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Abstract: We have manufactured poly(vinylidene fluoride) (PVDF)-based nanocomposite films with different graphene
contents of 0.1~10.0 wt% by ultrasonicated solution-mixing and melt-compression. As a reinforcing nanofiller, graphene
sheets are prepared by rapid thermal expansion of graphite oxide, which are from the oxidation of natural graphite flakes.
Graphene sheets are characterized to be well exfoliated and dispersed in the nanocomposite films. X-ray diffraction data
confirm that the o~phase crystals of PVDF are dominantly developed in the nanocomposite films during the melt-
crystallization. DSC cooling thermograms show that the graphene sheets serve as nucleating agents for the PVDF a-form
crystals. Thermal stability of the nanocomposite films under oxygen gas atmosphere is noticeably improved, specifically for
the nanocomposite with 1.0 wt% graphene. Electrical volume resistivity of the nanocomposite films is substantially
decreased from ~10" to ~10° W cm, especially at a critical graphene content between 1.0 and 3.0 wt%. In addition,
mechanical storage modulus is highly improved with increasing the graphene content in the nanocomposite films. The
increment of the storage modulus for the nanocomposite film at 30 °C with increasing the graphene content is analyzed by
adopting the theoretical model proposed by Halpin and Tsai.
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Introduction

Poly(vinylidene fluoride) (PVDF) is highly non-reactive
thermoplastic material in the fluoropolymer family that
exhibits good resistance to high temperatures, UV irradiation
and aggressive chemicals [1,2]. Since PVDF has a low density
of ~1.78 and low cost compared with the other fluoropolymers,
it has been used as piping products, sheets, tubing, films,
filaments, plates and a insulator for premium wire. It can be
injected, molded or welded and is commonly used in the
chemical, semiconductor, medical and defense industries, as
well as in lithium ion batteries. On the other hand, for the
advanced applications requiring electrostatic dissipation and
electromagnetic interference, high electrical resistivity of
PVDF should be much decreased.

Polymer nanocomposites (PNC) are a class of composites
having nano-scale reinforcing fillers dispersed in the polymer
matrix, unlike the conventional polymer composites [3-5].
The nano-scale fillers can be of different shape (e.g., platelets,
fibers, spheroids), but at least one dimension must be in the
range of 1 to 100 nm. The transition from micro- to nano-
scale fillers lead to change in physical as well as chemical
properties of polymer matrix. Two of the major factors in
this are the increase in the ratio of the surface area to volume
and the size of the filler. The increase in surface area-to-
volume ratio, which increases as the fillers get smaller, leads
to an increasing interaction of atoms on the surface area of
particle with the polymeric matrix and this thus increases the

*Corresponding author: ygjeong@cnu.ac.kr

1332

strength, heat resistance, etc. The PNC systems require
controlled mixing/compounding, stabilization of the achieved
dispersion, orientation of the dispersed phase, and the com-
pounding strategies.

Among nano-scale reinforcing fillers, graphene sheets,
structurally monolayer of carbon atoms arranged in 2-
dimensional honeycomb lattice [6], have recently generated
enormous attention from industry and academia to attain
high performance PNC systems, since they have exceptional
structural and physical properties such as high surface area-
to-volume ratio [7], thermal stability [8], mechanical perfor-
mance [9] and electrical conductivity [10]. When incorporated
approximately, graphene sheets can dramatically enhance
the electrical, physical, mechanical properties of PNC systems
at extremely low loadings [11]. Though there have been
recent reports on PVDF-based nanocomposites including
graphene or its derivatives [12-15], systematic investigations
on the influences of graphene sheets on structures, thermal
transition, and physical properties of graphene/PVDF nano-
composite films are further needed to pursue. In the present
study, we have manufactured a series of PVDF-based nano-
composite films including a variety of graphene content of
0.1~10.0 wt% via ultrasonicated solution mixing and melt-
compression, and have scrutinized the crystalline structures,
morphological features, melting/crystallization transitions,
electrical resistivity, and temperature-dependent storage
modulus as a function of graphene content in the nano-
composite films.
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Experimental

Materials and Sample Preparation

Poly(vinylidene fluoride) (PVDF) powder (M, ~530,000
g/mol, density~1.76 g/cm’) was supplied from Scientific
Polymer Products, Inc. Natural graphite flake with the
average particle diameter of ~500 pm was purchased from
Sigma-Aldrich, Inc. Nitric acid (HNO;, 60 %) and sulfuric
acid (H,SO,, 90 %) were purchased from Junsei Chemical
Co., Ltd. Potassium chlorate (KClOs, 99.5 %) was obtained
from Kanto Chemical. Co., Ltd. All the chemicals of analytical
grade were used without further purification. Exfoliated
graphene as a reinforcing nano-scale filler for PVDF was
manufactured by the oxidation of the natural graphite using
a mixed HNOs/H,SO,/KCIlO; solution and the following
rapid thermal expansion of the graphite oxide at 1050 °C for
30 sec [16-19].

