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ABSTRACT: We report in this paper the successful production of
stable high-concentration graphene dispersions in low-boiling-point,
low-polarity conventional organic solvents (chloroform and THF) by
liquid-phase noncovalent exfoliation of graphite assisted with a
hyperbranched polyethylene (HBPE) as the stabilizer. In the
exfoliation process, HBPE adsorbs onto the surface of exfoliated
graphene flakes, providing steric stabilization against their restacking.
A systematic investigation on the effects of exfoliation conditions, including the solvent and the amounts of graphite and HBPE,
has been conducted. Graphene dispersions with the concentration up to 0.18 mg/mL in chloroform and 0.045 mg/mL in THF
have been obtained. It is also demonstrated that the dispersions can be further concentrated by solvent evaporation to give highly
concentrated stable dispersions at 3.4 mg/mL. Through their characterizations with transmission electron microscopy, atomic
force microscopy, and Raman spectroscopy, the majority of the graphene products is found to be high-quality, defect-free, few-
layer graphene flakes with the layer number between 2 and 4 and the lateral dimension in the range of 0.2−0.5 μm. The
dispersions can be fabricated into flexible conductive free-standing graphene films and be used to prepare graphene/ethylene
copolymer composites through solution blending, which show significant enhancements in both thermal and mechanical
properties.

1. INTRODUCTION

Since its first isolation in 2004 by micromechanical cleavage of
graphite,1 graphene has received intense attention from various
research fields.2−8 Its unique atomically thin two-dimensional
lattice structure constructed with sp2-bonded carbons and
extraordinary properties (such as electrical, mechanical,
thermal, and optical properties) have endowed its numerous
emerging applications in a broad range of fields, such as
electronics and photonics,9−11 energy conversion and stor-
age,12−15 polymer nanocomposites,16−20 and catalysis.21,22 For
most graphene-based applications, large-scale, stable, high-
concentration dispersions of high-quality graphene in specific
solvents are often desired. Thus far, a great number of methods
have been developed for the production of graphene
dispersions in various aqueous or organic solvents from pristine
graphite, graphene oxide, expanded graphite, and graphite
intercalated compounds, respectively.23−26 In particular, the
most commonly used methods employ graphene oxide (GO)
as the starting material that is produced by oxidation of graphite
and involve the exfoliation and reduction of GO either
thermally or chemically.27−30 These methods render chemically
converted graphene (CCG), which is usually stable in aqueous

or organic solvents in the presence of stabilizers. Large-scale
dispersions of CCG at high concentrations can be obtained in
these methods, promoting their dominant use in the
preparation of graphene/polymer composites16−20 and many
other applications. However, compared to pristine graphene
that is free of defects, the obtained CCG usually shows
significantly reduced electrical properties owing to the
considerable disruption in the π-orbital structure even after
reduction.23−30 Besides, the adopted processes often involve
harsh, nonenvironmentally friendly chemistry.
As a result, an alternative method has been explored for

producing the dispersions of defect-free graphene by liquid-
phase exfoliation of pristine graphite in some particular organic
solvents such as N-methylpyrrolidone (NMP),24,31−35 dime-
thylformamide (DMF),36 and o-dichlorobenzene (ODCB).35,37

These solvents have the surface energy matching well with that
of graphene, and graphite can thus be directly exfoliated into
graphene sheets in them simply by means of sonication.
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Meanwhile, some other specialty solvents, including ionic
liquids38−40 and fluorinated aromatic solvents41 that can have
interactions with the π-electrons on the graphene, have also
been reported to successfully render graphene dispersions by
sonication. This liquid-phase exfoliation method has the
advantage of giving stable dispersions of graphene without
defects owing to the absence of oxidation.24 However, the
particular solvents required are often expensive and/or have a
high boiling point, rendering difficulty in further processing. It
is thus highly desired to exfoliate graphite in conventional
solvents having a much lower boiling point, like water,
tetrahydrofuran (THF), chloroform, etc. However, it has
been found that these conventional solvents are often the
poor ones for graphite exfoliation due to their unmatched
surface energy.42−44

To circumvent the above disadvantage, liquid-phase
exfoliation of graphite in various conventional low-boiling-
point solvents with the presence of stabilizers has been
explored. The stabilizers include surfactants,45−50 functionalized
aromatic molecules,51−62 and polymers.63−68 While sonication
serves to exfoliate graphite by overcoming the van der Waals
interactions, the stabilizers adsorb onto the exfoliated graphene
sheets through noncovalent interactions (such as hydrophobic
interactions45−50,63−68 and π−π stacking interaction51−62) to
prevent their restacking and render their stable dispersion. The
low-boiling-point solvent used in this strategy is somehow
mainly restricted to water in the majority of the reports, with
only few highly polar organic solvents (ethanol61,64,67 and
methanol61,67) used. The resulting aqueous dispersions have
enabled the preparation of the graphene composites with
several water-soluble polymers.60,62,67 High-concentration
graphene dispersions in nonpolar or weakly polar low-boiling-
point organic solvents (such as THF and chloroform),
however, have rarely been achieved, while such dispersions
are highly attractive for the preparation of polymer composites
since a large number of commodity polymers are soluble in
these solvents. Coleman et al.68 have recently shown that
graphite can be exfoliated in THF or cyclohexanol with a range
of conventional polymers, such as polybutadiene, polystyrene,
poly(vinyl chloride), poly(vinyl acetate), poly(methyl meth-
acrylate), cellulose acetate, etc., as stabilizers. Though effective,
graphene concentration in the dispersions obtained therein,
however, is often too low (e.g., in the range of 0.006−0.022
mg/mL in THF) to meet requirements in large-scale
applications. Through a modeling study, Coleman et al. have
predicted that maximal graphene concentration can be reached
when the polymer and solvent have similar solubility
parameters as the graphene sheets.68 The search for a suitable
polymer/solvent combination is thus important to render high-
quality graphene dispersions at high concentrations in conven-
tional low-polarity, low-boiling-point organic solvents.
In this paper, we demonstrate the successful liquid-phase

exfoliation of graphite in THF and chloroform with a
hyperbranched polyethylene (HBPE) as the noncovalent
polymer stabilizer, which renders directly high-concentration
(up to 0.045 mg/mL in THF and 0.18 mg/mL in chloroform)
dispersions of few-layer graphene flakes. The dispersions can be
further concentrated to reach the graphene concentration as
high as 3.4 mg/mL while remaining stable. HBPE is a novel
polyethylene grade synthesized through the unique ethylene
chain walking polymerization technique and without containing
any specific functionality.69,70 We have recently discovered that
it can efficiently functionalize and solubilize multiwalled carbon

