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1. Introduction
Graphene has triggered off further expectations in
nanocarbon polymer composites, and enthusiasm in
the research community. However, at present, only
minute amounts of single monolayer graphene from
‘bottom-up’ production is available. For nanocom-
posites, massive amounts of graphene is needed. In
our work we use direct-graphite nanoplatelets
(GNP), now becoming increasingly available. Attrac-
tiveness of the material stems among others from
the low cost of graphite, the precursor for GNP.
Indeed, price of GNP is low compared to e.g., multi-
wall carbon nanotubes (MWNT). It is well known
that the quality of polymer nanocomposites hinges
on the quality of the filler. In the case of graphene
based filler, this first of all refers to well-defined
and small thickness.

The need for well-defined exfoliated GNP has been
emphasized in the literature, and efficient ways to
address the problem have been presented. Green
and Hersam [1, 2] used density gradient ultracen-
trifugation, and achieved separation in graphene
stacks by the number of layers. Sun et al. [3] used
density gradient ultracentrifugal rate separation,
and achieved sorting by sheet size and surface
chemistry. In above works, a density gradient is
essential, although in report [3] results for a uniform
medium column are also included. The authors pre-
pared a separate external measuring uniform den-
sity column, and found that separation was achiev-
able over a smaller size range. Methods to exfoliate
powdered graphite have been developed by Cole-
man and collaborators, among others in [4, 5], and
by Bourlinos et al. [6], as well as Blake et al. [7].
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Simultaneously, research into various types of
graphite nanoplatelets, such as graphene oxide (GO)
[8, 9], chemically modified graphene [10], and ther-
mally expanded graphite [11], as a precursor to
graphene-based materials is carried out, and impor-
tant results are published. The present state of knowl-
edge of graphene-based materials/graphite nanopar-
ticles, including preparation of polymer composites
has been overviewed, e.g., by Kim et al. [12], and
Potts et al. [13].
In the present work, we proceed from the above
experiences for graphite powder exfoliation, and
adapt and modify them towards GNP exfoliation.
We refine GNP material using solvent dispersion,
where a small amount of polymer is added to the
solvating medium. Direct-GNP microagglomerates
are refined, nanoplatelets are exfoliated and poly-
mer is deposited on graphene. The refined filler can
easily be turned into a composite either by evapo-
rating the solvent and using it as a masterbach, or
polymer could be added to the solution before sol-
vent evaporation in order to tailor the filler content.
To the best of our knowledge, there is no report on
the use of polymer coated direct-graphite refining.

2. Experimental
2.1. Solvent dispersion
Our early unsuccessful trials included the use of
toluene (after bath sonicating for 4 h, the entire
mass of GNP material rapidly settled out). Then N-
methyl-2-pyrrolidone (NMP) was used, and the fol-
lowing preparation was carried out.
GNP, xGnP from XG Sciences, USA, was mixed
together with polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)-phenyl ether surfactant, Triton X-
100 from Alfa Aesar, Germany, and NMP, in pro-
portion 10:1:200 by weight (nanoplatelets:surfactant:
solvent). The mixture was stirred for 15 minutes,
and then sonicated in a cuvette in a bath for 2 hours
(Branson 1510E-MTH, Branson Ultrasonic Corp.,
USA).  The temperature in the bath did not exceed
55°C during the sonication. 
We decided to increase the solvent viscosity by
adding polystyrene (PS) (Polystyrol 143 E, BASF,
Germany), which was first dissolved in NMP, in
proportion 1:15 by weight. The PS-solution was
then added to the GNP mixture, stirred for 30 min-
utes followed by additional sonication for 2 hours.
The final concentration of GNP in the solution was

5 wt% with respect to PS. Cavitations caused by son-
ication lead to initial intercalation and in turn facili-
tate solvent penetration into nanoplatelet. Increased
solvent viscosity (by the presence of polymer) cre-
ates larger forces hindering reverse of intercalation.
After 4 h of sonication, the dispersion in the cuvette
appeared dark/black. After sedimentation time of
close to 170 h, sediment settled out, and a disper-
sion appearing gray/tinted formed in the upper part
of the cuvette (Figure 1), with a thin black layer
floating on the surface. Using a microsyringe, a
subset of the dispersion was carefully removed,
avoiding the floating layer and the sediment.

