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Abstract

Piezoelectric material based sensor, actuator are widely used in many engineering fields such as
aerospace, medical, marine, consumer sports, etc. Many research groups have been extensively
studying piezoelectric based nanofiber mats over the years due to their higher sensing capability.
Flexible piezoelectronics are the key components in various micro-, nano-scale energy harvesting
devices, structural health monitoring, and medical devices. A wide range of devices have been
developed specifically for energy harvesting applications. Moreover, these devices can be used
to power small electronic devices such as sensors, capacitors, light-emitting diodes, watches, etc.
Piezoelectric materials such as lead zirconate titanate PZT-5A and PZT-5H are highly brittle due
to which complex shapes, robust stringent loading, and boundaries condition limits their applica-
tion for developing nano or microdevices for sensing or actuation purpose. Hence, piezoelectric
polymer-ceramic based nanofibers are better option for the sensing and energy harvesting appli-
cations. The sensitivity of nanofiber composite mats depend upon the manufacturing/fabrication
method. Fiber mats can be manufactured using solution casting, thermal evaporation, spin coating,
hydrothermal, and electrospinning, etc. Electrospinning is the most suitable fabrication metod due
to its ability to fabricate nanostructures with novel properties such as small diameter, long length,
diversified composition, high surface area to volume ratio, inter/intra fibrous porosity, flexibility
in surface functionalities, and self poling. Electrospun nanofibers have been used in various areas
such as tissue engineering, wound dressing, filtration, drug delivery system, desalination, protec-
tive clothing fabrication, optical electronics, personal care, sound absorption, and biosensors. The
sensing and actuating capacity of these fibers significantly depend on various parameters, which
affect the morphology of fabricated nanofibers. The aim of this research is to develop P(VDF-

TrFE) based flexible piezoelectric mats for energy harvesting and sensing applications. Since,
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pure P(VDF-TrFE) based mats have low power output. Some piezoceramic nano particles such
as ZnO, BaTiOs, TiOy are added to enhance the power output of the electrospun mats. P(VDF-
TrFE)/ZnO nanofiber membranes are synthesized with optimizing the electrospinning parameter.
Electrospun PVDF /BaTiOj3 functionally graded webs are fabricated for the energy harvesting appli-
cation. Further, hybrid nanocomposite mats are synthesized and incorporated them as a wearable
device. P(VDF-TrFE)/TiO; based hybrid nanogenerator comprised of piezoelectric and triboelec-
tric nanogenerator are also designed for the energy harvesting and impact sensor application. The
optimization of process parameter (applied voltage, flow rate, spinning distance, shape of spin-
neret), solution parameter (molecular weight, polymer concentration, viscosity, conductivity), and
ambient parameter (humidity, temperature, and type of atmosphere), which affect the nanofiber
power output are also studied. Electrospun nanofiber composites are then investigated for their
energy capturing and sensing capability by varying the matrix and reinforcing fillers concentration.
Subsequently, the surface morphology, mechanical behavior, crystallinity, fraction of beta phase,
thermal stability, rheological properties, storage modulus, loss modulus, damping factor and piezo-
electric performance of various fiber composite have been analyzed. Piezoelectric nanogenerator
(PENG) devices are designed using nanofiber mats as an active layer placed between the top and
bottom electrodes for energy harvesting and sensing applications. These devices are subjected to
pressing, bending, tapping, and impact load and output is recorded using digital storage oscil-
loscope (DSO). These devices can be used as biomechanical sensors, impact sensors, and energy
harvesting applications. The present research output can be basis for futuristic development of

wearable medical and energy harvesting devices.
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Chapter 1

INTRODUCTION

1.1 PREFACE

Advancement in material sciences has delivered multi-functional materials with characteristics
of superior flexibility, drability, mechanical and certain other physical properties such as pressure,
strain, temperature, voltage, temperature sensitivity, etc. Intelligent structural systems can be
created by efficiently integrating smart materials with traditional structures, demonstrating the
versatility of such materials. The development of piezoelectric fiber reinforced composites (PFRC)
has focused on achieving high strength, flexibility to adapt to curved surfaces, and durability,
while also leveraging their diverse piezoelectric properties. Piezoelectric materials are among the
most popular and widely utilized functional materials for converting mechanical energy to elec-
trical energy and vice versa. Piezoelectric materials can be classified into two main categories:
lead-containing and lead-free materials. Lead-containing includes materials such as lead zirconate
titanate (PZT), lead titanate (PbTiOg3), and various chemically modified versions of these mate-
rials, demonstrate superior piezoelectric performance. Although, The utilization of lead in these
materials poses environmental and biological concerns, thereby limiting their applications. This
has led to the exploration and development of various types of lead-free piezoelectric materials,
including zinc oxide (ZnO), barium titanate (BaTiO3), titanium oxide (TiO3), polyvinylidene flu-
oride (PVDF), poly(vinylidene fluoride) and its copolymers with trifluoroethylene P(VDF-TrFE).
These materials offer several benefits such as strong piezoelectric properties, straightforward syn-
thesis, cost-effective production, simple structure, and sustainability in mass production for various

applications. As a result, they present a promising pathway to gradually replace all lead-containing
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piezoelectric materials. During the last decade, there has been remarkable advancement in the
research and development of sensors and energy harvesters based on piezoelectric technology. The
ability of piezoelectric energy harvesters to capture and transform ambient mechanical energy into
electrical energy, through the use of nanometer-scale materials, has demonstrated considerable po-
tential. Piezoelectric energy harvesters are an eco-friendly alternative to conventional batteries,
capable of sustaining electrical energy for longer periods. Therefore, they have been recognized as
a crucial element for energy conversion, wearable device, and sensing applications. Nonetheless,
these materials have not been extensively employed specifically in situations involving wearable
applications. To make flexible electronic devices, it is necessary to develop flexible nanocomposite
mats. These mats can be produced using various methods, including Layer-by-Layer (LbL) Assem-
bly, sol-gel process, chemical vapor deposition, spin coating, solution casting, and electrospinning.
Among these techniques, electrospinning is particularly suitable for producing flexible nanofiber
composite mats that can be used in wearable applications. The electrospinning method offers sig-
nificant advantages, including the production of fibers with high aspect ratios and large surface
area to volume ratios, making it ideal for applications such as energy storage, filtration, and tissue
engineering. Additionally, this method is highly versatile and can be used with a diverse range of
polymers and nanofillers. Another key advantage of electrospinning is its scalability, as the process
can be easily adapted for industrial production.

The objective of this study is to examine how the addition of three distinct fine fillers to P(VDF-
TrFE) impacts the structure and characteristics of electrospun composite nanofiber membranes
for energy harvesting and wearable applications. The dissertation includes a) synthesis and char-
acterization of electrospun P(VDF-TrFE)/ZnO nano mats as biomechanical energy harvester, b)
optimizing the electrospinning parameters using Box-Behnken design for the better piezoelectric
performance, ¢) development of electrospun functionally graded PVDF/BaTiOs mats for the en-
ergy scavenging applications, d) design and development of three phase P(VDF-TrFE)/ZnO/TiOq
nanocomposite for the wearable applications and analyse the influence of nanofillers, and e) P(VDF-
TrFE)/TiO2/PDMS based piezo-triboelectric hybrid nanogenerator for the wearable and energy

harvesting applications.
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The relevent literature is extensively reviewed of various process parameters of electrospinning
method, for the enrgy harvesting, and werable devices applications is preented in the next chapter.
The objectives and organization of this work is describe in the next chapter and the motive behind

this work can be clearly reasoned from the following discussions.

1.2 PIEZOELECTRICITY

This section provides a review of the history and fundamental scientific concepts related to

piezoelectricity, which serve as the foundation for the current work.

1.2.1 History of Piezoelectricity

In 1880, Pierre and Jacques Curie were the first to investigate the phenomenon of piezoelectric-
ity [7]. Through their experiments with various crystals, including quartz, tourmaline, cane sugar,
Rochelle salt, and topaz, they observed that these materials generated a surface charge when sub-
jected to mechanical stress. Upon its discovery, the scientific community recognized the importance
of this phenomenon and gave it the name ”piezoelectricity,” derived from the Greek word ”piezo,”
which means to ”press”. Thus, the term describes the generation of electricity through the ap-
plication of pressure. While the discovery of piezoelectricity is attributed to the Curie brothers,
they did not report on the converse piezoelectric effect. In 1881, however, Gabriel Lippmann used
thermodynamics principles and mathematical calculations to predict that applying a voltage dif-
ference across a piezoelectric crystal could cause it to undergo strain [§]. Piezoelectric crystals
were deemed a valid scientific pursuit before World War I, and within the following three decades,
research yielded significant findings. These included the recognition of the asymmetric nature of
piezoelectric crystals, the capacity for reversible exchange of mechanical and electrical energy using
these materials, and the application of thermodynamics in describing various aspects of piezoelec-
tricity. During World War I, Paul Langevin of France developed the first engineering application of
piezoelectric materials by fabricating a mosaic of thin quartz crystals that he then affixed between
two steel plates acting as electrodes. The system’s resonance frequency was roughly 50 KHz and

its purpose was to transmit an ultrasonic signal into water while tracking the duration of time it
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took for the reflected sound wave to return to the water surface. The pioneering sonar technology
utilized piezoelectric materials to measure ocean depths, making it the first of its kind. In the years
between World War I and II, advancements to sonar technology were made, and the application
of piezoelectric crystals was expanded. For instance, quartz crystals were utilized to develop fre-
quency stabilizers for vacuum tube oscillators [9]. During this time period, ultrasonic transducers
that relied on piezoelectric crystals were also utilized for material property measurements. It is
worth noting that numerous conventional applications of piezoelectric materials, including trans-
ducers, accelerometers, and microphones, were initially developed during this era. Throughout
World War II, considerable research on piezoelectric materials was conducted by different research
group, leading to the creation of piezo ceramics and the synthesis of materials with exceptionally
high dielectric properties, which were utilized in capacitors. These investigations ultimately re-
sulted in the invention of potent sonar equipment, sensitive headphones, ceramic phono cartridges,

and piezo-ignition systems [9].
1.2.2 Mechanism of Piezoelectricity

Piezoelectricity in solid materials is closely connected to their electric dipole. This dipole may be
created by molecular groups or induced by ions occupying crystal lattice sites that have an uneven
distribution of charges. By adding up the dipole moments per unit volume of the crystallographic
unit cell, the dipole density can be determined [10]. Since each dipole is a vector, the dipole density
P is a vector field. Dipoles in close proximity to each other tend to be arranged in Weiss domains,
which are generally randomly oriented but can be aligned by poling, where a strong electric field
is applied through the material, often at elevated temperatures. Although, not all materials are
capable of being poled [I1]. The application of mechanical stress can cause a change in the dipole
density P. This change may occur due to the reconfiguration of the environment brought about by
the dipole or due to the reorientation of molecular dipole moments. Piezoelectricity can appear in
different strengths of polarization, and their directions may be determined by the orientation of
P, the symmetry of the crystal, and the magnitude and direction of the applied mechanical stress.

If a change in electric field extends between the units of surface charge density and crystal faces
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are equal to the units of polarization, P will change. Piezoelectricity is the result of change in the

dipole density in a bulk material.

1.3 PIEZOELECTRIC MATERIALS

There are over two hundred piezoelectric materials available for energy harvesting purposes.
Some common examples of such materials include quartz, barium titanate (BT), lead titanate
(PT), bismuth sodium titanate (BNT), lead zirconate titanate (PZT), Aluminum nitride (AIN),
lithium niobate (LiNbOj3), poly(vinylidene fluoride trifluoroethylene) P(VDF-TrFE), and polyvinyl
fluoride (PVF), among others. Initially, the BT ceramic was identified as a piezoelectric material,
and currently, PZT is the preferred choice for piezoelectric energy harvesting applications. Although
piezoelectric ceramics are brittle, they exhibit superior electromechanical properties when compared
to piezoelectric polymers [12]. Alternatives to PZT are gaining more attention due to the emergence
of new property requirements such as lightweight, good flexibility, and low toxicity. One such
alternative is sodium potassium niobate, which possesses similar properties to PZT but without
lead. Piezoelectric materials are categorized into three types, namely, inorganic, organic, and

composites, which are described in greater detail below.

1.3.1 Inorganic Piezoelectric Materials

Single crystal ceramic materials are typically anisotropic in nature, meaning that their proper-
ties vary with direction. Many of these materials exhibit piezoelectricity, such as quartz (SiOg),
lithium niobate (LiNbOj3), lithium tantalite (LiTaOs3), zinc oxide (ZnO), barium titanate (BaTiOs3)
lithium sulfate monohydrate, and Rochelle salt. They offer various benefits in applications such
as frequency-stabilized oscillators in watches and radars, and surface acoustic wave devices in tele-
vision filters, sensor, transducer, and analog signal correlators [I3]. The Perovskite family, which
encompasses piezoelectric ceramics that possess the Perovskite structure, represents the largest
group of piezoelectric ceramics. This category includes barium titanate (BaTiOs or BT), lead ti-
tanate (PbTiOs or PT), lead zirconate titanate (Pb(Zr;Ti;—,)Os or PZT), and lead magnesium

niobate (Pb(Mg; ;3Nby/3)O3 or PMN) [I3]. Piezoelectric ceramics exhibit strong piezoelectric effect
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and possess a high dielectric constant. However, they tend to have a low mechanical quality factor,
low stability, and power loss. Consequently, they are well-suited for use in power transducers and
broadband filters, but not recommended for applications that require high stability and frequency.
In contrast, quartz crystal displays a weaker piezoelectric effect and lower dielectric constant, but
offers a high mechanical quality factor and excellent stability. Consequently, it is suitable for high
frequency applications such as frequency control standard vibrators, narrow band filters, and high-
temperature ultrasonic transducers. However, their size availability is limited due to cutting type

restrictions.

1.3.2 Organic Piezoelectric Materials

In 1969, Kawai reported the first observation of piezoelectric behavior in polymers, which was
attributed to a specific crystalline structure that formed during the solidification of the polymers
from the melt [14]. Piezoelectric polymers occupy specialized areas where single crystals and ce-
ramics are not capable of performing effectively. Typically, the piezoelectric strain constant (ds;) of
piezoelectric polymers is lower than that of piezoelectric ceramics. However, the piezoelectric stress
constants (gs1) of piezoelectric polymers are significantly higher than those of piezoelectric ceramics.
Piezoelectric polymers are advantageous for various applications, such as in sensors, medical devices,
and underwater equipment, due to their exceptional properties including high strength and impact
resistance, low elastic stiffness and density, low dielectric constant, high voltage sensitivity, and low
acoustic and mechanical impedance. They also exhibit high dielectric breakdown and operating field
strength, further enhancing their usefulness. Furthermore, compared to their ceramic counterparts,
piezoelectric polymers provide more processing flexibility, allowing for the fabrication of large film
areas that can be cut and shaped into various forms. These polymers enable the placement of pat-
terned electrodes on the film’s surface and the selective poling of specific areas [15]. While several
polymers, including polystyrene, polypropylene, polyvinyl acetate, poly(methyl methacrylate), and
odd-numbered nylons such as Nylon-11, exhibit piezoelectric characteristics, the most prominent
piezoelectricity has only been observed in polyvinylidene fluoride (PVDF) and its copolymers, such

as poly(vinylidene fluoride-trifluoroethylene) copolymer or P(VDF-TrFE). PVDF is composed of a
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chain of carbon atoms that are linked to alternating hydrogen and fluorine units, forming repeti-
tive units (-CHy-CF2-). The way the chains are arranged determines the type of crystalline phase
of PVDF. There are four different phases: « or 8 (TGTG’), B (TTTT), and vy (TTTGTTTG’)
(T-trans, G-gauche+, G’-gauche). The -phase of PVDF exhibits piezoelectricity due to its spon-
taneous polarization. On the other hand, the « and 7y phases, which are non-piezoelectric, can
be converted into the piezoelectric B-phase through poling under high electric fields or mechanical
stretching, respectively [13]. Additionally, the § phase is a polar version of the « phase [16]. The
piezoelectric properties of PVDF are a result of the attraction and repulsion forces between the
long-chain molecules when applied to an electric field. The dipole polarization of PVDF is further
intensified by stretching and poling thin polymer sheets, which induces the formation of the 3
phase in PVDF. Piezoelectric polymers, including PVDF, are commonly used in applications such
as ultrasonic hydrophones [I7], sensor [18], actuator [19], and directional microphones [20]. More

information on these applications will be provided in the next chapter.

1.3.3 Piezoelectric Composites

Piezoelectric composites that combine piezoelectric ceramics and polymers are highly promising,
as their properties can be customized to achieve desirable characteristics such as high coupling
factors, low acoustic impedance, good mechanical flexibility, broader transducer bandwidth, and
low mechanical quality factor. These features make them particularly useful in applications such
as underwater sonar and medical diagnostic ultrasonic transducers [21, 22]. Further details on

PVDF-based composites will be discussed in the next chapter.

1.4 GENERAL OVERVIEW OF NANOCOMPOSITES

In this section, fundamental aspects of nanocomposites will be presented. The discussion will
begin with a review of nanoparticles and nanofibers, which are commonly used as dispersed phases in
nanocomposites. Next, the key features of nanocomposites will be compared to those of conventional

composites, and their classifications will be described.
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1.4.1 Nanoparticles

A nanoparticle can be defined as the smallest unit of a composite material, whether it be a
single particle, a cluster of particles, or remnants of agglomerates. However, in practice, complete
separation of clusters or agglomerates into single particles is rarely achieved, and they still exhibit
motion within the matrix of the composite. Particles can be classified based on their diameters
or equivalent sizes. Coarse particles have diameters in the range of 2,500 to 10,000 nm, fine
particles range from 100 to 2,500 nm, and ultrafine particles (nanoparticles) range from 1 to 100
nm, respectively as suggested by Buzea et al. in 2007 [23]. It should be noted that nanoparticles
are not necessarily equiaxial and should have at least one dimension in the range of 1 to 10 nm with
a narrow size distribution. Nanopowders are typically composed of agglomerated nanoparticles or
nanoclusters [24].

Nanoparticles have garnered significant scientific interest due to their ability to bridge the gap
between atomic/molecular structures and bulk materials. While bulk materials maintain relatively
invariant physical properties regardless of size, size-dependent properties are frequently observed
at the nanoscale. Consequently, the properties of materials can change when their sizes approach
the nanoscale and the percentage of atoms on the material surface becomes significant. In bulk
materials larger than one micron, the percentage of atoms on the surface is typically negligible
when compared to the number of atoms in the bulk of the material. However, the large surface
area of nanoparticles is responsible for many unexpected properties they exhibit. For instance, due
to their small size, nanoparticles can restrict their electrons and produce quantum effects, leading
to unexpected optical properties.

Numerous types of nanoparticles with various properties, including metal, dielectric, and semi-
conductor nanoparticles, as well as semi-solid and soft nanoparticles, and hybrid structures such as
core-shell nanoparticles, have been produced and investigated for their potential uses in biomedical,
optical, electronic, and mechanical applications.

Nanoparticles with semiconductor properties are commonly referred to as quantum dots if their

size is less than 10 nm, which allows for the quantization of electronic energy levels [25]. These
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quantum dots find applications in biomedical fields, such as drug carriers or imaging agents. On the
other hand, liposomes are typical semi-solid nanoparticles that have been extensively used as deliv-
ery systems for anticancer drugs and vaccines in various clinical settings [26]. Janus nanoparticles
possess hydrophilic and hydrophobic properties on two distinct halves, making them highly efficient
for stabilizing emulsions. These nanoparticles can spontaneously assemble at the interface of water
and oil and serve as solid surfactants [27]. Furthermore, nanoparticles exhibit beneficial properties
for everyday products, including self-cleaning surfaces in materials that incorporate titanium diox-
ide nanoparticles, enhanced UV blocking capabilities through the use of zinc oxide nanoparticles in
sunscreen lotion preparation and smart and functional clothing coated with nanoparticles [28]. The
field of micromeritics encompasses the various shapes and surface morphologies of nanoparticles,
ranging from spheres, rods, fibers to cups, among others. Nanospheres, nanoreefs, and nanoboxes,
among other shapes, may spontaneously form during synthesis due to templating or directing agents
such as miscellar emulsions or anodized alumina pores, or from the inherent crystallographic growth
patterns of the materials. Certain morphologies of nanoparticles can serve specific purposes, such
as the utilization of long carbon nanotubes for connecting electrical junctions. Amorphous parti-
cles typically assume a spherical shape due to their microstructural isotropy, while the shape of

anisotropic microcrystalline whiskers corresponds to their unique crystal habit.

1.4.2 Nanofibers

Nanofibers are fibers with a diameter below 100 nm, and electrospun fibers, for example, have
an average diameter ranging from 100 nm to 500 nm [29]. Like nanoparticles, nanofibers possess a
high specific surface area (about a thousand times greater than that of a human hair) and thus have
similar potential applications in nanocatalysis, tissue scaffolds, protective clothing, filtration, and
nano-electronics [30]. Additionally, their almost infinite aspect ratio for continuous fibers makes
them highly attractive for mechanical reinforcement in nanocomposites. Nanofibers have generated
considerable interest due to their high specific surface area, strength, stiffness, and the ability to
produce defect-free three-dimensional structures [29]. Polymer nanofibers with diameters of 100

nm, for example, possess an exceptionally high specific surface area. Nanofibers have numerous
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potential applications in aerospace, protective clothing, filtration, electronic devices, tissue engi-
neering, biomedical, and sensors [31] [32]. Nanofiber mats have even been utilized as drug carriers

in drug delivery systems [33].
1.4.2.1 Fabrication method

Several techniques are available for the fabrication of nanofibers, such as splitting of bicompo-
nent fibers, physical drawing, flash-spinning, meltblowing, solvent dispersion, centrifugal spinning,
hydrothermal, self-assembly, phase separation, and template synthesis, and electrospinning.

Electrospinning is a commonly used method for the fabrication of ultrafine fibers by applying
high voltage to a polymer solution or melt. The voltage stretches the solution, leading to the
formation of nanofibers with diameters ranging from tens of nanometers to a few micrometers.
These fibers are then collected on a grounded surface and can be used for various applications.

Meltblowing is a process in which a polymer is melted and passed through a tiny nozzle while
a high-velocity air stream blows the extruded polymer. This results in the creation of microfibers
and nanofibers, which can be used for various applications.

Centrifugal spinning is a technique used to generate nanofibers that employs a rotating spinneret.
In this method, a polymer solution is loaded into the spinneret, and the rotation of the spinneret
generates centrifugal force, ejecting the solution out of the spinneret and resulting in the formation
of nanofibers. These fibers are then collected on a grounded surface for further use.

Self-assembly is a method used to create nanofibers by arranging molecules or nanoparticles
into a predetermined structure via physical or chemical interactions. This technique results in the
formation of nanofibers that have unique properties and can be utilized for various applications.

Phase separation is a process used to generate nanofibers by separating two immiscible polymers
into separate phases. This separation leads to the formation of nanofibers at the interface between
the two phases, which can be utilized for various applications.

Template synthesis is a method for creating aligned nanofibers with controlled dimensions by
using a porous template to direct their growth. In this technique, the template guides the formation

of nanofibers, resulting in fibers that are oriented in a specific direction and have a consistent size.
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This process can be used for a variety of applications. The selection of the appropriate fabrication
technique for nanofibers is dependent on the intended application and desired properties of the
fibers. Various methods are available, each with its advantages and limitations, and the choice of

technique should be made based on the specific needs of the application.

1.4.3 Nanocomposites

A solid material that contains multiple phases, with at least one phase having a dimension of
less than 100 nm or a structure with nano-scale repeating distances between phases, is referred to
as a nanocomposite [34]. The properties of nanocomposites, including optical, electrical, thermal,
mechanical, electrochemical, and catalytic, differ significantly from those of their constituent ma-
terials due to their high specific surface area, which enhances chemical reactivity and stiffening,
and quantum effects, which result in new optical, electrical, and magnetic properties [35]. It has
been summarized that as the dimension of nano-scale phases decreases, the following effects occur:
dimensions below 100 nm lead to superparamagnetism, mechanical strengthening, or limit matrix
dislocation movement; dimensions below 50 nm change the refractive index; dimensions below 20
nm soften a hard magnetic material, and dimensions below 5 nm result in catalytic activity [36].

The unique characteristic of nanocomposites that distinguishes them from traditional composites
is their extremely high surface area to volume ratio of the dispersed phases and their remarkably
high aspect ratio. The dispersed phase may of of nano-sized minerals, fibers/whiskers (such as
spun fibers, or nanocellulose), or sheets. The specific interfacial area between the dispersed phase
and matrix in nanocomposites can be significantly higher as compared to conventional composites,
resulting in significant changes in their properties. The properties of polymer nanocomposite is
related to the chain mobility, chain configuration, thermoset cure level, interfacial chemistry, and
degree of crystallinity. The specific interfacial area enables even a small quantity of nano-scale

reinforcement to produce a notable enhancement in the properties of the composites.

1.4.4 Classification of Nanocomposites

Nanocomposites can be divided into various categories based on the matrix material, such as

ceramic-matrix, metal-matrix, and polymer-matrix nanocomposites. A summary of each is provided
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below.

1.4.4.1 Ceramic-matrix nanocomposites

Nanocomposites that have a ceramic matrix are a type of composite material. They are strength-
ened by incorporating nano-sized particles into the ceramic matrix. The addition of these particles
can augment the mechanical, thermal, and electrical properties of the ceramic matrix, and also
enhance its toughness and ductility. The nanoparticles used to reinforce the ceramic matrix may
vary and include carbides, nitrides, oxides, and carbon-based materials. Ceramic-matrix nanocom-
posites are highly promising for various applications, including biomedical, energy, and aerospace,

owing to their exceptional properties.

1.4.4.2 Metal-matrix nanocomposites

Metal-matrix nanocomposites comprise a metallic matrix (e.g., aluminum, copper, or titanium) re-
inforced with nanoparticles or fibers of a different material (e.g., carbon, ceramic, or polymers) [37].
This combination allows them to exhibit superior mechanical, thermal, and electrical properties by
blending the strength and stiffness of the reinforcing material with the ductility and toughness
of the metallic matrix. As a result of their distinct properties, they hold promise for numerous

industries, including aerospace, automotive, electronics, and biomedical [38] 39, [40].

1.4.4.3 Polymer-matrix nanocomposites

Polymer nanocomposites are a type of composite materials that involve the dispersion of inorganic
nanoparticles throughout an organic polymer matrix, resulting in enhanced performance proper-
ties [41]. Polymer nanocomposites consist of two main components: the polymer matrix and the
nano-fillers. By incorporating nano-fillers into the polymer matrix, the benefits of both materials
can be combined. The classification of polymer nanocomposites can be based on the the dimensions
of the nanomaterials, morphology of the resulting polymer nanocomposites, the thermal response,
and the polymer class. There are several methods for preparing polymer nanocomposites, with
the most popular being solution dispersion, in situ polymerization, melt extrusion, spin coating,

and electrospinning [42]. Polymer nanocomposites exhibit outstanding properties such as high
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magnetic efficiency, electrical conductivity, and resistance to barriers. Polymer nanocomposites
present numerous advantages including increased stiffness, enhanced fire resistance, improved ther-
mal and dimensional stability, positive optical properties, and an improved barrier effect. These
features make polymer nanocomposites applicable in multiple state-of-the-art industries, such as

medical [43], electrical [44], actuator [45], sensor [46], and environmental sectors [47].

1.5 APPLICATION OF ELECTROSPUN MAT

Electrospun mats possess distinctive characteristics, such as high surface area-to-volume ratio,
high porosity, and adjustable morphology, which render them highly versatile for application across
diverse fields. Some of the typical applications in specific domain of engineering are as follows:

Tissue engineering: The ability of electrospun mats to mimic the extracellular matrix of tissues
and create a conducive environment for cell proliferation makes them a suitable option as scaf-
folds for tissue engineering purposes. These mats can be used to facilitate wound healing, bone
regeneration, and nerve regeneration, among other tissue engineering applications [48].

Drug delivery: The medical industry has shown interest in finding the most practical method of
drug delivery, which has led to a focus on nanofibers as the ideal drug delivery carriers. Nanofibers
fabricated through electrospinning have been found to be highly compatible with drug loading,
allowing for a wide range of drugs to be loaded onto them [49].

Filtration: Electrospun mats are well-suited for filtration purposes owing to their high porosity
and small pore size, which makes them suitable candidate for filtering air and water and separating
minute particles. These mats can be employed in various filtration applications [50].

Energy storage: The high surface area and porosity of electrospun mats make them a viable
option as electrodes for energy storage devices, including supercapacitors and batteries. This is
because electrospun mats possess characteristics that are beneficial for such applications [51].

Sensors: electrospun mats can be applied as sensors for a range of applications, including gas
and biosensing, as well as environmental monitoring. This is because electrospun mats exhibit
properties that make them well-suited for detecting changes in their surroundings [52].

The distinctive characteristics of electrospun mats enable them to have a wide range of appli-
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cations, making them a promising material for a variety of engineering applications. In summary,
electrospun mats possess properties that make them a versatile and useful material for numerous

purposes.

1.6 MOTIVATION

Application of the nanofiber composite membranes in real world is obviously inevitable. Further,
enlarging scope for development of the piezoelectric fiber reinforced composite and structures in
engineering domains has directed the evolution of theories based on the various surface morphology.
Piezoelectric materials have the potential to be utilized in various practical applications and hold
great promise for future use. Ambient sources of vibrational and kinetic energy, such as those
present in wind or water waves, or machinery vibrations, are abundant and could serve as potential
sources of energy to be harvested by piezoelectric materials. Piezoelectric conversion of energy
from these sources holds potential for providing an alternative source of clean energy. For MEMS
devices and sensors, batteries can be a hindrance due to their bulkiness and need for frequent
replacement. However, piezoelectric materials offer a solution by enabling the development of self-
powered wireless sensing devices that do not require batteries and can be placed in remote locations.
This is further motivated by the wide range of frequency applications, low surface potential of
certain piezoelectric materials, or minor imperfections in the bonding between components, whose

effects need to be predicted very precisely.
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LITERATURE REVIEW

In this chapter, a detailed literature review has been presented on different process, solution, and
ambient parameters of the electrospinning method for the fabrication of electropun nanocomposite
and functionally graded (FG) mats in Sec. Further, the brief survey of literature has been
presented for the different nanocomposite system based self-powered sensor as energy harvesting
and wearble applications in Sec.2.2l The objectives of this work are outlined in Sec.2.3] and

organization of the thesis is described in Sec.[2.4

2.1 LITERATURE REVIEW FOR ELECTROSPINNING

Nanotechnology is an emerging field that has been recognized as a significant scientific and com-
mercial enterprise with worldwide economic advantages. As understanding of nanomaterial man-
ufacturing techniques continues to grow, research teams worldwide are increasingly concentrating
on developing nanomaterials for diverse applications. Among the many techniques documented in
the literature, electrospinning has garnered considerable attention due to its capacity for producing
nanostructures with distinctive features such as high surface area and inter/intra fibrous poros-
ity. Electrospinning has been the most extensively employed technique in the late 20th century
(1990s) and early 21st century (2000) [53]. Since its initial utilization in the early 20th century
(1900) by Cooley [54], substantial enhancements have been made in instrument design, materials
employed, and produced nanomaterials. Numerous operational parameters influence the fabrica-
tion of nanofibers using electrospinning. This review presents an outline of the electrospinning

(applied voltage, flight distance, flow rate, and needle diameter), solution (concentration, viscos-
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ity, solvent and solution conductivity), and ambient (humidity and temperature) parameters that

impact nanofiber fabrication and the applications of nanofiber mat.

