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To investigate the effects of surface functionalization of exfoliated graphene (EG)
on the crystalline form of β-phase and dielectric properties of poly(vinylidene fluo-
ride) (PVDF), we prepared PVDF-based composites reinforced by different function-
alized EG. The X-ray photoelectron spectroscopy results indicated that a wide
variety of chemical functional groups such as C–OH, C–O–C, C=O, COOH and
C–F could be introduced on the surface of modified EG. As confirmed by results of
Fourier transform infrared spectrum and X-ray diffraction, the β-phase PVDF can be
produced in the composites with the incorporation of functionalized EG. In the fre-
quency ranging from 102 to 107 Hz, the dielectric permittivity of PVDF composites
shows an obvious increase owing to a variation of the carbonyl group (C=O)
content. Among all the composites, the EG grafted with polymethyl methacrylate/
PVDF composite has the highest dielectric permittivity and dielectric loss.
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1. Introduction

Polymer-based composites with excellent dielectric performance are currently very pop-
ular topics in the field of materials science and have received increasing attention in
recent years.[1] Compared with the traditional ceramic ferroelectric materials, poly
(vinylidene fluoride) (PVDF) has good electrical properties, high mechanical strength,
good flexibility, and good chemical stability and can be easily prepared in low tempera-
ture.[2,3] Due to piezoelectricity and pyroelectricity in the crystalline form of β-phase,
PVDF is widely used in transducers, piezoelectric sensor, infrared imaging, and other
military and biomedical fields,[4–6] and its excellent dielectric and ferroelectric perfor-
mance in contrast to other polymers endows promising applications in energy storage
materials.[7,8] However, PVDF has low dielectric permittivity. Therefore, the new
methods for improving the dielectric permittivity of PVDF have been explored always.

It is reported that a small volume fraction of some conductive filler was added to
the polymer matrix to achieve a high dielectric constant as well as preserve the
mechanical flexibility of the polymer.[9,10] The graphene is selected as the conductive
filler because of its good electrical and thermal conductivity, high mechanical strength,
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more importantly, large aspect ratio, and unique layered structure with nanoscale thick-
ness.[11,12] The properties of graphene give advantages in the formation of a large
number of parallel-board microcapacitors with low filler loading.[13] In literature, func-
tionalization of graphene nanosheets surface by either oxidation procedure or physical
adsorption/grafting protocols, such as thermally expanded graphene,[14] graphene
oxide,[15] poly(vinyl alcohol) PVA-modified graphene,[12] and polymethyl methacry-
late (PMMA)-modified graphene [16,17] have been used to make a positive impact on
the dielectric properties of PVDF composites. He et al. [18] fabricated graphene/poly-
mer composites by solvothermal reduction of graphene oxide in the polymer solution.
It was found that only 0.5 vol.% solvothermal reduced graphene doping will increase
the dielectric constant of the material from 7 to about 105. Fan et al. [3] prepared
graphene/PVDF composites with a multilayered structure. A high dielectric constant of
more than 340 at 100 Hz was obtained when the graphene volume fraction was
0.00177. Yang et al. [19] have reported that the PVDF-based composites with nickel
particles coated multiwalled carbon nanotubes were prepared by solution blending and
hot-press processing. And, the dielectric permittivity was as high as 290 at 103 Hz
when the weight fraction of Ni-MWNTs was 10%.

In this work, we investigate the crystalline form of β-phase and dielectric properties
of PVDF/exfoliated graphene (EG) composites with a variety of functionalized EG pre-
pared by solution cast method. With the incorporation of different functionalized EG,
the β-phase PVDF was achieved directly through a solution-casted route, which pro-
vides a facile way to fabricate piezoelectric PVDF composites. Besides, the effect of
functionalized EG with different chemical groups on the formation of the β-phase in
PVDF was systemically investigated, which can serve as a basis for the optimization of
choosing appropriate EG for fabricating piezoelectric PVDF composites. Moreover, the
factors determining the amount of β-phase and the reasons for dielectric properties evo-
lution in PVDF composites filled with differently functionalized EG were analyzed by
studying the surface functionalization of EG.

