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Multi-walled carbon nanotube (MWNT) and vapor grown carbon fiber (VGCF) were
blended into poly (vinylidene fluoride) (PVDF) to enhance the piezoelectricity of the neat
polymer. The PVDF composite films were prepared by solution casting method, stretched
uniaxially and poled in silicon oil. The nanofiller contents range from 0.05 to 0.3wt.%.
Open circuit output voltage and energy harvesting tests indicate that both the PVDF/
MWNT and PVDF/VGCF composite films approached the maximum output at the
nanofiller content of 0.05wt.%. Compared to the neat PVDF films, the maximum increas-
ing rates of open circuit voltage and harvested power density are 24% and 47% for the
PVDF/MWNT films and 15% and 78% for the PVDF/VGCF films, respectively. X-ray dif-
fraction analysis showed an increase in content of the β phase in the PVDF composites;
thus, the piezoelectric properties, which are dependent on β phase content, were enhanced.
Stretching of the films leads to the transformation of PVDF from α phase to β phase form.
Moreover, the addition of nanofillers, such as MWNT and VGCF, improves this
transformation since the nanofillers provide a phase transformation nucleation function.

Keywords: piezoelectricity; MWNT; VGCF; PVDF; composite; energy harvesting

1. Introduction

Energy harvesting devices are appealing for systems in which the replacement of batteries is
inconvenient and costly. Excellent inherent piezoelectric and pyroelectric properties make
poly (vinylidene fluoride) (PVDF) a potential membrane material for energy harvesting
devices.[1] The PVDF is a semicrystalline polymer and its polymer chain exists in at least
four forms, i.e. α (form II), β (form I), γ (form III), and δ (form IV).[2–3]
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The α crystal, which possesses a monoclinic unit cell with trans-gauche-trans- gauche'
(TGTG') chain conformation, is the most common polymorph. Usually, the α phase is directly
obtained from the initial crystallization of melt. However, the β phase, which possesses an
orthorhombic unit cell with all trans (TTTT) conformation, is the most important polymorph
because it possesses piezoelectric and pyroelectric properties due to its dipolar conformation.
[3–5]

As the piezoelectricity of PVDF depends on the β phase content, several methods have
been developed to promote the formation of the β phase during fabrication. According to pre-
vious work, β phase can be obtained by drawing,[6,7] poling at high voltage,[8,9] crystalliza-
tion under high pressure,[10,11] polymer blending,[12] etc. Moreover, addition of various
nanofillers is a widely used method to improve PVDF's properties. Since the nanofillers can
affect the crystallization process extensively, a slight addition of nanofiller can significantly
influence the magnetic,[13] electrical,[13–15] mechanical,[16,17] thermal,[17] piezoelectric,
[18–21] and ferroelectric [21] properties of PVDF. Especially, the phase transformation
caused by the addition of carbon nanofiber (CNF) [14] and multi-walled carbon nanotube
(MWNT) [17,22,23] in PVDF has been investigated. Although some progresses have been
made, the mechanism of phase transformation, the interaction between PVDF and various
nanofillers, and the control of the crystallization process have not been studied in detail. Also,
a few investigations on piezoelectricity were only limited to PVDF/MWNT composites, e.g.
[20,21]. To date, there has been no report on the properties of voltage output and energy har-
vesting of PVDF/MWNT and PVDF/CNF composites.

In this study, in order to increase the piezoelectricity of PVDF, MWNT and vapor grown
carbon fiber (VGCF) were used as nanofillers in the PVDF matrix, respectively. As men-
tioned above, the nanofillers can improve the formation of β phase, which leads to higher pie-
zoelectricity. Different nanofillers with different sizes and physical properties may affect the
crystallization and phase transformation processes, leading to different piezoelectric proper-
ties. We focus on the different improvement effects of the MWNT and VGCF on the PVDF
phase transformation, the open circuit voltage and the energy harvesting capability.

2. Experiments and results

2.1. Preparation of PVDF/MWNT and PVDF/VGCF composites

2.1.1. Materials

The matrix is poly ((vinylidene fluoride)-co-hexafluoropropylene) (PVDF-HFP), (Arkema Inc.
Kynar Flex 2801). The solvent is N, N-dimethylformamide (DMF) (Wako Pure Chemical
Industries, Ltd.). The nanofillers are MWNT (Nano carbon technology Ltd. MWNT-7) and
VGCF (Showa Denko Ltd. VGCFTM). Some properties of the two nanofillers are shown in
Table 1. Due to their comparatively large sizes within various nanomaterials, they can be
easily distributed uniformly in the matrix material at low contents. Note that the diameter of
the VGCF is much larger than that of the MWNT, but its purity is comparatively lower.