nanotubes at surprisingly high concentrations in THF and
chloroform (with solubility up to ca. 1.2 mg/mL in chloroform
and 0.9 mg/mL in THF).71 This is achieved through the
noncovalent nonspecific CH−π interactions between HBPE
and the nanotube surface. While conventional linear polymers
of ethylene and other olefins are commonly ineffective for the
nanotube dispersion, the success with HBPE is attributed to its
unique hyperbranched chain architecture, which unprecedent-
edly renders strong CH−π interactions for the efficient
functionalization and dispersion of the nanotubes.71 The
resulting carbon nanotubes functionalized with HBPE have
been further demonstrated to show excellent dispersion in
ethylene copolymer composites to render significantly
enhanced properties.72,73 This stimulated our investigation
herein, which describes its use in the noncovalent liquid-phase
exfoliation of graphite. A systematic study on the effects of
exfoliation parameters on the graphene concentration has been
carried out, accompanied with the detailed characterization of
the resulting graphene flakes. Meanwhile, the applications of
the obtained graphene dispersions in the preparation of thick
graphene films and graphene/ethylene copolymer composites
are also demonstrated.

2. EXPERIMENTAL SECTION
Materials. Natural graphite was purchased from Aldrich

(product number 332461). It was sieved through a 500 μm
mesh sieve to remove large particles before use. The HBPE was
synthesized via ethylene chain walking polymerization with a
Pd−diimine catalyst, [(ArNC(Me)−(Me)CNAr) Pd-
(CH3)(NCMe)]+SbF6¯ (Ar = 2,6-(iPr)2C6H3), at 35 °C
and ethylene pressure of 1 atm (see our earlier papers74,75 on
the details of the polymerization). As per polymer character-
ization with triple-detection gel permeation chromatography
(GPC), the HBPE has an absolute weight-average molecular
weight (Mw) of 100 kg/mol, a polydispersity index (PDI) of
1.23, and a weight-average intrinsic viscosity ([η]w) of 11.8
mL/g in THF at 33 °C. The elastomeric ethylene-norbornene
copolymer (ENC) used as the matrix polymer for graphene
composites was synthesized via “living” copolymerization of
ethylene and norbornene with the Pd−diimine catalyst at 15
°C, an ethylene pressure of 1 atm, and a norbornene feed
concentration of 0.35 M in chloroform for a polymerization
time of 4 h, by following our recently reported procedure.76

With an overall norbornene content of 8.2 mol % (as per 13C
NMR spectroscopy), this polymer should be featured with a
gradient composition profile as per our earlier study,76 with one
end featured with alternating ethylene-norbornene units and
the other end being pure hyperbranched ethylene segments.
From triple-detection GPC, the polymer is narrow distributed
with an absolute Mw of 46 kg/mol and a PDI of 1.14. Thermal
characterization with differential scanning calorimetry (DSC)
indicates that it has two glass transitions centered at −65 and
101 °C, respectively, as well as a weak melting endotherm
centered at −31 °C with a melting enthalpy of 5 J/g. The two
glass transitions are attributed to the hyperbranched poly-
ethylene segments and alternating ethylene-norbornene seg-
ments, respectively, with the latter one at 101 °C being very
weak due to the low content. Solvents, including THF
(>99.0%), chloroform (>99.0%), heptane (>99.0%), and
toluene (>99.9%), were obtained from Fisher Scientific and
were used as received.

General Procedure for Liquid-Phase Graphite Exfolia-
tion with HBPE in Different Solvents and Character-
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izations. Graphite exfoliation assisted with HBPE in different
solvents (THF and chloroform) was undertaken by using the
following sonication−centrifugation process. A mixture of
graphite and HBPE at prescribed amounts in the solvent
(generally, 10 mL, except in large-scale exfoliation experiments
involving the use of 200 mg of graphite and 400 mg of HBPE in
100 mL of solvent) was sonicated at room temperature in a
bath sonicator (Branson 3510 with a measured ultrasonic
power of 70 W) for 48 h. During the sonication process, the
temperature of the sonication bath was maintained constant by
a continuous flow of water. The resulting mixture was
subsequently centrifuged at 4000 rpm for 45 min and was
then left undisturbed overnight. The supernatant graphene
dispersion was then collected. Various characterization
techniques were employed to characterize the graphene
dispersions/products.
To determine graphene concentration (CG, mg/mL) in the

dispersion, UV−vis spectroscopic analysis was performed on an
Ultraspec 2100 Pro UV−vis spectrophotometer with a 1 cm
cell. After proper dilution if necessary, the graphene dispersion
was scanned from 190 to 900 nm at a resolution of 2 nm. The
absorbance at 660 nm (A660) was used to calculate CG. All
reported concentrations are the average of at least three
measurements. The specific extinction coefficient of graphene
at 660 nm was determined to be 42.3 mL/mg/cm in THF and
45.4 mL/mg/cm in chloroform. To determine the extinction
coefficient, two graphene dispersions (ca. 80 mL for each) were
prepared by following the above sonication−centrifugation
procedure with the composition of 200 mg graphite/400 mg
HBPE/100 mL solvent. The CG values of both dispersions were
determined directly by pipetting a precise volume of dispersion
into a thermogravimetric analysis (TGA) sample pan. It was
dried by solvent evaporation and was subsequently heated to
800 °C at 20 °C/min in N2 atmosphere on a TA Instruments
Q50 thermogravimetric analyzer to determine precisely the
graphene mass by removing the polymer, with which the CG
value of the dispersion was calculated. The average CG values
on the basis of at least five repeat measurements were 0.0777 ±
0.0045 mg/mL in THF and 0.0519 ± 0.0019 mg/mL in
chloroform. The dispersions were subsequently diluted to ten
known concentrations and measured for the absorbance to
determine the extinction coefficients.
To prepare graphene samples for characterizations with

transmission electron microscopy (TEM) and atomic force
microscopy (AFM), a graphene dispersion in chloroform (50
mL with CG = 0.050 mg/mL) was vacuum-filtered onto a
porous alumina membrane (Whatman Anodisc 47, pore size 20
nm) and was rinsed with 50 mL of chloroform to remove free
HBPE. The resulting graphene solids were then redispersed in
chloroform (50 mL) under sonication. TEM samples were
prepared by depositing a few drops of the dispersion onto holey
carbon grids (400 mesh). TEM images and selected area
electron diffraction were captured on a Philips EM400
transmission electron microscope operated at 100 keV. AFM
samples were prepared by placing a freshly cleaved mica piece
in the dispersion overnight for sample deposition and then
taken out and dried for the measurements. Contact mode
images were captured on a Bruker multimode atomic force
microscope with a silicon tip on a nitride lever (SNL-10)
having a force constant of 0.12 N/m.
Raman spectra of the graphene products (excitation at 514

