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ABSTRACT

Piezoelectric nanogenerators (PENGSs) have gained attention as sustainable energy harvesters
for wearable electronics and loT systems by converting ambient mechanical energy into
electricity. This study demonstrates a high-performance flexible PENG based on
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) nanocomposite films loaded
with graphitic carbon nitride (g-CsN.) nanofillers at varying concentrations (0, 1, 3, and 5 wt%).
Structural analyses via X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM) validated the homogeneous dispersion of g-
CsNa within the polymer matrix and its role in enhancing the electroactive [3-phase content.
When subjected to mechanical excitation via electrodynamic shaker testing, the 5 wt% g-
CsN4«/PVDF-HFP composite achieved optimal electrical outputs, generating an open-circuit
voltage of 21.2 V and a short-circuit current of 14.24 pA—a marked improvement over pristine
PVDF-HFP films. The performance enhancement correlates with the filler-induced
polarization and crystalline phase modification in the polymer. These findings underscore the
viability of g-CsNa-reinforced PVDF-HFP nanocomposites as efficient, flexible energy

harvesters for self-powered wearable technologies.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES

1.1 INTRODUCTION

Advancement in technology demands for introduction of sustainable and efficient energy
sources for the human consumption. This will not just reduce the dependence on the insufficient
fossil fuels but will also solve the environmental crisis. The advancement in the integrated
circuits in the recent times have shown the miniaturization of electronic devices which are
becoming more portable, wearable and even used as implants.The dependence of electronic
devices on batters is a well known fact and the life of these batteries is believed to be very short
for consumption. This limits the use of batteries in long term use of electronic devices proning
the device to frequent replacement of these energy sources.e batteries. Furthermore, the
byproduct of these batteries' consumption has resulted in widespread environmental
contamination. Portable energy storage technologies are the most well-known substitute for
these sources. There was growing desire for sustainable, maintenance-free power options that
would lessen reliance on traditional batteries. Energy collection from a variety of sustainable
sources was investigated in order to meet these demands. Among these, mechanical energy is
the best source for energy harvesting because of its accessibility. In 2006, this prompted
researchers to develop a novel energy harvesting device called nanogenerators. But, these
nanogenerators were initially were temperature, and catalyst dependent which made them less
of preference to be utilised further for future use. Since their creation, piezoelectric
nanogenerators have garnered a lot of interest due to their ability to use piezoelectric
nanomaterials to transform minute amounts of ambient irregular kinetic energy into electrical

power. Real-time LED illumination is one of the PENGs' real-time applications. The main




emphasis was put on the enhancement of the output performance of the PENG which was done
my works done on material selection, innovative device design and structural integration. On
the other hand the other type of nanogenerator which is the triboelectric nanogenerator (TENG)
which harnesses ambient mechanical motions as the source to generate electrical energy. The
TENG has a number of benefits over other energy harvesting technologies, including cost
effectiveness, light weight, and high power density, which contribute to the desired output. It
operates on the principles of triboelectrification and electrostatic induction. It has mainly four
modes of operation including contact separation mode, lateral sliding mode, single electrode

mode and free-standing triboelectric layer mode.[1]

In around 50 years, nanotechnology has grown to become the foundation for incredible
industrial applications and exponential growth [2]. Because of their special structure,
nanoparticles can have remarkably large surface areas. Nanostructures are very different from
their bulk counterparts in these aspects, and can exhibit exceptional optical, mechanical,
electrical, catalytic, and magnetic properties. The properties of nanomaterials can be precisely
tailored to meet particular needs by carefully controlling their size, shape, synthesis conditions,

and appropriate functionalization [3].
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OBJECTIVES

To synthesise Graphitic Carbon Nitride Powder using One step Pyrolysis method.
To optimize the nanofiller concentration of the polymer matrix.

Fabrication of the nanofilms with graphitic carbon nitride as the nanofiller with
varying weight percentage.

Fabrication of the Piezo-nanogenerator (PENG).

Measurement of the output performance of PENG.

Utilization of the piezoelectric nanogenerator as an electronic device power source.

Discussion of future aspects of the application of PENG.




1.2 LITERATURE REVIEW

1.2.1 Nanotechnology and Nanoparticles

In physical, chemical, and biological domains, nanotechnology encompasses the creation of
nanostructures, the use of nanocomposites, and the utilization of all experimental techniques at
atomic to submicron sizes. Examined here is a wide range of engineering physics, fabric
technology, and manufacturing. Similar to the effects of mobile and molecular biology,
semiconducting material technology, and statistical technology in the previous century, it has
an influence on our environment and economy in the present days. Our lives have advanced in
every way due to nanotechnology, which has transformed the way commercial issues in areas
such as feasible materials, nanocomposite manufacturing, electronics devices, medicine
supply, electricity and water, biotech, record-keeping methods, and national security have been
handled. Nanotechnology is a modern industrial revolution that will have a huge influence on
our economy and society[4]. Therefore, the creation of 2D materials is a topic that scientists

and researchers are more interested in exploring.

