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Abstract— The piezoelectric properties of Poly(vinylidene
fluoride) (PVDF) mainly depend on its most polar #-phase. In
this work, we investigated through Piezoresponse Force
Microscopy (PFM) the piezoelectric properties of PVDF
composite films when we induce the formation of f-phase
crystals adding graphene nanoplatelets (GNPs) without any
chemical modification or poling. At first, we fabricated GNP-
filled PVDF composite films by the solution casting method.
Then, we investigated the piezoelectric response of different
samples: neat PVDF, PVDF-based nanocomposites filled with
0.3 wt%, 0.5 wt% and 0.7 wt% GNPs . The morphology of the
produced PVDF/GNP composites was investigated through
field-emission scanning electron microscopy (FE-SEM) and
atomic force microscopy (AFM). The f-phase formation was
assessed through Fourier transform infrared spectroscopy (FT-
IR) measurements.

I. INTRODUCTION

Poly(vinylidene fluoride) [PVDEF; (CH,CF,),] is a semi-
crystalline and ferroelectric polymer. Due to its chemical
resistance, thermal stability, high mechanical strength, large
remnant polarization, short switching time, and peculiar
electrical properties, PVDF has attracted, in recent years,
attention for its emerging application in organic electronics,
biomedical, optoelectronics and energy harvesters [1-3]. In
PVDF the amorphous and crystalline phases coexist. Several
crystalline phases can be identified in PVDF (a-, f-, y-, and
o-phase). The a-phase is non-polar and it is the most stable
polymorph when PVDF is directly cooled down from the
molten state. The f-phase exhibits the strongest ferro-, piezo-,
pyroelectric properties, due to its largest spontaneous
polarization (7x10°° Cm) [4]. This phase is generally
obtained through uniaxial or biaxial stretching of melt-
crystallized films [5], melt crystallization under high pressure
[6], crystallization from solution under special condition [7]
or through the application of high electric fields to PVDF in
its a-phase [8]. Depending on the processing route, f-PVDF
can be obtained in a porous or non-porous form [9]. Several
studies have also demonstrated that the addition modified
carbon nanotubes (CNTs) [10], modified GNPs [11], [12] or
clay particles can induce pf-phase formation in PVDF
nanocomposites obtained by solution casting. The aim of the
present work is to investigate the piezoelectric properties of
composite films made of PVDF filled with unmodified and
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un-functionalized GNPs through Piezoresponse Force
Microscopy (PFM) and to correlate the piezoelectric response
of the samples with the induced S-phase as revealed through
Fourier  transform  infrared  spectroscopy  (FT-IR)
measurements. Indeed, the PFM, is a very effective technique
to characterize the piezo electric properties of materials at the
nanoscale. The PFM is able to study the local sample strain
generated by the applied electrical field  with a lateral
resolution of a few nanometers [13, 14]. PFM is a versatile
and non-invasive method to investigate the piezoelectric
response of the ferroelectric material without an elaborate
sample preparation. PFM investigations have been adopted to
assess the piezoelectric properties of the PVDF/GNP
nanocoposites at the nanoscale. The morphology of the
produced samples was investigated through high-resolution
field-emission scanning electron microscopy (FE-SEM) and
atomic force microscopy (AFM). f-phase formation was
assessed through FT-IR measurements.

II. MATERIALS AND METHODS

A. Production of PVDF/GNP film composites

Neat PVDF film was fabricated via a solution mixing
method. PVDF was firstly dissolved in  N,N-
dimethylformamide (DMF), the preferred solvent for PVDF,
through 2 hours-magnetic stirring at 65 °C. Then, the
obtained mixture was casted onto a glass plate and cured in
oven for 8 hours at 80 °C, as sketched in Figure 1.

GNPs were produced through thermal expansion of a
graphite intercalation compound (GIC) [15]. The declared
mean lateral size of GIC is 350 um. GIC underwent a thermal
shock driven expansion in air at 1150°C for ~ 5 sec,
increasing its volume by roughly 200 times, obtaining worm
like expanded graphite, also called thermally expanded
graphite oxide (TEGO).

