roughness of the graphene.15 The
reduced graphene used in this study had 7% atomic
oxygen based on high-resolution spectra of the XPS
(Supporting Information). Peak deconvolution of the
C1s binding energies resulted in similar findings by Ak-
say’s group,15�17 indicating a variety of C�O and CAO
functional groups.

POLYMER NANOCOMPOSITE
CHARACTERIZATION

TEM. S-G-PC Nanocomposites. The morphology of the
S-G-PC nanocomposites is a random dispersion of
highly delaminated conductive graphene nanosheets
demonstrated by HR-TEM in Figure 2a,b for 0.27 and 2.2
vol % S-G-PC nanocomposite, respectively. Figure 2a
shows isolated graphene nanosheets and a few small
polycarbonate-infused graphene nanosheet stacks
within the polycarbonate matrix. This morphology re-
sults in electrical insulation behavior. Random disper-
sion of large particle number densities of graphene and
graphene stacks in 2.2 vol % S-G-PC nanocomposites
is demonstrated in Figure 2b. This morphology gener-
ates a random electrical transport path within the insu-
lating PC matrix.

E-G-PC Nanocomposites. Conductive graphene nanoparti-
cles are positioned on the polycarbonate microsphere

Figure 1. HR-TEM micrograph of graphene nanosheets. (a) Graphene
nanosheets with micrometer-sized lateral dimensions (�9.2 � 15.1
�m). (b) Exfoliated graphene nanosheet. Circles are showing defects,
roughness and wrinkling.

Figure 2. HR-TEM of the (a) 0.27 and (b) 2.2 vol % S-G-PC
nanocomposites.
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surfaces in the E-G-PC nanocomposites by this prepara-
tion method (Figure 3a). Positioning multiwall carbon
nanotubes on the surface of the PC emulsions has been
studied.4 This morphology provides a conductive path
for the electron transport and generates an excluded
volume of insulating polymer. Figure 3b exhibits the
positioning of graphene nanosheets on the PC micro-
spheres by scanning electron microscopy. This design
of morphology for graphene polycarbonate nanocom-
posites leads to much lower percolation volume frac-
tion (�0.14 vol %) compared to solution blending
(0.38%).

Figure 4a shows the 0.27 vol % and Figure 4b and c
show the 2.2 vol % E-G-PC nanocomposite. Curved
and bent graphene nanolayers and graphene layer
stacks are present in close proximity (Figure 4b,c). The
location of the graphene nanolayers and stacks in the
polycarbonate shows the directed assembly of the
graphene that is achieved through emulsion mixing.
The graphene nanolayers and stacks are generating a
pathway for charge carrier transport.

Electrical Conductivity. The ac and dc conductivity meas-
urements were performed for all nanocomposites. The
resistivity values were calculated as the slope of I�V
curve and which were linear for all S-G-PC nanocompos-
ites and almost linear for E-G-PC. Figure 5 exhibits the

dc conductivity as a function of graphene volume frac-
tion at room temperature and demonstrates the perco-
lation behavior for both types of mixing. Percolation is
defined where the conductivity suddenly increases at a
critical graphene concentration (�c) where the conduc-
tive nanoparticles are in close enough proximity to gen-
erate a pathway for charge carrier transport. The perco-
lation threshold depends on the concentration of the
conductive nanoparticle, the extent of nanoparticle dis-
persion and/or aggregation, nanoparticles aspect ratio,
their orientation, and directed self-assembly. The perco-
lation volume fraction has been also reported as the
theoretically calculated transition point of the percola-
tion curve.18,33,26 This results in �0.14 and �0.38 vol %
for E-G-PC and S-G-PC nanocomposites, respectively.
The conductivity values of 0.14 and 0.27 vol % E-G-PC
nanocomposites increased to 1.028 � 10�9 and 3.96 �

10�6 S/cm from 2.05 � 10�13 S/cm for neat PC when the
extent of aggregation and the spatial arrangements of
the graphene nanoparticles were directed using emul-
sion method. This is the lowest percolation reported for
PC/graphene nanocomposites22 and almost the lowest
for graphene nanocomposites. Only the reported value
for graphene in the graphene polystyrene nanocom-
posite from Ruoff et al. is lower.12

Percolation bond theory suggests the following
form relating the conductivity to the volume fraction
of the nanoparticles:23�25

where �c is the percolation volume fraction, �f is the
conductivity of the nanoparticle additive, and t is the
critical exponent.23�25 This equation is valid for the � �

Figure 3. (a) Schematic of the directed assembly of graphene
nanosheets on the polymer microspheres to generate an
electron transport path. (b) SEM micrograph of graphene
nanosheets on the PC microspheres.