1.2.2 Nanoparticle Synthesis Techniques

Nanoparticles can be synthesized by different techniques. These methods can be used to create
dry particles as well as nanoparticles, which can be distributed in a liquid or gaseous media.
Nanostructures can be produced by beginning with atoms or by shrinking microparticles to

nanoparticle size[5].
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Figure 1.1: Different types of Nanopatrticle synthesis techniques.

1.2.2.1 One-Step Pyrolysis Process.

One step pyrolysis is a thermal decomposition method conducted in an inert environment,
commonly used for the synthesis of nanomaterials. In this technique , a precursor material is
subjected to high temperatures to decompose into smaller, stable nanostructures. The process
is straightforward and it is also one of the processes which is less complex and less time
consuming for material synthesis. The precursor such as urea is placed in the muffle furnace at
600° C — 700° C for around 3hrs and then the sample is cooled and a powder form of the

nanomaterial is obtained in the process.

The readily available precursors makes process economically viable, also the parameters like
temperature, heating rate and precursor concentration can be tuned to achieve desired sizes and
shapes of the material which is very important aspect keeping in mind the importance of
particle size in the nanomaterial synthesis. It is a highly efficient and versatile technique for
nanomaterial synthesis. Although it causes high energy costs and precision control but these

factors can be optimized going forward.




1.2.2.2 Hydrothermal Synthesis

The hydrothermal method is widely used to produce solids such as fluorides, ceramics,
complex oxides, microporous crystals, and superionic conducting materials.
Magnetic materials and luminescence phosphors are also produced with the help of it. Novel
condensed materials, such as stacking sequence material, are also accessible through it.
Additionally, the synthesis of thin films, helical and chiral structures, and nanoscale particles

is made possible.

"Hydrothermal synthesis" refers to the method of generating compounds by chemical reactions

in a heated, sealed solution that is heated above ambient temperature and pressure[6].

1.2.2.3 Sol-Gel

One method used to create solid materials using tiny molecules is the sol-gel process. The sol
(or solution) changes during this chemical process, becoming a biphasic system that resembles
a gel. There are two phases to this system: a liquid phase and a solid phase. The liquid phase
can have various morphologies, such as single particles or networks of linked polymers. Finely
ground and homogenous ceramic powders can be produced via precipitation. These single- and
multi-component powders at the nanoscale are produced for use in dentistry and

biomedicine[7].




1.2.3 Polyvinylidene Fluoride (PVDF) and its copolymer

Triboelectric polymers have recently attracted a lot of interest. These include polyvinylidene
fluoride (PVDF) and its copolymers, hexafluoropropylene (HFP), tri-fluoroethylene (TrFE),
bromotrifluoroethylene (BTFE), and chlorotrifluoroethylene (CTFE). TrFE has received the
most attention out of all of these[24].The property of PVDF-HFP of being more stable and
highly flexible is found to be very promising for it's use as negative tibo-electric layer in TENG
fabrication. The property of the PVDF-HFP to show high B phase content can be utilised. There
are three phases in the PVDF-HFP material: o, B, and y phases. Among these the [ phase

exhibits the highest piezoelectric coefficient, which makes,es it suitable to be used in PENGI8].

a, B, y, and o are the four distinct crystalline phases of PVDF-HFP polymer. Pressure, heat,
and an electrical field can all be used to interconvert these phases. Although the § and y phases
are polar phases, the a-phase is the most stable and non-polar phase in thermodynamics. Polar
PVDF is used to collect energy in electronics, sensors, actuators, and other devices.. The
phase is the most significant of all the crystalline phases because of its increased polarization
and piezoelectric sensitivity[9]. Owing to this characteristic, several attempts have been
undertaken to improve the B phase of PVDF-HFP’s thermal, mechanical, and chemical
characteristics[10]. PVDF-HFP has strong film-forming qualities that make it equivalent to
applications for nanogenerators. Nevertheless, pure PVDF-HFP produces very little electrical
energy in real-world applications. They so require certain procedures like poling and the
addition of filler materials, among others. The primary reasons we think about introducing
nanofiller materials are their many benefits, which include reduced costs, easier production,
and higher electrical output. A number of widely used nanofillers, such as ZnO and its different
nanostructures, graphitic carbon nitride, reduced graphene oxide, SnSSe, are utilized to modify

the symmetry of PVDF-HFP and enhance its triboelectric properties[11, 12].