2.1.1 Influence of Parameters on Electrospinning

Numerous factors, which significantly affect the electrospinnning process. These factors can be
categorized as operating parameters, solution parameters, and ambient parameters. The operating
parameters include the applied voltage, flight distance, flow rate, and needle diameter. The solution
parameters include the concentration of polymer, viscosity, solvent and solution conductivity. The
ambient parameters include the temperature and humidity. The smoothness and absence of beads
in electrospun fibers are directly influenced by these parameters. Thus, to enhance comprehension
of the electrospinning process and synthesis of polymeric nanofibers, it is crucial to have a com-
prehensive understanding of the effect of all these governing factors. The affecting parameters are
presented here in details.

(i) Effect of applied voltage
In general, it is widely recognized that applying an electric current from a high-voltage power
source to a solution through a metallic needle can lead to the deformation of a spherical droplet
into a Taylor cone shape, resulting in the formation of ultrafine nanofibers at a particular critical
voltage [I]. The critical voltage required for this process varies depending on the type of polymer
used. The reason for the generation of smaller nanofibers with an increase in voltage can be
attributed to the stretching of the polymer solution due to charge repulsion within the polymer
jet [55]. Beyond the critical voltage, an increase in the applied voltage will cause the formation of
either beads or beaded nanofibers. The increase in diameter and formation of these beads or beaded
nanofibers can be attributed to a reduction in the size of the Taylor cone and an increase in the
velocity of the jet for the same flow rate. Deitzel et al. studied on poly(ethylene oxide) (PEO)/water
and observed bead formation as the applied voltage increased, which was later supported by similar
findings reported by Meechaisue et al. and Zong et al. [56]. Additionally, an increase in the diameter
of nanofibers was noted with a rise in applied voltage, which was attributed to the extension of the

jet length as a result of the applied voltage as shown in Fig.[2.1] (a-f) [57]. Gu et al. [58] conducted
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research on the electrospinning of polyacrylonitrile (PVA) nanofibers and concluded that altering
the voltage had no significant impact on the diameter of the fibers. Reneeker and Chun investigated
the electrospinning of polyethylene oxide nanofibers and observed that high voltage did not have
a notable effect on the fiber [59]. Gee et al. [60] presented that the contribution of voltage to the
formation of the phase in PVDF was minimal, and the average fraction of 3 phase was relatively

similar across different applied voltages. (i¢) Effect of flow rate
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Fig. 2.1: Effect of increasing applied voltage on (a-c) three stage deformation of the
polyvinylpyrrolidone droplet and effect (d-f) of charges on polymeric droplets [I].

The morphology of electrospun nanofibers is determined by the flow of the polymeric solution
through the metallic needle tip. A critical flow rate for a particular polymeric solution can result
in the production of uniform, beadless nanofibers. However, this critical value varies depending on
the polymer system. The increase of flow rate beyond the critical value can lead to the formation
of beads, as was observed in the case of polystyrene, where bead formation occurred when the
flow rate was increased to 0.10 mL/min. By contrast, reducing the flow rate to 0.07 mL/min
resulted in the formation of bead-free nanofibers. If the flow rate is increased beyond a critical

value, it can result in an increase in pore size and fiber diameter, as well as bead formation,
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which is caused by incomplete drying of the nanofiber jet during its flight between the needle
tip and metallic collector [61]. Given that the nanofiber formation and diameter are influenced
by changes in the flow rate, it is preferable to use a minimum flow rate to maintain a balance
between the leaving polymeric solution and the replacement of that solution with a new one during
jet formation [6I, [62]. The different fiber jet, semi-spherical, and unspun droplets are shown in
Fig.(a—e). Using a minimum flow rate can facilitate the creation of a stable jet cone, and in
some cases, a receded jet (a jet that emerges directly from the inside of the needle with no visible
droplet or cone). However, receded jets are unstable and are consistently replaced by cone jets
during the electrospinning process. Consequently, nanofibers with a broad range of diameters are
produced due to this phenomenon as shown in Fig.[2.2f [2]. In some instances, it has been presented
in the literature that, aside from the formation of beads, ribbon-shaped defects [61] and unspun
droplets (Fig.[2.2k) may occur when the flow rate is raised [2]. The production of beads and ribbon-
like structures with an increased flow rate was largely attributed to the solvent not evaporating
and the solution not being adequately stretched during the journey between the needle tip and
metal collector. This same effect may also be due to an increase in nanofiber diameter as the flow
rate increases [63]. It has been suggested that the existence of unspun droplets can be ascribed
to the effect of gravitational force [2]. Furthermore, the surface charge density is another crucial
factor that can induce defects in the nanofiber architecture. Even slight alterations in the surface
charge density may impact the surface morphology of the nanofibers. Theron et al. conducted
a study on various polymers, including PEO, polyacrylic acid (PAA), polyvinyl alcohol, (PVA),
polyurethane (PU), and polycaprolactone (PCL) to investigate the relationship between flow rate
and electric current. They found that an increase in flow rate was directly linked to an increase in
electric current and reduced the surface charge density. For PEO, the researchers observed that an
increase in flow rate led to a decrease in surface charge density while increasing the electric current.
When surface charge density decreases, electrospun nanofibers can merge during their flight to the
collector, resulting in the formation of garlands [64, 65]. Wu et al. [66] studied on various parameter
for continuous electrospinning of polyacrylonitrile nanofiber yarn and found the variation of flow

rate have significant effect on the diameter of nanofiber.
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Fig. 2.2: Formation of (a-e) several jets with increasing flow rate [2] of nylon 6, SEM image of
(f) nanofibers with wide diameter ranges (g) digital image of unspun droplet, (h) spun fibers of
chitosan deposited on aluminum foil.

(iii) Effect of flight distance
The morphology of electrospun nanofibers is significantly influenced by the distance between the
needle tip and the collector, which, like the applied voltage, viscosity, and flow rate, is subject to
variation depending on the polymer system. Due to factors such as deposition time, evaporation
rate, and whipping or instability interval, the nanofiber morphology can be easily altered by the
distance between the needle tip and collector [67]. In order to produce electrospun nanofibers with a
smooth and uniform morphology, it is essential to maintain a critical distance, as any deviation from
this distance can impact the nanofiber’s morphology [68]. Nazari et al. [69] studied on PLA/PEG
melt electrospun fibers and found that spinning distance 10 cm is preferred to maintain smooth
fabrication of uniform non-woven fiber. Several research groups have investigated the influence of
distance between the needle tip and the collector, and their findings suggest that a small distance
leads to the formation of defective and large-diameter nanofibers, while increasing the distance
reduces the nanofiber diameter [57, 67, [70]. Although, there are instances where the nanofiber
morphology remains unaffected by changes in the distance between the needle tip and collector [71].

(iv) Effect of concentration and viscosity
The electrospinning process is dependent on the phenomenon of a charged jet being stretched in a

uniaxial direction. Altering the concentration of the polymeric solution has a notable impact on
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the stretching of the charged jet. When the polymeric solution concentration is low, the electric
field and surface tension cause the intertwined polymer chains to break into smaller fragments
before reaching the collector, as observed in studies [72] [73]. Beads or beaded nanofibers are
formed as a result of these fragments. If the concentration of the polymeric solution is increased,
the viscosity rises, and the chain entanglement among the polymer chains increases. These chain
entanglements overcome surface tension, leading to the formation of uniform, beadless electrospun
nanofibers. However, if the concentration exceeds a critical value, the flow of the solution through
the needle tip is impeded, causing the polymer solution to dry at the metallic needle’s tip and
block it. This ultimately results in defective or beaded nanofibers, as observed in studies conducted
by [72]. As the viscosity of the solution alters, there is a remarkable alteration in the shape of the
beads, progressing from a circular droplet-like structure (for solutions with low viscosity) to an
elongated droplet or ellipse and then to smooth fibers (for solutions with adequate viscosity). This
transformation is depicted in Fig.2.3(a-d) [2]. Fong et al. [5] also found a similar phenomenon
while varying the viscosity of PEO during electrospinning, as seen in Fig.(e—h). Zong et al. [74]
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Fig. 2.3: Surface morphology of spun PEO nanofibers changes with viscosity (ad) schematic and
(eh) FESEM images [3| [4, [5].

observed a comparable effect while examining PDLA poly(d,l-lactic acid) and PLLA poly(l-lactic

acid), indicating that the shape of the beads is impacted by viscosity. Doshi et al. [75] reported
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that the concentration/viscosity has an influence on the morphology of nanofibers, stating that the
optimal viscosity range for generating electrospun nanofibers from PEO is between 800 and 4000
cp. Aside from the work of Doshi et al. [75], a study using a polyacrylonitrile (PAN) polymer
solution demonstrated that maintaining the solution viscosity within 1.7 to 215 cp range produced
smooth electrospun nanofibers. Therefore, it can be concluded that, in addition to controlling
the electrospinning parameters, identifying the critical concentration/viscosity value is crucial to
obtaining nanofibers without beads [57].
(v) Effect of solution conductivity

Solution conductivity does not only influence the Taylor cone formation, but it also control the
doameter of nanofibers. A solution with poorer conductivity will prevent electrospinning since
the surface of the droplet won’t be charged enough to create a Taylor cone. The Taylor cone
will form when the conductivity of the solution is increased to a critical level, which will also
result in a reduction in the diameter of the fibre [76]. Increasing the conductivity above the
critical value will once more prevent the development of Taylor cones and electrospinning. The full
electrospinning procedure could be considered in order to explain this phenomena. The process of
electrospinning relies on the interaction between the charges present on the fluid’s surface and the
external electric field. The Coulomb force and the force generated by the electric field are crucial
factors in this process. The creation of the Taylor cone, on the other hand, is mainly determined
by the electrostatic force produced by the surface charges generated by the applied electric field.
This force is induced by the component of the field, which is tangential to the fluid surface. If a
dielectric polymer solution is ideal, it will not contain sufficient charges in the solution to move
onto the fluid surface. Consequently, the electrostatic force that arises from the applied electric
field will not be strong enough to create a Taylor cone and start the electrospinning process. On
the other hand, a solution of conductive polymer will contain enough free charges to move onto
the fluid surface, allowing the formation of a Taylor cone and start the electrospinning process.
By incorporating an appropriate salt into a polymer solution, the solution’s conductivity can be
regulated. The addition of salt has two impacts on the electrospinning process: (i) it boosts

the number of ions present in the polymer solution, which heightens the fluid’s surface charge
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density as well as the electrostatic force induced by the applied electric field, and (ii) it elevates
the conductivity of the polymer solution, which lowers the tangential electric field along the fluid
surface. However, as the solution’s conductivity increases and the tangential electric field along the
fluid surface is significantly reduced, the electrostatic force along the surface of the fluid weakens,
leading to an adverse effect on the formation of the Taylor cone. The extension and thinning of
the straight jet section are influenced by both Coulomb and electrostatic forces. The length of this
portion, as well as the behavior of the whipping jet region, plays a vital role in determining the
diameter of the resultant nanofibers. The presence of surface charges in the whipping region leads
to stretching, which causes the fluid jet to be drawn into the nanoscale [77]. Several research teams
have examined how the addition of salt impacts the diameter of nanofibers. Zong et al. [74] explored
how various salts (KH2PO4, NaH3POy, and NaCl in 1% w/v) affected the diameter of poly(d,l-
lactic acid) (PDLLA) nanofibers. They found that after introducing the salt to the polymer solution
individually, the resulting nanofibers were not only smooth and bead-free but also had a smaller
diameter than the pristine nanofibers. Choi et al. [78] reported a similar finding when they added
a small quantity of benzyl trialkylammonium chlorides to a solution of poly(3-hydroxybutyrate-co-
3-hydroxyvalerate); the mean diameter of the resulting nanofibers decreased to 1.0 m.
(vi) Effect of solvent

The choice of solvent is a critical factor in achieving smooth and bead-free electrospun nanofibers.
Two factors need to be considered when selecting a solvent. Firstly, the solvent should be capable
of completely dissolving the polymer used in the electrospinning process. Secondly, the solvent
should possess a moderate boiling point, which indicates its volatility. Typically, solvents with
high volatility are preferred because they facilitate the rapid evaporation of the solvent from the
nanofibers during their flight from the needle tip to the collector. Although, solvents with extremely
low boiling points and high evaporation rates should be avoided as they can cause the jet to dry
up at the needle tip, leading to blockage of the needle and hindering the electrospinning process.
Likewise, solvents with low volatility are also undesirable as their high boiling points hinder the
drying of the solvent during the flight of the nanofiber jet. The accumulation of solvent-laden

nanofibers on the collector can result in the formation of beaded nanofibers [55] [79]. Kanani and
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Bahrami studied the influence of the solvent on the surface morphology of nanofibers and found
that similar to applied voltage, the solvent also affects the polymer system [80]. Similar objervation
is also found by Fong et al. [5]. In addition, the solvent is a critical factor in producing highly porous
nanofibers. This can be achieved by dissolving the polymer in two solvents, with one of the solvents
acting as a non-solvent. The varying evaporation rates of the solvent and non-solvent cause phase
separation, resulting in the fabrication of highly porous electrospun nanofibers [55]. Megelski et
al. [61] varied the ratio of tetrahydrofuran (THF) and dimethylformamide (DMF) to prepare porous
nanofibers. Along with the volatility of the solvent, its conductivity and dipole moment are also
critical factors. To investigate these effects, Jarusuwannapoom et al. [81] studied over 18 solvents
and found that only five solvents, including ethyl acetate, DMF, THF, methyl ethyl ketone, and
1,2-dichloroethane, were suitable for electrospinning a polystyrene polymeric solution due to their
comparatively higher conductivity and dipole moment values.
(vii) Effect of humidity and temperature

In addition to the electrospinning and solution parameters, there have been recent findings that
indicate environmental conditions such as relative humidity and temperature can also affect the
surface morphology and diameter of nanofibers, as reported by different research groups [82, 83].
The solidification process of the charged jet, which affects the diameter of nanofibers, is influenced
by humidity. It should be noted, however, that this effect is contingent upon the chemical proper-
ties of the polymer. Pelipenko et al. [83] explored how changes in humidity impacted the diameter
of nanofibers made from PVA, PEO, and a blend of PVA /hyaluronic acid (HA) or PEO/chitosan
(CS) solutions. Their findings indicated that as humidity levels increased from 4% to 60%, the
diameter of the nanofibers decreased from 667 nm to 161 nm (PVA) and 252 nm to 75 nm (PEO).
The blend solution experienced an even greater decrease in diameter. Specifically, when humidity
levels were increased from 4% to 50%, the diameter of the nanofibers decreased from 231 nm to
46 nm for both PVA/HA and PEO/CS blends. However, when humidity levels increased further,
bead fiber formation occurred for the individual polymers and electrospinning was difficult for the
blends [83]. Park et al. [84] reported a reduction in the diameter of PEO nanofibers as humidity

levels increase. Additionally, when a binary solvent system is utilized, humidity is a critical factor
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in the development of porous nanofibers. Bae et al. [6] employed PMMA and a binary solvent
system consisting of dichloromethane (DCM) and dimethylformamide (DMF) in an 8:2 ratio to
generate highly porous nanofiber membranes. The formation of pores was attributed to the dif-
ferent evaporation rates at which the solvents evaporate, with the more volatile solvent (DCM)
evaporating more quickly than the less volatile solvent (DMF) while the fibers were in flight to-

wards the collector (Fig.[2.4)). The different evaporation rates of the two solvents result in a cooling
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Fig. 2.4: Schematic diagram for creation of pores in electrospun fibers and FESEM images of
PMMA fibers with various humidity level: (a) 15-25%, (b) 26-40%, (c) 41-55%, (d) 56-70%, and
cross-section of (e) nonporous fiber, and (f) porous fiber [6].

effect similar to perspiration, which leads to the condensation of water vapor into droplets. This

phenomenon is similar to what occurs during cloudy weather or fog. The droplets subsequently
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settle on the fibers, and as water is miscible with DMF, the two solvents mix together on both the
inner and outer surfaces of the fibers. Bae et al. [6] fabricated the porous PMMA electrospun fibers
with the complete evaporation of solvents and water droplets from the fibers as shown in Fig.[2.4]
Temperature has two contrasting effects on the average diameter of nanofibers: first, it enhances
the rate of solvent evaporation, and second, it reduces the viscosity of the solution. These opposing
mechanisms ultimately result in a decrease in the average fiber diameter. A similar finding was
reported by De Vrieze et al. [85], where cellulose acetate (CA) and polyvinylpyrrolidone (PVP)

were employed.

2.2 LITERATURE REVIEW ON P(VDF-TrFE) BASED NANOCOMPOSITE
SYSTEM AS ENERGY HARVESTING AND SENSING APPLICATIONS

In this section, energy harvesting and sensing applications have been discussed as a means of
supplementing our energy requirements. This discussion will center on energy harvesting and wer-
able devices that utilize piezoelectric materials. First, there will be a brief overview of piezoelectric
materials, followed by a focus on PVDF polymer and its copolymer P(VDF-TrFE). The process
of electrospinning, which is commonly utilized to manufacture flexible P(VDF-TrFE) membranes,
is discussed, and extended to work on P(VDF-TrFE) matrix composites that incorporate various

types of filler.

2.2.1 Material Characterization of P(VDF-TrFE)/ZnO Mats as a Self-powered Sen-
sor Through Optimazation of Process Parameters

Electrospun nanofiber mats are the active area for the sensing and energy harvesting applications.
Some major fabrication process are used to synthesized the nanofiber membranes as per the appli-
cations. The various techniques are generally employed to produce nanofiber, which are as follows;
splitting of bicomponent fibers, melt-blowing, physical drawing, flash-spinning, phase separation,
self-assembling, solution casting, spin coating, hydrothermal, and electrospinning. The electrospin-
ning process is one of the most commonly used technique for the fabrication of nanofiber composite
mats with an exceptionally uniform diameter, long length and diversified composition [86]. In this

direction, Mokhtari et al. [87] studied the effect of different fillers for energy harvesting application
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using PVDF polymer. ZnO filler (18 wt.%) was incorporated into the polymer and piezo output was
recorded from peak to peak voltage 1.1 V after applying free fall load on the device. Zhang et al. [S§]
fabricated nanocomposite PVDF /BiCl3/ZnO film structure using electrospinning method and the
filler concentration was taken in weight percentage. Jiang et al. [89] synthesized PVDF /BaTiO3
nanocomposite films by electrospinning method for tactile sensor applications, with the BaTiOs3
content added as a weight percentage. P(VDF-TrFE)/ZnO composite films were electrospun for a
surface acoustic device with ZnO content added as a weight percentage by Augustine et al. [90].
Recently, Sahoo et al. [91] fabricated the flexible Fe-doped ZnO/P(VDF-TrFE) nanocomposite film
through solution casting. It has been found that the piezoelectric output of the composite film is
enhanced as compared to pure P(VDF-TrFE). Pan et al. [92, 03] 04] used near-field electrospin-
ning to fabricate hollow PVDF fiber tubes and PMLG/PVDF composite films to improve their
energy harvesting and spider silk to scavenge energy. Erdem et al. [95] made PVDF fiber mats and
PVDF/ZnO composite pellets using electrospinning and performed the electromechanical charac-
terization. Meyers et al. [96] designed P(VDF-TrFE)/ZnO interdigitated transducer, which was
used for their actuation and sensing of Lamb waves for detecting simulated damage in pipes and
metallic plates. Kim et al. [97] constructed resistive random access memory devices (ReRAM) based
on P(VDF-TrFE)/ZnO nanocomposite film, was fabricated using spin coating. Zhang et al. [9§]
prepared ZnO-Ag/P(VDF-TrFE-CTFE) based composite and Silver (Ag) coated ZnO nanoparti-
cles through solution casting and reflux method. Jie et al. [99] also found that P(VDF-TrFE)/ZnO
flexible piezoelectric nanogenerator (PENG) has high electrical output compared to P(VDF-TrFE)
fiber. The film was prepared by spin coating technique. Similar observations also have been made
by various researchers [100, 10T, 102, [103], 104, 105]. Mohammad et al. [106] fabricated the electro-
spun nanofibers made of PVDF-ZnO wherein PVDF acts as a matrix and ZnO as nanoparticles.
Four weight percentages of ZnO nanoparticles were considered 7, 12, 15, and 18%. However, only
two samples, which had 0 and 15% were presented for discussion, whereas many samples were not
discussed in detail. Recently, Soheil Mansouri et al. [I07] studied the effect of ZnO nanoparticles
in PVDF electrospun mats for environmental energy harvesting. Initially, they have taken three

weight percentages 7, 12, and 18%. In this case, fibers were not electrospun (only spraying) for 12
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and 18% weight percentage. The results are presented only for 7% ZnO concentration. The present
review clearly indicates that no in-depth/detailed results are available about the optimum value of
ZnO weight percentage into P(VDF-TrFE) solution for maximum piezoelectric output. Although,
the effect of various parameters is to be needed to study for the higher piezoelectric output of

electrospun nanocomposite based nanogenerators.

2.2.2 Electrospun Functionally Graded Mat Based Nanogenerator

The different reinforced nanoparticles have drawn the attention of researcher to increase the
energy harvesting capability of the PENG device. Barium titanate (BaTiOs) have been used re-
cently for energy harvesting due to its high piezoelectric, dielectric properties, and its environmental
friendliness [108]. However, it is brittle in nature and easily breaks during the operating process,
which restrict its use in self-powered wearable device. To address this issue, various studies have
shown that mixing nanoparticles (NPs) and polymers to create flexible piezoelectric nanocomposites
is highly effective. Recently, a trilayer flexible piezoelectric nanogenerator made of surface-modified
graphene and PVDF /BaTiO3 nanocomposites was prepared by Yaqoob et al. [109] using spray coat-
ing. In this work, stacking of three layers is accomplished by fabricating separate layers and placed
on each other manually. Jiang et al. [89] reported the fabrication of PVDF /BaTiO3 nanocomposite
film using electrospinning for the application of flexible tactile pressure sensor wherein, BaTiOs3
filler was added 5, 10 and 20 wt.%. Here, nanocomposite is fabricated at fixed concentration of
matrix and varying with BaTiOs content. However, the effect of multiple layers was not studied.
Guo et al. [I10] fabricated PVDF/BaTiO3 NW nanocomposite fiber based wireless piezoelectric
device used in human motion monitoring. Pereira et al. [I11] synthesized P(VDF-TrFE)/BaTiO3
nanocomposite film using spin coating for energy harvesting application and also studied the effect
of filler size and content. Wang et al. [112] fabricated P(VDF-TrFE)/BaTiO3 based piezoelectric
functionally graded structures using spin coating followed by hot press technique and further used
for energy harvesting application. Maximum piezoelectric output of 120 mV is reported in the
literature. It is observe that functionally graded PVDF/BaTiO3 based nanocomposite fabricated

through electrospinning approach is not investigated.
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2.2.3 Self-powered Flexible P(VDF-TrFE)/ZnO/TiO2 Hybrid Composite Based Wear-
able Device

The only material used initially for nanogenerators and sensor applications was piezoelectric
ceramic. The limitations of ceramics, such as high-temperature synthesis and brittleness, led to the
development of polymer-based PENGs. Again, the piezoresponse of pure polymer-based PENGs is
considerably below that of ceramic-based PENGs. Composites based on polymer/ceramic materials
have been studied over the past decade extensively due to their high piezoelectric response and
flexibility compared to pure polymers [113, 114]. Zhang et al. [88] prepared PVDF /BiCls/Zn0O
nanofiber by electrospinning method used in PENGs and reported piezoelectric output of 12 V.
Faraz et al. [I15] designed piezoelectric nanogenerators based on PVDF /rGO/MoSs composite mats
fabricated by solution casting method. The maximum voltage is obtained 2.4 V by subjecting a
constant pressure of 15 kPa on the device. Amith et al. [116] synthesized PVDF /Cloisite-30B clay
based three phase composite using far-field electrospinning method and the prepared composite
was used as an active layer in an energy harvesting device. Piezoelectric voltage was found to
be as maximum as 4.74 V even after incorporation of optimization tool Taguchi’s L9 orthogonal
array. Karan et al. [117] fabricated PENG devices based on Fe-dopped reduced graphene oxide (Fe-
RGO)/PVDF nanocomposite mats by solution casting method. The PENG device was subjected
to finger tapping to extract 5.1V energy as piezo output. PZT/MWCNT /PVDF based three phase
composite mats were synthesized using tape casting technique for the energy storage applications
by Pal et al. [118]. The maximum electrical voltage was 20 V under the load application of
finger tapping on the nanofiber mat surface. The piezoelectric output of P(VDF-TrFE)/ZnO/MgO
composite films based energy harvester was recorded 1.89 V, which was reported by Arunguvai
et al. [I19]. This voltage was generated by a thin film vibration energy harvester based on a
composite cantilever model at a resonance frequency of 56 Hz. PVDF-HFP/BaTiO3/h-BN three
phase composite mats were fabricated by solution casting and then electrical poling was carried out
for obtaining the greater piezoelectric output. This study was conducted by Ponnamma et al. [120]
with varying frequencies and the maximum electrical voltage was obtained to be 2.4 V. So far, no
research has been reported on P(VDF-TrFE)/Zn0O/TiO2 nanocomposite films incorporated as an
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active layer in PENG devices for energy scavenging applications.

2.2.4 P(VDF-TrFE)/TiO; Based Piezo-triboelectric Hybrid Nanogenerator

Triboelectric nanogenerators are another option for creating self-powered devices owing to their
relatively high output and ease of fabrication compared to piezoelectric nanogenerators. A tri-
boelectric nanogenerator is based on the principle of contact electrification, while a piezoelectric
nanogenerator harvests vibration energy through constant touching, vibrating, and bending. It
is therefore highly desirable to fabricate multi-mechanism based nanogenerators that use both
piezoelectric and triboelectric nanogenerators to miniaturize the system and obtain high voltage.
Sahatiya et al. [I121] used few layer MoSy grown on cellulose paper followed by the deposition
of PVDF nanofiber to fabricate hybrid nanogenerator comprised of piezoelectric and triboelectric
nanogenerator for energy harvesting applications. The piezoelectric output recorded as voltage
peak to peak 50 V, current of 30 nA and later this enrgy is utilised in powering the LED bulb.
Wang et al. [122] investigated the performance of hybrid nanogenerator based on P(VDF-TrFE)
and PDMS/MWCNTs in a wearable device. The hybrid nanogenerator was capable of generating a
maximum voltage of 25 V. The d-arched hybrid nanogenerator was designed by Zhu et al. [123] and
demonstrated as self-powered vibration sensor with peak to peak voltage of 20 V. The combined
effect of both piezoelectric and triboelectric output enabled the hybrid nanogenerator to gener-
ate more voltage output than pure nanogenerator. The designed HNG can be used for powering
the LED bulb with human finger tapping without the need of external power source. Very few
works are reported on fabricating hybrid nanogenerators based on nanomaterials with different

configurations.

2.3 OBJECTIVES OF THE PRESENT WORK

Based on the extensive literature survey, the following objectives are framed for the present work
in the thesis. Broadly, the objectives include, (i) Development of self-powered sensor device based
on P(VDF-TrFE)/ZnO composite mats, (ii) Extend the process for the electrospun functionally

graded PVDF /BaTiOg mats, (iii) Present a hybrid P(VDF-TrFE)/ZnO/TiO2 nanocomposite films
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which is employed as wearable device and study the response of a hybrid composite under finger
tapping load, and (iv) Further, flexible Piezo-triboelectric hybrid nanogenerator is preented as a

werable device. The objectives specifically addressed are as follows:

1. To fabricate P(VDF-TrFE)/ZnO based aligned flexible piezoelectric nanofiber using electro-

spinning method.

2. To investigate the mechanical, thermal, rheological, and piezoelectric performance of P(VDF-

TrFE)/ZnO composites.

3. To optimize the process parameters to get the maximum piezoelectric output for the nano-

generator application

4. To fabricate and investigate the performance of five layered functionally graded PVDF /BaTiO3

mats.

5. To fabricate and investigate the performance of P(VDF-TrFE)/ZnO/TiOs fiber mats for

wearable applications.

6. To fabricate P(VDF-TrFE)/TiO2 based piezo-triboelectric hybrid nanogenerator for energy

harvesting applications.

2.4 ORGANISATION OF THE THESIS

The complete work presented in this thesis has been organized into eight chapters. The moti-
vation behind the presently conducted research is presented in Chapter 1. An overview has been
presented of piezoelectric materials and structures and the engineering characteristics of the elec-
trospun nanocomposite mat by virtue of which they impart structural advantage and aesthetics.
Smart materials such as piezoelectric materials have been used for the sensing and energy harvest-
ing applications. Various piezoelectric materials have been discussed and the mechanics of certain
important smart piezoelectricity structures have been explained. The various fabrication methods

of the piezoelectric fiber reinforce composite has been briefly discussed. The chapter highlights
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the need to develop sensor devices based on the unique properties of electrospun mats, which is
apparent from the attraction towards the potential of smart materials.

In the Chapter 2 literature survey for the synthesis and present status of electrospun mat based
sensor device as a energy harvesting and wearable device have been conducted. The parameters
associated with the electrospinning method have also been reviewed emphasizing on the fabrication
of nanocomposite films. Based on the extensive literature review, the proposed objectives of the
present work are framed. An overview of the contents of the remaining six chapters is presented
below.

Chapter 3 presents an experimental analysis for the P(VDF-TrFE)/ZnO nanocomposite mats
fabrication using electrospinning method. The surface morphology, crystalline structure analysis,
rheological study, mechanical characterization, and thermal stability test are carried out using
FESEM, XRD, FTIR, DSC, UTM, and TGA. Further, the piezoelectric performance of the device
is tested for the prepared nanocomposite film and the effect of electrospinning parameters are
analysed.