Figure 4. HR-TEM of the 0.27 (a) and 2.2 vol % (b,c) E-G-PC nanocomposites.

Figure 5. Direct current conductivity percolation data of
graphene PC nanocomposite prepared by (a) emulsion mix-
ing (Œ) and (b) solution mixing (9).

σDC ) σf[(φ - φc)/(1 - φc)]t
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�c and when � � �c is small. A linear fit to the logarith-
mic plot of conductivity versus (� � �c)/(1 � �c) re-
sults in t 	 4.18 
 0.26 and a nanoparticle conductiv-
ity, �f, of 106.55
0.69 S/cm for the S-G-PC nanocomposites.
Values of t 	 4.04 
 0.58 and �f of 106.39
1.32 S/cm re-
sult for the E-G-PC nanocomposite series. In compari-
son, the percolation bond model resulted in t 	 2.74 


0.2 for the chemically modified graphene PS nanocom-
posites and nanoparticle conductivity of 102.92
0.52

S/cm.12 Thus, this simulation results in 3�4 orders of
magnitude higher values of graphene nanoparticle in-
herent conductivity compared to the earlier report.12

The percolation bond model resulted in t 	 3.47 
 0.64
for graphene nanosheet PMMA nanocomposites.18 The
high t value is attributed to extreme geometries of con-
ducting nanoparticle23 and could be an indication of a
different electron transport behavior. Higher values of
critical exponent of 4.1 and 4.5 have been reported for
pulsed laser vaporization SWNT (PLV) and oxidized PLV
poly[(m-phenylenevinylene)-co-[(2,5-dioctyloxy-p-
phenylene)vinylene]] (PmPV) nanocomposites.26 The t
values of 1.36 for PmPV and polyvinyl alcohol (PVA) car-
bon nanotube,28 1.33 and 1.42 for separate PMM-
polyaniline network,29,30 and 2 and 2.9 for HiPco and
oxidized HiPco-PmPV26 have been reported. Values of t
	 3.1 and 3.2 for surface-modified carbon nanofiber
polyimide nanocomposites have also been reported.31

AC Conductivity. S-G-PC Nanocomposites. S-G-PC nanocom-
posites with high resistivity were beyond the instru-
ment measurement capability. Figure 6 shows the real
component of conductivity for the S-G-PC nanocom-
posite series as a function of frequency. The nanocom-
posite with 0.41 vol % graphene is above the percola-
tion volume fraction. Graphene nanocomposites
containing 0.55 vol % graphene exhibit a frequency-
independent behavior followed by a frequency-
dependent behavior (dielectric) at critical frequency,
�c. The critical frequency is defined as ��c

	 1.1 �DC by
Kilbride et al.28 S-G-PC nanocomposites with 1.1 and 2.2
vol % graphene exhibited a frequency-independent be-
havior. The plateau values of the frequency-
independent conductivity, �ac,0, are attributed to the
dc conductivity, �DC, and have been compared in Table

1. There is good agreement between the ac and dc con-

ductivity measurements for all nanocomposites. The

maximum conductivity achieved by the solution blend-

ing method with 2.2 vol % graphene was 0.226 S/cm

in the conductive plateau regime, which is unprec-

edented in the literature for graphene nanocompos-

ites. It should be noted that these conductivity values

have been measured for bulk graphene nanocompos-

ites where three-dimensional dispersion of graphene

exists (sample thickness �1 mm) and not composite

thin films.

Figure 7 shows the real component of ac conductiv-

ity for the 0.55 vol % S-G-PC nanocomposite as a func-

tion of temperature and normalized with respect to �ac,0

and critical frequency �c using extended pair approxi-

mation model defined by the following equation.28,25,32

Here, k is the arbitrary parameter and s is the expo-

nent value.25,28,32 A different form of this model has also

been utilized as the ac universality law.26,27,31�34 This fit-

ting resulted in a master curve for the S-G-PC nanocom-

posites. The s values are listed in Table 1 and compared

for the nanocomposites. The conductivity decreased

with increasing temperature, which was more signifi-

cant when the temperature increased to 145 °C. The

Figure 6. Frequency-dependent conductivities for S-G-PC
nanocomposites with graphene volume fractions of 0.41
(�), 0.55 (9), 1.1 (▫), and 2.35 (Œ).

