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raphene sheets, both single-layer

and fewer-layer, have attracted

much recent attention for their un-
ique and/or superior properties, such as
high mechanical strength, large carrier mo-
bility and ballistic transport, and extreme
thermal conductivity.' ® For the prepara-
tion of single-layer graphene in a popular
wet chemical exfoliation route, graphite is
exhaustively oxidized under harsh condi-
tions to yield readily exfoliated graphene
oxides (GOs or “G-Os” used recently in some
literature to distinguish from the use of GOs
as acronym specifically for graphite oxides),
followed by their conversion back to
graphene.® While the effectiveness or even
feasibility is still in debate on the conversion
of GOs to restore the intrinsic graphene
structure,®'? there is an emerging recogni-
tion on the excellent properties of GOs
themselves for material applications.'’ ~'®
In particular, GOs are effectively polyelectro-
lytes, with a demonstrated ability in homo-
geneously dispersing carbon nanotubes to
form relatively stable aqueous suspensions
for subsequent device fabrication and other
purposes.'”” ' Here we report that GOs are
not only effective dispersion agents for
other carbon nanomaterials but also uncon-
ventional polymeric matrices for nanocom-
posites. We used aqueous GOs to disperse
graphene sheets (also referred to as
platelets) in suspension for facile wet-pro-
cessing into nanocomposites of graphene
sheets embedded in the matrix of GOs. The
nanocomposite films thus obtained re-
mained mechanically flexible even at high
loadings of graphene sheets. As an example
of their superior properties, these light-
weight plastic-like materials were found to
be highly efficient in thermal transport,
with experimentally determined thermal
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ABSTRACT Graphene oxides (GOs), beyond their widely reported use as precursors for single-
layer graphene sheets, are in fact excellent materials themselves (polymers in two-dimension,
polyelectrolyte-like, aqueous solubility and biocompatibility, etc.). In this reported work we used
aqueous GOs to effectively disperse few-layer graphene sheets (GNs) in suspension for facile wet-
processing into nanocomposites of GNs embedded in GOs (as the polymeric matrix). The resulting
lightweight and plastic-like nanocomposite materials remained mechanically flexible even at high
loadings of GNs, and they were found to be highly efficient in thermal transport, with the
experimentally determined thermal diffusivity competitive to those typically observed only in well-
known thermally conductive metals such as aluminum and copper. As demonstrated, GOs apparently
represent a unique class of two-dimensional polymeric materials for potentially “all-carbon”
nanocomposites, among others, which may find technological applications independent of those
widely proclaimed for graphene sheets.

KEYWORDS: graphene - graphene oxide - nanocomposite - thermal diffusivity -
polymeric film

diffusivity values comparable with those in
well-known thermally conductive metals
such as aluminum and copper. The reported
work serves to demonstrate the great po-
tential of GOs as a unique class of two-
dimensional polymeric materials, for poten-
tially “all-carbon” nanocomposites, among
others, which may find technological appli-
cations independent of those widely pro-
claimed for graphene sheets.

RESULTS AND DISCUSSION

Fewer-layer graphene sheets (GNs, also
referred to as GN platelets) were prepared

by the exfoliation of a commercially sup-
plied sample of expanded graphite with a
combination of alcohol and oxidative acid
treatments.?® First, the graphite sample was
stirred and vigorously sonicated in an alco-
hol—water mixture. Upon recovery, the
sample was suspended in a precooled
concentrated nitric—sulfuric acid and
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Figure 1. Top-left: X-ray diffraction patterns of the samples as marked are compared with that of bulk graphite. Top-right:
photos of aqueous solutions (left, concentrated; right, 1/10 diluted) of GOs from the Hummers method. Bottom: typical TEM

images for specimens of GOs (left) and GNs (right).

vigorously sonicated. The resulting GNs, despite the
oxidative acid treatment, maintained graphitic struc-
tures, which were reflected in the X-ray diffraction
results of the sample (Figure 1).