In Chapter 4, P(VDF-TrFE)/ZnO nanocomposites are fabricated with different process param-
eters. the experiments are conducted as per the statistical approach design of experiment (DOE).
In this analysis, 3 factors and 3 levels are incorporated which have impact on the outcome. Box-
Behnken that involves fitting a quadratic model to the response variable in order to optimize it.
The various test has been conducted to characterize the fabricated electrospun mats. Further,
piezoelectric nanogenerator is prepared using the fabricated mats and used as a self-powered sen-
sor. The process parameters are optimized for the piezoelectric performance of the nanocomposite
films and new benchmark results are presented.

In Chapter 5, the electrospinning method is extended to fabricate functionally graded PVDF /BaTiO3
mats. For the first time from the conducted experimental study, the electrospun PVDF /BaTiO3
functionally graded film based results are reported for piezoelectric output. The prepared electro-
spun mat is used as an active layer in the flexible nanogenerator device. The functionally graded
PVDF /BaTiOs3 film is optimized for the better performance of piezoelectric output.

Chapter 6 presents a design and fabrication of self-powered flexible P(VDF-TrFE)/ZnO/TiOq hy-
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brid fiber mats as nanogenerator for wearable applications. The hybrid composite is fabricated
with varying the TiOg content and its influence is studied on the crystalline structure, mechanical
properties, and viscoelastic behaviour. Apart from new benchmark results presented for the hy-
brid nanocomposite film, the nanoparticles concentration and their influence on the piezoelectric
performance are studied.

In Chapter 7, P(VDF-TrFE)/TiO2/PDMS based piezo-triboelectric hybrid nanogenerator is inves-
tigated for piezoelectric output. The piezoelectric output obtained from the nanogenerator device
is used to power the LED bulb and small electronic device.

Finally, the major conclusions of this work and suggestions for future research are summarized in

Chapter 8.
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Material characterization and
piezoelectric performance of

P(VDF-TrFE)/ZnO nanocomposite

3.1 INTRODUCTION

In this chapter, piezoelectric nanogenerators (PENGs) based on P(VDF-TrFE)/ZnO nanofiber
composite thin film is developed using electrospinning method. The P(VDF-TrFE) nanofiber and
P(VDF-TrFE)/ZnO nanocomposites are synthesiszed to be used as an active layer in the flexible
device. The comprehensive work has been reported conclusively on the effect of nanofiller addition
relative to solvent (DMF) and solute P(VDF-TrFE) polymer. ZnO nanoparticles with 18% (w/w)
and 18% (w/v) concentrations have been dispersed in the prepared P(VDF-TrFE) solution. The
material system, synthesis of nanocomposite films, and PENGs device are presented in Sec.[3.2] The
P(VDF-TrFE)/ZnO nanocomposite films are synthesized using electrospinning method, wherein,
P(VDF-TrFE) as a flexible matrix and ZnO as reinforcing materials are used. The PENG device
fabrication is accomplished using three layers including piezoactive P(VDF-TrFE)/ZnO layer and
two electrode layers. In Sec.[3.3] the behaviour of electrospun nanocomposite mats are discussed.
In this section, surface morphology, diameter distribution, elemental analysis, presence of 3 phase,
thermal stability, mechanical properties and crystallinity are investigated. These investigations
are carried out using the following instruments: field emission scanning electron microscopy (FE-
SEM), atomic force microscopy (AFM), energy dispersive X-ray analysis (EDX), X-ray diffraction
(XRD), fourier transform infrared (FTIR), thermogravimetric analysis (TGA), 5kN electromechan-

ical universal testing machine and differential scanning calorimetry (DSC). The viscosity, dynamic
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modulus, and damping factor of the blended solution are measured using rheometer. Finally, PENG
devices have been fabricated and its performance is evaluated in terms of their voltage output and
current. The piezoelectric nanogenerators (PENGs) are subjected to pressing, bending and tapping
by human hand for getting electrical output. These devices are sensitive towards the manual activ-
ities. The piezoelectric output of the PENGs is enhanced from 704 mV to 1.15 V and 4 pA to 5.2
nA. It is observed that the addition of ZnO nanoparticles into the P(VDF-TrFE) nanofiber made

the composite film more active and sensitive. It can be used for energy harvesting applications.

3.2 ELECTROSPUN MAT FABRICATION

3.2.1 Material System

P(VDF-TrFE) copolymer is purchased for electrospinning in this work because of its ease in
controlling the process parameters. P(VDF-TrFE) pellets are purchase from Sigma-Aldrich with
75 percent VDF and 25 percent TrFE. The average molecular weight (Mw) of P(VDF-TrFE) is 300
kg/mol. N,N Dimethylformamide (DMF) with anhydrous 98%, molecular weight (73.09 g/mol)
is procured from Sigma-Aldrich. Sigma Aldrich supplied zinc oxide (ZnO) nanopowder with a
molecular weight of 81.39 g/mol. No treatment has been performed with the chemicals before use

in electrospinning.

3.2.2 Electrospinning for Fabrication of P(VDF-TrFE) and ZnO Nanofibers

The nanofiber unit supplied by E-spin Nanotech (Model-SUPER ES-2, India) is employed for
electrospinning operation. In order to prepare polymer solution, 18% (w/v) concentration of
P(VDF-TrFE) pellets are dispersed in the solvent of dimethylformamide (DMF) and acetone with
a proportion of 8:2 (vol/vol) in a beaker. The homogeneous solution is obtained by stirring it for 4
h at 40°C and 600 r.p.m. The other two solutions are prepared for ZnO reinforced nanocomposite.
In comparison with P(VDF-TrFE) polymer and DMF solvent, ZnO nanopowder at 18% (w/w) and
18% (w/v) concentrations are incorporated with P(VDF-TrFE) solution and then sonicated for 30
minutes. The solutions are subsequently stirred for 2 h at 40°C resulting in a white-coloured homo-

geneous solution, which can be used to fabricate P(VDF-TrFE) nanofiber and their composite. The
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plastic syringe with an inner diameter of 13.08 cm is filled with the obtained homogeneous solution.
The metallic needle attached to the syringe is placed on the syringe pump and used as a spinneret.
The high voltage source is connected to the needle through the alligator clip. The rotating drum
collector with 90 mm diameter is deployed for deposition of an electrified fiber jet and located 13
cm apart from the metallic needle tip. The drum collector is driven with an angular velocity of
178 rad/s during the accumulation of nanofibers. The process parameters are coordinated with the
solution to start the electrospinning process as follows: the flow rate of the solution is 15 pl/min,
the applied voltage is 21 kV, and the chamber temperature is set at 30°C. All parameters are kept
constant for the P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO nanocomposite. All three films

are collected on a drum collector for 60 min.

3.2.3 Preparation of Piezoelectric Nanogenerator (PENG) Devices

The P(VDF-TrFE) nanofibers and their composite are collected on an aluminium substrate,
wrapped on the collector. This substrate is used as one of the electrodes in an energy harvest-
ing device. P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO composite are used in self-powered
PENG, which is having a 6 cm? active functional area. Aluminium foil attached to the fiber struc-
ture functions as a top electrode, while copper tape serves as a bottom electrode. These electrodes
are used to be part of an electric circuit to measure the electrical output of PENG device. For
proper electrical connection, carbon tape with both sides adhesive are used on both ends of the fiber
web. Further, PENGs are covered with polyimide tape to make protection from the surrounding

noise. The schematic diagram of electrospinning, piezoelectric fabrication device and actual image

of PENG is shown in Fig.[3.1]

3.2.4 Material Characterization

The image analysis is performed using field emission scanning electron microscopy (FESEM)
(model: Sigma 300, make: Zeiss) to study the surface morphology and fiber distribution of electro-
spun P(VDF-TrFE) fibers and their composite. The FESEM images are used to calculate the fiber
diameter using image analysis software. The image analysis software is used to compute the surface

area to volume ratio of non-woven webs using a FESEM image. Atomic force microscopy (AFM)
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Fig. 3.1: Schematic diagram of (a) electrospinning and PENG device and (b) actual photo of
PENG.

MFP-3D-BIO is used for imaging a sample and its topography for phase and amplitude images.
The rheological behavior of neat P(VDF-TrFE) and P(VDF-TrFE) /ZnO blended solution is carried
out using Physica MCR 101 rheometer (Anton Paar) with 1° cone angle and 25 mm diameter of
cone and parallel plates. The viscosity and dynamic modulus test are performed at 25°C and 50°C,
a gap of 0.1 mm, and the strain is fixed at 1%. The storage, loss modulus (G’, G”) and damping
factor are evaluated with varying frequencies for 10 minutes. The element characterization of film
structures is evaluated using energy dispersive X-ray (EDX) analysis (model: Gemini 500 FESEM,
make: Zeiss). X-ray diffraction (XRD) (Rigaku, Japan model: Smart lab) pattern is obtained
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on a diffractometer using Cu-Ka radiation (A = 1.54A) at room temperature. The samples are
examined in the range of 20 from 10° to 60° at a rate of 5 degree/minute. Fourier transform in-
frared (FTIR) (PerkinElmer, Singapore; model: Spectrum two) spectra of P(VDF-TrFE) fibers and
P(VDF-TrFE)/ZnO composite films are collected on a Bruker spectrometer using an attenuated
total reflection (ATR) mode in the range 400-3500 cm~!. The nanofiber samples are heated from
20°C to 225°C in argon atmosphere for differential scanning calorimetry (DSC) analysis (model:
STA449F3A00, maker: Netzsch). The thermogravimetric analysis (TGA) is carried out using the
Netzsch STA449F3A00 apparatus operating from 20°C to 700°C, for the determination of thermal
stability of the samples. The films are placed in alumina pan sample holders and the analysis
are performed with a heating rate of 10°C/min under argon atmosphere. Electrospun nanofiber
composites are tested under a 5kN electromechanical universal testing machine (model: Z005TN
Proline, make: ZwickRoell) at a strain rate of 5 mm/min for their mechanical properties. This
test is conducted under the application of load cell 100 N. Digital micrometre (Mitutoyo 293-240-
30) is used to measure the thickness of electrospun nanofibers. Digital oscilloscope (GWINSTEK
GDS-1102-U) is deployed to measure the voltage of P(VDF-TrFE) fibers and its composites based

2

PENG with a working area of 6 cm“. The PENGs device is subjected to bending, pressing and

tapping by a human finger to obtain the piezoelectric output.

3.3 RESULTS AND DISCUSSIONS

3.3.1 Surface Morphology Analysis of Fabricated Films

The electrospun nanofibers are collected on rotating drum collectors by horizontal electrospin-
ning. All three samples are fabricated as beads-free. The surface morphology and diameter dis-
tribution of P(VDF-TYFE)/ZnO fiber composite are illustrated in Fig.[3.2] (a-f). The diameter of
nanofiber is measured 180.29 nm and the diameter for P(VDF-TrFE)/ZnO composite is calculated
to be 168.69 nm and 196 nm. The diameter of the composite reduced by introducing ZnO nanopow-
der due to the increase in conductivity of the solution. However, the diameter increased for the

sample which is fabricated at 18% w/w concentration of nanofiller.
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Fig. 3.2: FESEM image of (a) P(VDF-TrFE) fiber, (b) P(VDF-TrFE)/ZnO composite (18% w/v
concentration of filler with respect (w.r) to DMF, (c¢) P(VDF-TrFE)/ZnO composite (18% w/w con-
cetration of filler w.r to P(VDF-TrFE), (d,e,f) diameter distribution of nanofiber composite, (g,h,i)
surface area to volume ratio of P(VDF-TrFE)fiber and P(VDF-TrFE)/ZnO composite fabricated
at 18% w/v and 18% w/w of filler.

3.3.2 Calculation of Fiber Surface Area to Material Volume Ratio

The fiber surface area to material volume ratio of P(VDF-TrFE) nanofiber and P(VDF-TrFE) /ZnO
nanocomposite is calculated utilizing FESEM images. The fiber surface area and material volume
of the non-woven structures are analyzed using image analysis software. This calculation is exe-
cuted in the threshold mode of the image software in Fig.|3.2| (g-1).

Area covered by image (A1) = 14.421umx9.746pum = 140.55 wm?
Fiber occupied area in image (Ap) = 48.76% = 68.53 um?
Average diameter of fibers (D) = 180.29 nm = 0.18092 pum

Fiber length on average in image (L) = Ap/D = 378.79 um
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Surface area of fibers (S.A) = 27rL= 7DL= 215.19 pm?

Volume of fibers (cylinder) = Zx(D?L) = 9.73 um?®

Surface -to- volume ratio = 22.12x10°

Similarly, the fiber surface area to material volume ratio for the P(VDF-TrFE)/ZnO nanocom-
posite fabricated at 18% w/v and 18% w/w concentration of filler is calculated to be 20.39x10°
and 23.71x10%, which indicates that the fiber surface-to- material volume ratio increased after the

addition of ZnO nanoparticles (wt/wt) and decreased when 18% (wt/vol) filler is added.

3.3.3 Atomic Force Microscopy (AFM) Analysis

The atomic force microscopy analysis is carried out for the P(VDF-TrFE) nanofiber and P(VDF-
TrFE)/ZnO nanocomposite, as shown in Fig.[3.3 The height, amplitude, and phase images of
the nanofiber composites are presented in Fig. This study evaluated P(VDF-TrFE) fibers
and P(VDF-TrFE)/ZnO nanocomposite films for roughness. Our result revealed that the average
roughness for P(VDF-TrFE) fiber are 161 nm, 122.63 nm for the P(VDF-TrFE)/ZnO film prepared
at 18% w/v (Zn0O), and 259 nm for the P(VDF-TrFE)/ZnO film structure prepared with 18% w/w
filler. It is observed that the nanocomposite film made of P(VDF-TrFE)/ZnO is having more rough
surfaces than P(VDF-TrFE) nanofiber film. The increase in roughness of film structure could be

attributed to the proper dispersion of ZnO nanofiller in a polymer solution.

3.3.4 Energy-Dispersive X-ray Analysis (EDX)

The elemental analysis of P(VDF-TrFE)/ZnO nanocomposite membranes fabricated under dif-
ferent conditions are performed using the energy and intensity distribution of X-ray signals gener-
ated by the electron beam. The element analysis is conducted for the Carbon (C), Fluorine (F),
Zinc (Zn), and Oxygen (O) atoms. The elemental and their atomic weight percentage analysis
of the synthesized film structure is shown in Fig.[3.40 The EDX spectra can be expressed in both
semi-quantitative and semi-qualitative analysis. The C element is studied to be found in the film at
56.31%, 45.36%, and 49.10%. The F element is evaluated to be found in the film at 43.69%, 27.97%,
and 39.42%. The O element is investigated to be found in the last two films at 15.02% and 7.91%.

The Zn element is studied to be found in the film at 11.65% and 3.57%. Some sharp peaks are
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Fig. 3.3: Topography map of (a,d,g) P(VDF-TrFE)/ZnO film (0, 18% w/v, 18% w/w filler) for
height image, (b,e,h) amplitude image of P(VDF-TrFE)/ZnO film (0, 18% w/v, 18% w/w filler)
(c,f,i) phase image of P(VDF-TrFE)/ZnO film (0, 18% w/v, 18% w/w filler concentration).

present in the EDX spectra of P(VDF-TrFE)/ZnO nanocomposites, as well as neat P(VDF-TrFE)
membranes. These peaks correspond to the elements carbon (K, radiation with 0.277 keV) and
fluorine (K, radiation with 0.677 keV). As a consequence of the incorporation of ZnO nanoparti-

cles into P(VDF-TrFE) nanocomposite membranes, additional peaks were observed at energy levels

1.01 keV (L), 8.63 keV (K,), and 9.5 keV (K/3), which are related to the zinc element.

3.3.5 Rheological Behavior Analysis

The rheological analysis is essential before fabricating the nanofiber composite film by the elec-
trospinning technique. Viscosity is a prime factor in this fabrication technique and could affect
the fabrication process. Rheology analysis is used to study the effect of viscosity, storage modulus,
loss modulus, and damping factor of a homogeneous solution. The blended solution’s viscosity,
dynamic modulus, and damping factor are shown in Fig.[3.5] The viscosity for the all-prepared
solution decreased as the shear rate increased, which shows the thinning behavior of the solution,
while viscosity increased with the addition of ZnO filler. The solution obtained for the P(VDF-

TrFE)/ZnO at 18% w/w concentration showed greater viscosity than the other two solutions. The
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Fig. 3.4: EDX spectra of P(VDF-TrFE)/ZnO nanocomposite film (a) 0 wt.% (b) 18% wt/vol and
(c) 18% wt/wt nanofiller.

dispersion of the nanofiller improves the storage and loss modulus of the blended solution while
reducing the damping factor. The dynamic moduli of the solution prepared for P(VDF-TrFE)/ZnO
at 18% w/v showed higher as the frequency increased. The increased viscosity of the solution may
have resulted from proper dispersion of the nanofiller in pure P(VDF-TrFE) solution. The increase
in dynamic moduli of the obtained P(VDF-TrFE)/ZnO solution at 18% w/v concentration of filler
in a higher frequency range can be attributed to the thinning behavior of the solution. The damping
factor of P(VDF-TrFE)/ZnO solution significantly decreased with the addition of nanofiller, while

the P(VDF-TrFE) solution damping factor increased.

3.3.6 XRD Analysis

The X-ray diffraction test (XRD) is evaluated in order to confirm the formation of beta phase
crystal structure and ZnO nanopowder presence in the nanofiber composite. In the XRD pattern,
it is shown that the beta phase of synthesized nanocomposite film is at 20 = 20° (110) [124] as
shown in Fig.[3.6 The diffraction peaks of ZnO nanopowder appeared at a 20 value of 31.77°,
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modulus, and (d) damping factor.

34.46°, 36.25°, 47.55°, 56.61° and 62.98° [125] as shown in Fig. Moreover, the matrix phase is
not altered after the addition of ZnO filler. The aluminium peaks are found at 38.44° and 44.83°
in fiber composite film as per JCPDS card no. 001-1176. The crystallinity is determined from
the ratio of the integrated area of the crystal peak to the total area (crystalline and amorphous
part) in the XRD pattern. The percentage crystallinity of fabricated film is calculated using the

Ruland-Vonk method [126] as per the equation.

Acr

Where A, is the integrated area of the crystalline part, and A, is the area of the amorphous zone.
The crystallinity index of the pure P(VDF-TYFE) fiber, P(VDF-TrFE) /ZnO composite (18% w//v
filler) and P(VDF-TYFE)/ZnO film (18% w/w filler) is obtained to be 23.12, 21.74 and 17.06%

respectively. The XRD pattern of ZnO powder is illustrated in Fig.[3.6] The all peaks are indexed
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and (d) ZnO powder.

to the zincite phase of ZnO according to the JCPDS card no. 00-005-0664. The same diffraction
peaks of ZnO nanoparticle is observed as in P(VDF-TrFE)/ZnO nanofiber composite film. The
observed peaks are not associated with other phases of ZnO or impurities, suggesting the purity
of the ZnO obtained is high. The all peaks of ZnO nanoparticles showed very strong peak, which

indicate that excellent crystallinity.

3.3.7 Fourier Transforms Infrared Spectroscopy (FTIR) Analysis

The crystal structures of the fabricated nanocomposite are examined by FTIR spectroscopy in
ATR mode. The comparison for FTIR spectra of electrospun P(VDF-TrFE) and ZnO reinforced
composite is shown in Fig.377. The large parts of the polymer chain skeleton and its functional
groups oscillate, leading to the observed pattern. The characteristic vibrational mode can distin-
guish between the different phases in P(VDFTrFE) polymer. Most of the infrared active vibrations
for the copolymer mainly occur between 600 and 1500 cm~!. The characteristics peaks at 842, 880,
1118.93, 1173.79, 1283, and 1400 cm ™! correspond to the electroactive f phase crystal structure
of P(VDF-TrFE)/ZnO fiber composite [127]. The absorption peaks appear at 842 cm~! and 1288
cm~! due to symmetrical tensile vibrations of -CFy and C-C, while the absorption peak at 1400

cm~! is due to the -CHy swing anti-symmetric stretching of C-C. The peak intensity corresponding
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Fig. 3.7: FTIR analysis of (a) P(VDF-TrFE) fiber and (b,c) P(VDF-TrFE)/ZnO fiber composites
fabricated at different electrospinning conditions.

to the beta phase is decreased of composite film fabricated with 18% w/v ZnO filler, while the
peak intensity of nanocomposite film synthesized with 18% w/w filler is increased compared to
pure P(PVDF-TrFE) nanofiber. Moreover, the addition of ZnO nanopowder did not significantly
alter any of the polymer matrix’s characteristic vibration bands. The fraction of the beta phase

can be determined by applying the following mathematical relation:

Ap

FR)=—"F
(B) Ap 4+ 1.264,

(3.2)

The F(B) value for electrospun P(VDF-TrFE) nanofiber and P(VDF-TrFE) /ZnO composite at 18%
w/v with respect to DMF and P(VDF-TrFE)/ZnO composite at 18% w/w concentration relative
to polymer is 77.47%, 75.83% and 80.88%. The F(f) significantly increased with the dispersion of
ZnO nanofiller due to an increase in interfacial interaction between ZnO nanoparticles and P(VDEF-

TrFE) [128, 129 130]. Where A, corresponds to the absorption coefficient associated with 760

TH-3221 176103016
44



RESULTS AND DISCUSSIONS

cm™! phase a Apg is the absorption coefficient corresponding to wavelength 840 ecm ™! of phase
B, ky = 6.1x10* is the absorption coefficient at wavenumber 760 cm™!, and kg is the absorption

coefficient at wavenumber 840 cm ™! [I31}, 132].
3.3.8 Mechanical Testing of P(VDF-TrFE) and ZnO Reinforced Nanocomposite

The stress versus strain curves of P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO fiber com-
posite are shown in Fig.[3.8] The dimension of the tested nanofiber composite sample are taken as
gauge length of 40 mm, width 20 mm, and 10 mm length is placed in the top and bottom jaw of the

instrument. The uniaxial tensile stress-strain test is carried out at room temperature with a strain
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Fig. 3.8: Tensile mechanical test of nanofiber composite prepared at different concentration of
nanofiller (a) 0% w/v (b) 18% w/v (¢) 18% w/w.

rate of 5 mm/minute. The strain(%) and resultant load are recorded till the film specimen frac-
tured. The stress, strain, Young’s modulus and modulus of the toughness of the fabricated film are
listed in Table P(VDF-TrFE) nanofiber showed more stress, strain, and Young’s modulus than

P(VDF-TrFE)/ZnO fabricated at 18% w/v. However, the nanocomposite prepared at 18% w/w
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concentration of filler exhibited more strain than P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO
composite (18% w/v filler). The decrease in mechanical strength of P(VDF-TrFE)/ZnO fiber com-
posite may be due to the not effective dispersion of ZnO nanopowder in the prepared P(VDF-TrFE)
solution. The accumulation of Zno nanofiller generally occurs at higher concentrations, which leads
to weak bonding between the polymer and ZnO nanoparticles. The result revealed that the me-
chanical properties of the film are decreased with increase in filler content. The nanocomposite film
therefore exhibited lesser mechanical properties at higher filler content. Modulus of toughness is
calculated by using the area under stress versus strain curve till the fracture point. The modulus
of toughness of P(VDF-TrFE) fiber is calculated to be 17.87 MJ, while for the P(VDF-TrFE)/ZnO
composite synthesized at 18% by volume and 18% by weight filler content has 0.70 MJ and 17.06
MJ respectively. Results state that modulus of toughness for the composite film is declined with the
addition of ZnO nanoparticles at higher concentration. As discussed earlier, this result is consistent

with other mechanical properties.

Table 3.1: Mechanical properties of fiber composite at different concentration of nanofiller.

Sl. no. Sample Stress Strain Young’s modulus Modulus of
(MPa) (%) (MPa) toughness (MJ/m?)
1 P(VDF-TrFE) 38.30 73.39 36.97 16.87
2  P(VDF-TrFE)/ZnO-18 vol.% 3.27 37.51 16.47 0.70
3  P(VDF-TYFE)/ZnO-18 wt.% 17.96 189.04 15.76 17.06

3.3.9 Differential Scanning Calorimetry Analysis

Polymer’s crystallinity is one of its most important properties that determine physical charac-
teristics such as mechanical stability and degradation resistance. It can also be used to study
the crystal phases of P(VDF-TrFE) and its copolymers. Temperature versus heat flow has been
plotted in the DSC curve as shown in Fig.[3.9p. This analysis is performed for the P(VDF-TrFE)
nanofiber and P(VDF-TrFE)/ZnO nanocomposite. The first peak in the graph illustrates the phase

transition from ferroelectric to paraelectric of pure P(VDF-TrFE) fiber and P(VDF-TrFE)/ZnO
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nanocomposite at 108, 109 and 107.5°C, respectively. The second peak of the plot reveals the
melting of crystalline phase in nanofiber composites. The percentage crystallinity of the film can

be obtained using this equation [133]:
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Fig. 3.9: (a) DSC curve and (b) TGA analysis of fabricated films.

AH
Xc = /

. AH}* x (1 — fillevl*é%)t.%))

x 100 (3.3)

Where X¢ is percentage crystallinity, AH is melting enthalpy and AH]’Z = 104.6 J/g presents the
enthalpy for the P(VDF-TrFE) copolymer at 100% crystallinity [134]. The melting temperature of
P(VDF-TrFE) and P(VDF-TrFE)/ZnO film is found to be measured 150°C, 146.48°C and 147.4°C,
respectively. The crystallinity of the film is calculated to be 19.62, 20.92 and 19.93%, respectively.
Results found that increasing the concentration of nanofiller to 18% w/v reduced the percentage
crystallinity, while the nanocomposite fabricated with ZnO (18 wt.%) showed more crystalline
compared to film synthesized using ZnO (18 vol.%). The reduced percentage crystallinity could
be attributed to the accumulation effect of nanofiller. The crystallinity index obtained using XRD
pattern is greater compared to DSC curve. The comparison of crystallinity calculated using DSC

and XRD study is shown in Table

3.3.10 Thermal Gravimetric Analysis (TGA)

The temperature versus weight (%) presents TGA thermograms, which is shown in Fig.|3.9b.

TGA analysis is conducted with the same equipment where DSC analysis was performed. This
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Table 3.2: Crystallinity index comparison of fiber composite at different concentration of

nanofiller.
SL. no. Nano composite film Crystallinity (%) Change(%)
DSC curve  XRD pattern
1 P(VDF-TrFE) fiber 19.62 23.11 3.49
2 |P(VDF-TrFE)/ZnO film (ZnO-18 vol.%) 20.92 21.74 0.82
3 |P(VDF-TrFE)/ZnO film (ZnO-18 wt.%) 19.93 17.06 2.87

analysis is recorded from 20°C to 700°C with a heating speed of 10°C/min. Fig.[3.9b indicates
that each nanofiber composite film is decomposed in one step, as seen by the TGA traces. Pure
nanofiber is almost thermally stable till 420.5°C, then sudden degrading starts to 502°C. The
shifting of degradation temperature range can be seen in Fig.[3.9b with the addition of ZnO filler
in matrix. P(VDF-TrFE)/ZnO composite showed greater thermal stability with ZnO nanofiller as
compared to the pristine nanofiber film. The residue mass of the fabricated film is analyzed using
TGA thermograms. The residue mass of 7.6% is found on pristine P(VDF-TrFE) nanofiber, while
56.67% is found on P(VDF-TrFE)/ZnO film made with ZnO-18% by vol and 32.0% are found on
P(VDF-TrFE)/ZnO film membrane fabricated using ZnO filler 18% by weight. Our result suggests
that the presence of ZnO nanoparticles significantly affects residual mass and decomposition of
matrix in nanocomposite film. These findings conclude that the fabricated nanofiber composite

film can be used in a thermally stable zone for mechanical energy harvesting applications.

3.3.11 Device Testing and its Analysis

The schematic structure of PENG and voltage output generated by finger tapping, pressing, and
bending in PENG device based on P(VDF-TrFE) and P(VDF-TrFE)/ZnO films are illustrated in
Fig.[3.10] The small part of P(VDF-TrFE) and P(VDF-TrFE)/ZnO web with an effective area of 6
cm? are placed between two electrodes. The copper wires are connected to the electrodes through

their terminals. The PENGs devices are subjected to load in the form of repeated soft tapping,

bending and pressing by a human hand and then recorded their piezoelectric output using DSO.
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Based on the results of the tests, the peak to peak electrical voltages for the P(VDF-TrFE) based
PENG is 768 mV, 704 mV and 712 mV after they are bent, pressed, and tapped manually. The
P(VDF-TrFE)/ZnO based PENG (fabricated at 18% w/v filler) exhibited 528 mV, 592 mV and 376
mV after applying the same load. While the voltage output for P(VDF-TrFE)/ZnO based PENG
(fabricated at 18% w/w filler) are 840 mV, 744 mV and 1.15 V for the same loading condition.
The current output is measured for P(VDF-TrFE) fiber and P(VDF-TrFE)/ZnO film fabricated
at 18% w/v and 18% w/w are 4.8 pA, 4 pA, and 5.2 pA. The piezoelectric output of fabricated
film is listed in Table The higher piezoelectric output is found for the PENG device, which
is fabricated at 18% w/w concentration of nanofiller. The roughness and fraction of the 3 phase
are increased for this sample (18% w/w) as data obtained from the AFM and FTIR analysis,
which support the higher piezoelectric output and good agreement with the reported results [135].
That could be accredited to the piezoelectric properties of ZnO nanofiller. Nanocomposite films
fabricated with a greater amount of filler might not have strong interfacial interactions between
filler and polymer, and solution agglomeration can also be observed with a higher amount of filler.
This effect is possibly caused by the decrease in piezoelectric output over the film having a filler

concentration of 18% w/v.

Table 3.3: Piezoelectric output of fiber composite at different concentration of nanofiller.

Sl. no. Devices Bending (mV) Pressing (mV) Softly tapping
1 P(VDF-TiFE) 768 704 712 mV
2 P(VDF-TXFE)/ZnO (18% w/v) 528 592 376 mV
3 P(VDF-TYFE)/ZnO (18% w/w) 840 744 1.15'V

3.4 SUMMARY

In this work, P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO nanocomposites are fabricated
by means of electrospinning method. The ZnO nanofiller is dispersed with higher content in the dif-

ferent polymeric P(VDF-TrFE) solution. The effect of ZnO nanoparticles on average diameter, beta
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Fig. 3.10: (a) Schematic diagram of PENG, (b,e,h) voltage generated by finger tapping, pressing
and bending in P(VDF-TrFE) based PENG, (c,f,i) voltage generated by finger tapping, pressing and
bending in P(VDF-TrFE)/ZnO (18 vol.%) based PENG, (d,g,j) voltage generated by finger tapping,
pressing and bending in P(VDF-TrFE)/ZnO (18 wt.%) based PENG (k,l;m) current generated in
tapping mode.
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phase crystalline structure, stress, strain, Young’s modulus, and the output of the PENG devices
are investigated. The structural characterization has been carried out for the surface morphology,
elemental composition and confirm the presence of crystalline structure in the fabricated samples.
This charcterization is accomplished by the FESEM, EDX, XRD and FTIR tests. The mechanical
characterization is conducted using UTM test in the tensile mode. Further, the piezoelectric re-
sponses have been recorded employing the piezoelectric nanogenerator subjected to different manual
activities including bending, pressing, and tapping. This PENG device with enhanced piezoelec-
tric output that energy harvests may provide simple, cost-effective, useful, and flexible access to

self-powering for many microelectronic devices. This study reveals the following conclusions:

(i) Higher content of ZnO nanoparticles on the nanofiber mat result in agglomeration. It further

reduces surface area to volume ratio causes to reduce the efficiency of energy harvesting device.