1.2.4 2D Materials

Two-dimensional (2D) layered non-centrosymmetric materials have enormous promise for
electronic devices and nanoscale electromechanical systems. Since the discovery of graphene
in 2004, atomically thin 2D substances have attracted a lot of attention recently due to their
extraordinary and distinctive mechanical, optical, magnetic, and electric properties[18]. In
recent years, with great advances in synthesis techniques, more and more 2D materials beyond
graphene have been successfully produced. Among these, graphitic carbon nitride (g-C3N4)
has drawn a lot of interest. Because of their special properties, such as flexibility, transparency,
mechanical stability, and nontoxicity, two-dimensional materials are the greatest choices for

building energy harvesters like TENGs[13].

Several intriguing characteristics of 2D materials include their high surface to volume ratio,
stackable layers, ultra-thinness, transparency, and flexibility. There are several uses for 2D
materials in the areas of energy generation, energy storage, optoelectronics, sensors, detectors,

and electrochemical catalysis.

1.2.5 Graphitic Carbon Nitride Nanosheets

There is a class of polymeric materials, namely Carbon Nitrides which mainly consists of
carbon and nitrogen. They are utilized in many different applications, such as fillers for
nanoparticles in nanogenerators, and are mostly produced by carbon materials by substituting
nitrogen for the carbon atom. The C-N bond assembly in g-C3N4 is devoid of electron
localization in the & state. Graphitic Carbon Nitride is not only the most stable allotrope of
carbon but also has enhanced surface properties which makes is suitable for application in the

nanogenerators [14].




Figure 1.2 Structure of Graphitic Carbon Nitride.

1.2.6 Energy Harvesting

The limited supply of energy in today's world limits human and economic advancement.
Investigating clean and sustainable energy sources should be one of the main approaches to this
problem. Furthermore, carbon emissions from renewable energy sources, such as solar or
mechanical power, do not contribute to global warming or environmental degradation and only
very slightly do so. There's always more energy than we could ever need in the ecosystem, yet
it gets “wasted”’[15].Due of their ability to transform mechanical energy from the environment
into useable electrical energy, piezoelectric nanogenerators have garnered a lot of attention
lately. So far, a variety of Triboelectric materials have been studied, such as g-C3N4 , ZnO,

PZT, etc[16].




1.2.6.1 Nanogenerators

In the last few decades theuse of nanogenerators as a energy harvesting device has come into
effect. These nanogenerators are mainly classified as piezoelectric nanogenerators (PENG)
and triboelectric nanogenerator (TENG) which are used to harness Mbient mechanical

energy.

1.2.6.1.1 Piezoelectric Nanogenerators (PENGS)

The devices that use the piezoelectric effect to capture mechanical energy from the
environment are called piezoelectric nanogenerators (PENG).The prepared PENG undergoes
application of force on both sides to produce electrical output. The alternate cycles of
compression and relaxation results in the polarization of dipoles in the prepared film of the
nanogenerator, leading to charge build-up on both the electrodes, and when the forces is
released there is movement of charge in the reverse direction, resulting in an alternating electric

current.

The behaviour of the piezoelectric effect can be explained using the fundamental constitutive

equation,

0p=Cpqeq-expEx (1)
Di=eigeqtKikEx

Equation (1) illustrates coupled relationships where mechanical deformation and electric field
are closely interdependent. In this case, Ek stands for the electric field, Di for the electric
displacement vector, op for the stress tensor, Cpq for the elastic modulus tensor, gq for the

strain tensor, and ik for the dielectric tensor.. To analyse the coupled system, Gao et al.

10




employed a perturbation expansion approach, which led to a new concept of remnant

displacement Dri being proposed.

oR = - ODRi /oxi @)
YR =nDg;i
Dri=eip & (3)

The resulting body charge pR and surface charge X® in the piezoelectric structure are directly
influenced by the strain ¢ generated through external —mechanical force.
From this understanding, the working mechanism of PENGs can be described as follows:
The body charge that develops in the piezoelectric material will cause a voltage differential
between the electrodes when an external force is applied. This voltage differential will then
drive the flow of electrons, producing electrical output.
When the strain is evenly distributed throughout the piezoelectric layer, only surface charges
remain as a residual effect. In such cases, the PENG behaves similarly to a pre-charged

capacitor.