nm) were recorded on a Reinshaw Invia Laser Raman
spectrometer. Graphene films were prepared by vacuum

filtering graphene dispersions (30 mL with CG = 0.051 mg/
mL) in chloroform onto porous alumina membranes, followed
with rinsing with 30 mL of chloroform and drying at room
temperature. The films on the alumina membranes were then
directly used for Raman characterization.
The mass content of the adsorbed polymer in the graphene

solids obtained by filtration and washing was determined
through TGA measurements on the TA Instruments Q50
thermogravimetric analyzer. The measurements were con-
ducted under N2 atmosphere with a continuous flow of 60
mL/min and a balance flow of 40 mL/min. A sample (ca. 5 mg)
was first heated to 100 °C and held at this temperature for 10
min and then heated to 800 °C at 20 °C/min. Polymer mass
content was calculated from the mass loss (polymer) and
residual mass (graphene) at 550 °C. Fourier-transform infrared
(FTIR) spectra of the graphene solids were obtained on a
Nicolet 6700 FTIR spectrometer. The samples were prepared
as pellets with spectroscopic-grade KBr.
X-ray diffraction (XRD) measurements were carried out on

the graphene/HBPE mixtures containing free HBPE. The
graphene dispersions (about 20 mL with CG = 0.051 mg/mL in
chloroform or 0.025 mg/mL in THF) were spray coated on
glass sample plates, followed with solvent evaporation under
flowing air at room temperature. For the graphite/HBPE
mixture, the XRD sample was prepared by casting a mixture of
graphite (50 mg) and HBPE (200 mg) in THF (50 mL),
followed with drying. Wide-angle XRD patterns were recorded
on an X’Pert Pro diffractometer with Co radiation (wavelength
1.79 Å) at room temperature.

Preparation of Graphene Film and Characterizations.
A graphene dispersion (150 mL with CG = 0.157 mg/mL) in
chloroform was vacuum filtered onto an alumina membrane
and subsequently washed with 100 mL of chloroform, giving a
graphene film deposited on the membrane. After being soaked
in a NaOH aqueous solution (0.05 M) for about 5 min, the film
was peeled off from the membrane and was thoroughly washed
with deionized water, followed with drying in a vacuum oven at
60 °C overnight. SEM images of the free-standing graphene
film were taken on a JEOL JSM-7401F field-emission scanning
electron microscope. Electrical conductivity of the film was
measured using a Keithley 2400 source meter with a four-probe
method.

Preparation and Characterizations of Graphene/ENC
Composites. A combined, large-volume graphene dispersion
(1920 mL at average CG = 0.07 mg/mL) in chloroform was
obtained by using the sonication−centrifugation procedure at
the composition of 200 mg graphite/400 mg HBPE/100 mL
solvent. The solvent in the dispersion was removed by
evaporation, and the resulting graphene−HBPE mixture was
redispersed in THF under sonication. The dispersion was
subject to ultracentrifugation at 30 000 rpm for 30 min. The
precipitate was redispersed in 80 mL of THF under sonication
and underwent an additional three cycles of ultracentrifuga-
tion−redispersion for the removal of free HBPE. The final
precipitate was dispersed in 40 mL of chloroform under
sonication, rendering a stable dispersion with CG = 3.4 mg/mL.
From TGA measurement, the graphene precipitate after drying
has a HBPE content of 39.4 wt %.
Graphene/ENC composites at different graphene contents

(1.0−5.3 wt %) were prepared using the ENC as the matrix
polymer via solution blending. A desired volume of high-
concentration graphene dispersion obtained above was added
into a solution of ENC (1.0 g) in chloroform (30 mL) under
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stirring, followed with sonication at room temperature for 8 h.
Methanol (80 mL) was then added into the dispersion to
precipitate out the graphene/ENC composite, which was
further washed with acetone (40 mL) and then dried under
vacuum at 50 °C for 48 h. The graphene content in the
composites was confirmed with TGA. DSC characterization of
the composites was carried out on a TA Instruments Q100
differential scanning calorimeter in the standard DSC mode
under a N2 atmosphere. The samples were first heated from
room temperature to 150 °C at 10 °C/min and then cooled to
−90 °C at 5 °C/min, and the data were collected on a
subsequent heating ramp from −90 to 150 °C at 10 °C/min.
XRD analysis was also carried out on the composites, which
were coated onto glass sample plates. Dynamic mechanical
analysis (DMA) of the composites was carried out on a TA
Instruments DMA Q800 at room temperature in the tensile
oscillation mode. Sample bars with the dimension of 20 mm
(length) × 5 mm (width) × 1 mm (thickness) were prepared
by compression molding in a Carver Press at ca. 200 °C. For
the conductivity measurements, sample disks (10 mm in
diameter and 1 mm in thickenss) were also prepared by
compression molding. The measurements were carried out on
an Autolab PGSTAT100 in the potentiostat mode by applying
a DC voltage of 10 V across the sample thickness.

3. RESULTS AND DISCUSSION
Preparation of Graphene Dispersions with HBPE. Four

conventional organic solvents, chloroform, THF, n-heptane,
and toluene, are used for liquid-phase exfoliation of graphite in
the presence of HBPE. These are generally poor solvents
ineffective for graphite exfoliation in the absence of stabilizers.
HBPE is soluble in all of them at room temperature with
increasing solubility following the above order. In the
exfoliation process, the graphite dispersions in the various
solvents containing HBPE are sonicated for 48 h at room
temperature, followed with mild centrifugation at 4000 rpm to
remove macroscopic aggregates. Figure 1(a) shows the images
of the dispersions obtained in the four different solvents at the
sonication composition of 20 mg graphite/40 mg HBPE/10
mL solvent. Dark stable graphene dispersions are obtained in
both chloroform and THF, while the resulting dispersions in
heptane and toluene are nearly colorless. This indicates the
successful graphite exfoliation with HBPE in the former
solvents but not in the latter ones. This is in agreement with
our previous study on the solubilization of multiwalled carbon
nanotubes with HBPE, where nanotube dispersion at high
concentrations can be achieved effectively in chloroform and
THF but not in either heptane or toluene.71 Following this, our
subsequent systematic study is carried out with chloroform and
THF as the solvent. The effects of the sonication conditions,
including graphite feed concentration (i.e., the starting
concentration of graphite used for sonication, CG,F) and mass
ratio of HBPE to graphite, on the graphene concentration (CG)
in the resulting dispersions have been investigated, along with
the detailed characterization of the graphene products.
The CG value of the dispersions is quantified from their UV−

vis absorbance at 660 nm by following the Lambert−Beer Law.
Generally, the UV−vis spectra of the dispersions are flat and
featureless except below 350 nm (see the inset in Figure 1(b) as
an example). As per our earlier study,71 HBPE shows no
absorbance in the entire UV−vis wavelength range at the
concentrations used herein. The absorbance of the dispersions
should thus result completely from the dispersed graphene.