Table 1. Properties of MWNT and VGCF.

Properties MWNT VGCF

Fiber diameter (nm) 40–90 150
Fiber length (μm) 10–30 8–15
Purity (%) >99.5 >99

50 L. Wu et al.
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2.1.2. Preparation process

The solution-cast method was used to prepare PVDF films, as it is easy and is of low cost.
The process mainly includes three steps, i.e. film creation, uniaxially stretching, and poling.
As illustrated in Figure 1, it can be described as follows:

(1) The MWNT or VGCF was dispersed into the melting agent, DMF, by using an ultra-
sound dispersion machine for 15min.

(2) The PVDF powder was poured into the mixture solution and then the solution was
stirred by a planetary centrifugal mixer at 2000 rpm for 10min. The mass ratio of
(PVDF+Nanofiller): DMF was 1:3.

(3) The nanofiller/PVDF/DMF mixture solution was sonicated for 5min and mechanically
stirred by the planetary centrifugal mixer at 2000 rpm for 10min and then defoamed
for 1min.

(4) The final mixture was poured onto an aluminum (Al) plate and was made into thick
films in a detachable mold. Then, the Al plate was heated to 90 °C for removing the
DMF. After drying, uniformly thick composite films were obtained.

(5) The films were stretched by a universal testing machine. The drawing rate was 10mm/
min, and the final elongation was 400–500% at around 60 °C.

(6) After drawing, the poling process was carried out in silicone oil at room temperature
by a step-wise poling.[24] This method increases the applied voltage on the composite
films by small step increments. The poling electric field ranged from 20 to 60MV/m,
increasing in 10MV/m increments. The poling interval was 8min, the pause time was
4min, and the number of steps was set to 5.

Figure 1. Preparation procedure of PVDF composite films.

Advanced Composite Materials 51
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The nanofiller contents of films were 0, 0.05, 0.2, and 0.3wt.%. For simplicity, the sam-
ples will be referred to as PVDF, PVDF/MWNT(0.05), PVDF/MWNT(0.2), PVDF/MWNT
(0.3), PVDF/VGCF(0.05), PVDF/VGCF(0.2), and PVDF/VGCF(0.3). The average thickness
of the films with different contents was around 90 μm.

2.2. Open circuit measurement

2.2.1. Experiments

As illustrated in Figure 2, the prepared PVDF composite films were attached onto an Al beam
to test the open circuit output voltage under dynamic strain. A 25Hz sinusoidal current cre-
ated by a function generator was applied to an electromagnet and the induced magnetic field
attracted or repelled a magnet (not shown) attached on the Al beam, resulting in oscillation of
the Al beam. Due to strain from the bending beam, voltage was produced between the two
electrodes due to the piezoelectricity of the PVDF composite films. To evaluate the properties
of the films effectively, the tip displacement of the beam measured by a laser displacement
sensor was approximately maintained at 1mm. The open circuit output voltage was recorded
by an oscilloscope and sent to a computer.

2.2.2. Results

The stress/charge relationship of a piezoelectric element (‘31’ mode, where ‘3’ is the film
thickness direction and ‘1’ is the length direction of the beam or film) is shown in Figure 3.

The relationship between stress T1, strain S1, electric field E3, and electric flux density D3

is given by

Figure 2. Experimental setup of open circuit measurement.

52 L. Wu et al.
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S1 ¼ SE
11T1 þ d31E3

D3 ¼ d31T1 þ eT33E3:

�
ð1Þ

in which SE11 is the compliance of the short circuit piezoelectric element, d31 is the piezoelec-
tric strain constant, and eT33 is the permittivity when the stress is 0. In the experiments, E3, the
electric field along the three directions is 0, so we can obtain the following equation

D3 ¼ d31T1 ¼ Q

Aele
: ð2Þ

in which Aele is the area of the electrode. Then, the charge between the two surfaces of the
film can be expressed by

Q ¼ AeleT1d31: ð3Þ

We express the capacitance of the film as C0, Young’s modulus as E', the corresponding
strain in the 1 direction as ɛ', the piezoelectric voltage constant as g31, and the displacement
along the 1 direction as Δl. Then, the open circuit voltage between the two surfaces of the
film is given as

V ¼ Q

C0
¼ T1d31t

eT33
¼ E0e0g31t ¼ E0g31Dlt

l
ð4Þ

According to Equation (4), the output voltage V is proportional to the strain ɛ' at the mea-
surement location, or the deflection of the free beam tip.

