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ABSTRACT: Poly(vinylidene fluoride) (PVDF)-graphite
nanosheet (GNS) nanocomposites with different contents
of GNSs were prepared by the solution-casting method.
The GNSs were produced by the ultrasonic exfoliation of
graphite. The effects of GNSs on the crystalline structure,
degree of the crystallization, conductivity, and phase-
transformation mechanism of PVDF were investigated.
Atomic force microscopy data showed that the GNSs had
a flake-shaped nanostructure. Fourier transform infrared
spectroscopy and X-ray diffraction results revealed that a

B phase formed with the addition of GNSs, and the phase-
transformation mechanism from the o phase to the B
phase of PVDF was confirmed. Differential scanning calo-
rimetry results indicated that addition of GNSs led to an
increased melting temperature and increased degree of
crystallization; this implied that the GNSs acted as nucle-
ating agents. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci
125: E314-E319, 2012
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INTRODUCTION

Polymer nanocomposites have gained extensive atten-
tion in the past decade because of the improvement in
their physical properties and electrical properties
compared with original polymer matrices."™ Poly
(vinylidene fluoride) (PVDF) as a polymer matrix is a
particularly interesting and attractive polymer mate-
rial because of its flexible and outstanding piezoelec-
tric properties.”® PVDF is a semicrystalline polymer.
It exhibits five crystalline phases’ known as the non-
polar TGTG' o phase, & phase, polar TTTT  phase,
and TTTGTTTG' y and ¢ phases, where T and G are
the trans and gauche chain conformations found in
the PVDF crystal. When PVDF is cooled from the
melt, the crystalline phase formed is a nonpolar
phase.® The B-phase crystal has an all-trans conforma-
tion that results in the most polar phase among other
crystals and is used extensively in piezoelectric, pyro-
electric, and ferroelectric applications.”"”
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Unfortunately, the o phase is thermodynamically
more stable in PVDF than the B phase. There have
been numerous attempts to stabilize this phase. The
B phase of PVDF can be obtained by crystallization
from certain solutions,'" crystallization from solution
under special conditions,"*"® induction by sub-
strate,14 the incorporation of halide,ls’l(’ carbon
tubes,'”'® or carbon fibers.'”?” One effective way to
obtain B-phase PVDF is through mechanical stretch-
ing,*"* but it is not suitable for film samples on a
substrate. There have also been some studies on the
addition of clay.*** Shah et al*® and Yu et al.”
observed that the addition of clay led to the p phase
of PVDF. They assumed that a possible mechanism
for the stabilization of the B phase was that the
nanoclay provided the substrates of PVDF nuclea-
tion. Similar to the clay, natural flake graphite is
another layered material. The graphite crystal lattice
consists of graphene layers formed by sp” hybridiza-
tion, whereas the carbon sheets are bound by weak
van der Waals interactions.”®** Graphite nanosheets
(GNSs), consisting of superimposed lamellae of two-
dimensional carbon-carbon covalent networks, have
a large area and nanothickness, a high mechanical
strength, superior transport properties, and giant
thermoelectric properties, which may lead to the
formation of high-performance nanocomposites.

In this work, we report on an investigation of the
dispersion and exfoliation of natural graphite to pre-
pare two-dimensional GNSs. PVDF/GNS nanocom-
posites with different GNS volumes from 1 to 7 mL
were prepared as films via a solution-casting method.
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Figure 1 Noncontact mode AFM image of the GNSs with height profiles. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

With the presence of different amount of GNSs, we
investigated the crystalline structure and degree of
crystallization of the PVDF/GNS nanocomposites. The
formation mechanism of the B phase is proposed.

