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ABSTRACT: A flexible, lead-free piezoelectric nanogenerator is demonstrated, which produces an electrical signal (voltage) under
the application of stress. Barium titanate (BaTiO;) nanoparticles are embedded in the poly(vinylidene fluoride) matrix to prepare
the nanocomposite using the solvent-casting method. Different nanocomposites with varying filler content have been prepared. The
nanocomposite eliminates the problems of mechanical stability as the polymer provides it better flexibility as compared to the brittle
ceramic material. The structural and morphological studies are performed through X-ray diffraction, differential scanning
calorimetry, thermogravimetric analysis, polarized optical microscopy, and scanning electron microscopy. In response to mechanical
deformation, the voltage is generated, and the output voltage increases with increasing the filler content up to 10 wt %, followed by
the reduced electrical signal because of agglomeration of the nanoparticles in the composites. Electric poling is also used to enhance
the electrical output from the device. The fabricated device exhibits a very high voltage output of 78 V and 120 yW/cm® power
density after poling. The prepared device is also able to harvest different biomechanical energies and also able to charge the
capacitor, demonstrating the practical applications of the device. The composite with a suitable filler content can be used in wearable
smart clothing and small portable devices.

1. INTRODUCTION which have high piezoelectric constant, excellent chemical
stability, and high temperature stability.'>~'” However, the use
of PZT raises concerns because of its harmful effects on human
and the environment because of the presence of toxic lead."®
An alternative to this may be the lead-free polymer-based
nanocomposite, which have ease of fabrication, flexibility, light
weight, multishape, and adaptability.lg’20 The PVDF—BaTiO;
composite is one of the best alternatives with high energy
output. A lot of work has been done with PVDF and BaTiO,
(BT) nanoparticles. Various works has been done with barium
titanate and polymer for energy harvesting. Lee et al’’
prepared uniaxially aligned composite nanofibers of PVDF and
BT nanoparticles. The composite nanofibers with 16% BT
content showed the output voltage of 0.48 V, corresponding to
a 6 mm deflection, which is 1.7 times higher than pure PVDEF.
Lin et al.** prepared a nanogenerator using BT nanorods and
poly(dimethyl siloxane) (PDMS) composite, which under a
stress of 1 MPa gives a voltage output of 5.5 V and 350 nA.
Park et al.>® prepared the composite of PDMS with the BT
nanoparticle and graphitic carbon using spin-casting and
performed bending test on the prepared nanogenerator,
which gave an output voltage of 6.4 V (peak to peak) with a
bending radius of 0.8 cm. The output voltages in most cases
are very less for an efficient energy-harvesting material.

Harvesting energy from ambient mechanical sources has
gained promising interest as it can power small electronic
devices." In recent years, many attempts have been done for
improving the efficiency of energy-harvesting systems. The
most common piezoelectric materials used are lead zirconate
titanate (PZT) and barium titanate (BaTiO,).> However, the
ceramics are vulnerable to mechanical and cyclic loading, so we
need another flexible alternative like polymers.”~> For wearable
and implantable devices, it is beneficial that one can harvest the
biomechanical energy from different body movements,” and
polymers are found to be the suitable materials to embed
piezoelectric ceramics. Piezoelectric polymers are used in the
field of wearable electronics, if they found to be biocompatible.
Among these piezoelectric polymers, poly(vinylidene fluoride)
is the most widely used polymer.”® The piezoelectric
properties of PVDF can be enhanced by preparing the
composites using piezo-ceramics as fillers.” Many efforts have
been done for the development of PVDF—ceramic composites
as these composites have better piezoelectric properties of
ceramics together with flexibility and scalability because of ease
of polymer processing. The ceramics are thermally stable than
the polymers. The thermal stability and thermodynamic
interactions are important for the phase change to occur or
the improvement in mechanical properties. The PVDF—
nanoclay hybrid is reported to exhibit the depression in Received:  April 8, 2020
melting point, arising from interactions.'”"" The hybrid of Revised:  April 29, 2020
poly(ethylene terepthalate) with different nanoparticles also Published: April 30, 2020
shows the changes in the glass transition temperature because

of interaction of PET with the nanoclay.”~"* PZT and barium

titanate are the most conventional piezoelectric ceramics,
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Figure 1. (a) XRD graph for pure PVDF, BT powder, and nanocomposite, FTIR spectra of (b) pure BT powder and (c) pure PVDF and
nanocomposite (d), and thermogravimetric analysis plots for pure PVDF, BT, and nanocomposites.