The effective or root-mean-square voltage Vrms of a generated output voltage V within a
time period tmax is defined as

Vrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ tmax

0

V 2 dt

tmax

s
ð5Þ

For a sinusoidal V, there is: Vrms = 0.707 Vmax, where Vmax is the amplitude of V.
Three films with the same nanofiller content were attached on the same beam (Figure 2)

and their open circuit voltages were independently measured. Since the thickness, t, and the
free-end displacement, u, are slightly different between films and between beams, for direct

Figure 3. Stress/charge relationship of piezoelectric element.
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comparison, we define t0 = 100 μm and u0 = 1mm as the standard film thickness and standard
beam free-end displacement, respectively. Then, the effective voltage can be transformed to a
calibrated voltage, Vc, following the equation

Vc ¼ Vrms

ð tu
t0u0

Þ ð6Þ

The open circuit output voltages for various samples of the same content were calculated
and averaged. The final results are shown in Figure 4. It can be seen that a suitable addition
of MWNT or VGCF enhances the open circuit output voltages or piezoelectric properties of
PVDF. In Figure 4, when the VGCF content is 0.05wt.%, there is a peak open circuit voltage
of PVDF/VGCF film, which is 15% higher than that of pure PVDF films. However, at the
content of 0.3wt.%, the open circuit voltage decreases about 30% from the peak value. Thus,
the optimal nanofiller content may be between 0.05 and 0.2wt.%. Similarly, the PVDF/
MWNT film at 0.05wt.% loading has the maximum increase of open circuit voltage, i.e.
24%, compared to the pure PVDF films. Compared to the PVDF/VGCF film, the higher max-
imum open circuit voltage of the PVDF/MWNT film may be caused by the present MWNT’s
higher purity (Table 1) and electrical conductivity by inference from the following evidences.
In the authors’ recent work,[25] it was identified that the electrical conductivity of the present
MWNT-based epoxy composites is much higher than that of VGCF/epoxy composites at the
same addition level. Moreover, we found [26] that reduced graphene oxide with a high elec-
trical conductivity is much more effective than insulated graphene oxide for improving the
piezoelectric properties of PVDF.

As reported in [21], the maximum increment of d31 is 10% at 0.2 wt.% addition of
MWNT. From Equations (3) and (4), the increase of open circuit voltage can be caused by
the increased d31 if there is no decrease in the capacitance C0 (or permittivity eT33), and no
increase in the stress T1. Therefore, the d31 of the present PVDF/VGCF (0.05) and PVDF/
MWNT (0.05) films should be higher than that in [21]. The MWNT used in [21] has the pur-
ity of 95% and the diameter of 10–15 nm. Its lower purity (or lower electrical conductivity)
and poor dispersion caused by its very small sizes may result in the increase of the optimal
nanofiller content, i.e. 0.2 wt.% [21] compared to the present one, i.e. 0.05wt.% for both

Figure 4. Calibrated open circuit output voltages of PVDF/MWNT and PVDF/VGCF films.
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PVDF/VGCF and PVDF/MWNT films. Moreover, from Equation (4), if the increase of E' for
the composite films can be neglected due to extremely low nanofiller additions, the increase
of open circuit voltage implies the increase of piezoelectric voltage constant g31 due to addi-
tion of nanofillers.

2.3. Energy harvesting measurements

2.3.1. Experiments

The setup for the energy harvesting measurements is similar to that for open circuit output
voltage measurements, but the open circuit is replaced by an AC circuit, as shown in
Figure 5.

Similar to the open circuit experiments, three identical content samples were attached to
the Al plate and excited at the primary resonant frequency. In the energy harvesting experi-
ments, we strictly controlled the free-tip displacement to be 2.5mm for all beams. Under the
above conditions, the total harvested power generated by the three films with the same nano-
filler loading was measured. Then, the power produced per unit volume, i.e. power density,
was calculated and used for comparison between various nanofiller loadings.

2.3.2. Results

The total power of the circuit and the average harvested power density are calculated by

P ¼ V 2
rms

R
; Davr ¼ P

Vol
ð7Þ

in which P is the total harvested power of the three piezoelectric films, Vrms is the root-mean-
square of voltage (see Equation (5)), R is the resistance load, Davr is the average harvested
power density, and Vol is the total volume of the three piezoelectric films.

