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ABSTRACT

Piezoelectric and triboelectric nanogenerators have experienced a steep increment in
popularity over the last few years as an alternative power source for miniature devices
and the internet of things (IoT). Herein, piezoelectric nanogenerators (PENG) and
triboelectric nanogenerators (TENG) based on electrospun poly(vinylidene fluoride)
(PVDF) composites and cationic surfactant doped nanofabric were developed. Two
nanoscale fillers, namely reverse microemulsion synthesized barium tungstate
nanorods (BWN) and mica nanosheets (MNS), and cationic surfactant (tetra-n-butyl
ammonium chloride) (TBAC) were employed to enhance the electroactive phase
content of PVDF. The nanofabrics were probed for their morphology, crystallinity,
polymorphism, dielectric properties, piezo capacitance, and piezoelectric and
triboelectric performances. Incorporation of either the nanoscale filler or the cationic
surfactant enhanced the electroactive phase content of PVDF, which was supported by
the FTIR spectral and XRD results. The maximum B-phase content of 89% was
obtained at a TBAC loading of 3 wt%. The dielectric constant of TBAC doped
nanofabrics was enhanced and a maximum of 22.5 was observed for the nanofabric
containing 3 wt% of TBAC. The PENG based on the same nanofabric generated a Voc
of 17.2 V (under 5 N force) and an instantaneous power density of ~1.4 uW/cm? (under
3 N force). The addition of BWN into the PVDF matrix enhanced its electroactive phase
content (in the form of B and y-phases), reaching a maximum of 86.5% at 3 wt%
loading. Addition of BWN into PVDF led to a significant enhancement in the dielectric
constant of composite nanofabrics. The highest dielectric constant of 17.68 was
recorded for PVDF nanofabric containing 5 wt% of BWN. The enhanced piezo
capacitive sensing ability was observed in the aforementioned composite nanofabric
with a sensitivity value of 0.66/N. A piezoelectric Voc of 8 V and an instantaneous
power density of 4.3 pW.cm?, while the triboelectric Voc of 200 V and an
instantaneous power density of 646 pW.cm™ were generated by nanogenerators based
on PVDF nanofabric containing 3 wt% of BWN. The fluttering-driven triboelectric

nanogenerator based on the same composite nanofabric generated 84 V when exposed



to a wind speed of 7 m/s. The MNS-infused electrospun PVDF composite nanofabrics
demonstrated enhancement in electroactive and dielectric properties. The optimal
loading of MNS was determined to be 0.75 wt%, resulting in the highest B-phase
content of 84.3%. The PVDF nanofabric containing 0.75 wt% exhibited the highest
dielectric constant of 14.7, which was ~1.64 than that of PVDF nanofabric. The
previously mentioned composite nanofabric showed the enhanced piezo capacitive
response with a sensitivity value of 0.6/N. The piezoelectric nanogenerator consisting
of PVDF composite nanofabric containing 0.75 wt% generated a Voc of 8.4 V and an
instantaneous power density of 3 pW.cm™. Additionally, The TENG fabricated the
aforementioned composite nanofabric generated Voc of 163 V and instantaneous power
density of 585 uW.cm™? under single finger tapping. A fluttering-based device
consisting of PVDF composite nanofabric containing 0.75 wt% of MNS generated an
output of 70 V at a wind speed of 7 m/s. The improved dielectric properties, as well as
the enhanced piezoelectric and triboelectric performance of the electrospun PVDF
composites and doped nanofabrics developed in this study, can provide an edge to
researchers working on energy harvesters. A TENG based on a PVDF nanofabric
containing 0.75 wt% of MNS successfully lit 35 LEDs. Furthermore, another TENG
consists of PVDF nanofabric containing 3 wt% of BWN illuminated 40 LEDs
connected to it in series.

Keywords: Electrospinning; poly(vinylidene fluoride); nanocomposite; piezoelectric;

triboelectric; energy harvesting.
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CHAPTER 1

The contents of this chapter will be published in Journal of Micro and Nano
Engineering (In pipeline).







CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

This chapter provides a brief overview of PVDF-based electrospun nanocomposites
and their application potential in energy harvesting and capacitive sensing. A brief
introduction to energy harvesting, piezoelectricity, triboelectricity, capacitive sensing,
PVDF, and electrospinning has been presented. A summarized literature review of
piezoelectric and triboelectric energy harvesters and capacitive sensing has been
discussed with a focus on tailoring the electroactive phase and dielectric properties of

composite nanofabrics.

1.1 INTRODUCTION

Renewable energy plays a significant role in sustainable development that benefits
human health and environment. Several kinds of renewable energy sources are being
used for some of the energy demands of humankind. These include solar energy, wind
energy, ocean energy, geothermal energy, and hydropower energy (Lund 2007). In its
broadest sense, energy could be described as being in the range of mega Watt or giga
Watt, which could be used to power industries and residential localities. However, there
are huge numbers of miniature devices that require low power in the range of mW to
uW to run (Wang and Wu 2012). Recently, The number of these devices has grown
exponentially due to advances in science and technology. The energy consumption of
each device may be small, but collectively the power required to run these devices
would be high. These devices can be powered by batteries. However, because of the
large number of batteries and their potential placement in remote locations, replacing
and recycling them is a challenge (Wang et al. 2016). Energy harvesting is a process
that refers to converting waste ambient energy into electrical energy. The ambient
energy in the form of waste mechanical vibrations, thermal, wind, motion, and light are
converted into useful electrical energy by piezoelectric effect (Safaei et al. 2019),
pyroelectric effect (Thakre et al. 2019), triboelectric effect (Wang et al. 2016),
electromagnetic effect (Han et al. 2014; Hu et al. 2014) and photoelectric effect (Lin et

al. 2016). Piezoelectric and triboelectric energy harvesters have attracted the attention
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of researchers due to their simplicity and versatility, as well as their efficient conversion
and easy integration (Fan et al. 2016; Kalimuldina et al. 2020; Luo and Wang 2020).
Piezoelectric materials generate electricity through mechanical vibration due to electric
polarization. In triboelectric nanogenerators, the contact between two dissimilar
materials leads to the generation of electricity due to the triboelectric effect combined
with electrostatic induction. A piezoelectric nanogenerator and a triboelectric

nanogenerator can be used as potential power sources for low-power miniature devices.
1.1.1 Piezoelectricity

When a piezoelectric material is stressed mechanically, it produces electricity across its
surface. When an electric field is applied to these materials, it induces mechanical strain
in the material (Fig. 1.1). It was the Curie brothers who discovered the piezoelectric
effect. In March 1880, the findings were published in the French scientific journal
Comptes Rendus. The converse piezoelectric effect was predicted theoretically by

Lippman and later confirmed by the Curie brothers (Mason 1981).

Direct Piezoelectric Effect
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Fig. 1.1 Schematic of the direct piezoelectric and converse piezoelectric effects, (a)

Poled piezoelectric material, (b) Upon the application of tensile stress, a voltage is

2
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produced, and (c) Upon the application of compressive stress, a voltage is produced
with reversed polarity, (d) Upon the application of DC voltage, a tensile strain is
induced, () Upon the application of DC voltage with reversed polarity, a compressive

strain is induced (Atif et al. 2020).

The piezoelectric effect is observed in certain crystals that lack inversion
symmetry. Initially, the dipoles in the material are arranged randomly so that the
resultant dipole moment becomes zero; upon application of a strong electric field just
below the Curie temperature, the dipoles orient in the direction of an applied electrical
field. After the complete removal of an electric field, the material possesses a net dipole
moment (Fig. 1.2). The net-aligned dipoles are responsible for the piezoelectric effect
in non-centrosymmetric crystals (Calio et al. 2014; Li et al. 2014; Mishra et al. 2019).

The following equations can describe the piezoelectric effect and its converse effect:
Direct piezoelectric effect

Si = SijT]‘ + dkiEk (11)

Converse piezoelectric effect

D; = d;;T; + el Eyx (1.2)
where subscripts 7, j, and k£ represent the three spatial dimensions, and the strain and
stress induced by the mechanical and electrical effects are described by S and T,
respectively. The electrical displacement and electrical field are denoted by D and E,
respectively. s and €' are elastic compliance matrices at constant electric field and
permittivity value at constant stress. The piezoelectric coefficient is represented by d
(electric charge(C)/applied load(N) (Qi and Mcalpine 2010). The two primary
configurations for piezoelectric materials are d3; and ds3, which are determined by the
direction of polarization and applied stress. The ds3 configuration depicts the electric
polarization generated in the same direction as the applied stress, and d3; represents the

electric polarization (3) induced in the direction normal to the applied stress direction

(1) (Fig. 1.3).
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(b)
Poling axis

Fig. 1.2 Arrangement of dipoles (a) Prior to polarization, (b) at the time of polarization,

(c) after polarization (Korkmaz and Kariper 2022).

During its early days, Rochelle salt was known for its ferroelectric nature and
was used as a sensor. At present, approximately 200 materials are found to exhibit
piezoelectric property. The materials such as barium titanate (BTO), lead zirconate
titanate (PZT), and potassium niobate are known for their high piezoelectric coefficient
values (Mishra et al. 2019). However, Jong et al.'s research group has presented a
database of 941 potential inorganic piezoelectric materials, which were not known
before. The intrinsic piezoelectric constant was calculated using the Density Function
Perturbation Theory (DFPT). The piezoelectric coefficient was calculated for a defect-
free and unstrained material at 0 K. By providing a database of unexplored compounds
to be explored, Jong et al.'s group took research related to piezoelectric materials a step
further (Jong et al. 2015). Piezoceramic materials have a high piezoelectric coefficient,
but they are fragile and require high processing temperatures. On the other hand,
piezoelectric polymers are easy to process, lightweight, cost-efficient to fabricate,
provide significant flexibility in designing and manufacturing devices, and also provide
flexibility and stretchability to a device. Piezoelectric polymers may be an excellent
alternative to piezoceramics in areas where they lack. The piezoelectric behavior of
polymers can be enhanced by combining them with reinforcements. Some well-known
piezoelectric polymers include PVDF and copolymers of fluorinated materials, and

polyamide (Mishra et al. 2019; Ramadan 2014).
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Fig. 1.3 Schematic of piezoelectric ds1 and ds3 configurations of piezoelectric materials

(Chilabi et al. 2020).

1.1.2 Triboelectricity

The triboelectric effect is a phenomenon that occurs when two different materials come
into contact with each other, resulting in the creation of electricity (Wang et al. 2016).
Wang's research group first devised the triboelectric nanogenerator (TENG) in 2012 by
integrating the triboelectric effect and electrostatic induction to scavenge ambient
mechanical energy. TENG offers exceptional benefits, including a wide range of
materials, lightweight, inexpensive, and excellent performance (Fan et al. 2012). Over
the past decade, TENG has evolved into a concept that encompasses various working
modes, enabling it to be applied to a variety of applications, including mechanical
vibration (Chen and Wang 2017), biomechanical moments (Cho et al. 2020), wind
(Chen et al. 2018), and blue energy (Khan and Kim 2016). In the age of the internet of
things (IoT) and miniature devices, TENG may prove to be a cost-effective alternative
energy source (Wang et al. 2016). In triboelectrification, charge transfer between two
different materials occurs when they come in contact, where one material accepts the
charges (tribo-negative) and the other loses the charges (tribo-positive). The electron
affinity of the material dictates the nature of the material to accept/donate the charges.
By their position in the triboelectric series (Table 1.1), it is possible to recognize the

donor and acceptor. The greater the gap between two materials in the series, the higher
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the charge transfer, which enhances the triboelectric performance. So, the selection of

material for TENG is crucial for its performance (Wang et al. 2016).

Table 1.1 Triboelectric series (Kim et al. 2017; Wang et al. 2020).

Polyamide 11, Polyamide 6-6
Wool, knitted
Silk, woven
Aluminium
Paper

Cotton, woven

Steel
Wood
Nickel, copper
Brass, silver
Acetate, rayon
Poly(methyl methacrylate) (Lucite)
Poly(vinyl alcohol)
Poly(vinylidene chloride-co-acrylonitrile)
Poly(Bisphenol A carbonate)
. Poly(vinylidene chloride) (Saran)
Polystyrene
Polyethylene
Polypropylene
Polyimide (Kapton)
Poly(vinyl chloride) (PVC)
Polydimethylsiloxane (PDMS)
Poly(vinylidene fluoride)

Polytetrafluoroethylene (Teflon)
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1.1.2.1 Mechanisms of triboelectrification

The degree of triboelectrification determines the performance of the TENG. Thus,
understanding the fundamental physics is vital to ensure optimal triboelectrification. In
TENG, there is true uncertainty as to which type of charge transfer occurs, i.e., electron,
ion, or material, during triboelectrification (Baytekin et al. 2011; McCarty and
Whitesides 2008; Taylor and Lowell 1980). In triboelectrification, there is no universal
charge transfer model that can perfectly represent triboelectrification. Identification of
specific species transferred is challenging as they exist at the atomic scale, and the
current technological limitations inhibit the accurate characterization of these species

(Kim et al. 2021).
1.1.2.1.1 Electron transfer model

The solid-state and electron cloud/potential well-based models (Xu et al. 2018a; b) were
proposed to depict the electron transfer process in triboelectrification between the metal
and dielectric/insulator. In the solid-state model (Fig. 1.4), the semiconductor band
structure was used to depict electron transfer between the metal and the dielectric.
Electrons at a higher energy level in metal hop onto a dielectric material's surface upon
contact between them when Er is higher than E,. When the metal and dielectric material
are separated, a small population of electrons at a higher surface state energy state return
to metal. Some electrons remain on the dielectric material due to the potential barrier,

which results in triboelectrification.

Evac
& Ec @ 'F\ Ec
E — E =
N — F -
-l =T
=+ E = E
Ey ——— Ey
Metal Dielectric Metal Dielectric Metal Dielectric Metal Dielectric
(a) (b) (©) (C)

Fig. 1.4 The charge transfer between metal-dielectric (semiconductor) is explained

using a modified solid-state model, (a) prior to contact, there is no exchange of charges,
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(b) during contact, electrons present at a high energy level in metal transferred to the
dielectrics/insulators, (c) after contact, some electrons return to the metal, and few
remain on the surface of dielectric/insulators due to energy barrier, (d) Some charges
are released due to thermionic effect. ®- metal work function; Er-Fermi level; Evac-

vacuum level; Ec-conduction band; Ev-valence band; Ey-neutral level of surface states

(Xu et al. 2018Db).

The electron cloud/potential well model is suggested to describe the
triboelectrification process in general materials such as polymers and non-crystalline
structures (Fig. 1.5). In this instance, a potential well could be used to illustrate the
atom, where outer shell electrons are loosely coupled to form an electron cloud. The
electron clouds of the two materials are distinct before atomic contact. The potential
wells of two different materials overlap when they come in contact with each other and
become asymmetric double-well potentials, resulting in electron transfer from one
material to another (Fig. 1.5b). After separation, the electrons are retained on the other
material due to the energy barrier. Thus, triboelectrification occurs between two

materials.

® ) ) © )

Atom of material B

Atom of rﬁaterial A

Fig. 1.5 Schematic of the electron cloud and potential well describing the charge
transfer between two materials, (a) prior to contact, (b) at the time of contact, (c) after

contact, (d) few charges are released due to thermionic effect (Xu et al. 2018b).

1.1.2.1.2 Ton transfer model

Some studies suggest that instead of electrons, the mobile ions could be the charges

which are transferred between two different materials (McCarty and Whitesides 2008;

8
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Taylor and Lowell 1980). When two different materials come into contact with each

other, ions may transfer from one material to another. When the materials separate, ions

present on the surface are asymmetrically pulled apart, which gives rise to triboelectric

charges. In ionic polymers, one ion is attached to the matrix, and a second ion with a

different polarity acts as a moving charge, which facilitates triboelectrification (Kim et

al. 2021). In non-ionic polymers, water ions play a crucial role in triboelectrification.

All polymers adsorb water from the environment, and the ions of these water molecules

(OH" and H") are asymmetrically separated during contact, which results in

triboelectrification (Fig. 1.6) (Knorr 2011; McCarty and Whitesides 2008).

(2) (b)

mobile |
counterion
absorbed
ater

bring into contact
(form "water bridge')

diffusion of
mobile ion

seperation of
charges

surface of

solid layer of absorbed

OH’ stern water
layer

mobile

bring into contact
(form "water bridge')

redistribution OH"
between surfaces

seperation of
charges

Fig. 1.6 Schematic (a) water bridge model describing ion transfer in the ionic polymer

(Kim et al. 2021) (b) water bridge model describing asymmetrically redistributed OH"

and H' causing ion transfer in non-ionic polymers (McCarty and Whitesides 2008).
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1.1.2.1.3 Material transfer model

The transfer of material between two layers at a nanoscopic level can result in
triboelectrification (Fig. 1.7). In polymeric materials, triboelectrification and material
transfer often occur with bond cleavage. Triboelectrification results in the formation of
mechanoions and mechanoradicals by breaking polymer chains (Baytekin et al. 2012;
Sakaguchi et al. 2014; Sohma 1989). The heterolytic cleavage and homolytic cleavage
mechanisms are responsible for the formation of mechanoions and mechanoradicals,
respectively. In the heterolytic cleavage mechanism, positive and negative charges are
formed at both ends of the polymer chain, whereas in the homolytic cleavage
mechanism, there is no charge separation. The mechanoions and mechanoradicals are
responsible for the triboelectrification in the material transfer model, and the formation

process of both species is given below (Sohma 1989).
R — R — 2R - (Homolytic cleavage mechanism)

R —R - R~ + R™* (Heterolytic cleavage mechanism)

1| B2 — — OR
Contact Separate m ﬁ]
+

(+) piece (-) piece

[1 (+) potential
H (-) potential

Fig. 1.7 Schematic of the theoretical mass transfer model involving charge transfer

between two materials (Xu et al. 2018a).