GOs of mostly single-layer sheets were prepared
from the same commercial graphite sample by using
the Hummers method with minor modification,?’
coupled with the subsequent exfoliation procedure
already established in the literature."" The as-prepared
GOs in the acid form (due to the oxidation of carbons at
graphene sheet edges and defects into carboxylic
acids) were converted to the salt form in base treat-
ment, with the purpose of making their aqueous
dispersion more stable (Figure 1).""'® Results from
Raman spectroscopy characterization suggested no
meaningful difference between the acid and salt forms
of GOs, with the G-band and D-band features for both
samples similar to those already reported in the
literature.?> The aqueous dispersion upon dilution
was used to prepare specimens for TEM characteriza-
tion. The images, in comparison with those of the GNs
in Figure 1, suggest that the GOs were indeed mostly
single sheets. No graphitic peak was found in X-ray
diffraction results of the GOs (Figure 1), as expected
from the conclusion in the literature that GOs prepared
by the Hummers method and subsequent treatments
are mostly single-layer sheets.
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In the dispersion of GNs by GOs, a weighed amount
of GNs (generally with sizes on the order of micro-
meters edge to edge)®®* was homogenized in an aqu-
eous solution of GOs, followed by sonication. The
aqueous dispersion was vigorously stirred, concen-
trated, and subsequently cast onto a polyvinylidene
fluoride (PVDF) surface (GOs forming strong hydrogen
bonds with glass surface). The resulting film of about
30 um in thickness was peeled off the PVDF surface to
be self-standing, followed by further drying in a va-
cuum oven at ~75 °C. A series of such films of the same
total weight but different GN-to-GO ratios were fabri-
cated, so were films of neat GNs and GOs for compar-
ison. The film of neat GNs was rigid and very brittle, but
the nanocomposite films were flexible, even at a high
loading of GNs (80%, Figure 2).

The films were measured for their in-plane thermal
diffusivity (x) at room temperature by using the laser-
heating angstrom method.?*?> « is essentially the
reduced thermal conductivity (1), off by a normaliza-
tion factor a (x = A/a) that accounts for differences in
the density p and specific heat capacity C, between
different materials, a = pC, (typically close to 2 for
nanoscale carbon-based materials). Therefore, « is a
more appropriate measure when comparing thermal
transport in different materials. As shown in Figure 2, k
in the nanocomposites increases monotonically with
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Figure 2. Top: photos of nanocomposite films containing 50% GNs (A) and 80% GNs (B, as- fabricated; C, after the thermal
annealing). Bottom: the observed in-plane thermal diffusivity as a function of the GN loading in the nanocomposite films as
fabricated (O) and after the thermal annealing (®), with the error bar denoting standard deviation for multiple data points.

the increasing content of GNs until reaching a plateau
at ~80% loading of GNs (x ~ 80 mm?/s). The high «
value in the still flexible nanocomposite film (Figure 2)
is competitive to those in many highly thermal con-
ductive metals, such as aluminum (x ~ 84 mm?/s) and
copper (k ~ 112 mm?/s). It is also interesting that the
thermal transport in the nanocomposite with 80% GNs
is at the same level as that in neat film of GNs (Figure 2),
despite the thermal insulating nature of GOs as the
matrix (k &~ 0.5 mm?/s, similar to those found in most
polymers). There must be a synergistic effect between
GNs and GOs on enhancing thermal transport in these
hybrid materials, as the same effect was not observed
for nanocomposites of the GNs dispersed in polymeric
matrices.?’