2. Experimental

2.1. Materials

Natural graphite powder was provided by Nanjing Xianfeng Nanomaterial Science and
Technology Co., Ltd, China. PVDF (FR904) was purchased from Shanghai 3F New
Materials Co., Ltd, China. N,N-dimethylacetamide (DMAc, >99.5%, reagent) was pur-
chased from Tianjin Weichen Chemical Reagent Co., Ltd, China. Other reagents were
purchased from Tianjin Reagents Co., Ltd and used without further purification.

2.2. Preparation of EG

EG was prepared by a two-step synthesis. Firstly, graphite oxide was prepared by the
modified Hummers method [20] and then EG was obtained by thermal exfoliation from
graphite oxide. In detail, a 9:1 mixture of concentrated H2SO4 and H3PO4 was added
to a mixture of natural graphite flakes and KMnO4, and the reaction was heated to
50 °C and stirred for 12 h. The reaction was cooled to room temperature and poured
onto ice (400 mL) with H2O2 (30%, 3 mL). Then, the mixture was washed with deion-
ized water until the pH value was up to 6 and then vacuum-dried at 60 °C for 48 h.
Finally, the prepared graphite oxide was thermally exfoliated in a vacuum tube furnace
at the temperature of 1050 °Cfor 30s,[21] yielding the EG.
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2.3. Surface functionalization of EG

2.3.1. Fluorination of EG

To form fluorinated graphene, the microwave plasma etcher (YZ-Z) was carried out to
bring the process of the fluorination at room temperature with the CF4 flow. The cham-
ber was evacuated to 5 Pa at room temperature. Then, the CF4 gas was inlet into the
chamber, and the gas flow and pressure were controlled. The degree of fluorination pro-
cess was adjusted by controlling the exposure time when the plasma treatment was car-
ried out. The CF4 plasma treatment conditions for EG were as follows: gas flow rate of
1.5 L/h, operating pressure of 20 Pa, a bias of 200 V, the plasma power from 200 to
300 W, and process duration of 15 min.[22] The product was named as F-EG.

2.3.2. Ozone modification of EG

The ozone modification of EG was performed under a continuous flow of ozone
through EG beforehand placed into a three-neck flask. Ozone was produced in an
ozone generator supplied by oxygen and then passed through the EG at a constant flow
rate of 2 L/min. Ozone treatment temperature was 80 °C, and the treatment time was
set for 20 min.[23] The generated graphene was named as O3-EG.

2.3.3. γ-ray radiation induced functionalization of EG

The prepared EG was dispersed in acetone thoroughly by sonication, and a 10 mg/mL
EG dispersion was obtained. Then methyl methacrylate (MMA) was added into the
mixture. The resultant mixture was deoxygenated by bubbling high-purity nitrogen for
15 min and was then irradiated by γ-ray from a 60Co source in an absorbed dose
100 kGy with 0.8 kGy/h dose rate at room temperature. After irradiation, the EG-MMA
mixture was purified repeatedly by cycling membrane filtration/acetone–redispersion
until no white emulsion precipitated when the filtrate was added to water. The precipi-
tate was then dried in a vacuum oven at 50 °C for 24 h to get EG grafted with
polymethyl methacrylate (PMMA-g-EG).

2.4. Preparation of PVDF composites

The composites were prepared by solution cast method. At first, an amount of EG
(0.5 wt.%) was dispersed in DMAc by ultrasonic treatment for 30 min. At the same
time, PVDF was dissolved in DMAc by magnetic stirring. The suspension of graphene
was then added into the PVDF/DMAc solution. Subsequently, the mixture was soni-
cated for 2 h and mechanically stirred at room temperature for 3 h. The composites
were poured into uncovered glass dishes. The composites were then heated at 60 °C
for 12 h under a vacuum to evaporate the residual solution. The thickness of the com-
posites was 200−300 μm. For comparison, PVDF, PVDF/F-EG (0.5 wt.%), PVDF/O3-
EG (0.5 wt.%), and PVDF/PMMA-g-EG (0.5 wt.%) sheets were also prepared by the
same method.