In this study, we report the high-performance, flexible, and
lead-free energy-harvesting device, based on BaTiO; nano-
particles dispersed in the PVDF matrix. Structural and
morphological changes in the nanocomposites have been
studied in detail. Piezoelectric nanogenerators have been
fabricated using these nanocomposites to evaluate the energy-
harvesting capability of the material. Poling has been done to
improve the charge generation from the device, and the
practical applications of the device have been shown from
different human motions, capacitor charging, and light-
emitting diode (LED) lightning.

2. EXPERIMENTAL SECTION

2.1. Materials. Barium carbonate (BaCO;) and titanium dioxide
(TiO,) are purchased from Hi-media, India. Poly(vinylidene fluoride)
(Solvay 6008) is kindly supplied by Austimont, Italy. A common
solvent, dimethyl formamide (DMF), is purchased from Hi-media,
India, and PDMS for encapsulation is procured from Ellsworth
Adhesives, India.

2.2. Sample Preparation. BaTiO; nanoparticles were prezpared
through the solid-state method using BaCO, and TiO, powder.”* For
the preparation of the nanocomposites of PVDF and BaTiOs;, the
BaTiO; nanoparticles were used as the filler in the PVDF matrix.
Different weight ratios of 5, 10, 20, and 40 wt % of filler are used for
the preparation of nanocomposites. PVDF is first dissolved in DMF at
60 °C, and BaTiO; is dispersed in DMF separately using sonication,
and then both the solutions were mixed and kept on stirring for 4 h.
After complete mixing, the solution was poured in a Petri dish and
was kept for drying in an oven, followed by in a vacuum oven. The
thin-film samples were prepared using compression molding. Pure
barium titanate and polymer is termed as “BT” and “PVDF’,
respectively. The nanocomposites of PVDF and BT are termed as P-
BTS, P-BT10, P-BT20, and P-BT40, where numeric terms indicate
the weight fraction of BT in the polymer matrix.

2.3. Device Fabrication. For device fabrication, rectangular
samples of 1 X 2 cm? area were cut and coated with conducting silver
paste at both the sides. After this, the electrodes were attached on
both the sides for the measurements and were covered with the
polypropylene tape. The complete assembly was then encapsulated
with PDMS. In PDMS, the epoxy and hardener were taken in the
ratio of 10:1.

2.4. Characterization. X-ray diffraction (XRD) analysis was
performed using Rigaku Miniflex 600 operating at 40 kV and 15 mA
using Cu Ka radiation (A = 1.54 A) at room temperature at a scan
rate of 3 °C/min. Fourier Transform Infrared Spectroscopy (FTIR)
measurement was performed in the reflectance mode at room
temperature from 650 to 4000 cm™' using the Nicolet 5700
instrument, with a resolution of 4 cm™. Samples of approximately
100 um thickness were analyzed by polarized optical microscopy

6240

(POM): Thin-film samples were analyzed using a polarized optical
microscope (Leitz, Biomed) to investigate the surface of the films
after their suitable crystallization. Scanning electron microscopy
(SEM): the surface morphology of the samples was obtained by using
SEM (SUPRA 40, Zeiss). Thin films of the samples were gold-coated
by using sputtering before observation in SEM. Differential scanning
calorimetry (DSC): the melting temperature of samples was
determined using DSC (Mettlers 832). The samples were heated
up to 250 °C at a scan rate of 10 °C/min. Voltage measurement was
done by using a TektronixTBS-1072B Digital Storage Oscilloscope.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. The structure of barium
titanate and its nanocomposite with PVDF is studied by using

()

Figure 2. (a) Polarized optical microscopy and (b) scanning electron
microscopy images for pure PVDF, BT power, and PVDEF-BT
nanocomposite.

X-ray diffraction. XRD patterns of pure BT, PVDF, and their
nanocomposites are shown in Figure la. The barium titanate
has its crystalline-phase peaks at 20 ~ (100) 21.6, (110) 32.5,
(200) 453, (210) 509, (211) 562, and (220) 65.8°,
confirming the phase-pure BT and following the JCPDS
data. The crystalline-phase peaks of barium titanate in the
nanocomposite along with its enhanced peak intensity for
larger amount of BT nanoparticles confirm the presence of BT
in nanocomposites.”® Pure PVDF crystallizes in the a-form and
there is no change of structure in the composite, and the a-
phase of PVDF is prominent in the composites. Figure 1b
shows the FTIR pattern of BT, PVDF, and nanocomposite (P-
BT10). BT nanoparticles exhibit their characteristics peaks at
563, 868, 1433, 1626, and 3434 cm™'. The strong broad band
between 563 and 597 cm™' is because of Ti—O stretching
mode of BaTiO;°**” while the bands at 3434 cm™" correspond

https://dx.doi.org/10.1021/acs.energyfuels.0c01143
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Figure 3. (a) Schematic of device preparation, (b) open circuit voltage of poled samples with different BT concentrations, (c) bar diagram showing
power density of unpoled and poled samples with different BT contents, and (d) schematic of effect of poling and working principle of charge

generation on the device.