The nanocomposites of GNs dispersed in GOs were
characterized by using Raman spectroscopy (632.8 nm
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excitation). Shown in Figure 3 is a comparison for a
typical Raman spectrum of the nanocomposites with
those of neat GNs and GOs. The Raman spectra all
exhibit G-band (around 1,585 cm ™) and broad D-band
(around 1340 cm™") features,?® but the broadness in
the G-band and relative intensities between G-band
and D-band are different among the three samples.
The G-band in neat GOs is very broad, which is
apparently carried into the nanocomposite (Figure 3).
However, in terms of intensities the spectrum of the
nanocomposite is not a superposition of the spectra of
its components, as the D-band in the nanocomposite is
much too intense relative to the G-band. Besides, GOs
are essentially colorless and the GNs have absorption
at the excitation wavelength due to extended gra-
phene network, so resonance should have enhanced
the Raman signals of GNs in the nanocomposite.
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Therefore, the observation of the D-band (intervalley
scattering)®® being more intense suggests an in-
creased amount of defects in the nanocomposite,
which might be a result of further exfoliation in the
dispersion of the GNs by GOs. The X-ray diffraction
pattern for the nanocomposite is more of a super-
position of those for GNs and GOs, except for slight
peak broadening, again consistent with increased dis-
order due to further exfoliation and dispersion.

The internal structure of a nanocomposite was
probed by using electron microscopy techniques to
examine the fracture edges of the nanocomposite film
and specimens from cross-sectional microtome. The
former were created by stretching the film to failure,
and on the edges a representative SEM image is shown
in Figure 4, which apparently suggests that the dom-
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Figure 3. Raman spectra of a nanocomposite film contain-

ing 50% GNs (middle) and films of neat GNs (top) and neat
GOs (bottom).

inating feature in the nanocomposite film is a structure
of well-packed layers. The TEM imaging of the speci-
mens from microtome provided a more detailed cross-
sectional view of the film structure at the nanoscale. As
also shown in Figure 4, the dispersed GNs of various
thicknesses are more aligned with the same plane. The
thicker pieces (close to 5 nm) are more visible for their
higher contrast against the film background and the
carbon-coated TEM grid, though the images hardly
exclude the presence of other thinner GNs. The elec-
tron microscopy results are in general agreement with
those found for the nanocomposites of GNs dispersed
in conventional polymeric matrices.?

For the conversion of GOs back to graphene sheets
several approaches have been reported in the
literature.° Among commonly employed methods are
chemical reduction with hydrazine and high-tempera-
ture heating in an inert environment.'*?73° The for-
mer has been used for solid-state reduction, where
GOs in thin films were exposed to hydrazine vapor, but
the conversion has generally been less efficient (than
that by the thermal method, for example) to result
in a substantial amount of partially reduced
byproducts.?®3' Thus, in this work the neat film of
GOs was thermally treated in several steps at different
temperatures for the desired conversion while preser-
ving the film structure and morphology. According to
thermogravimetric analysis (TGA) of GOs, the majority
of the mass loss occurred before 300 °C, producing a
significant amount of small gas-phase species (which
could potentially cause damages to the film).'> There-
fore, the film of neat GOs was heated in small tem-
perature increments (2 °C/min, in the flow of pure
nitrogen gas) to 300 °C, and then a little faster (5 °C/
min) to 1100 °C, followed by annealing at 1100 °C for
60 min (still in the flow of pure nitrogen gas). Subse-
quent measurements of the thermally treated film

Figure 4. SEM image on the fracture edge (left) and TEM images on the specimen from cross-sectional microtome (right) of a

nanocomposite film containing 50% GNs.
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(neat GOs pretreatment) suggested an improvement
in thermal diffusivity by more than an order of magni-
tude to ~14 mm?/s, though still far lower than the
values of GNs and most of their nanocomposites with
GOs as fabricated (Figure 2).

The same thermal annealing procedure was applied
to the nanocomposites films, also resulting in substan-
tially enhanced thermal transport performance
(Figure 2). For example, for the films with 50% and
80% loadings of GNs, the thermal diffusivity values
almost doubled to reach 85 mm?%/s and 137 mm?/s,
respectively. These are actually higher than those found
in the well-known thermal conductive metals such as
aluminum and copper. Interestingly, the nanocompo-
site films after the thermal annealing remained flexible
(Figure 2), only slightly less so than pretreatment.