(ii) The fraction of B phase and roughness increased with the dispersion of nanoparticles as

confirmed from the FTIR and AFM test.

(iii) The viscosity, dynamic moduli of the solution are substantially enhanced with the inclusion

of ZnO nanopowder while damping factor is reduced.

(iv) ZnO with higher concentration significantly affect the fiber diameter, 3 phase crystalline

structure, stress, strain, Young’s modulus, and the piezoelectric output of the PENG device.

(v) The findings of this study indicated that the film fabricated using the nanofiller concentration

relative to the polymer is more suited for energy harvesting applications.

(vi) The piezoelectric nanogenerator under softly tapping generates more power output as com-

pared to pressing and bending.
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Optimizing process parameters for
P(VDF-TrFE)/ZnO nanofiber
composite as self-powered sensor

4.1 INTRODUCTION

In this chapter, P(VDF-TrFE)/ZnO based electrospun nanofiber composites have been developed
through electrospinning to cater the need of self-powered small wearable devices. Even though after
huge work in this field, real-time commercial applications are very less because pure PVDF based
electrospun mats have very low electrical outputs. In this work, an effort is made to enhance the
voltage output of the P(VDF-TrFE) based nanomats by adding ZnO nanoparticles into the viscous
solution. The materials, fabrication of nanocomposite films as per the DOE, energy harvesting de-
vice, and characterization through various instruments are presented in Sec.[£:2] The fiber compos-
ites have been made with the fixed ratio of dimethylformamide, acetone, matrix concentration, and
different percentage concentration of ZnO nanopowder. The main operating parameters, namely
applied voltage, flow rate, and concentration of reinforcing component are optimized using the
response surface method of statistical design of experiments (DOE). A three-level factorial design
based on Box-Behnken RSM technique is incorporated to design the experiment (DOE), and the
corresponding experimental plan is carried out. The composite films are synthesized employing the
process parameters to validate the model obtained from design of experiment (DOE). In addition,
three more experiments are performed by varying the same parameters just before and after the
optimum value to ensure that the maximum pieoelectric output is achieved with the same param-
eters obtained from DOE. In Sec.[4.3] the study of electrospun nanocomposite mats are presented

TH-3221 176103016
52



EXPERIMENTAL

in detail. It focuses on surface morphology, elemental analysis, percentage crystallinity, crystalline
structure, (3 phase variation, and mechanical properties. These studies are accomplished using the
various instruments. Further, surface area to volume ratio, rhelogical behaviour of blended solu-
tion, and dynamic modulus of nano mats are investigated using Brunauer-Emmett-Teller (BET),
rheological test, and DMA analysis, respectively. The electrical output of the piezoelectric nano-
generators (PENGs) have been measured using digital storage oscilloscope under various loading
conditions at room temperature. A systematic and detailed analysis is conducted to assess the
effect of ZnO nanoparticles. It has been observed that voltage output increases with the increment
of ZnO weight percentage up to 10 and then decreases. The piezoelectric voltage and current of the
piezoelectric nanogenerator device based on fiber composite is found 2.52 V and 20.8 pA whereas
0.82 V and 12.8 pA for the pristine P(VDF-TrFE) nanofiber under softly tapping loading condi-
tion. In the health and engineering fields, these results may open the door to the development of

P(VDF-TrFE)/ZnO based nanomats and their use as sensors and actuators.

4.2 EXPERIMENTAL

4.2.1 Materials

P(VDF-TrFE) pellets (M,, = 300,000), Zinc oxide (ZnO) nanopowder (Average particle size =
100 nm, M,, = 81.39 g/mol), N,N-Dimethylformamide (DMF), and acetone (ACE) are procured

from the Sigma Aldrich. Materials are used for electrospinning without further purification.

4.2.2 Fabrication of P(VDF-TrFE) and ZnO Nanofibers

P(VDF-TrFE) solution is prepared by combining P(VDF-TrFE) pellets (solute) into DMF/
acetone (solvent). In 3 ml of solvent, 2.1 ml of DMF is used, 0.9 ml of acetone, and 0.6 gm of
P(VDF-TrFE) pellets are taken. For every sample, 20% (wt./vol.) of P(VDF-TrFE) pellets and
7/3 (vol/vol) % of DMF /acetone proportions are taken and stirred approximately 3 h at 50°C to get
a white-colored homogeneous solution. Different weight percentage (0, 10, 20) of ZnO nanopowder
are dissolved into the P(VDF-TrFE) solution. Further, three more ZnO concentrations (3, 7, and 9

wt.%) are incorporated with the matrix. The weight fraction of ZnO nanofiller can be determined
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using the following equation:

WZnO

Wt.% age of nanofiller =
p(vDF-TrFE) T Wzno

% 100 (4.1)

After that stirred solution has been placed inside the ultrasonic bath for 30 minutes. Later on, the
solution is stirred for 1h to get a uniform homogeneous P(VDF-TrFE)/ZnO solution. This solution
has been directly used to fill up the electrospinning apparatus syringe for preparing nanofibers.
The various electrospinning parameters such as voltage, flow rate, and ZnO nanofiller concentration
(wt.%) are investigated by taking different values as shown in Table A syringe of 5 ml capacity
under controlled chamber temperature 27°C is used to electrospun the fibers on the collectors.
An electrospinning machine (E-SPIN NANOTECH Fig. is used to draw fibers in a horizontal
direction. For the present investigation, the syringe is placed horizontally with the needle (Fig.

and a cylindrical grounded collector is used. The high voltage source (12-18 kV) is connected

=

_-'E.
Svringe ?
pump 1: Y
:;_ Fiber jet j‘a
S =
T

flow direction

- - Em . ] s .

- — ==
Ligquid Solid
- s yrs b " S .

- = = ==

Charges ends upon
the outside

Fig. 4.1: Schematic diagram for the horizontal electrospun set-up.

to the needle tip through the alligator clip. The voltage-dependent Taylor cone is formed at

the needle tip due to the electrostatic charge repulsion and surface tension of the solution. The
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charged jet is ejected from the tip at a set voltage, and the fibers are deposited on the grounded
collector. By following the above procedure, twenty (20) samples (electrospun mats) are prepared

for investigation.

4.2.3 Design of Experiments

The piezoelectric response of fabricated nanocomposite is achieved by varying three variables.
The electrospinning parameters, which is applied voltage (A), flow rate (F), and concentration of
ZnO nanofiller (C), are selected from preliminary experiments. A statistical design of experiments
(DOE) is carried out to analyze the impact of electrospinning parameters and its interactions on
piezoelectric output. The electrospinning parameters with their levels are presented in Table
Twelve points are corresponding to the midpoints of the edges and five center nodes are considered
for design feasibility and the fabrication limitation of electrospinning used in this work. The details
of experiments based on the BoxBehnken approach with three input parameters and responses are

summarized in Table 4.2

Table 4.1: Electrospinning parameters and 3-level design of DOE.

Levels
Factor symbol Electrospinning parameter -1 0 +1
A Voltage (kV) > 15 18
F Flow rate (pl/min) 8 12 16
C ZnO (wt.%) 0 10 20
Constant Parameters
Distance 12 cm

DMF:Acetone = 3:1 Speed of collector (rpm)

4.2.4 Preparation of Energy Harvesting Devices

Electrospun mats have been cut into rectangular patches measuring 3.5 cm long and 2 cm wide for
fabrication of piezoelectric nanogenerators (PENG) as shown in Fig.[4.2] Aluminium foil and copper

tape with conductive adhesive tape are pasted at the bottom and top as electrodes, respectively.
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Table 4.2: Electrospinning condition for the fabrication of nanofiber samples.

Operating parameters Output response
Exp. no. (or)  Voltage Flow rate ZnO concentration Piezoelectric output
Sample (SA) no.  (kV) (pul/min) (wt.%) (V)
1 18 8 10 2.25
2 15 12 10 2.35
3 12 16 10 24
4 12 12 20 1.2
5 18 12 20 1.32
6 15 12 10 2.15
7 12 8 10 1.98
8 12 12 0 0.82
9 15 8 20 1.52
10 15 16 0 1.04
11 18 16 10 2.52
12 18 12 0 0.95
13 15 12 10 2.02
14 15 12 10 2.28
15 15 8 0 0.9
16 15 12 10 2.3
17 15 16 20 1.78
(a) Fimgertip (b)
Polyimide tape l Al foll electrode
FivVDF-IrFEV LD web

- -’

! Cu tape electrode

v

Fig. 4.2: Schematic view of the (a) PENG device and (b) showing an actual photo of PENG in
hand.

The copper wires are connected to the electrodes for connecting digital storage oscilloscope (DSO)

terminals. A polyimide tape is used to seal the whole PENG to make it safe from environmental
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noises and get protected it from damage (Fig..

4.2.5 Material Characterization

The field emission scanning electron microscopy (FESEM) image analysis has been carried out
to probe the electrospun nanofibers microstructure and morphology (FESEM, model: JSM-7610F,
JEOL Co.). This test is executed at an accelerated voltage of 15 kV. The average diameter of the
nanofibers are calculated using image analysis software. The thickness of the electrospun web is
measured using a digital micrometer (Mitutoyo 293-240-30 micrometer). XRD (X-ray diffraction)
(model: Smartlab, make: Rigaku Technologies, Japan) of P(VDF-TrFE)/ZnO webs are conducted
to know crystalline structure on a diffractometer using Cu-Ko radiation 1.54 A. This test has been
conducted for the samples having 20 range of 10° to 60°. FTIR (Fourier Transform Infrared) spectra
of P(VDF-TrFE)/ZnO samples are carried out by a spectrometer (model: Spectrum two, make:
PerkinElmer, Singapore) with attenuated total reflection (ATR) mode over the wavenumber range
of 400-2700 cm~!. Differential scanning calorimetry (DSC) (model: STA449F3A00, make: Netzsch)
test is performed in an argon atmosphere. The fabricated samples are heated from 25°C to 250°C at
the rate of 10°C/min. Tensile tests are conducted using a 5kN Electromechanical universal testing
machine (model: Z005TN Proline, make: ZwickRoell) at a 5 mm/min strain rate. XPS (Thermo
Fisher Scientific Pvt. Ltd. UK, Model- K-Alpha ) analysis has been carried out to acquire the
chemical composition and bonding between the atoms of the nanofiber composite films. Brunauer-
Emmett-Teller (BET) (Make: Quantachrome, Model: Autosorb-IQ MP) characterization has been
carried out to determine the specific surface area of the membranes low temperature (77.35 K) using
nitrogen adsorption isotherms measured over a range of relative pressures, from 0.05 to 0.3. Before
conducting the test, the samples are degassed at 80°C for 3 h in the degas pot of the adsorption
analyser. A dynamic mechanical analyzer (Physica MCR 702-Anton Paar) test is performed to
measure the dynamic moduli of the electrospun neat P(VDF-TrFE) fiber and P(VDF-TrFE)/ZnO

2 rectangular specimens

nanofiber composite membranes under the tensile mode on 40x10 mm
(LxW). The analysis is performed at a frequency of 1 Hz and the temperature range from -84°C

to 90°C at a heating rate of 8°C/min. The rheological properties of P(VDF-TrFE) and P(VDF-
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TrFE)/ZnO blended solution are analyzed by means of a Physica MCR 301 rheometer (Anton
Paar) with 1° cone angle and 50 mm diameter of cone and parallel plates. The test is performed
at 40°C, a gap of 0.1 mm, and the strain is fixed at 1%. The storage and loss modulus (G’, G”)
are evaluated with varying frequencies for 10 minutes.The voltage and current of (PENG) with an
effective area of 7 cm? are measured using a digital oscilloscope (GDS-1102U-Gwin Instek Co.).
The samples are tested using the softly tapping and softly bending at room condition (humidity of

56% and temperature of 27°C).

4.3 RESULTS AND DISCSSION

4.3.1 Morphology Analysis

Uniform, beadless, and aligned nanofibers mats are fabricated by setting the proper parameters
as discussed in Table FESEM technique is used to analyze the morphology and structure of
the fabricated mats. Seventeen samples are fabricated as per the design of experiment model. Pure
P(VDF-TrFE) nanofibers and its composites are fabricated with varying applied voltage of 12 to 18
kV. It is to be noted that electrospun nanofiber mats are successfully made at specific parameters as
discussed in Table[4.2] Through a series of experiment, hence parameters are set for electrospinning
the fiber. FESEM images of the fiber samples are presented in Fig.[1.3] Pure P(VDF-TrFE)
nanofiber and P(VDF-TYFE)/ZnO mats are shown in Fig.[4.3] Sample-1 as shown in Fig.[4.3]
indicates that uniform and smooth surfaces are developed for the P(VDF-TrFE) nanofiber. Defect-
free mats for other samples are also formed as presented in Fig. The average diameter of P(VDF-
TrFE) nanofiber is 282.65 nm at a zero percent concentration of ZnO nanopowder. The average
nanofiber diameter of nanocomposite samples increases with ZnO (10 wt.%) and then decreases for
other samples. As the concentration of ZnO nanopowder increases, the conductivity of the solution
increases. Therefore, the diameter of fiber gets decreased. The introduction of ZnO nanopowder to
the piezoelectric polymeric solution could alter the optimal condition of the electrospinning process.
For this, an optimization study is executed to get the appropriate parameters that are presented

in Table
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Fig. 4.3: FESEM image of (a) P(VDF-TrFE) nanofiber and (b-p) P(VDF-TrFE)/ZnO fiber com-
posites at different operating conditions.

4.3.2 X-ray Diffraction Analysis

XRD tests are carried out for the all samples to verify the presence of ZnO nanoparticles in
P(VDF-TrFE)/ZnO nanocomposite. Further, it is also used to identify the beta phase crystal
structure. The diffraction peaks are observed at angle 20 = 20°, which suggest the appearance of
the beta phase in the nanocomposite (Fig.[4.4)). This is required for better piezoelectric output for
P(VDF-TrFE) [124]. The formation of ZnO nanoparticles are visible in Fig.|4.4] (represented by the
green line). All the diffraction peaks of nanoparticles are identified at 20 values of 31.77, 34.45,
36.27, 47.58, and 56.60 [125]. Their corresponding lattice planes are (100), (002), (101), (102), and
(110), which confirms the presence of ZnO nanofiller in the nanocomposite. XRD results showed
that the nanocomposite fabricated with 20 wt.% of ZnO have a weak diffraction peaks while for the
other composite shows strong peaks for the beta crystalline phase. The higher percentage of ZnO
nanoparticles (20%) do not alter the formation of the beta phase. ZnO has higher piezoelectric

properties than P(VDF-TrFE) therefore, samples fabricated with higher concentration of ZnO are
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not much affected by the flow rate at the given range.

: BE g E: CES g
W:f‘?ﬂﬂ'ﬂja. -— — smﬁ-rﬂ-uulm.ﬂ oaa .
T . A Loy 1y
= aa,m_-_@_ﬁs-{.-lmt.j | = ! 2 2
= : : ; —
ml & - = = S z e:r-.-r.nj'z.l e, L " P
—] - . . . - — ——t— e et W i LR
ol B ikl S R I Moy |
i | g
. 3
I I 3 [
= | = I
1 - |
. “ . BA-MEFIZSbul¥y |, | i ;
| ER1AH2 T2 QDL X I mm}mz-.:ﬂmﬂ. _
PIVOFFE A . . R T PR
—_ ... P T, |
1 N 1 1

0 1% 20 25 A0 35 40 45 50 25 60 10 1% 20 25 20 35 40 45 &0 #3 6D

2 Theta {dagres} 2 Theta (dagres}
é = - - |
: 2k : 2 z s z
1 I
: 4 ! 2| B
— 5'1'":"“"'15"'”:"':':"'“& § ¥ s TR T ] -.1I FIALACA 1
3 —-T | B =| St s I, I it h__
j : Bl snerarieracnw s }
=1 | & !
2 : ! £ !
B satiafe F1:--:1m'.-','|_."_|ﬂ_.| o P .ﬁ :
[} 1
- 1 - | . |
! cawtsatbenoiwasy (Lo w1
| I
GA- r-r-_.jlc:l-l TR o .5.-!.-1:.'.3]%*11{1 Il .‘_JI_.\_ AR h
iD 15 20 25 30 35 40 45 S0 55 60 10 45 X 35 30 35 40 45 50 55 6
2 Theta {degres) 2 Theta [degres)

Fig. 4.4: XRD analysis of P(VDF-TrFE) and P(VDF-TrFE)/ZnO composite films fabricated at
different operating condition.

4.3.3 Fourier Transforms Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy test has been conducted to identify the crystalline beta phase of P(VDF-
TrFE) fiber and their nanocomposite. Numerous peaks are observed for each type of copolymer
conformation, as shown in Fig.[.5] The scanned spectra indicates that the vibration bands at
473, 505, 845, 882, 1078, 1117, and 1400 cm~' are responsible for the beta phase. These are
corresponding to the presence of all-trans ferroelectric 3 phase of P(VDF-TrFE) (75/25) [127].
The intensity of the beta phase increases as the concentration of ZnO increases till 10 wt.%. It
can be seen in Fig. that the characteristic peak of the P(VDF-TrFE) nanocomposite is not

significantly changed with increased concentration of ZnO nanopowder. The variation of the beta
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Fig. 4.5: FTIR analysis of P(VDF-TrFE) fiber and P(VDF-TrFE)/ZnO fiber composites fabri-
cated at different electrospinning condition.

crystalline phase percentage of the film is shown in Fig.[4.6] The high electroactive § phase fraction

is found at 10% concentration of ZnO filler.

4.3.4 Differential Scanning Calorimetry Analysis

Due to the limitation of slot availability for DSC spectra analysis, two samples (SA-1 and SA-8)
are analyzed. The variation of heat flow with the temperature is shown in Fig.[4.7] The sum of the
melting and phase transition enthalpy of nanocomposite mats are greater than the P(VDF-TrFE)
nanofiber mat. The first peak tells about the transition phase from the ferroelectric to paraelectric
of the neat P(VDF-TrFE) fiber and P(VDF-TrFE)/ZnO composite at 105.29°C and 108.18°C,
respectively. The second peak at 146.29°C and 149.76°C corresponds to the melting point of the
sample. The increase in melting peak temperature of nanocomposite mat can be attributed to

the strong interaction between the matrix and ZnO nanofiller. The percentage crystallinity can be
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Fig. 4.6: Beta crystalline phase (%) showing at different concentrations of ZnO nanofiller.

calculated using the following equation [136].

AH;

= AH}? x (1 — fme;«ézgt.%))

Xc x 100 (4.2)

The percentage crystallinity for the P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO nanocom-
posite is 20.42% and 22.80%. Where AH is melting enthalpy for the nanofiber and composite.

AH} =104.6 J /g is change in enthalpy for P(VDF-TrFE) copolymer at 100% crystallinity [134].
4.3.5 Tensile Test of P(VDF-TrFE)/ZnO Nanocomposite

The variation of stress versus strain for the pure P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO
nanocomposites are presented in Fig.[4.8] The dimensions of the tested nanofiber composite are
taken as length = 5 ¢cm and width = 1.1 cm. Samples are stretched in the longitudinal direction.
P(VDF-TrFE) nanofiber experienced more strain than P(VDF-TrFE)/ZnO. The supporting results
are shown in Table[4.3] Strain in the fabricated samples decrease with the increase of ZnO nanofiller
concentration compared to pure P(VDF-TrFE) and stress increases. It could be due to accumu-

lation of the ZnO nanopowder in the viscous solution resulted in not perfect interaction with the
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Fig. 4.7: DSC spectra analysis of P(VDF-TrFE) nanofiber and P(VDF-TrFE)/ZnO composite .

Table 4.3: Overview of the Mechanical Properties of P(VDF-TrFE) and P(VDF-TrFE)/ZnO at
different condition.

Sample (SA) no.

Stress (MPa)

Strain (%)

Young’s modulus (MPa)

SA-1
SA-2
SA-3
SA-4
SA-5
SA-6
SA-7
SA-8
SA-9
SA-10
SA-11
SA-12
SA-13
SA-14
SA-15
SA-16

16.33
17.31
19
14.58
14.71
17.54
15.88
11.51
13.25
12
19.93
9.81
16.96
17.1
10.16
17.30

110
105.85
99.50
62.77
04.62
103.23
108.83
129
73
130.64
84.75
124.36
104.9
104.7
122.83
104.55

14.2
15.1
16
12.8
12
14.9
14

11
8.1
18
7.89
15
14.8
7.82
14.75
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Fig. 4.8: Comparing tensile testing of the P(VDF-TrFE) fiber web and P(VDF-TrFE)/ZnO com-
posites prepared at various electrospinning condition.

P(VDF-TrFE) nanofiber. Hence, P(VDF-TrFE)/ZnO composite exhibited less tensile strength at
a 20 wt.% of ZnO nanopowder as compared to the mats fabricated with 10 wt.% ZnO nanoparti-
cles. The fiber mats fabricated using ZnO shows less tensile strain than the pure P(VDF-TrFE)
nanofiber. Young’s modulus of the fabricated nanocomposite samples increases with the addition
of ZnO filler than the P(VDF-TrFE) nanofiber. Hence, it should be noted that the stress and
strain of samples are affected with the introduction of reinforcing nanoparticles and increasing flow
rate. The sample exhibited a higher value of Young’s modulus at higher flow rate and 10 wt.% of
Zn0O (Fig.. The flow rate and ZnO content significantly affect the mechanical properties of the
fabricated nanofiber mats. The variation in stress, strain, and Young’s modulus with nanofiller is

shown in Fig.
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4.3.6 X-Ray Photoelectron Spectroscopy (XPS) Analysis

The XPS analysis has been carried out to obtain the atomic composition and chemical bonding in
the prepared P(VDF-TrFE)/ZnO nanocomposite. The chemical composition of the film is evaluated
as shown in Table The full scanning XPS spectrum of a P(VDF-TrFE)/ZnO film grown at
room temperature is presented in Fig.[£.10h. The elemental composition in P(VDF-TrFE)/ZnO
film is evaluated using complete XPS spectra as Fls - (53.38%), Cls - (44.36%), Zn2pg/s - (.81%)
and Ols - (1.45%) respectively. The core levels of Zn and O can be observed in Fig.[4.10] (d,e),
respectively, in which the Zn(2psz/,) peak is found at 1022.1 eV and the O (1s) peak is at 532.21
eV, these findings are in good agreement with the reported results [137]. The F1s and Cls spectra
of nanocomposite film is shown in Fig.[4.10| (b,c) and their peak binding energies are 687.95 eV
and 284.8 eV respectively [138]. The Ols and Zn2p3/, spectra are difficult to deconvolute owing to

overlapping peaks. Although, They are important to evaluate the surface composition of the film.

Table 4.4: Elements detected using XPS spectra in atomic percentage of P(VDF-TrFE)/ZnO.

Sl. no. Atom Composition (%)
1 Fls 53.38
2 Cls 44.36
3 Zn2p3 /o 0.81
4 Ols 1.45

4.3.7 Brunauer-Emmett-Teller (BET)

The BET test is performed to evaluate the specific surface area of the fabricated film, which
is fabricated at 0 and 10% (wt.%) concentration of ZnO nanofiller with the polymer as shown in
Table[4.5] The nanofiber composite film has been cut into the smallest possible size and then placed
in the cylindrical glass tube to conduct the test. The specific surface area obtained is 4.861 and
12.261 m? /g for the P(VDF-TrFE) nanofiber (SA-8), P(VDF-TrFE)/ZnO nanocomposite film (SA-
1) respectively. Results proved that the specific surface area of nanofiber composite increases with

the increase in the concentration of ZnO nanofiller. Hence, it is believed that the higher surface area
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Fig. 4.10: XPS full survey scanning spectra of (a) P(VDF-TrFE)/ZnO nano composite film and
high-resolution spectra of (b) F'1s, (c) Cls, (d) Zn2p3/s, and (e) Ols.
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of P(VDF-TrFE)/ZnO nanocomposite film enhance the sensing capability. The piezoelectric output
of a composite made of P(VDF-TrFE)/ZnO is greater than that of a pure fiber, which support the
BET results. The increase in specific surface area enables the film to convert mechanical energy

into more electrical output and increases its sensing ability.

Table 4.5: Specific surface area evaluation for the fabricated nanocomposite film using BET.

SL. no. Sample (SA) no. Specific surface area (m?/g)

1 SA-8 4.861
2 SA-1 12.261

4.3.8 Rheological Test

The rheological characterization of the P(VDF-TrFE) and P(VDF-TrFE)/ZnO viscous solution
with 0 10, and 20% (wt/wt) concentration of ZnO filler is performed as shown in Fig.[{.11] In
all polymeric solution sample, linear viscoelastic behaviour is observed with the dispersion of ZnO
nanoparticles. The complex viscosity of the prepared homogeneous solution is evaluated. The
polymeric solution prepared with 10 wt.% concentration of filler showed higher complex viscosity,
storage modulus and loss modulus than any other polymeric solution. Although, the viscous solu-
tion prepared with 20 wt.% concentration of ZnO filler with the polymer showed greater storage
and loss modulus than pure P(VDF-TrFE) solution. This could be attributed to the strong inter-
action between the ZnO filler and polymer matrix. Fig.[4.11h presents the decrease in viscosity of
the solution with increasing frequency. Addition of filler and frequency increase lead to a signifi-
cant increase in storage and loss modulus. Though, P(VDF-TrFE)/Zn0O-10 wt.% solution showed
higher storage and loss modulus than other viscous solution. P(VDF-TrFE) solution containing
Zn0O nanopowder enhanced moduli probably due to the proper dispersion of nanofiller in polymeric

solution, which has lead to significant improvement in the rheological property of the solution.

4.3.9 Dynamic Mechanical Analysis (DMA)

The DMA test is used to evaluate the dynamic moduli of polymer based nanofiber compos-

ite film. The storage and loss modulus as functions of temperature are illustrated in Fig.|4.12]
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Fig. 4.11: Rheological behaviour of different viscous solution (a) complex viscosity, (b) storage
modulus, and (c¢) loss modulus.

Nanofiller interactions with the polymer matrix in nanocomposites film can be studied with dy-
namic mechanical analysis [I39]. The dynamic mechanical analysis has been done for the fabricated
pure P(VDF-TrFE), P(VDF-TrFE) /Zn0O-10 wt.% and P(VDF-TrFE)/Zn0O-20 wt.% film as shown
in Fig.[4.12] The storage and loss modulus decreases with increase in temperature as shown in
Fig.[4.12] but not linearly. The storage modulus of the pure P(VDF-TrFE) film is observed less
than the other two P(VDF-TrFE)/ZnO nanocomposites samples. The storage modulus increased
with the introduction of ZnO nanofiller into the P(VDF-TrFE) film. This increase in storage mod-
ulus can be due to the reinforcing effect of ZnO nanofiller in the polymer matrix [I40]. The loss
modulus of P(VDF-TrFE)/ZnO nanocomposite film is greater than pure P(VDF-TrFE) nanofiber.
The loss modulus of the prepared film decreases with the increase in temperature. The storage
and loss modulus shows a higher value in the temperature from -80°C to -20°C and then rapidly

reduced till 84°C.
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Fig. 4.12: Dynamic mechanical analysis of film for storage modulus and loss modulus versus

temperature for a, b neat P(VDF-TrFE) fiber and P(VDF-TrFE) film with different concentrations
of ZnO.

4.3.10 Modelling and Optimization

The methodology of model development and identification of an optimal design is presented in
Fig.[413] BoxBehnken RSM technique is uesd to develop the model, which needs a smaller number
of experiments to generate accurate response surfaces compared to normal factorial technique [141].
Here, five center nodes and twelve middle edge nodes points are required to fit the polynomial.

Seventeen experiments are carried out to determine the influence of operating parameters (applied

Selection of design

variables (A, F and C) and samifiﬂ;r::;::;mg
their corresponding i .
limits . Box Ea-l; nken design
[ ", : .
[add more sampling 4 ", Construction of Response
sintie anhanes # Model ™. Surface Model for design
P N “.accurate response piezoelectric
accuracy o p; ot
/ N outpu

fe

Analyze the impact of
design variables on the
objective response

Optimal design

Fig. 4.13: Flow chart for the design optimization.

voltage, flow rate, and ZnO concentration) on piezoelectric output. Analysis of Variance (ANOVA)
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study for the piezoelectric output has been discussed with the test for the model to be significant
and for the lack of fit to be insignificant. F-value obtained through ANOVA study presents whether
the generated model is relevent or not. P-value indicates the confidence level (or o« = 0.05) of the
obtained model. The regression equation describes the correlation between the input parameters
and the output parameter. The maximum piezoelectric output of the PENG device is produced
after many test, which is discussed in details. The ANOVA study for the piezoelectric output
is presented in Table . The probability (p-value<0.05) is termed significant for the preferred
condition of the model. The coefficient of determination (R?) for the piezoelectric output is 0.9672.
This value indicates that the regression equation strongly correlates among the input parameters
(i.e., applied voltage, flow rate, and ZnO concentration) with the output parameter (piezoelectric
output). The impact of input parameters on the piezoelectric output (P,) is described by the

quadratic model. The quadratic model is presented as below.

P, = —1.15250 + 0.348333A — 0.155312F + 0.231125C
—0.003125AF — 0.000083AC + 0.00075FC — 0.009444 A* (4.3)

+0.009531F2% — 0.010625C?

Where A, F, and C present voltage, flow rate, and ZnO concentartion, respectively, in Eq.
presented by the model. The comparasion between the experimental and predicted (determined
from the quadratic model as Eq. ) for the piezoelectric output values for different experiments
is shown in Fig.[4.14] The experimental piezoelectric output values is in good agreement with the
predicted values (Fig. with minimal variation. The coefficient of determination (R?) value for
the developed quadratic model obtained using the regression equation is used to confirm the trial,
provide 96.72% accuracy. After the ANOVA, an optimization study to maximize the piezoelectric
output (keeping the operating parameters in the range) is conducted to obtain the optimum condi-
tion of operating parameters. The optimized operating parameters are 16 kV voltage, 16 pl/min,
and 10 wt.% concentration of ZnO, predicting 2.53 V piezoelectric output. Three experiments are
carried out to validate the ANOVA model; Exp. II: at optimum condition, Exps. I and III: pa-

rameters are randomly chosen within the range (Table [4.1). The experimental piezoelectric output
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Table 4.6: ANOVA for piezoelectric output.