1.1.2.2 Operational modes of TENG

The four modes of triboelectric nanogenerator are demonstrated based on the

electrode, dielectric layer, and the relative motion (Fig. 1.8) (Wang et al. 2016).

10
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1.1.2.2.1 Vertical contact-separation mode

In vertical contact-separation mode, the relative motion between dissimilar materials is
perpendicular to the interface. The two dissimilar materials are placed such that they
face each other, and the other side of the materials is attached to the electrodes. When
the materials come in contact with each other upon application of external force, the
charge transfer occurs due to the triboelectric effect. Upon the separation, the remaining
charges present on the surface induce opposite charges on the electrode due to
electrostatic induction, which creates electrical potential. The developed electrical

potential causes electrons to flow through the external circuit.

1.1.2.2.2 Lateral sliding mode

The design of the TENG is similar to the vertical contact-separation mode; however,
the relative motion between the two interfaces is parallel sliding to each other. Along
the sliding direction, lateral polarization occurs, which drives the electron through the
external circuit to balance the electrical potential created by the triboelectric effect and

electrostatic induction.

1.1.2.2.3 Single electrode mode

The previous modes discussed in 1 and 2 are two electrodes connected by the load. In
some situations, if the moving object is used as the second material, it is difficult to
connect the electrode to it. The single electrode mode has been introduced to harvest
energy in such a situation. The bottom electrode is connected to the ground to withdraw
charges generated during contact or sliding. To maintain the potential, electron

exchange occurs across the bottom electrode and ground.

1.1.2.2.4 Freestanding triboelectric layer mode

When a moving object, such as clothes, gloves, or shoes, contact makes contact with
the ground or air, it becomes charged. The charges generated will accumulate and last
for an extended period. When two symmetric electrodes are placed beneath a dielectric

layer and have a similar size and gap between them as the size of the passing object,

11
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they will produce an uneven charge distribution as the object passes by or moves away
from these electrodes, which in turn causes electrons to transfer between the electrodes
to compensate for the change in local potential. There is no physical contact between

the moving part and the surface of the dielectric material.

() (b)

‘ R R e e o et

<=

l +++++++++I |+++++++++

Fig. 1.8 Schematic of the different modes of triboelectric nanogenerators: (a) Vertical
contact-separation mode, (b) in-plane contact-sliding mode, (c) single electrode mode,

(d) freestanding triboelectric-layer mode.

1.1.2.3 Mathematical expression of contact-separation mode based TENG

1.1.2.3.1 Displacement current of TENG by using the first-principle method

Displacement current is a fundamental parameter that directly impacts TENG output.
The displacement current (/) was postulated by Maxwell in 1861(Wang 2020; Wang
et al. 2017). The contribution of polarization due to the piezoelectric effect and or
triboelectric effect to the displacement current can be taken into consideration and
applied to the contact-separation mode of TENG. So, the modified displacement current

equation can be written as (Wang et al. 2017);

dig + d,g (1.3)
dx &1 &
~ Ao, Tt >
t [digy , dygg 4y
&1 &2

12
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where d; and d, are thickness. &; and &, are the dielectric constants of the two different
materials. o is surface charge density, x is the distance of separation between two

triboelectric materials, and / is output current.
1.1.2.3.2 V-Q-x equation for contact-separation mode TENG

The basic principle of TENGs is the combination of electrostatic induction and the
triboelectric effect. TENG has inherent capacitive property since it is based on
electrostatics. Any TENG’s inherent capacitive behavior can be explained by V-Q-x,
which serves as the governing equation for the determination of TENG electrical
performance. The equation can be expressed as (Niu and Wang 2014):
1 (1.4)

V=—=0Q+Voc(x

O) Q + Voc(x)
where V'is the voltage between two electrodes, Voc is open circuit voltage, Q is the total
charge transfer between the two electrodes, and x is the distance between two

triboelectric materials.
The Voc can be given as:

_ox(t) (1.5)
oc —

1.1.3 Capacitive Sensing

A sensor is a device that produces signals by responding to physical or chemical
responses. Due to technological advancements, sensors have become an integral part of
human life. The flexible pressure/touch/tactile sensor got huge attention due to its
flexibility, lightweight, better sensitivity, and quick response (Chen and Yan 2020; Xu
et al. 2018c). Flexible pressure/touch/tactile sensors can be categorized into
piezoresistive (Stassi et al. 2014), capacitive (Chen and Yan 2020), and piezoelectric
(Emamian et al. 2015) based on their underlying operating principles. The capacitance-

based flexible sensor performs better than the piezoelectric and piezoresistive sensors

13
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in terms of simple design, stability, and energy efficiency (Emamian et al. 2015).
During the application of external force, a capacitive sensor detects the change in
capacitance value. The change in the capacitance value of the sensor upon the
application of external force could be due to the change in the area or distance of the
electrodes. Also, the dielectric constant of the material is a crucial factor in determining
the sensitivity of the device (Chen and Yan 2020). The capacitance of the device can

be measured using the following equation,

_ & &A (1.6)

="

where C is capacitance, &, is dielectric constant, & is the permittivity of the vacuum, 4

is the area of overlapped electrodes, and d is the distance between two electrodes.

Equation 1.6 suggests that capacitance is influenced by the dielectric constant and
the distance between electrodes. The sensitivity of a sensor is one of the most significant
parameter that defines the sensor’s performance. Sensitivity is expressed as the ratio of
the change in capacitance to the external load, which represents precision and efficacy
in real-life applications. The sensitivity of a sensor was calculated by taking the slope
of the change in capacitance with respect to a load curve. The sensitivity of a flexible
capacitive sensor can be enhanced in three ways. First, improving the dielectric constant
of the polymer film. Second, increasing the contact surface area by micropatterning the
polymer film/electrodes, and third, reducing the distance by incorporating porosity into

the film (Li et al. 2021).
1.1.4 PVDF

Kawai was the first to observe the piezoelectric effect in a stretched and polarized film
PVDF. The importance of PVDF has grown with the discovery of its piezoelectric
nature. PVDF is a semicrystalline polymer with a simple recurring part of -CH>-CF»-,
with hydrogen and fluorine attached to its carbon backbone. PVDF displays five
different phases depending on chain conformation, namely a, B, v, 5, and € (Fig. 1.9).
In PVDF, the a-phase is predominant and thermodynamically stable with chain

conformation trans-gauche-trans-gauche' (TGTG'). The B-phase consists of all-trans

14
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(TTTT) conformation, contributing to the highest dipole moment of 8x107° Cm
compared to other phases and making it the most electroactive phase. The y-phase is
constructed with chain conformation of T3GT3G' and has a net dipole moment, making
it an electroactive phase. 6 and e-phase have conformation similar to o (TGTG') and y
(T3GT3G'") phase. The a and e-phases are nonpolar due to zero net dipole moment,
attributed to their dipole's antiparallel packing (Martins et al. 2014). The B-phase
exhibits excellent electrical characteristics and piezoelectric, pyroelectric, and
ferroelectric properties. The  and y-phases are also known as electroactive phases due

to their electroactive nature.

Various techniques such as electrical poling (Dani et al. 2022), drawing or
stretching (Sencadas et al. 2009; Wang et al. 2018), annealing (Satthiyaraju and Ramesh
2019a), solution casting (Salimi and Yousefi 2004), and spin coating (Yin et al. 2019),
melt crystallization at high pressure (Jin et al. 2018), electrospinning, and addition of
reinforcements have been used to transform the stable a-phase into the electroactive

phases.

o Hydrogen
© Fluorine
@ Carbon

Fig. 1.9 Schematic of three major phases of PVDF.

Electrical poling is a well-established method to transform the a-phase into the
B-phase of the PVDF. Different poling methods, such as direct current poling (DCP),
corona discharge poling (CDP), and alternating current poling (ACP), have been used

15
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for the electrical poling of PVDF. The electrical poling strength, temperature, and time
are governing parameters in electrical poling techniques which determine the formation
of electroactive phase content (Dani et al. 2022). In the melt crystallization process, the
formation of phases in PVDF is governed by melt temperature and pressure. The melt
crystallization of PVDF results in a mixture of the o and y-phases. At lower melt
temperatures (<153 °C- 155 °C), the PVDF consists of a predominant a-phase, and at
higher melt temperatures (>153 °C- 155 °C), it consists of a higher content of the y-
phase (Gregorio JR. and CapitaO 2000; Lovinger et al. 1980). The stretching of PVDF
film induces the electroactive phase at lower temperatures (Sajkiewicz et al. 1999). The
effect of temperature during the stretching process on the electroactive phase of PVDF
in the temperature range of 50 to 145 °C was investigated. The highest electroactive
phase was obtained during drawing at 87 °C. A similar trend was observed by Liu et
al., where the increase in B-phase content was observed with a drawing ratio up to 4
and 80 °C, beyond which it decreased (Liu and Jiayan 1998). The thermal treatment
also influences the electroactive phase content and electrical properties of PVDF
(Satthiyaraju and Ramesh 2019a; Ting et al. 2020). It has been reported that the f-phase
dominates in solution-casted PVDF film at temperatures below 70°C (Gregorio and
Cestari 1994; Salimi and Yousefi 2004). In the spin coating method, the electroactive
phase can be controlled by controlling the spin-coating parameter and post-treatment

conditions (Cardoso et al. 2011).

Electrospinning is a simple and cost-efficient method of preparing nanofibers.
A key characteristic of electrospinning is that it is a one-step process that involves
simultaneous electrical poling and stretching to induce an electroactive phase in PVDF
(Kalimuldina et al. 2020; Martins et al. 2014). Moreover, it produces nanofabric of
sufficient roughness to improve the TENG’s contact surface area. Various reports have
been published exploring the use of PVDF nanofabrics in real-life applications such as
tactile/touch sensors (on robotic hands, on artificial skin) (Xin et al. 2016b), wearable
sensors for physiological signal monitoring (pulse monitoring, respiration, and
heartbeat monitoring, eating habit monitoring) (Xin et al. 2016a), energy harvesters

(piezoelectric, triboelectric, pyroelectric, etc.) (Zi et al. 2015).
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1.1.5 Electrospinning Process

Electrospinning is an easy and scalable technique to produce nanofibers. Cooley and
Morton first documented the electrospinning process in 1902 (Andrady 2009). The
essential requirements for the electrospinning process are a high voltage DC supply,
viscous polymer solution/melt, ground electrode/collector, and spinneret (Fig. 1.10).
The electrostatic force applied by the high voltage DC supply is used to prepare thin
fibrils. Initially, the polymer solution is pumped into the spinneret. The droplet will
form at the end of the spinneret and fall to the ground without an electric supply. The
same trend will be observed until a high enough voltage is supplied. As enough high
voltage is supplied and increased progressively, the droplets will deform and explode
into several smaller droplets due to coulombic repulsion of charges in the absence of
polymer chain entanglements. However, in the presence of sufficient polymer chain
entanglement, the droplet deforms under the applied electric field and forms an
elongated droplet, which assumes a cone-like shape, and the polymer jet is ejected. This
cone is popularly known as the "Taylor cone." The narrow fibril ejected from the cone
produces extra surface area to accommodate charges built on the surface of the jet and
travels toward the ground. Above the critical applied voltage, the coulombic repulsion
forces overcome the surface tension of the polymer solution, which deforms the droplet
and increases surface charge so much that the polymer solution will be stretched to
form fiber and increase surface area to accommodate the surface charges. The jet starts
as soon as the applied voltage reaches beyond the critical voltage. The axial component
of the coulombic repulsion in a jet is responsible for a straight elongated jet that passes
toward the ground, which is known as a straight elongated segment. A straight
elongated jet segment becomes unstable and exhibits a bending, waving moment as it
travels towards the ground collector. This segment is known as the whipping instability
region. In this regime, the evaporation rate of a solvent and the rate at which the surface
area of fiber increases are high. As the solvent is evaporated during whipping

instability, the solid nanofibers are collected over the collector (Andrady 2009).

Various parameters such as solution parameters (viscosity, molecular weight,
solution conductivity, surface tension, and dielectric constant of solution), processing

parameters (voltage, feed rate, tip-to-collector distance (TCD)), and ambient
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parameters (temperature, humidity, type of atmosphere) administer the electrospinning

Process.
Flowrate Spinneret
Syringe I
yrng ok SN Taylor cone
Polymer | Straight segment
\ solution d [i=
| Whipping
L— Spinneret  instability
Nanofiber jet :__.
+ : “— Tip to collector distance
Power supply

Collector

0
......

Fig. 1.10 Schematic of electrospinning setup and its components.

The concentration of polymer in the solution and the molecular weight of the
polymer determines the viscosity of the precursor polymer solution. The viscosity of
the polymer solution influences fiber diameter and morphology. It also helps to
maintain polymer chain entanglement to avoid the breakup of droplets and form a
continuous fiber (Beachley and Wen 2009; Fong et al. 1999; Zhu et al. 2017). The
electrical conductivity of the polymer solution determines the charge mobility across
the polymer solution, which assists in the stretching of the electrospinning jet under an
applied electrical field. The electric charge should be high enough to create enough
coulombic repulsive force to subdue the surface tension of the solution. In addition,
enhancement in conductivity may result in an improved stretching effect to produce
thinner fibers (Angammana and Jayaram 2011). Applied electrical voltage is also an
influential factor that governs the electrospinning process. The high voltage induces the
essential charges to initiate the electrospinning jet once the coulombic repulsive force
subdues the surface tension of the solution. The feed rate, conductivity, viscosity of the
solution, and tip-to-collector distance also need to be considered while deciding the
applied voltage (Ramakrishna et al. 2005; Zhang et al. 2005; Zong et al. 2002). In the
electrospinning process, the quantity of polymer solution available for electrospinning

will be decided by the feed rate, and the feed rate can dictate the diameter and
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morphology of fibers. The optimum feed rate is preferred by considering applied
voltage, the evaporation rate of solvent, and tip-to-collector distance (Ramakrishna et
al. 2005). The flight time available for the polymer solution and the electrical field
strength is determined by the TCD. The change in TCD will influence flight time and
electrical field strength, affecting the fiber diameter and morphology of the electrospun
fiber. The optimal distance is preferable for desirable morphology and fiber diameter

(Ramakrishna et al. 2005).

Humidity and temperature also have an impact on the diameter and morphology
of electrospun fibers. An increase in temperature will reduce the viscosity of the
polymer solution and increase the evaporation rate of the solvent, thus affecting the
diameter and morphology of electrospun fibers. At relatively high humidity, moisture
may condense on the fiber's surface, influencing the fiber's morphology. Also, higher
humidity causes difficulty in drying of the fiber, resulting in wet fibers (Ramakrishna
et al. 2005).

Electrospun nanofibers are intensely researched for applications like catalysis,
energy harvesting, energy storage, photonics, and electronics. The electrospun
nanofibers are also used as a membrane or electrode in solar cells, Li-ion batteries,
supercapacitors, and fuel cell fabrication. The high porosity, large surface area, and
high aspect ratio of nanofibers have made their way into the field of membrane
technology, such as filtration, water treatment, selective absorption, air purification,
and degradation of pollutants. In the biomedical field, they have been adapted by
tailoring fiber diameter, porosity, biodegradability, surface modification, mechanical
strength, and biocompatibility. The 2-D and 3-D scaffolds are fabricated and used in
tissue engineering, bone tissue regeneration, and wound healing (Fig. 1.11) (Xue et al.

2019).
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Batteries and Fuel cells

Supercapacitor Biomedical field

Solar cell Sensing

Energy harvesting Catalysis

Environment and Filtration

Fig. 1.11 Applications of electrospun nanofibers in various fields.

1.2 LITERATURE REVIEW

1.2.1 Electrospun PVDF doped/composite nanofabrics based piezoelectric

nanogenerators

PVDF has several advantages over ceramic piezoelectric materials; however, the
piezoelectric coefficient (ds33) of PVDF is comparatively low. Electrospinning could
enhance the piezoelectric output ds3 value of PVDF by inducing the B-phase to some
extent. Despite this, electrospinning alone may not be sufficient for real-life
applications. Many researchers have attempted to improve piezoelectric performance
by incorporating additives/fillers into PVDF. There is evidence that additives/fillers

have significantly enhanced the piezoelectric performance of PVDF most of the time.

Salt/ionic liquid/surfactant (SIS) are used to enhance the piezoelectric
performance of PVDF by increasing its electroactive phase content. SIS are mostly
soluble in solvents, which leads to fine dispersion in the PVDF matrix, improving
electroactive phase content and piezoelectric property. Dhakras et al. (2012)
investigated the influence of hydrated salt (NiCl..6H,O) on the B-phase and

piezoelectric performance of electrospun PVDF nanofibers. A more significant effect
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of adding salt is the enhanced B-phase content and piezoelectric performance due to
ionic interactions between the polymer and the hydrated salt, as well as the polar
solvent. The addition of room temperature ionic liquid (RTIL), i.e., 1-butyl-3-
methylimidazolium hexafluorophosphate [BMIM][PFs], has resulted in the
enhancement of the B-phase content in PVDF nanofiber mats. The remarkable
improvement in the B-phase content was due to the interaction between the imidazolium
ions of RTIL and CF> of the polymer chain (Xing et al. 2014). Yu et al. (2017)
categorized the salt into three categories; the first category (I) is the salt that does not
ionize in precursor solution and can be assumed in its molecular form. These molecules
have zero or negligible dipole moments. Such salts will not affect electrospinning or
the formation of the B-phase, so there will be no improvement in piezoelectric output
compared to electrospun pristine PVDF. The second category (II) is of salts which can
be separated into positive and negative charges and form electric dipoles upon addition
to the solvent. Also, the addition of these salts causes an increment in the conductivity
of the solution. The interaction between positive charge ion with fluorine atoms and
negative charge ion with hydrogen atoms gives rise to the enhancement 3-phase. The
third category of salts can readily ionize in a precursor electrospinning solution, which
is indicated by a substantial increase in the conductivity of a solution. The high
conductivity of the precursor solution hampered the electrospinning process, resulting
in being less effective compared to II categories of salts. A further detailed investigation
was conducted on the influence of SnCls.5H20, Co(Ac):.4H>O(I-category),
CoCl.6H>0, FeCl2.4H>O(II-category), MgClo.6H20, Co(NO3)2.6H,0O (I1l-category)

on the piezoelectric performance of PVDF.

