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Abstract

The energy harvesting research community has been concentrating on this topic for the past few years. This paper
describes in detail the fabrication and characterization of piezoelectric polymer-based poly(vinylidene fluoride)
PVDF nanofiber, which was synthesized using the far-field electrospinning method. The electrospun nanofibers
were prepared on the drum collector with no reciprocating, slow reciprocating, medium reciprocating, and fast
reciprocating motion, respectively. During the deposition process, the collector was given 2 cm to move back and
forth. Field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), and Fourier transform infrared
spectroscopy (FTIR) was used to characterize the electrospun nanofiber. The open-circuit voltage was measured
by a digital oscilloscope (DSO) under environmental conditions. The nanofiber webs were used as an active layer
to create piezoelectric nanogenerator devices (PENG) as energy harvesting devices. The PENG was subjected to
gentle finger tapping to apply external loading. In the energy harvesting device, piezoelectric output was enhanced
as high as 272 mV at medium reciprocation, compared with 152 mV for the samples made on drum collectors with
fast reciprocation. We believe that this work may promote the fabrication of small-size wearable self-powered

electrical devices and systems.
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1. Introduction

Energy scavenging from waste energy of
surroundings or human activity has been attractive to
the research community in recent times [1-6].
Supplying power to the mobile electronic device,
wireless sensors, watches, capacitors, light-emitting
diodes, and many others with conventional batteries is
a great hurdle owing to replace or recharge them in the
finite time interval [7-11]. In another way, if the small
device can be operated through self-powered mode by
using the energy available in the surrounding
environments, then that would be a stable solution for
replacing the battery. Hence, scavenging energy from
the surroundings becomes a significant idea for
making self-powered electronic devices. For this, the
Piezoelectric nanogenerator (PENG) can be the
alternative power source as vibration is available
everywhere [12-15]. The PENG has been used to
harvest the energy from different sources of
mechanical vibration such as air blow, vibration
(acoustic and ultrasonic wave), hydraulic forces ( sea
wave, blood flow, and waterfall), friction, and human
activity (tapping, bending, twisting, stretching,
clapping, breathing, etc.) [16-17]. Piezoelectric
polymers have been employed for energy harvesting,
artificial skin, and sensor [18-20].

However, from the material point of view, PVDF
is a suitable piezoelectric polymer to fabricate as an
sensing layer for the fabrication of piezoelectric
nanogenerator (PENG) because it is having
lightweight, flexible, cost-effective, and very easy to

work with the electrospinning process as compared to
the inorganic piezoelectric materials. PVDF exhibits
more piezoelectric coefficient among the polymer [21-
23]. PVDF is semi-crystalline and possesses five
different crystalline phases (a, B, vy, 8, and €), among
which the nonpolar a phase is the most available form
[24]. Moreover, the stretching and poling of the
piezoelectric polymer in the electrospinning process at
high voltage can make the dipole of PVDF polymer
chains in a specific direction, resulting in a
transformation from a to § crystalline phase [25]. The
electroactive 3 phase is more desirable for mechanical
energy harvesting. There are many methods to
enhance the fraction of the  phase such as (electrical
poling, stretching, heat treatment, etc.). But,
electrospinning naturally increases the 3 phase during
fiber fabrication because it operates at high voltage
[26]. In this paper, the synthesis of electrospun PVDF
nanofiber is reported. The fiber fabrication is carried
out on a drum collector with or without reciprocating
motion. The surface morphology, crystal phases, and
electrical responses of the PVDF nanofiber were
studied. The PENG was fabricated for mechanical
energy harvesting applications.

2. Experimental
2.1. Materials
PVDF piezoelectric polymer was bought from

Sigma Aldrich for the synthesis of electrospun
nanofiber. The polymer has a molecular weight (Mw -



5,30,000) and vapor pressure of 15 mm of Hg at 32°C.
N, N-Dimethylformamide (DMF) used as solvent was
procured from Sigma Aldrich. All chemicals were used
as received in the electrospinning process.

2.2. Synthesis of PVDF nanofiber

Electrospinning process was performed with the
nanofiber unit of electrospinning made by E-Spin
Nanotech Pvt. Ltd. (SIDBI Incubation Center, IIT
Kanpur, India). The solution was obtained by addition
of 16% w/v concentration of PVDF pellet in DMF
solvent, which was placed in the beaker. The solution
was stirred for 300 minutes at 35°C and 500 r.p.m.
then, sonication was carried out for an hour to remove
the bubbles. Again, the solution was placed on a stirrer
for 30 minutes to make it a homogeneous solution to
be used in the electrospinning process. The
homogeneous solution was later filled in the plastic
syringe with a diameter of 13.08 cm. The
electrospinning parameter was applied as follows: The
applied voltage was 14 kV, the distance was 11 cm,
the drum collector was set at 1300 r.p.m, the flow rate
was 9ul/min, the chamber temperature was at 30°C.
All parameters were kept the same for the nanofiber,
which has been deposited on the drum collector. The
fibers were deposited on drum collector, drum
collector with slow reciprocating, drum collector with
medium reciprocating, and drum collector with fast
reciprocating. All fibers were fabricated for a constant
time of 70 minutes.

