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Abstract: The electric power output of a piezoelectric nanogenerator (PENG) depends on the various
physical parameters of the constituent materials, including the piezoelectric coefficient, Young’s
modulus, and dielectric constant. Herein, we report the mechanical and electrical properties of
a poly(vinylidene fluoride)–BaTiO3 (PVDF–BTO) composite-based PENG. Variation of the BTO
nanoparticle (NP) content enabled the systematic tuning of the physical parameters that are related
to power generation in the composite. The Young’s modulus of the PVDF–BTO composite initially
increased, and then eventually decreased, with the increasing BTO content, which was probably
due to the clustering effect of the high modulus BTO NPs. The dielectric constant of the composite
continuously increased as the BaTiO3 content increased. The piezoelectric outputs were greatly
enhanced at 10 wt% of BTO, where the Young’s modulus was the highest. These results indicate
that the Young’s modulus plays an important role in the piezoelectric power generation of the
composite-based PENGs.
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1. Introduction

In recent years, there have been considerable interests in clean and renewable energies because
of the rapid depletion of fossil resources and global warming [1]. Solar, wind, thermal, and
vibrations are examples of renewable energies that can be converted into electricity [2,3]. Mechanical
vibrational energy is abundant and ubiquitous, and depends less on environmental parameters
such as time and geographical location than other types of energy [4,5]. Inorganic piezoelectric
materials, such as Pb(Zr,Ti)O3, have been utilized to harvest high-frequency mechanical vibrations
using resonant cantilever-type devices [6]. Inorganic and organic piezoelectric materials, such as
ZnO and P(VDF–TrFE), have been utilized to harvest low-frequency mechanical vibrations using a
piezoelectric nanogenerator (PENG) [7]. While the generated electricity is rather small, the greatly
reduced power consumption of modern electronic devices enables a chance to realize self-powered
devices without batteries.

To effectively harvest random, low-frequency, and tiny mechanical vibrations in daily life,
piezoelectric materials should be flexible and have large piezoelectric coefficients. Inorganic piezoelectric
materials usually have large piezoelectric coefficients and Young’s moduli, but are fragile [8].
On the other hand, organic piezoelectric materials are flexible, but usually have small piezoelectric
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coefficients and Young’s moduli [9]. To balance these advantages and disadvantages, extensive
research has been conducted to fabricate composite-type piezoelectric materials by blending two
materials, e.g., PDMS–NaNbO3, PDMS–ZnSnO3, PMN–PT/PVDF, and PVDF–HFP/Co-ZnO [10–13].
These piezoelectric composites displayed piezoelectric outputs that were high enough to turn on
the small electronic devices, such as light-emitting diodes (LEDs). To advance their applications,
a systematic investigation of how changes in the physical properties affect the piezoelectric outputs of
composite-based piezoelectric nanogenerators (PENGs) is highly required.

In this paper, we systematically investigate the mechanical and electrical properties, and
piezoelectric power generation of poly(vinylidene fluoride)–BaTiO3 (PVDF–BTO) composites.
Paraelectric BTO nanoparticles (NPs) do not affect the piezoelectric (ferroelectric) domains of PVDF
during the electric poling process, but they do enable systematic variation of the physical properties.
Since the Young’s modulus and dielectric constant of BTO are greater than those of PVDF, these
properties increase with the increasing BTO content in the composite. Although the dielectric constant
increases continuously, the Young’s modulus began to decrease above 10 wt% of the BTO. Intriguingly,
the piezoelectric voltage and current were maximized at the 10 wt% level, at which the Young’s
modulus was greatest. Additionally, the BTO wt%-dependent piezoelectric outputs predominantly
followed the change in the Young’s modulus rather than the changes in the piezoelectric coefficient
and dielectric constant. This work identifies a simple approach to increase the piezoelectric output of
composite-based PENGs.