0-D nanoparticles are particles that have all of their dimensions less than 100
nm. 0-D nanoparticles have attracted research attention because of their extremely
small size and high specific surface area. Goncalves et al. (2015) investigated the
impact of the addition of magnetic nanoparticles on the B-phase and the ds3 value of
PVDF under the influence of a magnetic field. The addition of CoFe;O4 improved the
B-phase content, which may be due to the interaction between the negatively charged
particles (C-potential of nanoparticle was -22 mV) and the positively charged CH» group

of the polymer chain. The d33 value of nanocomposites was increased with an applied
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magnetic field. BTO is an extensively explored and fascinating filler material. It
improved the charge density of the electrospinning solution, thereby improving the
stretching effect, which leads to an enhanced electroactive phase. Also, the electrostatic
interaction between the BTO and polymer chain might have facilitated the promotion
of the electroactive phase content. Additionally, the inherent piezoelectric nature also
contributes to the enhanced piezoelectric performance of PENG (Chanmal and Jog
2011; Hussein et al. 2019; Jiang et al. 2020; Sharatkhani and Kokabi 2018). Moghadam
et al. (2020) fabricated a self-powered wearable piezoelectric sensor using an
electrospun PVDF/Metal-Organic Framework (MOF) nanofabric. The addition of
MOF has enhanced the B-phase content, and the highest B-phase content of 75% was
formed at 5 wt% loading of MOF. The enhanced p-phase could be due to the interaction
between the carboxyl group (COOH) of MOF and the CF of PVDF. The highest

piezoelectric constant was measured and found to be 212 mV/mm for 5% MOF loading.

1-D nanoparticles have an elongated structure with a diameter of less than 100
nm. 1-D nanoparticles such as nanotubes, nanowires, and nanorods have gained
attention due to their unique and interesting properties by virtue of their size and high
aspect ratio. A PVDF/CNT composite nanofiber mat was prepared to investigate the
effect of CNT on the electroactive phase content. The incorporation of CNT resulted in
the enhancement of the B-phase content. The enhanced -phase content was due to the
synergistic effect of the interfacial interaction and the stretching effect. The interfacial
interaction could be due to strong donor-acceptor type interaction between CNT and
fluorine at the interface (Huang et al. 2008). Khalifa et al. (2016) probed the synergistic
effect of the addition of halloysite nanotubes (HNT) and the electrospinning process on
the promotion of the [-phase content and piezoelectric response of PVDF.
Incorporating HNT improved the B-phase content due to the combined effect of the
intermolecular hydrogen bonding between the OH of HNT and the CF; of PVDF and
the interaction between the CH» group of PVDF and the negatively charged surface of
HNT. The maximum B-phase content of 81 % was observed at 10 wt% loading. Above
10 wt% loading of HNT, the B-phase was decreased, which may be due to excess HNT
loading that reduced the polymer filler interaction. The highest piezoelectric response

of 955 mV was observed under an applied load of 100 g. Li et al. (2019) studied the
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role of particle morphology on the polymorphism and piezoelectric response of
PVDF/ZnO composite-derived piezoelectric nanogenerators. The composites were
prepared using ZnO nanoparticles (NPs) and ZnO nanorods (NRs) as fillers via the
electrospinning process. The B-phase content of the PVDF-based composites was
improved, which may be due to the nucleating effect caused by the interaction between
negatively charged NPs/NRs and the positively charged CH> of PVDF. PVDF/ZnO
NRs-derived nanofibers showed higher f-phase content (90.7%) than PVDF/ZnO NPs
nanofibers (87.5%), which may be attributed to the high aspect ratio of filler and better
interaction caused by the proper orientation of NRs along the fiber axis. The NRs-based
composite showed superior piezoelectric performance could be due to the higher B-
phase content and the ability of piezoelectric NRs to deform under externally applied
load. The piezoelectric Voc and Isc of NRs-based nanofiber were found to be 85 V and

2.2 uA, respectively.

2-D nanoparticles are ultrathin sheet-like structures with a thickness of less than
100 nm and lateral dimensions larger than 100 nm. They have high specific surface
area, which could provide strong interfacial interaction with polymer chains. The
graphene-based composite nanofiber showed a reduction in the B-phase content upon
the addition of graphene when compared to pure PVDEF. The presence of graphene
could have inhibited the crystallization of PVDF during solidification, which might be
the reason for lower B-phase content. However, the ds3 value of the PVDF/graphene
composite was higher (19.2 pC/N) than electrospun pure PVDF nanofibers (15.2 pC/N).
The interfacial polarization between reinforced graphene and PVDF might be the
reason for the enhanced ds3 value (Wu and Chou 2016). Electrospun PVDF/graphene
oxide (GO)-based composite nanofibers were developed to study the impact of
graphene oxide on piezoelectric and physical properties. The van der Waals interactions
between the free electron pair that exists on the oxygen atom of GO and the negatively
charged CF» group of the PVDF chains resulted in the enhancement of the B-phase
content (Issa et al. 2016). Khalifa et al. (2019) prepared a flexible piezoelectric
nanogenerator based on graphitic-carbon nitride (g-C3N4) reinforced electrospun
PVDF. The enhanced B-phase content was due to the hydrogen bonding between the
hydroxyl groups of g-C3N4 and the PVDF chains. Also, the dipole-dipole interaction
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between the oxygen atom of g-C3Ns and CH» of the PVDF chain could have played a
role. The highest B-phase content of ~80%, and piezoelectric response of 7.5 V was
generated from 0.75 wt% g-CsNs-based composite nanofiber. Shetty et al. (2019)
studied the influence of organo-modified Ni-Co layered double hydroxide (OLDH) on
polymorphism and piezoelectric behavior of electrospun PVDF. The functional
interaction between OH of OLDH and CF group of PVDF chains and also possible
interaction between sodium dodecylbenzene sulfonate (SDBS) ions and CH» group of
PVDF chains has enhanced the f-phase content in resultant composite nanofibers. The
highest B-phase content of 87.8% was observed at 3 wt% OLDH-based composites.
The piezoelectric Voc, Isc, and power density were found to be 6.9 V, 11.78 nA, and
0.92 pW.cm™ respectively, for the same the composite under human finger-tapping
mode. In Table 1.2, an electrospun PVDF nanofabrics-based piezoelectric energy

harvester with respective filler has been summarized.

1.2.2 Triboelectric Nanogenerators

Several materials have been explored as tribo-positive/tribo-negative materials for
TENG. Mostly, poly(tetrafluoroethylene) (PTFE), polydimethylsiloxane (PDMS),
fluorinated ethylene propylene (FEP), polyimide (PI), and PVDF are used as tribo-
negative materials. Metal films such as copper and aluminium have been used as tribo-
positive materials that can also act as an electrode. Apart from the metal films,
polymeric materials such as nylon, poly(ethylene terephthalate) (PET), and
polyurethane (PU) have been employed as tribo-positive materials (Zhang and Olin
2020). A great deal of research has been done on the improvement of the performance
of TENG. These efforts have been categorized into different sections, such as
meticulous selection of material, modification of material composition, and

modification of surface and interface.
1.2.2.1 Material composition modification

In material composition modification, the bulk material is incorporated with
reinforcement to improve the dielectric property, thereby improving the surface charge

density and the resultant triboelectric performance. The fillers with high dielectric
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constant and different sizes, such as micro or nano, are added to improve the dielectric
properties of polymer composites owing to interfacial polarization and the filler's
superior dielectric properties. Ferroelectric materials have been used as reinforcement
to enhance the triboelectric performance by improving dielectric properties. The fillers’
inherent ferroelectric nature could also contribute to the improved triboelectric
performance. Tao et al. (2019) also used BTO as reinforcement to prepare PVDF-based
composite film. The triboelectric performance of the composite was enhanced upon the
addition of BTO nanoparticles, and the highest Voc of 900 V and a charge density of
34.4 uC/m?* was generated in a composite film containing 10 wt% BTO nanoparticles.
The superior triboelectric performance of composite film may be due to enhanced
piezoelectric performance and dielectric constant. Soin et al. (2016) developed TENG
using lead-free perovskite ZnSnOs-based PVDF composite film using the phase
inversion method. The composite containing 5 wt% ZnSnOs3 was able to generate a Voc
of 520 V and a current density of 2.7 mA/m?. The improvement in B-phase content and
stress-induced polarization of ZnSnOj3 contributes to better performance of composite
film-based TENG. Liu et al. (2021a) utilize BiFeOs lead-free perovskite to fabricate
wearable TENG. The TENG consists of glass fiber fabric/BiFeO3;-PDMS composite
film and silk nanofibers. The enhanced TENG performance was a combination of the
piezoelectric response from BiFeOs and the triboelectric effect. The 2-D material has
garnered attention due to its distinctive properties, such as electrical, dielectric, and
unique geometry. The 2-D reinforcements have been proven to enhance the triboelectric
performance of the composite film. Parandeh et al. (2019) developed high-performance
TENG based on poly(caprolactone)(PCL)/GO composite film and cellulose paper. A
detailed investigation has been made on the effect of varying loading of GO on the
triboelectric performance of TENG. The TENG containing 4 wt% of GO generated the
highest Voc of 120 V, Isc of 2.5 mA/m?. The improved triboelectric performance of
TENG may be attributed to nanopores and enhanced negative charges due to the fibrous
structure of PCL and the addition of GO. Chen et al. (2022) fabricated TENG based on
silk embedded with nanoflake MOF. The SF containing 0.2 wt % of nanoflake MOF-
based film generated a power density of ~263 uW/cm? The improved dielectric

constant could be the reason for the enhancement of triboelectric performance.
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1.2.2.2 Chemical modification of contact surface

The difference in electron affinity between two materials can be altered by chemical
modification of the contact surface. Chemical modification can be done to make contact
surfaces either more tribo-positive or tribo-negative. Thus, the surface charge density
can be improved to maximize the difference in electron affinity between the two
materials, which enhances the triboelectric performance of the TENG (Wang et al.
2016). Wang et al. (2016a) studied the effect of a self-assembled monolayer (SAM) on
the triboelectric performance of TENG. The thiols and silanes with the different head
groups were used to chemically alter the surface of Au and SiO;, respectively. The
triboelectric performance of Au-based and SiOz-based TENG consisting of amine (-
NH»>) head group was significantly improved. Shen et al. (2017) used surface
functionalization to manipulate the electron affinity of the substrate. PET was utilized
as a substrate, on which its surface was functionalized with a series of halogens and
amines functional groups to make the surface either tribo-positive or tribo-negative.
The substrate functionalized with halogen groups acted as the tribo-negative layer, and
the one functionalized with -NH> acted as the tribo-positive layer. The TENG with a
tribo-negative layer containing -Cl group and tribo-positive poly(ether imide) showed
a triboelectric output of 55 W/m?. Feng et al. (2016) fabricated TENG using gum
wrapper-coated aluminium foil and electrospun PVDF nanofiber mat. The gum
wrapper was chemically modified with polydopamine to enhance the surface polarity.
The chemically modified TENG showed triboelectric performance 3.5 times compared
top unmodified TENG. The maximum Isc and Voc of 30 pA and 1000 V were

measured, respectively.
1.2.2.3 Physical modification of surface

The triboelectric performance of TENG is directly related to surface charge density of
the material. So, numerous efforts have been made to improve the surface charge
density of the triboelectric material to enhance triboelectric performance. The surface
charge density is defined as the amount of charge per unit footprint area (C/m?). The
effective surface contact area is different from the footprint area, as effective surface

contact area could increase by physical modifications such as nano or micropatterning
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and electrospinning. Thus, surface charge density can be increased by physical
modification of the contact surface. Fan et al. (2012a) fabricated TENG comprised of
the substrate with a regular and uniform array of micropatterns such as lines, pyramids,
and cubes. The triboelectric performance of the patterned TENG was improved
compared to flat film, and the highest Voc was observed in pyramid patterned-based
TENG. Lin et al. (2013) fabricated a pressure sensor with high sensitivity and quick
response on the basis of the triboelectric effect. The substrate was micropatterned with
a pyramid structure to enhance the contact surface area, thereby improving the pressure
response of the device. In an effort to create microstructures on the surface of PDMS,
argon plasma was employed. The enhanced surface contact area due to the
microstructures has resulted in significantly improved triboelectric performance. The
optimized micro-structured sample showed 2.6 times higher performance compared to
smooth film (Cheng et al. 2017). Dong et al. (2021) investigated the state-of-the-art and
worldwide influence of textile-based TENGs on the basis of publications and their
regional distribution between the period of 2012 to 2020. Since the successful
integration of TENGs with textiles in 2014, the number of articles retrieved on the
subject of textile TENGs has steadily increased each year. The major countries in the
world are involved in the research of textile-based TENGs, and the significant
contributors include the Republic of China, the United States, and the Republic of
Korea. In terms of institutions, the Chinese Academy of Sciences, Georgia Institute of
Technology, University of Chinese Academy of Sciences, and Donghua University are
leading institutions to be paramount in the field of textile-based TENGs. Based on the
data analysis, it was predicted that textile TENGs are going through a rapid growth
phase and will demonstrate even more advancement in the upcoming years (Fig. 1.12).
Electrospinning could be a superior approach among the various methods available for
synthesizing textile-based TENGs due to its simplicity, cost-effectiveness, and
scalability. It also facilitates the physical modification of the substrate's contact surface,
which significantly improves the triboelectric performance of TENG. Kim et al. (2020)
demonstrated that electrospun PI had modified surface that exhibited better triboelectric

performance than commercially available and screen-printed PI film.
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Fig. 1.12 The state of the art of textile-based TENGs based literature retrieved in the
year 2012 to 2020; The articles on textile-based TENG were obtained according to (a)

different years, (b) various nations, and (c) independent research institutes, respectively

(Dong et al. 2021).

1.2.2.4 Triboelectric nanogenerators based on composites of PVDF

The addition of reinforcements, chemical, and physical modification are proven
techniques to enhance the triboelectric performance of TENG. The inherent
piezoelectric nature of the filler or the substrate material could also add to the
improvement of triboelectric performance. PVDF is well-known for its piezoelectric
and dielectric properties and is also a suitable tribo-negative candidate for TENG. The
electroactive phase content, nature of the filler, and processing technique are important
factors that determine the dielectric properties and piezoelectric behavior of the PVDF.
So, efforts have been made to improve the electroactive phase content and dielectric

constant of PVDF by different methods. PVDF and its composites prepared using
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different processes have been explored as tribo-negative materials with enhanced

triboelectric performance.

Kim et al. (2017a) fabricated TENG based on PVDF composite film embedded
with surface-functionalized MWCNT. The addition surface functionalized MWCNT
improved the B-phase content. The triboelectric performance of TENG was enhanced
upon the incorporation of functionalized MWCNT, and the highest Voc of 16 V was
recorded for PVDF composite film containing 1 wt% functionalized MWCNT. Cheon
et al. (2018) fabricated TENG using electrospun PVDF nanofiber embedded with silver
nanowire (AgNW) as tribo-negative material. The electroactive phase content and
dielectric property were significantly improved with the addition of AgNW, which led
to improvement in the triboelectric performance. The PVDF composite nanofiber
containing 3 wt% of AgNW showed the highest triboelectric Voc of 240 V at 5 N
applied force. Choi et al. (2019) embedded graphene quantum dots (GQD) to prepare
the PVDF composite nanofiber mat. The TENG fabricated using a nanofiber mat
containing GQD showed superior performance compared to pristine PVDF nanofibers.
The TENG based on a nanofiber mat containing 5 wt% GQD was able to produce the
highest triboelectric Voc of ~75 V. The TENG was fabricated using an electrospun
PVDF nanofiber mat impregnated with MXene nanosheets (Ti3C2Tx). The addition of
Ti3CoTx nanosheets significantly enhanced the dielectric constant and surface charge
density. The maximum power density of 11.21 W/m? was observed in MXene-based
TENG, which was 1.58 times more than that of pure PVDF nanofiber mat-based TENG
(Bhatta et al. 2021). Shi et al. (2021) developed the triboelectric layer by the
combination of electrospinning and incorporation of graphene. The addition of
graphene significantly improved the dielectric constant and surface charge density. The
electrospinning process introduced surface structures that improved the contact surface
area. The enhanced [-phase content also contributed to improved triboelectric
performance. Hence a superior performance of TENG with Voc and Isc, ~1511 V and
~189 mA/m?, respectively was recorded. Headu et al. (2022) fabricated self-poled
MoS: PVDF composite film as a triboelectric layer using a bar-printing method
followed by postannealing. The enhanced triboelectric performance could be due to an

improved electroactive phase and increased triboelectric trap states. The film
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containing the optimized filler loading followed by postannealing generated a
triboelectric Voc and Isc of ~200 V and ~11.8 pA, respectively. Sim et al. (2022)
developed PVDF composite nanofiber embedded with fullerene. The addition of the
fullerene improved the electroactive phase content of PVDF. Also, the charge
entrapment ability and electronegativity were boosted upon the incorporation of
fullerene, which improved the triboelectric performance of the TENG. In Table 1.3, the
performance of TENGs based on PVDF composites and corresponding tribo-positive