2.2. Thermal gravimetric analysis
The subset was next analysed using Thermal Gravi-
metric Analysis (TGA) (TGA/DSC 1 Star system,
Mettler Toldedo, Switzerland). The folowing pro-
gram was used during the analysis, heating from
50–600ºC at a rate of 20ºC/min under nitrogen
atmospere, followed by a 40 min isothermal step at
600ºC under air atmospere, and then heating to
900ºC at 20ºC/min under air atomospere. Star soft-
ware v9.20 was used. 

2.3. Transmission Electron Microscopy
The dispersion was further diluted 10 times in
(NMP), and a small amount was deposited onto
holey carbon grids (400 mesh), and then studied by
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Figure 1. Stable dispersion of thin graphene stacks in
NMP/PS (after sonication time of 4 h, and sedi-
mentation time of 170 h)



Transmission Electron Microscopy (TEM). Images
and electron diffraction were taken with an electron
transmission microscope (Zeiss EM912 Omega,
Germany) equipped with an " energy filter and
operated at 120 keV.

3. Results and discussion
3.1. TGA
In Figure 2, a representative measured TGA plot is
shown. A pronounced weight loss starting at about
400ºC originating from the degradation of the PS is
clearly present. By applying oxygen containing
atmosphere the reaming GNP was burnt off, and the
GNP content was measured to be 0.13 wt% of that
of the PS. This corresponds to a GNP concentration
in the solution of 0.08 mg/ml, which is comparable
to the results obtained by Khan et al. [4] at similar
sonication time.

3.2. TEM image analysis
Image analysis was carried out on 23 images. An
example is shown in Figure 3.
As can be seen in Figure 3, distinguishable layers
(shown with thin arrows) form a stack. Layers
grayscale and boundary/edges made it possible to
count the layers per stack, as proposed in [4]. Herein,
PS molecules deposited on graphene facilitates
image analysis, for example edges become more
marked and contrasting. On the other hand, the
deposited polymer disturbs imaging because of the
extra background. Presence of polymer can be
noticed on the holey carbon substrate; particularly
the smallest hole is filled. Clearly, the layers do not
overlap ideally, and the number of layers varies
depending on location. In Figure 3, the maximum
number of layers is 3. In Figure 4 (histogram), sta-
tistics summarizing the 23 images is given. We report

the maximum number of layers per stack. 5 layers
is found to be the cut-off number. No stacks >5 lay-
ers were found, and 3 layer stacks are dominantly
present. This is close to the statistics given in [4],
using the edge-counting method proposed by the
authors, for the case of exfoliating powdered
graphite.
When computing the layers, occasionally, we needed
to account for folded graphene. A folded off-plane
fragment of layer is seen in Figure 3 (bold arrow).
In such a case, two layers were counted. Also in
Figure 3, a black grayscale domain can be seen. We
believe this can be ascribed to carbon wrap contain-
ing polymer and surfactant molecules. In-plane
dimensions of layers/stacks are reduced compared
to that of pristine GNP, as specified by the supplier.
The average largest in-plane dimension is found to
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Figure 2. TGA plot of GNP/PS composite

Figure 3. TEM image of a multilayer graphene stack. Thin
arrows indicate the edges of the individual layers,
and the bold arrow indicates a folded off-plane
fragment of layer.

Figure 4. Histogram showing the maximum number of lay-
ers whithin a stack



be approximately 2.5 !m. We ascribe this to the
sonication process. A layer containing a crack, most
likely developed during sonication, is seen in Fig-
ure 5. We note that on one occasion, one very large
microagglomerate was observed.