2. Experimental Details

2.1. Fabrication

The PVDF–BTO composite films were prepared based on mixing, spin-coating, firing, and corona
poling processes, as schematically shown in Figure 1a. Commercially available PVDF powder was
dissolved in a dimethylformamide (DMF) solvent, and various amounts of BTO NPs were added to
the PVDF solution. Ultrasonication was used to thoroughly mix and prevent the aggregation of the
BTO NPs. A small aliquot of the PVDF–BTO solution was spin-coated on an Au-coated polyimide (PI)
substrate (thickness ca. 150 µm) at the speed of 2000 rpm for 30 s. After the spin-coating, the PVDF–BTO
solution was heated at 200 ◦C for 12 h to evaporate the solvent and crystallize. The PVDF–BTO film
was corona-poled to align the ferroelectric, hence piezoelectric, domains in one direction. The corona
poling was done by applying a high direct-current (DC) voltage (6 kV) to a needle that was 0.5 cm away
from the PVDF–BTO film. The PVDF–BTO film was maintained at 100 ◦C, and the voltage was applied
for 2 h. In contrast to conventional metal contact poling, the ionized particles in the air are accelerated
and deposited on the composite during the coronal poling [14]. The ionized particles remain, and can
stabilize the electric polarization of the composite based on Gross’s two-charge theory [15,16].

2.2. Characterization

The phase purity and crystalline quality of the PVDF–BTO composites were investigated by
X-ray diffraction (XRD) using Cu Kα radiation. The surface profile and distribution of the BTO
NPs in a composite were examined using a field-emission scanning electron microscope (FE-SEM)
(S-4200, Hitachi, Tokyo, Japan) equipped with energy-dispersive X-ray (EDX) mapping. The Young’s
modulus and dielectric constant were obtained using an atomic force microscope (AFM) and an LCR
meter, respectively.

2.3. Piezoelectric Power Generation Measurement

An Au-coated PI film electrode was attached to the upper surface of a corona-poled PVDF–BTO
film. The thickness of the top electrode (ca. 75 µm) was less than that of the bottom PI film (ca. 125 µm).
A PVDF–BTO composite-based PENG was mounted on a custom-designed mechanical bending system,
in which a linear motor was used to periodically apply and release compressive forces to the PENG.
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The electrical outputs of the PENG were recorded by low-noise voltage and current preamplifiers.
All of the electrical measurements were conducted in a Faraday cage to minimize noise.

2.4. Finite Element Computer Simulation

COMSOL Multiphysics software (Version 5.2a, COMSOL, Burlington, MA, USA) was used to
simulate the strain in a PVDF–BTO composite. Due to computational limitations, only a small volume
of ca. 3.375 µm3 was defined. The embedded BTO NPs (ca. 75 nm in diameter) were arranged in a
regular array to emulate a perfectly mixed composite with an equivalent concentration of 10 wt%.
The block was anchored on one side and subjected to a strain of 3.2% on the other side by means of a
prescribed displacement. The bottom electrode was grounded, and the top electrode was considered a
floating potential surface.

3. Results and Discussion

Figure 1b shows the X-ray diffraction (XRD) patterns of the PVDF–BTO composites. In particular,
we magnified the XRD patterns for the ranges 18 ≤ 2θ ≤ 22 and 43 ≤ 2θ ≤ 47 to clarify the crystalline
phases of the PVDF and BTO NPs. A sharp peak is evident near 2θ = 19.8◦, which corresponds
to the ferroelectric β-phase of PVDF [17]; the paraelectric α-phase of PVDF would show a peak at
2θ = 18.2◦. The single sharp peak at 2θ = 45.4◦ corresponds to the paraelectric cubic phase of BTO [18];
the ferroelectric tetragonal phase of BTO would show split peaks. The paraelectric phase of BTO
should be quite important because the ferroelectric, hence piezoelectric, domains of PVDF are not
affected by the presence of BTO during the corona-poling process. The paraelectric phase of SrTiO3

should show a similar effect to BTO.
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Figure 1. (a) Schematic diagram of the fabrication process of a poly(vinylidene fluorine)–BaTiO3

(PVDF–BTO) composite. (i) Mixing, (ii) spin-coating, (iii) firing, and (iv) coronal poling. (b) Magnified
X-ray diffraction patterns at selected angles. (c) Scanning electron microscopy (SEM) images and
energy-dispersive X-ray (EDX) spectral maps for F, Ba, and Ti atoms.
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The distribution of the BTO NPs in the PVDF was examined using a scanning electron
microscope (SEM) with energy dispersive X-ray (EDX) mapping capability. Figure 1c shows the
BTO wt%-dependent surface morphology and distribution of F, Ba, and Ti atoms; the detailed EDX
spectra are shown in Figure S1. The smooth PVDF morphology roughened with the increasing BTO
content. Near the rough regions, the intensity of F atoms decreased, while the intensities of Ba and
Ti atoms increased, which is consistent with the presence of BTO NPs. The SEM and EDX results
indicate that the BTO NPs were well dispersed without significant aggregation. The BTO content of
the PVDF–BTO composites that were obtained by analyzing their EDX spectra were in good agreement
with the nominal values (Table 1).