Graphene/PVDF nanocomposite films with different graphene
contents of 0.1~10.0 wt% were prepared by the processes of
ultrasonication-assisted solution mixing, precipitation and
melt-compression. PVDF of 20 g was dissolved in 200 m/
DMF and the predetermined amount of exfoliated graphene
was then added. The graphene/PVDF/DMF solutions were
mixed mechanically for 1 h and sonicated with a prove-type
ultrasonicator for 1 h. Each graphene/PVDF/DMF solution
was added drop-wisely into a distilled water bath. Graphene/
PVDF precipitates were filtered to obtain in a powdery form.
The powers were washed with distilled waters by 3 times
and then dried in a vacuum oven at 40 °C for 24 h. Graphene/
PVDF nanocomposite films of 200 gm thickness were
prepared by melting the dried powders in a hot press at 210 °C
for 5 min, transferring rapidly into another hot plate at 25 °C,
and then maintaining for 1 h. The graphene contents in the
nanocomposites were controlled to be 0.0, 0.1, 0.3, 0.5, 0.7,
1.0, 3.0, 5.0, 7.0, and 10.0 wt%. The final nanocomposite
films prepared in this study are coded as graphene/PVDF_ X,
where X denotes the graphene content by wt% in the
nanocomposite films.

Characterization

The dispersion state of graphene sheets in the nano-
composite films was characterized by using a scanning
electron microscope (SEM, JEOL JSM-6380LV). For obtaining
SEM images, the nanocomposite films were cryogenically
fractured in a liquid nitrogen bath. The size of graphene
sheets was characterized by using transmission electron
microscope (TEM, JEOL/JEM-2100).

Crystalline structures of the neat PVDF and its nano-
composite films with different graphene contents were
characterized with aid of an X-ray diffractometer (D/MAX-
2000/PC, Rigaku Co.) using nickel-filtered Cu-K o radiation
in the range of 260=5~35 ° at a scanning rate of 2 °/min. For
comparison, X-ray diffraction patterns of natural graphite
and exfoliated graphene sheets were also obtained.
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Melting and crystallization behavior of the graphene/
PVDF nanocomposite films was investigated with a differential
scanning calorimeter (Diamond DSC, Perkin Elmer Inc.).
All DSC thermograms were obtained under nitrogen gas
atmosphere in the temperature range of 0~200°C at a
heating and cooling rate of 10 °C/min.

Thermal stability of the nanocomposite films under the
oxygen gas condition was examined by using a thermo-
gravimetric analyzer (SDT Q500, TA Inc.) from 20 to 600 °C at
a heating rate of 20 °C/min.

Temperature-dependent storage modulus of the nanocom-
posite films with dimensions of 40.0x5.0x0.2 mm’ was
measured by using a dynamic mechanical thermal analyzer
(TA Q800, TA Inc.) with a frequency of 1 Hz and amplitude
of 15 m in the temperature range of —50~220°C at a
heating rate of 2 °C/min.

Electrical resistivity of the neat PVDF and its nano-
composite films was measured at room temperature by using
an electrometer (6517A, Keithley Inc.) with a resistivity test
fixture (8009, Keithley Inc.).

Results and Discussion

Structural and Morphological Features

Figure 1(A) shows the X-ray diffraction patterns of natural
graphite and exfoliated graphene nanoplatelets. It was
characterized that the neat natural graphite is highly ordered
crystalline materials by displaying a sharp diffraction peak at
26.3 °, which corresponds to the d-spacing of 0.336 nm. On
the other hand, there was no any diffraction peak for exfoliated
graphene sheets. It means that the natural graphite flakes
were totally exfoliated into graphene sheets by the oxidation
of the natural graphite and following rapid thermal
expansion. The diameter of exfoliated graphene sheets was
measured to be 5~10 #m, as can be seen in the TEM image
of Figure 1(B).