3.3. Diffraction analysis
Electron diffraction was carried out as a comple-
mentary method, in addition to the image analysis
described above. SAD and nano diffraction under
Köhler illumination were performed using a small
selected area aperture and condenser aperture with
diameter of 5 µm.
The PS deposition requires caution when studying
the graphene architecture; on the one hand the extra
background, and on the other hand the additional
irregular edges from PS presence, make subtle dif-
ferences in identifying graphene edges. According
to the numerical simulation with Fourier transfor-
mation of projected atomic potentials and scattering
factors [14], the intensity ratio I(1100)/I(2100) in the
electron diffraction pattern of graphite/graphene
with ABAB stacking can be used for distinguishing
monolayer from multilayer graphene stacks, as fol-
lows.
In Figure 6, TEM bright field image (a), and typical
diffraction patterns taken from the monolayer
region (b) (marked with a white dot), and multilayer
region (c) (marked with a black dot) of a graphene
stack, are shown. The image was sufficiently defo-
cused in order to enhance the phase contrast of the
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Figure 5. TEM image showing a layer containing a crack

Figure 6. a) TEM bright field image of graphene stack.
b) SAD pattern taken from region marked in fig-
ure a) with the white dot (monolayer). c) SAD
pattern taken from region marked in figure a)
with the black dot (multilayer).



image. The diffraction patterns exhibit the typical
six-fold symmetry, which can be indexed as the
[0001] zone pattern of graphite/graphene. As can be
seen clearly, the spots intensity ratio I(1100)/I(2100) is
> 1 in the monolayer pattern (Figure 6b), whereas
I(1100)/I(2100) is <1 in the multilayer pattern (Fig -
ure 6c). The observation is consistent with the result
for pure graphene suspension [15]. The diffraction
pattern in Figure 6c can be observed in nearly all
the examined multilayer objects. Caution is needed
when identifying a monolayer from TEM images.
Some monolayer-looking objects may not be mono-
layer graphene, and have a diffraction pattern of
multilayer. Thin graphite sheets or stacked graphene
fragments may be mistaken for monolayer graphene
particularly when covered with polymer molecules
merging the individual edges into one single edge.
The presence of monolayer regions and multilayer
regions shown with SAD supports the statistical
results in Figure 3, and thus we believe that the
pristine GNPs have been successfully refined.
Another observation relates to the graphene stack
schedule (or build-up), particularly random or non-
random assembly. We find that they do not overlap
or fold together randomly in the graphene/PS com-
posite. Graphene sheets usually form stacks with
either a very small rotation angle (<5°) or close to
30°. Figure 7a presents a SAD pattern of graphene
sheets stacking with a rotation angle of 2.5°. Fig-
ure 7b shows two sets of [0001] zone patters super-

imposed of two multilayer graphene with a rotation
angle of 30°. The latter rotation relationship can be
often observed directly from folded edge of graphene
sheets in images (Figure 6a and 6c). The stacking
arrangements of the graphene sheets observed in
this work are comparable to the zigzag and arm-
chair chiralities in carbon nanotubes [16]. While the
graphene stacks long range assembly is driven by
the surface energy, we believe that when they meet,
likely, the thin PS film remaining between the
graphene sheets enables more mobility. As a result,
the graphene sheets can rotate or orientate them-
selves towards favourable configurations, at lower
energy states.

4. Conclusions
A simple method to exfoliate/refine direct-graphite
nanoplatelets towards their better incorporation into
a polymeric matrix is presented, and demonstrated
for the case of polystyrene. By adding a small
amount of polystyrene to N-methyl-2-pyrrolidone
solvent containing surfactant, the solvent viscosity
increased, and thus created larger forces during son-
ication and hindered the reverse of intercalation.
The refined nanoplatelets were characterized by
using Transmission Electron Microscopy based
imaging and diffraction analysis. Using the edge-
counting method, no platelets thicker than 5 layers,
and dominantly 3-layer thick stacks were observed.
The average layer’s in-plane dimension was 2.5 !m.
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Figure 7. a) SAD pattern of two graphene sheets stacking with a rotation angle of 2.5°. b) SAD pattern of two multilayer
graphene superimposed with a rotation angle of 30°.



The presence of monolayer and multilayer regions,
analysed with the selected area diffraction method
supports the results.
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