EXPERIMENTAL
Raw materials

The PVDF powder used in this study was a product
of Academic of Sichuan Chenguang Chemical Center
(Sichuan, China). The N,N-dimethylformamide
(DMF) solvent and graphite powder were both
bought from Senopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

Sample preparation

The GNSs were prepared by exfoliation from graph-
ite as the reference.”® In the experiment, 0.02 g of
graphite was dispersed in 40 mL of DMF solvent by
high-shear mixing for 1 h; this was followed by bath
sonication for 6 h (sonic power = 320 W) to obtain
GNS dispersions. To remove large aggregates, the
dispersion was mildly centrifuged at 300 rpm for 90
min, and 30 mL of supernatant was retained.

PVDF (216 mg) was dissolved in DMF and mixed
with different volumes of GNS supernatant in 15 mL
of DMF. The PVDF/GNS mixture solution was
mechanically stirred at room temperature for 1 h and
then sonicated for 1 h before it was poured into
uncovered glass dishes, which were heated at 100°C
for 1 day to ensure the removal of the solvent traces.
The films had thicknesses in the range 0.08-0.09 mm.
The loading levels of the nanocomposite films were
0,1,2,3,4,5,6,and 7 mL of GNS supernatant.

Tapping-mode atomic force microscopy (AFM)
images of the GNSs were obtained on the silicon
substrate with a NanoFirst-3000 tapping-mode

atomic force microscope(Veeco, America). The crys-
talline structure analysis was performed at room
temperature by Fourier transform infrared (FTIR)
spectroscopy (VERTEX 70, Bruker, Germany) in the
range 550-1500 cm ™', X-ray diffraction (XRD) experi-
ments were performed at room temperature with Cu
Ko radiation with a PANalytical B. V. XRD instru-
ment. The wavelength of the X-ray was 0.154059 nm.
All XRD data were collected from 260 = 10-26° with
a step interval of 0.02°. We collected the data by
scanning the top surface of the corresponding films.
Differential scanning calorimetry (DSC) analysis was
performed with a WCR-2C DSC instrument(Beijing,
China) in a nitrogen atmosphere. The specimens
were heated at a rate of 5°C/min from 115 to 197°C.
The specimens were weighed accurately at 19 mg.

RESULTS AND DISCUSSION

To characterize the shape parameter of the species,
the GNS solutions were spin-coated and evaporated
on silicon. AFM measurements in tapping mode
were used to investigate the thickness and shape of
the GNSs (Fig. 1). It could be seen that the graphite
sheets had a flake structure and varied shapes and
sizes, with a measured thickness of 25 nm.

The FTIR spectra of the PVDF/GNS nanocompo-
sites with different GNS volumes (0, 1, 5, 6, and 7
mL) were carried out to ascertain the presence of the
B phase in the PVDF matrix, as shown in Figure 2.
The bands at 615, 765, 795, 1182, and 1400 cm ™'
referred to the TGTG' conformer of the o phase,
whereas the bands at 840, 1233, and 1270 cm ™! cor-
responded to when the chain had a longer trans
sequence than TT. The bands were characteristic of
B- or y-phase crystals, which contain TTT or
TTTGTTTG/, respectively.*" The 765-cm ™' band cor-
responded to the vibration mode of the in-plane
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Figure 2 FTIR spectra of the PVDF/GNS nanocompo-
sites (0) PVDF-GNS (0 mL), (1) PVDF-GNS (1 mL), (2)
PVDF-GNS (5 mL), (3) PVDF-GNS (6 mL), and (4) PVDF-
GNS (7 mL). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

bending or rocking of CH, of the PVDF a phase. We
should note that the band at 840 cm™" was related to
a mixed mode of CH, rocking and CF, asymmetric
stretching vibrations of the PVDF f phase. From the
figure, it is apparent that pure PVDF had peaks at
615, 765, 795, 1182, and 1400 cm ™ '. With increasing
GNS content, the bands at 765 and 795 cm !, belong-
ing to the o phase, vanished, and the bands at 840
and 1270 cm™', which referred to the P phase,
increased relatively, whereas the band at 1233 cm ™/,
belonging to the y phase, also increased relatively.
Our FTIR results suggested that the GNSs could
have induced the B and y phases and reduced the o
phase in the PVDF/GNS nanocomposites.
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Figure 3 XRD analysis of the PVDF/GNS nanocompo-
sites: (0) PVDF-GNS (0 mL), (1) PVDF-GNS (1 mL), (2)
PVDEF-GNS (5 mL), (3) PVDE-GNS (6 mL), and (4) PVDF-
GNS (7 mL). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 4 DSC scans of the PVDF/GNS nanocomposites:
(0) PVDF-GNS (0 mL), (1) PVDF-GNS (1 mL), (2) PVDE-
GNS (2 mL), (3) PVDF-GNS (3 mL), (4) PVDF-GNS (4
mL), (5) PVDF-GNS (5 mL), (6) PVDF-GNS (6 mL), and
(7) PVDF-GNS (7 mL). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