TABLE 1. Summary of AC and DC Conductivity, �, Values
Comparison as a Function of Volume Fraction (AC
Conductivity Exponent Values (s) Are Also Reported as a
Function of Volume Fraction)

vol % wt % �DC, S/cm �ac,0, S/cm s

S-G-PC nanocomposites

0.41 0.75 9.45 � 10�9 1.79 � 10�9 0.78
0.55 1 3.96 � 10�6 4.37 � 10�6 0.76
1.1 2 0.00794 0.0086
2.2 4 0.226 0.179

E-G-PC nanocomposites

0.27 0.5 1.07 � 10�5 5.26 � 10�5 0.92
0.55 1 1.34 � 10�4 9.58 � 10�5 0.57
1.1 2 0.0363 0.0159
2.2 4 0.512 0.557

Figure 7. Frequency-dependent behavior of the 0.55 vol %
S-G-PC nanocomposite as a function of temperature from 25
to 145 °C. The data are normalized with respect to �DC and
critical frequency, �c.

σ(ω)/σDC0 ) 1 + k(ω/ωc)s 0 < s < 1
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more significant change occurs at 145 °C, which is close

to polymer’s glass transition temperature (�165 °C).

Meanwhile, the effects of conductivity changes for the

nanocomposites in the conductive range, 1.1 and 2.2

vol % graphene nanocomposites were insignificant.

The decrease in the conductivity can be attributed

to the thermal effects on the physical properties of the

polymer, thermal effects on the electron transport

mechanisms, and temperature effects on the

filler�filler junction resistance. The more significant

change of the conductivity at the percolation regime

suggests that the polymer effects are the dominant ef-

fects in the change of conductivity. The decrease in the

conductivity is attributed to the thermal expansion of

the polymer, in addition to the onset of vibrational mo-

tion of methyl groups at lower temperatures, and long-

range chain segmental motion. The onset of short-

range chain segmental motion and an increase in the

free volume starts when the temperature increased

close to the glass transition temperature. This phenom-

ena led to a more significant decrease in conductivity.

E-G-PC Nanocomposites. Figure 8 shows the real conduc-

tivity component for the E-G-PC nanocomposite series

as a function of frequency at room temperature. The

0.27 vol % graphene PC nanocomposite is above perco-

lation. The 0.27 and 0.55 vol % E-G-PC nanocompos-
ites exhibit a frequency-independent behavior followed
by the frequency-dependent behavior occurring at the
critical frequency. The E-G-PC nanocomposites with 1.1
and 2.2 vol % graphene exhibited frequency-
independent behavior with conductivity values up to
0.0363 and 0.512 S/cm, respectively. These values are
the highest reported in the literature for only 1.1 and 2.2
vol % of graphene in the polymer matrix. Figure 9
shows the conductivity normalized data for 0.27 vol %
E-G-PC nanocomposite from 25 to 145 °C. Table 1 shows
the comparison between �ac,0 obtained from ac meas-
urements compared with direct dc measurements.

The higher frequency associated with local charge
transport phenomena is a function of frequency obey-
ing a power law behavior with exponent of s. Compar-
ing the room temperature ac conductivity data with this
model results in s exponent values of 0.78 and 0.76 for
the 0.41 and 0.55 vol % S-G-PC nanocomposites. Their
conductivities were on the order of 10�9 and 10�6 S/cm,
respectively (Table 1). The 0.27 vol % E-G-PC nanocom-
posites exhibit an s value of 0.92. The s value was lower,
0.57, when the graphene content of the nanocompos-
ite increased to 0.55 vol % and the nanocomposite’s
conductivity was on the order of 10�4 S/cm. The val-
ues of s close to 1 have been reported for insulating

Figure 8. Real component of the conductivity, �=, vs fre-
quency for the E-G-PC nanocomposites with graphene vol-
ume fractions of 0.27 (▫), 0.55 (Œ), 1.1 (Œ), and 2.2 (�).

Figure 9. Frequency-dependent behavior of 0.27 vol %
E-G-PC nanocomposite as a function of temperature from
25 to 145 °C. The data are normalized with respect to �DC

and critical frequency, �c, where �= is the real component
of conductivity and �DC,0 is the frequency-independent con-
ductivity at low frequency regime.

Figure 10. Plot of critical frequency vs �DC for the 0.55 vol
% S-G-PC nanocomposite (▫) and the 0.27 vol % E-G-PC
nanocomposite (9).