This enables the direct quantification of CG from the
absorbance. The UV−vis extinction coefficient of graphene in
both chloroform and THF was determined by measuring the
absorbance at 660 nm for ten reference dispersions of different
but known graphene concentrations in each solvent (see Figure
1(b) for the dependence of absorbance on concentration in
both solvents). The reference dispersions in each solvent were
prepared at different dilutions from a graphene dispersion
whose CG was precisely determined (0.0777 mg/mL in THF
and 0.0519 mg/mL in chloroform, see Experimental Section).
From Figure 1(b), a linear dependence of the absorbance on
concentration is found in both solvents, giving the extinction
coefficient of 42.3 and 45.4 mL/mg/cm in THF and
chloroform, respectively. Since the coefficients in both solvents
have not been previously reported in the literature, a direct
comparison with literature data is not possible. Nevertheless,
the coefficients determined herein are very close to the value of
36.2 mL/mg/cm (at 660 nm) determined by Coleman et al. for
pristine graphene in NMP,32,68 with the small differences
resulting possibly from the use of different solvents.
Figure 2(a) shows the effect of CG,F on the CG value of the

resulting graphene dispersions at the fixed HBPE feed
concentration (CHBPE,F) of 4 mg/mL in both solvents (10
mL). Increasing CG,F from 1 to 10 mg/mL leads to the
increased CG in both solvents. The CG values achieved in THF
are in the range of 0.016−0.045 mg/mL while those in
chloroform are relatively higher, in the range of 0.025−0.18
mg/mL. These ranges of CG values are similar to or even better
than those achieved by surfactant- or polymer-assisted
exfoliation in water at similar conditions. With surfactant

Figure 1. (a) Photos of graphene dispersions obtained with HBPE in
different solvents at a sonication condition of 40 mg HBPE/20 mg
graphite/10 mL solvent/48 h. (b) UV−vis absorbance at 660 nm
(A660) as functions of graphene concentration (CG) for graphene
exfoliated with HBPE in THF and chloroform, respectively. Inset:
representative absorption spectrum for a graphene dispersion at CG =
0.005 mg/mL and HBPE concentration of 0.4 mg/mL in chloroform.
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stabilizers, Coleman et al. achieved the concentration of 0.002−
0.05 mg/mL with the use of sodium dodecylbenzene sulfonate
(at a sonication time of 30 min)45 and high concentration of
0.14−0.3 mg/mL with the use of sodium cholate but subject to
long sonication (200−430 h).49 With polymer stabilizers,
Bourlinos et al. obtained aqueous graphene dispersion at 0.15−
0.20 mg/mL with polyvinylpyrrolidone,63 and Hersam et al.
achieved the concentration of 0.07 mg/mL with block
copolymers.65 The highest concentration of 0.18 mg/mL
achieved herein in chloroform is also significant compared to
the concentration value of ca. 0.25 mg/mL obtained by liquid-
phase exfoliation in NMP as the best known solvent without a
stabilizer at a sonication time of ca. 48 h.32

Figure 2(b) shows the percentage proportion of the
exfoliated graphene relative to the fed graphite (CG/CG,F) as
a function of CG,F. Generally, it is in the range of 2−3% in
chloroform or 0.2−2% in THF, with a general decreasing trend
following the increase of CG,F from 1 to 10 mg/mL. These
ranges of proportion are also similar to those achieved in
surfactant-assisted exfoliation at similar conditions.45 In both
solvents, the highest proportion (2.7% in chloroform and 2.1%
in THF) is achieved at CG,F = 2 mg/mL. We subsequently
investigated the effect of the mass ratio HBPE/graphite on CG
in the exfoliated dispersion at CG,F = 2 mg/mL. Figure 2(c)
shows the dependence of CG on the mass ratio of HBPE/
graphite, which varies from 0 to 10. In both solvents, an
increase in CG is noted with the increase of the mass ratio from
0 to 1, which should be attributed to the increased coverage of
HBPE on the graphene surface by adsorption. Further increase
of the mass ratio from 1 to 10, however, shows only marginal
changes in CG. The highest CG values are 45.1 and 64.9 mg/mL
in THF and chloroform, respectively, achieved at the HBPE/
graphite mass ratio of 1. Again, the CG values achieved in
chloroform in these experiments are always higher than the
counter ones in THF, confirming the solvent effect. Given the
established trends, the mass ratio of HBPE/graphite was kept at
2 in all the subsequent experiments to minimize the use of

HBPE while at maintained exfoliation efficiency. All the
dispersions obtained herein are found to be stable without
observable precipitates after standing for two weeks or longer.
In particular, those obtained at relatively high HBPE/graphite
mass ratios (≥1) were found stable with negligible precipitates
even after 1 year. Those obtained at lower ratios (<1) showed
some precipitates after long standing; however, the precipitates
can be redispersed back after short sonication. The above
results thus confirm the high effectiveness of HBPE in
rendering high-concentration graphene dispersions in chloro-
form and THF.

Characterization of Graphene Flakes and Evidences
of Exfoliation. To further confirm the presence of exfoliated
graphene sheets and elucidate their nature in the dispersions,
we conducted detailed characterization of the graphene
products with the use of TEM, AFM, Raman spectroscopy,
and XRD. To facilitate these characterizations, large-scale
graphene dispersions were obtained from a standard sonication
condition: CG,F = 2 mg/mL and HBPE/graphite mass ratio of 2
in 100 mL of chloroform/THF. Most characterizations
reported herein were performed on the graphene dispersions
obtained in chloroform given the higher graphene concen-
tration achievable in it. In the characterizations requiring the
use of graphene products without containing free HBPE (TEM,
AFM, and Raman), the graphene dispersions were filtered onto
a 20 nm alumina membrane, thoroughly washed, and
redispersed back into the same amount of pure solvent. On
the basis of TGA measurement (see Figure S1 in Supporting
Information), the graphene solids obtained from the dis-
persions in chloroform and THF after filtration and wash have
a typical weight loss of ca. 28% and 46%, respectively, at 550
°C. Given the filtration and wash procedure applied, the
graphene solids should only contain a negligible amount of free
HBPE. The TGA weight loss should correspond predominantly
to the weight fraction of HBPE adsorbed on the graphene
surface.
Figure 3(a) shows a representative low-magnification TEM