Flexible (plastic-like) thermal conductive nanocom-
posites have a wide range of potential applications.3?~3#
In fact, polymeric (or other soft material-based) nano-
composites of high thermal conductivity are scarce
in comparison to those with high electrical con-
ductivity.>®3*° Among nanoscale carbon fillers, carbon
nanotubes are well-known for extremely high electrical
and thermal conductivities at the individual nanotube
level. However, while their dispersion into polymeric
matrices beyond percolation does impart substantial
electrical conductivity, the enhancement in thermal
conductivity is generally much less significant even
at very high nanotube loadings due to the nano-
tube-matrix interfacial barrier toward phonon

EXPERIMENTAL SECTION

Materials. The expanded graphite (surface-enhanced flake
graphite, grade 3805) sample was provided by Asbury Carbons.
Sulfuric acid (93%), nitric acid (73%), hydrochloric acid (36%),
hydrogen peroxide (35%), and phosphorus pentoxide (P,Os)
were obtained from Acros, ammonium persulfate ((NH4),S,0g)
from Aldrich, and postassium permanganate (KMnO,) from
Fisher Scientific. PVDF membrane filters (0.2 um pore size) were
supplied by Fisher Scientific, the dialysis membrane tubing
(MWCO = 3500) by Spectrum Laboratories, and carbon-coated
copper grids for TEM by SPI Supplies. Water was deionized and
purified by being passed through a Labconco WaterPros water
purification system.

GNs. The as-supplied expanded graphite sample was exfo-
liated by using a combination of alcohol and oxidative acid
treatments.2° In a typical experiment, the graphite sample (1 g)
was added to an alcohol/water mixture (13:7 v/v, 400 mL),
stirred at room temperature for 24 h, and then sonicated for
another 20 h. The sample was collected via filtration and then
dried in a vacuum oven. A portion of this sample (500 mg) was
added to a nitric acid/sulfuric acid mixture (1:3 v/v, 80 mL) that
was precooled in an ice bath. After sonication for 72 h, the
mixture was transferred into water (1 L). The GNs were collected
via filtration, followed by washing repeatedly with deionized
water until a neutral pH and drying in a vacuum oven.

G0s. The Hummers method?' with minor modification was
used for the preparation of GOs from the same graphite
sample. Briefly, concentrated H,SO,4 (10 mL) in a 500 mL flask
was heated to 80 °C, to which (NH,),5,05 (0.9 g) and P,05 (0.9 g)
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propagation.*®~*? Various configurations of graphene
sheets have been shown as more promising fillers in
thermal conductive nanocomposites. For example,
Haddon and co-workers processed natural graphite
flakes into “graphite nanoplatelets” (GNP) for epoxy
nanocomposites of enhanced thermal conductivity
(644 W m~" K" at 25 vol % GNP loading).>>3* Sun
and co-workers dispersed essentially the same fewer-
layer GNs used here into polymeric matrices for ther-
mal conductive nanocomposites, with those in epoxy
matrices showing the best performance.?® The drama-
tically different thermal transport properties between
carbon nanotubes and graphene sheets in polymeric/
carbon nanocomposites may be rationalized in terms
of their different interfacial matches with the matrix for
phonon transport,** which is dependent on the filler
size and shape. In fact, the lateral dimension and
thickness of GNs are known to affect significantly the
propagation of phonons and the loss associated with
boundary scattering.**~*® The nanocomposites re-
ported here are significantly more thermally conduc-
tive than their polymeric counterparts, for which the
same rationale may be applied such that interfaces of
the filler GNs with the matrix GOs (or restored GOs) are
more favorable to phonon transport in the nanocom-
posites. In addition, microscopically or nanoscopically
the GNs and GOs in the nanocomposites are mutually
intercalated, which might be more advantageous than
the configuration in their polymeric counterparts for
thermal diffusion.