Table 1. BTO content of the PVDF–BTO composites obtained from their energy-dispersive X-ray
(EDX) spectra.

BTO wt%
(Nominal) F wt% Ba wt% Ti wt% BTO wt%

(EDX)

0 64.67 1.41 0.49 2.15
10 63.36 2.83 0.98 4.60
20 56.27 9.45 3.28 14.46
30 49.91 14.51 5.04 22.631

The mechanical properties of a PVDF–BTO composite were examined using the nanoindenter of
atomic force microscopy (AFM) [19]. For statistical relevance, 256 different areas of the PVDF–BTO
surface were measured. Figure 2a,b show a histogram of the Young’s modulus and force–displacement
curves at selected moduli, respectively. Irrespective of BTO wt%, there was a large modulus variation,
e.g., from 2.5 GPa to 3.2 GPa in PVDF. Additionally, there was a large displacement hysteresis with
increasing (red lines) and decreasing (blue lines) applied force; the detailed force–displacement curves
are shown in Figure S2. These behaviors should originate from the polymetric feature of the PVDF–BTO
composite, as similarly observed in the PVDF–ZnO composite [20].

The average Young’s modulus that was measured for the PVDF was 2.17 GPa, which is in good
agreement with the reported values [21]. The Young’s modulus of the composite initially increased with
the increasing BTO content, because BTO has a higher modulus than PVDF [22]. Intriguingly, however,
when the BTO content exceeded 10 wt%, the modulus decreased. Peng et al. recently reported
the effect of the microstructure on the mechanical properties of nanocomposites [23]. Based on a
numerical-analytical model, they showed that the Young’s modulus should decrease when the cluster
size and number increase. As shown in Figure 1c, the BTO NPs seemed to aggregate to form sizable
clusters. When the number of clusters increases, the modulus should initially increase and then
decrease. The initial increase of the modulus should be more affected by the Young’s modulus of the
BTO NPs, which is higher than that of the PVDF. The subsequent decrease of the modulus is thus
attributed to increased numbers of BTO clusters.

The Young’s modulus should affect the strain of a material. To investigate the microscopic strain
distribution in the PVDF–BTO composite, we used a COMSOL simulation (Figure 2c,d). The PVDF and
BTO NPs were assumed to have rectangle and 75-nm diameter spherical shapes, respectively. When an
external strain of 3.2% was applied along an axis, the PVDF–BTO composite showed a certain range of
strain at the top surface, and a variation of strain from 1% to 11% in the mid-layer. On the other hand,
the PVDF displayed a mean value of 3.2% of strain at the top surface and in the mid-layer, neglecting
the higher values on the corners of the model, which could reach up to 4.3%. Due to the different
Young’s modulus, a small strain occurs near BTO NPs and a large strain occurs near the PVDF.
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The dielectric property of a PVDF–BTO composite was examined using an LCR meter over the
frequency range of 102–106 Hz. Figure 3a,b show the dielectric constants and dielectric losses of the
PVDF–BTO composites, respectively. The PVDF had a quite small dielectric constant and dielectric
loss over a wide frequency range, as reported previously [24]. The dielectric constant systematically
increased with increasing BTO content due to the large dielectric constant of BTO (ca. 1000 [25]).
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On the other hand, the dielectric loss increased only a little with increasing BTO content.
The negligible dielectric loss (ca. 0.1), even at 30 wt% BTO, should be quite useful for the piezoelectric
energy harvesting. A low dielectric loss should prevent the leakage of the piezoelectric surface charge
and thereby increase the piezoelectric voltage and current [26].

From now on, we focus on the piezoelectric power generation of the PVDF–BTO composite-based
piezoelectric nanogenerator (PENG). For systematic investigation, the device structure of the PENG
does not change, except for the BTO content. Figure 4a shows the photographs of the PENG at various
strains. The strain was quantified from the calculation of the strain neutral line and the lengths of bent
PENG, as reported elsewhere [10,26]; the detailed calculation is provided in Figure S3. The calculated
strain should be considered as an averaged value because of the distribution of strains in the composite.