image of the graphene flakes without free HBPE on a holey
carbon grid. A large number of graphene flakes are observed
with lateral dimensions in the range of 0.2−0.5 μm. These
lateral sizes are relatively smaller compared to the sizes (ca. 1
μm) reported in the literature32,45 for liquid-phase exfoliated
graphene. This possibly results from different sonication
conditions, such as the sonication power and time, as well as
the different pristine graphite. The majority of the flakes was
found electronically transparent, unlike pristine graphite or
thicker multilayer graphene that usually exists as larger and dark
flakes in the TEM image owing to the stacking of a great
number of graphene layers. This indicates that the graphene
products obtained herein are mostly thin few-layer flakes.
Figures 3(b)−(d) show the high-resolution TEM images of
some representative flakes. In Figure 3(b), two pieces of few-
layered graphene flakes partially overlapped. Some small dark
spots at a size of about 3 nm were also noted in both Figures
3(c) and (d), which possibly result from unknown impurities.
The flake in Figure 3(d) appears to be a bilayer graphene on
the basis of its electron diffraction pattern, where its {2110}
diffraction spots are more intense relative to the {1100} spots.31

AFM analysis further supports the TEM results. Figure 4(a)
shows a large-scan-area contact-mode image of the graphene
flakes deposited on a mica substrate. Consistent with the TEM
results, the majority of the flakes has lateral sizes in the range of
ca. 0.2−0.5 μm. Some larger flakes having lateral dimensions

Figure 2. (a) Graphene concentration (CG) as a function of graphite
feed concentration (CG,F) in dispersions obtained with HBPE at 4 mg/
mL in THF and chloroform, respectively. (b) Proportion of exfoliated
graphene (CG/CG,F) at different CG,F in dispersions shown in (a). (c)
CG as a function of mass ratio of HBPE to graphite in THF and
chloroform, respectively, at CG,F = 2 mg/mL.
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above 1 μm are also observed, possibly resulting from flake
reaggregation during the sample preparation step. Figures 4(b)
and (d) present the higher-magnification AFM images for two
individual flakes. From their corresponding height profiles in
Figures 4(c) and (e), they show a nonuniform surface,
suggesting the presence of adsorbed HBPE on the flake. In
both flakes, their height is around 2.2 nm. Since a single-layer
graphene sheet has an AFM thickness of ca. 1 nm, the flakes
should be single-layer or bilayer graphene with some adsorbed
HBPE on the surface.
Figure 5(a) shows the Raman spectrum of a graphene film

without containing free HBPE, along with that of the pristine
graphite as a reference sample. For the purpose of comparison,

the two spectra have been normalized with respect to the G-
band at 1582 cm−1. In addition to the G-band, a D-band at
1350 cm−1 and a 2D-band at around 2700 cm−1 typical of
graphitic materials are observed in both spectra. While the D-
band is indicative of the presence of defects, the shift/
broadening of the 2D-band is often used to distinguish single-
layer and few-layer graphene with the layer number <5.77,78

The intensity ratio of D- and G-bands (ID/IG) is found to be
0.25 and 0.15 in the graphene film and pristine graphite,
respectively. The ratio of 0.25 is small relative to typical values
(0.35−0.7) reported in the literature for some high-quality
graphene flakes obtained by liquid-phase exfoliation.32,33,47,49 It
thus confirms that the graphene products obtained herein have
high quality, and the D-band should arise predominantly from
the defects at the flake edges given their relatively smaller flake
size. From Figure 5(b), a distinct difference in the shape of the
2D-band is noted between the two spectra. The 2D-band in
graphite consists of two components of different intensity with
the peak maximum position at 2728 and 2615 cm−1,
respectively.77,78 The 2D-band in the graphene film is a single
but broadened peak with the peak maximum position moved to
ca. 2701 cm−1. This is characteristic of few-layer graphene with
a layer number between 2 and 4 since multilayer graphene with
a layer number >5 should have the same 2D-band as
graphite.77,78 Along with the TEM and AFM results, the
Raman results provide the direct evidence supporting the
successful exfoliation of the graphite into mainly high-quality,
few-layer graphene flakes with low defects. Meanwhile, the
graphene products may also contain a very small amount of
single-layer graphene, which should have a single sharp 2D-
band at ca. 2680 cm−1.77,78 Due to the peak overlapping, its
content cannot be determined.
The above characterizations with TEM, AFM, and Raman

spectroscopy were also performed on the graphene products
obtained in THF, with similar results obtained. To avoid being
repetitive, those results are not included. In addition to the
above characterizations, we further performed XRD character-
ization on the graphene−HBPE mixtures obtained directly by
evaporating the solvent from the dispersions without the
removal of free HBPE. Figure 6 shows the XRD spectra of two
mixtures obtained from the dispersions in chloroform and
THF, respectively, along with the spectrum of a graphite−

Figure 3. (a) Low-magnification TEM image of graphene flakes
deposited on a holely carbon film; the flakes were obtained with HBPE
in chloroform, and free HBPE was removed by filtration. (b−d) High-
resolution TEM images of representative graphene flakes in (a). Inset
in (d) is an electron diffraction pattern of the graphene flake shown in
(d).

Figure 4. (a) Wide-field AFM image (height mode) of graphene flakes deposited on a mica surface; these flakes were obtained with HBPE in
chloroform, and free HBPE was removed by filtration. (b) AFM image (height mode) for a graphene flake. (c) Height profile for the flake shown in
(b). (d) AFM image (height mode) for another graphene flake. (e) Height profile for the flake shown in (d).
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HBPE mixture at 20% of graphite. The two graphene mixtures
have a very similar graphene content of about 1 wt %, as
calculated from their CG values and the feed concentration of
HBPE. The latter graphite mixture was prepared by solution
mixing of graphite and HBPE followed by solvent evaporation.
The three spectra were first normalized relative to the intensity
of the HBPE amorphous halo centered at 2θ = 21.5° (d-spacing
= 0.48 nm),71,79 and the two spectra of the graphene mixtures
were then scaled up by 25 times to simulate the same
graphene/graphite content for comparison. As shown in Figure
6, the graphite mixture shows a sharp intense diffraction peak at
2θ = 30.9° (d-spacing = 0.33 nm), which corresponds to the
(002) diffraction characteristic of the graphitic structure.80 In
the spectra of the two graphene mixtures, only the amorphous
halo of HBPE is present with the absence of the two graphite
diffraction peaks. This also testifies the successful exfoliation of
graphite and the sole presence of graphene few-layer flakes in
the products.
Mechanism of Graphene Stabilization and Solvent