Source Sum of Squares DOF  Mean Square F-value p-value % contribution
Model 5.64 9 0.6262 33.39 <0.0001
A-voltage 0.0512 1 0.0512 2.73 0.1425** 0.91
F-flow rate 0.1485 1 0.1485 7.92 0.0260* 2.63
C-ZnO 0.5565 1 0.5565 29.68 0.0010* 9.86
AF 0.0056 1 0.0056 0.2999  0.6009** 0.10
AC 0.0000 1 0.0000 0.0013  0.9719** 0.0004
FC 0.0036 1 0.0036 0.1920  0.6745** 0.06
A? 0.0304 1 0.0304 1.62 0.2435** 0.54
F? 0.0979 1 0.0979 5.22 0.0562** 1.73
C? 4.75 1 4.75 253.46  <0.0001* 84.17
Residual 0.1313 7 0.0188
Lack of Fit 0.0595 3 0.0198 1.10 0.4449**

Note: * Significant (p-value <.05), ** Not Significant (p-value >.05), R? = 0.9672.

values are compared with predicted results (calculated from the regression Eq. (4.3))), as presented in

Table Based on the three validation tests, an error of 8.28% (maximum) is observed, suggesting

Table 4.7: Validation tests comparing predicted and experimental piezoelectric output values.

Input parameters Response
Voltage Flow rate Zn0O  Predicted P, Experimental P, Error
(kV) (ul/min) (wt.%) (V) (V) %
EXP I 14 10 7 1.98 2.11 6.56
EXP II 16 16 9 2.39 2.55 6.85
EXP III 16 13 3 1.57 1.70 8.28

that the proposed ANOVA model is feasible. The percentage contribution of each input parame-
ters (linear and non-linear) on piezoelectric output with the individual and combined parameters is

shown in Fig. The combined influence of voltage (A and A?) on piezoelectric output is 1.45%
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Fig. 4.14: Variation between predicted and experimental piezoelectric output values for the dif-
ferent experiments.

(Fig.[4.15)). The impact of change in voltage, while keeping other parameters constant, is shown in
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Fig. 4.15: Percentage contribution of operating parameters on piezoelectric output.
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Fig.[A.16h. In response to an increase in applied voltage, electrospun mats produce more piezoelec-
tric output. The possible reason may be the polarization of the fiber membranes with the higher
applied voltage. The combined contribution of flow rate (F, F2) on the piezoelectric output is 4.36%
(Fig.. The impact of change in flow rate, while keeping other parameters constant, is shown in
Fig.[A.16p. An increase in flow rate leads to an increase in piezoelectric performances. The increase
in piezoelectric performance may be due to thicker nanocomposite mat. The combined impact of
ZnO concentration (C and C?) on piezoelectric output is 94.03% (Fig.. The influence of change

in ZnO concentration, while keeping other parameters constant, is shown in Fig. . As the ZnO
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tion on piezoelectric output.

concentration increases from 0 to 10 wt.%, spun mats show more piezoelectric performance, while
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piezoelectric output reduces, when ZnO concentration increases from 10 to 20 wt.%. The possible
reason behind the decrease in piezoelectric performance is the weak interaction between the ZnO
nanoparticles and P(VDF-TrFE) and decrease in electroactive 3 phase. The combined influence of
flow rate and voltage on the PENG device for the piezoelectric output, keeping ZnO concentration

constant at 10 wt.% is shown in Fig.. Increasing the flow rate from 8 to 16 pl/min and in-
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Fig. 4.17: 3D plots showing combined effect of (a) flow rate and voltage, (b) ZnO (wt.%) and
voltage, and (c) ZnO (wt.%) and flow rate on piezoelectric output.

creasing the voltage up to around 17 kV, the piezoelectric output increases and attains a maximum
value. Although, with further increasing the applied voltage, piezoelectric output decreases even
at higher flow rate, and comparatively slower decrease in piezoelectric performance is observed at

higher applied voltage. The combined impact of ZnO (wt.%) and voltage on the PENG device
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for the piezoelectric output, keeping flow rate constant at 12 pl/min is shown in Fig.. The
piezoelectric output of the PENG device increases with increase in ZnO concentration and applied
voltage and attains a maximum value for a ZnO concentration at 10 wt.% and voltage around 17
kV. Although, the piezoelectric output decreases slowly with applied voltage when ZnO concen-
tration exceeds 10 wt.%. The combined impact of ZnO (wt.%) and flow rate on the PENG device
for the piezoelectric output, keeping applied voltage constant at 15 KV is illustrated in Fig.[d.17c.
The lowest piezoelectric output is observed at ZnO (0 wt.%) and flow rate (8 pl/min). The PENG
output increases with the flow rate and ZnO concentration till 10 wt.% and then output decreases
with a slow rate after the 10 wt.% of ZnO. It can be concluded that the design parameters, voltage
(A), flow rate (F), and ZnO concentration (C) significantly affect the piezoelectric output (P,) of
the PENG device and the dependency of P, on the ZnO (wt.%) and flow rate (F) is found to be

quadratic while for the voltage (A), the relationship is almost linear.

4.3.11 Optimal Design Parameters for Higher Piezoelectric Output of the Nanocom-
posite Mats

After realizing the tunable piezoelectric properties of synthesized nanocomposite mats, an opti-
mal combination of design parameters for achieving higher piezoelectric performance is investigated
in this section. Therefore, a single-objective optimization approach is incorporated and the resulting

optimization problem can be formulated as:

Maximize piezoelectric output (P,) = f(A, F,C) (4.4)
subject to 12 < A <18 (4.5)

8< F <16 (4.6)

0<C <20 (4.7)

To achieve optimization, each response has a low and high value, as represented by above objective
function and constraints and the desirability approach is used to solve it. Fig. (a-c) presents
the desirability plot of the optimum solution considering the three design variables as parameters.
The optimal solution appears to lie close to the highest value of A and F and close to the middle

value of C. Table shows the optimal solution predicted by the model with the higher desirability
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(0.95). In order to compare the performance of the optimal modified nanocomposite film, the final

Table 4.8: Experimental validation of the RSM model at optimized parameter conditions.

Electrospinning parameters Piezoelectric output Error (%)
Input parameters Value predicted value Experimental value
Applied voltage 18
Flow rate 16 2.78 2.62 6.1
Zn0O concentration 9

design is electrospun and tested as described in Table The nanocomposite film fabricated with

the same process parameter is considered for benchmarking.

4.3.12 Effect of ZnO Nanofiller on Piezoelectric Output of P(VDF-TrFE) Fiber and
its Composite

The voltage and current output of the piezoelectric nanogenerators (PENG) under the direct
piezoelectric effect are shown in Fig. The peak to peak voltage under different conditions are

tabulated in Table Five PENG’s are taken for further analysis, which is having higher fraction

Table 4.9: Peak to peak voltage measured of P(VDF-TrFE) and P(VDF-TrFE)/ZnO at different
condition.

Sample no. Softly bending Softly tapping PENG

SA-8 440 mV 1.04 V 1
SA-11 560 mV 252V 2
SA-3 540 mV 240V 3
SA-16 480 mV 230V 4
SA-17 500 mV 1.78 V )

of beta phase. Pure P(VDF-TrFE) film gives 440 mV and 1.04 V after subjected to bending and
tapping load through human hand. These load is allowed to subjected on the PENG device for the
energy scavenging applications. The nanogenerators are subjected to tapping and bending softly.

The sample fabricated with 10 wt.% concentration of ZnO gives more electrical output than others
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Fig. 4.18: : Desirability plot of the optimum solution (a) effect of voltage and flow rate at ZnO-
9 wt.%, (b) effect of voltage and flow rate at ZnO- 13 wt.%, and (c) effect of voltage and flow rate
at ZnO- 5 wt.%.

due to having more electroactive beta phase content. The higher voltage is obtained from all the
PENG under tapping condition. The reason might be that tapping has more load experience than
bending. The current for P(VDF-TrFE) nanofiber (SA-8) and P(VDF-TrFE)/Zn0O-10 wt.% (SA-
11) are measured 12.8 pA and 20.8 pA Fig. (c,d) when the external load is applied of 1000

ohm (£2) with the electrical circuit.
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Fig. 4.19: Voltage output of (a) SA-8, (b) SA-11 and current output of (c) SA-8, (d) SA-11
generated by PENG device under tapping load condition.

4.4 SUMMARY

A set of electrospun mats made of P(VDF-TrFE) with ZnO nanopowder are fabricated using
the far-field electrospinning technique. The effect of voltage, flow rate and weight percentage of
ZnO nanopowder on the electrospun fibers are investigated in detail. The operating parameters of
electrospinning process has been optimized using statistical design of experiments. The ANOVA
model is validated at optimized process parameter conditions. It has been observed that the frac-
tion of beta phase is enhanced at 10% of nanopowder. However, stress and strain are decreased
with the addition of nanofiller. The specific surface area, rheological properties and dynamic mod-
ulus are significantly enhanced with the ZnO nanofiller. The Piezoelectric nanogenerator (PENG)
based on P(VDF-TrFE)/ZnO nanocomposite showed higher electrical output than the pristine
P(VDF-TrFE) nanofiber. The electrical voltage and current are measured with a higher value

TH-3221 176103016
79



Chapter 4

under finger tapping condition. This PENG device capable of energy harvesting with enhanced
piezoelectric output may give simple, cost-effective, useful, and flexible access to the self-powering

of microelectronics devices for many applications. This study has led to the following inferences:

(i) The results reveal that the nanofiber composite is formed defect-free at specific electrospinning

conditions.

(ii) The B crystalline phase, specific surface area, rheological properties and dynamic modulus

are significantly improved after the addition of nanofiller.

(iii) It has been observed that voltage output increased with the increment of ZnO weight per-

centage up to 10 and then decreases.

(iv) The ANOVA study of basic electrospinning process parameters reveal that all three param-
eters, namely voltage, flow rate, and ZnO concentration are having percentage contributions

of 1.45%, 4.36%, and 94.03%, respectively, on piezoelectric output.

(v) The optimized parameters that provide the best piezoelectric effect are 18 kV aplied voltage,

16 ul/min, and 9 wt.% of ZnO, which offers the best piezoelectric output of 2.62 V.

(vi) A maximum error of 8.28% is observed between predicted (calculated from regression equa-
tion) and experimental piezoelectric output values, which confirm the effectiveness of the DOE

model.

(vii) The piezoelectric voltage and current of the piezoelectric nanogenerator device based on fiber
composite is found 2.52 V and 20.8 pA whereas 1.04 V and 12.8 pA for the pristine P(VDF-

TrFE) nanofiber under finger tapping conditions.

(viii) Under finger tapping load condition, the piezoelectric performance of the PENG is superior

to that of bending.
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Electrospun functionally graded
PVDF /BaTiO; based nanogenerators

5.1 INTRODUCTION

In this chapter, flexible piezoelectric functionally graded PVDF /BaTiO3 electrospun film based
device has been fabricated for enrgy harvesting applications. Electrospun films have gained widespread
attention due to their ability to convert mechanical energy into electrical energy. Pure PVDF has
low output while single film based nanogenerators with high concentration of BaTiO3 gives good
output but brittle and further issue of agglomeration become more dominant. Therefore, elec-
trospun functionally graded films are synthesized using the electrospinning method to design the
nanogenerator device. The material selection, fabrication of pure PVDF fiber, PVDF /BaTiO3
composite, functionally graded PVDF /BaTiOg structures, nanogenerator device, and characteriza-
tion through various instruments have been presented in Sec.[5.2] Electrospun functionally graded
film has concentration of BaTiOj increases from bottom to top layer. The bottom most layer is
pure PVDF while topmost contains 8 wt.% of BaTiO3. Four types of functionally graded samples
are prepared comprising of two to five layers of PVDF polymer and BaTiOs ceramic. The detail
discussion of electrospun fiber mats and functionally graded films are presented in Sec.[5.3] It in-
cludes morphological study, elemental analysis, crystalline phase identification, 3 phase variation,
optical, and mechanical properties. These studies have been accomplished using the different in-
struments. Further, the piezoelectric performance of nanocomposite mats and functionally graded
film based nanogenerator device have been presented. The voltage output of nanogenerators have

been measured using digital storage oscilloscope under different loading conditions at room tem-
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perature. A systematic and detailed analysis has been carried out to assess the influence of BaTiO3
nanoparticle and number of layers on the piezoelectric performance. The various manual activities,
including palm tapping, wrist tapping, and elbow hitting are subjected to extract the energy from
the PENG device. The PENG with external load 1 M() resistor generated peak to peak voltage
of 8.22 V, current of 3.36 A and instantaneous power of 0.14 mW /cm?. Compared to monolayer
films, functionally graded films exhibit greater piezoelectric performance as the number of nanofiber
layers increases. The piezoelectric output of PENGs device is validated using Comsol Multiphysics
software, which has been presented in Sec.[5.3] This work offers an excellent alternative to powering
small electronic devices from simple daily activities by developing functionally graded film-based

nanogenerators.

5.2 EXPERIMENTAL
5.2.1 Materials

PVDF polymer and ceramic BaTiOs powder are procured from Sigma-Aldrich manufacturer.
The molecular weight (M) of piezoelectric polymer and ceramic powder is 534,000 and 233.19
g/mol. The average particle size of BaTiO3 nanopowder is 100 nm provided by the supplier.
Sigma-Aldrich supplied DMF (N, N Dimethylformamide) with anhydrous 98% molecular weight
(73.09 g/mol) has been used as solvent. All the base materials (PVDF and BaTiO3) are used

without any processing.

5.2.2 Fabrication of Functionally Graded PVDF /BaTiO3 Film Structure

Electrospinning operation is performed with the electrospinning setup provided by E-spin Nan-
otech (Model- SUPER ES-2, India). Functionally graded PVDF /BaTiOj film structure and nanofiber
composite are manufactured using the E-spin unit. Firstly, neat PVDF solution is prepared by the
dispersion of polymer pellet with the concentration of 20% (wt./vol.) into DMF solvent and then
placed on the magnetic stirrer at 55°C and 500 rpm for 6 h. As a result, the homogeneous solution
is obtained. The PVDF solution is first obtained, and then BaTiOg nanopowder has been dispersed
in them. Here, PVDF pellets are collected with concentrations of 18, 16, 14 and 12% (wt./vol.) and

BaTiO3 nanopowder with concentrations of 2, 4, 6 and 8 wt.%. Therefore, four type of solutions
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are prepared having varying concentration. Again, these solutions are placed on stirrer and further
sonicated for 2 h to avoid the bubbles. Finally, homogeneous solution is obtained to fabricate
the electrospun film. Total nine samples have been synthesized, including pure PVDF fiber, four
functionally graded films and four nanofiber composites. Electrospun functionally graded films are
made by depositing the fiber layer in thickness direction with different electrospinning conditions.
The electrospinning conditions have been applied as follows: the flight distance is 14 cm, applied
voltage is 14-16 kV, drum collector speed is 2000 rpm, ejection rate is 16 pl/min and film deposition

time has been set for 70 minutes for all fabricated fibrous membranes.

5.2.3 Fabrication of PVDF/BaTiO3; Based Piezoelectric Nanogenerator

The schematic diagram and actual photo of the piezoelectric nanogenerators (PENGs) as energy

harvesting device is shown in Fig.[5.1} The PENG device is like a sandwich structure to be used
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Fig. 5.1: Schematic diagram of (a) PVDF/BaTiO3 film-based PENGs and (b) actual photo of
PENGs.

for energy scavenging applications. The PENG device is comprised of mainly three-layer, which
include an active piezo layer, electrodes and PET film. The electrically conductive two jumper
wires are attached to both electrodes (top and bottom) using silver paste. The whole device is
encapsulated with PET film to ensure unaffected from the external disturbance. As a final step,
piezoelectric output has been measured after applying external load such as palm tapping, wrist

tapping, and elbow hitting to the PENGs device.

5.2.4 Characterization and Measurement

The surface morphology of electrospun PVDF fiber, PVDF/BaTiO3 based nanocomposite and

functionally graded film has been characterized through field emission scanning electron microscope
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(FESEM, maker: Zeiss, model: Gemini 300). This test has been carried out with accelerating
voltage 6 kV and magnification 6 kX. Digital micrometer (Mitutoyo 293-240-30 micrometer) is
used to measure the average thickness of fabricated samples. The presence of elements in the
synthesized electrospun PVDF /BaTiOs films are characterized by energy dispersive X-ray (EDX)
spectrometer (maker: Zeiss, model: Gemini SEM 500). The XRD test (X-ray diffraction) (Maker:
Rigaku Technologies, Japan, model: Smartlab) has been performed for the PVDF/BaTiO3 based
film to obtain the crystalline structure on a diffractometer using Cu-Kor radiation 1.54 A. The
samples are tested in 20 range from 10° to 70°. FTIR (Fourier Transform Infrared) spectra of
PVDF /BaTiO3 nanofiber composite and functionally graded films is recorded by a spectrometer
(Maker: PerkinElmer, Singapore, model: Spectrum two) in attenuated total reflection (ATR) mode

over the wavenumber range of 600-2000 cm ™.

The crystallinity is calculated using differential
scanning calorimetry (DSC) (Maker: Netzsch, model: STA449F3A00) test, which has been studied
in an argon atmosphere. The test has been carried out by heating the samples from 30°C to 200°C
with 10°C/min rate. The electrospun films are tested for mechanical properties using the tensile
mode of 5kN Electromechanical universal testing instrument (Maker: ZwickRoell, model: Z005TN
Proline) with 7 mm/min strain rate. The optical properties has been characterized using ultraviolet
visible absorption spectroscopy (UVvis) (PerkinElmer Lambda 950) over the range of 200-800 nm
wavelength. Digital oscilloscope (GDS-1102U-Gwin Instek Co.) has been incorporated to record

the current and voltage of (PENG) with a functional area of 5 cm?. The PENG devices are tested

under external loading conditions such as wrist tapping, palm tapping and elbow hitting.

5.3 RESULTS AND DISCSSION
5.3.1 Morphological Study of Functionally Graded PVDF /BaTiO3; Film

The surface morphology of electrospun functionally graded PVDF/BaTiO3 structure, PVDF
nanofiber and PVDF /BaTiO3 nanofiber composite has been analysed by FESEM operated at volt-
age 6 kV and magnification 6 kX. Produced samples have been gold coated using sputter coating
before scanning. The schematic diagram of electrospun functionally graded film structure contain-

ing various layer is depicted in Fig.[5.2] The samples are marked as:
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1. FG-1: Functionally graded PVDF/BaTiO3 film (FG-1) is comprised of two layers; one is a

PVDF nanofiber film, and the other is a PVDF /BaTiO3 nanocomposite film.

2. FG-2: Three layers; one layer is PVDF nanofiber, second and third layers are PVDF /BaTiO3

nanocomposite.

3. FG-3: Four layer; one layer is PVDF nanofiber, second, third, and fourth layers are PVDF /BaTiO3

nanocomposite.

4. FG-4: Five layer; first layer is PVDF nanofiber, second, third, fourth, and fifth layers are
PVDF/BaTiO3 nanocomposite. The nanocomposite film fabricated with PVDF (18%)/BTO
(2%), PVDF (16%)/BTO (4%), PVDF (14%)/BTO (6%), PVDF (12%)/BTO (8%) are des-

ignated as SA-6, SA-7, SA-8, and SA-9.

(a) (b} (c)
PVDF (18% wiw) + BTO (2% wiw) | PVDF (16% wiw) +BTO[@% wini |

PVDF (20% wiw + BTO (0% wiw) | PVDF [18% wiw) + BTO (2% wiw) | PYDF (165 wi) * BITO (4% wiw)

PVDF (20% wiw) + BTO (0% wiw) | PYEF (R85 i) B TO {25 i)

PYDF (20% wiw) + BTO (0% wiw)
(d)
PVDF [12% wiw) + BTO (% wiw)

PVDF (16% wiw) + BTO [4% wiw)

PVDF {10% wifw] + BTO [2% witw)

PYDF (20% wiw] + BTO [0% wiw)

Fig. 5.2: Schematic diagram of electrospun functionally graded PVDF /BaTiOg film structure (a)
FG-1, (b) FG-2, (c) FG-3, and (d) FG-4.

The gradient has been maintained by changing the concentration of matrix and reinforcement
filler, which is shown in Fig.[5.2l The gradation of the electrospun film has been carried out
in thickness direction in order to deposition of one layer over another layer. All the samples

are successfully fabricated as can be seen through FESEM images (Fig.. However, the last
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nanofiber composite is having lower thickness than other samples. This is due to reduction in
solution viscosity. Fig.[p.3| represents the surface image of the fabricated sample and indicate that
BaTiOs3 nanofiller is uniformly dispersed in the PVDF solution. The surface morphology of PVDF
nanofiber and functionally graded film is presented in Fig.[5.3h and Fig.[5.3] (b-e). The surface
morphology of nanocomposite membranes is shown in Fig.m (f-1). The nanocomposite film with

hardly a defect or void is visible over the image, illustrating the compactness of nanocomposite.

ey h —
i ﬂ-'-'ﬁ?""‘-:t»:‘u“:.'.";‘ -;’# ; =

i
;E:- _--- :ﬂﬂt ! ‘ F; 4 :
Y %‘% Iﬁff’r!ﬁjr /4

).

Fig. 5.3: FESEM image of (a) PVDF nanofiber (b, ¢, d, e) functionally graded PVDF /BaTiO3
film (FG-1 to FG-4) and nanocomposite with different loading condition (f) PVDF-18% w/v, BTO-
2 wt.%, (g) PVDF-16% w/v, BTO- 4 wt.%, (h) PVDF-14% w/v, BTO- 6 wt.% (i) PVDF-12%
w/v, BTO- 8 wt.%.

5.3.2 EDX Analysis

The element composition analysis of the PVDF /BaTiOg3 based functionally graded film structures
and nanofiber composite have been characterized using energy dispersive X-Ray (EDX). This test
affirmed the existence of Barium (Ba), Titanium (Ti), Carbon (C), Fluorine (F), and Oxygen (O)
elements in the synthesized film and corresponding spectrum are recorded as presented in Fig.[5.4
The C, O and F elements are associated with the characteristics elements of PVDF polymer, while

Ba and Ti elements are related to the composition of BaTiOg ceramic powder. The peaks are
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Fig. 5.4: Elemental mapping image of PVDF /BaTiOg electrospun structure: (a) C, (b) O, (c) F,
(d) Ba, (e) Ti atom, and (f) EDX spectra of the electrospun functionally graded film (FG-2).

observed for the elements Carbon, Oxygen, and Fluorine at their standard energy levels 0.277 keV,
0.525 keV and 0.677 keV, respectively. As a result of the addition of BaTiOs nanoparticles in
PVDF fiber membranes, more peaks are found at energy levels 0.972 KeV, 4.465 keV and 0.452,
4.5 keV, which is related to the Ba and Ti elements. All elements are uniformly dispersed in the

fabricated functionally graded structures and nanocomposite film, as observed from the element
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mapping (Fig.[5.4). The element distribution is studied in atomic and weight percent shown in

Table (.11

Table 5.1: Semi quantitative EDX analysis of PVDF/BaTiOgs film.

Elements Atomic(%) Weight (%)

CK 59.29 47.85
OK 2.71 2.92
FK 37.90 48.38
BaK 0.09 0.83
TiK 0.01 0.03

5.3.3 Crystalline Phase Identification

The XRD pattern for BaTiO3 nanopowder and film fabricated with different electrospinning con-
ditions is illustrated in Fig. The f crystalline phase of the PVDF nanofibrous film, PVDF/BaTiO3
nanocomposite film and functionally graded structure is recorded at 20 = 20.6°, corresponds to
the (110) and (200) crystalline plane, while the « crystalline phase observed peak at 20 = 18.4°
corresponds to (020) crystal plane respectively [135]. The BaTiOs nanoparticles exhibited a peak
at 20 = 31.57°, 56.25° and 65.14° according to the JCPDS card no 00-003-0725. Aluminium peak
is detected at 20 = 44.83° in all fabricated film due to foundation support, where samples are
placed for the test. The results reveal that peak intensity is increased with the addition of BaTiOg3
nanopowder. The FTIR spectra analysis has been performed in attenuated total reflection (ATR)
mode to characterize the chemical structure of synthesized pristine PVDF fiber film, composite film
and functionally graded structure as shown in Fig.[p.6l The fraction of  phase of the fabricated
film is calculated using the FTIR spectra. The characteristic peaks are detected at 840, 880, 1276,
1403 and 1431 cm™!, which correspond to the all trans (TTTT) conformation of B crystalline
phase of the fabricated film [142] 143, [144]. It is observed that « crystalline phase is identified at
763 cm~! in pure PVDF film, but not in nanocomposite film. However, some of the film exhibits
o« phase with very weak intensity. The vibration peak at 840, 880, 1276, 1403 and 1431 cm™!
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Fig. 5.5: XRD pattern of (a) pure PVDF fiber, FG-1 to FG-4 and (b) PVDF/BTO nanocomposite
film with different concentrations.

assigned to (3 phase is recorded in all fabricated samples. This indicates that electrospinning is a
viable technique for increasing polar 3 phase concentration. The increment in (3 phase content is
owing to stretching, forces generated during elongation and local poling effect while the fabrication
process by electrospinning that resulted in the « to f phase transformation [145]. Furthermore,
rapid evaporation of the solvent and deposition of PVDF nanostructures on the collector plate may
cause the non-polar phase () to shift to the polar phase (). This output is consistent with the
XRD result. The fraction of § phase of the pristine PVDF nanofiber, PVDF /BaTiO3 functionally
graded nanocomposite film could be quantitatively characterized from the absorbance intensity at
763 and 840 cm ™! using following equation, assuming that FTIR absorption follows LambertBeer

law [144], [146).
Ap

Foelssm=¥aty

(5.1)

Where Ap and Ay are the absorbance at 840 and 763 cm™! respectively and F(B) is fraction of
polar {3 crystalline phase. The calculation of the fraction of 3 phase for the produced non-woven
membranes are mentioned in Table The F(B) value of PVDF/BTO functionally graded struc-
ture film is increased with the number of layers, whereas the F() magnitude of the PVDF/BTO
nanocomposite decreased with the decrease in PVDF concentration and increase in BaTiOg con-
centration. Moreover, the fraction of 3 phase content of functionally graded and nanocomposite
film enhanced with BaTiO3 content compared to the pure PVDF nanofiber. The possible cause for
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Fig. 5.6: FTIR spectra of (a) Pure PVDF nanofiber, FG-1 to FG-4 and (b) PVDF/BTO nanocom-
posite film with different concentrations.

Table 5.2: F(f3) calculation for the various films fabricated at different conditions.

Sl no. Fabricated samples PVDF (wt./vol.) BaTiO3 (wt.%) F(B) (%)
1 PVDF nanofiber 20 0 73.9
2 FG-1 18 %) 79.21
3 FG-2 16 4 81.69
4 FG-3 14 6 86.15
5 FG-4 12 8 84.23
6 PVDF/BTO 18 2 81.23
7 PVDF/BTO 16 4 80.08
8 PVDF/BTO 14 6 79.02
9 PVDF/BTO 12 8 73.25

the higher F(B) value of PVDF/BaTiOs3 film can be explained in the following ways. The interac-
tion between PVDF polymer and BaTiOs nanoparticle plays a vital role in improving the polar f3
phase content. When an electric field is provided to a PVDF solution, it aids in the creation of all
trans (TTTT) conformation and relaxing of the PVDF polymeric chain. As a result, longer trans
conformer may be disturbed prior crystallization phenomena. Though, when BaTiO3 nanoparticle
is mixed with the PVDF solution, their dispersion can reduce the relaxation of PVDF chains that

lead to the formation of long trans conformation. That is the interaction happened between them
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resulting to stabilize the long trans conformation needed for crystallization.

5.3.4 Ultraviolet-Visible Spectroscopy (UV-vis) Analysis

The optical properties of the film fabricated using PVDF polymer and BaTiO3 nanopowder has
been carried out using UV-vis spectroscopy as shown in Fig.[5.7] This graph elucidates tauc plot of
direct as well as indirect band gap of PVDF, PVDF /BaTiOg functionally graded and nanocomposite
films by this equation [I47]. Result showed that the lower band gap occurred for the functionally

graded film and nanocomposite film compared to the pure PVDF nanofiber.

[a) Faa {k]| Fa—+4
Fo3 rGa
Fa-% Fi5-2
P2 = :E-E:FI'IE’-'. B TOIE L S
I FYOF 25 wiv B TOBwL. % o WY, ! I
A P‘.'DFt 2 wl"rl:HTCI:::E'ﬂt.’.ﬂh: | Proriten wiioTorwe s
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Fig. 5.7: Tauc plot for the (a) direct band gap and (b) indirect band gap of the produced mem-
branes.

a(v) = 2.303? (5.2)

Where A and t are absorbance (a.u.) and thickness of nanofiber composite films and « is absorption

coefficient.

alv) = ———97 (5.3)

Where exponent n = 0.5 is used for indirect transition and n = 2 is taken for direct transition.
Hence, direct and indirect band gap of pure PVDF nanofiber and PVDF/BaTiO3 nanocomposite
films are obtained by Tauc plots. The optical band gap is obtained by extrapolated line which
intersect the photon energy axis where the absorption coefficient () becomes zero. In Table

the value of each sample is listed. The result found that the band gap is reduced with the addition of

TH-3221 176103016
91



Chapter 5

BaTiOs filler, which could be due to the defect formation led to increment in the density of localized
states in the band gap and yielding in increased size of associated grains of the electrospun samples.
The reduction in the band gap value of nanocomposite films increases their electrical conductivity

and affects their optical properties [148].

Table 5.3: Direct and indirect band gap values for the fabricated electrospun mats.