The results of XRD analysis of the PVDF and
PVDF/GNS nanocomposites are shown in Figure 3.
From the integration of the area under the crystalline
peaks, it can be seen that the figure contains pre-
dominantly major crystalline peaks at 20 values of
17.7, 18.4, 19.9, and 20.7°. These peaks at 17.7, 18.4,
and 19.9° were attributed to the crystal planes asso-
ciated with the o phase, and the peak at 20.7° was
related to the B phase.’> With the addition of GNSs,
a change in the relative intensity of peaks could be
clearly seen. The increasing in GNS contents gradu-
ally decreased the peak at 17.7° (o phase), and the
peak finally vanished when 6 mL of GNSs was
added and then reappeared with further addition. In
contrast, the peak at 19.9° became a shoulder with
the addition of GNSs. The peak at 20.7° appeared
when 5 mL of GNSs was added, increased when 6
mL of GNSs was added, and then decreased with
further addition. Our XRD results showed that the 3
phase increased with GNS addition, reached the
maximum amount when 6 mL of GNSs was added,
and decreased with further addition. This suggested
that some agglomeration might have occurred in the
GNSs, which decreased the chain confinement, even
for decreased degrees of crystallization of the
PVDF/GNS nanocomposites, which were confirmed
by the DSC results.

DSC was performed in the PVDF/GNS nanocom-
posites, as shown in Figure 4; it could determine the
degree of crystallization and the thermal properties
of the samples, as shown in Figures 5 and 6. The
incorporation of GNSs in the nanocomposites had a
direct influence on the degree of crystallization and
the thermal properties of PVDEF.
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Figure 5 Degree of crystallization of the PVDF/GNS
nanocomposites: (0) PVDF-GNS (0 mL), (1) PVDF-GNS (1
mL), (2) PVDF-GNS (2 mL), (3) PVDF-GNS (3 mL), (4)
PVDF-GNS (4 mL), (5) PVDF-GNS (5 mL), (6) PVDF-GNS
(6 mL), and (7) PVDF-GNS (7 mL).

The degree of crystallization (AX.) of the PVDF
films could be obtained as follows:

AH,,

AX, = ——m
AH 100% crystalline

)

where AH,, is the melting enthalpy of the samples
and AH100%,crystatine 18 the melting enthalpy for a
100% crystallized sample of pure PVDF, which was
reported to be 104.6 J/g.*

Figure 5 shows the degree of crystallization of the
PVDF films with the feeling content. Obviously, an
increase in the degree of crystallization of the nano-
composites was observed compared to the pure sam-
ples of PVDF. This indicated that the GNSs acted as
nucleation agents in the composites and promoted
the degree of crystallization of the PVDF matrix.
With increasing GNS concentration, the degree of
crystallization increased gradually and reached the
highest improvement for nanocomposites with 6 mL
of GNSs. When more GNSs were added, the degree
of crystallization decreased. This was because exces-
sive GNSs confined the movements of polymer
chains, which resulted in a decrease of the degree of
crystallization. It could be inferred that 6 mL of
GNSs was a critical nanofiller concentration in the
PVDF/GNS nanocomposites.