materials is described.
1.2.3 Capacitive Sensors

The flexible capacitive sensor is used as a pressure sensor, tactile sensor, touch sensor,
and force sensor in various applications such as eskin, wearable health monitoring
systems, and robotic arms (Li et al. 2021). Different methods have been reported to
enhance the performance of flexible capacitive sensors, such as altering the surface
structure, distance, and dielectric properties of polymer film. Bao and coworkers first
devised the capacitive sensor with a micropattern on dielectric material to enhance the
performance of the sensor. The pyramid-type microstructure pattern was prepared on
the PDMS dielectric film using a silicon mold. The pyramid-type micro-structured
sensor showed better sensitivity when compared to line-type micro-structured and
unstructured film. The sensor was able to achieve a sensitivity of 0.55 kPa™! (Mannsfeld
et al. 2010; Wan et al. 2018). Lou et al. (2019) developed a capacitive sensor with a
tilted micropillar structure by photolithography. The tilted pillar structure was more
deformable, i.e., the change in distance between electrodes is much more effortless as
the tilted pillar responds to bending deformation instead of compression. The sensor
with a sensitivity of 0.42 kPa™! and a lower detection limit of 1 Pa was developed with
a tilted pillar. A bionic micropatterned PDMS tactile sensor with high sensitivity was
developed using the lotus leaf as a template. The PDMS film was coated with ultrathin
AgNWs film to employ the same as an electrode. The sensor was able to sense as low
as 0.8 Pa pressure and was able to achieve a sensitivity of 1.2 kPa™! (Wan et al. 2018).
The addition of reinforcement into dielectric material could increase the film's dielectric

constant, thereby enhancing the sensor's performance. The spin-coated AgNW doped
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PU film was prepared with different concentrations of AgNW. The sensitivity of the
composite film sensor was 5.5 kPa™! (<30 pa) and 0.88 kPa™! (>30 Pa), whereas, for pure
PU film, the sensitivity was 0.5 kPa™ (<30 pa) and 0.23 kPa™! (>30 Pa). The composite-
based dielectric sensor showed superior performance compared to pure PU (Wang et
al. 2015). Rana et al. (2016) used ferroelectric materials to enhance the dielectric
constant of the film. The addition of ferroelectric BTO improved the dielectric constant
as well as the sensitivity of the capacitive sensor. Upon application of an external
pressure, porous dielectric film can reduce the distance between the electrode and
gradually reduce pores, increasing the effective dielectric constant of the film, which
increases the capacitance as well as the overall dielectric constant of the film. Kwon et
al. (2015) developed porous Ecoflex elastomer film for the capacitive sensors. Ecoflex
was cured along with a sugar cube and then washed with water to prepare porous
Ecoflex dielectric film. The sensitivity of the sensor was measured and found to be
0.601 kPa! upon the application of pressure less than 5 kPa, and it also was able to
sense pulse in real-time. The foaming agent ammonium bicarbonate (NH4sHCO3) was
added to the PDMS solution, and the resultant solution was then heated to form a porous
structure. The sensitivity of porous dielectric film was significantly enhanced when
compared to the non-porous film (Chen et al. 2016b). Yang et al. (2019) used
electrospinning to fabricate the porous dielectric film. Further, to improve the dielectric
constant of the nanofiber mat, carbon nanotubes were added to PVDF. The sensor
showed a sensitivity of 0.99 kPa'!, which was significantly higher than that of pure
PVDF nanofiber mat (0.09 kPa™).
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CHAPTER 1

1.3 PROBLEM IDENTIFICATION

In recent years, energy harvesting devices have attracted the attention of researchers as
an alternative power source for miniature and wearable devices and internet of things.
The piezoelectric and triboelectric effect-based nanogenerators have garnered
substantial interest due to their ease of operation, adaptability, and high conversion
effectiveness. Ceramic-based piezoelectric materials exhibit superior performance
owing to their higher piezoelectric coefficients. However, their fragile nature and
difficulty in intricate designs restrict their use in various applications, which opens the
door for polymeric materials. In triboelectric energy harvesters, PTFE and PDMS have
commonly utilized materials due to their ease of processibility and tribo-negative
characteristics. However, the low dielectric constant and the absence of inherent
piezoelectric nature limits their triboelectric performance. PVDF is a potential
candidate with several advantages over ceramics, including its flexibility, ease of
processing, and failure at high elongation, making it an appealing alternative in several
applications. PVDF exhibits the highest piezoelectric coefficient and dielectric constant
among polymeric materials, while its electronegativity is the highest after PTFE.
However, PVDF’s electrical response is limited by its low dielectric constant and
relatively low electroactive phase content, which hinders its practical use in real-life
applications. These challenges can be surpassed by using nanofillers and
electrospinning together in a synergistic way which provides a coherent approach that
improves the electroactive phase content and dielectric properties of PVDF. Therefore,
the purpose of this study is to investigate the tuning of the piezoelectric and triboelectric

properties of electrospun PVDF nanofabrics with carefully added nanofillers.

1.4 SCOPE AND OBJECTIVES OF THE PRESENT WORK
1.4.1 Scope

PVDF could be a potential candidate to develop high-performance energy harvesting
devices. PVDF has been intensively researched in the past decades for its use in
piezoelectric and triboelectric energy harvesters and sensors. Several nanomaterials are

responsible for increasing the electroactive phase content and dielectric property in
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PVDF, including carbon nanotubes, graphene, nanoclay, silica, and titanium oxide.
Electrospinning can induce electroactive phase formation in PVDF, which is a
simplified and more readily scalable approach. Electrospinning and filler-polymer
interaction significantly improve the electroactive phase content, contact surface area,
and dielectric constant, which make PVDF suitable for energy harvesting and sensing
application. The primary objective of this research is to synthesize the PVDF-based
nanofabric incorporating either a cationic surfactant or a couple of carefully chosen
nanofiller without surface modification. The focus is on enhancing the dielectric

properties, piezo capacitive sensing, piezoelectricity, and triboelectric properties of

PVDF.
1.4.2 Objectives

1. To synthesize PVDF/cationic surfactant doped nanofabrics.
To synthesize PVDF/mica nanosheet composite nanofabrics.
To synthesize PVDF/BaWO4 composite nanofabrics.

To explore the structural and morphological aspects of these nanofabrics.

A

To study the piezo capacitive sensing, piezoelectric and triboelectric response

of these nanofabrics.
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CHAPTER 2

MATERIALS AND METHODS

This chapter provides a primary focus on the materials employed in the production of
PVDF based doped/composite nanofabrics. It delves into the preparation of the
precursor solution and the synthesis of nanofabrics using the electrospinning process.
The synthesis process of barium tungstate nanorods is also explained in detail. Brief
descriptions of the characterization techniques used to examine the synthesized
materials are included. Moreover, the chapter encompasses the evaluation of PVDF

based doped/composite nanofabrics for various applications.
2.1 MATERIALS

PVDF (Solef 1015, Solvay, Italy) (M,= 575,000) was obtained from Prakash
Chemicals, India. Tetra-n-butyl ammonium chloride hydrate (TBAC) was procured
from Alfa Aesar, India. N, N- dimethyl formamide (DMF), acetone, barium nitrate
(Ba(NOs3)2), sodium tungstate dihydrate (Na2W0O4.2H>0), cyclohexane, Triton X-100
(non-ionic surfactant) were purchased from Molychem, India, and 1-hexanol was
procured from TCI chemicals, India. The mica nanosheets (purity of >99%) (particle

size < 80 nm) were procured from Nanoshell, UK.

2.2 METHODS
2.2.1 Electrospinning of TBAC-doped PVDF nanofabrics

Electrospinning solution had a concentration of 13.5% w/v of PVDF in DMF. 1, 2, 3,
and 5 wt% of TBAC were added to the PVDF solution based on the weight of PVDF,
and the mixture was stirred at 30 °C for 8 h. The resultant solution was loaded to a 10
mL syringe with a 22 G hypodermic needle with a beveled tip. The following optimized
parameters were used for the synthesis of electrospun nanofibers: flow rate — 0.6 mL/h;
drum collector speed — 1500 rpm; tip to collector distance — 17 cm; applied voltage —

18 kV; RH — 55 + 2%; and temperature — 30 °C.
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2.2.2 Synthesis of barium tungstate nanorods (BWN)
The BWN were synthesized using the reverse microemulsion method

mentioned elsewhere (Zha et al. 2019).
Part 1: synthesis of NaWO4 microemulsion

A beaker was filled with 25 ml of cyclohexane, 3.39 ml of Triton X-100
(surfactant), and 2 ml of 0.2 M aqueous NaxWO4 solution in sequence under constant
magnetic stirring (500 rpm). Then, 1.38 ml of 1-hexanol (co-surfactant) was added, and
the resultant mixture was vigorously stirred at 1000 rpm for 15 min to create a

transparent reverse microemulsion.
Part 2: synthesis of Ba(NO3)2 microemulsion

Ba(NO3)2 microemulsion was prepared using a similar method as mentioned in part 1,

replacing Na;WOj4 solution with Ba(NO3); solution.

The Ba(NOs3), microemulsion was gently added to the Na; WO4 microemulsion
under gentle stirring, and the mixture was allowed to turn into white and turbid. The
resultant mixture was kept at 50 °C for 24 h and allowed to form a white precipitate.
The precipitate was separated using a centrifuge, washed and cleaned using ethanol five
times to remove the residual surfactant and organic solvent, and then dried at 60 °C in

a hot air oven for 12 h to obtain the BWN.

2.2.3 Electrospinning of PVDF/BWN Composite Nanofabrics

About 13.5 w/v% solution of PVDF in a 9:1 mixture of DMF and acetone was prepared
to synthesize EPVDF nanofabric. For synthesizing the composite nanofabrics,
accurately weighed BWN (0.5, 1, 1.5, 2, 3, and 5 wt% based on the weight of PVDF)
was added to 10 mL of the mixed solvents. The resultant dispersion was ultrasonicated
for 90 min, then 1.35 g of PVDF was slowly added to it under constant magnetic
stirring. The mixture was magnetically stirred for 10 h to ensure homogeneity. The
aforementioned PVDF solution/homogenized mixture of PVDF and BWN was
transferred to 10 mL syringes fitted with 22-gauge stainless steel needles and subjected

to electrospinning at 28 + 2 °C under the optimized conditions as follows: applied
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voltage 18 kV; flow rate 0.6 mL/h; spinneret TCD 17 c¢m; rotating drum collector speed
1500 rpm; relative humidity 50 + 2%.

2.2.4 Electrospinning of PVDF/mica nanosheets (MNS) Composite Nanofabrics

A precursor solution was prepared by dissolving PVDF powder (13.5 wt/v%) in a 9:1
mixture of DMF and acetone. The mixture was stirred for 10 h to ensure complete
dissolution of PVDF and electrospun to prepare EPVDF nanofabric. The composite
nanofabrics were synthesized by adding an accurately weighed amount of MNS (0.25,
0.5, 0.75, and 1 wt% based on the weight of PVDF) to PVDF solution. Initially, a
dispersion of MNS was prepared in the mixed solvent. The mixture was probe-
sonicated for 40 minutes, and then 1.35 g of PVDF was added under continuous
magnetic stirring and kept for 10 h. Subsequently, the resultant solution was loaded into
a syringe equipped with a 22-gauge beveled stainless steel needle and subjected to
electrospinning using the following parameters: applied voltage of 18 kV, a flow rate
of 0.6 mL/h, a TCD of 17 c¢m, a rotating drum collector speed of 1500 rpm, a relative
humidity of 50+2%, and a temperature of 28 +3°C. Table 2.1 provides the notation used
for PVDF based nanofabrics.
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Table 2.1 Notations used for the PVDF based nanofabrics.

CHAPTER 2

Dopant/Filler loading
Nanofabrics Dopant/Filler (wt%) based on the
weight of PVDF
PVDF/TBAC doped
nanofabrics
EPVDF 0
PVDF/TBAC-1 TBAC 1
PVDF/TBAC-2 TBAC 2
PVDF/TBAC-3 TBAC 3
PVDF/TBAC-5 TBAC 5
PVDF/BWN composite
nanofabrics
EPVDF 0
PVDF/BWN-0.5 BWN 0.5
PVDF/BWN-1 BWN 1
PVDF/BWN-1.5 BWN 1.5
PVDF/BWN-2 BWN 2
PVDF/BWN-3 BWN 3
PVDF/BWN-5 BWN 5
PVDF/MNS composite
nanofabrics
EPVDF 0
PVDF/MNS-0.25 MNS 0.25
PVDF/MNS-0.5 MNS 0.5
PVDF/MNS-0.75 MNS 0.75
PVDF/MNS-1 MNS 1
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2.3 MEASUREMENT AND CHARACTERIZATION

Scanning electron microscopy (SEM) (JSM-6380LA, JEOL, Japan) was used to study
the morphology of the gold-sputtered TBAC-doped PVDF nanofibers. The
morphologies of MNS, BWN, and composite nanofibers were investigated by field
emission scanning electron microscopy (FESEM) (Zeiss GeminiSEM 300 FESEM,
Germany). The nanofibers were gold-sputtered prior to FESEM imaging. Image-J
software (Schneider et al. 2012) was used for the measurement of fiber diameter. The
average fiber diameter (AFD) and standard deviation (SD) of the nanofibers were
calculated by measuring the diameter of 50 fibers at three different locations. The
average diameter and SD of BWN were also calculated using the image-J tool; 50
nanorods were chosen for the measurement. Also, a transmission electron microscope
was employed to image the composite nanofibers. The nanofibers were directly spun

on the carbon-coated copper grid (200 mesh) and then dried before imaging in TEM.

Fourier transform infrared (FTIR) spectroscopy (FTIR-4200, JASCO, Japan)
was used to investigate the polymorphism of PVDF and the interaction between
polymer and fillers. The measurement was carried out in the range of 4000 cm™ — 650
cm™! at a resolution of 4 cm™ with 32 scans in the ATR mode. Using Eqn. 1, the % pB-
phase in PVDF and its TBAC doped nanofibers were determined with an assumption
that the absorption follows Lambert-Beer law:

O — - @D
(72) Ae + 4

Aq is the absorbance at 763 cm™ (0-phase), and Ag is the absorbance at 839 cm™ (B-
phase). The absorption coefficients for each phase are Ko (6.1 x 10* cm?/mol) and Kg
(7.7 x 10* cm?/mol) at 763 cm™ and 839 cm™!, respectively.

The following equation was used for the calculation of the F(E£A) in EPVDF and

composite nanofabrics (Cai et al. 2017):

A840

(%) Az62 + Agao

F(EA) = x 100% (2.2)
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where Asso and Aze> are the absorbances at 840 cm™ and 762 cm™" respectively. The
Ks40 and K762 are the absorbance coefficients at 840 cm™ and 762 cm™ respectively,

with values of 7.7 x 10* cm? mol™' and 6.1 x10* cm? mol™.

The intensities at 1275 cm™ and 1232 cm™ were used for the quantitative measurement,
as the absorbance intensities of these peaks are related to the amount of the § and y-
phases present, respectively (Cai et al. 2017):

(2.3)

F(B) = F(EA AHy 100%
(B) = F(EA) x M X 0

(2.4)

_ Y
Flr) = F(EA) X (AH[; T AH,

> x 100%
where AHp is the height difference (absorbance intensity) between the peak at 1275
cm’! and its nearest valley at 1260 cm™, and AHy is the height difference between the

peak at 1232 cm™! and the valley at 1225 cm™! (Cai et al. 2017).

Wide angle X-ray diffraction (WAXD) (Empyrean-Malvern PANalytical, UK)
(Cu K¢=0.154 nm, 45kV, 40 mA) was employed to study the polymorphic phases. The
samples were scanned in a 20 range of 10-45° at a step size of 0.013°, and the time per

step was 24 s.

The total crystallinity using WAXD (¥cwaxp)%) was calculated by the

following equation:

(2.5)

4

Xeewaxp)%o =A A x 100
(4 a

where Ac and Aa are the integrated areas of the XRD peaks corresponding to the

crystalline and amorphous phases, respectively.

Differential scanning calorimetry (DSC) (Mettler Toledo, Model-833 E,
Switzerland) was used to study the melting temperature and crystallinity of pristine

PVDF and doped nanofabrics. The temperature ramp was done at a rate of 10°C/min in
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dry nitrogen atmosphere purged at a rate of 50 mL/min. The degree of crystallinity

using the DSC curve (x¢(psc)%) was calculated by the following equation:

AHg (2.6)

Xewscy%o = 7 X 100

Hi00%

Xcpsc)% 1s the percentage crystallinity using DSC; Hg is the enthalpy of fusion of

pristine PVDF, and doped nanofabrics; AH;qg¢, (104.7 J/g) is the enthalpy of pure
PVDF of 100% crystallinity (Liu et al. 2013).

The dielectric properties of the nanofabrics were examined using a LCR meter
(RS PRO: LCR-6300, UK). The samples were kept between copper electrodes for the
measurement, and the test was carried out in the frequency range of 1 kHz-200 kHz at
a bias voltage of 1 V. The following equation was used for calculating dielectric
constant:

_cd .7)

&, = —
" gA

where €, and g, are the dielectric constant composite nanofabrics and dielectric
permittivity of air (8.854x1072 F/m), C and d are the capacitance and thickness of

nanofabrics, respectively, and 4 is the surface area of the electrode.

The piezo capacitive sensing of the composite nanofabrics was also examined
under the application of an external load using a dielectric analyzer (Alpha A,
Novocontrol Technologies, Germany). The sensitivity (S) was obtained using the

following equation:

¢ _4C/G (2.8)
- AL

where AC is the relative change in capacitance under external load (C-Co), Co is the
initial capacitance, and AL is the applied load. The slope of the response curve was used

to determine the sensitivity of the device.

Particle size and Zeta potential analyzer (Litesizer™ 500, Anton-Paar, Austria)

was used to measure the - potential of BWN and MNS. A particular amount of filler
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was dispersed in water so that at least 70% transmittance was maintained to carry out

the measurements.

The finger-tapping force was measured using a force sensor (Model-9712BS, Kistler,

Austria).