Effect. The presence of HBPE at a significant amount (as per
TGA results in Figure S1 in the Supporting Information) in the
graphene products despite extensive washing indicates its
adsorption on the surface of graphene flakes. The adsorbed

HBPE is believed to play the role in sterically stabilizing the
exfoliated graphene flakes against their restacking by reducing
their van der Waals interactions (see Scheme 1). In our

previous work on HBPE-assisted solubilization of carbon
nanotubes,71 the adsorbed HBPE on the surface of carbon
nanotubes has been directly evidenced with TEM. The
adsorption is proposed to occur via noncovalent nonspecific
CH−π interactions between HBPE and the nanotube surface
given the absence of any specific functionality.71,81 CH−π
interactions are generally weak hydrogen bonds.82 Resembling
dendrimers, HBPE has a globular highly compact dendritic
architecture with high-density branch ends on its surface.69,70

Its high-density branch structure is reasoned to give rise to
significant attractive CH−π interactions between HBPE and
the nanotube surface, enabling its adsorption and subsequent
solubility of the nanotubes at high concentrations.71 Given the
similar surface chemical structures of graphene flakes and
carbon nanotubes, the adsorption of HBPE on the graphene
flakes is also reasoned to result from CH−π interactions.
Figure 7 shows the FT-IR spectra of the graphene products

without free HBPE obtained from dispersions in THF and
chloroform, respectively, along with those of pure HBPE and
pristine graphite for comparison. Two sets of signals, the C−H
stretching vibration signals at 2850 and 2930 cm−1 and the C−
H bending signals at 1380 and 1460 cm−1, are present in the
spectrum of HBPE. Both sets of signals are also present in the
two graphene products, confirming spectroscopically the
presence of adsorbed HBPE. For the C−H stretching vibration
signals, no appreciable difference is noted between the pure
HBPE and the graphene products. However, there is a distinct
difference in C−H bending signals between the samples. In
contrast to the sharp C−H bending signals in pure HBPE at
1460 and 1380 cm−1, the bending signals in the graphene
products are in a much broader range of 1610−1290 cm−1 and

Figure 5. Raman spectra (excitation at 514 nm) for a graphene film deposited on an alumina membrane and the pristine graphite. The graphene film
was obtained by filtering a graphene dispersion in chloroform onto an alumina membrane followed with washing and drying.

Figure 6. Wide-angle XRD patterns for the graphite−HBPE (20/80,
w/w) mixture (a) and two graphene−HBPE mixtures (1/99, w/w)
obtained from dispersions in THF (b) and chloroform (c),
respectively. The patterns were first normalized relative to the
intensity of the HBPE amorphous halo at 2θ = 21.5°, and then the
patterns for the two graphene mixtures were scaled up by a factor of 25
to ensure all samples have the same graphene/graphite content.

Scheme 1. Noncovalent Liquid-Phase Exfoliation of
Graphite in THF or Chloroform with HBPE as the Stabilizer
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are less well-defined, with the strongest signal shifted to 1580
cm−1. This change in C−H bending signals is the evidence
supporting the occurrence of CH−π interactions between
HBPE and graphene flakes.82 A similar change was also noted
in the case of HBPE adsorbed on carbon nanotubes.71 Given
their spherical dendritic chain architecture, the adsorption of
HBPE should be partial, with some sites on one side of its
spherical surface anchored onto the graphene surface and the

other side protruding into the solvent to provide steric
stabilization (see Scheme 1 on the adsorbed HBPE). The
occurrence of partial polymer adsorption is required to achieve
graphene stabilization.68

We now discuss the solvent effect on the concentration of
graphene dispersion. From the CG data shown above, the
solvent has a dramatic effect on the exfoliation process. While
stable dispersions with high CG values are obtained in THF and
chloroform, the exfoliation is unsuccessful in both heptane and
toluene. The same phenomenon was also noted in the
solubilization of carbon nanotubes with HBPE.71 This suggests
that the solvent affects polymer adsorption on the exfoliated
graphene, as pointed out by Coleman et al. in their study on the
liquid-phase graphite exfoliation with conventional polymers as
the stabilizer in various organic solvents.68 For a given surface,
there is a competition for adsorption between polymer and
solvent.68,83,84 For successful partial adsorption of the polymer
to occur, the two competing interactions, i.e., the polymer−
graphene interaction leading to adsorption and the polymer−
solvent interactions resulting in desorption, should be similar.68

The complete inefficiency of exfoliation in heptane and toluene
indicates the absence of sufficient polymer adsorption on the
graphene surface for steric stabilization. This should result from
the stronger polymer−solvent interaction compared to the
polymer−graphene interaction in the two solvents. The higher
solubility of HBPE in heptane and toluene than in THF and
chloroform is one evidence supporting the stronger polymer−
solvent interaction in the two former solvents.71

Coleman et al.68 have modeled polymer adsorption and
derived the following simple expression in terms of the
Hildebrand solubility parameters to quantify the effects of the
polymer stabilizer and solvent on the concentration of the
exfoliated nanosheets:

Figure 7. FT-IR spectra for graphene samples (without free HBPE)
prepared from dispersions in THF and chloroform, respectively. The
spectra for HBPE and pristine graphite are also included for
comparison.

Figure 8. Graphene film: (a) a photo of the film; (b) and (c) SEM images of the film surface at different magnification; (d) a cross-sectional SEM
image for the fractured edge of the film. The film was obtained by filtering 150 mL of graphene dispersion in chloroform onto an alumina membrane
followed with washing and drying.
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where k is Boltzmann constant; T is the temperature; and δS,
δP, and δG are the solubility parameter of the solvent, polymer,
and graphene, respectively. With this expression, they have
predicted that the nanosheet concentration can be maximized if
δS ≈ δP ≈ δG, which is supported by experimental evidence. We
also attempt to employ eq 1 to semiquantitatively examine the
solvent effect on the CG value. To do so, we take the solubility
parameter of regular polyethylene, 16.1 MPa1/2,85 for HBPE.
The other solubility parameters are taken as δG = 21.25
MPa1/2,68 δS = 18.5 MPa1/2 for THF, 18.7 MPa1/2 for
chloroform, 18.3 MPa1/2 for toluene, and 15.3 MPa1/2 for n-
heptane.85 With these parameters, the term, [(δS − δP)(δG −
δS)]

2, is 43.5, 44.0, 42.1, and 22.7 MPa2 in THF, chloroform,
toluene, and heptane, respectively. According to eq 1, the CG
value in the four solvents should thus increase in the order:
chloroform < THF < toluene < heptane. This differs drastically
from the trend found herein. Possibly, eq 1 is oversimplified
due to the assumptions employed in the derivation68 and does
not fit this particular system.
From the TGA results shown in Figure S1 (Supporting