In addition, it could be seen that the presence of
GNSs had effects on the shift of the onset tempera-
ture of melting and the melting temperature of the
PVDF/GNS nanocomposites. With increasing GNS
content, the melting temperature of the composites
increased earlier and then decreased with further
additions. This could be attributed to more B phase
contained in the composites with increasing GNSs;
this was consistent with the results of XRD. When
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more GNSs were added, excessive GNSs confined
the movements of the polymer chains and decreased
the crystallization of PVDF; then, the onset tempera-
ture of melting and the melting temperature
decreased.

An overall picture of GNS dispersion, interactions
with PVDF, and B-phase formation are given Figure
7. The B phase consisted of TTTT conformation
chains, whereas the o phase consisted of TGTG' con-
formation chains. The GNSs consisted of graphene
layers formed by sp” hybridized carbon atoms,
which had a large electronegativity (2.55). Further-
more, the fluorine in PVDF had extreme electronega-
tivity (3.98), whereas the hydrogen had a small elec-
tronegativity. The C—F bond in PVDF carried a
permanent strong electric moment of 7 x 107°° cm.**
The GNSs acted as nucleation agents in the PVDF
matrix during the crystallization of the nanocompo-
sites. The formation of numerous P phases was
attributed to an interaction between the GNSs and
PVDF molecular chains; this affected the motion and
ordered arrangement of the polymer chains. During
polymer crystallization, there existed dipolar inter-
molecular interactions between PVDF and DMF, and
the GNSs acted as nucleation agents. Polar moieties
of DMF tended to rotate the strong dipoles of C—F
bonds around the C—C bonds of the chain backbone
and made the PVDF chains wind on the GNS sur-
face, as proposed by Salimi and Yousefi.'” The F
atoms were easily induced to arrange along the
GNSs in the same orientation; this favored the for-
mation of the all-trans conformation B-PVDF finally.
The driving force of polymer intercalation from solu-
tion was the entropy gained by desorption of the
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Figure 6 Thermal properties of the PVDF/GNS nano-
composites: (0) PVDF-GNS (0 mL), (1) PVDF-GNS (1 mL),
(2) PVDF-GNS (2 mL), (3) PVDF-GNS (3 mL), (4) PVDF-
GNS (4 mL), (5) PVDF-GNS (5 mL), (6) PVDF-GNS (6
mL), and (7) PVDF-GNS (7 mL). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 7 Schematic showing the proposed mechanism about f-phase formation.

solvent molecules; this compensated for the decrease
in conformational entropy of the intercalated poly-
mer chains.>® In addition, this intercalation only
existed on the surface of GNS. That is the reason
why there still existed a certain amount of a phase
in the nanocomposites. When the solvent was evapo-
rated, the GNSs reassembled, sandwiching the poly-
mer to form the nanocomposites.

CONCLUSIONS

GNSs were prepared by the exfoliation of natural
graphite. PVDF nanocomposite films filled with dif-
ferent volumes of GNSs were prepared by the solu-
tion-casting method. The AFM results showed that
the GNSs had a flake nanostructure, with a meas-
ured thickness of 25 nm. Both XRD and FTIR data
indicated that the nanocomposites had the B-phase

Journal of Applied Polymer Science DOI 10.1002/app

structure because of the addition of GNS, which sta-
bilized the TTTT long chains. The DSC results indi-
cated a shift in the melting temperature of the nano-
composites to a higher degree with increasing GNSs.
An increase of the crystallization degree of the nano-
composite was observed compared with the pure
PVDF samples. This indicated that the GNSs acted
as nucleation agents in the nanocomposites and
increased the degree of crystallization in the PVDF
matrix. Because of a strong interaction between GNS
and PVDF, the addition of GNS induced the B phase
and disturbed the a crystals. The working mecha-
nism of f-phase formation could have been that the
GNSs provided the substrates of PVDF nucleation.
The TTTT conformation chains (B-phase structure)
were tethered on the surface of the GNS layers.
These results indicate that the structure and proper-
ties of PVDF could be engineered upon the judicious
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selection of crystallization conditions and the use of
GNSs.
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