(b) Pressing

(a) Initial state

J
3PP GO

| (¢) Releasing I

++++++++tH bbbt

B e

PVDF-HFP nanocomposite film

- Aluminium electrode
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Fig. 1.3 Steps of Working mechanism of Piezoelectric Nanogenerator

1.2.6.1.2 Triboelectric Nanogenerators (TENGS)

The TENG primarily functions by linking the electrostatic induction and triboelectric effect.
Triboelectric nanogenerators as a new energy technology has different applications like
fundamental use as energy source in electronics devices. It features unparalleled advantages
over other developed existing technologies, including high power density, light weight, small

size, low cost, flexibility and even transparency [1]

Triboelectric effect occurs when a material becomes electrically charged when separated from
an another material which the material was previously on contact with. Contact electrification
and electrostatic induction are the two primary phenomena that are involved in the TENG's
operational procedures. One phenomenon involving contact electrification is the upcoming.In
contact of two materials or layers, whers either one material mechanically slides over the other
or one material comes in contact with the other. This process leads to the accumulation of

opposite charges on either layers.

Thus, the intrinsic characteristics of the material, such as the coefficient of friction, electron
affinity, work function, and contact layers, are used in the contact electrification and have an
impact on the electrical output of the TENG. Two tribo-materials with opposing
electronegativities typically make up the TENG. Contact electrification causes an
accumulation of equal and opposite charges on both surfaces when these layers come into
contact. As the two layers separate further, electrostatic induction causes charges to be induced
on the associated electrodes. An electron moves across the external circuit to neutralize the

opposing charges on either electrode as a result of the potential difference created by the

12




buildup of charges on either side. The output of the contact separation cycle is an alternating

current.

The TENG mainly operates in four modes:

Freestanding triboelectric-layer mode !
1

1
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Fig. 1.4 Different types of working modes of Triboelectric Nanogenerators

1.2.6.1.3 Material selection for Nanogenerators

The material selection procedure of the PENGs are a multifaceted procedure requiring
consideration of various factors which draws heavily from both, the intrinsic properties
of the material and the specific requirements of the intended applications. The initiation
of the selection procedure starts with the consideration of the piezoelectric materials
available, which are broadly categorised into ceramics, single crystals, polymers,

composites and nanostructured materials. Each of this category offers a wide variety of

13




advantages and limitations. Materials like lead zirconate titanate (PZT) and lead
magnesium niobate-lead titanate (PMN-PT) exhibit high piezoelectric coefficients and
energy conversion efficiency but are often brittle and may contain toxic elements such
as lead, raising biomechanical and environmental concerns. In contrast, polymers like
polyvinylidene fluoride (PVDF) are perfect for flexible and wearable devices because
they are lightweight, flexible, and can be processed into a variety of shapes.
Additionally, the selection process selects materials based on important piezoelectric
properties, such as the piezoelectric charge constant (d), which indicates the material's
capacity to produce electric charges under mechanical stress. The piezoelectric voltage
constant(g), which relates to the voltage output, the electromechanically coupling
factor(k), indicative of energy conversion efficiency, and the dielectric constant(g),
which influences impedance and voltage output. Mechanical properties such as the
young’s modulus are also considered to ensure compatibility with device substrates and
to match the mechanical characteristics required by the application, whether it be for

harvesting energy from vibration, pressure, or acoustic waves.

Additionally, scalability and processability are important parameters in material
selection as the chosen material must be amenable to nano structuring techniques such
as electrospinning, chemical vapor deposition, or solution processing, which essential

for fabricating nanogenerators with high surface area and efficient energy conversion.

Material selection for the Triboelectric Nanogenerators is done on the basis of the

triboelectric series, which is the series based on the polarities of frictional materials.

14




The basis for this series is these materials' capacity to acquire or lose electrons when in

contact with other materials.

The materials at the top of the series have a greater affinity for positive charges because
they are less electronegative (lower work function), while the materials at the bottom
of the series (higher work function) will have a greater affinity for negative charges.
For the material selection of different layers of TENG the use of the triboelectric series
Is done. The materials are selected on the basis of their difference in position in the
tirboelectric series as the futher apart these materials will be from each other in the
series the more compatible they are to be used as opposite layers in a TENG. More than

fifty polymer materials' triboelectric series were recently quantified by Zou et al.

As part of a continuing expansion of this series, Dong et al. recently proposed metallic
MXene as a trib-negative material with high conductivity and surface-terminated F
atoms to independently acquire strong electro-negativity. The conductivity restrictions

of the typical tribo-negative materials were overcome by MXenes.

Previously used materials for triboelectric layers were mostly polymers with well-
known characteristics including friction coefficient, triboelectric surface charge density,
and dielectric properties. But alternative 2D materials, such as graphitic carbon nitride

(g-C3N4), can also be used to improve TENG performance.