2.5. Characterization

Atomic force microscopic (AFM) (Digital Instrument CSPM5500) measurements with
the typical contact mode were performed to observe the morphology of different

680 S. Wang et al.

D
ow

nl
oa

de
d 

by
 [

Sh
an

gh
ai

 J
ia

o 
T

on
g 

U
ni

ve
rs

ity
 S

ch
oo

l o
f 

M
ed

ic
in

e]
 a

t 1
9:

00
 0

1 
Fe

br
ua

ry
 2

01
5 

ww
w.

sp
m.co

m.cn

zhk
铅笔



surface-functionalized EG. X-ray photoelectron spectroscopy (XPS) investigations were
carried out with a PHI 5700 ESCA System with Al Ka (1486.6 eV) radiation to charac-
terize changes of the chemical components of different surface-functionalized EG, and
the pressure in the XPS analyzing vacuum chamber was less than 3 × 10−9 mbar. X-ray
diffraction (XRD) characterizations of all samples were carried out in a Bruker D8
Discover using the CuKα radiation (0.154 nm) at a filament voltage of 40 kV and cur-
rent of 100 mA. Fourier transform infrared spectroscopy (FTIR) was acquired using a
Bruker Tensor 27 system in the 4000–800 cm−1 wave-number range to observe crystal-
lization of the PVDF and EG/PVDF composites. All the samples were pressed into a
pellet with potassium bromide (KBr) before measurement. The spectra were collected
by cumulating 32 scans at a resolution of 2 cm−1. The dielectric permittivity and
dielectric loss of the composites were measured by means of broadband dielectric spec-
troscopy (BDS) in the frequency range of 102–107 Hz, using an Alpha-N Frequency
Response Analyser, supplied by Novocontrol. A BDS-1200, parallel-plate capacitor
with two gold-plated electrodes system, supplied also by Novocontrol, was used as
dielectric test cell.

3. Results and discussion

3.1. Morphology and chemical characterizations of nanofillers

3.1.1. AFM observations of EG

AFM measurements were used to characterize the surface topography changes of EG
samples before and after modification.[24–26] As can be seen in Figure 1, there is an
obvious difference among the EG, F-EG, O3-EG, and PMMA-EG. The thickness of the
original EG is about 1.18 nm. However, after fluorination treatment, the thickness of
the fluorinated EG samples is raised to 3.17 nm, which indicates that the F-EG samples
are covered by the fluorine groups. Then, the thickness of the ozone modified EG sam-
ples is raised to 2.95 nm, which shows that the O3-EG samples are covered by the oxy-
gen-containing groups. Compared with the other three samples, PMMA-g-EG has the
thickness of 3.15 nm. The increase of thickness can be attributed to the PMMA chains
on EG surface. As expected, by the modification processes (fluorination, ozonization,
and modification with PMMA), the respective functional groups enrich on the EG sur-
face and the EG sheets become thicker.

3.1.2. XPS analysis of surface-functionalized EG

The element contents of EG, F-EG, O3-EG, and PMMA-g-EG samples were listed in
Table 1. The contents of O element are improved by every modified treatment process.
For the detailed studies of functional groups, peaks of C1s were studied. We used
XPSPEAK41 software to fit the peaks and analyze the C1s spectra. And then, we cal-
culate the chemical composition of all the functionalized EG samples by calculating the
relative ratios of every chemical group’s peak area Figure 2 and Table 2 show C1s
peaks of XPS spectra of the functionalized EG samples before and after modification.
The C1s spectra of EG, O3-EG, and PMMA-g-EG samples were deconvoluted into five
peaks corresponding to C–C/C=C in aromatic rings (284.5 eV), C–OH bond (285 eV),
epoxide group (286.2 eV), carbonyl group (287.4 eV), and additional carboxylate group
(288.7 eV).[23] However, in the C1s spectrum of F-EG, a new band appears at
approximately 290.3 eV which can be attributed to the C–F covalent bonds.[27,28]
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Due to the modified treatment process, the percentage of C=C/C–C was lower
whereas the percentage of oxygen-containing groups was higher than the untreated EG.
Comparing the C1s spectra for all EG samples, it can be easily observed that all

Figure 1. AFM images of (a) EG, (b) F-EG, (c) O3-EG, and (d) PMMA-g-EG.
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Table 1. Element content of EG, F-EG, O3-EG and PMMA-g-EG samples.