Information), the adsorbed amount of HBPE on graphene
sheets in THF is significantly more than that in chloroform.
However, the CG values obtained in chloroform are consistently
higher than the counter ones in THF as shown in Figure 2.
This difference should result from the relatively higher power of
chloroform in solvating the graphene sheets due to its closer
Hildebrand solubility parameter (18.7 MPa1/2) toward that of
graphene (21.25 MPa1/2).42,43 From Figure 2c, a significant CG
value of 0.017 mg/mL is achieved in pure chloroform without
HBPE, while the corresponding value in THF is much smaller,
0.001 mg/mL. As per our previous study72 on the adsorption of
HBPE on carbon nanotubes, the adsorbed HBPE covers only
about 25% of the nanotube surface. This should also be the case
here, with the adsorbed HBPE covering only a small portion of
the graphene surface and the rest of the majority of the surface
exposed to the solvent. The use of a solvent of higher power in
solvating graphene will thus further help stabilize the graphene
sheets and lead to a higher CG, in addition to the contribution
from the adsorbed HBPE.
Preparation and Characterizations of Graphene Film.

As an example on the application of the graphene dispersions
obtained herein with the use of HBPE, a free-standing thick
graphene film was prepared by vacuum filtering a graphene
dispersion in chloroform (150 mL at CG of 0.157 mg/mL) onto
a porous alumina membrane. The film was washed thoroughly
with pure chloroform to remove free polymer and was dried. As
shown in Figure 8(a), the film is bendable without breaking and
has a smooth metallic shiney surface with a weight of 25.9 mg
and a diameter of 38 mm. On the basis of weight loss at 550 °C
in TGA measurement, the adsorbed HBPE has a mass
percentage of 27 wt % in the film. The morphology of the
film was characterized with SEM. Figures 8(b) and (c) show
the SEM images of the film surface at different magnifications.
Figure 8(d) shows a cross-sectional image of the fractured edge
of the film. From the images, the film is well packed without
significant porosity. From Figures 8(b) and (c), the surface of
the film is relatively smooth though some graphene flakes can
be seen. The fractured cross-section in Figure 8(d) appears to
be smooth and homogeneous without the layered structures

typically observed in films of graphene or graphene
oxide.23−26,32,86−88 This suggests strong interactions between
the polymer and graphene flakes.64 From Figure 8(d), the film
has an average thickness of ca. 18 μm. The density of the film is
estimated to be about 1260 kg/m3 from its mass and volume by
assuming the absence of porosity in the film. It is comparable to
the values of 1200−1350 kg/m3 reported for films (with 40−
45% porosity) prepared from graphene dispersions obtained in
NMP32 and the values of 1000−1440 kg/m3 for films prepared
from dispersions obtained in water with a surfactant stabilizer.49

However, it is significantly lower compared to the density of ca.
2200 kg/m3 for graphite,89,90 due to the presence of adsorbed
HBPE and the possible porosity in the film.
Though containing the adsorbed HBPE at a significant

content, the film is electrically conductive. The electrical
conductivity of the film was measured to be 214.0 S/m
(corresponding resistivity = 4.70 × 10−3 Ω m) with the four-
probe measurement technique. This value is lower compared to
those reported in the literature for various graphene films
prepared from dispersions obtained without the use of
stabilizers, such as those obtained from graphene dispersions
in NMP (6500−18 000 S/m)31,32 and those obtained from
reduced GO (7000−10 000 S/m).88,91,92 The lower con-
ductivity of the film obtained herein should be attributed to
the adsorbed HBPE present at a high content. A low
conductivity of 35 S/m was reported by Coleman et al.45 for
graphene films prepared from aqueous dispersions obtained
with the use of a surfactant stabilizer. The low conductivity
therein results from the presence of residual surfactant at ca. 36
wt % in the film. On the basis of the conductivity data, the
quality of the graphene film obtained herein and its constituting
flakes is comparable to or even better than that of the films
prepared from dispersions stabilized with the surfactant.
Meanwhile, the film obtained herein is flexible and free-
standing. Its dimensions can be controlled/adjusted by
changing processing parameters, such as the volume of
graphene dispersion used for preparation, graphene concen-
tration, etc. Future work will be carried out to functionalize the
films by introducing specific functionalities into HBPE.

Preparation and Characterizations of Graphene/ENC
Composites. Graphene/polymer composites have been
extensively investigated.16−20 However, there have been only
very few studies67,93,94 reporting the use of high-quality pristine
graphene obtained from liquid-phase exfoliation for the
composite construction due to the overwhelming difficulty in
obtaining high-concentration graphene dispersions. In the
majority of the reports, reduced graphene oxide was used
instead as the nanofiller. In the limited cases involving pristine
graphene, highly polar polymers (such as polyurethane,93

polyvinylpyrrolidone,67 and poly(vinyl chloride)94) were
employed as the polymer matrix since the graphene dispersions
were obtained in polar solvents (e.g., DMF). The preparation
of composites comprised of nonpolar polymers such as
ethylene copolymers and pristine graphene has not yet been
reported owing to the difficulty in achieving high-concentration
graphene dispersion in low-polarity organic solvents. Tackling
this challenge, we further demonstrate the application of the
high-concentration graphene dispersions obtained herein in the
preparation of graphene/ethylene copolymer composites
through solution blending in chloroform.
A low-polydispersity ethylene-norbornene copolymer

(ENC), synthesized through Pd−diimine-catalyzed “living”
copolymerization of ethylene and norbornene,76 was designed
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and employed as the polymer matrix. This ethylene copolymer
has a unique gradient composition according to our earlier
study,76 with one end featured with ethylene-norbornene
alternating units, the other end being pure hyperbranched
polyethylene segments, and in between being hyperbranched
polyethylene sequences with sporadically interspersed isolated
norbornene units. Designed at a low overall norbornene molar
content of 8.2%, it behaves like an elastomer and is soluble in
chloroform or THF at room temperature, which facilitates the
convenient preparation of the composites through solution
blending. Meanwhile, its possession of hyperbranched poly-
ethylene sequences should also render its good compatibility
with the graphene flakes having surface-adsorbed HBPE, which
is beneficial to uniform dispersion of the graphene flakes within
the polymer matrix.
For the preparation of the composites, a highly concentrated