15
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Fig. 1.5 Triboelectric series on the basis of their electroactivity
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CHAPTER 2

MATERIALS AND METHODS

The synthesis of the Piezoelectric Nanogenerator was conducted after the synthesis of the
constituents of the nanogenerators which included synthesis of graphitic carbon nitride
nanofillers followed by the synthesis of the PVDF-HFP films with incorporation of the

graphitic carbon nitride nanofiller with varying weight percentages.

2.1 Chemicals Used

Urea(CH4-N20), Polyvinylidene fluoride hexafluoropropylene (PVDF-HFP), Di-methyl

fluoride(DMF), Ethanol, Acetone, Deionised water(DI water)

17




2.2 SYNTHESIS METHODS

2.2.1 Synthesis of g-C3N4 powder

The one-step pyrolysis method was used to create graphitic carbon nitride (g-C3N4). This
approach used urea (CH4-N20) as the precursor in its natural state without any pre- or post-
treatment. A 50 milliliter crucible containing 10 grams of urea was covered with foil. The
crucible was then put inside the muffle furnace, and the temperature within the furnace was
raised steadily at a rate of 5 degrees Celsius per minute until it reached 650 degrees. For 180
minutes, this heating process was carried out. The furnace was shut off once the allotted time
had passed, and the sample was allowed to cool to room temperature. On removal of the crucible
from the furnace a powder sample was obtained. The powder sample was yellow in colour. The

synthesis process is depicted in the Fig.2.1[17,18].

Placed in a
50 mL Heat
Crucible Treatment - Cooled
4 -
10g Urea
s 50n'1l Muffle Synthesized g-CiN4
Crucible furnace powder

Figure 2.1: Synthesis of g-C3N4 powder
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2.2.2 Synthesis of Polyvinylidene fluoride hexafluoropropylene (PVDF-

HFP) films

In a beaker, 1g PVDF-HFP into 5ml DMF solution and then heat stirring the solution A for
120 minutes at 60 ° C . A solution B was prepared with different wt% of g-C3N4 was mixed
in 5ml DMF solution and then ultrasonicated for 30 minutes .solution A and B are then mixed
and stirred again for 60 minutes at 70 ° C. The films were formed from the prepared material
using the drop casting method. These drop casted fil s were then placed in a vacuum over for
120 minutes. Because the thin films are hydrophobic, they were next submerged in DI-Water

to separate them from the glass slide.

As illustrated in Fig. 2.2, we ultimately produce g-C3N4 PVDF-HFP flexible composite thin
films with varying weight percentages (0%, 1%, 5%, and 7wt%) of g-C3N4, designated PO,
P1, P3, P5, and P7, respectively.

§- o3

+ @ -

PVDF-HFP+DMF Amount of g-CsN PVDF-HFP and g-CsNs Heated in oven PVDF-HFP
SOLUTION (different wt%) composite casted over (2hr) nanocomposite

the substrate film

Figure 2.2: Synthesis of PVDF-HFP/ g-C3N4 thin films

PVDF-HFP (g) | DMF(mI) | Wt% of g-C3N4 | Quantity of g-C3N4 (mg)
1 10 0 0

1 10 1 10

1 10 3 30

1 10 5 50

Table 1: For the same amount of PVDF-HFP the varition in the wt% of g-C3N4 .
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CHAPTER3

CHARACTERIZATION, RESULTS AND DISCUSSIONS

3.1 Characterization Techniques

The crystallinity and phase of the synthesized graphitic carbon nitride was done using the X-
Ray diffractometer (XRD)Cu X-ray source, 3KW) (JEOL Japan Model: JSM 6610LV), Using
scanning electron microscopy (SEM), the synthesized graphitic carbon nitride sample's
morphological and spectral characteristics were assessed. Characterization was done on the
flexible g-CsN4+-PVDF-HFP films and the heterostructure of the nanofillers with the PVDF-
HFP matrix. through an X-ray source (X-Ray diffractometer, or XRD). Utilizing the Nicolet
Is50 FTIR Tri- detector, a Fourier Transform Infrared spectroscopy (FTIR) spectrometer, the
B-phase content of the manufactured thin film was examined in order to examine its
morphological characteristics. The thin-film remanent polarization was investigated using the
Polarization vs. Electric (P-E) field hysteresis plot. The digital multimeter (Keithley
DMM6500) and digital storage oscilloscope (Tektronix, MD0500) were used for all electrical

measurements following the manufacturing of the PENGs.