to the stretching mode of O—H group, and the band at 1626
cm™! is the bending mode of H-—O—H, resulting from the
physically absorbed water on BT nanoparticles (Figure S1).
The characteristic absorption at 1443 cm™ is stretching
vibration of carboxylate because small amount of BaCOyj is left
in the sample. The FTIR plots for pure PVDF and
nanocomposite (P-BT10) show that there is no structural
changes after addition of the BT nanoparticles, that is, the
nanocomposite is in the a-phase, but there is slight shifting in
the peaks of nanocomposite, as shown, which shows the
interaction between the nanoparticles and the PVDF. Figure lc
shows thermal behavior of the BT, PVDF, and their
representative nanocomposite. The thermal degradation of
pure PVDF and nanocomposite shows the single-step
degradation in all the cases. There is no weight loss around
100 °C in the nanocomposites, which shows their hydrophobic
nature. Both the PVDF and nanocomposites are stable up to
420 °C, and after this temperature, there is sudden loss of
weight because of cleavage in polymer chains, arising from
thermal degradation.28 However, there is no change of
degradation temperature in the composite as compared to
pure PVDF. This is to mention that BT does not lose any
weight up to 700 °C other than meager quantity of adsorbed
water.

The DSC studies have also been done (Figure S2) and
found that the increasing amount of BT nanoparticles does not
affect the phase of polymer, as melting peaks of a-phases are
observed in their melting endotherm; however, there is slight
depression in the melting point from 173.79, 173.27, and
172.96 °C for PVDF, P-BTS, and P-BT20, respectively, which
is because of the interaction between the PVDF and BT
nanoparticles. The enthalpy of pure PVDF and nano-
composites is 39.8, 39.0, and 33.4 J/gm for P, P-BTS, and P-
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BT20, respectively. The slight reduction in enthalpy suggests
good interaction between PVDF and BT. Thermal behavior
and no change of structure have also been reported in previous
work.”

The inclusion of nanoparticles changes its morphology of
PVDF. Polarized optical microscopic images of pure PVDF,
BT nanoparticles, and representative nanocomposite (P-BT10)
are shown in Figure 2a. Pure PVDF shows the spherulitic
pattern, which is because of its crystalline phase (a-phase).””*"
The proper dispersion of nanoparticles can be seen in the
nanocomposite (P-BT10). Further, the spherulites diameter
drastically decreases in the presence of BT, indicating the
nucleating nature of the BT particle. With higher percentage of
BT, the agglomeration of nanoparticles takes place, which
affects the performance of nanocomposite. The similar type of
morphology is also confirmed through SEM images (Figure
2b), which clearly shows the spherulites in pure PVDF.
Particulates of BT are clearly observed in the composite,
showing its good dispersion in the PVDF matrix. The SEM
image indicates the size of BT nanoparticles ~130 nm, and
XRD also confirms the crystallite size of ~150 nm in its
crystalline phase.

3.2. Device Performances and Applications. Barium
titanate is piezoelectric in nature but it is brittle and not
mechanically stable. Inclusion of BT nanoparticles in the
PVDF matrix should be able to transform the nanocomposites
into piezoelectric. The nanocomposites are flexible and highly
stable under mechanical load. The energy-harvesting capability
of the nanocomposites is evaluated by fabricating nano-
generators. The steps of device preparation are shown in
Figure 3a, which illustrate the conductive coating, electrode
attachment, and PDMS encapsulation of the device. For
output voltage, measurements under impact load on the device

https://dx.doi.org/10.1021/acs.energyfuels.0c01143
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Figure 4. Practical applications of the device showing open circuit voltage from the device (a) on bending, (b) on coin dropping, (c) by
ultrasonicator vibrations, (d) capacitor charging and discharging using the device by finger tapping, and (e) glowing of LED by finger tapping and

corresponding circuit.

are performed using finger tapping, and the output voltage is
measured using the oscilloscope. Pure PVDF shows only 5 V
while nanocomposites with 5, 10, 20, and 40 wt % BT
containing nanocomposites show 32, 66, 42, and 27 V,
respectively (Figure S3). The nanocomposite with 10 wt % BT
(P-BT10) shows the highest voltage output (66 V) while
output voltage decreases at higher percentage of BT in the
nanocomposites. The decrease in output may be because of the
agglomeration of nanoparticles at higher percentage arising
from cohesive force of BT particle.