The results for the different nanofiller loadings are shown in Figures 6 and 7. From these
figures, it can be seen that the average harvested power density of PVDF/MWNT(0.05) films
is 47% higher than that of pure PVDF films. Furthermore, the average harvested power
density of PVDF/VGCF (0.05) is 78% higher than that of pure PVDF films, which is also
much higher than that of PVDF/MWNT films.

Figure 5. Standard AC circuit.

Advanced Composite Materials 55

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
1:

34
 1

3 
O

ct
ob

er
 2

01
3 



2.3.3. Discussion

A theoretical representation of the energy harvesting scheme is given by the model proposed
by Guyomar et al. [27]. The piezoelectric energy harvesting structure is illustrated in Figure 8.

For a standard AC device, the power can be expressed by

P ¼ Ra2

1þ ðRC0xÞ2
F2
m

2C2
ð8Þ

and the optimal resistance and maximum power are

Figure 6. Average harvested power density for beam with three bonded PVDF/MWNT composite
patches excited at resonance with standard AC (beam free-end displacement is 2.5mm).

Figure 7. Average harvested power density for beam with three bonded PVDF/VGCF composite
patches excited at resonance with standard AC (beam free-end displacement is 2.5mm).
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Ropt ¼ 1

C0x
; Pmax ¼ a2

4C0x
F2
m

C2
ð9Þ

where, R is the load resistance, C0 the clamped capacitance of the piezoelectric element, ω
the angular frequency, Fm the external force amplitude, C the damper corresponding to the
mechanical losses of the structure, and α the force factor, e31 the piezoelectric constant, C0,
and α can be expressed by

a ¼ e31w; C0 ¼ eS33
wl

t
ð10Þ

Then, Equation (8) can be rewritten as

P ¼ R
e231w

2

1þ ðRC0xÞ2
F2
m

2C2
ð11Þ

where, w, l and t are the width, length and thickness of the piezoelectric element, respec-
tively, and eS33 is the clamped permittivity of the piezoelectric element. If the piezoelectric ele-
ment is vibrated near the primary resonance frequency, the relationship of α and C0 can be
expressed as

a ¼ cC0 ð12Þ

where, γ is the ratio of the piezoelectric open circuit voltage to the beam free-end
displacement.

Discussion of PVDF/MWNT composite films. From Figure 6 (dash line), we know that the
optimal resistance Ropt of the PVDF/MWNT composite films remains the same compared
with that of neat PVDF films. In experiment, the angular frequency ω is nearly the same,
according to Equation (9), and C0 also remains unchanged for the films with different MWNT
contents. For PVDF/MWNT samples, their average thickness t, width w, and length l are
almost the same with those of pure PVDF films; then, from Equation (10), it can be estimated
that there is no obvious change in the clamped permittivity eS33. Since the damper, C, and the
external force amplitude, Fm, generally remain unchanged in the experiments, the increment
of power mainly results from an increase in the force factor, α (see Equation (9)).

Figure 8. Schematic of energy harvesting device.
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Furthermore, according to Equations (10) and (11), the increase in the output power is
mainly due to an increase of e31.

The piezoelectric output voltage constant is defined as

g31 ¼ d31
eT33

ð13Þ

According to Equation (11), P is proportional to e231; also, according to Equation (7), P is
proportional to V 2

rms. Thus, e31 is proportional to Vrms. From Equation (4), we can know that
Vrms is also proportional to g31. Therefore, g31 increases, which is proportional to e31. More-
over, since there is the relationship between the piezoelectric constant vector e and the piezo-
electric strain constant vector d as: e =CEd with the elastic stiffness tensor CE. By neglecting
the variation of CE, the increase of e31 leads to the increase of d31.

Discussion of PVDF/VGCF composite films. As shown previously, although the open circuit
output voltage of the PVDF/VGCF (0.05) films is lower than that of the PVDF/MWNT
(0.05) films, its average harvested power density is higher. This phenomenon can be
explained in the following. From Figure 7, it can be concluded that the optimal resistance
Ropt of PVDF/VGCF (0.05) films is less than that of pure PVDF films. From Equations (9)
and (10), since the angular frequency remains the same, the decrease of the optimal resistance
Ropt in the PVDF/VGCF (0.05) films should be caused by the increase of the clamped capaci-
tance C0 or the permittivity eS33 if w, l, and t are constant. In fact, it was reported that the
addition of MWNT will increase the permittivity of PVDF.[15,23]

According to Equations (9), (10), and (12), α and e31 also increased. As discussed above,
for the case of PVDF/MWNT films, the addition of VGCF will also improve g31.