3.2 Results

3.2. XRD of Graphitic Carbon Nitride (g-C3N4)

The g-C3N4 powder's XRD pattern, displayed in Fig. 3.1, resembles the hexagonal phase of
the typical JCPDS card No. 87-1526 [18]. The most prominent peak, which comes from the
tri-s-triazine's in plane structural packing units, was observed at 27.370, 13.010, or the (002),

(2100) reflection plane.
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The peak at 27.370 is caused by stacking of graphitic carbon nitride layers, while the peak at
13.010 is a reflection of the in-plane structural packing of the tri-s-triazine units. There are
similarities between the design and the hexagonal phase described in the standard JCPDS card

No. 87-1526.

Graphiti Carbon Nitride

b

th

<
= (002)

S 200-
5 )
2150+
£10092
-

10 20 30 40 50 60 70 80
20 (degree)
Figure 3.1. XRD Plot of g-C3N4 powder

3.2.2 Field Scanning Electron Microscopy (FESEM)

Field Scanning Electron Microscopy is used to examine the g-CsN4 morphology. The FESEM
was carried out at 100nm magnification which helped in the analysis of the formation of the

sheet like structure of the prepared sample of g-CsNa. The sample prepared at 550°C was
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analysed and the sheet like morphology of the given sample as shown in the Fig.3.2 which

confirms the successful synthesis of the nanosheets.

Fig.3.2 FESEM image of the graphitic carbon nitride nanofilm.

3.2.3 XRD analysis of PVDF-HFP/ g-CsNa nano-composite film

The prepared nanocomposite films of PVDF-HFP/ g-CsNa4 with varying weight percentage of
g-CsNa (0, 1, 3 and5)wt% were characterised to analyse the influence of g-CsNi on the
structural properties of PVDF-HFP films. Fig.3.3 presents the XRD spectra of pristine PVDF-
HFP(PHGO) and g-CsN incorporated PVDF-HFP films (PHG1, PHG3, PHG5). The X-ray
diffraction pattern of the pristine PVDF-HFP film is similar as the reported literature. However,
emergence of additional peaks in the XRD pattern of the P\VDF-HFP films on incorporation of
various weight percentages of g-CsNa shows increment in the peaks in the XRD pattern, leading
to the enhanced B- phase content. The diffraction peak at ~24°, corresponding to the - phase
of the graphitic carbon nitride, exhibits a progressive increase in the intensity with rising
content of graphitic carbon and shows the maximum rise at 3wt%. This enhancement in the -

phase of the thin films shows the increase in the ability of the material to introduce more dipole
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interactions and modification induced by the crystalline structure of PVDF-HFP. Although at
Swt% the B- phase of the prepared film reduces in intensity, likely due to excessive filler
content causing structural defects and agglomeration, which results in the phase formation
hindrance. The peaks marked in the XRD spectra depicted by “*’ represents g-CsN4 and those

designated by “#” corresponds to the PVDF-HFP.

—— PHG5
— PHG3
— PHG1

Lo .

Intensity(a. u)

10 15 0 25 30 35

2
2 Theta (degree)

Fig. 3.3 presents the XRD spectra of pristine PVDF-HFP(PHGO) and g-CsN« incorporated PVDF-

HFP films (PHG1, PHG3, PHG5).

3.2.4 Thin-film FTIR analysis

The Fourier transform infrared spectroscopy of thin films of the produced flexible polymer
nanocomposite is shown in Fig. 3.4. The positions of the a and  phase peaks are depicted in
the picture. The B phase is important for PVDF's piezoelectric properties because of its biggest

dipole moment.
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The content of the B phase is calculated by the formula:

Ap
* 100%

F(ﬁ) = KE
(Ka)Aa + Aﬁ

Where K(B)= 7.7 X 10* cm?/mol and K(a)=6.1 X 10* cm?/mol are the absorption coefficients

at 840 cm™ and 762 cm™ respectively [19]. The g phase was calculated to be 77% for bare

PVDF-HFP and 89% for 3 wt% graphitic carbon nitride PVDF-HFP.

a : B: —— PHG5
- — PHG3
= M —— PHGO
. I
3 |1
|1
8 M
= [
< Il
= |1
ot |
= | S
R ) 11
<,1 1
|
I
I
| | I I | | " | |
500 1000 1500 2000

Wavenumber (cm™)

Figure 3.4. FTIR spectra of PVDF-HFP/ g-C3N4 thin film with different wt.% of g-C3N4
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W1t% of g-C3N4 B-phase
0 7
1 80
3 89
5 82

Table 2: p-Phase of g-C3N4 incorporated PVDF-HFP film with different wt %.