For the systematic investigation, the piezoelectric power outputs of PENGs were examined
with different BTO contents, bending speeds, and load resistance (Figure S4). Figure 4b,c shows the
open-circuit voltage and short-circuit current, respectively, of the PVDF–BTO composite-based PENGs
at various strains. All of the devices showed enhanced voltage and current outputs at large strains.
For all of the strains, on the other hand, the piezoelectric voltage and current initially increased, and
then decreased as the BTO content increased. The piezoelectric outputs were maximized at 10 wt%
of BTO.

According to PENG theory [27], the piezoelectric voltage (V) and current (I) can be expressed
as follows:

V =
d
ε
·Y·t· ·l

l0
(1)

I =
d·Y·A

l0
·d·l

dt
(2)

where d, Y, ε, A, t, ∆l, and lo represent the piezoelectric coefficient, Young’s modulus, dielectric constant,
area, thickness, variation in length, and original length of the PENG, respectively.
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Figure 4. (a) Photographs of a bent PVDF–BTO composite piezoelectric nanogenerator (PENG) at
selected strain values. The (b) open-circuit voltage and (c) closed-circuit current as a function of BTO
content at selected strain values and at a fixed bending speed of 37 mm/s. (d) Comparison of the
piezoelectric outputs with the predicted piezoelectric coefficient, measured Young’s modulus, and
dielectric constant. The dashed lines in (d) represent the calculated piezoelectric outputs based on
Equations (1) and (2).

Figure 4d compares the piezoelectric outputs with the piezoelectric coefficient, Young’s modulus,
and dielectric constant. We assumed the piezoelectric coefficient of the PVDF–BTO composite as
the volume-weighted average of the two phases, i.e., d31 = dPVDF × (1 − x) + dBTO × x, where
dPVDF represents the piezoelectric coefficient of PVDF (ca. −21 pC/N [6,28]), dBTO represents the
piezoelectric coefficient of BTO NP (ca. 0 pC/N [29]), and x represents the volume percentage of BTO.
The dependence of the piezoelectric output on the BTO content is more similar to the behavior of the
Young’s modulus than to the trends in the piezoelectric coefficient and dielectric constant.

In Figure 4d, we overlapped the piezoelectric outputs obtained from Equations (1) and (2).
For direct comparison, the calculated voltage and current were normalized to the experimentally
obtained ones at the BTO content of 10 wt%. It is evident that the calculated voltage and current are
rather weakly dependent on the BTO content compared with the experimentally obtained values.
This discrepancy is attributed to ignoring the distribution of Young’s moduli and the clustering effect
on the piezoelectric coefficient. Considering the more polymetric features of the PVDF–BTO composite
for lower BTO wt%, the Young’s modulus should be more distributed, which results in the distribution
of piezoelectric outputs. Considering the piezoelectric coefficient of clustered BTO [29], the absolute
value of the piezoelectric coefficient for PVDF–BTO should decrease, which eventually results in the
further decreased piezoelectric outputs.

4. Conclusions

In summary, we have investigated the piezoelectric power generation of the PVDF–BTO
composite-based PENGs. The paraelectric BTO NPs enabled the systematic modification of the
piezoelectric coefficient, Young’s modulus, and dielectric constant of the composite. The PVDF–BTO
composite-based PENGs were fabricated using mixing, spin-coating, and poling processes on the
Au-coated PI substrate. The statistically averaged Young’s modulus, which was obtained for 256 areas
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of the composite, initially increased and then decreased with the increasing BTO content. On the
other hand, the dielectric constant continuously increased with a negligible change in dielectric loss.
The piezoelectric voltage and current were maximized at the BTO content of 10 wt%, where the Young’s
modulus was also maximized. Additionally, the piezoelectric voltage and current followed the same
trend as the Young’s modulus. These results should indicate that the Young’s modulus significantly
affects the electric power generation of composite-based PENGs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/10/
777/s1, Figure S1: energy-dispersive X-ray (EDX) spectra of the PVDF-BTO composite, Figure S2: detailed
force-displacement curves at various BTO contents and Young’s modulus, Figure S3: schematic illustration of the
strain calculation, Figure S4: bending speed and load-resistance dependent piezoelectric power.
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