24 SETUPS AND METHODOLOGY EMPLOYED FOR THE
PIEZOELECTRIC, PIEZO CAPACITANCE AND TRIBOELECTRIC
PERFORMANCE EVALUATION OF ELECTROSPUN PVDF
COMPOSITE/DOPED NANOFABRICS

2.4.1 Piezoelectric and piezo capacitance setup

The capacitive sensors were fabricated using copper tape adhered to the flexible
insulating plastic sheet that served as the electrode and nanofabrics as a dielectric layer.
The nanofabric was placed between the electrodes. An electrode edge has been
cushioned with a thin layer of thermoplastic polyurethane (TPU). It does not contribute

to the piezo capacitive performance of the device (Fig. 2.1 (a)).

The piezoelectric performances of the PVDF-based nanofabrics were evaluated
using a digital oscilloscope (RS PRO-1052, UK) and a standard linear motor kit
(Cyltronic AG, Switzerland). A copper electrode was attached to a non-conducting
plastic film, and the nanofabric was sandwiched between these copper electrodes to
fabricate the PENG device (Fig. 2.1(b)). The electrodes were connected to the
oscilloscope to measure the voltage output. Then, the nanogenerator was tested under

the application of an external load (Fig 2.2).
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@) (b) Plastic insulating il
Plastic insulating film asticinstilating fim
Electrode

Electrode

: / | TPU thin film of 10 pm ' / Nanofiber mat
v Nanofiber mat Q : Electrode
\

Electrode ' Plastic insulating film
Plastic insulating film \

Fig. 2.1 Setup used for the evaluation of (a) Piezo-capacitance based pressure sensor,
(b) PENG.

Linear motor setup

D Nonconducting plastic film
Nanofabric
. Copper electrode

Load measuring sensor

Fig. 2.2 Schematic illustration of the PENG and the piezoelectric and piezo capacitive

response measurement setup.

2.4.2 Triboelectric setup

The performance TENG based PVDF-based nanofabrics was studied using a digital
oscilloscope (Tektronix, TDS 2012C, USA). The TENG was fabricated using the
nanofabric as the tribo-negative material (2 cm % 2 cm) and a copper strip as the tribo-
positive material (2 cm %2 ¢m). The nanofabric was pasted onto a copper electrode, and

another copper electrode was attached to the transparent acrylic sheet as shown in Fig
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2.3. The top copper electrode, i.e., the tribo-positive material, was glued to the acrylic
sheet such that it creates an arc shape above the tribo-negative material. The distance

between the tribo-positive and tribo-negative materials was 10 mm.

(@) ey
[ Copper electrode

[ Nanofabric

B Acrylic sheet

[] Nonconducting plastic film

Fig. 2.3 (a) Schematic illustration, and (b) digital photograph of TENG.

The fluttering-driven triboelectric nanogenerator (FDTENG) was fabricated to
harvest energy from wind, as illustrated in Fig. 2.4. FDTENG is the small rectangular
wind channel of acrylic sheets attached. The length of the wind channel was 9 cm, and
its cross-sectional area was 2.8 x 2 cm?. At the top and bottom of the wind channel, a
nanofabric with copper electrodes was attached. The copper foil of a thickness of 30
pm was used as a flag for the FDTENG device, which was attached horizontally at the
inlet of the wind channel. The copper flag acts as an electrode as well as a fluttering
body in the FDTENG device. An electric fan (Tornado II, Orient electric, India) was

used to blow wind at different speeds (measured using Professional Instruments

Anemometer, India).

[ Copper tape/fluttering film/flag

B Nanofabric
Acrylic sheet

Fig. 2.4 Schematic illustration of the FDTENG.
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CHAPTER 3

CATIONIC SURFACTANT ASSISTED ENHANCEMENT OF DIELECTRIC
AND PIEZOELECTRIC PROPERTIES OF PVDF NANOFIBERS FOR
ENERGY HARVESTING APPLICATION

In this study, PVDF nanofabrics were electrospun from a PVDF solution that contained
TBAC. The effect of TBAC on the morphology, crystallinity, and polymorphism of
PVDF/TBAC doped nanofabrics was studied using various characterization
techniques. The introduction of TBAC led to a significant improvement in the
electroactive f-phase of PVDF and its dielectric constant. A piezoelectric
nanogenerator was developed using PVDF/TBAC doped nanofabrics to assess the
piezoelectric response. The combined effect of electrospinning and TBAC resulted in

an enhanced piezoelectric performance of the PVDF doped nanofabrics.
3.1 RESULTS AND DISCUSSION
3.1.1 Morphology

Fig. 3.1 shows the SEM images of EPVDF and PVDF/TBAC doped nanofibers with
different loading of TBAC. The addition of TBAC increases the surface charge density
of PVDF solution, which augments the stretching effect during fiber formation through
electrospinning. However, the stretching effect also depends on the tangential electrical
field (Angammana and Jayaram 2011). AFD decreased with an increase in TBAC
loading up to 3 wt%, beyond which it increased slightly. The reduction in the AFD is
attributed to the combined effect of high surface charge density and decreased
tangential electric field. However, further addition of TBAC above the critical
concentration causes a drastic reduction in the tangential electric field, thereby
depleting the resultant effect that increases AFD (Angammana and Jayaram 2011). Ico
et al. (2016) reported the influence of fiber diameter on piezoelectric performance of
PENG. The study revealed that, as fiber diameter decreased, the piezoelectric
performance was increased. The relationship between fiber diameter and piezoelectric

coefficient is given by equation 3.1.
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logdss = 1.96 + 0.19l0g ~ (3.1

where ds3 is piezoelectric coefficient, and d is fiber diameter.

The stretching effect is one of the important parameters, which may influence
the electroactive phase formation; it also determines the fiber diameter. In some studies,
it was observed that when the fiber diameter decreased electroactive phase increased
and vice versa (Khalifa et al. 2016; Khalifa and Anandhan 2019; Shetty et al. 2019).
The same trend was observed in our study. Thus, the enhanced electroactive phase can

be related to the fiber diameter.

7\

575 AFD=330 +55 nm % AFD=302 8
SRR T

Fig. 3.1 SEM images of (a) EPVDF; and PVDF/TBAC doped nanofibers: (b)
PVDF/TBAC-1.0, (c) PVDF/TBAC-2.0, (d) PVDF/TBAC-3.0, (¢) PVDF/TBAC-5.0.

3.1.2 FTIR spectral analysis

Fig. 3.2(a) shows the FTIR spectra of EPVDF and PVDF/TBAC doped nanofabrics. In
the spectrum of EPVDF, peaks at 763 and 975 cm™! are the signature peaks of the a-
phase. On the other hand, the peaks at 839, 1275, and 1401 cm™! are attributed to the -
phase of PVDF (Cai et al. 2017; Khalifa et al. 2016). The peaks at 975 and 763 cm’!
weakened upon the addition of TBAC, while the peak intensity at 839 cm™! increased.
The peak at 876 cm™ (CF») shifted to 878 cm™ after the addition of TBAC to PVDF
(Fig. 3.2(b)), suggesting strong interaction between the fluorine atoms of PVDF and
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the cations of TBAC. The strong ion-dipole interaction between CF2 groups of PVDF
and the cation of TBAC molecule induces crystallization of PVDF, specifically in the
all-trans conformation (Liang et al. 2014a; b). The hydrogen bonding or dipolar
interaction between PVDF and DMF also helps to induce B-phase to some extent (He
and Yao 2006; Khalifa and Anandhan 2019; Ma et al. 2008). Fig. 3.3 depicts the
schematic of ion-dipole interaction between CF» groups of PVDF and the cation of the
TBAC molecule; hydrogen bonding or dipolar interaction between CH> of PVDF chain
and carbonyl oxygen (C=0) of DMF is also shown. The B-phase content in
PVDF/TBAC doped nanofabrics was calculated using equation (2.1).

The synergistic effect of electrospinning and strong interaction between TBAC
and PVDF resulted in the formation of the -phase in PVDF. As discussed in section
3.1.1, the stretching effect also facilitates the formation of the -phase of PVDF. The
doped nanofabric containing 3 wt% of TBAC showed the highest B-phase content of
89 % in PVDF. Also, this system had the lowest AFD, which is expected to exhibit the
best piezoelectric behavior according to equation (3.1). At Swt% TBAC loading, the 3-
phase weakened, which may be possibly the result of a decreased stretching effect on

the fiber jets during electrospinning, as mentioned in the previous section.
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Fig. 3.2 FTIR spectra (a) EPVDF and PVDF/TBAC doped nanofabrics, (b) Shift in the
C-F band of PVDF upon the addition of TBAC.
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Fig. 3.3 Plausible mechanism of interaction between PVDF, DMF and TBAC.

3.1.3 Phase and crystallinity analysis using WAXD and DSC results

Fig. 3.4 shows the WAXD patterns of EPVDF and PVDF/TBAC doped nanofabrics.
For EPVDF, peaks at 20.6° and 36.3° correspond to (1 1 0/2 0 0) and (0 2 0) planes of
the B-phase. The shoulder peak at 18.3° indicates the presence of the a-phase of PVDF
that corresponds to its (0 2 0) crystal plane (Cai et al. 2017; Shetty et al. 2019). The
peak corresponding to the a-phase (18.3°) got weakened upon the addition of TBAC,
which is attributed to an increase in the f-phase content. The WA XD results are in line

with the FTIR spectral results.
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Fig. 3.4 WAXD patterns of EPVDF and PVDF/TBAC doped nanofabrics.

DSC is the most commonly used method for determination of crystallinity in
polymers. DSC-based crystallinity measurement is more accurate, as the measurement
is based on the enthalpy of melting in which the heat associated with the melting of
every crystal can be recorded (Bairagi and Ali 2020; Govinna et al. 2019). DSC curves
of EPVDF and PVDF/TBAC doped nanofabrics are shown in Fig. 3.5 and the values
of melting temperature, enthalpy, and crystallinity have been highlighted in Table 3.1.
The melting temperature of PVDF/TBAC doped nanofabrics was increased by 4°C with
respect to that of EPVDF. The higher melting temperature of PVDF/TBAC doped
nanofabrics is due to the recrystallization of PVDF chains from the a-phase to the f3-
phase (Andrew and Clarke 2008; Liang et al. 2014a; Pramoda et al. 2005; Xue et al.
2017). Also, the formation of the B-phase was confirmed from FTIR spectral and
WAXD analyses. The total crystallinity of PVDF/TBAC decreased as the loading of
TBAC was increased up to a loading of 3 wt%. The reduction in total crystallinity was
found ~8% at 3 wt% loading. Moreover, this system had the lowest average fiber
diameter as discussed before. This trend may be attributed to the high evaporation rate
of solvent. The high evaporation rate inhibits crystal rearrangement, which produced
slightly less ordered crystalline structure. The rate of evaporation of solvent from an
electrospinning jet depends on the extent of stretching; as stretching effect increases,

the solvent evaporation rate also increases and vice-versa. Thus, the stretching effect
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influences the evaporation rate of solvent, which in turn alters the crystallinity of the

fibers (Itoh et al. 2016).
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Fig. 3.5 DSC curves (second heating cycle) of EPVDF and PVDF/TBAC doped

nanofabrics.

Table 3.1 Melting temperature (Tm), enthalpy of melting (AHs), crystallinity
Xcosc)(%) and F(B)(%) of EPVDF and PVDF/TBAC doped nanofabrics.

Sample AH;s (J/g) Tm (°C) Xc(psc) (%) F(B) (7o)
EPVDF 48.6 174.2 46.4 57
PVDF/TBAC-1.0 46.7 178.9 44.6 83
PVDF/TBAC-2.0 46.1 177.5 44.0 85
PVDF/TBAC-3.0 44.9 178.6 42.8 89
PVDF/TBAC-5.0 47.3 177.4 45.1 86

3.1.4 Piezoelectric Performance

The performances of EPVDF and PVDF/TBAC doped nanofabrics based piezoelectric
nanogenerator (PENG) were evaluated under the constant force of 2.5 N (Fig. 3.6(a)).
The Voc of 10.2 V was observed for PVDF/TBAC-3.0. Its enhanced piezoelectric
response may be attributed to the presence of high B-phase content. On the other hand,

Voc of 0.9, 2.2, 4.5 and 4.6 V were generated from EPVDF, PVDF/TBAC-1.0,

58



CHAPTER 3

PVDF/TBAC-2.0, and PVDF/TBAC-5.0, respectively. Since PVDF/TBAC-3.0
showed the highest voltage output, it was tested under different values of the applied
force (0.5, 1, 2, 3, and 5 N), and results are shown in Fig. 3.6(b). With an increase in
the applied force, the voltage output increased significantly, and it reached up to 17.2
V at 5 N, which is higher than the piezoelectric response previously reported by Zaarour
etal. (2020) i.e., ~2.6 V (Table I.1). The voltage output generated by PVDF/TBAC-3.0
was 19.1 times higher than that of EPVDF. Piezoelectric output of PVDF depends on
the presence of the electroactive phase in it. However, the fineness of fibers
(Abbasipour et al. 2017), relative humidity (RH) (Szewczyk et al. 2020), additives
(morphology and surface nature of additives) (Abbasipour et al. 2017; Mokhtari et al.
2017; Sharma et al. 2016) can also influence the piezoresponse. Abbasipour et al.
(2017) reported that the piezoelectric response cannot be assessed only through the
electroactive phase; the fineness and orientation of the nanofibers also play an
important role. Szewczyk et al. (2020) reported that, along with the electroactive phase,
RH, and voltage polarity in the electrospinning process are also vital for the
enhancement of piezoresponse of PVDF nanofabric. Their study ascribed the higher
relative humidity to the higher piezoresponse of their PVDF nanofabrics. Zaarour et al.
(2020) prepared PVDF nanofabrics with relatively higher loading of the surfactant i.e.
0.2 mol/L (0.5558 g/10 mL) at a relative humidity (RH) of 10%. In our study, the RH
was kept at 55+2 %, and the surfactant loading was lower (0.0135 g/10 mL to 0.0675
2/10 mL) than that of their study. In our study, we believe that the synergistic effect of
the electrospinning parameter (such as RH), fiber morphology, and optimized loading
of TBAC has improved the piezoelectric response of PVDF nanofabric. The output
voltage showed signals in the positive and negative directions. The positive signal is
attributed to the aligned dipoles in the direction of the applied force. The dipoles are
aligned due to the resultant potential difference when a compressive force is applied.
The negative signal is attributed to the release of the applied force, producing a reverse
output voltage when the material returns back to its initial position. The comparison of
piezoelectric performance of PVDF/TBAC doped nanofiber-based PENG with reported
PVDF/ionic liquid or alkyl ammonium salts in the literature is given in Table I.1. The

results are comparable with published literature.
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Fig. 3.6 (a) Piezoelectric response of EPVDF and PVDF/TBAC doped nanofabrics at
different loading of TBAC (under a constant applied force of 2.5 N), (b) Piezoelectric
response of PVDF/TBAC-3.0 under different values of applied force.

Fig. 3.7 shows the change in voltage and current outputs as a function of load
resistance (1-10 MQ) upon application on 3 N force on the PENG-based on
PVDF/TBAC-3. The voltage generated by the PENG increased with respect to the load
resistance, and a reverse trend was observed in the case of current. The power density

(P) was calculated using the following equation:

V2 (3.2)

P =
AXR,

where V is the output voltage, A is an effective area and R| is the load resistance across
the circuit. The maximum power density of ~1.4 uW/cm? was observed at a load

resistance of § MQ.
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Fig. 3.7 (a) The output voltage and current across different load resistances, (b)
calculated power density of PVDF/TBAC-3.0 based PENG under 3 N load at different

load resistance values.
3.1.5 Dielectric studies

The frequency-dependent dielectric properties of EPVDF and PVDF/TBAC doped
nanofabrics are shown in Fig. 3.8. The dielectric constant of the doped nanofabrics
increased as a function of TBAC loading. At 1000 Hz, the dielectric constant of
PVDF/TBAC-3.0 was 22.5, which is 210% higher than that of EPVDF. For all the
loadings of TBAC, doped nanofabrics showed a dielectric constant higher than that of
EPVDF. This enhancement in dielectric constant may be ascribed to the following
reasons: First, an improved stretching effect during electrospinning, attributed to the
addition of TBAC. Stretching causes polymer chains to align and form the B-phase,
which might lead to the enhancement of dielectric constant (Ye et al. 2013). Second is
the Maxwell-Wagner—Sillar interfacial polarization (MWS) effect. The differences in
conductivity and permittivity of PVDF and TBAC causes space charges to accumulate
at the interface, which results in the MWS effect (Fan et al. 2019; Shetty et al. 2019).
Also, the porous structure in the nanofabrics varies the dipole density, thus affecting
the dielectric constant (Yang et al. 2014). The dielectric loss was suppressed upon the
addition of TBAC. These results indicate that the PVDF/TBAC nanofabrics developed

in this study have the potential to be used in flexible electronics.
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Fig. 3.8 Frequency-dependent; (a) dielectric constant, (b) dielectric loss of EPVDF and
PVDF/TBAC doped nanofabrics.
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CHAPTER 4

DEVELOPMENT OF A FLEXIBLE PIEZOELECTRIC AND
TRIBOELECTRIC ENERGY HARVESTER WITH PIEZO CAPACITIVE
SENSING ABILITY FROM BARIUM TUNGSTATE NANOROD-DISPERSED
PVDF NANOFABRICS

Herein, We have investigated in detail the effect of the addition of reverse
microemulsion synthesized BWN on morphology, crystallinity, and polymorphism of
electrospun PVDF nanofabrics. The electroactive phase content (p and y-phases) of the
nanofabrics was enhanced upon the addition of BWN, which may be attributed to the
synergistic effect of filler-polymer interaction and electrospinning. The dielectric
constant of the nanofabrics containing BWN was enhanced compared to EPVDF.
Additionally, piezo capacitive sensing ability was improved upon the introduction of
BWN. The piezoelectric and triboelectric nanogenerators were fabricated using
PVDF/BWN composite nanofabrics. The nanogenerators fabricated using PVDF/BWN
composite nanofabrics exhibited enhanced performance than that of EPVDF based

nanogenerators.