graphene dispersion (40 mL) with CG = 3.4 mg/mL in
chloroform was obtained by concentrating a large-volume
dispersion (ca. 1920 mL) and removing the free HBPE by
centrifugation. From TGA weight loss data at 550 °C, a
graphene solid obtained from the dispersion upon drying has a
polymer content of 39.4 wt %, which should correspond
primarily to the adsorbed HBPE. Six graphene/ENC
composites at different graphene mass content (1.0, 1.8, 2.5,
3.2, 4.0, 5.3 wt %, respectively, as per TGA residual mass at 550
°C) were compounded. The corresponding volumetric content
of graphene in the composites is 0.27, 0.40, 0.48, 0.54, 0.60, and
0.67 vol %, respectively, by assuming the density of graphene
and ENC being 2200 and 800 kg/m3, respectively. Systematic
characterizations of the thermal, dispersion, electrical, and
mechanical properties of the composites were undertaken.
Figure S2(a) in the Supporting Information shows TGA

curves of the composites and the neat ENC in N2. Figure S2(b)
(Supporting Information) displays the curves in the narrower
region of 430−530 °C for a better comparison. Upon the
addition of graphene, a significant improvement in the thermal
stability of the composites is noted even at the lowest graphene
content of 1.0 wt %. With the increase of the graphene content,
the curves show a small but consistent shift toward the higher-
temperature direction as shown in Figure S2(b) (Supporting
Information). Figure S2(c) plots the degradation temperature
at 5% weight loss (T5%) as a function of graphene content. T5%
increases significantly from 417 °C for neat ENC to 446 and
463 °C for the composites of 1.0 and 5.3 wt % of graphene,
respectively. The presence of graphene flakes having high
aspect ratios clearly slows down the thermal decomposition of
the polymer by restricting polymer chain mobility.16,38

Figure S2(d) (Supporting Information) compares the DSC
thermograms of the composites. The neat ENC has two clear
transitions attributable to the hyperbranched polyethylene
segments with low/zero norbornene content, a glass transition
(Tg) centered at −66 °C, and a weak melting endotherm (Tm)
centered at −31 °C. In addition, it has a second but very weak
Tg at ca. 101 °C attributable to the chain segments having
considerable norbornene content. These transitions are
preserved with negligible changes in the composites of the
graphene content of 1.0−3.2 wt %. In the other two composites
of higher graphene content (4.0 and 5.3 wt %), the lower Tg is
still observed with no appreciable change. The melting
endotherm, however, becomes ill defined, with very weak
nearly featureless signals in the broad temperature range from
−50 to 50 °C. This confirms that the graphene fillers have

restricting effects on the chain relaxation processes of the
polymer.
XRD characterization of the composites was undertaken to

examine the dispersion state of the graphene flakes. Figure S3
in the Supporting Information compares the XRD patterns of
the composites having a graphene content of 3.2 and 5.3 wt %
with those of neat ENC and a graphite/ENC composite with 5
wt % pristine graphite. In the figure, the patterns of the three
composites have been normalized to the same graphene/
graphite content. An amorphous halo at 2θ = 20.8° resulting
from the polymer is present in all the samples. The graphite/
ENC composite shows a sharp intense peak at 30.9° for the
graphitic structures. In the patterns of the two graphene
composites, a small peak at 30.9° is also observed but is very
weak and relatively broad compared to that in the graphite/
ENC composite. It indicates the presence of a very small
amount of restacked graphene sheets formed during the
preparation of high-concentration graphene dispersion and/or
the solution blending of the composites. Restacking of the
graphene sheets has often been seen in the graphene/polymer
composites.16 In other composites with a lower graphene
content, this peak is much weaker, showing the reduced
restacking at the lowered graphene content. These XRD results
thus confirm the good dispersion of the graphene flakes in the
composites despite the presence of a very low level of
restacking.
To determine the electrical properties of the composites,

disk-shaped samples (10 mm diameter and 1 mm thickness)
were prepared by compression molding and were subject to a
DC voltage of 10 V across the thickness. Those having the
graphene content in 1.0−3.2 wt % behaved essentially as an
electrical insulator, with no measurable electrical current at the
sensitivity of 1 × 10−12 A. Increasing graphene content to 4.0
and 5.3 wt % leads to a current of 2.2 × 10−11 and 2.4 × 10−8 A,
respectively, which corresponds to a conductivity of 2.8 × 10−11

and 3.1 × 10−8 S/m, respectively. The drastic increase in the
conductivity in the latter two composites suggests that the
electrical percolation threshold of the composites is around 5.3
wt % or 0.67 vol % of graphene. This value falls in the typical
percolation threshold range of 0.1−0.8 vol % reported for
various graphene/polymer composites.16−20

DMA characterizations of selected composites were carried
out in the tensile oscillation mode to investigate the effect of
graphene incorporation on their dynamic mechanical proper-
ties. Figure S4 in the Supporting Information plots the storage
modulus curves (E′ vs frequency) of the various composites at
23 °C. Increasing the graphene content from 0 to 4.0 wt %
leads to a continuous upshift of the curves. At the frequency of
10 Hz, the modulus increases from 73 MPa for neat ENC to
129 MPa for the composite with 4.0 wt % or 0.60 vol % of
graphene, corresponding to an increase of 77%. A similar trend
of increase is also noted with the loss modulus (E″) curves,
with tan δ = 0.1 (i.e., E″/E′) found for all samples across the
whole frequency range investigated. These DMA results thus
confirm the significant reinforcing effects of the incorporated
graphene flakes on the mechanical properties of the
composites. Due to limited sample amounts at this stage of
study, static tensile measurements on these composites were
not conducted.

4. CONCLUSIONS
Liquid-phase noncovalent exfoliation of graphite has been
successfully demonstrated in both THF and chloroform in the
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presence of a HBPE as the stabilizer. High-concentration
graphene dispersions have been yielded, with the CG value in
the range of 0.016−0.045 mg/mL in THF or 0.025−0.18 mg/
mL in chloroform depending on the feed concentrations of
both graphite and HBPE. The solvent plays an important role
in the exfoliation, with higher CG values in chloroform than in
THF and with heptane and toluene being completely
ineffective. The success of this method is reasoned to result
from the adsorption of HBPE on the surface of the exfoliated
graphene flakes, which renders steric stabilization against their
restacking. The successful exfoliation has been confirmed by the
characterizations of the graphene flakes with TEM, AFM,
Raman, and XRD techniques. The majority of the graphene
flakes has been found to have a layer number between 2 and 4
with low defects and has the lateral dimension in the range of
0.2−0.5 μm. A free-standing graphene film having an average
thickness of ca. 18 μm has been subsequently prepared from a
dispersion in chloroform by filtration. The film is flexible and
electrically conductive with a conductivity of 214.0 S/m.
Graphene/ENC composites of different graphene loading
(1.0−5.3 wt %) have also been prepared from a highly
concentrated dispersion by solution blending. The composites
show enhanced thermal stability and dynamic moduli with the
increase of graphene loading.
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