Sample C (%) O (%) F (%)

EG 94.66 5.34 –
F-EG 66.04 20.35 13.61
O3-EG 78.71 21.29 –
PMMA-g-EG 84.58 15.42 –
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Figure 2. High resolution of C1s spectra of (a) EG, (b) F-EG, (c) O3-EG, and (d) PMMA-g-EG
samples.

Table 2. Chemical composition of EG, F-EG, O3-EG, and PMMA-g-EG samples.

Sample
Functional group (%)

C–C/C=C C–OH C–O–C C=O COOH C–F

EG 83.82 6.75 5.64 2.36 1.43 –
F-EG 37.68 21.60 18.50 5.60 8.67 7.95
O3-EG 48.78 22.46 13.46 6.68 8.62 –
PMMA-g-EG 38.51 15.72 28.71 11.83 6.23 –
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treatment at room temperature increased the C–OH, C=O, and COOH species with a
simultaneous reduction of C=C/C–C. Meanwhile, the most worthy of our attention was
that the percentage of C=O groups was more than 4 times increased compared with ori-
ginal EG in Table 2. The percentage of the C=O of the PMMA-g-EG sample was
higher than that of the other three samples. In consequence, the content of C=O groups
can be summarized as: PMMA-g-EG > O3-EG > F-EG > EG.

3.2. FTIR spectra of composites

In this work, FTIR spectra were used to further investigate the crystal structure of the
PVDF composite films with different EG (as shown in Figure 3).The characteristic
absorption peaks of the α-phase appear at 766 and 1167 cm−1, and those of the β-phase
appear at 837 and 1228 cm−1.[29]

In order to describe the variation of β-phase quantitatively, the relative percentage
of β-phase (F(β)) in the whole crystalline phase is calculated according the following
equation [30,31]:

FðbÞ ¼ Xb

Xa þ Xb
¼ Ab

1:26Aa þ Ab
� 100% (1)

in which Xα and Xβ are crystalline mass fractions of α-phase and β-phase, and Aα and
Aβ are the absorbance of vibration bands at 766 and 837 cm−1, respectively. At least
three positions on the composites were investigated by FTIR so that the standard devia-
tion can be obtained.

The calculated relative percentage of β-phase (F(β)) is shown in Figure 4(a). Mean-
while, comparing the five composites, an obvious variation of the percentage of β-phase
can be seen in Figure 4(a). And, it also indicates that PMMA-g-EG shows the highest
contribution to the formation of β-phase, followed by O3-EG and F-EG, while sample
containing EG has the lowest amount of β-phase. The formation of β-polymorph in
EG-filled PVDF composites is attributed to the strong and specific interaction between
the carbonyl group (C=O) found in graphene and the –CF2 segments of the PVDF
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Figure 3. FTIR spectra of (a) PVDF, (b) EG/PVDF, (c) F-EG/PVDF, (d) O3-EG/PVDF, and
(e) PMMA-g-EG/PVDF.
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polymer.[32] The enhancements of PMMA-g-EG composites could be explained by the
specific interaction between the C=O group of PMMA and the CF2 group
of PVDF.[33–35] This was previously explained by Layek et al. who used PMMA-
modified graphene nanosheets as nucleating agents for β-phase in PVDF polymer
composites.[16] Figure 4(b) shows that the relative percentage of β-phase F(β) in com-
posites vs. the C=O content for the selected composites. As shown in Figure 4(b), the
beta-phase of PVDF increased from 27 up to 29% by addition of 0.5 wt.% modified
EG. And the improvement in F(β) is significantly improved as the content of C=O
group increases.