4.1 RESULTS AND DISCUSSION

4.1.1 Characterization of BWN

Fig. 4.1(a) shows the X-ray diffractogram of the synthesized BWN. The diffraction
peaks located at 17.26°, 26.47°, 28.0°, 31.9°, 43.0°, 45.7°, 48.64°, 53.6°, and 54.5°
represent the (101),(112),(004),(200),(204),(220),(116),(312)and(224)
crystal planes of BaWOs respectively. This result matches with the ICDD pattern no.
00-043-0646, confirming the successful obtention of tetragonal BaWQ4. In the FTIR
spectrum of BWN (Fig. 4.1(b)), the intense band at 801 cm™ corresponds to the
asymmetric stretching vibration of W—O and a small hump at a lower wavenumber
could be due to the weak bending vibration of W—O (Khan et al. 2018; Sadiq and
Nesaraj 2015). The C-potential curve of BWN in Fig. 4.1(c) confirms that the particles
are negatively charged with a mean (-potential value of -38.8 mV. SEM image (Fig.
4.1(d)) reveals that BaWOj4 has crystallized in the shape of rods. The average diameter
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and length of these rods were 252+47 nm and 1421£370 nm, respectively (the

measurements were done on 50 nanorods using the image-J tool).
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Fig. 4.1 (a) WAXD, (b) FTIR spectrum, (c) {-potential curve, and (d) FESEM image
of BWN.

4.1.2 Characterization of PYDF/BWN composite nanofabrics

4.1.2.1 Morphology

The AFD of composite nanofabrics increased upon increasing the loading of BWN (Fig.
4.2), which could be attributed to the increased viscosity of the polymer solution upon
the addition of BWN (Hosseini and Yousefi 2017; Tiwari et al. 2019). The diameter of
fiber signifies the amount of stretching that occurred during the electrospinning, and
this stretching could induce the formation of the electroactive phase in PVDF, as
discussed in our previous reports (Ekbote et al. 2021; Shetty et al. 2020). However,
apart from the stretching effect, the interaction between the nanofiller particles and

PVDF chains also has a significant role in inducing the electroactive phase. Herein, the
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interaction between the PVDF chains and the surface of BWN could be the dominating
factor over the stretching effect, leading to enhancement in the electroactive phase

content.

£118 nm

FD 414+103 nm

Fig. 4.2 FESEM images of (a) EPVDF, (b) PVDF/BWN-0.5, (c) PVDF/BWN-1, (d)
PVDF/BWN-1.5, (¢) PVDF/BWN-2, (f) PVDF/BWN-3, (g) PVDF/BWN-5 (the AFD

and SD values are indicated as inset within each image).

Fig. 4.3 TEM images of a single nanofiber of PVDF/BWN-3 imaged at two locations.
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Fig. 4.3 shows the representative TEM images of PVDF/BWN-3 nanofiber
imaged at two locations. The BWN were finely dispersed and encapsulated by the
PVDF (Fig. 4.3(a)). Also, the particles were aligned along the fiber axis due to the
stretching of the fiber jets during electrospinning. Some nanorods are also observed on

the surface of the nanofiber, as shown in Fig. 4.3(b).
4.1.2.2 FTIR spectral analysis

FTIR spectroscopy was carried out to study the polymorphism in the EPVDF and
PVDF/BWN composite nanofabrics (Fig. 4.4). The peaks at 762, 796, and 975 cm™! are
the signatures of the a-phase. The peaks 840 and 1275 cm! represent the B-phase. The
characteristic peak of the y-phase didn't appear at 1232 cm™ in EPVDF (Cai et al. 2017;
Martins et al. 2014). The FTIR spectra of PVDF/BWN composite nanofabrics reveal
that the intensities of the peaks representing the a-phase, i.e., those at 763, 795, and 975

cm’ !

, were diminished upon the addition of BWN. Also, the intensity of the polar phase
peak at 840 cm™' was improved, and a small shoulder peak of the y-phase appeared at
1232 cm’!, which can be seen in the enlarged view of FTIR spectra in Fig. 4.4(b).
However, the significant peak at 1275 cm™! of the B-phase and the absence of peaks at
776, 811, and 833 cm™! of the y-phase hint at the predominance of the B-phase in the
polar phase content (Cai et al. 2017; Martins et al. 2014; Shetty et al. 2021). The peaks
at 3022 cm™! and 2981 cm™! correspond to the CH> stretching vibrations of the PVDF.
The peaks of CH> were shifted to a lower wavenumber (Fig. 4.4(c)), which may be
attributed to the interfacial/electrostatic interaction between the negatively charged
surface of the BWN particle (with a {-potential of -38.8 mV) and CH> group of the
PVDF chains (Dutta et al. 2015; Kar et al. 2015; Martins et al. 2012). The F(EA), F(B),
and F(y) in PVDF/BWN composite nanofabrics were calculated using equations (2.2),

(2.3), and (2.4.).
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Fig. 4.4 FTIR spectra of EPVDF and PVDF/BWN composite nanofabrics in the
wavenumber ranges of (a) 1800-650 cm™, (b) 1350-1200 cm™, (c) 3100-2880 cm.

The F(EA) was improved with the BWN loading up to 3 wt%; after which the
polar phase content was decreased, as detailed in Table 4.1. The decrease in the F(EA)
at higher loading of BWN was possibly due to the agglomeration of particles. The
highest F(EA) of 86.5% was observed for PVDF/BWN-3. The enhancement in the polar
phase could be attributed to the following reasons: first, the C=O group of the polar
solvent DMF might have weakly interacted with CH, of PVDF chains, lowering the
energy barrier for the formation of the electroactive phase (Ekbote et al. 2021; Khalifa
et al. 2021). Second, the interaction between the negatively charged surface of BWN
and the positively charged CH» group of PVDF might have compelled to arrange the
PVDF chains in the polar conformation (Dutta et al. 2015; Jiang et al. 2020; Kar et al.
2015; Martins et al. 2012; Parangusan et al. 2019). However, the variation in surface
charge distribution over the nanoparticles causes repulsion between CH» and positive
charge, and attraction between CF» and positive charge of BWN led to the formation of
a small fraction of the y-phase along with its B-counterpart (Fig. 4.5). Similar results

were also reported by other researchers (Sarkar et al. 2014). Finally, the electrospinning
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process is proven to enhance the electroactive phase by mechanical stretching and local
electrical poling of the fiber. The synergism of all these factors could have contributed

to enhancement in F(EA).

Table 4.1 F(EA)(%), F(B)(%), F(y)(%), and total crystallinity of PVDF/BWN

composite nanofabrics.

Composite F(EA) F(P) F(y) Total
(%) (%) (%) Crystallinity by
WAXD
Xcwaxp) (%)
EPVDF 63.6 63.6 0 36.5
PVDF/BWN-0.5 77 71.5 5.5 41.0
PVDF/BWN-1 78.1 73.0 5.1 42.7
PVDF/BWN-1.5 82 76.7 5.4 44.4
PVDF/BWN-2 83.5 78.3 52 45.1
PVDF/BWN-3 86.5 80 6.5 46.0
PVDF/BWN-5 85.7 77.3 8.4 45.5
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Fig. 4.5 Schematic representation of plausible mechanism of interaction between the

surface of BWN and PVDF chains.
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4.1.2.3 WAXD analysis
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Fig. 4.6 WAXD patterns of EPVDF and PVDF/BWN composite nanofabrics.

WAXD was carried out to study the polymorphism in EPVDF and PVDF/BWN
composite nanofabrics, and the diffractograms are shown in Fig. 4.6. The signature
peaks of the a-phase are observed at 18.3° (0 2 0) and 27° (0 2 1), and the signature
peaks of the B-phase are observed at 20.6° (1 1 0/ 2 0 0) and 36.3° (2 0 1) (Esterly and
Love 2004; Martins et al. 2014). The peaks at 26.6°, 28.1°, and 32° correspond to BWN.
The intensity of the a-phase peak was reduced while that of the B-phase was enhanced
upon the addition of BWN, which may be due to the improved F(EA) in PVDF. The
results suggest that the electroactive phase of PVDF was enhanced upon the addition
of BWN, which agrees with the FTIR spectral results. In WAXD curves, the peaks of
the y-phase were not observed. The y-phase peaks overlap with that of the a-phase at
18.5°, 20°, and 26.7°, and these overlapped peaks hinder the identification of a small
amount of the y-phase present in the PVDF/BWN composite nanofabrics using only the
WAXD data (Ince-Gunduz et al. 2010; Martins et al. 2014). However, the FTIR data
confirm the absence of the y-phase in EPVDF, which concludes that the peak at 18.5°
belongs to the a-phase in EPVDEF. So, the FTIR spectral results were taken into account
for the phase study along with that of WAXD.
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The total crystallinity was calculated by deconvoluting the WAXD curves, as
depicted in Fig. 4.7. As the peaks of the y-phase were absent in WAXD, it was not
considered for calculating the total crystallinity. The crystallinity of the composites
increased upon the addition of BWN. The higher total crystallinity of composite
nanofabrics is due to the nucleating effect of the BWN for the PVDF macromolecules
(Bharath et al. 2019; Chandran et al. 2021; Jahan et al. 2017; Tsonos et al. 2019).
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Fig. 4.7 Deconvoluted WAXD patterns of (a) EPVDF and (b) PVDF/BWN-3.

4.1.2.4 Dielectric studies

The dielectric properties of the EPVDF and PVDF/BWN composite nanofabrics were
measured with respect to frequency at room temperature (Fig. 4.8). In the composites,
the dielectric constant increased slowly with an increase in the filler loading at all
frequencies. The resultant improvement in the dielectric constant of composite
nanofabrics may be attributed to the enhanced F(EA) (Shetty et al. 2020; Ye etal. 2013),
the addition of the filler with a high dielectric constant (Dash et al. 2019; Patil et al.
2021), and the charge accumulation at the interface of PVDF and BWN particles in the
low-frequency region (Shamitha et al. 2020). At 1 kHz, the highest dielectric constants
of 17.64 and 17.68 were observed for the PVDF/BWN-3 and PVDF/BWN-5,
respectively. The dielectric constant decreased as the frequency was increased, which
could be due to frequency-dependent dipolar and space charge polarization; when
dipoles fail to align themselves to the applied field as frequency increases, the dielectric
constant decreases (Lu et al. 2017). The conduction loss and polarization (dipolar,

distortion, and interfacial) determine the dielectric loss in polymer composites (Prateek
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et al. 2016). The dielectric loss of EPVDF was low compared to that of the composites.
The composites have a high dielectric loss, which could be due to the interfacial
polarization and conductive loss caused by the formation of smaller domains of the
network (Hu et al. 2015). The increase in the loading of the filler leads to an increase
in heterogeneity, which leads to an increase in interfacial polarization resulting in the
high dielectric constant and dielectric loss at low frequency. In addition to the dielectric
properties of the filler and polymer, the morphology, dispersion, and polymer-filler
interaction also affect the dielectric properties of the composites (Dash et al. 2019).
Also, the dipole density of nanofabrics varies due to their porous structure, affecting
the dielectric property (Shetty et al. 2019). The dielectric constant represents the charge
storage ability, whereas the dielectric loss represents the leaky nature or inefficacy of
the material to maintain the charges. A material with a low dielectric loss can maintain
the charges efficiently, and the high dielectric constant can improve triboelectric charge
density due to enhanced capacitance of the material. Therefore, the high dielectric
constant and low dielectric loss of the composite nanofabrics makes them ideal for good

triboelectric performance.
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Fig. 4.8 Frequency-dependent (a) dielectric constant and (b) dielectric loss of EPVDF
and PVDF/BWN composite nanofabrics, (c) dielectric constant and dielectric loss

values at 1000 Hz as a function of the loading of BWN.
4.1.2.5 Piezo capacitance evaluation

The capacitive-based sensor was fabricated using two copper electrodes and
PVDF/BWN-5 as the dielectric material (parallel plate configuration), and linear motor
setup was used for the application of external force (Fig. 2.1). The PVDF/BWN-5 was
used to fabricate the capacitive-based pressure sensor as it has the highest dielectric
constant among all the composite nanofabrics. Fig. 4.9 depicts the performance of the

capacitive-based sensor of EPVDF and PVDF/BWN-5.

The capacitance of the PVDF/BWN-5 nanofabric-based sensor was higher than
that of the EPVDF nanofabric-based one. The enhanced capacitive performance of
former may be due to its higher dielectric constant value. The ratio of change in
capacitance to the initial capacitance of the composite nanofabric-based sensor

increased linearly upon the application of external force, and its value increased by ~4
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times that of EPVDF based sensor under a load of 8 N. The increase in capacitance of
the sensor could be due to the decrease in the distance between the electrode and the
improved effective dielectric constant of the PVDF/BWN-5. The increase in dielectric
constant could be due to improved packing density of the nanofabric upon application
of external load, which gradually eliminated the pores (Kwon et al. 2016; Yang et al.
2019; Zhu et al. 2020). The sensitivity was determined by calculating the slope of the
curve representing the capacitive response (AC/Cp) as a function of the applied force.
The sensitivity of the fabricated device was found to be 0.66/N. The PVDF/BWN-5
based capacitive sensor with good sensitivity could find application in touch sensing,

wearable devices, and medical devices (Ma et al. 2018; Wan et al. 2017).
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Fig. 4.9 (a) Ratio of relative change in capacitance to the initial capacitance (AC/Co) of
the sensor fabricated from PVDF/BWN-5 and (b) ratio of relative change in capacitance
to the initial capacitance (AC/Co) of EPVDF at 8 N load, and (c) ratio of relative change
in the capacitance to the initial capacitance (AC/Co) of the sensor based on

PVDF/BWN-5 with respect to the applied force.
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4.1.2.6 Piezoelectric properties

The piezoelectric response of PENG based on EPVDF and PVDF/BWN composite
nanofabrics was assessed using a standard linear motor kit (Fig. 2.2). Fig. 4.10 shows
the piezoelectric performance of EPVDF and PVDF/BWN composite nanofabrics
based PENG. The PENG was tested under an applied force of 8 N (at a frequency of
1.25 Hz), and force was applied normal to the plane of the nanogenerator. The
piezoelectric Voc was increased upon the addition of filler and continued to increase
up to 3 wt% loading of the BWN, beyond which it decreased. The highest Voc recorded
was 8 V for the PVDF/BWN-3 based PENG, which was ~6.4 times that of the EPVDF
based device. The enhanced piezoelectric response may be attributed to the improved
F(EA) in the PVDF (Khalifa et al. 2016; Shetty et al. 2020). The morphology and
surface nature of additives and relative humidity may also contribute to the enhanced
piezoelectric performance (Abbasipour et al. 2017; Mokhtari et al. 2017; Sharma et al.
2016). The Voc was decreased at 5 wt% loading of the filler, which may be due to the
reduction of the F(EA). The piezoelectric voltage generation in EPVDF and
PVDF/BWN composite nanofabrics is due to the piezoelectric potential developed
across the surface of the nanogenerator upon the application of external force. The
developed piezoelectric potential causes electrons to flow, which are collected by the
electrode and supplied to the external load. The reverse output voltage is produced due

to the release of external load that brings the nanogenerator back to its initial position.

Fig. 4.10(b) shows the change in Voc and power density across the different
load resistances for the PVDF/BWN-3 based PENG. The voltage and power density
were increased as the load resistance increased. The instantaneous power density was
calculated using equation (3.2). The maximum instantaneous power density of 4.3

nW/cm? was recorded across the load resistance of § MQ.
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Fig. 4.10 (a) Piezoelectric response of (i) EPVDF, (ii)) PVDF/BWN-0.5, (iii)
PVDF/BWN-1, (iv) PVDF/BWN-1.5, (v) PVDF/BWN-2, (vi) PVDF/BWN-3, (vii)
PVDF/BWN-5, (b) instantaneous power density and Voc of PVDF/BWN-3 across

different load resistances at 10 N applied force.
4.1.2.7 Triboelectric properties

TENG based on EPVDF and PVDF/BWN composite nanofabrics were fabricated as
mentioned in the experimental section (Fig. 2.3). In order to evaluate the influence of
the BWN loading on the triboelectric performance of the PVDF/BWN composite
nanofabrics, TENG was fabricated using composite nanofabrics with different loading
of BWN. The performance of the fabricated TENG was evaluated under one finger
tapping (~ avg 3.8 N @ 4.5+0.5 Hz) in contact-separation mode (Fig. 4.11).

The EPVDF based TENG showed a triboelectric Voc of 112.8 V, where the
pressing signal was in the upward direction, and the releasing signal was in the
downward direction. The PVDF/BWN composite nanofabric TENGs showed better
triboelectric performance than EPVDF based TENG. The triboelectric Voc was
improved upon an increase in the loading of the BWN up to 3 wt%, and at higher filler
loading, it was decreased. The TENG based on PVDF/BWN-3 displayed the highest
Voc with a maximum peak output voltage of 200 V. The Voc of the TENG based on
PVDF/BWN-3 has improved performance by ~1.77 times as high as that of EPVDF.

The following equation can be used for expressing the triboelectric output voltage of

TENG (Chen et al. 2016a):
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(09 —40).x(¢t) 3 Ao.d, (4.1)
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where &, and &, are the permittivity of vacuum and the nanofabrics, respectively. The
oy and Ao are the triboelectric charge density on the nanofabric and the transferred
charge density on the electrode, respectively. x(t) is the interlayer distance, d. is the

thickness of the nanofabric, and t is time.
For Voc, the above equation will be given as follows:

_opx(1) (4.2)
-

oc

The above equation implies that the Voc depends on the distance of separation and
triboelectric charge density. The capacitance of the triboelectric material determines the
surface charge density in contact mode TENG because the TENG acts both as energy
storage and energy producing device. Therefore, the surface charge density is
proportional to the capacitance of the triboelectric material (Chen et al. 2016a; He et al.