3.2.5 Polarisation-Electric field(P-E) curve

Polarisation-Electric field (P-E) plot gives the remnant polarisation of the various graphitic
carbon nitride embedded PVDF-HFP nanofilmsThis indicates how different dipoles align when
the electric field is applied. The PVDF-HFP films' piezoelectric qualities are improved as a
result of this increase in residual polarization. The given plot gives the remnant polarisation of
the PVDF-HFP nanocomposite film on incorporation of the graphitic carbon nitride nanofiller.
The PHGO (Owt%) gives the remnant polarisation of the PVDF-HFP film, whereas the PMG3
gives the remnant polarisation of the PVDF-HFP with 3wt% graphitic carbon nitride which has

the improved piezoelectric response of the PVDF-HFP matrix as depicted in Fig.3.5.
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Fig.3.5 PE loop for the fabricated thin films.

3.2.6 Electrical Measurements

Graphitic carbon nitride was inserted into the manufactured PENGs with varied weight
percentages (0, 1, 3, 5) to determine the piezo-responses of the corresponding PENGs with
different weight percentage films. The prepared films of dimension 2 cm x 3 cm were used to
fabricate the PENG and the output voltages and currents were measured using an oscilloscope
(Tektronix MDO034) and electrometer (Keysight B2985B). As soon as pressure is applied on
the PENG from both sides using the Electrodynamic shaker (Micronmev-0025), it results in
the spreading of charges throughout the PENG surface after the polarisation of the dipoles and
the compression and the release of force results in the generation of the alternating electrical
signal resulting in the flow of charge and the generation of alternating electrical output. The
application and release of force regenerates the positive and negative charges as depicted in the
Fig. 3.8 . Based on different weight percentages of graphitic nanofillers in the PVDF-HFp
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matrix, the PENG's open-circuit voltage and short-circuit current curves were found to be 7.2
V and 4.86 pA, 13.2 V and 12.15 pA, 21.2 V and 14.24 pA, 16 V, and 13.69 A, respectively,

for the corresponding weight percentages (0, 1, 3, 5%), as illustrated in Fig. 3.6 and Fig. 3.7.
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Fig. 3. 6. PVDF-HFP open-circuit voltage (a) PYDF-HFP (b) PVDF-HFP with 1 weight percent g-
C3N4 (c) PVDFE-HFP with 3 weight percent g-C3N4 (d) PVYDF-HFP with 5 weight percent g-C3N4.
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Fig.3.7 Short-circuit current for PVDF-HFP with (a) 1 weight percent g-C3N4, PVDF-HFP with

another 1 weight percent g-C3N4, and PVDF-HFP with a fifth weight percent g-C3N4.

The PENG's output performance increases from 7.2V, 4.86 YA for 0 weight percent film to

21.2V, 14.24 pA for 3 weight percent when the nanofiller material is added to the PVDF-HFp

films' matrix up to 3 weight percent. The enhanced remanent polarization of the PVDF-HFP

films on incorporation of the g-C3N4 nanofillers led to the enhancement of the electrical

performance of the PENG. The plot also shows the decrease in the remanent polarization of

the PVDF/ g-C3N4 film at 5wt% which will eventually lead to the decrease in the voltage and

current output at 5wt% to 16V and 13.69 pA. Table 2 summarises the f-phase content, output

voltage, current and remanent polarization of the fabricated PENGs devices as a function of

nanofiller weight percentage.
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Sample Name B-phase Output Voltage Output current Remanent Polarization (UC/cm?)

(%) V) (MA)
Pure PVDF- 77 7.2 4.86 0.23
HFP

PVDF-HFP/g- 83 13.2 12.15 0.25
CaNa (1Wt%)
PVDF-HFP/g- 84 21.12 14.24 0.34
CaNa (3Wt%)
PVDF-HFP/g- 80 16 1369 0.32
C:Na (5Wt%)

Table.3 Comparison of PENG performance as a function of nanofiller concentration

As illustrated in Fig. 3.8, piezo-electrics operates on the principle of the piezoelectric
effect.Initially the dipoles are arranged in a random fashion as there is no polarization of the
dipoles when there is no force applied on the PENG as shown in Fig.3.8 (a). As soon as the
force is applied on the device the film first starts to deform and the dipoles start to polarize
inside the film and due to this polarization effect the Fig. 3.8 (b) illustrates how the electric
charges are inducted on both sides of the electrode. When the charges on both electrodes build
up, a voltage is produced in PENG, and the potential that is produced causes the charges to
move in the external circuit. As seen in Fig. 3.8(c), the PENG device thereafter returns to its
original phase when the force applied to the film is released, causing the opposite flow of
charges. One cycle's completion causes the circuit to produce alternating current, and repeated
cycles of this type occur multiple times during the measurement, producing a steady alternating

output.