Sl. no. Fabricated samples Direct band gap  Indirect band gap

(eV) (eV)
1 PVDF nanofiber 5.24 4.68
2 PVDF 18% (wt./vol.)/BTO (2 wt.%) 4.99 4.27
3 PVDF 16% (wt./vol.)/BTO (4 wt.%) 4.86 4.24
4 PVDF 14% (wt./vol.)/BTO (6 wt.%) 4.72 3.84
5 FG-1 4.43 3.80
6 FG-2 4.02 3.7
7 FG-3 3.94 3.72
8 FG-4 3.55 3.63

5.3.5 Mechanical Characterization

In this study, tensile tests have been carried out on PVDF /BaTiOg fiber composites and func-
tionally graded webs. The samples have been cut in the dimension of 11 mmx55 mm to be tested.
The strain rate and gauge length are kept 7 mm/min and 40 mm. The thickness of the samples have
been varied from 20 to 60 pm. The test is conducted at room temperature and dry condition. The
stress versus strain curve for the fabricated electrospun fiber composite and functionally graded film
is shown in Fig.[5.8] The value of tensile strength, elongation at break and Young’s modulus are
listed in Table The tensile strength of nanocomposite fabricated with BaTiOj3 filler (6 wt.%)
increased by 144 % as compared to pure PVDF nanofiber. Although, break at point continuously
decreases from 52.16% to 36.68% with the dispersion of BaTiOs nanoparticles (2, 4, and 6 wt.%).
The stress v, strain graph of PVDF /BaTiO3 membranes indicate that the suitable reinforcement

of BaTiO3 nanoparticles into PVDF tends to improve tensile strength. With increasing number of
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Fig. 5.8: Mechanical properties of (a) PVDF/BTO nanocomposite film with different concentra-
tions and (b) FG-1 to FG-4.

Table 5.4: Mechanical properties of fiber composite at different concentration of nanofiller.

Sl. no. Samples Tensile Break Young’s

strength (MPa) at point (%) modulus (MPa)

1 PVDF nanofiber 1.93 52.16 3.9

2 FG-1 3.17 49.2 7.03
3 FG-2 2.83 43.3 9.65
4 FG-3 2.07 41.2 7.27
5 FG-4 0.53 39.33 2.24
6 PVDF-18%/BTO-2 wt.% 3.48 47.36 8.67
7 PVDF-16%/BTO-4 wt.% 3.6 40.31 10.38
8 PVDF-14%/BTO-6 wt.% 4.71 36.68 24.28

layers, functionally graded membranes demonstrated decreasing tensile stress. The possible inter-
action between the BaTiO3 nanoparticle and the PVDF polymer is responsible for the increased
film strength. The decrease in film strength may be caused by the accumulation of BaTiO3 parti-
cles with a higher filler concentration. It is observed that the elastic modulus and tensile strength
of the nanocomposite film enhanced by adding BaTiOsg filler at 2, 4, and 6 wt.% as compared to
pure PVDF nanofiber, while strain decreases at a higher concentration of filler (6 wt.%). Filler

materials are generally incorporated into polymer matrix to reinforce the polymer. These data
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clearly demonstrate that BaTiO3 nanoparticles act as a provisional cohesive agent between PVDF
matrix chains. The thin film fabricated from 12% wt./vol. PVDF and 8 wt.% BaTiOgs could not

be mechanically tested because of its lowest thickness.

5.3.6 Differential Scanning Calorimetry (DSC) Analysis

The thermal characterization has been performed for the synthesized nanocomposite and func-
tionally graded film using DSC as shown in Fig.[5.9] The melting temperature, melting enthalpy
and percentage crystallinity (X¢) is calculated using DSC thermogram curves. As a semi-crystalline
polymer, the melting enthalpy is changing and directly related to the degree of crystallinity of fab-
ricated samples. The degree of crystallinity (X¢) of the electrospun PVDF /BaTiO3 nanocomposite

and functionally graded film is quantified by the following equation [133].

AH
Xc = .

= . x 100 (5.4)
o ller(wt.%
AH% x (1- Jiter(wt. %)

Where AH is the melting enthalpy of fabricated samples and AHJ*p is melting enthalpy of sample
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Fig. 5.9: DSC curve of (a) pure PVDF nanofiber, nanocomposite with varying BTO concentration
and FG-1 (b) FG-2 to FG-4.

at 100% crystallinity, which is 104.6 J/g [134]. The values of all these parameters are listed in Table
The degree of crystallinity of functionally graded film is observed greater than PVDF fiber
and composite membranes. The strong interaction between the polymer and filler likely caused the

increase in crystallinity of the film.
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Table 5.5: DSC analysis of synthesized nanofiber composite and functionally graded film.

Sl. no. Fabricated samples Melting Melting Crystallinity

temperature(°C)  enthalpy (J/g) (%)

1 PVDF nanofiber 158.34 23.49 22.45

2 PVDF-18%/BTO-2 wt.% 155.20 32.53 31.68

3 PVDF-16%/BTO-4 wt.% 157.86 37.92 37

4 PVDF-14%/BTO-6 wt.% 158.45 38.22 37.86

) FG-1 168.84 41.28 41.98

6 FG-2 166.14 43.8 43.62

7 FG-3 160.36 47.22 46.4

8 FG-4 162.67 50.83 49.71

5.3.7 Effect of BaTiO3 Nanofiller on Piezoelectric Performance

The PVDF/BaTiO3 nanofiber composite and functionally graded fiber based membranes with
varying content of BaTiO3 nanoparticles and fibrous layer added is synthesized as piezoelectric
nanogenerator to test its piezoelectric response. The working area of PENG device is 5 cm?.
The recorded peak to peak voltage and current output of the fabricated PENGs based on PVDF
nanofiber, PVDF/BaTiO3 nanocomposite and functionally graded film is shown in Fig.[5.10] These
films are subjected external load including palm tapping, wrist tapping and elbow hitting and its
piezoelectric outputs have been recorded through digital oscilloscope (DSO). In Table different
films are listed according to their piezo output. The voltage and current output recorded greater
for the functionally graded film as compared to pristine PVDF nanofiber and PVDF/BaTiO3
nanocomposite. The more output is found that could be ascribed to the good interaction at the
interface, thickness and enhanced fraction of 3 phase of the electrospun functionally graded film.
The thickness increases as the number of layers is added to functionally graded film. The peak to
peak voltage and current output obtained for the FG-3 is 8.22 V and 3.36 A, while for the pure
PVDF nanofiber is 3.22 V and 1.36 A. The piezo output obtained for the electrospun functionally

graded film is 2.5 times more than pure PVDF nanofiber. The variation in voltage and current
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Fig. 5.10: Piezoelectric output of PENG based (a) Pure PVDF nanofiber, (b) FG-1, (¢) FG-2, (d)
FG-3, (e) FG-4, (f, g, h, i) PVDF/BTO nanocomposite film with varying concentrations, current
output (j) Pure PVDF nanofiber, (k) FG-3, (1) FG-4, and (m) voltage and current output generated
of functionally graded film and monolayer nanofiber composite membranes.
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outputs of electrospun functionally graded and nanofiber composite membranes are illustrated in
Fig.[5.10lm. However, FG-4 showed less voltage and current than FG-3. The cause associated with
them (FG-4) is more thickness and lesser fraction of 3 phase than FG-3. The fraction of § phase is
responsible to enhance the piezoelectric output of the fabricated samples. It can be concluded from
the above analysis that the piezoelectric output increases more for with four layered functionally

graded film, whereas five layered functionally graded fibrous membranes shows less electric voltage.

Table 5.6: Piezoelectric output of electrospun nanofiber, composite, and functionally graded films.

SL. no. Samples Voltage (V) Current (pA)
Palm Wrist Elbow Palm
tapping tapping hitting tapping

1 PVDF nanofiber 3.22 2.25 1.92 1.36
2 PVDF-18%/BTO-2 wt.% 5.21 2.44 1.92 2.24
3 PVDF-16%/BTO-4 wt.% 2.81 4.56 4.94 1.92
4 PVDF-14%/BTO-6 wt.% 4.28 1.68 1.93 1.79
4 PVDF-12%/BTO-8 wt.% 1.24 1 0.7 1.68
) FG-1 5 5.13 5.55 1.75
6 FG-2 6.54 4.86 3.9 2.32
7 FG-3 8.22 5.64 5.04 3.36
8 FG-4 5.81 4.02 7.19 3.12

5.3.8 Simulation Analysis

Finite element method (FEM) based simulation of PENG devices using Comsol Multiphysics
has been carried out for the purpose of analysing their solid mechanics and induced piezo poten-
tial. Piezoelectricity interface is used to model the entire simulation using a combination of solid
mechanics and electrostatics interface with constitutive relations. The influence of multiple func-
tionally graded layers on piezoelectric output is investigated to validate the experimental values of
palm tapping mode of piezo voltage generation. Simulations are conducted using unit cell model
with 30 um width and thickness varying from 20 pm to 60 pm. BaTiOs nanoparticles are modelled

with circular shape having 100 nm diameter as specified by manufacturer considering random dis-
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tribution inside PVDF matrix [149]. The unit cell is fine meshed by considering triangular element.
Bottom surface of the unit cell is electrically grounded and top surface is subjected to floating
potential condition. The top surface of the unit cell is subjected to an external force of 10 N in
vertically downward direction, while the bottom surface is mechanically fixed. The contact force
calculation is carried out using the conservation of energy and momentum theory. When the PENG
device is repeatedly subjected by palm tapping from an average height of 12 ¢m, the momentum
of palm leads to charge generation. The following formula can be applied to calculate the applied

contact force on the device surface;
mgh = %va (5.5)
(F — mg).At = mv (5.6)
Where m = mass of palm measured from electric balance, g = acceleration due to gravity, h =
height from where hitting takes place, v = velocity, F = contact force applied on surface, At
= time interval between successive two hits. Fig.[5.11] shows the 2D simulation results of pure

PVDF, PVDF /BaTiO3 nanocomposite film and multilayer functionally graded membranes. The

experimental and simulated results are written in Table The Hookes law and electrostatic

Table 5.7: Comparison of experimental and simulation values of PENG devices.

Fabricated samples Experimental value Simulation value
Pure PVDF nanofiber 3.22 3.05
PVDF-12%/BTO-8 wt.% 1.24 1.32
FG-1 %) 5.401
FG-2 6.54 6.64
FG-3 8.22 8.3
FG-4 5.81 5.64

behaviour are coupled to depict piezoelectric behaviour are given below:

S=s"T+d"'E (5.7)

D=dl +¢'E (5.8)
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Fig. 5.11: Comsol simulation for piezoelectric potential (a) neat PVDF fiber, (b) nanocomposite
(BTO-8 wt.%), (c) FG-1, (d) FG-2, (e) FG-3, (f) FG-4, and (g) simulation diagram of functionally
graded (FG-4) film.

Where s is compliance, S is strain, T is stress applied, D is electric displacement, E is electric field,
and ¢ is dielectric permittivity respectively. A maximum and minimum piezoelectric potential of
8.3 V and 1.31 V is obtained for FG-3 and PVDF (18% w/v)/BTO (2 wt.%) samples respectively.

The simulation results are well in line with the experimentally found values.

5.4 SUMMARY

The PVDF/BaTiOgs functionally graded and nanocomposite fibrous membranes with varying
filler loading are successfully fabricated. The gradient has been maintained by changing the con-
centration of polymer and ceramic filler. This study has been performed to investigate the effects

of BaTiO3 nanoparticles and number of layers added on the surface morphology, 3 phase, crys-
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tallinity, mechanical properties, optical properties and piezoelectric output of PVDF nanofiber,
PVDF /BaTiOs nanocomposite and electrospun functionally graded membranes. The fraction of
3 phase and degree of crystallinity of electrospun functionally graded membranes and nanocom-
posite webs are enhanced with the increasing number of layers and varying the concentration of
nanoparticles. The direct and indirect band gap is decreased with the addition of ceramic nanofiller
and number of layers, which support to enhance the electrical properties. Mechanical properties
of composite samples are enhanced, while those of functionally graded films decreased as the no.
of layers increased. Furthermore, the flexible piezoelectric nanogenerators are prepared using fab-
ricated samples. Functionally graded film shows enhanced piezoelectric output with the number
of layers as compared to pure fiber and monolayer nanocomposite film. The experimental piezo
outputs are validated using Comsol Multiphysics. The performance is noticeable and even higher
than most piezoelectric nanogenerators fabricated by different processes. This PENG device does
not only show the greater flexibility but also respond to human activity and delivers enhanced
voltage output. Distinct piezoelectric signals are detected for different human activities using these
devices. This device has potential applications in flexible electronics and powering small devices.

This study reveals that:

(i) Pure PVDF has low output while multi-layered film based nanogenerators with high concen-

tration of BaTiOgs give more piezoelectric output.

(ii) The PENG devices have been subjected to palm tapping, wrist tapping, and elbow hitting to
extract energy. The PENG generated peak to peak voltage of 8.22 V, current of 3.36 A, and

instantaneous power of 0.14 mW /cm?.

(iii) Compared to monolayer films, functionally graded films exhibit greater piezoelectric perfor-

mance as the number of nanofiber layers increases.

(iv) The nanocomposite fabricated with PVDF (12 wt.%)/BaTiO3(8 wt.%) showed less piezoelec-

tric performance as compared to other samples.
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(v) The piezoelectric output of PENGs device is validated using Comsol Multiphysics software

and well matched with the experimental results.

(vi) The maximum error of 6.89% is observed between the experimental piezoelectric output values
and simulation result (using Comsol Multiphysics software), which confirm the effectiveness

of the study.
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Design and synthesis of self-powered
flexible P(VDF-TrFE)/ZnO/TiO9
fiber mats as wearable device

6.1 INTRODUCTION

In this chapter, electrospun P(VDF-TrFE)/ZnO/TiO2 hybrid nanocomposite based wearable
device has been fabricated for enrgy harvesting applications. Polymer-based nanocomposite fi-
brous membranes are the basis of wearable flexible devices, but the application of high voltage
poling, brittle material as dopants, or toxic compounds is the main challenge in the development of
such devices. P(VDF-TrFE)/ZnO/TiO2 electrospun nanofiber mats are used in here to fabricate
self-poled, lead-free, and flexible piezoelectric nanogenerators as wearable device. Herein, self-
poled, lead free, and flexible high performance piezoelectric nanogenerators (PENGs) are designed
using the P(VDF-TrFE)/ZnO/TiO2 electrospun fiber mats. The material selection, fabrication
of pure P(VDF-TrFE) fiber, P(VDF-TrFE)/ZnO, P(VDF-TrFE) /TiO2 composite, and P(VDF-
TrFE)/ZnO/TiO2 three phase nanocomposite, nanogenerator device, and characterization through
different instruments have been presented in Sec.[6.2] Three phase nanocomposite mats with vary-
ing TiO2 concentrations are fabricated using far-field electrospinning method. In this study, the
influence of ZnO and TiO2 nanoparticles on the viscoelastic property and piezoelectric output
has been studied. The detail discussion of three phase nanocomposite mats have been presented
in Sec.[6.3] This includes morphological study, elemental analysis, crystalline phase analysis, {3
phase variation, thermal stability, dielectric, mechanical, and DMA study. The different instru-
ments have been used to perform these studies. In addition, three phase nanocomposite film-based
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wearable device have been presented with their piezoelectric characteristics. The influence of ZnO
and TiO2 nanoparticles on piezoelectric performance has been evaluated in a systematic and de-
tailed manner. The designed piezoelectric device generate current, voltage, and piezoelectric peak
power of 4.16 A, 23 V, and 95.68 W, respectively. These piezoelectric outputs are obtained with
the optimization of TiO2 concentration and the PENG devices are subjected to elbow bending,
wrist bending, and finger tapping. The piezoelectric output of three phase composite mats is al-
most 3.6 times higher than PENG made from P(VDF-TrFE) fiber. These device has been used
to display real-time demonstrations of body movement detection and biomechanical energy har-
vesting to power an LED bulb. The enhanced performance and robustness of the nanogenerator
make the electrospun P(VDF-TrFE)/ZnO/TiO2 mat an excellent candidates for sensing and energy

harvesting applications.

6.2 EXPERIMENTAL

6.2.1 Materials

The polymer containing vinylylidene fluoride and trifluoroethylene P(VDF-TrFE), with a molec-
ular weight (M,,) of 3,00,000 for TrFE 25% and VDF 75%, zinc oxide (ZnO) powder (average
nanoparticle size = 100 nm and M,, = 81.39 g/mol), and titanium oxide (TiO2) nanoparticles
(99.5% trace metals basis, average particle size = 100 nm) are procured from Sigma-Aldrich. In
addition, Acetone (ACE) and N, N-Dimethylformamide (DMF) anhydrous, 99.8% is provided by

Sigma-Aldrich, India. All chemicals are processed as received in the electrospinning process.

6.2.2 Fabrication of P(VDF-TrFE)/ZnO/TiO; Membranes

Three phase P(VDF-TrFE)/ZnO/TiO2 nanocomposite membrane has been fabricated using the
electrospinning (E-Spin Nanotech, India) method. The schematic diagram of electrospinning pro-
cess for the fabrication of three phase nanocomposite mat is summarized in Fig.[6.1] The six distinct
homogeneous solutions are prepared by adding DMF, piezoelectric polymer, and nanofiller. Ini-
tially, P(VDF-TrFE) pellets (17% w/v) are dispersed into 3 ml of DMF solvent and stirred at

500 rpm for eight hours (h) at 60°C temperature. Further, TiOs and ZnO nanopowder with 4
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wt.% is added in the two separate polymeric P(VDF-TrFE) solution. Stirred P(VDF-TrFE)/TiO4
and P(VDF-TrFE)/ZnO solution has been sonicated for 3 h to distribute nanopowder efficiently.
At last, P(VDF-TrFE)/ZnO/TiO; solution is obtained by dispersing the TiOg nanopowder in the
stirred and sonicated P(VDF-TrFE)/ZnO solution, wherein ZnO content is kept constant and TiOg
content varied as 3%, 6%, and 10% by weight. Then, the stirring and sonication has been carried
out for 5 h and 3 h respectively. The prepared solution is placed in the desiccator for 30 minutes
to make bubble free solution. After that, the prepared solution is loaded into the plastic syringe
and then placed in the slot adjacent to the syringe pump. In electrospinning, aluminium foil is
wrapped over cylindrical drum collector and used as a substrate for deposited electrified jets. The
nanocomposite fibers are synthesized using the following operational parameters, which ensured
the smooth performance of electrospinning process. Throughout the process, a spinning distance
of 13 cm, a flow rate of 10 ul/min, a rotational speed of 1300 rpm of the drum collector, a constant
chamber temperature of 30°C, and an 18 kV applied voltage are all maintained. The ceiling fan
inside the chamber has been kept running during the fabrication process of fibrous structures, which
is used to remove moisture. The electrospinning current is noted 4 pA during the process. All the
fibrous membranes are synthesized by depositing electrified solution jet on drum collector for three
hours. The fibrous structures are peeled from the aluminum foil substrate and used to fabricate
the devices. The six different fibrous mats have been synthesized with constant concentration of
P(VDF-TrFE) polymer, ZnO nanofiller, and varying TiOy. The fabricated samples are designated
as follows: P(VDF-TrFE): pure nanofiber prepared with 17% w/v concentration of P(VDF-TrFE)
polymer, PT: P(VDF-TrFE) /TiO2 composite consisted of P(VDF-TrFE) 17% w/v and 4 wt.% of
TiO2, PZ: P(VDF-TrFE)/ZnO nanocomposite prepared using P(VDF-TrFE) 17% w/v and 4 wt.%
of ZnO, and three different three phase nanocomposite membranes has been fabricated with various

concentration of TiOg as x= 3 wt.% (PZT1), 6 wt.% (PZT2), and 10 wt.% (PZT3).

6.2.3 Design of P(VDF-TrFE)/ZnO/TiO; Naogenerator
Three phase P(VDF-TrFE) /ZnO/TiO4 based nanogenerator is designed to power the small wear-
able device. The nanogenerators are made of three components: first, P(VDF-TrFE)/ZnO/TiO4
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Fig. 6.1: Schematic diagram of nanofiber fabrication, piezoelectric nanogenerator (PENG) device,
and actual photograph of PENG.

piezoelectric active layer, followed by two electrode layers made of conductive copper tape and alu-
minium foil. These conductive electrodes have been attached on both side of the fibrous membrane,
which is considered as top and bottom electrodes. Copper wire is connected through the bottom
and top electrodes to favour in detection of different signal using digital storage oscilloscope (DSO).
The nanogenerator device is covered with polyimide tape to make them mechanically stable and

prevent direct impact. The schematic diagram and actual photo of nanogenerator is depicted in
Fig.[6.1]

6.2.4 Characterization and Measurements

P(VDF-TrFE)/ZnO/TiO2 based three phase nanocomposite has been fabricated using E-spin
unit procured from E-Spin Nanotech, India. The surface morphology of P(VDF-TrFE) nanofiber,
P(VDF-TrFE)/ZnO, P(VDF-TrFE)/TiO2, and three phase P(VDF-TrFE)/ZnO/TiO2 nanocom-
posite membranes have been investigated using field emission scanning electron microscopy (FE-
SEM) (Supplier: Zeiss, model: Gemini SEM 500). This analysis have been accomplished with an

accelerating voltage of 5 kV and magnification 5 kX. The elemental composition analysis of the
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fabricated fibrous membranes is studied using the energy dispersive X-ray (EDX) spectrometer,
which is integrated with the same FESEM instrument. The average thickness of the electrospun
mats is measured by digital micrometer (Mitutoyo 293-240-30). The X-ray diffraction (XRD) char-
acterization has been performed to ensure the presence of crystalline structure in the fabricated
fibrous membranes. The XRD pattern (Supplier: Rigaku Technologies, Japan, model: Smartlab) is
observed on a diffractometer with the help of Cu-Ka radiation 1.54 A. In this study, nanocomposite
membranes are scanned at 5 degree/minute in a 20 range from 10° to 65° with a 0.02 step size. The
presence of 3 phase in the fabricated sample has been confirmed using Fourier transform infrared
(FTIR) spectra (Supplier: PerkinElmer, Singapore, model: Spectrum two). This test is conducted
over the wavenumber range of 600-2400 cm ™! in attenuated total reflection (ATR) mode. Thermo
gravimetric analysis (TGA) (Supplier: PerkinElmer, model: TGA 4000) is carried out with heating
rate of 10 degree/minute and samples were heated from 30 to 700°C in nitrogen environment. The
gas flow rate is supplied 19.8 ml/min to perform the TGA test. The mechanical properties of three
phase nanocomposite has been characterised by 5kNN Electromechanical universal testing instrument
(Supplier: ZwickRoell, model: Z0O05TN Proline). This test has been conducted with strain rate of
5 mm/minute in tensile mode. The dielectric properties measurement is conducted using IM 3536
LCR METER (model: Hioki) from 1 kHz to 1 MHz at 25°C temperature. For this test, fiber mats
are prepare into a rectangular cross-section of about (2x1.5) cm? followed by conductive copper
tape pasted on both sides of the films. The dynamic mechanical analysis (DMA) (Physica MCR
702-Anton Paar) has been carried out to investigate the effect of ZnO and TiOg nanofiller on storage
modulus and loss factor of three phase P(VDF-TrFE)/Zn0O/TiOy nanocomposite in tensile mode
on 3.5x1 cm? rectangular specimens (LxW). This study has been demonstrated for temperature
sweep from -75°C to 75°C with strain rate of 0.025% and at frequency 1Hz. The preload of 0.1 N
is applied to the specimen for the DMA test. The piezoelectric response of pristine P(VDF-TrFE)
nanofiber and three phase electrospun nanocomposites has been recorded using digital oscilloscope
(GW INSTEK GDS-2102A) under the load subjected to finger tapping, elbow, and wrist bending

at ambient condition.
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6.3 RESULTS AND DISCSSION

6.3.1 Morphological Study of P(VDF-TrFE), ZnO, and TiO; Based Fabricated Films

In this work, three phase nanocomposite P(VDF-TrFE) /TiO2/ZnO has been fabricated by means
of electrospinning method. The fabricated membranes have been cut in 5mmx5mm section, which
are mounted on the FESEM sample holders and then subsequently coated with platinum. The
surface morphology of P(VDF-TrFE) fiber, P(VDF-TrFE)/ZnO, P(VDF-TrFE)/TiO2, and three
phase P(VDF-TrFE)/ZnO/TiO2 nanocomposite has been acquired using FESEM operated with
accelerating voltage 5kV and magnification 5 kX. The FESEM images (Fig. not only describe
that the electrospun membranes are defect-free, but also suggest that the electrospinning parameters
used are appropriate for the electrospinning method. The ZnO and TiOs nanoparticles in the
P(VDF-TrFE) solution are agglomerated at higher concentration as seen in FESEM images. The
average diameter of all the nanofiber composite is obtained using ImagelJ software. The fifty
different location on the FESEM images has been randomly chosen for calculating the average fiber
diameter. The average diameter of pure P(VDF-TrFE) fiber, PZ, PT, PZT1, PZT2, and PZT3
composite is 333 nm, 273.5 nm, 160 nm, 146.40 nm, 132 nm, and 113 nm, respectively. The average
diameter of composite membrane decreases with the addition of ZnO and TiOs nanofiller due to the
increase in solution’s conductivity. Hence, the decreased average diameter of the film membranes
is observed. The average diameter of P(VDF-TrFE) is more compared to PZT3 nanocomposite.

Results indicate that the nanofiber diameter decreased more with the addition of nanoparticles.

6.3.2 EDX Characterization

Energy dispersive X-ray (EDX) has been incorporated to determine the elemental composition
and its weight percentage in the fabricated nanocomposite membrane samples P(VDF-TrFE), PT,
PZ, and PZT1. The EDX spectra and element mapping of the fibrous membranes are shown in
Fig.[6.3] The semi-qualitative and semi-quantative analysis of the EDX spectra can be performed.
This characterization confirms the presence of Carbon (C), Fluorine (F), Titanium (Ti), Oxygen
(0), and Zinc (Zn) elements in the fabricated membranes. The Ti, Zn, and O elements are associ-

ated with TiO2 inorganic compound and ZnO semiconductor inorganic materials, while the C and
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Fig. 6.2: FESEM images and fiber diameter distribution of the fabricated membranes (a) P(VDF-
TrFE) nanofiber, (b) PZ, (c) PT, (d) PZT1, (e) PZT2, and (f) PZT3 nanocomposite mats.
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Fig. 6.3: EDX spectra for the fabricated membranes (a) P(VDF-TrFE) (b) PT (c¢) PZ, and (d)
PZT2 nanocomposites, and element mapping of (e) C, F, O, Ti, Zn- atom.

F atoms are related to the characteristic elements of P(VDF-TrFE) polymer. Pure P(VDF-TrFE)
nanofiber exhibited sharp peaks at low energy that can be assigned to the elements fluorine (K«
radiation with 0.5 keV) and carbon (K« radiation with 0.24 keV). In the case of nanocomposite,
the characteristic peaks of Ti, Zn, and O are detected at the energy level of 4.5 keV, 8.63 keV (K«),

and 0.6 keV, respectively. These peaks are well-matched with the reported results [150].
6.3.3 XRD Analysis

The XRD pattern for TiO2, ZnO powder, and all membranes fabricated, including three phase
PZT1, PZT2, PZT3 nanocomposite, and pure P(VDF-TrFE) nanofiber are depicted in Fig.[6.4]

Crystallinity in polymeric materials affects its mechanical, physical, and biological properties. The

TH-3221 176103016

109



Chapter 6

XRD characterization has been performed to reveal the presence of crystalline 3 phase structure,
Zn0O, and TiOy powders in the fabricated nanofiber mats. The 3 phase is found at 20 = 20°
(110) in the synthesized fibrous membranes as shown in the XRD pattern Fig.[6.4] [I51]. When the
TiOg and ZnO nanofiller is dispersed, the corresponding diffraction peaks of the TiOy and ZnO
nanopowders are found at 20 value of 27.48°, 36.26°, 41.36°, 54.45°, 56.73°, 62.89° [152] and 20
value of 31.8°, 34.50°, 36.25°, 47.60°, 56.61°, and 62.95° as per the JCPDS card no. 00-005-0664,
respectively. The diffraction peak shown at 20 = 44.7° is for the foundation support where, the
test is performed. The crystalline plane for the ZnO (black colour) and TiO2 (pink colour) are
shown in Fig. The peak intensity of pure P(VDF-TrFE) is increased with the dispersion of
ZnO and TiOs nanofiller. As a result of the very low concentration of ZnO and TiOs, the peaks

corresponding to these oxides have low intensity in nanocomposite samples [I53].
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Fig. 6.4: XRD curve for the TiO2, ZnO anopowder, and fabricated membranes P(VDF-TrFE),
PZ, PT, PZT1, PZT2 and PZT3 nanocomposites.
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6.3.4 FTIR Analysis

The FTIR spectra and variation in fraction of 3 phase of pure P(VDF-TrFE) fiber and three
phase P(VDF-TrFE)/ZnO/TiO2 composite mats with different concentration of TiOg are depicted

in Fig.[6.5] This test has been conducted in attenuated total reflection (ATR) mode. Pure P(VDF-

a i 35
¢ }M Peld b}
= 2 a0
M& PITE ‘x\"‘
. L]

__JW PET Egl PR

i =40 /
w

75- /

_JW Pz .

! T4
_)W PVTIF-TeFF

1 -t 1 . 1 a3 T T T
G} gqa 1200 1 B} 18061 2100 2490 PMDF-TrFEIRZ PT FEIT1 PET2 PZT3
Wavenumber icm ) Composite mats

Absorbance {a.u.]
ét

[Rpp—— H - sma - [p—
3

Fig. 6.5: FTIR spectra and variation in the fraction of 3 for the fabricated membranes P(VDF-
TrFE), PZ, PT, PZT1, PZT2 and PZT3 nanocomposites.

TrFE) fiber and all composite fibrous mats are analysed by FTIR spectra to calculate their elec-
troactive B phase content. In the scanned range (600 cm~! to 2400 cm™1!), only P(VDF-TrFE)
characteristic peaks are observed, and the intensities of ZnO and TiOs nanopowder are very weak

because of low concentration. The peaks obtained at 841 and 1288 cm™!

corresponding to CFq
symmetric stretching and 880 and 1400 cm ™! band relates to CHy rocking and wagging vibration
of CHy of polymer [I51] 154 [155]. The intensity of these peaks increases, which signify that most
of the dipoles in the three phase fiber mats are aligned in parallel to the 3 phase. The « phase
peak is not appeared in all spectra beacuse of electrospinning process, which leads to conversion

from « phase to 3 phase and poling in the same process. The electroactive 3 phase [F(f3)] content

can be determined by the following equation.

Iga
FB)= — w100 6.1
(B) Igq1 +(%) ) (6.1)

Where I763 and Igq; correspond to the absorbance intensities of peaks at wavenumbers 763 and

841 em™!. Ka = 6.1x10* em?/mol and KB = 7.7x10* em?/mol are the absorption coefficients
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at 763 and 841 cm~! [I56]. The B phase content for P(VDF-TrFE) nanofiber, PZ, PT, PZT1,
PZT2, and PZT3 nanocomposite mats are 72.51%, 78.62%, 82.25%, 83.2%, 91.33%, and 88.25%,
respectively. The enhancement in 3 phase content may be due to the strong bonding of ZnO and

TiO2 nanoparticles in P(VDF-TrFE).