2.3. Fabrication of PENG devices

The PENG device was made using Electrospun
nanofiber and electrodes. PVDF non-woven web was
used as an active layer, aluminum and copper foil were
taken as an electrode. The self-powered PENG was
assembled with a small PVDF nanofiber with a
functional area of 4 cm? The aluminum substrate
attached with the electrospun nanofiber was treated as
the bottom electrode and copper foil as the top
electrode. Both electrodes were utilized as a part of an
electrical circuit to find the piezoelectric output of
PENG devices. Polyethylene terephthalate (PET) film
was wrapped over the PENG device to protect it from
the surrounding disturbance.

2.4. Material characterization

The surface morphology of the electrospun PVDF
nanofiber was examined by FESEM (FESEM, model:
JSM -7610F, JEOL Co.) test. The diameter distribution
of the electrospun nanofiber was calculated using
image analysis software. The thickness of the film was
measured using a digital micrometer (Mitutoyo 293-
240-30 micrometer). The XRD (model: Smartlab,
maker: Rigaku Technologies, Japan) test was
conducted on a diffractometer using Cu radiation 1.54
A to confirm the crystalline structure of the electrospun
fiber. The samples were scanned from 5° to 50° with a
speed of 5°/minute. FTIR (model: Spectrum two,
make: PerkinElmer, Singapore) test was performed
using Bruker spectrometer in a range of 400-4000 cm-
lin attenuated total reflection (ATR) mode. The open-
circuit voltage was recorded after finger tapping on
PENG devices wusing a digital oscilloscope
(GWINSTEK GDS-1102-U). The short circuit current

was measured when the external load resistance was
connected in parallel with an electrical circuit. The
PENG devices were subjected to finger tapping for
sensing the piezoelectric output.

3. Results and discussion
3.1. FESEM analysis of PVDF nanofiber

The electrospun nanofiber was deposited on
different collectors such as drum collector with no,
slow, medium, and fast reciprocating motion. The
surface morphology and diameter variation of the
PVDF non-woven web are shown in Figures 1& 2. The
average diameter for the fabricated nanofiber was
measured using the FESEM image. The diameter of
the samples was found to be 144.8, 155.58, 132.86,
and 143.86 nm, respectively. The average diameter of
nanofiber webs is changed with the oscillation motion
of the drum collector. Most of the nanofibers of the
sample can be seen from 50 to 200 nm (Figure 2).

Fig. 1. FESEM image of PVDF nanofiber at different

conditions (a) drum,(b) slow reciprocation motion with

drum, (c) medium reciprocation motion with drum, (d)
fast reciprocation motion with drum
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Fig. 2. Histogram of PVDF nanofiber diameter
distribution



3.2. XRD analysis

The XRD test was carried out to confirm the
crystalline structure of PVDF nanofiber. The XRD
results unveil that the PVDF beta phase is found at 26
= 20.18°, as shown in Figure 3 [27]. The strong peaks
have been observed with the film fabricated at no
reciprocation and medium reciprocating of the
collector. Weak peaks are obtained for the samples
that are synthesized at slow and fast oscillation with
the drum collector.
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Fig. 3. XRD pattern of synthesized PVDF nanofiber

3.3. FTIR analysis

The FTIR test was performed for the fabricated
samples to confirm the presence of the electroactive
beta phase of the prepared PVDF nanofiber. The test
has been successfully conducted in attenuated total
reflection (ATR) mode, as shown in Figure 4. The
vibration peaks for the electroactive beta phase of the
PVDF nanofiber is found at 840, 877, 1177.40,
1276.93, and 1400 cm™ [28].
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Fig. 4. FTIR spectra showing for the synthesized
PVDF nanofiber

3.4. Piezoelectric output of PVDF nanofiber

The PVDF  electrospun  nanofiber-based
piezoelectric nanogenerator is made for the energy
harvesting application. A small part of the PVDF

nanofiber web with an effective area of 4 cm? was
positioned between two electrodes and then copper
wires were added to the electrode for electrical
connection. The PENG device was covered with PET
film to make it safe from external noises and weather
conditions. The PENG based on all fabricated fibers
were tested at the same repeated compressive
impacts (finger tapping) at atmospheric condition
(humidity of 75% and temperature of 27°C). All PENG
devices were subjected to the same loading and
weather condition. The more piezoelectric output is
measured for the sample, which is fabricated at
medium reciprocating motion with the drum collector.
The piezoelectric output of all the samples is shown in
Table 1.
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Fig. 5. The voltage output developed by the
piezoelectric device (nanofiber made under the
medium reciprocating motion of the drum collector)

Table 1 Piezoelectric output for the fabricated sample
at different conditions

Sample Drum Voltage PENG
No. condition (mV)
1 No 208 1
reciprocation
2 Slow 184 2
reciprocation
3 Medium 272 3
reciprocation
4 Fast 152 4
reciprocation
4. Conclusions
The electrospun PVDF nanofibers were

successfully synthesized with the different conditions
of the drum collector using electrospinning method.
The nanofiber diameter was obtained below 160 nm.
The strong peak intensity was formed for the nanofiber
at no reciprocation and medium reciprocation of drum
collector The XRD and FTIR test has confirmed the
presence of electroactive B phase in electrospun



PVDF nanofiber. The effect of reciprocating motion
with the cylindrical drum collector has been studied on
surface morphology, crystal structure, and the voltage
output of PENG devices.
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