2015).

The capacitance is directly proportional to the dielectric constant (e;) and the
contact surface area for the same thickness of tribo-materials, so it can be concluded
that the improvement in the dielectric constant and contact surface area could enhance
the triboelectric performance of the TENG. The PVDF/BWN composite nanofabric-
based TENG showed an increase in the triboelectric performance with an increase in
the loading of BWN up to 3 wt%, beyond which the output decreased. The increase in
the triboelectric output of PVDF/BWN composite nanofabrics based TENG could be
due to the rise in the dielectric constant. In addition, the enhanced electroactive phase
will cause prompt alignment of dipoles, leading to the quick introduction of negative
charges onto the surface of composite nanofabrics, which could have improved

triboelectric performance (Im and Park 2018; Paranjape et al. 2022; Shi et al. 2021).

However, at a higher loading of the filler, even though the dielectric constant

was high, the triboelectric performance was reduced. The decrease in triboelectric
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performance at higher loading could be due to the high dielectric loss and reduction in
the electroactive phase (Liu et al. 2021). Also, at higher loading, fillers present on the
surface of nanofiber will be more, which could potentially reduce the surface contact
area of PVDF with copper, causing the reduction in triboelectric performance at higher

loading (Fatma et al. 2020).

The instantaneous power density of PVDF/BWN-3 was determined using the
measured voltage across various resistances, i.e., 0.39 MQ to 13 MQ. Equation (3.2)
was employed for the calculation of instantaneous power density. As depicted in Fig.
4.11(b), the voltage across resistance increased as the resistance was increased. The
maximum instantaneous power density of 646 pW/cm? was obtained at 5.2 MQ. The
triboelectric performance of TENG based on PVDF/BWN-3 was comparable with that

of some similar systems reported in the literature (Table 1.3).

Furthermore, the structural integrity and triboelectric performance of TENG
remained almost unchanged even after ~600 tapping cycles, suggesting the excellent
durability of the device (Fig. 4.11(d)). The PVDF/BWN-3 based TENG was used to
light commercial LEDs, and a maximum of 40 LEDs were illuminated (Fig. 4.11(e)).
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Fig. 4.11 (a) Variation of the triboelectric Voc of (i) EPVDF, (ii) PVDF/BWN-0.5, (iii)
PVDF/BWN-1, (iv) PVDF/BWN-1.5, (v) PVDF/BWN-2, (vi) PVDF/BWN-3, (vii)
PVDF/BWN-5, TENG, (b) instantaneous power density and Voc of PVDF/BWN-3
based TENG across the different values of resistances, (c) schematic illustration of the
working mechanism of TENG, (d) Voc of TENG over ~600 cycles, (e) photograph
shows forty LEDs directly connected in series to TENG based on PVDF/BWN-3
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nanofabric, which were illuminated by finger tapping force (inset shows schematic of

TENG device directly connected to LED).

Fig. 4.11(c) shows the working mechanism of TENG, where the combined
effect of the triboelectric effect and piezoelectric effect of EPVDF and PVDF/BWN
TENG under contact-separation mode is demonstrated. The fabricated TENG was arch-
shaped at one side, where the copper tape was used as the top electrode as well as tribo-
positive material for the device. The other side was flat, where the PVDF/BWN
composite nanofabric was placed over the copper tape (bottom electrode), which acts
as tribo-negative material. At the initial position, there was no contact between the
triboelectric surfaces, which led to no charge transfer/generation resulting in no electric
potential across the electrodes. Upon the application of external force, the top copper
electrode approaches the PVDF/BWN composite nanofabric, and when it comes in
contact with the nanofabric causes friction/rubbing between both materials, which leads
to the generation of charges at the interface due to the triboelectric effect. The copper
tape is positively charged as it gives the electrons, and the PVDF/BWN nanofabric is
negatively charged as it accepts the electrons. The piezoelectric material also generates
charges under the application of an external load due to the alignment of dipoles in the
direction of the applied force. The enhanced negative charge generation due to the
piezoelectric effect could promote triboelectric performance. When the force is
released, both surfaces are separated, and the charges generated on the surface introduce
the opposite charges on the copper electrodes due to electrostatic induction that causes
the development of great electrical potential difference between the electrodes. In order
to balance the developed electrical potential, the electrons move from the bottom
electrode to the top electrode through the external circuit resulting in an electrical
signal. Once the top electrode reaches its top position, electrical potential comes to
equilibrium, resulting in no further flow of electrons. As the external force is applied
on the top surface again, the top copper electrode approaches the bottom layer
recreating the opposite potential difference between the electrodes, which forces
charges to flow back to the bottom electrode resulting in an electrical signal (Fatma et

al. 2020; Paranjape et al. 2022).
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The FDTENG was fabricated to harvest energy from wind, as illustrated in Fig.
2.4(a). Fig. 4.12 (a) shows the Voc of FDTENG at different wind speeds. The Voc
increased as the wind speed increased. The increase in wind speed causes an increase
in the fluttering frequency. With the restricted amplitude of the flag, increased
frequency causes the contact force to rise between the flag and nanofabric. Due to the
high contact force, the surface charge density increases, which could have led to the
higher output voltage of FDTENG at the highest wind speed (Xu et al. 2017). The
highest Voc of 84 V at a wind speed of 7 m/s was observed. Meanwhile, Voc values of

48.4 and 72.8 V were recorded at the wind speeds of 6.3 and 6.6 m/s, respectively.

Fig. 4.12(b) shows the working principle of the FDTENG. As wind flows
through the channel at a particular speed, the copper flag starts fluttering, leading to
alternate contact and separation between the tribo-positive and tribo-negative materials.
As the copper flag comes in contact with PVDF/BWN composite nanofabric, charge
transfer occurs between the tribo-positive copper flag and tribo-negative nanofabric due
to the triboelectric effect. An electric potential is developed across the copper flag and
nanofabric due to electrostatic induction as soon as the flag is separated. This leads to
the flow of electrons through the external circuit. When the flag approaches the
nanofabric again, the reverse potential is created, causing charges to flow in the reverse

direction, thus developing an alternating voltage (Tcho et al. 2022; Xu et al. 2017).
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Fig. 4.12 (a) Variation of the triboelectric Voc of the FDTENG at different wind speeds,
and (b) working principle of FDTENG.
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CHAPTER 5

A NEW MULTIFUNCTIONAL ENERGY HARVESTER BASED ON MICA
NANOSHEETS-DISPERSED PVDF NANOFABRICS FEATURING PIEZO-
CAPACITIVE, PIEZOELECTRIC AND TRIBOELECTRIC EFFECTS

In this work, PENG and TENG based on PVDF composite nanofabrics-infused MNS
were developed. The morphology, crystallinity, and polymorphism of PVDF/MNS
composite nanofabrics were studied using different characterization techniques. The
incorporation of MNS into PVDF resulted in enhanced p-phase content of PVDF. The
composite nanofabrics exhibited enhanced dielectric constant and capacitive sensing
ability than that of EPVDF. The piezoelectric and triboelectric performances of
composite nanofabrics have enhanced upon the incorporation of MNS into the PVDF

matrix.

5.1 RESULTS AND DISCUSSION
5.1.1 SEM and TEM analysis of the nanofabrics

312468 nm
i >, A

Fig. 5.1 SEM images of (a) EPVDF, (b) PVDF/MNS-0.25, (¢) PVDF/MNS-0.5, (d)
PVDF/MNS-0.75, (¢) PVDF/MNS-1 nanofibers, (f) MNS.
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Fig. 5.1(a-e) shows the SEM images of EPVDF and PVDF/MNS composite nanofibers.
Fig. 5.1(f) shows the SEM image of MNS that reveals their lamellar structure. The AFD
of the nanofibers was reduced upon incorporation of MNS. It was observed that the
AFD was decreased up to a loading of 0.75 wt% MNS, after which it increased. The
lowest AFD of 293+61 nm was recorded for PVDF/MNS-0.75. The incorporation of
MNS in precursor solution increased the surface charge density, leading to an enhanced
stretching effect during electrospinning which reduced the AFD (Khalifa et al. 2016;
Shetty et al. 2020). As the loading of MNS increases in the precursor solution, the
viscosity of the solution also rises. The increased viscosity of the solution may have
contributed to a reduction in mechanical stretching experienced during electrospinning.
This reduction in mechanical stretching led to higher AFD in the composite nanofabrics
loaded with 1 wt% of MNS (Rasel and Rizvi 2018; Shetty et al. 2020). The d33 is a
direct measure of the piezoelectric performance of piezoelectric materials. Ico et
al.(2016) revealed the relationship between the fiber diameter and the ds3 in their study,
where the ds33 was inversely proportional to the fiber diameter (equation 3.1). Thus, the
improved B-phase content and piezoelectric performance can be correlated with the
fiber diameter. For the PVDF/MNS-1, apart from the reduced mechanical stretching
effect, one more reason for the low B-phase content could be the lesser surface area of

the MNS for polymer-filler interaction, possibly due to the agglomeration of MNS

particles.

Fig. 5.2. TEM images of PVDF/MNS-0.75 nanofiber at two different locations.
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The TEM images of PVDF/MNS-0.75 nanofiber are shown in Fig. 5.2. The
PVDF matrix effectively encapsulates the well-dispersed MNS sheets facilitated by the
electrospinning process. The fine dispersion of the MNS sheets helps in effective

polymer-filler interaction.

5.1.2 FTIR spectral analysis

-
=
N

PVDF/MNS-1 T

PVDF/MNS-0.75

IPVDF/MNS-0.5

IPVDF/VMINS-0.25

2000 1800 1600 1400 1200

— %T (au)

Fig. 5.3 FTIR spectra of EPVDF and PVDF/MNS composite nanofabrics (a) 2000-650
cm™, (b) 900-860 cm™, (c) 1230-1140 cm™".

FTIR spectroscopy was used to analyze the electroactive phase content of EPVDF and
PVDF/MNS composite nanofabrics (Fig. 5.3). The presence of the a-phase is indicated
by the peaks at 762, 796, and 974 cm’!, while the electroactive phase is identified by a
peak at 840 cm™'. The peaks at 1234 cm™ and 1275 cm! represent the signature peaks
of the y and B-phases, respectively (Cai et al. 2017; Martins et al. 2014). The enhanced
peak intensity at 840 cm™! corresponding to the polar phase, coupled with reduced peak
intensities at 762, 796, and 974 cm™! associated with a-phase, indicates an increase in
the electroactive phase content with the incorporation of MNS. Furthermore, the strong
peak at 1275 cm™', along with the minuscule shoulder peak at 1234 cm™, and the
absence of other y-phase peaks such as 776, 811, and 833 cm! indicate the dominance
of the polar B-phase in the composite nanofabrics (Fig. 5.3(d)) (Shetty et al. 2021).
Therefore, the y-phase was not considered for further analysis. The peak at 875 cm™,
associated with C-C asymmetric stretching, exhibited a shift to the range of 876-879
cm’!, while the peak at 1177 cm™!, corresponding to the CF, symmetric stretching,

showed a shift to a range of 1179-1180 cm™! in the composite nanofabrics (Sharma et
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al. 2015; Shetty et al. 2021) (Fig. 5.3 (b) and (c)). The observed shifts in the vibrational
bands suggest significant interaction between the MNS and the PVDF chains,
facilitating the conversion of the a-phase into the B-phase. The F(B) in PVDF/MNS

composite nanofabrics were calculated using equation (2.1).

In EPVDF, the the -phase content was 63.6%. On the other hand, the F(f) of
PVDF increased in the presence of MNS in the composite nanofabrics. The F(p)
increased with the loading of MNS up to 0.75 wt%, reaching 86.3%; after that, it
declined. The B-phase content of electrospun nanofabrics is shown in Table 5.1. The
enhancement in F(P) may be attributed to a synergistic effect of the polymer-filler
interaction, weak solvent polymer chain interaction, and the influence of
electrospinning. The CH» group of PVDF may have weakly interacted with the C=0 of
DMF through hydrogen bonding, facilitating the emergence of polar phases by
lowering the energy barrier for the same (Ekbote et al. 2021; Khalifa et al. 2021). Also,
polymer-filler interaction promoted the alignment of PVDF chains in all-trans
conformation. Here, the interaction between the O-atoms of MNS and the CH» group
of the PVDF chains and the hydrogen bonding between the hydroxyl groups of MNS
and the CF» groups of the PVDF might have played a significant role in the
improvement in the f-phase content. Also, the negatively charged MNS (C-potential
(average) = -33.4 mV) (Fig. .3) could have interacted with CH> of PVDF, enhancing
the B-phase content in PVDF (Fig. 5.4) (Khalifa et al. 2021).

Table 5.1. F(B)(%) and ¥ waxp)(%) of PVDF/MNS composite nanofabrics.

Nanofabrics F(B)% Total crystallinity by WAXD
(X cawaxp)(%))
EPVDF 63.6 36.5
PVDF/MNS-0.25 79.6 42.9
PVDF/MNS-0.5 81.8 44.7
PVDF/MNS-0.75 84.3 46.8
PVDF/MNS-1 83.4 45.4
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Fig. 5.4 Visual depiction illustrating the potential mechanism of interaction between
MNS and PVDF chains (Momma and Izumi 2011).

5.1.3 WAXD analysis

WAXD was used to analyze the phases and crystallinity in EPVDF and PVDF/MNS
composite nanofabrics (Fig. 5.5). In EPVDF, the peak pertaining to 18.3° (0 2 0) and
27° (0 2 1) represent the a-phase, and the peaks at 20.6° (1 10/2 0 0) and 36.3°(20 1)
represent the P-phase, indicating the presence of o and P-phases (Esterly and Love
2004; Martins et al. 2014). Upon the addition of MNS, the intensity of the a-phase peak
was weakened, and the intensity of the P-phase peak was intensified, suggesting
improvement in F(p). Moreover, the peaks at 8.7°, 17.7°, and 26.5° belong to MNS
(ICDD-00-006-0263), which confirms the presence of MNS in the composite
nanofabrics. Also, the diffraction peak of the a-phase at 27° was diminished and
masked by the diffraction peak of MNS. In accordance with the FTIR results, the
WAXD results also suggest that the addition of MNS improved the F(B) of PVDF.
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Deconvoluted X-ray diffractograms were used to determine the total crystallinity of the
nanofabrics (Fig. 5.6). The incorporation of MNS resulted in an increase in the overall
crystallinity of the nanofabrics. The nanolayer surface of the filler particles in the
composite nanofabrics serve as nucleation sites, interacting with the polymer chains
during the electrospinning process, thereby promoting the crystallinity of PVDF
(AlAhzm et al. 2021; Bharath et al. 2019; Jahan et al. 2017; Tsonos et al. 2019).
However, at 1 wt% loading of MNS, the surface area available for nucleation is reduced

possibly due to agglomeration of MNS, which led to a decrease in total crystallinity of
PVDF/MNS-I.
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Fig. 5.5 X-ray diffractograms of EPVDF and PVDF/MNS composite nanofabrics.
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Fig. 5.6 Deconvoluted X-ray diffractograms of (a) EPVDF and (b) PVDF/MNS-0.75.
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5.1.4 Dielectric studies
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Fig. 5.7 (a) Dielectric constant and (b) dielectric loss of EPVDF and PVDF/MNS
composite nanofabrics as a function of frequency, (c) variation of dielectric constant

and dielectric loss with respect to MNS loading (at 1000 Hz) of the nanofabrics.

Dielectric properties of EPVDF and PVDF/MNS composite nanofabrics were
measured at 25°C across the 1000 Hz- 200 kHz frequency range. Fig. 5.7 illustrates the
dielectric properties of the nanofabrics with different loading of MNS as a function of
frequency. The dielectric constant of composite nanofabrics was significantly improved
with the incorporation of MNS. At 1000 Hz, the PVDF/MNS-0.75 had the maximum
dielectric constant value of 14.7, which was 64 % greater than that of EPVDF. The
enhancement of the dielectric constant at lower frequencies may be a result of the
interfacial polarization (Shamitha et al. 2020). The overall improvement in the
dielectric constant could be ascribed to the following contributing factors: first, the
enhanced B-phase content (Shetty et al. 2019; Ye et al. 2013), and second, the
incorporation of MNS (Dash et al. 2019; Khalifa et al. 2021). At the highest loading of

MNS, the dielectric constant considerably decreased, which could be attributed to a
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decline in the B-phase content and poor dispersion of MNS. In general, the dielectric
constant value progressively decreases as the frequency of the applied electric field
increases, which is due to the failure of the dipoles to align with the field (Lu et al.

2017; Shetty et al. 2019).

Dielectric loss in polymer composites depends on the dipolar, distortion, and
interfacial polarization. In addition, conduction loss also contributes to the dielectric
loss (Prateek et al. 2016). The dielectric loss of PVDF/MNS composite nanofabrics was
higher than that of EPVDF. The increase in the dielectric loss may be attributed to the
formation of small domain networks resulting from the addition of MNS, which leads
to enhanced interfacial polarization and conduction loss (Hu et al. 2015). The broad
peak of dielectric loss at higher frequency could be due to dipolar/orientation
polarization. Additionally, the dielectric properties of composite nanofabrics are
influenced by the morphology of the filler, dispersion of the filler, and polymer-filler
interaction (Dash et al. 2017). The porous structure of nanofabric also affects the
dielectric properties by varying dipole density (Shetty et al. 2019). The ability of a
material to store charges is represented by its dielectric constant, while the dielectric
loss indicates its leakiness. Materials with high dielectric constants can offer enhanced
triboelectric charge density, whereas those with low dielectric loss can efficiently hold
charges. Therefore, selecting a material that exhibits a high dielectric constant and a

low dielectric loss is essential for optimal triboelectric performance.