Figure 11. Plot of the log of the electrical conductivity vs
concentration, (�)�1/3, E-G-PC nanocomposite (Œ), and
S-G-PC nanocomposite (�).

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 12 ▪ 7211–7220 ▪ 2010 7215



polymers. The s value was reported to decrease with in-
creasing conductive nanoparticle loading in high-
density polyethylene.33 We also observed the same de-
creasing s value with increasing graphene content and
increasing nanocomposite conductivity for S-G-PC
nanocomposites. However, the E-G-PC nanocomposite
has a high s value for the 0.27 vol % composite. Values
of s in the range of �0.72 have been proposed for
three-dimensional nanostructure with polarization ef-
fects between nanoparticles and value of s � 0.58
where anomalous diffusion between clusters exists.33

The frequency-dependent conductivity is considered in
the percolating regime where a physical network of
the graphene starts to form. There is a finite correla-
tion length that charge carriers can travel. The values
of s exponents ranged from 0.57 to 0.78, in agreement
with the expected range given by percolation theory
(0.58�0.7).23,33 Only the E-G-PC nanocomposite exhib-
its a higher s value of 0.92. Higher s values also have
been attributed to the hopping mechanism.34 As the
concentration of the graphene is increased to 1.1 and
2.2 vol %, the connected electron transport path forms
via a network of graphene nanosheets where the elec-
trical characteristics are no longer a function of
frequency.

The critical frequency is approximated by a power
law equation, �c � �DC

b, where b is a constant with val-
ues close to 1.27,33 A linear dependence of log �c versus
log �DC with exponent values of �0.99 
 0.1 and 1.01 


0.1 was obtained for 0.55 vol % S-G-PC and 0.27 vol %
E-G-PC nanocomposites (Figure 10). This is in agree-
ment with the theory and similar to the value reported
for epoxy/CNT nanocomposites (�0.99).32 This has been
reported for disordered solids.35,36

According to theoretical considerations, there is a
linear relation between �DC and ��1/3 in logarithmic
scale when the conductivity is limited by a tunneling
barrier (log(�DC � ��1/3). The charge carrier can travel
through the barrier insulating polymer gap, a distance
longer than the nanoparticle length. This strongly
agreed with the linear behavior obtained from the loga-
rithmic plot of conductivity versus ��1/3 for both series
of nanocomposites (Figure 11).

Dynamic Mechanical Properties. S-G-PC Nanocomposites. The
tensile storage moduli below the glass transition tem-
perature increased with increasing nanocomposite
graphene content up to 0.55 vol % graphene (Figure
12a). These moduli start to decrease when the
graphene content increased to 1.1 vol % and further de-
creased to the range of neat PC modulus when the
graphene content increased to 2.2 vol %. This can be at-
tributed to the large particle number density of
graphene, poor surface wetting of the graphene sheets
with the polymer molecules, and presence of agglom-
erates. At higher graphene concentrations, the high
particle number density of the graphene nanosheets re-
sults in reducing the cohesiveness of the material and,
therefore, lowers the stiffness. The moduli of the S-G PC

Figure 12. Dynamic properties of S-G-PC nanocomposites. (a) Tensile storage moduli. (b) Damping tan delta (neat PC (�),
0.27 vol % (▫), 0.55 vol % (Œ), 1.1 vol % (�), and 2.2 vol % (�) nanocomposites).

Figure 13. Dynamic properties of E-G-PC nanocomposites. (a) Tensile storage moduli. (b) Damping tan delta (neat PC (�),
0.27 vol % (▫), 0.55 vol % (Œ), 1.1 vol % (�), and 2.2 vol % (�) nanocomposites).
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nanocomposites above Tg increased with increasing

graphene content similar to E-G-PC nanocomposites.

The glass transition values of the neat PC and the

nanocomposites with 0.27, 0.55, 1.1, and 2.2 vol % were

165.8 165, 166.2, 168, and 163.7, respectively (Figure

12b). Increasing graphene content resulted in slight in-

crease in the Tg for 0.55 and 1.1 vol % S-G-PC nanocom-

posites and then a decrease in the Tg for 2.2 vol %

S-G-PC nanocomposite. The nanocomposite contain-

ing 2.2 vol % graphene had lower Tg compared to the

neat PC. Addition of graphene resulted in a decrease in

the area under the damping peak similar to the E-G-PC

nanocomposites. A decrease in the area under damping

has been previously reported for PC/multiwall nano-

composites.8

E-G-PC Nanocomposites. The tensile storage moduli of

the E-G-PC nanocomposites increased with increasing

graphene content up to 2.2 vol %, illustrating the

graphene reinforcing effects (Figure 13a). The increase

in modulus was more significant for the 2.2 vol %

graphene PC nanocomposite. The modulus above Tg in-

creased with increasing graphene content due to filler

reinforcing effects.