Therefore, we come to the conclusion

C0
0 ¼ mC0; g031 ¼ ng31 ðm; n[1Þ ð14Þ

where, the properties of the PVDF/VGCF(0.05) films are marked by “′”.
Combining Equations (4), (10), (12), and (14), the parameters of PVDF/VGCF films will

be

V 0 ¼ nV ; c0 ¼ nc; a0 ¼ mna ð15Þ

Calculating the power using the new parameters, the power equation can be rewritten
as

P0 ¼ Ra02

1þ ðRC0
0xÞ2

F2
m

2C2
¼ RðmnaÞ2

1þ ðmRC0xÞ2
F2
m

2C2

¼ n2
Ra2

1
m2 þ ðRC0xÞ2

F2
m

2C2
[n2

Ra2

1þ ðRC0xÞ2
F2
m

2C2
¼ n2P ð16Þ

Thus, the addition of VGCF will increase both g31 and C0 (or es33), resulting in a
remarkable increase in the harvested energy. In contrast, for the case of

PVDF/MWNT films, only increase in g31 was identified as discussed above, which
implies that m = 1, n> 1 in Equations (14)–(16). Therefore, although the increase of PVDF/
MWNT (0.05) films in the open circuit voltage is higher than that of PVDF/VGCF (0.05)

58 L. Wu et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
1:

34
 1

3 
O

ct
ob

er
 2

01
3 



films, the increase of PVDF/MWNT (0.05) films in energy harvesting capability is lower
compared to that of PVDF/VGCF (0.05) films.

3. Crystallinity

3.1. XRD results

The above results confirm that the addition of nanofillers improve the piezoelectricity of
PVDF matrix. The improved piezoelectric properties can be explained by desirable PVDF
phase conversion during the fabrication process. The crystallinity of films before and after
stretching was investigated by X-ray diffraction (XRD) method to confirm the effects of
nanofillers to PVDF phase composition. The apparatus is MPX-3A (X-ray Diffractometer,
Mac Science Ltd.) and the scans were carried by CuKα at 40 kV and 30mA over a range of
2h from 10�30°. The step was 0.02° and the scan speed was 1°/min.

Figure 9 shows the XRD spectrum of PVDF composites with various nanofiller contents.
Figures 9(A) and (C) show the films before stretching and peaks exist at 2h= 18.5°, 19.9°,
and 26.5°, which correspond to (0 2 0), (1 1 0), and (0 2 1) of α crystal. However, prior to
stretching, there are no β crystal-related peaks, indicating that α crystallinity is the common

Figure 9. X-ray diffraction spectra of composite films: (A) PVDF/MWNT composite films before
stretching; (B) PVDF/MWNT composite films after stretching; (C) PVDF/VGCF composite films before
stretching; (D) PVDF/VGCF composite films after stretching.
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state. Moreover, the addition of nanofillers can not directly induce β crystal (see Figure 9(A)
and (C)). One interesting phenomenon in Figure 9(A) is that the most notable (0 2 1) peak of
α crystal exists in PVDF/MWNT(0.05) compared to other cases, which imply that a suitable
nanofiller content may slightly enhance α crystallinity.

For films after stretching, a peak near 2h= 20.6°, which corresponds to (11 0) of β crys-
tal, appears, as illustrated in Figure 9(B) and (D). Moreover, in the XRD spectrum of
stretched films, the peaks related to α crystal disappear. It is believed that most of the α crys-
tal was converted to β crystal.

Sencadas et al. [6] stretched films at 80 ̊C at a ratio of 5 of stretched length to original
length, with a resulting β crystal content over 80%. Mhalgi et al. [28] casted films at 107 °C
and stretched them at a ratio of 4.2 with a resulting β crystal content of 95%. Therefore, in
this study, the stretch ratio of length was set to be about 5. The XRD results indicate that lit-
tle α crystal is left. However, from Figure 9, though it is believed that the stretching leads to
PVDF phase transformation, how the nanofillers affect the transformation is unclear. We can
only see that, after drawing, the highest relative height hβ measured from the peak to the
baseline (dash line in Figure 9(B) and (D)) appears in the PVDF/MWNT (0.05) and PVDF/
VGCF (0.05) films, which qualitatively implies the highest ratio of β phase content in the
two cases. This evidence is consistent with the experimental results of open circuit voltage
and harvested power density described previously.