3.3. XRD of composites

XRD measurements were carried out at 2θ angles from 10° to 50° to examine the crys-
talline phases in the solution-casted composite films (Figure 5). The peaks at 18.4° and
38.5° are assigned to the α-phase and that at 20.6° belongs to the β-phase.[15,32] At
the same time, the pattern at 2θ = 38.5°, assigned to (0 0 2) lattice plane of α-phase, is
weaker in PMMA-g-EG/PVDF, followed by O3-EG/PVDF, F-EG/PVDF and EG/PVDF.
The reason for order is the different function of C=O and COOH, according to the
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Figure 4. (a) Relative percentage of β-phase F(β) in PVDF composites filled with different EG
and (b) relative percentage of β-phase F(β) in composites vs. the content of C=O.
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variation of the contents of C=O and COOH on the surface of functional graphene.
Therefore, the results of XRD have the similar tendency of β-phase in composites with
differently functionalized EG as evidenced by the results of FTIR.

3.4. Dielectric properties of the composites

Figure 6 shows the dielectric permittivity (ε′) of the composites with different func-
tional EG nanosheets as a function of frequency at room temperature. The dielectric
permittivity ε′, which is also known as the relative dielectric constant, is the real part of
the complex dielectric permittivity.[13,36,37] As shown in Figure 6, the dielectric
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Figure 5. XRD of (a) PVDF, (b) EG/PVDF, (c) F-EG/PVDF, (d) O3-EG/PVDF, and (e)
PMMA-g-EG/PVDF.
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Figure 6. Dielectric permittivity of the PVDF, EG/PVDF, F-EG/PVDF, O3-EG/PVDF, and
PMMA-g-EG/PVDF composites as function of frequency at room temperature.
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constant measured at lower frequency is always greater than that at higher frequency.
This frequency-dependent behavior is related to interfacial polarization, that is, Max-
well–Wagner–Sillars polarization.[18,36] In the frequency of 102–107 Hz, the dielectric
permittivity of pure PVDF gradually decreases from 9.8 to 4.0 as the increase of fre-
quency. It can be clearly observed that the dielectric permittivity of the composites can
be enhanced by blending with different functional EG nanosheets. Besides, the dielec-
tric permittivity of the PMMA-g-EG/PVDF composites obtains 18 at 100 Hz, which is
slightly lower than that reported in literature because of the different type of materials
and test method.[18] The properties of enhancements are directly related to its specific
interaction between the C=O group of PMMA and the CF2 group of PVDF.[5,38] In
consequence, the dielectric permittivity of conductive filler/PVDF composites can be
summarized as: PMMA-g-EG > O3-EG > F-EG > EG. This order is attributed to the
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Figure 7. Dielectric permittivity at 100 Hz vs. the content of C=O.
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aforementioned order of the content of C=O groups. Figure 7 displays the variation of
the dielectric permittivity with the C=O content for EG/PVDF composites at 100 Hz.
And, there is a linear relationship between the dielectric permittivity and the C=O
content.

Figure 8 shows the dielectric loss (tan δ = ε′/ε′′) of the composites as a function of
frequency at room temperature. The dielectric loss is commonly used as a measure of
the energy dissipation in a dielectric material. It can be observed from Figure 6 that the
dielectric loss of five kinds of composite films trends to reduce firstly and then increase
with frequency from 105 to 107 Hz. This is an obvious relaxation loss process related
to the PVDF polymer. And, the value of dielectric loss of the F-EG composite film is
lower than that of the other binary composite films at 100 Hz. It may be because of the
fact that the superior interfaces in the F-EG/PVDF composite are formed due to the
better specific interaction between fluorine group (CF2) in F-EG surface and PVDF.

4. Conclusion

In conclusion, the modified methods of graphene nanosheets are presented in this
article. The dielectric properties of PVDF were enhanced by adding functionalized EG
at the concentration of 0.5 wt.%. The results of AFM and XPS demonstrated that some
functional groups and PMMA chains have been successfully grafted onto graphene
nanosheets. PVDF-based composites filled with functionalized EG were successfully
fabricated by solution cast method. The composites were carefully characterized by
FTIR and XRD. Effects of functionalized EG on the formation of β-phase PVDF were
investigated. As a result, carbonyl groups contribute to the formation of the β-phase.
The composites showed high dielectric permittivity as compared with the control blends
with high loss tangent. It is found that PMMA-g-EG doping will increase the dielectric
constant of PVDF from 9.5 to 18. Such a dielectric performance is superior to that of
other functionalized EG reinforced composites. The contents of β-phase and dielectric
permittivity increased along with the increase of the C=O content.
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