29




(b) Pressing

(a) Initial state

J
38838 © GO

| (¢) Releasing I

++++++++tH bt

B

PVDF-HFP nanocomposite film

- Aluminium electrode

Fig. 3.8 Working Mechanism of Piezoelectric Nanogenerator
3.2.6 Application of Piezoelectric Nanogenerator

The practical application of the PENG was studied by using the thumb and the finger tapping
where the PENG was put under force by thumb tapping and finger tapping which results in the
output voltage of 6.36V and 2.34V, respectively which is shown in the Fig3.9 (a,b) . These
results were obtained by repetitive cycles without any degradation of the films, which shows
the durability of these fabricated PENG and the long life of the given output. The power
generation capability of the fabricated Piezoelectric-nanogenerator was done using it to light
up the LEDs. The conversion ofthe PENG output to direct current was done using a rectifier
and then stored in a 100 yF capacitor and the output from the charged capacitor was then used
to light up the LEDs as depicted in Fig.3.9(d). The circuit diagram for the application to the

light up the LED was done using the PENG is depicted in the Fig.3.9(c) .
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CHAPTER -4

CONCLUSIONS AND FUTURE SCOPE

4.1 Conclusions

In this study, flexible thin films of PVDF-HFP with different weight percentages of g-CsNa
were synthesized successfully by drop casting method. The generation of the g-CsN. powder
sample is demonstrated by the XRD peak of g-CsNa at 27.370. Using field scanning electron
microscopy (FESEM), the morphological analysis of the graphitic carbon nitride powder
sample was conducted, verifying the successful fabrication of nanosheets. Following FTIR
testing of the g-CsN4 doped PVDF-HFP film, PVDF-HFP’s electroactive 3-phase was found to
have improved with the incorporation of the g-CsNa powder in the film. The B-phase of the
PVDF-HFP film was calculated to be 77% and that of the g-CsN4 doped PVDF-HFP film at
3wt% was found to be 89% which is higher than the pristine PVDF-HFP. The P-E plot for the
various wt% of g-CsN4 in the PVDF-HFP films also shows the remanent polarization of the
prepared films to be 0.23 uC/cm?, 0.25uC/cm?, 0.34 uC/cm, 0.32 pC/em? for wt.% (0, 1, 3, 5)
of g-CsNa respectively. These characteristics of the films corresponds to the higher
efficiency of PENG. For 0%, 1%, 3%, and 5% of the total weight, the recorded output voltage
and current were 7.2V and 4.86 YA, 13.2V and 12.15 pA, 21.2 V and 14.24 pA, 16 V and
13.69 A, respectively. The 3wt% g-CsN+/PVDF-HFP film-based PENG exhibited the highest
output performance. The improved electroactive B-phase and improved remanent polarization
of the PVDF-HFP nanofilm with the addition of the graphitic carbon nitride nanofiller were
the primary causes of the improved output electrical performance of the manufactured PENG.
As a summary to all the above obtained results, the proposed PENG which was integrated with

g-CsNa showed the requisite characteristics to be used as the mechanical energy harvesting
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device and power various low powered devices. This fabricated PENG is highly efficient,

scalable and robust to be used as energy harvesting devices.

4.2 Future Scope

° The role of co-polymers can be further explored using graphitic carbon nitride, and the

influence of thickness can also be studied.

° By using different nanomaterials such as SnSSe, graphitic carbon nitride and other
TMDCs the B- phase of the nanofilms and it’s copolymers can be increased leading to enhanced

output.

° The use of these nanogenerators in the use of applications such as die degradation and

wearable electronic devices have a very wide scope.
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Abstract

Piezoelectric nanogenerators (PENGS) are emerging as potential energy sources for powering
wearable electronic devices and 10T applications by harvesting mechanical energy from the
environment. In this study, a flexible PENG was fabricated using PVDF-HFP polymer films
embedded with different weight percentages (0, 1, 3, and 5 wt%) of graphitic carbon nitride (g-
CsN4) nanofillers. The structural and morphological properties of the fabricated films were
characterized by X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
and scanning electron microscopy (SEM), confirming the successful incorporation of g-CsNa.
The nanocomposite films were assembled into PENG devices and their output performance
was evaluated through application of the electrodynamic shaker. The results show a
considerable enhancement in open-circuit voltage of 21.2 V and short-circuit current of 14.24
MA with increasing g-CsNa content, compared to pure PVDF-HFP films. The improved
performance is attributed to the influence of g-CsN. nanofillers in promoting the electroactive
phase in the polymer matrix. This work highlights the potential of g-CsNi-based PVDF-HFP
nanocomposite films for developing efficient, flexible, and sustainable energy harvesting

devices for self-powered wearable electronics.
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