To confirm the morphological features of graphene sheets
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Figure 1. (A) X-ray diffraction patterns of natural graphite flakes

and exfoliated graphene sheets and (B) TEM image of graphene

sheets obtained by the oxidation, thermal expansion, and ultrasoni-

cation.
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Figure 2. SEM images of fractured surfaces of graphene/PVDF nanocomposite films with different graphene contents.
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Figure 3. X-ray diffraction patterns of graphene/PVDF nanocom-
posite films with different graphene contents, which were melt-
crystallized at 25 °C.

incorporated in the PVDF matrix, SEM images of the fractured
surfaces for the nanocomposite films were examined, as
shown in Figure 2. The pristine PVDF film displays a smooth
surface (Figure 2(A)). In contrast, the rougher fractured
surface was observed for graphene/PVDF nanocomposite
films with higher graphene contents (Figure 2(B)-(F)). The
nanocomposite films with 0.3 and 0.7 wt% graphene contents
exhibit the rough fractured surfaces without aggregates of
graphene sheets (Figure 2(B)-(C)). It indicates that the
graphene sheets are well dispersed in the PVDF matrix.
However, partial aggregates of graphene platelets in the
nanocomposites with higher graphene contents above 1.0 wt%

were observed. Nonetheless, it was confirmed that the partial
aggregates of graphene sheets are not in ordered crystalline
state. As can be seen in X-ray diffraction patterns of Figure
3, any diffraction peak associated with the ordered crystalline
phase of graphene sheets was not detected, whereas typical
diffraction peaks corresponding to PVDF a-form crystals
for all the nanocomposite films were detected, irrespective
of the graphene content. The strong diffraction peaks at 26=
17.6, 18.5,20.0, and 26.6 ° are assigned to be 100, 020, 100,
and 021 reflections of the PVDF a-phase crystals, respectively.

Melting and Crystallization Transitions

DSC heating and cooling thermograms of the neat PVDF
and nanocomposite films were shown in Figure 4. In the first
heating curves, it was observed that melting endotherms
become broader with the increment of the graphene content
and their peak temperatures shifted slightly to lower
temperatures with broadening (Figure 4(A)). It is speculated
that the slightly lower melting temperatures of the nano-
composite films with higher graphene contents in comparison
with the neat PVDF are associated with the presence of thin
crystals developed during the melt-crystallization at 25 °C
and that the broader melting endotherms are caused by the
broader distribution in thickness of PVDF o-form crystals
developed in the nanocomposite films. In the DSC cooling
curves (Figure 4(B)), the melt-crystallization temperatures of
the nanocomposite films shifted to higher temperatures with
the increment of graphene content up to ~1.0 wt%. It demon-
strates that exfoliated graphene sheets serve as effective
nucleating agents for PVDF a~form crystals and thus promoted
the overall melt-crystallization rates of the nanocomposites.
On the other hand, in cases of the nanocomposite films with
higher graphene contents above 1.0 wt%, the melt-crystallization
peak temperatures were not changed, but the peak areas
were slightly decreased with the graphene contents. On the
other hand, in the second heating runs (Figure 4(C)), melting
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Figure 4. DSC thermograms of graphene/PVDF nanocomposite films with different graphene contents; (A) the first heating curves, (B) the

first cooling curves, and (C) the second heating curves.

Table 1. Peak temperatures (7, and T,) and enthalpies (AH,, and AH,) for melting and crystallization transitions of neat PVDF and graphene/

PVDF nanocomposite films with different graphene contents

1st heating run

2nd cooling run 2nd heating run

Graphene

Sample code (Wi%) T Ay X T, A, Ta Ay Xz
§9) (/) (%) §9) (/g §9) §9) (/)

Neat PVDF 0.0 160.4 36.5 34.8 126.5 38.8 158.7 42.7 40.7
Graphene/PVDF_0.1 0.1 160.0 37.7 35.9 1315 36.7 158.3 429 40.9
Graphene/PVDF_0.3 0.3 159.0 37.4 35.7 131.8 36.8 158.0 40.4 38.6
Graphene/PVDF_0.5 0.5 159.3 35.1 33.6 133.2 36.7 158.7 422 40.4
Graphene/PVDF_0.7 0.7 160.0 36.1 34.6 132.9 34.6 159.7 42.1 40.4
Graphene/PVDF_1.0 1.0 159.7 36.1 34.7 134.6 33.9 159.7 39.5 38.0
Graphene/PVDF_3.0 2.0 159.0 35.6 34.6 1352 34.4 159.0 382 37.1
Graphene/PVDF_5.0 5.0 156.6 41.1 41.2 135.6 37.5 159.0 42.7 42.8
Graphene/PVDF_7.0 7.0 158.3 33.0 33.8 135.5 325 158.7 36.4 373
Graphene/PVDF_10.0 10.0 157.0 322 34.1 134.6 31.7 157.6 35.7 37.8