The GNP/PVDF nanocomposite films were fabricated via
a solvent-mediated technique [16]. PVDF was firstly
dissolved in N,N-dimethylformamide (DMF), the preferred
solvent for PVDF, through 2 hours-magnetic stirring at 65
°C. Then, TEGOs were added in a PVDF-DMF solution, and
the obtained colloidal suspension was tip sonicated using an
ultrasonic processor in pulsed mode for 20 minutes. The
obtained mixture was casted onto a glass plate and cured in
oven for 8 hours at 80 °C, as sketched in Fig. 2.

The concentrations of the produced GNP/PVDF
nanocomposite films were 0.3 wt%, 0.5 wt% and 0.7 wt%.
The obtained films, having thickness of approximately 30
um, were peeled off the substrate.
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Figure 1 Preparation route of the neat PVDF sample.
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Figure 2. Preparation route of the PVDF/GNP samples.
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B. Scanning Electron Microscopy Characterization

The morphology of the produced samples was observed
using Field Emission Scanning Electron Microscopy (FE-
SEM, Zeiss Auriga) operated at an accelerating voltage of 5
kV. Prior of the SEM imaging, the produced samples were
sputter coated (Quorum Q150T ES) with a homogenous Cr
layer 30 nm of thickness varying between 20 nm 30 nm,
respectively for nanocomposite filled with 0.5 wt% or 0.7
wt% GNPs and for the neat PVDF and nanocomposites filled
with 0.3 wt% GNPs.

C. FTIR analysis

The FT-IR system was a single-beam instrument (Bruker
Tensor 27), equipped with a room temperature deuterated
triglycine sulfate (DTGS) detector, mid-IR source and a KBr
beamsplitter. Spectra were acquired in the range 4000-600
cm-1 with resolution of cm™.

Samples were analyzed in the attenuated total reflection
(ATR) configuration, using the Pike Miracle ATR cell
equipped with a Diamond/ZnSe crystal, with a sampling area
of 6 mm diameter.

D. Piezoresponse Force Microscopy (PFM)
Characterization

The piezoelectric response was evaluated using PFM
(Dimension Icon, Bruker-Veeco). This technique is based on
the standard contact mode AFM setup [14]. In addition to the
AFM setup, an alternating voltage is applied to the sample
and the tip is grounded. In this work, the PFM measurements
were performed under the following conditions: silicon
cantilever (Bruker) with nominal spring constant 5 N/m,
resistivity: 0.01-0.025 Qcm, nominal resonance frequency
150 kHz. The samples were glued on a metal plate by silver
paint. In order to measure the piezoresponse of the samples,
an a.c. voltage was applied with amplitude from 0 V to 10 V,
in 2 V-steps and a frequency of 20 kHz. Scan rate was 0.5 Hz
and the scan area was (500x500) nm’. The dimension of the
scan area was selected considering that the PVDF films have
a porosity in the range of tens of microns. The scope is to
perform a local characterization of the piezoelectric response

of the material and avoiding that the topography signal
interferes with the PFM measurement.

III. RESULTS AND DISCUSSIONS

A. Morphology

FE-SEM image of neat PVDF are shown in Figs. 3(a) and
(b). The surface is characterized by a spherulitic structure
with porosity in the micrometric range. When GNP were
added, a similar spherulitic structure was observed as well as
a good integration between GNPs and the polymer matrix; in
fact, GNPs appear markedly embedded into the PVDF
metrix. Figs. 3(d), (f) and (h) show the details of GNPs
emerging from the surface of the composite films and
partially covered by the polymer matrix at 0.3 wt%, at 0.5
wt% and at 0.7 wt%, respectively. Figs. 3(c), (¢) and (g)
show the FE-SEM micrographs of PVDF/GNP films at 0.3
wt%, at 0.5 wt% and at 0.7 wt%, respectively.

Figure 3 FE-SEM images of neat PVDF at low magnification (a) and at
high magnification (b), PVDF/GNP nanocomposite with 0.3 wt% at low
magnification (c) and at high magnification (d), PVDF/GNP
nanocomposite with 0.5 wt% at low magnification (e) and at high
magnification (f) and PVDF/GNP nanocomposite with 0.7 wt% at low
magnification (g) and at high magnification (h).