were added. The mixture was stirred until the reagents were
completely dissolved. The graphite sample (1 g) was added, and
the resulting mixture was heated at 80 °C for 4.5 h. Upon being
cooled to room temperature, the reaction mixture was diluted
with water (250 mL) and kept for ~12 h. It was then filtrated and
washed repeatedly with water, followed by drying in a vacuum
oven. The solid sample was added to concentrated H,SO, (40
mL) in a 500 mL flask cooled in an ice bath. To the mixture was
added slowly KMnO, (5 g over 40 min), during which the
temperature was kept at <10 °C. The reaction mixture, with a
change in color from black to greenish brown, was heated at 35
°C for 2 h, followed by dilution with water (85 mL—Caution: the
temperature must be kept at <35 °C throughout) and further
stirring for 2 h. The reaction mixture was poured into a large
beaker, to which water (250 mL) and then aqueous H,0, (30%,
10 mL) were added. Bubbles from the aqueous mixture along
with a color change to brilliant yellow were observed. After the
mixture was allowed to settle for ~12 h, the clear supernatant
was decanted, and the sediment was washed repeatedly with
aqueous H,S04 (5 wt %)—H,0, (0.5 wt %) and HCl solution (10
wt %), followed by washing repeatedly with water until no layer
separation was observed after centrifuging. The sample was
then dialyzed (MWCO =~ 3500) against water for 7 days to yield a
clean aqueous dispersion of GOs. The aqueous GOs thus
obtained (acid form) were titrated by aqueous NaOH (0.1 M)
until pH 9. The resulting GOs (sodium form) were again dialyzed
(MWCO = 3500) for 7 days to reach neutral pH. Finally, the
aqueous suspension of GOs was diluted (~0.2 wt %) and
sonicated for 30 min to achieve complete exfoliation.
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Nanocomposite Films. For the fabrication, a weighed amount
of GNs (8.3—40 mg) was suspended in an aqueous dispersion of
GOs (0.025—0.1 wt %, constant 40 mL) via sequential homo-
genization and sonication for 1 h each. The GN-to-GO ratio was
varied, while the total weight was kept constant (50 mg). The
suspension was vigorously stirred, concentrated, and subse-
quently cast onto a polyvinylidene fluoride (PVDF) surface. The
film was peeled off to be free-standing, followed by further
drying in a vacuum oven at ~75 °C.

Measurements. VWR bath sonicator (model 950DA) and homo-
genizer (Power Gen 125) were used. X-ray powder diffraction
measurements were carried out on a Rigaku Ultima IV powder
diffraction system. Thermogravimetric analysis (TGA) was per-
formed on a TA Instruments Q500 thermogravimetric analyzer.
Raman spectra were obtained on a Johin Yvon T64000 Raman
spectrometer equipped with a Melles-Griot He—Ne laser (35 mW)
source for 632.8 nm excitation, a triple monochromator, a liquid-
nitrogen-cooled symphony detector, and an Olympus BX-41 mi-
croscope. Scanning electron microscopy (SEM) images were ac-
quired on Hitachi S4800 FE-SEM system, and transmission electron
microscopy (TEM) images on Hitachi HD-2000 S-TEM and Hitachi
9500 TEM systems. For cross-sectional imaging, a film sample was
first embedded into epoxy resin and then microtomed into slices
less than 100 nm thick by using a Reichert—Jung Ultracut E
Microtome with a 308-angle diamond knife at room temperature.

The in-plane thermal diffusivity in the films (typical dimen-
sion of 30 mm x4 mm) was determined by using a commer-
cially acquired ULVAC LaserPIT thermal diffusivity meter (ULVAC
Technologies, Inc.)*” operated in a vacuum of 0.01 Pa at room
temperature. The principle behind the instrument is the laser-
heating angstrom method.?**>#7 At least three frequencies
were used in the measurement of each film sample, and the
readings were averaged for the given specimen.
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