endothermic peaks remained unchanged, regardless of the
graphene content in the nanocomposite films. From the DSC
heating and cooling thermograms, melting and crystallization
peak temperatures (7;, and 7) and enthalpies (AH,, and AH)
were evaluated and summarized in Table 1. The apparent
crystallinity (X;,) of the nanocomposites could be calculated
by considering the difference in graphene content of the
nanocomposite films as follows:

AH—’”Z¢ x 100 €]
where AH; is the melting enthalpy (104.5 J/g) [20] of the
100 % crystalline PVDF and ¢ is the weight fraction of
PVDF in the nanocomposites. It was found that the apparent
crystallinity (X,) was almost identical for all the nanocom-
posite films, within the experimental error (Table 1). Therefore,
it is reasonable to contend that, although the overall apparent
crystallinity of the nanocomposites remains constant, graphene

X(%0) =

sheets dispersed in the nanocomposite films accelerate the
formation of a-phase crystals as well as the overall melt-
crystallization rate of PVDF.

Thermal Stability

Figure 5 presents TGA curves of graphene/PVDF nano-
composite films examined under the oxygen gas condition.
For comparison, typical thermo-oxidative degradation tem-
peratures (7o, and Ts,) for 5 % and 50 % weight loss for all
the nanocomposite films were evaluated from the TGA
curves and summarized in Table 2. It was found that 7, and
Ts00, of the nanocomposite films increased with increasing
the graphene content up to 1.0 wt% and then they decreased
for the films with higher graphene contents above 3.0 wt%.
For instance, Tso, and T, for the graphene/PVDF 1.0 film
were measured to be 423 and 450 °C, which were 52 and 20 °C
higher than those of the neat PVDF, respectively. The noticeable
enhancement in thermal stability of the nanocomposite films
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Figure 5. TGA thermograms of graphene/PVDF nanocomposite
films with different graphene contents under the oxygen gas
atmosphere.

Table 2. Thermo-oxidative degradation temperatures for 5 % and
50% weight loss (Ts, and Tsq,) of the neat PVDF and graphene/
PVDF nanocomposite films under oxygen gas condition

Sample code Graphene (Wt%) Tso, (°C) T, (°C)
Neat PVDF 0.0 3714 429.5
Graphene/PVDF_0.1 0.1 408.2 4433
Graphene/PVDF _0.3 0.3 390.2 431.8
Graphene/PVDF 0.5 0.5 397.7 436.6
Graphene/PVDF 0.7 0.7 411.4 440.0
Graphene/PVDF 1.0 1.0 423.0 449.5
Graphene/PVDF 3.0 3.0 401.6 437.4
Graphene/PVDF 5.0 5.0 396.4 421.9
Graphene/PVDF 7.0 7.0 391.1 419.6
Graphene/PVDF _10.0 10.0 388.6 4247
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is believed to be caused by the barrier effect of 2-dimensional
graphene sheets dispersed in the PVDF matrix to oxygen gas
molecules.

Electrical Properties

Figure 6 displays electrical volume and surface resistivity
of the graphene/PVDF nanocomposite films as a function of
the graphene content. The electrical properties of the nano-
composite films changed noticeably from an insulator to
nearly a semiconductor with the increment of graphene
content. The electrical volume resistivity of the neat PVDF
film was measured to be in the order of ~10'* Q-cm. The
electrical volume resistivity of ~10'* Q-cm remained almost
unchanged for the nanocomposite films with lower graphene
contents of 0.1~1.0 wt% and then it decreased substantially
to ~10° Q-cm for the films with higher graphene contents of
3.0~10.0 wt%. This dramatic decrement in the electrical
resistivity of the graphene/PVDF films can be satisfactorily
explained by the percolation theory, i.e., the electrical
conduction path of interconnected graphene sheets in the
nanocomposite films is formed at a critical graphene content
between 1.0 and 3.0 wt%. It is also worthy to note that the
electrical resistivity of ~10° Q-cm for the graphene/PVDF
nanocomposites is low enough to show the performance of
electrostatic dissipation and/or partial electromagnetic
dissipation.