6.3.5 Thermo-gravimetric Analysis (TGA)

The thermal stability test of the three phase composite mats and P(VDF-TrFE) nanofiber has
been studied from TGA curve. This test has been scanned from 30 to 700°C with the heating rate
of 10°C/minute, gas flow rate of 19.8 ml/min, and gas pressure 2.0 bar under nitrogen atmosphere.
The clear indication of the change in degradation temperature and the number of stages in which

the samples started to degrade is shown in Fig.[6.6] The degradation of mats are completed mainly
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Fig. 6.6: TGA curves for fabricated three phase nanocomposite samples with varying the concen-
tration of TiOy nanofiller.

in two stage in the measured temperature range. The degradation temperature varied with the
samples, which can be observed from the TGA curves. The pristine P(VDF-TrFE) fiber is thermally
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stable till the temperature of 430°C and then starts degraded rapidly to 506°C. The thermal
stability of the mat increases with increasing TiOo concentration. The three phase nanocomposite
mat showed greater thermal stability owing to the addition of TiO2 and ZnO nanofiller compared
to P(VDF-TrFE) nanofiber. The percentage residue mass of the electrospun mats are investigated
from TGA curve. The residue mass of 3.2%, 10.6%, 18.05%, 24.93%, and 27.59% is found for
the P(VDF-TrFE), PZ, PZT1, PZT2, and PZT3 composite membranes. Our results revealed that
the incorporation of ZnO and TiOs nanoparticle significantly affected the degradation temperature
and residue mass of the fabricated mats. Based on these results, it can be concluded that the
prepared composite mats can be utilised in sensing higher temperature ranges and energy harvesting

applications.

6.3.6 Dielectric Measurement

The dielectric properties of the fabricated P(VDF-TrFE) nanofiber, PZ, PT, PZT1, PZT2, and
PZT3 nanocomposite mats with different loading conditions of fillers are measured at room tem-
perature. The dielectric constant, dielectric loss (tand), and conductivity are measured in the
frequency range of 1kHz to 1 MHz as shown in Fig.[6.7} It is observed that the dielectric constant
(e) increases by the loading of ZnO and TiOgz nanofiller (Fig.[6.7p). The dielectric constant is
higher in the lower frequency range, and decreases in the higher frequency range. The decrease in
dielectric constant with the frequency is due to the reduction of effective dipoles [I57, [I58]. The
dielectric constant for the P(VDF-TrFE) is around 8, while for PZT?2 is 34. The enhancement in
dielectric constant is more than four times after addition of ZnO and TiO2 nanofillers in P(VDF-
TrFE) matrix. The dielectric constant for the fabricated films are increases till the concentration
of TiOy 6 wt.% and decreases when TiOs concentration is 10 wt.%. The reduction in € with the
larger quantity of nanofiller is due to the agglomeration and the conductive channel is formed by
the nanoparticles, which increased leakage current and reduced ¢ [I59]. In Fig.7 dielectric
loss (tand) of the prepared nanocomposite mats initially decreased and then increased with the
frequency. The tand of the P(VDF-TrFE)/ZnO/TiO2 composite mats showed the same trend as

e. The dielectric loss increased with the loading of nanoparticles, which can be seen in Fig.[6.7pb.
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Fig. 6.7: Variation of (a) dielectric constant, (b) dielectric loss (tand), and (c) conductivity with
frequency.
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These results are clearly in agreement with those reported for nanocomposite films composed of
three phases [160]. The conductivity of the composite mats increased with the frequency compared
to the P(VDF-TrFE) as presented in the F ig.. Composite mats have superior conductivity as

the nanoparticles content increased compared to the pure P(VDF-TrFE) nanofibers.

6.3.7 Mechanical Characterization

The mechanical characterization has been performed for all the fabricated electrospun nanofiber
and composite mats. The samples are prepared according to ASTM D882-12 standards and the test
has been performed with strain rate of 5 mm/minute. The electrospun mats have been cut in 1 cm
width and 5 cm length, and sand paper is glued to the lower and upper side of the mats to hold the
samples tightly. Fig. shows the stress versus strain curve for the pure P(VDF-TrFE) nanofiber,
PZ, PT, and P(VDF-TrFE)/ZnO/TiO; three phase composite webs with different concentrations
of TiO2 nanofillers. The tensile strength and Young’s modulus are calculated using the stress versus
strain curve and the effect of ZnO and TiOs is studied for the composite mats, which can be seen
in Fig.[6.8b. Generally, polymer nanocomposites with inherent stiffness, high dispersion quality,
particle size, morphology, and adhesion between matrix and nanoparticles perform better in terms
of mechanical properties, including Young’s modulus, elongation at break, and tensile strength. The
tensile strength of the P(VDF-TrFE) is 13.68 MPa which increases continuously with the addition
of ZnO and TiO2 to 24 MPa for the PZT2 sample. However, it decreases at 10 wt.% TiOo for
the PZT3 mats. The strain of P(VDF-TrFE) is 139% and reduced to 55% with the incorporation
of nanoparticles for the other mats. Young’s modulus is noted to increase with the filler loading
conditions for pure P(VDF-TrFE): 8.98 MPa; PZ: 12.68 MPa; PT: 26.52 MPa; PZT1: 28.42 MPa;
PZT2: 30.93 MPa; PZT: 34.51 MPa. The value of tensile strength, strain, and Young’s modulus
are listed in Table The enhancement in tensile strength and Young’s modulus of the prepared
samples with the addition of nanofillers is ascribed to the strong interaction between the P(VDF-
TrFE) matrix and reinforcing components. It has been found that at 10 wt.% TiO2 nanoparticles,
mechanical properties (tensile strength and Young’s modulus) of films decreases. This could be due

to the agglomeration in the polymeric solution with the higher content of filler dispersion [161].
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Fig. 6.8: UTM tensile test (a) stress versus strain curve, (b) tensile strength and strain variation
as a function of loading conditions.

Table 6.1: Mechanical properties of three phase composite at different concentration of nanofiller.

Samples Tensile Strain Young’s
strength (MPa) (%) modulus (MPa)
PVDF nanofiber 13.684+0.73 139+2.1 8.98+0.47
PZ 15.14+1.41 111.441.92 12.684+0.65
PT 16.90+1.63 55+3 26.52+1.1
PZT1 18.20+1.78 75.25+3.8 28.4240.85
PZT?2 24+1.92 904+2.83 30.93+1.4
PZT3 20.45+2.01 67.30+3.5 34.51+3

6.3.8 Dynamic Mechanical Analysis (DMA)

The DMA characterization has been conducted to assess the viscoelastic properties of the mem-
branes and compare the difference between nanofiber mats and composite membranes in terms of
their resistance to deformation or stiffness. In this test, the effect of ZnO and TiO- nanofiller is
analyzed on storage modulus and damping factor of the fabricated nanofiber mats in tension mode.
Fig. presents the DMA test for the P(VDF-TrFE) nanofiber, PZ, PT, PZT1, PZT2, and PZT3
nanocomposite mats. As part of the test, samples were prepared in rectangular shapes measuring
length of 3.5 cm and width of 1 ¢m, while this test has been conducted with 2.3 cm gauge length.

The specimen is preloaded with 0.1 N to maintain straightness between the upper and lower jaws,
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as seen in Fig.[6.9c. The PZT2 nanocomposite mats shows greater storage modulus than pure
P(VDF-TrFE) nanofiber over the temperature range of -75°C to 75°C, indicating their enhanced
ability to withstand stress. Here, one can observe that the storage modulus continuously improved
with the increasing ZnO and TiOs nanoparticles content due to the uniform dispersion and strong
interaction of the nanofiller with the P(VDF-TrFE) polymer. The loss factor (tand) of the synthe-
sized mats is depicted in Fig.[6.9p. The damping factor increased with the increasing content of
nanofillers. The peak appeared at around -43°C, assigned to the glass transition temperature (T)
of P(VDF-TYFE), as shown in Fig.[6.9p. The Tg for nanocomposite membranes increased with ZnO
and TiO2, possibly because of the good interaction between composite mat components, reducing

the cooperative motion of P(VDF-TrFE) chains [162), [163].

[ajsw —=— PUOF-TrFE| :h}'}'ﬁ —=— T VOF-TFE|
=27 ——FPL pa4 P2 4«
Logg” ——PT N l——PT o
= —r—PZTH e
w2l e —— PZT2 5Ty
- - +—
=010
2
n.ns
B
" %l}.us
B0~ 004
:m- 0.0z
{I T T T T L 1 ' 1 ' 1 ' 1 ' 1 '
7B 0 a5 30 45 O 15 M 45 &0 TH -f3 B0 45 -30 45 0 A5 A0 45 dF FE
Tempearature [“C} Temperature [FC]

{c}

Fig. 6.9: DMA study of the fiber mats for (a) storage modulus, (b) loss factor (tan), and (c)
sample in red square bracket tightly hold.
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6.3.9 Piezoelectric Output Analysis

The piezoelectric properties of synthesized mats are studied under different loading conditions.
The piezoelectric outputs are depicted in Fig.[6.10] for the pure nanofiber and composite mats with
varying TiOs concentrations. The comparison between the developed device and previously de-
veloped PENGs is presented in Table [6.2] It can be found from Table that PENGs based on

P(VDF-TrFE)/ZnO/TiO2 composite mats exhibit better piezoelectric performance. The piezo-

Table 6.2: Comparision of piezoelectric performance of the P(VDF-TrFE)/ZnO/TiO2 three
phased based PENG designed here with existing PENGs in the literatures.

Piezoelectric Fabrication Peak to Reference.
materials methods Peak V. (V)

PVDF /BiCl3/Zn0O Electrospinning 12 [88]
PVDF /rGO/MoSs Solution casting 2.4 [115]
PVDF /Cloisite-30B clay Far-field electrospinning 4.74 [116]
(Fe-RGO)/PVDF Solution casting 5.1 [117]
PZT/MWCNT/PVDF Tape casting 20 [118]
P(VDF-TrFE)/ZnO/MgO Spin coating 1.89 [119]
PVDF-HFP/BaTiO3/h-BN Solution casting 24 [120]
N Doped 4H-SiC anodic oxidation 1.35 [164]

Nanohole Arrays

PVDF/BTO/rGO Solution casting 4.1 [165]
PVDF/GO Electrospinning 16 [166]
P(VDF-HFP)/PANI/ZnS Electrospinning 3 [167]
PVDF/MNC Electrospinning 1.05 [168]
P(VDF-TrFE)/ZnO/TiO, Far-field electrospinning 23 This work

electric nanogenerator (PENG) devices have been prepared using piezo active layer for the measure-
ment of piezoelectric outputs. The PENG device is subjected to finger tapping, wrist, and elbow
bending, and their piezoelectric voltage and currents are recorded using the digital oscilloscope
(DSO). The piezoelectric voltage is obtained to be 6.52 V, 8.24 V, 8.8 V,9.04 V, 23 V, and 11.2 V

for the fabricated electrospun mats P(VDF-TrFE), PZ, PT, PZT1, PZT2, and PZT3, respectively.
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Fig. 6.10: Piezoelectric performance of the P(VDF-TrFE) nanofiber, PZ, PT, PZT1, PZT2,
and PZT composite films subjected to finger tapping (a) voltage output, (b) current output, (c)
comparison of voltage and current as TiOg varying, and (d)wrist and elbow bending.

The electrical current generated by the synthesized mats is to be 1.6 A, 2.12 A, 2.76 A, 3.52 A,

4.16 A, and 3.68 pA across the 10 MQ resistors for the P(VDF-TrFE), PZ, PT, PZT1, PZT2, and

PZT3. The piezoelectric output of the fabricated samle is shown in Table The enhancement

Table 6.3: Piezoelectric output of fabricated matbased device .

SL. no. Samples Voltage (V) Current (pA)
1 PVDF nanofiber 6.52 1.6
2 PZ 8.24 2.12
3 PT 8.8 2.76
4 PZT1 9.24 3.52
) PZT2 23 4.16
6 PZT3 12.2 3.68
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in the piezoelectric performance is due to the synergistic effect of ZnO and TiO; nanoparticles
with the P(VDF-TrFE) flexible matrix. The piezoelectric voltage for the PZT2 mats is almost 3.6
times greater than the other nanofiber and composite films. Although, it is noted that PZT3 mats
have less piezoelectric performance than PZT2 and more than others. The decrease in piezoelectric
output is due to the aggregation, which could have occurred with higher TiOs loading in the poly-
meric solution. The piezoelectric performance for the pristine P(VDF-TrFE) nanofiber under the
elbow and wrist bending is found 2.80 V and 680 mV, which can be used in flexible electronics and
robotics applications. The energy extracted from the PENG is used to power the LED bulb. The
video recording for the energy harvesting device subjected to finger tapping, wrist, elbow bending,

and led lighting have been carried out, when this device is placed at the body part.

6.4 SUMMARY

P(VDF-TrFE), PZ, PT, PZT1, PZT2, and PZT3 are successfully fabricated using far-field elec-
trospinning method for the wearable device as energy harvesting applications. The electrospun
samples are fabricated with varying the TiO2 concentration. The material characterizations are
carried out using FESEM, EDX, XRD, FTIR, UTM, TGA, and DMA. Dielectric test is carried
out to study the piezoelectric characteristics of the electrospun fiber. Pure P(VDF-TrFE) fiber
and three phase polymer composite are fabricated for comparison. Comparative studies have been
conducted on a fabricated P(VDF-TrFE) fiber and a three phase polymer composite. The P(VDF-
TrFE)/ZnO/TiO2 polymer nanocomposite exhibit better piezoelectric property than other fiber
structures. The electrospun three phase composites show higher thermal stability and better 3
phase without doing any electrical poling and thermal treatment. The PZT2 composite mats have
greater storage modulus and damping factor compared to any other fiber structures. The energy
generating devices (PENG) are designed to power the small wearable device and test the sens-
ing ability for a different signal. Energy generation under various human activities is monitored
and found to be greater voltage for the PZT2 composite mat. Fiber efficiency is enhanced by
the morphological change, resulting in strong interaction and self-poling of the materials. These

PENG based on nanofiber mats have the major advantage of using self-poled fibers as active layers
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and flexible electrodes. Electrospun three phase nanocomposite mats are identified as excellent

materials for energy harvesting and sensing applications. The analysis reveals that:

(i) The designed piezoelectric device generated current, voltage, and piezoelectric peak power of

4.16 pA, 23 V, and 95.68 uW, respectively.

(ii) The piezoelectric output of hybrid composite mats is almost 3.6 times greater than PENG
made from P(VDF-TrFE) fiber, and the increment in the performance is due to the synergistic

effect of ZnO and TiOg in the P(VDF-TrFE) polymer matrix.

(iii) The ZnO and TiO2 nanoparticles content significantly effect the fraction of 3 phase, viscoelas-

tic property and piezoelectric output.

(iv) PENG is used to display real-time demonstrations of body movement detection and biome-

chanical energy harvesting to power an LED bulb.
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High-performance flexible
piezo-triboelectric hybrid

nanogenerator based on
P(VDF-TrFE)/TiO9 nanocomposite

7.1 INTRODUCTION

In this chapter, piezo-triboelectric hybrid nanogenerator (HNG) is designed for enhancing en-
ergy output performance by integrating piezoelectric and triboelectric effects. The piezoelectric
nanogenerator (PENG) has been comprised using the spun P(VDF-TrFE)/TiO2 mats, while the
triboelectric nanogenerator (TENG) has been designed using the Polydimethylsiloxane (PDMS)
film. The hybrid nanogenerator has been incorporated as a werable device for the energy scav-
enging applications. The flexible nanocomposite mats are desirable for the wearable applications.
These electrospun mats have been deployed as an active layer in the flexible wearable device. The
material system, synthesis of pure P(VDF-TrFE) fiber, P(VDF-TrFE)/TiO2 nanocomposite, fab-
rication of hybrid nanogenerator (HNG) device, and testing and measurements of the films, device
testing through different instruments have been presented in Sec.[7.2l P(VDF-TrFE)/TiO, based
nanocomposite mats are fabricated by means of electrospinning method. In this fiber fabrication,
P(VDF-TrFE) has been taken 16% wt./vol. and TiOg is varied from 3 to 11 wt.%. The influence of
TiO3 has been studied on the perfprmance of P(VDF-TrFE)/TiO2 nanocomposite films. The detail
discussion of P(VDF-TrFE) nanocomposite mats and PDMS films have been presented in Sec.[7.3]
It includes microstructural characterization, surface roughness analysis, crystalline phase analysis,

thermal stability, electroactive 3 phase variation, tensile testing, and DMA study. The various
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techniques have been incorporated to accomplish these study. Furthermore, P(VDF-TrFE)/TiO,
nanocomposite and PDMS based hybrid nanogenerator as wearable device have been demonstrated
with enhanced piezoelectric performance. The impact of TiOo nanofiller on the performance of hy-
brid nanogenerator (HNG) has been discussed in detail. This hybrid nanogenerator is capable of
miniaturize the system as well as produce more energy output to power small electronic devices.
In this work, TiOg incorporated P(VDF-TrFE) fiber membranes are deposited on aluminium foil
using electrospinning to design hybrid nanogenerator for energy harvesting from simple manual
activity like finger tapping. The hybrid nanogenerator device produce current of 5.36 nA across 10
MQ resistor and voltage of 52 V, respectively. The efficiency of these nanogenerators is better than
that of most nanogenerators fabricated with complex and sophisticated approaches. The perfor-
mance of HNG has been compared with PENG and TENG. The enhancement in performance of
P(VDF-TrFE)/TiO2 mat based hybrid nanogenerator opens up possibilities for developing a low-
cost biomechanical energy harvester and could be an excellent power source for wearable electronic

devices.

7.2 EXPERIMENTAL

7.2.1 Materials

Poly(vinylidene fluoride-trifluoro ethylene) P(VDF-TrFE) polymer, molecular weight (M, =
3,00,000), consisting VDF 75% and TrFE 25% and titanium oxide (TiO2) nanofiller (100 nm particle
size, 99.5% trace metals basis) are purchased through Sigma Aldrich. Additionally, Acetone (ACE)
and N, N-Dimethylformamide (DMF) (anhydrous, 99.8%) and are supplied by Sigma Aldrich.

Every single chemical is utilized in its original form in the fabrication process.

7.2.2 Synthesis of P(VDF-TrFE)/TiOy, Nanocomposite

P(VDF-TrFE)/TiOg electrospun nanocomposite membranes have been synthesized through the
electrospinning (Maker: E-Spin Nanotech, India) technique. Five different uniform solutions have
been made using DMF, polymer P(VDF-TrFE), and ceramic (TiO2). TiO2 nanoparticles with 3, 5,

8, and 11 wt.% are initially added to five different beakers containing DMF solvent. This solution
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has been sonicated for 60 minutes following stirring. Thereafter, 3 ml of DMF solvent is used to
dissolve the P(VDF-TrFE) pellets with 16% wt./vol. concentration and then magnetic stirring
has been carried out for eight hours (h), speed 500 rpm, and at 60°C temperature. Further,
the stirred P(VDF-TrFE)/TiO9 solution is homogenized through sonication for one hour. The
sonicated solution is desiccated for 40 minutes to remove bubbles from the solution. The prepared
solutions are filled into plastic syringes, which is then inserted into slots near the syringe pump.
As part of the electrospinning process, aluminium foil is covered on cylindrical rotating collector
drum, which is used as a deposition substrate of charged jets. Electrospinning for nanocomposite
fiber has been carried out in accordance with the below mentioned parameters, which ensure a
smooth process performance. The flight distance is set 15 cm, the flow rate is 10 pl/min, the
drum speed is maintained at 12004100 rpm, the temperature of the chamber is controlled at
28°C, and 20 kV power supply has been used constantly during the fabrication process. The
ceiling fan has been kept running inside the chamber to remove moisture during fibrous structure
fabrication. The current produced during electrospinning process is 34+1 pA. The fibrous mats
are fabricated by the deposition of electrified jets of solution for 100 minutes on a drum collector.
The free-standing fiber mats are removed from the substrate (aluminum foil) and employed in
energy harvesting device fabrication. Five different nanocomposite mats are fabricated with fix
content of P(VDF-TrFE) matrix and changing TiO2 nanoparticles. The prepared test samples
are referred to as follows: SA-1: pure nanofiber fabricated with 16% wt./vol. concentration of
P(VDF-TrFE) polymer, SA-2: P(VDF-TrFE)/TiO2 nanocomposite prepared with P(VDF-TrFE)
16% wt./vol. and 3 wt.% of TiO2 nanofiller, SA-3: P(VDF-TrFE)/TiO2 nanocomposite fabricated
with P(VDF-TrFE) 16% wt./vol. and 5 wt.% of TiO2 nanoparticles, SA-4: P(VDF-TrFE)/TiO4
nanocomposite fabricated with P(VDF-TrFE) 16% wt./vol. and 8 wt.% of TiO2 nanoparticles,
and SA-5: P(VDF-TrFE)/TiO2 nanocomposite fabricated with P(VDF-TrFE) 16% wt./vol. and
11 wt.% of TiO2 nanoparticles. The quantities of P(VDF-TrFE) and TiO2 particles used in making

required solution for electrospinning process is presented in Table
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Table 7.1: Amount of matrix and nanofiller concentrations for electrospun mats.

Sample no. Wt. of P(VDF-TrFE) (gm) Volume of DMF (ml) Wt. of TiOy (gm)

SA-1 0.42 2.6 0

SA-2 0.42 2.6 0.014
SA-3 0.42 2.6 0.023
SA-4 0.42 2.6 0.038
SA-5 0.42 2.6 0.055

7.2.3 Fabrication of P(VDF-TrFE)/TiO; Based Hybrid Nanogenerators

Fig.[7.1shows the schematic diagram of the hybrid nanogenerator. Here, the P(VDF-TrFE)/TiO
nanocomposite is coupled with polydimethylsiloxane (PDMS) film. The silver paste is coated on
both sides of the composite film to make the electrical connections. Further, silver paste is coated
on one side of the polydimethylsiloxane (PDMS) film. The copper wires are fixed on the metal
electrodes with the help of copper tape. The effective working area of the composite film for the
nanogenerator device is 2cm x1.5cm. Mechanical vibration is applied from top surface of the device

through an exciter, as presented in Fig.[7.1] In the device structure, as shown in Fig.[7.]] silver paste
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Fig. 7.1: Schematic diagram of (a) fabrication of electrospun mat and (b) hybrid nanogenerator
comprised of piezo and triboelectric nanogenerator.

deposited over PDMS film and P(VDF-TrFE)/TiO2 composite membranes gives the triboelectric
output, while the silver paste coated on both sides of the nanocomposite film gives the piezoelectric
output. The piezoelectric and triboelectric output is connected to two different bridge rectifiers.

To get the hybrid nanogenerator’s combined output, the positive and negative terminals of bridge
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rectifiers are fed together using the digital storage oscilloscope.

7.2.4 Characterization and Measurements

P(VDF-TrFE)/TiO2 nanocomposite membranes have been synthesized using E-spin setup sup-
plied by E-Spin NANOTECH, India. The morphology of surface and structural characteristics
of P(VDF-TrFE) nanofiber and P(VDF-TrFE)/TiO2 nanocomposite mats have been investigated
using field emission scanning electron microscopy (FESEM) (Gemini SEM 500, Maker: Zeiss). This
characterization is conducted with a magnification of 7 kX and an accelerating voltage of 5 kV.
The average thickness of the electrospun film is measured by selecting ten different locations on
fabricated mats with the help of digital micrometer (293-240-30, Maker: Mitutoyo). Atomic force
microscopy (AFM) (MFP-3D-BIO, Maker: Oxford Instruments) has been employed to investigate
the topography and surface roughness of the P(VDF-TrFE)/TiO2 nanocomposite films. X-ray
diffraction (XRD) test has been carried out to confirm the presence of crystalline phases in the syn-
thesized fibrous samples. The XRD pattern (Smartlab, Maker: Rigaku Technologies) is obtained
on a diffractometer for nanocomposite films with the help of Cu-K« radiation 1.54 A scanned at 5
degree/minute with a 0.02 step size in a 20 range from 10° to 70°. The presence of the electroac-
tive beta () phase and its effect on the nanocomposite sample has been studied with the help of
Fourier transform infrared (FTIR) spectra (Spectrum two, Maker: PerkinElmer). This test has
been performed over the wavenumber range of 400-1600 cm ™" in attenuated total reflection (ATR)
mode. Thermo gravimetric analysis (TGA) (STA7200, HITACHI) is performed at the rate of 10
degree/min. and test amples are subjected to temperature sweep from 25°C to 700°C. Tensile test-
ing of these nanocomposite has been performed using Electromechanical universal testing machine
(5kN) (Z005TN Proline, Maker: ZwickRoell). This test has been carried out with a cross-head
speed of 5 mm/min. The dynamic mechanical analysis (DMA) (Physica MCR 702, Maker: Anton
Paar) is performed to study the effect of TiO2 nanofiller on damping factor and storage modulus of
P(VDF-TrFE)/TiO nanocomposite mats under tensile mode on rectangular sample (2.5x1 cm?).
This study has been analysed for temperature variation condition from -70°C to 70°C at frequency

1 Hz and strain rate of 0.025%. The preload (0.1 N) is applied for making the sample tight prior to
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the test. The electrical output of spun nanocomposite based nanogenerators is measured with the
aid of digital oscilloscope (GDS-2102A, Maker: GWInSTEK) under the different kind of external

load at ambient conditions.

7.3 RESULTS AND DISCSSION

7.3.1 Surface Morphological Study of P(VDF-TrFE) and TiO; Based Electrospun
Films

The morphology of P(VDF-TrFE) and P(VDF-TrFE)/TiO2 composite with changing TiO2 con-
centration is acquired using FESEM operated with magnification 7 kX and accelerating voltage
5 kV. The FESEM images for the fabricated mat are shown in Fig.[7.2l The TiO2 nanoparticles
with higher concentration in the P(VDF-TrFE) solution are accumulated as presented in FESEM
images. The average diameter values of SA-1, SA-2, SA-3, SA-4, and SA-5 mats are 196.925 nm,
108.82 nm, 158.825 nm, 114.12 nm, and 150.15 nm, respectively. The diameter (average value)
of nanocomposite mat reduce with the dispersion of TiOs nanoparticles due to the increment in
conductivity of the solution. The phenomenon could be elaborated by considering the working of
electrospinning technique. It works on the principle of Coulomb force (F=qE) which is exerted on
the charge (q) on the fluid surface due to the applied electric field (E) [106), 169]. In the presence
of an electric field of the same strength, a P(VDF-TrFE)/TiO2 nanocomposite jet undergoes a

stronger force than a P(VDF-TrFE) jet, resulting in reduced fiber diameter after TiOy loading.

7.3.2 Atomic Force Microscopy (AFM) Analysis

Fig.[7.3|depicts the AFM images of electrospun P(VDF-TrFE) and P(VDF-TrFE) /TiO2 nanocom-
posite mats. The root mean square roughness of pure P(VDF-TrFE) and P(VDF-TrFE)/TiOq
with changing TiOs content as 3, 5, 8, and 11 wt.% is calculated as 124.6, 234.5, 377.1, 539.8 and
518.2 nm. The surface roughness of P(VDF-TrFE)/TiO2 nanocomposite films increased as against
P(VDF-TrFE) due to the interaction of TiOy nanofillers in the P(VDF-TrFE) film. As surface
roughness increases, more effective areas are available for charges to reside. This causes rise in the
surface charge density of the P(VDF-TrFE) surface upon contact with other materials. Thus, the

P(VDF-TrFE)/TiO2 nanocomposite samples with rough surfaces are expected to exhibit greater
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Fig. 7.2: FESEM images with fiber diameter distribution of the synthesized mats (a) P(VDF-
TrFE) (b) P(VDF-TrFE)/TiO2 nanocomposites with varying TiO2 concentrations.
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Fig. 7.3: AFM analysis of (a,e,i,m,q) height image, (b,f,j,n,r) 3D view of height image, (c,g.k,0,s)
amplitude image, and (d,h,],p,t) phase image of SA-1, SA-2, SA-3, SA-4, and SA-5.

triboelectrification than pristine P(VDF-TrFE) fiber [170].

7.3.3 XRD Analysis

XRD test has been conducted on five electrospun nanocomposite mats to confirm electroactive 3
phase crystal structure formation and presence of TiO2 in P(VDF-TrFE) as shown in Fig.. In
crystalline materials, diffraction occurs due to the interaction between X-rays and their periodically
aligned atoms. Three parameters characterize a diffraction peak: peak intensity, peak position,
and peak profile shape. The characteristic peak at 20 = 19.89° with miller indices (200) and (110)

belongs to the electroactive 3 phase of P(VDF-TrFE) matrix [I71]. This shows that P(VDF-TrFE)
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nanofibers have a dominant ferroelectric phase. Diffraction peaks occurred at 20 = 27.4°, 36°, 44.1°
and 56.5° represent miller indices of (110), (200), (211), and (220) respectively, which corresponds
to rutile phase of TiOy nanoparticles [I72]. Moreover, the intensity of the § phase of P(VDF-
TrFE) increases first and then decreases with an increment in TiO2 content. This effect could be
attributed to molecular interaction between the polymer matrix and TiO9 particles. Reduction in
B phase peak intensity was observed when TiOs content reached 11 wt.%. This behavior could be
due to the agglomeration effect due to excessive TiO9 loading. These findings are direct evidence
of the presence of TiOg in the P(VDF-TrFE) mats. It is observed that the phase of P(VDF-TrFE)

matrix is not altered with the addition of TiOs.

7.3.4 FTIR Analysis

FT-IR spectra of nanocomposite mats have been carried out to further confirm regarding exis-
tence of electroactive (3 phase, which is essential for piezoelectric behavior. Most of the IR vibra-
tions of P(VDF-TrFE) most frequently observed in the range of 600 to 1500 cm~! as presented in
Fig.. Absorption peaks occurred at 841, 881, 1177, 1285, and 1400 cm ™! belongs to B phase of
P(VDF-TrFE)/TiO2 composite membranes. Different vibrational modes present in P(VDF-TrFE)
lead to specific absorption spectra. The characteristic peaks at 841, 1285, and 1400 cm ™! appeared
due to CHs rocking and CFy anti-symmetric stretching, CFo anti-symmetric stretching and rock-
ing, and CHy wagging and bending, respectively [I73]. Moreover, the effect of TiO9 reinforcement
on the fraction of 3 phase content (F(f)) is studied using Gregorios relation [174]:

Iga

K
(%>) % Ir63 + Isan

F(B) = (7.1)

Here, Ig41 and I7g3 are absorption intensities for 3 and « phases respectively. Kgs41 and Krgs are
absorption coefficients having values 6.1x10* and 7.7x10* cm?mol™!, respectively. Fraction of
electroactive 3 phase content of 74, 78, 81, 87 and 83% is obtained for samples SA-1, SA-2, SA-3,
SA-4, and SA-5, respectively. F() value initially increases up to 8 wt.% of TiOg loading and then
decreases (Fig.). Sample SA-4 shows maximum (3 phase content, which is 9% more than that of
P(VDF-TrFE) nanofiber mat. The 3 phase increment can be attributed to reduced fiber diameter

and interaction between dipole and surface charge [I72]. TiO; reinforcement has a positive impact

TH-3221 176103016
130



RESULTS AND DISCSSION

on the electroactive  phase fraction. However, particle aggregation and networking reduced the

value at higher loading.