To further enhance the output from the devices, poling has
been performed at an electric field of 300 kV/cm for 1 h. The
poled samples show enhanced voltage outputs from all the
samples. Pure PVDF, P-BTS, P-BT10, P-B20, and P-BT40
exhibit the voltage output of 10, 45, 78, 58, and 35 V,
respectively (Figure 3b). The device made from pure BT gives
an output voltage of 100 V (Figure S4) after poling, which is
very high and uniform as compared to the nonpoled sample,
but the device is not stable and breaks upon repeated loading
of stress. The energy-harvesting capability of the device is
measured by its power output, which is calculated following
the equation

VZ
T RXA

where V is the open circuit voltage measured across the
resistance R, and A is the area of the device. Figure 3¢ shows
the output power of poled and unpoled samples. The
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significant enhancement in output power is observed after
poling as compared to unpoled samples. However, very high
power density of ~120 xW/cm® is observed using the
composite of BT (10 wt %) and PVDF. The schematic in
Figure 3d shows the poling and charge separation mechanism
under stress, which causes this flow of output voltage in the
circuit. The poling process aligns the dipoles in the
nanocomposite, which improves its charge separation capa-
bility, presumably because of better dispersion of piezo-
particulate, which, in turn, leads to increase in the output
voltage. The poling is done under elevated temperature while
applying the electric field across the samples. The barium
titanate particles have dipoles, which try to orient themselves
in the direction of electric field. The elevated temperature
makes it easy to rotate the dipole within the particle.
Therefore, the output from the poled samples, which have
oriented dipoles, is more than the unpoled samples, which
have random dipoles. On the application of stress, there is
orientation of dipoles in the material, and this orientation of
dipoles created the potential difference, which results in the
electron flow in one direction while the electron flow in the
reverse direction upon releasing the stress causes alternating
current in the circuit.”

The prepared device can also be used in different practical
applications as they can produce the voltage under various
loading conditions, which can use the human body movement
for energy harvesting. Some examples of these are shown in
Figure 4. Figure 4a shows the open circuit voltage from the
device upon repeated bending, which gives a voltage output of

https://dx.doi.org/10.1021/acs.energyfuels.0c01143
Energy Fuels 2020, 34, 6239-6244


http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.0c01143/suppl_file/ef0c01143_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.0c01143/suppl_file/ef0c01143_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01143?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01143?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01143?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c01143?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c01143?ref=pdf

Energy & Fuels

pubs.acs.org/EF

2.2 V. Figure 4b shows the output voltage when S rupees coin
is dropped on the device, which shows the output voltage of
1.8 V. Figure 4c shows the open circuit voltage using the
sonicator vibrations, which is around 0.2 V (peak to peak).
The charging and discharging of the 1 uF capacitor (Figure
4d) using finger tapping on the device is recorded, which
shows that the capacitor charging takes ~30 s for charging up
to 0.8 V. The device is also able to light up several LEDs by
finger tapping. Figure 4e shows the lightning of the LEDs and
corresponding circuit diagram. However, the developed device
is able to generate the significant electrical signal, utilizing the
waste mechanical resources, and act as the excellent energy-
harvesting device, which is mechanically and thermally stable
for practical applications.

4. CONCLUSIONS

The flexible nanocomposites of PVDF and BT nanoparticles
have been prepared through the solution route. The structural
studies show the proper inclusion of BT nanoparticles in the
PVDF matrix. The morphological changes in the nano-
composites also demonstrate the good distribution of BT
nanoparticles in the PVDF matrix. The device is fabricated to
measure the output voltage from the nanocomposites using the
human body movement like finger tapping. The poling process
is used to enhance the output from the device as it arranges the
dipoles in the material and enhances its charge separation
capability, which leads to better output voltage. The highest
open circuit voltage is obtained from the poled nanocomposite
(with 10 wt % BT content) of 78 V and a power density of 120
UW/cm?. The practical applications of the device are shown by
producing voltage on different loading conditions, capacitor
charging/discharging, and LED lightning. The prepared
nanocomposite is piezoelectric in nature, and the device has
potential to harvest energy on the basis of its piezoelectric
properties. Thus, the flexible nanocomposite is able to harvest
energy efficiently from mechanical and human body motions
and is promising for a variety of applications in self-powered
and independent systems.
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