Mechanical Properties

To investigate the influence of graphene content on the
mechanical properties of graphene/PVDF nanocomposites,
dynamic storage modulus was measured as a function of
temperature, as shown in Figure 7. For all the nanocomposite

1017
108! —@— Surface resistivity
10 —W— Volume resistivity

Electrical resistivity (Q2 cm)

Graphene (wt%)

Figure 6. Electrical volume and surface resistivity of graphene/
PVDF nanocomposite films as a function of the graphene content.
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Figure 7. Temperature-dependent storage modulus of graphene/
PVDF nanocomposite films with different graphene contents.

films, the dynamic storage moduli decreased slightly With
increasing the temperature from —50 to 150 °C, and they
decreased rapidly above 150 °C due to the melting of PVDF
crystals. When the dynamic storage moduli at room temperature
for graphene/PVDF nanocomposite were compared, they
were significantly increased with the graphene content up to
3.0 wt%. It indicates that the graphene platelets dispersed in
the nanocomposites act as mechanical reinforcing fillers for
the PVDF matrix.

For a deeper understanding the influences of graphene
sheets on mechanical performance of the nanocomposite
films, the storage modulus at 30 °C was plotted as a function
of the graphene content, as can be seen in Figure 8, and it
was compared with the results predicted by the Halpin-Tsai
model. By assuming the random orientation of graphene
sheets in the PVDF matrix, the theoretical composite modulus,
Ecomposites based on the Halpin-Tsai model is expressed as
[21,22]

E =

composite
Z(afg ph
1+2 raphene m v
graphene
é 3\t graphene + § (1 +2 nr Vgraphene E
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8 1- L Vgraphene 8\ 11— nTVgraphene
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Figure 8. Experimental storage moduli of graphene/PVDF nano-
composite films at 30 °C as a function of the graphene content. The
dotted line denote the theoretical modulus calculated by the Halpin-
Tsai model.

where Egpnene and Epypp are the modulus of graphene
monolayer (1060 GPa) [9] and the experimental storage
modulus (151 MPa) of the neat PVDF at 30 °C, respectively.
Toraphene ANA doraphene are thickness (~0.336 nm) and diameter
(~10 zm) of graphene sheets prepared for this study. Vyeaphenes
the volume fraction of graphene in the nanocomposites,
which can be converted from the weight fraction of graphene
(m&,aphene), by adopting the graphite densi}y (Daraphenc=1.9 g/
cm”) and the density (ppypr=1.78 g/cm’) of PVDF. As a
result, the theoretical modulus by the Halpin-Tsai equation
was calculated and presented as a dotted line in Figure 8.
The experimental storage moduli at 30 °C were found to be
quite consistent with the theoretical values for the nano-
composites with low graphene contents below 0.5 wt%, but
they were far lower than the moduli for the nanocomposites
with high graphene contents above 1.0 wt%. On the other
hand, it should be mentioned that the Halpin-Tsai model is
derived based on the assumptions such as the perfect interfacial
adhesion between reinforcing graphene sheets and PVDF
matrix, the perfect 2-dimensional planar structure of graphene
sheets, and uniform dispersion of graphene sheets in the
PVDF matrix. It is thus supposed that the huge difference
between experimental and theoretical moduli of the nano-
composites with high graphene contents above 1.0 wt% is
related with the presence of partial aggregates and wrinkling/
crimping of graphene sheets in the PVDF matrix.

Conclusion

A series of graphene/PVDF nanocomposite films were
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prepared by ultrasonication-assisted solution mixing and
melt-compression. SEM images and X-ray diffraction patterns
confirmed that the graphene sheets remained in the disordered
state and they were well dispersed in the PVDF matrix. X-
ray diffraction patterns of the nanocomposite films showed
that the a-form crystals of PVDF were preferentially developed
in the nanocomposite films during the melt-compression
process. In DSC curves, the melt-crystallization temperatures
of graphene/PVDF nanocomposite films increased with the
increment of graphene content, which demonstrating that
graphene nanoplatelets acted as effective nucleating agents
for PVDF crystals. Thermo-stability of graphene/PVDF nano-
composites was significantly improved even at a low amount
of graphene of 1.0 wt%, in comparison of the neat PVDF.
The electrical volume resistivity of the nanocomposite films
was decreased from ~10" to ~10° Q-cm with increment of
graphene content. The electrical percolation threshold of the
graphene/PVDF nanocomposites was found to form at a
critical graphene content between 1.0 and 3.0 wt%. From
DMA results, storage moduli of nanocomposite films below
T,, were remarkably increased with the introduction of
graphene sheets.
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