Figure 13b shows the damping tan delta of the

E-G-PC graphene nanocomposites as a function of tem-

perature. The Tg values of the nanocomposites de-

creased with increasing graphene content. The Tg val-

ues of PC, 0.27, 0.55, 1.1, and 2.2 vol % E-G-PC

nanocomposite, were 165.8, 161.8, 158.8, 156.64, and

156.1 °C, respectively. This could be due to poor wet-

ting of the graphene surface with the polycarbonate

molecules or the presence of surfactant residue on the

graphene surface acting as plasticizer. The area under

the tan delta curve is also decreased with increasing

graphene content. Increasing graphene content will in-

crease the rigidity and reduce the damping

characteristics.

MORPHOLOGY
Nanostructure of Nanocomposites. SEM. Figure 14 shows

the 0.55 vol % (panels a and b) and the 1.1 vol % (pan-

els c and d) graphene/PC microspheres. The polycar-

bonate microspheres’ diameters were in the range of

0.5�5 �m with high polydispersity. Conductive

graphene nanosheets, in the form of single or a few

nanosheets, are wrapped around a PC microsphere,

where ultimately the conductive path for electron trans-

port is generated. The graphene nanosheets show wrin-

kling and irregular lateral shape.

SANS. The extent of aggregation or dispersion, aver-

age dimensions, and the thickness of graphene in

S-G-PC nanocomposites was examined using USANS

and SANS in the q range of 3.96 � 10�5 � q (1/Å) � 0.1.

The contrast between polycarbonate (repeat unit:

C16O3H14, d 	 1.2 g/mL) with a scattering length den-

sity, PC, of 2.03 � 10�6 Å�2 and graphene (C, d 	 2.2

g/mL) with a c value of 7.33 � 10�6 Å�2 is � 	 5.3 �

10�6 Å�2. This results in scattering spectra from a two-

Figure 14. SEM of the 0.55 vol % (a,b) and 1.1 vol % E-G-PC microspheres covered with graphene.

Figure 15. Graphene nanosheets are considered as thin disks with
large lateral dimension embedded in the polycarbonate matrix.
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phase structure (Figure 15).37�39 The irregular large lat-

eral dimension and small thickness of graphene

nanosheets were assumed to be a thin disk.38 There-

fore, a previously developed stacked disk model40 uti-

lized for Montmorillonite clay40,41 is employed here to

quantify the size, aggregation, and dispersion of the

graphene within the polycarbonate matrix. In this

model, it is assumed that the graphene nanosheets are

present in the form of finite stacks with infusion of poly-

carbonate between the layers, resulting in expansion of

the graphene nanosheets layers. These stacks are dis-

persed through the polymer matrix.