We observed that the dimensions of the spherulites decrease
as the GNP concentration increases, as described in [16].
The average values of the spherulite diameter, estimated
from the FE-SEM images, are reported in Table 1.
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Table 1 Average values of the spherulite diameter estimated from FE-

SEM images.
Sample dls:lill‘:::::l(t:;)
Neat PVDF 4.87£0.97
PVDF/GNP 0.3 wt%  38.80 + 14.44
PVDF/GNP 0.5 wt% 5.00 £0.95
PVDF/GNP 0.7 wt% 4.13£0.20

B. FT-IR Analysis

The existence of the p-phase in the PVDF/GNP
nanocomposites was investigated using FT-IR spectroscopy.
The characteristic peaks attributed to the FT-IR absorbance
band of a-phase are located at 1423, 1383, 120, 1147, 976,
855, 795 and 763 cm™ [17]. The electroactive polar f-phase
can be clearly identified from the peaks at 1275 cm™ and
840 cm™, whereas the semi-polar y-phase is evident from the
peak at 1234 cm™ [18], [19].

All of our samples showed the presence of the
electroactive phase, evinced throu%h the characteristic y peak
at 1234 cm™ and f8 peak at 840 cm™ (Fig. 4).

B @
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Figure 4 FT-IR spectra of neat PVDF and PVDF/GNP nanocomposites.

The FT-IR measurements weare used to evaluate the
fraction of the electroactive f-phase of PVDF, by using the
following equation [20]:

Ap
F = 1

® =TT ©
where F(p), represents the f-phase content; A, and Ag the
absorbance at 766 and 840 cm™, respectively; K, and Kg are
the absorption coefficient at the respective wavenumbers,
which values are 6.1 x 10" and 7.7 x 10* cm’mol’,
respectively. The obtained values are reported in Table 2.

Table 2 Relative fraction of the S-phase estimated from FT-IR spectra.

Sample F@p)

Neat PVDF 0.687
PVDF/GNP 0.3 wt%  0.481
PVDF/GNP 0.5 wt%  0.647
PVDF/GNP 0.7 wt%  0.615

C. Piezoelectric response

The PFM technique is based on the standard contact
mode AFM setup. In addition, an alternating voltage is
applied to the sample. The cantilever detects the deformation
of the material, through the photodiode. In order to separate
the topography and piezoresponse signal, a lock-in amplifier
(LIA), which also acts as a sharp band pass filter, is
required. The LIA compares the response signal with the
reference signal and amplifies only the frequency component
that is equal to the reference signal. Since the reference
signal and the voltage applied to the tip have the same
frequencies, the expected piezoresponse is also at the same
frequencies. This allows measurements with a high signal-
to-noise ratio even for small signals, like average
displacements of just a few picometers (pm). The raw
amplitude signal measured using the quadrant photodiode
and lock-in amplifier is then converted to a displacement
amplitude measurement using a calibration factor.

In Fig. 5 the three-dimensional topography and the
piezoelectric contrast, scanning an area of (500x500) nm?,
are reported. As we can see the piezoelectric contrast does
not directly correlate with the topography, indicating that the
f-phase domains are not related to the morphology of the
films [21]. Therefore, we can say that the piezoelectric effect
is due to intrinsic piezoelectric properties of the materials and
not originated from the cross-talk with the topography. This
is in agreement with the results reported for PVDF by
Serrado Nunes et al. [21], showing that the piezoelectric
constant does not directly follow the topographic shape.

In order to evaluate the average piezoelectric properties
of the samples we performed the PFM measurements on 19
different regions for each sample (scanning area (500x500)
nm?). In Fig. 6 we report the average values of displacement,
obtained from all measurements, as a function of the
amplitude of the applied a.c. voltage.

As we can see, we obtained a very good linear behavior
of the piezoelectric response as a function of the applied
voltage, in agreement with the theory of the converse
piezoelectric effect. In fact, according to Eq. (2) the
displacement (Az) depends linearly upon the applied voltage
amplitude (V,.) and the angular coefficient is the
piezoelectric coefficient (d;):

dij = Az [V (2)

In our experimental conditions the voltage is applied along
the vertical axis, so that the measured piezoelectric
coefficient is d3;. We estimated the value of d3; of the
PVDF/GNP nanocomposite films using as reference sample
the periodically poled lithium niobate (PPLN), purchased
from Bruker. Since the piezoelectric coefficient in the PPLN
sample is known (d3; = 7.5 pm/V), it is possible to determine
the calibration parameter § from the slope of the
piezoresponse amplitude vs applied voltage, using the
following equation:

Apiezo = &d33 Voe 3)
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Figure 5 Three-dimensional topography of neat PVDF (a), PVDF/GNP
at 0.3 wt% (c), PVDF/GNP at 0.5 wt% (e) and PVDF/GNP at 0.7 wt%
(g); domain contrast of PFM at 10 V for neat PVDF (b), PVDF/GNP at
0.3 wt% (d), PVDF/GNP at 0.5% (f) and PVDF/GNP at 0.7 wt% (h).
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Figure 6 Measured piezoelectric signal, averaged over the 19 areas,
versus the amplitude of the applied a.c. voltage.

where A.., is the amplitude of the measured piezoresponse
of the calibration sample, measured in volt, and V. is the
applied voltage. We then apply again Eq. (3) in order to
estimate the value of ds; of the sample under test, using the
value of & obtained from Eq. (3) applied to the calibration
sample, and the A4, value measured for the sample under
test over an area of (500x500) nm’, corresponding to the
amplitude of the applied a.c. voltage V,. [22]. The obtained
ds; values are reported in Table 3.

Table 3 Piezoelectric coefficient evaluated by averaging the PFM signal
over 19 areas each of (500x500) nm’.

Sample d3; (pm/V)

Neat PVDF 2.24+0.75
PVDF/GNP 0.3 wt% 3.18 £ 1.46
PVDF/GNP 0.5 wt% 5.19 +1.49
PVDF/GNP 0.7 wt%  3.95+1.33

We found an increase of the piezoelectric effect in the
PVDF/GNP composites with respect to the neat PVDF. To
correlate the piezoelectric coefficient with the presence of the
P-phase in the samples, we reported d;; vs F(f) in Fig.7.
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Figure 7 Averaged piezoelectric coefficient, d;; vs the relative fraction
of the B -phase, F (5).

As we can see from Fig. 7, the piezoelectric coefficient
of the PVDF/GNP nanocomposite films increases as the
relative fraction of £ -phase in the sample rises. This result is
expected, since the electroactive f -phase determines the
piezoelectric response, and is in agreement with what
already reported for PVDF films [23]. On the other hand, the
P-phase relative fraction does not show a monotonous
behavior with GNP’s concentration (see Table 2). Further
investigations are ongoing to clarify the reason for this
behavior. We note that the value of d3; for the PVDF/GNP
nanocomposites investigated in this work are comparable
with those reported for PVDF films filled with multiwalled
carbon nanotubes (MWCNT) undrown and poled [24]. This
confirms that our PVDF/GNP nanocomposites are
particularly interesting, as they can provide similar djs;
values but without poling.

Concerning the neat PVDF piezoelectric response,
although it presents a high concentration of S-phase, it
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shows a low value of piezoelectric coefficient. A possible
reason for this behavior, could be the different fabrication
process (absence of sonication) if compared to the
PVDF/GNP nanocomposites.

IV. CONCLUSION

We presented a novel approach to increase the
piezoelectric coefficient of PVDF, avoiding the poling
process, by inducing an increased S-phase fraction in the
PVDF film by adding to the nanocomposite opportune
quantities of GNPs. Using a simple casting process of the
PVDF/GNP nanocomposite, we compared the piezoelectric
response of different samples: neat PVDF, PVDF
nanocomposite filled with GNP at 0.3 wt%, 0.5 wt% and 0.7
wt%. The enhancement of the piezoelectric response of the
PVDF / GNP nanocomposite can be explained assuming that
GNPs affect on polymer structure to help the f-phase
formation in PVDF, as shown elsewhere [11], [116], [167].

The results of this study show a qualitative correlation
between induced p-phase, as assessed through FT-IR
measurements, and intensity of the measured piezoelectric
response, resulting from the PFM analysis. In fact, the
obtained PFM data show the local value of the piezoelectric
coefficient, measured over the sample surface in 19 spots
having dimension of (500x 500) nm?®. Therefore, the
obtained results demonstrate the piezoelectricity induced by
the presence of a f-phase, which is induced in the
nanocomposite without modification or functionalization of
the GNP nor through the application of a strain or an electric
field during the synthesis.

The next step of this study will be to investigate the
correlation between f-phase formation and piezoelectric
response, through a large-area PFM characterization of the
sample surface in order to assess the uniformity of the
piezoelectric response of the produced composites over the
sample surface.

The obtained results can be very attractive for the
fabrication at low processing temperatures of energy
harvesting devices or pressure sensors on flexible substrates,
avoiding chemical modification or poling.
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