3.2. Relationship between crystallinity and piezoelectric properties

Scheinbeim et al. [29] reported that the piezoelectric constant d31 is proportional to β
crystal content. This is consistent with our work. In the present work, the addition of
nanofillers improved the formation of β phase crystals and the bulk piezoelectric
property.

In fact, much research [17,20–23] suggests that MWNT as nanofillers in PVDF matrix
will work as nucleation agents for β phase formation. In addition, Yu et al. [30] used density
functional theory to simulate the absorption energy of β form chains near a single-wall carbon
nanotube (SWNT) surface. The results confirmed the nucleation agent effect of SWNT. In
pure PVDF, the tensile load is applied on the macromolecular chain and the phase conversion
is dependent on the tension and stretching speed. However, Sun et al. [31] reported that in
PVDF/CNF composites, a stress concentration exists near the CNF; thus, the tensile load is
mainly applied on the macromolecular chain near the PVDF/CNF interface, which is benefi-
cial for the phase transformation. This mechanism is similar in VGCF. Naturally, much lower
content of nanofillers can not form large areas of nanofiller/matrix interface, limiting the β
crystal transformation ability. In contrast, similar to the present results, Kim et al. [20]
reported that excessive MWNT addition leads to lower piezoelectric properties. He explained
this phenomenon from the aspect of poling process, which includes the arrangement of
dipoles and the accumulation of charge. During poling, charge accumulation occurs at the
interfacial boundaries between the MWNT and polar β phase and nonpolar α phase (or amor-
phous phase) due to the different current densities in the above constituents. This charge
accumulation is proportional to the conductivity of PVDF, which increases with the content
of MWNT. If the depolarization field resulted by charge accumulation exceeds coercive field,
the β phase content decreases due to depoling.

Conclusively, in the present work, the content of VGCF and MWNT at 0.05wt.% will
increase β phase most significantly, resulting in the increases of open circuit voltage and har-
vested power density. On the other hand, films with nanofiller content at 0.2 and 0.3wt.%
will form less β phase. Possible reasons may be:
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(1) During stretching, excessively added nanofillers may hinder the elongation of the mac-
romolecular chain.

(2) The charge accumulation at nanofiller/β crystal/α crystal (amorphous area)
(3) interfaces results in a depolarization field, which becomes stronger gradually as the

addition of conductive nanofillers increases.
(4) When the nanofiller content is higher, the distribution of nanofillers is nonhomogene-

ous due to aggregation and the nanofillers become inefficient as nucleation agents.

4. Observation of sample fracture surface

The fracture surface of PVDF composites was observed by a scanning electron microscope
(SEM). Figure 10 shows the fracture surfaces of PVDF/MWNT and PVDF/VGCF films.
From the SEM images, it can be seen that at contents of 0.05 and 0.2wt.%, the MWNT and
VGCF can be uniformly distributed. However, when the contents increase to 0.3wt.%, signif-
icant aggregation is observed. This nonuniform distribution limited the nucleation effect of
MWNT and VGCF, thus hindering the α–β phase transformation, resulting in 0.3wt.% con-
tent films performing worse than pure PVDF films.

5. Conclusions

To develop soft and efficient piezoelectric, environment-friendly materials, this study used
PVDF as matrix, with MWNT and VGCF as nanofillers to fabricate piezoelectric composite
films. Films of various compositions were fabricated and the open circuit voltage and the
energy harvesting capability under dynamic strain were measured. The results indicate the
enhancement of piezoelectric effects of PVDF with certain nanofiller content levels, leading
to the increases of the open circuit voltage and the energy harvesting capability. Especially,
the harvested power density of the PVDF/nanofiller composite films increases significantly,
which shows their potential application in self-powered devices. The XRD confirmed that the

Figure 10. The SEM images of fracture surface of PVDF composite films: (A) PVDF/MWNT (0.05);
(B) PVDF/MWNT (0.2); (C) PVDF/MWNT (0.3); (D) PVDF/VGCF (0.05); (E) PVDF/VGCF (0.2); (F)
PVDF/VGCF (0.3).
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nanofillers do not significantly affect the initial melt crystallization of composites regarding to
β crystallinity, but does play the role of β-phase nucleation agent during the stretching pro-
cess. The SEM images show that excessive addition of nanofillers results in nonuniform dis-
tribution, limiting the nanofillers’ nucleation effect. Moreover, excessive addition of
nanofillers may also induce a strong depolarization field to decrease the piezoelectric effects.
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