Figure 16 shows the scattering profile for the 0.1,

1.1, and 2.2 vol % S-G-PC nanocomposites. The 0.1 vol

% nanocomposite exhibited a Guinier plateau in the

low q range, indicating that noninteracting particles ex-

ist. The Guinier approximation,37�39 ln I 	 ln I0 � q2Rg
2/3,

can be used to estimate the particle radius of gyration,

Rg, where I is the scattering intensity and I0 is the ex-

trapolated scattering intensity.37�39 This linear fit results

in average Rg of 1.47 
 0.43 �m. The average particle ra-

dius, R, can be deduced from the approximation �Rg�2

	 1/2(R)2 assuming a thin disk geometry. This leads to

particle radius of 2.08 �m. The stacked disk model was

utilized to estimate the average radius of the graphene

nanosheets, number of layers per stack of graphene,

and layer separation. The equations and the theory for

this model have been established earlier40 and are pre-

sented in the Supporting Information for clarity of the

discussion. The results of this modeling are listed in

Table 2. The increased scattering at lower q values is

due to aggregates or larger graphene nanosheets in

the nanocomposite. The Gaussian standard deviation

was assumed to be 0.95 for all simulations due to the

high polydispersity of the graphene geometrical char-

acteristics. The radius predicted by the stacked disk

model was 2.65 �m for 0.1 vol % S-G-PC nanocompos-

ite, which was in agreement with the radius obtained

from the Guinier approximation of 2.08 �m. The

graphene stack spacing decreased from 25.7 to 18.7

nm and further decreased to 16.9 nm with increasing

graphene concentration in the nanocomposite. The av-

erage number of graphene layers in the graphene stack

increased from 7 for 0.1 vol % to 12 for 1.1 vol % and

14 for 2.2 vol % S-G-PC nanocomposites with increas-

Figure 16. (a) Scattering intensity vs wave vector, q, of the S-G-PC nanocomposites, 0.2 (Œ), 1.1 vol % (�), 2.2 vol % (▫). The
theoretical representation of stacked disk model (�) is compared to the 0.1 vol % graphene nanocomposites. (b) Guinier plot
of ln I vs q2 for q � 9.54 � 10�5 1/Å for the 0.1 vol % S-G-PC nanocomposite. (c) Comparison of the theoretical representa-
tion of stacked disk model with the experimental data of 2.2 vol % S-G-PC nanocomposite.

TABLE 2. Summary of the Simulation Results of the SANS
Experimental Data with a Stacked Disk Model

materials
S-G-PC nanocomposites,

vol %

average radius,
R, �m

number of
layers per stack, N

graphene stack
spacing, nm

0.1 2.65 7 25.7
1.1 1.68 12 18.7
2.2 1.75 14 16.9
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ing graphene concentration. The model prediction for
the average radius of the 0.1 vol % nanocomposite was
2.65 �m, while the average radii predicted for 1.1 and
2.2 vol % nanocomposites were 1.68 and 1.75 �m.

CONCLUSIONS
Graphene nanocomposites with low percolation

limit values of �0.14 and �0.38 vol % from emulsion
mixing and solution blending, respectively, were pre-
pared. Graphene nanocomposites with 1.1 and 2.2 vol
% graphene were in the conductive regime with excep-
tionally high conductivities. The ac conductivity meas-
urements exhibited good agreement with the dc con-
ductivities. The linearity of the conductivity versus the

concentration, ��1/3, indicates that charge carrier tun-

neling occurring along the correlating distance be-

tween the nanoparticles exists. The nanocomposites ex-

hibited improvement in tensile moduli. Simulation of

the SANS data with the stacked disk model indicated

that the average radius of the graphene particles

ranged from 1.7 to 2.7 mm, and as the concentration in-

creased from 0.1 to 2.2 vol %, the number of graphene

sheets in a stack increased from 7 to 14, where the spac-

ing within a stack decreased from 27 to 17 nm. HR-

TEM provided information about the dispersion and ex-

tent of dispersion of graphene within the

polycarbonate graphene nanocomposites.

METHODS
Materials. BPA-PC, Lexan 121 (Mw 	 26 301 g/mol, PDI 	 1.72)

and conductive graphene platelets15�17 (VO-100), and BET sur-
face area of 700�1300 m2/g, were generously donated by Sabic
Innovative Plastics and Vorbeck Inc. Triton X-100, chloroform,
methylene chloride, polyvinyl pyrrolidone (PVP, Mw 360 000
g/mol) were provided from Sigma and used without any
modification.

Nanocomposite Preparation Methods. Solution blending: Dilute
graphene chloroform dispersions (1 � 10�4 g/mL) were soni-
cated for 1.5 h followed by 30 min sonication of the mixture of
this dispersion and polycarbonate chloroform solutions (0.1
g/mL). The PC graphene formed powders (0.027�2.2 vol % of
graphene) after chloroform removal. The powder was formed
into 1 in. diameter �1 mm thick circular disks by compression
molding at 287 °C and 32 psi for 30 min. These nanocomposites
are called S-G-PC nanocomposites.

Emulsion mixing: Polycarbonate microemulsions were
formed according to the previously published procedure4 by
mixing polycarbonate solution (2 g/40 mL methylene chloride)
with a solution of 5 g of PVP in 200 mL of DI water (8 M�) un-
der extreme agitation (homogenizer and stirring) and mild heat.
Graphene was added to a Triton X-100 aqueous solution and
sonicated for 15 min. Then, this dispersion was added to the sta-
bilized PC microemulsion and stirred. The dispersion was fil-
tered, washed several times, and dried. Microsphere composite
powders of 0.027�2.2 vol % were compression molded with the
same protocol as S-G-PC nanocomposites and called E-G-PC
nanocomposites.
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