7.3.5 Thermo-gravimetric Analysis (TGA)

Effect of TiO, fillers on thermal stability of P(VDF-TrFE) and its composite has been studied
using TGA test as depicted in Fig.[7.4d. This test is performed over a temperature range of 30-700°C
with a heating rate of 10°C/min, gas pressure of 2 bar and gas flow rate of 19.8 ml/min in nitrogen
atmosphere. Temperature corresponding to 5% loss of its original mass is called the onset of thermal
degradation temperature (T;). The thermal degradation of electrospun mats primarily occurred in
two stages in the measured temperature range. Thermal decomposition of P(VDF-TRFE) nanofiber
mat is observed at 452°C. 83% of the P(VDF-TrFE) mass is lost at a temperature of about 503°C.
The values of T4 shows a reduction upon increasing TiOs reinforcement. This behavior indicates
reduced thermal stability of electrospun nanocomposites as compared to P(VDF-TrFE) mat. As
TiO4 is thermally stable and does not decompose below 600°C [175]. The probable cause behind
the reduction in thermal stability of electrospun nanocomposites is attributed to existence of metal
oxide catalyzed oxidative decomposition pathways in the nanocomposite [176], 177]. This results
in thermal degradation of an organic structure due to the thermal catalytic effect of TiOo [I78].
However, the addition of TiO2 nanoparticles enhanced residual mass (m,) values. Sample SA-4
shows the maximum amount of residual mass among all the samples. This increment in m, values
is ascribed to a reaction between Ti ion chelating ligands and fluoride synthesis during backbone
homolysis in the P(VDF-TrFE) decomposition, which may produce new, difficult-to-decompose
products [161]. The values of Ty and m, for electrospun composite samples are enlisted in Table

[(.2)

7.3.6 Mechanical Characterization

A piezoelectric material must have excellent mechanical properties if it is to be employed in energy
scavenging and self-powering devices [120]. The uniaxial stress-strain plots of P(VDF-TrFE) and
P(VDF-TrFE)/TiO2 nanocomposites are presented in Fig.[7.5] Elastic modulus, breaking strain,

and tensile strength of electrospun mats are calculated using tensile testing on UTM instrument.
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Fig. 7.4: XRD pattern of (a) nanofiber composite samples, (b) FTIR plot, (c) variation in 3 phase
fraction content, and (d) TGA curve for the synthesized composite mats with TiOg loading.
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Table 7.2: TGA parameters for electrospun P(VDF-TrFE) and its nanocomposites.

Sample no. Tq (°C) m, (%)

SA-1 452.27 8.16
SA-2 411.31 32.26
SA-3 403.94 32.32
SA-4 400.75 35.35
SA-5 370.56 31.24

The samples for the test are prepared as per ASTM standard D882-12. Each mat is tested five
times. The length and width of the prospective test sample is 55 mm and 12 mm respectively. An
electrospun mat sample is fixed in upper and lower jaw of the instrument using sand paper. The
stress versus strain test has been performed at room temperature condition using a fixed cross-head
speed of 5 mm/min. Tensile stress and strain are recorded till the test samples are fractured. TiO,
loading is effective in enhancing tensile strength and elastic modulus of electrospun nanocomposite
mats. The tensile strength values are increased up to 8 wt.% of TiOs addition, but decreased
beyond 8 wt.% of loading. TiOz nanoparticles behave as cross-link in between P(VDF-TrFE)
chains and provide enhanced localized strength causing retardation of crack or cavity growth.
This increases load bearing capacity of nanocomposites. When TiO2 reaches a critical loading
value, tensile strength reduces due to particle agglomeration. Nanocomposites with agglomerated
particles would likely experience stress concentration due to defect generation. This results in a
reduction of tensile strength [179]. Sample SA-4 showed maximum tensile strength (19.3+£1.6 MPa)
whereas SA-5 showed maximum elastic modulus (30.9£1.7 MPa). Reduction in breaking strain in
nanocomposite mats is observed on increment in TiOs loading quantity. The values of tensile

strength, elastic modulus and breaking strain for the fabricated films are listed in Table

7.3.7 Dynamic Mechanical Analysis (DMA)

DMA test has been performed to examine the viscoelastic behaviour of the electrospun mats and

compare the stiffness and deformation resistance of the nanofiber mats and composite membranes.
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Fig. 7.5: Tensile testing of (a) fabricated nanofiber composite, (b) variation in elastic modulus,
tensile strength, and strain.

Table 7.3: Tensile strength, elastic modulus, and breaking strain of spun mats at varying nanofiller
concentration.

Samples  Tensile strength (MPa)  Elastic modulus (MPa)  Breaking strain (%)

SA-1 11.6+0.5 8.24+0.5 130.8+1.9
SA-2 13.4+1.2 11.240.6 107.1£2.1
SA-3 16.6£1.5 18.8+0.6 92+2.9
SA-4 19.3+1.6 26£0.9 70.3+4
SA-5 15.9£1.8 30.9+1.7 592.7£3.9

In this analysis, the role of TiOs reinforcement on damping factor and storage modulus of the
electrospun membranes is analysed under tensile mode. The rectangular test samples are prepared
with 25 mm length and 10 mm width, while the gauge length is 18 mm. The specimen is fixed
in between lower and upper jaw of the instrument with a preload of 0.1 N. Fig.[7.6] represents the
DMA test curves for samples SA-1, SA-2, SA-3, SA-4, and SA-5. Nanocomposite membranes dis-
play higher storage modulus as compared to pure P(VDF-TrFE) in the temperature range of -70°C
to 70°C, demonstrating its improved capability to withstand tensile stress. Storage modulus values
enhance steadily with the increasing TiOg concentration (Fig.[7.6p). This could be attributed to
thorough dispersion and strong interaction of the nanofillers with the P(VDF-TrFE) matrix. The

loss factor (tand) of the electrospun membranes is presented in Fig.. The damping factor values
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Fig. 7.6: DMA testing of electrospun fiber membranes for (a) storage modulus, (b) loss factor
(tan) with varying TiOs.

continuously enhance with increasing TiOg nanofiller concentrations. As per Fig.[7.0b, the peak
observed at about -43°C represents the glass transition temperature (Ty) of P(VDF-TrFE). The
T, for electrospun nanocomposites enhance with TiO2 content, which could be due to excellent in-
teraction between nanocomposite membranes, decreasing the cooperative motion of P(VDF-TrFE)

chains [162} 163].

7.3.8 Working Principle of Hybrid Nanogenerator

The schematic figure and working principle of hybrid nanogenerator is shown in Fig.[7.7] The
piezoelectric output of the PENG depends on the amount of stress applied while the TENG output
rely on the contact velocity and gap. Initially, air gap is maintained between the two nanogener-
ators (Fig., which is used as separation gap for the triboelectric nanogenerator. Due to the
contact and detachment process, both the nanogenerators create output charges that superim-
pose on each other, thereby increasing power output of hybrid nanogenerator. It is presented in
Fig.[7.7} that there are no charges generated when the PENG and the TENG are separated. When
the external load is subjected on the hybrid nanogenerator using finger tapping, a deformation of
P(VDF-TrFE)/TiO; mat causes piezoelectric charge generation as depicted in Fig.[7.7}i. At the
same instant, equivalent charges are induced on the bottom electrode of piezo active layer and
the upper surface of PDMS layer. The charges on bottom electrode of P(VDF-TrFE) and bot-

tom surface of P(VDF-TrFE) are similar as this electrode serves as a contact to accumulate the
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Fig. 7.7: (i) Schematic and (ii) working mechanism of the hybrid nanogenerator and distribution
of charges on PENG and TENG.

charges generated on P(VDF-TrFE) mat. The bottom electrode of piezo layer and PDMS forms
triboelectric nanogenerator in which negative charges are generated on PDMS layer. Thus, the
piezoelectric current flows from the top electrode to bottom electrode of piezoelectric film while the
triboelectric current flows from bottom electrode of PDMS to bottom electrode of P(VDF-TrFE)
film. The overall charges increases when both the TENG and PENG are combined under paral-
lel combination. As soon as the load is relieved, the hybrid nanogenerator returns to its original
position, and in that case P(VDF-TrFE)/TiO2 undergoes compressive strain, generating opposite
charges compared to the load/stress process. Additionally, the neutralization of the triboelectric
charges takes place, resulting the current flow in opposite direction of voltage generation. Due
to the fact that piezoelectric NG and triboelectric NG are connected in parallel arrangement, the

overall charges also increase in the opposite direction.

7.3.9 Piezoelectric Performance of Nanogenerators

The comparison of the piezoelectric performance of PENG, TENG, and HNG using P(VDF-
TrFE)/TiO2 membranes in varied loading conditions is presented (Fig.|7.8). The piezoelectric
outputs for the PENGs are illustrated in Fig. for the P(VDF-TrFE) nanofiber and composite

membranes with varying TiOy (0%, 3%, 5%, 8%, 11%) weight percentage. The nanogenerators
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are continuously applied stress through the finger tapping. The output voltage is obtained for the
P(VDF-TrFE) based nanogenerator is 4V. To obtain more piezoelectric output, TiOg integrated
P(VDF-TrFE) mat based PENG has been designed and its output voltage is measured as shown
in Fig.[7.8h. The electrical voltage for P(VDF-TrFE)/TiO, are 6.16 V. 7.32 V, 12.2 V, and 10.2
V for SA-2, SA-3, SA-4, and SA-5, respectively. The piezoelectric output of P(VDF-TrFE)/TiO,
composite film based nanogenerator increases gradually with the increase in TiO9 content. The
greater piezoelectric output is generated by the SA-4 film based nanogenerator, which is 3 times that
of pure P(VDF-TrFE) film based nanogenerator. It has been observed in Fig. that the voltage is
enhanced till the 8 wt.% and then starts reducing with further increment in weight percentage. The
decline in piezoelectric performance above 8 wt.% TiOg could be attributed to TiOs agglomeration
in the P(VDF-TrFE) matrix, which can be observed in the FESEM images given in Fig. The
improvement in the output voltage of nanogenerators after the inclusion of TiOs in the flexible
matrix can be due to increase in fraction of electroactive 3 phase content of P(VDF-TrFE). The
above mentioned results are also in line with the available literature in which the piezoelectric
performance is enhanced with the incorporation of nanofillers [106) 180} 181]. To further enhance
the energy harvesting capability from biomechanical to electrical energy, the hybrid nanogenerators
are fabricated, which is comprised of both piezoelectric and triboelectric effects. For this, fabricated
electrospun mats are coupled with PDMS film in the contact separation mode as shown in Fig.[7.7].
As can be seen in Fig.[7.7}, the HNG is a amalgamation of two different nanogenerators, the
top and bottom layer generates triboelectric output whereas upper layer gives piezoelectric output.
Piezoelectric and triboelectric outputs are separately measured before measuring the hybrid output
of the nanogenerator. The electrical voltage of PENG, TENG, and HNG are given in Table [7.4
The triboelectric output voltage for SA-1, SA-2, SA-3, SA-4, and SA-5 with PDMS layer are
measured 10 V, 13 V, 16.8 V, 19.6 V, and 17.6 V, respectively (Fig.). Piezoelectric output
shows the same pattern as triboelectric output. Then output response for the hybrid nanogenerator
is measured. The hybrid nanogenerator is subjected to fingertip, impact load using hammer, and
their piezoelectric outputs are recorded with the help of digital oscilloscope (DSO). The output

voltages obtained under finger tapping load conditions are 15.8 V, 20.2 V, 23.8 V, 35.2 V, and 30.2
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V (Fig.[7.8¢). Whereas the output voltage of HNG is 26.4 V, 29.6 V, 34.8 V, 52 V, and 41.5 V
under hammer tapping (Fig.[7.8d). The maximum piezoelectric voltage generated for the PENG,
TENG, and HNG to be 12.2 V, 19.6 V, and 52 V for the synthesized electrospun membranes
P(VDF-TrFE)/TiO2 (SA-4). The electrical current is obtained for PENG, TENG, and HNG based
on manufactured mat SA-4 subjected to fingertip is found to be 1.8 pA, 2.88 puA, and 5.36 pA
across the 10 MQ resistors as presented in Fig.[7.8e. The improvement in the device performance
is due to the strong interfacial interaction in between the flexible P(VDF-TrFE) matrix and TiOg
nanoparticles. The electrical voltage for SA-4 based HNG is almost 2 times greater than HNG
made from pure P(VDF-TrFE). The same enhancement is recorded for the SA-4 based PENG and
TENG. Although, it is noted that SA-5 mat has less piezoelectric performance than SA-4 and more
than others. The output voltage performance comparison for PENG, TENG and HNG is depicted
in Fig.[7.8f. Piezoelectric output decreased due to agglomeration, which could have occurred with
higher TiOy loadings. The results of this study are compared with previously reported PVDF-
MoS2 nanocomposite based mechanical energy harvesters in Table It is evident from the below
table that the P(VDF-TrFE) based nanogenerator demonstrated a better response as compared to
other mechanical energy harvesters studied. These devices are placed at the elbow, wrist, and knee,

and they detect the movement of the body parts. Therefore, it can be incorporated as a wearable

device.
Table 7.4: Piezoelectric output of fabricated mat based device .
Samples PENG device TENG device HNG device HNG device
subjected to fingertip hammer loading
SA-1 4V 10V 15.8 V 264V
SA-2 6.16 V 13V 202V 296 V
SA-3 732V 16.8 V 23.8V 348V
SA-4 122V 19.6 V 352V 52V
SA-5 10.2 'V 17.6 V 302V 415V
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Table 7.5: Comparison of nanogenerator’s performance for P(VDF-TrFE)/TiO3 based mechanical
energy harvesters with the existing HNGs in the literatures.

Device Voltage (V)  Current (pA) Fabrication Reference
structure method
PVDF /TiO2 5.45 - Solution casting [163]
PVDF/TiO2 20 0.176 Electrospinning [172]
PVDF /MoSs 50 0.03 Electrospinning [121]
P(VDF-TrFE)- 25 - Electrospinning [122]
PDMS/MWCNTSs
PVDF/PET 34.6 6.6 Commercially [123]
MoS2-PVDF /PDMS 35 20.8 Drop casting [182]
P(VDF-TrFE)-TiOq 52 5.36 Electrospinning Present work
/PDMS

7.4 SUMMARY

The piezo-triboelectric hybrid nanogenerator has been developed for energy harvesting from
waste biomechanical energy and convert it into the electrical energy. The high performance self-
poled hybrid nanogenerators (HNGs) are fabricated successfully using the combination of P(VDF-
TrFE), P(VDF-TrFE)/TiO2, and PDMS mats. The testing and measurements of electrospun
nanocomposite mats have been successfully conducted using the FESEM, AFM, XRD, FTIR,
UTM (tensile testing), TGA, and DMA. In a comparison of the HNG’s output voltage and current
performance with its individual piezoelectric and triboelectric components, an increment in the
output performance is observed. This might be the result of a synergistic effect of piezoelectricity
and triboelectricity. The piezoelectric performance of TiO2 added P(VDF-TrFE) composite film
is initially compared to pristine P(VDF-TrFE), and optimum doping level of TiOs is obtained for
the greater piezoelectric performance to be employed as a energy harvesting applications. The
piezoelectric NG with optimum doping level of TiOs exhibits maximum output voltage and current
under finger tapping. The hybrid nanogenerator containing P(VDF-TrFE)/TiO2 with PDMS film

generates higher electrical voltage as compared to the pure P(VDF-TrFE) and PDMS based HNG.
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The results state that the incorporation of TiO3 in the flexible P(VDF-TrFE) matrix promote the
polar 3 phase content and the piezoelectric properties, which enhance the overall performance of
the P(VDF-TrFE). The nanofiller dispersion enhance the surface roughness value, which increase
the contact surface area and increasing the device’s triboelectric output. Hybrid nanogenerators
are significantly more efficient due to the combination of these factors. Further, the HNG is used to
power the electronic component such as LED bulb by a finger tapping. The use of such a simpler,
cost-effective process for developing HNG opens up a world of possibilities for self-powered sensors,
wearable device and energy harvesting applications. The following major outputs are drawn from

the study of hybrid nanogenerator:

(i) Electrospun composite mat with varying average diameter is observed from 196 nm to 108

nm, which is desirable for increasing the sensing capability of the sensor device.

(ii) The mechanical strength is also one of the factor for the device, which is to be used as energy
harvester. Here, the tensile strength of the mats are increased from 11.6 MPa to 19.3 MPa,

which is incorporated as a active layer in the device.

(iii) The designed hybrid nanogenerator produced voltage and current, and piezoelectric peak

power of 52 V and 5.36 pA.

(iv) The piezoelectric output of hybrid nanogenerator is almost 2 times more as compared to HNG
made from P(VDF-TrFE) fiber, and the enhancement in the performance is acredited to the

combined effect of piezoelectric and triboelectric effect.
(v) The varying TiO4 content significantly effect the piezoelectric output of hybrid nanogenerator.

(vi) HNG can be deployed to display real-time application for body movement detection and

biomechanical energy harvesting to light up an LED bulb.
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Conclusions

8.1 CHAPTERWISE SYNOPTIC CONCLUSIONS FROM THE PRESENT
WORK

The major outcomes of this research work and the scope for future research are summarized in

this section. The major conclusions are encapsulated below.

1. P(VDF-TrFE)/ZnO nanocomposite mats are fabricated using electrospinning method by con-
sidering the effect of ZnO nanofiller concentration in terms of 18% wt./vol. and 18 wt.%.
Further, the nanofiber mats are characterized using various techniques and investigated under

the different load. The experimental studies have led to the following inferences:

(i) Higher content of ZnO nanoparticles on the nanofiber mat result in agglomeration, which
reduced surface area to volume ratio causes to reduce the efficiency of energy harvesting

device.

(ii) The fraction of f phase and roughness increased with the dispersion of nanoparticles as

confirmed from the FTIR and AFM test.

(iii) The viscosity, dynamic moduli of the solution are substantially enhanced with the in-

clusion of ZnO nanopowder while damping factor is reduced.

(iv) ZnO with higher concentration significantly affect the fiber diameter, § phase crystalline
structure, stress, strain, Young’s modulus, and the piezoelectric output of the PENG

device.

(v) The findings of this study indicated that the film fabricated using the nanofiller concen-

tration relative to the polymer is more suited for energy harvesting applications.
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(vi) The piezoelectric nanogenerator under softly tapping generates more power output as

compared to pressing and bending.

2. The defect free P(VDF-TrFE)/ZnO nanocomposite membranes as self powered sensor are
designed for the enrgy harvesting applications. The different characterization test is used for
the spun fiber mat. The influence of operational paraeter on the piezoelectric performance of

the nanofiber mat is studied in detail. The following conclusions are drawn:

(i) The results reveal that the nanofiber composite is formed defect-free at specific electro-

spinning conditions.

(ii) The B crystalline phase, specific surface area, rheological properties and dynamic mod-

ulus are significantly improved after the addition of nanofiller.

(iii) It has been observed that voltage output increased with the increment of ZnO weight

percentage up to 10 and then decreases.

(iv) The ANOVA study of basic electrospinning process parameters reveal that all three
parameters, namely voltage, flow rate, and ZnO concentration are having percentage

contributions of 1.45%, 4.36%, and 94.03%, respectively, on piezoelectric output.

(v) The optimized parameters that provide the best piezoelectric effect are 18 kV aplied
voltage, 16 ul/min, and 9 wt.% of ZnO, which offers the best piezoelectric output of

2.62 V.

(vi) A maximum error of 8.28% is observed between predicted (calculated from regression
equation) and experimental piezoelectric output values, which confirm the effectiveness

of the DOE model.

(vii) The piezoelectric voltage and current of the piezoelectric nanogenerator device based
on fiber composite is found 2.52 V and 20.8 uA whereas 1.04 V and 12.8 pA for the

pristine P(VDF-TrFE) nanofiber under finger tapping conditions.

(viii) Under finger tapping load condition, the piezoelectric performance of the PENG is

superior to that of bending.
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3. Electrospun functionally graded PVDF/BaTiOs based flexible nanogenerators are prepared
for the enhancement of piezoelectric performance. BaTiO3 concentration increases from bot-
tom to top. The piezoelectric output of PENGs device is validated using Comsol Multiphysics
software. The effect of number of layer on the piezoelectric output of the functionally graded
mat is investigated comprehensively. The experimental and simulation result leads to the

following inferences:

(i) Pure PVDF has low output while multi-layered film based nanogenerators with high

concentration of BaTiO3 give more output.

(i) The PENG devices were subjected to palm tapping, wrist tapping, and elbow hitting
to extract energy. The PENG generated peak to peak voltage of 8.22 V, current of 3.36

uA, and instantaneous power of 0.14 mW /cm?.

(iii) Compared to monolayer films, functionally graded films exhibit greater piezoelectric

performance as the number of nanofiber layers increases.

(iv) The nanocomposite fabricated with PVDF (12 wt.%)/BaTiO3(8 wt.%) showed less piezo-

electric performance as compared to other samples.

(v) The piezoelectric output of PENGs device is validated using Comsol Multiphysics soft-

ware and well matched with the experimental results.

(vi) The maximum error of 6.89% is observed between the experimental piezoelectric output
values and simulation result (using Comsol Multiphysics software), which confirm the

effectiveness of the study.

4. Self powered hybrid flexible P(VDF-TrFE)/ZnO/TiO2 fiber mats as nanogenerator is fabri-
cated for the wearable applications. The three phase nanocomposite mats are fabricated with
varying the TiOs contents. The influence of TiOy concentration on the various properties
including microstructural, modulus, and piezoelectric output of the hybrid composite mat is

investigated thoroughly. The following results are listed below:
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(i) The designed piezoelectric device generated current, voltage, and piezoelectric peak

power of 4.16 nA, 23 V, and 95.68 uW, respectively.

(ii) The piezoelectric output of hybrid composite mats is almost 3.6 times greater than
PENG made from P(VDF-TrFE) fiber, and the increment in the performance is due to

the synergistic effect of ZnO and TiOg in the P(VDF-TrFE) polymer matrix.

(iii) The ZnO and TiO2 nanoparticles content significantly effect the fraction of 3 phase,

viscoelastic property and piezoelectric output.

(iv) PENG is used to display real-time demonstrations of body movement detection and

biomechanical energy harvesting to power an LED bulb.

5. High performance flexible P(VDF-TrFE)-TiOy/PDMS based piezo-triboelectric hybrid nano-
generator is prepared to detect the human body activity. The different hybrid nanogenerators
are made using the fabricated spun mats for in-depth analysis of the piezoelectric output. The
influence of various parameters on piezoelectric performance is investigated in detail. The

following major outputs are drawn from the experimental study of the hybrid nanogenerator:

(i) Electrospun composite mat with varying average diameter is observed from 196 nm to

108 nm, which is desirable for increasing the sensing capability of the sensor device.

(ii) The mechanical strength is also one of the factor for the device, which is to be used as
energy harvester. Here, the tensile strength of the mats are increased from 11.6 MPa to

19.3 MPa, which is incorporated as a active layer in the device.

(iii) The designed hybrid nanogenerator produced voltage and current, and piezoelectric

peak power of 52 V and 5.36 uA.

(iv) The piezoelectric output of hybrid nanogenerator is almost 2 times more as compared
to HNG made from P(VDF-TrFE) fiber, and the enhancement in the performance is

acredited to the combined effect of piezoelectric and triboelectric effect.

(v) The varying TiO2 content significantly effect the piezoelectric output of hybrid nano-

generator.
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(vi) HNG can be deployed to display real-time application for body movement detection and

biomechanical energy harvesting to light up an LED bulb.

8.2 CONTRIBUTION OF PRESENT THESIS

The salient contributions of the present thesis to overcome the hindering issues related to
the electrospun composites as sensor applications are of significant engineering interest. Ex-
perimental and simulation study of spun composite films has faced hindrances due to their
affecting parameters such as solution, electrospinning, and ambient parameters, controlling
fiber’s diameter, surface morphology complexity, design of sensor device, etc. The significant

and novel contributions of the thesis are as follows:

1. The response of the sensor device depends on the thickness, effective area, electroactive
phase, piezoelectric property, etc. Therefore, the fabrication of sensor devices predom-
inantly depends on the sensor type, material selection, substrate, fabrication technique,
electrode design, encapsulation, testing, and experimental cost. The choice should be
made within performance, applicability, and experimental cost constraints. The current

work has contributed to these domains..

2. The present work employed electrospinning technique to synthesize composite mats with
enhanced sensing capability. These techniques have provided better control over the surface

morphology of nanofiber membranes, resulting in increased sensor performance.

3. The present work demonstrates the potential of electrospun nanocomposites to have greater
sensing characteristics than conventional sensors. The composite materials show improved
sensitivity, selectivity, and response time, making them suitable for different sensing ap-

plications.

4. The present work explores the incorporation of different reinforcing nanofiller into the elec-
trospun composites, expanding the range of sensor performance. The various reinforcing

component widens the potential applications of the sensors.
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5. It is noteworthy that the synthesized composite is very efficient as a biomechanical sen-
sor for detecting the various activity of human beings. This thesis provides benchmark

piezoelectric output for the hybrid nanocomposite-based sensor.

6. The electrospun functionally graded structures have been fabricated as an active layer in
the sensor, which enhances the piezoelectric performance compared to the single-layered

composite film.

7. The set of experiments has been conducted to optimize the electrospinning parameters to
obtain better performance in the given constraints as per the statistical design of experi-
ments. A lower to higher quantity of nanofiller has been added to the nanofiber, and their

content is optimized using the same approach.

8. The electrospinning method has been employed to synthesize, which substantially reduces

the cost of sensor device.

9. The present study can form the basis for the biomechanical energy harvester and develop-

ment of self-powered wearable electrical systems and devices.

10. The set of experiments has been conducted to optimize the electrospinning parameters to
obtain better performance in the given constraints as per the statistical design of experi-
ments. A lower to higher quantity of nanofiller has been added to the nanofiber, and their

content is optimized using the same approach.

8.3 FUTURE SCOPE OF WORK

The electrospun piezoelectric fiber composite membranes have been used as a self-powered
sensor, wearable device, and energy harvesters can be extended on the following aspects for

the future studies:

1. As the nanofiber diameter plays significant role in effective sensing and actuation. The
influence of average diameter of electrospun mats need to be addressed through the devel-

opment of model. This can be employed for accurate predictions of sensor characteristics.
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2. Sensing applications rely heavily on the physical connection between piezo active layer
and electrode materials. The effect of increasing the surface contact between them at the

microscopic level need to be addressed through the mathematical model.

3. The electromechanical properties are not available in the open literature for further analy-
sis. In order to carry out the further numerical and simulation work, these properties will

be required.

4. The mathematical model need to be developed to predict the characteristics of the elec-

trospun mats, which will help in experimental analysis.

5. Electrospun fiber mat based devices can be commercialized for temperature sensing and

energy harvesting device.

6. The present electrospun mat can be extended to the surface acoustic wave (SAW) device
to measure the physical quantities such as temperature, pressure, and humidity. As, it is

used in industrial and environmental monitoring.

7. An approach to fabricating a sensor device based on bio-waste materials can be imple-

mented using the present fabrication approach.
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Appendix A

A.1 MATERIAL PROPERTY OF PVDF

Finite element method (FEM) based simulation of sensor device using Comsol Multiphysics has
been carried out to analyze its solid mechanics and induced piezo potential. For this, the material
property is required to study the piezoelectric performance of the sensor device. The material
properties are as follows:

Density = 1780 kg/m?

Relative permittivity

74 0 0
=10 74 0 (A1)
0 0 74

Elastic matrix (Pa)

38¢4+09 1.9¢+09 09¢+09 0 0 0 |
1.9e+09 3.8¢4+09 09¢+09 0 0 0
0.9¢4+09 09e+09 12e+09 0 0 0
[C] = (A.2)
0 0 0 Te4+08 0 0
0 0 0 0  9+08 0
0 0 0 0 0 9e+08]
Coupling coefficient matrix (C/N)
0 0 0 000
[d] = 0 0 0 000 (A.3)

1.358e — 11 1.476e —12 —3.38¢—11 0 0 O
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MATERIAL PROPERTY OF BaTiO3

Compliance matrix (1/Pa)

[ 3781 — 10  —1.482¢ — 10 —1.724¢ — 10 0 0 0 |
_1.482¢ —10 3.78le—10 —1.724e — 10 0 0 0
o _1.724¢ — 10 —1.724¢ — 10  3.781e — 10 0 0 0
0 0 0 3.781¢ — 10 0 0
0 0 0 0 3.781e — 10 0

0 0 0 0 0 3.781¢ — 10

(A4)

A.2 MATERIAL PROPERTY OF BaTiO;

The BaTiO3 nanoparticles are incorporated to fabricate the piezoelectric sensor device. The
material properties are required to study for the simulation using the FEM-based software. The
material constants are given as:

Density = 6020 kg/m?

Relative permittivity

1976.8 0 0
e=| 0 19768 0 (A.5)
0 0 111.7
Elastic matrix (Pa)
_2.751216 + 11 1.78967e 4+ 11 1.51555e + 11 0 0 0 ]
1.78967¢ + 11 2.75121e+ 11 1.515556e + 11 0 0 0
] 1.51555e + 11 1.51555e + 11  1.6486e + 11 0 0 0
0 0 0 5.43478e + 10 0 0
0 0 0 0 5.43478e 4+ 10 0
i 0 0 0 0 0 1.13122e + 11
(A.6)
Coupling coefficient matrix (C/m?)
0 0 0 0 21.3043 0
[d] = 0 0 0 213043 0 0O (A7)
—2.69289 —2.69289 3.65468 0 0 0
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MATERIAL PROPERTY OF BaTiO3

Compliance matrix (1/Pa)

[ 8.05¢—12 —2.35¢—12 —5.24e — 12 0 0 0 |
—235e—12 8.05¢e—12 —5.24e—12 0 0 0
524 —12 —524e—12 157 — 11 0 0 0
[C]= (A.8)
0 0 0 1.84¢ — 11 0 0
0 0 0 0 1.84e — 11 0
0 0 0 0 0 8.84¢ — 12
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