5.1.5 Piezo capacitance evaluation

The performance of the capacitive sensor was evaluated using a standard linear motor
kit, where the applied force was perpendicular to the sensor (Fig. 2.1 (a) and 2.2). The
PVDF/MNS-0.75 was chosen for further investigation among the prepared composites
because of its high dielectric constant. To create the capacitive sensor, the PVDF/MNS-

0.75 was placed between two copper electrodes (parallel plate capacitor configuration).

Fig. 5.8 shows the responses of the capacitive sensor based on EPVDF and
PVDF/MNS-0.75 to an external load. The PVDF/MNS-0.75 based capacitive sensor’s
response (AC/Co) was ~4.4 times higher than that of the EPVDF based sensor when
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subjected to 9 N force. The curve depicting the response (AC/Co) as a function of the
applied external force was plotted for the PVDF/MNS-0.75 based sensor, and the
sensitivity was calculated by measuring the slope of the curve. The two sections were
overserved with distinct sensitivities; the first, within a low force range (2-9 N),
demonstrated a sensitivity of 0.6/N, while the second, high force range (10-20 N),
exhibited a sensitivity of 0.1/N. At higher applied forces, the sensor’s sensitivity was
reduced. The change in distance and effective dielectric constant of the sensor are
crucial factors in the determination of the sensor’s sensitivity. When prominent
deformation of nanofabric is reduced, and porosity is eliminated at higher force, the
change in distance, as well as effective dielectric constant, is minimum, resulting in
reduced sensitivity of the sensor. The same trend was observed in PVDF/MNS-0.75

based sensor.

Capacitance is determined by the dielectric constant, the distance between the
electrodes, and electrode contact area. The change in capacitance of the nanofabric may
be due to two reasons: first, the force applied may reduce the distance between
electrodes, thereby increasing the capacitance. Second, the material's dielectric constant
may change due to the external load, leading to an increase in the sensor's effective
dielectric constant caused by the reduction of pores, however, the dielectric constant of
composite nanofabrics is crucial factor in determining effective dielectric constant
(Kwon et al. 2016; Yang et al. 2019; Zhu et al. 2020). These pores could reappear upon
the removal of the externally applied load. The improved sensing property of the
PVDF/MNS-0.75 could be ascribed to its higher dielectric constant value and porosity
within the material. This capacitive sensor holds potential for applications in pressure

sensors, tactile sensing, and wearable devices (Ma et al. 2018).
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Fig. 5.8 (a) The response (AC/C0) of PVDF/MNS-0.75 based capacitive sensor (under
9 N load), (b) the response (AC/C0) of EPVDF based capacitive sensor (under 9 N
load), and (c) ratio of relative change in capacitance to the initial capacitance of the

sensor as a function of the applied load.

5.1.6 Piezoelectric performance

The response of PENG based on EPVDF and PVDF/MNS composite nanofabrics was
evaluated under 8 N force (Fig. 5.9) applied using a linear motor kit in the normal
direction (Fig. 2.2). The Voc of PENG based on composite nanofabrics was improved
upon the incorporation of MNS into the PVDF matrix. PVDF/MNS composite
nanofabrics based PENGs demonstrated better piezoelectric performance due to their
improved [-phase content (Khalifa et al. 2016; Shetty et al. 2020). The Voc increased
as the filler loading increased, peaking at 0.75 wt% of MNS, and the maximum Voc of
8.4 V was attained when subjected to 8 N force. Additionally, the piezoelectric behavior

of composite nanofabrics may depend on the nanofiller’s morphology and surface
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characteristics, as well as the humidity levels maintained during the electrospinning
(Abbasipour et al. 2017; Mokhtari et al. 2017; Sharma et al. 2016). As the loading of
fillers exceeded 0.75 wt%, there was a decrease in the Voc, potentially due to a decline

in the B-phase content at 1wt% of MNS loading.

Upon the application of an external force, the dipoles orient themselves in
response to the force. As a result, a piezoelectric potential is generated across the top
and bottom surfaces of the electrode. The piezoelectric potential between the top and
bottom electrode causes electrons to flow across the external circuit, which produces
an electric signal. When the applied force is removed, the dipoles return to their initial
position, and the electrons flow back in the opposite direction leading to a reverse

signal.

PVDF/MNS-0.75 based PENG was used for power density measurement since
it showed the highest Voc. In order to calculate the power density, voltage across the
load resistance was measured. In response to an increase in load resistance, the voltage
increased. At a load resistance of 2 MQ, a peak power density of 3 pW/cm? was

attained. The instantaneous power density was determined using equation (3.2).

(a) (b) 7 3.2
Force=8N@ 4.4 Hz Volt:

10} @ PVDF/ PVDF/ . : Pnggrcdcnsitv a & 730 -
MNS-0.75 6 : =
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Z MNS-0.5 ~ 5t ° 126 2
T > A =3
gl PVDF/ by . {124 =
=) MNS-0.25 ?‘n 4L @ -
S A i —
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> 3 . T e
0 ' = ° . 11.8 ;
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Fig. 5.9 (a) Piezoelectric response of EVPDF and PVDF/MNS composite nanofabrics
based PENG with varying loading of MNS, (b) piezoelectric voltage generated, and
instantaneous power density of PVDF/MNS-0.75 based PENG across the different

resistances (applied force of 8 N).
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5.1.7 Triboelectric performance
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Fig. 5.10 (a) Triboelectric response of the TENG based on nanofabrics with different
loading of MNS, (b) voltage response and instantaneous power density at different load
resistances, (c) triboelectric response of PVDF/MNS-0.75 based TENG for ~1000
cycles, (d) the photograph of thirty-five LEDs connected to TENG based on
PVDF/MNS-0.75 in series, lit under one finger tapping (inset: schematic of LEDs

connected to TENG in series).

TENGs based on composite nanofabrics containing different amounts of MNS
were prepared to evaluate the effects of MNS on the triboelectric response (Fig. 5.10).
The fabrication process of the triboelectric nanogenerators is detailed in the
experimental section, and the schematic of the same is depicted in Fig. 2.3. The TENGs
were evaluated under the application of one finger tapping force (~avg 3.8 N) in
contact-separation mode. The Voc of 110 V was observed for EPVDF based TENG.
The Voc values of 128, 142, 163, and 152 V were recorded for TENGs made from
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PVDF/MNS-0.25, PVDF/MNS-0.5, PVDF/MNS-0.75, and PVDF/MNS-1,
respectively. The performance of TENGs based on composite nanofabrics were
enhanced upon the addition of MNS. The triboelectric output showed an upward trend
with the increase in MNS loading, peaking at 0.75 wt% MNS loading. A maximum
triboelectric Voc of 163 V was generated by PVDF/MNS-0.75 based TENG. However,
a further increase in MNS loading led to a decline in the triboelectric voltage output.
The TENG consisting of composite nanofabric with 0.75 wt% of MNS exhibited a
triboelectric output ~1.48 times higher than that of the TENG based on EPVDF. The
triboelectric output voltage can be described by equation (4.1). The equation for Voc
was derived from equation (4.1) and was described using equation (4.2) (Chen et al.

2016a).

The Voc of TENG is determined by the triboelectric charge density and distance
of separation, as shown in equation (4.2). In a contact-separation mode TENG, the
capacitance of the triboelectric material plays a crucial role in determining the surface
charge density, as the device has the ability to both store and generate energy.
Therefore, the capacitance of the triboelectric material serves as a determining factor
for the surface charge density in the contact-separation mode (Chen et al. 2016a; He et
al. 2015; Ippili et al. 2021). It is worth noting that a material's capacitance is determined
by its dielectric constant and the effective contact area, assuming uniform thickness. As
a result, improving both the effective contact area and dielectric constant would

enhance the triboelectric response of the TENG.

The enhanced triboelectric performance of PVDF/MNS composite nanofabrics
could be attributed to its improved dielectric properties. Furthermore, the improved f-
phase content enhances its triboelectric performance by rapidly introducing charges
onto the composite nanofabrics (Im and Park 2018; Paranjape et al. 2022; Shi et al.
2021). A lower dielectric constant, a lower B-phase content, and increased dielectric
loss were all contributing factors to reduced triboelectric output at the highest loading
of the MNS (Im and Park 2018; Ippili et al. 2021; Liu et al. 2021; Paranjape et al. 2022;
Shi et al. 2021; Zhang et al. 2022).
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Since PVDF/MNS composite nanofabric containing 0.75 wt% of MNS showed
the highest Voc; as a result, PVDF/MNS-0.75 was used for the instantaneous power
density measurement (Fig. 5.10(b)). The voltage measured across different load
resistances (0.39 MQ to 13 MQ) was used for the calculation of the instantaneous power
density. The voltage generated across the load resistance increased with the increase in
load resistance value. The instantaneous power density was calculated using equation
(3.2). It was possible to obtain a maximum power density of ~585 pW/cm? across a
load resistance value of 7.3 MQ. The PVDF/MNS composite nanofabric based TENG’s
performance is on par with the systems in the previously published literature (Table

13).

Roughness of the tribolayers affects the device's triboelectric performance and
durability. The surface morphology and roughness of the copper tape were studied to
ensure its flatness. The copper tape surface was found to exhibit a flat line-type
microstructured pattern (Fig. I.1 and 1.2), with an average roughness value Ra of 0.2 to
0.215 wm (Table 1.2), indicating that the surface is flat, which is beneficial for the
durability of the TENG. Due to the soft nature of PVDF/MNS nanofabrics, the flatness
of copper aids in the device's durability. The TENG's electrical performance showed no
evidence of degradation after ~1000 cycles, demonstrating its durability and structural
integrity (Fig. 5.10(c)). The 35 LEDs connected in series with TENG based on
PVDF/MNS-0.75 were illuminated under the force exerted by one finger tapping (Fig.
5.10(d)). The operational mechanism of the fabricated TENG has been thoroughly

discussed in section 4.1.8, and Fig. 4.11(c) depicts its working principle.

FDTENG was developed to capture wind energy (Fig. 2.4). The triboelectric
performance of FDTENG under various wind speeds is depicted in Fig. 5.11(a). With
there is a rise in the wind speed, the Voc of FDTENG exhibits an upward trend. The
limited motion of the fluttering film leads to an increased contact force between the
copper film and composite nanofabric. This phenomenon is attributed to an increase in
the fluttering frequency induced by the increased wind speed (Xu et al. 2017). The
maximum Voc recorded at 7 m/s was 70 V, which was the highest compared to the Voc

at the other two speeds. At wind speeds of 6.3 m/s and 6.6 m/s, the FDTENG generated
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Voc of 39 V and 58 V, respectively. The working mechanism of FDTENG is shown in
Fig. 5.11(b). Initially, the fluttering film remains stationary due to the absence of wind
flow, but as soon as the wind flows at a particular speed, it flutters. The fluttering creates
periodic contact and separation between the fluttering film and the composite
nanofabric. When the fluttering film comes in contact with the composite nanofabric,
it generates triboelectric charges. Subsequently, as the tribo-negative and tribo-positive
layers separate, the charges present at the interface of the composite nanofabric induce
opposite charges on the electrode through electrostatic induction. These charges create
a strong electric field between the fluttering film and the electrode, enabling the electron
flow across an external circuit, resulting in the generation of an electric current. When
the fluttering film approaches again, an opposite electric potential is created, which
causes electrons to flow in the reverse direction, creating an electrical signal in the

opposite direction (Tcho et al. 2022; Xu et al. 2017).

(a) )

©

Voltage (V)

. Copper electrode/fluttering film/flag

| Nanofabric
[ | Acrylic sheet

2 3
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Fig. 5.11 (a) Triboelectric performance of PVDF/MNS-0.75 based FDTENG when
exposed to varying wind speeds, (b) schematic of the working mechanism of FDTENG.
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SUMMARY AND CONCLUSIONS

The PVDF based nanofabrics with enhanced electroactivity were developed using
electrospinning. The incorporation of the cationic surfactant (tetra-n-butyl ammonium
chloride) and mica nanosheets reduced the average fiber diameter (AFD) of PVDF
composite/doped nanofibers due to an increase in stretching effect, while the
incorporation of barium nanorods (BWN) increased the AFD of PVDF composite
nanofibers due to increased viscosity of the precursor solution. The enhanced B-phase
content in TBAC-based nanofabrics may be attributed to the improved stretching effect
augmented by increased charge density of precursor solution and ion-dipole interaction
between TBAC and PVDF chains. In the case of MNS-infused PVDF nanofabrics, the
H-bonding and electrostatic interaction between MNS and PVDF chain and enhanced
stretching effect boosted the f-phase content of PVDF nanofabrics. Lastly, in BWN-
incorporated electrospun PVDF nanofabrics; the electrostatic/interfacial interaction
was a crucial factor in the enhancement of the electroactive phase content of PVDF
nanofabrics. The PVDF nanofabric, with a loading of 3 wt% of TBAC, demonstrated
the highest -phase content of 89%. Meanwhile, the inclusion of 3 wt% BWN resulted
in an electroactive phase content of 86.5%, and the addition of 0.75 wt% MNS showed
an B-phase content of 84.3%. The total crystallinity of the PVDF/TBAC nanofabric
decreased, whereas it increased in the case of PVDF/BWN and PVDF/MNS based
composite nanofabrics.

The piezoelectric and dielectric properties of PVDF nanofabrics were enhanced
upon the inclusion of nanoscale fillers or cationic surfactant. A PENG based on PVDF
nanofabrics containing 3 wt% of TBAC generated a Voc of 17.2 V and an instantaneous
power density of 1.4 pW/cm? The PENG based on the nanofabric containing 3 wt%
BWN produced Voc up to 8 V and power density up to ~4.3 pW/cm?. The piezoelectric
nanogenerator employing PVDF composite nanofabric with loading a 0.75 wt% MNS
demonstrated a Voc of 8.4 V and achieved a power density of ~3 uW/cm?. The piezo
capacitance of composite nanofabrics was increased upon the incorporation of BWN
and MNS. The sensitivity values of 0.66/N and 0.6/N were achieved in composite
nanofabrics containing 3 wt% of BWN and 0.75 wt% of MNS, respectively. Enhanced
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dielectric properties and higher electroactive phase content significantly contributed to
the improvement of the triboelectric performance of the composite nanofabrics. Under
one finger tapping, the triboelectric nanogenerator fabricated using PVDF composite
nanofabric containing 3 wt% of BWN generated a triboelectric output of 200 V and an
instantaneous power density of ~646 pW/cm?. The TENG developed based on PVDF
composite nanofabric containing 0.75 wt% of MNS exhibited a Voc of 163 V and an
instantaneous power density of ~585 pW/cm?, whereas the TENGs fabricated based on
PVDF composite nanofabric containing 3 wt% of BWN and PVDF composite
nanofabric containing 0.75 wt% of MNS were capable of illuminating 40 and 35 LEDs,
respectively. The developed fluttering-driven triboelectric  nanogenerator,
incorporating PVDF composite nanofabrics with 3 wt% of BWN and 0.75 wt% of
MNS, demonstrated an impressive electric output of 84 V and 70 V, respectively, at a
wind speed of 7 m/s.

In summary, the utilization of cationic surfactant and nanofillers, and their
interactions with PVDF chains, played a crucial role in promoting the formation of the
electroactive phases in PVDF nanofabrics. In this work, the synergistic of
electrospinning and cationic surfactant/nanofillers have been employed effectively to
significantly enhance the dielectric properties, piezo capacitance, piezoelectric and
triboelectric performance of PVDF nanofabrics. Thus, the composite/doped
nanofabrics developed in this study could be a potential power source for miniature
devices, 10T, and wearables.

The following scheme summarizes the properties observed in the developed PVDF

based nanofabrics in this study.
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SCOPE FOR FURTHER WORK

PVDF based nanofabrics could be used to develop a combination of
piezoelectric and triboelectric hybrid energy harvesting systems.

PVDF based nanofabrics could be explored in fuel cells, supercapacitors,
filtration membranes, and hydrogen storage.

The PVDF based nanofabric could be explored in self-charging Li/Na ion
batteries as a separator.

The ferroelectric and pyroelectric nature of PVDF based nanofabrics could be
explored.

The optimized model of piezoelectric and triboelectric energy harvesters in
terms of materials, devices, and electric circuits could be developed to be used
in real life.
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APPENDIX -1

Table I.1 Comparison of piezoelectric performance of PVDF/TBAC doped nanofabric
based PENG with reported PVDF/Ionic liquid or alkyl ammonium salts in literature.

Composition of Output Output Power Reference
nanogenerator voltage current  density
PVDF/1-octadecyl-3- 7.89+1.84V 0.025pA  0.195 (Mahdavi
methylimidazolium uW/cm?  Varposhti et al.
bromide 2020)
([OMD]Br)(Ionic liquid)
nanofabrics
PVDF/1-ethyl-3-methyl ~2V - - (Ting et al.
imidazolium 2020)
tetrafluoroborate (Ionic
liquid) Film
PVDF/TBAC 2.6V 3.1 A - (Zaarour et al.
nanofabrics (under 10 N) 2020)
PVDF/TBAC 17.2V 70 nA 1.4 pnW/ This work
nanofabrics (under SN) (under1 cm?
MQ) (under 3
N)
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1. Surface roughness measurement of Cu tape/Cu electrode

Fig. I.1 FESEM image of the surface of the copper tape.
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Fig. 1.2 (a) 3D image of copper tape surface, (b) 2D image of copper tape surface with
measurement of roughness at section 1, and (¢) 2D image of copper tape surface with

measurement of roughness at section 2.
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Table 1.2: The surface roughness value (Ra) (arithmetical mean deviation of absolute

height) at section 1 and section 2

Amplitude Value (um)

parameters

At section 1 | At section 2

Ra 0.2001 0.2149

2. (-potential of MNS

Relative Frequency (%)

100 -80 -60 -40 20 0 20 40 60
C-potential (mV)

Fig. 1.3 (-potential curve of MNS with mean (-potential value of -33.4 mV.
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